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ABSTRACT 

The stability of localized corrosion sites on SS 316L exposed to 
atmospheric conditions was studied computationally. The localized 
corrosion system was decoupled computationally by considering the 
wetted cathode and the crevice anode separately and linking them via a 
constant potential boundary condition at the mouth of the crevice. The 
potential of interest for stability was the repassivation potential. The 
limitations on the ability of the cathode that are inherent due to the 
restricted geometry were assessed in terms of the dependence on physical 
and electrochemical parameters. Physical parameters studied include 
temperature, electrolyte layer thickness, solution conductivity, and the size 
of the cathode, as well as the crevice gap for the anode. The current 
demand of the crevice was determined considering a constant crevice 
solution composition that simulates the critical crevice solution as 
described in the literature. An analysis of variance showed that the 
solution conductivity and the length of the cathode were the most 
important parameters in determining the total cathodic current capacity of 
the external surface. A semi-analytical equation was derived for the total 
current from a restricted geometry held at a constant potential at one end. 
The equation was able to reproduce all the model computation results both 
for the wetted external cathode and the crevice and give good explanation 
on the effects of physiochemical and kinetic parameters. 

Keywords: Localized corrosion, modeling, stainless steel, atmospheric corrosion, 
repassivation potential 

INTRODUCTION 

Corrosion resistant materials such as stainless steels or nickel-based alloys may be 
subject to crevice corrosion initiation under atmospheric exposures at inherent 
geometrical crevices and other occluded geometries induced by oxide scales and 
precipitates which promote formation of aggressive chemistry. However, in order for 
such crevice corrosion to cast a structural integrity challenge, it must stabilize. Stability 
can only be maintained if the conditions within the occluded region remain sufficiently 
aggressive as to keep at least a portion of the crevice corroding actively. Not only must 



the anodic kinetics within the crevice be sufficiently fast that the occluded solution 
remains a concentrated metal chloride solution despite diffusion and migration out of the 
crevice, but also the external cathode must be sufficiently robust in order to consume 
electrons generated by the anodic reactions. Obviously, ionic and electrical connectivity 
between anode and cathode must be maintained as well. 

Historically, crevice corrosion modeling has assumed a constant potential at the 
crevice mouth [4-61. In some cases, the external cathode and the crevice have been 
modeled simultaneously in one The former method sets a potentiostatic 
condition that is unrealistic in practice, due to the limitations in throwing power of a 
wetted (rather than immersed) surface [lo]. The latter method makes separation of the 
effects of the crevice versus the external cathode more difficult. An alternative approach 
is to computationally separate the external cathode and the anode (the crevice), model 
them individually, and then link them through a common fixed potential at the crevice 
mouth. Such a separation allows in-depth study of parameters characteristic to cathode 
and anode respectively. Indeed, using this approach, effects of physiochemical and 
kinetic parameters on the cathodic current limitation of wetted SS 316 at 25OC has been 
studied and meaningful insights of practical significance were obtained [Io1. The reported 
repassivation potential of the crevice was used as it represents a critical point of stability. 

As for the previous study [Io1, CREVICER, an object-oriented code, was extended to 
study the thin electrolyte system serving as the cathode as well as the anodic crevice. 
Unlike many published models which assume linear or simple Tafel electrochemical 
boundary conditions [ll-131 , this model uses polarization curves constructed based on 
experimental data. Detailed description of this model can be found elsewhere. [Io1 

The present study had two objectives. The first objective was to quantify the effects 
of temperature on the limitation of wetted SS 316L to act as a cathode, extending the 
previous work at 25 OC.['O] The second objective was to demonstrate an approach to 
estimating crevice corrosion stability for cases where there are cathode limitations. To do 
so, preliminary calculations on the demands of a crevice of SS 3 16L at 25OC (termed ILC) 
were also performed. As a first approximation to a stable crevice, the crevice in this 
work was assumed to contain the critical crevice solution (CCS) throughout, and that this 
solution composition remained constant. This represents a worst case scenario for 
stabilizing a crevice as in reality only a portion of the crevice would be active. 

The total net cathodic current Inet that the cathode can support and the total anodic 
current ILc within the crevice were selected as output parameters of interest. The effects 
of kinetic and physiochemical parameters on Inet were studied while the effect of crevice 
gap size on ILc was explored as well. The projected Inet and ILc at 25OC were then 
compared to determine stability of the crevice. In addition, an attempt was also made to 
advance understanding on the observed effects of various parameters on I,,,. A semi- 
analytical equation was consequently derived which projected identical Inet to 
computation results and rationalizes the observed effects of the parameters of interest. 



