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Preface

Although a natural process, corrosion in materials is responsible for huge direct as 
well as indirect losses around the world. This book explores the impact of corrosion 
products on the performance of devices, especially those incorporating metals or 
metal derivatives. It also discusses corrosion prevention mechanisms, the role of 
inhibitors in various oil/gas pipeline industries to avoid fatal accidents, and the growth 
of natural inhibitors over inorganic or organic inhibitors to support the concept of 
the “green” approach. Furthermore, the book presents the basics of corrosion from 
thermodynamic and kinetic points of view, discusses the major driving force behind 
corrosion, and provides insight into possible remediation techniques.

The book is divided into three sections. The first section discusses the fundamentals 
of corrosion and the driving force behind the process, types, and possible mecha-
nisms involved. The second section provides insight into corrosion inhibitors and 
the third section discusses the characterization aspects in corrosion sciences with 
developmental trends associated with computational analysis of corrosion. The 
impact of computational methodologies like density functional theory and molecular 
dynamics simulations for the identification of suitable inhibitors is presented. The 
practical relevance of additives in the manufacturing of alloys using laser powder bed 
fusion technology is also summarized along with the concept of high-temperature 
corrosion (hot corrosion). Overall, this book is beneficial for students and researchers 
who are interested in the field of corrosion sciences, polymer technology, and the 
designing of inhibitors.

The completion of the book was possible through the collaborative efforts, quick 
responses, and patience of the staff at IntechOpen, especially Author Service 
Managers Ms. Nera Butigan and Mr. Darko Hrvojic. We are also grateful to the 
contributing authors for their excellent chapters. Dr. Fahmina Zafar is thankful 
to the Department of Chemistry, Jamia Millia Islamia, New Delhi, India for the 
“Assistant Professor” position and space to work on this publication.
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Chapter 1

Introductory Chapter: Corrosion
Shumaila Masood, Anujit Ghosal, Eram Sharmin,
Fahmina Zafar and Nahid Nishat

1. Introduction

Corrosion can also be termed “metallic cancer” because it is an irreversible
process that leads to the loss of billions of dollars. It involves the deterioration and
consequently loss of solid metallic structure due to the chemical (dry gases, mois-
ture, liquid, ionic solutions, microbes, etc.) or electrochemical (micro-cell forma-
tion like Daniel cell) reactions resulting from the potential difference in the
structure and presence of a suitable electrolyte (salt-water) [1]. The process of
corrosion is a surface phenomenon whose rate depends upon various factors such as
temperature, the presence of harmful chemicals in the environment, ionic species,
as well as humidity. Once the surface is breached the process of deterioration
continues within, thereby making the structure vulnerable to stress and load. The
combination with acid in the environment generated via., possible chemical reac-
tions speed up the process resulting in the reduction of the life span of metal
structure [2]. Corrosion can be sub-divided into many forms such as pitting, gal-
vanic, intergranular, stress, and others. All these can affect the structural integrity
by weakening the metallic units within any construction by corroding rods/wires,
water pipelines (leakages), metallic bases, electrical units, etc. Few of these exam-
ples are shown in Figure 1.

These corrosive reactions change the microstructure of metal which results in
the loss of its elasticity, mechanical and tensile strength converting them into flaky
and brittle units. The losses incurred due to corrosion directly effects the gross
domestic production (GDP) of all the countries. In 2018, the corrosion protection
industry was estimated to be around 2.5 trillion (USD) and is expected to cross 3
trillion (USD) by the end of this year [3]. Proper use of corrosion prevention
measures can help to refrain from such severe damages and can partially avoid the
loss in economy, environmental pollution, direct and other indirect losses associated
with corrosion [4].

The most popular remedies involved in corrosion protection are the use of
cathodic protection, anodic protection, corrosion inhibitors, and protective coatings.
Among them, utilization of corrosion inhibitors (chemical barrier) and protective
coatings (physical barrier) is mostly focused on by a larger population around the
world [5]. Coatings provide a physical barrier between the harmful environment and
the metal surface which enhances the lifespan of metallic structures. A number of
coatings that have been developed for corrosion protection include metallic coatings,
chemical conversion coatings, organic and inorganic coatings, nanocomposite coat-
ings [6]. However, such coatings have limited applications in complex design and
high-rise infrastructures. Thereby coating with rapid curing ability, strong adhesive
abilities, and stability against the harsh environment (exposure to atmospheric mois-
ture, UV radiations, and other pollutants) are being researched. On the other hand,
corrosion inhibitors are chemical additives that are added in low concentration to the
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destructive media, and timely they tend to suppress the corrosion progress [7]. These
chemicals are classified as cathodic, anodic, or mixed inhibitors depending on the
inhibition of the type of corrosion. The use of renewable resources in the field of
corrosion prevention in the form of coatings and inhibitors is gaining significant
importance. The chapter describes the types of corrosion, mechanism, and its
control through synthetic/renewable resources based on synthetic coatings, micro to
nano-coating, and corrosion inhibitors.

2. Corrosion

Corrosion of steel is a spontaneous electrochemical process that takes place in
the presence of a solution containing dissolved oxygen. This process includes the
delocalization of metal ions through oxidation into the solution at the anode
(active area) and mobilization of electrons through reduction of metal to an
acceptor such as oxidizing agents, or oxygen or hydrogen ions at cathode (less
active area) [8].

The mechanism of corrosion involves the release of electrons from the metallic
surface into the electrolyte in the presence of oxygen (Figure 2). This process
occurs due to the tendency of metals to return to their natural oxidation state. The
reactions occurring at both the electrodes can be expressed as follows:

At anode:

Fe����!Feþ2 þ 2e� (1)

Feþ2����!Feþ3 þ e� (2)

Figure 1.
Effect of corrosion on different metallic structures.
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At cathode:

1
2
O2 þH2Oþ 2e�����!2OH� (3)

The deterioration of metallic surfaces depend upon the different forms of cor-
rosion, which is caused due to different type of corrosive environment (Figure 3).
Dry corrosion, also known as chemical corrosion, is the type of corrosion that
occurs in the absence of moisture or water and metal oxidizes only due to the
atmosphere. Therefore, this may also be referred to as, an oxidation process
sustained by atmospheric oxygen without a liquid solution. At encompassing tem-
peratures, most metals have slow oxidation rates [9]. Galvanic corrosion (GC), also
known as bimetallic corrosion, is an electrochemical process where two different

Figure 2.
Mechanism of corrosion.

Figure 3.
Different types of corrosion.
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metallic materials are connected electrically in a corrosive environment. In this type
of corrosion, one metal (the anode) corrodes preferentially while the other metal
(the cathode) remains protected [10]. Pitting corrosion (PC) is the most destructive
type of corrosion in which the attack of corrosive ions is localized that results in the
formation of pits. This type of corrosion results in the failure of machines without
much of a weight loss. The process of pitting takes a longer period of time to
initiate, however, once the pitting is initiated it penetrates into the section at an
accelerated rate [11].

Intergranular corrosion (IC) is a localized form of corrosive attack that is pref-
erentially along the grain boundaries or areas adjacent to them. The corrosion
activity occurs at the grain boundary area since it is electrochemically different
from the bulk. This process is mainly observed in stainless steel [12]. Waterline
corrosion (WC) is an oxidation process that occurs when one part of the metal is
submerged in water and another part is in contact with air. Water tanks are often
prone to this type of corrosion [13]. Stress corrosion (SC) occurs when tensile stress
and corrosive environment work together, often at elevated temperatures. In this
type of corrosion stressed area of metal is anodic in respect to the unstressed area of
the metal. This corrosion is not visible prior to fracture; therefore, it results in
catastrophic failure [14]. Microbiologically induced corrosion (MIC) is a type of
corrosion in which metal deteriorates through the metabolic activity of microor-
ganisms. The common bacteria that cause MIC are acid-producing bacteria, sulfate-
producing bacteria, and iron-reducing bacteria [15].

2.1 Corrosion protective coatings: combating mechanism

Corrosion cannot be completely eradicated but overcame by using protective
coatings and corrosion inhibitors. Protective coatings are developed to retard the
corrosion rate to protect metallic substrates [16]. These coatings are applied using
several techniques such as roller, moving belt, or brush technique. They are
functionalized with the help of various organic, inorganic, hybrid, or metallic layers
to enhance their performance [17]. Highly protective coatings provide an impene-
trable barrier protecting the substrate from the aggressive environment (Figure 4).

Modified polymeric coatings provide enhanced corrosion protection as com-
pared to the simple polymeric coatings [18]. Various types of coating utilized for
protection purposes are shown in Figure 5. Metallic coating means protecting the
metals with the help of metal-coating. These coatings are applied to the substrates
for several reasons but among all corrosion protection is major [19]. Various
methods are used to apply these coatings on a substrate such as metalizing,
electroplating, vapor deposition, hot dipping, cladding, etc. [20]. Depending upon
the metal used to coat the substrate, metallic coatings can be divided into two
categories: Anodic and cathodic coatings. In anodic coatings, anodes are made up of
the alloys that are electrochemically more active than the base metal as a result of
which the anodic metal depletes at a faster rate. These anodic coatings act as a
physical obstruction between the corrosive environment and the base metal thereby
protecting the base metal. These anodic metals can also be called “Sacrificial
anodes”. Zinc, magnesium, and cadmium are well non-sacrificial anodic metals that
provide protection to steel [21]. While in cathodic coatings, the coating metal is
selected in such a manner that it remains electropositive with respect to the base
metal. For example, copper is used to coat steel.

Chemical Conversion coatings, also known as surface passivation, are produced
through the chemical and electrochemical reaction of metal. Through these coat-
ings, the surface of a metal is modified such that it possesses desired porosity. These
types of coatings are more adhesive as there is a chemical bond and intermediate
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layer between underlying metal and coating [22]. They are formed by immersing a
metallic substrate in a chemical solution. Various types of conversion coatings are
available. Phosphate coatings are produced on steels by dipping them in an appro-
priate phosphate solution. The thickness of these coatings depends upon the

Figure 5.
Types of coatings used to combat corrosion.

Figure 4.
Corrosion protection mechanism of polymeric and modified polymeric coatings.
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porosity of the coatings as it forms. These coatings increase corrosion resistance,
absorb lubricant, promote adhesion, and enhance the appearance of the substrate.
There are three types of phosphate coatings a) Iron phosphates, b) zinc phosphate and
c) manganese chromium phosphate [21]. Chromate conversion coatings (CCCs) are
generally formed by chemical or electrochemical treatment of metals and their
alloys in a solution containing hexavalent chromium [Cr (VI)] and trivalent
chromium [Cr(III)] ions with other components. These coatings form a complex
chromate film over the entire surface of the metal. They are used on aluminum,
magnesium, zinc, copper, cadmium, etc., [23]. Anodized coatings are formed by
converting the workpiece of metal into an anode. This is usually done in order to
form an oxide coating to increase the performance of the surface [24]. Polymeric
coatings are widely applied for decorating as well protecting purposes. They act as a
corrosion barrier between the underlying metal and corrosive media. These coatings
consist of pigment, polymer, corrosion inhibitors, additives, etc., [25]. The protec-
tion provided by these coatings depends upon their ability to form highly resistant
pathways between the cathodic and anodic areas on the surface of metal [26].
Acrylic, vinylic, epoxy, polyurethane, alkyd (oil-based) coatings are some of the
examples of organic coatings used in corrosion protection [27]. With the advance-
ment of technology, the need to introduce specialized coating with highly advanced
functioning continues to increase. Various types of speciality coating are being
investigated these days, such as Flame retardant coatings, nano-coatings,
nanocomposite coatings, organic–inorganic hybrid coatings, etc. All these coatings
are tailored according to their end-use and the type of environment they will be
applied in [28].

Corrosion prevention coatings highly utilize petro-based products which are high
cost, toxic, and constantly depleting. Constant research is being carried out to
formulate better strategies that can meet the environmental and economical
requirements. Renewable resources are environment friendly, less expensive, and
naturally available. Renewable resource-based coatings are called “green”. Figure 6
shows the different polymeric coating materials transformed from renewable
resources.

Figure 6.
Polymers based on various renewable resource.
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These green materials are highly employed in the field of corrosion protection in
the form of corrosion-resistant coatings, inhibitors, pigments, composites, etc. Starch,
cellulose, lignin, tannic acid, vegetable oils, and Cashew Nutshell Liquid (CNSL) are
most commonly used for the synthesis of green coatings (Figure 7) [29].

Apart from using solely the polymeric coatings and relying on their chemical
protective abilities, the formulations of nanostructures within the coating units
have resulted in materials with higher corrosion protection efficiency [30–32].
These nanostructures can be formulated via., simple chemical reactions or by tech-
nologically advanced techniques like lithographical techniques [33]. The addition of
inorganic or organic nanoparticles or units to improve corrosion protective perfor-
mances has also been employed. Especially the inorganic nanoparticle dispersed
within the polymeric matrix enhances the electrochemical stability, toughness,
strength, and provides a tortuous pathway to the corrosive ions. The nanostruc-
tured surface coatings also tend to have higher surface hydrophobicity and scratch
hardness [34]. Further, the in-situ synthesis of nanostructured components is also
followed by many industries. The in-situ synthesis provides additional connectivity
between the inorganic unit and organic unit, thereby generating well cross-linked
high-density coatings [35, 36]. Due to all these value-added properties,
nanocomposite coatings are getting more and more attention. In order to further
enhance the efficacy of nanocomposite coatings, inhibitor-incorporated hybrid
coatings are also considered innovative corrosion remediation systems [37].

2.2 Corrosion inhibitors

Pure metals and their alloys tend to react chemically and electrochemically with
the corrosive environment to produce a stable compound. In this process, metals
lose their mechanical strength and elasticity thereby becoming weak. Several strat-
egies have been investigated which can retard or minimize or completely stop the
cathodic or anodic or both reactions. Among them, utilization of corrosion inhibi-
tors is a famous technique [7]. The chemical substances which when added in a
small amount to the corrosive environment slow down/reduce the corrosion rate are

Figure 7.
CNSL derived polymers.
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called corrosion inhibitors. Inhibitors function through the adsorption of ions/mol-
ecules on the surface of the metal. They can drastically reduce the reaction rate
either by decreasing/increasing the anodic and/or cathodic reactions or by decreas-
ing the diffusion rate of reactants or decreasing the electrical resistance of the
metallic surface. They can be easily applied and offer numerous advantages owing
to their in-situ application without disturbing the process [38].

3. Corrosion testing methods

Two types of corrosion-resistant tests are generally used: a) salt spray test, b)
Electrochemical impedance spectroscopy (EIS). Salt spray test (ASTM B117) is a
standardized testing method conducted for the evaluation of the extent of corrosion
resistance or protective coating. This test is generally carried out for 8-3000 hrs
depending upon the coating in presence of 5% NaCl solution with pH between
6.5–7.2 [39]. EIS technique (ASTM G106) measures the impedance of the coating
with the help of small amplitude, alternating current (AC). This AC signal is
scanned at different frequencies to generate the spectrum for the electrochemical
cell (the specimen) under the test [40].

4. Computational fitting and programming

Computational approaches like density functional theory (DFT), classical
molecular dynamics (MD), Monte Carlo (MC) simulations, and others are becom-
ing more and more preferred for corrosion studies. In order to improve the quality
of the results, it is mostly combined with the experimental data. Particularly to
verify the concept of corrosion inhibitors before performing the multiple experi-
ments these studies were performed to find the thermodynamics, kinetics, energy
levels (HOMO, LUMO, and Frontier molecular orbitals), bandgap energies, active
sites, etc. All these theoretical calculation methodologies could be employed by
artificial intelligence in the future to provide the platform which can create new and
advanced corrosion inhibitors [41]. The complementary data with the experimental
results puts the potential ground for the inhibitor to be explored further for corro-
sion inhibition applications. Even the small variations in the chemical structure
which can result in better inhibition results can be evaluated through these compu-
tational approaches. Better pictorial view with the knowledge of possible interaction
site, adsorption strength, and other quantum parameters proved to provide in-
depth insight about the inhibition mechanism as done by different researchers in
the area [42, 43].

5. Conclusion

Corrosion is an electrochemical process that causes metals to degrade at an
increasing rate. Various types of corrosion can never be stopped completely but
various methods can be applied to decrease the rate of corrosion. These methods
include the utilization of coatings as well as corrosion inhibitors or a combination of
which tends to protect metals from the attack of the corrosive environment thereby
increasing the lifetime of metals. A lot of work is going on to build corrosion-
resistant materials but more discussions over the topic and other advanced technol-
ogies which can improve the performance of the materials should be encouraged.
The involvement of computational aided technologies can further help in reducing
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the search or designing of effective inhibitors without doing wet-lab experiments.
The combined results of computational simulations and traditional electrochemical
characterization techniques (impedance spectroscopy, variation in potential,
corrosion current, rate of corrosion, and coating capacitance values) may further
improve the understanding of this natural but unwanted phenomenon.
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Chapter 2

Corrosion: Favoured, Yet
Undesirable - Its Kinetics and
Thermodynamics
Lukman O. Olasunkanmi

Abstract

This chapter describes the fundamentals of metal corrosion in relation to
thermodynamics and kinetics. The chapter is so titled, because corrosion of metal is
thermodynamically favourable. Moreover, it impacts negatively on economy and
safety. Industries expend a substantial percentage of their budgets on corrosion
control, and lose revenue due to corrosion damage. Effects of corrosion on indus-
trial and public infrastructure cannot be overemphasized. Several accidents in the
transportation and recreational industries have been linked to corrosion of metallic
parts of respective gadgets. Some of these accidents are utterly catastrophic and
fatal. Therefore, corrosion, albeit its thermodynamic favouability, is not desired by
man. Metals corrode as a way of minimizing energy contents. Active metals are
more stable in combined forms such as oxides, sulphides, and hydroxides, even
though these forms are less useful to man. It appears the “price” to pay for
extracting the pure forms of these metals from their ores is corrosion. This chapter
presents fundamentals of thermodynamics and kinetics of metal corrosion, with
emphasis on aqueous medium. It promises to serve as an introductory chapter for
corrosion science students and as a concise material for tutors.

Keywords: corrosion, metallurgy, spontaneity, passivity, electrochemical

1. Introduction

Corrosion is a spontaneous disintegration of materials owing to their reactions
with chemical constituents of the surroundings. Materials in this context may
include metals, polymers and ceramics [1, 2]. However, corrosion is mostly used to
refer to undesirable destruction of metals and alloys due to interactions with sur-
rounding environment. The interactions or reactions as used here could be chemical
or electrochemical in nature. More concisely, for the purpose of this chapter, cor-
rosion would be described as chemical or electrochemical reaction between a metal
and constituents of its environment. Emphasis will be placed on corrosion of metal
in aqueous environments. Corrosion is a “favoured” process, requiring little or no
energy input for its occurrence. Despite being naturally favoured, corrosion
imposes a lot of economic strain, health and safety threat on human and society. It is
a naturally favoured and an unavoidable process, yet, undesirable by man.

Corrosion is a way by which a metal assumes a low energy state, by combining
with some other elements such as oxygen, hydrogen and sulphur. Metals are
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naturally not favoured to exist in free states. They are found in combined forms,
often as ores. Pure metals are extracted from their respective ores with a lot of
energy input. No wonder corrosion is also touted as “retro-extractive metallurgy”
[3], as depicted in Eq. (1).

Ore

Extractive Metallurgy

ΔG>0
⇌
ΔG<0

Corrosion

Metal free stateð Þ (1)

Corrosion of metals is essentially an electrochemical process. A metal could
assume an immune, active or a passive state when exposed to the environment,
depending on the nature of the metal and the environment [1]. An index of the
possible state of a metal in an environment is its electrochemical/redox potential
(Er). The half-cell equation for the reduction of a metal (M) could be written as:

Mnþ
aqð Þ þ ne� ⇌ M sð Þ E ¼ Er Voltsð Þ (2)

Metals with highly positive Er are naturally immune to oxidation, examples
include Au and Pt. Those with negative Er are active in the environment. Some of
them may assume an active-passive state, depending on the nature of the environ-
ment and the properties of their corrosive products.

Understanding the thermodynamics and kinetics of metal corrosion would make
corrosion science students to appreciate why corrosion occurs and how its rate
could be mitigated. It would also help corrosion science tutors to lay a good foun-
dation of the course for their students.

2. The fate of a metal in an environment

The behaviour of a metal upon exposure to an environment depends on the
nature of the metal and the conditions of the environment. A metal exposed to a
corrosive environment could behave in one of the following ways [1]:

i. Immune behaviour: the metal may be immune to an environment, such
that it does not react in the environment. That is, the metal does not
corrode. Such a metal is said to be thermodynamically stable in such an
environment and would not undergo spontaneous corrosion. Metals with
immune behaviour are very noble. They are un-reactive in virtually all
environments. Examples include Au, Ag, Pt, and Pd.

ii. Active behaviour: a metal is said to be of active behaviour in an
environment when it reacts with the environment and thereby corrodes. If
the environment is an aqueous solution, such a metal dissolves in solution
and forms soluble non-protective corrosion products. Since the corrosion
product is soluble and non-protective, the dissolution of such a metal is
continuous. A metal with active behaviour suffers significant weight loss in
an aggressive solution. Examples include Fe, Al, Zn, Mg, Cu etc. Activity of
metals may vary with environmental conditions such as corrosive ions,
immersion time, temperature, etc. In a recent study, Dong et al. [4]
compared the corrosion rates of Zn, Fe and Mg in simulated physiological

16

Corrosion - Fundamentals and Protection Mechanisms



solutions and found that Mg exhibited the highest corrosion rate. The study
also illustrates how corrosion rate could vary with immersion time.

iii. Passive behaviour: a metal that exhibits passive behaviour might corrode at
some instances but assume a non-responsive state over a period. Upon
exposure to the corrosive environment, a metal with passive behaviour
forms insoluble protective corrosion products, which cover the surface of
the metal and shield it from further exposure to the corrosive environment.
The protective film slows down further reaction with the environment. The
films are usually more stable (less reactive) than the metals themselves.
However, if the passive film is broken or dissolved, then the metal can
revert to the active state, at which instance rapid dissolution of the metal
could occur. In some cases, repassivation could follow the breakdown of
passive film. Various factors could be responsible for passive film
breakdown or instability. Among them are film thickness, nature of
corrosive ions, pH, anodic potentials and so on. Feng et al. [5] observed that
increased strain magnitude could also increase instability of passive film on
carbon steel. A more detailed overview on the passivity of metals could be
found in literature [6].

It is noteworthy that the behaviour of a metal depends on its “micro-
environment”. The natural or real practical environments are characterized by
variable factors. The conditions of the environment may change with time. There
could be a change in the cell pH, fluid flow rate, and temperature. Some reactions in
the environmental might also result in solid deposits. The actual environment to
which a metal responds is the immediate local environment at or near its surface. It
is this micro-environment that determines the behaviour of the metal. Though some
metals exhibit nearly universal behaviour irrespective of the environmental condi-
tions. Metals such as Au, Pt and Ag typically exhibit noble or immune behaviour
regardless of the environment, while metals like Na, K and Mg are generally active
in nearly all aqueous environments. Metals likes titanium and tantalum assume
passive state in a wide range of aqueous environments, though reactive in some
other environments. Aluminium and zinc are very reactive metals and often exhibit
active behaviour. However, they form stable protective passive films in some envi-
ronments. The behaviour of such metals could be described as “active-passive” –
active in some environments at some instances, and sometimes passive. The subse-
quent passivity is due to the change in the local environment at the surface of the
metal, being occupied by the insoluble passive corrosion products.

Active-passive behaviour of iron in nitric acid was first observed in 1790 by
Keir [7]. The thickness of passive films may vary with environmental conditions.
Susceptibility of the film to breakdown also depends on the thickness [6].
Sato et al. [8] also reported that the composition and thickness of passive films on
iron immersed a borate solution could change with change in potentials. Luo et al.
[9] observed that alloy 59 (a Ni-Cr-Mo alloy with the least Fe content and highest
Cr-Mo content) develops thicker passive film in air than sulphuric acid solution,
and the constituents of the film vary in the two environments.

3. Corrosion: thermodynamic driving force

As pointed out earlier, corrosion of a metal is a spontaneous process. A metal in
its pure state has a considerably higher energy than its corresponding ore. Metal
corrodes in an attempt to minimize its energy, while assuming a more stable state.
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Corrosion is therefore a means of energy minimization as a metal tends to return to
its combined form in which it exists naturally. A basic illustration of this energy
minimization is the exothermic nature of the formation of metal oxides, sulphides
and hydroxides (Table 1). Formation of hematite (the world most important ore of
iron) is accompanied by the release of a huge amount of energy (825.50 kJ/mol).
Meanwhile, the relative energy of a free Fe atom is 0 kJ/mol. The same applies to
other metals and their minerals.

3.1 Corrosion: electrochemical cell and electrode potential

Corrosion of metals is essentially an electrochemical process, involving both
anodic oxidation and cathodic reduction reactions. A micro-electrochemical cell is
established on the surface of a corroding metal. Perhaps for the sake of emphasis,
electrochemical corrosion cell is a galvanic (or voltaic) cell. The progress of corro-
sion reaction is accompanied by flow of electric current (i), which has to do with
movement of an electric charge across a potential difference. A corroding metal in
an aqueous solution sets up a galvanic cell system comprising the metal (M) in
contact with its metal ion (Mn+) such that an equilibrium is established. The site on
the metal surface where dissolution of metal into its ion occurs is the anodic site.
The cathodic site is set up not far from the anodic site. Each site constitutes a half-
electrode reaction system, making up two half-cells, like that of a galvanic cell. The
difference between the electrode potentials of the two half-cells can be expressed as:

Ecell ¼ Ecathode–Eanode (3)

In Eq. (3), both Ecathode and Eanode are reduction potentials. Since we are con-
sidering corrosion, the Ecell is equivalent to the corrosion potential, Ecorr. For a
spontaneous cell reaction as we have in corrosion, Eanode is always more negative
than Ecathode, such that Ecell is always positive.

