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Interactions in Localized Pitting Corrosion 

Identification and characterization of coupled diffusional and electro- 
chemical kinetics effects was achieved under potentiostatic anodic 
dissolution conditions. A one-dimensional artificial pit geometry with 
sample wire electrodes embedded in an inert support exposed to NaCl 
solutions was used to study the dissolution of stainless steel and high- 
nickel Alloy 600. Multiple steady states for both materials were deter- 
mined at conditions where the diffusional transport rates balanced the 
electrochemical rate of dissolution at the surface of the wire electrode. 
A theoretical transport model was developed to quantitatively explain 
the observed multiple steady state phenomena. 
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SCOPE 
Coupling of the rates of mass transfer and chemical 

reaction is common in systems of interest to chemical 
engineers. One example of this occurs in pitting corro- 
sion. In the presence of chloride ions, pitting corrosion 
of alloys such as stainless steel occurs only when the 
electrochemical potential exceeds a minimum value 
called the critical pitting potential. Tester and lsaacs 
(1975) and Beck (1973) suggested that the corrosion 
rate in this range of potential is possibly controlled by 
the diffusion rate of metal ions out of the pit, since the 
true metal dissolution rate is much faster. Diffusion 
control was experimentally verified for potentiostatic 
conditions above the critical pitting potential using a 
one-dimensional artificial pit consisting of a metal wire 
mounted in an inert support with its top surface 
exposed to a stagnant chloride solution. 

In later experiments by Newman and lsaacs (1983) 
the potential of an artificial pit undergoing quasi-steady 
dissolution was suddenly lowered to below the critical 
value. The dissolution rate was thereby reduced, and 
diffusion was no longer the single rate-limiting process. 
The observed rapid decline in current after a short 
induction period at the lower potential suggested the 
possible existence of multiple steady states where the 
rates of diffusion and metal dissolution reaction were 
balanced. 

In this work, the transient coupling of diffusion and 
electrochemical reaction were examined, both theoret- 
ically and experimentally, to verify the existence of mul- 
tiple steady states of pitting corrosion, where different 
current densities (metal dissolution rates or corrosion 
rates) occur under the same operating conditions. 

CONCLUSIONS AND SIGNIFICANCE 

By imposing a potential step change on a wire elec- 
trode exposed to a 1 mol/L sodium chloride solution, 
current-time data were collected: these data were then 
reduced using a diffusion model. The results show that 
at the higher potentials metal ion diffusion is ade- 
quately described by Fick’s law with a single effective 
diffusivity, in which the effects of ion concentration on 
the diffusion coefficient and electromigration under a 
potential gradient are taken into account. The current- 
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time data were also corrected for the effect of elec- 
trical resistance changes in the pit as the wire dis- 
solved and the diffusion length increased. These analy- 
ses allowed the current-time decay curves obtained at 
different pit depths to be reduced to a single isopoten- 
tial line with a maximum error of only 7% of the peak 
value. 

The measured values of the current density corre- 
spond to the effective dissolution rate of the metal. For 
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a given potential step change, the measured current- 
time data were translated into a set of current-surface 
concentration plots with the aid of the diffusion model. 
In these diagrams, the diffusion rate was observed to 
be linear in accordance with Fick's law. The intersec- 
tions of the diffusion line with the isopotential line 
obtained above should predict the location of the sta- 
ble and unstable steady states. 

Experimental values of the minimum pit depth at 

which steady state dissolution was reached were 
about 20°/0 smaller than values estimated from isopo- 
tential data. Moreover, the values of the current density 
observed at steady state were higher than predicted. 
These discrepancies can be explained qualitatively by 
an increase in the surface area of the wire and local 
regions of high metal chloride concentration caused by 
nonuniform dissolution. 

Background 
Localized pitting corrosion is a major problem in the chemical 

process industry. Stainless steel and other alloys containing iron, 
chromium, and nickel in varying amounts are usually covered by 
a film of metal oxides that protect the metal surface from dis- 
solving. When exposed to environments containing aggressive 
chloride anions, however, the passive oxide layer is undermined. 
Chloride ions penetrate the oxide layer a t  specific points on the 
surface, and increase the rate a t  which metal dissolves by the 
reaction: M - M"+ + ne-. This reaction leads to a current flow 
from the pit (anode) to the nearby metal surface (cathode), 
which remains passive. The creation of this local anode site 
causes a continued buildup of chloride ions as well as a decrease 
in pH due to hydrolysis of the metal ions. This increase in chlo- 
ride concentration and decrease in pH prevents repassivation of 
the metal surface. Metal dissolution due to pitting as described 
above initiates only when a particular electrochemical potential 
is exceeded (Galvele, 1976). The value of this potential is called 
the critical pitting potential. 

