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Abstract Experiments using stainless steel artificial pit (lead-
in-pencil) electrodes in ferric chloride and lithium chloride
solutions were performed in order to determine the effects of
key environmental factors such as chloride concentration and
pH of the bulk solution on the central parameters utilized to
characterize the pitting phenomenon—the repassivation po-
tential Erp and the pit stability product under a salt film (i ·
x)saltfilm. For all the stainless steel alloys studied, a relative
independence of the Erp to the pit depth was observed once
sufficient anodic charge had been passed. The pit stability
product under a salt film was seen to be largely insensitive
to the pH of the bulk solution. Erp, on the other hand, was
fairly independent of bulk pH only at the lower chloride con-
centrations of both lithium chloride and ferric chloride solu-
tions. The two parameters were affected differently by varia-
tion in the chloride concentration of the bulk solutions. In-
creasing the chloride concentration resulted in a decrease in
the value of (i ·x)saltfilm for all alloys in both solutions. In ferric
chloride, the value of Erp increased with increasing chloride
concentration for Custom 465 and the austenitic steels, where-
as it decreased across the same range for 17–4 pH. These
trends were explained qualitatively using solution conductiv-
ity and alloying composition arguments. Finally, the results
obtained from this study allowed for a rationalization of the
phenomenology, enabling a method of measurement of the
diffusion coefficient and the concentration at saturation of
the Bstainless steel cation^within the pit, both of which agreed
well with values obtained from the existing literature.
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Introduction

Metals and alloys covered by a passive oxide film can undergo
pitting corrosion in the presence of aggressive ions such as
chloride, resulting in accelerated localized dissolution of the
underlying material. The oxidation of the metal creates metal
cations within the pit which requires the electromigration of
anions like chloride from the bulk solution into the pit to
maintain charge neutrality. The metal cations from the anodic
dissolution undergo hydrolysis producing metal hydroxide(s)
and hydrogen ions, which results in an acidic pit solution
aggressive enough to depassivate the material by destabilizing
the passive film in that localized solution, leading to propaga-
tion of pits [1–3].

Pit propagation is an inherently unstable process. In order for
the pit to continue growing, the surface of the pit must dissolve
rapidly enough to preserve this critical solution within the pit
against dilution via diffusion. Sufficient dilution of the pit so-
lution will lead to repassivation. Two critical conditions have
been proposed to characterize pit stability: the repassivation
potential, (Erp), and the pit stability product, (i ⋅ x).

Erp is defined as the potential below which pits can no
longer propagate, and thus, any existing pits will repassivate.
It represents the condition under which the dissolving pit does
not have sufficient overpotential to dissolve rapidly enough to
prevent dilution of the pit solution by diffusion. Although first
proposed in 1963 [4], the utility of Erp as a stability criterion
was a matter of intense debate [5–9]. Its apparent dependence
on experimental parameters [7–10] led to its abandonment for
many years as it was seen as not being a reliable material
property. Extensive work from several groups [11–16]
showed that when a sufficiently large anodic charge was
passed during localized corrosion, the repassivation potential
attains a value which is independent of charge passed for pit
growth. Sridhar et al. [15] demonstrated via extremely long-
term (>5 years) potentiostatic tests that this plateau potential
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serves as an excellent lower bound for pitting corrosion. Sam-
ples held above the so-determined Erp suffered localized cor-
rosion, with higher potentials leading to shorter incubation
times, whereas samples held below Erp did not show any lo-
calized corrosion even after extended times. Thus, Erp has
been proposed as useful for the long-term prediction of pitting
corrosion.

In the 1970s, Galvele [1] used mass transport analysis to
show that for a one-dimensional pit to maintain a given con-
centration of metal ions at its surface, the pit stability product
(i ⋅ x) must exceed a critical value. In this parameter, i is the
anodic dissolution current density at the base of the pit and x is
the depth of the one-dimensional pit. It is the depth of the pit
that represents the diffusion barrier. Thus, deeper pits can sur-
vive with smaller anodic current densities compared to
shallower pits [17–21].

One way in which the pit stability product can be deter-
mined is via the measurement of the diffusion-limited disso-
lution rate in the presence of a salt film of the metal salt.
Practically, this can be accomplished via the use of an artificial
pit, or lead-in-pencil electrode. Beck [22] was one of the ear-
liest adopters of this process in his work on pitting corrosion
of titanium rods. Since that time, it has been used by a number
of investigators, especially by Newman and coworkers who
used it to study the localized dissolution kinetics, salt films,
and pitting potentials of 302 and 316 stainless steel samples
over a range of experimental conditions to better understand
the mechanisms controlling pitting [20].