For a typical case of iron (Fe) corroding in an aerated aqueous solution as:

Fe sð Þ þH2O lð Þ þ½ O2 ⇌Fe OHð Þ2 gð Þ (4)

The half-cell reactions equations can be expressed as:

Anode : Fe sð Þ ⇌Fe2þ aqð Þ þ 2 e� E0
ox ¼ þ0:409 V (5)

Cathode : ½ O2 gð Þ þH2O lð Þ þ 2 e� ⇌ 2 OH�
aqð Þ E0

red ¼ þ0:20 V (6)

In this case, Ecell = (0.2 + 0.409) V = 0.609 V. The more positive the Ecell, the
more feasible the corrosion of the metal. Practically, the Ecell or Ecorr is measured

Minerals or Ores Constituent metal oxide, hydroxide or Sulphide ΔHf (kJ/mol)

Hematite Fe2O3 �825.50

Bauxite Al2O3 �1675.69

Zincite ZnO �350.46

Sphalerite ZnS �206.00

Brucite Mg(OH)2 �924.66

Chalcocite Cu2S �79.50

Table 1.
Minerals or ores of some common metals, their chemical formulas and standard heats of formation.
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using a potentiostat. In such measurements, a half-cell must be chosen as a refer-
ence, e.g. standard hydrogen electrode (SHE). Electrode potential for SHE is set at
0 V (EH+/H2

). The electrode is made up of 1 M hydrogen ion (H+) and hydrogen gas
(H2) at 1 atm, supported with a platinum plate. When coupled with an half-cell of
unknown E, the cell potential recorded by the potentiometer is the electrode
potential of the system with unknown E.

Potentiostats with three-electrode system are often used to measure electro-
chemical corrosion parameters. The three-electrode system consists of the working
electrode, WE (the metal or alloy whose corrosion is being studied), reference
electrode, RE (against which the corrosion potential of the metal/alloy is mea-
sured), and auxiliary/counter electrode, CE, which supports or protects the refer-
ence electrode against passage of current. Commonly used reference electrodes
include calomel electrode, which composed of Hg/Hg2Cl2, sat’d. KCl, and
silver-silver chloride electrode (Ag/AgCl, sat’d KCl). The latter is mostly used
because of its relatively cheap cost and less toxicity compared to the mercury-based
electrode.

Electrode potentials depend on concentrations of the species and temperature.
Under the standard conditions of 25°C and 1 M concentration or 1 atm pressure of
the species, it is referred to as the standard electrode potential. The standard electrode
potentials (standard reduction potentials), E0 for some species are listed in Table 2.
The dependence of electrode potentials on concentrations of the species and tem-
perature is expressed in the form of the Nernst equation, whose general form is:

Er ¼ E0
r �

RT
nF

ln
red½ �
oxi½ �

� �
(7)

where n is the number of electrons transferred in the redox reaction, F is the
Faraday constant, R is the gas constant and T is absolute temperature; [red] and
[oxi] are the concentrations of the reduced and oxidized species, respectively.

3.2 Gibb’s free energy and electrode potentials

Corrosion is characterized by lowering of Gibb’s free energy or increasing elec-
trochemical cell potential. For a corroding metal, a micro-electrochemical cell is
created on the surface. The progress of metal corrosion is proportional to flow of
current in the electrochemical cell. Thermodynamic parameters can be expressed
for electrochemical systems. Since corrosion of metals is a constant pressure pro-
cess, the Gibb’s free energy (ΔG) is a good thermodynamic parameter for predicting
its spontaneity. A spontaneous reaction is accompanied by energy minimization,
which implies a negative ΔG, while a positive ΔG connotes non-spontaneous pro-
cess. A non-spontaneous reaction requires energy input to proceed. For a system at
equilibrium, ΔG = 0. Corrosion being a spontaneous process has a negative ΔG.
Thermodynamic favourability of metal corrosion could readily be predicted from
the electrode potentials of the metal concerned. The change in Gibb’s free energy
(ΔG) per mole of an electrochemically reacting species is related to the electrode
potentials as:

ΔG ¼ �nFE (8)

where n is the valence of the species (number of electrons transferred), F is the
Faraday’s constant (1 F = 96,485 C) and E is the electrode potential (Volts). For a
typical case of anodic dissolution of iron as it oxidizes from Fe to Fe2+ by losing two
electrons (Fe ⇌ Fe2+ + 2 e�); n = 2.
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3.3 Impracticability of equilibrium electrochemical corrosion potentials

Corrosion involves both anodic and cathodic reactions. Each of these reactions is
reversible and has associated electrode potential (E), which tends to attain an
equilibrium value. At equilibrium, ΔG = E = 0. However, attainment of this value is
impracticable.

Practically, a bare (an oxide-free) metal surface releases metal ion into an aque-
ous solution (dissolution), leaving negatively charged electrons on the surface. This
leads to an increase in the potential difference between the metal and the solution.
The electrode potential becomes more negative. For the anodic dissolution of a
metal, M, the half-cell reaction equation could be written as:

M ⇌ Mnþ þ ne� (9)

Reduction half-reactions E0
red (V)

O3 + 2 H+ + 2 e� ⇌ O2 + H2O 2.07

H2O2 + 2 H+ + 2e� ⇌ 2 H2O 1.776

Au3+ + 3 e� ⇌ Au 1.68

PbO2 + 4 H+ + 2e� ⇌ Pb2+ + 2 H2O 1.467

Cl2 + 2 e� ⇌ 2 Cl� 1.3583

O2 + 4 H+ + 4 e� ⇌ 2 H2O 1.229

Pt2+ + 2 e� ⇌ Pt 1.20

H2O2 + 2e� ⇌ 2 OH- 0.88

Hg2
2+ + 2 e� ⇌ Hg 0.7961

Cu+ + e� ⇌ Cu 0.522

O2 + 2 H2O + 4 e� ⇌ 4 OH� 0.401

Cu2+ + 2e� ⇌ Cu 0.3402

2 H+ + 2 e� ⇌ H2 0.000

Fe3+ + 3 e� ⇌ Fe �0.036

Pb2+ + 2 e� ⇌ Pb �0.1263

Sn2+ + 2 e� ⇌ Sn �0.1364

Ni2+ + 2 e� ⇌ Ni �0.23

Co2+ + 2 e� ⇌ Co �0.28

Fe2+ + 2 e� ⇌ Fe �0.409

Cr3+ + 3 e� ⇌ Cr �0.74

Zn2+ + 2 e� ⇌ Zn �0.7628

Mn2+ + 2 e� ⇌ Mn �1.04

Al3+ + 3 e� ⇌ Al �1.706

Mg2+ + 2 e� ⇌ Mg �2.375

Na+ + e� ⇌ Na �2.7109

K+ + e� ⇌ K �2.924

Table 2.
Standard half-cell reduction potentials for reactions.
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A more negative potential tends to retard dissolution but promotes deposition,
according to Eq. (8) (i.e. ΔG is more positive for a more negative E). Since the
process is reversible, continuous dissolution and/or deposition might lead to a stable
(reversible) potential, Er, which can be expressed in the form of Nernst Equation
(for the reaction in Eq. (9)) as:

Er,Mnþ=M ¼ E0
r,Mnþ=M þ RT

nF
ln aMnþ (10)

If a stable Er,Mnþ=M is attained, dissolution would stop. However, in practice,
Er,Mnþ=M is never attained because electrons generated in Eq. (9) are always
removed from the surface by the accompanied cathodic half-cell reaction, such as:

2Hþ
aqð Þ þ 2 e� ⇌H2 gð Þ (11)

Or

½ O2 gð Þ þH2O lð Þ þ 2 e� ⇌ 2 OH�
aqð Þ (12)

in an acidic or basic medium respectively. The Nernst equation-type expressions
for the reversible potential (Er) for the cathodic reactions in Eqs. (11) and (12)
respectively are:

Er,Hþ=H2
¼ E0

r,Hþ=H2
� RT

F
ln

P
1
2
H2

aHþ
(13)

Er,O2=OH� ¼ E0
r,O2=OH� � RT

4F
ln

a4OH�

PO2

(14)

where Eqs. (13) and (14) correspond to stoichiometrically adjusted forms of
Eqs. (11) and (12) by multiplying the coefficients by ½ and 2 respectively for
reduction of 1 mole of H+ and O2.

If Er could be attained for reactions depicted by Eqs. (11) or (12), then Er would
be attained in Eq. (10). However, Er in Eq. (13) or (14) is never stable due to
continuous discharge of H2 or consumption of O2. Hence, attainment of a stable
Er,Mnþ=M is practically impossible and corrosion of metal, M is continuous.

3.4 Corrosion tendency based on electrochemical potentials and pH

Thermodynamics of electrochemical corrosion could be described as a function
of electrode potential and hydrogen ions concentration (pH). This is often chatted
as potential-pH diagram, popularly called the Pourbaix diagram, named after the
original inventor. Pourbaix, a Belgium electrochemist and corrosion scientist
invented the potential-pH diagram in 1963 for the description of thermodynamics
of electrochemical corrosion. Pourbaix diagrams provide theoretical description of
stability of a phase of metal/electrolyte system at a particular pH and potential. It is
a kind of phase equilibrium diagram, though with different axes parameters com-
pared to thermodynamics phase equilibrium diagram. Potential-pH diagram is often
plotted at 25°C, 1 atm, and 10�6 M concentration of the ionic species. A typical
Pourbaix plot comprises the redox potential on the vertical axis and the pH on the
horizontal axis. Potential-pH diagram for iron in aqueous environment is shown in
Figure 1. The diagram clearly shows the stable and passive regions for iron, based
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on the combination of potential and pH. At the very top of the diagram is corrosive
region, where the potential is highly positive (above 1.8 V). At this region, iron
would corrode at any combination of potential and pH. The region marked immu-
nity at the lower portion of the diagram indicates the area where iron does not
corrode. This region spans over a wide range of pH, and a limited range of highly
negative potentials. Within this region, iron is immune to corrosion at various
combinations of potentials and pH. In-between the two extreme top and bottom
regions are regions where corrosion and/or passivity could occur, depending on the
operating potentials and pH. The region marked “corrosion” between lines 1 and 2
covers a large area compared to the one at lower right-hand side. This implies that
corrosion of iron at intermediate potentials between �500 mV and 1000 mV would
progress more favourably in acidic pH than neutral and alkaline pH. At moderately
positive potentials and neutral or alkaline pH, iron forms passive oxide film on the
surface, which blocks further corrosion.

Pourbaix diagram could be used as a route to first principle corrosion simulation
[11], a model for optimizing corrosiveness of a medium and designing materials
with desired corrosion resistance. In a recent study, Nave and Kornev [12]
constructed and applied 3D Pourbaix profile to establish the conditions for thermo-
dynamic stability of tungsten-based compounds and describe the anodic dissolution
of tungsten in aqueous solutions of potassium hydroxide. Beyond pure metals,
Pourbaix profiles for multielement system such as Ni-Ti alloys having different
ratios of the element have been proposed [13]. In an effort to overcome the chal-
lenges associated with developing Pourbaix profiles for complex compounds, a
recent study by Patel et al. [14] introduced a more robust algorithm for modelling
Pourbaix diagram for multicomponent materials.

Figure 1.
Potential-pH diagram for iron in aqueous medium [10].
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4. Corrosion kinetics

Having discussed the propensity of metals to corrode, it is important to also
highlight the rate at which metals corrode and mechanisms of corrosion reactions.

4.1 Corrosion rate

In a general term, corrosion rate (CR) refers to the amount of metal loss to
corrosion per unit time. The rate at which a metal corrodes can be monitored by
various methods. This also determines the kind of CR expression and units. Both the
methods and expression (together with units) are in turn dependent on the techni-
cal system and type of corrosion being investigated. These methods may be
classified as chemical, electrochemical, spectroscopic, and surface analysis based
methods. Basically, corrosion rate (CR) may be monitored by measuring any
parameter that changes as corrosion reactions occur. For example:

• monitoring the change in weight of the metal upon corrosion (weight loss
measurements);

• pressure of gas evolved (e.g. monitoring the H2 gas evolution level);

• change in temperature upon corrosion reactions (thermometric measurement);

• spectroscopic analysis of amount of metal that goes into solution upon
corrosion (e.g. AAS analysis of Fe in solution);

• amount of current that flows in the system (electrochemical measurements).

Each of these methods have associated merits and demerits. Corrosion rate may
expressed as weight-loss of a metal per unit time per unit area according to the
equation:

CR ¼ Δw
At

(15)

where Δw is the weight difference of the metallic block or plate at a set time
interval (exposure time), t, and A is the exposed area of the metal. Being an
analytical measurement, the ideal practice is to conduct repetitive measurements of
Δw and utilize the average value in Eq. (15). This measurement is mainly applicable
to general or uniform corrosion. However, it is the most used measurement of
corrosion rate. For corrosion systems in which the metal/environment composition
vary significantly with time and non-uniformity over the sites on corroding surface,
measurement of CR using Eq. (15) may be deficient. The results of such measure-
ments must at least be supported with additional information such as the type of
corrosion, dependence of corrosion rate on time and other relevant factors that
prevail during the experiment. Eq. (15) is the simplest form of such expression, for
which the units of Δw (g or nearest mg), A (nearest cm2), and t (nearest h) would
give the units of CR as gcm�2 h�1 or mgcm�2 h�1. These units may not be applicable
in reporting CR in some other technical reports, for example, if CR is to be expressed
in the form of penetration rate (depth per unit time).

In an electrochemical experiment, corrosion rate could be measured as corrosion
current density, in the form of corrosion current (mA) per unit area (cm2) of
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corroding metal, i.e. mAcm�2. Conversion factors from one CR unit to another are
listed in Table 3.

where:

• mpy = milli-inch per year

• n = number of electrons freed by the corrosion reaction

• M = atomic mass

• d = density

e.g.: 1mA cm�2 = (3.28M/nd)mmy�1 = (129M/nd)mpy = (8.95M/n) gm�2 day�1

4.2 Factors affecting corrosion rate

Besides basic requirements for electrochemical corrosion to occur, which include
the presence of anodic and cathodic sites, electrolyte and connectivity between the
sites (to promote ionic conduction), there are secondary factors that affect corro-
sion rate. These factors are briefly discussed as follow.

• Concentrations of dissolved oxygen (i.e. oxygen and oxidizers): corrosion rate and
mechanism could be affected by the amount of dissolved oxygen. This is
because, both anodic dissolution of metal and cathodic reactions are oxygen
dependent. Generally, the higher the concentration of dissolved oxygen the
higher the corrosion rate. Since anodic dissolution is an oxidation reaction,
increased oxygen content in the microenvironment would increase the rate of
metal oxidation. More so, when oxygen reduction predominates the cathodic
reaction, dissolved oxygen increases the rate of cathodic reaction, which in
turn speeds up the anodic reaction for charge balancing purpose. In other
words, the rate of metal dissolution is directly proportional to the rate of
oxygen reduction. A limited oxygen reduction or dissolved oxygen would lead
to a decrease in metal dissolution and overall corrosion rate. Hydroxide and
oxide deposits and protective film reduce the rate of oxygen diffusion onto the
metal surface. They also tend to prevent conduction of metal ions from metal-
oxide interface to oxide-liquid interface. Hence, they reduce corrosion rate,
usually by passivation.

• Concentration of dissolved salts: dissolved salt increases conductivity of an
electrolyte system. Since a requirement for corrosion to progress in ionmobility,
increase in conductivity of the electrolyte due to dissolved salt increase corrosion
rate.Generally, corrosion rates tend to increasewhenwater conductivity increases.
For this reason, corrosion rate is higher in saline water than freshwater. The

mA cm�2 mm year�1 mpy g m�2 day�1

mA cm�2 1 3.28 M/nd 129 M/nd 8.95 M/n

mm year�1 0.306 nd/M 1 39.4 2.74 d

mpy 0.00777 nd/M 0.0254 1 0.0694 d

g m�2 day�1 0.112 n/M 0.365 /d 14.4 /d 1

Table 3.
Conversion factors for various units of CR [15].
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corrosion rate in seawater is a function of numerousmutually dependent factors.
However, according to Kirk and Pikul (1990) [16], if salinity exceeds 3%, water
corrosivity decreases. This is due to decrease in oxygen solubility is inwaterwith>
3% salinity, as posited byWeiss (1970) [17].

• Temperature and pressure: Generally, temperature increases the rate of metal
corrosion, so does pressure. Just like every other electrochemical reactions,
increase in temperature increases fluid flow and ionic mobility. Temperature
can also affect scale formation and gas fugacity, which indirectly affect
corrosion rate. Most corrosion models are accurate only within prescribed
temperature ranges. For corrosive involving gases such as CO2 and H2S
increase in operating pressure could increase the partial pressure of the
corrosive gases. It should be noted that the reduction potential of the metal is
dependent on fugacity of the gases present, according to the Nernst Equation.
The dependence of corrosion rate (CR) on temperature could be expressed in
the form of Arrhenius equation as:

CR ¼ Aexð�Ea=RTÞ (16)

where A is the pre-exponential factor, Ea is the activation energy, R is the gas
constant and T is temperature.

• Associated fluid dynamics: increase in fluid flow rate increases the rate of metal
loss. Fluid flow rate the reason for the particular type of corrosion, the “Flow-
Accelerated Corrosion”. Accelerated fluid drives corrosive ions to the reactive
sites faster than a stagnant or unstirred solution. Fluid flow also has mechanical
effects on passive films or deposits by driving them out of site, exposing the
metal surface to direct attack of corrosive ions. Flow-accelerated corrosion is
usually found at high flow rates around pipe/tube blockages, tube inlet ends, or
in pump impellers.

• Concentration of corrosive electrolyte: generally the higher the concentration of
corrosive electrolyte the higher the rate of metal corrosion. Though, change in
concentration of corrosive electrolyte often lead to change in pH of the
medium, which can affect corrosion rate and mechanism in different ways.

• pH of the medium: this affects the kind of reactions that take place at the
cathode. For instance, in acidic pH, hydrogen ion reduction/hydrogen gas
evolution predominates at the cathode. Oxygen reduction could also occur if
the medium is aerated. Oxygen reduction is the primary cathodic reaction in
neutral/basic solutions.

4.3 Corrosion mechanism

Corrosion, like many other chemical reactions usually involve more than one
definable step. Interests often lie in the slowest step. Electrochemical corrosion
involves release of ions and movement of electrons. Corrosion requires presence
and movement of ions and electrons. A typical mechanism of corrosion of Fe in
acidic medium is:

Fe sð Þ ⇌Fe2þ aqð Þ þ 2e� Anodic dissolution of metalð Þ (17)

2Hþ
aqð Þ þ 2e� ⇌H2 gð Þ Cathodic reaction–H2 gas evolutionð Þ (18)
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The process is often more complex such that, metal ions may go into solution as
complexes or even; precipitate as hydroxides, oxides, sulphides etc.

Electrochemical corrosion mechanism of an active metal in an aqueous environ-
ment can be expressed generally as [18]:

M sð Þ ⇌Mmþ
aqð Þ þme� (19)

mHþ
aqð Þ þme�⇌m=2 H2 gð Þ (20)

Overall : M sð Þ þmHþ
aqð Þ ⇌Mmþ

aqð Þ þm=2 H2 gð Þ (21)

In a deaerated acidic medium. Or.

M sð Þ ⇌Mmþ
aqð Þ þme� (22)

mH2O lð Þ þme� ⇌mOH�
aqð Þ þm=2 H2 gð Þ (23)

Overall : M sð Þ þmH2O lð Þ ⇌Mmþ
aqð Þ þmOH�

aqð Þ þm=2 H2 gð Þ (24)

In a deaerated neutral/basic medium.
In an aerated environment, oxygen plays a prominent role in the reaction and

the mechanisms look like [18]:

M sð Þ ⇌Mmþ þm e� (25)

m=4 O2 gð Þ þm Hþ
aqð Þ þm e� ⇌m=2 H2O (26)

Overall : M sð Þ þm=4 O2 gð Þ þm Hþ
aqð Þ ⇌Mmþ þm=2 H2O lð Þ (27)

In an aerated acidic environment.

Or

M sð Þ ⇌Mmþ þm e� (28)

m=4 O2 gð Þ þm=2 H2O lð Þ þm e�⇌m OH� (29)

Overall: M(s) + m/4 O2(g) + m/2 H2O(l) ⇌ Mm+ + m OH�
(aq).

In an aerated neutral or basic environment.

5. Corrosion control methods

As contained in the previous sections, whether a material would corrode or not
depends on a number of factors. The extent and rate of corrosion also varies,
depending on the nature of the metal or alloy, corrosive medium, pH, temperature
and so on. While it may be difficult to “work against nature”, to completely stop
metal corrosion, several methods of abating corrosion damage have been identified.
Most of these methods reduce corrosion rate, rather than “inverting” the thermo-
dynamics. Although, thermodynamic susceptibility might be influenced in some
instances. Choosing a suitable corrosion control method requires proper under-
standing of corrosion type and mechanism. No particular method had been
adjudged universally effective to mitigate all forms of corrosion. Common corrosion
control methods are highlighted below.

• Material selection: this method entails careful selection of metal or alloy that is
immune to corrosion in an environment. While this sounds as a good idea, such
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materials do not often possess the desired mechanical properties for
prospective technological design. Besides, using such materials for engineering
purposes could be very expensive. In other words, striking a balance between
material cost, mechanical properties and corrosion resistance is not a
straightforward task.

• Engineering design: careful structural design might reduce or eliminate certain
forms of corrosion. A design that eliminate accumulation of water on metal
surface might reduce the rate of top-of-line corrosion (TLC), which is greatly
associated with water accumulation [19]. Crevice corrosion could be
minimized if engineering design minimizes stagnation of fluids and adopts
welded rather than bolted joint. Design that eliminates or reduces turbulence
flow could reduce the rate of erosion corrosion [20]. The major limitation to
using engineering design to control corrosion is that the choice of a design
might not meet other important criteria of the structure, aside reducing
corrosion propensity of the material. A wrong design might be costly and yet
not suitable for optimum application of the structure [21, 22].

• Cathodic and anodic protection: electrochemical potentials of a metal could be
modified to suppress cathodic or anodic corrosion by shifting the potential
cathodically or anodically, respectively. This could be achieved via impressed
current system [23]. Cathodic shift increases the immunity of the metal by
reducing electron uptake for the cathodic reaction [24]. A more positive or
anodic shift of the potential increases the passivity behaviour of the metal
[22, 25]. The use of sacrificial materials known as sacrificial anode/cathode is
also a known practice. A more active metal (sacrificial anode) could be used to
protect a metal of interest. Parthiban et al. [26] reported the use of magnesium
alloy anode for the cathodic protection of steel embedded in concrete. It was
observed that the mechanism of cathodic protection with the sacrificial anode
could be correlated to the removal of corrosive ions such as chloride from the
vicinity of steel.

• Protective coatings: organic or inorganic coatings are often used to protect the
surface of active metals. Such coatings could serve as barrier protection and/or
chemical inhibition. Besides corrosion mitigation, special coating materials
could provide aesthetic functions, improving the surface appearance of the
metal [27]. An extensive review on protective coating on magnesium alloy is
available in literature [28].

• Corrosion inhibitors: chemical substances could be added to corrosive solution
in trace quantities to reduce corrosion rate of metal. These additives, which
often reduce the rate of metal corrosion by adsorbing as thin film on metallic
surface are called corrosion inhibitors. Several corrosion inhibitors have been
designed. Notable among them are benzotriazole (a popular inhibitor of copper
corrosion) [29], quinoxalines [30–32], benzimidazoles [33], pyrimidines
[34, 35], pyridazines [36], hydantoins [37], ionic liquids [38] and so on. Most
organic corrosion inhibitors contain heteroatoms and pi-electron systems that
aid adsorption of their molecules onto active sites on the metal surface. There
are also inorganic inhibitors such as salts of zinc, copper, nickel, and arsenic.
Earlier efficient inorganic corrosion inhibitors are chromate based, but their
use have been discouraged due to their high toxicity.
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Chapter 3

Copper, Iron, and Aluminium
Electrochemical Corrosion Rate
Dependence on Temperature
Mykhaylo Viktorovych Yarmolenko

Abstract

Our investigations show that electrochemical corrosion of copper is faster than
electrochemical corrosion of aluminium at temperatures below 100°C. Literature
data analysis shows that the Al atoms diffuse faster than the Cu atoms at tempera-
tures higher than 475°C, Al-rich intermetallic compounds (IMCs) are formed faster
in the Cu-Al system, and the Kirkendall plane shifts towards the Al side. Electro-
chemical corrosion occurs due to electric current and diffusion. An electronic device
working time, for example, depends on the initial copper cover thickness on the
aluminium wire, connected to the electronic device, temperature, and volume and
dislocation pipe diffusion coefficients, so copper, iron, and aluminium electro-
chemical corrosion rates are investigated experimentally at room temperature and
at temperature 100°C. Intrinsic diffusivities ratios of copper and aluminium at
different temperatures and diffusion activation energies in the Cu-Al system are
calculated by the proposed methods here using literature experimental data. Dislo-
cation pipe and volume diffusion activation energies of pure iron are calculated
separately by earlier proposed methods using literature experimental data. Alumin-
ium dissolved into NaCl solution as the Al3+ ions at room temperature and at
temperature 100°C, iron dissolved into NaCl solution as the Fe2+ (not Fe3+) ions at
room temperature and at temperature 100°C, copper dissolved into NaCl solution
as the Cu+ ions at room temperature, and as the Cu+ and the Cu2+ ions at tempera-
ture 100°C. It is found experimentally that copper corrosion is higher than alumin-
ium corrosion, and the ratio of electrochemical corrosion rates, kCu/kAl > 1,
decreases with temperature increasing, although iron electrochemical corrosion rate
does not depend on temperature below 100°C. It is obvious because the melting
point of iron is higher than the melting point of copper or aluminium. It is calcu-
lated that copper electrochemical corrosion rate is approximately equal to alumin-
ium electrochemical corrosion at a temperature of about 300°C, so the copper can
dissolve into NaCl solution mostly as the Cu2+ ions at a temperature of about 300°C.
The ratio of intrinsic diffusivities, DCu/DAl < 1, increases with temperature
increasing, and intrinsic diffusivity of aluminium could be approximately equal to
intrinsic diffusivity of copper at a temperature of about 460°C.

