Printed in Great Britain. All rights reserved

Corrosion Science, Vol. 38, No. 9, pp. 1613-1635, 1996
Pergamon Copyright © 1996 Elsevier Science Ltd
0010-938X/96 $15.00 + 0.00

P1I: S0010-938X(96)00076-5

A SIMPLIFIED METHOD FOR ESTIMATING CORROSION
CAVITY GROWTH RATES
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Abstract—A simplified method is proposed for calculating corrosion cavity propagation rates. This method is
based on an assumption that if the rate of an electrode reaction depends (in an explicit form) only on the potential,
the pit growth rate depends only on the concentration of those species that determine the potential distribution near
the metal within the cavity. The advantage of this method is that it permits one to predict the rates of cavity
propagation without knowing various parameters, such as the equilibrium constants of some chemical reactions
and diffusion coefficients of species that are present at relatively low concentrations near the electrode surface. The
analytical expressions for calculating propagation rates of cylindrical and hemispherical pits are compared with
available experimental data. The influence of aggressive anions on the pit propagation rate has been investigated. It
is shown that transport processes in the internal environment do, in the general case, influence the kinetics of metal
corrosion. Copyright € 1996 Elsevier Science Ltd

Keywords: C. crevice corrosion, C. pitting corrosion.

INTRODUCTION

One of the major theoretical problems in predicting damage due to localized corrosion is
calculating the dimensions of the cavity at any given time as a function of the parameters
controlling the corrosion process, such as the potential of the metal, concentration of
reactant and product species, fluid velocity, temperature, etc. A general overview of the state
of theoretical modeling of localized corrosion can be found in Refs'?. Because of the
mathematical complexity of the problem, analyses of the transfer processes occurring within
corrosion cavities have generally employed the one-dimensional approximation. For
example, it is often assumed, in the case of corrosion pits, that the cavity has a cylindrical
shape with a depth L, which is much larger than the radius, a (Fig. 1(a) and (b)). Likewise,
cracks are often viewed as being one-dimensional slots of length L, such that L is much
greater than the opening displacement, w (see, for example, Refs*™'?). Very often, only metal
dissolution at the bottom is assumed (Fig. 1(a)). However, two-dimensional analyses of
corroding hemispherical pits (Fig. 1(c)) have been described in Refs'*'? for the case of a
well-mixed electrolyte, and in Refs'®!” for the case of a quiescent system, in which
concentration gradients exist. In many cases, the results, which were obtained by
mathematical simulation or by experimental studies of “ideal” cells, have been used to
describe corrosion processes under real conditions.

Even for these cases of simplified geometry, the quantitative prediction of the
propagation rate is not a simple task. For example, it has been suggested that, in the
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Fig. 1. A schematic diagram of the pit geometries discussed: (a) deep pit with passive walls, (b) deep
pit with active walls, and hemispherical (c).

mathematical simulation of the corrosion of steels in neutral solutions, at least six species in
the solution must be taken into the account.'® These species are iron ions from the
dissolution process, sodium and chloride ions (for example) that are commonly included to
control the bulk conductivity, hydrogen and hydroxyl ions from the dissociation of water,
and a metal hydrolysis product (e.g. Fe(OH) ™). The presence of terms for various chemical
reactions in the balance equations for the species is a complicating factor, but frequently
these terms may be eliminated by addition or subtraction of the corresponding equations. A
special algorithm was used in Refs'®!? to solve the equations directly in mass conservation
form. Furthermore, for many systems, the values for the various equilibrium and kinetic
parameters (for example, equilibrium constants) are not available, especially at high
temperatures. Finally, for freely corroding systems, various transport and cathodic
processes that occur in the external environment must be taken into account'®!? in order
to conserve charge.

For the majority of electrochemical experiments, the dependence of the characteristic pit
size (for example, pit depth, L, or pit radius, a) on time, ¢, can be expressed by a simple
equation of the following form??2%-%!

L=kt" (M

where k and m are empirical constants. Published values of m are very often approximately
equal 1/3, 1/2, 2/3 or 1, but they can also vary over wider ranges.?>?? As it noted in Ref.?°,
the case of Ref.m = 1/3 is explained by ohmic polarization control outside the pit; the case of
m=1/2 by control due to ohmic potential drop inside the pit, when the resistance of the
electrolyte is constant throughout the pit; the case of m=1 is explained by the ohmic
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potential drop in a salt film at the metal surface; and the case of m=2/3 has not previously
received a simple explanation.

Although theoretical studies, as a rule, do not present data in the form of equation (1), it
would seem to be remarkable if the various models that have been proposed could
rationalize the simplicity of the empirical cavity propagation laws that are observed in many
cases, in spite of the complexity of the mathematical modeling process. As noted,’ the
mechanistically based models are complex to set up and, at the present stage of
development, are not user-friendly. However, we have found that some models, after a
little simplification that does not significantly reduce the accuracy of calculations, can yield
crevice rates of the form of equation (1), and may even yield analytical expressions for
parameters k£ and m. The principal concept in this simplification is that if the rate of the
electrode reaction depends explicitly only on the local potential, the pit growth rate depends
only on the concentration of those species that determine the value of electric potential near
the metal surface within the cavity.

