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Abstract Scanning electrochemical microscope (SECM)

has become a very useful and powerful technique for

probing a variety of electrochemical reactions in corrosion

process due to its high spatial resolution and electro-

chemical sensitivity to characterize the topography and

redox activities of the metal/electrolyte solution interface.

Its capability for the direct identification of chemical spe-

cies in localized corrosion processes with high spatial

resolution would be more advantageous compared to other

local probe techniques with only morphological charac-

terization. In this review, the applications of the SECM in

the study of early stages of localized corrosion, electroac-

tive defect sites in passive films, local initiation of pits,

degradation of coating properties on steels, and some

combined methods through SECM integrated with other

techniques have been summarized and commented.

Finally, the optimization for SECM’s experiment design

and operation as well as foreseeable application range has

been proposed.

Introduction

Corrosion is the destructive attack of a material by reaction

with its environment. The serious consequences of the

corrosion process have become a problem of worldwide

significance. In addition to our everyday encounters with

this form of degradation, corrosion causes plant shutdowns,

waste of valuable resources, loss or contamination of

product, reduction in efficiency, costly maintenance, and

expensive over design. It can also jeopardize safety and

inhibit technological progress.

As one of the two types of corrosion, generalized cor-

rosion processes that take place on metals are usually

correlated with uniform metallic reactivity, with low or

controlled reaction rates allowing life prediction of mate-

rials. To study generalized corrosion phenomena, conven-

tional electrochemical techniques such as steady-state

polarization curves and electrochemical impedance spec-

troscopy (EIS) [1–4] have been widely used to provide

important information about the global properties of the

metal/electrolyte solution interface and its large-scale

corrosion activity. However, macroscopic symptoms of

corrosion are only an expression of the final stages of a

complex, dynamic sequence that starts at the microscopic

level and do not offer much detailed information about the

localized dynamics of corrosion processes [5].

Conversely, localized corrosion of passive metals such

as pitting corrosion occurs on discrete locations. In these

cases, the local metal dissolution leads to the formation of

small active areas (i.e., microscopic defects such as pits,

cracks, pores, etc.) within the passive surface area of the

metal forming a heterogeneous electrode [6]. This kind of

corrosion remains difficult to foresee and can propagate in

depth in the bulk material depending on the nature of the

species in solution.

To characterize localized processes occurred in corro-

sion of various metals, during the past decade, several local

electrochemical measurement techniques, including scan-

ning reference electrode technique (SRET) [7–9], scanning

vibrating electrode technique (SVET) [7, 10–12], local
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electrochemical impedance spectrum (LEIS) [7, 13, 14],

scanning Kelvin probe (SKP) [7, 15], electrochemical mi-

crocell technique [7, 16], and SECM, have been success-

fully utilized and developed. Although the SRET and

SVET, measuring potential distributions and current den-

sities, respectively, near corrosion sites, have been used

prior to the SECM for examination of corrosion processes,

they do not directly provide any chemical information. In

comparison, the SECM, pioneered by Engstrom et al. [17]

in 1986 for probing concentration profiles within the dif-

fusion layer of electrodes with conventional dimensions

and detecting short-life reaction intermediates, allows the

micrometer range to be reached readily by using usual

microdisk electrodes as probes. Moreover, the SECM

appears most suitable due to its ability to analyze larger

areas of the sample than other in situ methods and can be

tuned for chemical specificity. Large area measurements

are important because the microstructures of most samples

of interest are heterogeneous with multiple phases present

[18]. In a series of researches over 20 years, the SECM

technique has been largely developed, and extended the

ranges of application by Bard and co-workers [19–25].

Currently, the SECM has become a very powerful

technique for probing a variety of electrochemical reactions

owing to its high spatial resolution and electrochemical

sensitivity to characterize the topography and redox activ-

ities of the metal/electrolyte interface [26–28]. Its capability

for the direct identification of chemical species (e.g., cor-

rosion products) in localized corrosion processes with high

lateral resolution would be of great interest. In this article,

some applications of the SECM in the study of early stages

of localized corrosion, electroactive defect sites in passive

films, local initiation of pits, degradation of coating prop-

erties on steels, and improvement in information acquisition

through SECM integrated with other techniques have been

summarized and reviewed as follows.

