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- ABSTRACT ) by
It 1s assumed in this study that the protection
imparted by passive layeés is dependent upon the balance
between the breakdown of the prtotective film and the healing
of the produ;ed fiaws- Therefore, the accurrence of a plt
must coincide with a change in the local coddifions in a
flaw which did not heal.

Using this hypothesis, five proposed theories for

pitting corrosion are compared using data published in .the
literature. The processes assumed to occur during pit
nucleation are simulated. The solution compositions and
potentials from reported experimental determfinations of
pltting po;entials are used as Qthiai conditi;ns. Ihe
potential ané concentrations at the base of the flaw are
computed by using mass transport equations. -

The values ocbtained are then used to compare.the
five'mo&els. For,eaéh theory, an expression depending on
potential and concentrations ac.&he metal sQrface was iden-
tified, so that where a theory is correct, thié expression-
1s smaller (or larger)’ than a parameter. Thid parameter,

should be constant, and independent of the particular set of

experimental conditions (e.g. pH, chloride concentration in

(111)



the bulk solutibn), as all the calculations are made for
conditions corresponding to the pitting potential, 1l.e.
conditions borderlining between pitting and passiv{ty.'

The pérticular case of igod in barate buffers 1is

considered here.' The computed results indlcate that the

-

most probéble mechanism controlling pittfhg Is the adsorp-_

tion of the chloride ions at the metal surface. The repas-
sivation by precipitation of ferrous hydroxide is always

thermodynamically favoured, but apparently slow.
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We dance around in a ring and suppose;

But the Secret sits in the middle and knows. .

- L

Robert Frost
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' CHAPTER I

INTRODUCTION

It.has been estimated that the cost of corrosion in
the United States 1s approximat;ly 70 b1llion dollars a
year, or -4.2% of the Gross National Prodﬁct (Payer, Boyd,
Dippold and Fisher, 1980). Comparable percentages of the
GNP have beén obtained in éthef countries where evaluations
héve been uﬂdeftaken (Behrens, 1975; Hoar, 1971;' Rene and
Uhlig,u197h); Piéting corrosion 1is certaiqiy responsible

© for iVIESpectable fraction of this cost, as judged by-itg
1mpéét on certain sectors, such as the pulp and paper indus-
.fry% lOne.chemical manufacturer found that over a four~year
périod, pitting cofrosién waslrespongible for abouF 8% of
all faiiures of the metallic piping_and equipﬁent (Cﬁllins
and Monack, 1973). )

Pitting can be defined as a form of corrosion "in
which only small areas of the metal surface are attacked
whilst the remainder is largely unaffected; (Shreir,‘19763).

;fhis can occur-on many cohmon'métals gsuch as iron, aickel,

titanium, aluminum, . zing, and their alloys’. The danger of

this type of attack 1s that it ts impossible to monitor fts



progress by visual inspection until the metallic part hag
been cdmpletely perforated.

The study of pitting corfosion has received great
impetus from the development of commercial potentiostats and
thelr systematic use in éxperimental eiectfothemistfy siqce
the early.1960's_(Macdonald, 1977). These instruments, by
controlliﬁg the potential between the éample under study ana
a-reference electrode in the soclution of inte;est, can
’rapid;y indicate gsome of the counditions necessaryifor the
~occurrence of pitting co}rosion. Numerous experimental
results have been obtalned: éhreir.(1976b) gives a list of
269 articles published on the subject between 1960 and
1974.

The present work is motivated by a desire to gain
theoretical insights by using the already accumulated exper-
imental data. Starting with.the assumption thaé pltting
procéeds throuéh processes o0f breakdown.and repair, the
elemental physiCOfchemical processes'are!simulated, uéing
‘contemporary numerical techniques. Tﬁese permit the solu-
_Eion of the relevant differenfial equatlons with a minioum \
of restrictive assumptions. By simulating the behaviour og_"
a passive metal during a potentiostatic gxpériﬁent, it 1s
possible to use.fhe experimental pitting potentials.and thg
solutfions in which they were determined to cBmpute local

electrochemical conditions. These results In turn allow the

quantitative evaluation of five different theories



attempting to explain pitting corrosion.

After a short description of the characéeristics of
corrosion pits, the different theoretical models which have
been prOpﬁsed to elucidate this phénomenon are(discussed.
The'main approaches of_ current reséarch are then reviewed in
order ‘to situace-jhe meehodology used here. As iron is the
metal which has been selected for the application of the
proposed methodology, the concluding section of the litera-

ture review discusses the most important theories of iron

dissolution.



- CHAPTER II

CHARACTERISTICS AND THEORIES OF PITTING CORROSION

As 1ndividual Ytheories of'pitting corrosion usually
emphasize only one step in the development of a ple, it is
useful to flrstly.distinguish the various stages in this
development as describei:in the literaCuté. Bef;re con=-
sidering the cheoreﬁical aspects of pitting corrosion, gen-
erally accepted characteristics of pitting corrosion will be

listed, these facts being the basis to which all theories

should conform.

2-1 Stages of Pit Development

.

The initiation and growth of corrosion pits has
been, for the purpose of this discussion, divided into 4
stépé which égparate the 5 stages described (Figure 15.

Stage 0 represents an unattacked ﬁetallic surface,
still covered with its passive film, 1t§glf in contact with
the corrosive solution. Step 1 1n§ol¥es the rupture of the
‘passive-layer. At stage 1, the substrate is‘still-profected
but for a small patch'whose dimensions are smaller or com-
parable to the thickness of the passive film. _Thé solution

has just entered into contact with the metal.

-
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During step 2, some dissolution of the substrate
-0ccurs as a result of the interaction of the soclution with
the metal, but some flaws still do repassivate and therefore
come back Eo stage 0. Stage 2 is reached when-the ;ondi-
tions for pit growth are met and repassivation cannot occur
any more. The size of the pit.at this stage depends on the
external conditions (potential, concehtrations, etc...}.

Step 3 involves further diSso;ution of the substrate
sugh that at stage 3, the pit 1is about ! to 10 um and can be
seen uﬁder the optical wmicroscope. Pits have theﬁ the shape
of a hemisphere or of a polyﬁedroqd ‘

Finally, stage 4 1s‘reached wheh the pit can be seen
with the naked eye. The cavify has then an irregular shape
and is par£ially filleq“with.solid)ca?rosion prdducts ;hich
‘also deposit around and over the mough of the pit. It is

"usually at this stage that corrosion pits become a source of

concern in practice.

2-=2 Characteristics of Pitting Corrosion

The following properties have been selected because

they have been extensively observed in assbcigtion with the

-

-

pitting of many metal—solutionrcombinations. “a comprehen-

sive theory of pitting corrosion should therefore be able to

explaio all these facts.

'* The potential of the metal must exceed a cefgain

threshold. This 1is true 1in general terms, although the‘
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definition and determination of this threshold is.complex
(see 371).

* Scme aggressive anlon must be present. These ions
corréspond to strong acids (Hoar, 1947), aﬁd they tend to
form complex and very soluble salts with the metal they
attack (Foley, 1975; Augustynski, Dalard and SOE;, 1972).
Gaivele (1978) has compiled an'extensive list of rele;ant
r

metal-1lon pairs.

* Some other ions 1inhibit the affect of thé aggresg~-
sive ion as pitting agent. Thé& relation between the poten—
tial necessary for pitting and the concentrations of aggres-

sive and inhibiting lons is generally of the type:

/
E = Eo - a.log [Agg.] + b.log [Inh.]

Some numerical valaes are quoted by Szélarska-Smialowska
(1971), Vetter and Strehblow (1974) and Galvele (1978).

* There is a delay, called induction time, between
the fulfillment of the necessary conditions for pitting and
the detection of the first pit. Because ;f 1nstr;méntal
limitaltion, this detection does not Eake place uatil the pit
has refached stage 3. This 1nductioﬂ time varies with the
concdntration of the corrodent and of the other components
of the solution and it decreases when "the potential

lncreases. 1Its lack of reproducibility in many cases has

led to statistical studies of its distribution as a source



of information (see 3-3-1).

* The corrosive attack 1is highly localized on a
metal sﬁfface otherwise still passive. The precise location
of a pit 1s unpredictable, but’the probability of occurrence
is higher at grain boundaries, inclusions, and other surface
disﬁontinuities.

* Inside the pit, the égg}essive ions reach concen-
trations much higher than in the bulk of the solution. This
is. accompanied by changeﬁ ln the concentrations of thg other
coﬁponents of the solution, notably a usual drép in pH (for

instance: Suzuki, Yamabe and Kitamura, 1973).

2~-3 Defects in the Passive Film

Varioué-workers, starting with Evans, Bannistgr and
Britton.(lQél), and more recentiy Wood and cbworkers
(Richardson and Wood, 1970, 1973; Wood, Sutton, Richardson,
Riley and Malherbe, 1974; Wood, Richardson, 'Abd Rabbo, 'Mapa
and Sutton, 1978) claim that there are always local weak
spots or defects in the passive film. Therefore, stage 0
never exist§ and immediétely aftef immersion, the process
starts at stage 1, 1.e. metal and ‘solution afg in contact.
The induction period only corresponds to the time necessary
for the:corrosion to be detectable, for instance by-thel
pitting current becoming large enough to be‘registeredf

Aside ffom thélexperiments reported by Wood et al in

‘the references already mentioned, there are numerous other

-



observations showing that pits do nucleate preferentially at
surface defects, beginning %7ith the early expériments of
Britton and Eyans (1930). Szklarska-Smialowska, Szummer and
Janik-Czachor (1970} and Wranglen (196?, 1974) sﬁow that the
bqundary setween the metal matrix and non-metallic inclu-
sions or second*phase particles 1Is more susceptiple to pic
nucleation. This fact can be explained either by the estab-
lishment of a local ce%l between metal and inclusion, the
cathodie reaction being hydrogen reduction, or by prefer-—
ential dissolution of the inclusion (Wraﬁgleﬁ, 1969).
\jBrooksbank and Andrews t1969, 1971) also argue that non-

metallic inclusions exhibit diffe?ent expansion coefficignts
and elastic constants from those of the metal matrix. For
instance, sulphi&es have a higher expansion coefficient than
steel and will shrink on cooliné and form a crevice thween
inclusion and matrix (Smialowski, Szkiarska-Smialowska,
Rycheik and Szummer, 1969). s

These arguments, therefere, reduce the nucleation of
plts to a particulér case of crevice corrosion:

2-4 Dissolution of the Passive Layer

Heusler and Fischer (1976) propose anotﬁer mechanisn
by which the induction time corresponds to the dissoluticn
of the passive layeg. They show experimentally using a
ring~disc electrode system, that the presence of chloride in

the solution catalyzes the dissolufion of Y-Fej 03, the
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passivating comp&und on iron In borate buf%er. Thus some
iron passes into solution as Fed*, which is detected in the
ring electrode. When pitting,corrosion-occurs, it generates
Fe?* ions which ;an also be detected. This difference
between the origin of the two types of ions has been no;iced,
by Uhlig and Wulff (1939) and confirmed by Engell and
Stolica (1959), Weil and Wanzel (1959) and Kabanov and
Kashcheev (1963) According to Heusler and” Fisther, the
dissolution of the‘paséive layer proceeds until a new steady
state is established, corresponding teo ; thinner oxide

; a ,
Layer. However, because of some unevéhness of the léjer,

the solution may come in contact with the metal and form a

pit. At the same time, these authors also suggest that this.

“\unevenness is accentuated by the formation of chemisorbed

chloride islands on the ox;deﬂsolutio; interface. They
advaunce ﬁs proof that the, experimental relarion they found
between the induction time dand the potential is analogous to
the relation govefning the meén.time of formation of 2-
dimensional nuclei as a function of overvoltage.

Stfehblow and Lochel (1983) and Lochel and Strehblow
'(1983) use XPS to measure the thickness of the passive layerx
on iron and nickel. They find that fluoride 1ons cause a
thinning of the barrier-type oxide protecting the metal, and

interpret this as a model for the effect of the other

halides.

This theory thus offers an expianation for steps 1
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and 2 in that 1t states that when metal and solutican come

into contact, chlorides havé-aiready agglometated on the

‘aetive areas, and the pitc is‘teady to growv.

Therelis evidence contradicting thig theory; ﬁcBee
and Kruger (1974) find, in the same system, not only‘that
the induction time increases with the film thickness as
measured by ellipsometry, but also that the fifm thickness

1ncreases with the chloride concentration; Also Wood t 1

—
'

(1978) show that this mechanism does ‘not apply to alum num:

chromate and phosphate solutions are much more aggnessive

than chlorides in accelerating the dissolution of Al203, and

fet act as corrosion inhibitors for aluminum.

-

. - ' >
2-5 Film Breaking:

~

A film breaking theory has been.originally proposed
by Hoar (Léﬁ?) and later extendeo’bylSato-(197l) to explain
step 1. Hoar postulates that tﬁe-adeorption_og the oameginé.
1ons on the surface of the passive f;lm;.producing mutual

repulsion, lowers the interfacial surface tension. When the

L]

repulsive forces are sufficient, the passiGe fflm_cracks.-‘

Sato also takes into account in his calculations the-
4

work of the electrostatic forces, and shows that high elec-.

tric fields could lead to mechanical rupture of the films by
pressures exceeding the compressive strength One of the

-

remarkable features of this theory is that it explains

easily the formation on aluminum of a duplex layer structure



“-would be.thelmest stahle form for stress relief.

of the oxide film, consisting of an inner barrier-type layer
and an outer porous laye; with regularly aligned pores 1in a
close-packed pattern‘iEdwards'and Keller, i944; Keller,
Hunter and Robinson, 1953). The porous laver would be
formed by plastic flow (extrusion) of the thin barrier

layer, which would maintain itself at a constant thickness

by anodic oxidation_o@“;he Substrate. The hexagonal pattern

- -
.. '
+

But this type ‘of eracking of the passive film offers,
no ekplanetion for the induction period, unless some other
ﬁhenomenon, like creep, is introdeced. Also, it does not

Justify the special role of the aggress;ge'ion as compaged

with other ions of similar adsorption ftopertiee, such as

.“ -

02— (Kruger, 1976).

IR -‘\‘ - \\. . ’ - -

-

2-6 Breakdown and Repair
® The key concept of a continuous process .of breakdown
and repailr of the passive film appears through the work of

Novakovski and‘Sorokina (1966), Richardson .and Wood (1970):

and Okamoto/(13 3). In the words of Okamoto: “The process"

- during the induction of pit formation is considered to be a.

% .
dynamilcal process," in which the film.b:eaking reaction and

the film.forma;io&_reaction are in a delicate balance to L

keep a steady state of the film". The presence of chloride

lons influences the repassivation proces;: The breakdown

process can take place thro&éh natural flaws and defects ——

. ]
L A,
.
17T .
. ‘
R
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' yr

a"‘""r

v K‘.‘ : had
a .
.
1

(Richardson and Woodf), film breaking or any of the other

possible‘modes:_ Ambrose and Kruger (1974) put forward a

model which involves=~-the penetration‘of’chloride ions into

-~

the film, forming pockets of corrosion prqéocts. As these:

Y [}

apockets expand the stress on the fi}m’increases and results‘
in a fracture. MacDougall (1979) gat/prs, in the case of .
nickel, h locai film® Fseakdown by ﬂissolution, Ehis process
being enhanced by a local enrichment in chloride and an
.increase in pH. Lochel and Strehblow (1980) find thatf rhe}_
. *4&/

mechanism of breakdowu and repair is also consistent with

their measurements of Fez+ concentrations after positive or

F

negative potentials . jumps.. Q ) ‘ |3
The advantage of this mechanism is that it gives a
coherent image of what may happen from stage 0 to stage 2,
and back to stage 0 in the case of repassivation or passing
to stage 3tin case of'pit propagation. The specific role of
the aggressive.ion is in this case to .prevent repassivation.
: The. role of the potential can be seen as influencing either

the adsorption of aggressive ions or the repassivation

kinetiecs. ' The indnction period'may correspond to the;t

. .
)

necessary for the penetration through. the film.
. /

‘\,
— .

. and repalr 1is found in -the observation of violent jumps in

P N

thercdrrosion derrent'(or potential depending on the
.method) before the appearance of the first,pit, f.e. ddring

the induction period (Lotiikar and Davies,\igif}\sonﬂ and

-

y
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Lizlovs, 1968; .Forchhammer and Engell, 1969 ; ﬁichardson'and
Wood, 1970).  This has led to the study of the electfonic
noise itself and its telétionship to the electrochemical
conditiong. ;Iversoﬁ (légﬂf:pogicéé that:tbe additiéh of an
ighibitér'decreéses markedly the‘intensity of the fluctua-
tions. Okamoto, Tachibaﬁa, Nishiyama and Sugita (1976) find
that'tﬁe nelse spe;trum changps with time during fhe induc-
tien/ period, and Fhat noise'intensify inc;eéses iﬁ thé pres-
enceNof chloride ions. .Bertocci (1980, 19813 notices an
increase in the noise current greater than two orders of
magnitude above Fhe p@ttiné-goteqfial.

Anotheé argument in favour of a "live" bassive film
in d§namical balance‘between breakdown and fepa;r can be
found 1in the recent results provided by the study of pltting
‘as a stochastic process.  Shibata ana Takeyama (1i981) |
explain the distribﬁtion 6f 1ﬁductlon :imesrin=the potentio-
static~pitting of ferritic stalnless steels, thrqugh the
intéoduction of two pqramqters; -One_is aséoc;gféd_with the
‘ probability of breakdownA;fra passive_sgmple, the.other with
tha proﬁébility of repassivation Bf a pittthéampLe. These
two parameters behave 1n a reﬁarkably independent manner.
The breakdowﬁ parameter varies wiFh'potential and with‘thg
addition of titénium (probabl& thkough-a'ﬁodification of the
inclusions) and changes verf little‘wheﬁ mo%yhdenum is

added. The repéssivation parameter is independeht of the

potential and titanium concentration, but varies with thel

’
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addition of molybdenum.

A related concept is put forward by Hisamatsu.(1976)
to the effect that current “"bursts” or fluctuations seem to
occur in' a poténtial band below the conventional pitting -
potential but above a potential called E;_by Forchhammer and
Engell (1969). These fluctuations are associated with the
appeafance on the surface of depressions, p:esumably.the
repassivated flaws. Hisamatsu, Yoshii and Matsumura <1974)
find that the diameter of these "pre-pits” 1s of the order |
of 30 pm which would then.be the aﬁfroximate slize of the

defect at stage 2 in these particular conditions. The im-

piications of these ideas 1is that there would be a potential ~

Ez, associated with steps 1! and- 2, and another potential,
Eb’ or conventional pitting potential, more noble than the

first one, associated with stage 3 and the propagation of

the pit.

2-7 Competitive Adsorption

Th%s theory 1is gqrmaﬁg‘t; the one which sees an
absorbed oxygen film as the primary source Af passivity.
Uhlig (1946, 1967) proposes that such a film forms on the
transition meﬁalsvbecausé of the ability of their uncoupled
d electrons 'to c¢reate a stable bond with'oxygen. .The effect
of the adsorbed o#ygen is to reduce the k;netQCS of metal

dissolution. - Consequently, thé pitting process starfs by

the adsorption of the aggressive ion on the metal surface,

~—



and simultaneoug displacement at local sites of the adsorbed
passi;ating ions (oxygen and possible inhibitors) (Uhltg, .
1950; Kolotf?kin, 1961); Once the aggressive ions are
adsorbed on the su}face, the current densftj for metal dis-
solution increases and breakdown commences. The aggressive
ions are 1lons with a large polarizability, like ﬁhe haloc~-
gens, and‘they have the tendency to form numerous complexes
with metals (Foley, 1975). The pitfing potential represents
that minimum électrode potential value, at which the aggres-—
sive anions become‘capaSIe of producing a reversible dis-
placement of the passivating ions from the metal surface.
This model has been modified and the phenomenon of
adsorption incorporated into other theories, mainly to téke
into account the u;questionable presence of a8 tri-dimen-—
slonal oxide film on passive surfaces during Qany experi-
ments. As glready:mentioned (2-4), Heuéler and Fischer
(1978) introduce in their mechanism two-dimensional islands
of adsorbed chlorideé. They see the ¥nduction time as the
‘ti@e necessary to build up these islands. Dissolution of
the oxide bégi;s o ,after the formation of the islands.
Induction‘times confirming tﬁis theory are feporfed
sy Janik-égachor (1979). Evidence i{s also fouﬁd by Janik-
Czachor, Szummer and Sklarska—Smialbwska (1975) ﬁf pi? ;pre-
nuclei™ at potentialgfiower than the pitting po;ential. ’

.Using an electron microprobe, they* find- "salt islands"”

between 60 and 800 A thick. Similar results are reported

~ -
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for Br on-tiﬁanium by Petit, Kondo and Dabosi (1980) and on
‘iron'by Weil and Menzel (1959) using autoradiography. |
Another_interpretation which can be cpnsidered as
falling under the same heading {s that described by Hoar,
Mears and‘Rothwell (1965) and Hoar and Jacob (19%7) for the
pittiqg of stainless steel. In this model the joimt adsorp-
tion of aggressive ions (3 or 4) is taking place on the
-surface of thé oii{e.film, around a lattice cation. The
probability of formationm of such a complex 1is low and thus
requires a high activation energy for formation, and a delay
corresponding to the induction périod. Once the cogflex is
formed, however, the aggressive fons will readiiy remove the
catlion frem the passive lattice. .The film 1.s tpus.made
.thinner at the site where the complex first formed and the
strongef anodic field at the thinned sité wiil rapidly pull
another cation LhrOugh.  The process will then repeat itself
at an accelerating pace, as the electrostatic field
increases. However, this model does.ﬁot appear to be
applicable to all-syétemé, ;s Hoar himself (Hggr and Foster,
1970) and Ambrqse and‘K;gger (1972) found that 1t does not
‘hold for iron; ' |
Stfehblow (1976) uses adsorption of :he aggressive
lon on the passive layer in a manner similar to Hoar's, és a
precursor_to_the_salt £ilm Pérmﬁtion. Strehbloﬁ and Titze

__(1977}gexpldin the logarithmic rglhﬁionship between aggres-—

éive ion, inhibitor and potential (see 2-2) by assuming that'
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Langmuir adsorption takes place on the metal surface, and
that a critical surface cove;age by the aggressive anions 1is
necegsary for pitting. Uhli} and éoworkers (Matsuda and
Uhlig, 1965; Uhlig and Gilman, 1964; Leckie and Uhlig, 1966;
Bohﬁi ;nd_phlig,_1969) obtain results which ;an be firrted to
the iame relaﬁionship, which they explain usiang the
Freundlich adsorption isotherm.. Videm (1974) also ﬁses
adsorption of the chlorides on the passive film as a first
step in his breakdown and repair model of aluminum pitting.
An lmportant confirmation of the adsorption theory
ig glven by the experfmehts of Rosenfeld and Maximtschuk
(1960) on the adsorption of. chloride on ;hromium, usi#g
radioactive chlorine. They find that more chloride adsocrbs
as the potentiai increases and that increases in hydrdxyl.
and éulfaﬁe ion "concentrations decrease the chloride adsorp-

tion until it is negligible.