This article is devoted to examining the conditions under which it is possible to represent
the cavity growth law in the form of equation (1). The case of a deep, one-dimensional pit
with passive walls (Fig. 1(a)) will be investigated first. We will then use the results to describe
corrosion processes in deep cavities with active walls and in hemispherical pits. We
emphasize that our initial analysis applies to the cavities that are held under potentiostatic
control, where the potential at the cavity mouth is the control potential, and not to the more
general case of a freely corroding system, such as that treated in Refs'®!”. However, later in
this paper we include the external environment in approximate form, and we explore the
effects that the external environment has on the cavity propagation rate.

TRANSPORT PROCESSES IN ONE-DIMENSIONAL CAVITIES WITH PASSIVE
WALLS

The possibility of devising a simplified (yet physically realistic) description of the
corrosion processes that occur within cavities can be demonstrated on the basis of a system
that is very important from the practical point of view: the corrosion of iron in dilute
chloride solutions. This system was widely investigated,'! and we adopt all assumptions and
equations that were described therein.

It is assumed that a single electrochemical reaction

Fe — Fe’* 4 2e ()
takes place within the pit, and that the cavity contains six different ionic species, Sy
Sy : Fe’*, S, : Fe(OH)', S5 : Na*t, Sy : C17, S5 : HY, S5 : OH™

Additionally, three homogeneous reactions are assumed to occur

Fe* + H,0 = Fe(OH)" + H* (3)
Fe(OH)™ 4+ H,0 = Fe(OH),(s) + HY )
H,O0 = H* + OH" ®)

with Fe(OH),(s) representing the precipitated hydrolysis product. In the case of a deep
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cylindrical pit (Fig. 1(a) and (b)) under steady-state conditions, the mass conservation
equations are:

———:RVk+-—-5—,k=1,...,6 (6)
X a

where Nj is the ionic flux density, x is the distance down the crevice, Ry, is the rate of
creation of species k per unit volume, and N, is the flux of species k at the metal-solution
interface on the side walls. In the case of a parallel-sided crevice, we must substitute the
width, w, instead of the radius of the pit, a, into equation (6). The homogeneous reactions
are taken to be in equilibrium, and the equilibrium constants K, K, and K,, defined as

Ky = ces/er, Ky = ¢s/ea, Ky = c506. (7

If the walls of the pit or the crevice are ideally passive, all Ny are equal to zero, but in the
case of active walls, Ng; = i/(2F), where i is the current density at the electrode and F is
Faraday’s constant. At this point, and in subsequent discussion, the subscript s refers to the
electrode surface and m to the mouth of the pit or the crevice.

According to dilute solution theory, the molar flux of species k is given by the Nernst—
Plank equation

dey ziF d
Ny = —Dk(a)—j+ il ckd—ﬁ) ®)

where ¢, is the concentration of species k, Dy is the diffusion coefficient, z; is the charge, T'is
the temperature, R is the gas constant, and ¢ is the electrostatic potential in the cavity. The
solution is taken to be electrically neutral, so that

k=1k= 6Zka =0 (9)

The concentration and potential boundary conditions are written as

—pH,— K, Cs €2¢s
cs =10 pH, 3, Cé:—",63=—, (] =——=,03=0Cp, C4 =201 +C2+ 3+ ¢s — ¢g,s
Cs K2 K]

9=0, atx=0 (10)

where pHy, is the bulk value of the pH and ¢, is bulk concentration of NaCl. At the crevice
base, we have the following conditions for the fluxes:

Ni:—i,‘v/(ZF),N2:N3=N4=N5=N6=O; atx =1L (11)

The electrodissolution reaction occurring in the cavity, due to oxidation of the metal, is
described in terms of the Tafel equation as
. aF(V=Uy—¢) . aFg;
is = fpexp RT = leXp——pr.
Here i is the exchange current density, o is the anodic transfer coefficient, V' is the
electrode potential, Uy is the open-circuit potential, g is the electrostatic potential in the
solution near the electrode surface, all referred to a reference electrode at infinity, and
i = igexpaF(V — Uy)/RT is the current density calculated in the absence of a potential drop
in the cell (the maximum possible current density on the electrode surface at the given
potential of the metal).

(12)
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After elimination of the terms Ryy, the above system of equations was solved
numerically in Ref.!’ using the finite element method for the solution, with pH,=8 and
c,=0.1M, for both active and passive walls. The calculated potential distributions were
compared with experimental data,** and reasonable agreement was obtained.

The distributions of the species concentrations were not given in Ref.!', so we had to
devise our own code for solving this system of equations. We used a shooting method in
combination with a the fourth-order Runge-Kutta algorithm. The integration steps were
chosen to be very small (10~° of the pit length) for the region near the mouth, where the
solution properties change very sharply (for extremely dilute solution), but it was increased
with increasing distance from the mouth. The value of the step size was chosen in such a
manner that further reduction did not change the results. The parameters that were used in
the numerical calculations are given in Table 1. All thermodynamic and kinetic data are
taken from Ref.'!, where a SCE is used as the reference electrode.

Initially, the case of corrosion in a cavity with passive walls was investigated. It can be
shown that the solutions to the coupled equations are functions of two independent
variables (distance down the pit x, and the current density, /), but that they may be expressed
as functions of a single independent variable, which is the product of current density and
distance. The parameter xi was used,®® for describing corrosion processes in one-
dimensional cavities. As defined by Pilay and Newman®* the product ¢ = xi represents the
quasi-potential of the system. It can be shown?* that under steady-state quiescent
conditions, with equilibrium homogeneous chemical reactions, and for a single
electrochemical reaction, the electrostatic potential and all concentration distributions can

Table 1. Parameters used in the calculations

Thermodynamic data
Ki=10""%mol/l
K>=10"*°mol/l

K,o=10""% (mol/I)?

