Document downloaded from:

http://hdl.handle.net/10251/60649

This paper must be cited as:

Fernandez Domene, RM.; Sanchez Tovar, R.; Garcia Anton, J. (2014). Passive Behavior
and Passivity Breakdown of AISI 304 in LiBr Solutions through Scanning Electrochemical
Microscopy. Journal of The Electrochemical Society. 161(12):565-572. doi:0013-
4651/2014/161(12)/C565/8/$31.00.

The final publication is available at

http://dx.doi.org/10.1149/2.1051412jes

Copyright  Electrochemical Society

Additional Information



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
26

Passive Behavior and Passivity Breakdown of AISI 304 in LiBr Solutions through
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The passive behavior and passivity breakdown of AISI 304 stainless steel in LiBr
solutions has been investigated by means of scanning electrochemical microscopy
(SECM). The sample generation — tip collection (SG-TC) mode was used to operate the
SECM and the tip potential was biased to detect the electroactive species. The evolution
of the current at the ultramicroelectrode tip with the applied potential within the passive
range was followed at different LiBr concentrations. Results show that the absolute
value of the current at the tip increases with the applied potential. Additionally, SECM
was also used to detect stable pits formed on the stainless steel surface in a 0.2 M LiBr
solution. The results show clear evidence of the presence of high amounts of other
reducible species (metal cations) apart from oxygen. Also, the dish-shape morphology
of the pits observed using Confocal Laser Scanning Microscopy will be discussed in

relation to the kinetics of the reactions observed using SECM.
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1. INTRODUCTION

Stainless steel (SS) is a generic name commonly used for the group of iron-based alloys
which are the most widely known metallic materials [1-3]. One of the main
characteristics of SS is their resistance to corrosion in many environments, which is
provided by a very thin and protective surface oxide film, known as passive film. It is
generally accepted that passive films formed on SS have a duplex structure which
consists of an inner region rich in chromium and an outer region rich in iron [4-9].
Austenitic SS are the most common and familiar types of SS [2]. Among austenitic SS,
type 304 SS contains approximately 18 wt. % of chromium and 8 wt. % of nickel and is
widely used in chemical processing equipment, for food, dairy, and beverage industries,

for heat exchangers and in the milder chemicals.

Pitting corrosion of passive metals is considered to be more dangerous than uniform
corrosion, since it is more difficult to detect, predict and design against [10]. Localized
breakdown of passive films leads to an enhancement of metal dissolution at the site of
the pit due to the formation of a galvanic cell between the pit (anode) and the intact
passive film (cathode). Therefore, pitting corrosion may result in perforation of a pipe

or in structural failure [2].

Scanning Electrochemical Microscopy (SECM) has become a powerful technique for
quantitative investigations of corrosion processes, including the study of pitting
corrosion and other localized degradation processes [11-28]. SECM involves the use of
a mobile ultramicroelectrode (UME) probe of micrometer dimension to investigate the

activity and/or topography of an interface on a localized scale [29]. One of the modes of
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SECM operation is the substrate generation/tip collection (SG/TC) mode, in which the
substrate under study acts to generate species that are measured at the UME tip, which
is held at a potential sufficient for a redox reaction to occur. SECM is an ideal tool for
the investigation of local corrosion phenomena since it permits the possibility of
precisely positioning the small UME tip close to the object under investigation, the
active pit, in contrast to conventional methods frequently used to study pitting corrosion
of passive metals, such as potentiodynamic polarization curves or electrochemical

impedance spectroscopy (EIS).

The dissolution and pitting corrosion of iron and carbon steels [14, 22, 23, 27], as well
as of stainless steels [11, 15, 17-20, 24, 28] have been investigated by SECM in several
electrolytes containing CI” anions. However, studies on pitting corrosion of stainless
steels in the presence of Br™ anions using SECM have not been found in the literature.
Therefore, the aim of this study is to investigate the passive behavior and passivity
breakdown of an austenitic stainless steel (AISI 304) in Br™ containing solutions by

means of SECM and Confocal Laser Scanning Microscopy.

