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The aim of this study was to investigate the initiation of crevice corrosion for ferritic 430
stainless steel in artificial crevice electrode cells using the IR drop mechanism. The 430
stainless steel artificial crevice electrodes were potentiodynamically polarized in solutions of
sodium chloride with different concentrations. The potentiostatic polarization was measured for
various artificial crevice sizes by measuring the potentials in the crevice by the depth profile
technique using a micro capillary tube which was inserted into the crevice. The criterion for
IR>A ®*, where A ®* is the difference between the applied potential, Esygrr, and the electrode
potential of the active/passive transition, Ea/p, was also measured during the process of crevice
corrosion. The potentials in the crevice were successfully measured from —220 mV versus SCE
to —360 mV versus SCE, which is lower than that of the external surface potential of —200 mV
versus SCE. Thus these results show that evaluation of corrosion using the IR drop mechanism
in the crevice was more objective and easier to reproduce than the existing methods.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Ferritic stainless steel is an Fe-Cr series alloy containing
12-30% Cr which retains its body centered cubic struc-
ture even after heat treatment in the normal temperature
range [1]. Its corrosion resistance and strength improve
with increasing Cr content. Furthermore, it is an inexpen-
sive material, since no Ni is used. Austenite stainless steel
is very sensitive to stress corrosion cracking in a hot chlo-
ride environment, whereas, ferritic stainless steel is known
to be extremely resistant to such an environment. [2—4].
Therefore, the use of ferritic stainless steel in automobiles,
domestic electric appliances, and water heaters is on the
increase. Meanwhile, the phenomenon of crevice corro-
sion is very difficult to examine in detail, due to the vari-
ation in the time and location of corrosion initiation and
velocity of corrosion propagation [5], which causes the
results obtained with the crevice corrosion study method
to be difficult to reproduce, thereby making it difficult to
explain the mechanism of progression of crevice corro-
sion. In addition, despite the increasing consumption of
ferritic stainless steel, little research has been done on
crevice corrosion. The existing mechanisms of crevice
corrosion rely solely on acidification, mass transport, and
other features, but completely exclude the electrode po-
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tential, E, and its distribution, E, within the crevice cell.
The IR drop mechanism focuses on the outer surface of
the passive sample and the difference in electric potential
that exists inside the crevice. That is, active crevice cor-
rosion can develop at a certain inside the crevice while
the outer surface of the sample still maintains the passive
state. Especially, it has been proven by several researchers
that there is an IR drop inside the crevice, which has been
shown experimentally and by mathematical modeling to
be related to the IR drop theory, and is thought to be in-
volved in the progression of crevice corrosion originating
from chemical changes in the crevice solution. [6—-11].
However, studies involving the electrochemical evalua-
tion of crevice corrosion are limited by the small size of
the crevices. Also, in previous studies, the IR mechanism
during the crevice corrosion induction period was not able
to be identified.

Therefore, this study focuses on ferritic 430 stainless
steel, which shows great potential in various fields of ap-
plication, but for which problems of reproducibility have
been encountered in previous studies involving the crevice
corrosion method. The size of the artificial crevice was
0.1 mm, 0.2 mm and 0.5 mm sample. The solution, which
is an important factor in the corrosion environment, was
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TABLE I Composition of 430 stainless steel
Weight
Elements percent
Fe 82.26
Cr 16.46
Ni 0.32
Mn 0.50
Si 0.36
Mo 0.0024
P 0.035
S 0.004
C 0.055
Sample
Artificial
Crevice
Micro
Capillary Tube
Sample
Artificial
Crevice

(b)

Figure 1 Experimental sample used for crevice corrosion test; (a) crevice
corrosion sample, and (b) assembly of micro capillary tube & sample.

also made separately, and the experiment was conducted
based on the potentiostatic polarization, by measuring the
current density-time curve in each solution. Additionally,
the potential drop inside the crevice was measured by
inserting a micro capillary tube into it; in order to examine
the mechanism of crevice corrosion related to the IR
drop.