Diffusion coefficients
Fe**, D;=0.72x 10~ cm?/s
Fe(OH)™, D,=1.0x 10~° cm?/s
Na™, Dy=1.334x 107> cm®/s
Cl~, D;=2.032x 1077 cm?/s
H™, Ds=9.302x 107" cm?’/s
OH™, Ds=5.3x10"°cm?/s

Kinetic data
i1o=ioexp{ — U/RT} =196 x 10’ Ajem?®
a=1
T=25°C
V= —0.58 V(SCE)

Bulk sohution data
¢, =0.1 mol/1
pHp=8

Geometrical parameters
a=0.225cm
L=225cm
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be represented as a single-valued harmonic function of the quasi-potential g. This harmonic
function vanishes at infinity and satisfies the following boundary conditions

dq
5 =0 (13)
at an insulating surface, and
oq
—2 =i 14
on ! (14)

at the electrode surface, where » is the unit normal vector at the electrode surface pointed
towards the solution. Accordingly, all results that are represented as a function of ¢=xi
have general sense; they do not depend upon the geometry of the system and could be used,
for example, for describing multi-dimension cases. From a mathematical point of view, the
determination of the dependencies of the concentrations, ¢y, and the electrostatic potential,
@, on the quasi-potential, g, is equivalent to the solution of the mass-transfer equations in a
one-dimensional cavity.

Figure 2 shows the concentration profiles in a pit with passive walls. There are three
species that dominate in the pit, Fe**, C1~, and Na ™, and only these species determine the
electrostatic field in the cavity. Hence, if we only want to calculate the potential distribution
in this system, we can approximate the complete system involving six species (F e,
Fe(OH)", Na*, CI~, H" and OH™) by a reduced system involving only three species
(Fe’*,Na* and C17).

As it follows from equation (6) and equation (9), the reduced ionic system is described by
the following system of equations

N1=..2_IF-, N3 =Ny =0, 2c+c3=c¢4 (15)

with the boundary conditions

!
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107 10 105 104 10° 102

Quasi-potential q=ix, A/cm
Fig. 2. The concentrations of species as a function of the quasi-potential in 0.1 M NaCl. The
precipitation of Fe(OH), is included.
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a=c¢, a=c¢, a=( —¢)/2,¢=0 atx=0

where ¢; and ¢} are the total bulk concentrations of anions and the non-active cations,
respectively. We introduced these values for generality, in order to describe solutions in
which the bulk concentration of Fe(OH) " is comparable to the concentration of Na*. The
analytical solution of this system can be easily found and has the form:

RT 3+y+2gq+\/(3+y+2gq)2—12y
=7z In g (16)

4

_ F F cs—¢C
C4=chexp(R—;), q:cjexp(—}é}—,), € = 42 2 (17

where ¢ = 1/(2FDjc;) and y = ¢f /c; . For the case where the cations of the dissolving
metal (Fe® ") are absent in the bulk (i.e. at y = 1), the solution to the equation system (15)
was obtained by Ateya and Pickering.” Equation (16) and equation (17) can be used to
determine the concentrations of the other species, if they are of interest. In our case, they can
be directly estimated from the equilibrium conditions equation (7) as

a=vKiei/Ky, ¢s=Kca, ¢g=Ky/cs (18)

The numerically-obtained concentrations (Fig. 2) and potential (Fig. 3) differ from the
analytical solutions that are given by equations (16)—(18) by less than 0.1%. It is interesting
to note that the potential distribution differs little from that obtained for the case when only
Fe?* and Cl™ are present in the solution (i.e. in a binary system). For the binary electrolyte,
putting ¥ =0 in the equation (16) yields a much simpler expression:

RT 2
S mlhi+2 19
$="7 n{ +3gql (19)
01()T_ﬁ T T T
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Quasi-potential g=ix, A/cm
Fig. 3. The potential drop down a pit as a function of the quasi-potential for different bulk
concentrations of NaCl. The precipitation of Fe(OH), is included.
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Equation (16) and equation (19) coincide for small and large values of ¢ and the
maximum difference between these equations is found for at ¢g=1.25 and does not exceed
2.25mV at room temperature. This fact can be explained with the help of Figs 2 and 3. A
significant potential drop is observed only for g=ix > 1 x 107% A/em, and it is this region
where all cations other than Fe’™ are expelled by the electric field and where Cl~ is
concentrated for charge neutrality. Correspondingly, this binary system (Fe’*, CI7)
determines the potential drop in the cell.

equation (16) can also be used for describing the potential distribution if the
precipitation of ferrous hydroxide is not taken into account (see equation (4)). This case
can be very important for describing the corrosion processes in extremely dilute solutions,
when Fe’* and F e(OH)™ are not present in the bulk of the electrolyte, as is designated in the
boundary conditions equation (10) employed in Ref.!! Instead of equation (10), the
following simple boundary conditions can be used:

cs = 107PH=3 o Kifes, a=0,00=0,c5 =05, ¢4=c3+cs— s, ¢g=0atx=0

Our calculation (see Fig. 4) shows that the discrepancy between the analytical and
numerical solutions does not exceed 1%, if the bulk concentration of NaCl is greater than
107°M at pH=8 and is greater than 10™®M for a neutral solution at (pH=7). As one
would expect, equation (16) (or equation (19)) describes with greater accuracy the potential
distribution in the cavity if the bulk concentration of the principal anion (CI7) is much
larger than the bulk concentrations of the other anions (in this case OH ™).