Work by different authors has focused on the dependence
of Erp and (i ⋅ x) on different factors such metallurgical com-
position [23–30], temperature [13, 31–34], bulk electrolyte
composition [13, 29, 32–38], and pH [33, 34]. In the present
work, a systematic study of the dependence of the pit stability
product under a salt film and repassivation potential of four
stainless steels (304, 316L, 17-4PH, and Custom 465) on bulk
chloride concentration and pH using the artificial pit technique
is described [20, 22]. Moreover, the dependence of the pit
stability product under a salt film is shown to allow an exper-
imental determination of the diffusion coefficient and satura-
tion concentration of the metal chloride salts within the pits.

Experimental

Artificial pit method for Erp and (i x) determination

The repassivation potential (Erp) and pit stability product un-
der a salt film (i x)saltfilm of four stainless steels, 304, 316L, 17-
4PH, and Custom 465, were determined in ferric chloride and
acidified lithium chloride solutions using the artificial pit elec-
trode technique. Table 1 shows the chemical composition of
the wires tested. The diameter of the 304- and 316-L wire
samples was 50 μm whereas that of the 17-4PH and Custom

465 samples was 90 μm. The wires were embedded in epoxy
and ground with a 600 grit silicon carbide paper to expose a
cross-sectional area. The exposed area of the wire was then
rinsed with distilled water and dried with nitrogen gas, before
being mounted upright in an electrochemical cell containing
either ferric chloride or acidified lithium chloride solution.
The electrochemical experiments were carried out in 0.4,
0.6, 0.97, 1.43, 1.8, and 2.86 M FeCl3 which have pH values
of 1.15, 1.0, 0.77, 0.36, 0.3, and −0.34, respectively. The same
set of experiments was carried out in acidified lithium chloride
solutions having the same chloride concentration and pH as
the ferric chloride solutions. Hydrochloric acid was added to
adjust the pH of the lithium chloride solutions to that of the
ferric chloride solution of similar chloride concentration. Each
electrochemical experiment started by applying +750mV ver-
sus SCE potentiostatically for 5, 10, 15, 20, 30, 45, 60, or
120 min to grow one-dimensional pits of different depths.
After each potentiostatic hold, the potential was scanned at a
rate of 1 mV s−1 in the cathodic direction.

In this way, the pit stability product and the repassivation
potential of the steel samples could be determined from the
same experiment. The potential at which the current changed
polarity was taken as the repassivation potential of the sample
for that pit depth and bulk environment. The value of (i x)saltfilm
was determined from an analysis of the current density plateau
at high potentials as shown in Fig. 1. This plateau is the
diffusion-limited current density of the metal dissolution at
the base of the pit. The diffusion-limited current density is used
to calculate the pit stability product under a salt film based on
the following rearrangement of the steady-state diffusion equa-
tion [20, 39]:

iLd ¼ nFDΔC ¼ i⋅xð Þsaltfilm ð1Þ

where iL is the diffusion-limited current density, d is the depth
of pit, n is the number of electrons transferred, F is the Fara-
day’s constant, D is the diffusion coefficient, and ΔC is the
difference in concentration of metal cations between the sur-
face of the pit and the bulk solution. The sum of the anodic
charge densities passed during potentiostatic pit growth and
subsequent cathodic potentiodynamic scans is directly propor-
tional to the pit depth d, given in Eq. 2, based on Faraday’s law
where A is the mean atomic weight and ρ is the density [40]:

d ¼ A

nFρ

Z
idt ð2Þ

The polarization scans were recorded for a series of pit
depths, allowing the determination of the repassivation po-
tential and pit stability product under a salt film at different
pit depths.
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Results

Using the method described above, the repassivation potential
and pit stability product of steel samples were determined
from a single experiment for each pit depth and bulk environ-
ment. From the cathodic polarization scans, the diffusion-
limited current plateau was used to calculate the (i x)saltfilm
whereas the potential at which the current changed polarity
was used as Erp at that specific pit depth. In this way, the
functional dependences of Erp and (i x)saltfilm were evaluated
with a particular focus on the pH and chloride ion concentra-
tion. Ferric chloride and lithium chloride solutions were used
to allow the two dependences to be determined and to assess
the dependence of these values on the presence of an oxidizer
(Fe3+).