Keywords: electrochemical corrosion, metallic coatings, electrolysis, diffusion,
intermetallic compounds, phases formation kinetics, copper, aluminium, iron,
Kirkendall-Frenkel porosity, Kirkendall shift, activation energy
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1. Introduction

An Al wire coated with a thin Cu cover (≈15-μm thickness), utilised near an
automobile motor, is heated to temperatures about 373–473 K (100–200°C). Inter-
metallics (IMCs) can be formed at the Cu/Al interface and grow gradually during
heating at such temperatures. The IMC layers are brittle and have high resistivity.
Therefore, for assurance of the reliability of the product, information on the growth
behaviour of the IMC layers during heating is essentially important [1]. Figure 1
shows the problem: an electronic device working time, t0, depends on initial Cu
cover thickness, XCu, and temperature. The electric conductivity of copper is higher
than the electric conductivity of aluminium in approximately two times, but the
formation of intermetallic phases induces a significant increase in contact resis-
tance, which is found to increase linearly with the thickness of the intermetallics
formed [2]. The temperature range used to produce the intermetallic phases was
from 250 to 515°C. Moreover, the presence of an electrical field greatly accelerated
the kinetics of formation of intermetallic phases and altered significantly their
morphology, and the impaired mechanical integrity of the Al-Cu bimetallic joints
treated by an electrical current was clearly demonstrated by an extensive cracking
not only across the whole intermetallic bandwidth but also within different phases
and at a neighbouring interface [2]. Three-phase thickness, X123, can be estimated in
such a way. The mass conservation law gives

XCu t ¼ 0ð Þ � 1 ¼ 9
9þ 4

X3 t0ð Þ þ 1
1þ 1

X2 t0ð Þ

þ 1
1þ 2

X3 t0ð Þ≈ 1:526X123

3
≈0:509X123, and X123 ≈ 2XCu, (1)

so three-phase general thickness is approximately greater in two times than the
initial Cu cover thickness.

Otherwise, it was proved experimentally that a thin Al pad (≈1-μm thickness)
can prevent gold and copper corrosion because the intermetallics formation rate in
Au-Al system is much higher than the intermetallic formation rate in Cu-Al system,
so it is possible to use Cu instead of Au for wire bonding in microelectronic pack-
aging, and Cu has higher electric conductivity, higher thermal conduction, and

Figure 1.
(a) Initial stage (t = 0): An electronic device is working, since the electric current, Ia = ICu + IAl, has optimal
value; (b) final stage (t = t0): The electronic device is not working, because the electric current,
Ib = I3 + I2 + I1 + IAl, has too small value, since pure Cu cover has disappeared.

36

Corrosion - Fundamentals and Protection Mechanisms



lower material cost than Au [3]. Corrosion and intermetallic rate formation in gold
and copper wire bonding in microelectronics packaging were investigated in [3] at
temperatures T1 = 175°С,T2 = 200°С, and T3 = 225°С during 120, 240, 360, and
480 h. The authors have reported that cross-sectional analysis of the Cu ball on Al
pad confirmed that corrosion occurred at temperatures about T = 200°С primarily
beneath the Cu balls and did not initiate from the Al pad, formation of CuCl2 did
not allow self-passivation of Cu to occur, so the rate of copper corrosion increased,
and the rate of Cu-Al intermetallics formation was found to be three to five times
slower than Au-Al intermetallic formation at all three annealing temperatures. So,
copper dissolved into NaCl solution as Cu2+ ions at temperatures about T = 200°С,
as we expected. They did not investigate corrosion rate dependence of copper and
aluminium on temperature. Moreover, phase layers general thicknesses for Cu-Al
system were calculated [3]:

X2
123 ¼ K123tþ K01 ¼ K0e

�Q  = ðRTÞ þ K01

¼ 3:52 � 10�4μm2=s � e�25500Jmol�1
= ðRTÞtþ 0:44μm2, (2)

where R ≈ 8.314 JK�1 is the gas constant, and K01 is the constant related to initial
IMC thickness. General reaction rates of IMC formation were calculated:
K123(T1) = 3.57�10�7 μm2/s, K123(T2) = 6.26�10�7 μm2/s, and K123(T3) = 7.15�10�7 μm2/
s. The pre-exponential factor and IMC formation activation energy was calculated:
K0 ≈ 3.52�10�4 μm2/s, Q ≈ 25.5 kJ/mol. We can use these results to calculate the
electronic device working time by Eq. (14) in [4] at different temperatures:

t0 ≈
X2

Cu

C2
3K123

¼ 169
81

X2
Cu

K123
≈

2X2
Cu

K0
e
Q= RTð Þ ≈ 5900 � X2

Cu μm2� � � e25:5kJmol�1
= RTð Þs; (3)

t0 T1 ¼ 175oC ¼ 448Kð Þ≈ 5900 � 225 � e25500= 8:314�448ð Þs≈ 40years;

t0 T2 ¼ 200oCð Þ≈ 28years;

t0 T3 ¼ 225oCð Þ≈ 21years; t0 T4 ¼ 300oCð Þ≈ 9years; t0 T5 ¼ 350oCð Þ≈ 6years:

Other researchers have obtained [5]: K123(T4 = 300°C) = 4.2�10�4 μm2/s,
K123(T5 = 350°C) = 3.4�10�3 μm2/s. Eq. (3) gives

t0 T4 ¼ 300oCð Þ≈ 2X2
Cu

K123
≈ 12days; t0 T5 ¼ 350oCð Þ≈ 2X2

Cu

K123
≈ 1:5days:

We can calculate: Q ≈ 124 kJ/mol; K0 ≈ 8.5�10�5 m2/s = 8.5�107 μm2/s;

t0 T ¼ 175oCð Þ≈ 5:3 � 10�6 � e124Jmol�1
= 448Rð Þs≈ 49years; t0 T ¼ 200oCð Þ≈ 8:4years;

t0 T ¼ 225oCð Þ≈ 2X2
Cu

K0
e
Q= RTð Þ ≈ 5:3 � 10�6 � e124Jmol�1

= 498Rð Þs≈ 1:7years:

It was reported in [1] that the growth of layer 1 is controlled predominantly by
boundary diffusion, but that of layers 2 and 3 are governed mainly by volume
diffusion at temperatures T = 483–543 K (210–270°C) for various periods up to
3.456Ms (960 h). The authors obtained: K01 ≈ 5.3�10�7 m2/s, Q1 ≈ 86 kJ/mol,
K023 ≈ 4.2�10�5 m2/s, Q23 ≈ 146 kJ/mol. We can calculate: K123

(T6 = 210°C) = 1.5�10�6 μm2/s,

t0 T ¼ 210oCð Þ≈ 2X2
Cu

K123
≈ 9:6years:
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The less temperature is, the higher contribution of grain-boundary diffusion and
dislocation pipe diffusion to the layers growth is, so models of grain-boundary
diffusion and dislocation pipe diffusion involving outflow into volume should be
taken into account [6–8].

Diffusion activation energy of Al is less than diffusion activation energy of Cu
(QAl < QCu) at temperatures from 160–250°C for mutual diffusion in copper-a
luminium thin film double layers, but the pre-exponential factors are different in
10 times [9]:

D ∗
Al ¼ 4 � 10�5e�121kJmol�1= RTð Þm2=s,D ∗

Cu ¼ 9:5 � 10�4e�135kJmol�1= RTð Þm2=s, (4)

in θ-phase (phase 1) CuAl2, CAl = 2/3 ≈ 0.67, CCu = 1/3 ≈ 0.33;

D ∗
Al ¼ 1:5 � 10�11e�68kJmol�1= RTð Þm2=s,D ∗

Cu ¼ 1 � 10�6e�106kJmol�1= RTð Þm2=s, (5)

in η2-phase (phase 2) CuAl, CAl = CCu = 1/2 = 0.5;

D ∗
Al ¼ 1:7 � 10�7e�116kJmol�1= RTð Þm2=s,D ∗

Cu ¼ 2:4 � 10�6e�125kJmol�1= RTð Þm2=s, (6)

in γ2-phase (phase 3) Cu9Al4, CAl = 4/13 ≈ 0.31, CCu = 9/13 ≈ 0.69.
We can calculate the mutual diffusion coefficient for each phase at temperature

160°C by the Darken equation [8, 10] and taking into account Eqs. (4)–(6):

D ∗
i ¼ CAlD ∗

Cu þ CCuD ∗
Al; i ¼ 1, 2, 3;D ∗

1 ¼ 6:64 � 10�20m2=s;D ∗
2 ¼ 1:3 � 10�19m2=s;D ∗

3

¼ 1:8 � 10�21m2=s:

We can calculate using the methods described in [4, 11]: K123(T7 =

160°C) ≈ 2.8�10�6 μm2/s, t0 T ¼ 160oCð Þ≈ 2X2
Cu

K123
≈ 5years, so the problem remains

unsolved.
It was founded experimentally, that copper electrochemical corrosion is higher

than aluminium electrochemical corrosion in approximately two times at room
temperature [4, 11], so a thin Al layer can prevent copper electrochemical corro-
sion. It was reported also about the influence of hydrogen and the absence of a
passive layer on the corrosive properties of aluminium alloys [12].

Besides, the soldered copper/tin-based contacts are the weakest part of the chip
that can be related to intermetallics and the Kirkendall-Frenkel porosity formation
in the contact zone [13]. One of the most common reasons for chip failure is the
soldered. The typical range of packaging and operation of the integrated circuits is
from room temperature to 250°C [14].

Hydrostatic pressure of Argon gas (≈10 MPa) can decrease Kirkendal-Frenkel
porosity formation, but practically cannot decrease mutual diffusion coefficients,
but hot isostatic pressing (p ≈ 100 MPa, Argon) removes porosity due to homoge-
nisation heat treatment in alloy CMSX4 and superalloy CMSX10 [15].

It was clarified also that carbon steel-stainless steel with the environment of
flowing sodium chloride does indeed produce synergetic corrosion instead of
antagonistic corrosion [16].

Electric current can destruct wire bonding in microelectronics packaging, so we
planned to investigate copper, iron, and aluminium electrochemical corrosion at
room temperature and temperature 100°C. Direct current can dissolve metal anode
into electrolyte, and we planned to do experiments under the same conditions:
initial radii of Cu, Fe, and Al anodes should be approximately equal, electrolyte
concentration should be the same, anodes lengths immersed into electrolyte should
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be equal, graphite cathodes should be the same, direct electric current value should
be practically the same. Aluminium can dissolve into electrolyte only as of the Al3+

ions, so the charge of aluminium ions should be exactly equal to 3, but copper can
dissolve into electrolyte as the Cu+ ions and the Cu2+ ions, and the charge of copper
ions could be equal to 1 or 2, and iron can dissolve into electrolyte as the Fe2+ ions
and the Fe3+ ions, and the charge of iron ions could be equal to 2 or 3. We need to
find appropriate mathematical equations to calculate the charges of copper, iron,
and aluminium ions dissolved into NaCl solution.

2. Experimental results of copper, iron, and aluminium electrochemical
corrosion

2.1 Investigation at room temperature

Cylindrical anodes (99.99% Cu, 99.96% Fe, and 99.99% Al) were used for
copper and aluminium [4, 11], and also iron electrochemical corrosion investiga-
tion. Sodium chloride (NaCl) solution was used as an electrolyte (Figure 2).

Direct electric current and anode mass decreasing were measured. First of all,
we need to be assured that the Cu+ ions (or the Cu2+), the Fe2+ (or the Fe3+), and the
Al3+ were present in NaCl solution. The rate of anode dissolving into electrolyte can
be calculated using Faraday’s law of electrolysis:

dm
dt

¼ MI
zF

, dm ¼ ρ � L � π � d R2 tð Þ� �
: (7)

Here,m is anodemass dissolved into the electrolyte, t is a time of the experiment,M
ismolarmass, I is the direct electric current value, F is the Faraday constant (F ≈ 96,500
Cmol�1), z is a charge of ions, R is anode radius, L is anode length immersed into the
electrolyte. Electric current value did not change, so one can calculate:

z ¼ MIt
FπρL R2 t ¼ 0ð Þ � R2 tð Þ� � , (8)

Figure 2.
Scheme of experimental equipment at room temperature. Cu, Fe, and Al anodes dissolve into NaCl solution as
Cu+, Fe2+, and Al3+ ions.
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where ρ is anode density. Charges of copper, iron, and aluminium ions were
calculated:

zCu ¼ 63:55 � 10�3kg=mol � 2:8A � 1:2 � 103s
F � π � 8:9 � 103kg=m3LCu � R2

Cu t ¼ 0ð Þ � R2
Cu t4ð Þ� � ≈0:995≈ 1, (9)

zAl ¼ 27 � 10�3kg=mol � 3:1A � 1:2 � 103s
F � π � 2:7 � 103kg=m3LAl � R2

Al t ¼ 0ð Þ � R2
Al t4ð Þ� � ≈ 2:954≈ 3, (10)

zFe ¼ 55:847 � 10�3kg=mol � 3:15A � 1:2 � 103s
F � π � 7:86 � 103kg=m3LFe � R2

Fe t ¼ 0ð Þ � R2
Fe t4ð Þ� � ≈ 2:03≈ 2, (11)

where LCu ≈ LAl ≈ LFe: LCu = LFe = 5�10�2 m, LAl = 4.5�10�2 m;
R0Cu = R0Al = 2.8 mm, R0Fe = 2.98 mm; IAl ≈ ICu ≈ IFe: IFe = 3.15A, IAl = 3.1A,
ICu = 2.8A, so copper dissolved into NaCl solution as the Cu+ ions, iron dissolved
into NaCl solution as the Fe2+ ions, and aluminium dissolved into NaCl solution as
the Al3+ ions. Anodes radii-decreasing kinetics is shown in Figure 3. Experiments
were carried during t1 = 5 min, t2 = 10 min, t3 = 15 min, and t4 = 20 min. Experi-
mental results are as follows: R1Cu = 2.74 mm, R2Cu = 2.67 mm, R3Cu = 2.59 mm,
R4Cu = 2.5 mm; R1Al = 2.77 mm, R2Al = 2.73 mm, R3Al = 2.68 mm, R4Al = 2.62 mm,
R1Fe = 2.95 mm, R2Fe = 2.92 mm, R3Fe = 2.88 mm, R4Fe = 2.83 mm. Measurement
precision was 0.01 mm or 10 micrometres.

Chemical reactions took place near the positive electrode (anode):

Cu0 � e� ¼ Cuþ,Al0 � 3e� ¼ Al3þ, Fe0 � 2e� ¼ Fe2þ;

Cuþ þ Cl� ¼ CuCl↓,Al3þ þ 3Cl� ¼ AlCl3↓, Fe2þ þ 2Cl� ¼ FeCl2↓; (12)

Figure 3.
Cu, Fe, and Al anodes radii decreasing kinetics at room temperature.
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Cl� � e� ¼ Cl0,Cl0 þ Cl0 ¼ Cl2↑:

Chlorine gas was formed near the anode.
Chemical reactions took place near the negative electrode (cathode):

Naþ � e� ¼ Na0, 2Naþ 2H2O ¼ 2NaOH þH2↑: (13)

Hydrogen gas was formed near the cathode.
Anodes radii decreasing rate constants can be calculated as the average value of

four experiments to increase calculation precise:

kCu ¼ 4R2
0 �

P4
i¼1R

2
iP4

i¼1ti
≈ 1:25 � 10�9m2=s, kAl ¼

4R2
0 �

P4
i¼1R

2
iP4

i¼1ti
≈ 7:29 � 10�10m2=s,

(14)

kFe ¼ 4R2
0Fe �

P4
i¼1R

2
iFeP4

i¼1ti
≈ 7:26 � 10�10m2=s, kCu ≈  1:71kAl; kAl ≈  kFe,

so copper electrochemical corrosion is much higher than aluminium and iron
electrochemical corrosion, despite IFe ≈ IAl ≥ ICu: IFe ≈ IAl ≈ 1.1ICu. It needs to point
out that kCu, kFe, and kAl have dimensionalities as diffusion coefficients [m2/s],
because electrochemical corrosion occurs through anodes’ surface.

2.2 Investigation at temperature 100°C

Experiments were carried also at temperature 100°C. Cylindrical anodes
(99.99% Cu, 99.99% Al, and 99.96% Fe) were used for copper and aluminium [17]
and also iron electric corrosion investigation. Sodium chloride (NaCl) solution was
used as an electrolyte (Figure 4). Direct electric current and anodes’ mass decreas-
ing rate were measured (Figure 5).

Electric current value did not change, so one can calculate the following:

zCu ¼ 63:55 � 10�3kg=mol � 3:05A � 1:2 � 103s
F � π � 8:9 � 103kg=m3LCu � R2

Cu t ¼ 0ð Þ � R2
Cu t4ð Þ� � ≈  1:47≈ 1þ 2

2
, (15)

Figure 4.
Scheme of experimental equipment at T = 100°C. Cu, Fe, and Al anodes dissolved into NaCl solution as Cu+,
cu2+, Fe2+, and Al3+ ions.
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zAl ¼ 27 � 10�3kg=mol � 3:15A � 1:2 � 103s
F � π � 2:7 � 103kg=m3LAl � R2

Al t ¼ 0ð Þ � R2
Al t4ð Þ� � ≈  2:85≈ 3, (16)

zFe ¼ 55:847 � 10�3kg=mol � 3:15A � 1:2 � 103s
F � π � 7:86 � 103kg=m3LFe � R2

Fe t ¼ 0ð Þ � R2
Fe t4ð Þ� � ≈  2:01≈ 2, (17)

where LCu = LAl = 4�10�2 m, LFe = 5�10�2 m, R0Cu = 2.27 mm, R0Al = 2.6 mm,
R0Fe = 2.83 mm, IAl = 3.15 A, IFe = 3.13 A, ICu = 3.05 A, so copper dissolved into NaCl
solution as Cu+ and Cu2+ ions (copper dissolved into NaCl solution as Cu+ ions at
room temperature), iron dissolved into NaCl solution as the Fe2+ ions (as at room
temperature), and aluminium dissolved into NaCl solution as Al3+ ions (as at room
temperature). Anode radii-decreasing kinetics is shown in Figure 5. Experiments
were carried during t1 = 5 min, t2 = 10 min, t3 = 15 min, and t4 = 20 min. Experimental
results are as follows: R1Cu = 2.2mm, R2Cu = 2.12mm, R3Cu = 2.03mm, R4Cu = 1.92mm;
R1Al = 2.56 mm, R2Al = 2.51 mm, R3Al = 2.45 mm, R4Al = 2.38 mm; R1Fe = 2.80 mm,
R2Fe = 2.76 mm, R3Fe = 2.72 mm, R4Fe = 2.67 mm.Measurement precision was 0.01 mm
or 10 micrometres. We carried additional experiments, but the result was the same.

Chemical reactions are more complicated at 100°C than at room temperature
near positive electrodes (anodes):

Cu0 � e� ¼ Cuþ,Cu0 � 2e� ¼ Cu2þ,Al0 � 3e� ¼ Al3þ,Fe0 � 2e� ¼ Fe2þ;

Cuþ þ Cl� ¼ CuCl↓,Al3þ þ 3Cl� ¼ AlCl3↓,Fe2þ þ 2Cl� ¼ FeCl2↓; (18)

Cu2þ þ 2Cl� ¼ CuCl2↓, Cl
� � e� ¼ Cl0,Cl0 þ Cl0 ¼ Cl2↑:

Chlorine gas and boiling water were formed near anodes.
Chemical reactions took place near negative electrodes (cathodes):

Naþ � e� ¼ Na0, 2Naþ 2H2O ¼ 2NaOH þH2↑: (19)

Figure 5.
Cu, Fe, and Al anodes radii decreasing kinetics at T = 100°C.
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Hydrogen gas and boiling water were formed near cathodes.
Anode radii-decreasing rate constants can be calculated as average value of four

experiments to increase calculation precise:

kCu ¼ 4R2
0Cu �

P4
i¼1R

2
iCuP4

i¼1ti
≈ 1:154 � 10�9m2=s, 1:25:10�9 at room temperature

� �
,

kAl ¼ 4R2
0Al �

P4
i¼1R

2
iAlP4

i¼1ti
≈ 8:42 � 10�10m2=s, 7:29:10�10 at room temperature

� �
,

(20)

kFe ¼ 4R2
0Fe �

P4
i¼1R

2
iFeP4

i¼1ti
≈ 6:83 � 10�10m2=s, 7:23:10�10 at room temperature

� �
,

kCu ≈ 1:37kAl, 1:72 at room temperature T1 ≈ 27°Cf g,

so copper electrochemical corrosion is higher at room temperature T1 ≈ 27°C,
aluminium electrochemical corrosion is higher at temperature T2 = 100°C, and the
ratio of electrochemical corrosion rates, kCu/kAl, decreases with temperature
increasing, although iron electrochemical corrosion rate practically does not depend
on temperature below 100°C. It is obvious, because of the higher melting point of
iron than the melting point of copper or aluminium. We can conclude that the Cu2+

ions are less mobile than Cu+ ions. It needs to point out that kCu, kAl, and kFe have
dimensionalities as diffusion coefficients, D*

Cu, D
*
Al, D

*
Fe [m

2/s], because electro-
chemical corrosion occurs through anodes’ surface.

Dislocation pipe and volume diffusion activation energies can be calculated in
such a way. The Arrhenius law is valid for dislocation pipe diffusion and volume
diffusion in ultra-high-purity samples [8, 18]:

D ∗
d ¼ D0de

�Qd= RTð Þ
or D ∗

d ¼ D0de
�Ed= kBTð Þ

, and D ∗
V ¼ D0Ve

�QV= RTð Þ
or D ∗

V ¼ D0Ve
�EV= kBTð Þ,

(21)

Q  J=mol½ � ¼ F � E eV½ �: (22)

Here, R ≈ 8.314 JK�1 is the gas constant, kB is the Boltzmann constant, Qd(Ed) is
the dislocation pipe diffusion activation energy (Qd = FEd), F ≈ 96,500 Cmol�1 is the
Faraday constant, QV(EV) is the volume diffusion activation energy (QV = FEV),
D0d and D0V are the pre-exponential factors,T is the absolute temperature.

Our experimental results allow us to calculate:

kCu
kAl

Tð Þ≈ D ∗
Cu

D ∗
Al

Tð Þ ¼ D ∗
0Cu

D ∗
0Al

e
QAl�QCuð Þ= RTð Þ; ln

D ∗
0Cu

D ∗
0Al

� �
¼ �0:6;QAl �QCu ¼ 2:9kJ=mol,

(23)

D ∗
0Cu

D ∗
0Al

¼ 0:55,
D ∗

Cu

D ∗
Al

T3ð Þ ¼ 1 ) T3 ¼ 2900J=mol
0:6R

≈ 583K ≈ 310oC, (24)

so diffusion activation energy of Al,QAl, is higher than the diffusion activation
energy ofCu,QCu, (QAl>QCu,QAl-QCu= 2.9 kJ/mol), at temperatures from20 to 100°C,
because the Cu+ ions have higher mobilities than the Al3+ ions, and copper electro-
chemical corrosion rate can be approximately equal to aluminium electrochemical
corrosion at temperature about T3 ≈ 300°C due to the Cu2+ ions are less mobile than
the Cu+ ions. Moreover, the pre-exponential factors are approximately the same:
D*

0Al ≈ 2D*
0Cu.
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3. Intrinsic diffusivities ratio and diffusion activation energy
calculations

3.1 Intrinsic diffusivities ratio of Cu and Al analysis

We can analyse described the experimental results in the Al-Cu system for bulk
samples [19] since the ratio D*

Al/D
*
Cu was not calculated in [19]:

D ∗
Cu

D ∗
Al

≈

PN
j¼1X j � XK 1� Cið Þ ffiffiffi

π
p

PN
j¼1

X j þ CiXK
ffiffiffi
π

p < 1,Ci ¼ CAl, (25)

where N is formed phases quantity, Xj is phase j’s thickness, Ci is the
average concentration of aluminium in phase i, and XK is the Kirkendall
shift length.

