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Chapter 1: Overview of Corrosion Science

Stuart Lyon, Corrosion and Protection Centre, School of Materials, Oxford
Road, University of Manchester, M13 9PL, UK
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1.1 Introduction

Corrosion engineering, science and technologydasstady of the interaction of materials with
the environment in which they are used. Corroseqjuires a comprehensive multidiscipl-
inary and interdisciplinary outlook with core kn@alge from the fields of metallurgy/-
materials science together with electrochemistridse science. Other important disciplines
of relevance include: chemical engineering (paldidy fluid flow), chemistry and
geochemistry, conservation science, mechanicaheegng and structural integrity. This
chapter is intended to comprise a brief introductmthe science and technology of aqueous
corrosion with an emphasis on fundamental thedig. ot intended to provide a
comprehensive treatment of the subject since tierenany textbooks that undertake this
task to much greater depth than is possible here.

1.1.1 Definition of corrosion

Corrosion is strictly the proce#isat results in the deterioration of the perforoeaaof a

material the result of which is corrosion damagerrosion may be defined as: “a physico-
chemical interaction leading to a significant dietextion of the functional properties of either
a material, or the environment with which it hateracted, or both of these” [1]. It is
important to note that although “corrosion” is memmmonly understood to involve
electrochemical deterioration, such as metal digswl, the ISO standard definition (above)
also encompasses the deterioration of non-methesdé&finition includes processes that
involve combinations of environmental (i.e. cherhexad/or electrochemical) deterioration
where these are additionally influenced by apptiedesidual stresses in the material, and by
the material microstructure as a result of manufacor service. However materials
degradation arising from mechanisms that do nailirerenvironmental interaction, for
example mechanical overstressing, or degradatigolymers under ultraviolet radiation, fall
outside this definition of corrosion.

1.1.2 Corrosion environments

Corrosion damage to materials can be caused bgawairiety of environments. More
specifically it is combinations of material and gowment that gives rise to corrosion
damage. The most widely understood situation isrfetallic (electrochemical) corrosion in
aqueous (i.e. water-containing) environments wittvithout dissolved species such as
electrolytes (i.e. salts) and reactants (e.g. tisslcoxygen). However, corrosion damage also
results from other material-environment combinagtiang. solvent cracking of polymeric
materials, “bleeding” corrosion of aluminium in ohhated hydrocarbons and sulphate attack
on cementitious materials such as concrete. Camatamage also results from exposure of
materials to gaseous atmospheres, such as am,séa(e.g. high-temperature corrosion).

1.1.3 Examples of corrosion damage

General or uniform corrosion, where active metasdiution is the dominant corrosion
mechanism, is not normally of great significancauclear plant as corrosion resistant
(passive) alloys (e.g. stainless steels, nickelallzirconium fuel cladding) are the workhorse
materials that in use. However, general corrosiay aiso be of significance in the civil
engineering structures associated with the nusigarimportantly general corrosion is the
main controlling mechanism for certain materialsdig nuclear waste containment (e.g.
copper, carbon steels, cast iron, etc.)



Localised forms of corrosion (i.e. pitting, intemgular attack, stress corrosion cracking, or
corrosion fatigue) are generally more important aredoften critical to reactor plant
performance and lifetime. Similarly the lifetime miclear waste containers manufactured
from corrosion-resistant alloys is dependent upealised corrosion damage, Figure 1. As
another example, corrosion processes that areiassavith flow of fluids within the plant,
can give rise to flow-assisted corrosion, Figure 2.

Figure 1: Surface stress corrosion cracks initiatig from a pit in 316L stainless steel exposed to ad¢€l,
salt deposit at a relative humidity of 30% and at 8°C.

Figure 2: Flow-assisted corrosion (erosion-corrosn) on seawater-cooled copper condenser tubing from
500MW coal-fired station

1.1.4 Economics of corrosion

Although difficult to quantify, the cost of corrasi in developed economies is often estimated
to be in the range 2-4% of Gross National Prodectgmnum [2]. Generally the costs of
material, manufacture, installation and commissignetc., are included in this amount.
However, it is often the costs of service failufies. repairs and especially lost production)
that are the most significant and the most diftitolquantify. For existing nuclear plant, the
safety cases for life extension are often preditatecontinuing good corrosion performance



of the service components, including the reactesguire vessel. For new build plant, the
challenges of achieving 60 year life are formidadrld understanding the key corrosion
mechanisms (and how to control or limit corrosi@mage) is critical to developing reliable
systems [3].

1.2 Fundamentals of aqueous metallic corrosion

1.2.1 Electrochemistry

The overall corrosion process necessanlyplves at least two simultaneous reactions: an
oxidation (or anodic) reaction and a reductiondqathodic reaction), which are coupled
through the exchange of electrons and are ther&fmen as electrochemical reactions.
Examples of anodic (oxidation, electron-donatiregations include:

Fe— F€'+2¢e (metal dissolution) . (1)
Cr + 3HO = Cr(OH) + 3H + 3¢ (passivity) .. (2

While examples of cathodic (reduction, electronepting) reactions include:

O, + 2HO + 4e — 40H (oxygen reduction) .. (3)
2H" + 2¢ - H, (hydrogen evolution) .. (4

A corrosion cell, therefore, necessarily contaimaaode, a cathode and an electrolyte (i.e. a
medium through which the ionic species involvethie anodic and cathodic reactions are
transported). For aqueous corrosion the electralige contains the corrosive medium or
agents and contains dissolved products of corrdgi@n ions, colloids and neutral species).

It is important to appreciate that a corrosion seiblves two simultaneous reactions (anodic
and cathodic) that muproceed at the same time and the same rate, burt thee same place.
Thus, anodes and cathodes are necessarily spaepéyated.

