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Chapter

Electrochemical Techniques for
Corrosion and Tribocorrosion
Monitoring: Fundamentals of
Electrolytic Corrosion

Abdenacer Berradja

Abstract

This first chapter aims at giving a brief framework for understanding the
principles of electrochemistry in corrosion and tribocorrosion, enabling potential
users and readers to quickly apprehend the electrochemical nature of corrosion.
The subsequent chapter will provide additional details on the methods derived
from these principles in a clear manner and ready-to-use format. In particular,
the implementation of electrochemical techniques for the study of tribocorrosion
allows, iz situ and in real time, to monitor and control the corrosion conditions
during wear and to quantify the corrosion kinetics. An introductory to some of the
basic terms and concepts of electrochemistry and corrosion is first presented. Then,
an overview of the thermodynamic and kinetic parameters of relevance to corro-
sion electrochemistry is highlighted. A description on how the electrical nature of
corrosion reactions allows the interface to be modeled as an electrical circuit, as well
as how this electrical circuit can be used to obtain information on corrosion rates.
These prerequisites are necessary to better understand the surface reactivity of met-
als and other electronic conductive materials immersed in ionic electrolyte media
whether or not subjected to mechanical stimuli.

Keywords: corrosion, tribo-electrochemistry, tribocorrosion, standard potential,
electrode kinetics

1. Introduction

The corrosion science is a complex subject that is not well defined, and still contin-
ues to progress as the subject evolves from the simple traditional definition of “destruc-
tion of metals through oxidation and its prevention” to “degradation of a material that
involves one or more chemical and/or electrochemical reactions and its foresight™ This
latter material definition encompasses a wide range of environments, and all classes of
materials (ceramics, organics, composites), not just metals. The intentional conjunc-
tion with degradation due to non-chemical processes, such as tribology (i.e., science
of friction, wear and lubrication), has open up a new global perspective topic of a rare
universality that leads us to prospect many aspects of science and technology, namely
tribocorrosion. To better understand the specificity of tribocorrosion, it is necessary to
briefly recall what distinguishes corrosion from tribocorrosion.
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Corrosion deals primarily with the electrochemical aspects related to physical-
chemical oxidation and reduction processes taking place at the surface of materi-
als and the effect of the reactivity of surfaces of materials with respect to their
environment, time, pH, temperature, pressure, and electrolyte composition. It is
almost without exception an irreversible heterogeneous reaction of a material with
the environment, which usually (but not always) results in a degradation of the
material or its properties (e.g., decadence of the functional properties of materi-
als). Examples of corrosion phenomena include the transformation of steel into
rust, oxidation of an electrical copper contact, cracking of brass in the presence of
ammonia, pipeline degradation by H,S, swelling of PVC in contact with a solvent,
alkaline attack on refractory bricks, and mineral glasses. Occasionally, in certain
cases, corrosion is valuable. For instance, the disposal of neglected metallic objects
in the nature is not an uncommon corrosion phenomenon. It is still common to
find beneficial corrosion reactions in the field practice. A typical example of cor-
rosion protection processes is the anodizing of aluminum. Anodizing strengthens
the passive oxide film on the surface of aluminum, and therefore its resistance to
corrosion, but also serves as a decorative effect. Likewise, corrosion reactions are
used to produce a smooth surface finish in chemical and electrochemical polishing
processes.

Tribocorrosion occurs when surfaces of materials subjected to mechanical
contacts and in relative motion and/or behaviors are affected by chemical, elec-
trochemical and/or biological environmental factors. Accordingly, tribocorrosion
damage (i.e., material loss) can be designated in a broad sense as a failure mecha-
nism due to the mutual interaction of corrosion, friction, and wear processes and
their synergy effects. It generates changes in surface and/or volume compositions
(e.g., alteration of materials properties, surface and sub-surface transformations,
cracking, tribo-chemical reactions, etc.), and often modifies the environment
(e.g., surface contamination by tribo-reaction products or corrosion-produced
compounds, pH changes, and so on), and ultimately can lead to system failure.
Such a physical-chemical deterioration is well described in the literature by the
following terms: corrosive wear, fretting-corrosion or corrosion-erosion [1-6].
Corrosion and wear often combine to cause aggressive damage and at last a shut-
down in a number of industries, such as mining, mineral processing, chemical
processing, metal components of machines, marine structures, pulp and paper
production, ships, bridges, biomechanics (e.g., orthopedics), civil engineering
structures and energy production, and so on. Although, corrosion can often occur
in the absence of mechanical wear, the opposite is rarely true. Corrosion accompa-
nies to some extent in all environments, except in vacuum and inert atmospheres.
The combined effects of friction (wear) and corrosion can result in total material
losses well above than that of the additive effects of each process taken apart,
which is attributed to their synergy [1-3, 7]. These effects are still difficult to
control. Knowledge of the tribological behavior of a material couple in the absence
of any chemical attack and the knowledge of the electrochemical behavior in the
absence of any mechanical impact are not sufficient to deduce the tribocorrosion
behavior of that couple system of materials. In many articulation systems, it has
been noticed that friction may alter the sensitivity, and modifies the composition
of the surfaces of materials in moving contacts to corrosion. In turn, corrosion can
affect the friction (and wear) process of moving contacting parts. This usually
accelerates the tribochemical degradation of the material, which may affect the
contact moving conditions, and thus the friction process and the coefficient of
friction too [1-6]. The contact motion can be a continuous or discontinuous one; it
can be a unidirectional or a reciprocating one. The complexity of a tribocorrosion
system is illustrated in Figure 1.



Electrochemical Techniques for Corrosion and Tribocorrosion Monitoring: Fundamentals...
DOI: http://dx.doi.org/10.5772/intechopen.85392

ELECTROCHEMICAL MECHANICAL
FACTORS FACTORS

OCP, Applied Potential,

) ) Normal force, Sliding
Electrochemical reactions

] . speed, Contact
(Dissolution,

L ) frequency, Type of
Repassivation), Galvanic

motion, Displacement,

eauple effects, Obmie Noise, Vibrations,...
\ drop,... 4 A 4
¥. / R 4
MATERIAL OF THE
TRIBOSYSTEM | ' AQUEOUS MEDIUM
. Wy
Hardness, N pH, Composition,
Microstructure, Viscosity, Conductivity,
Roughness, Films Solid particles in
properties, Wear suspension,
debris,... Temperature, ...
L . 4 | _
Figure 1.

Schematic of main factors which define the complexity of a tribocorrosion system.