2. EXPERIMENTAL PROCEDURE

2.1. Material and electrolyte

The material tested was AISI 304 stainless steel (SS) (0.05 wt.% C, 18 wt.% Cr, 10

wt.% Ni, 0.4 wt.% Si, 0.1 wt.% N, Bal. Fe). AISI 304 SS electrodes were cylindrically

shaped and covered with a polytetrafluoroethylene (PTFE) coating, to expose an area of

0.5 cm? to the test solution. All specimens were wet abraded from 200 to 4000 SiC grit,
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and finally rinsed with distilled water and air-dried. AISI 304 SS electrodes were tested
in two different naturally-aerated LiBr solutions: 0.2M and 0.6M, at a constant

temperature of 25° C.

2.2. Potentiodynamic polarization curves

Cyclic potentiodynamic polarization curves of AlISI 304 SS in the LiBr solutions were
determined using a SOLARTRON 1287 potentiostat. The curves were repeated at least
three times in order to verify reproducibility. The working electrode potential was
measured vs. a silver-silver chloride (Ag/AgCl 3M KCI) reference electrode. The
auxiliary electrode was a platinum wire. Before the tests, the specimen potential was
reduced to -0.4 Vagagc in order to create reproducible initial conditions. Then, the
electrode potential was scanned from -0.4 Vagagc in the positive direction at
0.5 mV s™. When the current density reached 10 mA cm™, the potential scan was

reversed in order to evaluate the repassivation tendency.

From the E-log i plot, the corrosion potential (Ecorr) and corrosion current density (icorr)
were obtained. The pitting potential (Ep) was evaluated using a criteria previously used
in other studies [30], once the rapid and stable increase of the anodic current density
occurs. The repassivation potential values (E;,) were taken at the crossing between the
backward scan and the forward scan [31]. Passive and repassivation current densities (i,
and i, respectively) were also obtained, being i, the current density in the passive

domain and irp the current density at Ep.

2.3. SECM measurements
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SECM tests were performed using a Sensolytics device connected to an Autolab
AUT84192 bipotentiostat. A platinum ultramicroelectrode (UME) of 25 um in diameter
(the outer glass shield was 1.5 mm in diameter) was used as the SECM tip. Oxygen was
used as the electrochemical mediator at the tip. The cyclic voltammogram was recorded
at a scan rate of 50 mV s~ from 0 Vagagcl to —1.2 Vagagel. Figure 1 shows the cyclic
voltammogram of O, in the 0.2 M LiBr solution using the 25 um platinum UME. A
wide current plateau can be observed at potential values between -0.5 Vagagcr and -1

V agiagel, approximately, corresponding to the oxygen reduction reaction:

O, +2H,0+4e~ —40H" (1)

The curve displayed in Figure 1 was used to choose the potential of the UME tip, which

was set at -0.7 Vagiager to enable the diffusion-limited reduction of oxygen at the tip.

To study the influence of the applied potential on the passive behavior of AlISI 304 SS,
passive films were formed on its surface imposing different potentials within the

passive range (0.0, 0.1 and 0.2 Vagagc) for 1 hour.

The reduction of oxygen on the microelectrode was used to establish the height of the
tip over the AISI 304 SS sample. After passive film formation, approach curves
representing Current (I) vs. Distance between the UME tip and the surface of the sample
(2) were performed to select the best height of the UME tip. As an example, Figure 2
shows an approach curve for the tip polarized at -0.7 V agagc1 With the sample potential

set at 0.0 V in the 0.2 M LiBr solution. The zero position of the tip, that is, the point



127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

where the approach curves began, was an arbitrary position such that the influence of
the specimen on the probe response was not significant. From this zero position the
UME was moved down towards the sample and it stopped when the tip current reached
75% of the initial value in the bulk solution [25]. In order to prevent the tip from
scratching the AISI 304 SS surface, due to roughness or small tilt of the sample, the
distance between the UME and the substrate surface was afterwards increased by 5 um.
This increase in the tip-substrate distance by 5 um resulted in an increase in the tip
current by 8.33 %, in absolute value. Then, SECM scans were obtained by positioning
the UME tip directly above and perpendicular to the sample and scanning the surface at

