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1. Introduction

Corrosion is a great problem in a lot of chemical industries and in the systems of energy
production. When metals are exposed to an aggressive environment or to atmosphere effects
tend to reverse to the lesser energy state of ore. All these processes are enhanced by the
aggressive conditions that sometimes can be found in the industry, high temperature and
pressure or corrosive environments. Therefore, corrosion may imply a lot of economic costs
in the productive system. According to NACE [1] in 2002 the cost of corrosion in USA could
be established in 276 million of dollars per year. Therefore, it is quite important to develop and
use techniques that can allow determining and monitoring the corrosion of the metals.

Since 1903, when the electrochemical character of corrosion was widely accepted after the
publication of the paper of Whitney [2], several electrochemical techniques has been developed
and used in the study of the corrosion processes. Some of the main milestones developed in
the electrochemistry science during the 20th century can be summarised as follows:

1. Alexander Naumovich Frumkin (1895-1976). made vital contributions to our knowledge
of the fundamentals of electrode reactions — particularly the influence of the electrode-
electrolyte interface on the rate of electron transfer across it [3].

2. Veniamin Grigorevich Levich (1917-1987), an associate of theoretical physicist Lev
Davidovich Landau (1908-1968), helped Frumkin in relating his experimental results to
theory. The collaboration led to the development of the rotating disc electrode [4].

3. The quantitative measurement of electrochemical corrosion got established with a 1932
publication of Thomas Percy Hoare (1907-1978) and Ulick Richardson Evans (1889-1980).
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His 1937 book “Metallic Corrosion, Passivity, and Protection” is probably one of the
clearest books written on corrosion science.

4. 1938, the Belgian electrochemist Marcel Pourbaix (1904-1998) constructed his famous
potential–pH diagrams “Pourbaix diagrams”.

5. Much of the theory behind cyclic voltammetry and electrochemical impedance spectro‐
scopy came from the work of the English electrochemist John Edward Brough Randles
(1912-1998).

6. One important development in electrochemical instrumentation is the invention of the
potentiostat by the German engineer-physicist Hans Wenking (1923).

Nowadays, electrochemistry and corrosion science looks interconnect with parallel advance‐
ments in materials science and characterization techniques. For example, there is increasing
thrust toward exploiting nanoscopic materials and architectures. Expectations in this direction
are high because surface plays a key role in electrochemical processes. Continual developments
in the synthesis and characterization of materials have also led to welcome changes in
electrochemical research.

Therefore, the use of the electrochemical techniques has demonstrated being quite helpful in
the study and control of corrosion in several environments. In this chapter a review of the
conventional and localised electrochemical techniques applied to the analysis of corrosion
processes has been made. Additionally, some experimental results of the authors, which are a
good example of the use of localised electrochemical techniques in the study of heterogeneous
materials, are presented.

2. Stainless steels

Stainless steel is a generic name commonly used for that entire group of iron-based metal which
are the most commonly used metallic materials. The main characteristics are their resistance
to corrosion in many environments, their good mechanical properties over an extremely wide
range of temperatures and their resistance to oxidation and scaling at very high temperatures
[5, 6]. These compounds contain at least a 12% of chromium, low carbon content and they
might also have percentages of other elements such as nickel, molybdenum, vanadium,
titanium, aluminium and so on. The corrosion resistance of stainless steels is provided by a
very thin and protective surface oxide film, known as passive film. It is generally accepted that
passive films formed on stainless steels have a duplex structure which consists of an inner
region rich in chromium and an outer region rich in iron [7-10]. Nickel and molybdenum are
commonly added in the stainless steel composition in order to increase its corrosion resistance.

There are five main classes of stainless steel: austenitic stainless steels, martensitic stainless
steels, ferritic stainless steels, duplex stainless steels and precipitation hardening stainless
steels.
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2.1. Austenitic stainless steels

Austenitic stainless steels are the most common and familiar types of stainless steel. They are
not magnetic. They have a face-centred-cubic lattice structure of austenite over the whole
temperature range from room temperature (and below) to the melting point. The austenitic
stainless steels, because of their high chromium and nickel content, are the most corrosion
resistant of the stainless group. Moreover, they are weldable and can be divided into three
groups: common chromium-nickel (300 series), manganese-chromium-nickel-nitrogen (200
series) and specialty alloys. The commonly used austenitic alloys contain chromium (17-27 wt.
%), nickel (6-32 wt. %) and low carbon amounts (0.02-0.1 wt. %) in an iron matrix. Austenitic
stainless steels are used for numerous industrial and consumer applications, such as in
chemical plants, power plants, food processing equipment [11].

The most common austenitic grades are the 304 and the 316 ones [12]. Austenitic 304 grade
contains approximately 18 wt. % of chromium and 8 wt. % of nickel contents. This kind of
stainless steel is widely used for chemical processing equipment, for food, dairy, and beverage
industries, for heat exchangers and for the milder chemicals. Type 316 is an austenitic chro‐
mium nickel stainless steel containing molybdenum. This addition increases general corrosion
resistance, improves resistance to pitting from chloride ion solutions and provides increased
strength at elevated temperatures [13]. Properties are similar to those of Type 304 except that
this alloy is somewhat stronger at elevated temperatures. Corrosion resistance is improved,
particularly against sulphuric, hydrochloric, acetic, formic and tartaric acids, acid sulphates
and alkaline chlorides. Table 1 shows the typical composition of an austenitic 304 and 316
grade, respectively [14].