Tribocorrosion of moving solids immersed in an aggressive environment is,
just as friction, a system parameter. The tribo-electrochemical system consists of
implementing in-situ electrochemical techniques to a tribological designed system
under well-controlled conditions (i.e., tribometer type, and complete material
system) [3]. A properly designed laboratory mechanical system allows for the best
simulation as much as possible the entire material system used in the field, and
the constraints that have associated with it (e.g., vibration mode, similarity of the
wear mechanisms active in the laboratory test and in the field, such as abrasion,
adhesion, fatigue, existence or not of a third body, erosion, corrosion, their com-
binations, and so on) [3]. Both mechanical and electrochemical methods allows
for monitoring and recording in-situ and in real-time the following macroscopic
quantities as normal or tangential force, relative or rotational displacement, sliding
velocity, angular frequency, contact temperature, vibrations of the contacting parts
and in relative motion, noise eventually emitted during the test, and the measure-
ments of the electrochemical potential, the corrosion current and/or the imped-
ance of the working materials. In most cases, both wear and corrosion rates can be
determined ex-situ from a loss of material on one or both contacting materials by
surface characterization methods and Faraday’s law concepts respectively. Since the
chapter does not cover comprehensive information regarding tribocorrosion nor it
is the scope of the present work, a state-of-the art and critical reviews on tribocor-
rosion with specific discussions related to mechanisms, general procedures, and
technological aspects may be found elsewhere [1-6], and it is left to the reader to
locate further reading sources for that type of information.

The author assumes the reader is familiar with the background of corrosion
phenomena and of conventional electrochemical methods in corrosion research.
Many textbooks and review articles in the field are available but, for the sake of
readability, a reminder of some aspects is given here.



Corrosion Inhibitors

2. Importance of corrosion and tribocorrosion

One of the primary reasons for the importance of corrosion or tribocorrosion lies
on global economic losses. The destruction of nearly a quarter of the world’s annual
steel production is caused by corrosion. An estimate of about 150 million tons of
losses per year, i.e. 300 tons per minute! [8]. Corrosion is definitely not limited to
steel alloys but affects all sort of materials, namely metals, polymers, and ceramics.
Corrosion and wear damage to materials, both directly and indirectly, cost industri-
alized countries hundreds of billions of dollars annually. For example, wear failures
of metals costed the U.S. economy almost $20 billion per year (in 1978) compared to
about $80 billion annually for corrosion during the same period [6]. The economic
losses, due to friction and wear, related to these costs are estimated to be 6-10% of
the Gross National Product (GNP). Wear represent 30% of the causes of dysfunc-
tion of the global mechanical engineering systems [2]. A recent study commissioned
by the American Federal Highway Administration reveals that the annual direct
cost of corrosion was $ 276 billion in 1998, which represents 3.1% of the GNP [9].
Similarly, in the United Kingdom, Japan, Australia and Kuwait, the total annual cost
of corrosion was estimated to range between 1 and 5% of each country’s GNP [10].

Owing to many different types of expenses involved, in general, estimates of the
total cost of corrosion and wear evolve over time and are sometimes difficult and
uncertain. There is no doubt, however, that the cost is quite elevated. The direct
losses concern replacement of corroded materials and equipment. The indirect
losses are related to cost of repair and loss of production, cost of corrosion protec-
tion, and prevention. The direct losses are very often lower than indirect costs. For
example, it is estimated that the price of repairing or replacing a corroded heat
exchanger in a nuclear power plant is insignificant compared to the cost of lost
production time. Another important aspect among major influential factors that
contribute to corrosion or tribocorrosion relevance is related to reliability, or safety
and preservation. Corrosion and wear can compromise the reliability and security
of the operating equipment, leading to failure in-service, and at worst disasters,
e.g., pressure vessels, metal reactors for toxic chemicals, turbine rotors, nuclear
power plants, steering mechanisms for vehicles automobiles, and so on. Further, it
requires the rebuilding or replacing the corroded structures and machinery or their
components and an additional investment of the following supplies and facilities:
metals, energy, water and human efforts to design these metal structures, without
mentioning any other resources.

3. Relevance of corrosion and tribocorrosion monitoring

The importance of corrosion and/or tribocorrosion monitoring is that it allows
people of interest to study the extent of damage due chemical and/or mechano-
chemical attacks and to become aware of the rate at which such damage is progress-
ing so that the necessary measures can be taken to avoid trouble. Generally, the
application of continuous and adequate on-line corrosion or tribocorrosion moni-
toring includes the following advantages: enhanced security, ensuring operational
reliability on-time, minimizing process contamination and maximizing product
quality, providing a sentinel for equipment integrity, and preventing any further
risk related to material or production. The most convenient way to successfully
combat corrosion or tribocorrosion impact on materials and structures is (i) to
understand the main causes of corrosion and/or wear, (ii) to use all available means
to prevent it, (iii) and to implement a continuous improvement approach to corro-
sion and wear protection.
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There are several factors that can come into play in the process of corrosion
or tribocorrosion [1-3, 8]. Among the common influential criteria on corrosion,
the following main parameters can generally be selected, namely the pH of the
medium, the presence of chlorides (and other alkyl halides), the oxidizing power,
the pressure, and the temperature. Fundamentally, corrosion depends on the
dominating deterioration mechanism of surfaces exposed to chemical environment.
The corrosion resistance properties can be characterized directly by the limits of
use of the materials, which can be expressed, for example, in terms of maximum
temperature in-service or maximum concentration of use. Under normal service
conditions, the understanding and control of corrosion are based on the electro-
chemical interpretation of corrosion phenomena and the consideration of the
relative ranking scales of materials in order to select, by successive approaches, the
materials best suited to each application of interest [3].

Conversely, a more obvious mechanism of tribocorrosion is the periodic exposure
of fresh bare surfaces when sliding friction between surfaces occurs in corrosive
liquids or gases [3]. This results in reaction products mainly driven by chemical and
electrochemical interactions. The surfaces of the materials are quickly covered by a
scale of the reaction product, the oxide in the case of metals and metallic alloys, act-
ing as a protective barrier layer. Often, the thinner the scale, the faster the reaction,
and the weaker the protectiveness [3]. Though, tribocorrosion processes are complex,
combining both wear and corrosion. Modern research has established a consensus on
four main forms of wear, namely, chemical wear (i.e., corrosion and corrosive wear),
adhesive wear, abrasive wear or surface fatigue wear [3, 11]. Each process obeys its
own laws and, to confuse things, one of the modes of wear acts to affect the others,
hence the complexity of corrosive wear [1-3]. As a general rule, there is a combina-
tion of competitive wear mechanisms in a dynamic mechanical-chemical contact.