Identification of early stages of localized corrosion

The investigation of early stages of localized corrosion

events is of great significance to deeply understand the

initiation mechanisms of corrosion events. As well known,

the nucleation stage is followed by a metastable stage in

which propagation of the pit is not yet fully stabilized, but

growth is sustained by the surrounding and covering

geometry of the passive surface from which the pit began.

This early stage of pit growth may be succeeded by the

stable state, or growth may terminate while still in the

metastable state [29]. The rate of growth is controlled by

outward diffusion of metal cations from this saturated salt

solution, the diffusion rate being sustained by the perfo-

rated remnants of the passive film that originally protected

the site. Stable pit growth occurs when the pit depth alone

provides the boundary depth necessary for diffusion control

[30].

The electrochemistry of metastable pitting has been

studied electrochemically by several groups [30–39]. The

state is interesting because it is a precursor state to stable

pitting and appears to be controlled by the same mecha-

nism as that of stable pitting [30, 33]. Even in its meta-

stable state of propagating pit on stainless steel, Fe2?

cations exude under diffusion control, the system becomes

an ideal subject of study by SECM. Souto and co-workers

presented the images describing metastable pits on 304

stainless steel obtained in situ in chloride solution at the

open-circuit corrosion potential [29]. These images were

obtained by SECM and represented the oxidation of Fe2?

emanating from the metastable pits as the probe tip passed

over them. Each anodic transient on the tip was succeeded

by a transient in the cathodic direction (Fig. 1). The authors

ascribed this to an indirect observation of the cathodic

reaction. It was shown that the lifetime of the detected pits

was a maximum of a few seconds. In a following work,

Souto and co-workers [40] demonstrated that mapping of

concentration profiles of redox-active species participating

in corrosion processes at the open-circuit potential can be

performed with great accuracy and resolution using the

scanning electrochemical microscope. This originated from

the observation that the size of the microelectrode (tip)

strongly determines the zone at which significant concen-

tration gradients developed, thus expecting that the current

detected at a micrometric probe will be indicative of true

local concentration of a redox-active species being moni-

tored [41].

Very small pulses in passive current density (pA scale)

have been detected and assumed to represent ‘‘trigger

events’’ for pitting corrosion [42]; an association with the

nucleation of pitting corrosion has been demonstrated and

some speculation has been made about the origin of these

pulses [43, 44]. Zhu and Williams reported the SECM

observation of a precursor state to pitting corrosion of

stainless steel [37]. The objective of their work was to test

the hypothesis that small-scale spatial and temporal fluc-

tuations of passive current density of stainless steel in

aqueous chloride media occur and to test whether pitting

corrosion does arise as a consequence of the self-amplifi-

cation of some such spatial fluctuations of passive current

density. They presented the first results showing in some

cases pitting arising from self-amplification of a local

fluctuation, and demonstrated nucleation of a pit at a site

marked by a marginally different passive current density to

that pertaining on the rest of the surface.

Sulfur-rich inclusions in stainless steel (SS), e.g., MnS

inclusions, are well known to serve as sites where corrosion

pits form [45–49]. Ke and Alkire [50] used Auger electron

spectroscopy (AES), scanning electron microscopy (SEM),
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and energy dispersive X-ray analysis (EDX) to study the

onset of pitting on 304 SS in 0.1 M NaCl solution and

reported that pits initiated only at MnS and mixed MnS/

oxide inclusions with sizes above 0.7 lm. High concen-

trations of S were found within the pit cavity as well as the

surrounding area. However, yet to be resolved was the

mechanism for the specific chemical aspects of inclusion

dissolution and how it led to acceleration of local metal

dissolution, eventually to stable pitting corrosion [51].

Williams et al. have exploited the SECM to demonstrate

states of metastable pitting on stainless steel when the alloy

was polarized to high electrode potential, and have shown

enhanced activity around the sites of sulfide inclusions. It

was proposed that the conditions generated under the sulfur

crust might be sufficiently extreme to cause the stainless

steel to depassivate and a pit to trigger [38]. However, their

work was carried out under potentiostatic control, instead

of open circuit, which did not exactly match the conditions

occurring in the majority of the practical corrosion situa-

tions, where a distribution of anodic and cathodic sites on

the same corroding substrate existed.

