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ABSTRACT

The magnesium alloys are considered to be the best structural materials, because
of their advantageous strength to weight ratio. But, the limitation in their real field
applications lies in the fact that magnesium alloys are highly susceptible for corrosion.
Hence understanding the corrosion of AZ31 alloy and developing the measures to

combat the same are crucial.

In the present studies, the corrosion behaviour of AZ31 alloy was investigated
by electrochemical methods in sodium chloride and sodium sulphate media of different
concentrations at different temperatures and followed by its inhibition studies. The
corrosion rate was monitored by potentiodynamic polarization technique and
electrochemical impedance spectroscopy along with SEM-EDX, and XPS. The
synthesized inhibitors were subjected to theoretical studies as well. The blank corrosion
studies were performed at various medium concentrations, pH and temperatures. The
results revealed a trend of higher corrosion rate associated with higher medium

concentration, lower pH and higher temperature.

Five different long chain anionic Gemini surfactants namely, DB, DH, DO, DC
and DD were synthesized and tested as corrosion inhibitors for AZ31 alloy. The
calculated activation and thermodynamic parameters have been recorded in the thesis.
The inhibitors were predominantly physisorbed with partial chemisorption. The
adsorption of the surfactant on the surface of AZ31 alloy obeyed Langmuir adsorption
isotherm. The studied surfactants were found to function as mixed-type inhibitors. The
surfactants were more efficient at lower temperatures. The efficiencies of the
surfactants decreased in the order: DD>DC>DO>DH>DB and this has been accredited
to the reduction of chain length. The proposed mechanism attributed the cathodic
inhibition to the blockage of the reaction spots by chemisorbed acetates. The anodic
inhibition resulted from the compaction of porous film by precipitated magnesium-

inhibitor salts.

Keywords: AZ31 alloy, Corrosion, Inhibitor, Anionic Gemini surfactant, Impedance.
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CHAPTER 1

INTRODUCTION

Corrosion is the disastrous attack on a metal by its surroundings through a
chemical or electrochemical reaction. About one-quarter of the world’s annual steel
production is destroyed by corrosion. On certain occasions, the chemical attack goes
with physical weakening, as depicted by the accompanying terms: errosion-corrosion,
corrosive wear, or fretting corrosion. Few insist that the statement must be restricted to
metals, but many corrosion engineers had considered both metals and non-metals for
the solution of a given problem. Non-metals are not considered for this definition of
corrosion. Plastics may expand or crack, wood may split or decay, stones may erode,
and Portland concrete may spoil away, yet the term corrosion, here, is confined to
chemical substances attacking metals. For example, iron railroad tracks show little less
rusting over the years than 18-8 stainless steel that is badly attacked in hours by

polythionic acid (Sastri 1998).

Although many other metals form their oxides when corrosion occurs, corrosion of iron
or iron-based alloys, with their corrosion products, largely of hydrous ferric oxides is

called “rusting”.

The three main bases for the significance of corrosion are economics, safety, and
conservation. In order to suppress the impact of corrosion, scientists aim to reduce
material losses, as well as the go with economic losses, that result from the corrosion
of metallic materials and installations such as pipings, tanks, metal components of

machines, ships, bridges, marine structures, and so on.

Indirect losses are highly laborious to assess, yet, the direct losses such as replacing
corroded structures and machinery or their components, such as condenser tubes,
mufflers, pipelines, and metal roofing, including the necessary labor cost amount to a
large amount of money. Examples of indirect losses are shutdown, loss of product, loss
of efficiency, and contamination of products. Another important concern is the world’s
supply of metal resources. The rapid industrializations of many countries indicate that

the competition for the price of metal resources will increase. Due to corrosion, useful
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metal properties such as malleability, ductility, electrical conductivity, and also surface

appearance are lost (Fontana 2005).

1.1  DAMAGE DUE TO CORROSION

A few of the major effects of corrosion are listed below. However, corrosion is
desirable in some cases. For example, aircraft and other machines use chemical milling
and chemical machining. Excess metal is dissolved for an uncovered surface that is
been exposed to acids. This process is economical and is used when the conventional

method cannot be reached to some parts of the machine.

e Appearance: The automobile vehicles are painted for better appearance and
rust-free surfaces. Machines corrode and badly get rusted when equipments are
kept in a plant over the years, and that would showcase poor impression on the
observer.

e Maintenance and operating costs: Substantial savings can be made in many
types of industrial plants through the use of corrosion-resistant materials of
construction. One example is the waste acid recovery plant operated for several
months was stopped until a serious corrosion problem was solved. The
application of cathodic protection can reduce corrosion rates in existing
underground pipelines.

e Plant shutdowns: Frequently plants are shut down or part of a process in an
industry is stopped because of unexpected corrosion failures. Sometimes these
shutdowns are caused by corrosion that involves no change in process
conditions, but occasionally they are caused by changes in operating procedures
erroneously regarded as incapable of increasing the severity of the corrosive
conditions. For example, to increase the production of a chemical compound, a
company decided to lower the temperature of the cooling medium in a heat-
exchanger system and the time required per batch decreased. But, induced
higher stresses in the metal. Stress corrosion cracking (SCC) of the vessels
occurred quickly, and the plant was shut down with production delayed for some
time.

Corrosion monitoring of an industrial plant process helps prevent

unexpected plant shutdown.
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Contamination of product: In many case studies, the price of the product is
directly related to its purity and quality. Free from contamination is an important
factor in the manufacture and handling of transparent plastics, dyes, foods,
drugs, and semiconductors. One of the examples in this case is manufacture and
transporting of concentrated hydrogen peroxide or hydrazine in which case, a
very small amount of corrosion, which introduces certain metal ions into the
solution, may cause catalytic decomposition of the product.

Loss of valuable products: No particular concern is attached if slight leakage
of acid to the drainage system, but the loss of material in huge amount requires
immediate corrective action. Slight losses of uranium compounds or solutions
are hazardous and can be very costly. In such cases, utilization of more
expensive designs and better materials of construction are well warranted.
Effects on safety and reliability: The handling of toxic materials such as HF,
radioactive substances, and chemicals at high temperatures and pressures
demands the use of construction materials that minimize corrosion failures.
Stress corrosion of a metal wall separating the fuel and oxidizer in a missile
could cause premature mixing, which could result in a loss of a huge amount of
money.

Corrosion plays a vital part in medical metals used by orthopedics, such as hip
joints, screws, plates, and heart valves. Reliability is, of course, of paramount

importance here (Fontana 2005) (Uhlig 2011).
ELECTROCHEMICAL THEORY OF CORROSION

As per this hypothesis, corrosion of metals take place due to the formation of

anodic and cathodic regions on the same metal surface or when two different metals

are in contact with one another in the presence of a conducting medium. At the

anodic region, the metal undergoes oxidation, forming the oxidized product and

liberating electrons. At the cathodic area, a reduction reaction takes place. The

constituents of the corrosion medium undergo reduction at the cathode. The

oxidation reaction at the anodic region and the reduction reaction at the cathodic

region must continue simultaneously at the same rate to maintain electroneutrality.

The electrons generated by the anodic reactions migrate to the cathodic region,
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constituting the corrosion current and the electrons are consumed in the cathodic
process. The metal ions formed at the anode and the anions formed at the cathode
diffuse towards each other through the conducting medium and form a corrosion

product somewhere in between the anode and the cathode (Fontana 2005).
Corrosion reactions

At the anodic region: The metal that gets converted into ions with the liberation of

electrons.
M > M™ + ne- (1.1)

At the cathodic region: Depending on the nature of the corrosion

medium/environment the following reactions may take place at the cathode.

Hydrogen evolution: 2H* + 2e~ - H, 1 (1.2)
Hydrogen evolution in neutral: 2H,0 + 2e~ - 20H™ + H, 1 (1.3)

1

2

3. Oxygen reduction (acid solutions): 0, + 4H™ + 4e~ - 2H,0 (1.4)

4. Oxygen reduction (neutral or basic solutions): O, + 2H,0 + 4e~ — 2H,0(1.5)
5

Metal ion reduction: M3+ + e~ — M?* (1.6)

1.3 CLASSIFICATION OF CORROSION

The corrosion process can be classified based on various perspectives. Based on
the temperature conditions at which the corrosion takes place, it is distinguished as
low-temperature and high-temperature corrosion. Another classification is a direct
chemical attack and electrochemical corrosion. They are also known as dry corrosion
and wet corrosion, respectively, as they take place in the absence and presence of
moisture or conducting medium (Fontana 2005).

1.3.1 Forms of corrosion

Based on the appearance of the corroded surface by visual examination, the
different types of corrosion have been classified into eight types. The eight types are
as follows (Fontana 2005):
1.3.1.1 Uniform attack

Uniform corrosion is a loss of material distributed uniformly over the entire

surface exposed to the corrosive environment. Metals in contact with strong acids

4
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are sometimes subjected to uniform corrosion. The material becomes thinner and
breaks eventually. For example, a sheet-iron roof will show essentially the same
degree of rusting over its entire outside surface. It is also called general overall
corrosion, represents the greatest destruction of metal on a large basis.
1.3.1.2 Crevice corrosion

It is caused by a difference in oxygen availability between two sites on a passive
metal that leads to the formation of an electrochemical cell. A selective attack within
cracks and at other sites of poor oxygen access is frequently observed.
The most common is oxygen differential aeration corrosion. This occurs when the
oxygen supply is less in crevice than on the surface layer. In lower oxygen levels, it
forms an anode. The metal surface that is exposed to air moisture forms a cathode.
1.3.1.3 Filliform corrosion

It is a special type of crevice corrosion, occuring under protective films, and for
this reason, it is often referred to as filliform corrosion. An example of this type of
corrosion is the attack of enameled or lacquered surfaces of food and beverage cans
that have been exposed to the atmosphere. Filliform corrosion is an unusual type of
attack, since it does not weaken or destroy metallic components but only affects
surface appearance.
1.3.1.4 Pitting corrosion

It 1s observed on passive metals in presence of certain anions (in particular
chloride) when the potential exceeds a critical value. This process typically produces
cavities with diameters on the order of several tens of micrometers. Pitting is a form
of extremely localized attack that results in holes in the metal. These holes may be
small or large in diameter, but in most cases, they are relatively small. Pits are
sometimes isolated or so close together that they look like a rough surface. Pitting is
particularly vicious because it is a localized and intense form of corrosion, and
failures often occur with extreme suddenness. For example, iron buried in the soil
corrodes with the formation of shallow pits, whereas stainless steels immersed in
seawater characteristically corrode with the formation of deep pits.
1.3.1.5 Intergranular corrosion

Intergranular corrosion is a selective attack of grain boundaries. Often, it is

related to thermal treatments that lead to preferred precipitation of phases at grain
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boundaries. The alloy disintegrates (grain fall out) and/or loses its strength. It can be
caused by impurities at the grain boundaries, enrichment of one of the alloying
elements, or depletion of one of these elements in the grain-boundary area.
1.3.1.6 Errosion corrosion
It is the result of an electrochemical reaction combined with a material loss by
mechanical wear due to the impingement of solids or a fluid. The increase in the rate
of depletion or attack on material because of relative movement between a corrosive
fluid and the metal surface is called errosion corrosion. Usually, this movement is
very fast, and abrasion is involved. Metal is removed from the surface as dissolved
ions. Erosion corrosion is characterized in appearance by grooves, gullies, waves,
and valleys and usually exhibits a directional pattern.
1.3.1.7 Stress corrosion
It results from the combined action of corrosion and of mechanical stress. It
manifests itself by crack formation at stress levels well below the ultimate tensile
strength of a material. During stress-corrosion cracking, the metal or alloy is virtually
unattacked over most of its surface, while fine cracks progress through it. This
cracking phenomenon can have serious consequences since it can occur at stresses
within the range of typical design stress.
1.3.1.8 Hydrogen damage
Hydrogen can cause several corrosion problems. Hydrogen embrittlement is a
problem with high-strength steels, titanium, and some other metals. Hydrogen
blistering can occur when hydrogen enters steel as a result of the reduction reaction
on a metal cathode. Single-atom nascent hydrogen atoms then diffuse through the
metal until they meet with another atom, usually at inclusions or defects in the metal.
The resultant diatomic hydrogen molecules are then too big to migrate and become

trapped.

Hydrogen blistering is not restricted to installations containing high-pressure
hydrogen gas. A corrosion reaction involving the reduction of protons, for example

during pickling of steel, can also be responsible for this type of damage (Sastri 1998).
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1.4  FACTORS INFLUENCING CORROSION RATE

Numerous factors impact the rate of corrosion. These factors are classified into
two main groups, as related to the nature of the metal, and the nature of the environment

or corrosion medium (Gadag and Shetty 2010).
1.4.1 Nature of the metal

The nature of a metal or an alloy significantly influences the corrosion rate,
irrespective of the corrosion medium. Some of the properties of the metal, which

potentially influence the mechanism as well as the corrosion rate are explained below.
1.4.1.1 Purity of the metal

A pure metal is safer against corrosion than its alloy which is a commercial
counterpart. Yet, the metals of most elevated virtues are costly and precisely weak,
confining their utilization. During the production and when they are subjected to
different metallurgical processes to enhance their properties, they develop
inhomogeneities in them. These may include the formation of inclusions, different
crystallographic orientations, grain and grain boundaries, different phases, scatches,

etc. These changes will initiate and stimulate the corrosion.
1.4.1.2 Electrode potential of metal

The standard electrode potential is the benchmark to decide the tendency of a
metal to undergo corrosion. The metal with lower electrode potential is more
susceptible for corrosion than a noble metal with a higher electrode potential. Thus,
metals like magnesium and zinc with lower electrode potential are less resistant to
corrosion than noble metals like platinum and gold with high electrode potential. But
there are exceptions to this pattern as seen with metals like aluminium, because of
surface passivation. The coupling of two metals with a small difference in their

electrode potentials will minimize the risk of corrosion.
1.4.1.3 Hydrogen overvoltage on the metal surface

The metal with lower hydrogen overvoltage on its surface is more susceptible

to corrosion when the cathodic reaction which is an evolution of hydrogen gas. Lower
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hydrogen overvoltage facilitates the easy release of hydrogen gas. Consequently,
cathodic reaction becomes faster, which, in turn makes the anodic reaction faster. The

higher the hydrogen overvoltage lesser is the corrosion rate.
1.4.1.4 Relative areas of the anodic and cathodic region

The rate of corrosion is impacted by the relative areas of the cathodic and anodic
regions. If a small anodic region is in contact with a large cathodic region, then the
electrons are consumed at a faster rate at the cathodic region, forcing the anodic
dissolution of the metal to proceed with the maximum optimum rate and thus increasing

the corrosion rate.
1.4.1.5 Nature of the corrosion product

The nature of the corrosion product formed on the surface decides whether the
rate of corrosion is high or low. The corrosion product formed like metal oxide may act
as a protective film. Ifthe oxide layer, which forms on the surface, is highly insoluble
and non-porous in nature with low ionic and electronic conductivity, then that type of
products layer effectively prevents further corrosion, by acting as a barrier between the
metal surface and corrosion medium. On the other hand, if the corrosion product is

unstable, porous, and soluble, it increases corrosion.
1.4.2 Environmental factors

The nature of the corrosive medium has an equivalent effect on the rate of metal
corrosion as that of the nature of metal. Some of the environmental factors which have

a significant effect on the corrosion rate are explained below.
1.4.2.1 Temperature

Corrosion rate increases with an increase in the temperature of the corrosion
medium. This is because of the increase in the conductance of the medium with the

increase in temperature.
1.4.2.2 pH of medium studies

The pH of the medium influences the rate of cathodic reaction by affecting the

availability of H' ions for the cathodic reactions. Therefore, a decrease in pH increases
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the rate of corrosion. Amphoteric metals such as aluminium, lead, and zinc are the
exceptions, which undergo significant corrosion at higher pH values of the medium

also.
1.4.2.3 Humidity

It is observed that corrosion rate increases with an increase in humidity of the
environment. The presence of moisture provides conducting medium for the formation

of a galvanic cell, thus facilitating corrosion of metal.
1.4.2.4 Presence of impurities

The presence of certain impurities in the environment increases the
corrosiveness of the medium. For instance, pollutants like SO> combine with the
dampness in the condition, forming sulphuric acid. Increased acidity brings about a rise

in the corrosion rate of the metals.
1.4.2.5 Electrical conductivity of medium

Corrosion rate increases with the increase in the conductivity of the medium.
Higher the conductivity quicker will be the movement of ions between the cathodic and
anodic regions, increasing the rate of corrosion. It is because of the higher electrical

conductivity that ocean water is more corrosive than freshwater.
1.4.2.6 Presence of oxygen and oxidizers

It is seen that the effect of oxidizer additions or the presence of oxygen on
corrosion rate depends on both the medium and the metal involved in the system. The
corrosion rate may be increased by the addition of oxidizers, oxidizers may not affect

the corrosion rate, or a very complex behavior may be observed.

Knowing the basic characteristics of a metal/metal alloy and the medium to
which it is exposed, it is possible to predict in many instances the effect of oxidizer

additions.
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1.4.2.7 Effect of velocity

The effects of velocity on corrosion rate are, like the effects of oxidizer
additions, complex and depend on the characteristics of the metal and the environment
to which it is exposed. For corrosion processes that are controlled by activation
polarization, agitation and velocity do not affect the corrosion rate. If the corrosion

process is under cathodic diffusion control, then agitation increases the corrosion rate.
1.4.2.8 Effect of Concentration of medium

Many materials that exhibit passivity effects are only negligible affected by
wide changes in corrosive concentration. Similarly, few other materials show the same
behavior except that at very high corrosive concentrations, the corrosion rate increases

rapidly.
1.4.2.9 Polarization of anodic and cathodic regions

Polarization of cathode or anode decreases the rate of corrosion. If anodic
polarization takes place, the tendency of the metal to undergo oxidation decreases,
decreasing the rate of corrosion. Anodic polarization results from the accumulation of
metal ions formed at the anode and/or due to the passivation of the anode surface.
Cathodic polarization is either due to the activation polarization or due to the
concentration polarization resulting from the decelerated diffusion of cathodic

reactants.
1.5 THERMODYNAMICS OF CORROSION

Thermodynamics, the science of energy change, has been widely applied to
corrosion studies for many years. Below, the principles applicable to corrosion

phenomena and their limitations are reviewed (Sastri 1998).
1.5.1 Concept of free energy

The free-energy change accompanying an electrochemical reaction can be

calculated by the following equation:

AG = —nFE (1.7)

10
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where AG is the free-energy change, n is the number of electrons involved in the

reaction, F'is the Faraday constant, and £ is the cell potential.

Therefore, for a given corrosion reaction to take place, the cell potential should
be positive. The cell potential is taken as the difference between the potentials of two
half-cell reactions. Assuming hydrogen evolution as a reaction at the cathode, the

following relations are obtained.

H* n+
Ecn = E (3) = EQM™ /M) (1.8)
It follows that metals with negative standard electrode potential,
electrochemical cell potential will be positive and thus the process of corrosion occurs
(4G=-ve). Corrosion will not occur unless the reaction of metal oxidation (anodic metal

dissolution) is spontaneous.
1.5.2 Application of thermodynamics to corrosion

The applications of thermodynamics to corrosion phenomena have been further
generalized using potential-pH plots. These are frequently called Pourbaix diagrams,

after M. Pourbaix who first suggested their use (Pourbaix 1974).

The main uses of these diagrams are (1) predicting the spontaneous direction of
reactions, (2) estimating the composition of corrosion products, and (3) predicting the

environmental changes that will prevent or reduce corrosive attacks.

The Pourbaix diagram for the pure magnesium-water system at 25 °C is shown
in Fig. 1.1 (Pourbaix 1974). As shown by the diagram, magnesium is susceptible to
corrosion under potentials more positive than - 2.37 V (E° of magnesium) and pH below
10.5. A narrow corrosion immune region exists at potentials more negative than the
standard electrode potential of magnesium. The passive region exists at highly alkaline
conditions (pH>10.5), which favor the formation of magnesium hydroxide

precipitation.

11
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Fig. 1.1: Pourbaix diagram of magnesium and water system at 25 °C, showing the

theoretical domains of corrosion, immunity, and passivation (Pourbaix 1974).
1.6 CORROSION KINETICS

Corrosion kinetics deals with the rate of the corrosion reaction, which in turn is
dependent on the rate of the reactions taking place at the anodic and cathodic regions.
The kinetics of the reaction taking place on the electrode surface is dependent on the
electrode potential. Thus, electrode kinetics is the investigation of reaction rates at the
interface between an electrode and a fluid. The study of electrode kinetics has made
conceivable advances in the perception of corrosion and the functional estimation of
corrosion rates. The understanding of corrosion, forms by superimposing
electrochemical fractional procedures was created by Wagner and Traud (Tsai et al.
1998). Some of the significant factors related with the electrode kinetics are presented

in this part.

12
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1.6.1 Polarization

Electrode polarization can be defined as the extent of deviation of electrode
potential from equilibrium value, resulting from a net current flowing from or to the
electrode surface. An electrochemical reaction is said to be polarized when the reaction
is retarded by chemical, physical or environmental factors. Hence polarization is also
referred to as reaction inertia. Electrode polarization reduces the overall potential
difference between two half cells. Hence decreases the electrochemical corrosion. The
degree of polarization is called overvoltage or overpotential given by the following

equation:
Overvoltage = E — E| (1.9)

where E is the electrode potential for some condition of current flow and Eo is the
electrode potential for zero current flow at equilibrium (also termed as the open circuit

potential (OCP), corrosion potential, rest potential).

Depolarizers added to the corrosion medium increase corrosion rate. Chelating
ligands act as anodic depolarizers and oxidizers like ferric ions or O act as cathodic

depolarizers (McCafferty 2010).
1.6.1.1 Activation polarization

Activation polarization usually is the controlling factor during corrosion in a
media that contains a high concentration of active species. Activation polarization
refers to an electrochemical process that is controlled by the slowest step of the reaction
sequence taking place at the metal-electrolyte interface. In other words, activation
polarization is caused by a slow reaction of the electrode because the reaction at the
electrode requires activation energy. Both anodic and cathodic reactions can be under
activation polarization. A reaction for which an activation polarization predominates is

referred to as ‘activation controlled’.

1.6.1.2 Concentration polarization
Concentration polarization refers to an electrochemical process controlled by the
diffusion in the electrolyte bulk rather than at the interface. Concentration polarization

1s said to be cathodic when the electrons accumulate at the cathodic interface due to the

13
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slow diffusion of the reducing species from the bulk electrolyte to the cathode surface.
Anodic polarization arises due to the slow diffusion of metal ions from the anodic
interface into the bulk electrolyte. Cathodic concentration polarization usually is the
controlling factor during corrosion in a media that contains a scarce amount of reducible
species or oxidizers (e.g. diluted acids and aerated salt solution). Any electrochemical
process where agitation leads to an increased rate of reaction is controlled by
concentration polarization.

1.6.1.3 Ohmic Polarization

Electrolyte solutions have relatively lower conductivities in comparison with
metals, particularly in dilute solutions. The potential drop due to the resistance of the
electrolyte solution is referred to as ohmic polarization. In corrosion systems, if the
metal surface is secured with paint or other protecting materials or the electrode has

high resistance, they also contribute to ohmic polarization.
1.6.1.4 Exchange current density

Exchange current density is the rate of exchange reactions or redox reactions
expressed in terms of current density, for electrochemical equilibria involving the

participation of electrons. At equilibrium,

Tox = Treda = :l_(;; (1-10)

where rox and rreq are the equilibrium oxidation and reduction rates and i, is the exchange

current density; n and F' are no of electrons involved and Faraday in coulombs.

Some factors influencing the exchange current density are mentioned below.
e Ratio of the concentration of oxidized to reduced species at the electrodes.
e Temperature of the medium. Higher the temperature higher will be i,.
e FElectrode surface roughness. The greater the roughness of the electrode surface,
more will be the surface area, hence the higher will be i,. Example: platinized

platinum has higher i, for hydrogen evolution than platinum.

14
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1.6.1.5 Mixed potential theory

The concepts utilized in the mixed-potential theory were known in the 19
century. The concepts of this theory were formally presented by Wagner and Traud

in 1938. This theory consists of two postulates:

1. Two or more partial redox reactions are involved in an electrochemical
reaction.
2. In an electrochemical reaction, there can not be any net accumulation of

electric charge.

The first postulate is self-evident, as electrochemical reactions are made up of at
least two half-cell reactions of oxidation and reduction. The second postulate is
similar to the statement of the law of conservation of charge. That is, a metal
immersed in an electrolyte can not immediately collect an electric charge. From this,
it follows that during the corrosion of an electrically detached metal sample, the total

rate of oxidation must be equal to the rate of reduction (Fontana 2005).
1.7 ELECTROCHEMICAL CORROSION TESTING

Corrosion testing is divided into three types of classifications: 1) Laboratory tests,

2) Pilot-plant tests, 3) Tests in fields, 1.e, on-site tests.
The main justifications for corrosion testing are:

e Evaluation and selection of materials for a specific environment or a given
definite application.

e Evaluation of new or old metals or alloys to determine the environments in
which they are suitable.

e Control of corrosion resistance of the material or corrosiveness of the
environment.

e The study of the mechanisms of corrosion or other research and development
purposes. These tests usually involve specialized techniques, precise

measurements, and precise control.

Though numerous corrosion testing methods are available, the selection of the method

is based on the type of the metal and the form of corrosion. Each of the corrosion testing

15



CHAPTER 1

methods finds its application either in the laboratory or in the on-site field. Among the
methods used, only electrochemical methods provide insight into the mechanism of
corrosion. As corrosion is electrochemical in its nature, electrochemical testing

methods are precise in determining its rate (Barnartt 1969).
The corrosion measurement techniques are classified into two types.

a) DC electrochemical monitoring techniques

b) AC electrochemical monitoring techniques
1.7.1 DC Electrochemical monitoring techniques

These methods include changing the potential of the working electrode and
estimating the current delivered as a function of time or potential. When the electrode
is polarized, it can cause electrochemical reactions at the electrode surface. The amount
of current produced during these reactions is controlled by the kinetics of the reactions

and the diffusion of reactants both towards and away from the electrode.

DC polarization technique utilizes a typical three-electrode system. The metal
sample under study is made as the working electrode. An inert metal like platinum
constitutes the auxiliary electrode. The potential of the working electrode is measured
with reference to the reference electrode such as the saturated calomel electrode

(Thompson and Payer 1998).
1.7.1.1 Tafel Extrapolation Technique

In the Tafel extrapolation method, the working electrode would be immersed in the
electrolyte and then allowed to attain the steady-state potential or the OCP using an
electrochemical workstation. On attaining the OCP, the system will be drifted away
from its steady-state both anodically and cathodically to the OCP. A plot of the
logarithm of corrosion current density against the potential thus obtained is called the
Tafel plot. The straight line of anodic and cathodic branches are extrapolated such that
their intersection point defines OCP at Y-axis and corrosion current density (icorr) at the
X-axis. However, to ensure accuracy, the linear region at least £50 mV from the OCP
and one decade of linearity is considered to ensure good accuracy in the measurements.

The corrosion potential (Ecorr) 1S @ thermodynamic parameter that is specific to the
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sample and icor is a kinetic parameter that is directly proportional to the rate of
corrosion. The anodic and cathodic Tafel slopes or constants are referred to as f. and

L, respectively. A representative Tafel extrapolation is depicted in Fig. 1.2.

Cathodic polarnization curve
Tafel line extrapolation
+0.2 —
O —
by 0.2 —
Anodic polarization curve
Tafel line extrapolation
—0.4 —
0.6 4
icarr \‘E
—0.8 — T | [ |
10°¢ 104 102
i (log scale)

Fig. 1.2: Potentiodynamic polarization curves.

Kinetically controlled electrochemical reaction of an isolated half-cell obeys Tafel

equation (1.11).

(2.3(Eﬁ—E0))

i=igpe (1.11)

where, i is the electrode current density of the reaction, ip is exchange current density,
E is the electrode potential, Eo is the equilibrium potential, f is the Tafel constant for a
given reaction expressed in units of volts/decade. The combined Tafel equations for
both the anodic and cathodic reactions of a corroding system generate the Butler-

Volmer equation (2).

[_2 3(E Eo)
i=i,+ i, = icorr[ [2.3(E=Ep)]/Bal — o

] (1.12)

where, fa and fc are Tafel constants for the linear portion of anodic and cathodic Tafel
branches up to 1 decade of current, respectively. Tafel constants are related to electrode
kinetic parameters and are useful in the valuation of polarization resistance (Rp) as

described by the Stern-Geary Equation below (3).

_ BaBc
Rp 23 icorr(BatBc) (1.13)
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The rate of corrosion is determined by the equation below (1.14).

(KX icorr XEW)

Ucorr (mmy_l) = P (1.14)

where, constant K=0.00327 mm g pA™! cm™! y!, defining the unit of corrosion rate mm
y'!, icorr is the corrosion current density expressed in pA cm™2, E.W is the equivalent

weight of the corroding specimen, p is the density of corroding specimen.
Advantages of Tafel extrapolation technique

* A rapid corrosion monitoring technique as compared to the conventional weight-loss

method of analysis.
* Greater accuracy in determining corrosion rate, even at extremely low corrosion rates.

+ Continuous corrosion monitoring in industries is facilitated by the Tafel polarization

method.
Disadvantages

* The test electrode can be polarized only a limited number of times because some

degree of electrode surface roughening occurs with each polarization.

* The method can be applied only to systems containing one reduction process since the

Tafel region is distorted if more than one reduction process occurs.

* The system gets disturbed due to polarization of material under test by several hundred

mV from corrosion potential.
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1.7.2 AC electrochemical monitoring techniques
1.7.2.1 Electrochemical impedance spectroscopy (EIS)

The electrochemical interfaces are best understood when viewed from an
impedance standpoint. The impedance studies of corroding systems help to characterize
and analyze complex interfaces (Niu and Lee 2000). The impedance is the AC
equivalent of DC resistance (R). It is the resistance offered by a circuit to the flow of
AC. In impedance tests, a sinusoidal electrochemical (current or potential) perturbation
considered with reference to a suitable DC condition is impressed on the system. Most
corrosion investigations involve the application of a small amplitude voltage excitation
which is centered on the corrosion potential and which encompasses a wide range of
frequencies. Such a multiple frequency stimulation enables computation of electrode
capacitance and rates of various electrochemical reactions. Small amplitude stimulation
is preferred to achieve a linear or pseudo-linear response from the system. In a linear
(or pseudo-linear) system, the output will be a current sinusoid at the same frequency

but shifted in phase as shown in Fig. 1.3.

r;hase
shift

Fig. 1.3: Schematic representations of a pattern of waves.

An expression similar to Ohm's law gives the impedance (Z) of the system as the ratio
of potential to current both expressed as functions of time, as represented in the equation

below

7 = ﬂ: Eg(sinwt) _ 7 (sinwt)

——— 1.1
It Ih(sinwt+ @) 0 (sinwt+ @) (1.15)
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where E: and [; are the potential and current at time ¢, E, and I, are the amplitude of
potential and current signals, w is the radial frequency, Z, is the magnitude of the

impedance and ¢ is the phase shift.

However, the impedance (Z)) for practical convenience is expressed in terms of
real Z’ (w) and imaginary Z”(w) components in cartesian coordinates as given in

equation (1.16):

Z(w) =Z"(w) + Z"(w) (1.16)
The impedance data are interpreted by developing different plots like Nyquist and Bode
plots. On plotting Z’ along X-axis and Z” along Y-axis, Nyquist plot will be obtained.
A plot of log (Z,) along Y-axis and log (f) (frequency) along X-axis yields Bode
magnitude plot, whereas Bode phase angle plot is obtained by plotting ¢ along Y-axis
against log (f) taken along X-axis. On a Nyquist plot, the impedance is symbolized as
a vector, the length of which corresponds to the magnitude Z, and the angle with which
the vector remains inclined to the X-axis is equivalent to ¢. A foremost drawback of
Nyquist plots is that the exact frequency at which any data point is recorded remains
disguised. The Bode plots however compensate for this limitation. Representative

impedance plots are shown in Fig. 1.4.

ImZ|
w
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Fig. 1.4: A representative Nyquist plot.
The interpretation of impedance data is often achieved through simulation of the
experimentally acquired impedance behavior with that of a suitable theoretical

‘equivalent electrical circuit’.
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Most of these equivalent electrical circuit models comprise various combinations
of common electrical elements like resistors, capacitors, and inductors. An equivalent
electrical circuit chosen for the fitment of impedance data should be such that a property
related to the physical electrochemistry of the system is reflected in each of the elements
in the model (Greene et al. 1961). The Nyquist plot shows a semicircle, with increasing
frequency in a counter-clockwise direction as shown in Fig 1.4. At very high frequency,
the imaginary component -Z” disappears, leaving only the solution resistance Rs. At
very low frequency, -Z” again disappears, leaving a sum of R and the Faradaic reaction
resistance or polarization resistance (Rp). The Faradaic reaction resistance is inversely
proportional to the corrosion rate. Rs measured at high frequency can be subtracted from

the sum of R, and Rs.

The advantages of EIS studies are as follows:
e Non-destructive method of analysis as it operates in OCP (open circuit
potential).
e Operational at extremely low corroding rates and low conductivity system.
Shortcomings of EIS are as listed below:
e A complicated method of analysis and tedious data interpretation.
e EIS alone cannot fetch sufficient data, therefore usually tested along with

other measurement techniques like potentiodynamic polarization

(Mansfeld et al. 1992, Laisa et al. 2017).
1.8  CORROSION CONTROL

The corrosion types are so various, and the conditions under which corrosion
occurs are so different that no single strategy can be utilized to control all conceivable
corrosion cases. The decision of a control strategy relies upon several factors, such as
the type of the metallic structure, the application for which it is planned, the type of
corrosion, and the nature of the overall condition. Some of the significant techniques

used are given below (Bradford and Bringas 1993).
1.8.1 Material selection

The selected material should be such that it should be the most economic

material exhibiting the best corrosion resistance against the given environment of
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exposure. Pure metal or nonmetallic should be used whenever possible without

compromising the desired output.

1.8.2 Alternation of environment

Changing or altering the corrosive environment gives a flexible way to decrease
the corrosion rate. Ordinary changes in the medium that are regularly utilized are (1)
bringing down the temperature, (2) reducing the velocity, (3) removing oxygen or
oxidizers, and (4) changing the concentration of corrosive. As a rule, these
progressions can fundamentally reduce corrosion, yet they should be exercised with
care.
1.8.3 Mechanical design

Metallic structures ought to be planned with the end goal that there is the least
possibility for any type of corrosion to occur, simultaneously without changing off
any mechanical parts. There are many design rules, avoiding heterogeneity and

mechanical stress are among the unmistakable ones.

1.8.4 Cathodic Protection

Cathodic protection is accomplished by providing electrons to the metal surface,
making it cathodic to encompassing. It is accomplished by the galvanic coupling with
a sacrificial anode or by the impressed current technique utilizing an external source
of current and an inert anode. The advantage of the cathodic protection method is that
the corrosion rate of cathodically protected ensured structure is not simply limited,

but reduced to zero.

1.8.5 Anodic Protection
This strategy is relevant just for metals showing the active-passive transition. The
metallic structure is passivated and ensured to be an anode utilizing a potentiostat. The

potentiostat keeps the metal at a constant potential at which it is passivated.

1.8.6 Surface coatings
Any coating on the surface of the metal, acting as a physical barrier between the
metal and the destructive corrosion medium, is useful in metal protection. Metallic,

inorganic, and organic coatings have been generally applied on metal surfaces. To be
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viable as a physical barrier, a surface coating ought to be persistent, uniform,
impenetrable, and synthetically inactive to the corrosives and ought to have a sensibly

long life.
1.9 CORROSION INHIBITORS

A corrosion inhibitor is a substance that, when added in small amounts to the
corrosion environment decreases, the corrosion rate. There are various inhibitor types
and classifications. Most inhibitors have been chosen by observational

experimentation, and many inhibitors are exclusive in nature.
To qualify as a good inhibitor any chemical must fulfill the following requisites.

e It should be non-toxic, economically cheaper.

e It should be thermally stable and chemically inert.

The most well-known and generally known utilization of inhibitors is their application

in vehicle cooling frameworks and evaporator feed water (Sastri 1998).
1.9.1 Evaluation of corrosion inhibition efficiency

Since there might be more than one inhibitor appropriate for a particular
application, it is important to assess their ability to inhibit the corrosion on a metal
surface. The ability of an inhibitor to protect the metal from corrosion is expressed in

terms of its inhibition efficiency and is calculated using equation 1.17.

n(%) — [Ucorr uninhib " Vcorr inh] x 100 (117)

Ucorr uninhib

where, Ocorr(uninh) @nd Dcorr(inh) are corrosion rates in uninhibited and hindered conditions
individually. The corrosion rates vcorr(uninh) and veorr(inh) can be determined by any of the

standard corrosion testing methods.
1.9.2 Types of inhibitors

Based on the effect of the inhibitors on the anodic reaction, cathodic reaction,

or both, the inhibitors are classified as follows:
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1.9.2.1 Anodic inhibitor

Anodic inhibitors are those substances that act on the anodic sites. They displace
the corrosion potential (Ecorr) in the positive direction and reduce the corrosion current
(icorr), thereby retard the anodic reaction and suppress the corrosion rate. Basically,
oxyanions such as chromates, molybdates, tungstates, and antimonates are very
effective anodic inhibitors. The anodic inhibitors combine with metal ions formed at
the anodic region, forming the sparingly soluble respective salts. These compounds
formed are deposited on the anodic sites forming the protective films, which act as
barriers between the fresh metal surface and the corrosive medium, thereby preventing
the further anodic reaction. Anodic inhibitors are found to be effective only when a
sufficient amount of the inhibitor is added to the corrosion medium. When an
insufficient quantity of an anodic inhibitor is added, corrosion may be more rather than
inhibition.

1.9.2.2 Cathodic inhibitor

Cathodic inhibitors are those substances which act on the cathodic sites and
polarize the cathodic reaction. They displace the corrosion potential in the negative
direction and reduce the corrosion current, thereby retard the cathodic reaction and
suppress the corrosion rate. Cathodic inhibitors may be divided into three categories,
viz., (1) those that consume oxygen (deaerators or oxygen scavengers) (ii) those that
reduce the area of the cathode, and (ii1) those that increase the hydrogen overpotential

on the cathode.
1.9.2.3 Mixed inhibitor

These are substances that affect both the cathodic and anodic reactions.
Corrosion potential change in such a case is smaller. Mixed type of inhibitors is
generally organic compounds that are adsorbed on the metal surface and suppress both
the metal dissolution and the reduction reactions (Sastri 1998); (Tizpar and Ghasemi
2006). Based on the mechanism by which the inhibitors act, they are classified as

explained as follow:
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1.9.2.4 Adsorption-type inhibitors

This is the largest class of inhibiting substances. Usually, these are organic
moieties that adsorb on the substrate surface and suppress metal dissolution and
reduction reactions. In most cases, it appears that adsorption of inhibitors affect both

the anodic and cathodic processes, although in many cases the effect is unequal.
1.9.2.5 Hydrogen-evolution poisons

These are substances such as arsenic and antimony ions, that retards the
hydrogen-evolution reaction. As a consequence, these substances are very effective in
acid solutions but are ineffective in environments where other reduction processes such

as oxygen reduction are the controlling cathodic reactions.
1.9.2.6 Scavengers

They are the ones that act by removing corrosive reagents from the solution.
Examples of this type can be sodium sulfite and hydrazine, which remove dissolved

oxygen from aqueous solutions as given below

2Na;SO3 + 02 —»  2NaSO4 (1.18)

N2H4 + O2— N2 + 2H0 (1.19)
1.9.2.7 Oxidizers

These are species such as chromate, nitrate, and ferric salts that also act as
inhibitors in many systems. In general, they are primarily used to inhibit the corrosion
of metals and alloys that demonstrate active-passive transitions, such as iron and its

alloys and stainless steels.
1.9.2.8 Vapor-phase inhibitors

These are similar to the adsorption-type inhibitors and possess a very low vapor
pressure. As a consequence, these materials can be used to inhibit atmospheric
corrosion of metals without being placed in direct contact with the metal surface. In
use, such inhibitors are placed in the vicinity of the metal to be protected, and they are
transferred by sublimation and condensation to the metal surface. These inhibitors are

usually only effective if used in closed spaces such as inside packages or on the interior
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of machinery during shipment. It is important to use enough inhibitors, since many
inhibiting agents accelerate corrosion, particularly localized attacks such as pitting,
when present in small concentrations. To avoid this possibility, inhibitors should be

added in excess and their concentration checked periodically.

The mixed inhibitors inhibit the corrosion on the metal surface by one or more of

the following mechanisms of inhibition.

e Physical Adsorption: Physical adsorption takes place through the electrostatic
attraction between the diploes of the inhibitor molecules and the charged metal
surface. The physisorption process requires less activation energy and
susceptible to desorption at a higher temperatures. Thus the process of
physisorption is reversible in nature.

e Chemisorption: Adsorption that takes place due to the chemical interaction
between the surface atoms of the adsorbent and the atoms of the adsorbate. This
type of adsorption is known to be called chemisorption. For example, oxygen
is chemisorbed by carbon, and hydrogen is chemisorbed by nickel under
suitable conditions. In each case, a stable surface compound, frequently
referred to as surface complex, results.

e Film Formation: These involve in the dependence of chemical composition,
their molecular structure, and their affinities for the metal surface. Because film
formation is an adsorption process, the temperature and pressure in the system
are important factors. Organic inhibitors will be adsorbed according to the ionic

charge of the inhibitor and the charge on the surface (Grifen et al. 2000).
1.10 MECHANISM OF CORROSION INHIBITIONS

Corrosion inhibitors influence the corrosion rate by controlling either the anodic
reaction or the cathodic reaction or both. Some commonly observed mechanisms are

presented in the following sections (Saji and Umoren 2020).
1.10.1 Inhibitors for acid solutions

The corrosion of metals in acid solutions can be inhibited by a wide range of

substances, such as halide ions, carbon monoxide, and many organic compounds,
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particularly those containing elements such as nitrogen, sulphur, phosphorus, arsenic,
and oxygen. The primary step in the action of inhibitors in acid solutions is to adsorb
on the metal surface, which is oxide-free in acid solutions. The adsorbed inhibitor then

acts to stop the cathodic/anodic electrochemical corrosion processes.

Inhibitors of corrosion in acid solutions can interact with metals and affect the
corrosion reaction in numerous ways, some of which may occur simultaneously. The
mechanism of action of an inhibitor may vary with factors such as its concentration, the
pH of the acid, the nature of the anion of the acid, the presence of other species in the
solution, the extent of the reaction to form secondary inhibitors, and the nature of the

metal.
1.10.1.1 Surface charge on the metals

Adsorption may be due to electrostatic attractive forces between ionic charges
or dipoles on the adsorbed species and the electric charge on the metal at the metal-
solution interface. In solution, the charge on the metal can be expressed by its potential
to the zero-charge potential. As the potential of a metallic surface becomes more
positive, the adsorption of anions is favored, and as the zero charge potential becomes

more negative, the adsorption of cations is favored.
1.10.1.2 The functional group and structure of the inhibitor

Inhibitors can also bond to metal surfaces by electron transfer to the metal to
form a coordinate type of link. This process is favored by the presence in the metal of
vacant electron orbitals of low energy, such as occurs in the transition metals. Electron
transfer from the adsorbed species is favored by the presence of relatively loosely bound
electrons, such as may be found in anions, and neutral organic molecules containing
lone pair electrons or pi-electron systems associated with multiple, especially triple
bonds or aromatic rings. The inhibition efficiency increases as the electron density on
the functional group increases in a series of related compounds. This is consistent with
the increasing strength of coordinate bonding due to easier electron transfer and hence

greater adsorption.
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1.10.1.3 Interaction of the inhibitor with water molecules

Adsorption of inhibitor molecules is often a displacement reaction involving the
removal of adsorbed water molecules from the surface. During the adsorption of a
molecule, the change in interaction energy with water molecules in passing from the
dissolved to the adsorbed state forms an important part of the free energy change on
adsorption. This has been shown to increase with the increasing size of the hydrocarbon
portion of an organic molecule. Thus increasing size leads to the decreasing solubility
and increasing adsorbability. This is consistent with the increasing inhibitive efficiency
observed at constant concentrations with increasing molecular size in a series of related

compounds.
1.10.1.4 Interaction of adsorbed inhibitor species

Lateral interactions between adsorbed inhibitor species may become significant
as the surface coverage, and hence the proximity, of the adsorbed species increases.
These lateral interactions may be either attractive or repulsive. Interactions occur
between molecules containing large hydrocarbon components. As the chain length
increases, the increasing van der Waals attractive force between adjacent molecules
leads to stronger adsorption at high coverage. Repulsive interactions occur between

ions or molecules containing dipoles and lead to weaker adsorption at high coverage.

In the case of ions, the repulsive interaction can be altered to an attractive
interaction if an ion of opposite charge is simultaneously adsorbed. In a solution
containing inhibitive anions and cations, the adsorption of both ions may be enhanced
and the inhibitive efficiency greatly increased compared to solutions of the individual
ions. Thus, synergistic inhibitive effects occur in such mixtures of anionic and cationic

inhibitors.
1.10.2 Method of inhibition in neutral solutions

Typical inhibitors for near-neutral solutions are the anions of weak acids, some
of the most important in practice being chromate, nitrite, benzoate, and borate.
Passivating oxide films on metals offer high resistance to the diffusion of metal ions,

and the anodic reaction of metal dissolution is inhibited. The action of inhibitive anions
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on the corrosion of metals in near-neutral solution involves the following important

functions:

e Reduction of the dissolution rate of the passivating oxide film

e Prevention of the adsorption of aggressive anions

Inhibition in neutral solutions can also be due to the precipitation of compounds, on
a metallic surface, that can form or stabilize protective films. The inhibitor may form a
surface film of an insoluble salt by precipitation or reaction. Inhibitors forming film of

this type include

e Salts of metals such as zinc, magnesium, manganese, and nickel, which form
insoluble hydroxides, especially at cathodic areas, which are more alkaline due
to the hydroxyl ions produced by the reduction of oxygen

e Soluble calcium salts, which can precipitate as calcium carbonate in H,O
contaning CO», again at cathodic areas where the high pH permits a sufficiently
high concentration of carbonate ions

e Polyphosphates in the presence of zinc or calcium, which produce a thin

amorphous salt film

These salt films, which are often quite thick and may even be visible, restrict
diffusion, particularly of dissolved oxygen to the metal surface. They are poor
electronic conductors, and so oxygen reduction does not occur on the film surface

(Yohai et al. 2011, Willumeit et al. 2011, Chou et al. 2019, Awad and Turgoose 2004).
1.11 MAGNESIUM AND ITS ALLOYS

Magnesium alloys are low-density materials with high strength to weight ratio.
It is considered as a prominent material for inner closure for war ships, etc., but are
limited in a wide practical application by their low corrosion resistance to the attack of
electrolyte aqueous solutions. Among the structural metals, magnesium is the lightest,
with a density of 1.74 g/cm®, which is nearly two-thirds that of aluminum. Magnesium
alloys are often named after the synthetic method used for their manufactures, like cast
alloys and wrought alloys. Despite being the lightest, the utility of magnesium alloys in

weight-sensitive applications remains a challenge owing to their vulnerability to
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corrosion, high-temperature creep, and flammability. Over the years all these
limitations have been overcome to some extent by new alloy development using the
inclusion of alloying elements that counteract these undesirable properties (Gupta and

Ling 2011, Wagner et al. 2003).
1.11.1 Applications of magnesium alloys

The magnesium alloys have good demand as basic materials in structural
applications, particularly in weight-critical applications. Some of the important are

summarized as follows.
1.11.1.1 Application in the transport industry

Many car parts are made up of magnesium alloys. Even though they were first
used in racing vehicles, later magnesium alloys parts are being used in commercial
vehicles also. Magnesium-based materials are used in gearbox housing steering wheels,

fuel tank cover, seat frame, airbag housing, etc (Luo and Sachdev 2012).
1.11.1.2 Military applications

The aircraft fitted with magnesium alloy parts were used during World War II.
The H-19 Chickasaw helicopter, a US Army helicopter built-in 1951, contains 17% (by
weight) of magnesium, a record level during its time. Examples of “military
magnesium” include artillery guns, light weight personnel carrier, military aircraft like
Eurofighter Typhoon, F16 and intercontinental ballistic missiles (Mathaudhu and
Nyberg 2016).