Erp and (i x)saltf ilm in FeCl3 solutions of different concentration
and pH

Figure 1 shows typical cathodic polarization scans after
potentiostatic pit growth on 304 and 316 L in 1.43 M FeCl3
solution. Figure 2 shows plots of the repassivation potential of
the four stainless steels studied as a function of the charge
density passed during one-dimensional pit growth in ferric
chloride solutions. The ferric chloride solutions are acidic with
pH values that depend on ferric chloride concentration. The

repassivation potential of the steel samples decreased with
increasing anodic charge density passed during pit growth in
solutions of different chloride concentration and pH, with the
exception of the Custom 465 at high chloride concentrations,
for which little dependence on charge density was observed.
At sufficiently high charge density, the repassivation potential
was seen to become independent of pit depth, attaining a con-
stant value. This repassivation potential value at this plateau
was taken as the repassivation potential of the alloy in the
environmental conditions under consideration.

As mentioned above, the pit stability product under a salt
film was also determined from each experiment. The pit sta-
bility product under a salt film was determined from the slope
of a plot of the limiting current density versus the inverse of
the pit depth in accordance with Eq. 1. Figure 3 shows such
plots for the four stainless steels in the different ferric chloride
solutions. The linearity of all of the lines in Fig. 3 (R2 values
were all >0.992) validates the assumption of diffusion control.
In all cases, the pit stability product under a salt film decreased
with increasing ferric chloride concentration.

Erp and (i·x)saltf ilm in acidified LiCl solutions of different
concentration and pH

The same set of experiments was repeated on 304 and 316 L in
acidified lithium chloride solutions as shown in Fig. 4. The

Table 1 Composition of the stainless steels used (all values in weight percent)

Alloys C Mn P S Si Cr Ni Mo Ti Fe Co Nb Ta N Cu

304 L1 .03 1.59 .036 .0010 .27 18.48 9.20 – – 70.26 .13 .001 .001 .001 –

316 L1 .019 1.356 .030 .0287 .406 17.07 10.66 2.16 – 67.98 – – – .0499 0.232

Custom 4652 .0047 .01 .003 <.0005 .02 11.56 10.98 .92 1.56 74.94 – – – – –

17-4PH2 .03 .78 .022 .0020 .49 15.26 4.58 0.42 – 75.16 – – – – 3.25

a California fine wire company
b Fort wayne metals
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repassivation potentials again reached a constant value
at sufficiently large values of anodic charge, but the
approach of Erp to the plateau followed one of two
trends as shown in Fig. 5. In 1.2 and 4.29 M LiCl
solutions, the repassivation potential decreased with in-
creasing pit depth as it was expected. However, in 2.91
and 8.58 M LiCl, the trend changed where the
repassivation potential increased with pit depth before
finally reaching a plateau value.

The pit stability products of 304 and 316 L in LiCl solu-
tions were determined from the slopes of Fig. 6 in the same
manner as was used for the ferric chloride solutions. As ob-
served in ferric chloride, the pit stability product decreased
with increasing salt concentration. The plots are highly linear
(R2>0.998), again validating the use of steady-state diffusion
analysis.

Values of the repassivation potential and pit stability prod-
uct value were also determined for 17-4PH in 0.6 M NaCl
solution, as shown in Fig. 7. Similar to the above results for
304 and 316 L in acidic solutions, the repassivation potential
of 17-4PH reaches a plateau value after sufficient amount of
charge was passed in the growth of the one-dimensional pit. In
addition, the limiting current density was linearly related to the

reciprocal of the pit depth, giving a value of 0.895 A m−1 as
the pit stability product of 17-4PH in 0.6 M NaCl.

Discussion

Potentiostatic pit growth followed by cathodic polarization
scan on one-dimensional electrodes has allowed determina-
tion of the repassivation potential and pit stability product of
steel samples from a single experiment. The dependence of
these parameters on bulk chloride concentration and pH is
discussed in this section. Based on the linear dependence of
the pit stability product of the steel samples with the bulk
chloride concentration shown above, the diffusion coefficient
of the metal cation out of the pit and its saturation concentra-
tion were determined. Moreover, the repassivation potentials
measured in this work are verified to be the actual
repassivation potential of the sample under the specified en-
vironment rather than being the equilibrium reversible poten-
tial of the ferric-ferrous redox couple.