2. Experimental procedures

The typical composition of 430 stainless steel is shown in
Table 1. All of the samples used in this study measured
10x20x5 mm and were obtained from the as received
sheet material. They were mounted in a fast curing epoxy
with a copper wire soldered on one side, and ground to ex-
pose the 10 x 20 mm crevice surface. The 430 stainless
steels were mechanically ground with increasingly fine
SiC paper through 1200 grits and finally polished with
aluminum oxide (Al,O3) powder. Prior to the study, the
samples were cleaned ultrasonically with ethyl alcohol.
The 3 x 16 mm artificial crevice was formed in the same
position on each sample and three different crevice widths
were used, viz. 0.1, 0.2 and 0.5 mm, and the crevices were
formed using Plexiglas. The experimental sample con-
taining the artificial crevice and the micro capillary tube
placed in the crevice are shown in Fig. 1. The electrode
potential on the crevice wall could be measured by posi-
tioning the micro capillary tube at the vertical boundary
on the crevice wall. Fig. 2 shows the experimental appa-
ratus. A potentiostat CMS-100 electrochemical corrosion
measuring system manufactured by Gamry Corp was used
for this experiment equipment. A carbon rod and a satu-
rated calomel electrode (SCE) were used for the counter
and reference electrodes respectively. All potentials are
referenced to the SCE.

All test solutions were prepared in the laboratory. 1N
H,SO, solution was used as the corrosion solution for the
passivation of the surface, and NaCl solution made using
double distilled water and used at room temperature acted
as the source of CI™ ions, which are known to break down
the passive film. Four concentrations of NaCl, viz. 0.01N,
0.05N, 0.IN and 0.5N, were selected to control for the
effect of Cl~ ion concentration. For the electrochemical
evaluation method, we utilized the potentiodynamic po-
larization test with a scanning speed of 600 mV/hr from
-600 mV versus SCE to —1200 mV versus SCE in the
positive direction, and analyzed the corrosion behavior,
including the corrosion potential and passive current den-
sity. Then, the potentiostatic polarization test was used to
measure the passive current density and crevice corrosion
initiation time. N, gas was passed through the apparatus

Micro capillary tube

Sample

SCE

Figure 2 Experimental apparatus.
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at a flow rate of 150 cm?/min for 30 minutes before the
test in order to ensure that the experiment was conducted
under clean conditions.

3. Results and discussion

The anodic polarization curve of 430 stainless steel in the
four sulfuric acid solutions containing different concen-
trations of sodium chloride (1IN H,SO4 + 0.01N, 0.05N,
0.1N and 0.5N NaCl) shows a large active peak consisting
of a low-current passive region for the scan performed in
the passive-to-active direction. These results are shown in
Fig. 3 and Table II. These curves indicate that the cor-
rosion electric potential values tended to decrease when
the sodium chloride concentration was increased. On the
other hand, the critical current density values and the
passive current density increased as the pitting potential
value decreased. However, these data show that the pas-
sive region attained -200 mV versus SCE for each of
the sodium chloride concentrations. The influence of the
sodium chloride concentration on the crevice corrosion
initiation time can also be observed in the potentiostatic
polarization curves.

Fig. 4 shows the current density-time curve, which
presents the dependence of the current density value on
the elapsed time. The current density inside the crevice
increased, while the crevice corrosion initiation time (i.e.

TABLE II Anodic polarization data for 430 stainless steel for different
sodium chloride concentrations

the time at which the passive film starts to break down
inside crevice) decreased, as the sodium chloride con-
centration was increased. On the other hand, at a low
concentration such as 0.01 N, the sodium chloride did
not show any crevice corrosion during the entire test-
ing period of 86,400 seconds (24 h). However, for the
sodium chloride concentrations of 0.05 N, 0.1 N and
0.5 N the crevice corrosion initiation times were 1720 sec-
onds (29 minutes), 1,408 seconds (23 minutes) and
550 seconds (9 minutes), respectively. The correspond-
ing current densities were 0.96, 1.87, and 6.60 mA/cm?,
respectively.