However, the opponents of these models polnt out
that they cannot- satisfactorily account for the influemnce .omn
- the induction time of the thickneés'pr the heat treatment of

the passive filmJ(McBee“énd'Kruger, 1974).

2—8‘“Ion‘Pehetrat16n '

Various models involve the migration of the d&magiﬁg
ionsfthfough°tﬁe lattice of the passive fillm, via defects or

~some sort of lom exchange, -the breakdown process being com-

plete  when the anion reaches the metal/film interface.



19

Hoar, Mears and Rothwell (1965) assume anion entry
»

‘without exchange to produce "contaminated"” passive films.
This would produce an induced ionic conductivity in the
film, which, then becomes able to sustain local high current
densities. Heine, Keir and Pryor (1965) and Pryor (1974)
suggest that ;hloride-ions enter the film by a subgtifution
process and that therefore cation vacancies are created.
McBee and Kruger (1974) propose a schéme whereby the aggres-
sive ion 1s exchanged with oxygen‘or hydroxyl ions. The
role of the potential iq/ﬁil these mechanisms 1s that of
controiling the adsorption of aggressive isns at the fiilm/
solution interface; the induétion period corresponds to the

time necessary for penetration to the metal/film interface.

Recently, Chao, Lin and Macdonald (1981, 1982) and

P

Lin, Chaé and_Hacdonald (198}) have préposed a new theory
for pit initiation baged on the movement of peint defects in
the electrostatic field of the film. For them, the rate
“controlling step for. f£ilm growth 1is the: diffusionfmigrazion
of.oxygen vatancieslthrouéh tH; fiim. Bféakdowﬁ(is-duekto
-:ﬁeVEOIlaps; of voids résulting ffom the coalescence of
metgl vacancles at the me;al/film interface. The model is
found to be in réésonaglé qugﬂtitaﬁive agreement:with exper=
imental data for the depenéence of the pitting potential of

-4dron and nicrﬁT‘E?:j;e halide 1on concentration and for the
dependente o}\{QE’

Induction time on the potential (data of

Heusler and Fischer, 1976).



Experimental tests of these theories try to detect
permahenc changes induced in the p;ssive'fi}m by the pres-
ence of chlorides. McBee and Kruger (1971) find, through
ellipsometric studies on iron, that clrloride 1ions. produce
revgrsible changes 1in the properties of thé-oxide film.
Anothar of their results {McBee  -and Kr;ger, 1974) 1is that
the thicker the passive film,.the longerx tée time to break-
down. Ambrose and Kruger (1972) interpre:t as évidence for
the penetration theories that the timé for breakdown was
shortened by dissolving part of the passive layer by cath-
odic reduction and regrowing it in the preseace of'chlor-
ides. Tﬁe same authors show that the inductien time is
increased over 100-fold by.annealing the passive fila &t
65°C, which they explain by the removal of the defects ;sed
for penetration. -

But the results of thié-type‘of experiments are
still contradictofy. Okamoto {1973) finds that annealing
shortens the induction time for stainless steel. Vetter and

" Strehblow (1970, 1974) report the pitting potential ta be

independent of film thickness onriron,‘as do Bohni and Uhlig

t1{6§s and?Foroulis a;d Thubrikar (1975) for alqminum.
However these last authgrs\find the induction time to be
;né;fly ﬁroportional'to the film thickness. |
‘Davydov, Mirzoev, Kamkin and Roshchina (1978) and
Davydov ‘and Xamkin (1978) take an interesting approach which

provides a way to reconcile  the contradic;bry results found



in the literature. Using a glass capillary, they measure
the pitting potential of aluminum in a NaCl_splution on.a
very small surface (100 measuremenfs/cmz), and obtain there-
from a distribution of potentials for each sample (200
measurements). The mode of this distribution is seen Eo
depend strongly on the thickness of the passive,film, but
tﬁe tail of the distridbution at lowe} potentiél is always
present. This 1s taken to mean that most Bf the surface 1is
covered with a sound passive film for which breakdown by
penetration 'ls strongly dependent on the thlckness. How-
ever, at a few points, the film is defective, and the
pitting potential at these points érops to .a vaiué 1hée-
pendent of the thickness. Since pitting on. a "ﬁormal"_sam—
ple (1 to 100 cih?) occurs at the.veakest link, the pitcting
potential recorded during a usual experiment will be the
lowest value; The same linz of reasonihé is used 1in the _
gstochastic studies of pit nucleation (see 3-3-1).

An argument.often presented against the theories
involving penetration 1s their inability to.exblain the
presence of electrochemical nﬁ%se (seg 2—6) preceding the
‘initiatibn of a pit (Wood et al, 1978). The current sﬁrsts
étar& much too soon after the establishment of the-pitting
conditions (less than 0.1 s according to,Videm? qupted by
Davydov and Kagkin, 1978) to be explained in.terms of

- gradual transport of the halide ions through the film.

‘Another argument pointed ocut by Vetter and Strehblow
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(1970, 1974) is that penetration of pdlyatomlc aggressive

énions such as 3042", Cloh‘, or SCN~, through a solid layer

. 1s improbable as a consequence of thelr large dimensions,
although they do cause pitting with shért induction times.
A counter—-argument might be that these ions, once in close

" contact with {or inside).che passive film, decompose to S22~

and Cl17, which are known pitting agents themselves. This is/i?

apparently the case for Cl10,~ on aluminum‘(Augustynski,

1978).

A third criticism of the models of Pryor, and McBee
and Kruger, istiij}/fﬁey suppose that the 02~ foas can E '
migrate“agains the huge electric”field ne;eésafy for-trans-
pofting—the metal and chloffde ions through the passive

layer (Vetter, 1974).

Evidence from surface'analysis techniques {s contra-

-

dictory. For gluminum, Augustynski and cowofke;é report the
incorporation of chlorides into the film, as-measgréd by
X-ray electron spectroscopy (ESCA) (Painot and Aﬁgustynski,
1975 and 19?6;‘ Koitdelkova, Augustynskl and Berfhou, 19773
A;gustynski, }978; Koudelkova and\Augustynski, 1979), as
did Maitra aﬁd Verink (quoﬁed by Galvele, 1978) using'Auger
electron sbectroscopy'ﬁAES). On the other hand, Videm.
(1974) finds -no sign of chloride by autoradioé;aphy,{gnd

Wood and coworkers (Abd Rabbo, Wood, Richardson and'féckson,

tral,

1974; Abd Rabbo, Richardson and Weod, 1976; Wood

1978) report that using secondary ion mass SpectrTOScCOpy

r

'
»

[



(SIMS)! chlorides are found oniy.on the outgzide surface,
even ffzthére are signs of penetration of other anions
(chromates and phosphates). For iron, chloride 1{s detected
only on or near the oxide-solution iﬁterfagé using AES
(Ja;ik;Czachor, }980) or féCA and'AﬁS (Szklarska-Smialowska,
Viefhaus and Janik-pzachor, 1976). The same 1s true for
'stainless steel by AES (Lumsden. and Staehle, 1973). 'The
results of-MacDougall (1982) using AES and.SIMS on ni?kei

seem to Iindicate only a slight penetration (2 atomic PR

;
!_‘- v

layers’).

2-9. Local Changes in‘the Environment

Three sets of theories which ciaim that the self- -
perpetuation of loecal conditions during step 2 i3 the cause

of pitting corrosion have been grouped under this heading. e

2-9-1 Critical Concentration

As discussed earlier (2-2), it has been noticed for
a long ;ime that the environment inside a pit differs widely
from the bulk of the solution (Boylis, 1325; Schwenk, 1964
Mankowskil aund Szklarska—Smialowska, ;977; Suzukl et al,
1973). 1In particular, wﬁen halides are ;he aggressive
anions, they are found to migrate inside the plt under the
influence oflthe electric field (Greene and Fontana, 1959),
thereby increasing the aggregsiveness of the solutipn._

-

Kolotyrkin and coworkers (Kolotyrkin, 1961, 1963;
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Kolotyrkin and Gilman, 1961) and Wilde (1976) propose that
pits develop once a critical concentration of activating
ions- is locally exceeded. This is caused originally by the

nonuniformity of the metal surface and 1its ﬁassive layer,

e

which génerates variations in local current density, and in

anion adsorption.

.

This thebry ha$:been modified‘(Fréiman, LeMin and&
Raskin, 1973).to'alsp take.iﬁco écﬁount the bufld-up ogl'r
corrosign produptg. .Similarly,‘HiSqmatsu (1976Q-¢bnside;y
that the critical qﬁéﬁeity”is the difference bet;een fhe s um
of all the 'concentrations inside the pit and the sum of all

the concentrations outside.

2-9-2 Localized Acidificatibn

It 1s generally recognized ‘that the low pH in
occluded cells 1s due to the hydrolysis of the metal 1lons

(Suzuki et al, 1973; Jones and Wilde, 1978). According to

the localized acidification theory, pitting is the result of =
this lﬁw pH of the solution in contact with the metal sur-

f‘face, these local acid conditions preventing the repassiva-

tion and reformation of the passive film. - Tgis”idea was

originated by Hoar (1947, 194%) and has been developed by

~

Greene and Fpn;ana (1959),'Schweﬁk (1963J ana Galvele
(1976b;'1978, 1981). The argument§ put forward in favour of

this theory are Based on the thermodynamic stability of the

phséivating:gompoundf(6xyde, hydroxide, étc,) and are
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illustratedd .by the corresponding Pourbaix diagram (th;

Muylder, Pourbaix “and VanjLaer, 1965).

-
~—

2-9-3 " Resistance Polarization -

Other researchers (Franck, 1960, 1961} Braunsmaﬁd
Schwenk, 1961; Herbsleb and Engell, 1961) point to ;he high
‘valtage droﬁ ingide the pit tolexplain why there couldﬁge,
on a passive metal s;rface, some‘obviously active fegions.
fganck (1960) considers tﬁét,'dn-the ple surface, conditions
similar to electtogrighténing are obtained and the surface -

” ) *
1s covetred with a viscous supersagurﬁ&ed solution of high
ohmic resistance. : ~ ‘ »

Pickering and‘Frankenthal (1972) ﬁind évidence ;f a
high potenrntilal drop 1inside the‘pit'by acthal'measure@ents
with a_microprobé. They also observe the presence aéd evo-
1ugion of hydrogen-in all their experimgnts, and conclude
that a hydrogen bubble provides the necessary constriction
and'volfage dfop to maintain the bottom of the pit-in the
active zone. The evolution of hydrogen from the pit also,
explains the sudden variation in current obF;ined by other
workers.

Ateya and Pickering (1975, 1977) also find that
dissolutibn can take place at a crack tip during hydrogen

charging of a metal. Bargeron and Benson (1980) ‘analyze the . )

gases evolving from aluminum pits and find that theilr compo-

-
?

sition varies with the composition of the solution, hvdrogen
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1
[N

evolving in chloride and sulfocyanide solutions. o

4

These three familiés of tﬁEorieE'can explain easily

the induction time as the time necessﬁ?y for the establish-:

i1

ment of ﬁheir regpective necessary condition after.breakdown
L =" L "t 1

of the passive film. : ' H ' o

. -
.
L AP

Alkire, Ernmsberger and Damon (1976) show that the

variation of conductivity within‘a‘p%t can, contribute sig-

nificantly‘to ;he chéleriﬁiq@.of“t{e corroslon process.
;ﬁgneb'andiwildé (1978) fingfthat, during the localized cor-
rosion.ﬁf stalnless steels, the active state {in concent;ated
and'aci& chloride solutions is much more noble than the
active state 1n the dilute solutions used fgr testing.
Thefefofe, thg need for a potential difference, bétween
passive surface qnd‘pit bo&tom disappears, as-they can both
be stable at the same pqtenfial.beéa;se of the difference in

o
solutions.

Vetter (1974) and Vetter aund Str?hblow (1970, 1974)
‘claim that, in the small pits they have observeE: the ’
chanéeh cau;ed to theipgt'environment are not sufficieat to
Justify the theories‘piesently unde; discusgion: for iron

in a chlgride solution, they calculated that the maximum
enrichment in Fe?* is 0.13 M (well below saturation), the

maximum difference in ph is 0.8 and the maximum potential

‘difference is 40 mV.

L
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"2=-10 Salt Film

e ‘
This theoryu“géghough it shares many characteris}ics

with the modeﬁs’previously discussed in 2-9, will be des-

~

cribed separacaff due to recent developments and the bearing

it has on the assumptions made Iin the model presented here.

.

The salt film theory assumes that step 2 is the critical

L4

step, during which conditions may or may not be established
for the further growth of the pit.
According :S“Vetcer (1965, 1974) and Vetter and

Strehblow (1970, 1974), pitting has its origin in the
stability at the bottom QE the pit of an anhydrous salt

-

layer similar to the passive layer. This layer is-.a thin

Fad

.non porous film formed by the aggfgssive anions and the

. -
metal cations. It 1is in contact with a nonsaturated solu-

tion in the pit and therefore dissolves fast. When steady
state 1s reached, the disappearance of the salt by dissolu-
.

tion 1s compensated by the growth of the film at the

metal/film interface. This high grpﬁth rate 1s made poss-

ible by the fonic current flowing through the film under the

high electric field.

The thickness of the salt film layer is calculated
to be about 40 A, which agrees with the vesults of

Strehblow, Vetter and Willgallis (1971) obtained with the

electron microprobe.

This view'iy also supported by the experiments of

. Beck (1973).on'titanium. Alkire, Ernsberger ‘and Beck (1978)
- A ‘

- -
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and Beck (1982) even propose that the Eormationiof-a salt

film layer is a preliminary condition for répassivation, at

least for titanium and 1iron in the media {nvestigated. Beck

and Alkire (1979) cogclude £rom their calculakioné';hat the
églt layﬁr thickness could .be between 60 and 190 A and that,
dt plt nucleation, current densities between:103 and
106 A/em? might be reachéd, lgqging to salt film precipita-
tion with:Ln‘I.O‘.B to 10~% s of the b?gakdown of the passfie
la;er._ It may be woxth notiﬁg here that, although these
‘c;rqen; densities are much higher than the highest values
Irepo;ted duriné a pitting experiment (100 A/cm?; Strehblow
and Wenners, 197555 Tajima ané Ogatal(19§8) obtain an
estimated current denglty of 2,400 A/em? at'ﬁhe tip of a
dendrite during Ni plating, 'end Hills, Pour and Scharifker
(1983)irep9rt.current—dénsities.ﬁetween 103 and 3.10% A/cm?
for megﬁl plgfing on:micrqécopic electrodes. |

Isaacs (1973) stﬁgies.the layer formed on AISIIBO&
stainless steel in vario;s chloride solutions and concludes
:Ehat it 1is appro#imately 100 A‘ghick, 1ts”¥esistivi£y is
about 108 Q.cﬁ and the. conduction mechaniém is ohmic.

Since né of Ehe facfors controliing pit growth 1is

the dissolutiqn of a galt layer, this model explains the

‘fact that only anions)giving high solublility salts producé

pitting (Foley, 19753).7 It also expléins the ianstability and

the oscillations generated when other anlons are present.’

Galvele (1978)'mentions.the pbssibility that pitting
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inhibitors, like molybdate fons, could act by adsérbing on
the salt layer and thereby prevent its dissolution.
:

2-11 Concluding Remarks’

It can be seen that many quels:have been prcposed
to explain pitting corrosion. Alﬁhouéh some oé them do not
claim to be universally‘applicable, most are‘mutually exclu-
sive. It is the purpose of this work firstly to forﬁulate.
quantrt?tively sofle of the models which lend tﬁemséives‘to

‘this exeréise, and secondly to uée the obtalned criteria to

compare the merits of the different theories which explain
. -

experimental data.

<4
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CHAPTER III

o

METHODS OF INVESTIGATION OF PITTING CORROSIOK

The following review of the methods used in recent

years to investigate pittihg corrosion does not attempt to

-

be exhaustive, but rather emphasizes the methods™relevant to
s . ‘
the work presented herg. - s

<

3-1 Electrochemical Methods

Brennert £1937) was apparéntly the first to realize

- that a critical potential 1is associated with localized cor-

rosion. At the present time, the breakdown potential, Eys

is usually défiqed.as that potential above which pits can

“

nucleate, and below which they are unable to.nucleate but

‘can nevertheless ﬁrOpagate. Eb can be determined-by fixing

the.current in fh% system (galvanosfatically), by shifting
. v o ,
the potential at a constant speed from the cathodic’ region

(potentiodynamically) or by fixing the potential and waiting

for the occuffence of a pit (potentiostatically).’ This laét
method 1is considered.thé most precise. Ité drawback, how-.

ever, co;es f;om the.faét that above the pitting potential,
the closer tﬁe fé:enxial ?s to Eb, the larger the induction;

b3

time. This makes the pitting potential a function of the

——



patience of the investigator.

Pourbaix et al (1963) introduce another potential,
the protection potential or repassivatiqn potential, E ,
considered as another characteristic feature of plitting
corrgsion. This.is_the potential below which a pit cannot

propagate. Since ‘it i3 lower than E plts cannot initiate

b?
elither. Above Er’ a‘pi§ alread ormed may be able to
Propagate. The deterﬁ;papion 3 Er implies a potentiody:'
namic shift toward negative V?/UES from a.v§lue where some
plts have alre;dy grown; Yoshii and Hisamatsu (1972) show
that the vélue'. of ‘Er 'obtainied dépends. on .the/ potentiél_ sweep
rate. Wilde and Wiliiams (19/71) and Suzuki and Kitamura
(19729 fiand that the repassivatibn potential also depends on
the ex;ent of p;t‘growth;befo:e shifting the poténciai
toward negative value;. ‘

Bond (1972) notés-th;t for stainless steeds, the
reéulti obtained‘ip the electrochemical studiése:jQ;ZEting
canidepend upon the surface preparation and the éas.used for

purging the solution (probgbly through traces of oxygen).

Pessal and Liu (1971) propose that the pltting potential
could be determined by scratching the, surface at a fixed
po;entiali If the current suﬁsequently decreases continu-

ously, the potential is considereé(}elow the pitting poten-

tial. Conversely, it is above the pitting potential when
the scratch does not rTepassivate, but pitting takes place

Iinstead. This method gives results which are reproducible
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and less dependent on extraneous variables, such as surface

preparation and potential sweep rate.

It must also be mentioned that various authors
believe that, when properly de;ermined, the bréaﬁdown poten~
tial and the repagsivatipn ﬁotential-are identical, at least
'in so@e‘cases (Brolif and Holtan, 1973; Broli, Holtan and

PreJtrud, 19743 Strehblow and Titze, 1977; Petit et al,

1980).

~ . "

Extensive devefoPment in

two elecérochemical mechdds
used. in the study of dorfSSioﬁ havejoccurred in the last few
‘yeéts.' | | |

First, the énalysis,of the "noisé" gr.gmall'fluqtua;'
jtioﬁs 15 gurrent or potential,uié being ﬁsed,to iﬁvestigate
the breakdown and'rebair of the paésivé iayer, and its rela;
tion}with the potenfiai-and ‘the concenktations QE gggreééive
ions  {see section'é—ﬁ).

Sécandly, AC 'impedance techmiques are used more and
more to obtain a East estimate of the polafizatign resist-

gnée of an electrode and from. it, its uniform corrosion rate

, (Mansfeld, 1981). But this meth®d can also detect localized
corrosion by measuremgnt_of the Warburg impedance (Mansfeld,.
Kendig and Tsal, 1982): It has also been extensively used

'by electrochemists to investigate surface .phendmena in

general and corrosion processes in particular (Macdonald,

1977; Epelboin, ‘Gabrielli, Keddam and Takenouti, 1975).
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3-2 Surface Analysis Techniques

These modern methods of surface analysis are
increasingly being used to detect and quantify elements
present inside the passive layer (Evans, 1977). Only the

techniques mentioned in this thesis (m;hnly in 2-8) will be

reviewed here. .

During Auger electron spectrometry (AES), the sample
is bombarded with 1 to 10 keV electrons and the instrument
analyzes the emitted Auger electrons. The depth of material
sampled 1s about 10A and on. some instrdpents, some lateral
resolution (of the order of 10 jam) is possible. The sensi-f
tivity to individual elements is about ‘0.1%, but'the
aceuracy'of the resulte is faitly poor.

Xetay phdtb-electrdn-séeetroecop} (XPS or ESCA)
consists of.equecting a specimen to X-ray phptons Aﬁd
aﬁalyzing the:ejected electrons. The dain aanntage of this
technique is that the energy -of these eiectrons variles with
the chemical state of the sample element. The depth sampled
is approximately the same as for AES (10 R), as s the sen-—
sitivity (0.1%). The main disadvantage is che poor lateral
.resolution obtained, due to the absence of focussing of the

incoming.energy. ,
. LY

Secondary Ion Mass Spectrometry (SIMS) is performed
in the following way: - the sample is bombarded with 1 to
30 keV ipﬂs.and the secondary eject®d ions are analyzed.

" The impaé¢t of the ion beanm gives a simultaneous sputtering
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of the target material. The deptH analyzed 1s also about
10 A, and some lateral resolution is possible whereby an
area of about 10 um can be analyzed. It 1s-ﬂpe most sensi-
tive method (100 ppm to 10 ppb, dependiﬁg on the atomic
weight of thé target species), but quantitative analysis is
difficult due fo large matrix effects.