1.2.2 Anode and cathode separation

During corrosion, the local electrochemical potaintor voltage) at an anode is different from
that at a cathode. Also, the local electrochemieattions at anodes and cathodes result in
significant chemical changes in their vicinity tlegicourage and maintain their spatial
separation. Furthermore, this potential differeimcgolution gives rise to a voltage gradient,
which attracts oppositely charged ions (or repeefslarly charged ions) a process known as
electro-migration. Additionally, the requirement fdectro-neutrality in the electrolyte (by
which is meant that an anion cannot exist in sofutvithout a corresponding cation) gives
rise to diffusion in the electrolyte. The overalbpess for corrosion of iron, with oxygen as
the cathodic reactant, is shown schematically gufg 3, with migration and diffusion of ions
carrying the flow of current.
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Figure 3: Schematic diagram showing spatial separatn of anode from cathode
with corresponding migration of ions in solution.

It is important to note that corrosion damage (megtal loss) generally occurs at the anodic
locations while at the cathodic locations no caooglamage occurs. For alloys subject to
general corrosion, the locations of anodes anddathtend to move randomly over the
surface of the metal and, on average, metal thgnaacurs relatively uniformly. However, for
corrosion resistant alloys, which are covered pgssive oxide film, the location of an anode
tends to become strongly localised thus giving tasecalised corrosion damage: e.g. pitting
corrosion, crevice corrosion and stress-corrosiaoking.

1.2.3 Electrochemical thermodynamics

The controlling thermodynamic equation for an eledtemical process is the Nernst
equation that relates the equilibrium constinfpr a reaction:

K _[Ta(product3

reactants= products
[1a(reactants)

.. (5)

Where the mathematical operator symliagheans “the product of”, ara{x) means “the
thermodynamic activity of species x”. Thus, for tupper plating (displacement) reaction on
iron:

CU" + Fe= Cu + Fé' .. (6)

K = aFe") xa(Cu) _ [Fe']
a(Cu™)xa(Fe) [Cu®]

. (@)

By convention, the activity of a pure substanciédrstandard state (i.e. pure copper, Cu, and
iron, Fe) is equal to 1; also, the activity of dstance is approximately equal to its
concentration, except at high concentrations (glpic>> 0.5 M). Thusa(x) = [x] where the
square brackets means “the concentration of theespg” and the equation for the
equilibrium constant may be approximated as inditatove.

The Gibbs Free EnergynG) for a reaction is defined as:

AG = -RT In(K) = —zFE )



Where:R is the gas constant (8.314 J &l ™), T is the temperature (K), K] is the natural
logarithm of the equilibrium constant for the reant F is Faraday’s constant (96,485 C
mol ), zis the amount of charge (number of electrons)qzhssthe electrochemical reaction
andE is the electrode potential for the reaction (V).

Note that the electrode potential for an electraulal reaction is a thermodynamic quantity
that is simply related to the free energy changeensystem for that reaction. Also, due to the
relation between the free energy and the equilbraonstant, the electrode potential for a
reaction can be predicted from a knowledge of tireentrations (or activities) of the species
present via the Nernst equation:

-RT
zF

E, = In(K) .. (9)

One important consideration arises from the prattiequirement of measuring a potential
difference thus a single potential cannot be measured Iatiso. By convention, the
hydrogen electrode is taken to be the primary stahtb which all other potentials are
referred:

2H" + 2 = Hy ... (10)

The potential of the standard hydrogen electrodelgtdrogen gas pressure of 1 bar, a
hydrogen ion activityequal to 1 and at 298 K has, by convention, actrelehemical

potential of 0 V. Potentials measured with respethe hydrogen electrode are known as on
the Standard Hydrogen Electrode (SHE) scale. Shmcéydrogen electrode is inconvenient
to use, other secondary reference electrodes aaimon use, for example the saturated
calomel electrode (SCE): i.e. mercury/mercury ddein saturated potassium chloride
solution.

1.2.4 Passivity

The phenomenon of passivity was probably first réed by James Keir in 1790 on the
exposure of iron to concentrated nitric acid [4dl déater famously studied by Michael Faraday
in 1836 [5]. Passivity is now understood to be eausy the solid-state electrochemical
oxidation of a metallic substrate, under the cdrceaditions of potential and pH, to a solid
species that is largely stable to dissolution. Tlasformation of a compact and continuous
film on a metal surface, the kinetic processeslieain corrosion (e.g. electron and ion
charge transfer, diffusion of reacting species) @i slowed by many orders of magnitude.
For many alloys passivity occurs at intermediategpid at sufficiently high oxidising
potentials and most commonly (though not exclugivedsults in the formation of an oxide
film. The literature on passivity in general is@xsive and of interest are the mechanisms of
passive oxide film formation, its structure and @asition, the long-term stability of the film
and its local breakdown in the presence of spesxtiel as chloride ions and others (i.e.

pitting).

For iron, the passive oxide is thermodynamicalabkd at sufficiently high potentials and is
chemically stable to dissolution except in strongl@and alkali. However, it is unstable to
cathodic reduction both to a ferrous species arettlly to the metal. This is fundamentally

! Note that this is not the same as a solution doing1 mole of hydrogen ions (e.g. 1 M hydrochtcacid)
because, in relatively concentrated solutionsattivity of an ion is affected by the concentration of bithlf
and of other ions. Thus, an HCI solution wherehtpdrogen ion activity equals 1 is approximately8lMolar.



different behaviour to many other common passiwesys (e.g. chromium-containing alloys)
where the passive oxides formed are generallyestalyieduction.

In the strict sense, passivity relates to the meaé oxidation leading to a solid corrosion
product that forms in such a way (i.e. thermodyrtathy, or at least kinetically, stable,
continuous, without substantive defects, relativegpluble and generally resistant to further
oxidation or reduction) as to provide a signifidamrotective film. Thus, although passive
oxide films are by far the most important type,gpas films may also consist of other
chemistries such as sulphides, chlorides, etcekample, in sulphide environments, steel
may passivate with an iron sulphide film while mMaride environments lead will passivate
by the formation of insoluble lead chloride film.

Other forms of corrosion that result in the formatof surface films with significant

protective properties are often the result noticdal oxidation to a solid species, but rather by
precipitation of an insoluble salt that coversitinetal surface, e.g. iron phosphate. In the strict
sense, this is not “passivity”, although it is oftgescribed as such particularly if the end
result (a greatly reduced corrosion rate and aetiecydfor corrosion to occur in a localised
manner) is similar. In some cases, however, indear whether the film forms by direct
oxidation or by precipitation. For example, a pobitee ferrous sulphate “salt film” forms
during corrosion of steel in concentrated sulphaaid [6], since iron sulphate is relatively
insoluble in this environment.

