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Abstract 

LBL-23474 

Localized corrosion, such as pitting, crevice, and water-line 

corrosion, necessarily involves a passivating metal--one for which an 

increase in the local electrode potential results ina decrease in the 

dissolution current. In this situation, the anodic and the cathodic 

reactions occur in different locations. Consequently, transport of 

charge and material species in the solution is involved in processes 

of localized corrosion. 

Here fundamental aspects of mass transfer and potential distribu-

tion are reviewed with an eye toward applications in localized corro-

sion. Recent work on passivation, salt-film fOF'mation, and oscilla-

tory behavior on iron in I M sulfuric acid is reviewed as well as 

modeling efforts on the partly active, partly passive corrosion of 

rotating iron disks in sea water. 

Key words: Current distribution, salt-film formation, passiva-

tion, oscillations. 
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Introduction 

Localized corrosion involves a separation of cathodic and anodic 

processes, so that anodic dissolution occurs predominantly on one part 

of a surface and a cathodic process, such as oxygen reduction or 

hydrogen evolution, occurs predominantly on another. Thus, there must 

be an electric current flowing in the solution from one part to 

another. Transport of charge and mass in the solution must be con-

sidered in addition to processes occurring directly at the interface. 

The purpose of this work is to review briefly the transport 

processes in solution and the applications of modeling. There are 

complex and intimate interactions between these transport processes 

and the interfacial processes of· electrochemical reactions, adsorp

tion, and formation of compact and porous films. We want to carry the 

modeling through toward an enhanced understanding of localized corro

sion and of corrosion more generally. 

Transport Processes in Electrolytic Solution 

In modeling electrolytic solutions, we seek to predict the elec

tric potential and the concentrations of various species as these vary 

with position and with time. This usually requires us to establish 

governing partial differential equations and to apply mathematical 

tools to solve these equations, either analytically or numerically. 

The transport phenomena involved are complex and generally interact 

with each other and with processes at the interface between the solu

tion and adjacent metals and insulators. 

• 
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The fundamental transport relations are discussed in more detail 

elsewhere,1,2 including their underlying validity and also approxima-

tions useful in applications. A study of those works will give the 

reader a better feeling for how these governing relations work. Here 

we shall try to be brief. 

Central to the analysis is an equation describing a material bal-

ance on each species, specifying how the concentration changes in time 

in response to transport and chemical reaction. 

ac. 
~ - ~ - V·N + R at i i' 

(1) 

This is a bookkeeping equation embodying a reliable physical statement 

about the conservation or reaction of species. Here, c. is the con
~ 

centration of species i, N. is the flux density of species i, and R.· 
~ 1 

is the rate of production of species i by homogene6us chemical reac~ 

tions. To go along with this equation, there must be a transport 

equation describing how the species moves under the influence of a 

concentration gradient, an electric field, convective fluid motion, 

and interaction with other species in the solution. The transport 

equation can take a relatively simple form, one known for perhaps one 

hundred years, in which diffusion coefficients are taken to be con-

stant and interactions simple, or it can take a more complicated form 

valid in concentrated solutions. In dilute solutions, we write 

N. - -z.u.Fc.V~ - D.Vc. + c.v , (2) 
~ ~ ~ ~ ~ ~ ~ 

where zi is the charge number, u
i 

is the mobility, and Di is the dif-

fusion coefficient of species i, ~ is the electric potential, F is 
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Faraday's constant, and v is the fluid velocity. 

The current density i in the solution is due to the movement of 

the charged species: 

i = F I z.N. 
i ~ ~ 

(3) 

Finally, in order to have enough equations to calculate the elec-

tric potential ~ as well as the concentrations, it is necessary to 

state that the solution is electrically neutral: 

I Z.c. 
~ ~ 

i 
o . (4) 

For concentrated solutions, such as we expect to find in a corro-

sion pit or a crevice, we should like to replace the transport equa

tion 2 with themulticomponent diffusion equation
l

, 2 and also con-

sider the composition dependence of· the transport properties. Some-

times we proceed with the dilute-solution equation because it gives 

approximately the right behavior and we don't know the transport pro-

perties well enough to justify the additional complexity of the mul-

ticomponent diffusion equation. 