Usuall}; these techniques are associated with ion:
sputtering to allow for in-depth analysis of the sample.
But sputtering has varioﬁs disa¢vantage§: it destroys the
chemical bonding'which may have bgéw_preséntlon the surfa;é;
as well as the'orLgingl f;newt;pography; it may form craters
whe; t#e spﬁttering is unEven; gpd som; elements sputtér
mﬁre slowly than otﬁefs, creating a new dig@fiﬁutioﬁ‘in the

sample and a blas 'in’ the ;stimaté of the rate of material

- removal. L \J

AW ) ..
An additional drawback common. to all the surface

analysis methods described is the necessity of introducing
the sample in a high vécuum; which is a very different
environmqﬁt from the aqueous solutions where'passivg‘fiims
are g;own. ‘As well; it 1is kqown that passive films do con--
tain water and some authors believe that water plays a major
role in the corroaion protection mechanism (Saito, Shibata
and Okamoto, 1979). The water contained in the pasgivg film
will disappear or at least will be ;ffected by ghe'high
vacuum. Tﬁe passive film may also be affected by posgible

contaminants in the system and/or the high temperature
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induced by the ilon or electron bean.

[3

3-3 Probabilistic Approach

Pitting has long been known to:.be a pafticularly
Eickle and uﬁpredictable process (Evans, 1930; Meafs and
Evans, 1935). More precisely, it 1is lmpossibie to forecast
when/a pit will initiate and where this is goiég té take
place (assuming, of cou;se, that conditions make pit initia-
tion_Pos;ible). Therefore, researchers have tried to

~

extract informétibn from the distributions in time, and in

:

space, of pit nucleation‘events.

3-3-1 Time Distribution (Stochastic Approach)

‘Shibgta and Takeyama (1976) ﬁostulate that the
nucleation of a pit is a statistical process similar to the

development of 4 crack in a brittle material. . They assume

that the pit genenatiog process has the Markov property,
i.e. that the future ﬁrobability of Pit‘nucleapion is
uniquély determ}nedioéée the state of the sysfém at the
present stage 1s given. The pitfing brocess }s character—- -
iied!by the pit generationm rate A, the pit repassivation

rate, ¥, and the 1hcubgtion tiﬁe Eo’ duriﬁg which no-pits
occur. A ié such that the probability of nucleation one pit
between t and t + dt islx(t)°dt. Similarly, fh;‘probability
of repasgivating one pit is u(t) dt (Shibata and Takeyam;,
1981). A theoretiqai expression is then derived for P(t),

-

-
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the probability of  having a non-pitted specimen at time ¢,
as a functicn of A, u and to; P(t) 1s evaluated experi-

mentally as the proportion of non4pitted specimens, and from

these values, X, u and to are obtainéd. .

As can be expected, these three parameters may vary
. ;

.with all the factors influencing pitting corrosion, such as

potential, environment and alloy compositions. The applica-

tion of'this technique by Shibata and Takeyéma {198B1) has

A

already been mentioned in 2-6.
Tt may be wofth pointiﬁé out thh; this methodology
makes few assumptions other than the ones~outiinéd here, and
does not deny the influence of factoré such as surface
defects on pilt nucleation, aslargued by Janik—Ciachor
(1981). On the contrary, the latest results_pf Shibata and
Takeyama (1981) {mply that inclusions do affecf’pit nucl;a-
tion. This depehdencé was likely anticipated even in thedir
first report, as they had developed their methodology froﬁ
the one used for the analysis of Srittle fracture of glass,
where the distribution of defect sizes are paramount. Thus,
Vthe s;échqstic approach can be ffuitful‘pregisely becauée
"there 1s always a "spectrum”™ of the £néuctiag period for
ﬁit nﬁcleatién, T, suggesﬁing a hspectrumJ of Susceptibility
for different sites on-the surface’ (Jaq;kaéachor and Ivesl

1978; Janik~-Czachor, 1981).
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3-3-2 Spatial Distribution

.

This problem has been‘stpdied by Mears and- Brown
(1937) wh6 find that after.free pitting .of many 1dentical
samples,_thé prpbability of having 1, 2 ;.. etc. pits on the
samﬁle does not exactly follow a Poisson distribution, as
has been expect;a. The distribution 1s modified in the
followiﬁé way: ' RN

a) The maximum of the distribution 1is shifted
fowards low pit numbersl Mears and Brown expiain this by
the cathodic protection effect that a pit would provide to
Ehe metal zone surrounding it.

b) At high pit numbers the probability is higher
than expected, possibly because the corrosion products

generated by a few pits are fostering the nucleation of new
ones. T

These same arguments have been repeated in the lasé
forty yea;s in the technicai literature, but few experiments
have been conducted to confirm them.

Aziz (1956) assumes an.eXponent§al distribution of
the pit depth.to calculate the maximum deﬁth by the statis-
ticg of extreme values. These aré alss used?in the oil "
industry to estimate maximum pit depth-(Eldredge,‘1957§
Finley and Toncre, 1964; Finléy, 1967). |
| Janik—Czaéhor and %ves (1978) show the possiﬁility N

to extract Iinformation about the pditting pfoc ss from pit

size distributions. They indicate that, with itable
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3

" assumptlions, the distribution deﬁends on two ﬁhnctions: the
npcleaticn rate ana the growth rate. ¢

Maéﬁko (1974) proposes a method to quantify the
tendency of corrosion pilts to spread on the surface or to
group 1in clusters, through the use of an homogeneity fune-
tion. .A similar method 1is used by.Heimann, Ives and Zaya
(1982) to show the presence of a small, regular population
- of etch pits on silicon, attributable to the presence.of
dislocations in the surfgce film.

e

3-4 Mass Transfer Calculations ' S

-

The difficulty of evaluation of the electrochemical
conditions within pits has led to the development of various
theoretical models. The purpose of these models 1is ulti-

.

mately to éréd%ct concentrations and potential at the bottd@
of the pit and to deduce from these the external ;pndiciéns
(solution composition,7potent£al) leading to pitting.

Oné of the first applicatiohs'mffmass transfer to
pitting corrosion was in a model developed by Kaesche (1962)r
of ; hemiépheriéal pit on alum;nu;. The samé principles
have also been applied to the'modelling of other localized
corrosion phenomena, for example by HﬁTes (1961) and Beck
and Grens (1969)Ato sgfess corrosion c'racking, by Verﬁilyea

and Tedmdn_(1970%) and Shuck and Swedlow (1974) to crevice

corrosion and by Turnbull (1980) and Turnbull and Thomnmas

— .

(1§82) to corrosion fatigue.
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Pickering and‘frankenthal (1972) and Atéya and

N )
Pickering (IQ?Fchonsider a cylindrical pit in which one-

-
dimensional mass gfaﬁfer was taking place. 1Tt i1s assumed
that no reaction (hydrolysis, complexing) 1is taking place
and that the electrolyte is a completely dissociated sup-
-pofting elecfrolyte. This model explains the logarithmic
type of relationship between aggré;sive fons and inhibitor
ions‘necessary to prevent pitting (2-2). It also predicts
the inhibitive action of divalent anions in the presence of
agéressive'monoqalent'anions.

This model has been modified by GaJ..v'ele (19764,
1576b, 1978, f981) by introducing the ﬁydrolysié of‘tﬁe
metaiaioﬁs, causing a drop in ;he pH of the solﬁt;onhneaf
the bottom of the pit, more in line with expefimental obser~
vatiod;. The last modification of this model (Galvele,
1981) also takes into_accohnt the actual precipitation of
hydroxide in thé pit. . The critical parameter found fﬁr the
existence of as pit.is the ﬁroduct of the depth and the
éurrent deﬁsity. -

Tester aﬁd Isaacs (1975) develop 2 model of a pit
using both cylindrical and hemispherical geggg?;zes; Thelr
predigtioa of a linear relationsh{é between timg‘aqd:ghe
inverse squared current denmsity i; corroborated by Lheir
- experiments. ' - . . | ' _ '

Hisamatsu (1976), through a slightly different

model, reaches' the conclusion that the critical quantity 1is



thg concentration differ;nce %f cogal salts between the
inside and the outside of the pit. Through diffusion calcu-
lations Alkire et al (1976) show that changes in the con- !
ductivity of the soiution ipsid: the pit can lead to an
autcacceleration of the dissolution rate.

Vetter and Strehblow (1970, 1974) use a hemisphere .
as a model for aidlssolving pit and‘cémpute the changes 1in
concentration;vand the potential drop between the bulk of
the solution and the bottom of a 1 um’pit. The#qggfe shown

LY

to be too small to explain thebpresence of an active surface

(the pit) on a passive. sample.

Epelbpoin et al (1975), Epelboin and Keddam {1977)
and Gab¥1elli (1975) have’ déionstraieg that by assuming a
coupliqg‘between dissoluFion and passivation reactions, and
Fhe'diffusion of the specles Intervening in the'passivationl
‘reaction (CH™), it is possible to obtainfw’theoreticél
polarizatibn curve similar to the one ob:aﬁnéé wth the
neéative redistance potentiostat they have used. ;
Epelboin and Keddam (1977) coﬁclude that."any condi-
tion which impedes diffusion during metal dissolution will
favour the occurreﬁce of an agtive state of the metal at
‘éotenﬁials thch correspond to Eassivé state™. This could
therefore be a general process, applicéble not on;y to Eh%'
stabilization of the pitting process, but also-.to its
initiation.

Q
One of the most detailed and exhaustive ﬁodqls



published so far has been developed by Popov, Alekseev and

Kolotyrkin (1978, 1979). These authors use conceatrated °

solution equations, while all the other models assume that

’
. .

dilute solution approximations are still valid. They‘alsor

tage ineo account the effect of convection induced by-tha -
ﬁigh densitylof the salution lnside “the pit. One of the
major’conclusions ofuthi§ work concerns the loss of water
taﬁing piace at the b?ttom of the pit, leading to the forma-
tiqn of hydrated metal chloride. Unfortumately, the‘Qrastic
agssumptions nade by the-aﬁthors to sol;é the equations
obtained reduce the generality gnd intef;st of the actual

numerical results.

.
.
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CHAPTER IV

"MECHANISMS OF IRON DISSOLUTION

‘Although the dissolution of iron in aqueous°solution

" always takes place according to, the global reaction:

,” . A -

Fa = Fe2+ 4+ 2e”

various mechanisms must be imvoked to explain the detsails of

the™¢xperimental results obtained. As the anions bresent

-~

may have a large influence on the mechanisms of di§sd63§i0n,

we’shall-codsider the differeht mechanisms oﬁe?ating for

different types of solution.

)

4-1 Mechanismsg Involviﬁg Oﬁly OH™

| Iﬁ aqueoué.sq;ﬁtions'cdntaiging only ions, such as
pefchlpr;tes, which Héverli;tle tenéencylto adsorb, the '
dissolution of'ir;n'depends strongly od the ébnéentrétiod of

_OH- ions, the rate of dissoluticn 1ncreasing with [OH” ] C

~

% (
This was first advanced by Bonhoeffer and Heusler (1957) to

explain the fact that‘ at the sameUpotential iroun dissolves

‘more’ slowly in acid solutions than«in basic solutions. For

this Temson, all the ﬁqchgnlsms'involved:in this case >
! ) ] . - . \ ) " : .- l

I-
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include the OH~ ion in the dissolutionrprocess. In acid

solutions, these {fons are pre§umab1y formed by the decoﬁpo—

sition oé adsorbéd ¢ater molecuies.A ‘ -
Two mechanisms have been proposed for the dissolu-

tionlﬁf iron when only OH™ are involﬁed. The first one,

known as the'Bockris mechanlsm or noncatalyzed mechanisnm

(Bockris, Drazic ahd Despic, 1961; Kelly, 1965), takes place

IS

vas follows: ’ .

%
+ ' - ) .
Fe H,0 =+ Fe B0 4g ‘ (4 1).
. }
- - ".'_ > 4—
Fe*H,0 4, 3 FeoH- , +H (4-2)
- T - 4 -
FeOH ads = FeOHads f e _ C(4-3)
. _ Y | D ‘
Fe;;\\\- +  FeOHT + e~ .,' (4=-4) B
ads . «
FeOHt =+ Fe2t + OH™ ~— : (4=-5)

where step (4-4); the desorption of FeOH' with loss of one

electron, ié\the rate determining step.

~

JThe second one, known as the Heusler mechahism ar
catalyzed mechanism (Bonho;ffer and Heusler, 1956, 1957; : ~
‘ : ¥

Heusler, 1958), involves steps (4-1) to .(4-3) and (4-5) as

above, but step (4-~4) iIs replaced by:

7
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(4-6).

+ Fe+FeOH
+ (FeFe )ads

[y

ds
. (Fe EOH)ads + OH- » FeOH* + FeOH,

ge * e (4-7)

where step- (4-7) 1s the rate detérmining step.

>

The occurrence of two different mechanisms for the .

_~sane reaction has been explained (Lorenz and Eichkorn, 19635;
Eichkorn, Lorenz, Albert and Fisher, 1968; Hilbert, Miyoshi,

~ Eichkorn and Ldrenz, 1971) by postulating that the reacﬁion
will be influenced by the state of ghé sﬂ;face. If the

. surface contains = high density of active-si%és (grain aéd

| sub-grain bouﬁdaries, dislocations), equilibrium.(4—§) will

be shifted‘po the right—hand side and the-Heusler mechanism

will be favoured. On the other hand, if -the material has a :

& . .
low density of defects, the Bockris mechanism is valid.
Lorenz and Eichkérn'(1965) were able to encounter ££e two

mechanisms on two speciméns of the same material af&er

different thermo-mechanical ;reétments. ' ‘ .

. »
. £
- . 4-2 Mechanisms in the Presence of Cl1~ : -
v ' In the case where chloride ilons are presént, they

Frentially on the iron surface, and :

therefore displace;the:OH“ ions and modify .the mechanism of

will tend to adsorb pref

dissolution. This tendency will be aE%entuated in solutions

of low 'pH and high chloride cpngght:ation. Kolotyrkin

g R

S BTN
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(19861) finds that Cl, as well as thé other ﬁalides, partici-
pates dLréctly iﬁ»the processes of anodic dissolution. How-
‘ever, the effect of the.presence of Cl can vary with 1its
conceqtracion and th? codcentratioq of the other ifons. At
low céncentration, the presence of C1™ {ons can have an
inhibiting effect, while at higher‘concentrations, it -
incfeéses the corrosion rate (golpvina, Florianovich and
Kolotyrkin, 1965; }qrenz, 1965). -

| - For solutions of-pH < 2, a meéhanism has Se;n ﬁro-
_posgd ﬁy Ldreﬁz, Yamaoka and Fisher (1963), where the Cl'
displaces the adsorbed water and catalyzes the reaction with

. -

OH™:

0 + C1~ + FeCl™ + B0 S (4-8)

. Fe<H ads 9

FeCl~ .. +'0H™ '+ .FeOHT + Cl~ + 2e- (4~9)

Lorenz'(1965) proposes a similar mechanism to

-

explain results of - dissolution in sulphuric acid, intro-

ducing a complex similar to the one introduced by the

Heustler mechanism: ' - , ,,-\)

- : Fe + C1~ + FeCl~
. ) o+ ads
FeCl ads + Fe v {FesFeCl )ads

FeeFeCl™ ., + OB~ » FeOHt + Fe + Cl1- + 2e-
w\ ads :

»

~

Darwish, Hilbert, Lorenz and Rosswag (1973) propose

2 : ‘ ), .

.
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-

another mechaunlsm to account for results obtained at high

concentrations of chloride (> 1 M) and hydrogen ions ’

(> 1 M):

! ' —
- Fe + cl e FeCladS + e
FeCl + HtY + FeclHt
ads ads
+ + + -
FeClH ads <+ FeCl™ + HT + e

\

-+

Arvia and Podesta (1968) introduce into theé

mechanism an equllibrium between the adsorbed Cl- and OH™:

. Fe + C1- pa FeCl ads

-~ . . )
FeCl ads + qu T FeOH ads + HT + Cl N—\/
FeOH ads + FeOHads + e
+ —
FeOHads +. EORT + e

the last two steps being the same as for the Bockris
mechanism. | -
HcCafferty and Ha€kerman (1972) find that when both
[ClJ] and [H+] are high (larger .than 6 ¥ and 1 N, respec—.
'hgiGeiy), thereh}ﬁ a synergism between the effects of the two
.1ons. " After reviewiﬁg th?‘otper possible reaction
sequenees, they propose a new‘méchan;sm.in whi@h the

hydrogen io(f participate directly:

- . . m ot
FeCl ads + H ++ FeCl g
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i

FeCl;'H* + HY > Feclt + 28% + 2e~
Fecl* 3 Fe2¥ + CI B
| ’ ) M )
The justification for this mechanism is that, when
the concentratlion of chloride ions is very high, tphey adsorb
| continuously on the surface and therefore attract the posi-

tive%y charged -hydrogen ions to form the FeCl—.pn+ complek.

For neutral. and basic“solutions, Asakura and WNobe
(1971) find that the data obtained can be explained through

the }ntroduction of another complex formed with C1™ and

~

OH™:
- . ) . . (2 Q)— -
2+ - - -m-n
?g + m OH- + n Cl + ‘GFeOHmC;n)
Chin and Nobe (1972) use a very similar model in
acid solutions: . i : . . .4

Fe + C1~ + H,0 3 FeClOH™ ., + HY¥ + e”

27 ds .
FeClOH~ + TFeCLlOH + e~
< ads |
FeClOH + H* + Fe?* + c1™ + H,0 l
1 .

—

The same mechanism 1s used by K;o and Nobe (1978), who claim
that, when the pH is 1arge¥ than about 1.1, iron dissolution
occurs throﬁgh.the parallel "paths of a c1=- acgeiérated
mechanism (above) and a OH‘-acceleraEed mechanism, thé

Bockris mechagism: For more acid solutions, they find, as

-



do McCafferty and Hackerman (1972), that another _mechanisn
is nécessary, In their case, the data were consistent with

the mechanism proposéed by Darwish et al'(1973).

Drazic and Hao (1982) propose in the case of alka-

line solutions the following process:-
. ‘

Fe + H,0 3 FelH, + HY + e~

+

ds
. . + _
FeOHads + Hzo - Fe(OH)Zads + HT + e

| Fe(OH)zads + OH™ * HFeOz‘ + H20

\ : HFeO~, + H,0 3 Fe(OH), + OH

4-3 Mechanisms on scratched electrodes

Most of the results already reviewed are obta#ned by

gathering data when the iron electrode had reached the
steady state. By contrast, Burstein and Davies (1980, 1981)

have performed a series of polarization experiments on

- . {
scratched iron surfaces. They conclude that in borate and

chloride solutions, ‘the dissolution of iron is assisted by
CH™ and Cl™. . . '

The mechanism involving OH™ 1is tBurstein and Davies,-

1981):

' . Fe + H,0 - Fe-HZOadB

- + PO 4= & -
FeeHy0 ,_ = FeOHads.+lH + & . .( 10}

or: . *
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- - - + -
.Fe Hzoads FeOH ads + H (4-11)
FeOR™ + FeOH + e~ (4-12)
ads ads
When Cl1l~ is present, the diésolutiqn mechanism
becomes (Burstein and Davies, 1980)E
Fe + Cl1™ » FeCl + e~ (4-13)
ads
FeCl - FeZt 4+ €17 + e~ (4-14)
ads )

. 4-4 Mechanisms Relevant to Pitting'Cofrosioh

Y

In the case of the experiments considered hefe, the

éH is slightly basic (7 to 9), all the solutions contain
chloride ions and the eleqtrochemical reactions.involve
freshly generated metallic surfaces. It is this la;t char-
acteristic which was decisive In selecting the results of
Burstein and Davies to determine the numerical values of the
parameters. Thelir e%périmental results yield values of the
current densities several orders of magnitude larger than

the steady state values obtained by the other authors.

e



CHAPTER V

PROPOSED MODEL FOR PIT INITIATION

The review of pitting corrosion theories indicates
that the crucial events lead%ng to pitting nucleation occcur
on a scale of a few nm (thickness of the passive layer) and
within a few ms or less (approximate lifetime of currtent
burst). Electron microscopy and allied surface analysis
methods, the only experimental techniques capéble of dealing
with such microscopic sizes, require working in a vacuum on
the_éithered remain; of a once "alive"” p;ssive film,
resulting in the loss of any information respecting the .
chronology of events. On the 6théf hand, electrochkemical
methods such as AC impedance, are quite sensitive with
respect to the relevant time Qcale, but provide no
information about where events take place.

It is therefore suggested that thé surest way of
understanding the phenomenaiinvolved would be to simulate
the process assumed to occur during pit nucleation and to
compare these.results.with reported experiméntal results.

The present unéér;akihg is inspired by the mggs
transker ﬁo&els of.Pickering and Frankenthal (1972) and
Galvele (1976b). 3By using a computer to solve the systeﬁ‘of

b
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partial differential equations, it has been possible to
discard some of the slmplifiying hypotheses present in the

previous models and to amplify these models by introducfﬁg

| .
additional features in an effort to more accurately simulate

the phenomena ianvolved.

"

5-1 Definition of the Problem

The foilowing description of pitting cormosion and
definition .of the problem studied makes reference to.the
steps of pitting development defined in 2-i;

: The model assumes that.pitting corrosion occurs as a
result of a breakdown and repéir mechanis; and that step 1,
the breakdo;n of the passive layer has already occurred.
This stuﬁy concéhtrates on the phenomena causing step 2 to
. result in pitting or repassivation.

The 1niqiél conditions.(stage l)_are shown in figure

) T—
2. At thig point, a sample i; polarized at constant il
potential. A éyLindrical hoie has just opened into-the
passive film, and has. been filled with the bulk solution.
fhe'passive film {s assumed to be inertiand does nof inter-
vene inrtﬁe ﬁfocesses to be described. At_the'boépom of the
pore, the metal is in coatact with the solution .and will

-

begin dissolving.
It 1s expected that this small area of bare metal
will be subjected to very high current densities during a

very short time before being covered by an adsorbed layer or

D)
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by a tri-dimensional film, as pointed out in 2-10. It must
be'realieed that the 1ncregse in current "will be too small

-

and too brief to be fecorded adequately. On the other hand,
all the experimeﬂtal pelarization data have been obtained
after this initial period. ?he currents involved 15 the
processes considered. in this study are much smaller than the

anoddc and cathodic currents establishing the corrosion s

potential Therefore, the conclusions of the present work

can be extended,Cﬁg\least qualitatively, to the free corro-

oy
siom case.