Type 304 Type 316

Carbon 0.08 max. 0.08 max.

Manganese 2.00 max. 2.00 max.

Phosphorus 0.045 max. 0.045 max.

Sulfur 0.03 max. 0.03 max.

Silicon 0.75 max. 0.75 max.

Chromium 18.00-20.00 16.00-18.00

Nickel 8.00-12.00 10.00-14.00

Molybdenum - 2.00-3.00

Nitrogen 0.10 max. 0.10 max.

Iron Balance Balance

Table 1. Composition of type 304 and 316 stainless steels, values are given in wt. %

2.2. Martensitic stainless steels

Martensitic stainless steels are a chromium-iron alloy containing 10.5 to 17 wt %. chromi‐
um and controlled amounts of carbon. They are ferromagnetic, hardenable by heat treating,
and generally resistant to corrosion only in relatively mild environments. This kind of alloy
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is extremely strong and tough, as well as highly machinable. The martensitic grades are
mainly  used  where  hardness,  strength,  and  wear  resistance  are  required,  i.e.  they  are
specified when the application requires good tensile strength, creep and fatigue strength
properties,  in combination with moderate corrosion resistance and heat  resistance up to
approximately 650 °C [15].

The most commonly used alloy within the martensitic stainless steel family is type 410, which
contains approximately 12 wt% Cr and 0.1 wt% C to provide strength. It is widely used where
corrosion is not severe (air, water, some chemicals, and food acids). Typical applications
include highly stressed parts needing the combination of strength and corrosion resistance
such as fasteners.

2.3. Ferritic stainless steels

Ferritic stainless steel grades contain between 10.5 wt % and 27 wt % chromium and very little
nickel, if any, but some types can contain lead. Most compositions include molybdenum; some,
aluminium or titanium. They were developed to provide a group of stainless steel to resist
corrosion and oxidation, while being highly resistant to stress corrosion cracking [16, 17]. These
kind of alloys are magnetic but cannot be hardened or strengthened by heat treatment, as
martensitic grades. They can be cold worked and softened by annealing. As a group, they are
more corrosive resistant than the martensitic grades, but generally inferior to the austenitic
grades. The basic ferritic grade is type 430, with a little less corrosion resistance than type 304.
Type 430 combines high resistance to such corrosives as nitric acid, sulfur gases and many
organic and food acids.

2.4. Duplex stainless steels

Duplex stainless steels have a mixed microstructure of austenite and ferrite and roughly twice
the strength compared to austenitic stainless steels. They also have improved resistance to
localized corrosion, particularly pitting, crevice corrosion and stress corrosion cracking. They
are characterized by high chromium (19–32 wt %) and molybdenum (up to 5 wt %) and lower
nickel contents than austenitic stainless steels. That is why they have lower cost [18, 19]. Duplex
stainless steels are considered a very attractive structural material in the field of energy/
environmental systems due to their good mechanical and corrosion resistance properties.
However, the higher Cr and Mo content in duplex stainless steels can promote the precipitation
of secondary phases, such as sigma phase [20, 21]. These phases, which are rich in alloying
elements, appear when the steel is heated in a specific range of temperatures. During these
heat treatments, the microstructure of duplex stainless steels undergoes morphological
changes. The ratio of the ferrite and the austenite phase, that in the beginning is 1/1, changes
with the heat treatment temperature. Duplex stainless steels are typically used in the main
following areas: chemical processing, transport and storage; oil and gas exploration and
offshore rigs; oil and gas refining; marine environments; pollution control equipment; pulp
and paper manufacturing and chemical process plants.
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2.5. Precipitation hardening stainless steels

Precipitation hardening grades are iron-nickel-chromium alloys containing one or more
precipitation hardening elements such as aluminum, titanium, copper, niobium, and molyb‐
denum. The two main characteristics of all precipitation-hardening stainless steels are high
strength (at the expense of toughness) and high corrosion resistance (comparable to that of the
standard 304 and 316 austenitic alloys) [22]. The aging treatments are designed to optimize
strength, corrosion resistance, and toughness. On the other hand, to improve toughness, the
amount of carbon is kept low.

3. Generation of heterogeneous surfaces in stainless steels

Welding is widely used in the fabrication, maintenance, and repair of many industrial parts and
structures, especially for the joint of stainless steels. However, welding introduces residual
stresses into the material and can cause cracking as the weld cools and contracts. Minor
differences in composition and microstructure between a weld and a base zone can create an
electrochemical potential between the zones and may cause galvanic corrosion [23]. In fact,
corrosion in welds has always been a problem due to local variations in material composition
and structure. When austenitic stainless steels are incorrectly heat treated, in the temperature
range between 500 and 900 °C, chromium and carbon combine at the grain boundaries to form
chromium carbides (typically Cr23C6), whilst simultaneously as these carbides form, chromi‐
um depletion occurs at the adjacent zones. This process is called sensitisation and leads to a
decrease in the corrosion resistance of stainless steels, notably resistance to intergranular
corrosion, being due to the depleted regions becoming anodic in the presence of an electro‐
lyte [24-30]. These heat treatments generate heterogeneous surfaces on the stainless steels. The
“L” grades are used to provide extra corrosion resistance after welding. The letter “L” after a
stainless steel type indicates low carbon (as in 304L). The carbon is kept to 0.03 wt. % or under
to avoid carbide precipitation [31]. The most common grade L stainless steel types are 304L and
316L. In this way, the welding procedure itself or the generation of sensitization zones in stainless
steels due to welding or heat treatments create heterogeneities in the alloy, which might lead
to corrosion problems or contribute to aggravate them. For this reason, the electrochemical
study of these materials is a very important issue. All these corrosion mechanisms have mainly
been studied using ‘macro’ experiments (working electrode in the mm2 – cm2 range) [32, 33].
However, such processes are due to mechanisms on a smaller scale. Therefore, it is beneficial
to develop appropriate ‘micro’ experimental devices that require a reduced working elec‐
trode surface area [34]. In this context, microelectrochemical methods are powerful techni‐
ques to study localised corrosion processes on small areas of passive metals, microgalvanic cells,
etc [35-37].

