JMEPEG (2012) 21:406-410
DOI: 10.1007/s11665-011-9899-y

©ASM International
1059-9495/$19.00

In Situ Characterization of Pitting Corrosion of Stainless
Steel by a Scanning Electrochemical Microscopy
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In this work, a scanning electrochemical microscopy (SECM) was used to characterize in situ the meta-
stable and stable pitting processes occurring on a stainless steel in the chloride solution. It was found that
metastable pitting would occur on the steel that was at corrosion potential and passive potential. The
positive shift of potential would enhance the metastable pitting current. On application of a potential
exceeding pitting potential, the pit became stabilized and maintained a continuous growth. The SECM is
capable of detecting the microdissolution event and provides a “visual” observation of the pitting processes.
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1. Introduction

Pitting corrosion usually occurs on metals that are passiv-
ated in the service environments. Conventional electrochemical
measurement techniques including potentiodynamic polariza-
tion curve, cyclic polarization, and electrochemical impedance
spectroscopy (EIS) have been used to study pitting corrosion of
metals (Ref 1-3). However, these techniques are incapable of
monitoring in situ the pitting processes and characterizing the
initiation and growth stages of a corrosion pit. Since corrosion
pits are usually initiated at microscopic sites, a direct “visu-
alization” of the various stages a corrosion pit experiences will
be essential to understand the mechanism of pitting corrosion.
Scanning electrochemical microscopy (SECM) technique pro-
vides a promising approach to monitor pitting (Ref 4-6).

The dissolution and passivity of iron (Ref 7, 8) and localized
corrosion of stainless steels (Ref 9, 10) have been investigated
by SECM. For example, Gonzalez-Garcia et al. (Ref 11) used
SECM to detect and map the metastable pits as well as the
surrounding cathodic reaction on a 304 stainless steel at
corrosion potential. The anodic oxidation of the passive film
was detected during propagation of pits. Zhu and Williams (Ref
12) observed the evolution of metastable pits adjacent to sulfide
inclusions on a stainless steel by SECM when the electrode was
polarized to high potentials, and suggested that the electro-
chemical activity was enhanced around the sites of the
inclusions compared to other areas. Casillas et al. (Ref 13-15)
used SECM to detect the precursor states of pitting on titanium.
Moreover, the SECM has been used extensively on various
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aluminum (Al) alloys to study their pitting behavior. For
example, Davoodi et al. (Ref 16) combined SECM with
electrochemical atomic force microscopy to demonstrate the
ongoing localized dissolution related to intermetallic particles
in the Al alloys, which may occur well below the breakdown
potential. Simdes et al. (Ref 17) used SECM to investigate the
processes occurring at the surface of exposed metal when
electrically connected or disconnected in a galvanic couple with
the Mg-rich coating. The SECM allowed indirect sensing of the
cathodic activity above the electrodes, where the cathodic
protection provided by magnesium to Al substrates acts by both
preventing pit nucleation and inhibiting the growth of the pre-
existing pits.

In this work, pitting corrosion of an AISI 2205 stainless
steel was studied by SECM in a chloride solution. The
dissolution current generated from pitting was detected, and the
pitting processes were monitored in situ.

2. Experimental

Specimens used in this work were cut from a sheet of 2205
stainless steel supplied by Avesta Inc., with a chemical
composition (wt.%): C 0.014, Cr 22.39, Ni 5.68, N 0.17, Mo
3.13, Si 0.39, Mn 1.38, S 0.001, P 0.023, and Fe balance. In
order to homogenize the microstructure of the steel, the
specimens were heated at 1100 °C for 2 h under atmosphere,
and then cooled in furnace. It is realized that the heat treatment
on alloys would result in a phase separation, which causes the
separated anodic and cathodic sites during corrosion of the
alloys. The microstructural homogenization was conducted in
this work in order to remove the effect of the phase separation
on pitting process, and focused the investigation on determi-
nation of the role of potential in the pitting occurrence. The
next step of this research will utilize alloys used in service as
the targets for the pitting characterization.

The specimens were machined into 0.5-mm diameter
cylinders with a 5 mm height. After sealing in a LECO epoxy,
the electrodes were ground consecutively from 600 to 2000 grit
SiC paper, polished to 0.1 pm alumina paste, and cleaned
ultrasonically with ethanol.
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The test solution contained 0.1 M NaCl, which was
prepared from reagent grade chemicals and distilled water.
Prior to test, the solution was purged with a high-purity
nitrogen gas (99.99%) for 1 h. All tests were performed at
ambient temperature (22 °C) and open to air.

The potentiodynamic polarization measurement was per-
formed on a three-electrode cell, with the stainless steel
electrode as working electrode, a platinum plate as counter
electrode, and a saturated calomel electrode (SCE) as refer-
ence electrode. The measurement was carried out using a
Model 273 A potentiostat/galvanostat (EG&G) with a potential
scan rate of 0.333 mV/s.