Five pitting theories are compared in the following
manner. The solution pompositions_and potentials from re-
ported experimental determinations of pitting potential are
used.as initial conditions and the sitﬁation at tge bettoy<
of the ﬁoee is evaluated at pseuﬁo steady—state. The neotion
of breakdown and repa;r of a passive film implies that wheﬁ
‘the potential.is lower than the pitting potential, the pore
will repassivate, while 1f 1t is higher, diégolutioe will
'proceed énd a plt will be created. For each theory, an
expression Aepending on potential and concentrations -at the
metal surface was 1dentif1ed such that, 1if the theory 1is
correct, ° then this expression is smaller’for larger) than a
param!!er. This- parameter sQould be constant and indepgn-
dent of the particular set of experimental.conditions (e.g.

'pHx chloride concentration in the bulk solutien), since all

the calculations are made for conditions corresponH%ng to

23
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the pitting potential, that 1s for conditions borderline

be?wee%'bitting and passivity. ‘ R

- For thésé calculatiqns, t%e phenomena t;ken }hto
account are the metal dissolgtion, the metal hydrolys@s; the
'ﬁetal compiexing with the chloride ion and any other chemi-
cal .equilibria present. In spite of metal dissolution, the
geometry of the model is fixed and'no deepening of the pore

Y

is considered.

5-2 Chemical System

F3

The specles present are HT, oH~ (H20 18 assumed to
bg in excess and present always and everywhere with an
activity of 1), C1l™, the metallic ion and its complexes with
OH™ and C17, pd some other non-complexing anions and

cations. Tt 1s assumed that all reactions are at.

.-
S

" equilibrium and that all activity coefficlents ér@‘eqﬁal to ®

1.

~

To compute the conceatrations, use ié made of the
equilibriuym constants of the metallic complexes and of the
Y .

principle of electroneutraiicy;

2 z2ec =0 (5-1)

where ci'fs the coacentration of species 1,

zi.its charge and,
n is the number of species considered.

" A



For Instance in the case of iron dissolving in a
pe .

NaCl solution, the 9 specles considered are Fe2t, m*t,

FeClt and FecCl

Na*, c1i~, Fe(om)™t, Fe(0H) 5 (aqy> 2(aq)”

equilibria considered are:

™~
BY + OHT - H,0

Fe2t + QH™ - Fe(on)t

Fe(OoH)* + pH™ =~ Fe(OH)écaqT

Fe2t + ¢1- - Feclt .,

-

. h FeClt + Cl~ - FeCl
| ‘ ~ " 72(aq)

QH™

The 5

(K;)

(X,)

(K3)

(K,)

(Kg)

'Taking into account thesequations corresponding to

- . . 4
these 5 equilibria and to the electroneutrality, there are 6

relatlons. Therefore, only 3 concentratione out of the 9 ‘\g

are independent and are computed using mass transfer

equations.

-
.

5-3 Transport Equations a

. o

Assuming the dilute se;ution_approximation;

.

—

.~

-

the flux

nyg
w
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N = -z 'u F ¢ 76 - D. Vci (5-2)

Yy 14 1 i

for 1-34 1 to n. e ‘ e ' //’H\\

where |
ﬁi: fl&x_éf sﬁeci?s il(;utof n speciesi, 7
?1r.activi£y.oﬁ species 1 (assumed equal to Fhe
, tconcentration), ‘ : ' |

z,: charge number of spevies 1,
u,: mobility of specles 1,

L S .
D : diffusi®n coefficient of specig% i,

F s thnggfﬂéay’T§6,4&7;C/equiv.) . : ,

\ -
$ : electrochemical potential at the point of the
solution considered.
It will be assumed that the diffusion coe®ficlents

are independent of the coacentrations and that mobilities

aﬁd diffusion. coefficlents are related by the Nernst-—

\ . ~

YEinstQin eﬁpatidnf’ e .-

5,

ol

for I = 1 r0 na
where R %as constant (8.316 J/mole.K)

"T ¢ temperature .

-



. Voo
A gsecond equaL%?n expressés that the current. is due. -

-

to the motion of the charged specles:

- n — .
= by -
3 F zi'N1 (5-3)
i .70 .
for 1 = 1 to n.:
: - . X * ) . o .
" where i : curreat density: . .
- A third equation states the.géterial balance. The

accumulation of species 1 is equal to the input of i by mass

transport, blus the amount produced by chemical reaction: ' ;)'
) . . . X _ . .
Bci - . -
= -7 . Ni + Ri (5-4)
gt _

vhere Ri: production rate of spe;ies i by chemical
reaction. . ' \
The fourth equation used expresses the elecb%gL
. nemtrality (equation 5-1), as aiready mentionéd in 5~ 2.
Procé;ding e#éctly as‘NewTan (19?3) and introducing
.(5?2).in (5-3), using (5-1) and fearranging, the potential TN

gradient in the solutions is obtadned:

<+ n
- 3 F '
F - % § z, D, ?ci (5-5) =
1
c
) - ‘
where. K: conductivity of the solution, equal by definition
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‘to:s

Equation-(S—Sj is

potential from (5-2) and,

~

equations using (5-1) and

following is obtained:

de

oo -
F2 I z \ Ve .
i 1 1 i
then used to eliminate ‘the
after elimination of one of the n
the

replacement in (5-4),

- ) N

o . . ;
. Toge, D -
— = Di 32 1T TEIY a '
ot 4 -
n
; z
Q ' -Z-z—(n-n)vu;ﬁd
i -, k=2 74
- + R, (5-6)
\ N .
L v ) ; ‘ " .l
for 1 = 1 to nm, e S ’ .
hete ti: transport %ﬁhber of-speciés i, dgfined as:

Equation- +1

equatgai 74-4 1in .that he

“The notation adopted her

assume that the current
spatial coordinates.
The 'first two 11
~ . .

«fquation kS—G) willlbe r

s. slightly different from Newman's-

uses F-V‘tbi rather than V‘ ('ti?) . {
o N T :

L}

e 1ls more general, as it does not

deﬁsity 1s independent of thé

- .
i - Ry -

¥ ) - : v

nes of the rightﬂﬁapd side of

eferred to as Ti; thus:
3c
- = T + R (5-6")
T i 1 .
N\



for { = 1 to n..

It can be seen that if we know the walues of ¢ its

1 H
derivatives, Di and z, for 1=1 to n “and if we alse know the

»

values of j, then T, can be combuted.

Where m is the number of gquiliﬁria coﬁsidered, it

*

has been'indicatpd_in 572 that only n-m-1 concentrations ave

independent. The n-m-1 independent cohponents have been

called the main components. The equations f5?6'j'aré used

-

to compute them after ejiminating :the R, 's by expressimg the

1

: ’ . 2 * - N N J'
conservation ofi the elements 1in fach equilibrium. Forxr. . &ﬁfjfn\

example, psing.the'system_dgsihibed in 5-2, we find:

P . 3 . .. ! ) :
. . conservation of Cl:: : ' 8 v
. : . {e1m * Brecat * 2 Rpecy, T © ‘ o B
' :ifonservatiod of Fe: ' ' ‘ '
-7 L+ + + R_- B+ =0 N
2- ‘RFez"' Rreom)+ RFe(OH)2 Rreci+ RFeClz 0. :
N * '3 . . ° . .
.L;EQSB o conservation, of H: ”:\M“ -
. - = 4= \\\:‘?‘P . ’
\ - R,H"_‘ RpH‘.A . REE(OH)"L"Vh RFe(OH)z,
'These relétions combineg with (5-6') become: B
. ". '
- | - + ' o .
e, 7T ([,Cl ]+ [FeCl™] + 2{FeClp]) = (I
. ‘ . . . -l- .
’ + T + -7. .
- - - Te1- 7 Trecat+ *.2 TFeClz o (A « .
- L = ,
"3 o4 C ' o
st ([Fe?¥] + [Fe(OH)*] + [Fe(OH),] + [FeCl'-"‘ + [FeCl,])= :
+ + IR + - '
Tre2+ ¥ Treomy+ ¥ Trecom), * Trecit ¥ Trecz, (577B) R‘/
) _ . :
T,
/‘- ,

—— . - . : -. . '
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3%([H+];: [0HT] - [FeOHY] - 2[Fe(OH)2]K

Tt T o - T 2 (5=7¢)

OH FeOH+ TFe(OH)é

om— "

The n-m-1 equations of this type. are simplified
using the m equilibria considered in 5-2; for éxample, the
decomposition of water:

(2% - [om™) = K

T T |
T - : R

gives: _“;;_ _ .
. .
. o . ”
e "a(EY] - 3[0H"]
a t C B —--_a—.t—_—_ -~
IHI]. _ (OH™] . -

is shown in more
. ~ o ’
detail in A-8. - .
. Finally, a systeT/of n-m*l equations isfﬁbtained,

wherea the left<vhand ‘side provides the t;mé derivatives of .

the nJE—llﬁain’components; for example:

-

N — ’
- _"'.
afNat) _ _ - : - :
Dt . 2 Tre2+ Tar + Tog- Treon+

-t
. "

5-4 Boundary Conditions
| The system of partial differential equations to be
solved.is parébolib-and the problem is an initial value

problem in time, and a boﬁndary value problem in spacé;-

”‘I
£



i

The initial qonditions are that the concentrations

hre everywhere equal to the bulk concentrations.

At a sufficiently great distance from che pore“into

the solution, the concentrations of all species.are equal to

the bulk concentrations at ‘all time. ’

»

On the metal surfacé the flux of metal ions is

given by . Faraday 8 law and the fluxes of all the other.

species are nulle

' =
K{ < R | SV

for 1 = 2 to n.. . : ‘

61

Combining equations (5-2), (5-5) and (S—i) as above,

+

we obtain in the case'qf a one-dimensional transport
problem: ’ o

P

+

i€ 2 ¢, - n . e
i i - k

- D A+ — 'z, (D;=D,;)

; : 1

itz F 1 Bx Z, i, Lk 17 3x

k
i . L . *

-

By inserting the velues of Qi into this system an&

simplifying, wve obtain as the rinal*expreQaLéﬁ'of the
. &

bounj;izjganstion: ; _ ‘ . .

—
"\ y d ¢y, 4 wZy © _
‘ : 3x FﬂT’K‘E(zklc

™



.jo_a.coeffic£Ent determined expefimentqily (see 5-7).
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oc 37 oz, e ) T
2x ~FD] yi fqr i f 2‘c0 n.

Z
k

5-5 Computatlon.of the Current
. : I

It is assumed -that the only electrochemical reaction

L)
.

taking place is the.anodic dissolution of the metal at the
ST _ | ) . B O .
bottom 6f-the pore. It is further assumed that 'the
overﬁotential 1s gsufficiently large that we may ﬁeglect the

reverse reaction. Thus:

. e . )
J = Jg =+ exp (b—) ‘ : . ('5_9)
a

o~
+

where E is the potential at the metal surface (at the outer

Hé;éholti piane), bh the experimental anodic Tafel slope and

E is_gqua¥ to the épplied poteﬁtial Eg gihds:

(1) The .ohmic drop in the _bul'k,;:hac 1s, between the

Luggin capilléry and thét point considered as

the "fnfinitéf boundary for.uhg?pufPSSe of mass ¢

‘transport. .

—~

Avl = RBj

where the resistance RB is.calgulatéd according
' to the method of Kasper (1940).
f ~ - T
(2) The ohmic drop in that bart of the solution.

where there is a variation in coumposition. This

-

o 15 conmputed by numerically integrating the first

term of equakion (5-5): ‘ Y



63

-dx

-~

L+ . odx o
A“z = f 5 . © = ] f T . q‘(planar)
. Cr 2 ]
. 0 x .
: OR j - '5'— j 'E'z—K (spher:[.cal)

where‘ro is the radius of the pore.

(3) The potential diffefence due to the concentra-

tion gradient, obtained by integrating the

1)

second ‘term of equation (5-5): -

I [zi(Di—Dl) aci/ar] e N
X dr

AV, = F [

5-6 ‘Charging;of‘the Electrical Doublé Layer

At the beginning of the process, the surge 1in

current necessary,to charge the double layer should be taken

-

-igto account. 'The hypothesis is that the system behavesg in

a manner similar to that of the elec;ricél circult of figure

3.. The two ohmic drops mentioned previously are rebresented

"by R. At the surface, the circuit is equivalent to a N

capacitor C in pafallél with'tﬁe,faradaic dissolution pro-

cess (hotgd F) described’by equation. (5-9). j, is'Ehe total

/

"As the differentigl équation rélating E and j cannot

current density flowing from the surface.

4

be solved exactly,oit 1s therefore solved numerically

together with tﬂk main system’gf differential equations of

type (5-8). 1If E is known; 3, .the faradalc 8urrent density,

.can -be calculated by équation'(S—QI, Then the total curreat

densit;-ié calculated as follows: )

R . ~ - . ;

~



Metal _' L —<t—\/\/VV‘———-

e
I joexp[__E_J + CcdE
-~ Lbg

A

V
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.. The experimental results of Burstein and Davies

-the current density on scratched metal.\kzt is felt that

65

j = En - E - av . 7
t R
and finally:
L
dt C -

It 1s assumed that initially; when the solution
comes 1nto contact with the metal, the capacitor is-

discharged and the potential E is equal;gp the potential of

zero charge (Bockris and Reddy,” 1970, p. 706).

*

5=7 Numerical Values of the Parameters
Two factors,led to the decisipn'to use iron in order O

to test.the present- -model. First, pﬁder the conditions

considéred the chemistry of iron is-relatively simple. _
b\/
Secondlyj_the electrochemistry and the pitting corrosiofi of

T are fairly well covered 1in the literature."

3

5-7-1 "Anodic Dissolution ¢f Iron :
: i -

(1980, 1981) were used to determine the relatipn between

current and potential at the bottom of the pore {]jg.and b,

ingequation 5-9). Although numerous other studiés have been

published on the subject of iron dissolution (see Chapter .

- 4yy Barsteln and Davies are the only investigators measuring

this méthod reproduces the conditions af he metal/solution

. . N
- <. .

-~y



interface more accurately than deo the conventional steady
state-experiments which use an electrode cdovered with aﬁ

.-

adsorbed or tri-dimensional film.

At low pH, (4-10) occurs, giving:

-

D : 'FE
h| ‘—'" F'klg exp . .r E-_J

e

Otherdise, (4-12) 1is “the rate déterhining step,

giving: , . o

S ) TPY IF (8_FE ‘ f
R el 55 2 e Kll.r‘p “RT ) .

Wh#n chloride ions are present, .(4-13) 1s the rate deter—

mining step, and occurs at a rate given by: :

N

+8 FE
R

[

= F kiz [Cl7] exp

With this infotrmation, the following formula is used

to compute the cug#ent densifty (5-9): L

3= (w0 + ey + my (C17]) exp (6 E)  (5-10) -

- ’ ]

AN
. - ) % .
whe;é\il- EF/RT = 19.8 v-! for B=0.5 (equivalent to a Tafel
slope of 116 mV/decade) and m;, mp, mg and mq are empirical

coefficients determined by non linear regression to the data

»

-~ . - -



' | g l/ 4$J | e

of Bursteln and Davies involving inert anions and "C1™ {9
polnts). The numerical values obtained are .(concentrations

in mol/1l and current density in A/cm?):

m, = 76.7
my = 1.15 1075
et X . . ' .
,4\' my = 3.87 10712
R m, = 4.57 10"
3 - v oo,
’ : l ' N 3
5-7~2 Other Parameters ‘ ' (l

The depth of the pore, which is.also the thickness

-~

of!the film, is taken to be equal to 5 um, although 1t 1s

somewhat gre&ter than to che'range.of 1l to x nm measured by
Nagayama ang Cohen (1962).
. ‘
In the absence of any data, the radius of the/ior;
is taken to be eqﬁal to 1 nﬁ, as gurfgcé diffusion on the

pore surface could be significant for ‘a pore of smaller

67

radius, Furthermore, the radius of the pore only intervenes

as a boundary of the region of spherical mass transfer (see

5-8) and. it 1s shown a posteriori (see 6-2) that it has
' ]

.

little influence on the.results. . . v

The ‘values of the following equilibrium constants

- ‘ X
(see 5-2) are taken from the compilation of Baes and Mesmer

(1976):

[E*].[OHZ]s= K, = 1.78 10=1v
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-
o= Y o ) .‘_‘
» \/\ 63
7? + - '
(Fe(OH)™] _ _ "
Fel T ronT - Ko T 2 104
(Fe(oR), )1 .

as well as the-bufjgffxi reaction ¢ -
.. e

: L
B(OH)H' «+ B (OH)3 + OH™

e J

[BCOH), "1  _ - 2 104
L ’
LY [ ]

The c¢dnstants corresponding to the complexes of Felt

End C1™ have been reported with widely different values:

—

[FeCcl *)
[Fe<V] [Cl 1

Butleyr, 1§64)
?ﬁlen and Martell, 196%;“/?>
Faita eG:al,‘1974) o

'[ieél aq)! -
=X 1.1 (Butler, 1964)
(Tpgfl+] [c1 T~ s ’ :

®

To follow qualitatively the variation of t
complexes while keeping their concentratiins at a negligibl;
1eve1 these two constants are set equal to 1072

The values of the diffusion coefficients of the

. . . ’
following lons are taken from Parsons (1959):

Fe2t ; 0.7 10-° mj&g*\\
gt : 9.5 1079 md/g
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- . c1- 2.0'10"9}m2/$
COH™ : 5.3 1079 m2/sg
.Na+ ti 1.3 1079 n2/g
In the absence of published data, -the following
Qalues Have been chosen by comparieon with the values for

similar ions published in the literature (Parsons, 1959;°

<

Newhan, 1973):

Fe(om)t : 1:5 1079 n2/g _
Fe(OH)Z(aq) : 1.0 iO"g w?/s *
FeCl* : 1.2 10°9 n2/s
. ' FeClye,qy ¢ 1:0107% m2/s
8; ' B(OH) , t 1.0 1079 m2/s . .
B(OH)4™ & 1.5 107% m2/s h

The capacity of the double layer is considered equal
to 40 pF/em2, in the range given by Macdonald (1977) The

potential of zero charge-is considered equal to -370 mV

(West, 1965).
' .. ’ - -~ .
Using the solubility of Fe(OH), from Baes and Mesmer

-

(1976), we can determine the concentration of Fe(OH)( 2q) at‘

saturation

\\\\—ﬁ ] ‘ [Fe(qa)z(aq)] = 2 10-? mol/1

’ v
'ﬁsing a solE;QIity Qf-4.25‘mol/} for FeCl, (Kuo and Landolt,. -

1975) and the equilibrium constants selected for FeC1+,apd
/

LY

FeCl ', we obtain at saturatioen:
2(aq) -
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o

. = -2 '
[ . \JFgClz(aq)} = 2.6 1072 mol/1

L]
’

5~8 Numerical Solution of the Equations

- To solve the system of partial differential equa-

tioas of type (5-8), Tys as defined in (5-6) and (5-6') must

- be evaluated as must the spatial derivatives of the concen-.

trations. This i{s done by the method of finite &ffferenpe

as follows. .

The space studied is divided into'3 regions:

4

1l - The cylindrical hole, between the metal surface

and\fhg plane of che film/solution interface. The mass -

-

“traﬁsport equation (5—6) is uni-dimensiondal and planar. The

derivatives are computed withwa net of NNl equidistant nodes

»

with fofmulae of the type:

~

dc , C(I,N+1) - C(I,N-1)

i

e - DelI,Ny - 7 x DX

— . | C(I,N+1) - 2 4 C(I,N) + C(I,N-1)

v2 ¢, = DDC(I,N) = — -
. Dx2

LI

. 4
where DC(I,N) and DDC(I,N) are the-first anld second-spa al
'deriVativés res'ectiv of che concentration C(I N) of

1 TeeP %
species I ft node N and DX is the,ﬁqﬁtance bgtweeg nodes.
. _ _

2 = The region boun the plane of film/solution
iﬁterface; by :‘an hemisp arge circle is.the pore
mouth and by another concentfic hemispheke of éufficiently

A . - o "
c - ) \ / ar,
: N ot ,\N- \‘ !_./‘



Vlarge radius, where the concentration is not affected by the
pore.opeﬁing.- In this regiod, the mass transport equatipns
are ébhéric£1 and the derivatives ;re computéd us;ng a net
of points equidistant on a logarithmic.sca}e. This perﬁics
a largg reducﬁion iﬁ th? number of net points and therefore
in the amo;n: gf necessary calculation (Newman, Hanson and.

Vettér, 1977). The derivatives are:

de : C(I,N+1) - C(I,N~1)

1 _ ‘
5r - PO(LN) = —— Wy % DIk
a2ci' 1 . C(I,N+l) - 2 x C(I,N) + C(L,N-1)
3rZz ° PDC(.I’N) " xnz [— DLRZ - —

' ' - ~J
C(I,N+1) "~C(I,N*l)]
,2 x DLR

where R(N) 1s the radius at note N,

RR is the ratio of the radii at two\yﬁEEEEEEV

.pﬁiﬁfs} RR = R(N)/R(N-1) and

/\. - g ' L
7 NobLR = aa (RR)./ 1 . - i
l . - ) ) i - »
. _ e ‘
3 - The transition region situated at the porTe

-

mouth, between the. two reglons already mentioned. re, the
' N - EP
mass transporﬁ?geometry is agssumed to be spherical, the

-nodes are equiﬁﬁsfanc and the formulae {or the computation”
r ° :

of'the-dfrivativgs are identiwmal to(the ones used:in Ehe‘ ,
& first r.eg';.on' | h | ' . .- ‘ ) ‘

Once &he Ti' have bben <omputed, the right-hand stde
' ] 4 g ' -

) 1 - ‘ ) . . A“\



| _ - . | - (
cof the syetem of n-m-1 equations of type (5-8) 1is calcu-

lated. If NN. is the total number of nodes used on all three

»

regions, the number of unknowns is (m-m=-1) x NN and the

-system of partial differential equations 1s now reduced to a

3

syeﬁgm of ordinafy differential equations.

This latter system is solved using ,the Livermore \§

Solver for Ordinary Differential Equations (LSODE) package,

obtained through the National Energy Softbare Center. Tb;34:L

group of routineg was speciallyAdesignéd to automatically

a e -

integrate systems of ordinary differential equations of ,the

type genera;e?-here?.known as stlff differential equations.
It 1s based on an original algorithm by Gear (1971).

: ® listing of.the computer program which has been
s

written ang useéd in this study. is included in Apdendix A.