Interfacial Processes 

The boundary conditions distinguish different situations. The 

concentration or the normal component of the flux density, or a rela-

tionship between them, must be specified on surfaces bounding the 

solution. Here we want to describe the physics and chemistry as we 

best understand them. The boundary condition is likely to describe 

... 

• 
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the kinetics of electron transfer or of adsorption and desorption. We 

may wish to deal with the formation of salt films or passivating films 

at the interface. The potential V of a metal is generally uniform, 

and it is the difference between V and the potential ~O of the solu-

.'" 
tion adj acent to the interface that provides the electric driving 

force for these interfacial processes. 

Frequently charge transfer and adsorption are described by rate 

expressions with potential dependent rate constants (so-called 

Butler-Volmer kinetics), but the formation of compact films can modify 

substantially the basic kinetic laws, as we shall discuss presently. 

Current Distributions 

Over the decades, the treatment of electrochemical systems 

according to the model equations presented in the preceding section 

has proceeded with simplifications and approximations. These have 

b . d· h f . 1 . d 1,2 een rev~ewe ~n t e re erences prev~ous y c~te . 

One limiting case is the situation where there is a lot of sup-

porting electrolyte and the electric field in the solution is reduced 

to the point where the migration term in equation 2 is negligible. 

Then we can say that the current distribution is governed by convec-

tion and diffusion. To eliminate interactions with the kinetics of 

.. interfacial processes, the convective-diffusion situation can be stu-

died at the limiting current, where the electrode potential takes an 

extreme value so that the concentration of a limiting reactant 

approaches zero at the surface of the electrode. 
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The migration term is obviously negligible if the limiting reac-

taht is uncharged, like oxygen, an important corrosion agent. Figure 

1 is intended to illustrate a steel piling in the sea, with a subs tan-

tial flow past it. A simple principle of corrosion says that one 

should first calculate the limiting rate of transfer of oxygen to the 

corroding metal. In this case, the limiting rate, expressed as a 

current density, is sketched in polar coordinates. The rate is high 

on the front side where the fresh solution impinges on the surface, 

but it is also high on the back side where there is turbulence and 

3 eddy flow to enhance mass transfer. Such an analysis would permit an 

estimate of the rate of corrosion of the piling. It also is the first 

step in the design of a system for cathodic protection of the piling. 

. 2 
A sample calculation was given in a previous paper. First, one needs 

to know the distribution of the cathodic reaction. Then one can 

select the size and placement of anodes so as to provide this protec-

tion current, without driving any part of the structure into hydrogen 

evolution. 

This need to know the potential distribution brings us to the 

opposite extreme in the simplification of the analysis according to 

the transport equations in the preceding section-namely the neglect 

of concentration variations altogether. In this case, the equations 

can be combined to show that the potential in the solution satisfies 

Laplace's equation. The first simple case usually treated is called 

the primary distribution and involves the assumption that the solution 

adj acent to an electrode is at a uniform potential-as if electro9.e 
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Figure 1. Limiting current distribution around a cylinder at high 

Reynolds number. 
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kinetics were very fast and surface overpotentials were negligible. 

When electrode overpotentials and kinetics are considered in 

addition to ohmic potential drop, the situation is known as a secon

dary current distribution. Concentration gradients are still taken to 

be zero, and Laplace's equation still applies. Problems in which con

centration variations are considered, as well as ohmic potential drop 

and electrode kinetics, are sometimes termed problems of tertiary 

current distribution. We can see how corrosion problems might fall in 

this classification. Table 1 summarizes these definitions. 

While a lot of work has been done on the primary distribution, a 

little reflection suggests that it is not of compelling interest for 

corrosion problems. The result is a calculated nonuniform current 

distribution which is independent of the size of the system. It doe~ 

not, for example, give any indication of whether a current for 

cathodic protection will reach all parts of a body. Instead, we may 

wish to know how large a system can be protected, and for this we need 

to calculate how the potential varies adj acent to an electrode sur-

Table 1. Current distributions. 