To pursue further, it is of interest to probe the local

chemistry involved with such high current flow, i.e., to

measure the local distribution of dissolved sulfur species

on a microscopic scale in the vicinity of a MnS inclusion

during early stages of pit initiation. Paik et al. [51] studied

the dissolution of MnS inclusions in 303 and 304 SS during

initiation of pitting corrosion in an aqueous solution con-

taining 10 mM KI and 0.1 M NaCl solutions by means of

SECM technique. The dissolution products of MnS were

detected amperometrically at a carbon fiber SECM tip

using I-/I3
- as the redox mediator. SECM images showed

that the sulfur species are slowly generated above previ-

ously identified MnS inclusions. SECM was found to be

useful in mapping local concentration distributions of sul-

fur and their evolution in time during dissolution.

Lister and Pinhero extended the use of SECM for

imaging localized sulfur concentrations dissolved from

sulfide inclusions in type 304 SS. An unexpected current

inversion at the microelectrode was observed at higher

sample current densities in close proximity to the area

where sulfur was detected at lower sample current. It was

found that this inverted feature resulted from the localized

increase in the electric field at the corrosion site, shifting

the potential of the microelectrode when positioned over

the site (Fig. 2). The work presented the first known

combination of localized electric fields and chemical

detection for determining localized electrochemical activ-

ity at a corroding surface [52]. Correlation of local elec-

trochemical activity with areas of oxide breakdown has

been made in some cases, thus suggesting that SECM could

be used as a predictive tool to determine where corrosion

might occur. As a sequent work to study the dynamics of

localized corrosion, Lister and Pinhero probed local elec-

trochemical activity of type 304 SS by using the I-/I3
-

redox mediator in the substrate generation/tip collection

mode (SG/TC) [53] of SECM. Imaging was performed

over a large area with consecutive images of the same

Fig. 1 SECM of stainless steel surface under immersion in 0.1 M

HCl at the open-circuit corrosion potential. a The image as recorded,

showing anodic peaks due to metastable pits. The upward direction in

z is anodic. The x and y axes show an area 100 lm 9 100 lm. The tip

potential was 0.697 V (SHE). b The image in a turned upside down.

In this image, the upward direction in z is cathodic. The tip potential

was 0.697 V (SHE). c A line scan showing the positive (anodic) and

negative (cathodic) wings of the tip current as it passes over a

metastable pit and beyond. The tip potential was 0.997 V (SHE)

(background rescaled to zero). Reprinted from [29]. Copyright 2004,

Elsevier Science Ltd

J Mater Sci (2009) 44:4511–4521 4513

123



portion of the electrode captured. Localized active sites,

which were determined to be corrosion processes, showed

a time-dependent behavior when measured at a fixed

potential. These results displayed pictures of the dynamic

nature of corrosion and point to new ways of studying the

fundamentals of pitting behavior [54]. As indicated by the

authors, however, the technique was limited by the time

required to raster a single probe through the scan area. A

microelectrode array was proposed to obtain microscopic

images with an improved temporal resolution in

comparison with conventional SECM by avoiding the

time-consuming scanning with an individual UME. It could

be envisaged, however, that the lateral resolution will be

much lower than in typical SECM images.

A direct identification of the chemical species with

spatial resolution would be greatly advantageous. In the

study of Völker et al. [55], local fluxes of ferrous ions at

low-carbon steel surfaces coated with tin and an epoxy-

phenolic resin on tinplate samples and at chrome steel (tin-

free steel) have been monitored by oxidation of Fe2? ions

at a scanning Pt SECM tip. The SECM was employed in

the collection mode at constant height on an x–y plane

above the sample, monitoring the tip current as a function

of tip location. Fushimi et al. [56] investigated the corro-

sion behavior of Fe-3 at.% Si alloy in 0.01 M HCl solution

by using SECM as well as general electrochemistry. The

SECM probe successively detected hydrogen in the vicin-

ity of the corroding surface, imaged its distribution, and

detected some active sites of the corroding surface. In the

initial stage, a nonuniform distribution due to crystallo-

graphic orientation of substrate single grains was observed

but soon diminished due to less activation of the corrosion

reaction.