Tester and Isaacs (1 975) have studied the interaction of reac- 
tion and diffusion in the pitting corrosion of stainless steel. In a 
typical experiment, a constant potential above the critical pit- 
ting potential was maintained on a 1 mm dia. wire electrode 
mounted in Teflon or epoxy to provide a one-dimensional artifi- 
cial corrosion pit with inert side walls. The surface of the wire 
was exposed to an aqueous solution, usually concentrated chlo- 
rides (NaCI, HCI, FeCI,, NiCI,, CuCI,, etc.), and as the metal 
corroded or dissolved it receded into the support and increased 
the diffusion length. When the depth was approximately 0.1 cm, 
a substantial concentration gradient (about 40 mol/L . cm) was 
sustained within the artificial pit from a saturated, near-satu- 
rated, or even supersaturated concentration of metal chlorides 
at the metal-solution interface to the bulk concentration outside 
the diffusional boundary layer. At high enough applied potential 
(greater than 100 millivolts relative to the saturated calomel ref- 
erence electrode: + 100 mV SCE), the rate of dissolution was 
faster than the diffusive transport, and accumulated dissolution 
products precipitated, forming a salt layer a t  the metal-solution 
interface. The resistance of this layer decreased the reaction rate 
by consuming the potential. Further increases in potential 
resulted only in increases in the thickness of the salt layer 
(usually about 100 A [ 10 nm]); the current remained constant. 
Tester and lsaacs showed that the corrosion rate in this range of 
potential could be analyzed in terms of a diffusion-controlled 
process. After an initial transient period, the diffusion-con- 
trolled dissolution rate was slow enough to neglect moving 
boundary effects and a quasi-steady state was achieved where 

the current was shown to vary inversely with the square root of 
time. 

Further experiments were conducted on stainless steel (New- 
man and Isaacs, 1983) in which the potential of an artificial pit 
undergoing dissolution in the diffusion-controlled region ( + 400 
mV SCE) was switched to a lower potential (- 100 mV SCE) at  
which the rate of diffusion was faster than the rate of dissolu- 
tion. The salt layer dissolved within 1 s and the measured cur- 
rent slowly decreased (as the surface concentration of metal and 
chloride ions decreased and the metal surface became repassi- 
vated). During the repassivation process, the current decays 
rapidly following a short induction period. Using a transient 
mass transfer model, this current decline can be translated into a 
current-surface concentration plot. The shapes of these current- 
surface concentration curves indicate that several steady states 
may exist in the low-potential region in which the rates of diffu- 
sion and dissolution would balance. Thus multiple steady corro- 
sion rates should be observed at  the same applied potential, if 
the diffusion rate could be reduced further (by increasing the pit 
depth, for instance). In this study, an iron-base alloy, 304 stain- 
less steel, and a nickel-base alloy, Alloy 600, were examined 
both to determine the rates of dissolution and diffusion, and to 
discover whether multiple corrosion rates could be observed. 

Theory 
Introduction 

For any net electrochemical reaction to occur, a potential dif- 
ferent from the thermodynamic equilibrium value is required. A 
qualitative relation between the current, as a measurement of 
the reaction rate, and the system overpotential is shown in Fig- 
ure 1 (Albery, 1975; Vetter, 1967). 

In region I ,  the activation-controlled region, the current is 
very low, and all of the overpotential is consumed at  the alloy- 
solution interface. Both the voltage drop due to the solution 
resistance and the diffusion overpotential arising from limited 
mass transport rate to or from the fluid-metal interface are 
negligible. In this region, Tafel's law is valid and can be 
expressed as 

( 1 )  

where the constants and /depend on the reaction and on the 
reference electrode used. 

As the overpotential increases outside of region I, the current 
or reaction rate increases exponentially, and the potential drop 
in the solution because of its resistance (the current-resistance, 
or IR drop) becomes increasingly important. The total overpo- 

AE,oh, = a . In i + B 
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tential is then consumed by both the interfacial processes and 
the solution resistance. For this IR-controlled region, labeled 
region I I  in Figure 1 ,  the following relation holds 

0 

AE,,,,, = 5 . In i + 6+ i . R, (2) 

/ 1 1 1 I 

Further increase of overpotential may accelerate the reaction 
rate to the extent that the whole system becomes diffusion-con- 
trolled (region 111). In chloride-activated pitting corrosion, this 
will result in the precipitation of a highly resistant salt layer a t  
the electrode interface. The thickness of this salt layer (and thus 
its resistance) varies depending on the applied potential such 
that the extra voltage is consumed and the current is limited to 
the diffusion-controlled value. The current is then independent 
of the overpotential and is solely determined by the diffusional 
characteristics of the system (Tester and Isaacs, 1975). 

In this work, a diffusion model of the artificial pit is used to 
determine the actual electrode surface concentration of ionic 
species as a function of time. This information is then used with 
experimental current-time data to determine the rates of reac- 
tion and diffusion in the pit for various electrode surface concen- 
trations. The conditions for which the two rates are equal consti- 
tute the steady states of the system. Thus, experimental results 
together with an appropriate diffusion model will allow predic- 
tion of the steady state conditions. 