The phenomenology observed in the experiments was also
rationalized in order to extract estimates of the diffusion coef-
ficient and the concentration at saturation of the solution
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Fig. 2 Repassivation potential of a 17-4PH, b Custom 465, c 304 L, and d 316 L using the artificial pit method in different FeCl3 solutions
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within the pit. These estimates were seen to be comparable to
the values obtained from other studies in the literature.

1. Erp and (i ⋅ x)saltf ilm

For all the steels studied in this work, the repassivation poten-
tial reaches a plateau value after a sufficient charge density

was passed during pit growth. After reaching the plateau val-
ue, the repassivation potential becomes invariant of pit depth.
Similar reports [16, 34, 41, 42] on different materials showed
a similar lack of sensitivity of repassivation potential to pit
depth when large amounts of charge were passed to grow
the pits and hence defining the lower bound in potential which
can sustain pit growth.
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As shown in Fig. 2, the Erp values of Custom 465, 304, and
316 L increased with increasing chloride concentration and
decreasing pH of ferric chloride solutions in contrast to the
results observed at lower chloride concentrations by others
[15, 43, 44]. However, 17-4PH shows the opposite trend with
the repassivation potential decreasing with increasing chloride
concentration. Contrary to the results in ferric chloride solu-
tions, the repassivation potential of 304 and 316 L decreases
with increasing chloride concentration in LiCl solutions.

A comparison of the repassivation potential of 304 and
316 L in the two electrolyte solutions used is shown in
Fig. 8. At lower bulk chloride concentrations, the difference
in repassivation potential determined in FeCl3 and LiCl for
304- and 316-L samples is negligible. However, with increas-
ing bulk chloride concentration, the repassivation potential
difference in the two electrolytes used reached 85 and
95 mV for 304 and 316 L, respectively, as shown in Fig. 8.

Based on previously reported studies, the repassivation po-
tential is expected to decrease with increasing concentration of

chloride ions [37, 45]. This trend was observed for 304 and
316 L in LiCl. However, the opposite trend—that of Erp in-
creasing with increasing bulk chloride concentration—was
observed for 304, 316 L, and Custom 465 in FeCl3 (data for
the austenitic steels shown in Fig. 8). A first attempt at ratio-
nalizing these observations may be made using mixed poten-
tial theory [46]. Upon increasing the bulk concentration of
FeCl3, [Fe

3+] also increases at the pit surface. As [Fe3+] in-
creases, the associated reduction of Fe+3 to Fe+2 would over-
whelm proton reduction, thereby assuming the role of the
dominant local cathodic reaction. This reaction would become
more prominent as [Fe3+] increases, resulting in higher
diffusion-limited cathodic current densities at higher bulk con-
centrations of Fe3+ (and congruently, Cl−). Provided that the
anodic reaction remains the same throughout, mixed potential
theory dictates that the overall effect would be that the mea-
sured Erp increases with increasing bulk [Cl−]. Close inspec-
tion of the polarization curves of 316 L showed that the
diffusion-limited cathodic current densities increased with
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increasing [FeCl3], but remained the same for the LiCl solu-
tions, as shown in Fig. 9a. For a given depth, the current
density increased with increasing bulk electrolyte concentra-
tion. Another point of interest from the figure is that for deeper
pits, the difference in current densities across bulk electrolyte
concentration became less prominent. Such a trend is likely
due to the aggressive solution within the pit facing an increas-
ing mass transport barrier to exit the pit, as diffusion lengths
increase. Consequently, the difference in cathodic current den-
sities across bulk electrolyte concentration becomes less
prominent because it becomes more difficult for the bulk so-
lution to enter the pit and interact with the electrode surface as
the pit depth increases.

In the case of 17-4PH in FeCl3, the Erp decreased as the bulk
electrolyte concentration increased to 1.8 M. A preliminary
attempt at rationalizing such behavior can also be performed
using mixed potential theory. The local cathodic reaction of
interest in the case of 17-4PH would be the reduction of Cu2+

to Cu due to the presence of copper in the alloy (≈3 wt pct,
shown in Table 1). The reduction of Cu2+ to Cu would proceed
at rates high enough to assume the role of the dominant local