MODEL DESCRIPTION AND BOUNDARY CONDITIONS 

The model shown in Figure 1.a was used to simulate the atmospheric exposure of a 
SS 316L substrate covered by a layer of electrolyte thin film and containing a creviced 
region. The wetted surface (cathode) was assumed to have a varying length of LC and the 
crevice (anode) was assumed to have a constant depth of 1 cm. It was assumed that both 
the wetted cathode surface and crevice had a constant width of 10 mm (an arbitrarily- 
picked value; the choice of this value has no effect on results). The surfaces were, as 
illustrated in Figure l.b, simulated with meshes generated by ANSYS~. The 
concentration of elements, as illustrated in Figure l.b, was highest close to the crevice 
mouth where the potentiallcurrent density gradients were expected to be highest. The 
electrolyte thin film was assumed to be homogeneous (constant conductivity) and have a 
constant thickness of WL while the crevice was assumed to have a uniform gap size and a 
homogeneous solution (assumed to be the critical chemistry). As stated earlier, the 
cathode and anode were mod'eled separately . 

The Cathode-The External Wetted SS 3 16L Surface 

A full description of the FEM model used to study wetted SS316L surface at 25 OC 
has been presented elsewhere [''I, and the present study used the same model to 
investigate the system. at 95 "C. The increase of temperature brings changes in 
conductivity, oxygen solubility and diffusion coefficient, and kinetic parameters (E,, Eo,c, 
i,,, Eco,, PC, and i ). Realistic values of these parameters were chosen based on a 
literature search. [14531 For example, the conductivity of the same solution at 95OC was 
estimated to be 30% higher than at 25OC [I4], while 0 2  diffusion coefficient was estimated 
to be 5.5.10-~ cm2/s at 95OC (at room temperature, Do2 =1.10-~ cm2/s was used). [I5] 

The model outputted potential (E) and net cathodic current density (inet=iC-i,) 
distribution profiles. A total net cathodic current Inet, the cathodic current that the thin- 
electrolyte cathode can use to support a localized corrosion site, was calculated by 
integrating the net cathodic current over all of the elements. 

A full 33 factorial design of water layer (WL), conductivity (K) and length of cathode 
(LC) was performed to explore the possible effects of these parameters as well as their 
possible interactions. Table 1 lists the parameter values used. 

Table 1. Values of WL, conductivity and LC used in a full factorial design 

For these calculations (base cases), the same kinetic parameters were used as shown 
in Table 2. Figure 2 shows the schematic of corresponding polarization curves: the 
oxygen reduction reaction (i,, empty squares) in an electrolyte film with WL=10 pm and 
K= 11.22 (ohm-m)"; the passive behavior of the stainless steel (i,, solid vertical line) and 



the summation of the two (ic-i,) (thick solid line, which overlaps with ic at potentials well 
below E,,,). When the WL increases, the limiting current density decreases significantly 
due to the increase in the effective boundary layer thickness, as shown in Figure 2. 
However, as highlighted by the shaded zone, the SS 316L is expected to be under 
activation control in the range of potentials of interest of this study. Also shown in this 
figure is the ic-i, (filled triangles) of an electrolyte film with WL=10 pm and ~=11.22 
(ohm-m)-' at 25 OC. Raising temperature has a significant impact on the electrochemical 
kinetics of SS 3 16 for the reduction of oxygen. 

Table 2. Values of kinetic parameters used in the base cases at 95OC 

The effects of each kinetic parameter (E,, i,, i,,, and PC) were studied by performing 
full factorial designs of LC and K shown in Table 3. To save calculation time, however, 
only WL=25 pm was considered, and yet the number of calculations still amounted to 99 
(= l l  x 9). 