The artificial pit geometry is cylindrical with nonreactive side 
walls, and the diffusion in the pit is one-dimensional with a het- 
erogeneous reaction occurring a t  the bottom. However, several 
complications exist, such as the diffusion of several cations 
(mainly Fe2+, Ni2+, and Cr3+), hydrolysis reactions of these 
ions, variable diffusivities of a particular ion due to the ionic 
concentration distribution in the pit, and the effect of applied 
potential gradient or current flow on ionic transport and concen- 
tration profiles (electromigration effect). Also, for shallow pits 
with high species flux, a hemispherical diffusion boundary layer 
may extend from the pit entrance into the bulk solution, and 
increase the actual diffusion length. Therefore, a considerable 
number of simplifications must be made to obtain a tractable 
physical model. 

The first model simplification is to combine the effects of all 
of the reacting cations together into one hypothetical species, 
Me"+. In the case of 304 stainless steel, this cation would be the 

/ 
* 
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Figure 1. Regions of electrochemical reactions. 
I, Activation-controlled region 
11, IR-Controlled region 
111, Diffusion-controlled region 

molar average of the iron, nickel, and chromium present, having 
an average molecular weight 55.4, and an average valence 
2.185. The solubility of this species is assumed to be that of 
FeCI,, about 4.2 mol/L (Kuo and Landolt, 1974). The validity 
of this simplification can be partially verified by its utility in cor- 
rectly predicting the relationship between the total coulombs 
passed through the system, and the resulting pit depth. The total 
coulombs per unit length of wire dissolved is given by: 

Using 1 mm dia. 304 stainless steel, for example, Eq. 3 reduces 
to Q = 25.3 I C/mm depth. 

The second simplification is that the extent of hydrolysis reac- 
tions in the pit is small, so that the concentration of H +  can be 
neglected when compared to the concentration of Na' (approxi- 
mately I mol/L). This assumption seems reasonable, since the 
hydrolysis equilibrium constant for the most hydrolyzed species, 
Cr3+, is mol/L. Assuming concentrations can be used for 
activities, the highest expected concentration of Ht would be 
only mol/L. This means that the only species to consider 
for possible electromigration effects are Me"+, Na+,  and CI-. It 
should be noted that the pH of pit solutions in which the bulk 
solution was concentrated acid has been measured to be about 
0.5 (Hakkarainen, 198 I ;  Mankowski and Szklarska-Smialow- 
ska, 1975). In these highly acidic solutions, this assumption 
would not be valid. 

Next, we assume that the diffusion length is simply the pit 
depth. The range of pit depths for which this assumption is valid 
can be determined from Figure 2, a plot of diffusion-limited cur- 
rent vs. inverse pit depth. An external hemispherical boundary 
layer would vary depending on the flux, making the relation 
nonlinear. Thus the assumption is valid over the linear range, or 
for pits deeper than about 0.4 mm. In this region, the current-pit 
depth product is a constant under diffusion-controlled steady 
state conditions. 

The final assumption in our model is that the system can be 
characterized adequately by a single, constant effective diffusiv- 
ity that takes into account the effects of variable diffusivity and 
electromigration. The error incurred from this approximation 
can be determined from the flux equation in Nernst-Einstein 
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Figure 2. Diffusion-limited current vs. inverse pit depth. 
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form: 

(4) 

This equation can be solved for constant or variable diffusivity, 

( 5 )  
Do 

1 + b * C,, 
D,, = Do or D,, = 

with or without considering the electromigration effect (the sec- 
ond term on the righthand side of Eq. 4) (Galvele, 1976). 

Figure 3 shows the relation between the electrode surface 
concentration and current-pit depth product, where the adjust- 
able parameters Do and b have been fitted to force the solution 
through both the origin and the constant current-pit depth prod- 
uct measured in Figure 2. Two important results can be seen in 
Figure 3. The first is that the effects of variable diffusivity and 
electromigration tend to counteract one another, so that the case 
in which both are considered is within 10% of the simplest case, 
that of a constant diffusivity. The second result is that the con- 
stant effective diffusivity fitted to our data is 0.824 x cm’/ 
s (for 304 stainless steel). This is very close to the result quoted 
by Kuo and Landolt (1974) for FeCI, in water, of 0.85 x 
cm2/s. 

Solution resistance corrections (IR drop) 
The IR drop commonly refers to the system potential drop 

due to the electrical resistance of the solution. Because there is 
more solution in a deeper pit, the solution resistance will 
increase with increasing pit depth and will result in a larger 
potential drop. There will be less potential available for the elec- 
trode reaction in a deeper pit. To compare current decay curves 
measured at  different pit depths, the solution resistance must be 
known in order to account for its effect. 

The total potential drop in the system, AE,,,,,, maintained by 
the potentiostat, is given by 

- 5 1  c I I I I 1 

VARIABLE DlFFUSlVlT 

CURRENT-PIT DEPTH PRODUCT, i . 8  (MI  

Figure 3. Effect of diffusion assumptions on electrode 
surface concentration. 
The abscissa is normalized by dividing the current-depth product 
with nFAD, and is expressed in mol/L. 

where AEw and AE,, are the potential drops at  the working 
electrode and at  the saturated calomel electrode, respectively. 
AE,, is the solution IR drop, and is related to the current 
through the system by Ohm’s law: 

AE,R = i . R, (7) 

The saturated calomel electrode is very stable and AE,, 
remains constant for all values of current under consideration. 
Therefore, for a given value of AE,,,,,, the actual potential drop 
across the working electrode, AEw, depends on the solution 
resistance R,. For higher solution resistance, lower AEw 
results. 