3.1 Choice of technique (instrumentation)

There are many electrochemical and non-electrochemical techniques for the study
of corrosion or tribocorrosion and many factors must be taken into account when
choosing a technical method. The corrosion rate can be determined by extrapolation
of Tafel from a potentiodynamic polarization curve [12, 13]. It can also be determined
using the Stern-Geary equation from the polarization resistance derived from a linear
polarization experiment or from electrochemical impedance spectroscopy [12, 13].
Furthermore, among the recently developed techniques, those using electrochemi-
cal noise analysis as a method of determining the rate of corrosion and estimating
the tribocorrosion rate of some passive materials has been shown to be beneficial,
although scientists are struggling through the interpretation of some conflicting
results [2, 12-15]. Sensitivity to localized corrosion is often evaluated by determining
a breakdown potential and a repassivation potential for passivating materials.

3.2 Corrosion forms

Obviously, the most typically known mode of corrosion is the rusting of iron, or
iron oxide, and ordinary steel. Contemporary corrosion research has established sev-
eral forms of corrosion, all which are important to understanding, as the best methods
of preventing corrosion depend upon the form of corrosion, as shown in Figure 2.

* Uniform corrosion: the damage by general or uniform corrosion is fairly predict-
able; however, the damage caused by localized corrosion is rather unpredict-
able if no proper monitoring techniques are applied. When left uncontrolled,
corrosion will not only cause costly equipment maintenance and replacement
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Figure 2.
Forms of corrosion.

but may be responsible for the loss of revenue from unexpected system shut-
down and the possibility for hazardous leaks causing major safety issues and
possible environmental contamination [16].

* Pitting is a form of localized corrosion that occurs when the thin passive
protective film on most corrosion-resistant engineering alloys is compromised.
The rate of attack at pits can be extremely high so pitting can lead to perfora-
tion of a structure or initiation of a crack [17].

* Localized corrosion often initiates at an occluded region where the environment
has limited access. This form of corrosion, so-called crevice corrosion, is extremely
important in fastened structures which often contain many crevices [17].

* Localized corrosion is sometimes observed at grain boundaries when the
composition of the grain boundary or region near the grain boundary is
different than that in the metal grain. This type of corrosion, so-called
intergranular corrosion is a severe problem, in particular for stainless steels
and aluminum alloys [17].

* Corrosive attack can be localized at one component of a structure made from dif-
ferent metals that are electrically connected as a result of galvanic corrosion [17].

* The corrosion of metal alloys often results in preferential reaction of one or
more of the alloying elements, so-called dealloying [17].

* A common by-product of the corrosion process is hydrogen. Hydrogen can
interact with metals in various ways to result in a degradation of properties,
primarily mechanical properties (e.g., pipeline gas transportation by H,S).
A generic name for such degradation is hydrogen damage [17].
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* The mechanical properties of metals can be severely degraded by the combined
effects of the environment and an applied stress. Stress corrosion cracking is the
premature failure of metal structures as a result of these effects [17].

* Corrosion fatigue occurs when the applied stress is fluctuating rather than being
constant [17].

4. Aspects of corrosion prediction in aqueous media

Although, air in atmosphere is the most omnipresent environment, the aqueous
solutions (e.g., atmospheric moisture, acid rain, natural waters, artificial solutions,
and so on) are the most common environments associated with corrosion issues.
Due to the conditions under which a material, e.g., a metal or a metallic structure
is exposed to the environment, corrosion processes usually take place at the metal/
environment interface through ionic conduction processes. Corrosion is due to
electrochemical reactions involved in that interface and strongly affected by a
number of factors, among others, such as the power oxidizing (electrode equilib-
rium potential), hydrogen ion activity (pH, acidity level of the solution), driving
force for metal stability (Gibbs free energy change), rate-determining step reaction
or reaction rate (corrosion current), and temperature (Arrhenius oxidation rate or
the Pilling-Bedworth ratio).

The prediction of corrosion of a metal or an alloy in environments such as
aqueous solutions requires information on the expected state of the metallic
alloy (e.g., oxide or non-oxidized metal, etc.) and the rate at which the metallic
alloy moves to that state. So first, thermodynamic principles can be applied to
determine what processes can occur, and under which conditions the reactions
are at an electrochemical equilibrium and, in case of deviation from that equilib-
rium, in which directions the reactions can proceed and what is the driving force
involved. The kinetic laws then describe the reaction rates. These are strongly
related to the activation energies of the electrode processes, to the mass transport
and to the fundamental properties of the metal/environment interface, such as
the resistance of surface films. A general method, namely the mixed potential
theory, is implemented for interpreting or predicting the corrosion potential and
reaction rates.

In what follows, a very brief reminder of corrosion principles is given.

4.1 Electrochemical nature of metal/electrolyte exchange reaction

The corrosion process is electrochemical in nature. In a more general sense, a
corrosion process involving a metal/aqueous solution or any other metal/ionically
conducting medium exchange or interaction interface is defined as any process caus-
ing the metal, M, to loose one or more of its loosely bound electrons in the metallic
state (i.e., oxidation reaction) to generate a solvated cation in the solution, and it is
simultaneously balanced, in order to ensure an exact count of the electrons involved,
by a reduction reaction by which one or more atoms of a molecule or an ion (anion)
of species in solution gain one or more of these electrons (conservation criteria).

The aqueous corrosion sometimes requires that the oxidation product is either
an oxide of the metal itself according to (1):

2M + O, = 2MO (1)
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or is a metal hydroxide and the reduction product of hydrogen ions in solution is
gaseous hydrogen as claimed in the equation (2):

M +2H,0 =M (OH), + H; (2)

However, it is of course not necessary for an oxide or hydroxide to be formed as
an oxidation product of the metal. For example, in the overall reaction of corrosion
of iron in a dilute chloridric acid, the ferrous chloride compound is generated as an
oxidation product according to the reaction (3),

Feo(s) + HClo(aq) = FeClOZ(S) + Hoz(g) (3)

The superscript associated at each reactant or reaction product refers to the
valence charge or the oxidation state. The subscript corresponds to the matter phase
state for each element of the reaction or compound.

The foregoing overall reaction involves vigorous oxidation and reduction (viz.
redox) processes. This requires that hydrogen gas is released, more likely by a
desorption process, and the solid Fe is oxidized by the acid, forming an ionic bond
with the chloride ions. The ferrous ions are removed from the metal lattice and get
solvated as they diffuse into the solution. The ferrous chloride compound can be
dissociated at normal concentrations.