1.11.1.3 Medical applications

Magnesium alloys are used in bio-implant materials. The density of Mg alloys
is close to that of natural bone (1.8-2.0 g/cm®) and is lower than the competing titanium
alloys. Mg alloys have a high mechanical strength compared to ceramic or polymeric
biomaterials and possess greater fracture toughness. Mg ion participates naturally in
human metabolism, it is the fourth most abundant cation in the human body; hence

magnesium is biocompatible and nontoxic at moderate levels (Gu and Zheng 2010).
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1.11.1.4 Applications in electronics

For the user, portability is highly anticipated of the electronic devices. As
compared to plastic electronic materials, magnesium alloys are not only light-weight
but also have better heat transfer and the ability to protect against electromagnetic and
radiofrequency interferences. The magnesium components currently found in
electronic devices include the housing of cell phones, digital cameras, computers,

laptops, digital projectors, media players, etc.
1.11.1.5 Applications in sports

The popularity of Mg alloys as structural materials for sports equipments is not
surprising considering their enviable properties such as low density, their ease of
machining which facilitates the creation of complex shapes, good properties of
cushioning and shock absorption, and vibration absorption. The handles of the golf club
heads, tennis rackets, and mountain bike bicycle frames are some notable examples of

magnesium parts in sports equipment.
1.11.1.6 Other applications

Magnesium alloys find applications in consumer products that must be
lightweight for easy portability. Some examples include spectacle frames, binocular

parts, and hand-held working tools for mechanical operations.
1.11.2 Magnesium alloy AZ31

AZ31 alloy is an Mg-Al alloy, which has aroused scientific interest over the last
two decades. It is made up of 3 wt% of Aluminium, 1 wt% Zinc, 0.35 wt% manganese,
and rest with magnesium. From a practical point of view, magnesium is the structural
metal of the lowest density, which makes it highly attractive for use in the automotive,
aerospace, IT, and electronics industries, as well as in the development of new
biomaterials for orthopedic and cardiovascular applications where weight plays a
decisive role. AZ31 alloy is a common wrought alloy that has medium strength,
weldability, and good strength. This particular type of alloy comes in sheet and plate
shapes. AZ31 alloy is the most widely used magnesium alloy for applications at or

slightly above room temperature. Sheets made from AZ31 have been used for prototype
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testing for automotive sheet panels. AZ31 sheet has similar hot deep-drawing
characteristics as steel and, aluminium sheet. Magnesium alloy brackets with one rib
are widely used in aircraft control systems. (Frignani et al. 2012); (Montemor 2014);

(Baghni et al. 2004).

Magnesium alloys, though characterized by a low density and interesting
mechanical properties, their practical applications are limited due to low corrosion
resistance to the attack of aqueous solutions (Frignani et al. 2012), (Cui et al. 2008).
Even if the natural magnesium corrosion products (oxides, hydroxides) tend to slow
down the corrosion process by chiefly hindering the anodic oxidation reaction, the
corrosion rates of these artifacts remain too high for a profitable service life (De Beni
1967), (Frignani et al. 2012). Therefore, to moderate the corrosive attacks, corrosion
inhibitors may be proposed, to further decrease the corrosion rate by forming protective

films or layers, either by surface adsorption or by reaction with Mg*" ions.

Table 1.1: Physical and mechanical properties of AZ31 alloy.

Parameters Value
Density (g cm™) 1.8
Melting point ( °C) 605-630
Electrical resistivity (ohm m) 9.2E-08
Elongation at break (%) 15
Modulus of elasticity (GPa) 45
Poisson ratio 0.35
Ultimate tensile strength (MPa) 290
Yield strength (MPa) 220

Uses

e AZ31 Mgalloy is best known for its strength, weldability, and low mass density.

e Due to its optimum physical properties and withstanding particular
temperatures, it is used to produce mobile phone cases.

e AZ31 alloy is used as aircraft brackets and also used for making the backbone

of aircraft as it usually comes in sheets.
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e This alloy is also used in the automotive and machine-building industries for
making important spare parts.
e The AZ31 Mg alloy is used in orthopedic implantations as it is a biodegradable

bio-material.
1.12 LITERATURE REVIEW
1.12.1 Corrosion behavior of pure magnesium and magnesium alloys

The usage of magnesium has been limited due to its poor corrosion resistance.
The resistance is very less to corrosion when it has impurities in the alloy or else
exposed to strongly concentrated electrolyte species. In some cases, localized corrosion
initiates corrosion in magnesium and magnesium alloys, but sometimes it is widespread
and shallow. The corrosion morphology of magnesium and magnesium alloys depends
on the alloy's chemistry and environmental conditions. For example, localized
corrosion occurs in immersed conditions, whereas atmospheric corrosion occurs
uniformly in industrial atmospheres. (Tunold et al. 1977), reported that pure magnesium
was corroding trans granular and its alloys were corroding uniformly. Also, it was
reported that the corrosion of pure magnesium is non-uniform, and that of its alloys are
uniform (Ghali et al. 2004).

It has been thought that there are two main reasons for poor corrosion resistance
in magnesium and its alloys (Shaw and Jones 1997). Initially, there is internal galvanic
corrosion caused by secondary phases or impurities (Solanki et al. 2017). Secondly, the
quasi-passive hydroxide film on magnesium is much less stable than the passive films
which form on metals such as aluminum and stainless steels. This quasi-passivity
provides only poor pitting resistance for magnesium and magnesium alloys.

The presence of impurities such as iron, nickel, and copper had attacked
magnesium alloys mainly in moist conditions. In the presence of a corroding medium,
these impurities act as small cathodes, creating micro-cells with the anodic magnesium
matrix (Luo and Shinoda 1998).

1.12.2 Corrosion inhibitors for magnesium and magnesium alloys

Large number of chemical compounds have been synthesized and investigated

for their capability to inhibit corrosion of magnesium alloys in different media. These
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compounds include inorganic and organic and even the combinations of the two. Some

of the best inhibitors are reported in the literature along with certain essential details

are listed in Table 1.1.

Table 1.2: Eminent corrosion inhibitors for magnesium and magnesium alloys.

S.No Inhibitor Medium Alloys Remarks Referen
used ces
1 Imidazole based NaCl AZ31 Follows the (Marya
jonic liquids Langmuir etal.
adsorption
isotherm, green and | 2006)
sustainable
2 Sodium NaCl AZ31 Inhibition (Li et al.
efficiency of 0.008
dodecylbenzenesulf alloy mol 1L %[DBS was 2009)
onate (SDBS) more than
90%, Langmuir
adsorption
isotherm, a mixed-
type inhibitor.
3 Cerium(1II) salts NaCl AMO60 Formation of a (Heakal
thicker and more
. et al.
compact resistive
film on the alloy 2012)
sample.
4 Sodium salt of N- | NaCl and AZ31 DBS is the most | (Frignani
lauroylsarcosine, effective,
N-lzuroyl-N- NazS04 precipitated layer etal.
methyltaurine, formed, Langmuir 2012)
dodecylbenzensulp adsorption
honic acid, or
sodium lauryl
sulphate
5 Stearate, palmitate, | NaCl and ZE41 Mixed type (Dinodi
and myristate Na>SOs inhibition, and
efficiency up to
88%, obeys Shetty
Langmuir
adsorption 2014)
6 Sodium alginate NacCl AZ31 The maximum (Dang et
inhibition
efficiency is al. 2015)
90.00%, at a
sodium alginate
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concentration of
500 ppm.
7 2-Hydroxy- NaxSOs, AZ91D | Below 50 ppm, the | (Hu et al.
acetophenone NaHCO; '1nh1b1't10n 2015)
efficiency increases
and NaCl with the increase of
in inhibitor
concentration,
however, with a
further increase in
inhibitor
concentration, the
inhibition
efficiency
decreases.
8 N,N-bis HCI Magnesi | Acts as mixed-type | (Bezaatp
(salicylidene)-2- corrosion inhibitor
um bar our and
hydroxy-1, 3-
propanediamine Basharna
Schiff base
vaz
2016)
9 Sodium Ethylene | Mg-Al- Predominant (Medhas
dodecvlb Iveol 7 all anodic action, h d
odecylbenzene glyco n alloy Langmuir ree an
sulphonate (SDBS) adsorption Shetty
by the addition of isotherm, 2018
y Hhe addition o Efficiency: 91.8% )
trisodium
phosphate and
sodium benzoate
10 Methyl-cellulose HCI Magnesi The inhibition (Hassan
Ivsaccharid m action follows both and
polysace © 4 Langmuir and
Metal Freundlich Ibrahim
adsorption
isotherms. 2021)

1.12.3 Strategies used for corrosion control of AZ31 magnesium alloy

The literature reveals various attempts to combat AZ31 alloy corrosion, but, the

use of inhibitors has been overlooked.
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Method opted

Outcome

References

Mg-Si thin film deposition

The amorphous Mg-Si film
showed superior anti-seizure
properties to the crystalline one
because of higher hardness and

Young's modulus.

(Yamaguchi et
al. 2006)

Calcium phosphate coating

The coatings significantly
decreased the degradation rate of
the original Mg alloy, indicating

that the Mg alloy with calcium

phosphate coating was a

promising degradable bone

material.

(Cui et al. 2008)

Nanostructured cerium
oxide film

Treated magnesium alloy
exhibited a higher corrosive

resistance than the untreated

magnesium alloy.

(Ishizaki et al.
2011)

Anodised in the ionic liquid (IL)

trihexyl(tetradecyl)phosphonium

bis(2,4,4-trimethylpentyl)
phosphinate

Film stability and corrosion

protection of the AZ31 alloy
increased when surfaces were
anodized after an acid pickling
pre-treatment in a mixture of nitric

and phosphoric acid.

(Latham et al.
2012)

45S5 Glass-ceramic coatings

It was found that optimized 45S5
glass-ceramic coatings could slow
down the degradation rate and
decrease the mass loss of the
magnesium alloy substrate from

78.04% to 2.31% in the 7™ day

test, showing a good anti-

(Huang et al.
2013)
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corrosion property in a certain

period.

Schiff base

Potentiodynamic polarization
curves showed that Schiff base AC
inhibited both anodic and cathodic
reactions at all concentrations,
which indicated that it was a

mixed type inhibitor.

(Thirugnanaselvi
et al. 2014)

Tin Al coatings

The corrosion current density of
the TinAl-coated AZ31 Mg alloy
decreased from 1.066x10° A/cm?
of the control sample to
4.321x107A/em?, a reduction of

more than one order of magnitude

(Wang et al.
2014)

Hydrotalite film

There were optimum values of pH,
the temperature of the coating
bath, and immersion time for the
film formation process to achieve
the best quality and corrosion

resistance of the hydrotalcite film

(Chen et al.
2015)

Coated with polycaprolactone

(PCL) nano-fibrous layer

Nano-fibrous PCL coating
combined with prior acid
treatment found to be a promising
method to tailor degradation rate
with enhanced bioactivity of Mg

alloys

(Hanas et al.
2016)

A hydrid coating composed of
dicalcium phosphate dihydrate
(DCPD) and poly(lactic-co-

morphology and structure of the
DCPD coating and consequently

glycolic acid) (PLGA)

The deposition time influenced the

affected the corrosion resistance of

(Lietal. 2016)
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both the DCPD and DCPD/PLGA

coated samples.

composed of chitosan

on the barrier properties of the
silane-TiOz coating. the corrosion
mechanisms of AZ31 provided
promising insights into their

control via a multilayered coating.

Fluoride conversion layer The composite PLLA/MgF> (Wang and Guo
(hydrofluoric acid solution and | coating outperformed either of the 2016)
poly (L-lactic acid) (PLLA) film solely applied coatings with
was prepared by spin-coating respect to anticorrosion and
the PLLA solution) adhesion properties.
Coating DCPD The resistance polarization was 43 (Zhao et al.
times higher than non-coated. 2016)
An inner silane-TiO2 coating The top-most biopolymer layers (Cordoba et al.
while the top layer was did not have a detrimental effect 2019)

Mn(NO3)2'4H20,
Co(NOs3)2:6H>0, and polyvinyl
alcohol (PVA).

Results demonstrated that the
AZ31 Mg alloy sample treated by
Ce-Mn-PVA showed the highest
corrosion resistance. A denser Ce
film with lower crack was
precipitated on the sample treated
by Ce-Mn-PVA conversion

coating.

(Liu et al. 2021)

1.12.4 Surfactants as corrosion inhibitors

Surfactants are surface-active agents. They contain a hydrocarbon chain that

points towards the metal surface phase and a hydrophilic head that points towards the

aqueous phase. The amphiphilic nature of surfactant molecules creates an affinity for

adsorption at interfaces such as metal/metal oxide—water interface. The adsorption of

surfactant on metals and metal oxides creates a barrier that can inhibit corrosion. The
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properties of surfactant and the interaction of surfactant with metal or metal oxide and
the surrounding solution environments determine the level of adsorption and corrosion

inhibition (Fuchs-Godec 2009; Kellou-Kerkouche et al. 2008).

Surfactant inhibitors often contain either a nitrogen or sulphur atom as part of
the functional group of the molecule. Very commonly, the nitrogen atom is part of a
hydrocarbon chain, and its unshared pair of electrons commonly forms a bond with
metal substrates. This type of bonding often leads to bonds that are classified as
chemical bonds that lead to the ‘‘chemisorption”. This type of adsorption makes it
difficult for these molecules to be displaced by reactants or to allow exposure of the
metal surface to the environment at the adsorption site. However, it should be noted
that most metals used in corrosive environments have metal oxide surfaces that interact

with surfactants differently than metals (Zhu et al. 2017).

The hydrophilic functional groups of surfactant molecules strongly prefer
interaction with polar entities such as water, metals ions, and other ions. Generally,
surfactants adsorb on the metal surface, block the active sites exposed to corrosive

media, and thereby reduce corrosion attack.

The hydrophobic portion, which is nonpolar, strongly prefers interaction with
hydrophobic entities such as the hydrocarbon phase. Therefore, surfactant molecules
are prone to adsorb at and cover the surfaces/interfaces, such as air-liquid surface and
liquid-solid interface, to escape from a polar solvent such as water by associating and

packing hydrocarbon chains together.

Metal and metal oxide surfaces are hydrophilic. Consequently, the functional
group in surfactant molecules is attracted to surfaces of metals and metal oxides. Thus,
there is a driving force for surfactant adsorption on metal and metal oxide surfaces that
orients the surfactant with the hydrophilic group at the solid interface and the
hydrophobic hydrocarbon chain directed out into the solution, thereby creating a
hydrophobic surface. This driving force causes surfactant molecules to aggregate on
surfaces. If sufficient surfactant is present in solution a second layer or multiple layers
of surfactant, may be adsorbed, creating a variety of adsorbed structures (Zhu et al.

2017); (Sun et al. 2018); (Aiad et al. 2010).
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A broadly used corrosion control strategy is to utilize natural surfactant
inhibitors, a significant number of which are surfactants with hydrophilic and
hydrophobic molecules. One example of a surfactant molecule of homologous
benzalkonium (BAC), hexadecyl trimethyl ammonium bromide (Cis, Ci6Cl, or
Ci16BzCl), Ci6 has an N-based aromatic functional group which is hydrophilic, and a
hydrophobic hydrocarbon tail with 16 linear CH> and CH3 sections. This anomalous

nature of surfactants determines their interactions with surfaces and interfaces.

Surfactant particles must adsorb to act as corrosion inhibitors. Adsorption relies
upon the organization of the arrangement, the convergence of the adsorbate, the
connection of the adsorbate with the surface, the properties of the surface and the
adsorbate, and the electrochemical capacity of the surface. The sorts of natural particle
adsorption are normally chemisorption, physisorption, electrostatic adsorption, and pi-
bond orbital connections that have both physisorption and chemisorption properties.
Inhibitors are additionally arranged into proton acceptors, electron acceptors, and

mixed molecules.

Table 1.4: Surfactants as corrosion inhibitors

Surfactants Material Medium references
Alkanediyl-a,o-bis- [ron HCI (El Achouri et al.
(dimethylalkyl 2001)
ammonium bromide)
Dodecyl benzene Aluminium HCI (Abd El Rehim et
sulphonate al. 2003)
Quaternaryammonium Zinc KOH (Bereket et al.
salts, three cationic 2006)

surfactants and two

non-ionic surfactants

Natrium 1,4-bis(2- Zinc KOH and NaCl (Branzoi et al.
etylhexyl) 2008)
sulphosuccinate
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Benzoylmethyl Mild Steel HCl (Nahlé¢ et al.
benzimidazolium 2012)
hexafluoroantimonate
Butanediyl 1,4- Mild steel 20% formic acid Mobin and
bis(dimethyl Masroor
cetylammonium 2012

bromide), pentanediyl
1,5 - bis (dimethyl
cetylammonium
bromide) and

hexanediyl 1,6 - bis

(dimethyl
cetylammonium
bromide)
Benzyl Carbon steel HCI (Idris et al. 2013)
triethylammonium
chloride
Non ionic surfactants Carbon steel Oil well water (Migahed et al.
2013)
Anionic surfactants ZE41 NaCl and Na;SOg4 (Dinodi and
Shetty 2014)
Non toxic cationic Mild steel HCI (Mobin et al.
gemini surfactants 2017)
Sodium dodecyl AZ91 NaCl (Liu et al. 2018)
sulfate
Cationic clevelable Stainless steel HCI (Pakiet et al.
surfactants AISI 304 2019)
Trimeric cationic Carbon steel Oil well water (Shaban et al.
pyrdinium surfactants 2020)
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1.13 SCOPE AND OBJECTIVES OF THE PRESENT WORK
1.13.1 Scope of the work

Magnesium alloys, with low density and good mechanical properties, have the
potential for their applications in diverse fields. But their uses are limited by their low
corrosion resistances (Frignani et al. 2012, Cui et al. 2008). Even if the natural
magnesium corrosion products (oxides, hydroxides) tend to slow down the corrosion
process by chiefly hindering the anodic oxidation reaction, the corrosion rates remain
too high for a profitable service life (De Beni 1967, Li et al. 2009). Therefore, to
moderate the corrosive attacks, corrosion inhibitors may be proposed. For example,
substances that should further decrease the corrosion current in a wider potential
interval by forming far more protective films or layers maybe by surface adsorption or

by reaction with Mg*" ions.

The AZ31 alloy is one of the most important magnesium alloys with aluminium.
Due to its low density and good mechanical properties, this structural material offers
considerable potential for applications in the aerospace and transport manufacturing
industries. The AZ31 alloy is used in the aircraft industry to produce flat parts with ribs,
such as brackets. Though it has very good points to be considered in many fields, it is
highly susceptible to corrosion in salt mediums. So far, researchers have concentrated
on sol-gel treatment, coatings with organic materials etc., for corrosion prevention on
AZ31 alloy. These techniques have certain drawbacks. The surface coats or films
(electroplated, organic, and sol-gel) show mediocre adhesion to the alloy surface. The
inhibitor addition has been popular for other alloys as an effective and economical
approach for corrosion mitigation. However, the usage of inhibitors for AZ31 is quite
less explored (Ishizaki et al. 2011). It can be thought that for any magnesium used
technology to be triumphant, the use of efficient, green, and economic corrosion
mitigation measures are indispensable. Hence the development of corrosion inhibitors

for AZ31 which meet the above-laid requirements is needed now.
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1.13.2 Objectives

e To study the corrosion behavior of magnesium AZ31 alloy in different media
such as sodium chloride and sodium sulfate at different concentrations and
solution temperatures.

e To establish the influence of pH of the media on corrosion behavior of
magnesium alloy AZ31.

e To synthesize and use some organic surfactants as inhibitors and investigate
their inhibition efficiency on AZ31 alloy in sulfate medium and chloride
medium.

e To carry out corrosion inhibition experiments at different temperatures to
evaluate the activation parameters for the corrosion process.

e To evaluate the thermodynamic parameters for the adsorption of inhibitors, and
to propose the mechanism for the inhibition of AZ31 alloy corrosion, in sulfate
and chloride medium.

e To correlate the theoretical DFT studies of the inhibitors with the experimental

observations
1.14 OUTLINE OF THE THESIS

The thesis has been divided into four chapters. The contents of each of the

chapters are summarized as follows.

Chapter 1 presents some basic aspects of corrosion, corrosion measurement
techniques, corrosion control methods, and fundamental aspects of corrosion inhibitors.
This chapter additionally underlines the importance of magnesium alloys as the modern
auxiliary materials for weight-delicate applications. The literature survey on the
corrosion of magnesium and its alloy and its inhibition has been included in the chapter.

At the end of the chapter, the scope and objectives of the present work are stated.

Chapter 2 deals with the experimentation part. The methodology embraced for
the preparation of the test specimen and the electrolyte medium has been explained.
The section additionally presents the operative details identified with the
electrochemical strategies utilized along with the calculations that have permitted to

obtain the numerical results of the current work.
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Chapter 3 is on results and discussions, offering an in-detail depiction of the
full outcomes obtained in the study with graphical and numerical interpretations. This
section fundamentally is an endeavor to explain the electrochemical behavior and

corrosion inhibition of AZ31 alloy based on the investigation.

Chapter 4 sums up the work included in the thesis and lists the conclusions

drawn based on experimental evidences and discussions.
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CHAPTER 2

MATERIALS AND METHODS
2.1 MATERIALS

The investigations were performed on AZ31 Mg alloy specimen. The

elemental composition of the AZ31 Mg alloy sample is given in Table 2.1.

Table 2.1: Composition of the specimen (in terms of weight%o)

Elements Weight %

Al 2.96
Zn 0.83
Mn 0.43

Si 0.004
Cu 0.004
Ni <0.001
Fe 0.002
Mg Balance

Preparation of test materials

Rectangular sheet-like test coupons were cut from the plate and fixed with
epoxy resin so that, the area exposed to the medium was 0.69 cm”. These coupons were
cleaned according to standard metallographic practice, such as belt grinding followed
by abrading on emery sheet, and further polishing over polishing-wheel with alumina
to get a mirror finish, degreased with acetone, washed with double distilled water, and

dried before immersing in the corrosion medium.
2.2 MEDIA

The media used for the investigations were sodium chloride and sodium sulfate

solutions at five different concentrations.
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2.2.1 Preparation of standard sodium chloride solution

Standard solutions of sodium chloride having concentrations of 0.05 M, 0.1 M,
0.15 M, 0.2 M, and 0.25 M were prepared by dissolving grade sodium chloride in
double distilled water.

2.2.2 Preparation of standard sodium sulfate solution

Standard solutions of sodium sulfate having concentrations of 0.05 M, 0.1 M,
0.15M, 0.2 M, and 0.25 M were prepared by dissolving analytical grade sodium sulfate

in double distilled water.
2.2.3 Preparation of chloride and sulfate media with differing pH

The corrosion behaviour was characterized by immersing the alloy specimen in
solutions of different concentrations of chloride and sulfate media. The concentrations
of chloride and sulfate were kept at 0.05 M, 0.1 M, 0.15 M, 0.20 M, and 0.25 M. The
pH of'the solutions was adjusted to the desired values of 3, 5,7, 9, and 11 by the addition
of diluted solutions of HCl and NaOH. The chloride and sulfate solutions were prepared

by dissolving analytical grade sodium chloride and sodium sulfate in distilled water.
2.3  INHIBITORS

The inhibitors, anionic Gemini surfactants, sodium 2,2'-(5,14-dibutyl-6,13-
dioxo-5,8,11,14-tetraazaoctadecane-8,11-diyl)diacetate (DB), sodium 2,2'-(7,16-
dihexyl-8,15-diox0-7,10,13,16-tetraazadocosane-10,13-diyl)diacetate (DH), sodium
2,2°-(9,18-dioctyl-10,17-diox0-9,12,15,18-tetraazahexacosane-12,15-diyl)diacetate
(DO), sodium 2,2°~(11,20-didecyl-12,19-dioxo-11,14,17,20-tetraazatriacontane-14,17-
diyl)diacetate = (DC), sodium  2,2’-(13,22-didodecyl-14,21-dioxo-11,14,17,20-

tetraazatetratriacontane-16,19-diyl)diacetate (DD) were synthesized as follows.

R (dibutylamine, dihexylamine, dioctylamine, didecylamine and
didodecylamine) of about 16 mmol and EDTA anhydride (8 mmol) suspended in
CH30H (50 mL) were reacted for 22 h at 40-45 °C.
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(o]

o MeOH o rCOO'Nﬂ" R,
>—\ N o] + 2R NaOH R JI\/N N
_/_ ns \/\ .
o N \—((0 40-45 °C E N R
0
d " *Na'00C
EDTA Anhydride

R = dibutylamine, dihexylamine, dioctylamine, Rn= (CHz)4, (CHy)g, (CHy)g, (CH3) 10, (CH2)12
didecylamine and didodecylamine

SCHEME 1: Synthesis of anionic Gemini surfactants

The anhydride particles progressively disappeared as the reaction progressed.
After cooling the sample to room temperature, the remaining particles were filtered off.
The reaction mixture was evaporated to give yellowish oil. Acetone was then added
until a white solid precipitated. The precipitate was filtered off and was further purified
by dissolution in CHCI3 and precipitation in acetone, to yield a white powder, Finally,
the intermediate product was neutralized with sodium hydroxide (1 M aq, 2
equivalents), and the obtained solution was freeze-dried to give Gemini surfactant in
quantitative yield as a colorless, hygroscopic powder. The anionic Gemini surfactants
synthesized were characterized using 'H-NMR (Bruker NMR spectrometer (400 MHz)
with CDCIl; as solvent and tetramethyl silane (TMS) as internal reference standard),
FT-IR (Bruker, USA FT-IR spectrophotometer), and LC-MS (Agilent chromatography-

mass spectrometer). The spectra are presented in Fig. 2.1 to Fig. 2.15.
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Fig. 2.1: "TH-NMR spectrum of DB-based surfactant.

47



CHAPTER 2

38
308
a7
304
237
149
148
128
1%
091
089
088
0%

—4.1

Fi0000

s000

8000

F7o00

e000

sooo

4000

3000

2000

1000

ol

L7189
444
440
40

"7.65
429

12,00

14 13 1z 11 10 ° 8 7 & o 1 2
1 (ppm)

o

Fig. 2.2: 'H-NMR spectrum of DH-based surfactant.

~1.26

¥ i,
- = =
= =5 w22
= 5 n = o
= = 5 ===
. = = . T > = , . b e - S R ==
12 11 10 = & = 4 3 2 b o

= E
i {(ppm)

Fig. 2.3: "TH-NMR spectrum of DO-based surfactant.

- | o e e o e - = wm s
o~ = mesSses fEw e
= ¥ SF388 FI3IF
A
i
=
=
=
v N ——— v v ——T——
12 11 10 9 8 5 4 3 2 1 o -1 -2

7 =
1 {(ppm)

13000

12000

11000

10000

Fig. 2.4: "TH-NMR spectrum of DC-based surfactant.

48



CHAPTER 2

-1.21

—4,59
9
1]
4
5
3
1
0
]
0
]

S S DD Mo & e

511
1155
891

" 1200«

. 1 : S
- 2 L] -1 =-] -3

W

7 [
i (ppmi

35000

25000

-20000

15000

L]

Fig. 2.5: H-NMR spectrum of DD-based surfactant.

Vi avenumber cm-1

=
(=1
=S W \/\/\/
uw
2
=
8 8
2
=
E
2
=
=
=
uy
w
j = ~— oD W ool 0D
= 8= 8 BIRST amg 5
gE B 8882¢€ gg3 &
oo ~ — o b=:1=2 —~
T T T T T
2600 3000 2500 2000 1500 1000

Fig. 2.6: FT-IR spectrum of DB-based surfactant.

49




CHAPTER 2

Transmittance (%)

100

%

%

92

90

gt = wq [v

202078 —
265155 —
Wy —
12149 —

T T T T T
3500 3000 2500 2000 1500 1000

VW avenumber cm-1

Fig. 2.7: FT-IR spectrum of DH-based surfactant.

—=
B !
% =
=
g8= g 355% 5
= &RE € BEES Z
35‘00 BOIDO 25‘00 20‘00 1 5'00 1 DIDCI
WWavenumber cm-1
Fig. 2.8: FT-IR spectrum of DO-based surfactant.
\#/ o -
N gl
= i
\ [ \
|.| . JI|'J p
= = "% . II_I an \ uun’ \
g ! 'I‘|I'
= i
= I
g !
= =
I'I
8 1 L
N NS SN T
a23E S3E :Ziﬁiig
- £88 BEg $EEEREES
3500 3000 2500 2000 1500 1000

Wavenumber cm-1

Fig. 2.9: FT-IR spectrum of DC-based surfactant.

50




CHAPTER 2

8 s
=
88
E
=8
= = S SE SEXERE2 3 g
g 258 2E SEERREE 5 ¢
35‘0’0 30‘00 25‘00 20‘00 1 5‘00 1 DIDD
Wavenumber cm-1
Fig. 2.10: FT-IR spectrum of DD-based surfactant.
100
T
90-; T
80- '
70
60-;
50~
5
ot R i
1 y =]
30 .'"?r i =
20+ -
i
10+
. PV NSO UUSNS S || SR F——
400 410 420 430 440 450 460 470 480 490 500 510 520 530 540
m'z
Fig. 2.11: LC-MS of DB-based surfactant.
100 :
£
i a
'E L =
80+ =
E “
704 7
4 <t
60
504
L
404 4 bA
- " r; r“:
e 2 g “ R
1 = & wn : v i
A4 = = = o0 i =
= in $ o = ~
4 | |
1 N
I T T o |
200 250 300 350 400 450 500 550 600 650 100 750
mz

Fig.

2.12: LC-MS of DH-based surfactant.

51




CHAPTER 2

—
——
e e e e R T
ig. 2.13: f f:
Fig. 2.13: LC-MS of DO-based surfactant.
_
S
S
2
o & - s
Fig. 2.14: LC-MS of DC-based surf
ig. 2.14: - 0 -based surfactant.
—
-
o b T T T T T T T T T =
50 S00 Bi0 obo 5o 1000 1050 1100 1250 1200

Fig. 2.15: LC-MS of DD-based surfactant.

52




CHAPTER 2

24 METHODS
2.4.1 Electrochemical techniques

Electrochemical measurements were carried out using an electrochemical work
station, Gill AC having ACM instrument Version 5 software. A conventional three-
electrode system with a Pyrex glass cell was employed, with the AZ31 alloy specimen
as the working electrode, a platinum counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode. All the values of potential reported are
referred to the SCE. The polarization studies were carried out immediately after the EIS

studies on the same exposed electrode surface without any additional surface treatment.
2.4.1.1 Electrochemical impedance spectroscopy (EIS) studies

Well-polished AZ31 alloy specimen coupon was exposed to the corrosion
medium and allowed to establish steady-state open-circuit potential (OCP). Impedance
measurements were performed at the open circuit potential (OCP) by the application of
a periodic small amplitude (10 mV) ac voltage signal over a wide spectrum of
frequencies ranging from 100 kHz to 0.01 Hz. The impedance data were analyzed using
Nyquist and Bode plots. In all the above measurements, at least three similar results

were considered and their average values have been reported.
2.4.1.2 Potentiodynamic polarization studies

The potentiodynamic current potential curves (Tafel curves) were recorded by
polarizing the specimen to =250 mV cathodically and + 250 mV anodically, relative to
the OCP at a scan rate of 1 mV s™!. The potentiodynamic polarization parameters were

deduced by the Tafel extrapolation technique on the polarization plots.
2.4.2 Surface analysis
2.4.2.1 Scanning electron microscopy (SEM) analysis

The surface morphology of the freshly polished surface and the corroded surface
of the AZ31 alloy, in the corrosive media were analyzed through the SEM images
recorded using JEOL JSM-6380LA analytical scanning electron microscope. The
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surface composition of the fresh surface and corroded surface were determined from

their corresponding EDX spectra.
2.4.2.2 X-ray photoelectron spectrum

The corrosion product analysis was carried out by recording the X-ray
photoelectron spectra of the corroded alloy surface using ULVAC-PHI, Inc; Model:
PHI5000 Version Probe III spectrometer with Al K-a X-ray source.

2423 DFT

The ground state geometry and electronic distribution of the synthesized
inhibitor surfactant molecules were determined with Density Functional Theory (DFT)
simulations using the Turbomole 7.2v software package. The further optimization of
the geometry was done with the help of software-generated C1 point group symmetry
via the B3LYP program and here, the basic set def-TZVPP was used for all the
calculations. The parameters of the investigated surfactants, such as the energy of the
molecule (E), the energy of the highest occupied molecular orbital (Enomo), the energy
of the lowest unoccupied molecular orbital (ELumo), energy gap (4E), chemical
hardness (7), softness (o), 1onization potential (/,), electron affinity (Ea),

electronegativity (y), and dipole moment (u), were calculated.
2.5 CALCULATIONS

2.5.1 Computation of corrosion rate

The corrosion current density (ico) values were deduced from the extrapolation
of cathodic Tafel branches of the potentiodynamic polarization curves to the corrosion
potential as the anodic curves did not have well-defined Tafel regions. The
experimentally determined ico- values were used in the calculation of corrosion rate

(veorr) using the equation mentioned below.

corr

Corrosion rate (v,,.) = K Lo gy (2.1)
yo)

where, K is 3.27 x 1073, a constant that defines the unit for the corrosion rate, i is the
current density in A cm™, p is the density in g cm™ and EW is the equivalent weight of
the alloy. The equivalent weight for the alloy was calculated from the following

equation (Dean 1999).
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1
Y
W,

EW = 2.2)

where, f; is the mass fraction of the i element in the alloy, W; is the atomic weight of
the i element in the alloy and #; is the valence of the i element of the alloy. The values
of fi, Wi, and ni, of four major elements present in AZ31, are listed in Table 2.2.

The substitution of the values in equation 2.2, gives the equivalent weight of the AZ31
alloy as 12.12.

Table 2.2: The valence, weight fraction, and atomic weight of major elements

present in AZ31 alloy.

Element ni fi Wi
Mg 2 95.78 24.30
Al 3 2.96 26
Zn 2 0.83 65.38
Mn 2 0.43 54.93

2.5.2 Calculation of inhibition efficiency

The inhibition efficiency () was evaluated as a function of surface coverage (6)

and the relation between the two is presented in the following equation.
1n(%)=6x100 (2.3)
The value of § was deduced from the results of electrochemical measurements. The icorr
values obtained from the Tafel polarization studies and values of polarization potential
(Rp) obtained from EIS measurements were used separately in the evaluation of 8, as
per the equations presented below.

9 — icorr(b) - icorr(inh) (2 4)

icnrr(b)

where, icorrp) and icorann signify the corrosion current densities in the absence and

presence of inhibitors, respectively.

The value of  was evaluated from the values of Rur values using equation 2.5.
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Ruf(in)—R
9 — hf(inh) hf(b) (25)

Ruf(inh)
where, Rufinn) and Rursignify the polarization resistances obtained in the presence and

absence of inhibitors, respectively.
2.5.3 Evaluation of activation parameters

The activation parameters for the corrosion of AZ31 were calculated by
measuring the corrosion rates at different temperatures. The activation parameters
included apparent activation energy (Ea), apparent enthalpy of activation (4H") and
entropy of activation (4S%). Arrhenius law equation (Eq 2.6) was used for the
calculation of Ea and the transition state equation (Eq.2.7) was employed for the

calculation of AH" and A4S,

—Ea

Ucorr = Ae RT (2.6)

where 4 is the proportionality constant which is dependent on the type of the metallic
material, 7 is absolute temperature, R is the universal gas constant and vcorr is corrosion

rate. The slope of the straight lines was used in the deduction of E, (slope= -E«/R).

Transition state equation:

As* AH¥

Ueorr = N_heT e RT (2.7)

where 7 is plank’s constant and N is Avogadro’s number. The parameters AH" and 4S"
were calculated, respectively, from the slope (slope = -4H"/R) and intercept (intercept
= In (R/Nh) + AS"/R) values of the straight lines obtained from the plots of In (vcor/T)
versus (1/T).

2.5.4 Calculation of thermodynamic parameters

The calculation of the thermodynamic parameters for the adsorption of inhibitor
were based on a suitable adsorption isotherm model with which the system under the
study showed the best agreement. An adsorption isotherm is defined as a graphical
representation showing the variation of extent of adsorption with pressure at a given

constant temperature. For the adsorption occurring at solution/solid interface, the
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concentration of the adsorbate (inhibitor) can be considered as the equivalent of
pressure. The mathematical expression for the adsorption isotherms highlights an
equilibrium relation between inhibitor concentrations on the metal surface and that in
bulk solution. Hence the adsorption isotherms are applicable to the systems where the
inhibition is the consequence of surface coverage brought about by the inhibitor on
adsorption. Some of the adsorption isotherms commonly verified to explain corrosion
inhibition, their mathematical expressions, and verification plots are presented in Table

2.3.
The parameters in Table 2.3 are as follows:

Table 2.3: List of adsorption isotherms.

Name Isotherm Verification Plot
Langmuir 0/(1-0)=p.C C/Hvs C
Frumkin [0/(1-0)]e” = p.C 6 vslog C
Bockris-Swinkels 0/(1-0)".[ 6+ n(1 — O)]"/n" = 0/(1-0) vs log C
C.e?/55.4
Temkin 0=1/HnK.C 0 vslog C
Virial Parson 0.e¥’=p.C 0 vs log(6/C)
Flory Huggins log(6/C) = log nK + nlog (1- ) log (6/C) vs log(1- 0)
El — Awady log[0/(1- 6)] =log K+ ylog C log[0/(1- 6)] vs log C

0 is the surface coverage, f = AG/2.303RT, where AG is free energy change of
adsorption, R — gas constant, 7- temperature, C is inhibitor concentration in bulk
electrolyte, y represents size ratio or the number of water molecules replaced per
molecule of adsorbed inhibitor, f'is the inhibitor interaction parameter (0 implies no
interaction; positive value implies attraction; negative value implies repulsion) and K

and y are constants.
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The C and 6 values were graphically fitted in the adsorption isotherms to get the
linear relationship between them and regression coefficients (R*) were compared. The
standard free energy of adsorption (4G°uas) was calculated using the following

expression.

55%x6

AG 4= -RT In remr

] (2.8)

where C is the inhibitor concentration expressed in mol.dm™ and 55.5 in mol dm? is

the molar concentration of water in solution.

The standard enthalpy of adsorption (4H °.4s) and standard entropy of adsorption
(48°as) were evaluated by making use of a rearranged form of the Gibbs Helmholtz

equation, as shown below.
AG;ds = AH;ds - TAS;ds (2.9

As per Equation 2.9, straight lines were obtained on graphically plotting the variation
of A4G°uas with T. The slope and the intercept of the lines were, respectively, equal to

ASoads al’ld AHogds.
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CHAPTER 3
RESULTS AND DISCUSSION

3.1 CORROSION BEHAVIOR OF AZ31 ALLOY IN AQUEOUS SALT
SOLUTIONS

3.1.1 Potentiodynamic polarization measurements

The corrosion behavior of AZ31 alloy was investigated in sodium
chloride and sodium sulfate media of different concentrations, at different
temperatures by potentiodynamic polarization method. Fig. 3.1 represents the
potentiodynamic polarization curves for the corrosion of AZ31 alloy in sodium
chloride and sodium sulfate media. Similar curves have been obtained at other

temperatures also.

It is seen from Fig. 3.1 that the polarization curves are shifted to the
higher current density region, indicating an increase in the corrosion rate with
the increase in chloride and sulfate concentration in the corrosion media. The
anodic polarization curves represent the anodic oxidation of the magnesium
alloy, while the cathodic curves represent the hydrogen evolution through the
reduction of water at the cathode. The anodic curves show the inflection points,
characterized by two different slopes, indicating a kinetic barrier effect, possibly
due to the deposition of a surface film of magnesium hydroxide, followed by its
dissolution at higher anodic potential (CHENG et al. 2009). It is also observed
from Fig. 3.1 that there is no significant change in the overall shapes of the Tafel
branches with the varying salt concentration in the corrosion media, indicating
that medium concentration only alters the rate, without altering the mechanism
of corrosion reaction. Such kinds of results have been reported by Nandini et al.
(2014) (Dinodi and Shetty 2014) for ZE41 alloy and by Wang et al. (2010) for
Mg-Al-Pb alloy. The corrosion current density (icor) Was deduced by
extrapolating the cathodic branch of the polarization curves to the OCP. The
electrochemical polarization parameters like corrosion potential (Ecor),

corrosion current density (icorr), and cathodic slope (f:) were obtained from the
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curves. Equation (Eq. (3.1)) given below was used to determine corrosion rate

in mm y!' (Standard 2006).

-1y = KXicorrXEW

vCOT‘T‘ (mm y p

3.1)

where constant K = 0.00327, defines the unit of corrosion rate (mm y™'), icor is
the corrosion current density in pA cm?, p is the density of the corroding

material and EW is the equivalent weight of the alloy.

The potentiodynamic polarization parameters, including corrosion
potential (Ecorr), corrosion current (icorr), cathodic slopes (f¢), and corrosion rate
(veorr) are summarized in Tables 3.1 and 3.2 for the corrosion of AZ31 alloy in
NaCl and Na>SO4 media, respectively. It is evident from the data in Tables 3.1
and 3.2, that the corrosion rate increases with the increase in the concentration
of chloride/sulfate in the corrosion medium. These ions are corrosive towards
magnesium and its alloys because they tend to cause surface film breakdown by
the dissolution of the deposited corrosion product, thereby increasing the anodic

dissolution of the alloy.
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Fig. 3.1: Potentiodynamic polarization curves for the corrosion of AZ31
alloy in different concentrations of a) NaCl medium at 50 °C and b) Naz2SO4

medium at 40 °C.
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3.1.2 Electrochemical impedance spectroscopy studies

The electrochemical impedance spectra in the form of Nyquist plots for
the corrosion of AZ31 alloy in NaCl and Na>SOs solutions of different
concentrations, at 50 °C and 40 °C are presented in Fig. 3.2, respectively.

Similar plots were obtained at other temperatures also.

All the Nyquist plots consist of two capacitive loops at the higher and
the medium frequencies, and the beginning of an inductive loop at the lower
frequency region. The higher frequency (/4f) semicircle corresponds to the
charge transfer of corrosion process and oxide film effects, and the medium
frequency (mf) semicircle corresponds to the mass transport (diffusion of
magnesium ions) through the corrosion product layer of Mg(OH).. The
relaxation of surface adsorbed species like Mg(OH)" and Mg(OH), is considered
to be the genesis of the lower frequency (/f) inductive loop. Though there are
different versions of interpreting the impedance of magnesium alloy corrosion
processes, the current explanation has been one of the most adopted (Mathieu et
al. 2002; Song and Atrens 2007; Ardelean et al. 2008; Frignani et al. 2012). It is
observed from Fig. 3.2 that the diameter of the capacitive loops decreases with
the increase in the concentrations of chloride ions and sulfate ions, respectively,
implying that the corrosion rate increases with an increase in the concentrations

of these ions.
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Fig. 3.2: Nyquist plots for the corrosion of AZ31 alloy in different
concentrations of a) NaCl medium at 50 °C and b) Na:SO4 medium at 40

°C.
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The impedance parameters obtained are derived from simulation
analyses. The impedance data points excluding the /f inductive loop can be
analyzed using an equivalent electrical circuit (EEC) along with the
representative simulation plot as shown Fig. 3.3. The entire impedance studies
were carried out using simulation analyses to obtain the parameters, and the
measurement error was kept below 5%. The Af region of the impedance spectra
can be simulated by a series of two parallel resistance — constant phase element
(R-CPE) networks; consisting of the charge transfer resistance ( R ) in parallel
with the double layer CPE (Qui ) and the surface film resistance ( Rr) in parallel
with the CPE (Qr) of the film. The mf response can be simulated with a parallel
network of resistance (Rair) with the CPE ( Or) of the film. The mf response can
be simulated with a parallel network of resistance ( Rgir ) and CPE ( Quir )
associated with the diffusion (Fletcher 1994). The constant phase element ( Qai
) is substituted for the ideal capacitive element in order to account for the

inhomogeneity and porosity of the electrode surface (Mansfeld et al. 1992).
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Fig. 3.3: Simulation curve and electrical equivalent circuit used for the

simulation of experimental data for the corrosion of AZ31 alloy in 0.20 M

NaCl medium.

The impedance of the constant phase is given by the following equation

(Dinodi and Nityananda Shetty 2013):
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Zy = Y7l (jw)™ (3.2)

where Yj is the CPE constant, o represents the angular frequency (in rad s™! ), />
= —1 is the imaginary number and n is a CPE exponent which measures the
heterogeneity or roughness of the surface. The value of # is given by (-1 < n
<1); and the CPE simulates an ideal capacitor when n = 1, an ideal inductor for

=—1, and an ideal resistor for n = 0. The capacitance is deduced from the CPE

using the following equation (Pebere et al. 1990):
C = Yo(Wmax)"" (3.3)

where, wyy, is the frequency at which the imaginary part of the impedance ( Z”)

has a maximum.

The values of electrochemical impedance parameters are listed in Tables
3.3 and 3.4 for the corrosion of AZ31 alloy in NaCl medium and Na;SO4
medium, respectively. The impedance value is inversely related to the corrosion
rate. The decrease in the values Rpr with the increase in the concentration of
chloride and sulfate ions indicates the increase in the corrosion rate. The trend
is in line with the one observed in the case of potentiodynamic polarization
studies. The trend can be explained by taking into account of the tendency of
anions like sulfate and chloride to destabilize the Mg(OH), surface film by
dissolution when they are present in higher concentrations in the corrosion
media, thereby negating the partial protection provided by the surface film of

the corrosion product.
3.1.3 Influence of temperature

The effect of temperature on the corrosion of AZ31 alloy in the chloride
and the sulfate media of different concentrations were evaluated by measuring
the corrosion rates at different temperatures. Fig. 3.4 shows the potentiodynamic
polarization curves for the corrosion of AZ31 alloy at different solution
temperatures, in 0.25 M NaCl and 0.15 M Na;SOys solutions. The Nyquist plots

for the same are shown in Fig. 3.5.
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Fig. 3.4: Potentiodynamic polarization curves for the corrosion of AZ31

alloy in a) 0.25 M NaCl and b) 0.15 M NaxSOs4 at different temperatures.
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Fig. 3.5: Nyquist plots for the corrosion of AZ31 alloy in a) 0.25 M NaCl
and b) 0.15 M NazSQ4, at different temperatures.

It can be observed from Fig. 3.5 that the increase in medium temperature
makes the polarization curves to shift towards a higher current density region
and capacitive loops in the Nyquist plots to decrease its diameter, both of which
signify an increase in the rate of corrosion. The influence of temperature is rather
apparent from the variation in the electrochemical parameters enlisted in Table
3.3, Table 3.4, wherein both sodium chloride and sodium sulfate media, at any
concentration, the rate of AZ31 corrosion increases with the increase in the
temperature. Furthermore, at any specific medium concentration, the thickness

and the protective performance of the surface film are optimal at lower
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temperatures, as precisely reflected by the combination of values; smaller Cy,

and larger Ry, which is observed only at lower temperatures.
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Fig. 3.6: Arrhenius plots for the corrosion of AZ31 alloy in a) NaCl and b)
Na:S04 media.

The activation energy corresponds to the energy barrier for the occurrence of
corrosion. The continuous decrease in £, with the increased ionic concentration
of the media as seen in Table 3.5 and Table 3.6, points out that the corrosion of

AZ31 is energetically more feasible in concentrated media (Baghni et al. 2004).
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Fig. 3.7: In(veorr/T) vs. 1/T plots for the corrosion of AZ31 alloy in a) NaCl
and b) Na2SO4 media.

The pattern of variation of AH" values is identical to that of activation

energy. The negative values of 45" suggest a decrease in the randomness of the
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system which could be the consequence of the association of the reactants during
the formation of the activated complex in the rate-determining step of corrosion

(Bentiss et al. 2005).

The study of corrosion in a range of temperatures is good in some ways;
not only does it establish the impact of temperature on the corrosion rate but also
facilitates the evaluation of activation parameters pertaining to the alloy
dissolution. Arrhenius law equation (Eq. 2.7) and transition state equation (Eq.
2.8) as stated in the previous chapter, were utilized for the determination of
activation energy (E.), the enthalpy of activation (4H"), and entropy of
activation (45"). Arrhenius plots for the corrosion of AZ31 alloy specimen in
sodium chloride and sodium sulfate media are represented in Fig. 3.6. The

In(veor/T) versus (1/7) plots for the same are shown in Fig. 3.7.