The solution resistance in the pitting corrosion system consists 
of two parts: the resistance of the solution in the pit, and that of 
the bulk solution. The pit resistance, Rp, increases linearly with 
increasing pit depth, and the bulk resistance, Rbr is a constant. 
Theoretically, R, and R6 are related to the specific resistance of 
the electrolyte solution, a, and to the system geometry by (New- 
man, 1974): 

R, = R, + Rb 

= a  - + a  - (:.) (a,) 
= (constant), . 6 + (constant), (8) 

A first approximation for R, uses an approximate value of the 
specific resistance, a. From Robinson and Stokes (1959), the 
value of a for 1 mol/L NaCl solution at  25OC was measured to 
be 11.66 ohm . cm. With this value in Eq. 8, the total solution 
resistance was calculated to be 

R,(ohm) = 147.6 . 6(mm) + 58.3 (9) 

for a 1 mm dia. pit. The actual solution resistance used in the 
study was given by Eq. 8 with two experimentally determined 
constants. 

The experimental method employed to determine the solution 
resistance was an application of the IR-controlled region dis- 
cussed in the previous section. The electrode was first brought to 
a diffusion-controlled quasi-steady state by applying a high volt- 
age (e.g., +400 mV SCE). The potential was then reduced to a 
value below the critical pitting value (e.g., - 100 mV SCE) by a 
step change before again being raised to a high voltage. A typi- 
cal current response during these step changes is shown in Fig- 
ure 4. 

At stage A, the system is diffusion-controlled with the surface 
salt layer present. Stage B exists a t  the lower voltage for less 
than a second. During this period the potential is low enough to 
reduce the reaction rate sufficiently to let the salt layer dissolve 
and diffuse away, while the time is short enough to keep the sur- 
face from becoming passivated. After switching back to high 
voltage, the activation-controlled reactions are fast and increase 
the solution concentration to a supersaturated level. The solu- 
tion will continue to supersaturate until a point is reached at 
which spontaneous nucleation is initiated. At point C, the metal 
ion concentration reaches an unstable point and salt is precipi- 
tated. The sudden formation of a thick surface salt layer creates 
a large electrical resistance and lowers the current to point D. 
Finally, the salt layer dissolves to the proper thickness for the 
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Figure 4. The IR drop measurement. 
A, Diffusion-controlled quasisteady state 
B, Removal of surface salt layer 
C, Supersaturated solution of metal ions formed 
D, Breakdown of supersaturation and sudden precipitation of sur- 

E, Diffusion-controlled quasisteady state 
face salt layer 

applied voltage, the current increases, and the whole system 
returns to steady state in the diffusion-controlled region (stage 
E l .  

At point C, there is no salt layer resistance and the current is 
so high that the reaction overpotential ( t h e a h  i term in Eq. 2) is 
approximately constant. The system is completely IR-controlled 
and Eq. 2 can be simplified to 

AE,,,, = i - R, + (constant) (10) 

A plot of AE,,,,, vs. i at point C should yield a straight line with 
slope equal to R,. The values of R, obtained at  different pit 
depths can be regressed to determine the two constants in  Eq. 
8. 

All of the experiments used to construct the potential-cur- 
rent-surface concentration diagrams were conducted under con- 
ditions in which no surface salt layer exists. This is within region 
I1 of Figure 1 where both the IR drop and the reaction overpo- 
tential are important; Eq. 2 is valid. The measured current will 
depend on the solution resistance. For the same surface concen- 
tration and AEtotalr the measured current i, a t  a given pit depth 6 ,  
(with resistance R , )  can be converted into the corresponding 
current i,, which would have been observed if the pit depth had 
been 6, (with resistance R2), by equating AE,,,, in Eq. 2 for each 
case: 

i, - R, + 5 In i, = i2 . R, f In i, (11) 

where R ,  and R, are calculated using an empirical equation of 
the form of Eq. 8. 

must first 
be determined. It can be calculated by rearranging Eq. 2: 

To use Eq. 11 ,  the value o f  the Tafel’s constant, 

The lefthand side of Eq. 12 is the reaction overpotential, which 
is a characteristic only of the electrode reaction and is indepen- 

dent of pit depth. For a fixed surface concentration, the plot of 
(AE,,,,, - i . R,) vs. In ishould yield a straight line with slopee-. 
To locate a fixed surface concentration, we used the peak cur- 
rent of the transient decay curve in the linear regression. With 
the value of 5. Equation 1 1 was solved for i,. 