1.2.5 Pourbaix diagrams

The acidity or alkalinity of an environment fundamedly affects the extent of corrosion
damage and, hence, the pH (or negative logarithtneohydrogen ion concentration) is of
significant importance in predicting corrosion pesses. In corrosion science, maps of
potential v. pH are known as Pourbaix diagramg éfieeir originator; more commonly they
are known as fEv. pH diagrams. The usefulness of a Pourbaix drags shown below

where domains of stability for various dissolve@adps as a function of potential and pH are
shown. This offers a method for predicting the natf the surface of the material under a
given set of environmental and electrochemical ¢ants. Thus, at 298K and a potential of
0V (SHE) iron is predicted to dissolve, (i.e. thatde species is E§ at pH < 7, while it
passivates (i.e. the stable species is FeO(OHhbplat 7, Figure 4. Pourbaix diagrams may be
drawn at arbitrary temperature and pressure pradvidat a liquid aqueous phase exists to
solvate the ions present in the liquid environm8&milar diagrams may be drawn for nickel,
Figure 5, chromium, Figure 6 and for austenitiecniéss steel (i.e. iron+nickel+chromium),
Figure 7.
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Figure 4: Pourbaix diagram for iron at 298 K with soluble species at concentration of I0M and with the
most common stable oxide species present [7]
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Figure 5: Pourbaix diagram for chromium at 298 K with soluble species at concentration of 70M and
with the most common stable oxide species presefd [
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Figure 7: Pourbaix diagram for iron, chromium, nickel (i.e. austenitic stainless steel) at 573K (300f@ith
soluble iron, chromium and nickel species at concémation of 10° M and with the most common stable
oxide species present [7]

1.2.6 Electrochemical kinetics

The rate of an electrochemical corrosion reactiay e, in principle, be determined by
measuring the current that flows between all tredas and all the cathodes. The mass loss of



the metal is then obtained by the application ghBay’s Law, which relates the current
flowing to the mass of material corroded (or defmukin the inverse situation):

Massloss= IxtxMm .. (11)
Z2xF

Where:l is the current flowingt is the time the current flows (i.ex t is the charge passed),

M is the molar mass of the materials the number of electrons involved in the reacaad

F is Faraday’s constant. A more useful measure wbsmn rate is the mass loss per unit area
of metal (rather than total mass lost) and thesaisily determined by replacing the total
current () in the above equation by the current per unia &re. current density).

Unfortunately, for the self-corrosion of a metélke anodes and cathodes are effectively short-
circuited via the metallic (electron-conductingpstrate and the anode-to-cathode current
cannot be easily measured. However, where theretdamical elements (i.e. anode and
cathode) can be clearly separated (e.g. in a galeafl) then it is possible to measure the
current conventionally. Where the electrochemitainents are closely spaced on the metal
and, hence, cannot be easily separated, measurefthatcurrent flowing in the electrolyte
can provide an indirect measure of the overall aftodcathode current.

When the electrode reaction is controlled by eleakicharge transfer at the electrode (and not
by mass transfer) then the governing relationsktg/ben current and potential is the Butler-
Volmer equation, which can be derived from activatstate theory:

| = rate of forward reaction — rate of reverse tieac ... (12)
. l-a)zF } F{ a.zF }

| =Ai Jexg———(E-E_,) |—exg - E-E .. (13)
e 2 e k) 28 (E-E,)

Where,| is the current flowingA is the area of the reacting metal (electrode argm)the
rate of the forward and reverse reactions at dayuilin (known as the exchange current
density),z is the number of electrons in the reactiéns the electrode potentidt.. is the
electrode potential at equilibriurR,is the gas constant,is the absolute temperature anis
the “shape factor” for the reaction (commonly takemequal 0.5). The ternfE(— Eq) is
sometimes known as the overpotentigl (

The Butler-Volmer equation has two limiting cageisstly, in the high overpotential regime
where E — Eyq) is large (> 50 mV), the equation simplifies te fhafel equation:

n=a-Dblog (i) ... (14)
Where,y is the overpotentiah andb are constants that depend on the nature of th&i@no
and cathodic reactions, amfdi$ the absolute value of the current density. fEheb is often

known as the Tafel slope. Secondly, in the low ptiaéregime wherel — Eq) is small (<
10 mV), then the current-potential relationshipdirees linear:

p=2 ' .. (15)



In the low potential regime an expression for tbipsation resistanc&®,, may be derived
(also known as the Stern-Geary relationship):

AE_o __ bb 1

Al P 23b, +b,) i

... (16)

corr

Where,AE andAl are, respectively, the changes in applied voltagkcurrentb, andb, are,
respectively, the anodic and cathodic Tafel sl@eti.o is the corrosion current. This gives
a method for the measurement of corrosion raten(fitee corrosion current density) by
measurement of the polarisation resistance.

The polarisation resistance, which is a consequehaa activation-controlled electro-
chemical process such as metal dissolution, mudtenoonfused with the ohmic resistance
given by Ohm’s law, which has the same mathematicai (i.e. potential is proportional to
current):

V=ILR .. (17)

Where, for a conductor, the potential differer@cross a conductor with currehtflowing
through it is proportional to the ohmic resistariReGGenerally ohmic resistance is only of
concern in electrochemistry where the conductieftthe electrolyte is low (i.e. the resistance
is large) or the current is large.

As the rate of reaction increases (i.e. the anodmthode current increases) the rate of arrival
of the reacting species at the electrochemicatfate (e.g. the reacting metal) will become
limited by the rate of diffusion of the reactingesges in the electrolyte. Thus, as the current
increases, the interfacial concentration of thetieg species at the electrode decreases and,
when it reaches zero, there can be no furtherrdyiforce for mass transport in solution,
which, therefore, becomes controlled by diffusioogesses in solution, Figure 8. At this
diffusion limit, Fick’s ' Law holds and the limiting current is:

lim = D.F.z6
Where:l;m is the diffusion limited currenD is the diffusion coefficient of the reacting

speciesF is Faraday’s constart,js the number of electrons transferred in thetrea@ndd
s the diffusion distance (or stagnant boundaryrjaye

Distance from reacting interfa



Figure 8: Schematic diagram illustrating diffusionof reacting species at an interface; the valué
represents the diffusion distance (or boundary layeover which diffusion takes place).