3.1.4 Mechanism of AZ31 alloy corrosion

3.1.4.1 Anodic dissolution of magnesium and negative difference effect [NDE]

The corrosion behavior of magnesium and its alloys is accompanied by
high hydrogen evolution and the reaction rate increases with the increase in the
anodic polarization. This is called a negative difference effect (Song et al. 1998).
Many models have been suggested to explain this effect. The removal of a
protective film surface with anodic polarization must make up the diminution of

the cathodic current density by anodic polarization.

The chosen medium NaCl and Na>SO4 for the present study are both
near-neutral solutions, where the cathodic reaction of corrosion dominates and
where the corrosion happens due to the hydrogen evolution through

electrochemical reduction of water as shown below.
2H,0 + 2e~ > H, + 20H~ (3.5)

However, the anodic oxidation of magnesium dissolution has remained

complex. The oxidation and the corresponding corrosion of magnesium in an
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aqueous solution can be represented by the following reactions (Baghni et al.

2004):
Mg - Mg* + e~ (3.6)
Mg —» Mg** + 2e~ (3.7)

The steady-state working potential of magnesium is about —1.5 V, even
though the standard electrode potential of magnesium is —2.38 V. The change in
potential is due to the formation of Mg(OH), film on the surface of the alloy
(Mathieu et al. 2002). However, this hydroxide layer is discontinuous and only
partially covers the alloy surface, without effectively protecting the alloy
surface. The anodic dissolution of magnesium and its alloys involve two
oxidation processes. At more active potentials of about —2.78 V (vs SCE)
magnesium undergoes oxidized to monovalent magnesium ion (Mg") and at
slightly higher potentials of about —1.56 V (vs SCE), magnesium undergoes
oxidation to a divalent magnesium ion (Mg®"), in parallel with the former
oxidation (Lopez and Natta 2001). The monovalent magnesium ion is unstable
and undergoes oxidation to divalent magnesium ion through a series of reactions

involving unstable intermediates like magnesium hydride as shown in equations

below:

Mg* +2H* +3e~ - MgH, (3.8)
Mg?** 4+ 20H™ - Mg(OH), (3.9)
2Mg* + 2H,0 - Mg?*t + Mg(OH), + H, (3.10)

The involvement of intermediates like monovalent magnesium ions
during AZ31 corrosion is substantiated by the appearance of the inductive loops
at the lower frequency region in the Nyquist plots. The secondary oxidation
eventually produces hydrogen (evolved via chemical oxidation) and magnesium

hydroxide as represented in the eqn. 3.10 (Song and Atrens 1999).

Thus, during corrosion of magnesium and its alloy in an aqueous

solution, the hydrogen evolution takes place in both cathode and anode,
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respectively, through electrical reduction and chemical oxidation of Mg" and
Mg?*. The product formed by corrosion, i.e., Mg(OH)x precipitates and forms
over the corroding magnesium surface as a film. The film is very feeble and thin
with a Pilling Bedworth ratio of 0.84 (Zhao et al. 2008). The efficacy of the
surface film to protect the underlying metal is believed to be inadequate and
hence the magnesium hydroxide surface film has been termed as partially
protective where the corrosion reactions continue unabatedly within the defects

of the film (Nordlien et al. 1997).

Many different ways have been put forward to clarify negative difference
effects in the literature review of the introduction; such as 1) univalent
magnesium ion (Mg") model, (2) eroding and tearing away of cathodic
secondary phase particles due to micro galvanic corrosion, (3) hydride model,
(4) feeble protective film model. These models try to discuss the NDE in their
aspects. The univalent magnesium ion model and hydride model corroborate the
chemical evolution of hydrogen. The second aspect of NDE explains that the
untimely and accelerated anodic dissolution results due to the breakdown and
dissolution of the surface film at higher anodic overvoltages as predicted by the

partially protective film model.

3.1.4.2 Microgalvanic corrosion of AZ31 alloy

AZ31 is a wrought alloy, where its microstructure is pivotal in the
corrosion of its alloy. The microstructure of AZ31 alloy consists of the a-Mg
matrix, distributed with the secondary S-phase, comprising of intermetallic
compound Mgi7Ali2. The secondary f-phase is cathodic to the Mg matrix and is
with a good passive behavior over a broad range of pH (CHENG et al. 2009).
However, the role of f-phase in the corrosion process depends upon its size and
distribution (Dinodi and Nityananda Shetty 2013). When the grain size of
magnesium alloy is small and the mass fraction of f- phase is high, the
distribution of the p-phase on the a-Mg matrix is continuous; providing
corrosion protection by a barrier layer effect. On the other hand, when the grain
size is larger and the S-phases cannot cover the a-phase completely, galvanic

corrosion results with the a-phase acting as anode and undergoing corrosion.
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The corrosion product, Mg(OH),, precipitates over the a-Mg matrix and this
surface film is only partially selective as the continuity of the film is interrupted
by the presence of the secondary phase. In addition, the secondary oxidation
results in the chemical liberation of hydrogen gas at the anode. This rapid
liberation of hydrogen gas at the anodic sites causes the breakdown of the
surface film at higher anodic overvoltage and accounts for the inflection in an

anodic branch of Tafel plots (Nordlien et al. 1997).

Choi (Choi and Pyo 2016) investigated the corrosion of several
magnesium alloys in aqueous salt solutions and have highlighted the difference
between the corrosion rates obtained from the Tafel extrapolation (short-term
method) and other non-electrochemical methods like hydrogen evolution studies
and weight-loss measurements (long-term methods). In Tafel measurements, the
corrosion rate determination is based upon the rate of electron transfer or the
current density. The polarization measurements when performed soon after the
immersion of the alloy in the electrolyte give instantaneous corrosion rates. The
corrosion rates were examined using hydrogen evolution studies for exposure
periods until a steady state was obtained. Considering the dynamic nature of the
interface of corroding alloy, the immediate and steady-state corrosion rates are
meant to differ as to the surface topography and the corroding area continuously
change with time (Lv et al. 2014; King et al. 2014; Chen et al. 2019). The
potentiodynamic polarization measurements for AZ31, even when performed
after the attainment of the steady-state, might differ from those obtained through
hydrogen evolution tests and other techniques, considering the features of
negative difference effect. Since magnesium corrosion is only partly
electrochemical, hydrogen is evolved both electrically through cathodic
reduction and chemically through secondary oxidation; the rate of evolution of
hydrogen calculated from the hydrogen evolution studies might overestimate the
actual rate of alloy corrosion. The discrepancy with the results of weight loss
measurements is because of the after-effects of micro-galvanic corrosion, where
the cathodic intermetallic particles fall out of the alloy due to accelerated

dissolution across the particle boundary. Such undermining and falling away of
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the cathodic particles results in a weight loss that is larger than that arising solely

from the electrochemical metal alloy dissolution.

3.1.4.3 Influence of ionic concentration and temperature

The response of the AZ31 alloy towards the changes in the
environmental factors like ionic concentration or temperature to a great measure
is influenced by the surface film properties, especially the film stability. The
dissolution of the film layer exposes the naked alloy surface to the electrolyte,
resulting in an accelerated attack. The protective performance of the surface film
is primarily dependent on the electrolyte type. The anions like chloride and
sulfate which act as pitting agents bring about the dissolution of the surface film
by transforming magnesium hydroxide into soluble salts of magnesium chloride
and magnesium sulfate respectively (CHENG et al. 2009). The outcome of this
surface film dissolution paves way for an increase in the corrosion rate of the

AZ31 alloy as there is an increase in the concentration of ionic media.

Normally chloride will be significantly more corrosive than sulfate for
both Mg and Al (Zhao et al. 2008a). In the NaCl environment, the adsorption of
the chloride ions on the Mg surface effectively changes Mg(OH): to soluble
MgCly, thus destroying the compactness of the corrosion product film and
resulting in pitting corrosion (Song and Atrens 1999). It is expected that
magnesium dissolution and hydrogen evolution rates in NaCl medium should be
higher than that in Na,SO4 medium and the experimental results in the present
study are consistent with the trend expected. The chloride ions not only increase
the solubility of magnesium oxide or magnesium hydroxide surface film
significantly, its combination with metallic magnesium, weakens the bonds
among the metallic atoms and quickens their take-off from their original position
to form the intermediate species Mg" (Jia’an et al. 2017). Also, in the presence
of sulfate ions Mg-Al alloys form MgAl>(SO4)4.22H20 as per the following
equation (3.11):

Mgt + 2A1" + 4804% + 22H,0 — MgAL(SO4)s. 22H,0 (3.11)
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The so formed MgAI(SO4)4. 22H2O, as a corrosion product gets
deposited on the surface of the alloy, due to its lower solubility, forming a semi-
permeable film on the alloy surface. This decreases the penetration of sulfate
ions. Also, sulfate ion is bigger than chloride ions in size, and hence, less prone
to drill through the film. Thus, both these factors reduce the penetration of
sulfate ions to the fresh alloy surface (Iwanaga et al. 2004).

The corrosion rate of AZ31 alloy from the results of this study shows
that the increase in the corrosion rate is accompanied by an increase in
temperature. The temperature effects can be assigned to the increase in the
dissolution of the surface film and decreased hydrogen overvoltage. The
solubility of Mg(OH): increases with the increase in the temperature and hence
a higher solution temperature promotes greater dissolution of the surface film.
The increase in temperature is also known to increasingly reduce the hydrogen
overvoltage which makes the cathodic hydrogen evolution and the alloy

corrosion occur easily.

3.1.5 Surface morphology

The SEM images were used to compare the morphology of the alloy
surfaces under un-corroded and corroded conditions. EDX was employed to
evaluate the compositions of the respective alloy surfaces. The SEM image of
the freshly polished surface of AZ31 alloy is shown in Fig.3.8 The
microstructure of the alloy, as evident from the SEM image, consists of
randomly distributed sub-micron sized f-phase in the main body of the a-phase.
The average grain size was obtained to be 2.8 um. The EDX spectra (Fig. 3.9)
of the freshly polished surface shows the presence of the constituent elements
of the alloy. The SEM image of the alloy surface immersed in 0.1 M, 0.15 M,
0.20 M, and 0.25 M NaCl medium for 3 h is shown in Fig. 3.10. The EDX
spectra of the alloy surface immersed in 0.25 M NaCl is shown in Fig. 3.11. The
SEM image of the alloy in 0.1 M, 0.15 M, 0.20 M, and 0.25 M Na;SO4 and EDX
spectra of the alloy surface after immersion in 0.2 M Na;SO4 medium for 3 h
are presented in Figs. 3.12 and 3.13, respectively. The SEM images of the alloy

surfaces clearly show the deterioration in the presence of the corrosive media;
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the microstructure is hardly visible hinting at the deposition that occurred on the
surface as a film. The appearance of predominant oxygen on the alloy surface

due to the presence of corrosion product, Mg(OH): on the surface.

Spectrum 1

Full Scale 29625 cts Cursor: 0.000 ket

Fig. 3.9: EDX spectrum of freshly polished uncorroded surface of AZ31
alloy.
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Fig. 3.10: SEM images of AZ31 alloy immersed for 3 hours in NaCl

solutions of different concentrations at 30 °C.
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Fig. 3.11: EDX spectrum of AZ31 alloy immersed in 0.25 M NaCl for 3 h at

room temperature.

Fig. 3.12: SEM images of AZ31 alloy immersed for 3 hours in Na2SO4
solutions of different concentrations at 30 °C.
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Fig. 3.13: EDX spectrum of AZ31 alloy immersed in 0.20 M Na:SOsfor 3 h

at room temperature.

3.1.6

Summary

The environmental factors like temperature, concentrations of sulfate
and chloride ions in the corrosion media and temperature have a
significant influence on the rate of corrosion of magnesium alloy AZ31.
The corrosion rate of AZ31 alloy increases with the increase in
temperature and ionic concentration.

The results for electrochemical studies in combination with surface
analysis confirm the formation of Mg(OH): film on the corroding alloy
surface.

The Mg(OH); surface film is partially protective due to imperfections
like breaks and non-uniformity. Higher ionic concentrations and
temperatures further destabilize the surface film possibly by dissolution
and increase the corrosion rate.

The corrosion kinetics follows Arrhenius law.

The rate of corrosion of the alloy is higher in the chloride medium than

in the sulfate medium.
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Table 3.1: Electrochemical polarization parameters for the corrosion of AZ31

alloy in NaCl media at different temperatures.

Concentrsation Temperature Eggg 3 icorr , -Pe ) Ucorr
(mol dm™) °O) (mV) (A cm™) | (mV dec”) | (mmy?)

30 -1514 70.10 99 1.51

35 -1490 112.81 122 2.43

0.05 40 -1500 168.06 129 3.62
45 -1503 183.38 134 3.95

50 -1493 197.77 140 4.26

30 -1483 154.03 135 3.34

35 -1489 171.58 141 3.73

0.1 40 -1502 210.77 165 4.54
45 -1516 225.52 162 4.90

50 -1490 235.47 173 5.11

30 -1537 233.52 150 5.03

35 -1500 333.34 155 7.18

0.15 40 -1515 455.90 168 9.82
45 -1491 478.65 170 10.31

50 -1475 567.33 194 12.22

30 -1500 432.55 189 9.40

35 -1485 457.04 214 9.93

0.2 40 -1483 489.13 181 10.63
45 -1511 687.77 211 14.75

50 -1497 709.98 198 15.43

30 -1526 520.41 190 11.31

35 -1515 553.44 192 12.03

0.25 40 -1488 577.18 188 12.54
45 -1510 706.61 209 15.22

50 -1494 792.81 206 17.23
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Table 3.2: Electrochemical polarization parameters for the corrosion of

AZ31 alloy in Na:SO4 media at different temperatures.

ECOI'I'
. icorr -ﬂc Ucorr
C(zrl;lcoeln(;ll‘f:_t;)on Temt)oecr;ture S\(f:sE (A em?) | (mV dec) | (mm y)
(mV)

30 -1483 63.33 93 1.37

35 -1470 110.24 110 2.39

0.05 40 -1502 | 164.74 125 3.58
45 -1465 179.03 154 3.89

50 -1481 190.03 144 4.13

30 -1522 71.20 117 1.54

35 -1528 157.60 134 3.42

0.1 40 -1485 191.24 140 4.15
' 45 -1481 202.70 150 4.40
50 -1456 208.41 157 4.53

30 -1457 218.14 138 4.74

35 -1457 322.28 142 7.00

015 40 -1469 445.19 151 9.67
45 -1446 461.63 158 10.03

50 -1448 546.62 170 11.88

30 -1505 235.63 152 5.12

35 -1493 354.34 158 7.70

0.2 40 -1489 470.87 164 10.23
' 45 -1472 542.13 172 11.78
50 -1480 672.86 197 14.62

30 -1451 372.80 147 8.10
35 -1411 497.12 158 10.80

40 -1438 516.71 170 11.23
0.25 45 -1486 583.03 190 12.67
50 -1463 727.89 201 15.82
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Table 3.3: Electrochemical impedance parameters for the corrosion of AZ31 alloy

in NaCl media at different temperatures.

Concentration | Temperature Rus Ry Rair Ca Cr
(mol dm™) (°C) Qem?) | (Qcem?) | (Qcem?) | (uF em?) | (uF em?)

30 580 296 225 138 177

35 550 255 207 153 181

0.05 40 422 231 184 161 188
45 340 191 150 170 192

50 318 160 131 171 198

30 507 232 209 166 172

35 380 192 168 181 179

0.1 40 366 173 142 191 183
45 351 152 115 195 185

50 301 139 108 200 191

30 358 170 144 172 115

35 301 161 121 184 128

0.15 40 288 150 113 197 133
45 225 128 100 201 140

50 130 88 73 218 147

30 170 109 95 193 191

35 166 97 79 190 199

0.2 40 158 90 70 212 210
45 125 78 58 220 219

50 103 73 52 243 232

30 201 115 99 205 195

35 150 107 85 217 205

0.25 40 141 98 72 221 222
45 105 81 68 230 223

50 99 70 55 248 239
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Table 3.4: Electrochemical impedance parameters for the corrosion of AZ31 alloy

in Na:SO4 media at different temperatures.

Concentration | Temperature Rus Ry Rair Ca Cy
(mol dm) (°C) (Qem?) | (Qcem?) | (Qcem?) | (uF em?) | (uF em?)

30 609 471 412 159 102

35 510 367 303 176 129

0.05 40 477 333 288 201 146
45 450 350 275 225 151

50 412 354 252 261 168

30 460 343 319 201 188

35 432 322 293 224 191

0.1 40 403 254 227 249 225
45 387 193 160 269 237

50 373 209 161 278 241

30 434 420 383 244 167

35 463 300 280 278 169

0.15 40 380 230 201 299 180
45 273 237 200 307 188

50 245 200 178 321 200

30 301 226 171 269 179

35 287 224 190 287 186

0.2 40 259 192 163 301 191
45 236 203 167 321 201

50 218 187 159 333 219

30 392 301 280 320 240

35 350 250 221 333 259

0.25 40 201 114 96 345 267
45 180 109 80 359 280

50 170 100 64 389 308
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Table 3.5: Activation parameters for

different concentrations of NaCl.

CHAPTER 3

the corrosion of AZ31 alloy in

Concentration E. AH? AS*
(mol dm3) ( kJ mol ) (kJ mol ") (J mol' K1)
0.05 34.00 34.66 -128.69
0.10 24.55 20.97 -162.88
0.15 23.57 18.70 -174.42
0.20 20.67 18.08 -167.27
0.25 16.94 15.30 -175.67

Table 3.6: Activation parameters for the corrosion of AZ31 alloy in

different concentrations of Na2SQOu.

Concentration E. AH? AS*
(mol dm3) ( kJ mol?) (kJ mol) (J mol'' K1)
0.05 44.17 40.04 -108.74
0.10 39.64 33.78 -126.03
0.15 35.65 28.33 -137.09
0.20 35.21 23.87 -149.98
0.25 24.39 18.81 -164.69
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3.2  INFLUENCE OF pH ON THE CORROSION OF AZ31 ALLOY IN
AQUEOUS SALT SOLUTIONS

3.2.1 Potentiodynamic polarization measurements

The potentiodynamic polarization curves for the corrosion of AZ31 alloy
in 0.1 M NaCl and 0.1 M NaxSO4 at pH 3, 5, 7,9, and 11 are presented in Fig.
3.14. Similar plots were obtained in solutions of other concentrations with
respect to NaCl and Na,SO4. The influence of the medium pH plays an important
role in the corrosion of AZ31. The potentiodynamic polarization curves for the
corrosion of AZ31 alloy in solutions of different pH show that the polarization
curves shift to the higher current density region, implying an increased corrosion
rate as the medium pH decreases from highly alkaline (pH=11) to highly acidic
(pH=3) conditions (Acharya and Shetty 2019). The cathodic branches of the
polarization curves were extrapolated to the open circuit potential to obtain the
corrosion current density (icorr), as the anodic curves do not possess distinct Tafel

regions.

The results summarised in Table 3.7 and Table 3.8 indicate that a higher
corrosion rate is associated with a lower medium pH in all the corrosion media
containing different concentrations of chloride ions or sulfate ions. Also, the
corrosion rate increases with the increase in the concentrations of both chloride
ions and sulfate ions at all the pH conditions studied. Although few authors like
Zhao (Zhao et al. 2008) have studied Ecorr associated with higher corrosion rate
for alloys like ZE41 alloy, this behavior cannot be judged as a phenomenon for
all magnesium alloys, since many studies carried, shows no such direct relation

between Ecor, fc and corrosion rate.

The stability of metallic magnesium and its corrosion product
magnesium hydroxide (Mg(OH);) as a function of the potential and pH of
aqueous solutions is shown in the potential-pH plot in the introduction part of

the thesis.

The anodic reaction involves the dissolution of magnesium and the

cathodic reaction is the hydrogen evolution by the reduction of water. The
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liberation of hydrogen leads to the increase in the pH of the medium, lowering
the solubility of Mg?" and precipitating it as Mg(OH),, creating a surface layer
on the alloy. The so formed corrosion product Mg(OH): is stable only in alkaline
conditions as shown in pourbaix diagram, with pH value above 10.5.
Thermodynamically Mg(OH), is unstable at pH values below 10.5, but still
magnesium can develop a partial Mg(OH): film on the surface of the metal in
acidic conditions if the dissolution rate of Mg(OH): is slower than the rate of its
formation. Also, due to the cathodic reaction of hydrogen generation, an alkaline
pH zone develops at the electrode interface, which facilitates Mg(OH)>
precipitation and film formation, even when the bulk pH is acidic (Zhao et al.

2008).

By understanding the mechanism, the observed trend of the increased
corrosion rate of AZ31 alloy with the decreasing pH value at every chloride and
sulfate medium concentration can be justified. There is a reduced attack on the
magnesium alloy surface in alkaline conditions, where Mg(OH); surface film is
highly stable and protective. Lowering medium pH increases the solubility of
the surface film, accounting for the increased corrosion rate observed in the
acidic media. The corrosion rate observed in the basic media, is quite significant,
though small. The Mg(OH), surface film formed on the surface of the alloy is
thin with a Pilling-Bedworth ratio ~0.81 (Song and Atrens 2007) and the formed
protective film is only partial and is incapable of completely covering the
underlying alloy surface. Thus, the corrosion reactions take place predominantly

at the breaks and imperfections of the film (Gao and Liang 2007).

The stability of the surface film also depends on the pH value of the
corrosion medium. A higher pH value solution usually makes the surface film
more passive. In solutions of higher pH, there is a higher concentration of OH~
available to compete with chloride ions or sulfate ions to adsorb onto the film
surface, and to repel more of these anions out of the film/solution interface. This

decreases the influence of the chloride ions and sulfate ions on the film.
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Fig. 3.14: Potentiodynamic polarization curves for the corrosion of AZ31
alloy in a) 0.1 M NaCl and b) 0.1 M Na:SOs4 solutions of different pH at 30
°C.

3.2.2 Electrochemical impedance spectroscopy

Fig. 3.15 presents the electrochemical impedance spectra in the form of
Nyquist plots for the corrosion of AZ31 alloy at different pH conditions in 0.1
M sodium chloride medium and 0.1 M sodium sulfate medium. Similar curves

were obtained in other concentrations of chloride and sulfate media.
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Fig. 3.15: Nyquist plots for the corrosion of AZ31 alloy in a) 0.1 M NaCl
and b) 0.1 M Na2SOs4 solutions of different pH at 30 °C.

The decrease in the diameter of the capacitive loop denotes the increased
corrosion rate with the decrease in the pH of the media. respectively. The results

of EIS measurements are summarized in Table 3.9 and Table 3.10 for sodium
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chloride media and sodium sulfate media, respectively. The results of EIS
measurements are in line with those of potentiodynamic polarization

measurements.
3.2.3 Scanning electron microscopy

The surface morphology of the alloy is often helpful in estimating the
effect of a corrosive pH medium on the alloy surface. The surface morphology
of the corroded alloy specimens under different conditions was analyzed by
recording the SEM images of their surfaces. The SEM image and the
corresponding EDX spectrum of the freshly polished surface of AZ31 alloy is
shown in Fig. 3.16. The SEM images of AZ31 alloy surfaces after their corrosion
in 0.2 M in NaCl medium of pH 3,7 and 11 for 3 h at 30 °C are shown in Fig.
3.17. The corresponding EDX spectrum is shown in Fig. 3.18. The SEM images
of AZ31 alloy surface after their corrosion in 0.2 M Na;SO4 with pH 3, 7, and
11 are shown in Fig. 3.19. The corresponding EDX spectrum is presented in Fig.
3.20. The surface appears more deteriorated in the acidic pH, relatively less
deteriorated in the neutral pH, and least deteriorated in the basic pH. These

observations are in line with the observations of electrochemical studies.

Fig. 3.16 : SEM image and EDX spectrum of freshly polished AZ31 alloy.
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Fig. 3.17: SEM image of AZ31 alloy immersed in 0.2 M NaCl medium at 30
°C for 3 h ata) pH3,b) pH 7 and ¢) pH 11.

Spectrum 1

Full Scale 13114 cts Cursor:0000  ke¥

Fig. 3.18: EDX spectrum of AZ31 alloy immersed in 0.2 M NaCl of pH 7 for
3 h at 30 °C.

Fig. 3.19: SEM image of AZ31 alloy immersed in 0.2 M Na>SO4 medium at
30 °C for 3 h ata) pH 3, b) pH 7 and ¢) pH 11.
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Fig. 3.20: EDX spectrum of AZ31 alloy immersed in 0.2 M Na2SO4 of pH 7
for 3 h at 30 °C.

3.2.4 Summary

e The corrosion of magnesium alloy AZ31 in Na2SO4 and NaCl solutions
is strongly influenced by the medium pH.

e A higher corrosion rate is associated with a higher sulfate and chloride
ion concentration at each pH and with a lower pH at each sulfate ion and
chloride ion concentration, respectively.

¢ In the studied range of pH the highest rate of corrosion was exhibited by
NaCl and Na>SOs4 solution at pH value 3, and the lowest corrosion rate

at pH value of 11.
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Table 3.7: Electrochemical polarization parameters for the corrosion of AZ31
alloy in NaCl media of different pH and concentrations at 30 °C.

Concentration pH Ecorr vs SCE fcorr -ﬂc Ucorr
(mol dm3) (mV) (A em?) | (mV dec) (mm y)

3 -1503 163.88 257 3.53

5 -1476 40.31 293 0.89

0.05 7 -1496 36.67 288 0.79
9 -1470 24.60 256 0.53

11 -1302 11.14 262 0.24

3 -1560 182.41 285 3.97

5 -1461 152.23 297 3.32

0.10 7 -1514 139.73 295 3.04
9 -1491 43.46 269 0.94

11 -1281 14.29 224 0.31

3 -1484 216.26 279 4.71

5 -1483 209.19 280 4.55

0.15 7 -1492 226.59 291 4.62
9 -1506 90.99 300 1.96

11 -1419 41.08 234 0.90

3 -1476 369.07 266 8.04

5 -1473 274.06 281 5.97

0.20 7 -1482 214.01 238 4.67
9 -1491 136.65 271 2.84

11 -1416 106.24 257 2.31
3 -1490 930.06 286 20.27

5 -1470 382.03 301 8.33

0.25 7 -1506 207.07 253 4.68
9 -1477 135.10 321 291

11 -1448 114.67 229 2.47
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Table 3.8: Electrochemical polarization parameters for the corrosion of AZ31
alloy in Na:SO4 media of different pH and concentrations at 30 °C.

Concentration pH Ecorr vs fcorr -ﬂc Ucorr
(mol dm3) SCE (mV) | (uA em?) | (mV dec!) | (mmy?)
3 -1495 158.67 224 3.45
5 -1503 131.48 239 2.86
0.05 7 -1490 113.10 202 2.46
9 -1462 101.03 233 2.20
11 -1423 7.42 208 0.16
3 -1457 169.05 232 3.68
5 -1492 160.52 231 3.49
0.10 7 -1471 125.43 233 2.76
9 -1477 110.03 252 2.73
11 -1361 19.03 225 0.41
3 -1486 309.18 149 6.75
5 -1494 115.69 247 2.52
0.15 7 -1522 177.77 279 3.87
9 -1468 173.02 245 3.77
11 -1465 33.89 208 0.73
3 -1508 332.32 238 7.24
5 -1474 196.30 258 4.28
0.20 7 -1480 187.78 264 4.09
9 -1447 179.72 200 391
11 -1422 40.39 237 0.87
3 -1505 551.28 212 12.01
5 -1462 464.53 253 10.12
0.25 7 -1569 396.26 218 8.63
9 -1580 315.50 266 6.80
11 -1398 43.17 288 0.93
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Table 3.9: Electrochemical impedance parameters for the corrosion of
AZ31 alloy in NaCl media of different pH and concentrations at 30 °C.

NaCl pH Rt Ry Ca Cr
Concentration(M) Qcem?) | (Qcm?) | (nF em?) | (uF em?)
3 362 247 441 442
5 639 530 425 261
0.05 7 1423 969 210 197
9 1469 1040 59 184
11 2750 1945 179 109
3 507 385 914 805
5 758 625 626 654
0.10 7 842 667 427 354
9 1030 946 193 312
11 1099 900 158 127
3 508 470 654 623
5 623 521 467 387
0.15 7 799 629 443 294
9 971 843 334 138
11 1020 931 201 134
3 480 306 858 846
5 594 335 304 361
0.20 7 728 407 301 323
9 900 608 201 214
11 956 752 216 214
3 432 193 886 622
5 532 337 703 311
0.25 7 646 357 624 268
9 836 779 440 235
11 904 846 221 206
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Table 3.10: Electrochemical impedance parameters for the corrosion of
AZ31 alloy in Na:SO4 media of different pH and concentrations at 30 °C.

Na2SOq4 pH Rt Ry Ca Cr
concentration(M) Qcm?) | (Qcem?) | (uF em?) | (uF em?)

3 854 406 446 848

5 1206 847 324 587

0.05 7 1287 990 306 139
9 1495 1038 193 104

11 2150 1545 179 89

3 816 664 658 836

5 880 707 491 199

0.10 7 968 767 336 193
9 1157 870 103 164

11 1290 989 101 141

3 793 688 377 837

5 870 720 197 199

0.15 7 906 835 195 139
9 1049 855 156 110

11 1151 955 201 149

3 747 614 279 719

5 828 726 253 572

0.20 7 890 760 156 471
9 1002 881 164 145

11 1090 900 159 146

3 649 488 311 965

5 757 613 284 809

0.25 7 862 678 382 342
9 952 847 169 232

11 1050 950 163 153
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3.3 SODIUM 2,2'-(5,14-DIBUTYL-6,13-DIOX0-5,8,11,14-
TETRAAZAOCTADECANE-8,11-DIYL)DIACETATE (DB) AS
CORROSION INHIBITOR ON AZ31 MAGNESIUM ALLOY IN
SODIUM CHLORIDE AND SODIUM SULFATE SOLUTIONS

3.3.1 Potentiodynamic polarization measurements

Potentiodynamic polarization curves for the corrosion of AZ31
magnesium alloy in 0.1 M NaCl and 0.1 M Na;SOj4 solution in the presence of
different concentrations of DB, at 50 °C are shown in Fig. 3.21. Similar plots
were obtained in the other five concentrations each of NaCl and Na;SO; at

different temperatures studied.

The potentiodynamic polarization parameters such as corrosion potential
(Ecorr), corrosion current density (icorr), cathodic Tafel slope (f:) were calculated
from the Tafel plots in the presence of different concentrations of DB at different

temperatures and are summarized in Tables 3.11 to 3.20.

In general, according to the results presented in Tables 3.11 to 3.20 and
also from polarization curves in Fig. 3.21, the corrosion current density (icorr)
decreases significantly even on the addition of a small concentration of DB
compound, and the inhibition efficiency (#%) increases with the increase in the
inhibitor concentration on the AZ31 magnesium alloy. The corrosion current
density (icorr) Values were obtained by the extrapolation of cathodic branches of
the polarization plots. It can be observed that both the cathodic and anodic
reactions are suppressed with the addition of DB, which suggested that the
inhibitor exerted an efficient inhibitory effect both on the anodic dissolution of
metal and on the cathodic hydrogen liberation reaction (Li et al. 2009).
Inhibition efficiency increases with the increase in the inhibitor concentration
up to an optimum value. Thereafter the increase in the inhibitor concentration

resulted in a negligible increase in inhibition efficiency.

As the concentration of the inhibitor increases from 0.0008 M to 0.0025
M, it is noticed that the corrosion current shifts slightly towards a lower current
density. This indicates that the inhibitor promotes the passivation of AZ31

magnesium alloy through adsorption and decreases corrosion rate. The increase
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in the inhibition efficiency with the increase in inhibitor concentration is
attributed to the increased surface coverage by the inhibitor molecules as the

concentration is increased (Zhao et al. 2008).

It is seen from the Tables, that the value of f. does not change
significantly with the increase in DB concentration, which indicates that the
addition of DB does not change the mechanism of cathodic hydrogen evolution.
The small change in . value suggests that the DB gets adsorbed on the metal
surface and the addition of the inhibitor hinders the corrosive attack on the AZ31

magnesium alloy (Zeng et al. 2014).

It can also be seen from the Tables, that there is no appreciable shift in
the corrosion potential value (Eco) on the addition of DB to the corrosion
medium and also on increasing the concentration of DB. If the displacement in
corrosion potential is less than =85 mV with respect to corrosion potential of the
blank, then it is said to be mixed type inhibitor (Dinodi and Nityananda Shetty
2014); (Cao et al. 2009). Therefore, the DB is considered to be a mixed type

inhibitor.
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Fig. 3.21: Potentiodynamic polarization curves for the corrosion of AZ31
alloy in the presence of different concentrations of DB in a) 0.1 M NaCl
solution and b) 0.1 M Na2SOs4 solution at 50 °C.
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3.3.2 Electrochemical impedance spectroscopy

Nyquist plots for the corrosion of AZ31 magnesium alloy in 0.1 M NaCl
and 0.1 M Na>SOg4 solution in the presence of different concentrations of DB are
shown in Fig. 3.22. Similar plots were obtained in other concentrations of NaCl
and Na>SO4 and also at other temperatures. It can be observed from the figure
that the diameter of the semicircle increases with the increase in the
concentration of DB, indicating a decrease in the corrosion rate of the alloy

sample.

The Nyquist plots display two capacitive semicircles at higher and
medium frequencies, the former being much larger than the later, followed by
the beginning of an inductive loop at lower frequency region. The higher
frequency (%f) loop is the result of charge transfer of the corrosion process and
surface film effects. The medium frequency (mf) semicircle arises as a
consequence of diffusion or electrolyte ingress, through the corrosion product
layer. The appearance of a lower frequency (/f) inductive loop is attributed to
the relaxation of intermediates like Mg(OH)" ags and Mg" 445 adsorbed at the
metal surface. When compared with the blank the capacitive semicircles appear
enlarged in the presence of DB. This is indicative of improved corrosion
resistance of AZ31 alloy in DB containing solutions (Dinodi and Shetty 2014);
(Song and Atrens 1999); (Mansfeld et al. 1992); (Ardelean et al. 2008).

The electrical equivalent circuit presented in Fig. 3.3 is fitted into the
impedance data and the electrochemical impedance parameters were calculated.
The electrochemical impedance parameters for the corrosion of AZ3l1
magnesium alloy in NaCl and Na>SO4 media are summarised in Tables 3.21 to
3.30. The inhibitor molecules adsorb along with the interface by replacing
previously adsorbed water molecules. As a consequence, the impedance
parameters are bound to change upon DB addition, as observed from Tables 3.21
to 3.30. The trend of higher # (%) at higher DB concentration is in close
accordance with those obtained from the polarization measurements. On
increasing the concentration of DB, Ry, and Rair value increases, whereas Cq and

Cr values decline. The increase in Ry signifies that the protection offered by the
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surface film is magnified to several folds on the addition of DB into the system
and Rgir is hindrance for the diffusion of ions through the film surface. The
diminution in Caq and Cr values can be the outcome of reduction in local
dielectric constant and/or increased thickness of the electrical double layer and

the surface film, respectively.
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Fig. 3.22: Nyquist plots for the corrosion of AZ31 alloy in the presence of
different concentrations of DB in a) 0.1 M NaCl and b) 0.1 M Na>SQO4 at 50
°C.

The Bode plots of phase angle and amplitude for the corrosion of the
AZ31 Mg alloy immersed in 0.1 M NaCl and 0.1 M NaxSO4 at 50 °C in the
presence of different concentrations of DB, are shown in Fig. 3.23 and Fig. 3.24,
respectively. As seen from Bode plots, both the impedance modulus (Znoa) at
low frequency and the phase maximum (fmax) at intermediate frequency increase
with the increase in DB concentration, which together points out the presence of
highly protective surface film formed by the inhibitor, thereby protecting the

metal surface from corrosion.
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Fig. 3.23: Bode phase angle and amplitude plots for the corrosion of AZ31

alloy in 0.1 M NaCl medium containing different concentrations of DB at

50 °C.
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Fig. 3.24: Bode phase angle and amplitude plots for the corrosion of AZ31
alloy in 0.1 M Na2SO4 medium containing different concentrations of DB at
50 °C.

3.3.3 Effect of temperature

Studying corrosion at various intervals of temperature facilitates the

assessment of important activation parameters. At any particular DB
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concentration, the efficiency of the studied DB declines with the increase in

solution temperature, as seen from the results listed in Table 3.31 and Table 3.

32. This is a distinguishing trait of physisorbed inhibitors, which desorb at

higher temperatures (Bentiss et al. 2005). Arrhenius plots for the corrosion of

AZ31 alloy specimen in 0.1 M NaCl and 0.1 M Na>SO4 having different

amounts of DB are presented in Fig. 3. 25.
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Fig. 3.26:

The plots of In(veorr/T) vs (1/T) for the corrosion of AZ31
magnesium alloy in a) 0.1 M NaCl and b) 0.1 M Na:SO4 media in the

presence of different concentrations of DB.
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The plots of In (veorr /T) versus 1/T for the corrosion of AZ31 magnesium alloy
in the presence of different concentrations of DB compound in 0.1 M NaCl and
0.1 M NaxSOg4 are shown in Fig. 3.26. The activation parameters calculated are

summarized in Tables 3.31 and 3.32.

From the data in Table 3.31 and Table 3.32, the following inferences can
be drawn. The values of E. for each DB containing system are greater than E,
of the blank and it gradually increases with the increase in the concentration of
DB. E, is synonymous with the energy barrier for the occurrence of metal
corrosion (Schorr and Yahalom 1972). Thus, the presence of DB energetically

hinders AZ31 corrosion, most likely by adsorption of the surface film.

The variation of AH* is similar to that of E, and the negative values of
AS#suggest the formation of the activated complex involves association with the

reduction in the randomness of the system.
3.3.4 Adsorption isotherms

An adsorption isotherm is a graphical representation of variation of
extent of adsorption with pressure or concentration of on adsorbate at a given
constant temperature. The phenomenon of adsorption plays a vital role during
the action of corrosion inhibitors. Hence a thorough knowledge about the
adsorption isotherm is a prerequisite in understanding the nature of interactions
prevailing between the inhibitor molecules and the metal surface. A
metal/electrolyte interface has water molecules adsorbed all along. During
inhibitor adsorption, the inhibitor molecules in solution (Inhol)) replace the
previously adsorbed water molecules (H2Oads)) through a process similar to

substitution (Tao et al. 2009), as shown below:

where y is the size ratio corresponding to the number of water molecules
replaced upon the adsorption of one inhibitor molecule. y is specific for an

individual inhibitor and is fairly independent of the surface charge on the metal.
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Generally, the degree of inhibition brought about by interfacial inhibitors
varies as a function of surface coverage (). It was attempted to obtain a linear
relationship between the values of 6 and the concentration of the inhibitor in the
solution (Cinn) by graphically fitting the parameters to various adsorption
isotherms like Langmuir, Temkin, Frumkin, and Flory—Huggins isotherms. The
correlation coefficients (R?) were compared (Wang et al. 2010b). The best fit,
however, was achieved with the Langmuir adsorption isotherm, mathematically

represented as shown below:

Cin 1
=2t = Cinn + () (3.13)

where K is the equilibrium constant for the adsorption-desorption process.
Straight lines were obtained on plotting (Cinn/0) versus Cinn at all temperatures.
Fig. 3.27 represents the Langmuir adsorption isotherms for the adsorption of DB
in 0.1 M of NaCl and 0.1 M Na>SO4. K was evaluated as the reciprocal of
intercept values obtained from the plots. The values of K were substituted in the
reaction isotherm equation below to obtain the standard free energy of

adsorption.
AG°,qs = —RTIn(55.5XK) (3.14)

where 55.5 in mol dm? is the molar concentration of water in the solution, R is
the universal gas constant and 7 is the absolute temperature. The standard
enthalpy of adsorption AH’qs and standard entropy of adsorption AS%ds were
calculated from the plot of AG°ags versus 7, by means of thermodynamic relation

below:
AGOadS :AHOads_TALS{)ads (3.15)

Tables 3.33 and 3.34 enlist all the calculated thermodynamic parameters
for the adsorption of DB on the alloy surface in NaCl and Na>SO4. The plots
though linear with an average linear regression coefficient (R?) equal to 0.95,
deviate slightly from the ideal Langmuir isotherm, in terms that the slopes are
close but not equal to unity. This deviation arises as a consequence of mutual

interactions among the adsorbed DB. Such intermolecular interactions among
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the adsorbate are forbidden as per the assumptions considered for the statistical
derivation of the Langmuir equation (Ayawei et al. 2017). The AG° 4 values are
negative and fall within the range -27 kJ mol™! to -31 kJ mol!. Generally
accepted free energy threshold for physisorption and chemisorption,
respectively is -20 kJ mol™! and -40 kJ mol!. The values obtained in the current
study are intermediate hinting that the DB adsorb both physically and
chemically. The fact that both AG°,;s and inhibition efficiency decrease with
the increase in temperature, indicates that the adsorption of DB on the AZ31
alloy surface in NaCl and Na;SOg4 are not favoured at high temperature and
hence can be considered to be predominantly physisorption. The standard
adsorption entropy value is negative; indicating that decrease in disordering
takes place on going from the reactant to the alloy adsorbed species. This can be
attributed to the fact that adsorption is always accompanied by decrease in

entropy (Fawzy et al. 2018).
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Fig. 3.27: Langmuir adsorption isotherms for the adsorption of DB on

AZ31 alloy in a) 0.1 M NaCl medium and b) 0.1 M Na:SO4 medium.
3.3.5 Mechanism of corrosion inhibition

Magnesium dissolution in wet environments generally proceeds by an
electrochemical reaction with water to produce magnesium hydroxide and
molecular hydrogen (H»), thus magnesium corrosion is relatively insensitive

to oxygen concentration.
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Generally, the inhibition brought about by chemical inhibitors is
attributed to adsorption and barrier film formation at the metal surface. The
DB is an anionic surfactant with the carboxylate polar head and long alkyl
hydrophobic tail. The DB might physically adsorb through the electrostatic
interactions between their anionic head and Mg?" ions trapped within the
imperfections of surface film developed over the a-Mg matrix. There certainly
is scope for chemisorption as well, at the cathodic phases which are rich in Mn
and Zn elements (Zeng et al. 2014); (Hu et al. 2015). Strong covalent bonds
might develop from donor—accepter interactions between unshared electron
pairs of oxygen in the inhibitor and vacant d-orbitals of Mn or Zn metal atoms,
leading to chemisorption of inhibitors. The DB, chemisorbed along cathodic
intermetallic phases are likely to inhibit cathodic hydrogen evolution by
blocking the active cathodic reaction sites. The physisorbed surfactant, on the
other hand, might precipitate as their sparingly soluble magnesium salts within
the pores of the film over the a-Mg matrix. The precipitation is favored due to
the very low solubility product of magnesium salt of the surfactant and the
presence of sufficiently high amounts of dissolved Mg?" ions. The precipitates
fill up the pores and densify the surface film. As an overall result, the
electrolyte ingress is reduced on the addition of the surfactant. In all likelihood,
van der Waals interactions exist between the long alkyl chains of adsorbed
surfactant molecules, which causes the adsorption behavior to slightly deviate
from the ideal Langmuir behavior. Such mutual interactions further improve
the compactness of the modified film. As an added advantage, the modified
film even attains certain hydrophobicity which repels the aqueous corrosive
solution (Bentiss et al. 2005).

3.3.6 Surface morphology

Fig. 3.28 and Fig. 3.29 present the SEM images and EDX spectra of
the AZ31 magnesium alloy surface after the immersion in 0.1 M NaCl and 0.1
M NaSO4 for 3 h at 30 °C, in the presence of DB, respectively. It is noted that
the deterioration of the alloy substrate is suppressed in the presence of DB in
the NaCl and Na>SOys, In the presence of DB inhibitor, the AZ31 alloy is less

corroded. The surface observed after the addition of DB inhibitor seems to be
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more compact and contains fewer cracks in it, supposedly conveying the
suppressed corrosion rate. The elements present on the surface of the alloy
were ascertained by using the EDX spectra for both when the inhibitor is
present in NaCl and Na>SOg.
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Fig. 3.28: The SEM image and EDX spectrum of AZ31 Mg alloy surface
immersed in 0.1 M NaCl medium in the presence of 0.001 M DB for 3 h.
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Fig. 3.29: SEM images and EDX spectrum of AZ31 Mg alloy surface
immersed in 0.1 M Na:SO4 medium in the presence of 0.001 M DB for 3
h.

3.3.7 XPS

Fig. 3.30 and 3.31 shows the XPS survey spectra of AZ31 alloy
immersed in 0.01 M NaCl and 0.01 M Na>SOs4 solution in the presence of DB,
respectively. The AZ31 alloy surface consists majorly of Mg, Al, C, O, and N

elements in them. Figures 3.32 and 3.33 show the corresponding high-resolution
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scans for different elements present on the AZ31 alloy surface. The surface of
the alloy has high concentrations of O, C, and N, smaller quantities of Al and
Mg. The Mg 1s peak was deconvoluted into three peaks corresponding to
Mg(OH)2, MgO, and MgAl,04 at binding energies 1302.70 eV, 1303.90 eV, and
1304 eV, respectively. The peak associated with Al 2p at ~75 eV is related to
MgAl,O4. The O 1s peak corresponds to MgO at 532.10 eV. C 1s is
deconvoluted to give a peak at 284.55 eV which is associated with C-C and C-
H of the inhibitor molecule. N 1s peak at 398 eV is related to the N-CH> bond
in the DB inhibitor. The obtained results show that the surfactant molecules have

been adsorbed on the surface of the alloy forming a layer on the surface.
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Fig. 3.30: XPS spectra of AZ31 Mg alloy surface immersed in 0.2 M NaCl
medium in the presence of 0.001 M DB for 3 h at 30 °C.
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Fig. 3.31: XPS spectra of AZ31 Mg alloy surface immersed in 0.2 M Na2SOq4
medium in the presence of 0.001 M DB for 3 h at 30 °C.
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Fig. 3.32: XPS spectra (Mg 2s, Al 2p, C 1s, O 1s and, N 1s) of AZ31 Mg alloy
immersed in 0.20 M NaCl medium in the presence of 0.001 M DB for 3 h at

30 °C.
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Fig. 3.33: XPS spectra (Mg 2s, Al 2p, C 1s, O 1s and, N 1s) of AZ31 Mg alloy
immersed in 0.2 M Na:SO4 medium in the presence of 0.001 M DB for 3 h
at 30 °C.

3.3.8 DFT

As a consequence of using quantum mechanical methods in theoretical
calculations, it is necessary to validate the theoretical approach by comparing
experimental data(Liu et al. 2018). The optimized structure for the inhibitor, DB,
was obtained using DFT calculations at the B3LYP hybrid functional model
with def-TZVP basis set and presented in Fig. 3.34. The energy of the highest
occupied molecular orbital (Euomo), the energy of the lowest unoccupied
molecular orbital (ELumo), energy gap (4E), hardness (7), softness (o),
ionization potential (/P), electron affinity (EA), electronegativity (y), and dipole
moment (x) associated with the corrosion-inhibiting ability of DB (Curkovié et
2013)(Kaczerewska et al. 2019)(Gad et al. 2018)(Mejeha et al.
2012)(Lukovits et al. 2001)(Farhat A. Ansari 2010) have been evaluated using

al.

DFT. The above-mentioned parameters are presented in Table 3.35.

The structure of the molecule is optimized and the negative value of the
total energy (-16.87 KeV) indicates a thermodynamically stable molecule. The

Enomo indicates the ability of the inhibitor molecule to contribute electron pairs.
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Erumo is a measure of electron-accepting ability of the inhibitor. Fnomo value
of -1.04 eV for the inhibitor DB, indicates the physical adsorption is the basis
for the corrosion inhibition action (Pakiet et al. 2019). The low bandgap energy
indicates a higher reactivity of the inhibitor molecules, leading to their ready
adsorption on AZ31 alloy surface (H. A. Videla; M. F. L. de Mele;
G.Brankevich 1988)(Williams et al. 2013)(Liu et al. 2018). The dipole moment
value is the measure of the extent of interaction between charged DB molecules
and the charged metal surface. The high value of the dipole moment implies a

stronger interaction of DB molecules and the AZ31 alloy surface.

The resistance of the inhibitor to charge transfer and its readiness to
receive electrons is indicated by its chemical hardness and softness respectively.
The strong tendency of DB to attract electrons from metal shows a higher
electronegativity value, which in turn indicates the higher ability to act as a

corrosion inhibitor.
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Fig. 3. 34: Optimized structure and the frontier molecular orbital density
distribution of the DB molecule.
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Summary

The effect of anionic Gemini surfactant-based inhibitor on the corrosion
of AZ31 Mg alloy in NaCl and Na,SO4 solutions were investigated.
The anionic Gemini surfactant DB was successfully synthesized using
EDTA and dibutylamine.