Pit diflusion model 
With the simplifications discussed above, it is possible to 

write the equations that govern the change in electrode surface 
concentration with time during our potential step experiments. 
The diffusion equation is: 

Our experiments were started at  the diffusion-limited current, 
so the initial condition is: 

where C,,, = 4.2 mol/L, and the origin of the x axis is a t  the pit 
entrance. The boundary conditions are: 

C,, = 0, at  x = o 
a c m e  i 

D,, - = -, at  x = 6 
a x  nFA 

In  our experiments, the current underwent a transient 
response. The boundary condition is therefore time-dependent, 
experimentally determined, and no analytical solution is avail- 
able, so a finite-difference numerical method was used. The ini- 
tial condition (linear concentration profile) and the boundary 
conditions (experimental current) were discretized, and inte- 
grated with respect to time by Euler’s method. The step size was 
reduced until the solution converged. Using this numerical solu- 
tion, which gives the actual surface concentration as a function 
of time, we transformed the experimental current-time data into 
a plot of current (reaction rate) vs. surface concentration. 

Location and stability of steady states 
Figure 5 is an idealized diagram showing two isopotential 

lines on a graph of current density vs. surface concentration. As 
described in the preceding section, these lines give the rateof the 
surface dissolution reaction vs. electrode surface concentration 
at  the given potential. The position of the isopotentials depends 
on the pit depth to which the curves have been IR-corrected. 
According to the surface flux equation developed above, Eq. 15, 
the diffusion rate can be represented as a straight line on this 
graph. This line passes through the origin and has a slope 
inversely proportional to the pit depth. 

Point A is the diffusion-limited current. When the potential is 
suddenly switched so the current falls below the diffusion-con- 
trolled value a new current should be observed at  either point B 
or point B’, depending on the new potential. If the new imposed 
potential is low for the pit depth a t  which the experiment is con- 
ducted, curve B’C describes the rate of surface reaction. In this 
case, the rate of surface reaction would be lower than the rate of 
diffusion at all values of electrode surface concentration. Thus 
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SURFACE CONCENTRATION ( % S o t )  

Figure 5. Theoretical prediction of multiple steady 
states. 

the current would be observed to decay to zero as the surface 
became repassivated. 

If, however, a high enough potential were imposed, curve 
BIHG describes the rate of surface reaction. In this case, the iso- 
potential and diffusion lines cross, and there are three points (G ,  
H ,  and I )  where the rates of reaction and diffusion are equal. 
These are the predicted steady states. Alternatively, the pit 
depth could be increased, so that the slope of the diffusion line 
( G A )  is decreased. By decreasing the diffusion rate sufficiently, 
the line would intersect reaction line B'G, and steady states at 
the lower potential would be found. With sufficient data these 
diagrams can be used to predict the lowest potential a t  which a 
steady state will be observed at  a given pit depth (or, conversely, 
the shallowest pit depth for which a steady state will be observed 
upon step-changing to a given potential). They will also predict 
what the steady state currents will be for a given pit depth and 
potential. 

The stability of the steady states can also be determined from 
the diagram. Stability is defined with respect to either potentio- 
static conditions (in which all perturbations are along the isopo- 
tential G H I B )  or with respect to galvanostatic (constant cur- 
rent) conditions (in which perturbations are along the constant 
current line BE, CF, or DG) .  Point G (the lower steady state) 
and point I (the upper steady state) are stable with respect to 
both potentiostatic and galvanostatic conditions. The steady 
state a t  point H (the intermediate steady state) is stable with 
respect to galvanostatic conditions, but unstable with respect to 
potentiostatic conditions. Thus the diagram predicts that a sys- 
tem held at  point H under galvanostatic conditions will sponta- 
neously move to either point G or point I if the system is sud- 
denly switched to potentiostaic conditions. 

Experimental Methods 
Apparatus 

The experimental apparatus is shown in Figure 6. The sample 
was a 1 mm dia. wire mounted in an inert epoxy plug and ground 
on grit paper to provide a smooth, flush surface a t  the beginning 
of the experiment. It was placed face upward in about 100 cm3 
of a 1 mol/L NaCl solution along with an auxiliary electrode 
and a reference, saturated calomel electrode (SCE). A poten- 

ELECTRODE k 
": ( S C E )  

SOLUTION 

EPOXY BASE 

POT E NT I 0 STAT 
COULOM E T  E R 
R E C O R D E R  

I 

Figure 6. Experimental apparatus. 

tiostat was used to set the potential across the system during the 
experiment, and the corresponding current vs. time was re- 
corded on a strip chart. A digital coulometer was used to inte- 
grate the current continuously. The surface of the pit was moni- 
tored and photographed with a microscope. 

Artificial p i t  preparation 
The metal surface was activated a t  the start of the experiment 

by applying a fixed potential of +400 mV SCE for 304 stainless 
steel and +600 mV SCE for Alloy 600, which were well above 
the critical pitting potential in  1 mol/L NaCl (about + 100 and 
+250 mV SCE for 304 stainless steel and Alloy 600, respec- 
tively). The metal was allowed to dissolve until the desired pit 
depth was attained. The coulometer reading was used to deter- 
mine the pit depth during the experiment by calculating the 
electricity required to dissolve a unit length of metal (see the 
Theory section). At the end of the experiment, a direct measure- 
ment of the pit depth was made with a micrometer. Measured 
and calculated depths agreed to within 1 to 2%. 