Convective-diffusion (limiting current) 

Primary (ohmic limited) 

Secondary (ohmic and surface kinetics) 

Tertiary (all factors simultaneously) 

.. 
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face. We cannot find this if we assume that the potential is zero at 

the beginning. Some sample calculations of how large a body can be 

protected have been given in earlier work.
2 

Before going on to complicated problems, let us look at some 

interesting cases of the solution of Laplace's equation. We seek the 

potential distribution determined for a situation where the current 

distribution is prescribed on an electrode surface. Figure 2 shows a 

4 
pit geometry, where the current density has been taken to be uniform 

on the pit surface, a condition required for preservation of shape of 

a growing hemispherical pit. The cathodic reaction may well take 

place on the surrounding plane, but it is spread over a substantial 

distance. Consequently, we may take the current density to be zero on 

the surrounding plane and place the counterelectrode at infinity, 

where the potential is taken to be Zero. 

Figure 2 shows current lines (labeled from I = a to I = 0.8) and 

equipotential surfaces, which cross the current lines at right angles. 

The labels on the current lines denote the fraction of the total 

current flowing between the line and the axis of symmetry. These 

lines originate on the pit surface and go off to infinity, not touch-

ing the planar surface, which is assumed to be an insulator. Since 

the pit is not at uniform potential, the equipotential surfaces can 

intersect this surface as well as the surrounding plane. The plot 

indicates that the tangential component of the current density in the 

solution becomes very high at the lip of the pit. One may be particu-

larly interested in the potential values at the lip of the pit and at 
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Figure 2. Potential distribution and current lines for a pit, 

with a uniform current density on the pit surface and a zero current 

density on the surrounding plane. Values of I indicate the fraction 

of the current which flows between that curve and the axis of sym

metry. 
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the bottom of the pit because we need to consider the kinetics of the 

dissolution and passivation processes. 

.. One could also use figure 2 to make estimates of concentration 

variations. Under steady conditions arid with constant physical pro-

perties, a species concentration may also obey Laplace's equation, 

with boundary conditions analogous to those used here. 

Table 2 shows the maximum potential difference on the surface in 

several different geometries. The potential difference in each case 

is made dimensionless with the average current density on the surface, 

the radius rO of the object, and the electrical conductivity ~ of the 

solution. Comparison of table 2 and figure 2 shows that the value 

1.495 is the difference in the values of the dimensionless potential 

at the lip and the bottom of the pit. 

A geometry complementary to the pit 'is a hemisphere situated on 

an insulating plane with the counterelectrode at infinity. For a uni-

form current density, the potential adjacent to the surface would be 

uniform. Consequently, we have used the limiting current as the basis 

Table 2. Maximum, potential difference. 

geometry 
~t.<lJ 

<i>r
O 

current 

fi', 

disk 0.363 uniform 

hemisphere 0.546 limiting 

pit l.495 uniform 
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for calculating the maximum potential variation.
S 

A disk is intermediate between the hemisphere and the pit, and it 

is also a geometry of interest in corrosion. Let us assume that we 

have a disk inclusion with a uniform current density. The maximum 

potential variation on the disk surface, when made dimensionless, is 

0.363 if the surrounding plane is insulating
6 

but 0.6366 if the sur

rounding plane is of uniform potential. 
7 

Figure 3 shows the current 

lines and equipotential surfaces for the latter situation. Again, 

these lines are perpendicular to each other, but this time no equipo-

tential surfaces (except ~ - 0) intersect the surrounding plane, and 

the current lines are perpendicular to this surface. 

Localized Corrosion 

Figures 2 and 3 depict possible geometries of localized corro-

sion, with the region of net anodic current density toward the center 

of the diagram and the region of net cathodic current density toward 

the edge. This means that the potential ~O in the solution adjacent 

to the surface would generally decrease from the center, as sketched 

in figure 4. On this figure, we have also sketched the potential V of 

the metal, taken to be uniform because of the high conductivity of the 

metal. Thus, the potential difference V - <PO will be more positive, 

or more favoring of anodic processes, toward the periphery, where 

cathodic processes actually dominate. This can happen only if the 

rate of anodic dissolution of the metal decreases in some range as 

this potential difference increases. Figure S sketches such a pas-
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central region. 