However, it can be shown that equation (16) (or equation (19)) can be used for the
quantitative description of the potential drop in the cavity when the bulk concentration of
the principal anion is comparable to (or even much less than) the concentrations of the other
anions. As an example, consider the pitting of Zn(Me) in buffered diluted NaCl solution.
This system was intensively studied in Ref.® The concentration and potential distribution

0.40 —_——
10° M
0.35 |- 1
0.30 - q
>
_025¢ 103 M
o ,
2 020+ A
a )
T 015 - e q
£ S0 M
& 010 % o
O // /
O 005} e S
il Ve e
0.00 - 4—’// —_— =71 0 M
) 1 L 1 | | Il 1

10° 10® 107 10® 10° 10% 10° 102

Quasi-potential g=ix, A/cm
Fig. 4. The potential drop down a crevice as a function of the quasi-potential for different bulk
concentrations of NaCl. The precipitation of Fe(OH), is not included.
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were calculated numerically for the solutions used in Ref.?* Table 2 from Ref.” shows the
compositions of the five solutions considered.

This system is much more complicated than the system described above. Four additional
species in the solution

S7 : Me(OH)z(aq), Sg . MC(OH)S(S), Sg : H3B03, S]() . H2BO;

and three additional chemical reactions

H3;BO; = H,BO; + H* (20)
NaCl = Na* + C1~ (21)
Me(OH),(aq) = Me(OH),(s) (22)

were considered. In addition the chemical reaction
Me(OH)* + H,0 = Me(OH),(aq) + H* (23)

takes place instead of equation (4).

The calculations show that, for sufficiently large value of quasi-potential g =ix two
species Zn’* and CI~ dominate in the solution (see Ref.”). In this case, without doing any
special calculations for the potential, we can state that the potential distribution in the pit is
described with great accuracy by equation (16) for the case of Solution I (Table 2). Figure 5
shows the potential distribution that was obtained numerically in Ref.? and the potential
distribution from equation (16). We see that if the bulk concentrations of the principal
anions is less than, or is comparable with the bulk concentration of H,BO73, equation (16)
(or equation (19)) describes the numerical results quite accurately. Moreover, for many
practical cases, we can use equation (19) for calculating of the potential distribution, even
when the bulk concentration of the principal anion is less by an order of magnitude than the
bulk concentrations of the other anionic species. The discrepancy, in this case, is less than
20mV, and this discrepancy is found only for a definite value of the pit length. For
sufficiently deep pits (sufficiently large value of ¢ =ix), all potential distributions coincide,
and the corrosion rates must be the same and are independent of the concentrations of the
buffer species.

For practical calculations, for the case when the bulk concentration of the principal
anion is less by an order of magnitude than the bulk concentrations of the other anionic
species, it may be convenient to use the following approximation instead of equation (19) or
equation (16) (see Fig. 5):

Table 2.  Compositions of the bulk solutions

Solution number NaCl (mol/l) H3BO; + NaH;BO; (mol/l) pH
I 2x 1072 2x1073 9.2
I 2x107? 1x1072 9.2
I 2x1072 5% 1072 9.2
v 2x1072 1x107! 9.2

\% 2x1072 2x107! 9.2
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0.2 || — Calculated from Eq. (16 ), solutions | and Il ||
— — Calculated from Eq. (19)
— — - Calculated from Eq. (24)
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Quasi-potential g=ix, A/cm
Fig. 5. The potential drop down a crevice as a function of the quasi-potential for the pitting of Zn in
buffered NaCl solutions (see Table 2).

p=0forgg <15 and(p=%§ln§§qforgq> 1.5 (24)

The maximum difference in the values of ¢ obtained from equations (19) and (24) is
obtained when ¢g= 1.5 and equals R7In{2.18}/F (0.020 V at room temperature). For deep
pits, this difference vanishes. The physical sense of this approximation is that we neglect the
potential drop that is present during the initial stage of the pit growth (i.e. when the pit is
very small) and then use an asymptotic expression (equation (24)) to describe the potential
drop within the crevice for dissolution of the metal in a cavity within an electrolyte of its own
salt.

Figure 5 clearly shows that if we only wish to obtain information about the potential
distribution near the electrode surface it can often be done with great accuracy for a large
cavity (large ¢) by analyzing some simplified system (binary system for this case). Of course,
a relatively larger error may be introduced into the determination of the potential
distribution within the interior of the pit, but this error does not influence the value of the
current density at the pit base. This method can give a very large relative error for very small
cavities (very small ¢), but in small cavities the absolute value of the potential drop is
normally so small that it has an insignificant influence on the current density. Accordingly,
in this instance, the exact determination of the potential distribution may be not very
important.

CALCULATION OF THE PIT GROWTH RATE

One of the steps in solving of mass transfer problems using the quasi-potential method is
to estimate the current density on the electrode (pit) surface, i, as a function of the quasi-
potential, g (see boundary condition equation (14)). In the general case, this task requires
the solution of the mass-transfer equations in a one-dimensional cavity and, as noted above,
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this can be rather complicated. However, as was also mentioned above, it is sufficient to
know is(g) only for large values of ¢ and this information may be obtained by analyzing of a
simplified system.

The expression for the current density at the electrode (pit) surface, i, as a function of
the quasi potential, g, is obtained by substituting equation (16) into equation (12) to yield:

—0

3+ v+200+ B +y+2597 - 12y
=i - (25)

Using equation (19) we obtain another, more simple expression:

i=if1+ 30} 26)

The difference between the values of the current density, i, that is obtained from
equation (25) (at y = 1) and that given by equation (26) does not exceed 9%.