steps of 250 um in the X and Y directions. The scanned dimensions were 2000 um X

2000 pm and the scan rate was 50 pm s,

To study the initiation and formation of stable pits on the surface of the AISI 304 SS in
the 0.2 M LiBr solution, the sample was subsequently biased at 0.45 Vagagcl, @
potential close to the pitting potential. After the appearance of the first stable pit,
different line scans were performed at different times by shifting the UME tip 3000 um
along the X direction passing just above the pit, at steps of 250 um. Although the step
size was significantly bigger than the tip diameter, this approach is acceptable in this
case because the aim of the present work is not to resolve the surface to evidence
precursor sites for pit nucleation, but to follow the propagation stages of a stable pit
once nucleated. The tip potential remained set at -0.7 V ag/agci to detect the electroactive
species (metal cations) released from the localized corrosion site by reducing them at
the UME tip, thus obtaining a cathodic current related to the activity within the pit.
Using this mode of SECM operation, called sample generation — tip collection (SG-TC),

the use of electrochemical mediators (i.e., an oxidizable/reducible species) that could
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interact with the substrate, such as the redox couple 1/13, is avoided, thus eliminating
their interference with the corrosion reactions [11, 25, 29]. A 3D map of the surface
around the pit was also obtained through scanning the surface at steps of 500 um in the
X and Y directions. The scanned dimensions were 3000 um x 2000 um in X and Y,

respectively, with a scan rate of 50 um s™.

After studying the formation and growth of a stable pit on the AISI 304 SS, the sample
polarization was stopped to study pit repassivation at open circuit potential. Line scans
and a 3D map of the surface were also obtained, following the same procedure

explained above.

2.4. Confocal Laser Scanning Microscope measurements

After potentiodynamic polarization curves, the AISI 304 SS samples were rinsed and
examined with a Confocal Laser Scanning Microscope (CLSM) Olympus LEXT
OLS3100, which uses the LEXT OLS 6.0.3 software. The CLSM uses a Laser Diode
with a wavelength of 408 nm, an outstanding horizontal resolution of 0.22 um, vertical

resolution of 0.01 um (z-axis), and a magnification range from 120x to 14400x.

The morphology of the pit formed on the AISI 304 SS electrode after the SECM

measurements was also examined using the CLSM. The average pit radius and pit depth

were quantified with the CLSM.

3. RESULTS AND DISCUSSION
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3.1. Potentiodynamic polarization curves

Table 1 shows the parameters determined from polarization curves (Figure 3) at two
different LiBr concentrations: 0.2M and 0.6M. As it can be seen in Table 1, an increase
in LiBr concentration from 0.2M to 0.6M slightly shifts corrosion potentials to more

active values and enhances corrosion current densities.

Polarization curves also provide information about the pitting, passivation and
repassivation behavior of the material. AISI 304 is susceptible to pitting corrosion since
bromides are very aggressive ions that promote SS passive film breakdown [30, 32, 33].
The lowest E, determined in the 0.6M LiBr solution indicates that bromides promote a
decrease in the pitting corrosion resistance and, consequently, the breakdown of the

passive film and the initiation of pits occur at less positive potentials.

Table 1 shows that passive current densities are higher in the LiBr solution that
contains more bromides. Table 1 also shows that repassivation current densities
obtained in both LiBr solutions are statistically the same. Since iy, is a measure of the
ability of materials to repassivate and, hence, of the extent of propagation once
corrosion has initiated, the previous results indicate that the ability of AISI 304 to
repassivate is essentially the same in both LiBr solutions. Additionally, E; gives
information about the repassivation of the material after pitting; i.e., above E;, pits that
have initiated will continue to grow and at potentials below E,, pits repassivate. In the
present case, the corrosion potential is below Ep, so pits can repassivate at potentials

between Ecorr and Eyp.
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The surfaces of the stainless steel after the tests were examined with the CLSM. The
number of pits together with their diameter is considerably greater in the test performed
in the most concentrated solution, that is, Br™ ions increase the pitting corrosion rate
[34]. This result is in agreement with the parameters determined from polarization

curves.