4. Conventional techniques in the study of stainless steels

Corrosion science and engineering have benefit tremendously from the use of electrochemical
methods that can probe the thermodynamic and kinetic aspects of corrosion, including the rate
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of corrosion. These methods have proved of great utility to corrosion engineers and scientists
in predicting the performance of materials and devising corrosion mitigation strategies,
understanding the effects of changes in process and environment conditions, and assessing
the accuracy of corrosion monitoring techniques [38]. Some of the most common techniques
used in research studies are described in the following sections.

DC electrochemistry, and in particular, the potentiodynamic polarisation scan, is a rapid
method of obtaining an insight into the corrosivity of a particular environment for a steel.
Through the DC polarisation technique, information on the corrosion rate, pitting suscepti‐
bility, passivity, as well as the cathodic behaviour of an electrochemical system may be
obtained.

In a potentiodynamic experiment, the current represents the rate with which the anodic and
cathodic reactions are taking place on the working electrode. Typically, the current is expressed
in terms of the current per unit area of the working electrode, or the current density. Numerous
variables will influence the rate of a given electrochemical reaction, including the temperature,
the surface condition of the surface being interrogated, as well as the chemical environment
in which the experiment is performed. In this experiment, the driving force (i.e., the potential)
for anodic and cathodic reactions is controlled, and the net change in the reaction rate (i.e.,
current) is observed.

The reaction rate may be controlled by two different kinetic phenomena. The first is charge
transfer or activation control. In this case, the reaction is controlled by the size of the driving
force available (e.g., hydrogen evolution reaction or water reduction reaction). As the driving
force increases, so does the reaction rate. The other mechanism which may control the reaction
rate is mass transfer. In this case, the reaction rate is controlled by mass transfer through the
electrolyte to the electrode surface (e.g., oxygen reduction reaction). Since the reaction rate is
controlled by diffusion, it cannot increase indefinitely as the driving force increases. Instead,
the current reaches a maximum, or limiting, current density which is itself a function of the
concentration of the species of interest in the solution as well as its diffusivity. Once the rate
for a particular reaction has reached its limiting value, further increases in driving force will
not result in any additional increase of the reaction rate [39, 40].

During the potentiodynamic polarisation scan, the potential of the electrode is controlled,
while the current is determined as a function of time. The opposite case, where the current is
controlled (frequently held constant), and the potential becomes the dependent variable, which
is determined as a function of time. The experiment is carried out by applying the controlled
current between the working and auxiliary electrodes with a current source (called a galvano‐
stat) and recording the potential between the working and reference electrodes (e.g., with a
recorder, oscilloscope, or other data acquisition device) (Figure 1). These techniques are
generally called chronopotentiometric techniques, because E is determined as a function of time,
or galvanostatic techniques, because a small constant current is applied to the working
electrode [39].

Another DC technique is the ZRA (Zero resistance ammeter), this device is a current to voltage
converter that produces a voltage output proportional to the current flowing between its to
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input terminals while imposing a 'zero' voltage drop to the external circuit. In corrosion test a
ZRA is typically used to measure the galvanic coupling current between two dissimilar
electrodes. An interesting application is when the coupling current between two nominally
identical electrodes is measured. If both electrodes were identical then very little coupling
current would flow. In real situations these electrodes will be slightly different, one being more
anodic or cathodic than the other and a small coupling current will exist [41, 42].

On the other hand, AC impedance methods are widely used for the characterisation of electrode
processes and complex interfaces. These methods are commonly called Electrochemical
Impedance Spectroscopy (EIS) and study the system response to the application of a periodic
small amplitude AC signal. These measurements are carried out at different AC frequencies
and, thus, the name impedance spectroscopy was later adopted. Analysis of the system
response contains information about the interface, its structure and reactions taking place
there. EIS is now described in the general books on electrochemistry and specific books [39],
and there are also numerous articles and reviews [43-46]. It became very popular in the research
and applied chemistry [47].

5. Localised techniques in the study of stainless steels

Once the generalised techniques have been presented, a brief summary of the available
localised electrochemical techniques is presented, indicating the principles and main applica‐
tions of each of them.

5.1. Scanning electrochemical microscopy (SECM)

Scanning electrochemical microscopy has become a powerful technique for quantitative
investigations of interfacial physicochemical processes, in a wide variety of areas, as consid‐
ered in several reviews [48-50]. In the simplest terms, SECM involves the use of a mobile

Figure 1. Simplified block diagram of the setup for chronopotentiometric measurements.
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ultramicroelectrode (UME) probe, either amperometric or potentiometric, to investigate the
activity and/or topography of an interface on a localized scale [51].