The SECM test was carried out through a M370 scanning
electrochemical workstation, as schematically shown in Fig. 1.
The SECM imaging was performed using a Pt microelectrode
probe with a 10 pm tip. The lateral resolution of SECM
depends on the tip size, the electrode-probe distance, and the
electrolyte conductivity. Before test, a calibrating curve was
measured in a solution containing I /I3~ as a redox couple. An
optimal 10 um of the distance between Pt microelectrode and
the steel electrode was determined. During test, the electrode
was held either at corrosion potential or an anodically polarized
potential. The potential of the Pt probe was kept at
600 mV(SCE), which was the characteristic potential to oxidize
Fe, rather than Cr, Ni, and other elements in the steel (Ref 11).

3. Results and Discussion

The potentiodynamic polarization curve measured on the
stainless steel electrode in 0.1 M NaCl solution is shown in
Fig. 2. Tt is seen that the electrode would be passivated in the
solution, with a corrosion potential (E.o;) of —340 mV(SCE)
and a passive potential region up to approximately
500 mV(SCE). The current density increased rapidly after the
potential exceeded the pitting potential (Ep;) of about
500 mV(SCE).

Three potential points were selected for SECM tests, i.e.,
Ecom 0.05 and 1.4 V(SCE), as marked as points A, B, and C in

Scan control &
Data logging

Fig. 2, which represented the typical potentials where the
steel was at free corrosion, passivity, and pitting corrosion,
respectively.

Figure 3 shows the SECM images measured on the steel
electrode that was at E.,, immediately and after 10 min of
immersion in 0.1 M NaCl solution. A few anodic current peaks
<20 pA were observed when the electrode was immersed in
the solution. When the immersion time increased to 10 min, the
value of the background current decreased slightly. For
example, the background currents in Fig. 3(a) and (b) were
approximately 6 and 2 pA, respectively, indicating the self-
passivation of stainless steel in the solution. The anodic current
peaks are due to the local dissolution of some active spots, such
as inclusions, on the steel surface. The position of the current
peaks changed with time, with some formerly formed peaks in
Fig. 3(a) disappearing and some new peaks generating
(Fig. 3b), showing the metastable nature of the local dissolution
activity.
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Fig. 2 Potentiodynamic polarization curves of the stainless steel
electrode in 0.1 M NacCl solution
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Fig. 1 Schematic diagram of the experimental setup for the SECM measurements
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Fig. 3 SECM images measured on the steel electrode at corrosion
potential immediately (a) and after 10 min (b) of immersion in
0.1 M NaCl solution

Figure 4 shows the SECM images measured on the steel
electrode that was at 0.05 V(SCE) immediately and after
10 min of immersion in 0.1 M NaCl solution. It is seen that,
with a background current of about 5 pA, the local anodic
current peaks could be up to 70 pA immediately when the
electrode was immersed in the solution. With the increase of
the immersion time, the background current decreased, while
the peak current increased to about 90 pA. The results show
that, while the steel is passivated at the passive potential, the
local dissolution of the active spots increases compared to that
at E o Thus, the metastable pitting is enhanced with potential,
even at the passive range.

Figure 5 shows the SECM images measured on the steel
electrode that was at 1.4 V(SCE) after various times of
immersion in 0.1 M NaCl solution. Quite high background
current of about 50 nA and anodic current peak up to 140 nA
were observed when the electrode was immersed in the solution
(Fig. 5a). After 3 min of immersion, the background current
and peak current further increased. When the polarization time
exceeded 10 min, the background current and peak current
reached the A magnitude. A sharp current rise was observed at
this stage.

In general, pitting corrosion of metals experiences three
stages—initiation, metastable pitting, and stable pitting growth.
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Fig. 4 SECM images measured on the steel electrode at
0.05 V(SCE) immediately (a) and after 10 min (b) of immersion in
0.1 M NaCl solution

During the pit initiation, the passive film is attacked by
aggressive species such as chloride ions existing in the
environment. The breakdown of the film usually occurs at
sites, where the film is relatively weak. Various microdefects
and nonmetallic inclusions in the steel result in high local
dissolution activities, becoming the potential sites for initiation
of pits. When the pit stabilization criterion has not been met,
these pits are metastable and will be repassivated in the
environment (Ref 18). This study demonstrates that metastable
pitting would occur at corrosion potential and passive potential.
With the increase of the test time, the formerly formed current
peaks disappear, showing that the metastable pits are passiv-
ated. The newly generated peaks are associated with new
metastable pits. Since the applied potential is at E.., or a
passive potential, the resulting dissolution current is not
sufficient to cause the transition of metastable pits toward
stabilization.

When the potential is shifted to 1.4 V(SCE), which is more
positive than E;, both the background current and the peak
current increase remarkably. In particular, the peak current
increases continuously with time (Fig. 5), indicating that the pit
becomes stable, and maintains a continuous growth.
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Fig. 5 SECM images measured on the steel electrode at 1.4 V(SCE) immediately (a) and after 3 min (b), 10 min (c) and 20 min (d) of immer-

sion in 0.1 M NacCl solution
4. Conclusions

The SECM is capable of characterizing in situ the metasta-
ble and stable pitting occurring on stainless steel. Metastable
pitting would at corrosion potential and passive potential. The
dissolution current generated during metastable pitting is not
sufficient to cause the transition of metastable pits toward
stabilization. On application of a potential exceeding pitting

potential, the pit becomes stabilized and maintains a continuous
growth.
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