Table 3. Values of parameters used to examine their effects on total net cathodic current, 

Eo,c V 
-0.05 

i 0 ,  A/cm2 
1 o - ~  

The Anode-The 3 16L Within The Crevice 

E, V 
-0.40 

Inet, at 95 O C  

In the present study the anode was modeled by a crevice with the crevice mouth held 
at the repassivation potential. Figure 3 shows a polarization curve from which the 
electrochemical kinetics used were abstracted [241 Salamat et a1.[241 studied the kinetics of 
SS 316L in solutions designed to mimic the critical crevice composition as had been 
determined by ionic analysis of solutions extracted from active crevices. The anode 
(crevice) was L = 1 cm deep. Three gap (G) sizes were investigated (G=l, 10 and 25 pm), 
the solution had a conductivity equivalent to 5 M NaC1, and a pH of 0.75. The otential at P the crevice mouth was ET= -0.35 VsCE which was based on the literature.[' Table 4 
shows the values of kinetic parameters used in the base cases. The calculations did not 
consider chemical composition changes within the crevice. They thus represent a first- 
order estimate of the current demand of a crevice at the repassivation potential containing 
the assumed critical chemistry. 

ili, A/cm2 

WL 
4 FDC - 

Erp (V) 
-0.3, -0.4, -0.5 

ECO~ V 
-0.15 

PC Vldec 
0.1 

Table 4. Values of kinetic parameters used in computation of crevice current 

4 

i, A/cm2 
1 0-' 

* For each parameter, full factorial design of LC and was used while WL was fixed at 25 pm 

PC (Vldec) 
0.06, 0.1, 0.13 

i, (A/cm2) 
lo-7 

~ O , C  (A/cm2) 
1 0-8, lo-y 

i 0 ,  A/cm2 
1 o - ~  

pa Vldec 
0.06 

ECO~ V 
-0.357 

E,,, V 
-0.35 

Eass 
-0.825 

i,, A/cm2 
10'" 

PC Vldec 
0.160 

&HER 

0.0975 



The output of interest was the total current demand from the crevice which was 
obtained by integrating the calculated current density profile over the length of the 
crevice. 

RESULTS 

The Cathode-The External Wetted SS 3 16L Surface 

Twical Current And Potential Distribution. Figure 4 shows typical potential and 
corresponding net cathodic current density distributions calculated from the model. As 
expected, the potential of cathode interface increased away from E, towards the Eco, of 
the cathode with increasing distance from the crevice, while the corresponding net 
cathodic current in,, decreased simultaneously. 

Base Cases. A 33 full factorial design of water layer thickness (WL), length of 
cathode (LC) and chloride concentration (K) was performed A standard analysis of 
variance [251 was performed on the results from the full factorial design of WL, LC and K, 
and the sum of squares was normalized with respect to the sum of square of WL. Table 5 
lists results of the analysis, showing that WL, LC, K, as well as the interactions of WL x 
LC, and LC x K are of significance. The effects of interactions of WL x K and WL x LC x K 

were very small. The interactions of WL x LC and K x LC can be seen in Figure 5. For 
example, when K was 0.0126 (ohm-m)-', the effect of increasing LC was negligible as In,, 
remained essentially constant; however, when K was 11.22 (ohm-m)-', Inet increased fiom 
7.0x10-~ to 1.95 x10-~ A when LC increased from 0.25 cm to 10 cm. In addition, this 
figure also suggests that I,,, saturates as LC increases. This issue will be addressed in more 
detail in the Discussion section. 

Effects of Kinetic Parameters (iOOC , Em, Oc. iI?h To quantify the effects of kinetic 
parameters (i,, , E,,,, PC, and i,) on total net cathodic current Inet, the following ratios were 
defined: 

R,=Inet(io,c=l oe7 or 10 '~) /1~~t( i~,~=l  o-~), 
RE,=Inet(E,=-0.4 or -0.5)/Inet(E,=-0.3), 
Rpc=Inet(Pc=O. 1 3 or 0. l)/Inet(Pc =0.06), and 
R~=II~~,(~,=I  0~~)/1.,~(i,= 1 o"), 

where the units for the parameters are Ncm2 for i , ,  and i,, V (vs SCE) for E,, and V/dec 
for PC respectively. In general, a ratio that significantly deviates from 1 (>>I for R, and 
RE,,, and or <<I for Rp, and %) suggests a considerable effect of the corresponding 
parameter. 