5-9 Possible Criteria for Pitting Inifiation

r ?he results of the integration of . the mass cranSport
:equations a{élﬁsed to compute the numerical values of the
ollbwing_pafameter‘ which correspcnd to diffecect tﬁeories
of pitting cgrrosionT Here, 'the concentrationg and

potential mentioned in the equations are calculated values

»

at the bottom of the pore. L
, . + . >

& . L

5-9-1 Refﬁ%sivation

A : , L
2-9-2), a pi will form 1{f the local condition
P -~ ’
f e s ' . -
L "_.,/q' .-a-q .
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< ’ ' : :
thqg no pé?}ixgﬁing speéies is insoluble (Galvele, 1981).

3
In . the .conditions encountered in this $tudy, magnetite

S _ should be ehe(thermodYnamically stable pecies in the
passive range (?Ourbaix, 1974). But a ?€f-ne recalculation
of the.Pourbaix diagram by Sil{;{man (19 25,_using more

recent data,lshgfs that ferrous hjdrekide‘&jjetable between - o

X . the iron-metal ;nd the magnetite ;egions. It is also -

: unlikely that magnetite would precipitate from defEien{:
Rather, It may form by oxidation and dehydfation ;p ferrous
hydroxide.' FE:/these reasons, Fe(OH)zc ) has been chosen as
the most probable passivating specles, E%T}ogf{g Galvele

2

(19760, 1981). The criterion for pltting is:
.
- . .

. ' Fe(OH) - : -
. : (Fe 2(3Q)] - EJ:D< K 0
- Sl [JEN N rp rp

B - M N [l

- . _
where S concentration of Fe(OH)z( at saturation, 'qégh

aqg)

supersaturation ratio,
- K 0: the pitting criterion parameter for, this

mechagiem.

\
e ™~ /\7
5=-9-2 Salt film pgpcipitation , .

Vetter (1965) originally propbsed that pit

characterized by the presence of a salt film on thei:
metal/solution interface {see 2~ 10) ' Therefore, tpe
' prepipiegtion of FeCl, was takenfes andthefepdsei ie
criterion for the_bcpu?rence of';ittiﬁg; -

AT . © - v he
- 3 -

L] .



‘model of Burstein and.Davi 8 :is been a;ZEEEﬁ

-

FeCl
[Fe 2(},_.1)] fo
R sf s
S N\
vhere S, i concentration of FeCl, at saturation, P

@ N
st': supersaturation ratio,

sto: the pitting criterion parameter for this
\

mechanism.

74

It must be noted however that this mode of formation

of the salt layer is different from Vetter's model in that

Fl

he proposes that the salt film growth from the metal surface

is a solid state oroceSS and that the salt film is in
contact with an undersatutaten solution. Thus the present
criterion'is closer to the mechanisms.involving *
ptecioitétion consideged by Engell (1977) nd Beck and

Alkire (1979).

5-9—3. Adso;pﬁion:’. T \\\\\/4?‘ . - | .

v

" As mentioned in'2—7,'theories have been _proposed

which see the adsorption &f the aggressive ion as the

critical step in the pitting process. :As the,dissol rion

current density on the metal surface (5~ ~7- -1, criterion\

- ~

for the onset of pitting consistent with the adsorption

-

“ L
compute the

theory is thaz/g_git will form if the, coverag .of'FeCIa&é f)\.
-exceeds a cri ical valuezf_%sguming that VQuation.(b-lé) . .

> holds: . ,;' -



where

be:

or: . [Fe

~

,adgorbtion mechanism conside;é :zﬂ adgorption equilibrium of

cl- on.:h; iro sﬁrfgce (Strehb

-

RT [Fe?*+i[C1™]
E = Eyy ~ “F ]_.Og.( @1[' )

E,,: standard potential of (4-14) and

. - ’ ’ 4
@, : cherage of FeClads
The criterion for pitting in this case would thus

- . , o <

@l = [¢€2+]ICL—] egp (SE:EL&l;E) > @

RTyg e
- -~ (EF ' E;,, F
2*1[c17] exp (=) = @ exp (—La—) =
’ RT db RT
= K0 = 0 . Ejy F
- Kaa1 > K adl Oc1 eXP ( RT
2 -
Q. : ecritical coverage of FecCl , '
¢oeq ) ' ads’ .
L :  variable representing the product

.mentioned,
koadl’ fhe pitting criterion pafametér-for_this

mechanism.

Ano\€éi possible. eriterion comsistent with the
2

L J

. - _ .
w and Titze, 1977): ‘

1 acl g e | , (5-11)

75




Kre
B . . ‘
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{where @, 1is the.cove;age.of Cl%dQ’ |
E;, is the standard potential for (5-11), and
Yy 1s the electrosorptidn valency (assumed equal
to 15.
If pitting is triggered by a critical coverage of
Clads’ themn: q’
~ - EF N E,,Fy .
[C17] exp (gF) = 0y exp () o ,'
' = : 0 = —E--l—l-F-.
= Kagg *'K ad2 @Cz'exp ( RT )
where Ocz : c;itical coverage of Clads’ |
Kadz-: variable‘représgnfiqg the product mentioned, .
KOadZ: the pitting céritérion parameter for this
mechahiﬁp.
5-9~4 Critical chloride concén lon

7 - -
It has been assumed tfat/ficting 1is initiated by a

ctitical doncentraéig% of aggressive ion at the metal

occur then 1f:

&

-~

‘surfaqe (w1lde; 1976), as discussed in‘%-9-l. Pitting_wiléy_ ‘

-2

-

-

{
[C1~] > K°® \

. . ce ] )
. ‘ : N

jK;c: the pitting criterion parameter. for the he

mechanism.

<
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RESULTS

. ./i\?.
s L
{ 6-1 ‘General Results:

The computations are performed at equal time inter-
vals on a logarithmic.scale usually starting at 10-11 s, as
- in, for exaople, 10-11 s, 3.16 10-!l s, iolio.s’ 3.16
L 10“‘10 s, etc.‘ The progrem stops when a pseudo steedy-state'
f is geached; that is, wheo the.concentrations in the pore are

not~varying appreciably. This is deemed to be obtained when

all the following conditions are satisfied omn two successive

-

c computations:

< . * [H*] at the metal surface varies by less than 57,

L] . L

* [Fe**} at the metal surface varies by less than

'’ 0. 3! s . Qf

* [Fe2+] at “the pore mid-length varies by les than‘

0.5%, A ' . : -

, % ?he slope of lo£ [Fe2+] vs log [t} at* the metal
L . . ‘ ] -
‘surface 18 less than 0.01. /’{T

D S ..

i} Vhen.theee cozif;}ons”caﬁnoc be obtained, an extra-
'(see 6-4), {i c7

, s

Figures 4 to 7 show typical cuyves obtaine&‘for the

oolatioﬁ method is us

-+

L -
-

’ concentrati of the main com onent Each of the four
‘ N ‘oqg.“nh ) P Z . ) .

Y -

Y
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curves illustrates the same computation where the iron elec-:
trode &s polarized at =19 mV vs SHE in a pH 8 borate buffex
with [Cl-] = 0.01 M. Each line corresponds to,a computation

at “¥e time intervals mentioned above.
o

* Thé iron concentration (Figure 4).rises monoton- ~ -
ieally‘from‘the arbitrarily small level of the bulk solution

(lO‘lZ_H) to its final value at the' pseudo steady-state.

-»

The kink in the cufves close -to the pseudo‘steady—s;ate

N . p—y
marks the transition between the region of planar diffusion

(fhe'pore) and the 4egion of spherical d usion. Figure -8
(correspoending td §nother'simulation) illuétrafes tQat when

the pseudo steady-state 1s reached, the diffusion gradient
-
In the .
N # >
region of spherical diffusion, this concentration will keep

for [Fe?+] isg nearly constant withiﬂ the-pore.

-on increasing'farlhway'froﬁ'the pore, ‘but with a minimal

.

effect on the values clése fo the pore mouth. .

The variations of pH (Figure 3) are swmall in] the

b

case of a buffered solution and are within about 1 unit of-
pH in this particular case. -It may'be noted that :ﬁé pH is
higher in the pore than in'che.bulk, contrary to what would -

-

be expected. By contrast, Figure 9 shows the variatégg;ff_;ﬂ

pHl in a non-buffered solution:(l M NaCl, pH 9, polarized at

780 oV vs SHE) wheré the pH drops by more tham 4 pH units.
This. conforms to those experimental results on ferrous

alloys’' which report that the solutiom in occluded cells is

. -
N 4

definitely acidified. ' . g

" v
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\ (o .
Figure 6 shows that the concentration of chloride -

lacreases in the pore by migration to maintain
electroneutrality, as does the concentration of borate
(Figure 7).

The variation of all the coaceantrations with

-

distance at pseudo steady~state caan be followed on Figure

10. The sodium concentration in the pore becomes very low,
a .
so that the solution in the pore really becomes a

concentrated solution of ferrous chloride.

The parameters cofresponding to the hydroxide-
pfecipitation Kﬁp, and }o‘thg chloride p;e;ipitation st,
vﬁry genergily in a manner similar‘to?[Fé +1. They iﬁcrease
monotonica%ly gith time aéﬁ Hec?ease'monot nically with the

di§ta7€e from the bottom of the pore. Howevelr, in some

insténces, Krp behavfs differently (Figdre ll).. A maximun

appears early in the process and mgdes away from the metal

- )

sur face while keeping'ah approximptely constant height. The

value of Kfp at the metal surface eventually reaches a

Fy

pseudo steady-state value lower than the maximum. It is
this lower, pseudo steady-state galue which has been
selected as representative in the computation, since if

precipitation is going to take place, it will be more likely

£

by'héterogeneous nucleation.
Figure 12 summarizes the variation with. time of 3

cdncentrations'(Fezf, 4t and C17), Krp'and Ks at‘thelsur—

f

face, as well 'as thé'fdrhdaic current density for the same



10
]-l
=
c
o
(:: 107
o
=
QO
o
o
)
&
107194 Pore mouth
e
q
0 - ] 5 10 100 1000
Distance from bottom (nm)

Figure 10 - Varilatior of all the concentrations with
distance at pseudo-steady state







4.0

220

0.0

_210

_4 30

_8 IO

—8,0‘

<d0s0

_'.1.2 nO

: FEZ+ :
: H+ ' i

CL-, )
REPAS.Rs = |
S.FILM R

Ul WM

~10.510 0 -9, 5 -9 0 8&5 -8 0 =7 5 =7 u O -6 5 8 0 _

LOG TIME (S) s

Figure 12 - Variatlon with fime of the
~ current density, {Fe' 1, [H ], [Cl 1,
X and k ae&%he metal surface
P

38

126E+03

1.4E+C3

1.2E+03"

1:0E8+03

8 ,0E+02

N

6«0E+Q2

4u0E+02

2=0E+02

0.

-

CURRENT DENSITY {A/CM2)



A ) o | 89

simulations as Figures 4 to 7. It ‘can be seen that the

pseudo steady-state is tvpically reached at about 10~° s.

Tt -

o~ . . -
The double layer 1s eﬁsentially charged at a2bout 5 10-9 5,

at which tine a steep rise occurs In ‘the faradatc current

densityv.

-~

AN

~

6-2 Sensitivity of the Result to the Input Values

It 1is iﬁportan; to assess ;ﬁe relative influence ;f
all the_iﬁput parameters on the reéulgs, énd more particu-
larly, to evalugte'the importance of the,lack of precision
on wmany of the wvalues used f£aor these parameters. For this
purpose, the un;ertainty on each of the 27 input parameters
is estimatgd by choosing an alternative value from another -
source than the one used Iin 5-7. When thi; is not possible,
the alterqative value 1s eétimated in the same way as the
original value. Calculations'are made varying each input
parameter,'qne at a time, by an amount equal to the estimate
6f the ﬁncertaincy. Tﬁe results are compared tec a r;ference \\\\
calculation in whiech all the parameters ha?e the values ‘\\\
selected 4n 3-7, simulating the dissolutiod of iron in a
NaCl-NaOll so%ution with [C1™] = 1 M, pH 9 and poiarizgd at
-80 mV vs SHE. | r' ' ‘ - -

The estimate; pf the original and alternmative values
of the input paréme;ers are given 1in fable 1, together witﬁ.

the corresponding source. Whenever an altered input param- -

"eter 1s used to compute another parameter, all the necessary

-~ -



Table 1

P; Alternative Vdlues of the Input Parameters

Parameter

Depth
Radius
Solub. Fe(OH)Z

Solub. FeCl:

Tafel slope ()
Tafel slope (-)

Cap. 2ble layer

Pot. 0 charge

(6=7-1) mp

‘Sources: (1) -

(2)

(3) -

(4)

(5) -

Original Alternative
-5 am 8 nm

1 nom | | 0.5 nm

2.0 10-8 M 3.2 10°8 o

2.6 1072 M 2.9 1072 ¥

1278 10-1% 6.82 10-15

2 10 407

1.3 103 2 103

10-2 3.16

10-2 Ll

(136 oV /dec

116 mnV/dec
108 nV/dec

40 uF/cm? 20 pF/em?
-370 mV ~300 mv
76.7 30

1.15 1073 5 1076
3.87 10-12 - 1o-12

4.57 10% .2 10*%

Baes and Mesmer‘(l976)
Falta et al (1974)

Harqed and quinqog (1940)
Butler (1964)

Burstein and Davies (1930)

Source

1)
(2)
(3)
(1)
(1)
(2)
(4)
(5)

(5)
(6)

(7)
(7)
(7)
(7)



Parameter

Diffusicn
_coefficlents
Fe2+
Ht
cl-
OH;
_ Fe(0H)*

C e
2(aq)
FecClt -

Fe(OH)

FeCIZ(aﬁ)

Nat

Initial. [Fe2+]j

Sources (cont'd):

{When no source is given,

Table 1 {(cont'd)

Original Alternative -
Value - Value

(x10-3 cmz/s)_

0.7 0.5
9.5 . 8.3
2.0 1.5
5.3 5.6
1.5 L.
1.0 0.7
1.2 1.5 /
1.0 1.5
1.3 0.9
10-¥2 y 1076 ¥
(6} - .Macdonald'(1977)

Source

(8)
(9)
(10)

(113

(7)) = 2 o in regression calculatioen
(8) - Strehblow and Wenners {(1977)
(%) -

-{10) -~ Newman (1973)

‘Stastny and Stréfélda (1969)

(11) - Breiter and Hoffmann (1960)

~

within the expected range.)

an alternative value-was chosen



modifications;are performed for the new calculation. For
instance, when the %afel slope is changed, a new fegression
Calculatign.is_done to @etermiée the modified values of m
to m, -

The results are presenéed in Tables 2 and-3. In

Table 2, the changes of the input and output parameters are

given as:

Qhere p: value of:the parameter aftek the modification and
Pyt value of the parameter.before the modification.

An increase of 6% (diffusion of OH™) is given as
0.03, while a decrease b} 50% (capacity Qf the doible layer)
gives 4 = —6.30. Therefgre, 4 gives a ééasure of the
uncertaiﬁty on each output parameter caused by the estimated
un;e;tainty on the 1nput parameter.

Tablé 3 uses the values of Taple 2 to give an

estimate of the effect of each input parameter on each

output parameter, as:

where A(y) and A(x)} are the A calculated in Table 2 for the

outﬁﬁi and input parameter, respectively. 1t can be seen

2

-



Table 2

Influence of Input Uncertainties on Output Parameters

Input Parameter A(input) A(rp) A(sf) A(adl) A(ad2) A(cce)

'Depth 0.20 -0.01  0.65 o.is -0.03  0.22
Radius’ " 20.30  0.003 -0.05 0.02 0.06 -0.02
Solub. Fe(O0H), 0.2 -0.2 o 0 0 0
Solub. FeClg‘ 0.05 0. -0.06 0 o 0
X, - =0.17 " =0.17 0 o . G 0
K> | 030 -0.32 0 0 0 0
- (4=7-2) Ky 0.19 -0.01 O 0 0 0
‘ | X, 2.48 0.25 -0.85 -1.53 -0.27 =-0.65
K g | 2.04 0.01 -0.09 *:0.22 -0.05 -0.16
Tafel slope (+) 0.07 0.29° -2.0 - -0.67 0.09 -0.61
Tafel slope (=) -0.03 -0.01 l.ld T 0.21 -0.14 0.37
-Caps 2ble iayer -0.30 0 0 0 .0 _ 0
Pot. b charge ‘ ¢c.cs8 .0 0 o 0 .0
@) 051 o Moo 0 0 0
(4=7-1) |m, -0.37 0 0 0 0 o
m _ -0.59 0 0 0, 0w 0
m, -Q0.36

,0.06 -1.10 -0.32 0.07 -0.36
Diffusion »
coefficients
! Felt ©-0.15 0.0l Q.46 0.13 -0.02  0.16

g+ -0.05 -0.05 ©0 =~ 0 .0 0



A(inpuf) Alrp)

Table 2 (cont'd)

Aladl)

N

("0" means that

the computation error.)

the effect of

Input Parameter A(sf) A(ad2) A(cc).

c1~ -0.12 0.001 =-0:05 =-0.04 -0.02 =-0.02

oH" 0.03  0.001 O 0 o 0o

Fe (0B)* ~0.17 0.18 O 0 0. 0

Fe (OH) -0.15 0 0 0 0 .0
2(aq) .

"FeClt* 0.10 0 -0.04 -0.02 -0.001 =-0.01
FeCl 0.18 0 -0.004 -0.003 0.001 =-0.001
2(aq) :

Na+t -0.16 0- -0.01 =-0.0L -0.005 -0.004
Initial [Fe2t] 6.0 0 0 0 -0

the varlation 1s smaller than



Sensitivity of the Qutput Parameters

Table

~r

3

3

Input Parameter n{rp)
Depth ~-0.05
Ra&ius -0.01
Solub. Fe(OH)2 -1.0
Solub. FeCl, 0
K, 1.00
LY -1.07
(4—7-é) Ky’ -0.05
Ky 0.10
K 0.005
“afel s;ope:(+) 4.14
Tafel slopé (=) 0.33
.‘Cap. 2ble layer _0'
;;t. O’Eha;ge 0
_ ‘milﬂ .
(4-7-1)|m, 0
53 0
m,, ) -0.17
Diffusion‘.. .
coefficients
Fe?t | 0.07
Ht 1.0

“n(sf)

nf(adl)

n{ad2) n(cc)k
3.65 0.90 -0.15 1.10
“0.17 -0.07 -0.13 0.07
0 0 0 L0
-1.2 0 0 0
"0 0 0 0
0 0 0 -0
0 0 0 0’
-0.36 -0.62 _ =0.11 ~-0:26
~0.04  -0.11 =-0.02 -0.08
~28.6 §9.57 1.29 -8.71
-36.7 -7.00 4.67  -12.3
© 0 0 : 5 0 ;40'
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
3.06 0.89  -0.19 1.0
-3.07  -0.87 0.13 -1.07
0 (I 0. 0




~

‘Tdble BJ(Eont‘d)

Ianput Parametgf _n(rp) n(sf) nfadl) -h(adZ) n(cc)
c1- .- -0.01 0.42 0.33 0.17 . 0.17
OH™ . 0.03 0 - 0 0 e
Fe(OH)* =~ Y  -1.06 0 0 - oo ‘0
Fe(0H) ) 0. 0 : Q.‘ 0. o foﬁ
Fecl* - - o - -0.40 - -0.20 -0.01 -0l
L '
“FeCl, oy - o -0.02 =0:02 0.01 ~0.01
o7 wat “ o 0.06 ~ 0.06 * 0.03 0.02
"Initial [Fe?™"] 0 ' 0 - 0 7o . 0
/]
b \ -
%

[
s
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6-3 Precision

that n expresses the order of the dependence of y on x as:
}

- X - (X_41
G

o BN

Therefore, n is a measure af the sensitivity of the

particular output parameter to each input parameter. It 1is

in principle indépendeﬁt of the,unéertainty on the
parameters. °

Table 4 lists the i?put parameters having the
1argest:influence on the oufput paramegers. Generally, the
most criticél_parameters afé the oneé related to the iron

dissolution current, i.e. the Tafel, slope and m, (in the
. : ¢
solutions considered, the influence of m} to m3 is negli-

gible). This q&derlines the ifmportance of ihe aséumption
that dissolution takes place according to the model of

Burstein and Davies.

The results obtained by the program will be affected

. ‘ ‘ : .
by various errors. The errors introduced by the use of
r . - . .

inexact data have just been analyzed.

Errors are_also. created in the calqulations because

-

of the limited number of digits used. These are called

round-off errors and are very difficult to quantify. They

can only be diminished by juaicious programming. This type

of error 1is found to‘Be particularly likely to occur inm the.’



Table 4 )
o . g
MYost Influential Parameters
(listed in'order of Importance)
Parameters thse Err;f Parameters with
is Most Influential Major Sensitivity
rp K, EFe0H+ equil.) Tafel slope .
"Tafel slope Ké
© K, (FeCl* equil.) Fe(OH)* diffusion coeff.
.,Solubility Fe(GOH ), ' Solubility Fe(OH),

Fe(OH)T diffusion coeff. Ky (H,0 decomposition)

HT diffusion coeff.

sf Tafg} slope Téfel slope

m,, (Ci‘ coeff.) ‘ D;pth

Ky | Fe2t diffusion coeff.
Depth my, : .

- . ‘ Solubiiity FeCly

Kadl K, - Tafel slope .

Tafel slope Depth

oy ' LWy -

Ks (FeCljy ) ' Fe?™ diffusion coeff’

- N K

4 . .



ad2 "’

cc

Table 4 (cont'd) ° ‘ ) !

Parameters Whose Error

is Most Influential

Ky

3y

Tafel slope
oy

Ksg

Ky

Tafel §lope
’,

my,

‘Parameters with

. Major Sensitivity

L4
x

~Tafel slope

my,

C1~ diffusion coeff.

"Tafel slope

Depth

Fe?+ diffusion éogff.

my,
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calculation of gge last ,unknown concentration with the
_ electroneutfélity condition (Equation 5-1). 1t -has been
avoided by choosing as last unknown a concentration whi;h
does not become small compared to any other (see A-7).
Fin;lly, we sﬁall'cbnsider the truncatfon errors.
These errors arise frqm the replacement of the derivatives
by approximations at discrete points. The systeﬁ of equa-
:tionédto be integratei conta}ns both time and space

Ea

. +
derivatives. i

The time in&egration is }oné by LSODE and the trun-
catrgd errér on each step is-controiled by the input param-
eters RTOL (relative tolerance) and AIOL (abéplhte tolef—
ance) iﬁ LSODE. The global truncation efror 1s expected  to
vary smoothly With-RfOL and ATOL. In the presénf casg,kthe
concentrations .on one side; and the poteqtial at the metal
surface on the other side, are attributed dif?erené values
of RTOL and ATOL as‘their errors influe;ce fhe results 1in a
different way.-.Various runs were made with ATOL and RTOL
values for the concentrations from i%f& to IQ‘lf.and from
10-3 to 3 10-° respectively. For the potent;al; only- the.
‘absolute error has a meaning and therefore RTOL‘was set to O

- and ATOL was varied between 10-'* and 10-7.