We have investigated the localized corrosion of type 304

stainless steel in neutral chloride solution by SECM area

scan measurements [57]. Variations in the faradaic current

measured at selected tip potential values can be related to

changes in the local concentration and electrochemical

activities of electroactive species involved in corrosion

reactions occurring at the substrate as a function of

immersion times of the substrate and polarizing currents or

potentials applied on the substrate. To further verify the

results acquired from cyclic voltammetric experiments,

SECM measurements were employed to in situ study the

compositions and electrochemical activity distribution

profile of the pitting corrosion products of SS. It has been

demonstrated that the combination of feedback current

mode with generation-collection (G-C) mode of SECM is

suitable to elucidate the possible reaction mechanisms and

paths involved in the localized corrosion of stainless steel

in neutral chloride solution.

Characterization of electroactive defect sites in passive

films

Generally, there exists a thin passive layer (e.g., oxide film)

on most of the surface of metal materials such as Al, Ti, Ta,

Ni, etc. The integrity of the passive layer plays a key role in

the protection of substrate metals. Identifying these struc-

tures in situ and demonstrating their relationship to local-

ized corrosion is a challenging and important goal. In

principle, SECM image allows in situ visualization of

spatially localized electrochemical activity. A microscopic

Fig. 2 Series of SECM images within the x–z plane taken over a

dissolved sulfur inclusion peak at the following sample current

densities: (a) 5; (b) 10; (c) 20; (d) 40; (e) 80; (f) 160; and (g) 320 lA.

The microelectrode was held at 600 mV during the entire experiment.

Reprinted from [52]. Copyright 2003, Elsevier Science Ltd
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redox-active site observed in an SECM image may reflect

the higher electronic conductivity associated with a struc-

tural (or purely electronic) defect site in an otherwise

passive oxide film (Fig. 3) [58]. Thus, SECM can provide

key information on the local electronic properties of oxide

films that are important in oxide film breakdown and

localized corrosion. In previous studies, SECM has been

used to study the localized electrochemical activity on Ti

[59–61] and Ta [62] surfaces, primarily in nonaqueous

media, covered by native and thick anodically grown oxide

films of TiO2 and Ta2O5, respectively. Oxide breakdown

and pit nucleation at Ti/TiO2 occur preferentially at defect

sites where the localized electrochemical activity is largest

[59, 60]. These SECM investigations provide a direct

experimental demonstration of the relationship between

electron transfer rates, oxide conductivity, and localized

corrosion.

Knowledge of the properties of the passive oxide layer

on Al and its interaction with the environment (including

hydration, anion adsorption/absorption, and chemical

composition) is critical in developing a fundamental

understanding of the mechanism of localized corrosion of

this widely used material [58]. The oxide film on Al is

known to contain microstructural and/or electronic defects

that may be associated with local film breakdown. SECM

also appeared well suited for investigations of the native

oxide films on Al, which are 2–3 nm thick [63]. White and

co-workers reported SECM studies of electroactive defect

sites in the native oxide film on aluminum. Their results

suggested that the oxide film contains highly conductive

defect sites that are responsible for the observed electro-

chemical activity [58, 64]. It was focused on identifying the

chemical and physical nature of these defect sites and

determining their relationship to oxide film breakdown and

localized corrosion.

Local induction or initiation of pits

Generally speaking, as pitting is a random event, it is dif-

ficult to predict where a pit will appear on the surface and

how many pits will form. This renders difficult the use of

local probes for studying the early stages of the pit initia-

tion and propagation [6].

During the past few years, efforts have been made to

initiate a single pit on a metal substrate [65–69]. In these

cases, the pit generation at a predefined location was per-

formed through the local supply in chloride ions in the

vicinity of the metal surface. For instance, Still and Wipf

[65] used SECM to induce localized corrosion at passiv-

ating iron surfaces by using the tip to generate Cl- ions.