These ratios were calculated and both the magnitudes of the ratios and their 
dependences on LC were very similar to those observed at 25 OC['O]. E,and ic had 
significant impact on I.,, (values of R, and RE, were significantly larger than 1) whereas 
the values of Rpc are always smaller than 0.2. For example, increasing i , ,  by a factor of 
10 resulted in an increase of Inet by a R, between 4 and 11. In addition, LC and K have 
significant impacts on the effect of these kinetic parameters (i,, , E, and PC) respectively. 
Despite the large variation with K at smaller LC, however, the ratios (K, RE,, and Rpc) 
tended to reach constant values as LC increased. For example, RE, was 9.35, 7.05 and 



3.59 for ~=11.22, 0.632, 0.0162 (ohm-m)-' respectively at Lc=0.2 cm (WL = 25 microns, 
E, = -0.4 V(SCE)), . These values gradually decreased with increasing LC and eventually 
reached a constant value (3.45) at LC =10 cm. The passive current density i, was found to 
have an extremely small impact on Inet in the tested range. At 25 OC, i, had no measurable 
effect, whereas at 95 OC, a change of i, by a factor of 10 (from to Ncm2) 
resulted in a small change (-5%, R,-0.95) in Inet 

Effect of Temperature. The ratio RT=Inet(T=950C)/Inet(T=250C) was used to quantify 
the effect of temperature on Inet. Increasing the temperature from 25 to 95OC, Inet 
increased by a factor between 6 and 30, and it was found that K, WL and LC all have some 
interaction with temperature. For example, for a case with the highest conductivity (1 1.22 
(ohm-m)-') and a cathode of lcm length, the RT was as high as 21, whereas this RVl- 
decreased to 6.5 for the same cathode with the lowest conductivity (0.0162 (ohm-m)-'). 
Despite the large variation of RT with K as well as WL at smaller L,, it nevertheless 
reached an essentially constant value (-6.50) as LC increased to 10 cm (a value large 
enough so that Inet saturated). 

The Anode-The 3 16L within the Crevice 

Typical Current and Potential Distributions. The potential and current distribution 
results from the computational modeling are shown in Figure 6. As expected, the 
potential falls monotonically with increasing distance into the crevice. High current 
densities are observed over up to 1 mm in from the mouth with the current density 
decreasing deeper into the crevice. The rate of decay of the current density depended 
strongly on the crevice gap, with larger gaps exhibiting higher currents deeper into the 
crevice. 

Effect of Gap. Nobler potentials are observed deeper for the higher gap cases in 
Figure 6, i.e., as the gap decreases, the potential profile becomes steeper over initial 
distances into the crevice, and then flattens out at deeper distances. In all three cases the 
potential at the tip (farthest in) of the crevice was at or very close to the open circuit 
potential (OCP), hence the small currents at the corresponding depths. Figure 7 shows 
the total current demand of the crevice, ILc, as a function of gap, along with the results of 
power law fits to the results. The power law fits the data very well, with the exponent of 
0.48. Figure 8 shows the effect of temperature on the sensitivity of a cathode to increases 
in WL. Higher temperatures lead to larger increases in I,,,, with increasing WL. 

DISCUSSION 

Effects of Parameters on the Current from a Wetted Cathode 

For a wetted cathode coupled to a localized corrosion site, the current and potential 
distribution along it as well as the total net cathodic current I,,, are affected by many 
physicochemical and kinetic parameters such as water layer thickness (WL), size of 
cathode (L,), K, temperature (T), anodic and cathodic behavior of the cathode (i,, io,c, PC), 
and repassivation potential (E,). In a previous study on a wetted SS 3 16 cathode exposed 
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at room temperature 25'C [lo], the effects of WL, LC and K were studied using a full 
factorial design using I,,, as the characteristic of interest. The effects of kinetic parameters 
were also explored by parameterizing each parameter while holding the rest at base 
values. In this study, the same approach was used to characterize the effects of these 
parameters as well as increased temperature (9S°C). 

The effects of temperature on I,,, were found to depend on the values of LC, K, and 
WL. The ratio of net currents for a given cathode case ranged from 6 to 30 depending 
upon the values of the physical parameters. The larger ratios occurred at smaller cathode 
lengths, and as the cathode reached a length that led to the saturation of Inet (cf. Figure 5), 
the increase in I,,, upon an increase in temperature from 2S°C to 9S°C became 
approximately 6.5, independent of the values of the other parameters. Additional effects 
of temperature would be through effects on oxygen solubility, oxygen diffusion 
coefficient, and the kinetic parameters. 

Based on the magnitude of normalized sum of squares listed in Table 5, the effects of 
these five parameters at 95 OC follows -the ranking: K > LC > LC x K >WL> WL x LC. This 
order represents a slight change from that observed at 25 OC["], where LC had the largest 
effects. At both temperatures, the effect of WL is rather small and this is likely because 
the SS 3 16L is under activation control in the range of potentials of interest and change in 
WL consequently has little effect on the corresponding cathodic reaction rate. If the 
potentials of interest were in the diffusion limited control regime, WL would be expected 
to have more impact. 