1.2.7 Mass transport

For many technically important applications therosion rate is controlled by the diffusion
of the reacting species to the metal surface arnléodiffusion of dissolved species away
from the surface. Under these conditions, massp@m in the solution becomes critical. In
general mass transport occurs by three fundamprdeésses:

» Diffusion (i.e. movement under a concentration grat)
* Migration (i.e. movement under an electric fieladjent)
« Convection (i.e. natural or forced solution flow)

The total flux of reactant to a surface or integféice. the total mass transport) is obtained
simply by addition of the components of diffusiardamigration to that of convection:

Total Flux = Diffusional Flux + Migrational Flux €onvective Flux ... (18)

In all flow conditions a region of fluid exists adgent to the surface of the electrode in which
no convection occurs, only diffusion and migratitms is called the boundary layer and may
be equated with the diffusion distance in Fick's\L&enerally, as the convection rate
increases the boundary layer is compressed andeddiu extent and, hence, the overall rate
of mass transport increases.

General corrosion proceeds commonly under massgoahcontrolled conditions where the
above situation applies and therefore an increatieei fluid flow rate will increase the
corrosion rate. However, for passive alloys suledbcalised corrosion, an increase in the
fluid flow rate often results in a decrease inltealised corrosion rate. This is because
chemical heterogeneities that are crucial for #netbpment of a localised cell are more
easily disturbed at high flow rate. This is onéle reasons why components should not be
left containing stagnant fluids for extended pesiodltime otherwise the localised corrosion
risk increases and pitting corrosion, for exampé initiate.

1.2.8 Effect of flow rate on corrosion

For corroding systems, under mass transport cobelflux of species to a surface where the
rate-controlling reaction is occurring is descriliethe steady-state by Fick’s' Law. This

flux may be also measured electrochemically bylithging current for that reaction (e.qg.
oxygen reduction). In this way, a mass transfeffuoent, k, may be defined by:

K = i ... (19)

2FG,

Where:ijin, is the limiting current density for a cathodicetan, Cy is the bulk concentration
of cathodic reactanE is Faraday’s constant aads the number of electrons (i.e. units of
charge) transferred in the reaction. For a corropimcess whose rate is controlled by mass
transfer of cathodic reactant, for example carliealsn neutral, oxygen-containing solutions,
knowledge of the mass transfer coefficidnienables prediction of corrosion rate.

Measurement of the diffusion flux may be carrietl wsing standard electrochemical
techniques as a function of fluid flow rate, eithiex rotating electrode systems, or via



electrodes placed in flow channels. For laminanftbe analytical solution predicts that the
limiting current (im) at a rotating electrode is proportional to thaaamntration of reacting
species in solution and the square root of theicotapeed, the Levich equation [8]:

lim = A Ca)o'5 ... (20)

Where:w is the angular rotation rate of the electrodeiasls’), C is the concentration of
reacting species arfdis a constant that depends on the fluid propeatnesdiffusion rate of

the reacting species. Thus, if a ploi,gfv. »®?is a straight line, then the reaction is mass-
transport controlled and the diffusion coefficiémt the reacting species can be obtained from
the slope of the straight line.

For turbulent flow, the situation is more complexiaannot be solved analytically hence
experimental analogies for particular situationsthe developed. Nevertheless, similar
results hold overall in that the limiting curremtaa electrode is proportional to the fluid flow
rate to some power. For flow in smooth-bored pipdsch is of relevance in a great number
of situations, the experimentally derived resulfithe form:

k=AV" .. (21)

WhereA is a constant dependent on the fluid properntiésthe fluid flow rate and an
exponent that lies generally between 0.5 and 0.8.

1.2.9 Radiolysis of water

In an aqueous environment ionising radiation walise the formation of a number of
intermediate species that have relatively shaetififes. These include radicals (e.g. free
electrons, hydrogen, hydroxyl, etc.), gases (eidrdgen, oxygen, etc.), neutral species (e.g.
hydrogen peroxide, etc.) and ions (e.g. protondrdwide, etc.). During radiolysis the
corrosion potential of an electrode generally, writreasing dose, becomes more positive
(i.e. moves to the hydrogen peroxide redox equel)bilhus, radiolysis of water tends to
result in an oxidising environment which, for passalloys, will result in a significant risk of
localised corrosion, especially stress corrosi@atking.

Where the gaseous products of reaction are alldéaeduilibrate with the external
environment then the reaction equilibria may béastito become net reducing (i.e. with
hydrogen overpressure). This effect may be useedioce the corrosion potential towards the
equilibrium hydrogen electrode at which value nailktys are close to or within the

immunity regime for corrosion. Thus, in BWR and P\8f®8tems, hydrogen overpressures in
the range 20-25 cihH,/kg are commonly used to suppress oxidative rasislgroducts and

to ensure that the corrosion potential of staingesl in the reactor cores is close to -230 mV
(v. the Standard Hydrogen Electrode) commonly gagia safe limit. Additionally,

especially in BWRs, the addition of small quansite noble metals into the core coolant
catalyses the hydrogen/oxygen recombination reattiat otherwise can be somewhat
sluggish.

1.3 Forms of aqueous corrosion

1.3.1 General corrosion

General corrosion is characterised by damage disatts in a more-or-less uniform thickness
loss from a metal where generally the whole surfemmes increasingly roughened with



time. It is important to note that in situatione #nodes and cathodes can become localised,
for example due to differences in local concertrabf cathodic reactant or due to the
geometry of the component, then relatively rap@hlaorrosion will occur in those areas that
are anodes. This can most clearly be appreciateéxbmple, where a section of steel is piled
into the ground. Those areas of the steel closieetgurface will be located in a region of
higher oxygen concentration and will become cateo@®nversely, those areas at greater
depth will be located in regions of lower oxygemcentration and, hence, will become
anodes.