Next, we confirmed the constant potential of —200 mV
versus SCE, which is the passive section potential of
the corrosion solution, 1 N H,SO4 + 0.1 N NaCl. The
potentiostatic polarization test was performed using a
fixed artificial crevice size of 3 x 16 mm (depth x
length) and various widths, viz. 0.1 mm, 0.2 mm and
0.5 mm, in order to measure the dependence of the cur-
rent change inside the crevice on the elapsed time. The
crevice size-dependent potentiostatic polarization test re-
sults are shown in Fig. 5. It was observed that the crevice
corrosion developing time for widths of 0.1 mm and
0.2 mm were 905 seconds (15 minutes) and 1,408 seconds
(23 minutes), respectively. However, in the case where the
width was 0.5 mm, no sudden change of current was ob-
served during the entire test period of 32,000 seconds
(9 hours). From these observations, it was confirmed that
the crevice corrosion initiating critical crevice size is be-
tween 0.2 and 0.5 mm. Also, the maximum current den-
sities inside the crevice for widths 0.1 mm and 0.2 mm
were 5.50 and 1.87 mA/cm?, respectively, whereas for a
width of 0.5 mm the passive current density value did not
change.

This effect is similar to that observed both outside and
inside of the crevice when ion-cells such as those result-
ing when a C1™ ion concentration difference or dissolved
oxygen concentration difference is formed [12, 13]. It was
also shown that when the width of the crevice is large, the

Critical Passivation Break
Corrosion current current down
NaCl potential density density potential
concentration (mV/SCE)  (mA/cm?) (mA/cm?) (mV/SCE)
0.01 N —517 6.31 0.03 951
0.05N —523 15.85 0.05 949
0.IN —-539 25.12 0.06 921
0.5N —554 31.62 0.63 142
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Figure 3 Polarization curves of 430 stainless steel in different concentrations of sodium chloride.
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Figure 4 The relation between the current density and time for crevice corrosion in 1 N sulfuric acid solution with different sodium chloride concentrations;

(a) 0.01N, (b) 0.05N, (c) 0.1N, and (d) 0.5N.

solution ions or oxygen transfer well through the out-
side and inside of the crevice, causing the concentration
difference to decreases, with the result that crevice cor-
rosion does not occur. Potentiostatic experiments were
also conducted with samples placed in the upside-down
orientation, and in which a potential of —200 mV versus
SCE in the passive region of the polarization curve was
applied to the crevice samples with different solutions
and crevice widths. The results are shown in Fig. 6. Even
though a passive potential of —200 mV versus SCE is
applied to the crevice, because the crevice depth is more
than 1 mm, due to the resulting potential drop, the pas-
sive potential reaches —220 mV versus SCE. This kind
of crevice corrosion is brought into the active region by
the IR drop, thus causing the corrosion to increase. It was
shown in this experiment that the transfer of the corrosion
potential values into the active region of the potentiody-
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namic polarization curves is the main cause of crevice
corrosion.

There are numerous studies in the literature in which
the switch of IR < A ®x to IR>A ®* could have ended
the induction period and initiated the onset of crevice
corrosion at the bottom of the crevice. Some authors rec-
ognized this possibility to some extent. A recent example
is the study of stainless steel in dilute NaCl solution by
Brossia and Kelly [14] although these authors did not
go any further than to note that a solution-composition-
change and crevice width change were operative during
the induction period. Also, many past localized corrosion
studies need to be reexamined in a new light since, in some
cases, the authors concluded without the benefit of the re-
cent advances made in this area of research, that the IR
mechanism was not operating in their study. The IR drop
inside the crevice is thought to result from the following
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Figure 5 The relation between the current density and time for the crevice corrosion of 430 stainless steel in 1 N H,SO4 + 0.1 N NaCl at 20°C with a
crevice size of 3 x 16 mm and various widths; (a) 0.1 mm, (b) 0.2 mm, and (c) 0.5 mm.