cathodic reaction, overwhelming any effects of Fe3+|Fe2+ re-
duction arising from the increase in [Fe3+] with increasing bulk
concentration of FeCl3 as reasoned earlier. Figure 9b shows this
observation for 17-4PH at various pit depths. The approach of
the cathodic current densities to a plateau in the range of 0.5–
1.5 M FeCl3, particularly for deeper pits, is a likely indicator of
the effect of copper participating in the electrochemistry of the
system. There is some evidence in the existing literature for Fe-
Cr-Ni alloys with similar levels of copper to that of 17-4PH that
display a similar trend in repassivation behavior with bulk elec-
trolyte concentration, with Sridhar and Cragnolino [15]
reporting that in their experiments on Alloy 825 (1.5 to 3 wt
pct Cu) at 95 °C, the repassivation potential of the alloy de-
creased with increasing bulk chloride concentration. Finally, it
is of interest to note that at the highest electrolyte concentration
of 2.86M, the cathodic current density approached values close
to those of the Fe3+|Fe2+ reduction observed for 316 L in FeCl3.
This behavior may indicate that at the highest bulk FeCl3 con-
centration, Fe3+|Fe2+ reduction becomes the dominant local ca-
thodic reaction, resulting in the observed increase in Erp seen in
Fig. 2a.
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However, the results obtained for 304 L and Custom 465
could not be rationalized using arguments similar to those
presented above. An overarching explanation for the Erp be-
havior across bulk electrolyte concentration would have to
take into consideration results obtained for all the four stain-
less steels in the absence of Fe3+. The change in diffusivity of
the ions of interest arising from viscosity effects at higher
concentration, as reported by Tester and Isaacs [40], would
also have to be accounted for in such an explanation. Finally,
as bulk concentration increases, the chloride concentration
gradient between the pit base and the bulk disappears and even
reverses at very high chloride concentrations. For instance, a
bulk [Cl−] of 8.58 M is greater than the [Cl−] at the base
(assuming a salt film) as estimated from values in the literature
[47–49]. This change in concentration gradient would become
even more acute when the fact that the critical [Cl−] at the pit
base may be lower than that at saturation [49–52] is
considered.

The pit stability product under a salt film decreased with
increasing chloride concentration and decreasing pH for the
four steel samples in ferric chloride and lithium chloride solu-
tions for 304 and 316 L as shown in Figs. 3 and 6. The solu-
bility of the salt film decreased as a result of the increasing
bulk chloride concentration. For one-dimensional pits of equal
depth, a decrease in the solubility of the metal chlorides in the
salt film implies that a smaller anodic dissolution current den-
sity is required to maintain the saturation concentration within
the pit, which would result in the observation of a lower (i·
x)saltfilm value. Furthermore, as the bulk chloride concentration
increases, the viscosity of the bulk solution also increases [40].
This viscosity increase would result in lowered diffusion rates,
and as a consequence, the coupled anodic dissolution rate and
the associated (i ·x)saltfilm value would decrease.

It was mentioned above that the repassivation potential
depends on different environmental factors and scan rate of

the cathodic polarization scans [15]. In this work, the
repassivation potentials were determined at the same scan rate
for all the samples. Thus, the only variables which can affect
the repassivation potential and pit stability product for a given
alloy are either bulk chloride concentration or pH. However,
these graphs alone cannot deconvolute the effect of pH on the
Erp and (i ·x)saltfilm from that of the bulk chloride concentra-
tion. In order to do so, experiments were carried out at fixed
chloride concentration and scan rate in solutions of different
pH on 316 L, as shown in Fig. 10. As indicated in Fig. 10a,
Erp=−228 mV vs SCE in all solutions of different pH. There-
fore, the bulk electrolyte pH had no effect on Erp in the acidic
range. Likewise, (i ⋅ x)saltfilm was also seen to have little de-
pendence on bulk pH, as shown in Fig. 10b. Moreover, Erp
and (i ·x)saltfilm of 17-4PH were determined in NaCl solution
(pH≈6). Figure 7a shows the Erp of 17-4PH in 0.6 M NaCl,
measured to be −185 mV vs SCE. This value was only 10 mV
higher than the repassivation potential value of 17-4PH in
0.4 M FeCl3 (pH=1.15). The difference in pH value between
0.6MNaCl and 0.4M FeCl3 is around 6 units, i.e., a change in
[H+] of a factor of 106. For such a large change in pH of the
bulk solution, the Erp changed by only 10 mV. Thus, based on
the results on Figs. 7 and 10, one can conclude that the
repassivation potential is independent of the pH of the bulk
solution. Similar observations were made by Sridhar and
Cragnolino [15] and Kehler et al. [34]. The (i ·x)saltfilm value
of 17-4PH changed by only 0.1 A m−1 for such a large change
in pH value of the bulk electrolyte, thus proving that the pit
stability product was also nearly independent of the pH of the
bulk electrolyte.