It is worthy of note that the chloride ions are not actually involved in the redox
reaction, this equation (4) can be written in the simplified form as follows:

0 + 2+ 0
Fe" s + 2H @q) = Fe™ . + H 2g) 4)

It is worthy of note that this also applies to aqueous corrosion involving other
acidic media (e.g., orthophosphoric acid, H,SO,4, HF), and water-based organic
acids (e.g., methanoic or ethanoic acids). In each case, no more than hydrogen ion
is active, whereas the other ions such as phosphate, sulfate or acetate take no part in
the corrosion reaction. Hence, iron reacts with the hydrogen ions of the acid solu-
tion to form iron ions (oxidation process) and hydrogen gas (reduction of process).
Thus, Eq. (4) can be conveniently divided into two reactions (partial half-cell
reactions), namely the oxidation of iron and the reduction of hydrogen ions. This
provides the basis for the thermodynamic consideration of the overall corrosion
process as stated by equations (5), (6), and (7):

Fe%s) = FeXagq+2e- , anodic half-cell reaction, oxidation (5)
2e- +2H*aq = Ho%g) , cathodic half-cell reaction, reduction 6)
Fels) + 2H*aq = Fe?*aq) + Hixg) @)

Oxidation or commonly referred to as the anodic reaction is indicated by an
increase in the valence charge or electron production. A decrease in the valence
charge or an electron consumption represents a reduction or commonly a cathodic
reaction.

Equations (5) and (6) outline the two half-cell electrode reactions-both need
to occur simultaneously and at the same speed on the metal surface otherwise it
would charge spontaneously electrically, which is impossible. This explains one of
the fundamental principles of corrosion, namely: the oxidation rate is equal to the
reduction rate (in terms of electron production and consumption).
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The sites for the oxidation reactions are called anodes, and the sites for the reduc-
tion reactions are called cathodes. Anodes and cathodes can be spatially separated at
fixed locations associated with heterogeneities on the electrode surface. Otherwise,
the locations of the anodic and cathodic reactions can randomly fluctuate across the
electrode surface. The former case results in a localized form of corrosion, such as
pitting, crevice corrosion, intergranular corrosion, or galvanic corrosion, and the
latter case results in nominally uniform corrosion [17].

The above concept is illustrated in Figure 3. An iron atom undergoes a transforma-
tion into a ferrous ion and two electrons. These electrons, which remain in the metal,
are immediately consumed during the reduction of hydrogen ions. Figure 3 illustrates
the separation of these two processes in space, merely for the sake of transparency. In
fact, whether or not they separate or take place at the same surface location, this does
not impact the principle of charge conservation. In some cases, the oxidation reaction
takes place in a uniform manner on the surface. In other situations, the corrosion
reaction occurs at specific locations of the surface (i.e., localize corrosion).

It should be noted that there are several different cathodic reactions encountered
repeatedly during metallic corrosion. The most common are:

Hydrogen evolution: 2H*(aq) + 2€~ — Hg (8)
Oxygen reduction (in acid solutions): Oz + 4H*aq + 4e= — 2H20aq) 9)
Oxygen reduction (in neutral or basic solutions): Oag + 2H200g+ 4e- - 40H-@g) (10)
Metal ion reduction: Mrtag +nes = M@O-Dag (11)
Metal deposition: M'ag+e — Me (12)

n is the number of electrons involved in the reaction. The evolution of
hydrogen is a common cathodic reaction because acidic media are frequently
encountered. Oxygen reduction is very common because any aqueous solution
in contact with air is able to produce this reaction. In nearly neutral electrolytes,
the reduction of oxygen is normally one of the most universal cathodic reactions.
Concentrations of ~6 ppm dissolved oxygen are usually present in dilute aqueous
electrolytes at ambient temperature (25°C). The reduction of metal ions and the
deposition of metals are less frequent reactions and are most often encountered in
chemical processes.

4.2 Thermodynamic approach to corrosion

Thermodynamic data estimations are meaningful in corrosion field because
they can be used to predict the tendency of a metal to corrode in a given environ-
ment. Details on thermodynamic principles can be found in a number of manuals
[18, 19]. The Atlas of Electrochemical Equilibria in Aqueous Solutions by Marcel
Pourbaix provides a complete summary of the application of thermodynamic cor-
rosion for all elements in water [20]. Dr. Pourbaix originally developed “corrosion
maps or corrosion road charts” in the form of potential-pH diagrams [20], which
enables for displaying the stability of metals (the lowest free energy state) asa
function of the activity of hydrogen ions (pH) and equilibrium potential (oxidizing
power). So, the diagrams can, in principle, indicate under which conditions of pH
and equilibrium potential, an expected corrosion does not occur (immunity region,
e.g., pure Fe) or might cause the metal to transform to an ion (metal loss, state of
corrosion, e.g., ions of Fe and its compounds) or even indicate whether an oxidized
solid should be formed or not (possible passivity, e.g., oxides of Fe). A typical
example showing all of these common aspects of metal corrosion is depicted in
Figure 4 for Fe-H,0 system [20].
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Figure 4.
Pourbaix potential-pH diagram for Fe/H,O system at 25°C. Reprinted from [20] with permission from NACE
international.

4.2.1 Change in Gibbs free energy

A myriad of chemical oxidation-reduction reactions can be performed in
an electrochemical cell in which electrons released by the oxidation of species
at an electrode (anode) flow through an external conductor (e.g., electrolyte)
to a second electrode (cathode) where they are consumed by a reduction reac-
tion [19]. An equivalent ion current flows in the electrolyte which separates the
electrodes from the electrochemical cell. In such a device system, the change
of chemical energy results from the change of free energy. This change in free

10
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energy or commonly termed Gibbs free energy, AG, can be defined as a direct
measurement of the maximum available electrical energy of a system or in other
words it is an indicative measure of the driving force for the reaction to proceed.
If the free energy change accompanying the transition of a system from one
state to another is negative (AG < 0), it indicates a loss of free energy as well as
the direction of spontaneous reaction of the system. In particular, if no external
force acts on the system, it will tend to transform into its lowest energy state
and for a given reaction, it will tend to proceed spontaneously. If the free energy
change is positive (AG > 0), it indicates that the transition represents an increase
in energy, which requires the addition of an extra energy to the system for the
reaction to proceed.

The free energy change accompanying an electrochemical reaction can be
calculated by the following equation:

AG = —nFE (13)

where AG is the standard free energy in the overall reaction, #» the number of
electrons involved in the reaction, F the Faraday constant, and E equals the cell
potential or the difference between the two standard half-cell potentials. Noting
that the term “standard” potential is the potential of a metal or any reactant in
contact with its own ions at a concentration equal to the unit activity (i.e., approxi-
mately 1 g atom weight per 11 solution) and at 25°C.

Although Eq. (13) forms the basis for thermodynamic calculations, it is rarely
used in studying corrosion phenomena. This is because it is not possible to accu-
rately predict the velocity of a reaction from the change in free energy. It is worth
remembering that in most cases, the true magnitude of free energy change is trivial
in corrosion applications. The most important factor is the sign of the free energy
change for a given reaction, because it indicates whether the reaction is spontane-
ous or not. Hence, this parameter only reflects the direction of reaction by its sign.
Reactions occur exceptionally in the direction that reduces the Gibbs free energy.
The more negative the value of AG, the greater the tendency for the reaction to
proceed. For example, for any overall corrosion reaction of Fe in dilute chloridric
acid solution to be thermodynamically possible, it is necessary that the anodic dis-
solution potential of Fe (i.e., oxidation of Fe) be more active (less noble) than that
of the cathodic reaction (i.e., hydrogen evolution). If the change in free energy is
positive, the reaction does not occur spontaneously.