Five phases are formed in the Al-Cu system at temperatures from 400 to 535°C
in bulk samples [19]: θ-phase (phase 1) CuAl2 (C1 = 2/3), η2-phase (phase 2) CuAl
(C2 = 1/2), ζ2-phase (phase 3b) Cu4Al3 (C3b = 3/7), δ-phase (phase 3a) Cu3Al2
(C3a = 2/5), and γ2-phase (phase 3) Cu9Al4 (C3 = 4/13 ≈ 0.31 ≈ 1/3, C = CAl). Inert
markers were in δ-phase (phase 3a) Cu3Al2 (C3a = 2/5 = 0.4) and moved to Al side
during mutual diffusion. In general, inert markers move to the faster diffusivity
component side. We can calculate (C3a = 0.4):

D ∗
Сu

D ∗
Al

T1 ¼ 535oCð Þ≈ X1 þ X2 þ X3b þ X3a þ X3 � XK0:6
ffiffiffi
π

p
X1 þ X2 þ X3b þ X3a þ X3 þ 0:4XK

ffiffiffi
π

p ≈0:814;

y1 ¼
D ∗

Al

D ∗
Cu

¼ 1
0:814

≈ 1:228,

(26)

T1 = 535°C = 808 K, t = 40 h, XK ≈ 20.5 μm, X1 + X2 + X3b + X3a + X3 ≈ 180 μm;

D ∗
Сu

D ∗
Al

T2 ¼ 515oCð Þ≈ X1 þ X2 þ X3b þ X3a þ X3 � XK 1� C3að Þ ffiffiffi
π

p
X1 þ X2 þ X3b þ X3a þ X3 þ C3aXK

ffiffiffi
π

p ≈0:856;

y2 ¼
D ∗

Al

D ∗
Cu

≈ 1:168,

(27)

T2 = 515°C = 788 K, t = 40 h, XK ≈ 11 μm, X1 + X2 + X3b + X3a + X3 ≈ 127 μm);

D ∗
Сu

D ∗
Al

T3 ¼ 495oCð Þ≈ X1 þ X2 þ X3b þ X3a þ X3 � XK0:6
ffiffiffi
π

p
X1 þ X2 þ X3b þ X3a þ X3 þ 0:4XK

ffiffiffi
π

p ≈0:916;

y3 ¼
1

0:916
≈ 1:092,

(28)

T3 = 495°C = 768 K, t = 40 h, XK ≈ 5 μm, X1 + X2 + X3b + X3a + X3 ≈ 101 μm;

D ∗
Сu

D ∗
Al

T4 ¼475oCð Þ≈ X1 þ X2 þ X3b þ X3a þ X3 � XK 1� 0:4ð Þ ffiffiffi
π

p
X1 þ X2 þ X3b þ X3a þ X3 þ 0:4CXK

ffiffiffi
π

p ≈  0:969;

y4 ¼ D ∗
Al

D ∗
Cu

≈  1:032,
(29)

T4 = 475°C = 748 K, t = 90 h, XK ≈ 2 μm, X1 + X2 + X3b + X3a + X3 ≈ 113 μm.
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We can use these four points to calculate by the least square method to increase
calculation precise:

ΔQ ¼ QAl �QCu ¼
4
P4

j¼1
1000
RT j

ln y j

� �
�P4

j¼1 ln y j
P4

j¼1
1000
RT j

4
P4

j¼1
1000
RT j

� �2
� P4

j¼1
1000
RT j

� �2 ≈ � 13:4kJ=mol,

(30)

y0 ¼ exp

P4
j¼1

1000
RT j

� �2P4
j¼1 ln y j �

P4
j¼1

1000
RT j

P4
j¼1

1000
RT j

ln y j

� �

4
P4

j¼1
1000
RT j

� �2
� P4

j¼1
1000
RT j

� �2 ≈ exp 2:2ð Þ≈ 9,

(31)

D ∗
Al

D ∗
Cu

Tð Þ ¼ D ∗
0Al

D ∗
0Cu

e
QAl�QCuð Þ= RTð Þ ≈ 9e

�13:4kJmol�1
= RTð Þ, (32)

D ∗
Al

D ∗
Cu

T5ð Þ ¼ y5 ¼ 1 ) T5 ¼ 13400J=mol
R ln 9

≈ 733K ≈460oC, (33)

so QAl < QCu (QAl-QCu = �13.4 kJ/mol) because the Cu2+ ions have less mobil-
ities than the Al3+ ions, and we can conclude that the Kirkendall displacement
changes sign at a temperature about T5 ≈ 460°C for bulk samples. The
pre-exponential factors are different in nine times: D*

0Al ≈ 9D*
0Cu.

Diffusion activation energy of Al is less than the diffusion activation energy of
Cu (QAl < QCu) at temperatures from 160–250°C for mutual diffusion in copper-a
luminium thin film double layers, but the pre-exponential factors are different in 10
times [9]. Isolated W islands, 150 Å in diameter, have been deposited between Cu
and Al thin film double layers to serve as inert diffusion markers. Marker displace-
ments have been measured. We can calculate the ratio D*

Al/D
*
Cu for each phase at

different temperatures:

D ∗
Cu

D ∗
Al

Tð Þ ¼ D ∗
0Cu

D ∗
0Al

e
QAl�QCuð Þ= RTð Þ ¼ 24e

�14kJmol�1
= RTð Þ in θ-phase phase 1ð Þ CuAl2,CAl

¼ 2=3≈0:67,

D ∗
1Cu

D ∗
1Al

T ¼ 250oC ¼ 523Kð Þ ¼ 24e
�14000Jmol�1

= ð8:314x523Þ ≈ 24e�3:22 ≈0:96,

D ∗
1Cu

D ∗
1Al

T ¼ 160oC ¼ 433Kð Þ≈ 24e�3:89 ≈0:49,

so the Al atoms diffuse faster than the Cu atoms in θ-phase at temperatures from
160 to 250°C;

D ∗
Cu

D ∗
Al

Tð Þ ¼ D ∗
0Cu

D ∗
0Al

e
QAl�QCuð Þ= RTð Þ ¼ 7 � 104e

�38kJmol�1
= RTð Þ in η2-phase phase 2ð Þ CuAl,CAl

¼ 1=2 ¼ 0:5,

D ∗
2Cu

D ∗
2Al

T ¼ 250oCð Þ ¼ 7 � 104e
�38000Jmol�1

= RTð Þ ≈ 11:2,
D ∗

2Cu

D ∗
2Al

T ¼ 160oCð Þ≈ 1:8,

so the Cu atoms diffuse faster than the Al atoms in η2-phase at temperatures
from 160 to 250°C;
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D ∗
Cu

D ∗
Al

Tð Þ ¼ D ∗
0Cu

D ∗
0Al

e
QAl�QCuð Þ= RTð Þ ¼ 14e

�9kJmol�1
= RTð Þ in γ2-phase phase 3ð Þ Cu9Al4,CAl

¼ 4=13≈0:31,

D ∗
3Cu

D ∗
3Al

T ¼ 250oCð Þ ¼ 14e
�9000Jmol�1

= RTð Þ ≈ 1:77,
D ∗

3Cu

D ∗
3Al

T ¼ 160oCð Þ

¼ 14e
�9kJmol�1

= RTð Þ ≈ 1:15,

so the Cu atoms diffuse faster than the Al atoms in γ2-phase at temperatures
from 160 to 250°C.

The Cu-rich phases can be formed faster than the Al-rich phases at temperatures
from 160 to 250°C, and the Cu atoms can diffuse faster than the Al atoms in the Al-
Cu system at temperatures from 160 to 250°C. The Al-rich phases can be formed
faster than the Cu-rich phases at temperatures from 400 to 535°C, and the Al atoms
can diffuse faster than the Cu atoms in the Al-Cu system at temperatures from 400
to 535°C. It depends on the crystal structure of each phase, but, in general, it could
depends on conclusions that the Cu2+ ions are less mobile than the Cu+ ions, and the
ratio D*Al/D*Cu depends on temperature.

3.2 Diffusion activation energy calculation

3.2.1 Diffusion activation energy calculation in the Cu-Al system

Mutual diffusion coefficients were calculated for all five phases [19]:

~D
∗
1 ¼ 5:6 � 10�5e�127:6kJmol�1= RTð Þm2=s; ~D

∗
2 ¼ 2:2 � 10�4e�148:5kJmol�1= RTð Þm2=s; (34)

~D
∗
3b ¼ 1:6 � 102e�230:5kJmol�1= RTð Þm2=s, ~D

∗
3a ¼ 2:1 � 10�4e�138:1kJmol�1= RTð Þm2=s, ~D

∗
3

¼ 8:5 � 10�5e�136kJmol�1= RTð Þm2=s:

We can see that Q1 < Q2, Q1 < Q3, and Q3 < Q2 because of K1 > K2, K1 > K3, and
K3 > K2, and D01 ≈ D02 ≈ D03. Phase j’s rate formation is Kj. Three phases are formed
in the Al-Cu system at temperatures 300 and 350°C [5]: CuAl2, CuAl, and Cu9Al4.
Phases formation rates were experimentally measured: K1 = 860x10�18 m2/s,
K2 = 100x10�18 m2/s, and K3 = 360x10�18 m2/s at temperature 350°C;
K1 = 77x10�18 m2/s, K2 = 18x10�18 m2/s, and K3 = 35x10�18 m2/s at temperature 300°
C, so K1 > K2, K1 > K3, and K3 > K2. We can calculate assuming C1 = 2/3, C2 = 1/2,
C3 = 1/3, C = CAl [11]:

D1 ≈
1
2

C1 1� C1ð ÞK1 þ C2 1� C1ð Þ
ffiffiffiffiffiffiffiffiffiffiffi
K1K2

p
þ C3 1� C1ð Þ

ffiffiffiffiffiffiffiffiffiffiffi
K1K3

p� �
; (35)

D2 ≈
1
2

C2 1� C2ð ÞK2 þ C2 1� C1ð Þ
ffiffiffiffiffiffiffiffiffiffiffi
K1K2

p
þ C3 1� C2ð Þ

ffiffiffiffiffiffiffiffiffiffiffi
K2K3

p� �
; (36)

D3 ≈
1
2

C3 1� C3ð ÞK3 þ C3 1� C1ð Þ
ffiffiffiffiffiffiffiffiffiffiffi
K1K3

p
þ C3 1� C2ð Þ

ffiffiffiffiffiffiffiffiffiffiffi
K2K3

p� �
; (37)

D1 T2 ¼ 3500C
� �

≈
1
9
K1 þ 1

12

ffiffiffiffiffiffiffiffiffiffiffi
K1K2

p
þ 1
18

ffiffiffiffiffiffiffiffiffiffiffi
K1K3

p
≈ 150

� 10�18m2=s,D1 T1 ¼ 300oCð Þ≈ 15 � 10�18m2=s;
(38)
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D2 T2 ¼ 350oCð Þ≈ 1
8
K2 þ 1

12

ffiffiffiffiffiffiffiffiffiffiffi
K1K2

p

þ 1
12

ffiffiffiffiffiffiffiffiffiffiffi
K2K3

p
≈ 50x10�18m2=s,D2 T1 ¼ 300oCð Þ≈ 8 � 10�18m2=s;

(39)

D3 T2 ¼ 350oСð Þ≈ 1
9
K3 þ 1

18

ffiffiffiffiffiffiffiffiffiffiffi
K1K3

p
þ 1
12

ffiffiffiffiffiffiffiffiffiffiffi
K2K3

p
≈ 90

� 10�18m2=s,D3 T1 ¼ 300oCð Þ≈ 12 � 10�18m2=s:
(40)

Moisy et al. [5] did not calculate diffusion activation energies and the
pre-exponential factors, so we can do it:

Qi ¼
RT1T2

T2 � T1
ln

Di T2ð Þ
Di T1ð Þ

� �
,D0i ¼ Di T1ð ÞeQi= RT1ð Þ ¼ Di T2ð ÞeQi= RT2ð Þ; (41)

~D1 ¼ 4:3 � 10�5e�136:7kJmol�1= RTð Þm2=s, ~D2 ¼ 6:6 � 10�8e�108:8kJmol�1= RTð Þm2=s, (42)

~D3 ¼ 9:6 � 10�7e�119:6kJmol�1= RTð Þm2=s:

Eq. (42) correspond to Eq. (34). We can use several,N, points to calculate by the
least square method to increase calculation precise:

Qi ¼ �
N
PN

j¼1
1000
RT j

lnDi T j
� �� �

�PN
j¼1 lnDi T j

� �PN
j¼1

1000
RT j

N
PN

j¼1
1000
RT j

� �2
� PN

j¼1
1000
RT j

� �2 kJ=mol½ �, (43)

D0i ¼ exp

P5
j¼1

1000
RT j

� �2P5
j¼1 lnDi T j

� ��P5
j¼1

1000
RT j

P4
j¼1

1000
RT j

lnDi T j
� �� �

5
P5

j¼1
1000
RT j

� �2
� P5

j¼1
1000
RT j

� �2 m2=s
� �

:

(44)

Eqs. (43) and (44) give Eq. (41) for only two points (N = 2).

3.2.2 Diffusion activation energy calculation in pure iron

A method of dislocation pipe diffusion parameter determination during the type
B diffusion kinetics was suggested by the model of dislocation pipe diffusion
involving outflow [6, 20]. The method involves diffusion dislocation pipe kinetics
for two different annealing times at the same temperature during the type B kinet-
ics and dislocation pipe kinetics for one annealing time at other lower temperature
during the type C kinetics. Transition time for type B kinetics to type A kinetics
(volume diffusion) and kinetics law t1/6 [7] for cone top rate are used in this
method.

Bulk diffusion coefficients, DV, for the diffusion of 59Fe in the high-purity iron
were calculated in [21] using type B! A kinetics: DV = 1.5*10

�18 m2s�1 at T1 = 973 K
for tB ! A = 67.5ks (Tm/T1 = 1.86,Tm is melting point of iron). Only one experiment
was carried out at the same temperature for two annealing times t1 and t2 (t1 < < t2,
t2 = 40 t1). Dislocation diffusion coefficients for the diffusion of 59Fe in the iron
were calculated in [21] using type C kinetics: Dd = 3*10

�16 m2s�1 at T2 = 753 K for

tC = 2.4ks (Tm/T2 = 2.4). One can find ratio Dd/DV: y tC!Bð Þ ¼
ffiffiffiffiffi
Dd
6D

q
δ, where δ = 1 nm,

Dd
D ¼ 4:3x106. Ratio Dd/DV increases remarkably for lower temperature. Dislocation
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pipe and volume diffusion activation energies and pre-exponential factors were not

calculated in [21]. It is possible to calculate Ed and D0: Ed ¼ ln Dd T1ð Þ
Dd T2ð Þ

� �
kB T1T2

T1�T2
,

D0 ¼ Dd T1ð Þ exp Ed
kBT1

� �
,Ed ¼ 1:1eV;Qd ¼ 106kJ=mol, D0 ¼ 6:85 � 10�9m2s�1. One

can calculate dislocation pipe diffusion coefficient for temperature 973 K directly
(T1 = 753 K and T2 = 693 K (type C kinetics)): Dd ≈ 10�14 m2s�1. Such value
corresponds to value calculated using the proposed method. The Fisher law (t1/4)
gives Dd ≈ 10�16 ÷10�15 m2s�1. Such value is in two orders lower than experimen-
tally obtained in [21]. The volume diffusion activation energy EV can be calculated:

EV ¼ ln D0
DV T1ð Þ

� �
kBT1, EV¼ 1:85eV;QV ≈ 179kJ=mol. Ratio Ed

EV
¼ 0:6 as described

in [8].

4. Conclusions

The Al atoms diffuse faster than the Cu atoms at a temperature higher than
475°C, but the Cu atoms diffuse faster than the Al atoms at a temperature lower
than 100°C. The diffusion activation energy of Al is less than the diffusion activa-
tion energy of Cu at a temperature higher than 475°C, but diffusion activation
energy of Cu is less than the diffusion activation energy of Al at a temperature lower
than 100°C. Our investigations show that it is possible because the Cu2+ ions are less
mobile than Cu+ ions.

Volume diffusion activation energy of Fe is higher than volume diffusion acti-
vation energy of Cu or Al, but dislocation pipe diffusion activation energy of Fe is
smaller than volume diffusion activation energy of Cu or Al, so the Fe atoms diffuse
faster along the dislocation line, but the Cu or Al atoms diffuse faster in volume.
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Chapter 4

Applications of the Effectiveness
of Corrosion Inhibitors with
Computational Methods and
Molecular Dynamics Simulation
Şaban Erdoğan and Burak Tüzün

Abstract

Many experts working in the field of corrosion work in laboratories experimen-
tally with long-term procedures and high costs by making changes in the structures
of new corrosion inhibitors or existing inhibitors. Advances in computational
chemistry and computer software in recent years combine corrosion prevention
studies with theoretical chemistry, enabling fast, cheap and highly accurate
research. Researchers working in this field can now predict the electronic, molecu-
lar and adsorption properties of anti-corrosion molecules at the molecular level with
density functional theory (DFT) and Molecular Dynamics Simulation. This section
includes: introduction, corrosion mechanisms, introduction to corrosion inhibitors,
density functional theory (DFT) and corrosion applications, Molecular Dynamics
Simulation, DFT and Molecular Dynamics Simulation applications of the effective-
ness of the selected corrosion inhibitor and results. The theoretical data obtained by
both the DFT approach and the molecular dynamics simulation approach showed
that the corrosion inhibition efficiency order against iron corrosion for the studied
Schiff bases and derivatives can be presented as: DBAMTT> SAMTT> AMTT.
HOMO energy value of DBAMTT has �8,18144, HOMO energy value of SAMTT
has �8,09001, and AMTT has �8,01518 in HF/6–31++G** basis set.

Keywords: Corrosion, DFT, Molecular Dynamics Simulation, Fe(110), Corrosion
inhibitor

1. Introduction

Corrosion prevention studies have been intensified in recent years by the use of
many organic compound classes as corrosion inhibitors for metals in acidic envi-
ronments [1–3]. Both experimental and theoretical studies are carried out on this
subject, but due to the fact that experimental studies are expensive and time-
consuming, emphasis is placed on theoretical chemistry with software systems that
have developed considerably in recent years [4, 5]. Some quantum chemical
methods and molecular modeling techniques are carried out to characterize the
molecular structure of the inhibitors by determining the effectiveness of corrosion
inhibitors and to suggest the mechanisms of their interaction with surfaces [6–8].

Corrosion inhibitors, which are one of the easiest methods of protecting metals
against corrosion, are gaining importance day by day [9–11]. The adsorption of
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these molecules depends on many physicochemical properties of the molecules
[12–14]. There are many physicochemical properties for the studied molecules to be
good inhibitors, such as aromaticity, steric factors, electron density etc. [15–17].

It has been stated in many studies that organic inhibitors contain heteroatoms
such as nitrogen, sulfur or oxygen and that congenital double bonded heterocyclic
aromatic ring systems are quite good inhibitors for mild steel [18, 19]. Schiff bases
are also a very good inhibitor because they have these properties, and many
experimental studies are carried out on Schiff bases. In this study, salicyli-
deneamino-3-methyl-1,2,4-triazole-5-thi one26 (SAMTT) and 4- (2,4-dihydroxy-
benzylideneamino) -3-methyl-1,2,4-triazole-5-thione (DBAMTT) and methyl-
1,2,4-triazole-5-thion27 (AMTT) compounds are theoretically studied [20].

The use of Conceptual density functional theory (DFT) to describe the structure
and effectiveness of inhibitors in corrosion processes is becoming a well-known use.
With this theory, using the energy of the highest filled molecular orbitals (EHOMO)
and the lowest empty molecular orbitals (ELUMO), global chemical descriptors such
as hardness [21], electronegativity [22], softness [23], electrophilicity [24] and
chemical potential are calculated for corrosion. It provides information about the
effectiveness of inhibitors. In this section, determination of the corrosion inhibition
efficiency and best inhibitor of the molecules in Figure 1 on iron corrosion is
explained using quantum chemical calculations and molecular dynamics simula-
tions approach.

2. Theory and computational details

Density Functional Theory (DFT), the most common method used to determine
the chemical reactivity of molecules, aggregates, and solids, seems to be getting more
popular day by day [25]. DFT calculations in this study were made with Gaussian
View 5.0.8 program [26] for the preparation of Gaussian 09 [27] input files. The
structures of the compounds in the study are calculated with functional B3LYP

Figure 1.
Chemical molecular structures of studied Schiff bases derivatives.
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[28, 29] based on density functional theory (DFT). High-level 6–311 ++ G (d, p)
foundation sets were used in the calculations. This basic sebum is one of the most
accurate basic sets. Calculations in both gas and aqueous phases were also made using
SDD, 6–31 ++ G (d, p) and 6-31G base sets, as well as HF and DFT/B3LYP methods,
using other levels of theory. One of the reasons to investigate the liquid phase in the
study is that the corrosion is higher than the liquid phase. For the liquid phase
calculations in the study, Tomasi’s polarized continuity model (PCM) and self-
consistent reaction area (SCRF) theory were used. These methods model the solvent
as a uniform dielectric constant (DC = 78.5) continuity and define the cavity in which
the solute is placed as a uniform series of interlocking atomic spheres.

In recent years, DFT methods have been found to be successful in providing
insight into chemical reactivity indices such as chemical hardness (η), energy gap
(ΔEgap = HOMO–LUMO), electronegativity (χ), chemical potential (μ). Fukui
functions f(r) [30] in terms of proton affinity (PA), electrophilicity (ω) and nucle-
ophilicity (ε) and selectivity [25], spherical descriptors and local descriptors.

Reactivity indices such as electronegativity (χ), chemical hardness (η), and
chemical potential (μ) are defined as derivatives of electronic energy (E) with
respect to the number of electrons (N) at external potential, υ(r). Mathematical
operations related to these concepts are given through the following Equations [31].

μ ¼ �χ ¼ ∂E
∂N

� �

υ rð Þ
(1)

η ¼ 1
2

∂
2E

∂N2

� �

υ rð Þ
¼ 1

2
¼ ∂μ

∂N

� �

υ rð Þ
(2)

Pearson and Parr were presented the operational and approximate definitions
depending on electron affinity (A) and ionization energy (I) of any chemical spe-
cies (atom, ion or molecule) for chemical hardness, which measures of the resis-
tance of a chemical species to charge transfer, softness (σ) electronegativity and
chemical potential in the light of finite differences method [32].

χ ¼ �μ ¼ I þ A
2

� �
(3)

η ¼ I � A
2

(4)

The global softness [33] is defined as the inverse of the global hardness and this
quantity is given as in Eq. (4).

σ ¼ 1
η

(5)

Molecular Orbital Theory and Conceptual Density Functional Theory gained a
new dimension with the Koopmans theorem [34] presented in the 1930s, and to
predict the ionization energy and electron affinities of chemical species, the ioniza-
tion energy and electron affinity of a molecule approximate the negative values of
the orbital energies of HOMO and LUMO, respectively. He predicted that it was
equal. Equations (6) and (7) were obtained using Eqs. (3) and (4) to calculate
hardness, electronegativity, and chemical potential with the Koopmans theorem.

χ ¼ �μ ¼ �EHOMO � ELUMO

2

� �
(6)
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η ¼ ELUMO � EHOMO

2

� �
(7)

The concept of electrophilicity (ω) as a global reactivity index similar to the
chemical hardness and chemical potential has been introduced by Parr et al. [35].
This new reactivity descriptor measures the stabilization in energy when the system
acquires an additional electronic charge ΔN from the environment. The
electrophilicity is defined as in Eq. (8).

ω ¼ μ2

2η
¼ χ2

2η
(8)

The global electrophilicity index (ω) is a descriptor of reactivity that allows a
quantitative classification of the global electrophilic nature of a molecule within a
relative scale. From the light of this index, electrophilic power of a chemical com-
pounds is associated with its electronegativity and chemical hardness. Nucleophi-
licity (ε) is physically the inverse of the electrophilicity as is given in the equation
below (Eq. (9)).

ε ¼ 1=ω (9)

The solvent effect in the study was examined using the polarized continuity
model (PCM) model [36].

3. Results and discussion

The experimental values of the Schiff bases in the study, 4-Amino-3-methyl-
1,2,4-triazole-5-thione (AMTT) and its Derivatives (SAMTT and DBAMTT) were
obtained by the study [20]. Experimentally, the inhibition activity of these bases
was determined as follows: AMTT< SAMTT<DBAMTT:

Quantum chemical descriptors such as EHOMO, ELUMO, Energy gap (ΔE = ELUMO

- EHOMO), chemical hardness, softness, electronegativity, chemical potential, proton
affinity, electrophilicity and nucleophilicity were calculated and corrosion inhibi-
tion was discussed through these parameters. Numerical values of all calculated
parameters of Schiff bases and derivatives and their protonated states are given in
Tables 1–4 in gas and water solution.

We will discuss all the parameters in detail below.