In the case of a one-dimensional pit with passive walls, the quasi-potential at the tip of
the pit equals i;L and equation (25) (or equation (26)) yields the function ;= i;(L) in implicit
form. As follows from equation (25), the ratio of the current density, i, to the current
density calculated in the absence of a potential drop in the cell, 7, depends only on the
parameters A = ¢iL, o, and y. This equation has no analytical solution for an arbitrary
value of o, but it is easy to solve for small and large values of the parameter 4. For 4 <1, the
expression in brackets in equation (25) approximately equals 1, but for 4 > 1 it
approximately equals 2¢g/3. Accordingly, we have:

iy =ifor ¢il < 1 (27)

and

i for ¢ciL > 1 (28)

i
QL3
The form of these limits suggests a simple interpolation formula, as follows
i

s = 29
! (1 +2€.1L/3)a/(1+a) ( )

which can be used for any arbitrary value of the parameter 4 = ¢iL. Figure 6 illustrates the
accuracy of the interpolation equation.
Using Faraday’s law, we can write the growth rate of the cavity as
dL My

= _ Amt 30
dt  pn2F (30)

where My, and p,, are the molecular weight and the density of the metal, respectively.
Substitution of equation (29) into equation (30) and integration for the boundary condition

L=0at r=0 yields:
L=L0[(1+i) —1] 31
Ly

where the power, m, has the form
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10° -
[N
N\
101 ~
= g0
102 | — Calculated from Eq. (25)
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——— Calculated from Eq. (29)
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Fig. 6. The relative current densities as the function of the pit length for a=1, calculated
numerically from equation (25) with y = 1, from equation (26), and from equation (29).

a+1
= 2
M a1 (32)
and
j L
L, 1 My mLy (33)

= - , Vo = =
2ci/3)" " T pm2F 0T v

For small times (¢ < ;) when the potential drop has an insignificant influence on the
current density, as follows from equation (31), L can be represented as the linear function
of t

L= vt (34)

and for large times (7> 1), L takes the form of equation (1)

L=1L (i) = k"
fo

where m is given by equation (32) and & is given by the following expression:

" 2a+1 My s o .
k=Lol—) = 3F Dqc; Y=ri(f)et 35
0(1?0) (a+ 1 meF) ( 16 PG (35)

If % is equal 1 (as is suggested in Ref.!'"), m is equal to 2/3. This means that the very
frequently observed case of m=2/3 can be explained by presence of a non-linear potential
distribution inside the pit (see equation (19)).

The velocity of pit propagation is obtained by differentiating equation (31) to yield

dL t\"
v=a~= VQ<1+5) (36)
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where
n=m—l=— (37)
20+ 1
Thus,
v=rvg,at t/tg < 1, and v = vo(¢/10)" for t/15 > 1. (38)

Furthermore, as it follows from the equation (35), for sufficiently large time, the pit
growth rate is proportional to (¢; )%, and in particular, at o= 1, we have v o¢® N

All relations that are listed above can be easily modified for the case where anions are
involved directly in the anodic reactant. The effect of solution composition on metal
dissolution processes and, in particular, on the kinetics of localized corrosion, has been
clearly established. Some aggressive anions, such as Cl™, Br—, and I, exhibit specific
activities towards metal dissolution.?'**® The dissolution of metal, Me, to produce stable
complexes

Me +qA™ = [MeA4,]"™7 + ne” (39)

provides the simplest example of electrochemical systems in which there is a direct influence
of anions 4~ on the rate of the electrode reaction.

In some cases, anions can influence the kinetics of some intermediate stage of the anodic
dissolution process, and thus affect the rate of the entire process if the stage affected occurs
before the rate determining step. For example, as is noted in Ref.?’, the dissolution of metals
in pits, which takes place according to the overall reaction

Me — Me™"" 4+ ne” (40)

consists of three successive, non-equilibrium reactions, with the first being described by
equation (39). Subsequent steps are considered to be

Med,]"7 + sH,0 = [Me4,(H,0),]"™ (41)

and
[Me4,(H20),]"™% = Me"" + g4~ + sH,0 (42)
In either case, the rate of dissolution can be approximated by a Tafel kinetic expression

aF(V —U —g)

RT (43)

i=k, Cj\\sexp{
where Ca,is the surface concentration of the aggressive anion, &, is the rate constant for the
reaction proceeding in the anodic direction, and 4 is the effective kinetic order of the metal
dissolution reaction with respect to the anion concentration. The value of A is usually
restricted to 0< A <1.*! In steady-state, non-convective electrolytic systems, the anion
species can be regarded as motionless if this species does not participate in any entire
electrochemical or homogeneous chemical reaction. Accordingly, the concentration of an
anion can be described by the Boltzmann expression

Cas = Cavexp—Fos/RT (44)

where Cp,, is the concentration of aggressive anions in the bulk of the solution. It follows
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from equations (43) and (44) that the dissolution rate at the pit can be represented by an
expression in the form of equation (12)

= iexp{ - a—-e:;‘ps } , (45)

where effective anodic transfer coefficient, o, is introduced as follows,
Oef =& — A (46)

It is evident that all equations are still valid if we formally change @ to @ = o — A in
region aes > —0.5 to insure a positive value of power m. The case where oy < —0.5 can lead
to the instability of the process and requires attention that is beyond the scope of this paper.