4.2.2 Cell potentials

The cell potential of the overall electrochemical or corrosion reaction, as speci-
fied above for the example of Fe in a dilute HCI solution, is directly associated with
the change in free energy accompanying that reaction via Eq. (13) according to,

_ _AG
E=-22 (14)

A simple rule can be derived from Eq. (14) to predict the spontaneous direction
of any electrochemical reaction. This rule can be clearly stated as: “In any electro-
chemical reaction, the most negative or active half-cell tends to be oxidized, and
the most positive or noble half-cell tends to be reduced”. Therefore, the potential is
a measure of the reaction (corrosion) tendency. Positive potential corresponds to
negative AG and hence to spontaneous reaction.

11
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A potential can be assigned to each of the half-cell reactions (anodic oxidation
and cathodic reduction). In that respect, the choice of an appropriate reference
(half-cell reaction) will therefore allow the measurement of the potential between
two electrodes (i.e., working and reference electrodes). An arbitrary half-cell
reaction is used as a reference by setting its potential to zero and all other half-cell
potentials are calculated with respect to this zero reference. It is common to use
the normal or standard hydrogen electrode (SHE) as a universal reference when
enumerating the potential of a half-cell [19]. The SHE corresponds to the half-cell
reaction (15) given hereafter:

2H" +2¢" = H, (15)

under standard conditions, viz. the activity of the protons is unity (aH" = 1), and
the partial pressure of Hy(g is 1 bar (p(H,) = 0.987 atm). The potential of the SHE is
arbitrarily set at zero (E°syg = 0 V), and therefore AG° (aH" = 1) is arbitrarily set to
0 as a reference free energy change. The superscript “0” in the SHE potential refers
to a standard or reversible potential.

Since it is not possible to manufacture an electrode from hydrogen, an inert
electrode is used. Generally, a platinum electrode acts as an inert metal substrate
for the electrochemical reaction. Consider an electrochemical cell containing iron
and platinum electrodes immersed in a sulfuric acid, both in equilibrium with
their reaction product ions and separated by a porous membrane to retard mixing,
as illustrated in Figure 5. In the reversible divided cell, equilibrium is established
between iron and its ions on the iron electrode and hydrogen gas and hydrogen ions
on the platinum electrode respectively.

At different locations on the platinum electrode, the hydrogen ions are reduced
to gaseous hydrogen and the gaseous hydrogen is oxidized to hydrogen ions,
with electron transfer occurring between these spots. It is worthy of note that
the platinum electrode does not participate in this reaction but merely serves as a
solid interface at which this reaction can occur. Many metals function as reversible
hydrogen electrodes (e.g., Hg/Hg,Cl, (Calomel), Ag/AgCl, Hg/HgO, Hg/Hg,SO,,
Ag/Ag,SO,, Cu/CuSOy, etc.); platinum is generally preferred because of its inertia

0.44 volts

|

Fe electrode

Pt electrode \

*
Porous Membrane

Figure 5.
Electrochemical cell containing reversible ivon and hydrogen electrodes (Pt.).
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and the ease with which electron transfer occurs on its surface (e.g., properties of
catalytic surface exchange or easy current flow rate). As with the other half-cell
electrodes, at certain infinitesimal areas on the metal iron surface, iron atoms are
oxidized to ferrous ions, and at other spots ferrous ions are reduced to metallic

iron. Equilibrium conditions dictate that the rates of the reactions in each half-cell
compartment be equal; there is no net change in the system. Noting that the interac-
tions taking place at the metal electrode/electrolyte are quite complex and closely
related to electrochemical kinetics and physical phenomena (e.g., electrical double
layer, diffusion, etc.).

Consider now the case, under standard conditions, where two dissimilar metals
each immersed separately in their own ions in an aqueous medium and electri-
cally connected. Under these conditions, the corrosion control is governed by the
determination of the mechanisms involved in the redox reactions. Standard redox
potentials can be used to understand the corrosion tendency of metals. A disposi-
tion of metals based on their standard potentials has been established and known as
standard equilibrium oxidation-reduction potential or standard reversible potential
or electromotive force series. The standard potential series of metals is given in
Table 1. In this series, electrode potential values are invariant, given vs. SHE, and
attributed to reduction reactions. The same series can be developed on the basis of
the oxidation reactions, in which case the potential values will be the same but the
“signs” will be reversed.

Redox potentials are very useful for predicting corrosion behavior of metals
and upon certain conditions, the tendency of chemical degradation of pas-
sivating materials under sliding contacts [22]. Any electrochemical reaction
can, therefore, be studied on the basis of the half-cell reaction concept and the
foregoing potential standards involving the combination of metals in aqueous
solutions with or without any mechanical contact. For example, consider two
dissimilar metal pieces, namely silver and zinc, each immersed separately in a
dilute acid solution (e.g., H,SO,4) with their own ions (Figure 6) and electri-
cally connected via a potentiostat (i.e., a high-resistance voltmeter). It is neces-
sary that the two electrodes are in equilibrium in their own compartment. The
positive terminal of the potentiostat must be connected to the silver electrode,
and the negative terminal must be connected to the zinc electrode to have the
potentiostat read on scale. According to data in Table 1, the standard redox

Zinc anode Silver cathode

@ Voltmeter e

- 1.562 volts +

Zn(s) Agis

@ @
[Zn+2]= unit activity [Ag +]= unit activity

Porous
Membrane

Figure 6.
Electrochemical reversible cell containing silver and zinc in equilibrium with their ions and electrically
interconnected via a high-vesistance voltmeter.
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Electrode red-ox reaction E° (volts)
Au = Ad® + 3¢ +1.498
0, + 4H" + 4¢ = 2H,0 +1.229
Pt =Pt* + 2 +1.2
Pd = Pd* + 2¢ +0.987
Ag=Ag' +e +0.799
2Hg = Hg," + 2¢ +0.788
Fe** +e = Fe** +0.771
0, + 2H,0 + 4¢ = 4 OH~ +0.401
Cu=Cu* +2 +0.337
Sn** + 2¢ = Sn** +0.15
2H* +2¢ = H, 0.000
Pb = Pb* + 2¢ -0.126
Sn = Sn* + 2 -0.136
Ni = Ni** + 2¢ -0.250
Co = Co™ +2¢ -0.277
Cd=Cd* +2 -0.403
Fe = Fe®* + 2¢ —0.440
Cr=Cr*+3e —0.744
Zn=7Zn> + 2 -0.763
Al= AP + 3¢ -1.662
Mg = Mg* + 2¢ -2.363
Na=Na"+e —-2.714
K=K'+e -2.925

Reproduced from [21] and used with permission.