The use of the SECM allowed the rapid establishment of a

locally aggressive chemical environment at a preselected

site on the iron surface. The susceptibility for passive layer

breakdown and corrosion initiation was examined as a

function of the time between the start of the passive layer

growth and the formation of Cl- ions. The breakdown of

the passive layer was found to depend strongly on the

passivation potential and the site of Cl- formation on the

iron surface. In addition to generating Cl- ions, the SECM

tip was simultaneously used to detect large iron ion con-

centration fluctuations as corrosion began. Current fluctu-

ations at the tip were observed and ascribed to precursors

to the passive layer breakdown. Fushimi and co-workers

[66, 67, 69] reduced a silver chloride deposit at a silver

microelectrode, resulting in local production of chloride

ions close to the metal surface to initiate a single pit

(Fig. 4). One of the main advantages of using the silver

chloride microprobe is to have a reservoir of chloride ions

Fig. 3 a SECM image of an Al/Al2O3 electrode (99.9965% Al rod)

rod surface showing a single electroactive site. The image was

obtained by holding the Al/Al2O3 electrode at -1.7 V and the tip at

0.0 V vs. Ag|Ag?. Tip was scanned at 5 lm/s during imaging. b
Voltammetric response of the Al/Al2O3 electrode (is) and the

corresponding tip response (it). The tip current was recorded by

holding the tip potential, Et, at 0.0 V while scanning the substrate

potential (Es). The tip was positioned directly above electroactive

defect site at a separation of *5 lm. Reprinted from [58]. Copyright

2003, The Electrochemical Society
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that can be released at a selected location without the

adjunction of any other chemical.

As reported by Gabrielli et al. in [70, 71], the initiation

and the propagation of a single pit on iron were controlled

through the local production of chloride anion thanks to the

silver chloride reduction at the tip of the SECM. The

minimum amount of chloride ions to initiate a single pit

was investigated as a function of the iron potential and the

pH of the electrolytic solution. It was shown that the single

pit propagation was associated with a parabolic increase of

the amount of iron dissolved. The influence of the probe-

to-substrate distance was also investigated. It was demon-

strated that the use of the SECM to generate a single pit

corresponded to a thin-layer configuration. The withdrawal

of the Ag/AgCl microelectrode after the release of Cl- ions

evidenced that the pit propagation in full bath was much

faster than in an electrolyte thin-layer-cell configuration.

Evaluation for degradation of coating properties

on steels

Organic coatings are effectively utilized for the protection

of metals due partly to their capacity to act as a physical

barrier between the metal surface and corrosive environ-

ment in which they perform their function. However, all

polymers are permeable to potentially corrosive species

such as oxygen, water, and ions [72], which eventually lead

to the initiation of metal corrosion under the polymeric

film. In fact, defect-free films applied on metals are known

to delaminate after some time, which indicates that species

from the environment may diffuse either through micro-

scopic pores in the coating or even through the polymer

matrix [73]. However, the detailed mechanisms of the

corrosion processes that take place at defect-free-coated

metals, and of delamination in the vicinity of defects, are

not yet fully understood. Although conventional electro-

chemical techniques such as EIS are capable of providing

valuable information about these processes which are

electrochemical in nature, they are integral and surface-

averaged methods and thus lack spatial resolution, which is

a major drawback especially in the early stages of the

degradation process of coatings [74].