As observed at 2S°C, simple linear regression of the results does not lead to 
acceptable abstraction. Linear regression using the five factors of significance identified 
by the analysis of variance results in the following expression: 

Table 5. Analysis of Variance for the full factorial design of WL, LC, and K at 95 OC 

I,,, = 2.85 -10-l2 - WL + 6.74.10-~ .K- 7.32.10-'O - L~+1.10.10-" . WL -LC 

+2.94-10-~ . K . L C + ~ . ~ ~ - I O - ~  ~*=0.80  (I)  

Source of 
Variance 

Ratio to WL 
Ratio to WL 

(25°C) 

The correlation coefficient is similar to that found using a similar approach at 25OC 
using five factors. The relatively poor performance of the linear regression can be 
attributed to the lack of inclusion of the effects and interactions with the kinetic 
parameters as well as the restriction to linear terms. 

Figure 5 shows that In,, saturates (reach a maximum value, called I,,, hereafter) when 
LC exceeds a critical value. This phenomenon ,was observed at 2S°C as well [Io1. The 

WL 

1 

1 

LC 

1.97 

5.19 

K 

4.74 

3.85 

WLxL, 

0.60 

0.74 

W L X K  

0.24 

0.18 

L ,XK 

1.28 

2.46 

W L X L , X K  

0.36 

0.24 



origin of this saturation can be ascribed to the fact that inet (i,-i,) diminishes with distance 
to the crevice and eventually become zero when the open circuit potential of cathode is 
reached at a critical distance. 

Figure 5 also shows that the I,,, and corresponding LC at which I,,, is observed 
significantly increases with K. For example, I,,, was reached when LC was as small as 1 
cm for a case with the lowest conductivity, whereas I,,, was only reached when LC was 
15 cm for a case with the highest conductivity. This is due to the increase of conductivity. 
Computations on cases with fixed WL=10 or 200 pm as well as fixed 0.001 or 1 M C1- 
were also performed and a similar saturation behavior of Inet was observed. 

* Choice of kinetic parameters is listed in Table 2. 

As discussed above and in an earlier report [Io1, the determination of I,,, and the 
smallest cathode size at which I,,, is realized are of practical importance, offering 
significant information to answer two important questions to atmospheric systems which 
often have patches. of electrolytes rather than contiguous thin electrolyte films: (a) what 
size patch of electrolyte could support a sustained localized corrosion site; (b) how fast 
such a site could corrode. Because I,,, is approached asymptotically, 98% Imax was used 
to determine required minimum LC for current saturation and the results are summarized 
in Table 7. This type of table allows the determination of a practice maximum size of 
cathode. Further increase of cathode will not provide significant extra cathodic current 
(<2%). Such a table can also be used to determine stability of a localized corrosion site 
by coupling with the Galvele criterion [''I or using the approached discussed later. 

Semi-Analytical Expression of Current Capacity from a Restricted Geometry 

In addition to the computational characterization, we have attempted to abstract our 
results into an equation that incorporates all the parameters of interest and rationalizes the 
modeling experimental observations. The approach has been to consider the restricted 
geometry of the wetted cathode and to introduce the concept of an equivalent cathode 
length, LC, to account for the distribution of current along the cathode, as well as the 
introduction of the kinetics via a determination of an equivalent, or average, current 
density. 

For a cathode with the same geometry considered in this study (Figure I), assume 

I,,, = i,, . L,, - W (assumption 1) (2) 



where Leq is the equivalent length of the cathode, W is the actual width of the cathode, ieq 
is the equivalent current density, and I,,, is the total net cathodic current 

. - EL - EL 
'eq - - 

EL -E, AE 

where EL is the potential of the cathode edge which has the largest distance to the crevice 
mouth. It is apparent that if the cathode has a constant net cathodic current density along 
it length, then Leq=L, and ieq=ili,-i, 

Assume that the electrolyte on the cathode surface. acts as an ideal resistor with 
resistance R, 

R =  Leq (assumption 2) 
C.K.WL.W 

so that the potential drop across the cathode can be estimated by 

'net ' Leq (assumption 3) 
(5) AE=E, -E, = Ine , .R=  I 

C.K.WL.W 

where k is the conductivity of the electrolyte (assumed to be constant throughout the 
restricted geometry), and C is a geometric correction factor. This correction is needed as 
the electrolyte layer this is by no means a simple resistor which would have 

R =  
LC . In the case of the wetted cathode, the electrolyte layer acts as a 

K .  WL'. W 
distributed resistor due to the interfacial current along its length. 