3.1 Non-protonated inhibitors

According to the boundary molecular orbit theory FMO, a function of the
interaction between HOMO and LUMO levels of the reacting species is defined as
chemical reactivity [37]. The molecule’s ability to donate electrons to a suitable
acceptor with empty molecular orbitals is called EHOMO, and its ability to accept
electrons is called ELUMO. The higher the value of the inhibitor’s EHOMO, the greater
the inhibition efficiency and its presenting electrons to the empty d-orbit of the
metal surface. The larger the molecule’s ability to accept electrons depends on the
lower the value of ELUMO [9]. As a result of the calculations, among the molecules
investigated, the lowest energy EHOMO, AMTT had the lowest and DBAMTT the
highest corrosion inhibition (Table 2). This situation is compatible with causal
results. This means that the molecule that tends to adsorb the most on the metal
surface is DBAMTT. SAMTT, on the other hand, has a lower number of OH groups
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than DBAMTT, so its corrosion inhibition efficiency is less than DBAMTT. Figure 2
shows the areas where the activities of molecules are high. It is seen that these areas
are the regions where nitrogen is present.

The ΔE approach, defined as the HOMO - LUMO energy deficit, is a very
important stability index and provides the necessary theoretical models to make
explanations about the structure and conformation in molecular systems. In order
to have a high inhibition efficiency, the ΔE value should be low [38–40]. When the
investigated molecules were compared, it was seen that there was a DBAMTT
molecule in the smallest HOMO-LUMO gap (8,68921 eV obtained by HF method)
as seen in Table 2. This means that the DBAMTT molecule has a tendency to adsorb
more on the metal surface than other molecules and can be expected to be a very
good corrosion inhibitor.

Electronegative indicates the strength of atoms in a molecule to attract bonding
electrons [41]. The higher the electronegativity value of the molecule, the more the
atoms in the molecule will attract the bond electrons. This will cause the inhibitor
activity of the molecule to decrease [42].

The reason for not making a detailed analysis on the dipole moment μ, it should
be stated first that there is no consensus on the relationship between dipole moment
and inhibition efficiency in literature [7, 11, 43–46]. The results obtained in the

Figure 2.
The optimized structures, HOMOs, LUMOs and electrostatic potential structures of nonprotonated inhibitor
molecules using DFT/6–311++G** calculation level.
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study also show that there is no significant result between μ and inhibition
efficiency and that it confirms the previous studies.

One of the ways to measure molecular stability and reactivity is Absolute hard-
ness, η, and softness σ, where a hard molecule has a fairly large energy gap and a
soft molecule has a small energy gap. Soft molecules are more reactive than hard
molecules because they easily donate electrons to the receiver. While performing a
simple electron transfer from the adsorption molecule, the transfer takes place from
the part where the σ value of the molecule is highest [47]. In corrosion systems, the
metal behaves like a lewis acid and while it is soft acid, the inhibitor acts as a lewis
base and the more soft base inhibitors are, the more these metals have an effect on
acidic corrosion. In this case, when Table 2 dec-I data were examined, it was seen
that the DBAMTT inhibitor had the highest σ value and this was an expected result
when compared with the experimental results.

When iron and inhibitor approach each other, electrons flow from low χ (inhib-
itor) to high χ (iron) until their chemical potential or electronegativity is equal. As a
first approximation, the fraction of electrons transferred, N, is given by Eq. (10).

ΔNmax ¼ χFe � χinh
2 ηFe þ ηinhð Þ (10)

In the Hard Soft Acid Base (HSAB) theory [48], it was determined that iron
behaves like lewis acid, so the difference in electronegativity drives the electron
transfer and the sum of the hardness parameters acts as a resistance. This is calcu-
lated using the fraction of transferred electrons assuming I = A for a metallic mass,
using a theoretical value χ Fe = 7 eV [49] for cast iron’s electronegativity and a global
hardness Fe = 0. [50] In this study, the number of electrons transferred (ΔNmax) of
the compounds under the probe is calculated and the results are shown in Tables 5
and 6. According to Lukovits et al. [51], if ΔN <3.6, inhibition efficiency increased
with increasing ability to donate electrons at the metal surface. A value of ΔNmax <
3.6 eV indicates the tendency of a molecule to donate electrons to the metal surface.
The results in Tables 5 and 6 revealed that the molecules under the probe act as
electron donors outside the protonated AMTT, SAMTT, and DBAMTT species in
the gas phase and at the B3LYP/6–31 ++ G (d, p) theory level. Acting as an electron
acceptor. The results show that the highest fraction of transferred electrons,
ΔNmax, is associated with the best inhibitor (DBAMTT), while the least fraction
is associated with the inhibitor with the least inhibitory activity (AMTT). In any
case, the ability of inhibitor molecules to donate electrons follows the order
DBAMTT> SAMTT> AMTT. These results are in good agreement with
experimental studies.

Recently, according to the theory presented by Gomez et al. [38], provided that
both electron transfer to the molecule and recycling from the molecule are simulta-
neously, the energy change and the hardness of the molecule change in direct
proportion (Eq. (11)).

ΔEback�donation ¼ � η

4
(11)

Eq. (11) implies that when>0 or ΔEb-d < 0, back-donation from molecule to
metal is energetically preferred. The results reported in Table 5 show that ΔEb-d

< 0, therefore charge transfer to a molecule followed by re-release from the mole-
cule is energetically favorable. Assuming that the inhibition efficiency should
increase when the molecule has better adsorption on the metal surface, the inhibi-
tion efficiency should increase when the stabilization energy resulting from the
interaction between the metal surface and the inhibitor increases. As expected and
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in line with the experimental results [39], the calculated values of ΔEb-d tend to:
DBAMTT> SAMTT> AMTT.

In the theoretical studies, the ESP calculations of the molecules show the regions
where the electron density is high in the molecule [40]. For this reason, molecules
interact chemically by donating electrons on atoms with higher electron density. It
is seen that the electron density of the sulfur atom is higher than the other atoms in
the calculated molecules. For this reason, they try to be good inhibitors by
interacting chemically over the molecular sulfur atom [41].

Apart from these, another important property, Sastri and Perumareddi [40]
discovered by using the following equation molecule-metal interaction energy (Δψ)
can be calculated (14).

Δψ ¼ � χFe � χinhð Þ2
4 ηFe þ ηinhð Þ (12)

When the results are examined, molecule-metal interaction Δψ|, is respectively
as DBAMTT> SAMTT> AMTT (Tables 5 and 6). In addition, the initial molecule-
metal interaction energy (Δψ) order is again DBAMTT> SAMTT> AMTT.

3.2 Protonated inhibitors

The enthalpy of the reaction of a chemical species in the gas phase with the
H + ion is defined as the affinity of protons (PA) [41, 52]. PA gives information
about the ability of chemical compounds to donate or accept electrons and the
degree of alkalinity. Compounds containing hetoroatoms such as oxygen and nitro-
gen tend to protonate very well in acidic environments and aqueous solutions.
Tables 7 and 8 shows the PA values of the compounds in this study with different
calculation methods in gas and aqueous solution. When PA values and excision
activities were compared, it was determined that the efficiency ranking was
DBAMTT> SAMTT> AMTT and was consistent with the experimental result.

MP2/3 � 21G* HF/6–31++G** HF/6–311++G** DFT/6–31++G** DFT/6–311++G**

AMTT �2,57861 �2,54504 �2,56663 �2,41766 -2,41038
�2,44059

SAMTT �2,3954 �2,59792 �2,62543 �2,43794

DBAMTT �2,46101 �2,67045 �2,69756 �2,53419 �2,5375

*, ** is keyword in Gaussian software.

Table 7.
Calculated proton affinity values of studied quinoline derivatives in gas phase using different calculation levels.

MP2/3-21G* HF/6–31++G** HF/6–311++G** DFT/6–31++G** DFT/6–311++G**

AMTT �4,22579 �4,15365 �4,18822 �4,11906 �4,12071
�3,99767

SAMTT �3,92444 �4,07382 �4,10900 �3,99439

DBAMTT �3,95166 �4,09308 �4,12942 �4,02454 �4,02952

*, ** is keyword in Gaussian software.

Table 8.
Calculated proton affinity values of studied quinoline derivatives in aqueous solution using different calculation
levels.
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The following equation is used to calculate the PA values of Schiff bases
compounds.

PA ¼ E proð Þ � E non‐proð Þ þ EHþ
� �

(13)

In the above equation, Enon-pro and Epro are energies of non-protonated and
protonated inhibitors, respectively. EH + is the energy of the H + ion and is
calculated in the figure below.

In the high calculation methods selected in the study, the protonated inhibitors
have lower EHOMO values compared to their non-protonated states, and the order
is respectively DBAMTT, SAMTT, AMTT, and these results given in Table 3 are
consistent with the experimental inhibition efficiency.

Agreement of EHOMO values with experimental data ELUMO and T.E. and
there is a correlation between these parameters and the inhibition efficiency. When
the ΔE values were examined, it was seen that the lowest value belonged to
DBAMTT and it was determined that it was the most intrusive (9,8405 eV).

In addition, when Tables 2 and 3 are examined, it is seen that protonated
compounds have higher μ than non-protonated compounds. Similarly, this verifi-
cation was made for chemical hardness. The results show that the calculations show
that non-protonated inhibitors have a more positive ΔN value than the protonated
inhibitor. The DBAMTT molecule, on the other hand, has the highest ΔN value in
each round, confirming that it has the same highest inhibitory properties as
experimental data.

3.3 Solvent effect

The greater occurrence of the corrosion phenomenon in the solvent phase indi-
cates that the solvent phase in the process may be important. Inhibitors may show
different properties in a vacuum or in another solvent [1, 27, 41, 42]. In the study, the
solvent effect on the molecular structure of the solute was calculated by the polarized
continuity model (PCM) model [50]. In the PCM model, the solvent is treated as a
continuous dielectric medium, and the solute is considered a molecule trapped in a
cavity surrounded by the solvent. In the Gaussian 09 program, CPCM, a special
version of PCM based on integral equation formalism, was used together with HF/6–
31 ++ G (d, p) to examine the solver effect.). When the results are examined, a small
increase is shown for the values of EHOMO, ELUMO, ΔE, T.E., Pi, MV, i and g, while a
rather small decrease is shown for values of v and ΔN. For the molecular in this study,
it was determined that the quantum chemical parameters calculated in the presence
of a solvent (water) and in the gas phase did not differ significantly (Table 5).

3.4 Molecular dynamic simulations

Monte Carlo simulations can be used to predict interactions between inhibitor
molecules and metal surface. In the study, the most stable low energy adsorption
configurations of AMTT, SAMTT, DBAMTT on the Fe (110) surface were
induced by Monte Carlo simulation and the configurations are shown in Figure 3.
Outputs and descriptors, including total adsorption, solid adsorption and
deformation energies are given in Table 9. Adsorption energy is attributed to
the energy released during relaxed adsorbate components adsorbed on the sub-
strate. Adsorption energy is the addition of solid adsorption and deformation
energies of the adsorbate component. Higher values of negative adsorption energy
indicate the presence of a more stable and stronger interaction between a metal and
an inhibitor molecule. Monte Carlo simulation and DFT calculation results showed
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us once again that the corrosion inhibition efficiency was in the form of DBAMTT,
SAMTT and AMTT, respectively, and it was seen to confirm the experimental
results [28].

4. Conclusions

DBAMTT, SAMTT, and AMTT molecules used in this theoretical study were
synthesized by M. Saravana Kumar et al. In order to predict the corrosion inhibition
activities of Schiff bases and derivatives against the corrosion of iron metal, density
functional theory with different basic sets and molecular dynamics simulation
approach were used in Hartree Fock (HF), B3LYP. Quantum chemical calculations
of the non-protonated and protonated structures of the molecules examined in this
study were made in both gas phase and aqueous solution. At the end of the study,
the following results are given in summary.

• The studied Schiff bases and derivatives are thought to be very important in
preventing the corrosion of iron metal.

• The theoretical data obtained by both the DFT approach and the molecular
dynamics simulation approach showed that the corrosion inhibition efficiency

Figure 3.
Top and side views of the most stable low energy configurations for the adsorption of three inhibitors on Fe (110)
interface obtained using Monte Carlo simulations.

Inhibitor Total
energy

Adsorption
energy

Rigid adsorption
energy

Deformation
energy

dEad/
dNi

IE
(%)

AMTT �33,84 �164,48 �71,85 �92,63 �164,48 73

SAMTT �172,27 �352,70 �138,95 �213,74 �352,70 93

DBAMTT �196,85 �383,50 �143,74 �239,76 �383,50 94

Table 9.
Experimental inhibition efficiencies, IE (%) and the outputs and descriptors calculated by the Mont Carlo
simulation for adsorption AMTT, SAMTT, DBAMTT of on Fe (110) (in kcal Mol�1).
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order against iron corrosion for the studied Schiff bases and derivatives can be
presented as: DBAMTT> SAMTT> AMTT.

• According to the binding energies presented in Table 8, it was determined that
among the molecules examined, DBAMTT was the most effective inhibitor of
iron corrosion and the calculated binding energies were similar to the
experimental data.

• Results and interpretations resulting from the study can give an idea for new
corrosion inhibitor studies in the following processes and help in the selection
of corrosion inhibitors.
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Chapter 5

Corrosion and Natural Corrosion 
Inhibitors: A Case Study for  
C. microphyllus
Dwarika Prasad

Abstract

Worldwide, corrosion causes the value of the gross domestic product to decrease 
in industrialized countries by 4.26% and causes significant losses to industries 
including infrastructure. As a result, corrosion prevention and research related to 
it are extremely important. Some researchers are working to develop plant-based 
natural corrosion inhibitors, and experimental and computational studies are being 
conducted widely to prevent corrosion through cheap and environmental friendly 
coatings. A case study of Convolvulus microphyllus (C. microphyllus) extract was 
examined as eco-friendly for bio-corrosion inhibitor of mild steel in 0.5 M H2SO4 
by using conventional weight loss, electrochemical polarization measurements, and 
electrochemical impedance spectroscopy (EIS) techniques. The compounds respon-
sible for decreasing the rate of corrosion are kaempferol and phydroxycinnamic acid 
present in the extract. This inhibitor slows down the corrosion rate. Out of many 
observations, the best result 89.87% corrosion resistance efficiency was obtained 
at 600 mg/L of C. microphyllus as extract for mild steel in 0.5 M H2SO4 by applying 
electrochemical and weight loss measurements. The presence of a heteroatom in the 
main component of C. microphyllus as extract is believed to be an excellent inhibitor. 
Theoretical research revealed an entirely important report about comparative inhibi-
tion effect of different phytochemicals.

Keywords: adsorption, spontaneous reaction, natural inhibitors,  
electrochemical study, computational study

1. Introduction

The process of deposition of oxide layer on the surface of metals is called 
corrosion. It usually occurs when metal is exposed to moisture or water and gases 
such as dioxygen, dihydrogen, dichloride, hydrogen sulfide. It is a spontaneous 
chemical reaction with a slow rate. It usually occurs over days or weeks, and as 
a result of corrosion, the refined metal is turned into a more stable form such as 
oxide, hydroxide, or sulfide. The net worth of the corrosion prevention industry 
was estimated to be around $2.5 trillion (USD) in 2018 and is expected to cross $3.0 
trillion (USD) by 2022, as per the National Association of Corrosion Engineers [1, 2]. 
The electrochemical phenomenon of degradation of material over course of time 
due to exposure toward the environment is called corrosion. Common types of cor-
rosion for rusting of steel and internal polymeric pipeline are wet corrosion and dry 
corrosion [3]. In today’s world, corrosion is no longer merely a chemical degradation 
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of metals, but also of semiconductive materials, insulating materials, and polymeric 
materials after exposure to the environment. It is a surface phenomenon, where at 
the material surface formed oxide or hydroxide or sulfide layer [4].

Mild steel is a low-priced material with properties that are suitable for most general 
engineering applications. That’s why it is high in demand, but it contains very poor 
corrosion resistance. Corrosion produces very harmful effects on commercial indus-
tries such as paper mills, oil, and gas construction, and electronics used in a multitude 
of processes. When materials and structures are attacked by corrosion, they lose many 
of their useful properties. Some useful tools and machinery made from metal can 
become useless because of corrosion, many disaster situations such as chemical plant 
leaks, bridges can collapse and oil or gas pipelines can break and can produce a dan-
gerous effect on the life of human beings. They also produce economical losses. Acid 
pickling is used for removing the impurities, scale, and sludge deposits on the metal 
surface. Acid pickling contains strong acid due to this, that process may cause a great 
economic loss. In the presence of inhibitors, the rate of acidic attack decreases on the 
metallic surface and it prevents metallic corrosion [5]. Decades of years many organic 
inhibitors, for example, phosphate esters, quaternary ammonium salts, amidoethyl 
imidazolines, as well as an inorganic inhibitor, for example, sulfate of Mg, Mn, Ni, 
and Zn are being used. Corrosion of steel has been inhibited by them. These types of 
inhibitors are generally costly and toxic and they might be harmful to the living organ-
isms that is why the study of eco-friendly and non-toxic green inhibitors is important 
to prevent steel from corrosion nowadays. Natural corrosion inhibitors are biodegrad-
able, non-toxic eco-friendly, and low cost. Phytochemical substances obtained from 
plants that reduce corrosion reaction rates are termed inhibitors. The plant extract 
is organic in its nature, and it contains secondary-metabolized compounds such as 
alkaloids, amino acids, pigment, and flavonoids etc behave like inhibitors.

These types of natural products contain N, O, S, and multiple bonds so that their 
lone pair electrons or pi-electrons are adsorbed on the metal surface and form a 
protective layer to prevent metal from corrosion.

The experimental outcomes come from weight-loss study and electrochemical 
impedance spectroscopy studies and to support a better understanding of the adsorp-
tion of phytochemicals, computational studies were needed to operate. The quantum 
chemical calculations have been performed as a part of computational studies. It is 
well known that plant extract contains more than one phytochemical constituent. 
In this computational evaluation, we chose the phytochemicals present in the plant 
extract. The selected molecules or phytochemicals have been operated using density 
functional theory (DFT) using Gaussian 09 program. To decide the intensity and 
interaction properties of phytochemicals molecules on the metal surface Fe (110), 
Monte Carlo (MC), and molecular dynamics (MD) have been carried out.

2. Corrosion

Corrosion is a surface process where the oxide layer is formed on the surface of the 
metal. There is various types of corrosion such as oxidation corrosion, corrosion by 
other gases such as Cl2, SO2, H2S, NOx, liquid metal corrosion, differential metal cor-
rosion, differential aeration corrosion, crevice corrosion, and pitting corrosion. If we 
discuss pitting corrosion as an example, it is due to the formation of small holes or pits 
on the metal surface. Pitting corrosion is highly destructive as pits are very small to 
be observed and usually covered with corrosion products. The pitting corrosion is the 
result of depassivation of a small area on the metal surface, which acts as an anode, 
while the rest of the undefined and large surface acts as a cathode. It is preceded by a 
spontaneous galvanic reaction with very limited diffusion of ions (Figure 1) [6].
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2.1 Electrochemical aspects of corrosion

Most of the metals that we humans commonly use are unstable in the atmosphere 
as they were obtained from respective ores by artificial reduction through a chemical 
process. Thus, such metals undergo a reaction very easily to get converted into a stable 
form. The chemical reactions that do not require any external medium or reagent like 
energy or catalyst to proceed but occur on their own are called as spontaneous reac-
tions. For spontaneous reactions, the formed products are more stable than reactants. 
The value for change in Gibb’s free energy is always negative, and change in enthalpy 
is also negative, while the change in entropy is positive for such reactions.

The reactions in which oxidation and reduction both occur simultaneously are 
called as redox reactions. Corrosion also involves a redox reaction in which one spe-
cie or metal or part of the metal is oxidized and it acts as an anode, while the other 
specie or metal or part of the metal is reduced and acts as a cathode. At anode loss of 
electrons takes place and loss of mass occurs, while at cathode gain of electron takes 
place and deposition of corrosion products occurs.

The most primitive corrosion is where anodic oxidation reactions involve a pure 
iron when it is exposed to a strong acid such as hydrochloric acid. The reaction 
occurs with the formation of bubble violently. It is given as follows:

 2 2
2 22H HFe Cl Fe Cl+ − + −+ + → + + ↑  (1)

 2 22HCl FeCl HFe+ → + ↑  (2)

Another example is the exposure of iron toward moisture or water (Figure 2).

Figure 1. 
Corrosion in water pipeline.
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 2 2eFe Fe −→ + +  (3)

 2 2O H O 4e 4OH− −+ + →  (4)

 ( )2
22OHFe Fe OH+ −+ →  (5)

 ( )3
33OHFe Fe OH+ −+ →  (6)

Some other reactions involve in the formation of anode and cathode that leads to 
corrosion are given below.

Examples of anode reactions:

 ( ) ( )2s 2eZn Zn aq+→ +  (7)

 ( ) ( )3s 3eAl Al aq+→ +  (8)

 ( ) ( )2 3s eFe Fe aq+ +→ +  (9)

An examples of cathode reaction:

 ( ) ( )2H e 1/2H gaq+ + →  (10)

Corrosion reactions are often electrochemical in nature. The reaction is time-
consuming and may take few weeks to months to occur, it is a time and tempera-
ture-dependent reaction.

If corrosion reactions occur in aqueous media, then they are similar to that 
of Leclanche cell. As shown in Figure 3, a zinc container act as an anode, it gets 
oxidized. Graphite rod coated with carbon and MnO2 paste acts as a cathode, it gets 
reduced, whereas both anode and cathode are joined by means of NH4Cl and ZnCl2 
paste that serves the role of electrolyte. The greater the flow of electrons, the greater 
is the corrosion of the zinc electrode [7, 8].

Figure 2. 
Anode and cathode formation.
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2.2 Local cell formations

2.2.1 Dissimilar electrode cells

When two dissimilar metals come in direct contact with each other and an 
electrolytic substance is present between them, then dissimilar electrode cells are 
formed. It is basically a Galvanic cell, for example, we have a Daniel cell in which 
zinc and copper are in contact. In daily life, a copper pipe connected to a steel pipe 
provides an example of this type of corrosion cell. This cell is also referred to as 
galvanic coupling cell, the less noble metal becomes the anode whereas others act as 
a cathode (Figure 4).

Figure 3. 
Dry cell components.

Figure 4. 
Daniel cell.
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2.2.2 Concentration cells

When two similar electrodes dipped in solutions of different compositions come 
in contact, then concentration cells are formed. The electrode dipped in dilute 
solution acts as an anode, while the electrode that is in contact with concentrated 
solution acts as a cathode (Figure 5).

2.2.3 Differential aeration cells

When two similar electrodes exposed to different aeration conditions come in 
contact with one another, then differential aeration cells are formed. The electrode 
exposed to lesser aeration conditions will act as an anode, while the electrode 
exposed to higher aeration conditions will act as a cathode. This type of corrosion is 
very common and is responsible for the significant economic loss (Figure 6) [9, 10].

3. Natural corrosion inhibitors

Natural corrosion inhibitors reduced or controlled the rate of corrosion by the 
addition of a natural product in cleaning or pickling solution. It reduces the rate of 
corrosion either by inhibiting oxidation at the anode or inhibiting reduction at the 

Figure 5. 
Concentrated cell.

Figure 6. 
Differential aeration cell.
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cathode, or both. It forms a protective layer at the metal surface, either by physical 
(means electrostatic attraction between natural product and metal surface) adsorp-
tion or chemisorption (means coordination bonds between natural product and 
metal surface).

Studies of natural corrosion inhibitors are one of the methods for protecting 
metal from corrosion. So here I am discussing a specific plant C. microphyllus as a 
natural corrosion inhibitor.

3.1 Experimental studies

3.1.1 Preparation of materials

The C. microphyllus is a hairy herb from the Convolvuaceae family, which is also 
known as Shankhpushpi and wind weed. The leaves are linear to oblong, small, and 
subsessile. About 1–3 flowers are produced, which are stalked. It is easily available 
all over the world. C. microphyllus contains alkaloids kaempferol, and p-hydroxycin-
namic acid as its main phytochemical constituent [11, 12]. Figure 7 shows the image 
of C. microphyllus aerial parts and its main phytochemicals.

The soxhlet apparatus is used for plant extraction. Fresh C. microphyllus aerial 
parts were collected from our surrounding and then put them in a shaded area 
for few days, and after drying them properly, they were grinded to convert into 
powder material. Now, the powder was packed in a soxhlet apparatus and refluxed 
for 72 hours; then, the diluted extract was collected in the round bottom flask and 
transformed into a gel like extract by distillation. In the next step, the gel extract is 
kept in the desiccators packed with silica for few days so that the extract converts 

(a)
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Figure 7. 
(a) C. microphyllus and their main chemical components, (b) Kaempferol, and (c) p-hydroxycinnamic acid.
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into solid extract without moisture. After that, it is preserved in other desiccators 
for experimental studies.

In this work, for weight loss measurement and electrochemical impedance stud-
ies a piece of 1 cm2 dimension is taken as a sample. These samples were mechani-
cally polished with emery paper of different grades and subsequently cleaned with 
acetone, once again clean distilled water before inserting them into the pickling or 
cleaning solution. Here for study of C. microphyllus diluted solution of conc. H2SO4 
having a molarity of 0.5 is used as a corrosive medium (Figures 8 and 9).

3.1.2 Weight loss studies

The best method for this measurement is the ASTM standard G 31–72 [13]. In this 
method, all measurements are carried out at room temperature in the thermostat. 

Figure 8. 
Soxhlet apparatus.