Therefore, SECM is based on the possibility of precisely positioning a probe close to the object
under investigation (substrate). In the case of SECM, the probe is an ultramicroelectrode, which
is an electrode of nanometer to micrometer dimension. Ultramicroelectrode and substrate are
both immersed into an electrolyte solution containing either an oxidizable (or reducible)
chemical species, which is called mediator. The ultramicroelectrode is electrically biased so
that a redox current, the tip-current, is generated. When the ultramicroelectrode is brought
near the substrate the tip-current changes and information about the surface activity of the
substrate can be extracted. By scanning the ultramicroelectrode laterally above the substrate
one can acquire an image of its topography and/or its surface reactivity [51]. Several modes of
SECM have been developed to allow the local chemical properties of interfaces to be investi‐
gated [51], two of them are the Feedback Mode and the Generation-Collection Mode.

In the first one (Feedback Mode), the species are reduced or oxidised at the tip, producing a
steady-state current that is limited by hemispherical diffusion. As the tip approaches to a
conductive substrate in the solution, the reduced species formed at the tip is oxidized at the
conductive surface, yielding an increase in the tip current and creating a regenerative "positive"
feedback. The opposite effect is observed when insulating surfaces are probed, as the oxidized
species cannot be regenerated and diffusion to the electrode is inhibited as a result of physical
obstruction as the tip approaches the substrate, creating a "negative" feedback loop and
decreasing the tip current [52]. One scheme of this effect is presented in Figure 2. However,
sometimes the negative feedback is also observed when there is a competitive reaction between
the tip and the substrate; this is the case when the oxygen reduction is the followed reaction
and the substrate is a stainless steel [53].

 

(a) Negative feedback (b) Positive feedback 



  

Non-Conductive substrate 
Conductive substrate 

Figure 2. Scheme of the evolution of the current registered on the tip during the feedback mode.

On the other hand, the other modes of operation are the Generation Collection modes. In the
Tip generation/substrate collection (TG/SC) mode, the tip is held at a potential sufficient for
an electrode reaction to occur and "generate" a product while the substrate is held at a potential
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sufficient for the product to react with or be "collected" by the substrate [53]. The reciprocal to
this method is the substrate generation/tip collection (SG/TC), where the substrate acts to
generate species that are measured at the tip. Both TG/SC and SG/TC variations are also
categorized as "direct" modes [51].

Among the main applications of the SECM technique, some of them are: corrosive activity of
the tested materials, topographic maps of the samples, measurements of heterogeneous of
homogeneous kinetics of reactions, study of the electrochemical behaviour of membranes or
surface reactions.

5.2. Scanning droplet cell (SDC)

A new electrochemical device, the capillary-based droplet cell [54, 55] is a technique which
confines a liquid in contact with a sample surface in order to measure electrochemical and
corrosion reactions over a limited region where the droplet is actually in contact with the
sample. This Scanning Droplet Technique provides facilities for micro-electrochemical
investigations at high resolution, in which small electrolyte droplets are positioned on the
sample surface, enabling a spatially resolved surface analysis or modification. The small area
of the working electrode determined by the tip size of a capillary with a diameter of 20–600
μm enables the investigation of localized corrosion or passivation of small areas within a single
grain or phase. In addition, the device has a smaller resolution than some special probe
techniques (e.g. STM), but enables a complete range of potentiostatic (or dynamic) and
galvanostatic (or dynamic) techniques including impedance spectroscopy.

This is accomplished by providing a convenient three-electrode system consisting of the
working electrode of interest (the wetted surface area under investigation) and the capillary
contains the counter and reference electrodes which are electrically connected to the surface
through the drop. The wetted area is approximately determined by the capillary radius. The
small distance between the counter electrode and the sample allows high current densities due
to the small ohmic resistance. The electrolyte drop is then scanned at high resolution across
the surface of the sample.

The scanning droplet system allows a spatially resolved, in-situ investigation by the standard
electrochemical techniques such as line scans, area maps, potentiostatic pulse steps and open
circuit measurements.

5.3. Scanning Kelvin Probe (SKP)

The Kelvin Probe is a non-contact, non-destructive measurement device used to investigate
properties of materials [56;57]. It is a tool with wide applications for both surface science and
industrial uses. It is based on a vibrating capacitor and measures the work function difference
or, for non-metals, the surface potential, between a conducting specimen and a vibrating tip
[58-60]. This method exploits the well-established principles of direct correlation between
work function and surface condition. The work function is an extremely sensitive indicator of
surface condition and is affected by adsorbed or evaporated layers, surface reconstruction,
surface charging, oxide layer imperfections, surface and bulk contamination, etc. [61].
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Regarding the operation mode, a metal microprobe is positioned close to the surface of the
sample (on the order of 100-microns). If the microprobe and sample are of different metals,
there is an energy difference between their electrons. The microprobe is then electrically
shorted to the sample, through internal electronics of the system. As a consequence, one metal
forms a positive charge on its surface and the other metal forms a negative charge on its surface.
The probe and sample are separated by a dielectric (air), so a capacitor is formed. The probe
is then vibrated and "backing potential" or "nulling potential" is then applied sufficient to
minimize this capacitance. At the applied voltage that causes the capacitance to go to zero, the
original state is achieved. This value is recorded and charted. Experiments are typically
performed in ambient gaseous conditions, but several published examples use humidified
environments.

One improvement of this technique is the Scanning Kelvin Force Microscopy (SKPM) [62-64],
this technique allows to measure the local potential between a conducting atomic force
microscopy (AFM) tip and the sample. Therefore, with this method it is possible to characterise
the nano-scale electronic/electrical properties of metal/semiconductor surfaces and semicon‐
ductor devices. Among the main applications of the SKP technique, some of the most important
are: study of coatings interfaces, study of galvanic pairs or the oxide formation effect.