Table 1.
Electromotive force series (Emf or standard potentials redox in volts vs. SHE at 25°C).

potential of silver is +0.799 volts (vs. SHE) and that of zinc is —0.763 volts. In
this manner, zinc oxidation and silver reduction reactions are spontaneous at
+0.763 and +0.799 volts respectively. Their equivalent non-spontaneous reac-
tions occur at —0.763 volts for zinc reduction and at -0.799 volts for the oxida-
tion of silver.

The potentiostat shows a potential difference of approximately 1.562 volts when
the silver and zinc electrodes are connected. In this reversible electrochemical cell,
zinc is negative with respect to silver. Thus, zinc undergoes anodic oxidation (corro-
sion) while silver ions undergo cathodic reduction at the silver cathode. The use of
redox potentials greatly simplifies the calculation of potential cells and simultane-
ously allows to determine the trend in metal corrosion.

It follows from the above principle that all metals having a more active (nega-
tive) reversible potential than hydrogen will tend to be corroded by acid solutions.
Silver, with its higher positive and noble potential, is not corroded in acid media.
Though, the presence of dissolved oxygen may alter this latter rule, leading to oxy-
gen reduction (cathodic reaction) and silver oxidation (anodic reaction). Table 1
indicates that in the presence of oxygen, silver tends to corrode spontaneously.
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In that respect, the following conclusions may be drawn from the outcome of the
standard redox potential series:

Ag + H,SO,4 = @or no reaction (Ag/ Ag" more positive or noble than Hy/ H+)
(16)

2Ag + 2H,S04 + O, = 2AgS0O, + 2H,0 (OZ/HZO more positive or noble than
Ag/Ag") (17)

As the reversible potential of a metal becomes more noble, its tendency to cor-
rode in the presence of oxidizing agents decreases.

It is important to note that all the above discussions refer to conditions for corrosion
systems at unit activity. Since half-cell potentials change with concentration, Nernst
calculations must be made before predicting spontaneous direction at concentrations
other than unit activity. To determine the potential of a metal in which the reactants
are not at a unit activity, the familiar Nernst equation has been formulated as follows,

E=E°+ 2‘3213;RT log [aﬂ“;j] (18)

where E represents the potential of the half-cell reaction, E° the standard
potential of the redox reaction. R, T, n, and F are the gas constant, the absolute tem-
perature in kelvin, the number of electrons, and the Faraday’s constant respectively.
Aoxia and a,,, represent the activities (concentrations) of both oxidized and reduced
species respectively.

Asindicated in Eq. (18), the half-cell potential becomes more positive as the
amount of oxidized species increases. For each tenfold increase in oxidized reac-
tant, the half-cell potential increases by 59 mV for a single electron reaction (z = 1).

In practice, for corrosion to occur, it is not necessary for a metal to be in contact
with its own ions. Local anode and cathode zones may exist on the same surface
of the metal or alloy, thus acting as an electrical conductor of the electrochemical
flow. When such a metal is immersed in an electrolyte, it can no longer equilibrate
to experimental thermodynamic scales. Therefore, corrosion is a direct consequence
of a new equilibrium potential change, which depends on a myriad of physical
and chemical properties of these electrochemical systems (e.g., pH, temperature,
oxidizing agents and their power, IR drop of solution, etc.). This potential is called
corrosion potential or mixed potential, which is far different from the standard
potential. In this respect, corrosion will depend on the rate-limited electrode kinet-
ics (e.g., charge transfer rate, mass transport, diffusion, etc.).

4.3 Polarization (overvoltage)-exchange current density

The concept of polarization or overvoltage is very briefly addressed here because
of its importance for understanding corrosion reactions and its behavior. It repre-
sents a prerequisite for electrochemical methods. The rate of an electrochemical
reaction is limited by various physical and chemical factors. Therefore, an electro-
chemical reaction is said to be polarized or delayed by these environmental factors.

Consider an electrochemical half-reaction for an electrode M at equilibrium:

M™ +ne &M (19)

When a reaction is at equilibrium, it does not necessarily mean that the system
is at rest and/or inactive. On the contrary, for a system in equilibrium, the reaction
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rate in the forward direction is equal to that in the backward or reverse direction.
This equal rate at equilibrium is defined as the exchange current density, 4.

It is worth of note that iy is dependent on surface concentrations of the reactants,
cr, and those of the products, cp, according to: iy o cg” ¢p” m and 7 are exponents.

As reported in the previous section (Section 4.1), the reaction of hydrogen evo-
lution is very often when a metal corrodes in an acidic environment. Interestingly,
the current exchange rate for this cathodic hydrogen evolution reaction strongly
depends on the catalytic properties of the metal surface on which the reaction
occurs. For example, it ranges from 10 A cm ™ for lead (Pb) to 102 A cm ™ for
palladium (Pd) at 25°C in 1 M H,SO, [23]. This variability can have broad implica-
tions for the rate of corrosion. In fact, the rate of the reaction can be limited by the
rate of the cathodic reaction, which is highly dependent on the current exchange
rate of the reaction.

Figure 7 shows the point for an equilibrium of a given reaction at the electrode.
It suggests a finite exchange current density at a given potential (e.g., reversible
potential E,., or E°y/,. ). Notwithstanding, in electrochemistry, potential and cur-
rent are interdependent. It is possible to control one and measure the other. Since
the former current density involves a “two-way” rate process (forward-backward),
the net current density is null. However, at a different potential of E,,, (i.e., over-
voltage), the half-cell reaction will preferentially proceed in one direction and a net
current will be measured.

The overvoltage, = E-E,,,, is defined as a potential variation with respect to the
reversible potential in the equilibrium of a given electrode reaction. This change
in potential is associated with a change in the net reaction rate, and it is therefore
related to a change in the direction of the reaction taking place, so that the reaction
will mainly proceed in one direction according to the reaction rate. The current
is anodic (oxidizing or positive) for a potential change to a value greater than the
reversible potential (i.e., anodic polarization) and it is cathodic (reducing or nega-
tive) for a potential change to a value below the reversible potential (i.e., cathodic
polarization), cfr Figure 7.

Polarization can be conveniently divided into three different types, activation
polarization, concentration polarization, and ohmic potential drop (iR).

e Activation polarization refers to an electrochemical process controlled by the
reaction sequence at the metal/electrolyte interface (e.g., by possible steps of

log i

lo

ETev E
Figure7.