In summary, three essentially different cases of pit propagation are predicted:

1. o > A,i.e. aer > 0. Thisis a common case. Since the value of electric potential, @, at the
bottom of the pit increases as the pit propagates, the dissolution rate at the bottom decreases
as a function of pit depth, L (or time, ¢) according to equation (29) (or equation (36)).

2. a = 4, 1.e. agr =0. In this case, the accelerating action of anions on the electrode
reaction completely compensates for the increasing potential drop in the solution during pit
growth. The dissolution rate does not change with pit length or time and equals v,,.

3. @ < A, i.e. o <0. In this case, the accelerating action of anions on the electrode
reaction outweighs the inhibiting effect that is related to the increase in the potential drop in
the crevice environment, as the pit grows. Acceleration of the pit growth rate with time has
been noted in the literature. Thus, as shown in Ref.??, where data for a variety of materials
under different experimental conditions are summarized, the exponent, n, ranges from —0.7
to 0.4. It follows from equation (37), that when the anodic transfer coefficient, oy, is in the
region —0.222 < @ <O0. the exponent, », has values 0 < n <0.4, corresponding to the
acceleration of pit growth rate with time (or depth).

THE INFLUENCE OF EXTERNAL ENVIRONMENT

It has been tacitly assumed, so far in our calculations, that in the case of a sufficiently
deep pit, it is possible to neglect the potential drop in the external environment and to
calculate the potential distribution, ¢, by solving the balance equations inside the pit only.
Using the concept of the quasi-potential, the validity of this assumption can be
demonstrated in the case of pits with passive walls in an absolutely motionless electrolyte,
where the presence of the diffusion layer (with higher values of concentrations than in the
bulk of the solution) near the pit mouth reduces the resistance of the local external
environment to charge transfer. In the case of the moving electrolyte, we assume that the
velocity is high enough that significant concentration gradients do not exist in the bulk
solution. Accordingly, the distribution in the potential in the external environment can be
found by solving Laplace’s equation for the electrostatic potential, ¢, subject to nonlinear
boundary conditions (in the general case) that correspond to the kinetics of reduction of a
cathodic depolarizer (e.g. O,).

It is convenient to represent the average potential at the pit mouth, ¢, in the form of

om = C28 (47)
K

as determined by dimensional analysis, where i, is the current density at the pit mouth, « is
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the conductivity, and the dimensionless parameter C can be estimated, as shown below. It is
evident that the external environment presents a maximum resistance to charge transfer if
the outer surface of the metal is isolated and the current is forced flow to infinity. The
solution to Laplace’s equation for this case is well known,® and yields Cyax=8/37n. The
external environment presents minimum resistance to charge transfer when the electrode
reactions on the external metal surface can occur close to the cavity mouth and are
kinetically fast. In this case, the surface overpotential is negligible compared to the ohmic
potential drop in the solution. The solution to Laplace’s equation for this case is also
known,”® and yields Cpyp = 4/37. It is convenient to choose a mean value for C as

C= (Cmin + Cmax)/2 = 2/7[ (48)

in order to estimate the potential at the crevice mouth, ¢, for the general case. The
uncertainty introduced into C will not result in an uncertainty in ¢, exceeding 50%, and this
error is independent of the law of polarization governing the cathodic reactions on the
external surface. We must emphasize that this uncertainty does not translate into a
comparable uncertainty in the pit propagation rate (the uncertainty in the latter is much
smaller). If the current density at the mouth of the pit, in case of a the moving electrolyte, is
obtained without taking into account the potential drop in the external environment
(outside the pit), the validity of this assumption can be checked by using equation (47). In
very dilute moving electrolytes, the potential drop outside of the cavity, ¢p,, in a moving
electrolyte, can be comparable with the potential drop in the cavity, and, therefore,
processes occurring on the external surfaces must be taken into account even for a deep pit.

For cracks and crevices (i.e. slots), the potential drop outside of the cavity can be much
higher than for a cylindrical pit. For this case (i.e. crevices), we will continue to represent the
potential drop in the solution in the form of equation (47) by changing the radius of the pit
to the width of the crevice, w. Using the results,? it can be shown that Cp,=n/8. The
parameter, Cpp.y, can be calculated if we assume that the crevice has a finite thickness, d. In
this case, the expression for Cy,,4 has the form:*®

2
_ 1 . -1 d d . W 11w d2 d4/3 W2/3 3/
G =5 [smh w sk G T {Z toa- st (49)

For example, if w=10um, and d=1cm, we have Cy,,=2.349. It is evident that
Crax — ¢, when d/w — 0. Thus, the ohmic drop in a moving electrolyte can be much larger
in the case of crevice corrosion than it is in the case of pitting corrosion. Under some
conditions, the transport processes in the external environment can control completely the
kinetics of cavity growth.

Figure 7 shows the calculated change in the depth of a hypothetical cylindrical pit,
having passive walls and a radius 50 pm, with time. The calculations were performed
numerically, taking into account the potential drop in the external environment. For each
step in the solution of equation (30), the current density in the crevice was determined from
the equation

@s(i) = m (i) + Agin(7) (50)

Here the dependencies of the potential drop in the solution, ¢(i), the potential drop in
the external environment, ¢, (i), and the potential drop inside the pit, Ag;,(i), on the current
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Fig. 7. Pit depth as a function of time. (a) rapid cathode reaction on the external surfaces, (b) with
the outer surface of the metal being isolated. Precipitation reaction is not included.

density are determined from equation (12), equation (47) and equation (16) (or equation
(19)), respectively.