The values chosen for most of the calculations are:

RTOL ATOL

Concentrations 10— : 10-16

Potenti‘al : o . . 1075



!

as the results bbtained'for smallef values of these param-
eters vary only by_sﬁall, random quantities-attributaple to
the round-off error. These errors are much smaller than the
errors Introduced by the spatial derivatives studied below.

The approxiﬁhtion formulae chosen for the spatial
.derivativeg (see 5-8) all have a trggzﬂtionherror propor;
tional to the squaré of the interval\ bet%een nodes. In she
first region, the cylindrical hole, this interval is:

DX = R -

where DEPTH is the depth of thg hole and NNl is the number

of nodes 1in this region. Similarly, 1in the transition

region, the interval is:

-

where A 1s the radius of the pore and NN2 is the nﬁmher of
nodes in this regioq.' The interval between nodes in the

third fegion is dependent on DX1 and cannot be varied inde-

- -
- .

pendently.

- N
Therefore, it is assumed that the total truncation

error ET'on the final-result is of the form:

'E, = a'(DX)2 + b'(DX1)2 "’
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el o

1 2. ] 2
T = @ (gyr? TP (gEm)

where a and b are constants.

During the early calculations, this last formula was
usad to estimate the truncation error aﬁd“to choose an opti=-
num setting for the parameters NN1 and N;é,_taking igto
account .that the computing time ;ncfeaseé with the required
precision.

A total of 10 runs were made with a-1M NaCl solution
and a polarizing potential of'4100 mV vs SHE. NN1 was
varied from 35 to 60 and NN2 from 4 to 6. Table 5 shows the
results obtailned for‘st, as well as the computing times.
The truncatlon error is*evaluated b} least-square Curvé
fitting of the results on st with the corresponding values

of NNl and NN2, according to:

- = 2 2
st (st)0 + a-(l/NNl) + b(l/NN2)

Yy 1is 9.897 * 0.003 (95%
Q

The value obtained for (st

confidence interval). The variation of st with NN1 and NN2

is illustrated on Figure 13, together with the computing

time. In view of these results, the values of NN}vand NN2

chosen are:

e



Variation df KS

Table 5

f

and the Computing Time with NN1 and NN2

NNL

NN2 K, ¢
35 6 . 989.64
39 4 991.70
39 '5 990.63
43 4 991.85.
43 5 990.79

: 43 6 990.23
50 4. . 991.96
50 6 1 990.35
55 6 990.43
60 5 991.33

Time (s)

- 523

20

20

260

605

249

473

330

103



Truncation
error
=3
35 4 -
39 .
N
431 X
504 X
55 , x
604 ,
300 s
NNI1 _— '
Computing r/
) time (s) '\_//'/
: 6 5 \ 4
- NN?2

Figure 13 - Variation of the truncation ‘error on st

and of the computing time with NN1 and NW2

104



A.\//

105

NNl = 39

; NN2 = 5,

as these values give a féasoﬁable accuracy while avoiding a
stéep rise in computing time. The truncation error is in
this case about 8.10“3 or a-felativg'efror of 0.1%.

No fufther test of thils type was run for other simu-
latious, but the pres;nt fesuLts would lead us to the con-

clusion that the truncation error was probably not larger

than 1 or 2% in any other cases.

6-4 Stabillicy
For many of the conditions leading to pitting, no:

pseudo steady-state can be reached in the NaCl-borate buffer

solution. 1Instead, the various concentrations reach a J

region of slow and continuocus increase. This Increase 1is
sfoiciént to fail the steady-state teét outlined iﬁ 6-1.
This instability can be explained by considering
that in many of fhe cases leading to pltrting, equation
(5-10) 1in 5-7-1, giving the.dependence of the current

density on the solution composition, reduces to:

j = 4.57 10% [C17) exp(19.8 E) = - (6-1)

.

(all the concentrations and potentials mentioned in this

paragraph are taken at the metal/solution interface).

"



éo that from (6-3) and (6-4):

106

The following approximations cam also be made, for
the sake of developing this qualitative argument:

* The process 1s controlled by.the dissolution and

diffusion of irom in the pore, that is:

§[Fe2+] & [Fel¥] e
t D S x (6-2)
and: )
-] — 6 {Fe2+] 7_-'
NFe D 0% (6-3)

* The electrolyte in contact with the metal surface

is a concentrated solution of ferrous chloride, i.e.:
[C1™] = 2[Fe?™t]

At the metal surface, from‘f—ﬁ and (6-1), we have:

N. = J_

Fe 2F

4,57 10% " exp(19.8 E)
IT -

(C17] (6-4)
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ﬁ S§[{Fe?*] _ 4.57 10% exp(l19.8 E)

- & x - F [Fe?+]
i.e.:
§ [Fel+
[ - Lo sy [re2#

where k; 1s a coustant, assuming that the variation of the

potential is small compared to the wvariation of [Fe2+].

. Taking derivatives: rdh\\ )
82 [Fe?+) § [Fel*]
0 x = —ky x
= ki [Fe2¥)
Replacing in (6-2):
6 Fe2+] i : N
[Gx — =0 kf [Fe?F] (6-5)

The solution of this equation is of the type:
[Fe2+] = [Fezf]g exp(D k{ t)
Since the coefficient inside the exponential 1is

positive, the concentration 1s growing exponentially and so

1s the error. Generally, differential equations .which can
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be approximated by equations like (6~5), where:

’

§ (P k¥ [Fe2tyy _ : “
A S

aEe unstablé (Jamés, Smith énd Wolfqrd, 1977).

‘Obbiously, the instabilicy is a numericalngrtifact
causedrby the|linear dependence of the current.density on
the chloride coﬁcentration. A.more realistic approach
introducing a saturation of the ironISUrface ﬁy adsorbed
cfloride would éive steady state-values..

To'circumvent this problem, the valdes of thel
parameters are extrapolated. It is felt that such é pro-
cedufe'is justified since in all. cases the parameters seemed
to re;ch a plateau at around 10-5 ¢, "The extrapolation is
perfiormed by fitting the output parameter values for the

last four results to a éubic pelynomial in:

1
y = t 7

and extrapolating to y = 0. This particular form of vari-

able was chosen because p;éliminary tests showed that it

resulted in minimal curvature.
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6—5- Testing of the Program

-

' As a verification of the computer program, simula-.

tions of the dissolution experiments of Strehblow and

Wenners (1977) have been undertaken.- These experiments are

~

.,

conducted in a manner somewhat different from the experi-

ments leading to pitting, as described in S-l.. However, 1t

is<felt_that these simulaq}ons provide a worthwhile check on

L

the integrity of +the progranm.

Strehblow and Wenners dissolved iron specimens in

.Hél—FeClz solutions by applying a gaivanostatic*step 1 and

‘assnhing that at -time T

measuring the time T necessary to obtain a jump 1in poten-
tial They found that thelproduct it is.independent of 1,
and varies in a quasi-linear fashion with‘[Fez+]. " These
results are shown 1n Figure 14 and can Be rationalized by.

s FeClg precipitates ‘and that thére-
: N,

fore Sand's relationship applies (Vetter 1977):

i/T = a + b[Fel+]

The simulations are_nerformed by using onlyrthat
-, .

~

part of the geometry where theddiffnsion 1s planar (the

cylindrical hole). The formula involving the resistance of |

-

the solution 1is modified and the current density, instead of
being computed as in 5-5, is constant. The value of T is

obtained when K Sf is reaching 1, i e. when the solution at

the metal surface is theoretically saturated.

El

vl

.
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The res;lts of.the simulation fall on the straight
line shown on Figure 14 and they fit reasonably well with
Strehblow and Wenners' results, 1ndi;atiqg the absgpce of
gross error in the programming. This ai;blého&s that tﬁél

assumptions leading to the Sand relationship are verified.

-

The deviation between experimental’ and theoretical values

111

at

high concentratjions can be explained by the fact  that in the

simulation, the activity coefficients were eupposéd to éqﬁ
1. This assumption is not valid at high concentrations:
the activity coefficient of FeClz at 4M 1is about 1.8

{McCafferty, 1981). T

3

6-6 Pitting in NaOH-NaCl Solutions

A first series of calculations are performed simu-

al

lating the diﬁgokutionhof iron in solutions of different pH

containing 1M of NaCl. These solutions are chosen for the

. ely

relative simplicity, and also because they have -been used
for-pitting experiments by Alvarez and Galvele, as quoted

Galvele (1976 and 1978).

Results are shown;in Figure 15. Each line 1is the
locus of the points where ome criterion is equal t; 1.
Only-the repassivation criterion Kip 1§,éﬁanging dith PH.

The Edsorption criferion K and the salt film criterion

adl -
K.¢» depending on [Fe2+], [C1l~) and the potential at the

bottom of the pore, do not véry appreciably with the pH in

the range considered. The critical concentration cfi;erio
. ‘

ir

by

n
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-

K and the other adsorption criterion X
_ . on Ry

depending also
cc )

d2’

‘on [C1~] and the potential, show the same independence and

are not illustrated.

All the criterja apart from tﬁe repassivation

criterion Kr; can describe Galvele's results by adjustment

of a constant and therefore the comparison canngt permit a
.

[

useful discrimination between the criteria. Additionally,

-

the experimental pitting potentials are very c%ose to .the

L ]

equilibrium potential of %rén and the;efore‘JOubtful.i It is,
known that irﬁn in this type of solution pre;enﬁs only a
very:small passive region (4if any) and it i3 therefore,v?ry
difficult to_define'the pitting potential as pitting ;térts

- Lo -
very close to the active region (Strehblow, 1981). Mo

conclusion can be drawn from these calculations and the

results are presented here only as an illustration of the

methbd.

. . .
6-7 Pitting in NaOH-NaCLl-B(OH). Solutions
P - * l

"6-7-1 Sources of Data

~
This particular system was chosen because 1t 1is

simple to.simulage and it has been studied_éxperimen;ally by
varlous ;nvéstigators. Pitting potentials have been pub-
lished by Janik#Czachor‘(1971),‘Heusler and Fischer (1976)
and Strehblow and Titze (1977). As bﬁtlined 16 5-1, the °
compositiéps and potentials corrésponding to pit initiation

. are ﬁsed as Iinitial conditions. The composftion of the

~
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{

sblutidd has three degrees of freedom. It is defined here

by the chloride concentration, the pH and the total borate

.

concentration ([B(QH)g] + [B{OH)L"]). The compositions and
potentials used are shown on Table 6 together with the

results obtained for each of the data points published.

-

Janik-Czachor reports various values for the pitting

potential, depernding on the method of determination

(galvanostatic, poteﬁtiostatic or repassivation). For each

concentration of chloride, two calculations are performed.

Here, corresponding to the upper and lower value of the

+

range of pitting potentials reported.

Heusler and Fischer determine the pitting potential

potentiostatically. The results are obtained in solutions

of three different borate concentrations and the authors
. . . S ~
. ]

report that the pitting potential does:qpt depend on the pH.
In the c5§e of their solution (2), the actual hH‘of the
sclution used 1is not indicated. Therefore, two ;erieslof
calchlatioﬁs are executed, cqrrespéﬁé;ng to thé two values
of the pH; quoted earlier in the article as value; used for
this solution. Vo vélueé of the pH wére évailable for their

solution(3), so the same two values as for solution (2).are

qéegmh /

6-7-2 Analysis of the Results

. L
A criterion will fit its purpose 1if 1its value 1s a

constant In all the cases considered. To evaluate if this
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N - N
Results Obtained for Different Sets of Datik

Strehblow and Titze
(pH 8;:0.05 M total boraté)

evolution

(mV)

Bulk [Cl™} . 0.01 0.029 0.1
[

(M) j .

Polarization -19 ' ~119 -169
potential

{(mV vs SHE)

K 8.75 103 910 302

TP

K ¢ 9.81 10-° 2.72 10°°8 6.87 10-%

K 5.60 10°% 1.56 10753 8.66 1076
adl i

K ) ©2.71 1073 2.62 10°% 1.36 104
ad? .

cc~(= surface 0.378 0.117 0.180
[C17) 4in M) . : \

Surface : -126.8 -156.7 -184.6
potential -
(mV vs SHE) )

Surface pH 8.5 B.3 8.0

Potential 376 3313 290
above H



Table 6 (cont'd)

>

1Y

“Janik—Czachor; upper potential
(pH 8.4; 0.202 M total borate)

L

.

Bulk [C1l7] 1 0.01 .l 0.05 0.1 0.5
()
Polarization 216 144 . 122 44

potential
(mV vs SHE)

xr? 3.30 108 4.33 10° 7.48 10% | 150.9
K 56.0 184 328 326
sf oo : . :
K. 41 18.8 14.0 [r19.2 16.8
. e . .668 .579
K. 42 881 585 6
ch (= surface 27.7 47.8 ’ 58.4 58.1

[CLT] 4in M).

Surface -88.6 -113.1 -115 | -118.4
potential
(mV vs SHE)

Surface pH 8.8 8.3 7.9 6.6
Potential 431 378 352 269
above H '

evolution

(mV)




Table 6

Janik—-Czachor;

{cont'd)

‘lower potential

<

AT
P

. % (pH 8.4; 0.202

M total borate)

Bulk [C17] C 0.01 0.05 0.1 0.5
(M)

Polarization 194 111 66 16
potential
{(mV vs SHE)

Koo 2.42 10% | 2.66 10% | 4.52 10% | 289

K 23.6 49,2 32.4 " 98.1
sf ,

K - 9.95 4.93 2.90 - 5.85
adl :

K_ 40 .eéa .320 214 .301
e (= surface | 21.7 31.0 28.0 38.9
[C1l™] in M)

Surface -89.5 -117’ ~125 ~124.9
‘potential ‘ l
(mV vs SHE)

Surface pH 8.8 8.3 8.0 6.8

Potential 430 375 345 276
_above H

’evolution o
(mV)




118

Table 6 (cout'd)

Heusler and Fischer; Soclution 1
(pH 7.3; 0.2 M total borate)
Bulk [C17] 0.005 0.01 0.02
(M)
Polarization 166 144 121
potential-
(mV wvs SHE)
K, 2.63 109 8.82 10% 1.67 10"
K 3.60 8.65 17.5
st
Kadl 0.950 1.28 1.80
: le,
KaJZ .142 .150 .l§5
K (= surface 12.6 17.5 21.9
cc
[C1T] in M)
L &5
Surface ~115 -122 ~126
potential
(mV vs SHE)
Surface pH 8.5 8.2 7.8
Potential 386 362 334
above H
evolution
(mV)




Table 6 (cont'd)

-

Heusler and Fischer; Solution 2; "pH 7.2
(0.4 M total borate)

Bulk [C17} 10-3 2.15 10=3{0.01  |o0.1. 0.5
O - |
Polarization 188 157 {122 44 i-10

potential
(mnV vs SHE)

Krp‘ 6.11 10° {4.66 105 [1.95 10°11.45 103]37.4
K ¢ 1.38 102 |4.69 10-2[2.08 Ji2.7 24.1
K .316 .237 .626 1.32 1.94
adl . . o
K .152 . 105 L1112 . 135 l.157
ad2 - s
oo (= surface|1.43 J2.50 10.6  |19.8 24,1

“{CL7} in M)

Surface -57.5 -81.3 =117 -128 -129
potential ' ' ‘
{mV vs SHE)

Surface pH 8.9 8.9 8.5 7.3 614
Potential 470 462 384 302 252
above H '

”A{
evolution

(mV)

&



_Table 65 (cont'd)
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Heusler and Fischer; Solution 2; §R §.3
(0.4 M total borate)
Bulk [C17] 1073 2.15 1073 [0.01 0.1 0.5
G N ~
Polarization 188 157 122 44 -10
potentilal
(mV vs SHE)
Krp 1.12 10% 49.23 105 {1.17 108{2.05 105]7.63 103
~ ; ) :
L 6.63 10=%{1.56 10-3}.179 7.28 21.7
K, a1 1.29 - 780 1.23 1.31 1.90
K 487 "347 .293 .156 .160
ad2 .
.275 L457 3.59 16.1 23.¢4
cc ) N
(= surface
[C1T] in M)
Surface 14.7 -7.4 -64.3 -119 -128
potential
(mV wvs SHE)
Surface! pH [9.0 9.0 8.9 8.4 7.6
Potential 547 524 463 377 321
above H
evolution -
(mV)

U



Table 6 (cont'd)

Heusler and Fischer; Scolution 3
(0.55 M total borate)

Bulk pH ' ‘ 7.2 8.3
Bulk [C17) 0.01 I 0.01
(M) , _ \
_Polarization . 94 ; 94
‘potential

(mV vs SHE)

K’ B . 2.09 10° 6.74 10°
rp

K . 174 5.84 103
sf .

Kedl ' .178 ..363.

. ' -2 - .

hadZ 6.72 10 +181

e (= surface 4.43 .934
ccC

[€17) ta M)

Sﬁrface C -108 . -42.1
potential
(mV vs 'SHE) -~

Surface pH 8.6 8.9
Potentdial . 5013 ) 487
above H T '

evolution
(mV)
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"is realized, all the data are pooled and studied statistic-

ally. TIf a criterioan is vélid, the deviations of each

individual result ardund the mean (i.e. the residd;ls)

should ée_dormally distributed.ana should not vary
éystewatically with anv variable. B ‘
The statistics are performed on the loga¥ithm {base
10) of the possible criteria, as their variations span
several orders of magnitude.
The means_énd standard deviations of the 26 results
afe:

standard

mean ‘déviation
K, 4.§é 143
R T . -0.204 L . 2.48
K;dl -0.251 1.65
K45 -0.930" 0.950
K 0.816 . 0.847

cc

The histograms’of the corresponding distributions
are shown on Figure 16, together with the associated normal
curves. The width of the classes ‘for each histogram 1is

equal to 1 s. The height of the bars corresponding to the 3

results of Strehblow and Titze (1977) are cross hatched and

it is clear that except for the case of K , these results
- rp

are quite distinct from the remaining 23 results. It mast
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be noted that these results of.Strehblow and Titze are close

to the-ones reported by Kolotvrkin and Freiman (1965).

P

Janik~Czachor (1971) attributes the differende;between her

own results and the results of XKolotyrkin and Freimaan to the

-

purlity of the iron used. ‘ -

It was decided

. s ! .
to examine further the statistics
without these three extraneous results. The means and .

standard deviations of the 23 remaining results are:

‘. o

nakr

'standard
<. 1 .o S
. mean _. - deviation

K . 4:90 N 1.37
rp
K 0.654 . 1.72
sf .

.28 ‘ 611
K. a1 0.286 0.6 1“
K 3 T -0.620 0.305
ad2 - " :
K 1.01 - 0.675
cc ;

-

The res@lts corresponding to the data of Jahik—

i

Czachor and Heusler-.and Fischer (sdlugion 2, pH 8.3) are

plotted against the chloridesconcentration on Flgures 17 and

18, reéspectively.
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CHAPTER VII

DISCUSSION N
The hypotheses introduced in this work will be
examined in light of hypotheses assumed by others. The
validity of the assumptions will be verified and finally the

results of the simulatiqn will be evaluated. .

)

Unless otherwise noted, all the hypotheses discussed
in this chapter are also adopted In the models of Pickering

and Frankenthal (1972) and Galvele (1976b).

7-1 1Ideal Solution - L _ Lﬁf
It has been assumed that the solution behaves like
an infinitely dilﬁté'sclution, .e. the actifi}y‘coeffici_
ents are equal to 1,(the Nerngt;Eip;tein'relation Between
diffusion and mobility coefficlients (see 5—3) is walid and .
th;t the diffusion coefficients are indepeundent of the
concentrations.
This assumption is a convenient siqplification,
which however does not correspond to reality. The mean
. molar activity coefficient for a solution of ferrou%
cﬁloride decreases from 1 :o about 0.5 between 0 and 0.5 M,

then increases up to approximately 2.5 at saturation
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(4.25 M) (McCafferty, 1981). Similarly, as we are studying

solutions varying from very dilute to saturated, we should

4

expect a whole range of values for the activity

A
coefficients.

.

7-2 One Dimensional Diffusion

A%l the calculations have been made ?ith the assump-
tion that the length of the pore in the passive filfh 1is much
larger than its diameter. In such cilrcumstances) the‘?on-
centration gradient 1s uniform across the section and the
diffusion is one-dimensional. This Qould not be true in the
case of an e;posed paéch of metal if the size of the patch
is similar or larger. than the thickness of the passfvg .
film. '

Two modes of diffusion.havh\Peen taken 1into acc;unt:
the planarndiffusion within the pore and the sphe;ical dif-
fusion from the pore mouth (with a zone of accommodatlon
between the two).‘ Previocous models do not ;nclﬁde the
spherical diffusion zone and assumé that the bulk conditions .
prevalil atrthe pore mouth. Although this simplification
probably ylelds qualitécive1; similar results, it introduces

errors certainly larger than the calculation errors obtained

in this study (from Figure 8, approximately 15%).

7-3 Inert Film

In all the models, the passive layer has no other
=

4
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role than to define the geometry of the flaw. fh;.hypoth—
esls is that there are no chemical or eléctrochemical reac-—
éions and no adsorp:ion occurring én the walls of the pore.
In the borate buffer solution under consideratidn, ic 1s
likely that the dissoluﬁion of ir;n oxide will be slow rela-
tive t;-the time scale of the processes considered here.

*

But it is possible that adsorption could take place on the

walls of the pore. This would influence the movement of the

species present in the pore and also alter the mass balance
of the species at-a given point in the pore.

1

7-4 No Convection

It has been assuméé in this study that mass traunsfer
takes place only by diffusiop aﬁd migration, i.e. under the
influence of the concentration an& poten;ial gradients.

In the idealized modgl,‘no massive movement of
"liquid should take place inside the pore-afﬁer,its volume
has been filled with the bulk solution. 'However, 1f the
poge deepening 1s appreciable, it may cause an iaflux of

bulk solution in the pore or an egress of concentrated meatal

solution.