Solution resistance ( I R  drop) measurement 
The wire electrode was first activated above the critical pit- 

ting potential and the diffusion-controlled quasi-steady state 
was reached. The applied potential was then reduced to - 100 
mV SCE for 5 s to dissolve the surface salt layer. The system 
was again brought back to a high potential, ranging from 0 to 
+600 mV, SCE, to measure the transient current response. The 
system went through sequential stages of  

1. Supersaturation of metal ions 
2. Precipitation of the surface salt layer 
3. Resumption of the diffusion-controlled steady state. 

The peak current a t  the supersaturation stage was recorded and 
used to determine the solution resistance. 
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Potential step experiments 
The metal surface was activated at  the start of an experiment. 

The metal was allowed to dissolve until the desired pit depth was 
attained. The coulometer reading was used to determine the pit 
depth during the experiments. 

At the desired depth, the system was allowed to reach quasi- 
steady state. Then a potential step change was imposed on the 
system and the transient current response was recorded on a 
strip chart. The new imposed potential was below the critical 
pitting potential, so the current was observed to decay to zero 
(repassivation). The length of the response was dependent on the 
pit depth. The data from these experiments were used with the 
model developed above to predict the locations of the system 
steady states. 
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Experimental location of steady states 
Two techniques were employed to experimentally locate the 

system steady states. The first technique was simply to conduct 
potential step experiments a t  increasing pit depths. For deep pits 
(greater than 0.8 mm for 304 stainless steel, for instance) the 
potential step did not result in transient repassivation where the 
current decays rapidly. Instead, a new steady state with a lower 
current density was achieved with the current decreasing at a 
slow rate as in the quasi-steady state before. 

Experiments were then conducted a t  pit depths greater than 
the shallowest depth at which a potential step experiment 
resulted in a steady state. In  these experiments a constant poten- 
tial or a constant current was applied to the sample and the 
steady state value of the other was read. This allowed the obser- 
vation of intermediate steady states that were stable only with 
respect to a constant imposed current. 

Results 
Solution resistance ( I R  drop) 

The electrical resistance of the solution phase was determined 
by measuring the current a t  different applied potentials (0 to 
+600 mV SCE) in the IR-controlled region (at the supersatura- 
tion point as described in the experimental procedures). The 
total quantity of electricity passing through the system during 
one set of experiments was less than 0.8C. This corresponds to 
less than 0.03 mm increase in the pit depth, so an average pit 
depth was correlated with the measured resistance. When 
potential was plotted vs. current, all of these data sets yielded 
straight lines with correlation coefficients above 0.999, which 
shows the validity of assuming an average pit depth. 

The solution resistance R, is equal to the slope of the straight 
lines obtained above using 304 stainless steel wires. Figure 7 is 
the plot of solution resistance vs. pit depth. A linear relationship 
was obtained by regression 

R,(ohm) = (162.4 2 1.0) 6(mm) + (44.8 8.4) (16) 

a t  95% confidence level and with a correlation coefficient of 
0.997. Also shown in Figure 7 is the theoretical resistance line 
for a I mol/L NaCl solution (Eq. 9). The agreement between 
the theory and the experimental data is very good for pit depths 
between 0.4 and 1.2 mm, where most of the potential step- 
change experiments were carried out. The agreement is proba- 
bly fortuitous, since the complicating effects of high metal ion 

I I I I 

THEORY 
- ( I  M NaCI) 
R=14%66+ 58.3 

EXPERIMENT 
R = ( 162.4 2 10.0) a 

+(44.8 ? 8.4) 
( 9 5 %  CONFIDENCE LEVEI 

I I I I 
1.25 1.5 .5 .75 I 

P IT  DEPTH (rnrn) 

Figure 7. Comparison between theoretical and experi- 
mental correlations of solution resistance with 
pit depth. 

concentration and steep concentration gradients in the pit would 
be expected to affect the slope of the resistance line. 

in the IR correction of Eq. 11  was 
determined by using Eq. 12. The experimental values of the cur- 
rent vs. the IR-corrected potential, which is the reaction overpo- 
tential AE-i R,, are shown in Figure 8 as a semilog plot for the 
two alloys studied. The values of were determined from linear 
regression to be 23.34 and 41.56 mV for 304 stainless steel and 
Alloy 600 wires, respectively. These fitted values of Tafel’s con- 
stant for 304 stainless steel and Alloy 600 are in agreement with 
those measured in an earlier investigation at  23.9 and 38.9 mV, 
respectively. 

Pit diflusion 
Figure 9 shows the transient decay of current a t  various pit 

depths for potential step experiments conducted on 304 stainless 
steel. In all of these experiments the potential was switched at 
time zero from +400 to - 100 mV SCE. Two features can be 
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Figure 8. Determination of the Tafel’s constant for 304 
stainless steel and Alloy 600. 
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Figure 9. Experimental current-time decay curves at vari- 
ous pit depths for potential step change experi- 
ment. 
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ALLOY 600 1 

increases with increasing pit depth. This is consistent with the 
decay of current being caused by the diffusion of Me"+ away 
from the electrode surface and, therefore, by the reduction in 
Me"+ surface concentration after the step change in potential. 
The second observation is that the peak of the decay curve 
decreases with increasing pit depth. This is due to the increasing 
resistance of the solution in the pit, as described above. 