3.2. Influence of passivation potential studied by SECM

Figure 4 shows the 3D maps of the AISI 304 SS surface biased at three different
potentials among the passive range, i.e. 0, 0.1 and 0.2 V agagci Whereas the tip potential
was set at -0.7 Vagagcl. Figure 4(a) and (b) represent the evolution of the current at the
UME tip in the 0.2M and 0.6M LiBr solutions, respectively. The images correspond to
2000 um x 2000 um in X and Y directions. The plot in Figure 4(a) shows that current
values determined at the UME tip are higher (in absolute value), compared to those
obtained in the most concentrated LiBr solution (Figure 4(b)). This result seems to be
reasonable since the solubility of oxygen diminishes with salinity (the experimental
Henry’s Law constants for oxygen in the 0.2M and 0.6M LiBr solutions at atmospheric
pressure and 25° C are 4.54-10* atm. and 4.76-10" atm., respectively) [35]. Additionally,
the current at the UME tip follows the same tendency with the applied potential in both
concentrations; that is, it increases (in absolute value) as the potential is raised. The
same tendency of the tip current obtained in both concentrations represents the

reproducibility of the tests.

Passive films generally form as bilayers, with a highly disordered "barrier" layer
adjacent to the metal and an outer film consisting of a precipitated phase that may

incorporate anions and/or cations from the solution. Passivity is mainly attributed to the
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barrier layer [36]. The passive films formed on stainless steels are considered highly
doped semiconductors with dopant or defect densities [4, 37-39]. The protectiveness of
the passive film is affected by the density of dopants or charge carriers and the latter is
dependent on the applied potential in the passive domain. The passive film thus
constitutes a barrier layer to ion transfer but not to electron transfer. Any redox electron
transfer reaction is therefore allowed to occur on the passive film-covered metal surface
just like on the metal surface without any film [40]. In fact, it is well known that the
reduction of oxygen takes place in the formation of the passive film as cathodic reaction
[41-43]. In this way, during the formation of the passive films, i.e. at the applied
potentials shown in Figure 4, there should be a competition between the oxygen
consumed in the corresponding cathodic reaction at the passive film on the stainless
steel and at the UME tip. Taking into consideration that higher potentials promote an
increase in the redox reaction rates [44, 45], a gradual decrease (in absolute value) in the
tip current value with the applied potential, due to an increase of the oxygen reaction in
the cathodic regions of the passive film, should be shown in Figure 4. However, Figure
4 shows an opposite trend, that is, as the applied potential in the passive domain is
increased, the current at the UME tip increases in absolute value. Therefore, the increase
in absolute value of the tip current with the applied potential cannot be explained due to
the presence of oxygen. Hence, other redox species that are influenced by the applied
potential are interfering in the tip current. According to the Point Defect Model (PDM)
[36, 46] the transmission of ions through the barrier layer occurs by vacancy motion,
due to the preponderance of Schottky defects. Then, the following reactions may occur

at the metal/film and film/solution interfaces [36, 47, 48]:

- Reactions at the metal/film interface:

10
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m+V, —45M,, +v, + Xe~ )
m—2sM X +v, + Xe ©)

(4)

m—<sM,, +§Vc;’ + Xe~

- Reactions at the film/solution interface:

M, —“>M 4V +(5-X)e ®)
M — s M +(5—X)e~ (6)
VS +H,0— 50, +2H" )
Mox,z+XH+L>M5++§H20+(5—X)e- (8)

where m is a metal atom, V\/* is a cation vacancy in the passive film, M{* is an

interstitial cation, My, is a metal cation in a cation site of the film, vy is a cation vacancy

in metal phase, V;* is an anion vacancy in the passive film, Oq is an oxygen ion in the

passive film, M*is a metallic cation in the electrolyte and MOy, is the stoichiometric
passive film (X is the oxidation state of the cations in the passive film and ¢ is the

oxidation state of the cations in the solution).

As the applied potential on the passive region of the stainless steel is increased, the rate
of the redox reactions is affected. Therefore, according to the reactions proposed in the
PDM, oxidation equations 2 to 6 and 8 could take place. However, in the system

proposed in this research, the charge of the cations in the oxides that form the passive

11
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film (X) is equal to the charge of these cations in the solution (J), hence only reactions
shown in equations 2 to 4 occurring at the metal/film interface involve an exchange of
electrons. The rate of the aforementioned redox reactions will increase as the applied
potential is also increased [44, 45]. Thus, increasing the potential increases the rates of
formation of metallic cations in the film (My, in equations 2 and 4) and of interstitial
cations (M{** in equation 3). Furthermore, when the presence of these species in the
passive film increases, the rate of the reactions taking place at the film/solution interface
can be enhanced (equations 5 and 6), leading therefore to the formation of metallic
cations in the solution (M®"). As the number of metallic cations ejected from the metal
to the solution increases, the current at the UME tip might also increase (in absolute
value) and at its applied potential (-0.7 Vagagcl = -0.495 Vnhe), the cations that reach

the tip may be reduced.

