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One to one correspondence of single current transient and its 2D and 3D metastable pit geometry for
304 stainless steel microelectrode (50 um in diameter) in 6% FeCls solution have been investigated
under potentiostatic polarization. Atomic Force Microscope (AFM) has been proved useful to measure
the irregular-shaped pit volume without inclusions in it. The pit volume measured by AFM is
consistent with that calculated from the charge passed from the corresponding current transient during
pit growth. This result demonstrates that the effects of H, evolution inside the pit under relatively high
potential can be neglected. The growth kinetics of the detected metastable pit obeys a power law, but
the exponent n varies with time during the growth stage, which may be associated with the change of
the hole diameter in the cover. This result indicates that the metastable pitting growth process is quite
complicated and the assumed constant exponent n is unreasonable.
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1. INTRODUCTION

Stainless steel (SS) usually undergoes pitting corrosion. Many studies have shown that pitting
most easily initiate at the surface stoichiometric inhomogeneities for stainless steel, such as sulphide
inclusions [1, 2], oxide inclusions [3], carbide precipitates [4] and the phase boundary [5]. Once the pit
initiates, it will grow for a limited period before repassivating [6] and this process is called metastable
pitting which have been investigated extensively [7-13]. The formation, early growth and repassivation
of initiated pits can be characterized by current transients under potentiostatic polarization [14]. In
order to reveal the metastable pit growth kinetics, it is important to obtain the current density inside the
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pit. The current density inside a pit during pit growth stage can be calculated as the ratio of current to
the equivalent pitting area [7, 8] assuming that the pit shape is hemispherical and the cathodic current
inside pit is neglected. However, larger errors can be introduced if the cathodic reaction current inside
the pit is significant [15]. In order to examine this issue, one way is to compare the charge passed
during pit growth with the actually pit volume. For regular pit, there is no significant errors with an
assumption of hemispherical pit [8] and the volume can be obtained by calculation with pit width and
depth. It is now recognized that the pit shapes are often irregular [16-20], which depends on many
factors, such as applied potential, temperature and microstructures. Thus, it would be expected that
much larger error can be introduced if the irregular-shaped pit volume is calculated by pit width and
depth only. Recently, it has been demonstrated that atomic force microscopy (AFM) can measure the
actual pit volume with high resolution by using a bearing analysis [21] and the height variations of the
sample surface less than 100 nm can be measured accurately [22]. However, one to one
correspondence between a single current transient and a single metastable pit has not been reported
using AFM measurements. Herein, measurements of single metastable pitting current transient and the
corresponding pit volume by AFM have been performed for a 304 stainless steel. The quantitative
relationship between the calculated equivalent pit volume through the current transient measurement
and that measured by AFM has been examined. The growth kinetics of metastable pitting has been
evaluated.

2. EXPERIMENTAL

The material is 304 stainless steel wire (50 pm in diameter) with the main chemical
composition (in wt.%): Cr 17, Ni 10, Mn 1.2, C 0.08, and Fe balance. The wire surfaces were cleaned
with alcohol and deionized water then dried with cold air prior to mounting. The wire was electrically
connected to a copper wire with conductive silver adhesive and mounted in Struers epoxy resin
(EpoFix Kit). The ends were abraded and finally polished to 1 um with diamond polishing paste.

The electrochemical experiments were carried out using a standard three-electrode cell in
aerated 6% FeClj; solution and using a PARSTAT 4000 potentiostat equipped with low current option
(VersaSTAT LC). Detail setup can be found elsewhere [9]. The current transient measurements were
conducted at applied potentials in the passive range. The current was recorded at a frequency of 200
Hz. Potentiostatic polarization tests started immediately after immersion. All experiments were carried
out at 25 +2 °C.

After a single current transient was detected during potentiostatic polarization, the
electrochemical measurement was stopped. The corresponding metastable pit and its position was
firstly observed and identified by an optical microscope. Then the 3D morphology of the single
metastable pit was investigated by AFM (Multimode 3D) in the contact mode. The actual pit volumes
were measured using Nanoscope analysis software 1.40 [21]. After AFM measurements, the
metastable pit morphologies were also examined by scanning electron microscopy (SEM) with Energy
Dispersive X-ray (EDX) detector.
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3. RESULTS AND DISCUSSION

A typical potentiodynamic polarization curve is shown in Fig. 1. It demonstrates that 304
stainless steel is passive at the OCP (0.26 V (SCE)) and the breakdown potential is approximately 0.85
V (SCE) in the aerated 6% FeCls; solution. Meanwhile, a typical current fluctuation representing
metastable pitting events can also be detected above 0.52 V (SCE) in Fig. 1. A larger number of
experiments were carried out below 0.85 V (SCE) to detect the metastable pitting events and it was
found that metastable pitting can occur at potentials above 0.40 V (SCE) with incubation time less than
3 min.
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Figure 1. A typical potentiodynamic polarization curve of 304 SS microelectrode in 6% FeCl3 solution
at a scan rate of 1 mV/s.