DB effectively inhibits the corrosion of AZ31 alloy in NaCl and Na>SO4
solutions.

As the concentration of inhibitor is increased, the inhibition efficiency
increases, and as the temperature increases, the inhibition efficiency
decreases.

The inhibitor appears to be a mixed-type inhibitor and obeys Langmuir
adsorption isotherm.

The inhibitor reacts with Mg?" ions to form the magnesium salt of the

inhibitor on the surface of AZ31 alloy to impart corrosion resistance.
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Table 3.11: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.05 M NaCl solution in the presence of DB at different temperatures.

Inhibitor Ecorr vs . n
concentration Tempoerature SCE Icorr , -ﬂc 4 Ucorr1 .
(mmol dm) ©O) (mV) (nA cm™) | (mV dec™) | (mm y?!) | (%)
Blank -1514 70.10 99 1.51 -
0.80 -1504 14.39 78 0.31 79
1.00 30 -1523 10.21 66 0.22 85
1.50 -1518 9.28 68 0.20 86
2.00 -1501 8.35 55 0.18 88
2.50 -1520 5.10 48 0.11 92
Blank -1490 112.81 122 2.43 -
0.80 -1481 37.14 85 0.81 66
1.00 35 -1505 27.85 79 0.60 75
1.50 -1515 22.74 68 0.49 79
2.00 -1488 19.49 65 0.42 82
2.50 -1497 10.67 58 0.23 90
Blank -1500 168.06 129 3.62 -
0.80 -1497 53.39 89 1.15 68
1.00 40 -1518 42.24 83 0.91 74
1.50 -1524 34.35 79 0.74 79
2.00 -1530 22.74 67 0.63 82
2.50 -1489 17.64 62 0.38 89
Blank -1503 183.38 134 3.95 -
0.80 -1480 64.53 93 1.39 64
1.00 45 -1492 46.89 88 1.12 71
1.50 -1512 36.21 79 0.78 80
2.00 -1508 36.21 75 0.78 80
2.50 -1516 25.07 66 0.54 86
Blank -1493 197.77 140 4.26 -
0.80 -1488 77.06 115 1.66 61
1.00 50 -1507 57.56 99 1.24 70
1.50 -1512 47.35 87 1.02 76
2.00 -1525 41.78 80 0.90 78
2.50 -1489 32.03 74 0.69 83
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Table 3.12: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.10 M NaCl solution in the presence of DB at different temperatures.

Inhibitm-‘ Tempoe(lj'ature Eéog l;fs :orr , Be Deor 011
C(olzlc::(r)lltl('ﬁltll_g)rl °O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1483 154.03 135 3.34 -
0.80 -1494 79.85 130 1.72 48
1.00 30 -1489 64.53 126 1.39 58
1.50 -1494 49.67 128 1.07 67
2.00 -1490 35.74 120 0.77 76
2.50 -1497 21.35 119 0.46 86
Blank -1489 171.58 141 3.73 -
0.80 -1489 90.99 140 1.97 47
1.00 35 -1505 72.88 138 1.57 57
1.50 -1508 50.14 133 1.08 71
2.00 -1513 38.06 134 0.82 78
2.50 -1506 25.53 130 0.55 85
Blank -1502 210.77 165 4.54 -
0.80 -1528 96.10 155 2.07 44
1.00 40 -1517 77.06 153 1.66 55
1.50 -1503 56.17 150 1.21 67
2.00 -1511 44.10 146 0.95 74
2.50 -1509 28.78 142 0.62 83
Blank -1516 225.52 162 4.90 -
0.80 -1514 129.53 157 2.79 43
1.00 45 -1525 110.90 148 2.39 51
1.50 -1513 74.28 153 1.60 67
2.00 -1520 63.14 145 1.36 72
2.50 -1507 43.64 140 0.94 80
Blank -1490 235.47 173 5.11 -
0.80 -1494 136.49 157 2.94 42
1.00 50 -1503 115.60 168 2.49 51
1.50 -1502 79.38 160 1.71 66
2.00 -1509 70.56 166 1.52 70
2.50 -1508 47.81 159 1.03 79
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Table 3.13: Electrochemical polarization parameters for the corrosion of AZ31
in 0.15 M NacCl solution in the presence of DB at different temperatures.

Inhibitm-‘ Tempoe(lj'ature Egoggs ;':orr , pe Deors 011
C(olzlc::(r)lltl('ﬁltll_g)rl (°O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1537 233.52 150 5.03 -
0.80 -1503 123.95 121 2.67 46
1.00 30 -1525 99.81 113 2.15 57
1.50 -1514 79.85 101 1.72 65
2.00 -1500 56.64 95 1.22 75
2.50 -1495 36.21 90 0.78 84
Blank -1500 333.34 155 7.18 -
0.80 -1532 183.38 124 3.95 45
1.00 35 -1512 146.24 115 3.15 56
1.50 -1508 105.85 103 2.28 68
2.00 -1540 79.85 98 1.72 76
2.50 -1530 53.39 92 1.15 83
Blank -1515 455.90 168 9.82 -
0.80 -1526 255.34 126 5.50 43
1.00 40 -1529 213.56 119 4.60 53
1.50 -1510 158.31 105 341 65
2.00 -1502 123.49 100 2.66 72
2.50 -1518 85.88 96 1.85 81
Blank -1491 478.65 170 10.31 -
0.80 -1475 271.59 131 5.85 42
1.00 45 -1486 236.77 122 5.10 50
1.50 -1500 165.27 111 3.56 65
2.00 -1514 139.27 104 3.00 70
2.50 -1530 102.13 99 2.20 78
Blank -1475 567.33 194 12.22 -
0.80 -1501 334.27 134 7.20 40
1.00 50 -1521 285.98 126 6.16 50
1.50 -1503 203.34 115 4.38 64
2.00 -1508 176.42 109 3.80 68
2.50 -1515 129.53 100 2.79 77
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Table 3.14: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.20 M NaCl solution in the presence of DB at different temperatures.

Inhibitor Tem?oe(lj‘;lture Egog gs ( ;':orr . B e n
concentration cm” ”
(mmol dm) (mV) i (mV dec”) | (mm y) (%)
Blank -1500 432.55 189 9.40 -
0.80 -1489 243.27 139 5.24 44
1.00 30 -1515 190.34 123 4.10 56
1.50 -1522 156.92 110 3.38 64
2.00 -1527 114.20 102 2.46 73
2.50 -1532 79.38 93 1.71 82
Blank -1485 457.04 214 9.93 -
0.80 -1500 262.31 142 5.65 43
1.00 35 -1469 212.16 125 4.57 54
1.50 -1475 174.09 113 3.75 62
2.00 -1480 133.70 105 2.88 71
2.50 -1488 90.53 95 1.95 80
Blank -1483 489.13 181 10.63 -
0.80 -1477 285.52 140 6.15 42
1.00 40 -1468 236.77 128 5.10 52
1.50 -1489 194.99 115 4.20 60
2.00 -1485 148.56 110 3.20 70
2.50 -1488 97.49 98 2.10 80
Blank -1511 687.77 211 14.75 -
0.80 -1490 394.62 143 8.50 41
1.00 45 -1495 342.62 130 7.38 50
1.50 -1501 287.84 118 6.20 58
2.00 -1507 220.52 111 4.75 68
2.50 -1480 150.88 100 3.25 78
Blank -1497 709.98 171 15.43 -
0.80 -1490 422.48 146 9.10 40
1.00 50 -1505 369.09 133 7.95 48
1.50 -1511 308.73 121 6.65 57
2.00 -1520 241.41 114 5.20 66
2.50 -1518 162.49 103 3.50 77
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Table 3.15: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.25 M NaCl solution in the presence of DB at different temperatures.

Inhibitm-‘ Tempoe(lj'ature Egog gs ;':orr , pe Deor 011
C(olzlc::(r)lltl('ﬁltll_g)rl (°O) e (pA cm™) mV dec) | (mm y) (%)

Blank -1526 520.41 190 11.31 -
0.80 -1480 297.13 146 6.40 43
1.00 30 -1508 241.41 137 5.20 54
1.50 -1521 198.70 121 4.28 62
2.00 -1508 150.88 111 3.25 71
2.50 -1500 131.38 100 2.83 75
Blank -1515 553.44 192 12.03 -
0.80 -1524 323.59 148 6.97 42
1.00 35 -1509 271.59 139 5.85 51
1.50 -1534 223.31 124 4.81 60
2.00 -1540 175.95 114 3.79 68
2.50 -1521 143.92 103 3.10 74
Blank -1488 577.18 188 12.54 -
0.80 -1479 348.19 151 7.50 40
1.00 40 -1470 290.16 140 6.25 50
1.50 -1490 244.66 126 5.27 58
2.00 -1495 197.77 116 4.26 66
2.50 -1489 161.10 105 3.47 72
Blank -1510 706.61 209 15.22 -
0.80 -1523 417.37 153 8.99 39
1.00 45 -1516 364.44 142 7.85 48
1.50 -1510 297.13 128 6.40 57
2.00 -1522 255.34 118 5.50 64
2.50 -1508 210.31 107 4.53 70
Blank -1494 792.81 186 17.23 -
0.80 -1490 510.69 155 11.00 36
1.00 50 -1488 428.51 144 9.23 46
1.50 -1512 366.77 130 7.90 54
2.00 -1509 31291 120 6.74 61
2.50 -1499 279.02 111 6.01 65
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Table 3.16: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.05 M Na2SQOssolution in the presence of DB at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration °O) SCE ( nA cm?) (mV dec!) | (mm y1 (%)
(mmol dm™3) (mV)

Blank -1483 63.33 93 1.37 -
0.80 -1475 20.89 84 0.60 67
1.00 30 -1465 14.08 73 0.30 78
1.50 -1482 12.51 73 0.27 80
2.00 -1486 6.67 60 0.13 90
2.50 -1495 3.71 60 0.08 94

Blank -1470 110.24 110 2.39 -
0.80 -1523 25.03 96 0.97 59
1.00 35 -1508 30.65 95 0.66 72
1.50 -1482 25.98 85 0.56 76
2.00 -1492 20.42 74 0.44 81
2.50 -1473 12.53 72 0.27 90

Blank -1502 164.74 125 3.58 -
0.80 -1487 64.95 117 1.40 60
1.00 40 -1486 51.88 106 1.13 68
1.50 -1497 39.15 95 0.85 76
2.00 -1491 39.00 84 0.84 76
2.50 -1493 26.46 82 0.57 84

Blank -1465 179.03 154 3.89 -
0.80 -1507 73.88 126 1.61 58
1.00 45 -1494 64.54 115 1.39 64
1.50 -1487 48.23 105 1.04 73
2.00 -1477 42.68 94 0.93 76
2.50 -1496 29.71 83 0.64 83

Blank -1481 190.03 144 4.13 -
0.80 -1551 79.97 127 1.72 58
1.00 50 -1521 70.56 117 1.52 63
1.50 -1518 55.98 106 1.22 70
2.00 -1524 48.67 95 1.06 74
2.50 -1530 34.35 95 0.74 82
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Table 3.17: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.10 M Na2SQOs solution in the presence of DB at different temperatures.

Inhibitm: Tempoe(lj'ature Eéo(r:rl;’S :orr , Be Deor 011
C(olzlc::(r)lltl('ﬁltll_g)rl °O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1522 71.21 117 1.54 -
0.80 -1476 25.53 104 0.55 64
1.00 30 -1477 21.02 92 0.45 70
1.50 -1469 17.64 82 0.38 75
2.00 -1463 14.39 81 0.31 79
2.50 -1490 12.99 71 0.28 81
Blank -1528 157.60 134 3.42 -
0.80 -1481 62.21 115 1.34 60
1.00 35 -1477 54.31 105 1.17 65
1.50 -1463 37.93 94 0.86 74
2.00 -1446 37.60 84 0.81 76
2.50 -1475 32.96 82 0.71 79
Blank -1485 191.24 140 4.15 -
0.80 -1505 79.38 125 1.71 58
1.00 40 -1503 72.42 114 1.56 62
1.50 -1494 60.81 104 1.31 68
2.00 -1482 48.74 93 1.05 74
2.50 -1494 43.64 92 0.94 77
Blank -1481 202.71 150 4.40 -
0.80 -1504 186.35 121 1.86 57
1.00 45 -1492 101.71 119 1.81 58
1.50 -1509 68.24 105 1.48 66
2.00 -1486 54.78 93 1.18 73
2.50 -1490 50.60 93 1.09 75
Blank -1456 208.41 157 4.53 -
0.80 -1492 95.83 121 2.08 54
1.00 50 -1530 89.13 113 1.92 57
1.50 -1552 75.67 111 1.63 64
2.00 -1516 60.35 103 1.30 71
2.50 -1499 51.06 93 1.10 74
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Table 3.18: Electrochemical polarization parameters for the corrosion of AZ31
in 0.15 M NazSOs4 solution in the presence of DB at different temperatures.

Inhibitm-‘ Tempoe(lj'ature Egog gs :orr , pe Deor 017
C(onlzlc::(r)lltl('ﬁltll_g)rl °O) e (pA cm™) mV dec) | (mm y) (%)
Blank -1457 218.14 138 4.74 -
0.80 -1505 82.63 124 1.78 62
1.00 30 -1469 68.24 105 1.47 69
1.50 -1489 57.10 95 1.23 74
2.00 -1487 51.06 89 1.10 77
2.50 -1505 44.10 79 0.95 80
Blank -1457 322.28 142 7.00 -
0.80 -1553 134.63 122 2.90 58
1.00 35 -1528 109.10 108 2.35 66
1.50 -1523 88.21 99 1.90 73
2.00 -1487 74.28 87 1.60 77
2.50 -1487 69.63 78 1.50 79
Blank -1469 445.19 151 9.67 -
0.80 -1561 198.70 133 4.28 56
1.00 40 -1517 165.74 125 3.57 63
1.50 -1495 134.63 114 2.90 70
2.00 -1485 113.28 104 2.44 75
2.50 -1483 110.03 83 2.37 76
Blank -1446 461.63 158 10.03 -
0.80 -1517 206.13 137 4.44 56
1.00 45 -1523 175.49 126 3.78 62
1.50 -1512 155.52 118 3.35 67
2.00 -1512 129.06 99 2.78 72
2.50 -1493 113.28 82 2.44 76
Blank -1448 546.62 170 11.88 -
0.80 -1562 249.77 142 5.38 55
1.00 50 -1520 220.06 125 4.74 60
1.50 -1517 198.70 118 4.28 64
2.00 -1509 166.20 105 3.58 70
2.50 -1501 136.03 94 2.93 75
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Table 3.19: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.20 M Na2SQOssolution in the presence of DB at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration O SCE | (pA cm?) (mV dec?!) (mm y7) (%)
(mmol dm?3) (mV)

Blank -1505 235.63 152 5.12 -
0.80 -1443 98.31 125 2.15 58
1.00 30 -1441 77.92 106 1.68 67
1.50 -1458 57.56 99 1.24 75
2.00 -1461 53.39 98 1.15 77
2.50 -1453 49.02 82 1.06 79

Blank -1493 354.34 158 7.70 -
0.80 -1485 151.35 122 3.26 57
1.00 35 -1505 124.42 114 2.68 65
1.50 -1456 95.37 109 1.94 73
2.00 -1452 82.08 98 1.78 76
2.50 -1454 77.53 86 1.67 78

Blank -1489 470.87 164 10.23 -
0.80 -1513 197.31 125 4.25 58
1.00 40 -1493 168.06 114 3.62 64
1.50 -1493 136.96 103 2.95 71
2.00 -1528 112.81 100 243 75
2.50 -1503 104.92 95 2.26 77

Blank -1472 542.13 172 11.78 -
0.80 -1507 227.45 124 4.77 57
1.00 45 -1505 188.02 113 4.05 63
1.50 -1506 158.77 114 342 69
2.00 -1501 149.95 105 3.23 71
2.50 -1514 123.03 97 2.65 76

Blank -1480 672.86 197 14.62 -
0.80 -1506 307.34 133 6.62 56
1.00 50 -1508 268.81 126 5.79 60
1.50 -1490 242.81 114 5.23 64
2.00 -1508 215.41 103 4.64 68
2.50 -1484 168.06 100 3.62 75
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Table 3.20: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.25 M Na2SOs4 solution in the presence of DB at different temperatures.

Inhibitor Temperature | Ecorr Vs icorr -Be Ucorr n
concentration °O) SCE (A ¢cm-?) (mV dec!) | (mm y1h (%)
(mmol dm?3) (mV)

Blank -1451 372.80 147 8.10 -
0.80 -1505 173.17 120 3.73 54
1.00 30 -1482 137.42 110 2.96 63
1.50 -1460 105.85 102 2.28 72
2.00 -1497 92.85 98 2.00 75
2.50 -1478 87.28 89 1.86 77

Blank -1411 497.12 158 10.80 -
0.80 -1469 220.52 130 4.75 56
1.00 35 -1404 196.38 119 4.23 61
1.50 -1467 149.95 112 3.23 70
2.00 -1444 135.10 95 2.91 73
2.50 -1469 118.38 89 2.55 76

Blank -1438 516.71 170 11.23 -
0.80 -1418 248.84 132 5.36 52
1.00 40 -1479 222.84 129 4.80 57
1.50 -1481 197.31 115 4.25 62
2.00 -1441 168.99 107 3.64 68
2.50 -1520 146.24 96 3.15 72

Blank -1486 583.03 190 12.67 -
0.80 -1520 294.80 138 6.35 49
1.00 45 -1510 269.27 123 5.80 54
1.50 -1510 248.38 119 5.35 58
2.00 -1498 203.34 106 4.38 65
2.50 -1495 186.63 103 4.02 68

Blank -1463 727.89 201 15.82 -
0.80 -1520 394.62 147 8.50 46
1.00 50 -1514 364.44 133 7.85 50
1.50 -1500 324.05 120 6.98 56
2.00 -1505 280.88 115 6.05 62
2.50 -1484 255.34 106 5.50 65
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Table 3.21: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.05 M NaCl solution in the presence of DB at different temperatures.

Inhibitor Temperature Rys R Rt Ca Ce n
Concentration CO) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 580 296 225 138 177 -
0.80 2639 1590 705 70 90 78
1.00 30 3582 1606 753 67 66 83
1.50 3752 2898 847 60 67 85
2.00 3946 2871 898 55 60 85
2.50 4635 2900 918 52 64 87

Blank 550 255 207 153 181 -
0.80 1528 1312 638 68 66 64
1.00 35 2070 1542 679 63 65 73
1.50 2437 1687 744 53 60 77
2.00 2730 1764 791 55 56 79
2.50 3956 2973 887 50 68 86

Blank 422 231 184 161 188 -
0.80 1312 1105 571 73 68 67
1.00 40 1543 1222 644 64 69 72
1.50 1843 1576 695 66 60 77
2.00 1978 1705 767 60 64 78
2.50 3195 2104 878 56 60 86

Blank 340 191 150 170 192 -
0.80 903 789 425 70 68 62
1.00 45 1133 972 451 60 67 69
1.50 1628 1250 511 61 67 79
2.00 1661 1322 670 64 69 80
2.50 1956 1613 745 61 60 82

Blank 318 160 131 171 198 -
0.80 791 582 401 72 62 59
1.00 50 1016 900 438 68 63 68
1.50 1304 1119 535 67 60 75
2.00 1392 1180 648 57 64 77
2.50 1635 1274 722 56 55 80
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Table 3.22: Electrochemical impedance parameters for the corrosion of AZ31

alloy in 0.10 M NaCl solution in the presence of DB at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs ]
Concentration (°C) Qcm?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 507 232 209 166 172 -
0.80 968 634 311 181 83 47
1.00 30 1209 1012 488 160 52 58
1.50 1465 1034 541 153 40 65
2.00 1997 1479 698 142 30 74
2.50 3650 2691 985 127 23 86

Blank 380 192 168 181 179 -
0.80 714 554 246 184 61 46
1.00 35 894 597 288 169 50 57
1.50 1260 1006 491 150 47 69
2.00 1587 1246 604 135 29 76
2.50 2503 1804 883 128 27 85

Blank 366 173 142 191 183 -
0.80 653 546 218 193 74 43
1.00 40 815 637 269 161 62 55
1.50 1104 890 480 153 51 66
2.00 1361 1146 623 130 40 73
2.50 1777 1532 841 132 32 80

Blank 351 152 115 195 185 -
0.80 623 531 229 196 78 44
1.00 45 719 576 250 163 63 51
1.50 998 781 387 158 54 65
2.00 1185 930 550 145 46 70
2.50 1608 1436 809 139 38 78

Blank 301 139 108 200 191 -
0.80 520 408 192 200 81 42
1.00 50 620 539 238 183 70 51
1.50 880 600 279 160 62 65
2.00 969 718 370 152 53 68
2.50 1366 1167 699 140 44 78
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Table 3.23: Electrochemical impedance parameters for the corrosion of AZ31 alloy in
0.15 M NaCl solution in the presence of DB at different temperatures.

Inhibitor Temperature Ryt R; Rais Ca Cr /]
Concentration (°C) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 358 170 144 172 115 -
0.80 664 547 220 123 95 46
1.00 30 811 560 249 109 86 55
1.50 976 675 344 102 82 63
2.00 1381 1143 480 97 80 74
2.50 2069 1678 781 85 75 83

Blank 301 161 121 184 128 -
0.80 545 500 187 133 100 45
1.00 35 683 552 215 111 93 56
1.50 950 676 301 106 88 68
2.00 1243 1115 518 100 83 76
2.50 1600 1378 734 98 79 81

Blank 288 150 113 197 133 -
0.80 510 457 170 148 111 44
1.00 40 600 531 217 130 104 52
1.50 832 676 288 121 95 65
2.00 994 753 466 113 90 71
2.50 1373 1158 705 98 83 79

Blank 225 128 100 201 140 -
0.80 401 339 155 162 129 44
1.00 45 448 421 226 144 119 50
1.50 642 571 259 120 110 65
2.00 737 634 313 102 103 69
2.50 974 755 375 95 98 77

Blank 130 88 73 218 147 -
0.80 219 142 95 170 138 40
1.00 50 260 178 134 161 127 50
1.50 400 317 160 147 115 67
2.00 424 345 181 116 100 69
2.50 680 511 208 103 94 79
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Table 3.24: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.20 M NaCl solution in the presence of DB at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs /]
Concentration (°C) Qcem?) | (Qem?) | (2 cm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 170 109 95 193 191 -
0.80 309 234 135 121 99 44
1.00 30 402 318 200 117 87 57
1.50 480 376 218 106 79 64
2.00 644 547 232 104 74 73
2.50 924 789 289 100 70 81

Blank 166 97 79 190 199 -
0.80 300 213 121 135 95 44
1.00 35 359 276 156 112 82 53
1.50 446 355 170 119 73 62
2.00 603 498 185 109 68 72
2.50 880 634 290 105 67 80

Blank 158 90 70 212 210 -
0.80 277 214 110 151 89 42
1.00 40 334 264 138 130 83 52
1.50 400 301 157 117 74 60
2.00 529 467 169 119 65 70
2.50 842 618 275 112 60 81

Blank 125 78 58 220 219 -
0.80 218 177 101 161 87 42
1.00 45 251 189 127 147 82 50
1.50 300 201 135 126 75 58
2.00 416 312 150 109 71 69
2.50 583 400 253 110 60 78

Blank 103 73 52 243 232 -
0.80 174 99 93 174 82 40
1.00 50 202 138 119 165 70 49
1.50 240 143 130 150 68 57
2.00 298 169 144 120 61 65
2.50 453 317 240 107 57 77
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Table 3.25: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.25 M NaCl solution in the presence of DB at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cr ]
Concentration (°C) Qcm?) | (Qcem?) | (Qcm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 201 115 99 205 195 -
0.80 354 254 126 179 110 43
1.00 30 440 312 140 159 103 54
1.50 533 344 159 150 98 62
2.00 709 610 266 144 92 71
2.50 821 722 280 139 90 75

Blank 150 107 85 217 205 -
0.80 261 179 110 193 114 42
1.00 35 312 201 129 189 108 51
1.50 386 223 135 172 100 61
2.00 476 308 150 150 97 68
2.50 590 376 178 138 93 74

Blank 141 98 72 221 222 -
0.80 236 163 99 199 123 40
1.00 40 283 190 106 160 111 50
1.50 340 214 119 159 102 58
2.00 425 300 131 137 93 66
2.50 496 369 158 128 96 71

Blank 105 81 68 230 223 -
0.80 174 118 90 201 140 39
1.00 45 204 149 96 193 125 48
1.50 251 193 105 179 109 58
2.00 295 201 120 169 98 64
2.50 350 238 137 160 94 70

Blank 99 70 55 248 239 -
0.80 157 100 78 221 147 37
1.00 50 186 111 89 211 122 46
1.50 219 140 95 199 111 55
2.00 257 178 110 170 100 61
2.50 285 202 124 153 95 65
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Table 3.26: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.05 M NazSOs4 solution in the presence of DB at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs /]
Concentration (°C) Qcem?) | (Qem?) | (2 cm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 609 471 412 159 102 -
0.80 1860 1610 712 24 91 67
1.00 30 2764 1709 890 22 86 77
1.50 2975 1954 955 31 84 79
2.00 4999 3884 1254 32 43 87
2.50 7091 6014 1888 36 41 91

Blank 510 367 303 176 129 -
0.80 1208 962 447 59 105 57
1.00 35 1779 1623 766 20 80 71
1.50 2143 1676 851 38 66 76
2.00 2660 1754 880 55 45 80
2.50 3980 2003 999 35 59 87

Blank 477 333 288 201 146 -
0.80 1200 835 398 75 81 60
1.00 40 1500 1377 634 70 75 68
1.50 1957 1607 770 63 68 75
2.00 2076 1722 821 51 51 77
2.50 2874 1807 867 49 64 83

Blank 450 350 275 225 151 -
0.80 1104 899 402 90 73 59
1.00 45 1270 987 435 71 61 64
1.50 1586 1308 744 68 58 71
2.00 1896 1715 790 63 49 76
2.50 2536 1760 854 51 46 82

Blank 412 354 252 261 168 -
0.80 987 355 139 92 81 58
1.00 50 1132 619 303 81 71 63
1.50 1376 1130 570 76 64 70
2.00 1563 1319 761 62 55 73
2.50 2194 1749 829 55 49 81

121




CHAPTER 3

Table 3.27: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.10 M Na2SOs4 solution in the presence of DB at different temperatures.

Inhibitor Temperature Rys R Rt Ca Ci n
Concentration cO) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 460 343 319 201 188 -
0.80 1279 1165 688 150 109 64
1.00 30 1556 1398 799 148 103 70
1.50 1798 1601 823 145 101 74
2.00 2301 2178 931 144 118 80
2.50 2479 2284 985 144 115 81

Blank 432 322 293 224 191 -
0.80 1076 979 472 124 141 59
1.00 35 1215 1105 579 115 137 64
1.50 1692 1489 766 104 122 74
2.00 1837 1645 886 111 108 76
2.50 2211 2002 998 101 94 80

Blank 403 254 227 249 225 -
0.80 1001 889 441 133 201 59
1.00 40 1074 945 470 115 123 62
1.50 1248 1105 550 118 132 67
2.00 1530 1401 735 103 110 73
2.50 1698 1489 789 95 98 76

Blank 387 193 160 269 237 -
0.80 942 783 390 212 212 58
1.00 45 921 811 421 203 189 57
1.50 1177 1022 505 197 171 67
2.00 1382 1202 607 172 119 71
2.50 1495 1367 686 145 99 74
Blank 373 209 161 278 241 -
0.80 820 775 339 223 200 54
1.00 50 874 800 394 122 183 57
1.50 1089 1011 499 118 152 65
2.00 1310 1102 512 111 143 71
2.50 1421 1209 555 114 112 74
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Table 3.28: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.15 M NazSOy4 solution in the presence of DB at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs /]
Concentration (°C) Qcem?) | (Qem?) | (2 cm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 434 420 383 244 167 -
0.80 1135 1087 548 231 130 61
1.00 30 1430 1280 637 191 118 69
1.50 1686 1501 751 134 105 74
2.00 1870 1756 850 113 97 76
2.50 2197 2001 968 101 93 80

Blank 463 300 280 278 169 -
0.80 1100 993 478 240 134 57
1.00 35 1350 1197 600 213 128 65
1.50 1696 1500 742 192 119 72
2.00 1888 1721 829 134 108 75
2.50 2099 1913 955 112 99 78

Blank 380 230 201 299 180 -
0.80 878 702 361 244 145 56
1.00 40 1007 900 441 215 133 62
1.50 1280 1150 559 193 121 70
2.00 1501 1309 671 140 117 74
2.50 1612 1401 790 115 103 76

Blank 273 237 200 307 188 -
0.80 634 578 275 250 154 56
1.00 45 700 592 265 221 120 61
1.50 803 700 338 200 130 66
2.00 965 835 411 152 122 71
2.50 1156 1047 557 121 105 76

Blank 245 200 178 321 200 -
0.80 540 490 240 251 155 54
1.00 50 620 501 258 226 130 60
1.50 703 624 308 203 125 65
2.00 852 760 398 156 124 71
2.50 1022 978 479 125 108 76
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Table 3.29: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.20 M Na2SOs4 solution in the presence of DB at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs ]
Concentration cO) Qem?) | (Qem?) | (2 cm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 301 226 171 269 179 -
0.80 720 601 371 249 131 58
1.00 30 902 794 399 161 97 66
1.50 1206 1103 533 111 95 75
2.00 1334 1211 600 108 90 77
2.50 1423 1298 637 117 85 79

Blank 287 224 190 287 186 -
0.80 670 513 298 198 135 57
1.00 35 825 704 354 146 123 65
1.50 1064 923 457 96 111 73
2.00 1215 1188 621 95 103 76
2.50 1320 1206 652 82 93 78

Blank 259 192 163 301 191 -
0.80 625 502 250 214 146 58
1.00 40 724 604 288 142 113 64
1.50 880 735 362 112 105 70
2.00 1034 911 456 105 100 74
2.50 1145 1007 544 99 95 77

Blank 236 203 167 321 201 -
0.80 550 444 227 232 151 57
1.00 45 650 508 252 146 120 63
1.50 754 658 338 119 111 68
2.00 845 732 361 111 102 72
2.50 985 806 401 105 98 76

Blank 218 187 159 333 219 -
0.80 500 395 167 235 160 56
1.00 50 564 432 214 168 124 61
1.50 614 508 253 117 118 64
2.00 676 545 273 113 106 67
2.50 865 712 359 111 101 74
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Table 3.30: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.25 M NazSOy4 solution in the presence of DB at different temperatures.

Inhibitor Temperature Rys Ry Rt Ca Ce n
Concentration CO) Qcm?) | (Qem?) | (Qcem?) | (uFem?) | (uF em?) | (%)
(mmol dm™)

Blank 392 301 280 300 240 -
0.80 875 734 366 242 211 55
1.00 30 1074 903 448 218 201 63
1.50 1385 1201 600 178 180 71
2.00 1565 1399 779 160 163 74
2.50 1703 1623 861 141 133 76

Blank 350 250 221 333 259 -
0.80 796 659 328 236 230 56
1.00 35 894 705 354 203 200 60
1.50 1186 1065 549 169 160 70
2.00 1304 1203 622 150 147 73
2.50 1485 1300 658 132 122 76

Blank 201 114 96 345 267 -
0.80 417 299 138 218 233 51
1.00 40 475 351 147 190 199 57
1.50 530 415 200 150 170 62
2.00 631 570 281 142 155 68
2.50 721 645 393 120 142 72

Blank 180 109 80 359 280 -
0.80 363 194 100 225 230 50
1.00 45 393 232 125 188 202 54
1.50 431 305 157 145 160 58
2.00 514 376 175 121 157 64
2.50 570 414 212 118 140 68

Blank 170 100 64 389 308 -
0.80 322 137 87 210 218 47
1.00 50 345 158 96 175 201 50
1.50 394 287 139 135 161 56
2.00 451 304 147 118 141 62
2.50 501 376 163 111 128 66
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Table 3.31: Activation parameters for the corrosion of AZ31 alloy in NaCl
solutions containing different concentrations of DB inhibitor.

Concentration of

Concentration inhibitor E. 1 AH? 1 AS’:‘ 1
of NaCl (M) (mmol dm”) (kJ mol™) (kd mol") | (J mol" K™)
Blank 34.00 34.66 -128.69
0.80 56.74 54.14 -73.82
0.05 1.00 60.53 62.39 -49.38
1.50 64.99 66.25 -65.34
2.00 71.89 69.29 -30.84
2.50 89.11 76.52 21.11
Blank 24.55 20.97 -162.88
0.80 24.57 21.97 -182.43
0.1 1.00 25.02 22.42 -173.28
' 1.50 25.72 23.12 -166.30
2.00 30.24 27.64 -156.60
2.50 34.86 32.27 -145.30
Blank 23.57 18.70 -174.42
0.80 26.03 25.15 -154.22
0.15 1.00 27.76 28.35 -145.57
1.50 30.95 31.75 -138.92
2.00 38.40 35.80 -125.87
2.50 38.81 36.22 -117.86
Blank 20.67 18.08 -167.27
0.80 24.49 21.89 -159.37
0.20 1.00 28.25 26.66 -145.66
' 1.50 29.62 27.51 -127.86
2.00 31.46 28.86 -120.22
2.50 36.16 31.34 -95.86
Blank 16.94 15.30 -175.67
0.80 19.33 16.74 -154.32
0.25 1.00 20.76 18.17 -137.78
1.50 22.22 19.62 -114.40
2.00 26.92 24.32 -105.09
2.50 27.55 24.95 -99.76
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Table 3.32: Activation parameters for the corrosion of AZ31 alloy in Na2SOg4

solutions containing different concentrations of DB inhibitor.

Concentration | Concentration of Ea AH? AS8*
of Na2SO4 (M) inhibitor kJmol) | (kJmol") | (JmolK?)
(mmol dm)
Blank 44.17 40.04 -108.74
0.80 44.37 40.28 -115.72
0.05 1.00 48.86 44.77 -103.38
1.50 52.08 60.20 -56.86
2.00 69.47 85.68 21.45
2.50 84.50 91.14 35.66
Blank 39.64 33.78 -126.03
0.80 45.20 39.94 -114.98
0.1 1.00 49.74 44.84 -100.76
' 1.50 50.11 52.06 -79.39
2.00 54.85 52.18 -81.56
2.50 55.95 58.02 -76.82
Blank 35.65 28.33 -137.09
0.80 43.37 40.78 -104.50
015 1.00 46.23 42.52 -96.77
1.50 50.12 43.64 -85.71
2.00 53.66 45.07 -80.99
2.50 56.43 47.52 -78.22
Blank 35.21 23.87 -149.98
0.80 36.19 41.90 -99.76
0.20 1.00 38.95 46.11 -87.79
) 1.50 45.57 48.84 -80.89
2.00 53.10 51.02 -75.40
2.50 50.63 54.05 -69.67
Blank 24.39 18.81 -164.69
0.80 31.18 28.59 -117.75
025 1.00 36.57 33.97 -111.90
) 1.50 44.58 39.84 -97.86
2.00 48.49 39.89 -85.54
2.50 50.44 41.99 -77.72
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Table 3.33: Thermodynamic parameters for the adsorption of DB on AZ31
alloy in NaCl solution.

Concentration | Temperature AGas AHq5 AS8ds
of NaCl (M) (°O) (kJ mol!) (kJ mol?) (J mol' K
30 -29.25
35 -28.78
0.05 40 -28.35 -53.0 -78.6
45 -28.25
50 -27.63
30 -27.55
35 -27.28
0.1 40 -26.15 -49.9 -73.8
45 26.39
50 -26.06
30 -27.32
35 -26.95
0.15 40 -26.57 -47.5 -66.8
45 -26.35
50 -25.99
30 -27.23
35 -26.91
0.20 40 -26.60 -45.7 -61.0
45 -26.30
50 -25.99
30 -24.46
35 -24.16
0.25 40 -23.97 -43.8 -63.8
45 -23.53
50 -23.15
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Table 3.34: Thermodynamic parameters for the adsorption of DB on AZ31
alloy in Na:SOs4 solution.

Concentration | Temperature AGas AHqs AS8ads
of Na2SO4 (M) O (kJ mol) | (kJ mol'!) | (J mol!K?)
30 -29.46
35 -29.18
0.05 40 -28.84 -50.5 -69.20
45 -28.49
50 -28.14
30 -28.07
35 -27.92
0.10 40 -27.82 -35.4 -24.20
45 -27.70
50 -27.58
30 -27.22
35 -27.11
0.15 40 -27.01 -33.4 -20.40
45 -26.91
50 -26.81
30 -26.52
35 -26.43
0.20 40 -26.34 -32.1 -18.40
45 -26.24
50 -26.15
30 -26.36
35 -26.27
0.25 40 -26.19 -30.7 -14.40
45 -26.12
50 -26.04

Table 3.35: Calculated DFT parameters for DB inhibitor.

Parameters Value

Total energy (KeV) -16.87
Energy gap (eV) 3.88

E nomo (eV) -1.04
ErLumo (eV) -4.93
Dipole moment (Debye) 15.01
Electronegativity (eV) 2.98
Chemical hardness (eV) 1.94
Electron affinity (eV) 4.93
lonization potential (eV) 1.04
Softness (eV) 0.51
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3.4 SODIUM 2,2'-(7,16-DIHEXYL-8,15-D10XO0-7,10,13,16-
TETRAAZADOCOSANE-10,13-DIYL)DIACETATE (bH) AS
CORROSION INHIBITOR ON AZ31 MAGNESIUM ALLOY IN
SODIUM CHLORIDE AND SODIUM SULFATE SOLUTIONS

3.4.1 Potentiodynamic polarization measurements

The potentiodynamic polarization plots for the corrosion of AZ31
magnesium alloy in 0.1 M sodium chloride solution and 0.1 M sodium sulfate
solution in the presence of different concentrations of DH, at 50 °C are shown
in Fig. 3.35. Similar plots were obtained at other temperatures and also in the
other five concentrations each of sodium chloride and sodium sulfate at the
different temperatures studied. The potentiodynamic polarization parameters
such as corrosion potential (Ecorr), corrosion current density (icorr), cathodic Tafel
slopes () were calculated from the Tafel plots in the presence of different
concentrations of DH at different temperatures and media concentrations are
summarized in Tables 3.36 to 3.45. As seen from the data, the presence of
inhibitor brings down the corrosion rate considerably. Polarization curves are
shifted to a lower current density region indicating a decrease in corrosion rate
(Pebere et al. 1990). Inhibition efficiency increases with the increase in the

concentration of DH in the corrosion medium.
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Fig. 3.35: Potentiodynamic polarization curves for the corrosion of AZ31
alloy in the presence of different concentrations of DH in a) 0.1 M NaCl

solution and b) 0.1 M Na2SQOs4 solution at 50 °C.

No definite trend is observed in the shift of Ecorr values; both anodic and

cathodic polarization profiles are influenced simultaneously, almost to the same
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extent, which indicates the influence of DH compound on both the anodic and
the cathodic reactions; metal dissolution and hydrogen evolution, respectively.
The formation of magnesium salt precipitate on the surface, results in the
formation of a film on the alloy surface, blocking both anodic and cathodic sites
from the corrosive, rendering the inhibition effect on the corrosion of the alloy
(Fuchs-Godec 2009). The data in Tables from 3.36 to 3.45 show that there is no
significant change in the values of cathodic Tafel slope f. with the increase in
the concentration of the inhibitor. This suggests that the reduction mechanism
at the cathode and the oxidation mechanism at the anode are not affected by the
presence of inhibitor and hence the corrosion reaction is slowed down by the
surface-blocking effect of the inhibitor (Liu et al. 2019). Thus, the inhibitor, DH,

can be regarded as a mixed-type inhibitor.

3.4.2 Electrochemical impedance spectroscopy

Nyquist plots for the corrosion of AZ31 magnesium alloy in 0.1 M NaCl
solution and 0.1 M NaySOg4 solution in the presence of different concentrations
of DH are shown in Fig. 3.36. Similar plots were obtained in other

concentrations and also at other temperatures.

The shape of the impedance plots for the alloy in the presence of the
inhibitor is quite similar to that in the absence of the inhibitor (Montemor and
Ferreira 2007). The presence of the inhibitor only increases the impedance
without changing other aspects of the behavior. These results are in agreement
with the results of polarization measurements that the inhibitor does not alter the
mechanism of electrochemical reactions responsible for corrosion. The Nyquist
plots display two capacitive semicircles at higher and medium frequencies,
former being much similar to the one explained in section 3.3.2. The electrical
equivalent circuit presented in Fig. 3.3 was filled into the impedance data and
the electrochemical impedance parameters were calculated. The experimental

results of EIS measurements are summarized in Tables 3.46 to 3.55.

The Bode plots of phase angle and amplitude for the corrosion of the
AZ31 alloy immersed in 0.1 M NaCl solution and Na2SO4 solution at 50 °C in
the presence of varying amounts of DH, are shown in Fig. 3.37 and Fig. 3.38,
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respectively. As seen from the Bode plots, both the impedance modulus (Zmod)
at low frequency and the phase maximum (fmax) at intermediate frequency
increase with the increase in DH concentration, which collectively indicates that

the presence of highly protective surface film protecting the alloy surface.

2700 3000 -
2400 4 —a— Blank
ey *—0.0005 M 2500
a) —4—0.00075 M b)
1800 - —¥—0.001 M
g < 0.0015M ey —+— Blank
| 1 »—0.0020 M _ +—0.50 mM
£ 12001 g 15004 +—0.75mM
E o g +—1.00 mM
o Baui] £ 10004 «—1.50 mM
Ao Y 2.00 mM
m- m- > » >
i S W
0 . X ‘1_ »
0 ° e v M
3004 % iy L %
-600 T T T T T T .T T T T 1 -500 T T . T T T T 1
600 300 O 300 600 900 1200 1500 1800 2100 2400 2700 -500 0 500 1000 1500 2000 2500 3000
Z' (ohm.cm’) Z' (ohm.cm’)

Fig. 3.36: Nyquist plots for the corrosion of AZ31 alloy in the presence of
different concentrations of DH in a) 0.1 M NaCl and b) 0.1 M Na2SO4 at 50
°C.
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Fig. 3.37: Bode phase angle and amplitude plots for the corrosion of AZ31
alloy in 0.1 M NaCl medium containing different concentrations of DH at

50 °C.
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Fig. 3.38: Bode phase angle and amplitude plots for the corrosion of the
AZ31 alloy in 0.1 M Na2SO4 medium containing different concentrations of

DH at 50 °C.
3.4.3 Effect of temperature

The results in Tables 3.36 and 3.45 show that corrosion rate increases
and the inhibition efficiency of DH decrease with the increase in temperature.
The decrease in inhibition efficiency with the increase in temperature indicates
desorption of the inhibitor molecules from the metal surface on increasing the
temperature. This fact is also suggestive of physisorption of the inhibitor

molecules on the metal surface.

The Arrhenius plots for the corrosion of AZ31 magnesium alloy in the
presence of different concentrations of DH in 0.1 M NacCl solution and Na>SO4
solution are shown in Fig. 3.39. The plots of In(vcorr /T) versus 1/Tin 0.1 M NaCl
solution and Na>SOj4 solution in the presence of various concentrations of DH
are shown in Fig. 3.40. The calculated values of E,, AH" and AS" are given in
Tables 3.56 and 3.57. The proportionate increase in the activation energy on the
addition of DH can be attributed to the adsorption of DH providing a barrier on

the alloy surface.

The values of entropy of activation indicate that the activated complex

in the rate-determining step represents an association rather than dissociation,
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resulting in a decrease in randomness on going from the reactants to the
activated complex.
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Fig. 3.39: Arrhenius plots for the corrosion of AZ31 magnesium alloy in a)

0.1 M NaCl and b) 0.1 M Na2SOusin the presence of different concentrations

of DH.
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Fig. 3.40: The plots of In(vcorr /T) versus 1/T for the corrosion of AZ31

magnesium alloy in a) 0.1 M NaCl and b) 0.1 M Na2SOy4 in the presence of

different concentrations of DH.

3.4.4 Adsorption isotherms

The adsorption of DH on the surface of AZ31 magnesium alloy was

found to obey Langmuir adsorption isotherm. The Langmuir adsorption
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isotherms for the adsorption of DH on AZ31 magnesium alloy in 0.1 M NaCl

solution and Na>SOs solution are shown in Fig. 3.41.

The thermodynamic data obtained for the adsorption of DH on AZ31
magnesium alloy are tabulated in Tables 3.58 and 3.59. The linear regression
coefficients are close to unity and the slopes of the straight lines are nearly unity,
suggesting that the adsorption of DH obeys Langmuir’s adsorption isotherm
with negligible interaction between the adsorbed molecules. The free energy
values suggest that the DH undergoes both physisorption and chemisorption. #
(%) reduces with the increase in temperature, which is characteristic of
physisorbed inhibitors. Both these results hint at the predominance of

physisorption over chemisorption.
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Fig. 3.41: Langmuir’s adsorption isotherms for the adsorption of DH on
AZ31 magnesium alloy in a) 0.1 M NaCl medium and b) 0.1 M Na2SO4

medium.
3.4.5 Mechanism of corrosion inhibition

The corrosion inhibition mechanism of DH in sodium sulfate solution
can be explained in the same lines as that of DB in the previous section. The
inhibitor DH protects the alloy surface through the predominant physisorption
mode in which the DH gets adsorbed on the alloy surface through electrostatic

attraction.
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3.4.6 SEM

Fig. 3.42 presents the SEM image and EDX spectrum of the AZ31
magnesium alloy surface after the immersion in 0.2 M NaCl in the presence of
DH for 3 h at 30 °C. Figure 3.43 presents the SEM image and EDX spectrum of
AZ31 magnesium alloy surface after the immersion in 0.2 M NaySOy in the
presence of DH for 3 h at 30 °C. It is noted that the deterioration of the alloy
substrate is suppressed in the presence of DH in the NaCl and Na,SO4 media as
compared with the SEM image of alloy samples immersed in the corrosion
media in the absence of the inhibitor presented in Fig. 3.10 and Fig. 3.12. The
SEM image in Fig. 3.42 and Fig. 3.43 show a more compact surface and contain

fewer cracks in it. The elements present on the surface of the alloy were

ascertained by using the EDX spectra of the alloy sample.
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Fig. 3.42: SEM image and EDX spectra of the AZ31 magnesium alloy
surface after the immersion in 0.2 M NaCl in the presence of DH for 3 h at

30 °C.
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Fig. 3.43: SEM image and EDX spectra of the AZ31 magnesium alloy
surface after the immersion in 0.2 M Na2SQs4 in the presence of DH for 3 h

at 30 °C.

3.4.7 XPS

Fig. 3.44 and Fig. 3.45 present the XPS survey spectra of the corroded
AZ31 magnesium alloy in the corrosion medium of 0.2 M NaCl and 0.2 M
NazSO4 containing 0.001 M DH inhibitor. Fig. 3.46 and Fig. 3.47 show the
corresponding individual XPS spectra of Mg (2s), Al (2p), C (1s), O (1s) and, N
(1s) in NaCl and Na>SO4. The Mg (2s) peak was deconvoluted to three peaks
corresponding to Mg(OH)2, MgCO3, and MgO at 88 eV, 88.9 eV, and 89.4 eV,
respectively. The C (1s) peak was deconvoluted into three peaks at 284 eV, 286
eV, and 288 eV corresponding to C-C/ C-H bonds, C-N bonds, and COO" group,
respectively (Gece 2008). The O (1s) peak was deconvoluted into two peaks at
532 eV and 534 eV, corresponding to O of C=0, MgO, and Mg(OH).,
respectively (Gao and Liang 2007). The N (1s) peak shows only one peak
corresponding to the presence of N as N-CHz at ~399 eV. The Al (2p) peak
indicates the presence of Al as MgA1>O4. The above facts indicate the surfactant
molecules to be present on the alloy surface and support the proposal that the
alloy surface is protected from corrosion through the formation of a protective

film by the DH molecules.
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Fig. 3.44: The XPS survey spectra of the corroded AZ31 magnesium alloy

immersed in the corrosion medium of 0.2 M NaCl containing 0.001 M of

DH for 3 h at 30 °C.
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Fig. 3.45: The XPS survey spectra of the corroded AZ31 magnesium alloy

immersed in the corrosion medium of 0.2 M Na2SQO4 containing 0.001 M of

DH for 3 h at 30 °C.
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Fig. 3.46: XPS spectra (Mg 1s, Al 2p, C 1s, O 1s and, N 1s) of AZ31 Mg alloy
immersed in 0.2 M NaCl medium in the presence of 0.001 M DH for 3 h at

30 °C.
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Fig. 3.47: XPS spectra (Mg 1s, Al 2p, C 1s, O 1s and, N 1s) of AZ31 Mg alloy
immersed in 0.2 M Na:SO4 medium in the presence of 0.001 M DH for 3

hours at 30 °C.
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3.48 DFT

The optimized structure for the inhibitor, DH, was obtained using DFT
calculations at the B3LYP hybrid functional model with def-TZVP basis set and
presented in Figure 3.48. The energy of the highest occupied molecular orbital
(Enomo), the energy of the lowest unoccupied molecular orbital (ELumo), energy
gap (4E), hardness (), softness (o), ionization potential (/p), electron affinity
(EA), electronegativity (x), and dipole moment (x) associated with the corrosion-
inhibiting ability of DH have been evaluated using DFT. The above-mentioned

parameters are presented in Table 3.60.