15 

• 
I y 

Passivating reaction, Fe - Fe++ + 2e-
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--" ------.-;'. 
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Figure 5. Current-potential behavior of a passivating reaction 

and of a reaction exhibiting a limiting current, the latter at two 

rates of stirring. 
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sivating reaction for iron. Here the normal component i of the 
y 

current density at the surface is plotted against the potential driv-

ing force V - ~O for electrochemical reactions. The upper curve shows 

negative values of i at the left, then a zero rate, followed by 
y 

active dissolution, where the rate rises to a plateau and then drops 

more or less abruptly as the electrode passivates, or forms a protec-

tive oxide film. 

For cathodic protection of this iron surface, one seeks to main-

tain the electrode potential V - ~O toward the left on figure 5 so as 

to suppress the dissolution reaction. This requires fairly negative 

potentials and may result in undesirable hydrogen evolution on some 

parts of the surface. For anodic protection, one seeks to maintain 

the electrode potential V -~O toward the right so as to assure that 

the electro~e is passivated. This is easier to accomplish for stain-' 

less steels, which are alloyed so as to reduce the maximum rate of 

dissolution before passivation occurs. 

Figure 5 also shows the rate of oxygen reduction for two assumed 

rates of stirring. The open-circuit potential for the oxygen reaction 

is quite positive, and oxygen solubility is low. Consequently, the 

oxygen reaction displays a limiting current density over much of the 

potential range. 

Simple corrosion situations (not localized corrosion) require a 

local balance of the anodic and cathodic processes. For the solid 

oxygen curve and the iron curve on figure 5, there are 3 such points; 

the dashed line at the left indicates one in the active region where 
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the rate of iron dissolution balances the rate of oxygen reduction. 

Another balance point occurs toward the right, where the iron is pas-

sivated and the oxygen reaction is close to its equilibrium potential. 

The third balance point is on the descending part of the iron curve 

and might be expected to be unstable. 

For the higher rate of stirring depicted on figure S, there is 

only one balance point for the iron and oxygen reactions. At this 

potential, the iron reaction is passivated, and the rates of both 

reactions are quite small. Thus, more corrosive conditions such as a 

higher rate of mass transfer of oxygen can lead to a reduced rate of 

corrosion if the metal can passivate. 

Figure 6 illustrates three concepts of passivation. Curve a,. 

from measured· results of Epelhoin et aI. 8,9 after correction for ohmic 

potential drop, doubles back on itself. For simplicity, Law and New-

10,11 
man used a curve (curve b) which drops sharply upon passivation, 

corresponding to a sharp lip on a pit. On the other hand, El Miligy 

12 
et aI. have a model of electrode processes which leads to a gradual 

decline of the current density with potential in the passivation 

region (curve c). 

Figure 6 also shows a current plateau before passivation. This 

plateau seems to be mass-transfer limited according to the measure

ments of Epelboin et aI. 13 
Vetter and Strehblow

14 
discussed the pos-

sibility of salt films in pitting corrosion, and the concept has been 

refined by Alkire et aI.
lS 

See also the review of Beck.
16 
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The potential at which the metal passivates has been called the 

Flade potential ° P b ° 17 h 1 f h O 

° 1 our a~x gave us t e p ot 0 t ~s potent~a as a 

function of pH (solid line) in figure 7 ° For contrast, he also dep-

icted the equilibrium line for formation of Fe
2

0
3

0 In order to reach 

the conditions of potential and pH required for passivation, it may be 

necessary to form first a slightly porous salt film on the surface, as 

we shall discuss subsequently ° 

Iron in 1 M Sulfuric Acid 

Iron has been studied extensively in 1 M sulfuric acid in the 

absence of a corrosive agent like oxygen in order to understand pas-

sivation bettero We will discuss here a model of salt-film formation 

in relation to passivation and current oscillations,. which are 

observed with this systemo 

Figure 8 shows schematically a current-potential curve for iron 

;n 1 M If ° °d 13,18,19 
.L su ur~c ac~ . As we sweep from left to right, the 

current rises during the process of active dissolution of iron. The 

actual current sweeps through a maximum and a minimum before reaching 

a plateau; these transients appear to be related to a fast sweep 

13 ° h h f ° f fOl f f rate or to concentrat~on c anges and t e ormat~on 0 a ~ m 0 er-