The numerical results for stagnant electrolytes are very close to the analytical solution
given by equation (31) (the discrepancy is not visible on the scale employed here). However,
there is a significant difference between the kinetics of pit growth in stagnant and moving
electrolytes at low electrolyte concentrations. We also see that the approximation in
equation (48) applies to this case. By using equation (48), the results lie approximately mid-
way between the Curves 1 and 2, and the resulting error is less than 15% and is independent
of the law of polarization of the cathodic reactions on the external surfaces.

It is useful to quantify conditions under which we can neglect, or must take into account,
transport processes in the external environment when estimating the crevice propagation
rate. By analogy with current distributions on polarized electrodes,®?! we introduce the
dimensionless parameter:

Wa = 98¢ , %m 1)

¥y | Bim

(an analog of the Wagner parameter), which represents the ratio of the resistance of the
internal environment to the resistance of the external environment. Here, i, is the current
density at the mouth of the pit. If Wa < 1, then charge transfer in the external environment
determines the current density in the system, and when Wa > > |, transport processes in the
cavity determine the current. For the case of the stagnant electrolyte, it can be easily shown
that Wa = Lj(Ca) (for L > > q),and Wa > > 1if the condition L > > g exists. This means,
as was previously mentioned, that in the case of a deep pit with passive walls in the stagnant
electrolyte we can neglect the resistance of the external environment.

Using equation (19), which can be rewritten in the form, Agi, = (RT/F)In(1 + 2iy, L/3)
and equation (47), we have
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RT1 «

Wa =i Ca (52)
Figure 8 shows the influence of the bulk concentration of NaCl on the current density at
the tip of a pit with passive walls (the parameters used in this calculation correspond to
iron). Using equations (25) and (52), we can calculate that Wa changes from 3.5 to 0.014
when the bulk concentration of NaCl changes from 0.1 M to 10~®M. Accordingly, a
significant influence of the external environment on the corrosion growth rate is observed

for low bulk concentration of the electrolyte.

CORROSION PROCESSES IN DEEP PITS WITH ACTIVE WALLS AND IN
HEMISPHERICAL PITS

The case of a deep pit or crevice with active walls (Fig. 1(b)) can be easily described using
the concept of the quasi-potential. If we average the Laplace’s equation over the pit cross-
section, the equation for determining the quasi-potential, ¢, has the form

d’q 29
—z - 53
dx? a (53)
which must be solved subject to the following boundary conditions
g =0forx=0, (54)
and
:—z =k(g)forx=L (55)
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g t1e4
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Fig. 8. The current density in the pitting of Fe with passive walls in a moving NaCl electrolyte
(Curve 1). Curve 2 was calculated without taking into account the potential drop outside the pit.
pH=7, and other physical and geometrical parameters were taken from Table 1. Precipitation
reaction is not included. Quter surface of the metal is isolated.
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where x =0 corresponds to the point on the pit axis at the pit mouth. The expression for the
current density at the pit surface, i, as a function of the quasi-potential, ¢, is obtained from
equation (25) (or equation (26)).

equation (53) represents an equation with separable variables and has the well-known
solution:

dg _
o /(2/a) [i(g)dg+C

where constant C can be found from the boundary condition given by equation (55).
Unfortunately, g(x) cannot be expressed through elementary functions for an arbitrary
value of the transfer coefficient, . However, the numerical solution of equation (53) is much
simpler that the solution of the system of equations (6)—9).

After finding the solution, g(x), the potential distribution in the cavity and current
density on the active pit wall, i, can be found by using equation (16) (or equation (19)) and
equation (25) (or equation (26)). As an example, Fig. 9 shows the distribution in the current
density on the active wall for the dissolution of Fe in a moving NaCl electrolyte. The
geometrical and other parameters are taken from Table 1. We see that, in this case, the
external environment exerts a more dramatic influence on the corrosion rate in the cavity
than it does in the case of the pit with passive walls. Significant influence is observed even for
a moderately dilute solution (0.1 M) and the difference increases to more than two orders of
magnitude for extremely dilute solutions (10~°M). The inescapable conclusion is that
quantitative description of the propagation of a pit with active walls in a moving electrolyte
requires in the general case consideration of the resistance of the external environment.

(56)

1e+0
1e-1

i
1e-2 ¢

1e-3

i;, mA/cm?
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Fig. 9. The current density on the active wall in the pitting of Fe in a moving NaCl electrolyte with
concentrations: 1-0.1 M, 2-107>M and 3-10"%M. Curves 1’, 2’ and 3' were calculated without
taking into account the potential drop outside the pit for the corresponding bulk concentrations of
NaCl. pH=7, and other physical and geometrical parameters were taken from Table 1. The
precipitation reaction is not included. The outer surface of the metal is isolated.
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This important conclusion can be explained in terms of the Wagner number.
Substituting iy, =ina/(2L) into the right side of equation (51), instead of i(q), and
integrating the resulting equation with the simplified boundary condition, (dg/dx)=0 for
x=L (i.e. we neglect the current that flows from the pit tip, which is small compared with the
total current), we obtain the following expression for the potential drop in the cavity.

RT
Agip = Tln{l + 2¢inL/3} (57)

Substituting equation (47) and equation (57) into equation (51) yields an expression for
the Wagner number, which coincides with that given by equation (52). We see that the
potential drop in the external environment increases in importance in the case of a pit
(crevice) with active walls, because the current density at the pit mouth can be orders of
magnitude larger than that at the pit tip.