A typical current transient recorded at 0.45 V (SCE) is shown in Fig. 2. After the incubation
process, the current increases relatively slowly for about 1.20 s with the peak current of 8.21 pA, and
then it declines abruptly to the original passive current (about 5 nA). The equivalent volume of the
current transient (V) can be calculated by integrating the anodic current transient using Origin 9.0 as

v_M 1)

zpF

where Q is the charge, M is the molar mass, z is the number of moles of electrons transferred in
the anodic dissolution reaction. For 304 stainless steel, p is 7.92 g/em®, n is 2.19 and M is about 56.2
[8]. For the single current transient shown in Fig. 1, the calculated charge is 4.8 uC. The calculated
volume is 173.5 pm®,

The corresponding SEM and AFM morphologies of the single metastable pit are shown in Fig.
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Figure 2. Single current transient recorded during potentiostatic polarization hold at 0.45 V (SCE) on
304 SS microelectrode in 6% FeCls solution.




Int. J. Electrochem. Sci., Vol. 11, 2016 2330

20 ur@0 um

Bottom upward

Figure 3. The images of single metastable pit corresponding to the single current transient: (a) SEM
image and (b) 3D AFM images.
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Figure 4. The images of single metastable pit after 0.4 VV (SCE) polarization (a) SEM image with EDX
analysis on the inclusion and matrix and (b) 3D AFM image.

The pit has irregular shape with small pits in the pit bottom and side wall (marked with
arrows). The measured pit volume of the 3D AFM image by bearing analysis [21, 23] is 170 pm?,
which is 98% of that determined by current transient calculation.

It should be noted that there would be an underestimate of the true volume for the pit with
inclusions in it due to the limited ability of AFM. For example, Fig. 4b presents the 3D morphology of
a pit initiated at the calcium and silicon inclusion (Fig. 4a) and the measured pit volume is 0.25 pm®.
However, since the AFM probe cannot reach the zone underneath the inclusion, the measured volume
is only 78% of the calculated one from the corresponding current transient shown in Fig. 5. The
maximum depth of this pit shown in Fig. 4 is 0.19 um and the width is 0.52 um. Based on the
measured pit width and depth with assuming a dish-shaped pit, the calculated pit volume is 0.08 pm?,
which is only 25% of the true one. The error is much larger than that of the AFM measurement.

According to the above results, the growth Kkinetics of the metastable pit was then studied.
According to Zuo et al. [24], the relationship between the current of a metastable pit with time can be
described as

|—|0:k(t—to)"’ D)

where |y is the background current, t, is the start time for metastable pit growth, k and n are the
kinetic parameters. The log-log relationships between the dissolution current and time for the single
current transients shown in Fig. 2 and Fig. 5 are shown in Fig. 6a and Fig. 6b, respectively.
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Figure 5. Single current transient recorded during potentiostatic polarization hold at 0.4 V (SCE) on
304 SS microelectrode in 6% FeCl3 solution.

In Fig. 6a, n varies from 0.8 to 1.6, while in Fig. 6b, n varies from 1.3 to 0.35, then changes to
2.6 which is probably due to the fast rupture of the cover above the metastable pit. Similar results have
been reported with n changing from 0.5 to 1.5 [9, 25].

Pistorius and Burstein [8] claimed that a perforated cover must be present over the mouths of
metastably growing pits and proposed a model for the growth of covered metastable pits. Their model
predicts that the size of the hole in the cover is proportional to the current. Moayed et al. [25]
suggested that the observed variation of n depends on the solution resistance for current flow from the
hole.
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Figure 6. The log-log relationship between the dissolution current and time for the single current
transient shown in (a) Figure 2 and (b) Figure 5.

The smaller hole diameter in the cap leads to a parabolic (0.5) increase in the pit current, while
larger hole lowers the solution resistance significantly, and the current obeys a power law relationship
with n greater than 0.5. Therefore, the observed variation of n is associated with the change of hole
diameter in the cover. In future work, the combination of the in situ synchrotron radiography [12, 13]
and the finite element method [26] would be helpful for a better understanding the metastable pitting
growth Kinetics.

4. CONCLUSIONS

The current transients of single metastable pits and the corresponding 2D and 3D morphologies
for 304 SS were studied by potentiostatic polarization measurements, AFM and SEM observations.
The measured pit volume without inclusions in it is consistent with that calculated from the
corresponding charge passed during pit growth, so that the effects of H, evolution inside the pit and the
discharging of the oxide film surrounding an active pit on the measured true anodic current can be
neglected. The pit growth kinetics exponent n for single current transients was found to vary from the
growing time, indicating that metastable pitting growth process is quite complicated. The presence of a
small hole in the pit cap and the increase of its size are assumed to be responsible for the change of n
during the pit growth.
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