Figure 9. 
Desiccators.
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Here minimum three times repeating the same measurement for the average value. 
The weight loss values, surface coverage (θ), inhibition efficiency (η%), and cor-
rosion rate (CR) are shown in Table 1 at different concentrations of C. microphyllus 
extract for mild steel. At different concentrations of C. microphyllus extract, the value 
of weight loss, surface coverage (θ), inhibition efficiency (η%), and corrosion rate 
(CR) for mild steel were calculated by equations that are as follows:
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where,

• CR = corrosion rate (mmy−1)

• W = weight loss of iron alloy (g)

• K = 8.76 × 104 (constant)

• ρ = 7.86 g cm−3 (density of Fe)

• t = immersion time (h)

• A = area of the iron alloy coupon

• θ shows surface coverage values.

• i
RC  shows the corrosion rate with inhibitor.

• 0
RC shows the corrosion rate of the iron alloy without the inhibitor.

From the above data, it is clear that the concentration of C. microphyllus extract 
is inversely proportional to the rate of corrosion, which is used as an inhibitor. 

Inhibitor concentration (mg/L) CR (mmy−1) Efficiency (IE %) Surface coverage Θ

0 11.33 ± 0.12 — —

100 3.67 ± 0.17 67.55 0.6755

200 3.08 ± 0.28 72.74 0.7274

300 2.42 ± 0.37 78.59 0.7859

400 1.89 ± 0.21 83.27 0.8327

500 1.55 ± 0.31 86.31 0.8631

600 1.35 ± 0.13 88.08 0.8808

Table 1. 
Corrosion rate and efficiency of mild steel in 0.5 M H2SO4 absence and presence of C. microphyllus for 24 hours 
at room temperature.
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Adsorption of active phytochemicals of C. microphyllus extract occurs on the surface of 
mild steel, which reduces the surface area available for corrosion that is why the rate of 
corrosion decreases. The highest inhibition efficiency 88.08% is obtained at 600 mg/L.

3.1.3 Electrochemical measurements

An electrochemical workstation is used for the electrochemical measurement. 
The workstation is made up of three electrodes: (a) the working electrode of 
metal which works like anode (b) saturated calomal electrode as the reference 
electrode work like cathode, and (c) platinum electrode as the counter electrode 
for collect current. In this measurement, metal or alloy was immersed in clean-
ing or pickling solutions and different concentrations of C. microphyllus aerial 
part extract were added immersed for a specific time. At room temperature, 
the values of the open circuit potential (OCP) were noted with respect to the 
reference electrode. The scanning frequency from 100 kHz to 0.01 Hz is used for 
recording the Nyquist plot. A 5 mV signal amplitude perturbation at OCP  
was considered in EIS measurement. The authentic values were taken after 
three-time repeat measurement.

In Figure 10 shown Nyquist plot explained that 600 mg/L C. microphyllus 
extract provided larger radius semicircles. The diameter of the capacitive loop was 
enlarged by increasing C. microphyllus extract concentration, highest at 600 mg/L 
explaining also the highest inhibition effect. The radiuses of the semicircles in the 
case of using the C. microphyllus extract were larger than the blank. Because of same 
shapes of semicircles, it means the mechanism is not change. Calculated EIS results 
from the following equation provided the percentage inhibition efficiency of bio-
inhibitor in the electrolytes [14]:

 ( )
0

% 100ct ct

ct

R RIE
R
−

= ×  (14)

Figure 10. 
Nyquist plot of mild steel in 0.5 M H2SO4 solution in the absence and presence of C. microphyllus extract.
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where, Rct and 0
ctR  represent the charge transfer resistance in inhibitor and 

blank, respectively [15].
From Table 2, it is clear that maximum inhibition efficiency of 89.87% was 

obtained at 600 mg/L of C. microphyllus extract, where the highest Rct value was 
155.13 [15]. In Table 3, value of the double-layer capacitor (Cdl) gradually decreasing 
means protective layer gradually form at the metal surface [16].

3.2 Computational studies

3.2.1 DFT optimization

For the evaluation of electronic features of C. microphyllus extract molecules 
(including hydroxylcinnamic acid and kaempferol shown in Figure 11), the struc-
tures were initially optimized by density functional theory (DFT) using Gaussian 
09 program. Optimization was done via widely used functional of B3LYP, which 
was combined with 6-311G** basis function. By a combination of SCRF theory 
and PCM formula, these calculations were continued in the liquid phase. After 
optimization, the following properties were analyzed: graphics, energies, and gap 
of molecular orbitals of highest occupied and lowest unoccupied (HOMO, LUMO, 
EHOMO, ELUMO, and ELUMO-EHOMO = ΔEL-H) and partial charges [17].

Electronic level calculations (i.e., DFT) were performed so as to obtain insights 
into the reactive sites of hydroxylcinnamic acid and kaempferol molecules. The 
optimized hydroxylcinnamic acid and kaempferol geometries resulted from chemical 
DFT calculations are plotted in Figure 11. For these energy-minimized geometries, 
the analysis of frontier orbitals was done as these orbitals play a crucial role in 

Adsorbate EHOMO ELUMO ΔEL-H A I χ H ∆N

Hydroxycinnamic 
acid

−6.226 −1.996 4.230 1.996 6.226 4.111 2.115 0.1676

Kaempferol −6.005 −2.000 4.005 2.000 6.005 4.002 2.002 0.2042

Table 3. 
The HOMO and LUMO energies (eV), ELUMO-EHOMO energy gap (ΔEL-H), electron affinity (A), ionization 
potential (I), electronegativity (χ), hardness (η), and a fraction of electrons transferred (∆N) for extract 
compounds.

Concentration 
of inhibitor 
(mg/L)

ctR   
(Ω cm2)

maxf  
(Hz)

sR   
(Ω cm2)

dlC   
(μF cm−2)

N Efficiency 
(IE %)

Θ

0 15.71 37.60 1.22 269.49 0.57 — —

100 49.98 12.88 0.65 247.43 0.67 68.56 0.6856

200 72.58 9.46 1.63 232.19 0.68 78.35 0.7835

300 76.40 9.46 2.26 220.21 0.73 79.43 0.7943

400 104.60 7.22 0.78 211.34 0.82 84.98 0.8498

500 117.09 6.64 1.18 205.05 0.88 86.58 0.8658

600 155.13 6.64 1.68 155.15 0.91 89.87 0.8987

Table 2. 
EIS parameters of mild steel in 0.5 M H2SO4 without and at different concentrations of C. microphyllus at 298 K.
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donor-acceptor interactions of inhibiting extract molecules. The HOMO and LUMO 
pictures of hydroxylcinnamic acid and kaempferol are provided in Figure 11. As 
displayed, the phenyl ring, carbonyl/hydroxyl O atoms, and ethylene bond of hydrox-
ylcinnamic acid appeared in the role of HOMO implying their strong electron supply-
ing affinity toward a potential electron acceptor, for instance metal atoms containing 
unoccupied orbitals. According to the LUMO plot, all carbon and oxygen atoms of 
hydroxylcinnamic acid contributed to LUMO distribution, which is a signification of 
their tendency for getting electrons provided by filled orbitals of metal atoms. In the 
case of the kaempferol compound, it is seen that the HOMO placed over the entire aro-
matic heterocyclic skeleton and on the other hand the carbon as well as oxygen atoms 
behaved as reactive LUMO locations. As a consequence, the kaempferol component is 
able to involve in electronic interactions (i.e., donor-acceptor) with the metal surface 
through the donation of electrons (lone pair in hydroxyl/carbonyl O and π electrons of 
heterocycles) and receiving of electrons from filled iron orbitals by its C and O atoms. 
The eigenvalues of HOMO/LUMO and the energetic gap of frontier orbitals were 
examined, and the quantitative results are tabulated in Table 3 for hydroxylcinnamic 
acid and kaempferol. From this table, it is evident that the kaempferol species have 
higher EHOMO and lower ELUMO in comparison with the other compound (i.e., hydrox-
ylcinnamic acid). These results suggest the stronger electron donation and receiving 
capacity of kaempferol. In addition, the optimized kaempferol molecule owned a 
lower energetic gap (ΔEL-H), an observation reflecting better electron sharing and 
subsequent stronger corrosion inhibition manner of this compound of C. microphyllus 
extract. This trend of DFT calculated electronic parameters and simulated adsorption 
energies discloses the stronger kaempferol interactions and adsorption on the steel 
surface leading to its more effective corrosion prevention influence as compared with 
the inhibiting molecule of hydroxylcinnamic acid [18, 19].

Hydroxy cinnamic acid Kaempferol
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Figure 11. 
The B3LYP/6-311G** optimized geometry, HOMO, and LUMO of kaempferol and hydroxycinnamic acid 
compounds.
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The electrophilic/nucleophilic interactions of studied molecules are summarized 
in Figure 12. From the given pictures, it is obvious that the electrophilic nature of 
hydroxylcinnamic acid is graphically distributed on benzene ring and double bond of 
carbon atoms (with a rich source of π electrons) and heteroatom of O (owing lone pair 
electrons). These electrons could be donated to an appropriate acceptor of electrons 
like metal atoms that are composed of empty orbitals. Moreover, similar to LUMO 
distribution, almost all carbon atoms along with three O heteroatoms are the most 
reactive sites for nucleophilic behavior clarifying electron getting affinity of these 
atomic sites. Also, the electrophilic interactions of equilibrated kaempferol compound 
could likely happen via its electron-rich places including heterocycles and the oxygen 
atoms of surrounding oxygenated fragments. On the other side, the O and C atoms of 
the whole backbone could accept electrons when attacked by a nucleophile [20, 21].

3.2.2 Molecular simulations

The hydroxylcinnamic acid and kaempferol adsorption and their interactions 
with the substrate (i.e., steel) were examined applying molecular simulations. 
These atomic simulations include Monte Carlo (MC) and molecular dynamics 
(MD). For the representation of steel substrate in these simulations, the frequently 
applied iron surface Fe (110) was used. The thickness, vacuum region, and periodic 
replication of this surface were set as 1.5 nm, 4 nm, and (14 × 14), respectively. To 
examine the adsorption preference of extract components, which are output from 
DFT calculations, on the iron substrate the MC-based simulation was carried out 
by adsorption Locator module (Materials Studio software). The MC simulations 
convergency was controlled with a level of fine. The last cell with the lowest poten-
tial energy generated by MC was the starting simulation box of the next modeling, 
that is, MD. For performing this simulation in solution phase-like experiments, 
water molecules were also added to the MC-generated cell. Thereafter, an optimiza-
tion of 20,000 steps and NVT MD simulation of 1 ns were successively performed 
via COMPASS force field and Forcite module. The time step and temperature of 
NVT were set as 1 fs and 298 K. The electrostatic interactions of hydroxyl cinnamic 
acid and kaempferol were modeled by the Ewald scheme along with their charges 
calculated by DFT. The interactions of van der Waals form were evaluated by the 
atom-based cutoff. All metal atoms of the substrate were kept fixed [22, 23].

Hydroxy cinnamic acid Kaempferol
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Figure 12. 
The simulated Fukui indices of kaempferol and hydroxycinnamic acid compounds.
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3.2.3 Molecular simulation

Simulations at molecular scale namely MC and MD were conducted for the 
analysis of the ability of C. microphyllus extract molecules adsorption above  
the metal surface (Fe (110)). The equilibrated cells of hydroxyl cinnamic  
acid and kaempferol generated by MC-based molecular simulations are dis-
played in Figure 13. The depicted MC snapshots clearly demonstrate that the C. 
microphyllus extract species have the ability of approaching and adsorption to 
iron surfaces. It is observed from the presented top views that hydroxylcinnamic 
acid and kaempferol adsorption on the surface happened through preferred flat 
orientation. The aromatic backbones of these adsorbed C. microphyllus extract 
molecules aligned parallel relative to the outmost iron atoms. The adsorption 
of hydroxylcinnamic acid and kaempferol took place with energies of −96.65 
and − 165.51 kcal/mol, respectively. The adsorption energies of hydroxyl cin-
namic acid and kaempferol with negative values further declare their adsorption 
over the steel substrate. The molecular adsorption was more evaluated through 
conducting liquid-phase dynamics (MD) simulations. The resulting snapshots 
of such simulations for hydroxyl cinnamic acid and kaempferol compounds are 
depicted in Figure 13. The obtained side views of ultimate simulation snapshots 
indicate that the chosen C. microphyllus extract compounds equilibrated in the 
vicinity of the crystalline surface (i.e., Fe (110)) under the wet conditions of the 
interface. This observation points to the fact that hydroxyl cinnamic acid and 
kaempferol as organic constituents of the green extract could bind to the surface 
of iron even in the presence of water molecules. Such surface adsorption affinity 

Hydroxy cinnamic acid Kaempferol
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Figure 13. 
The final snapshots of kaempferol and hydroxycinnamic acid compounds over Fe (110) surface obtained from 
MC and MD simulations.
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was quantified by corresponding adsorption energy values. The energies related 
to hydroxyl cinnamic acid and kaempferol adsorption were estimated as −137.53 
and −208.02 kcal/mol, respectively. The negative MD-calculated adsorption 
energies further reflect the adsorption propensity of extract components on the 
metallic adsorbent. In summary, the MC and MD snapshots together with pre-
dicted adsorption energies propose that the C. microphyllus extract compounds 
of hydroxyl cinnamic acid and kaempferol are capable of adsorbing on the steel 
substrate. The surface adsorption enables the organic extract molecules to form 
corrosion-preventing films over the surface, which is in support of experimental 
results [24, 25].

4. Conclusion

This chapter covers the corrosion problem and due to corrosion worldwide loss. 
This chapter discusses the importance of mild steel and discusses corrosion as a 
spontaneous electrochemical process. This chapter also explains of formation of 
different type of cells, due to different types of conditions, then start electrochemi-
cal corrosion process at the anode. In this chapter, I have discussed new develop-
ments as an example of natural corrosion inhibitor C. microphyllus, here I have 
discussed preparing inhibitors and explain experimental methods such as weight 
loss and electrochemical study for calculating their corrosion inhibition efficiency. 
After that, I have discussed computational studies of their main phytochemicals 
with help of DFT, molecular simulations, and molecular simulation to understand 
their relative adsorption properties.
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Chapter 6

An Insight on Corrosion
Resistance Ability of
Biocompatible Dental Implants
through Electrochemical
Impedance Spectroscopy
Duduzile Nkomo and Nomsombuluko Masia

Abstract

Corrosion resistance is an important requirement in the study of biomedical
implants. Implant surface can be modified to provide good adherence and/or opti-
mum biocompatibility with the human body at the bone-implant interface. Tita-
nium alloys are typically used because of their excellent corrosion resistance and
biocompatibility. However, to improve these properties, the alloy surface is rough-
ened using alumina (Al2O3). More details on the corrosion resistance of these alloys
can be obtained by using electrochemical impedance spectroscopy (EIS) method.
EIS is the most suitable method for monitoring corrosion rate values due to its
reproducibility, it is non-destructive and has reliable determination of small corro-
sion rates, much lower than those measured by other techniques. It can also study
high-impedance systems, such as coatings and linings, high-purity water, and
organic coating/metal systems or corrosion in a low-conductive solution. This
method has been used to evaluate electrochemical properties of modified surfaces.
This chapter will explore the effectiveness of EIS in studying the corrosion behav-
iour of machined and surface-modified Pure Ti grade 4 for dental implant applica-
tions. The basic EIS concepts are discussed and their derivation thereof to provide
information about the corrosion resistance of biomedical implants is explored.

Keywords: Biomedical, EIS, Surface modification, Implants

1. Introduction

There are multiple ways to study the corrosion resistance of biomedical
implants. The common laboratory procedures include open circuit potential test
(OCP), potentiodynamic polarisation test (PDP) and EIS. The commonly used
electrochemical methods present measurements of currents, electrical charges or
electrode potentials as a function of time. In the previous years, the use of EIS
method was seldom because contrary to other electrochemical methods, EIS pre-
sents the signal as a function of frequency at a constant potential. This limits the
fundamental understanding of the method because electrochemists think in terms
of time and not frequency. Moreover, issues associated with understanding the EIS
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method are that it requires the knowledge of mathematics, Laplace and Fourier
transforms, and complex numbers. However the evolution of this method has
developed from using rather simple calculations and has rendered it useful in
different applications such as solid materials, corrosion, passivity and batteries [1].

EIS has been used to investigate the corrosion resistance of biomedical implants.
Currently we focus on the study of corrosion resistance of biomedical implants for
dental applications. Different materials have been used for dental implants. Com-
mercially pure titanium and titanium-aluminium-vanadium alloy (Ti-6Al-4 V) are
most widely used biomaterials. They became popular because of their chemical
resistance, mechanical strength, low toxicity, lightness and excellent biocompati-
bility. Ti and its alloys have the tendency to react with oxygen to form a stable oxide
layer called titanium dioxide (TiO2). This oxide layer is responsible for chemical
stability and corrosion resistance of titanium [2].

The types of corrosive reactions that occur in the oral cavity are electrochemical,
where the saliva plays the role. There are various types of corrosion that occurs in the
oral cavity such as galvanic, fretting, pitting and uniform corrosion. Titanium
implants coexist with different metallic dental superstructures and dental restorations
in a patient mouth. This complexity can be linked to the occurrence of galvanic
corrosion creating galvanic current, which passes through the surrounding tissue
causing sharp pain. Extensive release of metal ions from a prosthetic device can result
in adverse biological reactions and can lead to mechanical failure of a device itself. It
is therefore important to conduct sufficient corrosion tests in order to avoid such
failures and evaluate the efficiency of each corrosion test method used [2].

The advantages of using the EIS method are numerous. It provides a substantial
information that can be further analysed in electrochemical properties investigations.
Methods such as OCP, PDP and EIS have been used in the current study to determine
the corrosion resistance of titanium pure Ti grade 4 in machined (TiGr4M) and
roughened (TiGr4R) conditions in different Ringer’s lactate solutions.

2. OCP

To compare the results obtained from each electrochemical testing method, we
start with OCP investigations. The OCP test results shown in Figure 1 for TiGr4 in
the machined (TiGr4M) and roughened with alumina (TiGr4R) conditions are
explained. OCP is the most common and simplest method used to study the film

Figure 1.
OCP plots of TiGr4M and TiGr4R in different Ringer’s lactate solutions.
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formation and passivation of metallic structures. The potentials are measured
against time and the results obtained reflect whether or not the passive film is stable
in the particular environment. Thus, to mimic the nature of human mouth envi-
ronment, the TiGr4M and TiGr4R samples were tested in four different pH solu-
tions namely, the base Ringer’s lactate solution-pH 5.5, Ringer’s lactate-pH 2,
Ringer’s lactate-pH 2 with addition of sulphur and Ringer’s lactate-pH 7. Each
sample alloy was immersed in a solution for four hours in order to ensure stable
formation of a passive oxide film. The onset of passive oxide layer stabilisation can
be indicated by constant potential over a period of time.

The OCP plots for TiGr4M in all solutions was observed in the positive potential
region compared to TiGr4R. In the case where no external potential applied or
external disturbance such as surface defects on the test material, the formed passive
oxide film remains attached to the bulk material and thus no further corrosion will
be observed. A higher/more positive corrosion potential/OCP is an indication of
more stable oxide film in a particular environment. Thus due to surface roughening
with alumina on TiGr4R, an unstable passive oxide film formation is observed. This
was observed for three different Ringer’s lactate solutions except for pH 7 solution.
The corrosion potential was measured at negative/more active potentials, indicating
the unstable nature of the formed oxide layer. It can be deduced that the OCP test is
an important step in electrochemical tests as a method studying the formation of a
passive film. However, further information about the stability of the passive film is
required in order to qualify new materials for use in corrosive environments such as
the human mouth. This information can be obtained by applying external voltage
stepwise and recording the resulting current due to anodic reaction taking place at
the surface of the test material/working electrode. This has been done by use of PDP
tests.

3. PDP

The PDP tests are ran such that the potential of the test sample is increased
stepwise, which triggers the occurrence of either the oxidation or reduction reac-
tions on the test material surface, and as a results the current is generated. The
presentation of the potential in the function of current density (or log current
density) for each measured point results in obtaining the polarisation curve. In the
current presented work each scan was started from �250 mV to +1500 mV versus
the corrosion potential/OCP at a scanning speed of 10 mV/min. The polarisation
curve was used to determine the corrosion behaviour of the TiGr4 by Tafel slope
extrapolation. The PDP plots for TiGr4M and TiGr4R in different Ringers’ lactate
solutions are shown in Figure 2.

The current density measured by Tafel slope extrapolation (cathodic and anodic
reaction slope) was determined and subsequently the corrosion rates were calcu-
lated. The corrosion rates obtained were very low, less than 0.02 mm/year indicat-
ing that the material tested was in the fully passive condition. The passive behaviour
of a test material can be studied by observing the increased current density as it is
an indication of corrosion. Thus a material with high passive current is more prone
to corrosion compared to the one with lower passive currents. Using the PDP plots,
it can be observed that TiGr4R (dotted lines) showed higher passive currents than
TiGr4M (solid lines) in all solutions, meaning with further exposure into Ringer’s
lactate solutions, the passive oxide film formed in TiGr4R has a tendency to move
from passive-active as was indicated with OCP test results.

The PDP and OCP measurement are more dependent on time and thus limits
these methods because with further exposure to corrosive environment, the
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exposed material can move from passive to active. Furthermore, using Tafel slope
calculations for determination of corrosion rate requires that one uses data further
away from the corrosion potential for accurate extrapolation and thus incorporating
other reactions, which may bring significant errors in the obtained results, espe-
cially in this case where an additional phase of alumina has been introduced in
TiGr4R. The EIS method can therefore be useful to obtain more accurate results in
the study of electrochemical properties of this surface-modified and machined
TiGr4 used for dental implant materials.

The use of EIS is highly recommended because it contains information that can
be analysed at each frequency. That is, taking impedance at each potential produces
series of data at different frequencies. The difference between the commonly used
methods and EIS is that, although the polarisation resistance can be obtained from
steady-state measurements by a potential-current plot slope, impedance plots pro-
vides more information at every point and not just at one value of polarisation
potential. That is, it can be used for fine-tuning mechanisms and determining the
kinetics of processes, resistances and capacitances, and it allows for the determina-
tion of real surface areas in situ. Particularly, EIS has been used for the following
studies:

• Interfacial processes: redox reactions at electrodes, absorption and
electrosorption, kinetics of homogeneous reactions in solution combined with
redox processes, forced mass transfer

• Geometric effects: linear, spherical, cylindrical mass transfer, limited-volume
electrodes, determination of solution resistance, porous electrodes

• Application in power sources: (batteries, fuel cells, supercapacitors,
membranes), corrosion, coatings and paints, electrocatalytic reactions,
conductive polymers, sensors and semi-conductors

EIS calculations are carried out using mathematical formulations that provide
meaningful models and therefore physically relevant. The extraction of information
is carried out by determination of model parameters, which directly corresponds to

Figure 2.
Potentiodynamic polarisation plots of TiGr4M and TiGr4R in different Ringer’s solutions.
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physical phenomena. The model parameters provides information about the mea-
sured quantity and shows a physical expected behaviour [3].

For materials, impedance spectroscopy provides possibilities to characterise the
complex electrical behaviour such as resistivity, capacitive and inductive behaviour.
Therefore, it is sensitive to both surface phenomena and changes of bulk properties
including conduction mechanisms. It allows quantitative characterisation of corro-
sion processes as well as the evaluation of the anti-corrosion performance of pro-
tective coatings on corrosive metals. The use of EIS in corrosion includes detection
of surface and material changes due to exposure, prediction of the lifetime of the
protective passive film, evaluation of coating systems, identifying corrosion pro-
cesses that lead to failures and measurement of water uptake by coatings. The EIS
method follow the evolution of surface modified materials as they undergo either
artificial or natural exposure to conditions that cause corrosion failure to provide
information about the corrosion kinetics, which other methods do not offer [3].

Therefore, this study focuses on the use of EIS as the better method to further
evaluate the corrosion resistance of TiGr4 in the machined and roughed condition.
We look at the information that is obtained from EIS in comparison to that obtained
from the OCP and PDP methods.

4. Nyquist plots

The first concept of EIS to tackle is the Nyquist plot. It has been established that
EIS is applied to the characterisation of electrode processes and complex interfaces.
Moreover, it studies the system response to the application of a periodic small
amplitude of alternating current (AC) signal. Analysis of the system response con-
tains information about the interface, its structure and reactions taking place there.
The system response is generated from an electrical circuit, i.e. application of an
electrical perturbation (current, potential) causes the appearance of a response. An
application of a known potential E (t) to a resistance R gives a current i(t) = E(t)/R.
When the same potential is applied to the series connection of resistance R and
capacitance C, the total potential difference is a sum of potential drops of each
element. Taking into account that of capacitance, E(t) = Q(t)/C, where Q is the
charge stored in a capacitor, Eq. (1) is obtained [4].

E tð Þ ¼ i tð ÞRþ Q tð Þ
C

¼ i tð ÞRþ 1
C

ðt

0

i tð Þdt (1)

Eq. (1) can be solved by using what is known as Laplace transform technique.
This technique is an integral transform in which a function of time f(t) is
transformed into new function of a parameter s called frequency, F(s) according to
Eq. (2) [4].