rous If 
15,20,19 

su ate. These details, which are not observed on a 

reverse sweep, have been omitted from figure 8. The film formation 

presumably leads to a limiting current, proportional to the square 

13 
root of the rotation speed. 
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ing load line. Transient overshoot and undershoot phenomena are not 

included here. 
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With a normal potentiostat, the electrode would passivate 

slightly to the right of point C and follow the dotted line down. On 

the reverse sweep, the electrode would reactivate at V P-A and follow 

the dotted line upward. 

With a potentiostat with a positive-sloping load line,13 one can 

follow the dashed active-passive transition coming downward in a 

curved line beginning to the right of point D. One can think of this 

as being due to a disk with a shrinking active region near the center 

. 10 18 
and a passive pen.phery.' Notice that the potential is relative 

to the reference electrode in the bulk of the solution and some signi-

ficant ohmic potential drop is included in the measurement. The Flade 

potential V
F 

is also shown on the p~ot. This would be the passivation 

pote·ntial, in the absence of ohmic potential drop, sketched as the 

upper line on figure 7. 

The behavior to the right of point C can be unstable and show 

oscillations, but this is sensitive to the potentiostat control set-

tings. There is also an oscillatory region around point B. This is 

relatively insensitive to the potentiostat settings and can be 

regarded as being due to the inherent nature of the electrochemical 

system itself. We have studied this in more detail. 19 ,21,22 Figure 9 

shows that the current can oscillate between a minimum and a maximum 

which is three times larger than the minimum. At the maximum, most of 

the disk electrode surface should be active. At the minimum, there 

must still be an active center region since the current has not 

dropped to zero, but the outer region of the disk electrode should now 
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be passivated. 

Figure 9 shows some of the cleaner, prettier oscillations that we 

have observed. One can also see oscillations where a shoulder grows 

19,21 
on a wave and a subharmonic oscillation develops. Often one sees 

noise near the minimum of an oscillation. A faster oscilloscope speed 

19,21 
reveals that these are oscillations at a higher frequency. 

It would be interesting to have a detailed model showing quanti~ 

tatively how salt-film formation, concentration variations, and ohmic 

potential drop can interact to produce such oscillations. Figure 10 

shows on a Pourbaix diagram how such oscillations can occur. These 

. 21 22 are the result of model calculat~ons.' Three separate sets are 

illustrated, corresponding to different parameter values. Let ·us 

ignore the set labeled (b), near a pH of 3.3. At (a), two nearly 

identical sets are labeled (i) and (Ii). We need to discuss only set 

(i). Here the electrode is potentiostated, relative to a reference 

electrode in the bulk solution, but the ohmic potential drop between 

these electrodes implies that the ordinate on the Pourbaix diagram can 

change as the current and compositions change. In all cases illus-

trated, there is a porous film of FeS0
4 

of nearly constant thickness 

on the electrode. At point 1, the disk is active, and the high 

current causes hydrogen ions to be driven out of the film. This 

changes the pH at the electrode surface, under the FeS0
4 

film. The 

conductivity and current also change so that the local electrode 

potential V - ~O rises toward the potentiostated potential. Figure 11 

illustrates the composition and potential profile with distance from 

.. 

.. 



" 

> 
0 

.eo 
I 

> 

,. 

25 

0..30. 16., 
I 12 Electrode 
I // / / / //, 
I 
I 
I Oxide Film I 
I 

0..25 I 

(a) I 
I 
I 
I Sail Film 
I 9 I 
I 

0..20. 8 
Bulk Solution 

0..15 

0..10. Eleclrode c 
/ttt/ttL 

0..0.5 Solt Film 

Bulk Solution (b) 
0..0.0 

I 

(17) I 

-c.cs L-.. __ --L.. ___ ..L-__ --'-___ ....I...-__ O __ ----'-___ ....L-__ ---l_---.J 

o.sc 

pH 

Figure 10. Calculated potential-pH conditions at the electrode 

surface for three cases. 