The species that are present in the studied system are oxygen, water, bromide anions
(Br) and lithium cations (Li*) of the electrolyte and those cations coming from the
passive film of the stainless steel. The Br™ anions cannot be further reduced and the Li*
cannot be reduced at the potential applied at the UME tip (E°Lisni = -3.05 Vihe).
Moreover, neither water may be reduced to Hz (E’hz0+/m2 = -0.83 Vinne). Nevertheless,
as it was previously mentioned, oxygen in neutral or alkaline media might be reduced to
OH™ (E%2i04- = 0.40 Vnwe), but oxygen reduction cannot explain the results shown in
Figure 4, as mentioned above. On the other hand, the main elements present in the AISI
304 (iron, chromium and nickel), may be in their different oxidation states depending on
the applied potential among the passive region (0 to 0.2 Vagagel = 0.21-0.41Vnwe).
Therefore, all the reactions with a standard electrode potential (reduction potential)

lower than the applied passive potential might take place in the oxidation direction, that

12
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is, the reduced form of the pair with lower potential will be oxidized. According to the
standard electrode potentials, the iron, chromium and nickel species are stable at 0.21-
0.41Vnre are Fe*® (E%resvre = -0.036 Vi), Fe™ (E%rez+/re = -0.44 Vinre), Nit? (E%Nizeini
= -0.23 Vi) and Cr'® (E%ss/cr = -0.73 Vne). Thus, from a thermodynamic point of
view the cations ejected from the passive film formed on the stainless steel in our study
may be Fe*?, Fe*®, Ni*? and Cr*. Then, in order to relate the current at UME tip with
the reduction of some species, it is necessary to know which of the aforementioned
cations would be reduced at -0.7 Vagagcr = -0.495 Vre, i.e. the potential held at the
UME tip. Any reduction reaction with a standard electrode potential higher than -0.495

Ve Might take place in our system. The following reactions may occur:

Fe?* +2e — Fe (Erep+/re = -0.44 VkE) (9)
Ni% + 2e” — Ni (E%Nizemi = -0.23 Vinke) (10)
Fe** + 3e" — Fe (E%es+/re = -0.036 Vpe) (11)
Fe®* + e — Fe* (E°reasrer+ = 0.77 Vi) (12)

Note that in order to reduce Cr** to metallic Cr, more negative potentials are needed
(-0.73 VNHE).

According to the literature [7, 8, 49] nickel has not been found in the composition of
AISI 304 or AISI 316 SS passive films. Hence, the possible reactions at the UME tip
(apart from the reduction of O, to OH’, which is always present in our system, see

Figure 1) are those involving iron species (Fe™ and Fe*®).

In this way, a logical
explanation of the tendency observed in Figure 4 (i.e., the current of the UME tip
increases in absolute value as the potential also increases), might be the higher amount

of iron cations ejected from the passive film and available at the UME tip due to an
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increase in the applied potential. Then, at higher potentials more cations are reduced to
iron (equations 8 and 10) at the UME tip which is held at

3.3. SECM imaging of active pitting corrosion and repassivation

To study the initiation and formation of stable pits on the surface of the AISI 304 SS in
0.2 M LiBr solution, different potentials were selected and applied to the substrate (in
the passive region but close to the value of E, determined from polarization curves in
Figure 3). The lowest potential at which a stable pit appeared was 0.45 V ag/agc, SO the
sample was biased at this value. After the appearance of the first stable pit, different line
scans of 3000 um each were performed just above the pit, setting the UME tip potential
at -0.7 Vagiager. To perform these experiments, a test solution of 0.2 M LiBr has been
chosen instead of 0.6 M LiBr to minimize the appearance of pits on the electrode

surface when imposing a potential close to E,.