5.4. Scanning vibrating electrode technique (SVET)

The scanning vibrating probe electrode measures the potential drop generated by current flow
in a small volume of solution by vibrating Pt-Ir tipped microelectrodes between two virtual
points in the electrolyte at a defined distance from the surface [65]. In corrosion of metals, this
will reflect the distribution of current associated with anodic and cathodic current at the metal
surface but with decreasing resolution of local anodic and cathodic processes with distance
from the surface and with increasing conductivity of the solution. For the latter reason,
relatively low conductivity solutions may be necessary for some systems, sufficient to generate
distinguishable potential gradients in solution. Then, the scanning Vibrating Electrode
Technique (SVET) uses a scanning microelectrode to measure these gradients in situ, thereby,
locating and quantifiying the corrosion activity at specific points on the sample surface.
Measurements are made by vibrating a fine tipped microelectrode a few hundred microns
about the sample in a perpendicular plane to the surface. The electrochemical potential of the
microelectrode is recorded at the extremes of vibration amplitude, resulting in the generation
of a sinusoidal AC signal. This signal is then measured using a lock-in amplifier, which is
tunned to the frequency of the probe vibration. Furthermore, the resulting signal, which is the
effect in effect a measure of the DC potential gradients in solution, can be converted to current
density by a simple calibration procedure [66]. This technique is, therefore, able to make in-
situ measurements of the localised corrosion activity occurring at the sample surface.

This method was originally devised by biologists for the measurement of extracellular currents
near to living cells. Isaacs, later developed the technique to study various localised corrosion
processes, including stress corrosion cracking of AISI 304 stainless steels and corrosion
inhibition by cerium salts [65]. The main applications of the SVET technique to the material
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science are: study of defect evolution in coatings, galvanic study during a corrosion process,
evolution of artificial defects or determination of precursor sites for corrosion.

5.5. Localised electrochemical impedance spectroscopy (LEIS)

As previously mentioned, electrochemical impedance spectroscopy (EIS) is an in-situ non-
destructive technique, which has been widely employed in the study of corrosion processes,
and in particular is now widely accepted as a standard technique for the investigation of
corrosion an coatings. However, difficulties arise in EIS, when attempting to study localised
electrochemical processes, as impedance is calculated from the bulk current and voltage data,
and it is, therefore, averaged across the entire surface area of the sample. In order to make
impedance measurements on a local scale, work by a number of authors has been conducted
to combine established DC scanning techniques with AC impedance techniques [67, 68],
resulting in the evolution of LEIS.

The principles of LEIS are similar to those used in the conventional bulk EIS; a small sinusoidal
voltage perturbation is applied to a working electrode sample and the resulting current is
measured to allow the calculation of the impedance. However, rather than measure the bulk
current from the whole surface area, an electrochemical probe is scanning close to the surface
in order to measure the local current distributions in the electrolyte. This probe incorporates
two platinum electrodes; one constitutes the tip of the probe and is electrochemically sharp‐
ened to approximately 5 mm of diameter and the other is a ring positioned at a distance of 3
mm over the tip. Each of these electrodes is platinised in order to increase the active area and
therefore, to reduce the interfacial area between the electrode and the electrolyte. The potential
difference between both platinum electrodes is measured via an electrometer and, for known
solution conductivity, the local current is calculated. Then the ratio between the AC pertur‐
bation applied to the sample and the local current density determine the local impedance.
Therefore, this approach gives spatial resolution to the measurement of the electrochemical
impedance, overcoming the limitations of the surface averaging encountered in the conven‐
tional EIS measurements [69, 70].

5.6. Scanning refererence electrode technique (SRET)

Scanning reference electrode technique (SRET) is an in situ technique used to study the
electrochemical process during localized corrosion without interrupting the process taking
place. Within the electrolyte directly above a localized electrochemical active site, there exists
an electromagnetic field. A probe consisted of two platinum wires can sense the potential
difference between two different places where the two platinum wires are located. This
potential difference then is processed by a differential amplifier. By scanning the SRET probe
over the surface of the test material immersed in an electrolyte, these fields may be mapped
out as a function of x and y or monitored with respect to time. Resulting data can be instantly
display, stored and manipulated in a number of formats including individual linescans, area
maps and sequential time related images.
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The potential field distribution over the surface of the electrochemically active site is repre‐
sentative of the localized current flow. By using a calibration procedure the SRET can also be
used to make discrete current measurements.

5.7. Summary

Once the main principles of the localised electrochemical techniques have been presented in
the previous point, an overview of the current application of these techniques to the study of
heterogeneous surfaces will be commented. Three different kind of studies will be taken into
consideration:

5.7.1. Coatings and protective films

One way to protect metals from corrosion is the use of protective films such as coatings. These
films can undergo defects that can decrease their functionality. The use of the localised
electrochemical techniques can be quite helpful to study the behaviour of these defects. Kinlen
[71] used the SRET technique in order to analyse the effect of conductive polymers such as
polyaniline (PANI) in the use of coatings formulations and which was the its toleration to
minor scratches. This technique has been also used by several authors to study different sort
of coatings, such as PVD ceramic-coated steels [72], or physical vapour deposition (PVD)
coated samples [73]. Other way to study the local defects on coatings is the SECM technique,
with this technique is possible to evaluate the electrochemical activity that surrounds a defect
or the initial points where corrosion begins. Examples of that are: the studies of the cathodic
protection of aluminium by means of a magnesium coating conducted by Simoes [74, 75] or
the studies of damage to paint coatings carried out by Souto [76, 77]. On the other hand, using
the SVET or the LEIS devices it is also possible to evaluate the cathodic and anodic sites that
appears in the coatings when samples are immersed in an electrolyte, some conducted studies
are: the study of microdefects on a coated AZ31 magnesium alloy [78], the observation of self-
healing functions of galvanised steel [79] or the evaluation of the PEO-coating/substrate
interface [80]. Finally, also the Scanning Kelvin probe can be used in order to study electro‐
chemical differences between coated and uncoated metals[81].