The structure of the molecule was optimized and a negative value of the
total energy (-2.32 keV) indicates a thermodynamically stable molecule. Enomo
value of -1.01 eV for the inhibitor DH, indicates the physical adsorption. The
donation of electrons results in chemical adsorption, the negative value of Enomo
indicates physisorption rather than chemisorption (Vengatesh and
Sundaravadivelu 2019). The low bandgap energy suggests a higher reactivity of
the inhibitor molecules, leading to their ready adsorption on the AZ31 alloy
surface. The dipole moment value is the measure of the extent of interaction
between charged DH molecules and the charged metal surface. The high value
of the dipole moment implies a stronger interaction between DH molecules and

the AZ31 alloy surface.

The resistance of the inhibitor to charge transfer and its readiness to
receive electrons is indicated by its chemical hardness and softness respectively.
The strong tendency of diacetate group to attract electrons from metal shows a
higher electronegativity value, which in turn indicates the higher ability of DH

to act as a corrosion inhibitor.
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Optimized Geometry

Fig. 3.48: Optimized structure and the frontier molecular orbital density

distribution of the DH molecule.
3.49 Summary

Anionic Gemini surfactant based on EDTA derivatives, DH, was
synthesized and used as corrosion inhibitor on AZ31 Mg alloy in different
concentrations of NaCl solution and Na>SOg solution. The surfactant DH acted
as a mixed type of inhibitor and the inhibitor efficiency increased with the
increase in the concentration of DH and decreased with the rise in temperature
and the increase in the concentration of NaCl and Na;SO4 in the medium. The
surfactant was adsorbed predominantly through physisorption and obeyed
Langmuir adsorption isotherm. The quantum chemical calculations supported

the experimental observations.

141



CHAPTER 3

Table 3.36: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.05 M NacCl solution in the presence of DH at different temperatures.

Inhibitor Temperature | Ecorr icorr n
concentration (°O) Vs (nA cm?) P Ucorr (%)
(mmol dm?3) SCE (mV dec’) | (mmy?)
(mV)

Blank -1514 70.10 99 1.51 -
0.50 -1544 11.14 107 0.24 84
0.75 30 -1533 8.35 97 0.18 88
1.00 -1498 6.49 110 0.14 90
1.50 -1494 4.17 92 0.09 94
2.00 -1497 2.78 94 0.06 96

Blank -1490 112.81 122 2.43 -
0.50 -1531 25.53 113 0.55 77
0.75 35 -1561 19.96 114 0.43 82
1.00 -1538 16.71 112 0.36 85
1.50 -1524 12.53 112 0.27 88
2.00 -1478 7.89 114 0.17 93

Blank -1500 168.06 129 3.62 -
0.50 -1536 40.85 118 0.88 75
0.75 40 -1564 33.42 116 0.72 80
1.00 -1566 28.78 113 0.62 82
1.50 -1514 30.10 118 0.65 82
2.00 -1479 19.49 110 0.42 88

Blank -1503 183.38 134 3.95 -
0.50 -1545 47.35 119 1.02 74
0.75 45 -1557 36.67 104 0.79 80
1.00 -1513 33.10 109 0.72 81
1.50 -1529 34.35 106 0.74 81
2.00 -1542 26.92 113 0.58 85

Blank -1493 197.77 140 4.26 -
0.50 -1553 72.42 119 1.56 63
0.75 50 -1561 62.67 128 1.35 68
1.00 -1538 50.14 117 1.08 74
1.50 -1526 33.42 123 0.72 78
2.00 -1500 23.21 126 0.64 84
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Table 3.37: Electrochemical polarization parameters for the corrosion of AZ31
in 0.10 M NaCl solution in the presence of DH at different temperatures.

Inhibitor Temperature | Ecorr icorr n
concentration (°O) Vs ( nA cm?) P Ucorr (%)
(mmol dm?3) SCE (mV dec!) | (mm y")
(mV)

Blank -1483 154.03 135 3.34 -
0.50 -1529 77.53 132 1.67 50
0.75 30 -1470 62.21 129 1.34 59
1.00 -1460 46.89 125 1.01 69
1.50 -1428 33.42 121 0.72 78
2.00 -1442 40.39 120 0.41 87

Blank -1489 171.58 141 3.73 -
0.50 -1528 88.21 137 1.90 49
0.75 35 -1486 70.10 134 1.51 59
1.00 -1482 46.89 129 1.01 72
1.50 -1448 36.21 127 0.78 79
2.00 -1484 23.67 127 0.51 86

Blank -1502 210.77 165 4.54 -
0.50 -1498 93.31 153 2.01 46
0.75 40 -1515 84.49 150 1.62 56
1.00 -1495 55.24 146 1.19 70
1.50 -1518 42.24 142 0.91 75
2.00 -1495 39.36 140 0.57 84

Blank -1516 225.52 162 4.90 -
0.50 -1543 124.42 159 2.68 45
0.75 45 -1513 104.92 155 2.26 53
1.00 -1510 70.10 152 1.51 69
1.50 -1488 60.35 150 1.30 73
2.00 -1495 37.60 147 0.81 83

Blank -1490 23547 173 5.11 -
0.50 -1531 129.99 170 2.80 45
0.75 50 -1488 112.81 168 2.43 52
1.00 -1487 74.28 164 1.60 68
1.50 -1492 64.99 160 1.40 72
2.00 -1497 40.39 158 0.87 82
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Table 3.38: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.15 M NaCl solution in the presence of DH at different temperatures.

Inhibitm-‘ Tempoe(lj'ature Eéo(r:rl;fs :orr , Be Deor 011
C(onllllcj(r)lltlc'ﬁltll_g)rl °O) e (pA cm™) mV dec) | (mm y*) (%)
Blank -1537 233.52 150 5.03 -
0.50 -1480 119.78 116 2.58 48
0.75 30 -1560 98.42 120 2.12 58
1.00 -1563 76.60 107 1.65 67
1.50 -1494 53.39 112 1.15 77
2.00 -1569 31.57 130 0.68 86
Blank -1500 333.34 155 7.18 -
0.50 -1490 177.81 124 3.83 46
0.75 35 -1473 140.20 132 3.02 57
1.00 -1445 98.42 125 2.12 70
1.50 -1524 77.99 122 1.68 76
2.00 -1538 83.56 138 1.08 84
Blank -1515 455.90 168 9.82 -
0.50 -1487 255.34 107 5.50 44
0.75 40 -1520 204.27 119 4.40 55
1.00 -1554 143.92 123 3.10 68
1.50 -1514 116.53 128 2.51 74
2.00 -1545 75.21 140 1.62 83
Blank -1491 478.65 170 10.31 -
0.50 -1488 267.41 135 5.76 43
0.75 45 -1527 220.99 108 4.76 53
1.00 -1529 157.85 129 3.40 67
1.50 -1529 129.99 120 2.80 72
2.00 -1475 90.53 146 1.95 81
Blank -1475 567.33 194 12.22 -
0.50 -1496 331.95 115 7.15 41
0.75 50 -1548 279.48 159 6.02 50
1.00 -1546 189.42 122 4.08 66
1.50 -1526 162.49 123 3.50 71
2.00 -1508 125.35 141 2.70 78
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Table 3.39: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.20 M NaCl solution in the presence of DH at different temperatures.

Inhibitm: Tempoe(lj'ature Egog gs :orr , pe Deor 017
C(onrlllc;::ltg:ntlg;l °O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1500 432.55 189 9.40 -
0.50 -1476 248.38 182 5.35 43
0.75 30 -1555 113.28 158 2.44 74
1.00 -1542 99.81 122 2.15 77
1.50 -1456 87.28 122 1.88 80
2.00 -1476 48.28 110 1.04 89
Blank -1485 457.04 214 9.93 -
0.50 -1499 266.95 154 5.75 42
0.75 35 -1529 129.99 116 2.80 72
1.00 -1538 110.03 126 2.37 76
1.50 -1464 95.17 111 2.05 79
2.00 -1484 60.35 107 1.30 87
Blank -1483 489.13 181 10.63 -
0.50 -1479 290.16 160 6.25 41
0.75 40 -1532 140.20 146 3.02 71
1.00 -1550 113.28 124 2.44 77
1.50 -1530 97.49 123 2.10 80
2.00 -1495 78.92 112 1.70 84
Blank -1511 687.77 211 14.75 -
0.50 -1496 408.55 171 8.80 40
0.75 45 -1548 204.27 147 4.40 70
1.00 -1547 175.95 126 3.79 74
1.50 -1539 162.49 103 3.50 76
2.00 -1479 121.17 101 2.61 82
Blank -1526 709.98 171 15.43 -
0.50 -1482 441.05 151 9.50 38
0.75 50 -1535 236.77 132 5.10 67
1.00 -1551 198.24 122 4.27 72
1.50 -1518 178.74 114 3.85 75
2.00 -1515 141.60 102 3.05 80
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Table 3.40: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.25 M NaCl solution in the presence of DH at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration °O) SCE (nA cm?) (mV dec!) | (mm y1 (%)
(mmol dm™3) (mV)

Blank -1526 520.41 190 11.31 -
0.50 -1489 304.09 125 6.55 42
0.75 30 -1516 146.24 140 3.15 72
1.00 -1551 131.85 120 2.84 75
1.50 -1499 118.38 171 2.55 77
2.00 -1541 73.35 145 1.58 86

Blank -1515 553.00 192 12.03 -
0.50 -1504 334.27 168 7.20 40
0.75 35 -1517 167.13 165 3.60 70
1.00 -1528 138.81 108 2.99 75
1.50 -1522 120.70 156 2.60 78
2.00 -1526 83.56 173 1.80 85

Blank -1488 577.18 188 12.54 -
0.50 -1498 348.19 122 7.50 40
0.75 40 -1514 185.70 125 4.00 68
1.00 -1528 149.95 121 3.23 74
1.50 -1539 127.67 160 2.75 78
2.00 -1523 92.85 162 2.00 84

Blank -1510 706.61 209 15.22 -
0.50 -1519 432.69 174 9.32 38
0.75 45 -1528 239.09 150 5.15 66
1.00 -1515 192.20 121 4.14 72
1.50 -1527 176.42 171 3.80 75
2.00 -1523 126.74 137 2.73 82

Blank -1494 792.81 186 17.23 -
0.50 -1518 500.47 169 10.78 37
0.75 50 -1479 287.84 164 6.20 64
1.00 -1561 236.77 178 5.10 70
1.50 -1481 216.81 165 4.67 73
2.00 -1518 168.06 150 3.62 79
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Table 3.41: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.05 M Na2SOs4 solution in the presence of DH at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration O SCE | (pA em?) (mV dec!) | (mm y1 (%)
(mmol dm™3) (mV)

Blank -1483 63.33 93 1.37 -
0.50 -1468 15.40 91 0.33 75
0.75 30 -1503 10.60 87 0.23 83
1.00 -1471 9.13 81 0.19 86
1.50 -1469 3.84 77 0.08 94
2.00 -1507 1.82 75 0.03 97

Blank -1470 110.24 110 2.39 -
0.50 -1456 28.60 99 0.61 74
0.75 35 -1472 19.16 93 0.41 82
1.00 -1498 16.24 93 0.34 85
1.50 -1492 10.22 88 0.22 90
2.00 -1475 5.2 80 0.11 95

Blank -1502 164.74 125 3.58 -
0.50 -1542 58.00 116 1.27 64
0.75 40 -1475 44.70 104 0.97 72
1.00 -1447 37.1 92 0.80 77
1.50 -1512 20.0 97 0.43 87
2.00 -1479 9.20 95 0.19 94

Blank -1465 179.03 154 3.89 -
0.50 -1471 72.50 130 1.58 59
0.75 45 -1522 50.18 131 1.08 72
1.00 -1537 39.37 131 0.84 78
1.50 -1500 25.97 124 0.55 85
2.00 -1523 15.50 118 0.33 91

Blank -1481 190.03 144 4.13 -
0.50 -1527 103.06 126 2.22 46
0.75 50 -1476 66.66 116 1.45 64
1.00 -1463 40.74 103 0.88 78
1.50 -1536 35.33 104 0.77 81
2.00 -1482 20.2 92 0.43 89

147




CHAPTER 3

Table 3.42: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.10 M Na2SOs4 solution in the presence of DH at different temperatures.

Inhibitor Temperature | Ecorr vs icorr -Pe Ucorr n
concentration (°O) SCE | (pA cm?) | (mV dec?) (mm y?) | (%)
(mmol dm?3) (mV)

Blank -1482.0 71.21 117 1.54 -
0.50 -1491.3 35.30 116 0.76 50
0.75 30 -1496.3 32.10 119 0.69 56
1.00 -1490.5 19.40 102 0.42 72
1.50 -1493.1 10.00 106 0.21 86
2.00 -1579.7 4.30 102 0.09 94

Blank -1528 157.60 134 342 -
0.50 -1464.8 79.30 126 1.70 50
0.75 35 -1471.9 64.90 132 1.39 59
1.00 -1466.8 37.48 135 0.80 76
1.50 -1509.6 29.38 123 0.63 81
2.00 -1509.5 12.40 123 0.26 92

Blank -1485.0 191.24 140 4.15 -
0.50 -1484.8 97.80 115 2.10 49
0.75 40 -1466.3 88.70 104 1.92 53
1.00 -1518.2 47.60 117 1.02 75
1.50 -1456.7 40.60 117 0.87 79
2.00 -1492.4 21.11 113 0.45 89

Blank -1481 202.71 150 4.40 -
0.50 -1466.5 105.0 117 2.27 48
0.75 45 -1513.8 87.5 116 1.88 57
1.00 -1508.7 49.4 129 1.06 75
1.50 -1459.3 39.9 117 0.84 80
2.00 -1477.5 19.80 112 0.42 90

Blank -1456 208.41 157 4.53 -
0.50 -1460.6 116.2 122 2.53 44
0.75 50 -1483.2 106.3 122 2.31 49
1.00 -1516.4 62.80 124 1.37 69
1.50 -1446.5 40.6 118 0.88 80
2.00 -1518.3 26.99 104 0.58 87
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Table 3.43: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.15 M Na2SOs4 solution in the presence of DH at different temperatures.

Inhibitor Temperature | Ecorr vs icorr -fe Ucorr n
concentration (°O) SCE (pA em?) | (mV dec?) (mm y?) | (%)
(mmol dm?3) (mV)

Blank -1457 218.14 138 4.74 -
0.50 -1505 116.06 117 2.50 47
0.75 30 -1508 105.85 105 2.28 52
1.00 -1536 71.49 98 1.54 68
1.50 -1495 41.78 91 0.90 81
2.00 -1469 17.64 82 0.38 92

Blank -1457 322.28 142 7.00 -
0.50 -1510 162.49 116 3.50 50
0.75 35 -1527 140.20 111 3.02 57
1.00 -1529 91.46 103 1.97 72
1.50 -1479 65.46 94 1.41 80
2.00 -1463 32.49 81 0.70 90

Blank -1469 445.19 151 9.67 -
0.50 -1516 236.77 114 5.10 47
0.75 40 -1512 219.59 105 4.73 51
1.00 -1521 113.74 91 2.45 74
1.50 -1476 99.81 96 2.15 77
2.00 -1465 56.17 98 1.21 87

Blank -1446 461.63 158 10.03 -
0.50 -1486 253.95 120 5.47 45
0.75 45 -1514 233.06 114 5.02 50
1.00 -1520 136.03 108 2.93 71
1.50 -1459 118.38 96 2.55 75
2.00 -1462 70.10 96 1.51 85

Blank -1448 546.62 170 11.88 -
0.50 -1492 318.02 137 6.85 42
0.75 50 -1536 288.30 120 6.21 48
1.00 -1507 184.77 110 3.98 66
1.50 -1491 149.49 104 3.22 73
2.00 -1464 91.92 95 1.98 83
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Table 3.44: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.2 M Na2SOs4 solution in the presence of DH at different temperatures.

Inhibitor Temperature | Ecorr Vs icorr -Be Ucorr n
concentration O SCE | (pA em?) (mV dec!) | (mm y1 (%)
(mmol dm?3) (mV)

Blank -1505 235.63 152 5.12 -
0.50 -1566 126.7 121 2.83 44
0.75 30 -1497 54.70 116 1.19 76
1.00 -1526 47.70 125 1.04 79
1.50 -1537 44.36 118 0.96 80
2.00 -1500 17.3 127 0.37 91

Blank -1493 354.34 158 7.70 -
0.50 -1516 204.5 149 4.40 42
0.75 35 -1457 91.9 125 1.98 74
1.00 -1519 72.88 133 1.57 79
1.50 -1485 62.67 125 1.35 82
2.00 -1508 41.1 130 0.89 88

Blank -1489 470.87 164 10.23 -
0.50 -1459 267.9 157 5.81 43
0.75 40 -1486 118.8 155 2.56 74
1.00 -1503 97.5 126 2.10 79
1.50 -1505 89.13 128 1.92 81
2.00 -1486 68.24 127 1.47 85

Blank -1472 542.13 172 11.23 -
0.50 -1484 304.55 167 6.56 41
0.75 45 -1517 139.27 159 3.00 73
1.00 -1498 129.99 148 2.80 75
1.50 -1522 115.6 122 2.49 77
2.00 -1514 98.42 126 2.12 81

Blank -1480 672.86 197 14.62 -
0.50 -1539 394.6 189 8.5 41
0.75 50 -1535 203.3 188 4.38 70
1.00 -1489 171.77 175 3.7 74
1.50 -1521 166.20 164 3.58 75
2.00 -1458 131.85 158 2.84 80
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Table 3.45: Electrochemical polarization parameters for the corrosion of AZ31
in 0.25 M NazSOy4 solution in the presence of DH at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration °O) SCE (pA cm?) (mV dec!) | (mm y1 (%)
(mmol dm?3) (mV)

Blank -1451 372.80 147 8.10 -
0.50 -1499 218.20 121 4.70 42
0.75 30 -1514 96.56 123 2.08 74
1.00 -1441 86.81 119 1.87 77
1.50 -1483 77.99 117 1.68 79
2.00 -1530 44.10 114 0.95 88

Blank -1411 497.12 158 10.80 -
0.50 -1522 301.77 122 6.50 40
0.75 35 -1525 146.24 123 3.15 71
1.00 -1439 118.38 100 2.55 76
1.50 -1449 116.06 118 2.50 77
2.00 -1470 75.67 117 1.63 85

Blank -1438 516.71 170 11.23 -
0.50 -1502 315.70 138 6.80 39
0.75 40 -1524 155.06 126 3.34 70
1.00 -1507 135.56 114 2.92 74
1.50 -1463 129.06 117 2.78 75
2.00 -1466 89.13 119 1.92 83

Blank -1486 583.03 190 12.67 -
0.50 -1491 368.62 151 7.94 37
0.75 45 -1535 188.02 119 4.05 68
1.00 -1502 162.49 121 3.50 72
1.50 -1478 154.60 115 3.33 74
2.00 -1496 113.74 118 2.45 81

Blank -1463 727.89 201 15.82 -
0.50 -1497 486.08 185 10.47 34
0.75 50 -1511 258.59 195 5.57 65
1.00 -1487 220.52 156 4.75 70
1.50 -1476 206.13 115 4.44 72
2.00 -1491 155.52 138 3.35 79
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Table 3.46: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.05 M NaCl solution in the presence of DH at different temperatures.

Inhibitor Temperature Ryt R; Rais Ca Cs ]
Concentration (°C) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 580 296 225 138 177 -
0.50 3589 3345 1423 123 111 84
0.75 30 4967 4785 1899 113 104 88
1.00 5300 5203 2210 102 98 89
1.50 6934 6788 2892 95 91 91
2.00 8842 8689 3856 91 88 93

Blank 550 255 207 153 181 -
0.50 2600 2476 1214 137 115 78
0.75 35 3120 3065 1423 124 108 82
1.00 3828 3734 1566 112 100 85
1.50 4401 4313 2100 101 96 87
2.00 6280 6189 2788 94 91 91

Blank 422 231 184 161 188 -
0.50 1705 1585 792 139 119 75
0.75 40 2009 1911 955 126 111 78
1.00 2319 2256 1108 115 103 81
1.50 2321 2281 1116 100 97 81
2.00 3412 3302 1521 92 93 87

Blank 340 191 150 170 192 -
0.50 1288 1109 588 140 123 73
0.75 45 1700 1534 782 131 117 80
1.00 1749 1603 856 123 111 80
1.50 1823 1715 879 111 105 81
2.00 2335 2189 1057 103 100 85

Blank 318 160 131 171 198 -
0.50 867 700 347 137 126 63
0.75 50 980 831 422 129 119 67
1.00 1206 1100 552 118 108 73
1.50 1388 1201 601 102 100 77
2.00 1750 1588 833 99 94 82
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Table 3.47: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.10 M NaCl solution in the presence of DH at different temperatures.

Inhibitor Temperature Ryt R; R Ca Cr /]
Concentration cO) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 507 232 209 166 172 -
0.50 1009 954 484 128 114 49
0.75 30 1288 1168 645 114 106 60
1.00 1709 1560 787 105 98 70
1.50 2300 2202 1133 98 93 77
2.00 3706 3613 1582 94 87 86

Blank 380 192 168 181 179 -
0.50 760 600 288 134 117 50
0.75 35 941 779 335 121 110 59
1.00 1330 1269 628 110 104 71
1.50 1823 1700 935 99 99 79
2.00 2805 2731 1100 95 90 86

Blank 366 173 142 191 183 -
0.50 679 510 201 135 121 46
0.75 40 821 702 346 124 116 55
1.00 1209 1104 521 114 108 69
1.50 1500 1394 646 103 100 75
2.00 2280 2197 1088 98 93 84

Blank 351 152 115 195 185 -
0.50 639 520 263 137 125 45
0.75 45 766 681 320 127 117 54
1.00 1134 1085 489 118 104 69
1.50 1304 1200 592 105 97 73
2.00 1899 1790 781 100 94 81

Blank 301 139 108 200 191 -
0.50 553 478 238 140 128 45
0.75 50 643 591 303 136 118 53
1.00 949 813 407 129 107 68
1.50 1057 943 461 120 101 71
2.00 1690 1600 811 112 98 82
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Table 3.48: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.15 M NaCl solution in the presence of DH at different temperatures.

Inhibitor Temperature Ry R Rt Ca Ce n
Concentration cO) Qcem?) | (Qcem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 358 170 144 172 115 -
0.50 700 604 303 131 112 48
0.75 30 867 786 375 127 103 58
1.00 1101 1075 534 119 98 67
1.50 1553 1409 756 103 93 76
2.00 2494 2400 1211 99 86 85

Blank 301 161 121 184 128 -
0.50 561 400 191 140 113 46
0.75 35 714 602 299 132 104 57
1.00 1030 923 439 121 97 70
1.50 1282 1179 611 113 94 76
2.00 1794 1589 844 104 88 83

Blank 288 150 113 197 133 -
0.50 530 401 191 142 126 45
0.75 40 642 539 270 135 120 55
1.00 921 804 394 126 111 68
1.50 1111 992 451 114 103 74
2.00 1591 1403 753 103 97 81

Blank 225 128 100 201 140 -
0.50 404 342 139 145 127 44
0.75 45 478 389 206 136 120 52
1.00 679 588 248 124 113 66
1.50 808 709 344 115 105 72
2.00 1200 1103 519 107 100 81

Blank 130 88 73 218 147 -
0.50 221 207 100 142 135 41
0.75 50 260 177 113 137 124 50
1.00 387 260 121 126 116 66
1.50 453 350 155 115 108 71
2.00 603 502 247 105 100 78
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Table 3.49: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.2 M NaCl solution in the presence of DH at different temperatures.

Inhibitor Temperature Ry Ry R Ca (0 /]
Concentration cO) Qcem?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 170 109 95 193 191 -
0.50 301 200 106 147 134 43
0.75 30 700 596 273 132 128 74
1.00 780 649 326 125 111 77
1.50 869 701 350 118 101 80
2.00 1496 1399 737 104 96 89

Blank 166 97 79 190 199 -
0.50 289 169 88 152 137 42
0.75 35 583 500 248 134 128 72
1.00 696 580 285 125 114 76
1.50 979 877 479 119 105 779
2.00 1254 1106 631 105 99 87

Blank 158 90 70 212 210 -
0.50 275 150 82 154 142 41
0.75 40 562 434 216 137 130 71
1.00 701 600 300 126 119 77
1.50 800 704 341 116 112 80
2.00 977 885 438 109 100 84

Blank 125 78 58 220 219 -
0.50 208 145 76 157 143 40
0.75 45 438 351 178 139 133 70
1.00 500 410 222 122 122 74
1.50 549 478 245 114 113 76
2.00 701 628 315 111 102 82

Blank 103 73 52 243 232 -
0.50 169 98 72 155 146 38
0.75 50 315 287 136 140 135 67
1.00 382 242 125 129 123 72
1.50 423 310 151 115 115 75
2.00 513 401 212 110 105 80
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Table 3.50: Electrochemical impedance parameters for the corrosion of AZ31 in
0.25 M NaCl solution in the presence of DH at different temperatures.

Inhibitor Temperature Ry Ry Rt Ca Ce n
Concentration cO) Qem?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 201 201 99 205 195 -
0.50 649 503 267 153 140 42
0.75 30 774 666 331 146 126 71
1.00 809 730 361 132 119 75
1.50 895 798 395 126 104 77
2.00 1019 995 501 111 95 85

Blank 150 150 85 217 205 -
0.50 642 549 287 148 143 40
0.75 35 768 658 314 143 128 70
1.00 800 711 325 135 121 75
1.50 875 757 364 127 107 78
2.00 1001 900 450 113 97 85

Blank 141 141 72 221 222 -
0.50 637 505 240 150 145 41
0.75 40 761 650 328 144 131 69
1.00 788 691 346 137 125 75
1.50 864 746 362 124 111 79
2.00 991 886 441 115 103 85

Blank 105 105 68 230 223 -
0.50 629 563 254 147 147 38
0.75 45 757 623 311 145 134 65
1.00 779 680 341 135 127 72
1.50 857 699 354 127 113 75
2.00 982 800 400 116 105 82

Blank 99 99 55 248 239 -
0.50 621 501 246 153 150 40
0.75 50 748 625 301 145 137 64
1.00 768 684 341 138 130 70
1.50 845 700 348 128 121 72
2.00 977 793 366 118 108 78
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Table 3.51: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.05 M NazSOy4 solution in the presence of DH at different temperatures.

Inhibitor Temperature Ry Ry Rt Ca Ce n
Concentration CO) Qem?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 609 471 412 159 102 -
0.50 2420 2377 1190 44 68 74
0.75 30 3500 3403 1566 32 62 82
1.00 4388 4276 2123 28 55 86
1.50 7592 7460 3111 22 44 92
2.00 9988 9801 4161 15 31 94

Blank 510 367 303 176 129 -
0.50 1950 1756 876 40 81 74
0.75 35 2790 2640 1216 36 70 81
1.00 3340 3259 1615 24 58 84
1.50 4967 4756 1965 20 47 89
2.00 7699 7500 3101 12 40 93

Blank 477 333 288 201 146 -
0.50 1330 1201 610 36 74 64
0.75 40 1690 1500 735 36 68 72
1.00 2113 2001 967 32 56 77
1.50 3558 3408 1511 27 55 87
2.00 4912 4790 2021 14 47 90

Blank 450 350 275 225 151 -
0.50 1108 981 463 41 72 59
0.75 45 1628 1501 733 40 66 72
1.00 2108 1988 965 33 66 79
1.50 2966 2804 1107 32 64 85
2.00 4199 4002 2034 26 44 89

Blank 412 354 252 261 168 -
0.50 763 600 287 50 62 46
0.75 50 1189 1003 500 39 61 65
1.00 1900 1782 647 38 47 78
1.50 2201 2075 1032 25 44 81
2.00 3541 3402 1523 24 43 88
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Table 3.52: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.10 M Naz2SOs4 solution in the presence of DH at different temperatures.

Inhibitor Temperature Ryt R; Rais Ca Cs ]
Concentration (°C) (Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 460 343 319 201 188 -
0.50 930 800 400 30 77 50
0.75 30 1047 901 453 30 76 56
1.00 1595 1477 844 22 71 71
1.50 3341 3201 1522 20 70 86
2.00 5730 5611 2511 15 53 92

Blank 432 322 293 224 191 -
0.50 876 703 353 54 79 50
0.75 35 1104 945 444 44 75 61
1.00 1791 1688 848 38 74 75
1.50 2282 2197 1213 29 74 81
2.00 4450 4385 2101 22 59 90

Blank 403 254 227 249 225 -
0.50 795 680 319 57 85 49
0.75 40 865 790 371 46 77 53
1.00 1590 1500 844 38 75 74
1.50 1904 1813 988 29 74 79
2.00 3477 3343 1522 23 65 88

Blank 387 193 160 269 237 -
0.50 760 621 316 58 90 49
0.75 45 895 783 370 40 83 45
1.00 1545 1430 746 39 80 75
1.50 1934 1711 911 27 73 80
2.00 3190 3056 1419 25 70 88

Blank 373 209 161 278 241 -
0.50 680 534 256 60 100 45
0.75 50 723 627 310 52 83 48
1.00 1224 1104 654 44 81 69
1.50 1852 1531 838 28 76 80
2.00 2550 1850 893 27 80 86
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Table 3.53: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.15 M Na2SOs4 solution in the presence of DH at different temperatures.

Inhibitor Temperature Ry Ry R Ca (0 /]
Concentration cO) Qcem?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 434 420 383 244 167 -
0.50 813 702 410 80 99 46
0.75 30 900 811 422 78 84 52
1.00 1343 1286 678 75 66 68
1.50 2283 2198 1000 71 60 80
2.00 3965 3901 1855 67 55 89

Blank 463 300 280 278 169 -
0.50 950 886 448 84 114 51
0.75 35 1100 945 463 81 108 58
1.00 1672 1589 822 77 95 72
1.50 2483 2400 1178 74 90 81
2.00 3975 3834 1834 70 83 88

Blank 380 230 201 299 180 -
0.50 723 602 294 90 123 47
0.75 40 796 688 343 87 106 52
1.00 1484 1320 766 82 99 74
1.50 1623 1501 811 78 92 77
2.00 2872 2714 1310 72 87 87

Blank 273 237 200 307 188 -
0.50 493 388 216 96 126 45
0.75 45 553 418 230 91 117 51
1.00 909 821 417 85 108 70
1.50 1078 974 463 80 99 75
2.00 1840 1623 810 77 91 85

Blank 245 200 178 321 200 -
0.50 425 310 199 102 130 42
0.75 50 471 334 210 95 121 48
1.00 723 600 300 89 111 66
1.50 895 706 351 84 101 73
2.00 1430 1321 744 78 93 83
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Table 3.54: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.20 M Na2SOs4 solution in the presence of DH at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs ]
Concentration (°C) (Qcem?) | (Qcm?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 301 226 171 269 179 -
0.50 550 461 223 41 98 45
0.75 30 1280 1171 625 29 82 76
1.00 1397 1300 661 25 67 78
1.50 1450 1323 672 19 60 79
2.00 2994 2895 1445 18 56 90

Blank 287 224 190 287 186 -
0.50 500 401 213 48 110 42
0.75 35 1090 1001 515 42 104 73
1.00 1390 1275 688 35 85 79
1.50 1523 1401 743 25 68 81
2.00 2590 2389 1350 20 61 89

Blank 259 192 163 301 191 -
0.50 462 330 171 65 120 44
0.75 40 987 904 448 58 117 74
1.00 1193 1023 510 32 89 78
1.50 1352 1202 621 25 75 81
2.00 1672 1488 728 22 69 84

Blank 236 203 167 321 201 -
0.50 400 331 186 66 131 41
0.75 45 893 789 375 56 123 74
1.00 950 840 419 50 92 75
1.50 1066 945 471 45 89 78
2.00 1230 1114 545 27 71 81

Blank 218 187 159 333 219 -
0.50 376 245 126 72 143 42
0.75 50 762 664 331 61 125 71
1.00 831 718 358 53 95 73
1.50 865 723 361 48 84 75
2.00 1076 945 463 35 79 80
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Table 3.55: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.25 M Na2SOs4 solution in the presence of DH at different temperatures.

Inhibitor Temperature Ry Ry R Ca (0 /]
Concentration CO) (Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 492 301 280 320 240 -
0.50 680 578 214 134 113 42
0.75 30 1545 1460 745 121 107 74
1.00 1699 1509 756 117 100 76
1.50 1858 1723 867 105 97 78
2.00 2990 2845 1422 97 86 87

Blank 350 250 221 333 259 -
0.50 588 479 223 137 118 40
0.75 35 1204 1101 542 128 110 71
1.00 1468 1334 735 116 99 76
1.50 1605 1510 801 105 95 78
2.00 2200 2099 1034 99 91 84

Blank 201 114 96 345 267 -
0.50 330 222 120 145 123 39
0.75 40 650 540 251 131 119 69
1.00 745 678 348 122 113 73
1.50 793 700 352 104 105 74
2.00 1187 1033 529 97 93 83

Blank 180 109 80 359 280 -
0.50 284 159 89 153 130 37
0.75 45 589 300 150 128 123 69
1.00 650 521 254 121 116 72
1.50 708 602 311 113 103 74
2.00 943 851 479 95 96 80

Blank 170 100 64 389 308 -
0.50 264 111 75 157 134 36
0.75 50 501 395 165 139 126 66
1.00 579 488 234 121 114 70
1.50 612 500 250 116 101 72
2.00 856 711 353 101 95 80
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Table 3.56: Activation parameters for the corrosion of AZ31 alloy in NaCl

solutions containing different concentrations of DH inhibitor.

Concentration | Concentration of E. AH? AS*
of NaCl (M) inhibitor (kJ mol ) (kJ mol ) (J mol' K1)
( mmol dm-)

Blank 34.00 34.66 -128.69

0.50 59.96 57.37 -65.93

0.05 0.75 65.43 62.83 -50.21
1.00 70.11 67.51 -36.58

1.50 79.18 76.58 -2.57

2.00 82.50 79.91 32.08
Blank 18.14 15.55 -183.86
0.50 22.35 18.94 -182.93

0.1 0.75 22.35 19.76 -175.71
' 1.00 25.81 23.21 -166.30
1.50 27.32 27.32 -158.09
2.00 29.40 29.40 -155.46
Blank 23.57 18.70 -174.42

0.50 28.67 26.08 -151.73
015 0.75 30.46 27.86 -147.40
1.00 26.70 32.42 -137.34

1.50 41.35 38.27 -117.89

2.00 43.87 38.75 -122.13

Blank 20.67 18.08 -167.27

0.50 25.46 22.87 -156.30

0.20 0.75 31.07 27.03 -143.99
1.00 34.63 28.48 -133.35

1.50 35.71 29.10 -127.78

2.00 46.37 43.78 -100.51

Blank 16.94 15.30 -175.67

0.50 18.08 15.43 -165.53

025 0.75 25.20 19.51 -161.37
) 1.00 30.42 20.35 -130.94
1.50 31.26 22.53 -120.96

2.00 32.53 27.94 -116.22
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Table 3.57: Activation parameters for the corrosion of AZ31 alloy in Na2SOg4

solutions containing different concentrations of DH inhibitor.

Concentration | Concentration of E. AH? AS*?
of medium inhibitor (kJ mol™?) (kJ mol™?) (J mol' K1)
(M) (mmol dm)

Blank 44.17 40.04 -108.74

0.50 72.18 71.88 -21.19

0.05 0.75 77.79 73.20 -15.21

1.00 83.32 82.61 4.24

1.50 88.44 86.44 31.51

2.00 90.17 91.14 36.08
Blank 39.64 33.78 -126.03
0.50 50.78 40.36 -102.84

0.10 0.75 55.01 48.18 -85.38
1.00 55.19 48.91 -80.80

1.50 56.82 49.99 -80.72

2.00 74.56 70.05 -20.94
Blank 35.65 28.33 -137.09
0.50 40.33 37.73 -127.45
015 0.75 41.24 38.65 -110.24
1.00 45.44 34.53 -83.88

1.50 51.45 48.86 -40.32

2.00 66.73 64.14 -24.31
Blank 35.21 23.87 -149.98
0.50 23.45 21.80 -170.10
0.20 0.75 36.27 37.66 -121.71
) 1.00 38.34 44 .54 -104.61
1.50 41.67 47.82 -98.43

2.00 74.56 67.02 -41.81
Blank 24.39 18.81 -164.69
0.50 28.93 26.35 -145.07
095 0.75 35.74 32.58 -132.10
) 1.00 36.00 33.14 -129.03
1.50 47.45 3342 -96.60

2.00 49.05 44 .86 -76.73
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Table 3.58: Thermodynamic parameters for the adsorption of DH inhibitor
on AZ31 alloy in NaCl solutions.

Concentration | Temperature AG a5 AHq5 AS8ads
of NaCl (M) (°O) (kJ mol ") (kJ mol?) (J mol' K1)
30 -34.19
35 -33.80
0.05 40 -33.42 -57.7 -77.6
45 -33.04
50 -32.65
30 -32.84
35 -32.53
0.1 40 -32.22 -50.8 -59.6
45 -31.92
50 -31.62
30 -28.65
35 -28.24
0.15 40 -27.90 -48.6 -66.2
45 -27.55
50 -27.25
30 -27.17
35 -26.90
0.20 40 -26.63 -43.6 -54.2
45 -26.36
50 -26.09
30 -26.39
35 -26.24
0.25 40 -26.08 -37.0 -35.0
45 -25.87
50 -25.69
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Table 3.59: Thermodynamic parameters for the adsorption of DH on AZ31
alloy in Na2SOs solutions.

Concentration of | Temperature AG s AH%qs AS s
NaCl (M) °C) (kJ mol) (kJmol)) | (J mol'KY)
30 -28.38
35 -28.18
0.05 40 -27.99 -40.2 -39.0
45 -27.79
50 -27.60
30 -30.52
35 -30.40
0.10 40 -30.27 -38.1 -25.0
45 -30.15
50 -30.02
30 -27.97
35 -27.84
0.15 40 -27.76 -34.0 -20.0
45 -27.64
50 -29.54
30 -28.62
35 -28.61
0.20 40 -28.55 -32.0 -11.0
45 -28.50
50 -28.44
30 -27.55
35 -27.50
0.25 40 -27.44 -31.2 -12.0
45 -27.38
50 -27.32

Table 3.60: Calculated parameters for DH inhibitor.

Parameters Value

Total Energy (KeV) -2.32
Energy gap (eV) 3.19

E Homo (eV) -1.01
ErLumo (eV) -4.21
Dipole moment (Debye) 12.98
Electronegativity (eV) 2.61
Chemical hardness (eV) 1.60
Electron affinity (eV) 4.21
Ionization potential (eV) 1.01
Softness (eV) 0.62
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3.5 SODIUM 2,2’-(9,18-D1IOCTYL-10,17-DI0X0O-9,12,15,18-
TETRAAZAHEXACOSANE-12,15-DIYL)DIACETATE (DO) AS
CORROSION INHIBITOR ON AZ31 ALLOY IN SODIUM
CHLORIDE AND SODIUM SULFATE SOLUTIONS

3.5.1 Potentiodynamic polarization measurements

Potentiodynamic polarization plots for the corrosion of AZ31 Mg alloy
in 0.1 M NaCl solution and 0.1 M Na>SOys solution in the presence of varying
concentrations of DO compound at 50 °C is shown in Fig. 3.49. Similar plots
were obtained at other temperatures also. The corrosion current density (icor)
values were obtained by the extrapolation of cathodic branches of the
polarization plots. The polarization curves are shifted to a lower current density
region as the concentration of DO increases, which reflects the corrosion
inhibition produced by DO. But there is no significant change in the shape of
the Tafel branches, indicating that DO did not alter the corrosion mechanism.
DO might have played an important role by blocking the active sites of reaction
on the metal surface, likely to be by adsorption.

Tables 3.61 to 3.70 summarize the potentiodynamic polarization
parameters like corrosion potential (Ecorr), corrosion current density (icorr), and
cathodic slope (f.), corrosion rate (vcorr), and inhibition efficiency (#) in NaCl

and Na;SO4 media.

From Tables 3.61 to 3.70 it is observed that the inhibition efficiency
increases with the increase in the concentration of DO up to an optimum
concentration of 1.5 mmol dm=, and above which the increase in inhibition is
negligible. Efficient surface coverage could be credited to the increase in
inhibition efficiency. Thus, 1.5 mmol  dm™ of DO could be attributed as the
most optimum and economic concentration of the surfactant for inhibiting AZ31
Mg alloy, at the presented conditions. The results show that there are no
significant changes in the Ecorr values on the addition of the surfactant, indicating
that DO inhibits both the anodic and cathodic reactions as a mixed inhibitor,

presumably by covering both the anodic and cathodic sites on the alloy surface.
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Fig. 3.49: Potentiodynamic polarization curves for the corrosion of AZ31
alloy in the presence of different concentrations of DO in a) 0.1 M NaCl
solution and b) 0.1 M Na2SOs4 solution at 50 °C.

3.5.2 Electrochemical impedance spectroscopy

The Nyquist plots for the corrosion of alloy in 0.1 M NaCl medium and
0.1 M Na;SO4medium at 50 °C with varying concentrations of DO are presented
in Fig. 3.50. The Nyquist plots are similar to the ones in the previous sections.
As shown in Fig. 3.50, there is an increase in the size of the capacitance loop
with the increase in the concentration of DO with no change in its shape
compared with the blank solution, which implies that DO consistently reduces

the corrosion rate without changing the corrosion mechanism.
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Fig. 3.50: Nyquist plots for the corrosion of AZ31 alloy in the presence of
different concentrations of DO in a) 0.1 M NaCl solution and b) 0.1 M
Na2SOs4 solution at 50 °C.
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The impedance parameters (Rnt, Ca, Rt, Rait, Cr) deduced from impedance
measurements are tabulated in Tables 3.71 to 3.80 in NaCl and Na>SO4 solutions
of different concentrations, in the presence of different concentrations of DO at

different temperatures.

The Bode plots of phase angle and amplitude for the corrosion of the
AZ31 Mg alloy immersed in 0.1 M NaCl solution and 0.1 M Na,SO4 solution at
50 °C, respectively, are shown in Fig. 3.51 and Fig. 3.52. As seen from the Bode
plots, both the impedance modulus (Zmod) at low frequency and the phase
maximum (fmax) at intermediate frequency increase with the increase in DO
concentration, which collectively indicates the progressive formation of

protective surface film by the inhibitor, protecting the alloy surface.
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Fig. 3.51: Bode phase angle and amplitude plots for the corrosion of the
AZ31 alloy in 0.1 M NaCl medium containing different concentrations of

DO at 50 °C.
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Fig. 3.52: Bode phase angle and amplitude plots for the corrosion of the
AZ31 alloy in 0.1 M Na:SO4 medium containing different concentrations of

DO at 50 °C.
3.5.3 Effect of temperature

The data presented in the previously mentioned tables show a steady
decrease in the inhibition efficiency as the temperature increases, indicating the
possible physisorption of the inhibitor molecules on the alloy surface. Fig. 3.53
shows the Arrhenius plots for the corrosion of AZ31 Mg alloy in 0.1 M NaCl
and 0.1 M Na>SO4 containing different concentrations of DO. The average linear

regression coefficient (R?) of 0.95 was obtained.
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Fig. 3.53: Arrhenius plots for the corrosion of AZ31 magnesium alloy in a)
0.1 M NaCl and b) 0.1 M Na:SOs media in the presence of different

concentrations of DO.
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Fig. 3.54 represents the plots of In (vcor/T) versus (1/7) for the corrosion
of AZ31 Mg alloy in 0.1 M NaCl and Na,SO4 containing varying concentrations
of DO inhibitor. Calculated data of AH” AS* E,, are tabulated in Tables 3.81
and 3.82. As observed from the data in Tables 3.81 and 3.82, E, values increase
with the increase in the concentration of inhibitor, which indicates the increased
energy barrier for the occurrence of corrosion, because of the increase in surface
coverage brought by the inhibitor (Lamaka et al. 2007). 45 in both blank and
DO containing systems show large negative values which show that the
activated complex in the rate-determining step represents association rather than
dissociation. This indicates that there is a decrease in randomness when the
activated complex is formed from the reactants of corrosion reaction (Heakal et

al. 2012, Frignani et al. 2012).
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Fig. 3.54: The plots of In(vcorr /T) versus 1/T for the corrosion of AZ31
magnesium alloy in a) 0.1 M NaCl and b) 0.1 M Na:2SOs4in the presence of

different concentrations of DO.
3.5.4 Adsorption isotherms

The Langmuir adsorption isotherms for the adsorption of DO compound
on AZ31 Mg alloy surface at different temperatures in 0.1 M NaCl and 0.1 M
NaxSOy are presented in Fig. 3.55. The graph exhibited linear behavior, but the
slopes are not equal to one. The average linear regression coefficient (R?) of 0.95
was obtained. This deviation from ideal Langmuir behavior can be attributed to

interactions among the adsorbed species (Frignani et al. 2012).
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The thermodynamic parameters for the adsorption of DO on the AZ31
Mg alloy surface in NaCl and Na,SO4 media are tabulated in Tables 3.83 and
3.84. The negative values of 4G°.4s indicate that the process of adsorption of DO
is spontaneous and an adsorbed film on the alloy surface is stable. The free
energy values suggest that the DO undergoes both physisorption and
chemisorption. The fact that both 4G°, 4 and inhibition efficiency decrease with
the increase in temperature indicates that the adsorption of the inhibitor on the
AZ31 alloy surface in NaCl and NaSOs media is not favored at high
temperature and hence can be considered to be predominantly physisorption.
The standard entropy of adsorption value is negative; indicating that a decrease

in disordering takes place when the inhibitor species gets adsorbed on the alloy

surface.
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Fig. 3.55: Langmuir adsorption isotherm for the adsorption of DO on AZ31
magnesium alloy in a) 0.1 M NaCl medium and b) 0.1 M Na2SO4 medium.

3.55 SEM

Fig. 3.56 and Fig. 3.57 present the SEM images and EDX spectra of the
alloy surface immersed in 0.1 M NaCl solution and 0.1 M Na>SOj4 solution,
respectively. It can be seen from SEM images in Fig. 3.8 (section 3.1), Fig. 3.56,
and Fig. 3.57 that the surface of the AZ31 alloy is less deteriorated in the
presence of the inhibitor. EDX spectra in the presence of inhibitor show that the

surface contains intense peaks of carbon, nitrogen, and oxygen along with Mg,
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Al, and other alloying elements, indicating the DO surfactant on the surface of

the alloy.

Spectrum 1

Fig. 3.56: SEM image and EDX spectrum of the AZ31 magnesium alloy
surface after immersion in 0.1 M NaCl in the presence of DO for 3 h at 30

°C.

Spectrum 1
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Fig. 3.57: SEM image and EDX spectrum of the AZ31 magnesium alloy
surface after immersion in 0.1 M Na2SOy in the presence of DO for 3 h at

30 °C.
3.5.6 XPS

Fig. 3.58 and Fig. 3.59 show the XPS survey spectra and individual
spectra of elements of AZ31 magnesium alloy immersed in 0.1 M NaCl and 0.1

M NayS0s, respectively. The high-resolution Mg 2s spectrum for magnesium
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alloys in the absence of inhibitor displays three peaks at 88.8 eV, 87.3 eV, and
89.2 eV. It is attributed to MgO, Mg(OH),, and Mg, respectively (Gece 2008).
The MgO and Mg(OH); are the main components of the alloy with the larger
peak area indicating the corrosion. The Mg 1s spectrum for Mg AZ31 alloy
immersed in anionic Gemini surfactant also has three peaks corresponding to
the same products, MgO, Mg(OH),, and Mg, except that the peak area is varied.
The corrosion is retarded since the peak area of Mg is larger than that of other

corrosion products.