1.3.2 Pitting and crevice corrosion

Localised corrosion is characterised by damagedbairs preferentially at discrete sites on a
material surface and may result in the formatiopits, cracks, grooves, etc. A large cathode-
to-anode area ratio is generally required in otddorm an intense local anode. Since this is
most easily obtained in metals that are passive lthealised corrosion most commonly
occurs on materials that are passive.

Pitting is a form of localised corrosion damage tieaults in the formation of small defects or
pits, often associated with a cover of corrosiardpict or perforated metal over the pit. True
pitting only occurs on metal surfaces that areigag=d by a protective film and it is the
breakdown of this passive film that results in litalisation of the anode region. Breakdown
of the passive film is a time-dependent processista@so a function of many other variables,
including: electrochemical potential, compositidritee alloy, composition of the
environment, mass transport in the environment,Mtst pitting events are stochastic and
merely transient, lasting for a short time onlydsefre-passivation. However, as the
electrochemical potential becomes more positiveaanithe environment becomes more
corrosive active pits survive for increasingly lengimes. Eventually, a pit grows sufficiently
large such that it the local solution chemistryhia pit becomes significantly different from
the bulk solution chemistry and hence stable amdredocalised corrosion damage then
becomes a possibility.

Active (as opposed to metastable) localised carros generally dependent upon the
development of a stable local solution chemistgt th different from the bulk solution. All
active pits are, by definition, anodes and therestgpassive) surface is the cathode. Since
the area of the cathode is very large comparede@mode, the cathodic current per unit area
(or cathodic current density) is small while th@dic current density is large; since the
current density defines the corrosion rate, theoaaots for the relatively rapid corrosion rate
in active pits. Once established, active pits tienole stabilised. This is because for every
metal ion (cation) that is produced a correspondimgn is required to migrate into the pit
solution to maintain electroneutrality. Additionglif halides are present (chloride is
particularly ubiquitous) the metal ions are subjedhe hydrolysis reaction, e.g. for
chromium:

Cr* + 3H,0 = Cr(OH); + 3H' (acidification) ... (22)

Hence, the pit solution tends to become more cdrated and more acidic both effects
conspiring to increase the local pit anodic dissofurate, Figure 9.
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Figure 9: Schematic diagram illustrating the chemity in a pit

Crevice corrosion has a similar mechanistic basfstting corrosion however the local
solution heterogeneity that initiates the corrogoocess is intrinsic to the physical geometry
of the component or system. Thus, a sufficientitiicrevice between two materials
constitutes a diffusion barrier to the mass transpiospecies in and out of the crevice. This
becomes significant when a species that takesmptre corrosion process diffuses slowly in
the crevice. For example when oxygen, initiallygene throughout the system, gets
consumed within the crevice an anode will prefeadigtform within the crevice with the
cathode located outside the crevice. Alternatieelgdditionally, corrosion will increase the
local metal ion concentration since the crevicérigsn will limit the amount of exchange to
the external environment. Also, as in a pit, metalhydrolysis will tend to lower the crevice
pH thus increasing the local anodic dissolutioe rata similar manner to pitting.

1.4 Corrosion control

The four main methods for controlling the corrosadra material or component are: (a)
materials selection, (b) environmental modificatifr) electrochemical control and (d)
application of a protective coating. These methody be used either individually or in
combination and generally, the choice is often Basethe most cost-effective option able to
achieve the required performance and lifetime atarsstics.

Successful materials selection is based upon fgargiand delivering the key materials
property/ performance requirements of the produat is being designed in relation to:

* Functionality — appropriate combinations of phykitaermal, mechanical, electrical
and/ or magnetic properties in combination withrappate formability and ease of
fabrication.

* Appearance — appropriate formability and easelmidation with surfaces amenable
to appropriate finishing that might include pro@sssuch as colouring, patterning and
texturing.

» Durability — predictable resistance to fractureaweorrosion, or other deterioration
processes throughout the design life of the product

* Economy — acceptable cost and availability.

Practically, cost-effective corrosion control ofteguires the use of a relatively cheap
material that serves the required mechanical osiphl/function (e.g. a carbon or low-alloy
steel). In such cas@s situ environmental modification is required to contitod corrosivity
of the environment. There are a variety of tecbg@s to available achieve this end, and
selection depends upon the specific details op#r&cular application, generally driven by
the requirement to achieve acceptable performasrcaihimum cost. The scientific basis
behind environmental modification can be dividei itwo fundamentally different
underlying methods:



» Corrosive agent removal: This involves deliberatalification of an environment in
order to reduce its chemical and/or electrochenacaVity towards a substrate
material by removal of specific corrosive reagents.

* Protective barrier inducement: This involves thkbdeate addition of a chemical
species that interacts in some way with the congg&ubstrate so as to form a
protective barrier that reduces the corrosiont@in acceptable level.

It is important to note that these strategies neagdmbined together (and indeed also
combined with one of thex situcorrosion control methods — for example the addiof
corrosion inhibitors into paints) in order to acreghe desired performance.

Electrochemical corrosion control generally inva\tke application of a cathodic potential to
a material so that the net anodic reaction ratedsced (and, consequently the net cathodic
reaction rate is increased); a method known adattprotection. This may be achieved
either by the use of a sacrificial anode such s @ protect carbon steel or by application of
an external potential from a DC power supply. la lditer case the potential may, in
principle, be made sufficiently negative such thatmaterial is driven into its immunity
regime. However, a likely result is that the catbdd/drogen is generated, which can result
in undesirable embrittlement of materials. For make that may be passivated in an
appropriate environment, then an anodic potentay} bre applied in order to ensure that the
passive film is successfully formed. This methaaywn as anodic protection, is only feasible
where a passive oxide is stable over a sufficidatige range of potential but can be used in a
range of environments.

1.5 Metallurgical influences on corrosion

1.5.1 Microstructure

All materials (apart from those that are amorphmuglassy in nature) have an underlying
long-range structure,. This is manifested as alaegund repeating arrangement of atoms in
the metal and the consequent appearance of ciygtalhat is apparent over various lengths
from the nano (< 100 nm), through the micro (0.+16 pm) the mesa (10 um to ~1 cm) to
the macro (> 1 cm). Generally the materials mictmstire influences, at a fundamental level,
the materials performance, both mechanically artdrims of corrosion resistance.