The influence of the processes studied here does not

. -

extend far enough in the bulk cf the solution for free

convection te be a problem. . ' o
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7-5 No Precipitation

It 1is assumed that all CHLJspecies present are dis-

solved. The'ohly exceptions are FeCl and Fe(OH)2

2(s}

which are involved in two of the proposed criteria.

(s)

The figures obtained from the simulation indicate a

large supersaturation for Fe(OH)Z.
1

an Indication that the corresponding chemical reactions are

This 1s interpreted as
not in equilibrium (see 7-7) father than pointing to the

* ' .
precipitation of ferrous hydroxide. - \

7-6 Supporting Eiectrolyte

. The moﬁel oF‘Galvele~assumés the presence of an
excess of supporting electrolyte leading to a cancellation
of the potantial difference in the system. As a conse;
quence, the migration of species under the potential
gradient'can be neglected.

This hypotﬁesis is not necessary here, as migration
1s fully accounted for in the equations. Furthermores, the
calculated potential difference betweeﬁ the reference elec-
trode 1in the bulk solution and the metal surface is dboug

200 to 300 mV, which 1is actually not negligibie.

.

7=7 Chemical Reactions

Pickering and Frankenthal assume that there 1s no
hydrolysis or complexing reactions taking place in seclution.

This led te a simplification of_thé equations as the only



species presentﬁ?ere H*, anion Y= and. the dissolving metal

/

cation M*t.

Galvele introduces various chemical reactions: the

-

ﬁydrolysis of the metal ions; the decomposition of water;

and the buffering reaction. However, as this leads to a
~

complication of the equations, Galvele then introduces the

assumﬁtion of the supporting electrolyte.

With the method used here, all the necessary chemi-

cal reactions can be taken into account (see 5-2 and 5-7-2)

without the assumption of the supporting electrolyte.

A limitation still exists because all the reactions
are assumed to bé at equilibrium. Tgis‘is probably true for
the decomposition of water, but the resﬁits show that it is
not so in the case of the hydrolysis of Fe2+. ' The méan
value obtained for Krp i1s approximately 100,000 and values

la}ger than 108 have-been cbtained (Figures 17 and 18).‘(

These figures actually correspond to the supersaturation

ratlio for the précipitatiqn ;f Fe(bﬁ)z, and such high values
are very improbable. It must be noted that the occurrence
of precipit;tion can be excluded, as it would ﬁlug the pore
and‘lead to repassivation, while the experimental conditions
correspond to pltting. According to cugrent theories_of
dissolution of iron (see Chapter &),.Fe0ﬁ+ is described as
;he first dissolved speﬁies formed. Therefore, a possible

interpretation of the pfesent results is that the supersat-

uration ratio 1s actually much lower than‘éalculated, and

.
-
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that the uptake of OH™ by FeOH* 4s too slow for.the reaction

-

to be considered in equilibrium.

In spite of this inconsistency, the results on the
criteria other than Krp are believed to be reasonably
correct, as the interaction between Fel® and 0H~, and the
;esulting pH seems to have 1ittle influence oan the inter-

action between Fel* and C1~ (see 6-6 and Figure 15).

7-8 Steady State

Pickering and Frankenthal (1972) and Galvele (1976b)
‘draw conclusions from assuming_that the system has reéched a.
steady state. | |
. The method adopted here allows calculations to be
made at any moment duringnthe evolution of the system.
Although the present results are mainly dbtgined'after
reaching a pseudo steady state, the considerations given

above (7-7) show that kinetic data could be used to

realistically model the evolution of the system.

7-9 Breakdown and Repair

e

As stated in 5-1, one of éhe basic assumptions of
lthis work 1ls that pitting éorrosiop.occurs thrOughra'break—
down and repair mechanism.

One of the objections—raised to tQis'mechanisé is
that the large current densities it implies should generate

observable current peaks every time a pore opens and then
. - ‘, \ N .
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repassivateé. Taking the figures obtéined_hére,‘a current
density of 105 A/cm?2 throﬁgh a circular area ! am in
diameter will generate 3 nA. Considering that it will take

aBout 10 us.to reach the appropriate c?ngﬁih forrpitting,
it is probablé that it wilé;&iie the same time or‘léss to
repassivate in other conditions. This objection is there-
‘fore not valid, as it would-be idpossible to religbly detgc:
peaks 1in curyent‘of 3 nA, lasting for less thah 10 ps.
Anotﬂer obaection is that as the breakdown and
fepair mééhanism implies a continuous dissolution-of the -
: metall}c sdbstrate, the concentration of metallic ions
should build up in the solutioﬁ.' Usiné the same figures as
gbave, offe event, t.e. the repassivation of one_poré, would

generate according to Faraday's law 10_17rg-of Fe2t, - If the

solution volume is 100.cumid, this represents 10-13 ppﬁ. To

reach a level of detection of 0.1 ppn, 1012 events need to*

| ) ' .
occur. , In a sample of 1 cmz, this 1s an averagé of 1 event

for 100.am?2, which would represené a large amount of per-

turbation and breakdown of the passive layer. Furthermore,
a ' . '

the noise analysis studies (see 2-6) suggest that the fre-

quency of the events associated with corrosion {the events

whose number lucrease when chloride is added) is lower than

<

100 Hz. If all the events occur at this frequency, the

limit of detection would be reached in 300 years. ) g

A4
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7-10 Temperature :

The present calculations assume that the temperature

isigonstant. This is true only 1f the heat generated by the

passage of the curreant is negligible.

”

TSE temperature Increase in the pore can be computed

in first approximation with a few simplifying assumptions:

_ * The system is assumed to have reached thermal
~..pseudo steady state. This is pfbbably true, but in any

case, represents an overestimation of the temperature

Increase. _
. . N
* The heat is generated uniformly inside the pore at

a rate: , .
q S

AV.+ § _ 0.3 x 10° 10 3

H = 6. 10 W/cm
L 5 1077

n

where AV is the potential drop in the pore (about 0.3 V))

\

. N
j is the current density (105 Afcm?2) and
L 1s the length of the pore (5 1077 cm). .
. The temperature inside the pore follows the equation:
2 . _
- 8x™ L -

where T is the temperature increase above amblent (in

Keivin),

x is the distance along the pore (0 < x < L),

“
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Q

[N

KL is fhe tberéal-cdﬁductivity of the liquid’phasé
(W/cm+X). . : ) -
% At both ends of the pore, ghe heat flows into the
seﬁi—iﬁ}inite medigm gith -a constant- flﬁx F, as féom a
he@isbhere of radius.ro,‘the rad;us of the pore (5 IO'B_LQ).

In this case, the temperature increase oun the surface of the

-

hemisphere is (Carslaw and Jaeger, 1959):

-

where K 1is KH or,KL, the thermal conductiéity of the metal

or the liquid (670 and 6.1 aW/cm+X respectivelyy,
F is F, or F,, thé.heat flux at either end of ‘the

pore.

e Eqdation (7-1) integrates to:

¢ T = :E xz + bx + ¢
K, \ ,
with the boundary conditions: °
y .
- - r F .
o1 8T
T, = r =K, (=)
1 . KM 1 L l6x 1
- r F
o 2 ‘ 8T -
T, = F, = =K, (=)
2 *ASL' 2 L “6x 2

where the suffix 1 refers to the metal side (x = 0),

the suffix 2 refers to the bulk solution side B o
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L)

(x = L),
and b and ¢ are constants to be determiped.
This whole system Is easily solved and.yiélgs: .

. -3
T1 210 K

- N

T maximunm = 0.§ K
The heating effétt is therefore negligible.
o

" 7-11 Fixed Geometry

It is assumed that the pore in the passiwe film has
the shape of a c}liqder'df'fixed dimensions.
The actual dfosétsectioﬁ of the pore hqg little

influence on the m&®s transfer process unless, as-méntioneq

in T?ff the height of thé”cylindgr:becomés'simildr_tqqits'

crogs—-section. b . o . o

s Howevewr, 1t may be'expgctéﬁ-that the length of the-

pore will increase with time;'aé:;he metal is dissolwed;ﬁrom;""‘

" the_ bottom of the pore. This dissolut#bn gan‘ﬁe imagihe& to
take place in different ways: forming a pyramid (etch pit),

- . '
forming a hemisphere (round pit) gr'continqing the pore

-

{tunnel).

In order to evalubte the order_of:magnituﬁelpf this

; @
‘deepening, the following extreme estimates were made:
* Tunnel: A_ : -

| The dissolution takes place by formation of a tunnel

F -

of the sameﬁg}zmQEEr ag the pore. The process reaches a,
[ ' . “ . A
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. -
steady state after 3.ps with a current density of

2 105 a/cm?. These figures were obtained from the simula-
tion bf-the results of.ani&FCzachor (upper petential, 0.01
[C1-]). Application of Faraday's law, assuming 1002 current
efficiéncx, éivej?an increase in depth of 200 nm, 40 time;
the original length ;f the pore aséumed In the
calcuiations. )
_f_Hemisphere: _i .

" A less Hfastic'reSult 1s obtained 1if one assumes

;hat the &iséolution forms a hemisphere. Taking the figures
from the simglation of Heusler and Fischer's solutiom 3 at
"pH 7.2 (10-% s to reach 2."3 10% A/cm2), the radius of the
hemisphere reachés”only 6.3 nm. |

In both cases the cﬁange in the geoéegry of the pore
is important aﬁd far from negligible. . One way to avold this#
is' to introduce in the calculations é moving boundary at the

bottom of the pore. Unfortunately, this leads to a

aumerically much more complex problem.

.7:L2,Catho&ic Réactioﬁ

'The location of the cathodic reaction during pitting.
COrrosion-is the subject of various studies (Kaesche, 1962;
Alkire gnd Siitari, 1979). As.heﬁtionéd before (2—9-3),'
this 1is important for two reasons. Trom. a quantitatife |
point of view, the cathodic current generated will corre-

spond to an anodic metal dissolution, i.e. to an increase in

. Fl
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-corrosidn. y the cathodic reaction may lead to the

evolution'®f hydrogen, which can completely block the pore

and change” drasthcally cthe mechanisms ianvolved in a

qualitative way (Pickering and Frank&nthal,iﬁ972)}

—— In thaﬁp;esent model, it is assumed that the catho-

[CR

dic reaction takes place. only at the counter-electrode, i.ea.

outside of the pore, as assumed in the previous models.

Table 6 shows the values of the potential as well as

*. the pH at the metal surface. With these two values, 1t is

— -

possible ?% see 1f hydrogen evolution is thermodynamically

, . possible at the bottom of the pore. The équilibrium //

( potential for the hydrogen evoluwion is given by: -

4

. " E, = -0.059 pH - 0.0295 tog pH

H 2

S
~ . .‘

'k: _ ‘The last 1%he of Table 6 gives the difference -

between this potential and the actual potential, assuming a
hydrogen pressure of one atmosphere. It can be seen that
Vthis potential difference is never less than 250 wV. In

other terms, the partial pressure of hydrogén is never

kw higher than 3 109 atmospHere and therefore hydrogen

“evolution is impossible. _ .
‘ . s ‘ 1
' Of course, the values just ment%oned are related to
the steady state conditions. -“The value'of the surface

y potential rises with time from the potential of zerdlpharge

(=370 mV) to the values indiEatgd in Table ﬁr_iﬁpplying the -

/
. N " .
‘ - . . .
' i ‘ '. . . B k‘ m .
. - ‘ - ﬂ; X o
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’

same relation as before, the hydrogen pressure would be

larger than one atmospheére at =370 mV 1if the pH was less

than 6.26. This 1s not the case here, even at steady .

»

‘stateJ -

Therefore, within the original assumppiéns, th

evolution of hydrogen canirot. take place.

7-1'3 Comparison of Criteria o .

The criterion corresponding to the 1oﬁalized acidi-
fication theory, Krp’ reaches 'very high values which 1s
interpreted as an indication tﬁatAthe corresponding Species
are not in equilibrium (see 7-7). Furthérmoré, Krp is séen
to vary éystematically wiFh.fhé chloride concentrationuover

,vgrious orders of magnitude, explaining the large standard

deviation obtained (Figures 17 and 18).

The same type of variation is observed 'on the same

figurés for Kg’ and K . The two criteria corresponding to
\ _ ) £ ce : .
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e

an adsorption mechanism are much closer to‘being constant,

and are nearly independent of the chloride conéentra&ion.
The values obtained for the standard deviation iﬁdicate tha
Kad2 is Ehe best cr{}epién in the sense that it correspoq{s
td.the Emallest standard deviat;%n, 0.305. Thisjis equiva-
lent to a spread by a fadtor of 2.

Since the adsorption of the chloride:ions;seems t;

be the critical mechanism determining pitting corrosion, it

was thought that 1t might-}r possible to detect an effect o

e

t

£
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the pH, as it is possible that the adsorption of‘OH; ﬁay
here inhibit. the pitting process.

The mechanism of pitting and pitting iphibition
proposed by Matsuda and Uhlig f196£), Strehblow and Titze
(1977) and McCafferty (1979); among‘others, assume that when
an inhibitor is present, there is a crigical coverage

-

ratio: : . )

(7-2)

[¢]
o,<3
SHES
[ 9

where Ot 1s the coverage .by the inhibiting ion OH™ and
0, ig the coverage by the aggressixe ion C1l-.

Pitting thdn occurs when and only when this criticél

coverage ratio 1s exceeded.

In our case, following McCafferty, one-c!: state:
: 4

= K',[C17] exp |

where AH “Is the heat of adsorption of Cl~ and
ads , A . .
Ya is thegﬁlectrosorptionh}gledcy (Strehblow and
Y. .
- Titze, 1977). .

If we choose ‘the assumption of the Temkin isothe{m:



where AH°A 1s the initial heat of adsorption of Cl- and

T, is the Temkin parameter,

this transforms to:

by lumping various constants within KA' Using the usual

i}termediate coverage assumption, this gives:

. A
-~ _Ta%%
RT .

- FE .
in KA + 4n [ClT] + YA_RT

A similar procedure can be followed for OH™, and it -

-

ultimately gives:

r_© F

T )
= -1 + =
RT in KI + In [QHT) _YI T

e

By regrouping constants, this gives the following general

relationship between the variables:

, c1- '
1811 exp [pE} =k,
The same values of Table 6 were used to find the
parameters a, f and.Kca by jinear regression, using the

relation:

E = A+ B Log [C1¥] + C Log [0H7]



-

L
og Kca

where A = E—E;E*E )

B Log e

- a
B Log e I

The following values were obtained:

Mean - Standard Deviation

A \ ' -14.8 . 31.52

B ~48.9 7.5

c 5.8 ‘ 6.4

It can be seen ‘that B and therefore 8 is relatively well

defined:

- s

B = 4.71 1072 gv—l (standard deviation: 7.3 10°3)

-
.

but C and a are not significantly different from zero. This

can mean that the present data are insufficient to establish

a relatién between the pitting potgntiél and the pH at the
bottom of the pore. It could also mean that this relation
does not exis; and that, in the range studied, the OH™ ion
cannot‘be considered as an inhibitor for pitting ;orposiog:'

in the sense indicated above.

£
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CHAPTER VIII

CONCLUSIONS

The detail of information obtained by using a compu-
ter simulaéion lndicates the advantage of this methodology
in the study of phenomena related to localized corrosion.

From the values obtgined for the parameter Kr at
the metal surface, one c;n conciude that the equilibrium
betweeq Fe?t and its.complexes with OHT i; not realized
during the events which were simhléted. i

Of the five pltting theories considered{ the adsorp-

tioqrof the aggressivepion according to the formulation of

Sfrehblow and Tigfe {(1977) 1s the most consistent with

experitmental resulﬁs pubiished in the literature. A more
preclse deinitiqn of an adsérption criterion, including a
value for the critical coverage of Ci“, must await the
acquisition of better kinetic data on the' reaction of iron

surfaces with wa&er and chloride 1ons.

~

The two previous conclusions are used to propose the
following combinatioﬁ of the repassi%atibn and_adsor;tipn
theofies as the besgst theoretical reﬁfesentation of the
experimental data. Whenever a breakdown of the passive

layer occurs, pwo processes start competing:



* The build-up of a éhemisorbed chloride layer on
the iron surface; the iinetics-of this process depends upon
the kinetics of iron dissolution and upon mass transfer
between the metal surface and the bulk solution.

* The precipltation AE ferrous hydroxide; the kin-.
etics of this reaction are slower but the thermodynamic
con&itions are overwhelmingly in 1ts favour.

When a critical minimum cokérage of adsorbed C1~
(e.g. a monolaver) 1is reach%d before the precipitation of
ferrous hydroxide ccturs, then a pit initiates, probably
through the formation of a salt layer which p?evenés'further
repassivation (Galvele, 1978; Beck and Alkire, 1979). O0On
the otéer hand, i{f this winimum coverage 1s not reached when
the precipitgtion of Fe(OH), 1s compieted, then repassiv;_
tion is obtained when the precipitation of ferrous'hydrdxide

blocks the pore and so heals the passive film.
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The calculations performed in the simulation could
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CHAPTER IX ’ s

FUTURE WORK

be lmproved in the following manner:

*

The activity coefficient of the lons can be cal-
culated by approximated forEuTae derived from the
Debyé—Huckei theory or the semi-empirical for-

mulae derived f;om-it, as in Newman (1973, p.n91)
for example. T Is in turn allows the improvement

of the diffuston coefficients, by allowing the

introduction of a term correcting for non-

N

.

idealicy.

—
To avoid the instabilities meﬁtioned in 0-4, a

saturation of the adsorption sites by the C1

atoms can be taken Into account in ‘the expression

computing the current densit} in 5-7-1. This 1is
done by fitting the experimental points to an

expression of the type:

P, p, [c17]
j =<p1 + p3 + J_H-i'J + ps - I_Cl _, exp (a E)

where a and the pi's are emplrical constants..
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The results obtained here rely heavily on the
values of the constants computed in 5-7-1: from
6-2, 1t is seen that the errors on the Tafel
slope ang m, are the most imﬁortant. Unfortun:
ately,-as was alreadyﬁpointed out, the experi-
mental data are vefy scarce. The prediction
capability of the proggad would beneflt from an
improved knowledge of éhe kinetics of dissclution
of iron, 1.e. the kinetic constants corresponding
to the elementary steps, when adsorption of
elther OH™ or Cl1l™ is in?olved.

As pointed out in 7-11, the model is limited by
éhe‘assﬁmptibn of-?he fixed geometry. The
development o{,a numerical solution of the dif-
ferential equations with a moving boundar} would
represent a great progress. Aga}n, 1t would have
to be decided 1f the Qissolhtion produces a
tunnel oé a hemisphere. |

If this last modification ié performed,-then it

1s possible to simulate later stages of pit

develogment; Ig_may be possible to study the
effect of hydrogen evolution on pit growth. This
local cathodic reaction inside the pit could
allow the formation of a close systenm, néarly
independent of the outside electrochemical condi;

tions, and favouring the growth of deep plts.:

-

S ]
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Another possible extension 1s the study of the
repassivation mechanisﬁ;.thr0ugh suparsaturation

of the solution, precipitation J% the passivating

phase (with or without time delay) and subsequent

- r

increase In the electrical resistance of the

pore.

Iﬁcreasing still fu%ther ghe compléxiéy of the
model, it may be possible to simulate the growth
of the salt film layer on the metal ét the bottom
of the pit. Of course, this can be considered a;
a solid state érocgss, but it is codpled with the
system considered here through the passage oé
electrical charge and diffusion of specles pro-
duced by‘dissolutipn of the film.

T%ere i{s no limitation in principle to the use sf
the model with other metals "or even alloys. One
ppssible difficulty, in the case of alloys, is

the local enrichment of the first few atomf

"layers of the surface in the more noble metal.

-
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‘ﬁfints-the'results of each output from LSODE. CONC .computes

APPFNDIX A

DESCRIPTION OF THE COMPUTER PROGRAM

L .

The structure of the ptdgfam is shown on Figure 19.

In this diagram, ‘the hieraréhy.is indicétéd by the-vertlcal |

position and Ehe connecting liﬁes: each subroutihe is
9§lied by the program or subrou;ine EOnnecﬁed ;5 it and
éitugted above 1it. . : - = |
Briefly, MAIN reads the inpdé,.grinté it and per-
forms ail_the calcuiations‘which'have to bg berf&rmed,o;de.

DRIVER does the managemeﬂt of the LSODE packageq PRLN

v *

the concentratfons of all the species present and the 'cur-

rent density, gilven the. main concentrations and the poten-

.tial at the bottom of the pore (see 5-2, 5-3, and’ 5-6).

CALC is <the main subroutine called by LSODE to compute tHe
- . t’ - ) .
time derivative of the main components, as described in 5-3

and 5-8. JAC is as dummy.sgbrougine provided ohly'forg 4
- ‘ M ’._J .

_cdmpatibility with 'the LSODE .package. ©DCDT computes the

‘time derivatives, given the T ®*s (TRANS(I:E%jT"és described

i

in 5-3 and 5-8. DERIV doﬁputés the first and secon space
derivatives of the concentrations by é ite difference.

INTEG cpmputes‘the numerical Lntegrdl of ;

: ) ‘\/‘.,;u--gh - )
- LY
Q\ fs\\\j - R ) . Co-

1
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. . </

over the computed radius grid. The whole program is

designed so that only DCDT and CONC have to be modified when

a change 1is introduced in the chemical system.

In the following, the humbefq in parenthesils refer:

.
/ ) °

“Tte_,the line numbers of each unit, which are. on the left hand

side in Figures 20 'to 29. Some of the features descf;beq
here were of interest at one point iﬁ the development of the
prograu but thgir use has been_discontipued because of the
evolution of the project. As this 1is a describtion of the
program as_it B;gﬁ%ntly St;ngs? ;h&y have been, described

nevertheless. : -

Y
A-1 Program MAIN (Figure 20)
X U

. N o ) .
The program MAIN reads the input, prints it and.