L f tð Þ½ � ¼ F sð Þ ¼
ð∞

0

f tð Þ exp �stð Þdt (2)

The direct application of Laplace transform to Eq. (1), given that L
Ð t
0i tð Þdt

� � ¼
i sð Þ=s, gives Eq. (3)

E sð Þ ¼ i sð ÞRþ i sð Þ
sC

(3)
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Thus:

i sð Þ ¼ E sð Þ
Rþ 1

sC

� � (4)

The ratio of the Laplace transforms of potential and current, i.e. E sð Þ/i sð Þ is
expressed in units of resistance, Ω, referred to as impedance, Z(s) [4]:

Z sð Þ ¼ E sð Þ=i sð Þ ¼ Rþ 1
sC

(5)

The polarisation resistance R or Rp value is inversely proportional to the corro-
sion rate. This means, the decrease in the values of Rp with increasing concentration
of corrosive ions indicate the increase in corrosion rate. This interpretation can be
used to support results obtained from the OCP and PDP tests in terms of the
stability of the passive layer [5].

EIS has been used to explain kinetic parameters for electron transfer at the
implant/saliva interface and to understand mechanism of corrosion and passivation
for metallic materials in various media conditions. We use the study conducted by
AlOtaibi et al. [2] to simplify the interpretation of Nyquist plots and the information
obtained. The typical Nyquist plots obtained after immersion in artificial saliva for
different exposure times is shown in Figure 3. The plots shown in Figure 3 can be
best fitted to the equivalent circuit model shown in Figure 4. The impedance results
are best analysed and interpreted in terms of equivalent electrical circuit models

Figure 3.
Typical Nyquist plots of dental implants in an artificial saliva [2].

Figure 4.
The equivalent circuit model used to fit the EIS experimental data [2].
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obtained by simulating the electrochemical behaviour of alloy-medium interface.
The equivalent circuit refers to the presence of an oxide film layer where the inner
barrier film is represented by Rp2 and Cd1, but the outer layer is due to the presence
of a wall capacitance, presented by Q and polarisation resistance RP1 of the oxide
film. The overall solution resistance is presented by Rs. The electrical impedance
parameters are therefore measured from this perspective.

Nyquist plots typically consists of capacitive loops at different frequencies. The
loop can be at higher frequencies, medium frequencies and inductive loops at lower
frequencies. The higher region frequency semicircle corresponds to the charge
transfer of the corrosion process and oxide film effects. The medium frequencies
semicircle corresponds to the mass transport associated with the diffusion of
metallic species through the corrosion product layer. The relaxation of the surface
adsorbed species is considered to be the beginning of lower frequency inductive
loop. Thus, the diameter of the capacitive loops will decrease with increased con-
centration of corrosive species such as addition of sulphur in the Ringers solutions
or decreasing of pH of the solution from 5.5 to 2 using sulphuric acid in the testing
of Pure Ti dental implants [5].

We have established that Nyquist plots are often used in electrochemical litera-
ture because they allow for an easy prediction of the circuit elements. However,
they do not show all details. Different types of Nyquist plots may be obtained from
different values of capacitance. The only difference may be that the point on the
semicircle would correspond to different frequencies. It is also possible to observe
an incomplete semicircle over all the frequency range indicating a highly resistive
surface [6]. This method can be used to determine the electrochemical parameters,
which is AC impedance of the material. In the case of a series connection of the
resistance and capacitance the impedance is given by Eq. (6). The result may be
presented graphically using two plots namely Nyquist plots and Bode plots. The
Nyquist plot is a plot of Z’ (x axis) versus Z” (y axis), that is real versus imaginary
components plotted for various frequencies.

Z jωð Þ ¼ 1þ 1
jωC

¼ R� j
ωC

(6)

Where: Z(jωÞ stands for faradaic impedance of the circuit and ω stands for
angular frequency.

Figure 5.
Nyquist plots for TiGr4M and TiGr4R in different ringers solutions.
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In our study, the EIS measurements were performed for each surface treatment
of TiGr4. The frequency sweep was applied from 0.01 to 100000 Hz with an AC
amplitude of 10 mA. Frequency sweep change according to material characteristics.
The Nyquist plot was used to determine the capacitive behaviour, simply indicated
by the size of the diameter of semicircle. Figure 5 shows the Nyquist plots for
TiGr4M and TiGr4R in different Ringer’s solutions. The plots observed showed a
capacitive behaviour, which is an indication of high corrosion resistance associated
with incomplete semicircle observed. The increase of the diameter of the semicircle
gives an indication of a high passivation of the surface against corrosion. TiGr4M
showed the highest corrosion resistance indicated by the largest diameter/open
incomplete semicircle. The R for TiGr4M is always higher than that of TiGr4R,
which is in accordance with the results obtained from PDP tests where higher
corrosion resistance for TiGR4M were observed.

5. Bode plots

The Bode plots have some advantages over the Nyquist plots since frequency
appears as one of the axes, this shows that impedance depends on the frequency.
The plots uses the logarithm of frequency to allow a very wide frequency range to
be plotted on one graph, but with each decade given equal weight. The Bode plots
also show the magnitude (|Z|) on a log axis so that you can easily plot wide
impedance ranges on the same set of axes.

The phase angle plots are used to determine whether or not the film formed on
the metal surface is intact and behaving like a capacitor. The representation shows
the phase angle versus frequency (f). Frequency is generally presented on a loga-
rithmic scale [7]. The presence of time-constant (or frequency) distribution is
frequently modelled by use of a constant-phase-element (CPE). The impedance
response typically reflects a distribution of reactivity that is commonly represented
in equivalent electrical circuits as a CPE. Different expressions for a CPE have been
presented in the literature [8], e.g.:

Z ωð Þ ¼ Re � j
jωToð Þα (7)

If the phase is greater than 0° it exhibits a CPE behaviour. The magnitude of the
complex capacitance would also then vary with the frequency. The phase angle
expressed in degrees, is related to the CPE exponent n by the Eq. (8): [9].

θ ¼ 90 1� nð Þ (8)

For n = 1, the CPE behaves as a capacitor; for n = 0, the CPE behaves as a
resistor; and for n = �1 the CPE behaves as an inductor [8]. CPE behaviour was
called frequency dispersion of capacitance because it appears as if the double-layer
is behaving as a capacitor whose capacitance depends on the frequency [8, 10, 11].
Generally, the appearance of a CPE is due to the presence of inhomogeneity in the
electrode material system and it can be described in terms of a distribution of
relaxation times, or it may arise from non-uniform diffusion whose electrical analog
is an inhomogeneous distributed RC transmission line [9].

The increased value of the phase angle at its maximum, particularly at low
frequency values reveals the increased corrosion resistance [7]. Figure 6 shows the
phase angle plots for TiGr4M and TiGr4R in different Ringers solutions. Phase
angles close to 80° were obtained at medium and low frequencies, suggesting a
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passive behaviour for both TiGr4M and TiGr4R. TiGr4M behaved similar in all
solutions. TiGr4R showed an increased value of the phase angle at low frequencies
in high pH solutions. Meaning that reducing the pH and addition of sulphide ions
decreased the corrosion resistance of the TiGr4R. High values of phase angle at low
frequencies for TiGr4M is always higher than that of TiGr4R, which is in accor-
dance with the results obtained from OCP, PDP and Nyquist plots where higher
corrosion resistance for TiGR4M were observed.

The modulus plot determine the dissolution kinetics of metallic surface which is
represented by the magnitude of charge transfer resistance |Z|/Z’. The magnitude is
usually presented on a logarithmic scale as a function of frequency on a logarithmic
scale. The slope of the line at low frequencies, therefore, has a value of �1 for the
blocking electrode considered [8]. The log |Z| vs. log ω curve can yield values of Rp
and RΩ. At the highest frequencies, the ohmic resistance dominates the impedance
and log (RΩ) can be read from the high frequency horizontal plateau. At the lowest
frequencies, polarisation resistance also contributes, and log (RΩ + Rp) can be read
from the low frequency horizontal plateau. At intermediate frequencies, this curve
should be straight line with a slope of �1, as shown on Figure 7. Extrapolating this

Figure 6.
Phase angle plots for TiGr4M and TiGr4R in different ringers solutions.

Figure 7.
Bode plot for a simple electrochemical system [12].
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line to the log |Z| axis at ω = 1 yields the value of CDL from the relationship, where
ω =2πF [12]:

∣Z∣ ¼ 1=CDL (9)

The higher the values of |Z|, especially at lower frequency range represents a
higher corrosion resistance of the material [7]. The change of the Bode impedance
of the interface (|Z|) with frequency for TiGr4M and TiGr4R is shown in Figure 8.
The highest values of |Z|, particularly at the low frequency were recorded on both
TiGr4M and TiGr4R in Ringer’s pH 5.5 and Ringer’s pH 7. The highest values of |Z|,
at low frequencies for TiGr4M is always higher than that of TiGr4R, which is in
accordance with the results obtained from PDP, Nyquist and Phase angle plots.
Thus Bode impedance plots further proved higher corrosion resistance for TiGR4M
compared to TiGr4R.

6. Conclusion

Corrosion testing of TiGr4 in roughened and machined conditions has been
conducted. OCP tests were conducted for determination of corrosion potential of
TiGr4. The passivity behaviour was studied using the PDP method. It was noted
that both samples were capable of forming a passive oxide layer. From these tests it
was observed that both samples were corrosion resistant, with TiGr4M
demonstrating a slightly higher resistance.

A biomaterial used for dental implant application is subject to different corro-
sion reactions in the oral cavity and these reactions are electrochemical. Thus, we
used the EIS models with a prominent parameter of frequency to forecast the
lifetime of the passive layer of the proposed biomaterial. The requirement is that the
implant should last a patient’s lifetime once installed. Using EIS, we confirmed that
indeed there is more information that could be obtained regarding the stability of
the passive oxide layer formed/corrosion resistance during the exposure to artificial
saliva. We used Nyquist plots, Bode plots and phase angle plots to generate infor-
mation about the resistivity and capacitive behaviour of TiGr4 for both surface
conditions in different pH artificial saliva solutions.

It was deduced that with regards to the passive nature of TiGr4M and TiGr4R:
All the EIS plots showed that TiGr4M has the highest corrosion resistance in all the

Figure 8.
Bode impedance of the interface, |Z|, plots for TiGr4M and TiGr4R in different ringers solutions.
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pH conditions while TiGr4R has the lowest. This was demonstrated by an increase
of the diameter of the semicircle which indicated high passivation of the surface
against corrosion. TiGr4M showed the highest corrosion resistance indicated by the
largest diameter/open incomplete semicircle. The increased value of the phase angle
at its maximum, particularly at low frequency values revealed the increased
corrosion resistance. The higher the values of |Z|, especially at lower frequency
range represents a higher corrosion resistance of a material.

The analysis of these EIS plots indicated that TiGr4 is a suitable material for
dental implant application. Surface-modification with alumina does decrease the
corrosion resistance but, insignificantly as the TiGr4R also persistently showed a
comparative capacitive behaviour as with TiGr4M. Thus, it is beneficial to modify
the surface with alumina as it increases the bone-implant adherence and the corro-
sion resistance is not utterly compromised. This offers a biocompatible material.
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Chapter 7

Hot Corrosion and Oxidation 
Behaviour of TiAl Alloys during 
Fabrication by Laser Powder Bed 
Additive Manufacturing Process
Ntebogeng Mogale, Wallace Matizamhuka  
and Prince Cobbinah

Abstract

This research paper summarises the practical relevance of additive manufacturing 
with particular attention to the latest laser powder bed fusion (L-PBF) technology. 
L-PBF is a promising processing technique, integrating intelligent and advanced 
manufacturing systems for aerospace gas turbine components. Some of the added 
benefits of implementing such technologies compared to traditional processing 
methods include the freedom to customise high complexity components and rapid 
prototyping. Titanium aluminide (TiAl) alloys used in harsh environmental set-
tings of turbomachinery, such as low-pressure turbine blades, have gained much 
interest. TiAl alloys are deemed by researchers as replacement candidates for the 
heavier Ni-based superalloys due to attractive properties like high strength, creep 
resistance, excellent resistance to corrosion and wear at elevated temperatures. 
Several conventional processing technologies such as ingot metallurgy, casting, and 
solid-state powder sintering can also be utilised to manufacture TiAl alloys employed 
in high-temperature applications. This chapter focuses on compositional variations, 
microstructure, and processing of TiAl alloys via L-PBF. Afterward, the hot corro-
sion aspects of TiAl alloys, including classification, characteristics, mechanisms and 
preventative measures, are discussed. Oxidation behaviour, kinetics and preven-
tion control measures such as surface and alloy modifications of TiAl alloys at high 
temperature are assessed. Development trends for improving the hot corrosion and 
oxidation resistance of TiAl alloys possibly affecting future use of TiAl alloys are 
identified.

Keywords: titanium aluminides, oxidation, hot corrosion, additive manufacturing, 
laser powder bed fusion

1. Introduction

Titanium aluminide (TiAl) is a member of group material referred to as 
intermetallics, consisting of various metals resulting in ordered crystallographic 
structures formed when the concentration of the alloy exceeds the solubility limit 
[1]. Properties as low density, high strength and elevated temperature properties 
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make TiAl replacement candidates for nickel-based superalloys used in the aerospace 
and automotive industries [2–4]. One such alloy tried and tested by General Electric 
[5] for commercial turbofan engines is Ti-48Al-2Cr-2Nb. Despite the attractive 
high-temperature properties attained in research to date, the inherent poor ductility 
of TiAl at ambient temperatures remains a concern [6]. Over the past 20 years and 
recently, much work has been devoted to material tailoring through compositional 
variations and alloying aimed at improving room temperature ductility [7–11].

Phase evolution in TiAl alloys governs the mechanical and physical properties 
to be obtained. Primarily, two ordered structures exist, namely, γ-TiAl (L10) and 
hexagonal α2-Ti3Al (D019), resulting from different thermo-mechanical treatments. 
Furthermore, the mechanical properties to be obtained are dependent on the micro-
structure. Three microstructures exist, namely, equiaxed single γ phase, fully or 
near (γ/α2) lamellar and duplex (consisting of colonies of lamellar γ/α2 and pure γ 
phase grains). The achieved microstructure is significant for its mechanical proper-
ties, especially in structural applications. Duplex microstructures with enhanced 
ductility measures such as fracture strength, yield strength and strain have been 
reported [12–14]. Fully lamellar structures, in particular, have shown the best creep 
performance as contrasted to other microstructural modifications [15–17].

For the intended application, considering the inherent brittle nature of TiAl 
alloys, material tailoring through microstructural evolution is often necessary. 
Additionally, the low ductility and brittleness of TiAl alloys at ambient tempera-
tures make their processing using conventional methods difficult. To overcome 
problems associated with conventional processing, such as microstructural incon-
sistencies inherited from solidification and phase evolutions resulting in the scat-
tering of mechanical properties, heat treatment cycles are often designed [18–21]. 
Traditional methods requiring post-treatment are time-consuming, labour and 
capital intensive, waste a lot of start-up material, and require unnecessary produc-
tion costs. Therefore, there is a need to manufacture TiAl alloy components without 
the above-mentioned technical deficiencies and limitations and satisfy industrial 
needs for component fabrication [22].

For the last decades of the 20th century [23], the Additive Manufacturing (AM) 
method has been employed to obtain objects by the subsequent material supply. 
AM mainly aims to complete a collection of traditional subtractive manufactur-
ing practices while avoiding and limiting the need for post mechanical process-
ing such as machining. Laser powder bed fusion (L-PBF) is an AM technique, 
historically referred to as Selective Laser Melting (SLM) developed by F&S 
Stereolithographietechnik GmbH with Fraunhofer ILT [24], where a component 
is manufactured by melting a powder bed in a layer-by-layer sequence employing 
laser beam irritation [25]. The L-PBF process is initiated by creating a 3D digital 
part model (usually scan data or a CAD file), followed by slicing the model into thin 
layers using special software. The powder bed is achieved by spreading powder onto 
the substrate surface. The powder bed is selectively melted through cross-sectional 
scanning generated from the 3D part model by applying a laser beam. After cross-
section scanning, powder bed layering is achieved by sequentially adding layers one 
after the other repeatedly until the part is complete. Recent studies [25–29] have 
shown that L-PBF is an innovative and efficient process employed to manufacture 
TiAl alloys compared to historically employed traditional manufacturing processes 
such as casting [30–32], ingot metallurgy [33–35], or even solid-state powder sinter-
ing [36–38]. The benefits of L-PBF include short production cycles and cheaper 
production costs. Also, parts produced are of high quality and have been found to 
exhibit desirable performance [39].

Exploring AM technologies to improve on properties of TiAl and its alloys is 
essential. As such, mechanical properties like compressive and tensile ductility 
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measures [40–42], wear resistance [43, 44], elevated temperature creep and 
oxidation resistance [45–48] superior to those processed by conventional means 
have been reported. Operation temperatures in new-generation gas turbines have 
fast-tracked progress in material development in the aerospace industry.

The dual combination of high temperatures and contaminant-containing 
aircraft environments shifts focus to hot corrosion and oxidation. Hot corrosion 
and oxidation can lead to catastrophic failures through material consumption at an 
unpredictably rapid rate. Much work has been devoted to understanding the hot 
corrosion and oxidation of TiAl alloys already [49–53]. As such, this research paper 
serves as a summary of the laser additive manufacturing of TiAl alloys. Particular 
attention is also given to the mechanisms, kinetics, prevention control and recent 
developments in hot corrosion and oxidation of TiAl alloys.

2.  Titanium aluminide (TiAl) alloys: phase, microstructures and 
mechanical properties

2.1 Phase and microstructural evolutions

2.1.1 Phase evolutions

The three main phases of the Ti-Al system consist of various TiAl compounds, 
namely, γ-TiAl, α2-Ti3Al and TiAl3 [1]. Of the three phases, only γ-TiAl and α2-Ti3Al 
have shown to be of engineering significance [54] with outstanding properties. 
They are lightweight and can be implemented for structural parts, automotive and 
elevated temperature aerospace applications. The γ-TiAl phase is a face-centred 
tetragonal ordered phase with an L10 structure. It consists of atomic layers at 90° to 
the c-axis [55] with lattice parameters a = 0.4005 nm, c = 0.4070 nm and a tetrago-
nality ratio (c/a) of 1.02 [56, 57]. The compositional range of the γ-TiAl phase is 
from 48.5 to 66.0 at.% of Al. The α2-Ti3Al phase has a hexagonal DO19 structure with 
a compositional range from 20 to 38.2 at.% of Al.

The α2-phase has high hydrogen and oxygen absorption rates and suffers from 
severe embrittlement, though it exhibits optimum high-temperature strength. The 
γ-phase has low gaseous absorption rates, outstanding oxidation resistance and 
poor room-temperature ductility. To maximise engineering benefits, dual-phase 
TiAl alloys consisting of γ + α2 phase are used. These alloys show excellent ductility 
[13, 58] at room temperatures due to the availability of refined lamellar colonies 
aiding γ-phase deformation [54, 59, 60]. The most known dual TiAl alloys with 
outstanding tensile properties are referred to as duplex alloys of the nominal (at.%) 
composition of Ti-(46–49) Al.

2.1.2 Microstructure-mechanical property relations

The four significant microstructures which may result in a Ti-Al system are 
namely, duplex (DP), near-gamma (NG), nearly lamellar (NL) and fully lamellar 
(FL). The obtained microstructures are greatly dependent on the processing route, 
Al compositional variations and thermo-mechanical treatments employed. Of the 
four, only fully lamellar and duplex have been considered necessary in engineering 
applications [54]. The evolutions (in Figure 1) of the microstructures mentioned 
above were be summarised in works by Cobbinah et al. [6] and Clemens et al. [61].

NG microstructures are obtained via thermal treatments slightly above the 
eutectoid temperature (Teu), while DP microstructures are achieved between Teu 
and α-transus temperatures. The thermal treatment implemented significantly 
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affects the volume fraction of lamellar grains present. As a result, NL microstruc-
tures are obtained at (Teu) and Tα relative temperatures, slightly under Tα. NL 
microstructures exhibiting a specified globular γ-grain volume fraction are shown 
as NLγ. FL microstructures are achieved by thermal treatments above Tα. Generally, 
the obtained properties compensate for other properties [22] as represented in 
Figure 1 and should be considered when the material is designed for structural 
applications. Furthermore, the microstructure-property relationship in TiAl alloys 
makes it easier to modify the material for the anticipated application.

3. Additive manufacturing (AM) of TiAl

3.1 Process overview

Additive manufacturing (AM) presents an opportunity to manufacture TiAl alloys 
with minimal processing difficulties compared to those experienced during con-
ventional processing, such as near-net-shape forging or investment casting [62]. For 
tailoring TiAl alloys with optimum properties, laser powder bed fusion (L-PBF) and 
electron beam melting have been considered suitable [63–66]. Recently, the produc-
tion of TiAl alloys using L-PBF has gained special attention [29, 67–71] owing to the 
benefits offered. Some of these benefits [6] complex geometry formation, ease of part 
dimension control, production of highly defined parts with orifices, mass customisa-
tion and material flexibility. Furthermore, during local melting of the powders, high 
solidification rates are obtained. These result in more refined microstructures.

The component is manufactured (in Figure 2) by melting a powder bed in a 
layer-by-layer sequence employing laser beam irritation [25]. The process is initi-
ated by creating a 3D digital part model (usually scan data or a CAD file), followed 
by slicing the model into thin layers using special software. The powder bed is 
achieved by spreading powder onto the substrate surface. In preparation for part 

Figure 1. 
The central portion of the binary Ti-Al phase diagram together with microscopic optical (left) and 
backscattered scanning electron (right) images showing NG, DP, NL/NLγ and FL microstructures achieved via 
heat-treating within α and (α + γ) phase-field. The phases obtained are identified using contrast, where a light 
contrast is representative of α2-Ti3Al and γ-TiAl of a darker contrast [61].
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manufacturing, powders are preheated below their melting temperatures to pro-
mote bonding and minimise distortion [6]. L-PBF part manufacturing is executed 
in an inert gas (preferably argon) sealed environment to prevent reactive powder 
oxidation.

3.2 Research milestones

The need to replace previously used Ni-based superalloys in aerospace compo-
nents has fast-tracked research and development of lightweight and cost-efficient 
TiAl alloys. To date, Ni-based alloys still outmatch TiAl alloys in fabrication costs 
and mechanical performance. This is mainly due to the poor room temperature 
ductility of TiAl alloys and the delay in engineering design practices for low ductil-
ity materials [54]. Additionally, the high part fabrication costs involved in produc-
ing TiAl alloys are related to the knowledge that low ductility fabrication processes, 
which also produce high melting point alloys, are unavailable. As such, there has 
been much investment in exploring complex part fabrication techniques, requiring 
minimal post-processing steps such as L-PBF.

The evidence of many research breakthroughs concerning the production of 
TiAl alloy parts using L-PBF does not make the processing technique immune to 
limitations. Efforts have been invested in overcoming processing limitations such 
as part cracking, micro-pore formation and uneven powder deposition through 
processing parameter optimisation [73]. Processing parameters can be varied to 
develop TiAl alloys with excellent mechanical properties in application. Some of 
these properties are beam size, laser power, scanning speed, scan hatch spacing and 
powder layer thickness [74].

Polozov et al. [75] confirmed that TiAl-based alloy crack-free samples could be 
built via L-PBF processing with a high-temperature platform preheating of 900°C. 
Fully densified samples (highest relative density of 99.9%) were attained at volume 
energy density 48 J/mm3. The refined microstructure consisted of equiaxed grains, 
lamellar α2/γ colonies and retained β-phase. As compared to conventionally produced 
TiAl alloys, high ultimate compressive strength and strain values were obtained.

Process parameters can be optimised to aid the fabrication of TiAl specimen, 
and unfortunately, the resultant part still shows pores, cracks and low densities. 
One needs to understand the crack and pore formation mechanisms and the defect-
process parameter relationships in such a case. Shi and associates [70] investigated 

Figure 2. 
Graphical representation of laser powder bed fusion method [72].
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optimal L-PBF process window and the effect of substrate preheating. Moreover, 
the relationship between crack formation, pore formation, and the process param-
eters was studied and the crack propagation discrepancy with an increase in the 
number of deposition layers. It was concluded that crack formation was related to 
process parameters and the number of deposition layers. The cracks initiated in 
the 3rd layer are accounted for by residual stress accumulation and the deviations 
in the composition of Ti-47Al-2Cr-2Nb deposition layers. Furthermore, substrate 
(Ti-6Al-4 V) preheating at 200°C alleviated cracking. Finally, a good metallurgical 
bond between the substrate and Ti-47Al-2Cr-2Nb deposition layers was found.

The addition of yttrium (Y) to TiAl alloys (specifically class TNM) and process 
parameter optimisation dramatically affects the formability, and ultimately the 
cracking behaviour and control of L-PBF produced components. Gao et al. [76] fab-
ricated TNM alloys with varying Y contents (0, 1, 2, 3, 4 wt.%) and investigated the 
mechanism of improved formability, cracking sensitivity, cracking behaviour and 
control mechanism by Y additions. Improvements in the formability of Y added-
TNM alloys were assigned to lower melt viscosities and good laser energy absorp-
tion. The addition of 2, 3 and 4 wt.% Y to the TNM alloys coupled with a laser 
energy density greater than 7.00 J/mm2 formed crack-free samples. The obtained 
microstructure and phase constituents were reported to contribute to microcrack 
formation and control significantly. Lower Y additions resulted in coarse columnar 
grains, oxygen segregation at the grain boundaries with dominating brittle B2 phase 
with poor ductility. In contrast, higher Y additions (2–4 wt.%) refined equiaxed 
grains, enhanced the oxygen-scavenging effect (through the presence of Y2O3 
particles), and decreased brittle B2 phase content at higher Y additions significantly 
improve the ductility.