A detailed discussion of metallurgy is beyond tbepe of this chapter however, certain
principles are worth describing. All alloys of inést in the nuclear context are crystalline
and, consequently have a structure that is dep¢admow they have been manufactured and
subsequently processed. For example, a typicabstrercture for equilibrium (thermally)
annealed austenitic stainless steel is shown ar€ig0, where the individual crystal grains
(of approximate dimension ~ 50 um) can be easéys8econd phase particles are also
present in alloys and arise either from delibeaditgying addition (e.g. the presence of
carbides in steel) or from adventitious contamoratr otherwise unwanted constituents. In
the latter case these unwanted precipitates mhyeimfe corrosion processes in a
fundamental manner (e.g. surface breaking MnS pitatés in stainless steel are the primary
location for the initiation of pitting corrosion).



Figure 10: Microstructure of annealed austenitic sainless steel; the large equiaxed grains are ausfen
while a small amount of retained delta-ferrite carbe seen, particularly at the top left.

Each individual grain comprises a unique crystahimithe microstructure where the atoms
are regularly ordered in a repeating fashion. Haxeat boundaries between these grains, the
atomic structure is locally disordered. Grain baanes, therefore, provide sink sites for
atomic defects such as vacancies (i.e. a locahabsef an atom) and are preferential
locations for atomic segregation and for the priéatijon of second phase particles. In the last
case, if the formation of a second phase partickegaain boundary is associated with a
change in local alloy composition close to the gtzoundary, then intergranular corrosion
damage can take place, Figure 11.

Figure 11: Intergranular attack of sensitised austaitic stainless steel; the sample shown in Figuredlhas
been heat treated at 650°C for 24 hours in order tprecipitate chromium carbide at the grain boundaries.
This has depleted the local chromium content so thavhen the sample is etched, severe ditching occurs
along the grain boundaries.

1.5.2 Processing

During fabrication, materials are commonly shapétee by a metal working process (e.g.
rolling, bending etc.) or by metal removal (e.gtticlg, machining, etc.). The permanent
deformation of a material after an applied loackimoved is known as “plastic deformation”



(e.g. like wet clay). This can be contrasted wihastic deformation” where the deformation
Is recovered after removal of the applied stregs (&e rubber). Plastic deformation in an
metallic alloy involves the motion of atomic defectlled dislocations which move in
preferred atomic directions and orientations underapplication of a shear stress or load.
Importantly, plastic deformation causes graingmalloy microstructure to individually
deform and partially rotate to align with thesefereed directions. Deformation, for example
as a result of cold work, gives rise to a numberofors that can influence the corrosion
process including:

* Anincrease in the overall stored energy withinaliey (due to the accommodation of
strain) and, hence, residual local stresses (teasaill compressive); residual tensile
stresses have an adverse influence on the rigkesisscorrosion cracking.

» The formation of localised features known as sipds within each alloy grain. These
are regions of greater atomic disorder in the nsicumture, provide preferential
pathways for diffusion and are also implicatedtimess-corrosion cracking in high
temperature water environments.

Fabrication of components may also involve initiatermediate or final heat treatment, metal
joining (i.e. welding) and cladding (i.e. metal dsjgion). Heat treatments are used to control
material properties (e.g. annealing/removal ofestatrain energy from cold work and control
of microstructural features such as second phasielpa/precipitates). It is important to
appreciate that correct heat treatment or weldmgilsl be performed and the incorrect
processes, especially heat treatments, can inctieasisk factors for corrosion and stress-
corrosion.

1.5.3 Radiation damage

Radiation emitted in a reactor core and by radivadsotopes consists either of sub-atomic
particles (i.e. helium nuclew, high-energy electrong) and neutrons (n)) or short
wavelength electromagnetic energy. (onising radiation specifically may be definesl a
radiation that imparts significant energy to thetterawith which it interacts. Thus, radiation
may affect the physical properties of the matedad] it corrosion rate, by a number of
processes that are described briefly below. Theosmm rate of passive metals is dependent
upon the number and type of free charge carridifsefeonic or electronic) in the protective
surface film. lonising radiation of all types cdteathe type and density of charge carriers
and, hence, alter the electronic and ionic conditgtof protective films, which will

adversely influence the corrosion rate.

The interaction of charged particles (neandp) with the metal will alter the corrosion
potential. Thus, the capture of helium ions or etets will, respectively, tend to increase the
rates of the anodic or the cathodic processesotim éases the overall corrosion rate would be
expected to increase. Radiation that is specificalthe form of energetic particles (e.g.
neutrons and protons) will interact with atomsha metallic lattice in a number of ways
generally via elastic and inelastic collisions.

« Atoms may be displaced from their initial atomicpi@on by collision with a particle,
thus producing a vacancy-interstitial pair.

* Atoms may interact with the incoming particle, &@ample by capturing a neutron.
This may result in transmutation of the atom.



* Incoming particles may loose all their energy aact@ptured within the atomic
lattice.

The first of these processes results in an incrigae lattice vacancy concentration and a
consequent increase in diffusion rate. Differents of vacancy generation around grain
boundaries can give rise to radiation-induced sgggren for example where chromium
locally depletes this increasing the risk of intargular corrosion. The general disruption to
the lattice structure as a consequence of radidtomage also results in many other
significant changes to material properties. Fomgxa, both radiation-induced softening (e.g.
due to local dissolution of second phase partide$)ardening (due to the atomic
displacements causing an increased in stored enegigyoccur.