Experimental determination of Dm and Csat

The properties of the salt film and mass transport controlled
dissolution of iron and its alloys have been studied in the past
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by different authors [47, 48, 53–56]. Kuo and Landolt [53]
determined the saturation concentration of ferrous ion at the
metal surface to be 4.2 M based on measurements of the lim-
iting current density, which is very close to the saturation
concentration of 4.25 M reported for ferrous chloride in water
[49]. A duplex film structure for the salt film on iron in ferrous
chloride electrolyte in which the inner film is compact and
anhydrous with the outer layer being porous and hydrated
was proposed by Grimm et al. [54] and later by West et al.
[55]. From their work on Fe-Cr alloys in ferrous chloride and
sodium chloride electrolyte solutions, Grimm et al. [54] re-
ported that ferrous chloride was the precipitated salt film with
the limiting current density being controlled by the transport
of ferrous ions.

It was shown earlier that for a given alloy, both Erp and (i·
x)saltfilm were independent of bulk pH in acidic and neutral
electrolyte solutions. The effect of bulk chloride concentration
on the repassivation potential was also rationalized earlier in
terms of local cathodic reactions and mixed potential theory.
The dependence of the pit stability product under a salt film
on bulk chloride concentration was examined, with Fig. 11
showing the variation of (i·x)saltfilm with bulk electrolyte chlo-
ride concentration for 304 and 316 L. As indicated in the figure,
the (i·x)saltfilm value of both alloys decreased with increasing
chloride concentration. All the data were fit using linear regres-
sion (R2=0.91), and the following relationship was obtained:

i⋅xð Þsaltfilm ¼ −0:11Cb;Cl þ 0:9 ð3Þ

Under the assumptions that Cl− and the Bstainless steel
cation,^ Mn+, are the dominant ionic species and that ion mi-
gration effects are overwhelmed by diffusion, in order to pre-
serve steady-state diffusion, the following flux condition must
be satisfied:

JC1 ¼ nJm ð4Þ

where JCl is the diffusion flux of chloride ions, Jm is the dif-
fusion flux of stainless steel cation (metal ion), and n is the
valence of the stainless steel cation.

Because both fluxes occur over the same diffusion length,
Fick’s first law can be rewritten as follows:

DC1 Cs;C1−C1:;C1

� � ¼ nDm Csat;m−Cm

� � ð5Þ

whereCs,Cl is the surface concentration of chloride,Cb,Cl is the
bulk chloride concentration, Csat,m is the saturation concentra-
tion of metal chlorides, while DCl and Dm are diffusion coef-
ficient of the chloride ion and the stainless steel cation,
respectively.

The expression for the diffusion-limited current density for
the metal ion with a minor rearrangement is as follows:

i⋅xð Þsaltfilm ¼ FnDm Csat;m−Cs

� � ð6Þ
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Substituting Eq. 5 into Eq. 6:

i⋅xð Þsaltfilm ¼ FDC1 Cs;C1−Cb;C1

� � ð7Þ

The electroneutrality condition dictates the following rela-
tionship between the concentrations of the metal cation and
the chloride:

Cs;C1 ¼ nCsat;m ð8Þ

Substituting for Cs,C1 with nCsat,m gives the following:

i⋅xð Þsaltfilm ¼ FDC1 nCsat;m−Cb;C1

� � ð9Þ

Expanding Eq. 9:

i⋅xð Þsaltfilm ¼ FDC1nCsat;m−FDC1Cs;C1 ð10Þ

Eq. 10 that results from above is of the form:

i ⋅ xð Þsalt f ilm ¼ A − BCb;C1 ð11Þ

Therefore, the linear relationship of the pit stability product
under a salt film with the bulk chloride concentration was
rationalized as an alternative expression of the relationship
between the diffusion fluxes of the metal cation and the chlo-
ride ion under steady-state conditions.

Stochiometric dissolution of the primary alloying compo-
nents of 304 and 316 L (Fe, Cr, Ni) was assumed yielding
values of n=2.2 and 2.245 which was then used to calculate
the correspondingD. Based on Eqs. 3 and 10, the value ofDCl

was calculated first from the slope value. OnceDCl was deter-
mined, it was used to calculate Csat,m from the intercept. In all
of the calculations, the diffusion coefficient was assumed to be
independent of bulk chloride concentration. These calcula-
tions resulted in the following values for the diffusion coeffi-
cient of the stainless steel cation and the concentration at sat-
uration of the metal chlorides:

Dm;avg ¼ 9:2� 10−6cm2s−1

Csat;m ¼ 3:72M

This value of Dm was seen to be comparable to values
reported by Kuo and Landolt [53], Gaudet et al. [50], and
Ernst and Newman [57].