Figure 5 shows the line scans at different polarization times. It can be observed that,
regardless of the polarization time, the currents recorded when the tip passed just over
the center of the pit (X = 1500 um) were significantly higher (in absolute value) than
the currents measured over the areas covered with an undamaged passive film. Souto et
al [25, 26], working with polymer-coated carbon steel plates, also observed an increase
in the current measured at the tip when it passed over a circular defect artificially
produced in the organic coating. They explained these results in terms of an
enhancement of the amount of soluble oxygen available from the electrolyte volume

inside the hole, since the substrate surface was no longer obstructing the diffusion of

14
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oxygen from the bulk. Consequently, the currents measured at the UME tip over the
defect were of the same order of magnitude as that recorded in the bulk solution for
oxygen reduction. In the present case, however, currents recorded at the tip near the
active pit were far more negative than those observed in the bulk solution associated
with the reduction of oxygen at the UME tip (which are of the order of -2 nA, see

Figure 2).

On the other hand, since a process of active corrosion was taking place inside the pit
(the current of the substrate increased drastically just before the appearance of the stable
pit), a redox competition for dissolved oxygen could be expected to occur inside the pit
between the UME tip and the bare steel surface. According to Souto et al [21, 25, 26],
the concentration of oxygen available to be reduced at the tip will decrease near a
corroding surface, such as inside an active pit, due to the appearance of cathodic sites
where oxygen can be consumed. Assuming that it is the O, reduction reaction that is
taking place at the tip, a decrease in the amount of oxygen available at the tip would
lead to a decrease (in absolute value) in the tip current. However, such a decrease in the
tip current near the active pit with respect to the background current is not observed in

Figure 5.

Inside a stable pit the characteristics of the electrolyte are different from those in bulk
solution [31]. The local environment becomes enriched in metal cations and anionic
species such as bromides or chlorides, and the pH is lower owing to cation hydrolysis.
This fact makes pitting autocatalytic, that is, once a pit becomes stable, it grows at an
ever-increasing rate without any external stimulus [2, 31]. During active corrosion of

iron and stainless steels (such as AISI 304 SS), Fe?* cations are produced inside the pits
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[11, 14, 24, 50]. Other cations such as Cr** and Ni?* can also be produced inside active
pits formed on stainless steels [28, 51]. The high currents measured at the UME tip
when it was located just over the pit suggest an active corrosion process inside the pit
releasing metal cations and a subsequent reduction of those cations at the UME tip [11,
14], which was biased at -0.7 Vagagci. Protons may also be simultaneously reduced at

the tip [14, 52].

To confirm the explanations given above concerning the reduction process taking place
at the tip, Figure 6 shows a cyclic voltammogram taken while the tip was positioned
near the active corrosion pit. Comparing the voltammogram after corrosion with that
recorded in the solution bulk before corrosion (initial in Figure 6), it can be clearly
observed that cathodic currents greatly increased after the corrosion process. This result
indicates the presence of high amounts of other reducible species (metal cations) apart

from oxygen.

It can be observed from Figure 5(a) that at short polarization times the tip current
reached very negative and approximately constant values, but it started decreasing after
70 seconds. This behavior can be explained taking into account the precipitation of a
salt film on the pit surface [31, 51, 53, 54]. The high cathodic currents recorded at short
polarization times imply a very high metal dissolution rate (in fact, higher than the
diffusion rate of cations from the pit towards the UME tip) leading to an increase in the
ionic concentration inside the pit and to eventually reaching supersaturation conditions
[31, 51]. This salt layer decreased metal dissolution since it acted as a diffusion barrier

and hence the process of pit growth became limited by mass transport.
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However, at longer polarization times (from 210 seconds on), the tip current began to
increase again (Figure 5(b)) although it never reached values as high as those measured
at the beginning of the test, when metal dissolution was very intense. Figure 7
compares the values of the tip current measured just over the active pit at X = 1500 um
at different polarization times. It can be observed that I values were very high in the
beginning (in absolute value), indicating a very fast dissolution inside the active pit
which led to an increase in the concentration of metal cations inside the pit (A in Figure
7) [31, 51]. Eventually, supersaturation conditions were reached and a solid salt layer
formed on the pit surface, leading to a considerable decrease in the tip current over the
pit (B in Figure 7) [31, 51]. After the sudden drop in I, due to the precipitation of the
salt film on the pit surface, the current value increased again following a linear tendency
with time (C in Figure 7). This displacement of current towards higher values (in
absolute value) with increasing polarization time is consistent with an active process of
corrosion taking place inside the pit and is directly related to pit propagation [23].
Moreover, the previous results imply that after 210 seconds of active pitting corrosion,
the salt layer formed on the pit surface no longer acted as a diffusion barrier, since a
continuous increase in the release of metallic cations from the active pit and their

subsequent reduction at the UME tip was observed.