1.6 Mechanical influences on corrosion

1.6.1 Fracture

Conventionally, a material under a static load Wels yield stress will not plastically

deform. After yield, plastic deformation occursewhby the material undergoes a permanent
change in shape however, below its ultimate tessitss it will not break or fracture.
Macroscopic fracture under a load or stress oasiigresult of the initiation of a defect, such
as a crack, which then propagates through thenkgskof the material. The resistance to
propagation of cracks is given by the fracture towass of a material; glass has low fracture
toughness while structural carbon steel has higttdre toughness. Note that toughness and
ductility are not the same at all. For example, @@y has a high ductility (i.e. it may be
plastically deformed to large strains) but low frae toughness (i.e. it fractures easily at a
notch). The fracture toughness,is defined as:

K, =+vo.a ... (23)

Where K| is the fracture toughness in mode | loading @rack opening)g is the stress amal
is the defect (or crack) size.

Since a critical value&c, may be defined below which no crack propagatsopredicted to
occur, fracture that occurs below the nominal @aitvalue of stress intensity must, therefore,
result from some other damage process that incseasie time. Two main processes can
cause damage accumulation (or slow crack growafiyude/corrosion fatigue and stress
corrosion cracking. It is thus essential to detasrthe susceptibility of materials to these
failure mechanisms as part of the developmentl@hie and safe structural designs.

1.6.2 Stress corrosion cracking

During service, materials are generally subjech&zhanical influences that can be tensile or
compressive, constant or varying. Also, residuassies that arise from materials processing
and component manufacture are likely to be pregs@mtunately, high operational and/or
residual tensile stresses do not normally com@uisenhanced corrosion risk for the majority
of constructional alloys, including carbon steg&lafortunately, common corrosion-resistant
alloys, including austenitic stainless steels anmdesnickel alloys, are susceptible to stress
corrosion cracking in specific combinations of m@leand environment, Figure 12.
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Figure 12: Schematic diagram illustrating requirements for materials’ susceptibility to stress corrosbn
cracking (SCC)

Stress corrosion cracking almost always initiatesfa small corrosion defect such from a pit
or crevice as the local chemistry is similar incabses. The defect propagates into a short-
crack with dimension of the order of a grain diaenghen into a long crack with macroscopic
dimensions spanning from more than one grain tdutheomponent size. The possible
mechanisms of stress corrosion are varied and depethe material + environment
combination however they are all required to explai

* Why cracks initiate and then propagate in intriajcductile materials?

* Why such cracks can propagate at stress intersitgrs many times less than those
required to cause macroscopic failure of the sammtenal?

The propagation rate of stress corrosion craciemerally found to be a function of the stress
intensity factorK. Thus, there is generally a threshold stress siteralue (i.eKscc) below
which the crack propagation rate becomes very loreo. Between this value and the stress
intensity value for fast fracture (i.Kc) the crack propagation rate,follows an approximate
log-linear relationship with stress intensity whére rate depends on the nature of the
corroding environment, Figure 13.
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Figure 13: SCC crack growth rate as function of stess intensity factor



1.6.3 Corrosion fatigue

Cyclic stresses give rise to fatigue processesstiaten component lifetime, while corrosion
tends to accelerate normal fatigue giving risecasion fatigue. Fatigue is relatively well-
understood and design codes exist to predict paence from the result of mechanical
testing in air and in corrosive environments (resipely for fatigue and corrosion fatigue).
Two main types of experimental test are commonlygosed: measurement of the applied
stress v. number of cycles before failure (S-N egj\and measurement of the crack growth
rate as a function of the applied stress interiaitior (Paris Law curves). The latter type of
measurement is more complex to carry out but pesvidore design information. Typically,
the logarithm of the crack growth rate is found&linearly dependent on the stress intensity
over a range of values:

Iog(%) =mlog(AK) +logC ... (24)

Where:a is the crack length and is the number of cycles (henda/dNis the crack growth
rate at theNth cycle),mis the slope of the lin&K is the range of stress intensity, dbd a
constant. Using this approach it is possible toerekjuantitative prediction of residual life

for defects and also to quantify the effects of@sion on fatigue life. For example, for
fatigue in air a threshold stress or stress intgrsin be found below which crack propagation
is low or zero. The effect of corrosion typicalsyto lower (or remove) the threshold and to
increase the crack growth rate.

1.7 Glossary of corrosion terms
Active: freely corroding; neither passive nor immune.

Activity (thermodynamic): the thermodynamic activity of an entity, i, jsseexpAG /RT) whereAG is the free
energy increase of 1 mol of i when it is conveffredn a standard state (defined as when B) to any other
activity g = x.

Anion: a negatively charged ion; it migrates to the @ofla galvanic cell.

Anode: the electrode in a galvanic at which electrocloabxidation takes place.

Anaerobic: air or uncombined oxygen being absent.

Austenite: they-modification of iron, having a face centred cubitice.

Bimetallic (galvanic) corrosiort corrosion of two metals in electrical contactwihich one metal stimulates
attack on the other and may itself corrode morevlgithan when it is not in such contact; galvasioften used
in place of bimetallic.

Cathode the electrode of a galvanic or voltaic cell afethelectrochemical reduction takes place.

Cathodic reactant species which is reduced at a cathode.

Cation: a positively charged ion; it migrates to the cathoda galvanic or voltaic cell.

Concentration Cell: a galvanic cell in which the e.m.f. is due td@iénces in the concentration of one or more
electrochemically reactive constituents of the tetdygte solution.

Corrosion (of metals) the process of wastage of metals brought aboetdntrochemical and/or chemical
interaction with their environment.



Corrosion control: control of the corrosion rate and form of attatla metal of a given metal/environment
system at an acceptable level and at an econorsic co

Corrosion fatigue: failure by cracking caused by reversing altenmstress in the presence of a corrosive
environment.

Corrosion product: metal reaction product resulting from a corrogieaction; although the term is normally
applied to solid compounds it is equally applicablgases and ions resulting from a corrosion r@act

Corrosion rate: the rate at which a corrosion reaction procekdsay be expressed as a rate of penetration mm
y', mm §' etc. (inches per year or ipy is still sometimesd)sor as a rate of weight loss per unit area, for
example: g i d*, mg dn? d* (mdd) etc. It may also be expressed as the eguivalirrent density.

Crevice corrosion localised corrosion resulting from the presenica orevice in a fabricated component or
between two surfaces, at least one of which istalme

Critical humidity : the relative humidity at and above which the apt@ric corrosion rate of a metal increases
markedly.