In the presence of inhibitors, O 1s gave a peak of Mg(OH)> /MgO is kept
at 531.1 eV [47 Zhang 2020]. The appearance of C ls deconvoluted peak at
284.8 eV of -C-O and -C=0 should be related to the presence of DO, which
consists of carboxylate groups on the surface of the alloy. The N 1s spectrum
shows a peak at 399.2 eV, which shows the presence of CH2-N-C=0 bond. The
XPS results evidently show that the inhibitor is adsorbed on the surface to repel

the water molecules and corrosive species.
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Fig. 3.58: XPS survey spectra and individual spectra of elements (Mg 1s, Al
2p,C1s,0 1s and, N 1s) of AZ31 Mg alloy immersed in 0.1 M NaCl medium
in the presence of 0.001 M DO for 3 h at 30 °C.
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Fig. 3.59: XPS survey spectra and individual spectra of elements (Mg 1s, Al
2p, C 1s, O 1s and, N 1s) of AZ31 Mg alloy immersed in 0.1 M Na2SO4
medium in the presence of 0.001 M DO for 3 h at 30 °C.

3.5.7 DFT

The optimized structure for the inhibitor, DO, was obtained using DFT
calculations at the B3LYP hybrid functional model with def-TZVP basis set and

presented in Fig. 3.60. The calculated parameters are presented in Table 3.85.

The structure of the molecule is optimized and the negative value of the
total energy (-2.315 KeV) indicates a thermodynamically stable molecule.
Enomo value indicates the physical adsorption as the basis for the corrosion
inhibition action. The low bandgap energy suggests a higher reactivity of the
inhibitor molecules, leading to their ready adsorption on AZ31 alloy surface (H.
A. Videla; M. F. L. de Mele; G.Brankevich 1988)(Williams et al. 2013)(Liu et
al. 2018). The high value of the dipole moment implies a stronger interaction of

DO molecules with the AZ31 alloy surface.

The strong tendency of DO to attract electrons from metal shows a higher
electronegativity value, which in turn indicates the higher ability of DO to act

as a corrosion inhibitor.
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Fig. 3.60: Optimized structure and the frontier molecular orbital density

distribution of the DO molecule.
3.5.8 Summary

Anionic Gemini surfactant, DO, was synthesized and used as a corrosion
inhibitor on AZ31 Mg alloy in different concentrations of NaCl solution and
NaxSOg4 solution. The inhibitor surfactant acted as a mixed type of inhibitor and
the inhibitor efficiency increased with the increase in the concentration of DO
and decreased with the increase in temperature and the increase in the
concentration of NaCl and Na>SOs4 media. The surfactant was adsorbed
predominantly through physisorption and obeyed Langmuir adsorption
isotherm. The quantum chemical calculations supported the experimental

observations.
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Table 3.61: Electrochemical polarization parameters for the corrosion of AZ31 in
0.05 M NaCl in the presence of DO at different temperatures.

Inhibit()l: Tempoe(lj‘ature Ecorr :orr , Be Deor 011
c(onllllcrfglt 2:113;1 o sESE (RAMD | (mV dect) | @mm yt) | )
(mV)

Blank -1514 70.10 99 1.51 -
0.50 -1520 12.99 45 0.28 81
0.75 30 -1524 9.28 41 0.20 86
1.00 -1510 7.42 37 0.16 89
1.25 -1531 4.64 33 0.10 93
1.50 -1511 2.78 25 0.06 96

Blank -1490 112.81 122 2.43 -
0.50 -1495 37.60 48 0.81 66
0.75 35 -1500 27.85 44 0.60 75
1.00 -1511 22.28 38 0.48 80
1.25 -1508 10.21 35 0.22 91
1.50 -1512 5.57 27 0.12 95

Blank -1500 168.06 129 3.62 -
0.50 -1541 62.67 53 1.35 63
0.75 40 -1499 46.42 49 1.00 72
1.00 -1487 38.06 44 0.82 77
1.25 -1490 18.57 39 0.40 88
1.50 -1498 11.14 31 0.24 93

Blank -1503 183.38 134 3.95 -
0.50 -1514 70.56 55 1.52 61
0.75 45 -1522 53.39 52 1.15 70
1.00 -1528 45.03 47 0.97 75
1.25 -1510 27.85 41 0.60 85
1.50 -1501 16.24 36 0.35 91

Blank -1493 197.77 140 4.26 -
0.50 -1480 78.92 56 1.70 60
0.75 50 -1499 62.21 53 1.34 68
1.00 -1504 53.39 49 1.15 73
1.25 -1515 33.89 44 0.73 83
1.50 -1520 20.89 40 0.45 89
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Table 3.62: Electrochemical polarization parameters for the corrosion of AZ31 in
0.1 M NaCl in the presence of DO at different temperatures.

Inhibitm-‘ Tempoecrature Eéo(r:rl;’S :orr , pe Deor 017
C(onllllcj(r)lltlc'ﬁltllg)n °O) e (pA cm™) mV dec) | (mm y) (%)
Blank -1483 154.03 135 3.34 -
0.50 -1436 59.49 39 1.29 61
0.75 30 -1507 41.17 36 0.89 73
1.00 -1537 39.23 28 0.85 74
1.25 -1543 10.56 22 0.23 93
1.50 -1540 10.05 18 0.21 93
Blank -1489 171.58 141 3.73 -
0.50 -1502 70.38 50 1.51 60
0.75 35 -1507 52.53 38 1.14 69
1.00 -1527 45.07 39 0.98 73
1.25 -1543 26.75 21 0.58 84
1.50 -1519 17.50 21 0.38 89
Blank -1502 210.77 165 4.54 -
0.50 -1493 71.39 59 1.55 58
0.75 40 -1496 55.53 48 1.19 68
1.00 -1516 47.23 38 1.02 72
1.25 -1539 32.61 28 0.71 81
1.50 -1523 19.05 23 0.41 89
Blank -1516 225.52 162 4.90 -
0.50 -1487 92.85 44 2.02 58
0.75 45 -1502 74.0 30 1.59 67
1.00 -1520 67.16 27 1.46 70
1.25 -1517 48.01 24 1.04 78
1.50 -1555 31.39 19 0.68 86
Blank -1490 235.47 173 5.11 -
0.50 -1481 100.05 48 2.15 57
0.75 50 -1512 77.98 37 1.63 67
1.00 -1517 72.50 27 1.56 69
1.25 -1505 54.45 19 1.18 76
1.50 -1556 28.75 18 0.62 87
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Table 3.63: Electrochemical polarization parameters for the corrosion of AZ31 in
0.15 M NaCl in the presence of DO at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration °O) SCE (pA cm?) (mV dec!) | (mm y1h (%)
(mmol.dm™3) (mV)

Blank -1537 233.52 150 5.03 -
0.50 -1525 91.92 124 1.98 59
0.75 30 -1510 66.39 112 1.43 71
1.00 -1500 60.35 104 1.30 74
1.25 -1542 24.60 85 0.53 89
1.50 -1528 20.42 68 0.44 91

Blank -1500 333.34 155 7.18 -
0.50 -1510 139.27 127 3.00 58
0.75 35 -1501 110.49 120 2.38 67
1.00 -1489 95.17 111 2.05 71
1.25 -1494 60.35 90 1.30 82
1.50 -1531 37.14 75 0.80 88

Blank -1515 455.90 168 9.82 -
0.50 -1502 196.84 134 4.24 56
0.75 40 -1523 155.52 121 3.35 66
1.00 -1509 134.63 113 2.90 70
1.25 -1520 90.53 94 1.95 80
1.50 -1525 60.35 78 1.30 86

Blank -1491 478.65 170 10.31 -
0.50 -1485 215.88 136 4.65 54
0.75 45 -1496 169.45 124 3.65 64
1.00 -1512 144.85 115 3.12 69
1.25 -1522 107.70 96 2.32 77
1.50 -1545 73.35 80 1.58 84

Blank -1475 567.33 194 12.22 -
0.50 -1493 262.31 140 5.65 53
0.75 50 -1499 200.56 127 4.32 64
1.00 -1500 178.74 116 3.85 68
1.25 -1505 133.24 99 2.87 76
1.50 -1520 67.31 83 2.10 82
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Table 3.64: Electrochemical polarization parameters for the corrosion of AZ31 in
0.20 M NaCl in the presence of DO at different temperatures.

Inhibitm-‘ Tempoecrature Eéo(r:rl;’S ;':orr , pe Deor 011
C(onllllcj(r)lltlc'ﬁltllg)rl °O) e (pA cm™) mV dec) | (mm y") (%)
Blank -1500 432.55 189 9.40 -
0.50 -1535 186.17 130 4.01 57
0.75 30 -1498 131.85 116 2.84 70
1.00 -1523 121.63 101 2.62 72
1.25 -1538 51.99 88 1.12 88
1.50 -1512 42.71 67 0.92 90
Blank -1485 457.04 214 9.93 -
0.50 -1480 201.95 133 4.35 56
0.75 35 -1488 147.63 118 3.18 68
1.00 -1520 125.35 104 2.70 73
1.25 -1494 69.63 92 1.50 85
1.50 -1499 54.31 70 1.17 88
Blank -1483 489.13 181 10.63 -
0.50 -1488 225.16 136 4.85 54
0.75 40 -1493 167.13 121 3.60 66
1.00 -1500 141.60 107 3.05 71
1.25 -1510 83.56 95 1.80 83
1.50 -1498 68.24 74 1.47 86
Blank -1511 687.77 211 14.75 -
0.50 -1512 327.30 140 7.05 52
0.75 45 -1490 244.66 124 5.27 64
1.00 -1540 204.27 110 4.40 70
1.25 -1525 130.92 98 2.82 81
1.50 -1528 109.10 78 2.35 84
Blank -1497 709.98 171 15.43 -
0.50 -1484 348.19 143 7.50 51
0.75 50 -1475 271.59 126 5.85 62
1.00 -1506 227.49 114 4.90 68
1.25 -1525 155.99 100 3.36 78
1.50 -1520 127.67 81 2.75 82
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Table 3.65: Electrochemical polarization parameters for the corrosion of AZ31 in
0.25 M NaCl in the presence of DO at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration O SCE | (pA cm?) (mV dec!) | (mm y1 (%)
(mmol.dm3) (mV)

Blank -1526 520.41 190 11.31 -
0.50 -1490 235.38 140 5.07 55
0.75 30 -1495 167.13 121 3.60 68
1.00 -1512 150.88 111 3.25 71
1.25 -1515 71.49 95 1.54 86
1.50 -1520 62.67 72 1.35 88

Blank -1515 553.44 192 12.03 -
0.50 -1526 255.34 144 5.50 54
0.75 35 -1533 187.56 125 4.04 66
1.00 -1537 167.13 114 3.60 70
1.25 -1540 95.17 96 2.05 83
1.50 -1499 76.60 75 1.65 86

Blank -1488 577.18 188 12.54 -
0.50 -1532 278.55 147 6.00 52
0.75 40 -1538 208.91 127 4.50 64
1.00 -1542 190.34 116 4.10 67
1.25 -1490 104.45 98 2.25 82
1.50 -1505 92.85 78 2.00 84

Blank -1510 706.61 209 15.22 -
0.50 -1523 348.19 150 7.50 50
0.75 45 -1528 276.23 131 5.95 61
1.00 -1535 253.95 117 5.47 64
1.25 -1540 139.27 100 3.00 80
1.50 -1524 735.21 81 2.77 81

Blank -1494 792.81 186 17.23 -
0.50 -1489 422 .48 153 9.10 47
0.75 50 -1480 337.98 133 7.28 58
1.00 -1495 311.05 121 6.70 61
1.25 -1502 199.63 102 4.30 75
1.50 -1511 174.09 84 3.75 78
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Table 3.66: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.05 M Na:SOs in the presence of DO at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration O SCE | (pA cm?) (mV dec') | (mm y1h (%)
(mmol dm) (mV)

Blank -1483 63.33 93 1.37 -
0.50 -1520 34.35 68 0.74 46
0.75 30 -1478 28.54 61 0.62 55
1.00 -1461 17.75 83 0.38 72
1.25 -1465 7.80 53 0.17 88
1.50 -1432 3.40 63 0.07 95

Blank -1470 110.24 110 2.39 -
0.50 -1500 59.87 103 1.30 45
0.75 35 -1508 46.29 108 1.00 58
1.00 -1493 34.31 105 0.74 69
1.25 -1449 22.50 95 0.49 80
1.50 -1520 13.92 109 0.30 87

Blank -1502 164.74 125 3.58 -
0.50 -1535 60.24 108 1.31 63
0.75 40 -1523 59.77 116 1.30 63
1.00 -1527 47.27 118 1.03 71
1.25 -1520 45.70 124 0.99 72
1.50 -1517 25.07 113 0.54 85

Blank -1465 179.03 154 3.89 -
0.50 -1523 54.47 123 1.18 69
0.75 45 -1517 49.39 148 1.07 72
1.00 -1523 45.79 145 0.99 75
1.25 -1507 36.28 136 0.79 80
1.50 -1501 25.99 125 0.56 86

Blank -1481 190.03 144 4.13 -
0.50 -1521 77.03 123 1.67 60
0.75 50 -1511 62.95 132 1.37 67
1.00 -1492 55.43 114 1.20 71
1.25 -1502 43.85 127 0.95 77
1.50 -1492 29.71 140 0.64 85
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Table 3.67: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.10 M Na:SOs in the presence of DO at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr i
concentration O SCE | (pA cm?) | (mV dec?) (mm y?) | (%)
(mmol.dm™3) (mV)

Blank -1482 71.21 117 1.54 -
0.50 -1475 33.42 113 0.72 53
0.75 30 -1466 32.12 110 0.69 56
1.00 -1465 17.17 112 0.37 75
1.25 -1458 8.82 103 0.19 87
1.50 -1443 3.71 104 0.08 94

Blank -1528 157.60 134 3.42 -
0.50 -1550 77.90 125 1.68 50
0.75 35 -1532 62.67 122 1.35 60
1.00 -1518 35.74 118 0.77 77
1.25 -1511 27.85 112 0.60 82
1.50 -1507 11.14 119 0.24 92

Blank -1485 191.24 140 4.15 -
0.50 -1515 94.24 117 2.03 51
0.75 40 -1514 85.88 113 1.85 55
1.00 -1513 46.42 115 1.00 75
1.25 -1510 38.99 102 0.84 79
1.50 -1479 19.96 105 0.43 89

Blank -1481 202.71 150 4.40 -
0.50 -1482 103.99 132 2.24 49
0.75 45 -1476 88.21 131 1.90 56
1.00 -1483 49 .4 121 1.06 75
1.25 -1488 41.78 122 0.90 79
1.50 -1492 18.57 112 0.40 89

Blank -1456 208.41 157 4.53 -
0.50 -1495 111.42 137 2.40 47
0.75 50 -1491 103.53 124 2.23 50
1.00 -1488 60.81 110 1.31 71
1.25 -1484 38.99 108 0.84 81
1.50 -1490 24.60 104 0.53 88
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Table 3.68: Electrochemical polarization parameters for the corrosion of
AZ31 alloy in 0.15 M Na2SOs4 in the presence of DO at different temperatures.

Inhibitm: Tem[:)e(lj‘ature Egog gs :orr , Be Deor 011
C(onrlllc;::ltg:ntlg;l °O) e (pA cm™) mV dec!) | (mm y) (%)
Blank -1457 218.14 138 4.74 -
0.50 -1517 105.38 126 2.27 52
0.75 30 -1494 98.42 124 2.12 55
1.00 -1483 59.42 125 1.28 73
1.25 -1503 32.49 142 0.70 85
1.50 -1443 17.64 134 0.38 92
Blank -1457 322.28 142 7.00 -
0.50 -1509 158.77 125 3.42 51
0.75 35 -1491 135.56 120 2.92 58
1.00 -1497 81.24 120 1.75 75
1.25 -1479 54.78 123 1.18 83
1.50 -1476 32.49 127 0.70 90
Blank -1469 445.19 151 9.67 -
0.50 -1543 222.84 117 4.80 50
0.75 40 -1482 192.67 122 4.15 57
1.00 -1487 120.70 122 2.60 73
1.25 -1492 85.88 120 1.85 81
1.50 -1496 53.39 145 1.15 88
Blank -1446 461.63 158 10.03 -
0.50 -1565 241.41 141 5.20 48
0.75 45 -1493 208.91 120 4.50 55
1.00 -1524 120.70 123 2.60 74
1.25 -1502 92.85 144 2.00 80
1.50 -1510 64.99 142 1.40 86
Blank -1448 546.62 170 11.88 -
0.50 -1538 297.13 149 6.40 46
0.75 50 -1518 253.02 137 5.45 54
1.00 -1514 154.13 146 3.32 72
1.25 -1506 120.70 131 2.60 78
1.50 -1509 88.21 134 1.90 84
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Table 3.69: Electrochemical polarization parameters for the corrosion of AZ31

alloy in 0.20 M Na:SOs in the presence of DO at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration °O) SCE | (pA em?) (mV dec!) | (mm y1h (%)
(mmol dm™3) (mV)

Blank -1505 235.63 152 5.12 -
0.50 -1437 116.06 137 2.50 51
0.75 30 -1482 111.42 124 2.40 53
1.00 -1506 66.39 116 1.43 72
1.25 -1489 39.92 136 0.86 83
1.50 -1469 23.21 142 0.50 90

Blank -1493 354.34 158 7.70 -
0.50 -1520 177.81 120 3.83 50
0.75 35 -1501 171.77 151 3.70 52
1.00 -1503 106.78 129 2.30 70
1.25 -1494 67.31 140 1.45 81
1.50 -1521 42.71 122 0.92 88

Blank -1489 470.87 164 10.23 -
0.50 -1498 246.06 116 5.30 48
0.75 40 -1522 232.13 109 5.00 51
1.00 -1494 152.27 125 3.28 68
1.25 -1494 94.71 135 2.04 80
1.50 -1504 64.99 123 1.40 86

Blank -1472 542.13 172 11.23 -
0.50 -1483 276.70 143 5.96 47
0.75 45 -1508 259.98 150 5.60 50
1.00 -1495 176.42 141 3.80 66
1.25 -1505 113.74 150 2.45 78
1.50 -1487 82.63 151 1.78 84

Blank -1480 672.86 197 14.62 -
0.50 -1490 364.44 141 7.85 46
0.75 50 -1498 352.84 130 7.60 48
1.00 -1486 242.34 134 5.22 64
1.25 -1492 162.49 146 3.50 76
1.50 -1483 113.74 139 2.45 82
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Table 3.70: Electrochemical polarization parameters for the corrosion of
AZ31 alloy in 0.25 M Na2SOs4 in the presence of DO at different temperatures.

Inhibitm-‘ Tempoe(lj'ature Eéog l;fs :orr , Be Deor 017
C(olzlc::(r)lltl('ﬁltll_g)rl °O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1451 372.80 147 8.10 -
0.50 -1507 188.02 136 4.05 50
0.75 30 -1499 180.13 108 3.88 52
1.00 -1490 111.42 127 2.40 70
1.25 -1472 67.31 125 1.45 82
1.50 -1472 44.10 125 0.95 88
Blank -1411 497.12 158 10.80 -
0.50 -1510 255.34 118 5.50 49
0.75 35 -1481 250.70 146 5.40 50
1.00 -1510 155.52 147 3.35 69
1.25 -1522 95.63 120 2.06 81
1.50 -1535 69.63 113 1.50 86
Blank -1438 516.71 170 11.23 -
0.50 -1528 276.23 145 5.95 47
0.75 40 -1498 265.56 128 5.72 49
1.00 -1507 171.77 139 3.70 67
1.25 -1500 114.67 147 2.47 78
1.50 -1501 82.63 150 1.78 84
Blank -1486 583.03 190 12.67 -
0.50 -1513 322.66 180 6.95 45
0.75 45 -1511 311.05 140 6.70 47
1.00 -1500 199.63 151 4.30 66
1.25 -1505 140.20 147 3.02 76
1.50 -1494 104.45 154 2.25 82
Blank -1463 727.89 201 15.82 -
0.50 -1514 408.55 168 8.80 44
0.75 50 -1523 403.91 143 8.70 45
1.00 -1544 262.31 171 5.65 64
1.25 -1521 190.81 157 4.11 74
1.50 -1502 144.85 166 3.12 80
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Table 3.71: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.05 M NacCl solution in the presence of DO at different temperatures.

Inhibitor Temperature Ry R Rt Ca Ce n
Concentration (°C) Qem?) | (Qcm?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 580 296 225 138 177 -
0.50 2888 2702 1355 120 110 80
0.75 30 3995 3833 1542 116 104 85
1.00 4967 4888 2231 110 98 88
1.25 6324 6251 3210 106 94 91
1.50 8321 8210 3786 93 86 93

Blank 550 255 207 153 181 -
0.50 1621 1503 756 127 115 66
0.75 35 2210 2187 1076 120 109 75
1.00 2806 2700 1310 114 100 80
1.25 4910 4799 2377 108 95 89
1.50 6911 6834 3212 95 89 92

Blank 422 231 184 161 188 -
0.50 1194 1098 553 131 119 64
0.75 40 1499 1354 624 124 112 71
1.00 1855 1702 886 117 104 77
1.25 3254 3177 1541 110 99 87
1.50 4812 4703 2411 98 92 91

Blank 340 191 150 170 192 -
0.50 890 794 358 136 123 62
0.75 45 1149 1005 533 127 115 70
1.00 1359 1288 676 119 107 75
1.25 2251 2140 1107 111 100 85
1.50 3318 3209 1589 101 94 90

Blank 318 160 131 171 198 -
0.50 805 700 298 140 126 60
0.75 50 998 896 439 130 117 68
1.00 1220 1104 515 122 109 74
1.25 1850 1705 868 115 103 83
1.50 2841 2700 1605 103 97 89
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Table 3.72: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.10 M NaCl solution in the presence of DO at different temperatures.

Inhibitor Temperature Ryt R; R Ca Cr /]
Concentration cO) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 507 232 209 166 172 -
0.50 1307 1185 512 119 72 61
0.75 30 1788 1600 823 55 61 72
1.00 2010 1933 959 27 27 75
1.25 4961 4785 2310 21 19 89
1.50 5077 4992 2475 17 18 90

Blank 380 192 168 181 179 -
0.50 960 803 396 137 81 60
0.75 35 1212 1167 573 71 69 68
1.00 1412 1309 678 54 59 73
1.25 2372 2220 1107 41 52 84
1.50 3116 3003 1519 29 39 88

Blank 366 173 142 191 183 -
0.50 869 744 362 151 87 58
0.75 40 1193 1088 546 89 79 69
1.00 1295 1169 615 68 63 71
1.25 1989 1893 993 57 51 81
1.50 3195 3056 1503 41 46 88

Blank 351 152 115 195 185 -
0.50 845 765 354 167 99 58
0.75 45 1062 982 501 101 81 66
1.00 1181 1012 522 79 76 70
1.25 1593 1406 768 63 69 78
1.50 2456 2384 1192 58 55 85

Blank 301 139 108 200 191 -
0.50 703 655 308 173 113 57
0.75 50 922 854 425 111 97 67
1.00 1007 963 507 87 88 70
1.25 1251 1114 573 72 78 75
1.50 2244 2159 1180 65 61 86
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Table 3.73: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.15 M NacCl solution in the presence of DO at different temperatures.

Inhibitor Temperature Ryt R; R Ca Cr ]
Concentration cO) Qem?) | (Qcm?) | (Qcm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 358 170 144 172 115 -
0.50 867 774 320 121 98 59
0.75 30 1245 1138 603 116 94 71
1.00 1400 1278 628 104 90 74
1.25 2980 2786 1367 100 86 89
1.50 3507 3367 1578 93 81 91

Blank 301 161 121 184 128 -
0.50 735 642 321 130 101 57
0.75 35 908 804 400 123 95 66
1.00 1041 975 452 111 90 72
1.25 1673 1562 758 101 87 82
1.50 2526 2413 1131 94 84 87

Blank 288 150 113 197 133 -
0.50 653 565 247 135 104 56
0.75 40 851 743 351 125 97 66
1.00 932 814 407 114 90 70
1.25 1426 1305 734 104 91 80
1.50 1992 1780 880 97 85 85

Blank 225 128 100 201 140 -
0.50 503 404 200 140 108 54
0.75 45 642 523 260 129 100 63
1.00 723 605 300 121 95 68
1.25 1002 903 451 109 92 77
1.50 1373 1032 524 100 89 84

Blank 130 123 73 218 147 -
0.50 279 177 90 143 113 53
0.75 50 368 198 97 131 103 62
1.00 406 231 145 127 97 67
1.25 549 401 208 114 95 76
1.50 750 602 315 102 90 82
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Table 3.74: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.20 M NacCl solution in the presence of DO at different temperatures.

Inhibitor Temperature Ry Ry R Ca (0 /]
Concentration cO) Qcem?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 170 109 95 193 191 -
0.50 400 311 154 130 102 57
0.75 30 580 457 228 124 97 69
1.00 604 502 250 119 94 71
1.25 1393 1300 756 108 89 88
1.50 1910 1792 932 99 85 89

Blank 166 97 79 190 199 -
0.50 377 256 129 133 105 55
0.75 35 525 410 203 128 99 68
1.00 632 541 250 120 96 72
1.25 1120 1009 522 111 90 85
1.50 1388 1269 664 103 87 88

Blank 158 90 70 212 210 -
0.50 352 240 101 138 108 54
0.75 40 471 362 154 130 100 66
1.00 553 450 227 125 99 72
1.25 922 820 411 112 94 83
1.50 1140 1055 531 102 90 85

Blank 125 78 58 220 219 -
0.50 262 138 81 142 111 52
0.75 45 344 231 109 134 103 63
1.00 420 302 145 128 100 71
1.25 679 548 254 114 97 82
1.50 777 618 309 103 92 84

Blank 103 73 52 243 232 -
0.50 230 132 84 150 114 51
0.75 50 270 182 105 142 106 62
1.00 323 200 114 137 100 67
1.25 470 323 173 120 99 76
1.50 586 429 220 111 95 82
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Table 3.75: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.25 M NaCl solution in the presence of DO at different temperatures.

Inhibitor Temperature Ry Ry R Ca Cr ]
Concentration (°C) Qem?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 201 115 99 205 195 -
0.50 450 334 115 138 119 55
0.75 30 627 506 248 131 107 67
1.00 702 613 310 120 99 71
1.25 1398 1300 750 113 93 86
1.50 1669 1538 876 102 87 88

Blank 150 107 85 217 205 -
0.50 334 216 108 142 123 55
0.75 35 450 328 170 133 109 66
1.00 512 434 217 124 100 70
1.25 858 751 356 114 95 82
1.50 1100 1003 513 104 92 86

Blank 141 98 72 221 222 -
0.50 297 166 90 143 125 52
0.75 40 406 296 150 132 112 65
1.00 445 326 163 126 104 68
1.25 826 694 340 115 98 82
1.50 879 760 372 105 96 83

Blank 105 81 68 230 223 -
0.50 210 113 85 146 128 50
0.75 45 269 174 93 135 114 61
1.00 298 190 100 127 105 64
1.25 552 388 174 118 100 80
1.50 555 402 203 106 96 81

Blank 99 70 55 248 239 -
0.50 186 108 79 150 130 46
0.75 50 242 162 85 148 121 59
1.00 253 189 100 136 116 60
1.25 394 221 115 128 110 74
1.50 458 363 152 112 105 78
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Table 3.76: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.05 M NazSOy4 solution in the presence of DO at different temperatures.

Inhibitor Temperature Ry Ry R Ca (0 /]
Concentration cO) Qcem?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 609 471 412 159 102 -
0.50 1139 1057 520 35 75 46
0.75 30 1358 1287 634 33 73 55
1.00 2183 2015 1009 25 70 72
1.25 4934 4802 2439 19 66 87
1.50 9312 9202 3890 17 50 93

Blank 510 367 303 176 129 -
0.50 923 802 400 57 82 45
0.75 35 1232 1115 548 40 76 58
1.00 1720 1603 811 35 72 70
1.25 2532 2350 1189 30 59 79
1.50 3923 3756 1505 28 57 86

Blank 477 333 288 201 146 -
0.50 1300 1201 665 65 84 63
0.75 40 1314 1212 684 58 77 63
1.00 1599 1480 729 46 63 71
1.25 1696 1503 751 43 60 71
1.50 2945 2812 1399 39 56 84

Blank 450 350 275 225 151 -
0.50 1512 1403 725 69 85 70
0.75 45 1603 1499 758 61 79 71
1.00 1805 1710 861 56 66 75
1.25 2278 2200 1094 50 62 80
1.50 2994 2845 1405 44 58 85

Blank 412 354 252 261 168 -
0.50 1054 967 508 71 88 60
0.75 50 1284 1193 645 64 81 68
1.00 1435 1362 723 60 69 71
1.25 1830 1688 895 57 63 77
1.50 2705 2585 1173 48 59 85
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Table 3.77: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.10 M Na2SOs4 solution in the presence of DO at different temperatures.

Inhibitor Temperature Rys Ry Rt Ca Ci n
Concentration (°C) (Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 460 343 319 201 188 -
0.50 985 856 427 37 79 53
0.75 30 1048 952 450 33 76 566
1.00 1832 1702 886 27 70 74
1.25 3429 3308 1834 20 68 86
1.50 6532 6411 3102 16 52 92

Blank 432 322 293 224 191 -
0.50 860 775 348 60 83 49
0.75 35 1100 1001 500 42 77 60
1.00 1852 1701 853 36 72 76
1.25 2339 2200 1089 31 60 81
1.50 4170 4034 2005 23 58 89

Blank 403 254 227 249 225 -
0.50 840 718 358 63 81 52
0.75 40 892 801 410 59 78 54
1.00 1649 1502 843 44 72 75
1.25 1832 1711 869 41 71 78
1.50 3359 3208 1734 38 66 88

Blank 387 193 160 269 237 -
0.50 779 681 340 60 94 50
0.75 45 886 812 403 57 81 56
1.00 1558 1429 741 40 81 75
1.25 1856 1702 800 38 71 79
1.50 3291 3105 1501 22 68 88

Blank 373 209 161 278 241 -
0.50 725 599 248 65 103 48
0.75 50 760 641 326 57 87 50
1.00 1300 1204 600 48 82 71
1.25 1935 1799 918 39 79 80
1.50 2988 2819 1425 30 75 87
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Table 3.78: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.15 M NazSOy4 solution in the presence of DO at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs ]
Concentration (°C) Qem?) | (Qcem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 434 420 383 244 167 -
0.50 904 819 402 44 83 51
0.75 30 968 823 414 41 80 55
1.00 1630 1541 822 38 76 73
1.25 2784 2599 1245 34 71 84
1.50 3954 3812 1584 31 66 89

Blank 463 300 280 278 169 -
0.50 940 845 421 47 85 50
0.75 35 1096 989 470 44 81 58
1.00 1897 1800 943 40 79 75
1.25 2801 2704 1308 36 73 83
1.50 3999 3859 1756 33 69 88

Blank 380 230 201 299 180 -
0.50 764 658 325 49 88 50
0.75 40 903 834 415 45 82 57
1.00 1402 1320 806 41 77 72
1.25 1981 1834 920 40 75 80
1.50 3182 3076 1529 35 71 88

Blank 273 237 200 307 188 -
0.50 549 430 217 52 91 50
0.75 45 617 500 246 48 83 55
1.00 1043 950 474 43 78 74
1.25 1375 1205 600 42 76 80
1.50 1891 1766 895 38 73 86

Blank 245 200 178 321 200 -
0.50 454 371 157 55 92 46
0.75 50 544 488 239 51 85 55
1.00 881 760 354 47 80 72
1.25 1135 1022 511 45 78 78
1.50 1502 1416 751 42 76 84
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Table 3.79: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.20 M Na2SOs4 solution in the presence of DO at different temperatures.

Inhibitor Temperature Ry Ry Rt Ca Ce n
Concentration cO) Qem?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 301 226 171 269 179 -
0.50 615 521 273 43 85 51
0.75 30 644 540 222 40 83 53
1.00 1074 967 475 38 80 71
1.25 1810 1711 877 35 77 83
1.50 2831 2710 1301 32 76 89

Blank 287 224 190 287 186 -
0.50 578 470 234 44 87 50
0.75 35 602 511 202 41 84 52
1.00 970 805 397 39 82 70
1.25 1605 1502 794 38 78 82
1.50 2293 2189 1044 33 78 87

Blank 259 192 163 301 191 -
0.50 509 403 195 47 90 49
0.75 40 525 412 210 42 85 50
1.00 828 721 353 40 84 68
1.25 1334 1229 601 39 80 80
1.50 1923 1812 887 35 81 86

Blank 236 203 167 321 201 -
0.50 459 388 179 50 91 49
0.75 45 502 487 241 44 87 53
1.00 702 681 339 41 85 66
1.25 1101 997 486 40 82 78
1.50 1457 1321 677 36 80 83

Blank 218 187 159 333 219 -
0.50 405 312 151 52 94 46
0.75 50 422 317 164 45 90 48
1.00 613 500 248 42 86 64
1.25 928 796 400 41 82 76
1.50 1220 1185 578 38 81 82
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Table 3.80: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.25 M NazSOy4 solution in the presence of DO at different temperatures.

Inhibitor Temperature Rys R Rt Ca Ce n
Concentration (°C) Qcm?) | (Qcm?) | (Qcm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 392 301 280 320 240 -
0.50 789 672 336 46 89 50
0.75 30 816 759 378 44 84 52
1.00 1311 1201 589 41 79 70
1.25 2199 2015 1004 38 75 82
1.50 3226 3118 1538 35 68 87

Blank 350 250 221 333 259 -
0.50 705 614 303 49 92 50
0.75 35 711 630 311 46 86 51
1.00 1124 1059 556 41 81 69
1.25 1901 1800 926 39 76 81
1.50 2601 2512 1307 37 70 86

Blank 201 114 96 345 267 -
0.50 380 189 99 52 94 47
0.75 40 402 311 154 47 90 50
1.00 621 501 254 43 89 67
1.25 899 791 403 41 77 77
1.50 1290 1163 656 37 69 84

Blank 180 109 80 359 280 -
0.50 334 218 110 54 95 46
0.75 45 340 222 116 48 91 47
1.00 533 410 209 46 88 66
1.25 762 655 329 43 79 76
1.50 1028 978 438 40 71 82

Blank 170 100 64 389 308 -
0.50 301 229 115 57 97 43
0.75 50 320 238 106 53 93 46
1.00 472 302 155 50 90 64
1.25 662 511 249 47 83 74
1.50 901 800 397 43 75 81
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Table 3.81: Activation parameters for the corrosion of AZ31 alloy in NaCl

solutions containing different concentrations of DO inhibitor.

Concentration | Concentration E. AH? AS*?
of NaCl (M) of inhibitor (kJ mol ) (kJ mol ) (J mol' K1)
(mmol dm)
Blank 34.00 34.66 -128.69
0.50 56.72 54.13 -75.07
0.05 0.75 61.30 58.71 -62.77
1.00 63.78 61.19 -56.53
1.25 85.20 82.60 6.23
1.50 95.10 92.50 3342
Blank 24.55 20.97 -162.88
0.50 25.24 21.74 -181.02
0.1 0.75 25.34 22.53 -171.38
' 1.00 26.34 23.58 -169.09
1.25 40.34 42.51 -116.55
1.50 63.11 60.52 -55.53
Blank 23.57 18.70 -174.42
0.50 29.39 26.80 -151.06
015 0.75 31.60 29.49 -144.66
1.00 32.37 30.27 -140.00
1.25 53.50 49.01 -90.04
1.50 54.61 5091 -81.22
Blank 20.67 18.08 -167.27
0.50 28.15 25.55 -149.56
0.20 0.75 31.60 25.54 -141.08
) 1.00 38.14 29.00 -136.76
1.25 45.90 43.31 -101.26
1.50 46.93 44 .33 -99.68
Blank 16.94 15.30 -175.67
0.50 21.40 18.81 -169.77
025 0.75 26.16 23.57 -156.96
' 1.00 27.55 2495 -129.61
1.25 36.51 33.92 -121.13
1.50 39.49 36.90 -96.54
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Table 3.82: Activation parameters for the corrosion of AZ31 alloy in Na2SO4

solutions containing different concentrations of DO inhibitor.

Concentration | Concentration E. AH* AS*?
of Na2SO4(M) | of inhibitor (kJ mol) (kJ mol!) (J mol' K1)
(mmol dm)
Blank 44.17 40.04 -108.74
0.50 4477 22.00 -90.29
0.05 0.75 45.46 32.86 -83.38
1.00 47.63 40.56 -69.17
1.25 65.12 62.52 -50.05
1.50 83.57 80.97 -4.40
Blank 39.64 33.78 -126.03
0.50 44.07 41.84 -107.29
0.1 0.75 44.29 41.65 -108.88
' 1.00 46.66 44.09 -105.90
1.25 55.67 55.96 -72.07
1.50 77.11 72.57 -24.77
Blank 35.65 28.33 -137.09
0.50 38.04 35.45 -121.21
015 0.75 38.00 38.23 -118.14
1.00 40.83 38.77 -84 .88
1.25 51.68 49.09 -49.21
1.50 64.02 61.44 -35.00
Blank 35.21 23.87 -149.98
0.50 44.54 41.68 -98.27
0.20 0.75 44 82 41.95 -91.20
1.00 50.39 47.80 -83.55
1.25 54.21 51.62 -75.15
1.50 62.67 60.08 -51.54
Blank 24.39 18.81 —164.69
0.50 28.80 26.21 -146.49
025 0.75 29.46 26.87 -144.66
1.00 39.47 29.65 -127.28
1.25 40.56 36.88 -121.46
1.50 45.04 42.45 -104.75
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Table 3.83: Thermodynamic parameters for the adsorption of DO inhibitor

on AZ31 alloy in NaClsolution.

Concentration | Temperature AGas AHqs AS8ads
of NaCl (M) (&) (kJ mol!) (kJ mol!) (J mol' K
30 -30.04
35 -29.41
0.05 40 -28.94 -50.24 -68.0
45 -28.61
50 -28.24
30 -28.41
35 -28.18
0.10 40 -27.95 -42.17 -45.4
45 -27.73
50 -27.50
30 -28.45
35 -28.31
0.15 40 -28.29 -33.30 -16.0
45 -28.21
50 -28.13
30 -27.39
35 -27.29
0.20 40 -27.20 -32.84 -18.2
45 -27.16
50 -27.02
30 -26.79
35 -26.72
0.25 40 -26.45 -31.34 -15.8
45 -26.37
50 -26.30
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Table 3.84: Thermodynamic parameters for the adsorption of DO inhibitor on
AZ31 alloy in Na2SOs4 solution.

Concentration | Temperature AG a5 AHq5 AS8ds
of Na2SO4 (M) (O] (kJ mol!) (kJ mol?) (J mol' K1)
30 -29.94
35 -29.45
0.05 40 -29.24 -51.0 -69.5
45 -28.89
50 -28.55
30 -28.49
35 -28.21
0.1 40 -27.93 -45.4 -55.8
45 -27.65
50 -27.37
30 -28.24
35 -28.03
0.15 40 -27.80 -42.2 -46.0
45 -27.57
50 -27.34
30 -28.64
35 -28.45
0.20 40 -28.26 -40.1 -37.8
45 -28.07
50 -27.89
30 -28.91
35 -28.77
0.25 40 -28.63 -37.4 -28.0
45 -28.49
50 -28.35

Table 3.85: Calculated DFT parameters for DO inhibitor.

Parameters Value
Total energy (KeV) -2.315
Energy gap (eV) 3.149
E nomo (eV) -0.756
ELumo (eV) -3.904
Dipole moment (Debye) 54.641
Electronegativity (eV) 2.33
Chemical hardness (eV) 1.574
Electron affinity (eV) 3.904
Ionization potential (eV) 0.756
Softness (eV) 0.635
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3.6 SODIUM 2,2°~-(11,20-DIDECYL-12,19-DIOXO-11,14,17,20-
TETRAAZATRIACONTANE-14,17-DIYL)DIACETATE (DC) AS
CORROSION INHIBITOR FOR AZ31 ALLOY IN SODIUM
CHLORIDE AND SODIUM SULFATE SOLUTIONS

3.6.1 Potentiodynamic polarization measurements

Potentiodynamic polarization plots for the corrosion of AZ31 Mg alloy
in 0.1 M NaCl and 0.1 M NaxSO4 at 50 °C in the presence of varying
concentrations of DC are shown in Fig. 3.61. Similar plots were obtained at other
temperatures also. The polarization curves are shifted to a lower current density
region as the concentration of DC increases, which reflects the corrosion
inhibition produced by the inhibitor. But there is no significant change in the
shape of the Tafel branches, indicating that DC did not alter the corrosion
mechanism. DC might have played an important role by blocking the active sites

of reaction on the metal surface, likely to be by adsorption.
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Fig. 3. 61: Potentiodynamic polarization curves for the corrosion of AZ31
alloy in the presence of different concentrations of DC in a) 0.1 M NaCl

solution and b) 0.1 M Na2SOs4 solution at 50 °C.

The electrochemical polarization parameters are summarized in Tables
3.86 to 3.95. From Table 3.86 to 3.95, it is observed that in the presence of DC,
icorr (corrosion current density) decreases, which shows that corrosion inhibition
is achieved upon the addition of DC. The inhibition efficiency increases with
the increase in the concentration of DC up to an optimum concentration of 0.001

M, and above which the increase in inhibition efficiency is negligible. Efficient
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surface coverage could be credited to the increase in inhibition efficiency. Thus,
0.001 M could be attributed as the most optimum and economic concentration

of DC for inhibiting AZ31 Mg alloy, at the presented conditions.
3.6.2 Electrochemical impedance spectroscopy

The Nyquist plots for the corrosion of alloy AZ31 Mg alloy in 0.1 M
NaCl and 0.1 M NaxSOs medium at 50 °C in the presence of varying
concentrations of DC are represented in Fig. 3.62. The Nyquist plots are similar
to the ones discussed in the earlier sections. As shown in Fig. 3.62, there is an
increase in the size of capacitance loop with the increase in the concentration of
DC with no change in its shape, which implies that DC consistently reduces the
corrosion rate without changing the corrosion mechanism. The impedance

parameter are summarized in Tables 3.96 to 3.105.
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Fig. 3.62: Nyquist plots for the corrosion of AZ31 alloy in a) 0.1 M NaCl
and b) 0.1 M Na2SOs in the presence of different concentrations of DC at
50 °C.

It can be seen from Tables 3.96 to 3.105 that the increase in the
concentration of DC results in an increase in Ry, and Rgir and the decrease in both
Ca and Cy, which can be possibly due to the decrease in local dielectric constant
or increase in the thickness of surface film. Rr on the other hand is the measure
of protective performance of surface film, which increases upon the addition of

DC.
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The Bode plots of phase angle and amplitude for the corrosion of the
AZ31 alloy immersed in 0.1 M NaCl and 0.1 M Na>SOg4 solutions at 50 °C in
the presence of varying amounts of DC, are shown in Fig. 3.63 and Fig. 3.64,
respectively. As seen from the Bode plots, both the impedance modulus (Zmod)
at low frequency and the phase maximum (fmax) at intermediate frequency
increase with the increase in DC concentration, which collectively indicates that

the presence of highly protective surface film protects the alloy surface.
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Fig. 3.63: Bode phase angle and amplitude plots for the corrosion of AZ31
alloy in 0.1 M NaCl medium in the presence of different concentrations of
DC at 50 °C.
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Fig. 3.64: Bode phase angle and amplitude plots for the corrosion of AZ31
alloy in 0.1 M Na2SO4 medium in the presence of different concentrations
of DC at 50 °C.

202



CHAPTER 3

3.6.3 Effect of temperature

The values presented in Tables 3.85 and 3.94 show a steady decrease in
inhibition efficiency as the temperature increases, indicating the physisorption
of the inhibitor molecules on the allot surface. On the other hand, it can also be
due to the increased solubility of the magnesium - DC precipitate film, causing
desorption of the inhibitor layer from the alloy surface (Wang et al. 2010). The
Arrhenius plots for the corrosion of AZ31 alloy in 0.1 M NaCl and 0.1 M
NazSO4 containing varying concentrations of DC compound are shown in Fig.

3. 65.
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Fig. 3.65: Arrhenius plots for the corrosion of AZ31 magnesium alloy in a)
0.1 M NaCl and b) 0.1 M Na:SO4 media in the presence of different

concentrations of DC.
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Fig. 3.66: The plots of In(vcorr /T) versus 1/T for the corrosion of AZ31
magnesium alloy in a) 0.1 M NaCl and b) 0.1 M Na2SOx4in the presence of

different concentrations of DC.
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Fig. 3. 66 presents the plots of In (vcor/T) versus (1/7) for the corrosion
of AZ31 Mg alloy in 0.1 M NaCl and 0.1 M NaxSOs containing varying
concentrations of DC. Calculated data of 4H*, AS” E,, are tabulated in Tables
3.106 and 3.107.

As observed from the data in Table 3.106 and 3.107, E, values increase
with the increase in the concentration of DC, which indicates the increased
energy barrier for the occurrence of corrosion due to the increase in surface
coverage brought by the inhibitor (Ardelean et al. 2008). 4S"in both blank and
DC containing systems shows large negative values which show that the
activated complex in the rate-determining step represents association rather than

dissociation.
3.6.4 Adsorption Behavior

The values of 4 at different DC concentrations (Cinn) were calculated
from the results of polarization studies. The values of 8 and Cinn were fitted to
various adsorption isotherms with an aim to obtain a linear relationship. It was
found that Langmuir adsorption isotherm gave best fit results. The Langmuir
adsorption isotherms for the adsorption of DC on AZ31 Mg alloy surface in 0.1
M NaCl and 0.1 M Na,SOy at different temperatures are presented in Fig. 3.67.
The graph exhibited linear behavior, but the slopes are not equal to one. The
average linear regression coefficient (R%) of 0.95 was obtained. This deviation
from ideal Langmuir behavior can be attributed to interactions among the

adsorbed species (Baril and Pébere 2001).

The thermodynamic parameters for the adsorption of DC on the AZ31
Mg alloy surface in NaCl and Na>SOy are tabulated in Tables 3.108 and 3.109.
The negative values of 4G°.s indicate that the process of adsorption of DC is
spontaneous and an adsorbed film on the alloy surface is stable. The values
obtained for 4G°,,, are negative and fall within the range of -28 to -33 kJ mol
!, indicating the adsorption of the inhibitor molecules are by both physical and
chemical processes. The fact that both AG°,4 and inhibition efficiency decrease

with the increase in temperature indicates that the adsorption of the inhibitor on
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the AZ31 alloy surface in NaCl and Na;SO4 medium is not favored at high
temperature and hence can be considered to be predominantly physisorption.
The standard adsorption entropy value is negative; indicating that a decrease in

disordering takes place when the inhibitor species gets adsorbed on the alloy

surface.
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Fig. 3.67: Langmuir’s adsorption isotherm for the adsorption of DC on
AZ31 magnesium alloy in a) 0.1 M NaCl medium and b) 0.1 M Na2SO4

medium.
3.6.5 SEM

Fig. 3.68 depicts the SEM image and EDX spectrum of AZ31 Mg
alloy surface immersed in 0.1 M NacCl solution in the presence of 0.001 M DC.
Fig. 3.69 presents the SEM image and EDX spectrum of AZ31 Mg alloy surface
immersed in 0.1 M NazSOy4 solution in the presence of 0.001 M DC. In the EDX
spectra apart from the peaks of Mg, Al, Zn, and Cl, additional small peaks for
carbon, oxygen, and nitrogen are obtained, which indicate the presence of some
organic moieties on the alloy surface, possibly the surface adsorbed DC

molecules. It is also observed that the intensity of the Mg peak is reduced.
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Fig. 3.68: SEM image and EDX spectrum of the AZ31 magnesium alloy
surface immersed in 0.1 M NaCl in the presence of DC for 3 h at 30 °C.
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Fig. 3.69: SEM image and EDX spectrum of the AZ31 magnesium alloy
surface immersed in 0.1 M Na2SOy4 in the presence of DC for 3 h at 30 °C.