Finally, adding Nb to γ-TiAl alloys was also reported to account for improved 
mechanical properties based. Ismaeel et al. [77] produced Ti-Al–Mn–Nb alloys on 
a TC4 substrate and studied the effects of different Nb contents on the microstruc-
ture and properties of the alloys. The phases obtained consisted of γ-TiAl and α2-
Ti3Al and a consecutive microstructural change with increased Nb additions from 
near full dendrite to near lamellar. Also, adding 7 at.% of Nb resulted in improved 
alloy’s hardness, strength and plastic deformation. Moreover, the elevated tempera-
ture oxidation resistance and tribological properties were significantly improved.

4. Hot corrosion

4.1 Definition

Hot corrosion can be defined as a chemical degradation on the metallic surface 
of materials operating at high temperatures, enhanced by the presence of molten 
ash and gases containing elements such as sulphur (S), chlorine and sodium [78]. 
Such environmental elements during fuel combustion promote damage to the 
protective oxide film by forming contaminants such as V2O5 and Na2SO4 [79]. This 
degradation form was initially identified in the early 1950s on combustion engines 
and boilers [80] and has been explored in numerous research works [50, 81–87].

4.2 Characteristics

Hot corrosion exists as Type I (known as High-Temperature Hot Corrosion) 
or Type II (Low-Temperature Hot Corrosion), with the former occurring above 
800–950°C and the latter at 600–750°C [88, 89]. The occurrence of either attack 
form is dependent on several parameters such as the composition of the alloy, 
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contaminant, and gas. Furthermore, other vital parameters are temperature and 
temperature cycles, erosion processes and gaseous velocity [90, 91]. The main 
difference between high-temperature hot corrosion (HTHT) and low-temperature 
hot corrosion (LTHC) is the morphologies thereof. HTHC is distinguished by the 
occurrence of a non-porous protective scale, internal sulphidisation and chromium 
(Cr) depletion.

4.2.1 High-temperature hot corrosion (HTHC)-type I

This form of attack, also referred to as molten salt-induced corrosion, comprises 
a liquid-phase salt mixture deposit observed at high temperatures at the start of 
deposition [92]. Traditionally, according to Nicholls and Simms [93], HTHC has 
been detected in a temperature array between the surface deposit melting point 
and vapour deposition dew point for the deposit. Above this suggested temperature 
band, instability of dew point deposit exists, resulting in evaporation. A series of 
chemical reactions occur, initially attacking the oxide film and progress to deplete 
Cr present in the substrate [94]. Oxidation of the base material is then accelerated 
by Cr depletion, promoting a porous oxide scale formation.

An example of this could be the formation of thermodynamically unstable liquid 
sodium sulfate (Na2SO4) deposits. The marine environment mainly sources such 
deposits in sea salt form, followed by atmospheric contaminants such as volcanic 
discharges and fuel. During combustion, the present Na2SO4 can combine with 
pollutants present in air or fuel (such as chlorides, V and Pb) to form a blend of low 
melting temperature salts, further broadening the temperature range attack [94]. 
In the presence of sodium chloride (NaCl), the following reaction after combustion 
can be observed:

 + + = +2 2 2 4 22NaCl SO O Na SO Cl  (1)

HTHC can be classified into four stages from initiation up to failure [95]:

1. Stage I: Initial coating deterioration—roughening of the surface edges coupled 
with localised oxide layer disintegration and minor base metal layer depletion 
is observed. If the surface is left untreated, the condition will worsen. Surface 
recoating and stripping may be adequate to remedy this degree of damage.

2. Stage II: Oxide layer rapture—characterised by an acceleration and advance-
ment in surface roughness compared to Stage 1 and the protective oxide layer’s 
failure. Although the mechanical integrity remains maintained, there is no way 
to salvage the component to its original state.

3. Stage III: Detrimental sulphidisation—depicted by massive scale build-up on 
the component’s surface and indications of liquid Na2SO4 under the protective 
layer. The structural integrity of the part is significantly affected, attack by S 
contaminants proceeds.

4. Stage IV: Catastrophic attack—failure of the component occurs due to the 
observed significant blistered scale penetrating much into the base metal. 
Structural rigidity is lost.

This corrosion damage is characterised by a uniform attack, internal sulphide 
phases, depletion zone beneath a relatively smooth scale–metal interface [80, 96].
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4.2.2 Low-temperature hot corrosion (LTHC)-type II

Type II corrosion has been reported [97–102] as a liquid-phase deterioration by 
a blend of molten nickel (Ni) or cobalt (Co)-containing sulphates such as Na2SO4-
CoSO4 or Na2SO4-NiSO4 accountable for corrosion initiation and propagation. The 
corrosion initiation is achieved through oxide layer fluxing, while propagation is 
accelerated by the mass movement of reactive elemental components through liquids 
present in the corrosion pits [80]. Studies [103–106] have shown that conversion 
from CoO and NiO occurs when SO3 in the gas reacts with the sulphates, attributing 
to the extensive usage of mixed Na2SO4-NiSO4 in recent LTHC research studies.

LTHC can be found in coated or uncoated compressor and turbine parts. For 
instance, the sometimes turbine blade’s uncoated internal cooling systems operating 
at temperatures of about 650–750°C may be prone to this corrosion type [107]. The 
external rim of uncoated turbine blades reaches temperatures of 400–800°C [108]. 
LTHC is distinguished by the pit’s appearance and the absence of a sulphide zone at 
the corrosion front, consuming all the S [96].

4.3 Mechanisms

Two HTHC mechanisms have been proposed, namely sulphide-oxidation and 
salt fluxing mechanisms [94]. Acidic and basic fluxing reactions, presented initially 
by Goebel and Pettit [109, 110], may be obtained and rely on the compositions of 
the alloy, oxide and underlying coating [93]. According to this model, fluxing occurs 
due to the decomposition of oxides into corresponding cations and O2− (known as 
acidic fluxing) or oxides with O2− forming anions (referred to as basic fluxing).

In acidic fluxing, oxide ions are donated to the deposit melt through dissolving 
the oxide scale [93]:

 + −= +2 2MO M O  (2)

Acidic environments in molten deposits can be developed through two main 
processes, namely, alloy-induced and gas-phase acidic fluxing. Basic fluxing is 
achieved through the production of oxide ions in a Na2SO4 deposit. Such is obtained 
by removing S and oxygen from the residue through reactions with the alloy or 
underlying coating. Subsequently, the oxide scales (e.g., MO) produced can react 
with the oxide ions through reactions [93]:

 − −+ =2 2
2MO O MO  (3)

A conventional model for LTHC was proposed by Luthra [111]. As suggested 
by the model, LTHC follows two stages, namely, formation of liquid-form sodium-
cobalt sulphate and attack propagation through SO3 migration through the liquid 
salt. In nickel-based alloys, the mechanism suggested by Shih and associates [112] 
for LTHC is sulphidisation.

4.4 Laboratory testing techniques

An alloy’s resistance to hot corrosion can mainly be determined using four 
standard tests: the electrochemical, crucible, accelerated oxidation, and burner-rig 
[94, 113]. The crucible tests remain the most highly ranked test for hot corrosion, 
simply consisting of either suspending, depositing, or completely immersing the 
testing sample in molten salts at elevated temperatures, as presented in Figure 3. 
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As far as TiAl alloys are concerned, less work has been carried out to understand the 
hot corrosion behaviour of such alloys [114–116].

Gas turbine environments can be precisely simulated by employing burner-rig 
tests [117, 118], shown in Figure 4. The salt is in aerosol or fog form and fuel oil/
air is introduced into the testing chamber to generate the test environment [119]. 
Simmons et al. [120] indicated that hot corrosion is an electrochemical process since 
hot corrosion consists of electrochemical reactions in which the molten salt acts as 
the conductive media or electrolyte.

4.5 Prevention methods

Some of the approaches used to prevent hot corrosion include maintaining 
both fuel purity and composition, properly selecting structural alloys, employing 
 coatings, cleaning hot parts and air filtering [94].

4.5.1 Fuel purity and composition

Initiation and propagation of hot corrosion are greatly affected by impurities 
such as vanadium (V), S, and various alkali earth metals [121]. This can be con-
trolled by adding magnesium (Mg), Cr, barium and calcium to the combustion fuel 

Figure 3. 
Configurations used in hot corrosion crucible testing [114].

Figure 4. 
Burner rig hot corrosion test schematic representation where (a) is an illustrates the experimental setup for 
Na2SO4(g) exposure, (b) is an image of the specimen plate for Na2SO4(g) tests in a crucible with the salt 
container and (c) is an ex-situ salt hot corrosion schematic diagram setup for experimental studies [119].
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to decrease corrosion rate. The presence of zinc (Zn) in the form of anodes in the 
combustion fuel or as part of the protective coating can significantly reduce the 
occurrence of LTHC. According to Hancock and associates [122], Zn drastically 
reacts with chloride ions (i.e., when excess NaCl is available) and transfers the 
chloride to the gas-salt interface to transform to chloride gas via sulphidisation.

4.5.2 Proper alloy selection

The addition of Cr to superalloys has effectively reduced the occurrence of hot 
corrosion [123]. Historically [121, 124], Cr (15 wt.% for Ni-based and 25 wt.% for 
Co-based alloys) has been added to superalloys to reduce HTHC. Much related to 
TiAl alloys, Garip and Ozdemir [125] studied the effect of Cr, Mo and Mn on the 
cyclic hot corrosion behaviour, and subsequently reported the beneficial effects of 
Cr and Mn additions on the hot corrosion properties of the investigated samples. 
Cr’s effect on corrosion resistance is attributed to the ability of Cr to form Cr2O3, 
stabilising the chemistry melt, preventing reprecipitation of the protective oxide 
scale. Contrarily, increased Cr additions to superalloys can compromise the high-
temperature strength and ductility [113] by forming TCP phases. The alloy and 
oxide film adhesion has been reported to be improved by the addition of zirconium, 
yttrium, scandium, cerium and lanthanum [113]. Silicon (Si), platinum (Pt), haf-
nium, Ti, Al, and Nb [126] were also found to increase resistance to hot corrosion.

4.5.3 Protective coatings

Such as diffusion, overlay and thermal barrier (TBCs) coatings can be used on 
relatively resistant alloys to combat hot corrosion. An alloy’s surface enrichment by 
Al, Si or Cr achieves diffusion coatings. Various aluminide diffusion coatings (i.e., 
PWA70, MDC3V, PWA62, TEW LDC2, Elbar Elcoat 360 and Chromalloy RT22) have 
been developed and can be alloyed with Pt to improve cyclic oxidation at high tem-
peratures [127]. Overlay coatings, commonly referred to as M (base metal)–Cr–Al–Y 
coatings, are designed for LTHC and HTHC surface protection. Overlay coatings with 
low Cr-high Al coatings are used for HTHC protection, while high Cr-low Al coatings 
are used for LTHC [94]. TBCs protects the substrate from gaseous flow caused by heat 
and consist of an external ceramic usually zirconia) and an oxidation-resistant bond-
coat overlay. Other coatings include intelligent coatings like RT22 (Pt-aluminide) and 
Sermetal 1515 (a triple-cycle Si-aluminide treatment), have been reported [127].

Inexpensive alternatives include oxide-based glass and glass–ceramic coatings 
[128, 129]. Oxide-based glass and glass–ceramic coatings exhibit a remarkable combi-
nation of properties such as excellent chemical inertness, high-temperature stability 
and superior mechanical properties, which effectively can mitigate deterioration 
caused by hot corrosion. The introduction of halogens on the surface of the alloy 
encourages the preferential formation of aluminium halides at elevated temperatures. 
The aluminium halides are then converted to thin, continuous, and protective alu-
mina oxides. Fluorine provides the best oxidation protection [130]. Further examples 
of surface modifications coating and methods studied on γ-TiAl alloys include 
magnetron sputtering [131], laser cladding [132], sol–gel [133], pack cementation 
[134], chemical vapour deposition [135], slurry [136], ion implantation [137].

4.5.4 Cleaning hot parts and air filtering

Motoring washes can be flooded with plain water [121] to prevent hot corrosion using 
specified procedures in the maintenance manual for the specific engine model. Also, 
high-efficiency filters can be used to filter out air containing high sodium contents [138].
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4.6 Hot corrosion studies for TiAl alloys

Although much work has been devoted to understanding the hot corrosion 
kinetics of Ni-based and Co-based superalloys, TiAl alloys emerged to have sparked 
much interest in recent years [1, 56, 57, 139]. Historically, reported works utilised 
alloys produced using conventional methods; however, more attention has recently 
shifted to AM routes [70, 73, 140–146]. Despite much devotion to improving struc-
ture–property relations of TiAls, little work has been reported on the hot corrosion 
of additively manufactured TiAl.

Garip and Ozdemir [147] produced an alloy to the nominal at.% composition 
of Ti-48Al-10Cr using electric current activated sintering and studied the hot 
corrosion kinetics of the alloys in Na2SO4 salt for 180 h at 700–900°C. A severe hot 
corrosion attack was observed at 900°C (refer to Figure 5), with a porous and loose 
layer consisting of Na2Ti3O7, TiO2, Al2O3 traces of TiS phase.

In a study led by Xiong et al. [67], bare alloys TiAl, TiAlNb, and Ti3AlNb, were 
severely damaged after exposure at 750°C in (Na, K)2SO4 + NaCl melts as compared 
to those coated with enamel or TiAlCr. The corrosion mechanism was described 
to be much related to self-catalysis of sulphidisation and chlorination of metallic 
components. The initial mass loss observed is due to chloride volatility via metal-
lic component chlorination. Of the alloys investigated, TiAlNb exhibited the best 
corrosion resistance due to adhesive Al2O3 enriched scale formation. Lastly, the 
degradation acceleration of sputtered TiAlCr coating was reported to be due to the 
chlorination of Cr and Al.

Additions of Nb and Si to traditional TiAl coatings were found to improve the hot 
corrosion resistance of a Ti-6Al-4 V alloy. In the stated work, Dai et al. [148] investi-
gated the corrosion mechanisms on a mass loss basis following exposure at 800°C in 
a 75 wt.% Na2SO4 + NaCl salt mixture. Increasing single Nb additions deteriorated 
the hot corrosion resistance of the coating. Comparatively, increasing single Si 
additions continued to improve hot corrosion resistance. However, additions of both 
Nb and Si simultaneously showed better resistance to corrosion than single element 
additions. The corrosion protection of both Nb and Si (as seen in Figure 6) was 
related to SiO2 and Al2O3 formation in the initial stages of hot corrosion. Secondly, 

Figure 5. 
Cross-sectional SEM images showing oxide scale microstructures with EDS analysis points represented in at.%, 
after hot corrosion exposure at (a) 800°C and (b) 900°C for 180 h [147].
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Si additions were reported to promote the formation of a Na2O-Al2O3-TiO2-SiO2 
enamel, hindering contact between the corrosive media and the oxide scales.

Tang et al. [149] studied the effect of enamel coatings on γ-TiAl against hot 
corrosion at 900°C. The enamel coating remained stable in the (Na,K)2SO4 melts, 
thus effectively protecting it against hot corrosion attack. Silicon-based coatings 
have also been shown to protect TiAl alloys. Rubacha et al. [150] evaluated the hot 
corrosion resistance of silicon-rich coated Ti-46Al-8Ta (at.%) alloy in NaCl, Na2SO4 
and a mixture of the two salts. The formation of an amorphous SiO2 layer with TiO2 
(rutile) and α cristobalite crystals enhanced the hot corrosion resistance of the TiAl 
alloy. Furthermore, Wu and colleagues [151] studied the hot corrosion resistance of 
a SiO2 coated TiAl alloy in 75 wt.% Na2SO4 + 25 wt.% NaCl salt mixture at 700°C. 
The enhanced hot corrosion resistance of the TiAl alloy was attributed to the 
formation of a compact and adherent amorphous SiO2 embedded with Na2Si4O9 and 
cristobalite. The incorporation of Si in aluminide coatings has also provided long-
term oxidation protection of γ-TiAl alloys at temperatures of 950°C by forming a 
continuous and uniform α-alumina oxide scale [152].

5. Oxidation

5.1 Definition

When metallic materials are exposed to elevated temperatures in air, oxida-
tion occurs, resulting in the formation of oxide scales. The crystal structure of 
the individual metals significantly affects the oxidation rate of high-temperature 
applicative parts [153, 154].

5.2 Oxidation behaviour in TiAl alloys

The following reactions may occur when TiAl alloys are subject to an oxidising 
environment:

 ( ) ( ) ( )+ =2
1
2 s sgTi O TiO  (4)

 ( ) ( ) ( )+ = 22
1
2s sgTiO O TiO  (5)

Figure 6. 
Representative hot corrosion model of TiAl-xNbySi coating where (a) illustrates TiO2 and Al2O3 formation 
and (b) shows an acidic dissolution of TiO2 to form sodium titanates including NaTiO2 and Na2TiO3 [148].
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 ( ) ( ) ( )+ = 2 32
32 2s sgAl O Al O  (6)

The ultimate oxidation resistance of alloyed TiAls is achieved by forming 
protective Al2O3, Cr2O3 and SiO2 scales due to their outstanding thermal stabili-
ties. In contrast, the unfavourable formation of porous TiO2 with a high crack 
tendency is often observed [153]. Cobbinah et al. [155] found that 4 and 8 at.% 
Ta additions to Ti-46.5Al alloy promoted the significant formation of a consis-
tent, non-porous Al2O3 layer at the metal-oxide boundary. Additionally, the layer 
operated as a diffusion barrier and preceded to outstanding oxidation resistance 
of the TiAl alloys.

In a study by Pan et al. [156], a comprehensive understanding is provided of the 
role of alloying on the oxidation resistance of TiAl alloys. Protection was related 
much to the formation of Ti3Sn layer diminishing oxygen diffusion inwardly, pro-
moted by Sn additions. Moreover, spallation resistance was enhanced by the Al2O3 
oxide pegs providing a mechanical locking. The effect of cathodically electrodepos-
iting a SiO2 film on the oxidation resistance of a TiAl alloy was studied [157]. After 
900°C exposure in air, the resultant alumina- and silicon-enriched glass-like oxide 
scale (in Figure 7) was reported, preventing oxygen diffusion leading to remark-
ably decreased alloy oxidation rates.

Surface modification of TiAl alloys via anodising has sparked interest in many 
high-temperature oxidation studies [158–161]. For instance, the oxidation behav-
iour and protection mechanisms of a TiAl alloy were studied by anodising in a 
methanol/NaF solution and produced an aluminium (Al)-and fluorine-enriched 
anodic film [162]. After 100 h exposure at 850°C, no evidence of cracking and 
spallation was displayed on the surface. The enhanced high-temperature oxida-
tion resistance is mainly attributed to the halogen effect, generation of Al2O3 and 
oxidised Al–F species inhibiting external oxygen diffusion. Much effort has been 
devoted to developing coatings for γ-TiAl alloys, summarised in an evaluation by 
Pflumm et al. [130]. Amongst many available coating methods, Si-modified alu-
minide coatings produced via pack cementation have gained popularity. One such 
study [81] demonstrated that a continuous α-Al2O3 scale remained adherent after 
exposure to a temperature of 950°C for 3000 h.

5.3 Oxidation kinetics of TiAl alloys

When a metal operating at elevated temperatures is exposed to air, an oxide 
scale forms. As oxide scale formation proceeds, the metal’s weight change can be 
plotted against time. Several laws such as linear, parabolic, logarithmic or cubic 
can be observed when studying oxidation kinetics [163]. In as far as TiAl alloys are 

Figure 7. 
Representation of a γ-TiAl alloy coated with E-SiO2 film (a) and after thermal oxidation test (b) [157].
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Figure 8. 
Mass change against time plots for (a) oxidation rate constant of the AM produced TiAl 48–2-2 alloy and 
(b)–(c) the power-law constant – n extrapolation [48].

concerned, either linear or parabolic oxidation kinetics prevail. While the former 
offers no protection against high-temperature oxidation, the latter promotes 
diffusion-controlled oxide scale formation, improving much on the oxidation resis-
tance of the base material. Parabolic oxidation follows and obeys the following law:

 ( )∆ =
2

p
m k tA  (7)

where ∆m  = change in weight (in mg), A = surface area (in cm2), t = time  
(in sec) and pk  = parabolic oxidation rate constant (in mg2.cm−4.sec1).

The optimum oxidation protection governed by the parabolic law often results 
in a thick and continuous TiO2 and Al2O3 scale. As such, Swadźba et al. [48] inves-
tigated the short-term oxidation behaviour of a TiAl 48–2-2 alloy produced by AM 
at a temperature range of 750–900°C in air. At 900°C, a non-porous scale consist-
ing of TiO2, Al2O3 and nitrates, exhibiting parabolic oxidation (in Figure 8), was 
observed.

Garip [164] likewise studied the oxidation kinetics at 900°C in air for 200 h for 
TiAl alloys produced via pressureless and resistance sintering. Both alloys exhibited 
a nearly parabolic oxidation response, with oxidation rate constants of the pressure-
less sintered alloy of 0.6391 mgn cm−2n h−1, 1.8 times higher than that of the alloy 
compacted using resistance sintering. Multi-layered oxide scales consisting of TiO2 
and Al2O3 were obtained.
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5.4 Effect of alloy modifications on the oxidation resistance of TiAl

Oxidation protection offered by forming a continuous Al2O3 scale followed 
by a multilayer of TiO2 + Al2O3 is limited, unfortunately, to the maximum service 
temperature of ~830°C. Above this temperature, the protection potential presented 
by the oxide scales formed severely deteriorates, limiting the high-temperature 
application potential for structural components [165]. The current trend in research 
is to improve the oxidation resistance of TiAl through alloy modifications.

Nb is one element used in many research works [86–90] to improve the oxida-
tion resistance of TiAl alloys. Al activities are promoted by Nb additions and 
accelerate protective Al2O3 oxide film formation, limiting oxygen diffusion into the 
alloy [166]. Also, the α2 phase present in TiAl alloys is significantly decreased by Nb 
additions, decreasing its oxygen solubility [54]. Although Nb was primarily used 
for improving oxidation resistance [167], other high-temperature properties such as 
strength and creep resistance have been enhanced by the presence of Nb.

The creep resistance and the oxidation resistance of TiAl and its alloys can be 
enhanced by adding Si. The oxidation improvement is said to be achieved through 
the refinement of TiO2 particles, inducing refined and compact TiO2 scales on the 
surface [165]. Moreover, Si promotes Al diffusion into the oxide scale, stabilises Ti, 
reduces Ti4+ ions and impedes external Ti4+ ions diffusion [168].

The effect of adding molybdenum (Mo) alone to TiAls to improve on high-
temperature oxidation is minimal. The protection of Mo-containing TiAl alloys is 
through the formation of inner oxide layers of TiO2 and Ti2AlMo near the substrate 
surface [165]. Unfortunately, Mo additions cannot alter the external oxide film 
formed (i.e., comprises of loose and porous TiO2 scales) and its characteristics. It is 
recommended in practice that the improvement of high-temperature oxidation can-
not be derived from adding Mo alone; instead, the combination of Mo with other 
alloys can have a beneficial effect on the alloys’ resistance to oxidation [169].

Cr additions promote the formation of Cr2O3 oxides, which act as mass ion 
transport barriers [170], enhancing oxidation resistance. In addition, the Al content 
existing in the alloys can be significantly suppressed by Cr additions, promot-
ing the formation of Al2O3 scales. Oxygen diffusion at elevated temperatures can 
be accelerated by Cr3+ ion doping in titanium oxide, improving oxygen vacancy 
concentration. Contrarily, the doping effect may impair the TiAl alloy’s oxidation 
by making Ti4+ interstitially occupying TiO2 sites, improving the potential energy 
with a noticeable decrease in diffusion activation energy, encouraging the diffusion 
of Ti4+ in TiO2 [171].

Zirconium (Zr) additions can also enhance oxidation properties by altering the 
characteristics of the oxide formed during the primary stages of oxidation and pro-
mote oxide grain nucleation [172]. As a result, the refinement of the oxide particles 
occurs, which can hinder oxygen diffusion. Rare earth metals have been reported to 
enhance the oxidation resistance of TiAl alloys. As discussed in detail in a research 
paper by Dai et al. [165], the protection mechanism is contributed by grain refine-
ment, substrate purification, oxide adherence improvement and promotion of Al 
selective oxidation.

6. Conclusions

The need for materials to give excellent mechanical properties under high tem-
peratures and extreme conditions such as TiAl is in demand. The use of such alloys 
would mean a reduction in pollution and noise levels for aero-based engines due to 
improved thermal efficiencies. There are challenges in producing such alloys using 
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the conventional arc and induction melt casting techniques due to the extremely 
high melting temperatures of the alloys. The AM route, particularly L-PBF, presents 
an opportunity to produce such alloys. What is critical in such trials is the operating 
parameters during processing. This has a direct influence on the performance and 
mechanical properties of the alloys so produced. Hot corrosion and oxidation of 
TiAl alloys are of great concern in gas turbine engines. Hot corrosion can be clas-
sified into HTHC and LTHC, with particular reference to mechanisms and char-
acteristics. Protection control methods may result in fewer catastrophic failures. 
The hot corrosion process must be either totally prevented or detected early to 
avoid catastrophic failure. A sound understanding of oxidation mechanisms and 
kinetics of TiAl alloys makes it easier to tailor oxidation-resistant alloys by alloy 
modifications.
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discusses the major driving force behind corrosion, and provides insight into possible 
remediation techniques.
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