Critical pitting potential : the most negative potential required to initiaits in the surface of a metal held
within the passive region of potentials (it vaneith the nature of solution, temperature, time,)etc

Current (1) : the rate of transfer of electric charge; unitreat is the ampere (A) which is the transfer of 1
coulomb/second (1 C/s).

Current density (i): the current per unit area (usually geometricwoface of an electrode (units: AZmA cmi
2 -2
, MA m* etc.)

Deposit attack localised corrosion (a form of crevice corrosionger and resulting from a deposit on a metal
surface.

Differential aeration: Differences in oxygen concentration in the elglgte solution in contact with a metal.
Differential aeration stimulates corrosion of taa@a where the oxygen concentration is lower, whetomes
the anodic site.

Diffusion: Movement of atoms, ions or molecules under an ié¢ff@gr concentration) gradient.

Diffusion layer: the thin layer of solution adjacent to an eledt&réhrough which transport of species to or from
the electrode surface occurs by diffusion rathanthy convention.

Electrode: an electron conductor by means of which electroagpeovided for, or removed from, an electrode
reaction.

Electrode Potential (E) the difference in electrical potential betweeretettrode and the electrolyte with
which it is in contact.

Electrolyte: a substance, liquid or solid, which conducts eie&lt current by movement of ions (not of
electrons).

Electro-migration: movement of ions under an electric field.

Erosion: loss of material mechanically by impact of a ldjugjaseous or particulate environment.
Erosion-corrosion: the wastage of a material caused by the conjotidraof erosion and corrosion by a liquid
or gaseous environment, with or without solid mdes.

Faraday’s constant (F):the quantity of electric charge involved in thessmsge of one Avagadro number (or one

mole) of electrons. The value of F (universal)6s485 C motf.

Fatigue: failure of metal under conditions of repeatedrali¢ing stress.



Ferrite: the body-centred cubic form of irom-{ron) and the solid solutions of one or more eletaén body-
centred cubic iron.

Film: a thin coating of one material on another, noessarily thick enough to be visible.

Galvanic cell: an electrochemical cell having two electronic amtdrs (commonly dissimilar metals) as
electrodes.

Galvanic corrosion: corrosion associated with a galvanic cell

Galvanic series:a list of metals and alloys based on their redagigtentials in a given specified environment.
Hydrogen electrode:an electrode at which the equilibriuni tq.) + e5 H,, is established. By definition, at

unit activity of hydrogen ions and unit fugacitylofdrogen gas the potential of the standard hydredectrode

Eqy./ H, =0.00 V.

Immunity: the state of a metal whose corrosion rate is Ionegligible by virtue of its sufficiently negative
electrochemical potential.

Inhibitor: a substance added to an environment in small oorat®ns to reduce the corrosion rate.
Intergranular corrosion: preferential corrosion at grain boundaries.

Internal oxidation: formation of particles of corrosion product (usyalkide) within the metal matrix beneath
the metal surface.

lon: an electrically charged atom or molecule.

Localised corrosion: accelerated corrosion at certain sites only oftairsurface due to spatial separation of
anodes and cathodes; examples include pitting siompstress-corrosion cracking and intergranubarosion.

Open-circuit potential: the potential of an electrode (relative to a refiee electrode) from which no net
current flows, so that the anodic and cathodictieas occur at an equal rate.

Oxidation: loss of electrons by a species during a chemicaleztrochemical reaction; addition of oxygen or
removal of hydrogen from a substance.

Passivation Potentialithe potential at which a metal in the active sketeomes passive.

Passivity: the state of a metal in which a low corrosion iaterought about by reaction with its environment
under a high anodic driving force through formatidra surface barrier film, usually an oxide.

pH: a measure of the hydrogen ion activity defineghbly= -log aH where aH is the activity of the hydrogen
ion.

Pitting (corrosion): the formation of small holes in an otherwise passnetal surface as a consequence of
locally accelerated corrosion.

Pitting potential: minimum potential (least noble or least positigejvhich a metal undergoes permanent
pitting corrosion.

Polarisation Curve: A plot of the current density flowing from an efexle against the electrode potential,
often presented on a logarithmic current densitg.ax

Potential-pH Equilibrium Diagram (Pourbaix Diagram) : diagram of the equilibrium potentials of
electrochemical reactions as a function of the pthe solution.

Reduction: a chemical or electrochemical reaction in whidpacies gains electrons; the removal of oxygen or
the addition of hydrogen.



Reference Electrode:an equilibrium (reversible) electrochemical haftof reproducible potential against
which an unknown electrode potential can be medsaveamples of those commonly used in corrosiortere
Pt, H/H" (the hydrogen electrode), Hg/b),/CI (the calomel electrode).

Relative humidity: the ratio of the amount of water vapour presemthéatmosphere at a given temperature to
the amount required for saturation at the same ¢eatpre, expressed as a percentage.

Sensitisation: susceptibility to intergranular attack in a coivesenvironment resulting from heating a stainless
steel at a temperature and time that results icitation of chromium carbides at grain boundaries

Standard electrode potential:the equilibrium potential of an electrode reactidmen the components are all in
their standard states.

Stress intensity factor:a fracture toughness parameter used for asseassegptibility to fast fracture, stress
corrosion cracking, etc.

Stress-corrosion cracking:damage produced by the combined action of comoesial static tensile stress
(internal or applied).

Uniform corrosion (general corrosion): corrosion in which no distinguishable area ofritetal surface is
solely anodic or cathodic, i.e. anodes and cathadefmseparable, cf. localised corrosion.

Weld decay:localised attack of austenitic stainless steefaes near a weld, which results from precipitatio
of chromium carbides.

1.8 Further reading

“Shreir's Corrosion”, eds. Tony Richardson, Bob &ptRob Lindsay, Stuart Lyon, David
Scantlebury, Howard Stott and Mike Graham, Else{@éd.0)

“Handbook of Corrosion Engineering”, Pierre R. Raa McGraw-Hill (2000)
“Electrochemical Techniques in Corrosion Scienag Bngineering”, R.G. Kelly, John R.
Scully, David W. Shoesmith, Rudolph Buchheit, M&idekker (2003)
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