Hlustration of the velation between the curvent density and the potential for a simple electrochemical veaction
under activation control.
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adsorption, desorption, and charge transfer processes). It is caused by a slow
electrode reaction. In particular, an activation overvoltage or charge transfer
overvoltage alludes to an overvoltage resulting from a potential change when
the concentrations of the reactants and products at the electrode surface are
the same as in the bulk solution. This is because the charge transfer rate at the
electrode/electrolyte interface is not infinitely fast. Note that the concentration
at the surface of the electrode is equal to the bulk concentration when the mass
transport rate is fast compared to the rate of charge transfer.

* Concentration polarization (Diffusion Overpotential) refers to electrochemical
reactions controlled by the rate of diffusion in the electrolyte of ions on the
surface of the metal.

* iR drop occurs in a portion of the electrolyte surrounding the electrode, or
through a reaction product film on the surface of the metal, or in both cases
[24]. An ohmic potential drop takes place between the working electrode and
the capillary tip of the reference electrode. This contribution to polarization
is equal to iR, where i is the current density, and R, equal to [/, represents
the value in ohms of the resistance path of the solution of length/ (cm) and
specific conductivity k (Q ' em ™). Therefore, the resistance of an electrolyte
of length measuring ! (cm) with a cross-section S (cm?) is equivalent to //xS
(ohms). Hence, the iR drop in volts equals il/x. The product, iR, decays in
parallel with the shutting-off of the current, while the concentration polariza-
tion and the activation polarization generally decay at measurable speeds. For
instance, for a cathodic protection of steel in seawater (k = 0.05 Qlem™), it
is necessary to apply a current density of 0.1 A/m? which may result in a iR
drop correction equal to (107> V)/(0.05) = 0.2 mV with respect to 1 cm separa-
tion of the probe from the cathode. This value is negligible with regards to the
critical minimum current density required for convenient cathodic protec-
tion. However, in certain soft/fresh waters, where k can reach the value of
107 Q' cm™, the corresponding iR drop is equal 1 V/cm.

Noting that the concentration polarization decreases with stirring, whereas the
activation polarization and iR drop are not affected significantly.

5. Quantitative measurements of corrosion and tribocorrosion rates
5.1 Corrosion rate

The foregoing discussion on the thermodynamics of corrosion under equilib-
rium conditions yields information on the driving force of the corrosion process.
Since corroding systems are not always at equilibrium, therefore thermodynamic
calculations cannot be applied. Notwithstanding that the information on the corro-
sion tendency accessible from thermodynamic calculations is important and useful.
However, most scientific and technical aspects in the field of corrosion focus on the
knowledge and the reduction of corrosion rate. Thermodynamics does not address
the rate of corrosion.

Metals and non-metals are compared on the basis of their corrosion resistance.
For these comparisons to be meaningful, the attack rate of each material must be
expressed quantitatively. Corrosion rates can be given in a number of different units
using different measures of material loss. A convenient way to determine the rate of
corrosion is by the immersion of a sample in a corrosive environment for a period
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of time and measure the weight loss during that time [25]. The weight loss should
be normalized to the exposed surface area of the sample in order to determine its
rate of corrosion. Therefore, among the set of units adapted to the corrosion rate

is the weight loss per unit area per unit of time; for example, mg cm ™ s~ It is also
common to use the percentage of weight loss, milligrams per square centimeter per
day and grams per square inch per hour. Though, these do not express the corrosion
resistance in terms of penetration. From a technical point of view, the penetration
rate, or the thinning of a structural part, can be used to predict the lifetime of a
given component. An easy way is to divide this measurement by weight loss by the
density of the corroding material to obtain a corrosion rate in units of thickness
lost per unit of time. The term mils per year is the most desirable way to express
corrosion rates (mpy) or mm yr.”". This expression can be easily calculated from the
weight loss of the metal sample during the corrosion test by the formula (20), given
below:

7= g,l—]\gicorr (20)

where 7 is the rate of material loss (mm yr._l), M the molecular weight of the
corroding metal (g mol™?), p the density of metal (g cm™), i,y the corrosion cur-
rent density (A cm™?), and C a constant to change the units of thickness and time.

5.2 Tribocorrosion rate

Wear is an unavoidable and a potentially serious problem in all areas of
engineering [3]. Designers and engineers who have to make optimal decisions in
situations where tribocorrosion considerations are significant, need to know “how
long will a component last?”. To solve this question, numerous models have been
developed so far to distinguish this material loss due to tribocorrosion [3]. These
models usually correlate a wear volume or a wear rate with physical and geometrical
quantities. Various expressions have since been attributed to this material loss, of
which the material loss can be defined in terms of weight, volume, surface, depth,
width or even charge density or current density, per unit hardness, per unit fric-
tional dissipated energy (work due to the tangential force), per unit input energy
(work due to the normal force), or even per unit sliding distance, or sliding time,
sliding frequency, contact frequency, etc. [3]. It becomes readily understandable of
the complexity of comparing results between the various wear data published so far.
It is expected then that the terminology in this field is rather uncertain, and it will
remain so for a certain time, hence the need for a specific standardization, despite
some recent progress made in this area [3, 26].

One of the earlier attempts to predict the wear rate or wear volume loss of a mate-
rial in sliding contact is the commonly Archard wear criterion [27] used during the
second half of the 20th century. That criterion is usually expressed as follows [3],

_pEnv _
W, = kﬁ = kA, (21)

where W, and W, represent the volumetric loss (assigned as total volume of wear
debris produced), and the wear rate (usually expressed per unit sliding distance),
respectively. k is the dimensionless Archard wear coefficient, A, the real area of
contact, Fyy the applied normal load, and H the hardness of the worn material.

This equation was originally used for the case of adhesive wear [28, 29], then it
was extended to more cases including that of tribocorrosion [3]. This is because the
k parameter in Eq. (21) exclusively remained the only flexible parameter consistent
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with the case to which the wear may originate [3]. For example, unidirectional slid-
ing of mild steel against mild steel without any lubricant has a k of 1077, whereas,
for stellite sliding against tool steel, k is 107 [3, 30]. Even more confusing is that,
according to literature, the Archard wear coefficient can vary by two orders of
magnitude for the same couple of materials just due to a slight change in load or
speed [31]. These findings should be taken with precautions in view of the number
of empirical error cases reported with respect to the wear reproducibility and
validation of test methods [3]. Friction and wear properties are often considered as
subjects of poor accuracy in comparison with materials intrinsic properties. Indeed,
comparative round robin studies on the topic have shown that the reproducibility
of wear derived from different inter-laboratories with the same material pairing
was often very poor [32]. Using the wear track width, the scattering was roughly
50% whereas the scatter in the wear coefficient was over three orders of magnitude.
No clear correlation was found between a single and constant parameter (type of
tribometer, normal force, and sliding velocity) and the wear rates measured in
inter-laboratories [3]. Interestingly, a good convergence was found between the
wear volume loss and the energy dissipated in the tribo-contact zone [33-37]. This
can readily be explained by the fact that the dissipation of frictional energy is one,
among others, of the main causes of tribo-electrochemistry, playing an essential
contributing role in wear mechanism, in this case entailing an acceleration (e.g.,
chemical wear rates) or modification of tribo-chemical reactions [3]. The yielded
frictional heat between interacting surfaces leads to a stationary rise in temperature
at surface contact asperities and flashes. Furthermore, such frictional energy can
take the form of high quantum excitations with short lifetime of surface and bulk
sites due to the mechano-chemical forces involved during the sliding process.
Those excitations are also responsible for the occurrence of triboluminescence and
triboelectricity [3].