5.7.2. Welds and sensitised samples

As it has been explained previously, when the microstructure on an alloy changes as a
consequence of a heat treatment, the corrosion properties change too. Therefore, it is very
useful the use of the localised electrochemical techniques in order to evaluate the local
electrochemical behaviour. Microcell techniques, with a similar configuration to the Droplet
cell have been widely used to determine the properties of the different parts of a weld
specimen. One example of this is the cell developed by García in order to study the weld
behaviour in AISI 304 and 316L [34]. On the other hand, other authors prefer a different
approach to the problem using the SECM system. Some of the most relevant studies carried
out are: visualization of local electrochemical activity and local nickel ion in weld Ni/Ti steels
[82], characterisation of the electrochemical activity at the interface of a dissimilar explosive
joint of stainless steel [83], evaluation of the effects of microplasma arc AISI 316L welds [84]
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or the study of the sensitisation of a highly alloyed austenitic stainless steel [53]. In the same
way, the SVET technique can be used in the study of welds on order to determine the anodic
and the cathodic sites of the heated samples. One example of that is the investigation into the
effect of a spot weld electrode using 3-D SVET [85] conducted by Benjamin in 2012.

5.7.3. Identification of anodic and cathodic sites

Finally, all the localised electrochemical techniques can be used to determine the anodic and
cathodic distribution on the surface of the tested samples or the areas that are more susceptible
to corrosion, showing higher current density or lower potential. An example of this kind of
work is the visualisation of pits by means of the SECM technique [86-88]. In this way it is
possible to evaluate the points where the localised corrosion will begin. On the other hand,
these cathodic and anodic areas or their activity can be determined using the Scanning
Vibrating Electrode or Localised Impedances, the first one allows to establish the anodic and
cathodic areas or study inclusions [89, 90]; the second one permits analysing the admittance
of the metal/electrolyte interphase in the different areas [91]. Furthermore, when metals with
different characteristics are coupled, the galvanic activity can be determined. Simoes used the
SECM and the SVET system to determine the galvanic properties of an iron-zinc cell, observing
that both techniques has a comparable sensibility [92].

Table 2 presents different papers and communications where the localised techniques are used
to study corrosion in metallic materials:

Authors Journal Research topic Technique

Jean-Baptiste

et al.

Corrosion Science 48

(2006) 1779–1790

Delaminated areas beneath organic coating: A local

electrochemical impedance approach [93]
LEIS

Z.Y. Liu et al.
Electrochimica Acta 60

(2012) 259– 263

Understand the occurrence of pitting corrosion of pipeline carbon

steel under cathodic polarization [94]
LEIS

Darya

Snihirova et al.

Electrochimica Acta, In

Press

“SMART” protective ability of water based epoxy coatings loaded

with CaCO3 microbeads impregnated with corrosion inhibitors

applied on AA2024 substrates [95]

LEIS

Halina

Krawiec et al.

Electrochimica Acta 53

(2008) 5252-5259

Numerical modelling of the electrochemical behaviour of 316

stainless steel based upon static and dynamic experimental micro-

capillary based techniques: effects of electrolyte low and capillary

size [96]

SDC

S. Gnefid, R.

Akid

The European

Corrosion Congress

2009

The Effects of Flow Rate on Pitting Corrosion of DSS2205 [97] SDC

Leiva García et

al.

Electrochimica Acta, 70,

2012, pp 105-111

Study of the sensitisation of a highly alloyed austenitic stainless

steel, Alloy 926 (UNS N08926), by means of scanning

electrochemical microscopy [53]

SECM

Yawei Shao et

al.

Corrosion Science 51

(2009) 371–379

The role of a zinc phosphate pigment in the corrosion of scratched

epoxy-coated steel [98]
SECM
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Authors Journal Research topic Technique

Yuehua Yin et

al.

Applied Surface Science

255 (2009) 9193–9199

In situ characterization of localized corrosion of stainless steel by

scanning electrochemical microscope [99]
SECM

Xiaolan Liu et

al.

Corrosion Science 51

(2009) 1772–1779

Effect of alternating voltage treatment on the corrosion resistance

of pure magnesium [100]
SECM

A.Q. Fu et al.
Corrosion Science 51

(2009) 914–920

Characterization of corrosion of X65 pipeline steel under

disbonded coating by scanning Kelvin probe [101]
SKP

A.Q. Fu et al.
Corrosion Science 51

(2009) 186–190

Characterization of corrosion of X70 pipeline steel in thin

electrolyte layer under disbonded coating by scanning Kelvin probe

[102]

SKP

Cavalcolid et

al.

Journal of the

Electrochemical Society.

Vol. 150,

G456-G460 2003

Surface contaminant detection in semiconductors using

noncontacting techniques. [103]
SKP

K.Borgwarth

et al.