Solve 5 for Leq and substitute the result into equation 2 

I,, = w . , / c - A E - K . w L . ~ ~ ~  

and replace ieq with equation 3 

In,, = W. C - K - W L .  (i, -ip).dE ,I7 
Definition and Validation of a Value for C. The constant C characterizes the effects of 
the interfacial reactions on the effective resistance. To determine its value, the entire set 
of results was considered. When the square of I,,, is plotted versus the product of W, WL, 
o, and the integral; an excellent linear relationship was observed. The slope of the line 
was 2.0, with a correlation coefficient of 1 .O. Thus, 



In addition, equation 8 also success~lly ,reproduced the observed effects of 
temperature (changing temperature will result in change of o and kinetic parameters) and 
all the kinetic parameters including i,,, E,, b, and i,. Table 6 lists the projections from 
equation 8 compared to the model outputs for selected cases with different temperature 
and kinetic parameters. In all cases, equation 8 yielded near identical results (error less 
than 0.4%) to the full model computation for the individual cases. p art land[^^] found a 
similar value of C for the case assuming a region of constant current density within a 
crevice, as can be easily derived. A more detailed of the dependency of C on geometry 
and cathodic kinetics will be the subject of future work. 

Table 6 Comparison of I,,, projected by Equation 8 and the model computation for 
selected cases with various kinetic parameters or temperatures. 

I 1 95°C 25°C 

* All cases have 0.05M Cr, Lc=lOcm, WL=25pm 

I,,, (A/cm2) projected 
by Equation 8 

I,,, (A/cm2) projected 
by Model Computation 

Error % 

For the use of equation 8, one challenge is the determination of EL, the potential of 
the cathode edge furthest from the crevice mouth (i.e., at LC). In general, EL increases 
with increasing LC until the open circuit potential of the cathode, E,, is reached. In this 
way, the effect of LC is thus implicitly considered by this equation. Thoughin most cases 
estimation of EL is not straightforward (in this study, values of EL were determined from 
potential profiles outputted by the model calculations), its value is limited in that it can 
never exceed the open circuit potential of the cathode Eoc. Thus, equation 8 can be used 
to estimate the current limitation of cathodes by using E,, for EL. It should be noted that 
the'electrochemical kinetics of the cathodic reaction are required to use equation 8. That 
is, the polarization behavior (i(E)) has an influence on the cathode capacity. That said, 
the spatial current distribution is not required, only the polarization behavior and'the two 
potential limits for the integration. 

Figure 8 shows the effect of temperature on the cathode capacity to support localized 
corrosion. I,,, is plotted i s  a h c t i o n  of W L " ~  for both temperatures. The primary 
difference is in the slope of the line. As shown in equation 8, the slope of such a plot 
would be affected by the conductivity, cathodic kinetics, and choice of potential limits. 
The slopes in Figure 8 differ by a factor of almost 6.5, showing that at the higher 
temperature, increasing the WL has a much larger effect on the I,,,, than occurs at 25 "C. 

Base case 

7.312.10-' 

7.314.10-~ 

0.03% 

Whereas equation 8 was derived. in the context of the current capacity of the external, 
wetted cathode, it can also be directly applied to the case of a crevice, if the same 
conditions are operable. In the calculations presented here, these conditions (i.e., 
constant conductivity, constant geometry, constant potential at the crevice mouth) are 

i,,=10-~ 
A/cm2 

2.196.10-' 

2.188.10-~ 

0.36% 

E,=-0.3 V 
vs SCE 

2.197.10-' 

2.190.10-~ 

0.32% 

P,=0.06 
V/dec 

3.785.10'9 

3.790.1W9 

0.13% 

A/cm2 

6.836.10-' 

6.839.10-' 

0.04% 

Base case [Io1 

1.131.10'~ 

1.129.1W9 

0.18% 



operable. In the case of the crevice, the WL in equation 8 would be replaced by the gap, 
G, and the current being calculated would be that demanded by the crevice, ILc. Thus, 
one would obtain the following: 

Equation 8 represents a power law with respect to the gap G, all else being equal. 
Thus, it would predict that a plot of log IL, versus log G would result in a straight line 
with a slope of %. Figure 9 shows such a plot for the data generated, and an excellent 
straight line is observed with a slope very close to %. 