Tribologists nowadays are seeking for an agreement due to the fact that there
is an unavoidably need to address more fundamental research towards the estab-
lishment of an original formulation or a universal methodology to define a “wear
criterion” in order to better understand the complexity of the wear process in a
tribocorrosion test [3]. Although, this aim has not yet been achieved, a fair amount
of progress has been made on this matter-oriented approach. This remains so far
valid only as part of the case-by-case study. To conclude, research must focus on
establishing a functional-mechanistic based approach that emphasizes the nature
of the dependence of the mechano-chemical wear rate (output) on the energetic
aspect of sliding friction, the electrochemical aspect of the exposure of bare metal
surface, and the transformation of the subsurface material (input). This usually
should incorporate materials properties, and behavior. If it does, this could be
very useful to help solving the issues and struggling difficulties encountered in the
specific field. This will lead to a better improvement of the reliability life of selected
material and design technologies when adopted in specific mechanical articulations
and under aggressive environments. Further, this could predict materials perfor-
mance in an environment where tribocorrosion plays a significant role [3].

In tribocorrosion phenomena, where tribological contacts are exposed to corrosive
environments, such as aqueous lubricants, the contact materials are subject to both
mechanical, and chemical/electrochemical solicitations, which contribute to material
removal from sliding surfaces [3]. The rate of material degradation/removal cannot
be predicted simply by adding the wear rate in absence of corrosion to the corrosion
rate in absence of wear. The reason is that corrosion and wear do not proceed inde-
pendently and synergistic effects usually (but not always) result in accelerated mate-
rial degradation (tribocorrosion) [3]. In that respect, theoretical models have been
developed so far with respect to mechanical, chemical, and electrochemical factors and
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their mutual interactions, and which can be tested under well-controlled experimental
conditions. In general, modeling has followed either an empirical or a mechanistic
approach [3]. The empirical approach is based on the independent measurement

of material loss due to wear and corrosion. These parameters are summed up and
compared to the material loss due to tribocorrosion. The difference between the two is
termed synergy (AW,,). A general equation for this approach is of the form [7, 38, 39],

Wiot = Winee + Weorr + Avvxyn (22)

where W, represents the material loss due to wear measured in the absence of
corrosion, and W,,,, is the material loss due to corrosion only without any influence
of mechanical wear.

Although, the empirical approach is technically feasible which allows for the
ranking and the performance of materials based on their resistance to tribocor-
rosion in engineering systems, it is still time-consuming, quite economically not
justifiable in the long-term, and furthermore, it integrates a synergy term, which
has no physical meaning [3].

The advantage of a mechanistic approach is that it leads for a better understanding
of the physical processes involved in tribocorrosion by incorporating the notion of
synergism into the mechanical and electrochemical terms [3]. Many factors can be
responsible for the mutual dependence of mechanical and chemical material removal
in a tribocorrosion system [3]. For example, local abrasion of the passive film can lead
to wear accelerated corrosion due to rapid dissolution of the locally depassivated metal
surface, followed by repassivation [40]. The abrasive action of hard oxide particles
formed by corrosion can accelerate the mechanical metal removal by wear [41]. The
plastic deformation of the surface layer of a rubbing metal can lead to a transfer of
material to the opposite body resulting in a reduction of the corrosive wear rate [42].

Therefore, it is important to distinguish material loss due to chemical or electro-
chemical oxidation (i.e., wear accelerated corrosion) from material removed due to
mechanical wear (i.e., mechanical material removal from the sliding contact) [3]. The
former arises from the fact that an asperity sliding on a material surface produces a
fresh wear track zone of clean bare material (i.e., metal), which is usually more suscep-
tible to corrosion than the same surface subjected to free corrosion under no mechani-
cal plastic contact or sliding conditions [3]. The effect of repeated sliding may cause the
removal of metal particles by asperities burrowing beneath the surface [42, 43].

Therefore, the overall wear volume due to tribocorrosion, W,,;, can be defined as
follow:

Wtot = Wchem(wac) + Wmec (23)

where Wem wac) s the electrochemical contribution to wear; it is termed wear
accelerated corrosion and it reflects the material loss due to corrosion in the pres-
ence of wear. W, is the mechanical wear, and it reveals the material loss due to
wear in the presence of corrosion, and which can be related to processes as that for
the formation-ejection of oxide debris, oxide layers or any corrosion products, and
plastically detached metal [3].

W, can be determined by measuring the volume of the wear scar post-
experiment using, for instance, a laser non-contact profilometry or by on-line
measurement of the rate of moving down of the counter-body (e.g., a pin) on the
surface wear track during sliding. The latter method has the advantage of recording
an instantaneous wear rate, but it would only be applicable if no significant amount
of solid reaction products (such as third body particles) accumulate in the contact
zone during the tribocorrosion experiment [3]. Under potentiostatic control,
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the electrochemical term (W (wa)) can barely be related to the anodic corro-

sion current (I ipocorr) Measured under mechanical sliding wear (occasionally by
subtracting the background current) using Faraday’s law. The amount of anodically
oxidized metal under such conditions is calculated as follows [14]:

M,
Wchem (wac) = pn_% (24)

where Wemwac) is the volume of the metal transformed by anodic oxidation
in a tribo-electrochemical test. q represents the electric charge produced, which
results mainly from the integration of the measured current I, ;00 under sliding
wear conditions over the duration of the tribo-electrochemical test. M, n, and F are
the molar mass of the metal, the valence for the anodic oxidation reaction, and the
Faraday’s constant respectively. p is the density of the metal.

The foregoing equation is credible and independent of whether the anodic oxida-
tion leads to the formation of dissolved metal ions or solid reaction products, such as
oxide films [3].

It is worthwhile to note that few assumptions must be met in order for Eq. (24)
to be used [3, 40], namely:

* The measured current must be equal to the anodic partial current for metal
oxidation, which means that cathodic partial currents due to the reaction of
oxidizing agents must be negligible. This can be performed by anodic polariza-
tion into the passive potential region.

* The charge number “z” for the oxidation reaction must be known [40, 42].
The mechanical wear (W,,,.) is taken as the difference between the total wear

volume W,,; and the chemical wear volume W, (u) determined from the electric
charge.
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