Electrochimica Acta, Jul

1995

Applications of scanning ultra micro electrodes for studies on

surface conductivity [104]
SRET

I.M. Zin et al.

Progress in organic

coatings 2005, 52,

126-135

Under-film corrosion of epoxy-coated galvanised steel an EIS

and SVET study of the effect of inhibition at defects [105]
SVET

Kiran B
Electrochimica Acta 56

(2011) 1737–1745
Numerical modeling of micro-galvanic corrosion [106] SVET

Francois

Berger et al.

Electrochimica Acta,

volume 53, 2010,

2852-2861

Hybrid coating on steel: ZnNi electrodeposition and surface

modification with organothiols and diazonium salts [107]
SVET

G.A. Zhang,

Y.F. Cheng

Corrosion Science 51

(2009) 1714–1724

Micro-electrochemical characterization of corrosion of welded

X70 pipeline steel in near-neutral pH solution [108]
SVET & LEIS

R. Akid et al.

Local Probe Techniques

for corrosion research.

978-1-4200-5405-7

(CRC Press)

Application of scanning vibrating electrode technique (SVET)

and scanning droplet cell (SDC) techniques to the study of weld

corrosion [109]

SVET & SDC

Table 2. Research studies where localised electrochemical techniques are applied to the study of materials.

6. Applications of localised techniques in the study of heterogeneities in
stainless steels

After presenting the different localised electrochemical techniques and the main application
of then to different heterogeneous surface, two different applications of localised techniques
conducted in the “Ingeniería Electroquímica y Corrosión” group from the Universitat Poli‐
tècnica the València will be explained. The first one corresponds to some experiments carried
out with a duplex stainless steel under different sensitisation conditions. The second one,
correspond to the evaluation of the local electrochemical properties of a weld in AISI 316L.
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6.1. Sensitisation process in a duplex stainless steel

Conventional electrochemical techniques have been widely used to study sensitisation and
provide important information about the sensitisation processes on steels [25, 27, 29, 30]. In
contrast to pure metals, alloys have rarely been investigated using the micro-droplet cell
because of their complexity in structure and chemical composition. Duplex stainless steel
(Alloy 900) is potentially a good candidate for micro-electrochemical investigations with the
droplet cell, because this alloy is composed of an approximately equal volume fraction of ferrite
(α) and austenite (γ) phase, and, sometimes, secondary phases such as sigma (σ) or alpha prime
(α’) phase [20, 110, 111]. Figure 3 shows the SEM micrographs of Alloy 900 after different heat
treatments in an inert atmosphere; these images were obtained using backscattered electrons.
In the images it can be observed the change in the percentage of the present phases and the
formation of new intermetallic phases such as sigma and chi.

The advances in the field of localised microelectrochemical techniques have provided the
facility to acquire spatially resolved information about the corrosion processes occurring on
the surface of the metal. The Scanning Droplet cell and the Scanning Electrochemical Micro‐
scopy have been used to evaluate the effect of the sensitisation on the electrochemical behav‐
iour of the samples.

In order to conduct the tests with different samples of Alloy 900 at the same time, individual
unsensitised and sensitised samples were mounted in epoxy resin as shown in Figure 4.

The linear sweep voltammetry in Figure 5, which has been obtained using the droplet cell, has
been used to present the electrochemical behaviour of the different zones in the sensitised and
unsensitised Alloy 900. These results show that the electrochemical activity in the sensitised
sample at 850 °C during 2 hours is higher than in the unsensitised sample, indicating the
detrimental effect of the intermetallic phase precipitation. In the potential range where oxygen
reduction occurs, the oxide film is partly reduced but an oxide film remains on the steel surface.
According to the literature [112], oxygen reduction on polished surfaces is limited by the mass
transport in the solution; however, on passivated surfaces, the oxygen reduction is limited by
access of the oxygen to the metal surface and the electronic conductivity of the oxide film [112,
113]. Therefore, this result is indicative of the formation of a different passive film on the
sensitised sample as opposed to that on the unsensitised sample.

Furthermore, according to the linear sweep voltammetry, the passivation current is higher in
the case of the sensitised sample (Figure 5). A higher passivation current indicates a ‘less-
protective’ passive film with higher electronic conductivity, this being due to the presence of
areas depleted in alloying elements, notably chromium [53].

The Scanning Droplet cell also allows performing area scans in the samples investigated. As
an example, Figure 6 shows the area scans carried out in an unsensitised and sensitised sample
of Alloy 900.

These results show that the free potential in the sensitised sample (Figure 6b) is more negative
than that obtained in the unsensitised sample (Figure 6a). This fact indicates that the free
potentials of the unsensitised sample are more noble and, as a result the passive film on the
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(a) (b) 

 

 
(c) (d) 

(e) 

Figure 3. SEM images of the different Alloy 900 samples: a) unsensitised Alloy 900, b) sensitised Alloy 900 at 850 °C
during 1 hour, c) sensitised Alloy 900 at 850 °C during 2 hours, d) sensitised Alloy 900 at 950 °C during 1 hour and e)
sensitised Alloy 900 at 950 °C during 2 hours. Images were obtained with backscattered electrons.