Of course, the influence of the external environment on the rate of pit (crevice) growth
must decrease with increasing pit length. However, due to the rather flat dependence of the
current density on the active walls from the distance along the pit (with exemption for the
narrow region near the pit mouth—see Fig. 9) the dependence of cavity growth rate on L is
not very sharp. Thus, Fig. 10 shows the influence of the pit length, Z, on the average current
density in a pit with active walls exposed to a moving 10> M NaCl electrolyte for 0.1 cm <
L <1 cm. The value chosen for the pit radius, a, is 0.01 cm which provides the condition a <
L. We see that, although the relative error incurred by neglecting the external environment
does not decrease significantly with the increasing L, neglect of the external environment
gives rise in the pit growth rate of a factor of about 10.

As the last example of the application of the method described above, we consider the
essentially two-dimensional system of a hemispherical pit (Fig. 1(c)). For a sufficiently large
pit, the quasi-potential satisfies the following boundary conditions
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Fig. 10. The average current density in a pit with active walls in a moving 10~ M NaCl electrolyte

as a function of pit length (Curve 1). Curve 2 was calculated without taking into account the potential

drop outside the pit. Radius of the pit is 0.01 cm, pH=7, and other physical and geometrical

parameters were taken from Table 1. Precipitation reaction is not included. The outer surface of the
metal is isolated.
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d £ 21\ d .

ag = I(E) at the electrode surface, and d—: = 0 at an insulator. (58)
Introducing the dimensionless quasi-potential @ = g/qo, where g = (ia)«ﬁ@ s) i , and

normalizing all distances to the radius of the hemisphere, we can represent the current

density at the pit surface in the following form

40 g
l—aQ , (59)

where the dimensionless quasi-potential Q is a harmonic function that vanishes at infinity,
and satisfies the boundary conditions %g = @~ at the surface of a hemispherical pit of unit
radius and %g = Q at an insulator. Correspondingly, the average current density, i,,, can be
represented in the following form

) /2 —a/(a+1)
=20 =i(3aa) 0, (60)

where Q" is the average value of @~ on the surface of the pit, which depends only on
parameter o. This value was calculated numerically by solving Laplace’s equation with non-
linear boundary conditions using the boundary element method (see Fig. 11). The results
can be approximated by the following dependence

0:% =24/3V/1+24afor —025<a<1.5. (61)

Figure 12 shows the application of equation (60) for describing of a single pit
polarization curve for Ni dissolution in 0.5 M NaCl. In the given interval of polarization,
the solution near the cavity surface becomes highly concentrated'®!” and the theory of
transport phenomena in concentrated solutions must be applied. Among other factors, the

‘T

av

o

Fig. 11. The value 0, as a function of a.
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Fig. 12. The average pit current density vs applied potential (SCE) for dissolution of a
hemispherical nickel pit of radius 30 yum in 0.5 M NaCl. Parameter values are taken from "> (see
Table 3).

chemical complexation reactions of Ni** with C1~ are of great importance. However, as we
can see from Fig. 12, the analytical expression equation (60) can be used for scoping
calculations, even for the case of concentrated solutions. By analogy with a one-dimensional
pit, it is easy to define an expression for the average pit radius, a,,, for sufficiently large ¢ in
the form of equation (1), with m given by equation (32), and

k=(2a+l My

'f;:'li 3 o 1 o] 62
Dy e V= ()= (07 E_t_uH.
o + 1 pm2F> ( F lcb) (l) (Qav ) ( )

For the initial stages of pit growth m =1, can be used. The cases of m=2/3 and m=1 are
commonly observed in the growth of hemispherical pits.*

SUMMARY AND CONCLUSIONS

The analysis of corrosion in cavities as presented above, demonstrates that it is only
necessary to take into account those species in the solution that determine the potential
distribution near the electrode surface when calculating the cavity growth rate. This
generalization significantly simplifies the mathematical description of localized corrosion
processes, and even allows us to obtain, in some cases, analytical expressions for the cavity
growth rate that can be used in engineering practice. The advantage of this method is that it
permits one to predict the rates of cavity propagation without knowing various parameters
that are often difficult to obtain, such as the equilibrium constants of some chemical
reactions and the diffusion coefficients for species of relatively low concentration. Thus, it is
possible to ignore chemical reactions, such as the hydrolysis of metal cations produced by
the anodic reaction and the autoprotolysis of water, when describing the corrosion of iron in
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neutral sodium chloride solutions, if the concentration of NaCl is greater than about
10~ ° M. The analytical expressions, which were obtained in this paper, can be used for the
quantitative description of pit propagation in dilute solutions; for example, for estimating
damage functions, but they can also be used for scoping calculations in the case of highly
concentrated solutions. It is shown that the very frequently observed case of the dimension
of a pit being proportional /> can be explained by the presence of a non-linear potential
distribution inside the pit. The influence of aggressive anions on the cavity propagation rate
was also investigated. An important finding of this work is that transport processes in the
external environment do, in the general case, influence the kinetics of cavity propagation.
This influence is especially significant for the case of a deep cavity with active walls in a
moving electrolyte. The method developed for analyzing these cases may be useful for
describing not only corrosion processes, but also for defining processes in electrochemical
technology, such as electrochemical etching and machining.

In this article, we restricted ourselves to cases, that were taken from literature, were a
single electrochemical reaction occurs within the pit. However, it is apparent that the
method is applicable to cases where multiple electrochemical reactions occur at the
dissolving surface.
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