Isaacs et al. [58] reported the in situ X-ray microprobe
analysis of salt film during anodic dissolution of stainless steel
in chloride solution where the beam intensities were used for

quantitative determination the Fe, Ni, and Cr concentration in
the salt film and solution in relation to the alloy composition
of the austenitic stainless steel sample as shown in Table 2.
The saturation concentration, Csat,m=3.72 M, determined in
this work is ≈74 % of the saturation concentration determined
by Isaacs et al. [58].

Ernst and Newman [49] estimated the value of Cs to be
4.9 m ≈ 4.35 M (calculated using the density of saturated
FeCl2 as 1.44 g cm

−3 [58]) for 316 stainless steel at low NaCl
concentration and a temperature of 30 °C. These values are
comparable to the Cs values calculated in FeCl3 and LiCl for
the 304 and 316 L. Ernst and Newman [49] plotted the D ⋅ C
as a function of bulk chloride concentration for 316 L in NaCl
and CaCl2 at 30 °C, where D referred to the diffusion coeffi-
cient of the stainless steel cation and C denoted the concen-
tration of the metal chlorides at the pit base. A linear relation-
ship was observed by the authors, reproduced below:

This figure is similar to the (i.x)saltfilm vs [Cl−] plot in
Fig. 11. Ernst and Newman [49] described the observed line-
arity as a coincidence. Laycock et al. [59] reported that the
linearity could result from a fraction (56 %) of the chlorides in
the salt film being present as complexed chlorides which act as
a reservoir of chloride ions, thereby altering the salt film sol-
ubility through the common ion effect. However, their analy-
sis did not provide an explanation for this particular fraction,
other than the fact that this value fit the experimental data of
Ernst and Newman [49]. In this work, we have shown below
an alternative explanation for the observed linearity which
follows from the previous discussion of (i·x)saltfilm as a func-
tion of bulk chloride concentration. Rearranging Eq 1, the
following relationship was obtained:

DCs ¼
i ⋅ xð Þsalt f ilm

nF
þ DCbulk;C1 ð12Þ

Based on Eq. 12, a plot of DCs vs Cbulk, Cl would give D
from the slope and (i ⋅ x)saltfilm from the intercept. From Fig. 11,
assuming 6.25×10−8 and 4×10−8 mol cm−1 s−1 as intercepts for
DCs and DC*, respectively, would provide corresponding
(i ⋅ x)saltfilm values of 1.3 and 0.86 A m−1 at zero bulk chloride
concentration. The value of 0.86 A m−1 obtained from the data
of Ernst and Newman [49] in Fig. 12 is close to the (i ⋅ x)saltfilm
value of 0.9 A m−1 at zero bulk chloride concentration for 316 L

Table 2 Concentration of Fe, Cr, and Ni in salt film and solution

Element Alloy
(wt pct)

Salt
(wt pct)

Solutions
(wt pct)

Molar
concentration

Fe 69.50 ± 0.93 20.87 ± 5.71 13.43 ± 0.15 3.46

Cr 17.37 ± 0.61 0.22 ± 0.22 3.88 ± 0.22 1.08

Ni 11.42 ± 0.54 1.34 ± 0.18 1.96 ± 0.07 0.48

Total 5.02

Table taken from Isaacs et al. [58]
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in FeCl3 and LiCl based on Eq. 3 in this work. Ernst and New-
man [49] reported that the critical concentration of metal cation
C* was approximately 60 % of the saturation concentration, Cs.
The value of 60% of saturation as an upper bound for the critical
concentration has been observed for 316 L from previous work
[52] on the experimental validation of the maximum pit size
model [60]. Using the intercept forDC* instead of theDCs from
Fig. 12would therefore be reasonable for estimating the diffusion
coefficient. This calculation resulted in a value of 1.53×
10−5 cm2 s−1 for the diffusion coefficient of the stainless steel
cation, with Cs=4.35 M as considered originally by Ernst and
Newman [49], which was seen to be comparable to the diffusion
coefficient value determined in this work. The difference ob-
served in the two values may be attributed to the fact that Ernst
and Newman [49] performed their experiments at a temperature
of 30 °C, whereas our results are for a temperature of 25 °C.