As one of the microelectrochemical measurement tech-

niques to probe local electrochemical activity, the SECM

has been utilized to study corrosion processes at coated

metals. The mobile ultramicroelectrode immersed in an

electrolyte solution was scanned in close proximity to the

coating surface to characterize the topography and redox

activity of the metal/coating interface with high spatial

resolution. Application of the SECM to the study of the

anticorrosive characteristics of the coated metals appeared

to be very promising in elucidating the complex processes

occurring in the interaction of the metal/coating system

with corrosive environments [74]. Water uptake as well as

swelling of the coating should be detectable because they

resulted in a variation in the tip-sample separation. Such an

effect would produce variations in the current flowing at the

tip with time when the tip was scanned at a constant height

from the sample (Fig. 5). In this area, Souto and co-workers

have made a series of contributions [74–77]. For example,

the damage to paint coatings caused by immersion in

aqueous electrolyte solution has been observed in situ by

SECM. The surface topography of coated metal samples as

a function of time in chloride and sulfate solutions has been

shown by SECM image. The degradation was observed as a

swelling of the polyester coating as a function of time of

immersion in chloride solution. The aggressive effect of

chloride ions toward coating degradation was established

after very short exposure times. In contrast, blistering could

not be observed in a chloride-free sulfate solution [74]. In

another work, Souto and co-workers demonstrated that

SECM was suitable to investigate the processes involved in

the degradation of coated metals. Both mapping of the

surface and detection of reactants participating in the cor-

rosion reactions were achieved by scanning the SECM-tip

over the surface of the sample. This was possible because

the SECM operated on both insulating (coated areas) and

conducting (noncoated) surfaces and exhibited high spatial

resolution. Furthermore, the SECM-tip may be used to

quantitatively detect the reactants participating in the cor-

rosion reactions by adequately calibrating the current

measured at the tip in solutions of known concentration

[75]. Also, SECM was employed to in situ monitor elec-

troactive species in the proximity of a submillimeter defect

(holiday) through the coating. Data obtained on the tem-

poral variation of the current measured at the ultramicro-

electrode when located in the proximity of the holiday will

Fig. 4 SEM observation of a single pit generated on iron by SECM

technique in 0.5 M H2SO4 solution. Reprinted from [6]. Copyright

2008, Elsevier Science Ltd
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be attributed to the corrosion processes at the metal–elec-

trolyte interface. During these experiments, the SECM was

operated alternatively in the SG-TC and the feedback

modes in the same electrolyte solution under naturally

occurring corrosion conditions [76]. As an attempt to

evaluate the nature of metallic coating, Souto et al. focused

on the investigation of the very early stages of the degra-

dation of coil-coated galvanized steel sheet through swell-

ing and blistering during exposure to chloride-containing

aqueous solutions and the possible effect of the zinc-based

metallic coating on the degradation at these very early

stages [77]. SECM operating in the feedback mode was

employed to image topographic changes when the samples

were left at their spontaneous open circuit potential.

Swelling of the coating and nucleation of blisters were

observed for all the samples when they were exposed to

naturally aerated 0.1 M KCl solution within 24 h exposure.

It was found that the chloride ions promoted coating deg-

radation nearly immediately upon immersion in the elec-

trolyte with chloride concentrations of 0.1 M and above.

In addition, Katemann et al. used alternating current

(AC) SECM to examine in situ the metal–coating interface

of lacquered tinplates which are commonly used in

industry to manufacture metal food containers [5]. It was

demonstrated that AC-SECM allowed to visualize micro-

scopic cracks and holes in the coating of the lacquered

tinplates with high lateral resolution. As a matter of fact,

these local defects in the corrosion-resistive tin/polymer

coating were leading to an exposure of the underlying steel

and had to be considered as potential precursor sites for

localized corrosion.

Integrated with other techniques

In addition to SECM technique, there are other scanning

probe techniques and microelectrochemical measurement

techniques, with high spatial resolution and/or electro-

chemical activity probing capability, such as scanning

tunneling microscopy (STM), atomic force microscopy

(AFM), scanning Kelvin probe force microscopy (SKPFM),

near-field scanning optical microscopy (NSOM), SVET,

SRET, SKP, LEIS, etc. The combination of SECM with

these techniques has been shown capable to provide

microscopic information on the processes occurring at the

surface of corroding metals.

Currently, strong efforts are under way to increase the

resolution of SECM and to access the nanometer-size

regime because many electrochemical phenomena are

localized at much smaller structures [38, 78–81]. To allow

SECM measurements in the nanometer dimension, a

number of technical challenges have to be overcome. The

combination of ECSTM with SECM allowed the collection

of spatially correlated topographic and reactivity data

(Fig. 6). With the topographic information obtained from

the ECSTM experiment, a number of localized electro-

chemical experiments can be performed such as the

recording of current–distance curves or two-dimensional

SECM imaging in the nanometer-size regime [82].