Figure 10 shows the five experimental curves of Figure 9 after 
applying the transport model to determine the surface concen- 
tration as a function of time, and after correction for the solution 
1R drop to a hypothetical 0 mm pit depth. One noticeable fea- 
ture in comparing Figures 9 and 10 is that the IR correction has 
not resulted in the same current density a t  high surface concen- 
trations for data a t  different pit depths. Instead, the peak cur- 
rents have been reversed, so that data a t  a depth of 0.9 mm have 
higher corrected currents than 0.8 mm, etc. 

Aside from the peak reversal, the convergence of the curves is 
the expected result. With the diffusional and solution resistance 
effects accounted for, the isopotential line (in this case - 100 
mV SCE) can be obtained from the average of the curves. The 
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Figure 11. Reaction rates at different applied potentials 
for 304 stainless steel. 

resulting curve represents the "actual" surface kinetics by giv- 
ing the rate of dissolution as a function of Me"+ surface concen- 
tration, although at  slightly varying potentials (IR drops). The 
scatter between lines is a measure of our total error, including 
errors in experimental measurement and errors due to the use of 
a simplified diffusion model. 

Accordingly, Figures 11 and 12, which present the results of 
our data reduction for 304 stainless steel and Alloy 600, contain 
error bars, which in each case is the standard deviation about the 
mean of a point-by-point averaging of curves from different pit 
depths. The largest error bar is about +7.5% of the peak value. 
If a 95% confidence limit on the mean is used for 20 points on 
each of the curves, an error bar of about 22% results. 

It should be noted that the resulting isopotential line can now 
be IR-corrected to any desired depth, since the result is exactly 
the same as independently correcting each of the curves at dif- 
ferent pit depths to the desired depth and then averaging. 

Steady states 
Referring to our earlier discussion of Figure 5, the dynamics 

of the system can be studied by either increasing the applied 
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Figure 12. Reaction rates at different applied potentials 
for Alloy 600. 
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potential or by increasing the pit depth. By conducting experi- 
ments a t  pit depths larger than those where transient repassiva- 
tion occurred, upper and intermediate steady states were ob- 
served for both 304 stainless steel and Alloy 600 at  potentials 
below the critical pitting potential. As depicted by points I and 
H on Figure 5, surface concentrations should be below satura- 
tion with no salt film deposited. This was experimentally 
observed. For 304 stainless steel, a potential step change from 
+ 400 to - 100 mV SCE resulted in a transient decay of current 
a t  a pit depth of 0.7 mm, but the same experiment resulted in a 
steady current of 61.8 mA/cm2 at  a pit depth of 0.8 mm. Fur- 
ther experiments were conducted at  pit depths of 2.0 and 2.6 
mm. In these experiments, the current was fixed and the poten- 
tial was observed to achieve a steady value. For example, a t  2.0 
mm depth, and a fixed current of 1 1.1 mA/cm2, the steady state 
potential observed was - 127 mV SCE. When the mode of oper- 
ation was switched to controlled potential a t  - 127 mV SCE, the 
current slowly attained a new steady value of 27.5 mA/cm2. 
These observations, as discussed earlier, indicate that the cur- 
rent densities above correspond to the intermediate (unstable 
with respect to potentiostatic conditions) and upper steady 
states, respectively, a t  - 127 mV SCE and 2.0 mm pit depth. A 
similar experiment yielded upper and intermediate steady states 
of 21.2 and 9.6 mA/cm2 a t  a potential of - 147 mV SCE and a 
pit depth of 2.6 mm. 

Experiments on Alloy 600 yielded an upper steady state a t  
+ 100 mV SCE and a 1.4 mm pit depth with a current density of 
52.4 mA/cm2, and at  + 50 mV SCE and a 1.5 mm depth with a 
current density of 33.2 mA/cm2. Upper and intermediate steady 
states of 29.3 and 13.8 mA/cm2 were also found at  +50 mV 
SCE and at  a pit depth of 1.65 mm. 

Throughout these experiments, whenever the galvanostati- 
cally stable intermediate state was switched to the potentiostatic 
condition, it always went to the more activated upper steady 
state. No complete repassivation was observed. 

Discussion 
By using a simplified one-dimensional transient diffusion 

model with current-resistance (IR) corrections for different pit 
depths, we were able to predict the relationship between corro- 
sion current density for 304 stainless steel and Alloy 600 as a 
function of the concentration of metal chloride at  the active 
metal surface. Furthermore, the results can be used generally to 
predict the repassivation behavior of the system at  any pit depth. 
Depending on the size of the applied voltage, the magnitude of 
the current density varied widely. At all applied potentials, the 
current density was much lower for Alloy 600 in comparison to 
304 stainless steel for experiments conducted a t  room tempera- 
ture (25OC) and in an initially I mol/L NaCl aqueous environ- 
ment. However, 304 stainless steel repassivated at  higher 
surface metal chloride concentrations. An idealized corrosion- 
resistant alloy for this environment would need to combine the 
properties of both stainless steel and Alloy 600. 