Salt Film 

c ++ 
C'" Ie 

~ 
~ sat 

Electro I yte 

26 

c ++ Fe 

Figure 11. A steep potential gradient is present during active 

dissolution. Hydrogen ions migrate out of ~he pores of the salt film, 

causing a transient increase in pH at the electrode-salt film inter

face. 
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the electrode, through the film and out into the solution. 

At point lIon figure 10, the electrode passivates, that is, a 

thin compact film forms under the salt film. Since the current drops 

abruptly, the potential rises to point 12 on the Pourbaix diagram. 

Figure 12 illustrates the concentration and potential profiles. The 

low electric field allows hydrogen ions to diffuse back into the salt 

film and lower the pH adjacent to the passivating film. At point 16 

on figure 10, the passivation line is again reached, and this time the 

electrode reactivates and comes to a point (17) close to where it 

started. Here the current has increased abruptly, and the potential 

on figure 10 changes sharply, while the compositions, and hence the 

pH, have no time to change. . The oscillatory behavior can now con

tinue. One can see from figure 10, that aft.er passivation at point 11· 

there is also a strong possibility that the electrode will remain pas

sivated, since it is potentiostated at a relatively high potential and 

the pH change must be substantial in order to cause reactivation. 

The results given here and in the cited references emphasize the 

importance of a salt film in determining the anodic behavior of iron 

in the active region and in determining the conditions of passivation. 

The nature of the oscillations discussed here give insight into the 

apparently random character of localized corrosion. The condition of 

a partly active, partly passive surface is not easy to predict and can 

be physically unstable. 
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diffuse back into the pores of the salt film because the electric 

field is substantially reduced. 

28 



29 

Corrosion of Iron in Sea Yater 

Some years ago, L Q 
23,24 

a ue showed fascinating results for the 

corrosion of rotating disks in sea water. The copper disks corroded 

preferentially near the periphery, while the iron disks corroded pre-

ferentially near the center and were passivated near the edge. This 

seemed like an excellent system for developing a model of localized 

corrosion,2 one where hydrodynamics were known or could be described 

and for which methods had been worked out for treating both potential 

distributions and mass transfer. 
6 The concept was that turbulent 

flow, and therefore enhanced mass transfer of oxygen, occurred near 

the periphery of the disks, and this resulted in increased corrosion 

in the case of copper and to passivation in the case of iron. In the 

absence of the . experimental results of LaQue, one might have assumed 

that a situation of a partly active and a partly passive disk would 

have been unstable. 

Again, it is desirable to see how well a quantitative model of 

mass transfer, potential distribution, and passivation can reproduce 

the results already obtained experimentally and to see how parameters 

such as oxygen concentration, disk radius, rotation speed, and solu-

tion conductivity affect the results. 

25 
Vahdat and Newman reported results of modeling efforts in 1973. 

Since then, we have used a more realistic passivation curve, and we 

have studied the hydrodynamics and mass transfer in more detail for 

the disk geometry. Von K' ,26 
arman studied the hydrodynamics. The 

cent f th d · k· 1 1· fl for wh1.· ch Lev1.· ch
2 7 has er 0 e 1.S lnvo ves am1.nar ow, 
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showed us how to treat the mass transfer. This region turns out to be 

"uniformly accessible" from a mass-transfer standpoint-that is, the 

limiting-current distribution is uniform in this region. 

28 
Mohr and Newman measured limiting rates of mass transfer for 

disks in the transition region and showed how to infer the local rate 

of mass transfer from the overall rate. They augmented their experi-

29 
mental results with those of Daguenet and gave expressions for this 

local rate of mass transfer in the transition and fully-developed tur-

bulent regions. in addition to that in the laminar region. Because 

30 
the concentration may vary over the surface of the disk, Law et al. 

used ring electrodes. Supplementing their experimental results with 

those of Deslouis and Keddam
3l 

on rings and the previous authors on 

disks; they developed a procedure for calculating limiting mass-

transfer rates ·to disk and ring elec.trodes with flo'w regimes including 

the laminar, transitional, and fully turbulent. This procedure was 

11 
extended by Law and Newman to cover electrodes with variable surface 

concentration by means of a superposition integral. 