Due to the complexity of the microstructure of multi-

component Al alloys, the mechanism of localized corrosion

of Al alloys is still not completely understood, especially

regarding the influence of various kinds of intermetallic

precipitates in the alloys. As reported by Leygraf’s group

[83, 84], SECM has been integrated with electrochemical

Fig. 5 Images generated by SECM of a painted specimen immersed

in 0.1 M KCl solution. The image shown represent 100 lm 9

100 lm in X and Y directions. The vertical Z direction is calibrated in

terms of current at the tip. Tip potential, 0.5 V vs. the Ag/AgCl/KCl

(saturated) reference electrode. The figures show a sequence taken at

different times of the same surface: (a) immediately after immersion,

(b) 21 min after immersion, and (c) 63 min after immersion. Times

quoted represent the beginning of the scan; each scan lasted 20 min.

Reprinted from [74]. Copyright 2004, Elsevier Science Ltd
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AFM (EC-AFM) and applied for in situ studies of the

effect of intermetallic particles on localized corrosion of Al

alloys in NaCl solution. Concurrent AFM topographic

images and SECM electrochemical activity maps could be

obtained in situ with micrometer lateral resolution, pro-

viding detailed information of the localized dissolution

associated with different kinds of intermetallic particles,

and deposition of corrosion products surrounding large

particles or covering small pits. By using a dual-mode

cantilever/tip, the AFM-based SECM had a high lateral

resolution (better than normal SECM) and was able to

reveal local dissolution sites. The critical issue in this

approach is to fabricate a dual-mode cantilever/tip, which

acted as the cantilever for the AFM and also the micro- or

nanoelectrode tip for the SECM as well. To our knowledge,

this is the first time the integrated EC-AFM/SECM was

applied for in situ studies of localized corrosion of Al

alloys.

Souto and co-workers [11] made use of the SECM and

SVET to investigate microscopic aspects of the electro-

chemical reactions that occurred in an iron–zinc galvanic

couple immersed in aqueous sodium chloride solution. The

two techniques offered complementary information: ionic

fluxes corresponding to cathodic and anodic reactions were

measured with the SVET, though it lacked chemical

discrimination to identify the nature of the ionic species

involved; on the other hand, by adequately selecting the

potential value at the microelectrode in the SECM, reac-

tants and products of the corrosion reactions could be

identified. Furthermore, their concentrations in the aqueous

phase could be estimated, thus providing in situ informa-

tion as a function of the time elapsed since immersion. It

concluded that the two techniques had comparable sensi-

tivity for the corrosion of iron, but significant differences

were observed concerning the detection of corrosion of

zinc.

The mechanism of protection of an aluminum substrate

by a Mg-rich coating was also investigated using the

combination of SECM with SVET [85]. The SVET has

shown the evolution of the pit activity with time under

sacrificial protection, whereas the SECM allowed indirect

sensing of the cathodic activity above the electrodes. The

results showed that the magnesium acted in a first stage by

both preventing nucleation of pits and inhibiting the growth

of the already existing ones, whereas at a later stage the

precipitation of a porous layer of magnesium oxide at

defective areas led to some degree of barrier protection.

NSOM, using tuning-fork control and specially fabri-

cated tips to obtain high-resolution topography, has been

used in combination with fluorescence microscopy and

SECM to study localized corrosion behavior of AA2024

[86, 87]. The anodic dissolution sites were identified by the

fluorescent dye, and ring-like deposition of corrosion

products (aluminum oxyhydroxides) around intermetallic

particles was observed both at open-circuit potential and

under anodic polarization.

Another significant technique is the electrochemical

quartz crystal microbalance (EQCM), which allows mass

variations of the nanogramme order to be detected on

surfaces of a few square millimeters [88]. The SECM–

EQCM coupling allowed the simultaneous measurements

of potential, current, and mass variations to be performed.

The initiation and the propagation of a single pit on iron

were controlled through the local production of chloride

anion thanks to the silver chloride reduction at the tip of the

SECM. The frequency variations, i.e., the mass variations,

over the total QCM electrode can be related to a local

event, and the frequency variations observed during the pit

formation and propagation could be directly linked to the

breakdown of the passive layer and to the dissolution of

iron into Fe(II) in solution (Fig. 7) [70, 71]. One of the

principal difficulties of this coupling is the radial depen-

dence of the sensitivity of the EQCM.