A major contribution to the analysis of the transient anodic 
current behavior under stepped voltage conditions was the 
observation and prediction of the existence of multiple steady 
states. These were seen at  surface metal chloride concentrations 
below saturation where the normal quasi-steady state diffusion- 
controlled current behavior exists a t  applied voltages larger than 
the pitting potential. Both unstable and stable steady states were 
experimentally identified for 304 stainless steel and Alloy 600. 

For example, an upper stable steady state and intermediate 
unstable steady state were observed for Alloy 600 at +50 mV 
SCE at  a pit depth of 1.65 mm. The current densities and frac- 
tional surface concentrations were 29.3 mA/cm2 at 58.5% of 
saturation for the upper steady state and 13.8 mA/cmZ at 28.0% 
of saturation for the intermediate steady state. This is in con- 
trast to the diffusion-controlled dissolution rate of 49.2 mA/cm2 
observed under quasi-steady state conditions with a 100% satu- 
rated surface concentration of metal chlorides present. 

As seen in Figure 12, these fractional concentrations are in 
the region where one might expect to find these steady states. 
The current density maximum of 60 mA/cm2 from the + 50 mV 
SCE curve on Figure 12 can be corrected for the IR drop to a 
I .65 mm depth using Eq. 1 1 with a = 41.6 mV and R, from Fig- 
ure 7. This reduces the peak current density to 24.0 mA/cm2, 
which should correspond to the steady state reaction rate 
observed. However, the prediction is 22% lower than the experi- 
mental value. Similar calculations for other observed steady 
states in Alloy 600 and 304 stainless steel also show predicted 
upper steady states 20 to 30% lower than observed. Given the 
above discrepancies, either the diffusion or corrosion rate was 
inaccurately predicted or extrapolated, or some basic new mech- 
anism became more important during the steady state experi- 
ment than during normal transient repassivation, since we can 
predict the latter behavior correctly. First one should note that 
the steady state experiments involved longer times and deeper 
pits than the transient repassivation tests. Given that the pre- 
dicted diffusion rate could be matched to the repassivation 
behavior and that the surface concentrations predicted are rea- 
sonable, the corrosion rate will be underpredicted since the 
observed upper steady state current density was greater than the 
estimated value. The reversal of the current density peaks for 
different pit depths that occurred when the data of Figure 9 
were 1R-corrected and replotted in Figure 10, may indicate the 
possibility of an incorrect Tafel slope or solution resistance 
resulting in inaccurate compensation of 1R drop, particularly for 
the deeper pits. Also, microscopic examination of the wire elec- 
trode surface before and during dissolution indicated the pres- 
ence of significant surface roughening during the steady state 
experiments as compared to a smooth, uniformly dissolving sur- 
face in the quasi-steady diffusion-controlled regime. This effect 
would tend to increase the calculated current density based on 
the nominal cross-sectional area of the wire because the actual 
dissolving surface area is larger. Although surface roughening 
was observed microscopically only with samples that were main- 
tained at low applied potential or low constant current for more 
than 30 min, nonuniform pitting was clearly initiated much ear- 
lier but was not visible under the low-power magnification of the 
microscope used. 

The experimental facts suggest that both solution resistivity 
effects and microscopic surface area changes could explain the 
discrepancies between the observed and predicted steady state 
points. It is likely that both mechanisms may be important in 
this system. 

Acknowledgment 
The research was conducted at the Brookhaven Station of the MIT 

School of Chemical Engineering Practice and was funded by the Brook- 
haven National Laboratory under the auspices of the Office of Basic 
Energy Studies of the US. Department of Energy, Division of Materials 
Science. under Contract No. DE-AC02-76-CH00016. 

AlChE Journal June 1986 Vol. 32, No. 6 957 



Notations 
A = wire cross-sectional area, cm’ 
cz, = Tafel’s constant, mV 
/= experimentally determined constant, mV 
b = concentration dependence parameter of diffusivity, L/mol 
C = concentration, mol/L 

C,, = metal ion concentration, mol/L 
C,, = saturated metal ion concentration, mol/L 

D,, = metal ion effective diffusivity, cm’/s 
D = diffusivity, cm’/s 

0, = infinite dilution diffusivity, cm’/s 
E = potential, mV 

= total system potential drop, mV 
AE,, = saturated calomel electrode potential drop, mV 

AE,R = solution potential drop, mV 
A E ,  = working electrode potential drop, mV 

F = Faraday’s constant, 96,500 C/equiv 
i = current, mA 

M, = avg. molecular weight, g/mol 
n = avg metal valence, equiv/mol 
Q = total electricity 
R = electrical resistance, ohm; gas constant 8.3 14 J/mol . K 

R, = bulk solution resistance, ohm 
R, = pit solution resistance, ohm 
R, = total solution resistance, ohm 

r = wire radius, cm 
T = temperature, K 
t = time, s 

x = pit length, coordinate, cm 

Greek letters 
01 = solution specific resistance, ohm . cm 
6 = total pit depth, cm 

6 = potential driving force for electromigration, V 
p = avg. metal density, g/cm’ 
(J = dimensionless potential, = F @ / R T  
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