3.6.6 XPS

Fig. 3.70 and Fig. 3.71 show the XPS survey spectra and individual
spectrum corresponding to different elements present on the surface of the AZ31
alloy immersed in 0.1 M NaCl and 0.1 M Na>SO4media for 3 h in the presence
0of 0.001 M DC at 30 °C. The high-resolution Mg 2s spectrum for magnesium
alloys immersed in DC inhibitor has peaks assigned to Mg, MgO, and Mg(OH)s.
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Fig. 3.70: XPS survey spectra and individual spectra of elements (Mg 2s, Al

2p, C1s,0 1s and, N 1s) of AZ31 Mg alloy immersed in 0.1 M NaCl medium
in the presence of 0.001 M DC for 3 h at 30 °C.
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Fig. 3.71: XPS survey spectra and individual spectra of elements (Mg 2s, Al

2p, C 1s, O 1s and, N 1s) of AZ31 Mg alloy immersed in 0.1 M Na2SQO4
medium in the presence of 0.001 M DC for 3 h at 30 °C.
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The corrosion is retarded since the peak area of Mg is larger than Mg(OH),. For
the O 1s spectrum, the peak ~531.2 corresponds to MgO. The Al 2p spectra
show a broad peak centered at 74.7 eV which indicates the co-existence of
aluminum oxide or aluminum hydroxide. The C 1s spectra can be fitted to the
presence of C-C/C-H groups at peak 284.8 eV. N 1s spectrum shows a peak at
399.2 eV, which shows the presence of C-N bond. The XPS results show that

the inhibitor not only is adsorbed on the surface to repel the water molecules.
3.6.7 DFT

The optimized structure for the inhibitor, DC, was obtained using
theoretical calculations using B3LYP hybrid functional model with def-TZVP
basis set and presented in Fig. 3. 72. The structure of the molecule is optimized
and the negative value of the total energy (-2.629 KeV) predicts a
thermodynamically stable molecule. Enomo value shows the physical adsorption
as the basis for corrosion inhibition action. The low bandgap energy shows
higher reactivity of the inhibitor molecules, leading to their ready adsorption on
AZ31 Mg alloy surface. The high value of the dipole moment implies a stronger
interaction of DC molecules with the AZ31 alloy surface. The strong tendency
of DC to attract electrons from metal shows a higher electronegativity value,
which in turn indicates the higher ability of DC to act as a corrosion inhibitor.

The calculated parameters are presented in Table 3.110.
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Fig. 3.72: Optimized structure and the frontier molecular orbital density

distribution of the DC molecule.

3.6.8 Summary

Anionic Gemini surfactant, DC, was synthesized and used as a corrosion

inhibitor on AZ31 Mg alloy in different concentrations of NaCl and Na;SOa.

The surfactant DC acted as a mixed type of inhibitor and the inhibitor efficiency

increased with the increase in the concentration of DC and decreased with the

rise in temperature and the increase in the concentration of NaCl and Na>;SO4 in

the medium. The surfactant was adsorbed predominantly through physisorption

and obeyed Langmuir adsorption isotherm. The quantum chemical calculation

supported the experimental observation.
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Table 3.86: Electrochemical polarization parameters for the corrosion of

AZ31 alloy in 0.05 M NaCl solution in the presence of DC at different

temperatures.
Inhibitor Temperature | Ecorr icorr -fe Ucorr n
concentration O Vs (rA cm?) | (mVdec!) | (mmy") | (%)
(mmol.dm3) SCE
(mV)

Blank -1514 70.10 99 1.51 -
0.2 -1521 20.42 67 0.44 71
0.4 30 -1534 15.32 50 0.33 78
0.6 -1540 12.99 44 0.28 81
0.8 -1500 4.64 31 0.10 93
1.0 -1505 1.52 18 0.04 97

Blank -1490 112.81 122 2.43 -
0.2 -1499 37.14 73 0.80 67
0.4 35 -1488 27.85 54 0.60 75
0.6 -1523 22.28 49 0.48 80
0.8 -1515 10.67 35 0.23 90
1.0 -1520 6.96 22 0.15 94

Blank -1500 168.06 129 3.62 -
0.2 -1513 58.03 76 1.25 65
0.4 40 -1521 44.56 56 0.96 73
0.6 -1500 38.06 51 0.82 77
0.8 -1511 20.89 38 0.45 87
1.0 -1520 14.85 26 0.32 91

Blank -1503 183.38 134 3.95 -
0.2 -1533 65.92 79 1.42 64
0.4 45 -1505 52.46 59 1.13 71
0.6 -1514 45.03 54 0.97 75
0.8 -1523 27.85 42 0.60 85
1.0 -1490 19.96 29 0.43 89

Blank -1493 197.77 140 4.26 -
0.2 -1507 74.28 82 1.60 62
0.4 50 -1514 62.67 62 1.35 68
0.6 -1521 52.92 58 1.14 73
0.8 -1525 33.42 46 0.72 83
1.0 -1530 27.39 32 0.59 86
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Table 3.87: Electrochemical polarization parameters for the corrosion of AZ31

alloy in 0.10 M NaCl solution in the presence of DC at different temperatures.

Inhibitor Temperature | Ecorr VS icorr , B - ]
. ° - corr Py
c;){:lllcrf:ltaz:;lg)n O (Slf‘l;l) (pA cm™) mV dec™) | (mm y) (%)
Blank -1483 154.03 135 3.34 -
0.2 -1436 48.98 38 1.06 68
0.4 30 -1442 37.74 27 0.82 75
0.6 -1417 31.54 27 0.68 79
0.8 -1507 13.13 19 0.28 91
1.0 -1534 6.42 15 0.14 95
Blank -1489 171.58 141 3.73 -
0.2 -1532 60.38 30 1.30 65
0.4 35 -1505 45.07 22 0.98 73
0.6 -1518 41.10 27 0.88 76
0.8 -1470 25.10 25 0.54 85
1.0 -1429 14.40 21 0.31 91
Blank -1502 210.77 165 4.54 -
0.2 -1497 64.10 23 1.38 63
0.4 40 -1501 52.40 28 1.12 69
0.6 -1530 43.40 26 0.93 75
0.8 -1519 30.30 25 0.65 82
1.0 -1426 16.50 22 0.35 90
Blank -1516 225.52 162 4.90 -
0.2 -1517 86.60 29 1.86 61
0.4 45 -1519 73.50 22 1.58 67
0.6 -1529 60.90 29 1.31 73
0.8 -1505 43.80 24 0.94 80
1.0 -1480 31.20 14 0.67 86
Blank -1490 235.47 173 5.11 -
0.2 -1505 96.40 27 2.07 59
0.4 50 -1506 75.80 28 1.69 66
0.6 -1497 66.90 20 1.44 71
0.8 -1527 50.30 18 1.08 78
1.0 -1470 32.80 15 0.70 86
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Table 3.88: Electrochemical polarization parameters for the corrosion of AZ31

alloy in 0.15 M NaCl solution in the presence of DC at different temperatures.

Inhibitor Temperature | Ecorr VS icorr , B - n
. o - corr Py
c(();frf:ltfﬁ:g;l °C) (S;f‘l;“a (pA cm™) (mV dec") | (mm y) (%)
Blank -1537 233.52 150 5.03 -
0.2 -1521 78.92 80 1.70 66
0.4 30 -1503 60.35 74 1.30 74
0.6 -1540 52.46 61 1.13 77
0.8 -1514 25.53 50 0.55 89
1.0 -1509 12.99 43 0.28 94
Blank -1500 333.34 155 7.18 -
0.2 -1520 118.85 84 2.56 64
0.4 15 -1502 92.85 77 2.00 72
0.6 -1498 86.35 65 1.86 74
0.8 -1495 55.71 53 1.20 83
1.0 -1512 32.96 47 0.71 90
Blank -1515 455.90 168 9.82 -
0.2 -1509 176.42 88 3.80 61
0.4 40 -1524 153.20 79 3.30 66
0.6 -1531 126.74 69 2.73 72
0.8 -1539 88.21 56 1.90 80
1.0 -1497 51.99 50 1.12 88
Blank -1491 478.65 170 10.31 -
0.2 -1489 192.67 92 4.15 59
0.4 45 -1521 171.77 81 3.70 64
0.6 -1526 140.67 71 3.03 70
0.8 -1530 107.24 58 2.31 77
1.0 -1534 64.99 53 1.40 86
Blank -1475 567.33 194 12.22 -
0.2 -1500 241.41 95 5.20 57
0.4 50 -1512 213.56 85 4.60 62
0.6 -1530 185.70 76 4.00 67
0.8 -1533 139.27 61 3.00 75
1.0 -1496 90.53 56 1.95 84
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Table 3.89: Electrochemical polarization parameters for the corrosion of AZ31

alloy in 0.20 M NaCl solution in the presence of DC at different temperatures.

Inhibitor Temperature | Ecorr vs icorr , B v n
. (o) - corr Py
cg:lllcrf:ltaz:llg)n O (Sn(li‘l;l) (pA cm™) (mV dec") | (mm y) (%)
Blank -1500 432.55 189 9.40 -
0.2 -1533 155.52 94 3.35 64
0.4 30 -1540 123.03 85 2.65 72
0.6 -1513 109.10 76 2.35 75
0.8 -1510 57.10 68 1.23 87
1.0 -1542 34.81 56 0.75 92
Blank -1485 457.04 214 9.93 -
0.2 -1496 174.09 96 3.75 62
0.4 35 -1507 136.95 88 2.95 70
0.6 -1516 123.03 79 2.65 73
0.8 -1509 68.71 71 1.48 85
1.0 -1522 51.06 59 1.10 90
Blank -1483 489.13 181 10.63 -
0.2 -1495 198.24 100 4.27 60
0.4 40 -1499 162.49 91 3.50 67
0.6 -1505 141.60 82 3.05 71
0.8 -1524 84.49 75 1.82 83
1.0 -1530 59.42 62 1.28 88
Blank -1511 687.77 211 14.75 -
0.2 -1519 287.84 103 6.20 58
0.4 45 -1523 250.70 95 5.40 63
0.6 -1526 219.59 85 4.73 68
0.8 -1499 162.49 79 3.50 76
1.0 -1508 109.10 65 2.35 84
Blank -1497 709.98 171 15.43 -
0.2 -1537 313.37 107 6.75 56
0.4 50 -1508 273.91 98 5.90 60
0.6 -1522 248.38 88 5.35 65
0.8 -1528 191.74 83 4.13 73
1.0 -1518 133.24 69 2.87 81
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Table 3.90: Electrochemical polarization parameters for the corrosion of AZ31

alloy in 0.25 M NaCl solution in the presence of DC at different temperatures.

Inhibitor Temperature | Ecorr VS icorr ]
concentration (°O) SCE | (pA ecm?) Pe Ucorr (%)
(mmol.dm-?) (mV) (mV dec) | (mm y™)
Blank -1526 520.41 190 11.31 -
0.2 -1515 194.06 145 4.18 63
0.4 30 -1509 155.52 129 3.35 70
0.6 -1522 141.60 111 3.05 73
0.8 -1524 71.96 98 1.55 86
1.0 -1541 51.06 88 1.10 90
Blank -1515 553.44 192 12.03 -
0.2 -1544 222.84 146 4.80 60
0.4 35 -1531 183.38 131 3.95 67
0.6 -1518 161.56 114 3.48 71
0.8 -1522 88.21 102 1.90 84
1.0 -1525 67.31 92 1.45 88
Blank -1488 577.18 188 12.54 -
0.2 -1511 243.73 148 5.25 58
0.4 40 -1525 208.91 134 4.50 64
0.6 -1530 185.70 116 4.00 68
0.8 -1517 104.45 105 2.25 82
1.0 -1543 81.24 95 1.75 86
Blank -1510 706.61 209 15.22 -
0.2 -1499 315.70 150 6.80 55
0.4 45 -1487 264.16 136 5.69 62
0.6 -1522 213.56 118 4.60 65
0.8 -1540 139.27 107 3.00 80
1.0 -1528 112.81 98 2.43 84
Blank -1494 792.81 186 17.23 -
0.2 -1480 377.44 152 8.13 53
0.4 50 -1491 320.34 140 6.90 60
0.6 -1521 293.41 121 6.32 63
0.8 -1516 174.09 110 3.75 78
1.0 -1530 143.92 101 3.10 82
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Table 3.91: Electrochemical polarization parameters for the corrosion of AZ31 alloy

in 0.05 M NazSOs4 solution in the presence of DC at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -fe Ucorr n
concentration (°O) SCE (pA cm?) | (mV dec?) (mm y?) | (%)
(mmol dm?3) (mV)

Blank -1483 63.33 93 1.37 -
0.2 -1514 20.42 77 0.44 68
0.4 30 -1478 14.39 87 0.31 77
0.6 -1462 10.21 51 0.22 84
0.8 -1480 6.49 79 0.14 90
1.0 -1414 3.71 87 0.08 94

Blank -1470 110.24 110 2.39 -
0.2 -1523 41.78 104 0.90 65
0.4 35 -1516 29.71 105 0.64 73
0.6 -1507 19.96 114 0.43 82
0.8 -1500 14.39 103 0.31 87
1.0 -1512 8.82 104 0.19 92

Blank -1502 164.74 125 3.58 -
0.2 -1518 61.28 113 1.32 63
0.4 40 -1527 48.28 103 1.04 71
0.6 -1491 32.49 106 0.70 80
0.8 -1491 24.60 105 0.53 85
1.0 -1484 16.24 106 0.35 90

Blank -1465 179.03 154 3.89 -
0.2 -1477 71.96 140 1.55 60
0.4 45 -1515 57.56 141 1.24 68
0.6 -1490 40.85 146 0.88 77
0.8 -1488 32.49 112 0.70 82
1.0 -1490 23.21 107 0.50 87

Blank -1481 190.03 144 4.13 -
0.2 -1484 80.31 106 1.73 58
0.4 50 -1490 66.85 135 1.44 65
0.6 -1492 49.67 107 1.07 74
0.8 -1495 38.06 106 0.82 80
1.0 -1483 28.78 102 0.62 85
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Table 3.92: Electrochemical polarization parameters for the corrosion of AZ31

alloy in 0.10 M Na2SOs solution in the presence of DC at different temperatures.

Inhibitor Temperature | Ecorrvs icorr , B v n
. o - corr Py
c;)l;lg:ltg::g;l °C) (S;f‘l;“a (pA cm™) mV dec") | (mm y) (%)
Blank -1482.0 71.21 117 1.54 -
0.2 -1483 30.64 115 0.66 57
0.4 30 -1472 23.21 108 0.50 67
0.6 -1447 16.24 110 0.35 77
0.8 -1437 8.35 104 0.18 88
1.0 -1431 3.71 101 0.08 94
Blank -1528 157.60 134 3.42 -
0.2 -1527 76.03 128 1.65 51
0.4 35 -1516 61.28 110 1.32 61
0.6 -1507 34.81 114 0.75 78
0.8 -1493 28.32 105 0.61 82
1.0 -1488 10.21 108 0.22 93
Blank -1485 191.24 140 4.15 -
0.2 -1509 92.38 130 1.99 52
0.4 40 -1508 84.03 124 1.81 56
0.6 -1507 47.81 120 1.03 75
0.8 -1502 36.67 117 0.79 80
1.0 -1490 18.57 119 0.40 90
Blank -1481 202.71 150 4.40 -
0.2 -1505 102.60 133 2.21 49
0.4 45 -1508 86.35 128 1.86 57
0.6 -1505 46.89 120 1.01 77
0.8 -1503 41.78 127 0.90 79
1.0 -1490 18.10 121 0.39 91
Blank -1456 208.41 157 4.53 -
0.2 -1499 107.70 130 2.32 48
0.4 50 -1491 102.13 128 2.20 51
0.6 -1486 58.96 120 1.27 71
0.8 -1486 37.14 114 0.80 82
1.0 -1486 23.67 110 0.51 88
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Table 3.93: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.15 M Na2SOs4 solution in the presence of DC at different temperatures.

Inhibitm-‘ Tempoe(lj'ature Eéo(r:rl;’S ;':orr , pe Deor 011
C(onllllcj(r)lltlc'ﬁltllg)rl °O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1457 218.14 138 4.74 -
0.2 -1495 96.56 108 2.08 56
0.4 30 -1471 74.28 120 1.60 66
0.6 -1391 54.78 103 1.18 75
0.8 -1448 30.17 108 0.65 86
1.0 -1527 17.64 124 0.38 92
Blank -1457 322.28 142 7.00 -
0.2 -1461 148.56 120 3.20 54
0.4 35 -1471 116.06 140 2.50 64
0.6 -1550 87.28 117 1.88 73
0.8 -1468 51.99 116 1.12 84
1.0 -1462 32.49 140 0.70 90
Blank -1469 445.19 151 9.67 -
0.2 -1535 209.84 105 4.52 53
0.4 40 -1539 170.85 119 3.68 62
0.6 -1521 129.99 150 2.80 71
0.8 -1521 81.24 117 1.75 82
1.0 -1521 48.74 139 1.05 89
Blank -1446 461.63 158 10.03 -
0.2 -1529 227.49 118 4.90 51
0.4 45 -1557 185.70 102 4.00 60
0.6 -1542 143.92 142 3.10 69
0.8 -1533 92.85 106 2.00 80
1.0 -1500 60.35 106 1.30 87
Blank -1448 546.62 170 11.88 -
0.2 -1555 280.88 139 6.05 49
0.4 50 -1495 229.34 117 4.94 58
0.6 -1522 181.06 113 3.90 67
0.8 -1488 120.70 137 2.60 78
1.0 -1495 81.24 161 1.75 85
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Table 3.94: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.20 M Na2SOs4 solution in the presence of DC at different temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration O SCE | (pA cm?) (mV dec!) | (mm y1h (%)
(mmol.dm™3) (mV)

Blank -1505 235.63 152 5.12 -
0.2 -1509 106.78 104 2.30 55
0.4 30 -1464 84.96 122 1.83 64
0.6 -1492 64.06 137 1.38 73
0.8 -1467 37.14 109 0.80 84
1.0 -1461 23.21 127 0.50 90

Blank -1493 354.34 158 7.70 -
0.2 -1495 167.13 137 3.60 53
0.4 35 -1500 134.63 135 2.90 62
0.6 -1459 102.13 146 2.20 71
0.8 -1494 63.60 136 1.37 82
1.0 -1485 41.78 130 0.90 88

Blank -1489 470.87 164 10.23 -
0.2 -1530 232.13 153 5.00 51
0.4 40 -1481 189.42 159 4.08 60
0.6 -1485 141.60 141 3.05 70
0.8 -1491 93.78 141 2.02 80
1.0 -1489 64.99 131 1.40 86

Blank -1472 542.13 172 11.23 -
0.2 -1519 259.98 140 5.60 50
0.4 45 -1512 218.20 110 4.70 58
0.6 -1511 166.20 114 3.58 68
0.8 -1505 118.38 140 2.55 77
1.0 -1489 82.63 143 1.78 84

Blank -1480 672.86 197 14.62 -
0.2 -1489 358.41 135 7.72 47
0.4 50 -1487 296.20 122 6.38 56
0.6 -1495 222.84 129 4.80 67
0.8 -1485 169.45 148 3.65 75
1.0 -1484 113.74 140 2.45 83
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Table 3.95: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.25 M Na2SOs4 solution in the presence of DC at different temperatures.

Inhibitm-‘ Tempoe(lj'ature Eéo(r:rl;’S ;':orr , pe Deor 011
C(onllllcj(r)lltlc'ﬁltllg)rl °O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1451 372.80 147 8.10 -
0.2 -1429 176.42 122 3.80 53
0.4 30 -1487 142.52 125 3.07 62
0.6 -1461 105.38 130 2.27 72
0.8 -1542 63.60 110 1.37 83
1.0 -1443 44.10 118 0.95 88
Blank -1411 497.12 158 10.80 -
0.2 -1560 244.66 114 5.27 51
0.4 35 -1539 199.63 123 4.30 60
0.6 -1550 149.49 117 3.22 70
0.8 -1540 99.81 108 2.15 80
1.0 -1542 69.63 110 1.50 86
Blank -1438 516.71 170 11.23 -
0.2 -1561 259.06 125 5.58 50
0.4 40 -1545 222.84 110 4.80 57
0.6 -1521 166.20 155 3.58 68
0.8 -1512 113.28 149 2.44 78
1.0 -1522 82.63 105 1.78 84
Blank -1486 583.03 190 12.67 -
0.2 -1533 304.09 119 6.55 48
0.4 45 -1535 264.63 151 5.70 55
0.6 -1542 199.63 142 4.30 66
0.8 -1543 134.63 114 2.90 77
1.0 -1545 105.38 110 2.27 82
Blank -1463 727.89 201 15.82 -
0.2 -1518 387.19 141 8.34 47
0.4 50 -1500 336.59 181 7.25 54
0.6 -1522 271.59 113 5.85 63
0.8 -1510 182.45 111 3.93 75
1.0 -1484 146.24 106 3.15 80
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Table 3.96: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.05 M NacCl in the presence of DC at different temperatures.

Inhibitor Temperature Ryt R; Rais Ca Cs ]
Concentration (°C) Qem?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 580 296 225 138 177 -
0.2 1990 1843 993 99 79 70
0.4 30 2593 2426 1210 73 71 77
0.6 3100 2955 1455 69 66 81
0.8 6542 6400 2989 60 57 91
1.0 9834 9743 3777 57 43 94

Blank 550 255 207 153 181 -
0.2 1662 1502 745 106 83 67
0.4 35 2206 2088 1022 89 76 75
0.6 2825 2691 1288 80 70 80
0.8 4166 4030 2001 72 65 87
1.0 4231 4067 2177 60 53 92

Blank 422 231 184 161 188 -
0.2 1210 1012 503 111 88 65
0.4 40 1577 1400 701 94 81 73
0.6 1865 1711 895 89 75 77
0.8 3190 3002 1588 75 69 87
1.0 3992 3817 1595 68 58 89

Blank 340 191 150 170 192 -
0.2 963 850 424 114 97 65
0.4 45 1154 1031 544 100 89 71
0.6 1372 1202 600 95 82 75
0.8 2255 2101 1013 80 73 85
1.0 2891 2782 1133 73 64 88

Blank 318 160 131 171 198 -
0.2 833 717 333 117 104 62
0.4 50 991 835 411 104 90 68
0.6 1185 1021 530 97 80 73
0.8 1855 1702 869 86 77 83
1.0 2194 2020 1003 76 69 86
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Table 3.97: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.10 M NaCl in the presence of DC at different temperatures.

Inhibitor Temperature Rys Ry Rt Ca Ce n
Concentration (°C) Qcm?) | (Qcem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 507 232 209 166 172 -
0.2 1590 1411 703 107 70 68
0.4 30 2017 1903 933 50 49 75
0.6 2411 2306 1107 31 41 79
0.8 4910 4802 2200 20 31 90
1.0 7945 7803 3386 15 19 94

Blank 380 192 168 181 179 -
0.2 1107 994 465 119 88 65
0.4 35 1423 1306 700 62 66 73
0.6 1579 1422 713 44 58 76
0.8 2495 2334 1155 33 47 85
1.0 3991 3877 1539 27 28 90

Blank 366 173 142 191 183 -
0.2 1007 931 465 131 93 64
0.4 40 1223 1119 523 78 74 70
0.6 1476 1301 655 62 67 75
0.8 1989 1855 924 54 51 81
1.0 3292 3100 1500 41 35 89

Blank 351 152 115 195 185 -
0.2 911 775 325 147 104 61
0.4 45 1078 957 451 98 82 67
0.6 1299 1105 548 69 71 72
0.8 1799 1673 834 60 60 80
1.0 2428 2304 1147 55 48 86

Blank 301 139 108 200 191 -
0.2 738 600 300 162 113 59
0.4 50 880 704 343 103 92 66
0.6 1054 985 449 73 82 71
0.8 1388 1244 569 68 71 78
1.0 2195 1968 1019 59 57 86
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Table 3.98: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.15 M NaCl in the presence of DC at different temperatures.

Inhibitor Temperature Ryt R; Rais Ca Cs ]
Concentration (°C) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 358 170 144 172 115 -
0.2 1056 902 449 112 79 66
0.4 30 1400 1289 645 99 70 74
0.6 1602 1495 754 87 67 78
0.8 3298 3144 1600 80 61 89
1.0 4694 4503 2146 71 57 92

Blank 301 161 121 184 128 -
0.2 841 702 350 115 92 64
0.4 35 1080 933 457 106 78 72
0.6 1183 1012 505 93 70 75
0.8 1766 1560 896 88 66 83
1.0 3111 3010 1501 75 60 90

Blank 288 150 113 197 133 -
0.2 744 600 296 119 95 61
0.4 40 859 722 353 108 83 66
0.6 1048 977 454 96 78 73
0.8 1401 1276 617 90 69 79
1.0 2284 2105 1009 81 65 87

Blank 225 128 100 201 140 -
0.2 550 400 199 122 101 59
0.4 45 626 517 249 111 86 64
0.6 749 616 300 100 80 69
0.8 1027 908 451 96 73 78
1.0 1611 1487 775 88 71 86

Blank 130 88 73 218 147 -
0.2 303 221 103 125 105 57
0.4 50 343 239 117 114 93 62
0.6 395 251 127 103 85 67
0.8 525 319 159 99 78 75
1.0 862 700 354 93 74 84
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Table 3.99: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.20 M NaCl in the presence of DC at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs ]
Concentration (°C) (Qcm?) | (Qcm?) | (Qcm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 170 109 95 193 191 -
0.2 473 302 151 116 82 64
0.4 30 602 489 246 102 77 72
0.6 683 515 255 90 71 75
0.8 1300 1188 653 86 68 86
1.0 1899 1700 921 78 62 91

Blank 166 97 79 190 199 -
0.2 442 203 101 122 84 62
0.4 35 560 400 200 106 79 70
0.6 1043 941 372 95 75 84
0.8 1132 1005 521 88 70 85
1.0 1733 1576 784 81 65 90

Blank 158 90 70 212 210 -
0.2 399 251 123 125 87 60
0.4 40 477 361 156 110 80 69
0.6 551 376 167 101 78 71
0.8 967 804 401 94 74 84
1.0 1288 1099 526 89 70 87

Blank 125 78 58 220 219 -
0.2 297 160 80 130 92 58
0.4 45 339 169 85 115 84 63
0.6 401 289 138 107 79 69
0.8 533 400 200 98 75 77
1.0 818 702 338 92 70 85

Blank 103 73 52 243 232 -
0.2 236 118 71 136 95 56
0.4 50 255 132 82 119 88 60
0.6 301 201 103 109 81 66
0.8 383 235 144 102 79 73
1.0 549 302 155 95 74 81
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Table 3.100: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.25 M NaCl in the presence of DC at different temperatures.

Inhibitor Temperature Rys Ry R Ca (0 ]
Concentration (°C) Qcm?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 201 115 99 205 195 -
0.2 547 288 143 125 87 63
0.4 30 670 497 251 107 84 70
0.6 752 608 302 96 79 73
0.8 1432 1303 763 90 73 86
1.0 1935 1804 914 84 68 89

Blank 150 107 85 217 205 -
0.2 371 219 102 127 94 59
0.4 35 447 284 139 110 88 66
0.6 515 421 215 100 82 70
0.8 956 805 400 94 77 84
1.0 1256 1107 613 87 71 88

Blank 141 98 72 221 222 -
0.2 338 215 103 130 100 58
0.4 40 390 213 107 113 92 64
0.6 444 204 100 104 85 68
0.8 1103 1025 529 97 80 82
1.0 1145 1075 538 91 75 86

Blank 105 81 68 230 223 -
0.2 241 105 75 133 104 55
0.4 45 278 160 83 116 95 62
0.6 301 200 100 107 88 65
0.8 530 402 201 100 81 80
1.0 677 531 264 95 79 84

Blank 99 70 55 248 239 -
0.2 210 101 64 137 109 53
0.4 50 248 124 82 119 99 60
0.6 269 144 94 111 91 63
0.8 464 250 129 106 94 78
1.0 563 311 156 98 98 82
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Table 3.101: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.05 M Na:SOy in the presence of DC at different temperatures.

Inhibitor Temperature Rys Ry Rt Ca Ce n
Concentration (°C) Qcm?) | (Qcem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 609 471 412 159 102 -
0.2 1931 1775 935 37 80 68
0.4 30 2680 2531 1308 30 77 77
0.6 3693 3517 1579 28 74 84
0.8 5710 5589 2533 24 71 89
1.0 8713 8588 3979 21 68 93

Blank 510 367 303 176 129 -
0.2 1467 1334 689 40 83 65
0.4 35 1876 1738 913 34 79 73
0.6 2787 2630 1288 31 78 82
0.8 3839 3673 1507 27 73 87
1.0 6452 5321 3434 23 70 92

Blank 477 333 288 201 146 -
0.2 1280 1104 525 43 85 63
0.4 40 1645 1523 790 37 82 71
0.6 2408 2296 1109 33 79 80
0.8 3116 3007 1500 29 76 85
1.0 5002 4901 2390 25 72 90

Blank 450 350 275 225 151 -
0.2 1135 1011 501 44 87 60
0.4 45 1405 1301 651 39 83 68
0.6 1986 1823 909 36 80 77
0.8 2491 2331 1049 30 78 82
1.0 3466 3301 1200 27 75 87

Blank 412 354 252 261 168 -
0.2 987 860 450 47 90 58
0.4 50 1171 1042 538 40 86 64
0.6 1607 1487 750 38 82 74
0.8 2101 2005 1002 35 81 80
1.0 2817 2702 1326 30 78 85
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Table 3.102: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.10 M Na2SOs in the presence of DC at different temperatures.

Inhibitor Temperature Ryt R; Rais Ca Cs ]
Concentration (°C) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 460 343 319 201 188 -
0.2 1079 922 359 37 82 57
0.4 30 1409 1285 641 32 80 67
0.6 1994 1802 900 25 78 77
0.8 3843 3704 1501 23 72 88
1.0 6534 6377 3129 16 67 93

Blank 432 322 293 224 191 -
0.2 876 700 347 69 86 51
0.4 35 1106 1011 500 53 80 61
0.6 1937 1765 884 41 71 77
0.8 2431 2302 1120 38 67 82
1.0 4810 4702 2295 28 62 91

Blank 403 254 227 249 225 -
0.2 839 716 353 72 88 52
0.4 40 929 811 402 75 81 56
0.6 1622 1478 737 69 75 75
0.8 2011 1912 994 57 72 80
1.0 3911 3756 1629 50 69 90

Blank 387 193 160 269 237 -
0.2 766 604 301 78 96 49
0.4 45 895 763 383 64 90 57
0.6 1666 1504 689 60 87 77
0.8 1860 1706 875 57 80 79
1.0 3846 3703 1501 55 72 90

Blank 373 209 161 278 241 -
0.2 721 571 252 90 99 48
0.4 50 764 589 265 66 85 51
0.6 1276 1123 604 63 80 70
0.8 2097 1894 931 50 74 82
1.0 2985 2831 1095 37 72 87
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Table 3.103: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.15 M Na:SOy in the presence of DC at different temperatures.

Inhibitor Temperature Ry Ry Rt Ca Ce n
Concentration (°C) (Qcm?) | (Qem?) | (Qcm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 434 420 383 244 167 -
0.2 981 833 405 45 89 55
0.4 30 1292 1195 676 39 78 66
0.6 1722 1603 800 33 71 75
0.8 2999 2844 1401 36 67 86
1.0 4833 4701 2100 22 60 91

Blank 463 300 280 278 169 -
0.2 1007 916 454 46 92 54
0.4 35 1300 1188 609 40 79 64
0.6 1719 1605 800 47 74 73
0.8 2851 2733 1357 31 70 83
1.0 4509 4366 2101 26 64 90

Blank 380 230 201 299 180 -
0.2 809 722 400 48 95 53
0.4 40 995 805 450 43 82 61
0.6 1322 1204 589 38 77 71
0.8 2150 2003 993 33 74 82
1.0 3351 3200 1621 30 69 88

Blank 273 237 200 307 188 -
0.2 561 460 231 51 97 51
0.4 45 677 522 250 46 85 60
0.6 883 717 353 49 80 69
0.8 1409 1297 640 36 83 80
1.0 2171 2014 1001 32 71 87

Blank 245 200 178 321 200 -
0.2 476 303 147 53 102 48
0.4 50 589 377 152 47 87 58
0.6 752 614 320 41 81 67
0.8 1107 1008 495 38 84 77
1.0 1653 1511 703 24 75 85
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alloy in 0.20 M Na:SOs in the presence of DC at different temperatures.

Inhibitor Temperature Ryt Rs R Ca Cr ]
Concentration cO) Qcm?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 301 226 171 269 179 -
0.2 684 534 261 49 93 56
0.4 30 843 701 347 46 89 64
0.6 1130 1022 509 42 85 73
0.8 1886 1705 675 39 81 84
1.0 2911 2812 1391 36 77 90

Blank 287 224 190 287 186 -
0.2 609 522 264 52 96 53
0.4 35 755 613 305 49 91 62
0.6 987 815 400 45 88 71
0.8 1633 1513 729 42 84 82
1.0 2411 2300 1145 38 79 88

Blank 259 192 163 301 191 -
0.2 530 410 241 55 99 51
0.4 40 649 531 330 50 93 60
0.6 859 720 444 47 90 70
0.8 1301 1196 629 43 86 80
1.0 1905 1785 886 40 82 86

Blank 236 203 167 321 201 -
0.2 472 343 223 57 103 50
0.4 45 570 469 231 53 96 59
0.6 739 604 300 50 90 68
0.8 1041 905 446 48 88 77
1.0 1461 1307 658 43 85 84

Blank 218 187 159 333 219 -
0.2 409 313 170 59 107 47
0.4 50 493 354 213 55 99 56
0.6 666 523 250 52 93 67
0.8 859 700 348 50 90 75
1.0 1302 1188 601 46 87 83
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Table 3.105: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.25 M Na2SOy in the presence of DC at different temperatures.

Inhibitor Temperature Ryt R; Rais Ca Cs /]
Concentration (°C) (Qcm?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 392 301 280 320 240 -
0.2 834 715 351 53 96 53
0.4 30 1032 948 452 47 91 62
0.6 1403 1300 650 43 86 72
0.8 2328 2168 1036 40 80 83
1.0 3405 3293 1634 37 76 88

Blank 350 250 221 333 259 -
0.2 717 604 301 56 99 51
0.4 35 883 756 354 49 93 60
0.6 1157 1009 551 46 89 70
0.8 1750 1601 800 43 83 80
1.0 2507 2388 1157 40 78 86

Blank 201 114 96 345 267 -
0.2 404 200 100 58 102 50
0.4 40 469 233 111 52 95 57
0.6 632 502 240 48 92 68
0.8 908 786 371 46 85 79
1.0 1266 1105 552 42 80 84

Blank 180 109 80 359 280 -
0.2 345 211 102 63 108 48
0.4 45 401 210 105 55 94 55
0.6 530 415 208 51 88 66
0.8 784 560 245 48 85 77
1.0 1013 902 450 45 81 82

Blank 170 100 64 389 308 -
0.2 322 152 74 66 111 47
0.4 50 370 169 85 58 96 54
0.6 461 231 115 55 91 63
0.8 686 429 212 51 88 75
1.0 851 744 337 48 84 80
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Table 3.106: Activation parameters for the corrosion of AZ31 alloy in NaCl

solutions containing different concentrations of DC inhibitor.

Concentration | Concentration E. AH? AS*
of NaCl (M) of inhibitor | (kJ mol) | (kJ mol!) | (J mol'! K™)
(mmol dm)

Blank 34.00 34.66 -128.69

0.2 57.14 54.54 -74.24

0.05 04 61.01 58.42 -63.85
0.6 62.00 59.40 -62.10

0.8 83.43 80.84 1.91

1.0 102.69 100.01 59.11
Blank 24.55 20.97 -162.88

0.2 27.67 25.06 -161.71
0.1 0.4 29.39 26.66 -158.73
) 0.6 30.91 28.18 -155.14
0.8 54.40 50.56 -87.54

1.0 63.36 62.57 -53.53
Blank 23.57 18.70 -174.42
0.2 33.56 30.96 -138.92
0.15 04 37.60 35.00 -128.70
0.6 40.63 38.03 -117.80

0.8 55.47 52.88 -74.99

1.0 60.45 57.85 -63.35
Blank 20.67 18.08 -167.27
0.2 30.90 28.30 -142.00
0.20 0.4 35.83 33.23 -127.82
0.6 36.02 33.43 -77.07

0.8 53.21 50.62 -71.91

1.0 55.79 53.20 -66.80
Blank 16.94 15.30 -175.67

0.2 24.52 21.93 -160.95
095 04 27.12 24.52 -154.14
' 0.6 27.85 25.24 -152.72
0.8 33.42 30.82 -138.90
1.0 39.31 36.72 -123.04
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Table 3.107: Activation parameters for the corrosion of AZ31 alloy in
Na2SOs solutions containing different concentrations of DC inhibitor.

Concentration | Concentration E. AH? AS*
of Na;SO4 (M) | of inhibitor | (kJ mol!) | (kJ mol?!) (J mol' K1)
(mmol dm)
Blank 44.17 40.04 —108.74
0.2 54.07 51.48 -109.16
0.05 04 61.49 58.89 -80.22
0.6 63.73 61.14 -58.77
0.8 71.57 68.98 -32.08
1.0 83.18 80.58 1.50
Blank 39.64 33.78 -126.03
0.2 46.13 43.71 -101.58
0.1 0.4 49,95 46.71 -98.26
) 0.6 54.28 51.86 -76.90
0.8 57.90 55.64 -74.01
1.0 73.41 70.60 -48.06
Blank 35.65 28.33 -137.09
0.2 41.96 39.37 -108.08
0.15 04 44.69 42.10 -101.34
0.6 47.38 44.79 -94 .94
0.8 54.93 52.33 -74.82
1.0 60.02 57.43 -58.36
Blank 35.21 23.87 -149.98
0.2 46.64 44.04 -92.03
0.20 0.4 48.58 45.90 -95.02
' 0.6 48.59 45.98 -87.46
0.8 59.56 56.96 -58.19
1.0 63.05 60.45 -50.38
Blank 24.39 18.81 -164.69
0.2 28.83 26.23 -146.98
0.95 04 32.34 29.74 -137.17
' 0.6 35.16 32.57 -130.44
0.8 38.91 36.32 -121.88
1.0 45.50 42.90 -103.42
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Table 3.108: Thermodynamic parameters for the adsorption of DC
inhibitor on AZ31 alloy in NaCl solutions.

Concentration | Temperature AGas AHqs AS8ads
of NaCl (M) °O) (kJ mol?) (kJ mol!) (J mol' K-
1
)

0.05 30 -34.65 -61.11 -87.4
35 -34.08
40 -33.64
45 -33.20
50 -32.76

0.10 30 -33.18 -55.51 -72.0
35 -32.84
40 -32.46
45 -32.10
50 -31.74

0.15 30 -31.88 -52.21 -66.4
35 -31.54
40 -31.21
45 -30.88
50 -30.55

0.20 30 -29.52 -49.84 -66.8
35 -29.26
40 -28.93
45 -28.59
50 -28.26

0.25 30 -30.37 -48.19 58.8
35 -30.07
40 -29.78
45 -29.49
50 -29.19
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Table 3.109: Thermodynamic parameters for the adsorption of DC
inhibitor on AZ31 alloy in Na2SQO4 solution.

Concentration | Temperature AGas AHqs AS8ads
of Na2SO4 (M) °O) (kJ mol!) (kJ mol) | (J mol' K1)
30 -32.32
35 -32.01
0.05 40 -31.69 -51.54 -63.4
45 -31.37
50 -31.06
30 -32.11
35 -31.54
0.1 40 -31.57 -48.23 -53.2
45 -31.31
50 -31.04
30 -30.52
35 -30.27
0.15 40 -30.02 -45.74 -50.2
45 -29.77
50 -29.52
30 -29.70
35 -29.44
0.20 40 -29.17 -45.95 -53.6
45 -28.90
50 -28.63
30 -29.30
35 -29.08
0.25 40 -28.86 -42.64 -44.0
45 -28.64
50 -28.42

Table 3.110: Calculated DFT parameters for DC inhibitor.

Parameters Value
Total energy (KeV) -2.629
Energy gap (eV) 2911
E Homo (eV) -0.767
Erumo (eV) -3.678
Dipole moment (Debye) 66.384
Electronegativity (eV) 2.222
Chemical hardness (eV) 1.455
Electron affinity (eV) 3.678
Ionization potential (eV) 0.767
Softness (eV) 0.687
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3.7 SODIUM 2,2°-(13,22-DIDODECYL-14,21-D10X0O-11,14,17,20-
TETRAAZATETRATRIACONTANE-16,19-DIYL)DIACETATE
(DD) AS CORROSION INHIBITOR FOR AZ31 MAGNESIUM
ALLOY IN SODIUM CHLORIDE AND SODIUM SULFATE
MEDIUM SOLUTIONS

3.7.1 Potentiodynamic polarization measurements

Fig. 3.73 shows the potentiodynamic polarization plots for the corrosion
of AZ31 magnesium alloy in 0.1 M NaCl and 0.1 M Na>SOs4in the presence of
different concentrations of DD at 50 °C.

Tables 3.111 to 3.120 list the electrochemical polarization parameters
for the corrosion of AZ31 alloy in NaCl and Na>SOgssolutions in the presence of
different concentrations of DD at different temperatures. Inhibition efficiency
increases remarkably as the amount of inhibitor is increased. The inhibition
efficiency increases with the increase in the concentration of DD up to an
optimum concentration of 0.0005 M, and above which the increase in inhibition
efficiency is negligible. Efficient surface coverage could be credited to the

increase in inhibition efficiency.
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Fig. 3.73: Potentiodynamic polarization curves for the corrosion of AZ31
alloy in the presence of different concentrations of DD in a) 0.1 M NaCl

solution and b) 0.1 M Na2SOs4 solution at 50 °C.
3.7.2 Electrochemical impedance spectroscopy (EIS) studies

Nyquist plots for the corrosion of AZ31 Mg alloy in 0.1 M NaCl and 0.1

M Na>SOs4 in the presence of different concentration of DD inhibitor are shown
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in Fig. 3.74. The Nyquist plots are similar to the ones obtained in the presence

of inhibitors discussed in the previous sections.

The Electrochemical impedance parameters for the corrosion AZ31 Mg
alloy in NaCl and Na,SO4 media in the presence of different concentrations of
DD have been tabulated in Tables 3.121 to 3.130. All the explanation regarding

the electrical equivalent circuit is the same as in the earlier sections.
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Fig. 3.74: Nyquist plots for the corrosion of AZ31 alloy in a) 0.1 M NaCl
and b) 0.1 M Na2SOs in the presence of different concentrations of DD at
50 °C.

Figures 3. 75 and 3.76 show the Bode plots for the corrosion of AZ31
Mg alloy in 0.1 M NaCl and 0.1 M Na;SO4 media containing varying
concentrations of the inhibitors at 50 °C. The plots indicate that the addition of
the inhibitors increases the low-frequency impedance modulus (Zmod) and the
medium frequency phase angle maximum (&max). The values of both Znq4 and

Omax show that the inhibitor shows good inhibition efficiencies.
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Fig. 3.75: Bode phase angle and amplitude plots for the corrosion of AZ31

in 0.1 M NaCl medium containing different concentrations of DD at 50 °C.
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Fig. 3.76: Bode phase angle and amplitude plots for the corrosion of the
AZ31 alloy in 0.1 M Na:SO4 medium containing different concentrations of

DD at 50 °C.
3.7.3 Effect of temperature on inhibitors

It is seen from Tables 3.111 to 3.120 that the inhibition efficiency of DD
decreases with the rise in temperature of the medium. Physical adsorption of the
inhibition on the alloy surface is predicted due to the decrease in the inhibition

efficiency with the increase in temperature (Antropov 1967).
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Arrhenius plots for the corrosion of the AZ31 alloy in 0.1 M NaCl and
0.1 M Na>SOys in the presence of the different concentrations of DD are shown

in Figure 3.77.

Figure 3.78 represents the plots of In(v.y,-/T) vs. (1/T) for the corrosion
of AZ31 Mg alloy in 0.1 M NaCl and 0.1 M Na>SO4 media containing different
concentrations of DD. The activation parameters calculated are listed in Tables
3.131 and 3.132. From the tabulated values it is seen that the activation energy
(E.) is higher in the presence of the inhibitor, and it increases with the rise in the

concentrations of the inhibitor.
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Fig. 3.77: Arrhenius plots for the corrosion of AZ31 magnesium alloy in a)
0.1 M NaCl and b) 0.1 M Na2SQu4in the presence of different concentrations
of DD.
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Fig. 3.78: The plots of In(vcorr /T) versus 1/T for the corrosion of AZ31
magnesium alloy in a) 0.1 M NacCl and b) 0.1 M Na:SOs4in the presence of

different concentrations of DD.
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3.7.4 Adsorption isotherms

Efforts were made to fit the values of 6 and Cinn graphically, into
different adsorption isotherms such as Langmuir, Temkin, Frumkin, Flory-
Huggins isotherms, etc. The regression coefficients (R?) obtained with
Langmuir isotherm is close to unity. Figure 3.79 shows the Langmuir adsorption
isotherms for the adsorption of DD on AZ31 alloy surface in 0.1 M NaCl and
0.1 M Na»SOg4 at different temperatures.

The thermodynamic parameters for the adsorption of DD in 0.1 M NaCl
and NaSO4 solution are tabulated in Tables 3.133 and 3.134. The linear
regression coefficient and slopes of the plots were close to 1 showing a slight
deviation from the Langmuir isotherm. This would have been caused due to the
mutual interaction of the adsorbed inhibitor molecules on the surface of the alloy
(Masel 1996). The values obtained for AG?,, are negative and in between -29.5
kJ mol! to -36 kJ mol, indicating that the adsorption is through both
physisorption and chemisorption. The AH2,; is in the range between -19.34 kJ
mol ™! to -91.77 kJ mol! implying a predominantly physisorption process.
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Fig. 3.79: Langmuir adsorption isotherms for the adsorption of DD on

AZ31 magnesium alloy in a) NaCl medium and b) Na2SO4 medium.
3.7.5 SEM

Fig. 3.80 depicts the SEM image and EDX spectrum of AZ31 Mg
alloy surface immersed in 0.1 M NaCl solution in the presence of 0.0002 M DD.
Fig. 3.81 presents the SEM image and EDX spectrum of AZ31 Mg alloy surface
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immersed in 0.1 M NaxSOs solution in the presence of 0.0002 M DD. In the
EDX spectra apart from the peaks of Mg, Al, Zn, and Cl, additional small peaks
for carbon, oxygen, and nitrogen are observed, which indicate the presence of
some organic moieties on the alloy surface, possibly the surface adsorbed DD

molecules. It is also observed that the intensity of the Mg peak is reduced.

Spectrum 1

-"%} ri

SigwlA=Inlens Mag= 400KX

Fig. 3.80: SEM image and EDX spectrum of the AZ31 magnesium alloy
surface immersed in 0.1 M NaCl in the presence of DD for 3 h at 30 °C.
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Fig. 3.81: SEM image and EDX spectrum of the AZ31 magnesium alloy
surface immersed in 0.1 M Na2SOs in the presence of DD for 3 h at 30 °C.

3.7.6 XPS

Fig. 3.82 and Fig. 3.83 show the XPS survey spectra and individual

spectrum corresponding to different elements present on the surface of the AZ31
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alloy immersed in 0.1 M NaCl and 0.1 M Na>SO4media for 3 h in the presence
0f 0.001 M DD at 30 °C.
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Fig. 3.82: XPS survey spectra and individual spectrum of elements (Mg 1s,

Al 2p, C 1s, O 1s and, N 1s) of AZ31 Mg alloy immersed in 0.1 M NaCl
medium in the presence of 0.0002 M DD for 3 h at 30 °C.
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Fig. 3.83: XPS survey spectra and individual spectrum of elements (Mg 1s,
Al 2p, C 1s, O 1s and, N 1s) of AZ31 Mg alloy immersed in 0.1 M Na:SO4
medium in the presence of 0.0002 M DD for 3 h at 30 °C.
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The high-resolution Mg 2s spectrum for magnesium alloys immersed in

DD inhibitor has peaks assigned to Mg, MgO, and Mg(OH)..

The high-resolution Mg 2s spectrum for magnesium alloys immersed in
DC inhibitor has peaks assigned to Mg, MgO, and Mg(OH),. The corrosion is
retarded since the peak area of Mg is larger than Mg(OH).. For O 1s spectrum,
the peak ~531.2 corresponds to MgO. The Al 2p spectra show a broad peak
centered at 74.7 eV which indicates the co-existence of aluminum oxide or
aluminum hydroxide. The C 1s spectra can be fitted to the presence of C-C/C-H
groups at peak 284.8 eV. N 1s spectrum shows a peak at 399.2 eV, which shows
the presence of C-N bond. The XPS results show that the inhibitor is on the

surface.