AC-SECM combines electrochemical impedance mea-

surements with SECM, which is a novel tool for measuring

local interfacial impedance properties with high lateral

resolution [13, 89]. Katemann et al. used AC-SECM to

characterize the solid–liquid interface of lacquered

Fig. 6 Imaging of a bare gold surface in the combined ECSTM–

SECM mode, image frame 1440 9 1440 nm2. a ECSTM signal,

ET = -50 mV, ES = 0 mV, tunneling current = 0.8 nA. b SECM

signal, ET = -250 mV, ES = 0 mV, reff = 72 nm, d = 20 nm, solu-

tion 0.0052 M [Ru(NH3)6]Cl3 ? 0.1 M H2SO4, scan rate 6 lm/s.

Reprinted from [82]. Copyright 2003, Elsevier Science Ltd
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tinplates in contact with aqueous solutions [5]. It was

shown that AC-SECM has the capability to distinguish

between regions on the samples surface with an intact

coating and with failures in the protecting polymer film.

Furthermore, microscopic domains of a varying con-

ductivity/electrochemical activity on surface artificial mi-

crocavities such as cracks and pinholes used as a

representative model of precursor sites for localized cor-

rosion were clearly identified and properly visualized at a

high spatial resolution.

Summary and outlook

In more recent years, lots of researches have focused on

understanding the problem from a surface science perspec-

tive to determine the localized chemistry involved in cor-

rosion processes. SECM, as one of a series of promising

instrumental methods to recognize the phenomena of

localized corrosion, is a coupling of scanning probe tech-

niques with electrochemistry sensitivity. In comparison with

other local probe techniques to investigate corrosion pro-

cesses, SECM has the advantages to in situ characterize both

topography and localized corrosion activity of microscopic

defects at the metal/passive film/electrolyte interface and,

especially, it is good at pursuing the microscopic informa-

tion occurring at the early stages of localized corrosion.

As pitting corrosion belongs to a random event, it is

therefore a difficult task to predict where a pit will occur on

the metal surface and how many pits will produce. This

renders difficult the use of local probes for studying the early

stages of the pit initiation and propagation. To tackle the

problem, the advantage of the SECM technique can be taken

to generate a single pit on substrate of metals such as iron in

various media. The use of the SECM for this purpose allows

a locally aggressive chemical environment to be rapidly

established at a preselected site on the bulk metal surface to

initiate localized corrosion. That is, with the SECM-tip close

to the metal surface to be studied, electrolysis allows the

solution composition in the gap between the tip and substrate

to be changed within a few milliseconds.

Organic coatings are widely used as a protection mea-

sure against metal corrosion owing to their function as a

physical barrier between the metal substrate and corrosive

environment. However, complete isolation of the underly-

ing metal substrate from the environment can not be

achievable since all polymers are permeable to corrosive

species such as oxygen, water, and ions. Techniques with

local resolution are therefore potentially useful for studying

the degradation of coated metals. It has been demonstrated

that the SECM is a powerful technique for the in situ

investigation of both the transport processes that occur

through the organic coatings, and the consequent corrosion

reactions at the metal/electrolyte interface during their

exposure to electrolytes.

As a trend in developing the state-of-the-art of SECM, the

combination of SECM with various local techniques, such as

EC-STM, EC-AFM, SVET, SRET, SKP, LEIS, NSOM, and

even EQCM, have been shown capable to provide more

microscopic and comprehensive information on the pro-

cesses occurring at the surface of corroding metals.

The application range of SECM technique in studying

corrosion of metals is likely to expand greatly in the future.

Some improvements in the experiment design and opera-

tion as well as the foreseeable application range could be

proposed, such as: (1) An integrated SECM/SPM to pursue

a tremendous improvement of lateral resolution in the

nanometer scale; (2) An array of microelectrodes (probes)

created by micromachining to increase the time resolution

for SECM imaging; (3) Accurate positioning of the probe

above a defect (e.g., inclusion, segregation, intermetallic

precipitate, etc.); (4) Inhomogeneous corrosion processes at

grain boundaries or on individual grains; and (5) SECM

characterization of localized corrosion of metals under

stress or strain condition in real time.
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