Law and 
11 

Newman refined the model of Vahdat and Newman to 

include our best understanding of passivation and mass transfer. Fig-

ure 13 compares the experimental resul ts of LaQue wi th the mode 1 

results for the radius of passivation for three overall disk radii. 

We are pleased with the agreement, although it is not perfect. 

Figure 14 gives a more detailed view of the complex processes. 

As functions of radial position, one sees the local current densities 

for the oxygen-reduction and iron-dissolution reactions and the 



Figure 13. Comparison of the measured (---) (LaQue 23 ) and ca1cu-

1 t d ( ) (L d N 11) d' . f .. f . d' k a e -- aw an ewman ra ~~ 0 pass~vat~on or ~ron ~s·s 

rotating in sea water. 
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potential ~o in the solution adj acent to the surface. Because the 

equilibrium potential for the oxygen reaction is quite positive, the 

oxygen reaction is found to be at the limiting current under the con

ditions depicted here. Thus, near the center of the disk, where the 

flow is laminar, the oxygen transport is uniform and given by the 

Levich formula. The transition region extends from r/r
O 

= 0.6 to 

about 0.75. Here the mass-transfer rate is actually expected to 

decrease, as shown in the figure, before it begins to increase. The 

fully-developed turbulent-flow region begins at about 0.75. 

The curve for the current density of iron dissolution shows the 

calculated value to increase from the center, but at the radius of 

passivation (r/r
O 

equal to about 0.85) the current density drops shar

ply. This would correspond to the point where V - ~O equals the. value 

given by the jourbaix criterion for passivation at this pH (see figure 

7 or a source specific to sea water). The potential distribution <PO 

decreases from the center toward the periphery because the anodic pro

cess dominates near the center while the cathodic process dominates 

near the edge (compare figure 4). 

The total oxygen current must balance the total iron current on 

figure 14, as this is the condition for corrosion. It is not always 

possible for the iron dissolution to keep pace with the limiting rate 

of transport of oxygen to the surface, and then it will not be possi

ble to maintain the disk in a partly active, partly passive condition. 

The entire disk will passivate. Figure 15 illustrates, from the cal

culations, how large values of the disk rotation speed or of the disk 
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radius would be expected to lead to complete passivation. Other 

parameters, such as bulk oxygen concentration and solution conduc

tivity would also have an effect, which is not shown on this figure. 

Conductivity is a particularly interesting parameter for localized 

corrosion. At very low conductivities, the solution would behave as 

an insulator, and current could not flow from one region to another. 

At very high conductivities, the electrochemical cell would be 

shorted, and one might expect completely passive or completely active 

behavior. Only at intermediate values of the conductivity would one 

expect localized corrosion, where the anodic and cathodic reactions 

occur, more or less, on different parts of the surface. -

Conclusions 

While localized corrosion is an interesting process, requiring a 

passivating reaction, it can lead to catastrophic failure by concen

trating the corrosive tendency of cathodic processes into intensive 

anodic dissolution in a small locality. 

Localized corrosion is complex because it involves current flow 

within the solution and substantial concentration variations. 

Research in this area requires refinement of our knowledge of passiva

tion and the development of mathematical models dealing with these 

phenomena and salt-film formation. The rotating disk is an attractive 

research tool because hydrodynamics, potential distributions, and mass 

transfer are reasonably well understood for this system. 
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List of Symbols 

concentration of species 3 i, mol/cm 

diffusion coefficient of species 

Faraday's constant, 96487 C/equiv 

current density, A/cm2 

2 
i. cm /s 

flux density of species 2 i, mol/cm ·s 

radial position,cm . 

radius of pit, disk, or hemisphere, cm 

rate of production of species i by homogeneous chemical 
reactions, mOI/cm3 .s 

time, s 

mobility of species 2 
i, cm ·mol/J·s 

fluid velocity, cm/s 

potential for metal, V 

charge number of species i 

Greek letters 

conductivity of solution, mho/cm 

potential of solution, V 
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