mechanism; certain aggressive ions (notably C1~ and H")
are promoted to transfer inside the solution and this re-
sults in a change in the local chemical reaction inside the
crevice, causing the breakdown of the passive film. As a
result the potential inside the crevice becomes lower than
that on the outside, due to the different rates of ion transfer
inside and outside of the crevice. Meanwhile, according to
the study conducted by Pickering and Frankenthal, among
the different passive breakdown mechanisms caused by a
drop in the IR the ions (Fe’*, FeOH*, HT, OH™, Na™,
CI—, etc.) inside the crevice are controlled by diffusion,
electrical transfer and chemical reaction [15]. A potential
difference appears at the opening and the bottom of the
crevice, thus breaking down the passive film and, since
crevice corrosion causes the IR drop to be increased, this
mechanism is proposed in the form of a theoretical, math-

ematical modeling [16]. Also, Pickering reported that if
the potential of ferrous alloys drops more than the criti-
cal potential difference (IR>®*), the current density will
rapidly increase and, consequently, metal with crevices
will develop more corrosion [17].

However, in this study we used a new method, namely
the micro capillary tube, to investigate the high poten-
tial difference which is observed between the bottom and
opening of the crevice, and which is quite difficult to ex-
plain with the theory of crevice corrosion initiation based
on the chemical changes of the crevice solution. More-
over the main factor in the initiation of crevice corrosion
is thought to be the geometrical aspects of the crevice,
such as the width and depth. Fig. 7 shows the crevice
corrosion states of 430 stainless steel for different crevice
sizes. Crevices with sizes of 0.1 mm and 0.2 mm tended
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Figure 6 Measured electrode potential profiles inside a crevice in the upside-down orientation.; (a) various sodium chloride concentrations and (b) various
crevice sizes.

(a) (b) (c)
Figure 7 Photographs of crevice corrosion samples in 1 N HySO4 + 0.1 N NaCl with different crevice widths; (a) 0.1 mm, (b) 0.2 mm, and (c) 0.5 mm.

to have more severe corrosion in the opening than at the  part with cubic effects, and (c) shows the side view of
bottom, whereas crevices with a size 0.5 mm did not the corrosion part for the purpose of depth measurement.
develop any corrosion. Fig. 8 shows a picture of a sample = Therefore, the maximum depth of the crevice on the cor-
with a size of 0.1 mm. Fig. 8 (a) shows the front side of the ~ rosion sample was found to be 1 mm, as measured from
half-cut sample, (b) shows the side view of the corrosion  the surface of the crevice.
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Figure 8 Photographs of the surface of 430 stainless steel in 1 N HySO4 + 0.1N NaCl with a crevice size of 3x0.1x 16 mm; (a) Front, (b) Lateral geometry,

and (c) Lateral.

4. Conclusion

The crevice corrosion of ferritic stainless steel was in-
vestigated by the micro capillary tube method from the
electrochemical point of view by measuring the potentio-
static polarization.

1. The E o (corrosion potential) and E}, (pitting po-
tential) decreased as the NaCl concentration increased.
On the other hand, the i . (critical current concentration)
values and 7, (passive current density) increased as the
NaCl concentration increased. Also, the crevice corrosion
rapidly increased as the NaCl concentration increased, but
no crevice corrosion occurred at a concentration of 0.01N
during the entire testing period.

2. The crevice corrosion initiation time shortened and
the current density values increased as the width of the
crevice decreased, but no crevice corrosion was observed
when the width of the crevice was 0.5 mm. We were
able to confirm that the critical crevice size for initiating
crevice corrosion is between 0.2 and 0.5 mm. The poten-
tiostatic polarization test results showed that the turning
point of the depth-location potential inside the crevice
matched that of the time-dependent current density inside
the crevice.

3. Even though the presence of a passive state poten-
tial of —200 mV versus SCE potential was confirmed on
the sample surface, the passive film was broken down.
By measuring the potential change due to crevice depth
from the outside of the crevice, it was determined that
the current density increased and the corrosion rapidly
increased when the critical potential difference exceeded
20 mV, thereby causing the interior of the crevice to be
placed in the active state. Therefore, we were able to con-
firm that the crevice corrosion of ferritic 430 stainless
steel increases when the corrosion part of the interior of
the crevice is put in the active state. Thus, these results

show that the evaluation of corrosion based on the IR drop
mechanism in the crevice was more objective and easier
to reproduce than the existing methods.
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