These two abstractions can serve as the foundation for the estimation of crevice 
corrosion stability under atmospheric exposure conditions. For a given set of values of 
the physical parameters and electrochemical kinetics, the current capacity of the cathode, 
Inet, can be compared to the current demand from the crevice, ILc. If the former is equal to 
or exceeds the latter, the crevice can be stabilized by that cathode. 

While the calculations for both the cathode and anode assume steady state conditions 
and kiform conductivity, they do represent a reasonable approach to abstracting the key 
parameters into a form that allows a first-order estimate of crevice stability. With time, 
the chemical conditions at the cathode will change and likely decrease the current 
capacity. Similarly, as the chemical conditions inside the crevice evolve, it is likely that 
the current demand will decrease, although as the crevice corrodes, the increase in 
surface area could lead to increased current demand. 

Stability of Localized Corrosion 

For systems under natural conditions, the stability of localized corrosion requires a 
cathode which can supply a cathodic current (Inet) that matches or exceeds the anodic 
current within the crevice (ILc). The anodic current demand is determined by the need to 
maintain a solution with a sufficiently aggressive composition that repassivation is 
prevented. The aggressiveness of the occluded solution is determined by the competition 
between dissolution and subsequent metal ion hydrolysis within the crevice and the 
dilution of the occluded solution via mass. transport of the high concentrations of chloride 
and hydronium ion out of the crevice. 

Experimentally, this stability condition can be measured by determination of the 
repassivation potential of the crevice. Sridhar and colleagues ['7928y291 have shown that, 
when properly determined, E, can be used as a criterion for crevice stability. If the 
mouth of the crevice is held at or above E,, the crevice remains in an active state, 
whereas below E,, the crevice eventually repassivates. However, determination of E, is 
done under conditions of full immersion and potentiostatic control, which supplies as 
much current as the anode demands. In natural systems, the role of the potentiostat is 
replaced by the external cathode. For conditions of full immersion in highly conductive 



solutions, increasing the cathode size linearly increases the current the cathode can 
supply. 

For localized corrosion systems under atmospheric conditions, the restricted geometry 
of a wetted cathode limits the ability of the external cathode to provide current to the 
crevice at and above the repassivation potential. Although more positive potentials 
stabilize the crevice, increasing the potential of the cathode decreases the current it can 
supply. This limitation leads to an inherently increased instability for localized corrosion 
in atmospheric exposure. The work presented here provides a means to quantitatively 
assess the level of that instability. By determining I,,, and comparing it to ILc, the 
stability of coupled localized corrosion site can be assessed. An application of this 
approach is showcased below considering a localized corrosion of SS 316L under 
atmospheric exposure at 25 OC. Calculations from previous work with a cathode at 25 
OC["] are connected to the calculations reported for the anode here. 

It is important to point out that the assumption of constant, spatially homogeneous 
chemistry for the crevice should only be viewed as a gross first approximation for an 
active crevice. In reality, there are strong chemical gradients within the crevice which are 
time-dependent. These chemical gradients and their effects on the polarization behavior 
of the material locally are of critical importance to accurate determination of crevice 
stability. However, while there exists some information regarding the critical crevice 
chemistry for different alloys under given experimental conditions, very little detail exists 
that would allow the time-dependence of polarization. behavior of the material inside the 
crevice on the local chemistry to be captured in a model, although work is ongoing in that 
area. Similar, arguments can be made for the external cathodic surface at which the pH 
will tend to rise and precipitates will form, likely slowing the cathodic reaction rates. 

In the absence of such information, the assumption of a crevice filled with the critical 
crevice chemistry connected to a time-independent cathode surface allows the illustration 
of a framework for understanding the stability of localized corrosion under atmospheric 
conditions. It can be viewed as a zero-eth order estimate of what combinations of 
cathode parameters (e.g., WL, solution conductivity, kinetic LC) and crevice 
parameters (e.g., gap) are compatible. It approximately represents the conditions at the 
initiation of crevice corrosion when the crevice has been activated (and hence contains 
the critical crevice solution over some portion of its length). If the cathode cannot meet 
that current need, stabilization of the crevice will not be possible, as the current demand 
from the crevice will likely rise with time. 