3.77 DFT

The optimized structure for the inhibitor, DD, was obtained using DFT
calculations at the B3LYP hybrid functional model with def-TZVP basis set and
presented in Fig. 3.84. The calculated parameters are presented in Table 3.135.

The structure of the molecule is optimized and the negative value of the
total energy (-2.943 KeV) indicates a thermodynamically stable molecule.
Enomo value of -0.78 eV for the inhibitor DD, indicates the physical adsorption
as the basis for the corrosion inhibition action. The low bandgap energy suggests
a higher reactivity of the inhibitor molecules, leading to their ready adsorption
on AZ31 alloy surface (H. A. Videla; M. F. L. de Mele; G.Brankevich
1988)(Williams et al. 2013)(Liu et al. 2018). The high value of the dipole
moment implies a stronger interaction of DD molecules with the AZ31 alloy

surface.
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Fig. 3.84: Optimized structure and the frontier molecular orbital density

distribution of the DD molecule.
3.7.8 Comparison of inhibitors efficiencies of the inhibitors

The inhibition efficiencies of the five inhibitors vary in the following
order in both the media is DD > DC > DO > DH > DB. The surfactants are
surface-active agents that exhibit a unique tendency to self-aggregate in
solutions and at interfaces, above a definite threshold concentration. The higher
inhibition has been observed in DD could be explained with the help of skeletal
structure. DD could accumulate on a greater surface area of the alloy due to the
presence of large alkyl chain attached to the amine group. The inhibition
efficiency decreases with the decrease in the length of the alkyl chain. The
inhibition efficiency of DB is least among all the studied inhibitors as it has a

small alkyl chain to it compared to other inhibitors.

The examined anionic Gemini surfactants possess both a hydrophilic
head and a long alkyl hydrophobic tail. The thermodynamic parameters
evaluated in the present study hinted at the possible occurrence of both types of
adsorption; physisorption and chemisorption during the interaction of
carboxylates with AZ31 alloy surface. At the surface, there can be a strong

donor-acceptor interactions might occur between the unshared electrons of the
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anionic Gemini surfactants and the vacant d-orbitals of the magnesium. The
diacetate end of the inhibitor molecules can be chemisorbed along with the
secondary phases, most likely blocking the active cathodic reaction sites and
hence impede the cathodic hydrogen evolution reaction. The electrostatic
interactions are most likely between the anionic head of the surfactants and
magnesium ions (Mg>") confined within the defects of the surface film

developed over a-Mg matrix.

The low solubility products of magnesium salts of the surfactant
inhibitors are easily exceeded due to the presence of a surplus of dissolved Mg**
ions, and hence the physisorbed diacetates preferentially precipitate as
magnesium salts within defects of the surface film over the a-Mg matrix. The
precipitates fill up the pores and appreciably rectify the defects of the surface
film. The modified surface film, owing to the presence of precipitated film might
also acquire hydrophobicity to some extent, which is advantageous given the
tendency of the hydrophobic film to repel the aqueous electrolyte. The deviation
from ideal Langmuir behavior observed for all the inhibitors hinted at the
existence of intermolecular forces which in all likelihood are van der Waals
interactions existing between the long alkyl chains of adsorbed inhibitor
molecules. Such mutual interactions might further contribute towards the
densification of the film. To sum up, the inhibitors are instrumental in the
formation of a compact modified surface film over a-Mg matrix, which
subsequently impedes the anodic reaction of magnesium dissolution through an
enhanced barrier effect against electrolyte ingress. This mechanism suggesting
the compaction of the surface film on the addition of inhibitors is corroborated
by some results of the study, like the Bode phase angle plots and the impedance
parameters such as film resistance, film capacitance whose variations
collectively pointed out the augmentation of the barrier effect, the resistance and

the thickness of the surface film in the presence of the inhibitors.

To be able to explain the inhibition performance of the investigated
anionic Gemini surfactants, we scanned the selectivity descriptors and

molecular reactivity for these inhibitors. In this study, some quantum
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calculations were carried out to explain the mode of adsorption of the five
studied compounds. The optimized geometry of the anionic Gemini surfactants
and their HOMO and LUMO distributions were shown in each sections.
According to the frontier molecular orbital theory, Enomo is connected with the
ability of the molecule to donate the electron to the vacancy d-orbital of the alloy
surface. On the other hand, Erumo is related to the electron-accepting ability of
the i.e. lower its value higher would be its electron-accepting tendency from the
filled metal orbitals. Based on EIS and potentiodynamic polarization
measurements, the order of inhibition efficiency for the investigated surfactants
is DD > DC > DO > DH > DB. It is known that Enomo negative sign has been
explained by some authors to be an indication of physisorption rather than
chemisorption. As the energy gap values decrease, the reactivity of the
molecules increases, leading to an increase in adsorption of inhibitor molecules
on the AZ31 alloy surface and consequently an increase in the inhibition
efficiency. The dipole moment (u«) is another index that is predominantly
utilized for the prediction of the direction of the inhibition of corrosion process.
It is related to the distribution of electrons in a molecule and is the measure of
polarity in a bond. The compounds with high dipole moment tend to form strong
dipole-dipole interactions, intermolecular forces with the AZ31 alloy surface,
leading to resulting in strong adsorption on the metal surface and hence resulting
in better efficiencies. The theoretical data obtained for the inhibitors are in

support of the observed trend.

3.7.9 SUMMARY

Anionic Gemini surfactant, DD, was synthesized and used as a corrosion
inhibitor on AZ31 Mg alloy in different concentrations of NaCl solution and
NaxSOq4 solution. The surfactant DD acted as a mixed type of inhibitor and the
inhibitor efficiency increased with the increase in the concentration of DD and
decreased with the rise in temperature and the increase in the concentration of
NaCl and Na>SO4 media. The surfactant was adsorbed predominantly through
physisorption and obeyed Langmuir adsorption isotherm. The quantum

chemical calculation supported the experimental observation.
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Table 3.111: Electrochemical polarization parameters for the corrosion of

AZ31 alloy in 0.05 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature | Ecorr v$ icorr , B - n
. (o) - corr P
cg:lllcrf:ltaz:llg)n O (S;f‘l;“a (pA cm™) mV dec") | (mm y") (%)
Blank -1514 70.10 99 1.51 -
0.1 -1544 16.00 57 0.42 72
0.2 30 -1510 14.39 45 0.31 79
0.3 -1503 11.14 37 0.24 84
0.4 -1494 3.24 26 0.07 95
0.5 -1488 1.85 17 0.04 97
Blank -1490 112.81 122 2.43 -
0.1 -1505 33.89 62 0.74 69
0.2 35 -1510 25.53 49 0.55 77
0.3 -1525 21.35 41 0.46 81
0.4 -1532 9.74 30 0.21 91
0.5 -1523 7.42 22 0.16 93
Blank -1500 168.06 129 3.62 -
0.1 -1513 54.31 65 1.17 67
0.2 40 -1532 43.64 52 0.94 74
0.3 -1490 36.21 46 0.78 78
0.4 -1481 19.40 34 0.42 88
0.5 -1521 15.78 26 0.34 90
Blank -1503 183.38 134 3.95 -
0.1 -1522 64.06 69 1.38 65
0.2 45 -1530 51.06 55 1.10 72
0.3 -1513 45.49 49 0.98 75
0.4 -1522 26.92 37 0.58 85
0.5 -1533 21.35 30 0.46 88
Blank -1493 197.77 140 4.26 -
0.1 -1480 71.96 73 1.55 63
0.2 50 -1537 58.96 58 1.27 70
0.3 -1540 53.39 52 1.15 73
0.4 -1499 33.42 41 0.72 83
0.5 -1512 24.14 35 0.54 87
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Table 3.112: Electrochemical polarization parameters for the corrosion of

AZ31 alloy in 0.10 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature | Ecorr vs icorr , B v n
. (o) - corr Py
cg:lllcrf:ltaz:llg)n O (S;f‘l;“a (pA cm™) mV dec") | (mm y) (%)
Blank -1483 154.03 135 3.34 -
0.1 -1531 47.20 35 1.03 69
0.2 30 -1535 37.40 28 0.81 75
0.3 -1519 28.90 26 0.62 81
0.4 -1471 8.38 27 0.18 94
0.5 -1464 4.42 22 0.09 97
Blank -1489 171.58 141 3.73 -
0.1 -1519 56.24 33 1.21 67
0.2 35 -1524 42.27 31 0.90 75
0.3 -1521 37.31 28 0.80 78
0.4 -1480 22.00 28 0.47 87
0.5 -1489 11.92 18 0.25 93
Blank -1502 210.77 165 4.54 -
0.1 -1498 60.31 27 1.29 65
0.2 40 -1491 48.35 23 1.04 72
0.3 -1515 40.16 19 0.86 76
0.4 -1544 27.62 18 0.65 82
0.5 -1483 14.70 15 0.31 91
Blank -1516 225.52 162 4.90 -
0.1 -1543 80.21 21 1.72 64
0.2 45 -1530 68.34 20 1.47 69
0.3 -1560 57.01 18 1.22 74
0.4 -1500 39.97 17 0.85 82
0.5 -1505 29.12 16 0.62 87
Blank -1490 235.47 173 5.11 -
0.1 -1520 90.20 20 1.94 61
0.2 50 -1517 70.41 19 1.51 70
0.3 -1532 61.62 17 1.32 74
0.4 -1489 45.81 16 0.98 80
0.5 -1499 27.90 15 0.60 88
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Table 3.113: Electrochemical polarization parameters for the corrosion of

AZ31 alloy in 0.15 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature | Ecorr vs icorr , B v n
. (o) - corr Py
cg:lllc:::ltg::g;l O (Sn(li‘l;l) (pA cm™) (mV dec") | (mm y) (%)
Blank -1537 233.52 150 5.03 -
0.1 -1540 76.13 46 1.64 67
0.2 30 -1551 62.21 34 1.34 73
0.3 -1531 51.06 29 1.10 78
0.4 -1513 19.03 25 0.41 92
0.5 -1522 13.92 23 0.30 94
Blank -1500 333.34 155 7.18 -
0.1 -1504 115.13 49 2.48 65
0.2 35 -1515 95.17 37 2.05 71
0.3 -1521 82.17 31 1.77 75
0.4 -1525 36.67 28 0.79 89
0.5 -1496 29.71 25 0.64 91
Blank -1515 455.90 168 9.82 -
0.1 -1508 171.77 52 3.70 62
0.2 40 -1512 136.49 40 2.94 70
0.3 -1520 116.06 34 2.50 74
0.4 -1526 68.24 30 1.47 85
0.5 -1530 48.74 28 1.05 89
Blank -1491 478.65 170 10.31 -
0.1 -1498 188.95 55 4.07 60
0.2 45 -1518 152.27 43 3.28 68
0.3 -1510 132.78 37 2.86 72
0.4 -1522 80.31 33 1.73 83
0.5 -1502 60.35 31 1.30 87
Blank -1475 567.33 194 12.22 -
0.1 -1489 241.41 58 5.20 57
0.2 50 -1495 192.67 46 4.15 66
0.3 -1502 168.06 40 3.62 70
0.4 -1550 111.42 36 2.40 80
0.5 -1546 83.56 33 1.80 85
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Table 3.114: Electrochemical polarization parameters for the corrosion of

AZ31 alloy in 0.20 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature | Ecorr VS icorr , B - n
. o - corr Py
cg:lllc:::ltg::g;l °C) (S;f‘l;“a (pA cm™) (mV dec") | (mm y) (%)
Blank -1500 432.55 189 9.40 -
0.1 -1515 152.27 49 3.28 65
0.2 30 -1521 120.70 38 2.60 72
0.3 -1530 109.10 33 2.35 75
0.4 -1525 48.74 28 1.05 89
0.5 -1540 35.28 24 0.76 92
Blank -1485 457.04 214 9.93 -
0.1 -1499 164.81 52 3.55 64
0.2 15 -1521 147.63 40 3.18 68
0.3 -1526 129.06 36 2.78 72
0.4 -1534 59.42 31 1.28 87
0.5 -1540 45.49 26 0.98 90
Blank -1483 489.13 181 10.63 -
0.1 -1490 196.38 55 4.23 60
0.2 40 -1498 162.49 42 3.50 67
0.3 -1513 137.88 39 297 72
0.4 -1522 83.56 34 1.80 83
0.5 -1536 64.06 29 1.38 87
Blank -1511 687.77 211 14.75 -
0.1 -1520 285.52 57 6.15 58
0.2 45 -1525 240.49 45 5.18 65
0.3 -1530 204.27 42 4.40 70
0.4 -1527 134.63 37 2.90 80
0.5 -1532 102.13 32 2.20 85
Blank -1497 709.98 171 15.43 -
0.1 -1512 306.41 60 6.60 57
0.2 50 -1530 263.23 48 5.67 63
0.3 -1524 228.41 44 4.92 68
0.4 -1532 155.52 40 3.35 78
0.5 -1537 120.70 35 2.60 83
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Table 3.115: Electrochemical polarization parameters for the corrosion of

AZ31 alloy in 0.25 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature | Ecorr VS icorr , B - n
. o - corr Py
c:;ggltgfz:g;l °C) (Slf‘l;l) (pA cm™) (mV dec) | (mm y) (%)
Blank -1526 520.41 190 11.31 -
0.1 -1538 194.06 70 4.18 63
0.2 30 -1543 156.45 64 3.37 70
0.3 -1545 134.63 51 2.90 74
0.4 -1504 67.31 43 1.45 87
0.5 -1515 52.46 30 1.13 90
Blank -1515 553.44 192 12.03 -
0.1 -1548 217.27 73 4.68 61
0.2 35 -1531 188.02 66 4.05 66
0.3 -1528 167.13 53 3.60 70
0.4 -1510 88.21 46 1.90 84
0.5 -1499 71.96 34 1.55 87
Blank -1488 577.18 188 12.54 -
0.1 -1495 243.73 76 5.25 58
0.2 40 -1522 208.91 68 4.50 64
0.3 -1525 186.63 55 4.02 68
0.4 -1532 104.45 48 2.25 82
0.5 -1538 86.81 36 1.87 85
Blank -1510 706.61 209 15.22 -
0.1 -1515 319.41 78 6.88 56
0.2 45 -1535 274.84 70 5.92 61
0.3 -1540 245.13 57 5.28 65
0.4 -1544 144.85 51 3.12 79
0.5 -1516 118.38 39 2.55 83
Blank -1494 792.81 186 17.23 -
0.1 -1511 366.77 81 7.90 54
0.2 50 -1531 333.34 73 7.18 58
0.3 -1550 304.09 60 6.55 62
0.4 -1532 189.88 55 4.09 76
0.5 -1509 150.88 42 3.25 81
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Table 3.116: Electrochemical polarization parameters for the corrosion of
AZ31 alloy in 0.05 M Na:SO4 in the presence of DD at different
temperatures.

Inhibitor Temperature | Ecorr VS icorr -Be Ucorr n
concentration O SCE | (pA ecm?) (mV dec!) | (mm y1 (%)
(mmol dm™3) (mV)

Blank -1483 63.33 93 1.37 -
0.1 -1459 21.35 84 0.46 66
0.2 30 -1481 16.71 97 0.36 74
0.3 -1461 11.60 88 0.25 82
0.4 -1472 6.03 94 0.13 90
0.5 -1497 1.39 83 0.03 98

Blank -1470 110.24 110 2.39 -
0.1 -1491 39.92 92 0.86 64
0.2 35 -1493 30.64 107 0.66 72
0.3 -1461 21.82 108 0.47 80
0.4 -1474 14.39 102 0.31 87
0.5 -1487 5.57 104 0.12 95

Blank -1502 164.74 125 3.58 -
0.1 -1542 62.67 71 1.35 62
0.2 40 -1528 49.67 113 1.07 70
0.3 -1525 38.06 120 0.82 77
0.4 -1530 24.60 104 0.53 85
0.5 -1523 12.99 117 0.28 92

Blank -1465 179.03 154 3.89 -
0.1 -1544 71.96 90 1.55 60
0.2 45 -1562 58.96 118 1.27 67
0.3 -1535 45.03 95 0.97 75
0.4 -1535 30.64 101 0.66 83
0.5 -1533 17.64 128 0.38 90

Blank -1481 190.03 144 4.13 -
0.1 -1552 80.31 88 1.73 58
0.2 50 -1552 68.71 142 1.48 64
0.3 -1564 51.06 115 1.10 73
0.4 -1523 36.21 119 0.78 81
0.5 -1528 22.74 114 0.49 88
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Table 3.117: Electrochemical polarization parameters for the corrosion of
AZ31 alloy in 0.10 M Naz2SOy4 in the presence of DD at different temperatures.

Inhibitm: Tempoecrature Egog gs :orr , Be Deor 011
C(ol:lllclir)lltgintlg;l °O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1482 71.21 117 1.54 -
0.1 -1492 29.71 112 0.64 58
0.2 30 -1468 21.82 109 0.47 69
0.3 -1462 15.78 111 0.34 77
0.4 -1461 8.35 105 0.18 88
0.5 -1457 3.24 106 0.07 95
Blank -1528 157.60 134 3.42 -
0.1 -1507 74.74 127 1.61 52
0.2 35 -1498 59.42 120 1.28 62
0.3 -1496 32.49 122 0.70 79
0.4 -1480 25.99 116 0.56 83
0.5 -1450 9.28 111 0.20 94
Blank -1485 191.24 140 4.15 -
0.1 -1519 90.99 131 1.96 52
0.2 40 -1504 82.17 126 1.77 57
0.3 -1514 46.42 112 1.00 75
0.4 -1513 35.74 110 0.77 81
0.5 -1512 18.57 115 0.40 90
Blank -1481 202.71 150 4.40 -
0.1 -1496 101.21 124 2.18 50
0.2 45 -1514 89.13 118 1.92 56
0.3 -1519 51.06 112 1.10 75
0.4 -1516 40.85 107 0.88 80
0.5 -1518 18.57 102 0.40 90
Blank -1456 208.41 157 4.53 -
0.1 -1509 106.78 135 2.30 49
0.2 50 -1514 100.74 130 2.17 52
0.3 -1503 58.03 122 1.25 72
0.4 -1503 44.10 120 0.95 79
0.5 -1530 22.28 101 0.48 89
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Table 3.118: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.15 M Na:SOy in the presence of DD at different temperatures.

Inhibitm-‘ Tempoecrature Egoggs :orr , pe Deor 011
C(onllllcj(r)lltlc'ﬁltllg)rl °O) e (pA cm™) mV dec’) | (mm y) (%)
Blank -1457 218.14 138 4.74 -
0.1 -1537 98.88 116 2.13 55
0.2 30 -1521 71.96 151 1.55 67
0.3 -1496 54.78 130 1.18 75
0.4 -1504 32.49 106 0.70 85
0.5 -1485 15.32 134 0.33 93
Blank -1457 322.28 142 7.00 -
0.1 -1491 155.52 120 3.35 52
0.2 35 -1499 113.74 139 2.45 65
0.3 -1480 87.28 120 1.88 73
0.4 -1505 58.03 140 1.25 82
0.5 -1484 29.24 125 0.63 91
Blank -1469 445.19 151 9.67 -
0.1 -1511 224.24 126 4.83 50
0.2 40 -1506 169.45 137 3.65 62
0.3 -1500 129.99 143 2.80 71
0.4 -1484 88.21 130 1.90 80
0.5 -1500 48.74 149 1.05 89
Blank -1446 461.63 158 10.03 -
0.1 -1497 241.41 155 5.20 48
0.2 45 -1519 185.70 141 4.00 60
0.3 -1511 148.56 155 3.20 68
0.4 -1490 102.13 157 2.20 78
0.5 -1500 64.99 158 1.40 86
Blank -1448 546.62 170 11.88 -
0.1 -1493 291.09 161 6.27 47
0.2 50 -1501 229.81 140 4.95 58
0.3 -1500 191.74 148 4.13 65
0.4 -1498 132.31 153 2.85 76
0.5 -1463 88.21 122 1.90 84
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Table 3.119: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.20 M Na2SOy in the presence of DD at different temperatures.

Inhibitor Temperature | Ecorr Vs icorr -Be Ucorr i
concentration CO) SCE | (pA cm?) | (mV dec?) | (mmy?) | (%)
(mmol.dm3) (mV)

Blank -1505 235.63 152 5.12 -
0.1 -1451 109.10 150 2.35 54
0.2 30 -1481 82.63 151 1.78 65
0.3 -1474 64.06 144 1.38 73
0.4 -1515 40.39 113 0.87 83
0.5 -1494 20.89 127 0.45 91

Blank -1493 354.34 158 7.70 -
0.1 -1513 174.09 154 3.75 51
0.2 35 -1511 131.85 137 2.84 63
0.3 -1496 103.06 151 2.22 71
0.4 -1476 64.06 152 1.38 82
0.5 -1494 39.46 146 0.85 89

Blank -1489 470.87 164 10.23 -
0.1 -1516 241.41 157 5.20 49
0.2 40 -1523 183.38 122 3.95 61
0.3 -1507 146.24 158 3.15 69
0.4 -1513 94.24 132 2.03 80
0.5 -1516 61.28 135 1.32 87

Blank -1472 542.13 172 11.23 -
0.1 -1510 276.23 123 5.95 47
0.2 45 -1529 213.56 132 4.60 59
0.3 -1497 171.77 117 3.70 67
0.4 -1511 119.31 112 2.57 77
0.5 -1548 76.60 111 1.65 85

Blank -1480 672.86 197 14.62 -
0.1 -1533 364.44 135 7.85 46
0.2 50 -1533 291.09 135 6.27 57
0.3 -1525 236.77 118 5.10 65
0.4 -1530 169.45 122 3.65 75
0.5 -1529 113.74 123 2.45 83
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Table 3.120: Electrochemical polarization parameters for the corrosion of AZ31
alloy in 0.25 M Na:SOs in the of DD presence at different temperatures.

Inhibitm: Tem[:)e(lj‘ature Eéog ijs ;;corr , Be Deor 011
C(onrlllcrir)lltg:ntlg;l °O) e (pA cm™) mV dec) | (mm y) (%)

Blank -1451 372.80 147 8.10 -
0.1 -1482 180.13 106 3.88 52
0.2 30 -1486 134.63 145 2.90 64
0.3 -1472 104.45 114 2.25 72
0.4 -1448 71.03 139 1.53 81
0.5 -1493 40.85 136 0.88 89
Blank -1411 497.12 158 10.80 -
0.1 -1500 250.70 138 5.40 50
0.2 35 -1455 194.99 136 4.20 61
0.3 -1511 149.49 134 3.22 70
0.4 -1499 99.81 143 2.15 80
0.5 -1487 59.42 153 1.28 88
Blank -1438 516.71 170 11.23 -
0.1 -1500 269.27 155 5.80 48
0.2 40 -1516 213.56 135 4.60 59
0.3 -1501 166.20 140 3.58 68
0.4 -1478 118.38 152 2.55 77
0.5 -1445 71.96 157 1.55 86
Blank -1486 583.03 190 12.67 -
0.1 -1513 316.62 151 6.82 46
0.2 45 -1505 253.02 149 5.45 57
0.3 -1515 198.70 110 4.28 66
0.4 -1500 146.70 134 3.16 75
0.5 -1489 92.85 181 2.00 84
Blank -1463 727.89 201 15.82 -
0.1 -1492 403.91 163 8.70 45
0.2 50 -1499 329.62 163 7.10 55
0.3 -1488 262.31 167 5.65 64
0.4 -1482 197.31 164 4.25 73
0.5 -1493 131.38 148 2.83 82
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Table 3.121: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.05 M NacCl in the presence of DD at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs ]
Concentration (°C) Qcm?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 580 296 225 138 177 -
0.1 2077 1919 1001 89 73 72
0.2 30 2764 2577 1103 65 67 79
0.3 3706 3589 1556 53 48 84
0.4 8934 8744 3867 44 40 94
0.5 11345 11092 4787 35 35 95

Blank 550 255 207 153 181 -
0.1 1794 1611 802 92 76 69
0.2 35 2389 2195 1085 74 70 77
0.3 2875 2701 1343 59 52 81
0.4 4961 4766 2255 47 45 89
0.5 5533 5412 2201 39 39 90

Blank 422 231 184 161 188 -
0.1 1280 1104 766 95 81 67
0.2 40 1647 1523 843 78 75 74
0.3 1913 1764 887 63 59 78
0.4 3405 3213 1501 53 50 88
0.5 4430 4296 2108 43 44 90

Blank 340 191 150 170 192 -
0.1 974 833 415 99 87 65
0.2 45 1211 1107 559 83 79 72
0.3 1359 1205 600 69 64 75
0.4 2311 2209 1100 56 55 85
0.5 2840 2734 1252 49 49 88

Blank 318 160 131 171 198 -
0.1 860 744 352 104 92 63
0.2 50 1061 940 458 87 83 70
0.3 1200 1101 574 74 69 73
0.4 1915 1810 902 60 58 83
0.5 2507 2302 1177 53 50 87
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Table 3.122: Electrochemical impedance parameters for the corrosion of AZ31 alloy in
0.10 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature Ry R Rt Ca Ce n
Concentration (°C) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 507 232 209 166 172 -
0.1 1655 1381 787 116 82 69
0.2 30 2039 1870 943 67 68 75
0.3 2692 2541 1205 56 50 81
0.4 6923 6701 3104 47 41 93
0.5 9200 8941 3500 32 27 94

Blank 380 192 168 181 179 -
0.1 1156 1011 503 131 93 67
0.2 35 1550 1403 701 77 75 75
0.3 1710 1524 703 69 57 78
0.4 2891 2633 1109 53 48 87
0.5 4912 4781 2116 44 32 92

Blank 366 173 142 191 183 -
0.1 1047 938 465 148 99 65
0.2 40 1318 1202 610 85 83 72
0.3 1510 1400 705 73 79 76
0.4 2011 1903 953 61 63 82
0.5 3610 3477 1561 51 55 89

Blank 351 152 115 195 185 -
0.1 980 807 401 157 105 64
0.2 45 1128 1051 515 93 93 69
0.3 1349 1215 601 81 86 74
0.4 1922 1780 843 69 68 81
0.5 2651 2487 1240 57 59 87

Blank 301 139 108 200 191 -
0.1 780 640 318 168 111 61
0.2 50 1017 916 443 114 102 70
0.3 1161 1033 508 101 93 74
0.4 1533 1406 701 89 77 80
0.5 2510 2395 1159 71 64 88
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Table 3.123: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.15 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs /]
Concentration (°C) (Qcm?) | (Qcm?) | (2 cm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 358 170 144 172 115 -
0.1 1087 905 450 122 85 67
0.2 30 1339 1255 621 72 72 73
0.3 1619 1502 750 58 57 77
0.4 3711 3621 1611 50 45 90
0.5 4451 4319 2101 43 33 92

Blank 301 161 121 184 128 -
0.1 853 700 346 124 86 64
0.2 35 1028 915 452 75 75 71
0.3 1210 1099 532 59 60 75
0.4 2711 2603 1288 53 48 89
0.5 3512 3381 1514 46 36 91

Blank 288 150 113 197 133 -
0.1 760 613 301 127 89 62
0.2 40 971 866 418 78 77 70
0.3 1111 997 354 62 64 74
0.4 1981 1806 896 55 51 85
0.5 2711 2600 1279 48 39 89

Blank 225 128 100 201 140 -
0.1 567 422 210 130 93 60
0.2 45 702 600 300 83 79 68
0.3 810 645 318 66 66 72
0.4 1343 1203 601 57 54 83
0.5 1704 1578 665 50 42 87

Blank 130 88 73 218 147 -
0.1 301 196 96 132 95 57
0.2 50 386 207 112 85 82 66
0.3 450 228 119 68 69 70
0.4 651 496 245 59 56 80
0.5 871 711 357 54 45 85
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Table 3.124: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.20 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cr /]
Concentration cO) Qcm?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 170 109 95 193 191 -
0.1 488 235 122 125 86 65
0.2 30 618 503 250 111 77 72
0.3 680 570 261 94 70 75
0.4 1560 1430 710 87 64 89
0.5 2112 2008 1010 72 55 92

Blank 166 97 79 190 199 -
0.1 459 222 114 127 89 64
0.2 35 521 264 129 113 80 68
0.3 600 365 159 96 74 72
0.4 1271 1143 600 90 67 87
0.5 1574 1407 703 76 58 89

Blank 158 90 70 212 210 -
0.1 398 202 100 130 92 60
0.2 40 476 269 134 116 84 67
0.3 564 400 200 99 77 72
0.4 929 797 373 93 70 83
0.5 1241 1115 553 80 63 87

Blank 125 78 58 220 219 -
0.1 301 179 95 135 95 58
0.2 45 358 195 100 118 86 65
0.3 420 330 163 105 80 70
0.4 621 504 251 95 74 79
0.5 838 711 353 84 67 85

Blank 103 73 52 243 232 -
0.1 240 105 65 138 98 57
0.2 50 279 154 77 121 90 63
0.3 327 185 100 108 85 68
0.4 476 242 120 98 78 78
0.5 606 499 274 88 70 83
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Table 3.125: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.25 M NaCl in the presence of DD at different temperatures.

Inhibitor Temperature Ry R R Ca Ci n
Concentration (°C) (Qcm?) | (Qcem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 201 115 99 205 195 -
0.1 550 422 212 127 88 63
0.2 30 667 528 252 114 83 70
0.3 776 613 301 101 76 74
0.4 1538 1405 700 90 71 87
0.5 1998 1816 904 81 68 90

Blank 150 107 85 217 205 -
0.1 386 238 104 128 91 61
0.2 35 445 322 163 115 86 66
0.3 501 386 174 104 81 70
0.4 961 800 400 93 77 84
0.5 1193 1066 523 85 72 87

Blank 141 98 72 221 222 -
0.1 337 190 88 130 94 58
0.2 40 390 231 103 117 90 64
0.3 442 228 116 106 85 68
0.4 763 602 300 95 80 82
0.5 930 719 360 87 75 85

Blank 105 81 68 230 223 -
0.1 239 105 79 131 96 56
0.2 45 270 140 84 119 92 61
0.3 300 162 92 109 88 65
0.4 497 188 100 97 83 79
0.5 618 480 249 90 78 83

Blank 99 70 55 248 239 -
0.1 215 106 69 134 100 54
0.2 50 238 121 73 122 97 58
0.3 261 177 87 113 91 62
0.4 419 232 110 101 87 76
0.5 522 340 175 95 82 81
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Table 3.126: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.05 M NazSOy in the presence of DD at different temperatures.

Inhibitor Temperature Ry R Rt Ca Ce n
Concentration (°C) Qcem?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 609 471 412 159 102 -
0.1 1809 1688 935 45 81 66
0.2 30 2363 2216 1102 41 78 74
0.3 3368 3241 1620 38 75 82
0.4 5895 5712 2341 36 70 90
0.5 12913 12765 4990 33 67 98

Blank 510 367 303 176 129 -
0.1 1417 1303 650 48 83 64
0.2 35 1835 1701 887 44 82 72
0.3 2612 2461 1210 40 78 80
0.4 3851 3714 1800 37 74 87
0.5 8913 8766 3977 35 70 95

Blank 477 333 288 201 146 -
0.1 1252 1109 501 51 87 62
0.2 40 1593 1389 663 47 84 70
0.3 2092 1890 975 42 80 77
0.4 3280 3131 1623 39 76 85
0.5 4795 4616 2204 36 73 92

Blank 450 350 275 225 151 -
0.1 1137 1004 500 54 91 60
0.2 45 1384 1209 600 50 88 67
0.3 1825 1611 806 46 85 75
0.4 2617 2457 1144 42 79 83
0.5 4393 4200 2103 38 77 90

Blank 412 354 252 261 168 -
0.1 980 806 400 57 95 58
0.2 50 1147 1056 524 53 90 64
0.3 1522 1402 700 50 88 73
0.4 2074 1833 911 45 83 81
0.5 3381 3219 1503 42 80 88
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Table 3.127: Electrochemical impedance parameters for the corrosion of AZ31
alloy in 0.10 M Na2SOy in the presence of DD at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs /]
Concentration (°C) (Qcm?) | (2cm?) | (2 cm?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 460 343 319 201 188 -
0.1 1101 956 451 50 89 58
0.2 30 1500 1307 650 41 82 69
0.3 2027 1866 923 37 79 77
0.4 3340 3221 1510 33 71 86
0.5 7049 6833 3190 26 69 93

Blank 432 322 293 224 191 -
0.1 896 923 460 65 90 52
0.2 35 1146 1002 500 58 84 62
0.3 2204 2100 1081 51 79 80
0.4 2542 2407 1225 46 73 83
0.5 5812 5700 2602 42 70 93

Blank 403 254 227 249 225 -
0.1 846 712 348 68 92 52
0.2 40 935 820 411 60 85 57
0.3 1642 1477 735 53 80 75
0.4 2127 2033 1005 49 76 81
0.5 3822 3710 1502 47 71 89

Blank 387 193 160 269 237 -
0.1 776 623 309 77 100 50
0.2 45 876 700 350 74 88 55
0.3 1576 1377 759 69 82 75
0.4 1968 1781 965 63 77 80
0.5 3810 3644 1222 60 74 90

Blank 373 209 161 278 241 -
0.1 732 604 300 89 104 49
0.2 50 779 731 362 72 98 52
0.3 1327 1206 600 68 90 72
0.4 1808 1674 842 58 83 79
0.5 3396 3230 1810 47 78 89
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Table 3.128: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.15 M NazSOy in the presence of DD at different temperatures.

Inhibitor Temperature Ryt Rs Rais Ca Cs ]
Concentration (°C) Qem?) | (Qem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 434 420 383 244 167 -
0.1 970 806 400 54 93 55
0.2 30 1321 1207 602 50 88 67
0.3 1757 1600 800 45 81 75
0.4 2893 2734 1341 41 77 85
0.5 4512 4301 2100 38 70 90

Blank 463 300 280 278 169 -
0.1 966 824 410 68 95 52
0.2 35 1331 1205 600 61 90 65
0.3 1724 1578 801 54 85 73
0.4 2588 2397 1129 50 81 82
0.5 4182 4001 1989 45 76 89

Blank 380 230 201 299 180 -
0.1 765 659 344 73 96 50
0.2 40 996 811 401 64 92 61
0.3 1323 1204 1101 59 88 71
0.4 1927 1780 955 53 84 80
0.5 3381 3200 1621 47 80 89

Blank 273 237 200 307 188 -
0.1 526 411 209 78 99 48
0.2 45 690 562 251 69 94 60
0.3 860 734 359 60 90 68
0.4 1257 1108 524 56 88 78
0.5 1911 1730 873 50 83 85

Blank 245 200 178 321 200 -
0.1 464 308 147 92 102 47
0.2 50 584 412 204 86 96 58
0.3 708 583 278 81 92 65
0.4 1017 914 456 77 86 75
0.5 1506 1366 685 62 81 83
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Table 3.129: Electrochemical impedance parameters for the corrosion of AZ31 alloy
in 0.20 M NazSOy in the presence of DD at different temperatures.

Inhibitor Temperature Rys R Rt Ca Ci n
Concentration (°C) Qcm?) | (Qem?) | (Qem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 301 226 171 269 179 -
0.1 653 430 210 57 96 54
0.2 30 877 687 335 52 91 65
0.3 1124 1015 505 48 87 73
0.4 1818 1676 834 45 80 83
0.5 2892 2751 1234 40 73 86

Blank 287 224 190 287 186 -
0.1 586 400 200 61 100 51
0.2 35 780 665 327 56 93 63
0.3 993 811 402 51 90 71
0.4 1610 1460 728 47 83 82
0.5 2590 2388 1194 42 75 89

Blank 259 192 163 301 191 -
0.1 510 322 158 64 102 49
0.2 40 669 440 224 59 95 61
0.3 843 621 316 54 92 69
0.4 1316 1201 600 50 86 80
0.5 1983 1775 901 45 79 86

Blank 236 203 167 321 201 -
0.1 444 217 179 69 105 47
0.2 45 578 431 218 62 98 59
0.3 716 600 300 58 95 67
0.4 1035 950 477 53 90 77
0.5 1585 1362 741 48 84 85

Blank 218 187 159 333 219 -
0.1 406 222 102 71 106 46
0.2 50 507 251 132 65 100 57
0.3 622 339 147 60 97 64
0.4 875 611 312 56 93 75
0.5 1280 1102 508 51 87 82
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Table 3.130: Electrochemical impedance parameters for the corrosion of AZ31
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alloy in 0.25 M Na:SOs in the presence of DD at different temperatures.

Inhibitor Temperature Ryt Rs R Ca Cr ]
Concentration cO) (Qcm?) | (Qcem?) | (Qcem?) | (uF em?) | (uF em?) | (%)
(mmol dm™)

Blank 392 301 280 320 240 -
0.1 818 688 338 63 100 52
0.2 30 1093 951 457 60 94 64
0.3 1411 1279 634 56 89 72
0.4 2098 1922 910 53 84 81
0.5 3492 3316 1520 48 80 89

Blank 350 250 221 333 259 -
0.1 703 612 301 66 104 50
0.2 35 896 705 344 62 97 60
0.3 1172 1065 529 59 90 70
0.4 1786 1631 802 55 88 80
0.5 2912 2785 1329 50 82 87

Blank 201 114 96 345 267 -
0.1 386 208 102 69 107 48
0.2 40 494 389 177 64 100 59
0.3 631 517 260 60 93 68
0.4 873 705 351 58 90 77
0.5 1422 1310 605 54 85 86

Blank 180 109 80 359 280 -
0.1 332 125 88 72 110 46
0.2 45 420 319 162 67 94 57
0.3 531 400 200 63 91 66
0.4 722 621 313 60 90 75
0.5 1137 1004 500 57 88 84

Blank 170 100 64 389 308 -
0.1 311 188 80 75 108 45
0.2 50 377 156 88 70 98 54
0.3 477 250 133 66 93 64
0.4 634 489 240 63 92 73
0.5 947 755 371 61 90 82
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Table 3.131: Activation parameters for the corrosion of AZ31 alloy in NaCl

solutions containing different concentrations of DD inhibitor.

Concentration of | Concentration of E AH? AS5*
NaCl (M) inhibitor (mmol *n | (kI mol™) (J mol' K1)
dm™) (kJ mol™)
Blank 34.00 34.66 -128.69
0.1 58.13 55.53 -71.49
0.05 0.2 61.28 58.68 -63.51
0.3 69.27 66.67 -39.40
04 91.23 88.64 24.94
0.5 100.30 97.71 41.70
Blank 24.55 20.97 -162.88
0.1 28.32 23.74 -166.46
0.1 0.2 31.96 25.72 -162.22
' 0.3 32.99 28.80 -153.87
04 65.40 62.81 -49.69
0.5 71.92 72.63 -23.84
Blank 23.57 18.70 -174.42
0.1 34.35 30.23 -106.00
015 0.2 35.36 31.75 -96.85
0.3 41.14 32.77 -87.46
0.4 62.56 57.99 -73.16
0.5 63.59 59.96 -29.76
Blank 20.67 18.08 -167.27
0.1 31.69 29.09 -91.03
0.20 0.2 33.21 30.62 -86.79
0.3 40.50 37.91 -82.22
04 51.18 48.58 -66.84
0.5 53.29 50.69 -41.31
Blank 16.94 15.30 -175.67
0.1 23.77 21.18 -143.58
025 0.2 28.05 25.46 -135.01
0.3 30.02 27.42 -133.27
0.4 3941 36.82 -120.30
0.5 40.08 37.48 -106.08
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Table 3.132: Activation parameters for the corrosion of AZ31 alloy in
Na2SOs4 solutions containing different concentrations of DD inhibitor.

Concentration Cz;.lic:;llit;?tt;:n E. AH? AS*
of Na:SO4 (M) (mmol dm) (kJ mol!) | (kJ mol) | (J mol!'K™)

Blank 44.17 40.04 —108.74

0.1 53.42 50.83 -99.10

0.05 0.2 57.32 54.73 -82.30
0.3 60.85 58.25 -71.63

0.4 71.45 68.85 -32.72

0.5 111.04 107.94 -86.96

Blank 39.64 33.78 -126.03

0.1 47.03 44.62 -98.93

0.1 0.2 50.09 49.93 -87.79
) 0.3 56.90 54.54 -68.50
0.4 64.91 62.55 -51.12

0.5 77.36 76.27 -13.71

Blank 35.65 28.33 -137.09

0.1 42.67 40.08 -106.00

0.15 0.2 46.14 43.54 -96.85
0.3 49.70 47.10 -87.46

0.4 55.24 52.65 -73.16

0.5 70.34 63.46 -29.76

Blank 35.21 23.87 -149.98

0.1 46.89 44 .29 -91.03

0.20 0.2 48.88 46.29 -86.79
0.3 50.92 48.32 -82.22

0.4 56.80 54.21 -66.83

0.5 66.06 63.46 -41.31

Blank 24.39 18.81 -164.69

0.1 29.80 19.55 -143.58

095 0.2 33.12 27.21 -135.01
' 0.3 34.32 30.52 -133.27
0.4 39.26 36.67 -120.30

0.5 4496 42.36 -106.08
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Table 3.133: Thermodynamic parameters for the adsorption of DD
compound on AZ31 alloy in NaCl solution.

Concentration | Temperature AGas AHqs AS8ads
of Na2SO4 (M) °O) (kJ mol!) (kJ mol!) | (J mol! K1)
30 -34.82
35 -34.44
0.05 40 -34.05 -58.22 -77.2
45 -33.67
50 -33.28
30 -34.23
35 -33.98
0.1 40 -33.73 -49.51 -50.4
45 -33.48
50 -33.23
30 -30.31
35 -30.03
0.15 40 -29.75 -47.16 -55.6
45 -29.47
50 -29.20
30 -31.66
35 -31.41
0.20 40 -31.16 -46.69 -49.6
45 -30.91
50 -30.66
30 -30.93
35 -30.69
0.25 40 -30.45 -45.60 -48.4
45 -30.20
50 -29.96
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Table 3.134: Thermodynamic parameters for the adsorption of DD compound
on AZ31 alloy in Na2SQs solution.

Concentration | Temperature AGas AHq5 AS8ads
of Na2SO4 (M) (O] (kJ mol!) (kJ mol!) (J mol' K1)
30 -33.49
35 -33.07
0.05 40 -32.65 -58.70 -83.2
45 -32.24
50 -31.82
30 -30.80
35 -30.53
0.1 40 -30.27 -46.86 -53.0
45 -30.00
50 -29.74
30 -30.01
35 -29.85
0.15 40 -29.68 -40.14 -33.4
45 -29.51
50 -29.35
30 -29.57
35 -29.40
0.20 40 -29.23 -39.88 -34.0
45 -29.06
50 -28.89
30 -32.87
35 -28.58
0.25 40 -28.24 -38.64 -33.2
45 -28.08
50 -27.91

Table 3.135: DFT parameters for DD compound.

Parameters Value

Total energy (KeV) -2.943
Energy gap (eV) 2.665

E Homo (eV) -0.780
Erumo (eV) -3.404
Dipole moment (Debye) 91.802
Electronegativity (eV) 2.072
Electron affinity (eV) 3.404
Ionization potential (eV) 0.780
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CHAPTER 4

SUMMARY AND CONCLUSION

4.1 SUMMARY

The corrosion behavior of AZ31 Mg alloy in sodium chloride and
sodium sulfate media was confirmed. The complete investigation was an
electrochemical impedance technique for wunderstanding the overall
phenomenon. The environmental factors like ionic concentration of the medium,
solution temperature, and pH were varied to grasp the influence of each of these
factors on the anodic dissolution of AZ31 Mg alloy. Moreover, studying the
AZ31 alloy corrosion in different temperatures was helpful for the evaluation of
the activation parameters. The continuance of a partly protective corrosion
product surface film, having a remarkable impact on the corrosion behavior of
AZ31 alloy was declared from the results of electrochemical and surface

analyses studies.

Five long-chain alkyl diacetates; DB, DH, DO, DC, and DD were studied
for their efficacy to resist corrosion of magnesium alloy AZ31 Mg alloy in
sodium chloride and sodium sulfate solution. The inhibition tests were
conducted at various medium concentrations and solution temperatures to find
out the effect of ionic concentration of the media and that of temperature on the
inhibition efficiency of the diacetates. At every varying inhibitor concentration
in a range to establish the optimum concentration for inhibition. The
examination involving different inhibitors appears to produce results that helped
to comprehend the impact of molecular structure of the inhibitor on the
inhibition efficiency. The activation and thermodynamic parameters and DFT
(Theoretical) were evaluated to support a complete apprehension of alloy
dissolution and interfacial adsorption, respectively. The trends in the variation
of all the electrochemical, activation, and thermodynamic parameters reported

in the study have been accounted concisely.

Anodic dissolution of magnesium and cathodic hydrogen evolution is

inhibited by the addition of anionic Gemini surfactants namely DB, DH, DO,
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DC, and DD in NaCl and Na>SOj4 solution. Adsorption of surfactants in the
corrosion product is set to form a hydrophobic outer corrosion layer. The
efficiency of the inhibitors was demonstrated by potentiodynamic polarization
and electrochemical impedance spectroscopy and supported by surface analysis

and theoretical calculations.

Potentiodynamic polarization plots indicate that all the five inhibitors
used show a mixed-type corrosion inhibitor suppressing both anodic and
cathodic reactions. The adsorption film formed after the introduction of the
inhibitor is supported by SEM-EDX and XPS. Both adsorption and chemical
reaction between the inhibitor and AZ31 Mg alloys result in the formation of a
film on the alloy surface. It is in agreement with the XPS and theoretical results.
A significant increase in the inhibition efficiency is seen when inhibitors
concentration increases to an optimum concentration level, beyond which the
increase in the inhibition efficiency is negligible. As the temperature of the
system increases, there is a decrease in the inhibition efficiency of surfactant
inhibitors. In economic concentration, DD showed the highest inhibition
efficiency followed by DC, DO, DH and DB. The difference in aliphatic chains
of inhibitors attributes to the change in its inhibition efficiency as it controls over

the solubility product of magnesium salts.

The electrochemical results along with SEM-EDX and XPS analysis
were taken into consideration for suggesting a credible mechanism for inhibition
of AZ31 alloy corrosion by alkyl chains. The chemisorption of the diacetates at
the cathodic phases was surmised to block the active reaction sites on the alloy
surface, thereby resulting in cathodic inhibition. The anodic inhibition was
considered to ensue as a consequence of compaction and thickening of the
porous surface film at anodic phases through precipitation of magnesium
diacetates. Such densification was supposed to add the barrier effect of the
surface film against the electrolyte ingress. The slight deviation from ideal
Langmuir behavior was observed and was attributed to intermolecular forces
like van der Waals interactions existing between the long alkyl chains of the

adsorbed diacetate molecules. Such mutual interactions were believed to further
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contribute towards the densification of the film. The theoretical studies (DFT)

were performed to support the experimental studies which significantly showed

the efficiency of diacetate inhibitors.

4.2

CONCLUSIONS

From the above results and discussion, the main conclusions can be

summarized in the following points:

1.

A higher ionic concentration, higher temperature, and acidic pH bring
about destabilization and dissolution of the corrosion product surface
film; hence accelerating the rate of AZ31 alloy corrosion.

The corrosion kinetics follows Arrhenius law in both the media.

The corrosion behavior of AZ31 Mg alloy in sodium chloride and
sodium sulfate solutions is strongly influenced by the medium pH. The
corrosion rate decreases with the increase in medium pH. The relatively
high corrosion resistance in basic solutions is attributed to the formation
of the stable Mg(OH); barrier film on the alloy surface.

The inhibitors, DB, DH, DO, DC, and DD act as mixed-type inhibitors.
The increase in inhibition efficiency with the increase in the inhibitor
concentration is maximum up to an optimum concentration above which
the increase in inhibition efficiency is negligible.

The increase in temperature decreases the inhibition efficiency of the
inhibitors.

The adsorption of the inhibitor molecules on the alloy surface is
principally physisorption and complies with the Langmuir adsorption
isotherm.

The surfactant DD exhibits the highest inhibition efficiency followed by
DC, DO, DH, and DB.
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4.3 SCOPE FOR FUTURE WORK

1.

The corrosion behavior and inhibition of different heat-treated AZ31
Mg alloys can be explored.

To carry out electrochemical investigations on AZ31 Mg alloy in
media containing living cells and proteins in order to use it in medical
implants.

The electrochemical studies can be carried out by varying the
immersion time, corrosive medium, and deoxygenated environment
to understand the efficiency of the surface film during long exposure
periods.

The negative difference effect (NDE) can be experimentally verified
by comparing the results of the present electrochemical study with

those derived from weight loss or hydrogen evolution measurements.
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