It is worth mentioning that an increase in the background current with increasing
polarization times can be observed in Figure 5, which is associated with the
accumulation and slow diffusion of metallic cations released from the substrate towards
the bulk solution [24, 55]. Hence, at long polarization times, small amounts of these
cations can be reduced at the UME tip far from the pit. However, the ratio between the

current over the active pit and the background current is very high and it increases with
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immersion time, which indicates that changes in the background current with time are

very small compared to the changes of the tip current measured above the active pit.

Once the growth of the active pit with time has been studied, the next step is to study
the repassivation of the pit when stopping potentiostatic polarization. As in the previous
case, different line scans were carried out above the repassivating pit, with the tip
potential set at -0.7 Vagagcr and leaving the AISI 304 SS substrate at open circuit

potential. Figure 8 shows the line scans at different repassivation time.

It can be observed from Figure 8(a) that immediately after stopping polarization the
cathodic current measured at the UME tip sharply decreased (in absolute value). After
that (Figure 8) the tip current measured above the pit became less negative with
repassivation time until it reached approximately constant values along the scan length
after 160 seconds. These results reveal a total repassivation of the existing pit, since its
propagation ceased completely. Final values of the tip current are slightly higher than
those recorded before the onset of pitting corrosion on the substrate at 0.45 Vagagci- As
it has been mentioned above, this difference in background current with time is
explained by the gradual accumulation of metallic cations released from the metal
substrate.

The previous results show that the pit formed on AISI 304 SS under potentiostatic
polarization was no longer stable at open circuit potential and stopped propagating. Pit
stability depends, among other things, on the maintenance of pit electrolyte composition
and pit bottom potential [31, 56]. If a salt film is formed on the pit bottom, the pit
growth rate will be diffusion controlled. Under these circumstances, a decrease in the

potential may not lead to repassivation and pits may continue to grow, depending on the
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composition of the pit electrolyte [31, 56]. The formation of a salt film has been cited
above as a likely reason to explain the decrease in the tip current with polarization time
after reaching very negative values (Figure 5(a) and Figure 7). However, at longer
polarization times (from 210 seconds on) the salt layer no longer influenced pit growth,
since the current associated with the cations released from the pit bottom started to
increase again (in absolute value) (Figure 7). Therefore, the complete repassivation of
the dissolving metal surface at the pit bottom after 160 seconds at open circuit potential
indicates that, in the system under study and after some time of potentiostatic pit

growth, charge-transfer processes inside the pit played an essential role in its stability.

Figure 9 shows the 3D maps of the AISI 304 SS surface obtained at the end of the pit
activation process at 0.45 Vagagci (Figure 9(a)) and at the end of the pit repassivation
process at open circuit potential (Figure 9(b)). The images represent 3000 um x 2000
um in X and Y directions, respectively. The plot in Figure 9(a) clearly shows the
generation and release of metal cations from a single pit centered in the point (X = 1500
um; Y = 1000 um) and reduced afterwards at the UME tip, whose potential was set at
-0.7 Vagiagcl- It can be observed from Figure 9(b) that the formation of Fe?* and other
cationic species from the pit was effectively stopped at open circuit potential, since at
the point (X = 1500 um; Y = 1000 um) the tip current was similar to the background

current, indicating a complete repassivation of the pit.

Figure 10 shows the 2D image of the pit formed on the AISI 304 SS surface in 0.2 M
LiBr solution at 0.45 Vagagci, Obtained with a CLSM. In order to visualize the pit
morphology and to quantify its depth, two profiles (longitudinal and transversal) were

also obtained. It can be observed from the 2D image (Figure 10(a)) that the pit mouth

19



458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

had an approximately equiaxed (circular) shape, bounded by facets. According to
Newman and Franz, it is possible that this pit grew initially by coalescence from several
nucleation points [51]. The average radius of the pit was estimated to be 99.8 £ 0.7 um.
It can also be observed from both profiles (Figures 10(b) and 10(c)) that the bottom of

the pit was not uniform. The average pit depth was 8.0 £ 0.9 um.