Figure 9 represents an example of the application of this framework for crevice 
stability. The current demand from a 1-cm long crevice is shown as a function of gap, 
assuming that the mouth is at the repassivation potential (E,= -0.35 V(SCE)) . The 
dotted horizontal lines represent the maximum currents available from an external wetted 
cathode (I,,,) assuming different WL values, but having the same' solution composition 
(K= 1 1.22 (ohm-m)-l, equivalent to 1 M NaC1). Thus, if the WL was 200 microns thick, a 
crevice with a gap of 2.3 microns could be supported, and decreasing the WL to 25 
microns decreases the maximum gap that can be stabilized to 0.4 microns. Further 
decreasing the WL to 10 microns leads to a reduction in the maximum gap to 0.14 
microns. The value of 2.3 microns for the critical gap for a 200 micron WL seems 
reasonable when compared to the 4 microns predicted by Lee and Kain 1301 using the 
model of Oldfield and Sutton [311 for the critical gap for full immersion in seawater. 



Such abstractions have utility not only in the design of experiments relevant to 
localized corrosion under atmospheric conditions, but also in the prediction of 
cathodefanode combinations that should be avoided to assure long-term integrity of a 
structure. 

CONCLUSIONS 

Crevice corrosion of SS 316L exposed to atmospheric conditions was studied by 
computational study of the external cathode and crevice separately. Effects of 
physiochemical and kinetic parameters on the total net cathodic current Inet and the effect 
of crevice gap size on the total anodic current ILc were explored. The I,,, and ILc were 
used to determine stability of crevice corrosion. The following conclusions can be drawn: 

For the cathode: 

1. WL, LC and K, as well as the interactions of LC and WL, and LC and K have 
significant impact on the total net cathodic current Inet. An analysis of variance 
showed that the effects of these factors decrease in the following order: K > 
Lc>Lc X K >wL> WL X LC. 

2. Temperature (95 vs 25 OC) was found to have a significant effect on I,,, with the 
increase in Inet ranging from a factor of 6 to a factor of 30, the value of which was 
dependent on the values of the other physical parameters. At large cathode sizes, 
LC, the effect of temperature became independent of the other parameters and 
approached a value of 6.5. 

3. Cathodic kinetic parameters, E,, i,,, and PC, were found to have significant 
effects on I,,,, whereas ip in the cases of studied had little effect on Inet. 

As with all analyses based on statistics, these analyses are strictly applicable only within 
the range of parameter values investigated. 

4. A semi-analytical equation was derived for the total current from a restricted 
geometry held at a constant potential at one end. The equation was able to 
reproduce all the model computation results both for the wetted external cathode 
and the crevice and give good explanation on the effects of physiochemical and 
kinetic parameters. 

For the anode (25'C): 

1. The total anodic current ILc was calculated for crevice assuming constant crevice 
chemistry. 

2. In accord with the semi-analytical expression described above, IL, was found to 
increase in proportion to the square root of the crevice gap. 

For the conditions considered in this study, the concept of localized corrosion 
stability projects that crevices at 25 OC can stabilize only if the crevice gap is smaller than 
5 pm, with the exact value depending upon the physical parameters of the cathode. 
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NOTATIONS 

bulk diffusivity of oxygen (cm2/s) 
potential of interface (VSCE) 
corrosion potential (VSCE) 
potential at point of cathode farthest from crevice mouth 
repassivation potential (VSCE) 
reversible oxygen reduction potential (VSCE) 
reversible potential for active stainless steel dissolution (VSCE) 
reversible potential for hydrogen evolution inside crevice (VSCE) 
Faraday's constant (1 o5 C/g.eq.) 
crevice gap (pm) 
current density (A/cm2) 
cathodic current density (A/cm2) 
anodic current density (A/cm2) 
equivalent current density (A/cm2) 
exchange current density for 0 2  reduction (A/cm2) 
exchange current density for anodic dissolution (A/cm2) 
passive current density (Ncm2) 
limiting current (A/cm2) 
net current sustained by the cathode (A) 
length of cathode (cm) 
equivalent length of cathode (cm) 
number of electrons transferred in reaction (g. eq./mol) 
Resistance of electrolyte layer (Q) 
Ratio of Inet for changing i , ,  relative to base case 
Ratio of Inet for changing E, relative to base case 
Ratio of Inet for changing PC relative to base case 
Ratio of Inet for changing i, relative to base case 
Ratio of Inet for changing temperature relative to base case 
temperature (K) 
electrolyte layer thickness (pm) 

Greek Symbols 

Tafel slope (Vldec) 
conductivity of the electrolyte (Q-cm)-' 
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