Thus, by assuming that the diffusion coefficient was inde-
pendent of concentration and neglecting the effects of ion
migration, a good estimate of D and Cs was obtained experi-
mentally from a simple plot of pit stability product under a salt
film as a function of bulk chloride concentration.

Erp or E
o?

For the ferric chloride experiments, one might be concerned that
the value of Erp measured was affected by the ferric/ferrous
redox couple. However, evidence from literature as well as re-
sults from this work showed otherwise. The reversible potential
of Fe3+|Fe2+ in solutions of pH less than about 2.5 has been
shown to be independent of pH and is equal to +0.771 V vs
NHE (+0.531 V vs SCE) [61]. In related work, Woldemedhin
et al. [52] measured the cathodic behavior of 304 L and 316 L in

ferric sulfate solutions of low pH. The open circuit potential of
the stainless steels measured was very close to +0.5 V vs SCE in
this chloride-free solution, indicating that they were acting as
inert electrodes. The values of the repassivation potentials mea-
sured in this work weremore than 600mVmore electronegative
than the reversible potential; therefore, the measured Erp could
not have been obscured by the redox potential of the Fe3+|Fe2+

couple. In addition, as seen in Fig. 13, the dependences of
repassivation potentials on ferric chloride concentration showed
different trends for the various stainless steels. If the measured
repassivation potentials were actually redox potentials, all the
dependences would have been the same.

Conclusions

Using the artificial pit electrode, the kinetics of pitting corro-
sion of the stainless steels 304, 316 L, 17-4PH, and Custom
465 were studied in bulk electrolyte solutions of ferric chlo-
ride and lithium chloride. After growing one-dimensional pits
of different depths potentiostatically, the repassivation poten-
tial, Erp of the 304 L, 316 L, 17-4PH, and Custom 465 steel
samples were determined from the subsequent cathodic polar-
ization scans. At each pit depth, the potential at which the
current changed polarity during the polarization scan was tak-
en as the repassivation potential of that alloy for that depth.
The repassivation potentials of the steels were determined in
ferric chloride and lithium chloride solutions having different
concentration and pH. The repassivation potential of all the
steel samples reached a plateau value after sufficiently large
amounts of charge had been passed. This potential where the
repassivation potential is independent of charge density (and
consequently, pit depth) was taken as true repassivation po-
tential value of the stainless steel in the environment under
consideration. The pit stability products under a salt film, (i·
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x)saltfilm of the stainless steels were also determined from the
same experiments. The plot of the value of the current density
plateau versus the reciprocal of the pit depth (calculated using
Faraday’s law) showed a linear relationship, thus proving that
the process was diffusion limited under a salt film. The slope
of this the linear fit provided the value of the pit stability
product under a salt film. These experiments were performed
in both electrolytes, in different chloride concentrations as
well as pH values. In this manner, the effect of environmental
factors on the two key kinetic parameters—Erp and (i ·x-
)saltfilm—were studied using results derived from the same
experiment.

The repassivation potential increased with increasing chlo-
ride concentration for 304, 316 L, and Custom 465 steel sam-
ples in ferric chloride solutions, unlike 17-4PH where its
repassivation potential decreased with increasing chloride
concentration. Contrary to the results in ferric chloride solu-
tions, the repassivation potentials of 304 L and 316 L deter-
mined in lithium chloride solutions, having the same chloride
concentration and pH as the ferric chloride solutions, de-
creased with increasing bulk chloride concentration. The dif-
ference in repassivation potential between the two solutions
was negligible at lower chloride concentrations but increased
at the highest chloride concentration. A first attempt at ratio-
nalizing the observed behavior of Erp across bulk electrolyte
concentration was made using mixed potential theory. It was
recognized that although such rationalization explained the
results for 316 L and 17–4 PH, further improvements were
necessary to extend it to the results for 304 L and Custom 465.
The (i ·x)saltfilm value of all the stainless steels decreased with
increasing chloride concentration, which was explained as a
result lower salt film solubility and increased viscosity at
higher concentration. The pH of the bulk solution was seen
to have no effect on Erp and (i ·x)saltfilm. The pit stability prod-
uct under a salt film was seen to be linearly related to the bulk
chloride concentration. These last two observations indicated
that the pit solution chemistry was similar across the different
electrolytes studied. Results from the rationalization of this
phenomenology were used to estimate the diffusion coeffi-
cient of the stainless steel cation and the saturation concentra-
tion of the metal chloride salts within the pit, which compared
well with the values reported in literature.

Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
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