ﬁerfo;ms varivpus inicializiﬁg tasks b;fore calling the sub-

Toutine DRIVER. The control returns to MAIN only at the end

of the run. All the value$ computed in MAIN are passed to

the various subroi;ﬁnes maiQ&y through common blocks (54~
74, "
The 1input data are%read from file TAPEl, which can
B ' .

renamed for convenience in a procedure-command jile (91-

-

1sf) and the& thre inpuﬁ is wprinted (152—249), If in_soge
preliminary work on th; progiﬁm, a more detailed print-ouf
{s desired in MAIN, the,input &ariable'BR?DéT 1s set to
TRUE. Examples?of\inpﬁt_and-output éré sh;;n on Figures 21 .

and 22, respectivel The input.iﬁ}e ts written

-
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in free format, which allows for more flexibility and
clarity. The meahing of each input variabdle 1{s indicated in
the line of coﬁgents immediately above. When, as isr;ften
the case, tﬁe-;nitial concentrations in the pore are iden-
tical everyw£ere and equal to the bulk concentration, only
the firstlval;es need be supglied and the same values‘are

placed in the proper arrvrays (l140-151). The same 1s true for

the values ofrthe arrays RTOL and ATOL (113-125) which con-

- . -~

trol the error in LSODE (see 6~3)..

Some changés are made from the input and ocutput
units to the-prograﬁvunits {250-268). Fo; the variables fpr
wﬁich thi; 1s the case, the two seﬁ of un;té are indicated
in the coﬁments at the beginning of thé pfogrim, together

with the units of most of the other variables. s

The-node grid is %E}ablished by computing the values
for the arrays RA'(dLsEance from the metal-surface) and R
§r341us of curvétu;e),_as we;l as the threg step sizes (DRI,
DR2 and DR3) corresponding to the three different zones
{(269-318). Various parameters depending on these step sizes
are also compﬁted for the subroutines DERIV and CALC; theée‘
are the variables with names star;ing with DR and the ‘array

v

D3l

a

Various constants without précise physical meaning

are computed in MAIN and transferred to one or various subr

‘

routines to avoid repetitions of identical calculations.

The meaning of most of these constants is indicated 1In the
. N N r_.‘
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comments at the begianning of MAIN or of the respective sub-

routines (319-338).

Since all the ealculations are maég on the main’
_concentrations”and these axe the only ones speéified in the
input, all the others have tq. be calculated (339-349).

The conductivity and transfer coefficlents for the
bulk composition are calculated {(350-361), as 'well as the
ohmic drop in the bulk of the solution (362-3695:

The vaiues of the dimensions of the work arrays of

LSODE are computed (370-382) as well as the half-bandwidth

.

of the banded jacobian ¥B.

The valpes of the variables neecessary to draw ihe
-graphé of the results a;e-fecorded on file.PITGRA (383-
388).
Finally, the comput;EPLonétants are pfi;ted (389-
405) and subroutine DRIVER is called (414). TImmediately
before and after the call éo DRIVER,'the values character~-
1z}ng the run (&06;408) and the last values obtained for the
variables {415) are recorded on file MRGOUT, in case it is.
desired to carry further thg calculations at a later date.

-

MRGOUT can then be .accessed and ;hé'final_values ocbtained

previousiy can be used as the new starting polnt.

A-2 Subroutine DRIVER (Filgure 23)

-

- After computation of all the'cdgcentrations (56),

the values of some of ‘the variables are stored for .printing

o

E?.
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™

.1n comaon blocks (57—65); If subroutine LSODE indicates an

abnormal condition (ISTATE < 0), a message is prianted,

~together with the current results, and the run 1s terminated

(66-75).
If precipitation is reached for the species which

=

form either the salt film (FeClz) or the repassivation of

~the fiim (FeOHz ), the current results are pfi&hed, indi-

cating which process occurred and where it occurred in the

L]
pore, and the run is then teraminated (76=-103). Precipita-
tion is detected when either REPA(N) or SAFI(N) are equal to

l. These quantities rep;gsent the concentrations of the

passivating and salt film fE}ming specles, respectively,

divided by the product of the saturation concentration by
the supersaturation ratio (see MAIN, 337-338). The time at

which the event occurvred (TAU) is coﬁputed by linear inter-

" polation (98). When this feature is not deéirable, the

supersaturation ratio SUPSRP and SUPSSF can be increased by

a suitable order of magnitude.

In order to improve the precisionvon thé determina-
tion of TAU above, the time interva; between two outputs can
be reduced when the process approaches precipitation (104-
121). The time ;ﬁterval starts to decrease when REPA(&) or
SAFI(N) reach 0.l1. When thié feature is not desiréd, Ehe

flag DETSAT is set to FALSE in the input.

-

The 'steady state is deémed te be reached when all

the conditions listed in 6-) are met. When this is the

-



. , 188

case, a message 1s printed, together &ith the current
results, and the run is terminated (122-137). Similarly,
the program will sfop after suitab}e printing when the
ru ing time becomes larger than ;he limit TIMLIM.

\ e .
Then the current results are prin;ed through a cal) |
to PRIN (148-155) and the next time value 1is fixed (156~ é;\/'
177). Normally, the prograh is set up so.that a fixed num-
ber of output NO is obtalned per decade of time, i.e. the
new.time value is the old time value mdltiplied by tﬁe fac-
tor TINC (165) where;

1/N0

o /} TINC - (10) (line 35)

Finally, when the maximum number of outputs MAXOUT
is reached before any 6f-the above events occur, a message

is printed and the program stops.

A-3 Subroutine CALC (Figure 24)

A system was established, which allows the printing
j)of some of the varlables computed in CALC when this sub~
routine is called by LSODE (41-50). The number of calls té'
CALC is counted: and when a print-out of the detailed calch—
lations periormed in CALC is desired, NPEEK in 4input 1is set
equal to the quantity desired and the array IPEEK is loaded
Qitﬁ the valdes of the call nunber desiréd.:

After computation of the concentrations (51-68), the
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conductivity is obtained, as.we1l as 1its f(f;rse: and vari-

" ous other variables {(69-98).

Then, the first and second derivatives of the con-

3

centrations of all species but one are computéd'by\Falling
DERIV (99-102), the wvalues obtained are corrected in_the
spherical field (103-111) and the derivatives of the concen~

tration of the last §pebies.is computed by differénce (112~
( . ' . . . -

121). . _ ‘/’n

The integrals necessary to compute the potential
differences due to the electric resistance (QA) and to the

concentration gradient (QBZ)'are coﬁputedl(122—159) as out-—

lined in 5-5.

'

The total current density (sum of the faradaic cur-
~rtent density and of the .current necessary to charge the
doublae layerj is computed next (160f174) as outiined in
e _ : .

At the metal- solution interface, the flux of all the
dissolved species 1s null and Faraday's Law 1is obeyed (see
5-4). This implies a relation between the.concentrations
ana their derivatives which forms one boundary condition
(175~-198). The values of the sécond derivatives of the’
concentrations at the metai surfacé are then corrected for
this modification of the firét derivatives (199-214).

Finally, the values of Ti (equation 5-6’, 5-;) are
obtained in‘the'feéions of planar diffusion (215-245) and in

1

the region where the diffusion 1s spherical (266-266) and



193

]

these valwes are used by DCDT (270) to form the array Cl2PRM

of the time derivatives of the concentrations:

A-4 Subroutine PRIN (Figure 25)

Most of the opefations performad in this subroutine

_are-self-evidenf frbm the listing and consist of the

~printing of the values just calculated by LSODE. An example

of output is shown on Figure 22. Just as! in MAIN, when

L

PRTDET 1is TRUE, a more detailed printout is obtained, dis-—

playing the time de:1vativei—jf—jpé/;oncentrations.

Additionally, éhe largest encountered value of the

supersaturation ratios 1s recorded and the correspoading

(AR
a .

time and location are printed (49-62, 101-104).

-~

The values obtained in the. last call to CALC "are

B

also saved and used here to compute the various potential

A o :
drops in the solutilon (73-8l1). It must be noted that these. =
values are‘those oBtained at a time TLAST which is in gen-

eral slightly larg@¥ than the time T at whfch the output of T

— L] - .

LSODE is obtained- LSODE performs the calculations (through

*CALCS upfto”a timg TLAST greater than the time T requested
for the output and interpolates back to T. ,
| The value of Kadsl.is alsq computed here ‘éps); as
‘well as its maximum (82-91). Line‘86 is the only line of
this sﬁbroutine which would have to be-ch;nged in case of.a
change of chemical system. This f£alculation cauld also be.

easily transferred to CONC or DCDT which are the only two

3
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A-6 Subroutine INTEG (Figure 27)

196

subroutines which are system dependent.
finally,'outﬁut is made.to file PITGRA which stores

data useful for graphic representation (107-110}.

-

A-5 Subroutine DERIV (Figure 26)

_&hé fofmuIag used for‘most;of the points are the
usu;l.finite differeét formulae for the derivatives (20-21)
(for instance James et _al, 1977). All ﬁhe,e?rors due to the
neglected terms in the formulae chpsén aré proportional to
the square of the grid step. 1In the cases where no formulae
could be f;uﬂd because the interva;s wére unequal, the rele-
vant forumulae were.derivedlaccording-go‘thé méthod of Cénte
and de Boqf-(léBO, p.'295) and introduced (50, 51). The

respective coefficients were computed jfn MAIN and passed

through the common block /DER/ in array D3.

‘Thié subroutine computes the integral of a funtion Y
defined as_an;array, over the NN intervais of thé “spatial
grid, taking into account the three different reglons (sée
5-8)., The formuale used are the sigp;e trgpezoidal formulae

(Conte and de Boor, 1980, p. 305). Althpﬂéh there are much

more sophisticated wayé to integrate numerically, these .

- -

formulae are reasoﬁably fast and' they give an error which is

of the same order as the error on the derivation formulae.
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A-7 Subroutine CONC (Figure 28)

Lines 34-37, 46-52 and 55 of this subroutine may

have to be changed whengver a change in the chemical systenm

is 1ntrbduced.

The array Cl2 of dimension NEQU.1is passed as argu-
ment of the subroutine. It contains the solution of the
NEQU equations sglved simultaneously by LSODE. The NEQU
variables computed are the concentrafions of the NMC (= 4)
'ﬁain components at the NN nodes and the potential at node 1

. \

(NEQU = NN * NMC + 1). Therefore, the content of Cl2 is the

T

following:

Cl2(1): Potential at metal/solution interface (E).

ClZ(Z) to-Cl2(5): Concentrdtions of the NMC main components
at node 1. |

Cl2(6) to Cl12(9): - Concentrations of the NMC main components

at node 2.

L L L N R L I N R N A N R R

o
Cl12(NEQU - N¥NMC + J1) to Cl2(NEQU): Concentrations of the NMC

main components at node NN.

'The_concentration of species 1 at node N is_étored
in the array C{(I,N). The transfer.of the values from Cl2 to
C(I,N) (34-37), as well as the computatioun of the remaining
concentrations (46-52), 1s done for each node in a4 DO loop

(32-53}.
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A possible source of error is the calculation of the
remaining concentrations (46-52). Since the gonqentration
of one species has to be computed by difference to satiéfy
the electro—-neutrality coédicion (5-2, eqdation 5—1),'it is
lmportant to choose this species .so that its.céncentrétion
is never sm;ll compa;ed to the largeét of the other concen-
trations. Otherwise, the calculation will involve at.sbme
point the subtractiou of two nearly équal numbers and this
operation iIntroduces large'error; (McCracken:;nd Dorn, 1964,
D. 64).1 Whep a new chemical system 1s introduced, thése

numeri'cal errors may occur and cause some of the computed

main components to have negative values. As a diagnostie

)

tool, this coﬁdition-is degected at line 39, the negati#e
valuen is reélaced by an érbitrary.small value 10" 18 and, a
message 1s printed.‘

In the present case, the main components are (in

-

this ordér) Fe2+, H+, Nat andiB(OH)a, as these are the first
NMC species listed in the input (Figure 21). [Oé'],
[Fe(OH)+], [Fe(OH)Z] and [B(Oﬁ)"q] are computed using the
equilibrium formulae mentioned in 5-2 and 5-7-2. [Cl7] tis

. computed by difference and then tFeClz] is obtained using
the.equilibrlum between Fel* and Cl™. This is possible
because FeCl* has nﬁt been taken into account and also
because FeCl, be{ng neutral, 1£ is not necessary for the

computation of [Cl"],--Earlief attempts at compute [Na+] by

difference led to large errors and negative [Na+] values, as



(%]

Ky
[Va+] can be as low as 10-% i, while [Fe?+] and [Cl-] are
about ld M.
The potential E 1is used together with the concentra-
t%ons to obtain the faradaic cﬁrrepc density CD through the
chggég formula (55=-56) using the constants CK passed.in the

common block /Cl34/-for that purpose.

A-8 Subroutine DCDT (Figure 29) -

The values of TRANS{I,N) ( = Ti) corresponding to
each specles at each node are passed in the common block
/C2&/-and used in this guﬁroutine to compute the values of
thé array Cl2PRM of dimension NEQU in the argument. The
computation is dome for each node in a manner similar to
that done in CONC. . The conteént of Cl12PRY {is ﬁistributéd
idéntically Eo the content of Cl2 in CONC, with the differ-
ence that 1t now contains'Fhe_time derivatives of‘che vafi-
ables contained ;ﬁ ci2.-

' We ~use here the following subscripts to designate

the different species (these numbers also corrﬁFpond to the

order of the species in the input and in C(I,N)):

Fel+ : 1 FeOHT : 6
H+_ s 2 - Fe(OH), : 7
Nat : 3 FeCl, : 8
B(OH)3 : & B(OH) y ¢ 9

QH™ t 5 cl- : 10

[ %]
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and we shall write the time derivatives as ' (prime), so

that:
2+
[Fez-l-] = e S [Fe ] = !
1 ot 1
Vel -
The relations we have are:
T + ¥ + t + T — 4= = —_
¢’y ey e’y c'a 'I'1 + T6 + 'I‘7 T8 ?l (A-1)
] + 1 + T + 1] L —
c 5 ¢ 2¢c 7 cly ¢ty .
TS + T6 + 2'1‘7 + 'I‘9 - T2 = Y2 o (A-2)
¢ ' = = -
r \ ct, *t ¢ 9 T, + 'I'g = Y4 (A-3)
i .
-
1 + et = ' Ry o - |
¢’ 1o ‘2; 8 TIO + 2T8 = Y10 , (A-4)

These artre id;ntical or siﬁila% to the relationg‘(5—7) in 5-3
and-express the conservaiion through chemiéal equilibria of
the element in the subscript of Y. The'calcdlation of the
¥'s 1is made at iines 23=-27.

We can also use’ the chemical ‘equilibria given in



the equilibrium relations,

we
c' e’
2 S ¥
¢ STz (4-3)
2 5
- - ;cv c! e!
c6=Jcl+c5 (A=6)
*6 1 5 '
c! c! e
L. _84 3 (A-7)
c c c
7 6. 5
. o
c' e 2¢" <
8 1 10
¢ e + c (A-8)
8 1 10 |
cl cl cl.
9 _. 1 4 + - 5 (A-9)
Co €4 s
- 1
¢lip =2t e, bel, bt -l - ey (an10)

By combining A-1, A-2,. A-4 and A-10, one can obtain.

.directly (28):



-"

Y2 - 2Y1 + YIO

We shall use the rvelations A-3 to A-9 to eliminate

&

c'5 to c’9 in A-1 to A-4. We now note:
c'
X, = 1
i ci

For A-1, we get successively:

o

c' . c!' c! ) c' c' - c' c!
1= o) (2 by + ps(z—i#c oy & ¢y (s 6+c Oy cgls Lio clo)
1 1 %s & Cs 1 10
c' C' c' . c“ C. c' c'
1 1 2 ] 2 1 10
¢y g + g5 o) FoerleT g g e )

1 2 1 10
= x . +(c, + e + ¢, + c8) + xz-(—c6 - 2c7) + xlo-(an)

~

LFor A-2 to A-4, we get: f h‘ v

1 75

(A-11)

Y2 = x, (c6 e 2c7) + X, * -(mz + c5 + cé +-&?7 + Cg) + |
X, * Cg B oo | gé—lg)

Y4 = x, ¢+ —eg + x, }\F°4 * eg) © (A-13)

Y10 = x, - [2c8) + x4 (e, +:4c8?_ (A=14)

We catt’ eliminate X1 between A-11" and A-14, -

: +

obtaiﬁing:
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! acaz- o TN
xp v leg Heg ey boeg m g ) Foxy v fmeg RA9p)
10 g
o o —2c8 e
: S A ) (A~15)
—5=) - |
1" o goEE) - :

-

and A=15) with 3 unknowns (x _xé'and X, ). Thé'coefficien;s

of these equations are computed in lines 29 to 35. usingfn

"the "same notations as in the program," the system is: | &)j
. ' ’ { :; i L .
-c'/ . -
Lo ‘ 5 - -
L - : - = 7
A2 X, + Ad xZ‘T AS X, Y2 |
s 9 . - A2 . = YL + A8 « Y10 ST
o A ﬂfl "A xz Y A8 . Y10 ‘ ; T
Y, T .

The .solution of this system is mathematicglly trivia@ @ut

ﬁay introduce large errors in chefreeults;if proper caqe is.

not taken. To proceed with the classical elimina:iohrhfhe

. * . ‘ n".
" equations aud variables have to be ordened 50 that the

largest coefficients will be on the diagonal of ‘the matrix,’

We now have a system of three equations (A-12, A-13""7

; Al

in order to be used as a pivot in the eliminacion (Conte and v

Eal

‘de Boor, IQSOka- 157) ' :
The coefficlients of the matrix were therefore evalu-

ated at different stages of the evolution of the system ‘and

it 'was found that the best arrangement was, injour par-

“ticular case:-
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A7 « x, - A5 - x

4 5 = Y4

. . 7 . = 3

,AS X, + A4 X, + A2 X Y2
- A2 ¢« x_. + A9 - x = Yl + A8 - Y10

This system was solved manually and tﬁé solution is
shégn on line 36 t§ 42, ?The xi's are then tf;ﬁsformed iﬁ
c'i's which are put in the array ClZPRM (43.to 453 .

Finally, the time derivative of the last point (bulk

solution) 1s set to zero, as this is the second boundary

condition (47748). ' : .

-



APPENDIX B

LIST OF SYMBOLS

empirical constants (see 6-3, 6-5)

empirical constant (7-13)

1

empirical - constants (see 6-3, 6-5,.7-10)

-expe%Lméhtal anodic Tafel slope
empiricgl constant (7-13)
empiridal constants (see 7-10)
concentration of species 1
eﬁﬁirical constant (7-13)

capacity of the doubie iayer (5—65

= F/RT (¥-7-1),

. diffusion coefficient of Felt (6-4)
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14

total truncation error

210
diffusion coefficient of species i

potential at the metal surface (at the outer

Helmhotz plane)Z\\

w

breakdown potential

equilibrium potential for hydrogen evolution \:z>

[

repassivation potential

minimum potential necessary to obtain current noise

{(Forchhammer and Engell, 1963)

standard poteatial for (5-11) N -

standard potential of (4-14)
the Faraday (96,%87 Clequiv.) ‘ -~

heat flux at either end of the pore (suffix 1" refers

to the metal side (x=0), suffix ? refers to the bulk

solution side (x=L)}



(IS

adl

rate of heat generation (7-103%
current density

LY -
total current density flowing from the surface

(including charging current for the double layer)
coefficlent determined experimentally (see 4-7)

conductivity of the solution

_kinetic constant associated with equation 4-4i

constant (6-4)

=0

E,.F
pexe BTl

pitting criterion for the first adsorption

@echanlsm . N

E F
= 0y exp (-]

v

pitti}{ criterion for the second adsorption

mechanism

ggystants (7-13)

- -



ca

(K

cc

sf

3]
[
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empirical constant (7~13)

pitting criterion for the critical chloride

concentration mechanism

equilibrium constant; for 1i=1 to 6, see 5-2 and

5-7-2; for i=1l, see 4~3 ) ‘-

“

thermal conductivity of the liquid phase
thermal conductivity of the metal

supersaturation ratio of Fe(OH)é

(aq)

pltting criterion for the repassivation mechanism

'

supersaturation ratio of FeCl2

*

pitting criterion for the sait film precipitation

. mechanism

A

value of st corrected for the truncation error

»

equilibrium constant for water decomposition

length of the pore



n(p)

zZ¥

number of equilibrium considered (5-3)

»

empirical coefficients

number of species considered

order of the dependence of an output parameter p on
an Iinput parameter (see 6;2)

flux of speciles |

value of a parameter after the modification (6-2)

value of a parameter before the modification (6-2)

e

p?obability of survival
distance from the pore openidg
Temkin parameter

rad%us of pore

gas content (8.316 J/mole.X)

reslstance of the bulk solution

213
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production rate of species 1 by chemical reaction

concentration of Fe (OK) at saturation
"

2(aq)

-

-

concentation of FeC12 at saturation
time

transport number of species 1
incubation time

temperature

see equations 5-6 and 5-6'

temperature inciiige at elther end of the pore (see

F1’ 2)
mobility of specles i
distance from the bottom of the pore

charge of speciles 1

emplirical constant (7-13)

21



Alp)

AH
ads, A

AV

Av

AV

AV

symmetry factor

electrosorption valency of Cl (Strehblow and Titze,

1977)

" measure of the variation of parameter p (6-2)

fnitial heat of adsorption of C1l
heat of adsorption of Cl

ohmic drop in the bulk

ohmic drop in that part of the solution where there
1s a variation in com§051tion
potential difference due. to the concentration

gradient
aAV, + AV

coverage of FeCla (5-9-3)

ds

coverage of Cla {5-9-3) ' , . ..

ds

coverage of Cl1l- louns. (7-13)



critical coverage ratio (7-13)

critical coverage of FeCl
ads

critical coveraée of Cl
ads

coverage of OH™ 1lons
pit generation rate

pit repassivation rate

inductlon time

electrochemical potential at the polnt of fhe solu-

tion considered

o
Computer program variables referred to in the text

-

ATOL

C(I,N)

radius of the pore -
absolute tolerance on truncation error in time -
integration

)

concentration of species I at node N
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DC(I,N) first spatial derivative of thé'concentration of

species I at node W,

DBC(I,¥) second spatial derivative of the concentration of

DEPTH
DLR

DX

DX1
NN
NNl
N2
R(N)
RR

RTOL

specles I at node N

depth of the pore

= log (RR) {

distance between nodes in the region of planar dif-

fusion,
i

distance between nodes in the transition reglon

total number of nodes

nunber of nodes in

number of nodes in

radius at node N

ratio of the radii

relative tolerance

integration

the region of planar diffusion

the transition region

at two successive points

-

on truncatloen error in time

5