It is evident from the above calculations that the pit radius was far higher than the pit
depth, indicating that this pit was not hemispherical but dish-shaped. Some authors
working with stainless steels have observed a change in the pit shape from
hemispherical to dish-shaped during their growth [57-61]. According to Newman [58,
60, 61], early pit growth takes place in a hemispherical mode under the remnants of an
overhanging passive film; when a pit reaches a critical size, this cover is destroyed and
the hemispherical cavity is opened to the bulk solution. Hence, large pits (of the order of
several tens or even hundreds of um in diameter) have been usually found to be dish-
shaped rather than perfectly hemispherical, because the absence of a pit cover makes the
hemispherical shape unstable, resulting in a faster dissolution rate at the pit edges [31,
58, 60-63]. These explanations are consistent with the SECM and CLSM observations

of the pit formed on AISI 304 SS, which presented a dish-shaped morphology.

CONCLUSIONS

An increase in LiBr concentration from 0.2M to 0.6M enhances the passive current

density and lowers the pitting potential.
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As the applied potential in the passive domain is increased, the current at the UME tip
increases in absolute value. This increase can be explained due to the enhancement of
metallic cations at the film/solution interface at high potentials, according to the Point
Defect Model. As the number of metallic cations ejected from the metal to the solution

increases, the current at the UME tip might also increase.

The tip currents recorded over the center of the pit were significantly higher (in absolute
value) than the currents measured over the areas covered with an undamaged passive
film. This fact can be explained by an active corrosion process taking place inside the

pit, resulting in the release of metal cations and their subsequent reduction at the UME

tip.

The evolution of the tip current over the active pit with polarization time suggested a
very high metal dissolution rate during the first 70 seconds and then the precipitation of
a salt film on the pit surface after reaching supersaturation conditions. At longer
polarization times the tip current began to increase again indicating that an active

corrosion process was occurring inside the pit.

Immediately after stopping polarization the cathodic current measured at the UME tip
sharply decreased (in absolute value) and became less negative with repassivation time
until it reached approximately constant values. These results reveal a total repassivation

of the existing pit.

The pit radius was observed to be far higher than the pit depth, indicating that this pit

was not hemispherical but dish-shaped. This morphology is consistent with the loss of
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the pit cover (a salt layer or the remnants of an overhanging passive film) and the
preferential dissolution at the pit edges, leading to a change in pit shape from perfectly

hemispherical at the first stages of pit growth to a dish-shaped form at longer times.
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Table captions

Table 1. Electrochemical parameters for AISI 304 SS in both 0.2 and 0.6 M LiBr

solutions, obtained from cyclic polarization curves
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Figures captions

Figure 1. Cyclic voltammogram measured at the SECM tip of the AISI 304 SS in the

0.2 M LiBr solution at 25 °C.

Figure 2. Approach curve for the tip polarized at -0.7 Vagagci With the AISI 304 SS

potential set at 0 V in the 0.2 M LiBr solution.

Figure 3. Cyclic potentiodynamic polarization curves for AISI 304 in both 0.2 and 0.6

M LiBr solutions at 25° C.

Figure 4. SECM-3D maps of the AISI 304 SS surface biased at 0, 0.1 and 0.2 V ag/agc

in the 0.2M (a) and 0.6M (b) LiBr solutions.

Figure 5. Line scans on a pit formed on the AISI 304 biased at 0.45 Vagagcr in a2 0.2 M

LiBr solution

Figure 6. Cyclic voltammogram measured near an active corrosion pit and initially at

the SECM tip of the AISI 304 SS in the 0.2 M LiBr solution.

Figure 7. Current values at the tip current measured on an active pit at different

polarization times.

Figure 8. Line scans on the AISI 304 maintained at open circuit potential at different

repassivation times in the 0.2 M LiBr solution.

Figure 9. SECM-3D maps of the AISI 304 SS surface at the end of the pit activation
process at 0.45 Vagagcl (2) and at the end of the pit repassivation process at open circuit

potential (b).

31



718  Figure 10. CLSM-2D image of a pit formed on the AISI 304 SS surface in the 0.2 M
719  LiBr solution at 0.45 Vagagci (a). X and Y depth profiles are shown in (b) and (c),

720  respectively.
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723
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