 

Epoxy Mount 

Electrical Connections 

Figure 4. Schematic diagram of the working electrode tested by the different electrochemical techniques. Unsensi‐
tised sample on the rigth side.
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sensitised sample presents a higher electrochemical activity, indicating a greater electronic
conductivity of the passive film. Several authors [112, 114-116], proposed that the reduction
pathway is influenced by the surface composition of the electrode and oxides have an
important role to play in the oxygen reduction kinetics. A homogeneous mixture of chromium
oxide and hydroxide constitutes a barrier to oxygen reduction, whereas no diffusion barrier
is observed when the surface is only partially covered with a non-reducible chromium oxide
[117]. Therefore, any chromium depleted areas formed in the sensitised alloy can lead to the
formation of a more conductive passive film that promotes higher oxygen reduction on the
electrode surface.

(a) (b) 
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Figure 6. SDC area scans of the free potential in the (a) unsensitised and (b) sensitised sample of Alloy 900.
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Figure 5. Linear sweep voltammetry of the sensitised and unsensitised samples of Alloy 900 carried out in the Scan‐
ning Droplet Cell.
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On the other hand, a similar behaviour can be observed if the different samples of Alloy 900
are analysed by means of the SECM technique. Figure 7 shows different line scans carried out
on the samples of Alloy 900 after different states of sensitisation, notably, heated at 950 °C
during 1 and 2 hours. It can be observed that the current registered with the tip over the
sensitised sample is lower than over the unsensitised one. These differences in the oxygen
reduction on one and another sample confirm the different electrochemical behaviour as a
consequence of the heat treatment, which was also observed using the scanning droplet cell.

(a) 950 °C during 1 hour (b) 950 °C during 2 hours 
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Figure 7. Line scans carried out over the Alloy 900 specimens in the 1 mM NaCl solution at 25 °C. The sensitised sam‐
ple is on the right.

6.2. Welds in an austenitic stainless steel

Since approximately 20% of the pipeline construction costs are due to welding, coating, and
subsequent maintenance to confirm their integrity [118], in the present study the application
of the scanning electrochemical microscope to a welded type 316L tube will be shown. The
most popular method for welding pipes is the shielded metal-arc process. However, the
plasma arc welding technique is an alternative welding procedure which, thanks to its greater
arc stability and energy concentration together with its deeper and narrower penetration,
produces minimal detrimental residual stresses and distortion at the weld joints. This techni‐
que is an adequate welding method because its energy density is high. Microplasma arc
welding (MPAW) is a variation of the plasma arc process with amperages between 0.05 and
15 A, used to weld thin pipelines [119].

The materials used to show the power of the SECM technique in order to analyse heteroge‐
neous surfaces were tubes of type 316L SS and microplasma arc welded 316L type welded with
filler alloy. Filler alloy was also 316L SS type. The tubes were 20 mm in length and 14 and 16
mm in inner and external diameter, respectively.

The MPAW process was performed manually using argon as backing gas, parameters of the
welding process are shown in Table 3.
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Welding process Micro-plasma arc welding (MPAW)

Process type Manual

Backing gas Argon (99.9 %)

Flow rate 2.5 L/min

Plasma gas flow rate 6.5 L/min

Number of passes 2

Step 1

Current 11.3 A

Voltage 20 V

Welding speed 2.6 mm/s

Step 2

Current 13 A

Voltage 20 V

Welding speed 2.6 mm/s

Table 3. Welding parameters for the microplasma arc welding of the 316L SS type.

The materials were examined by light microscopy (LM) in order to estimate possible micro‐
structural variations in them during the MPAW procedure. For this purpose, each material
was cut lengthwise and covered in resin; then, the samples were wet abraded from 220 silicon
carbide (SiC) grit to 4000 SiC grit. Then, they were polished with 1 and 0.3 micron alumina
and were rinsed with distilled water and ethanol. Once the samples were polished, metallo‐
graphic etching was carried out according to ASM International [120]. The etchant composition
consisted of 10 mL of nitric acid, 10 mL of acetic acid, 15 mL of hydrochloric acid and 5 mL of
glycerine. The samples were immersed in the etching solution during 90 seconds and then
rinsed with distilled water and ethanol.

Figure 8 shows, the microstructure of the welded 316L SS. The microstructure of type 316L SS
is a single-phase austenitic microstructure with equiaxed grains. A heat affected zone (HAZ)
can be observed in Figure 8. The microstructure of this zone is characterized by an increase in
grain size due to the fact that there is no transformation point at temperatures higher than
room temperature [121]. Figure 8 also shows the microstructure of the weld zone (WZ).
Usually, the WZ of austenitic stainless steels has a cast structure with the presence of 2-10 wt.
% delta-ferrite in the austenite matrix [122]. Delta-ferrite presents two opposite phenomena:
increasing its content causes a higher resistance to hot cracking [123, 124], but also reduces
corrosion resistance due to the formation of a less stable passive film [125]. In Figure 8 it can
be observed that the weld zone has columnar grains where delta-ferrite can be found. Alloys
with especially low carbon contents (such as 316L SS type), to minimize susceptibility to
sensitization during welding, present a greater tendency towards delta-ferrite stabilization
[126]. The microstructure of delta-ferrite occurs in vermicular form. Vermicular morphology
is typical of welds that solidify ferrite, followed by a subsequent formation of austenite
involving the grains of ferrite until complete solidification. According to this fact, it is clearly
observed that the microplasma arc welding process affects on the microstructure of the SS.
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Figure 8. Microstructure of the microplasma arc welded 316L SS type [27].

Additionally, in order to know the influence of the microplasma arc welding technique on the
mechanical properties of the stainless steel, Vickers microhardness measurements were carried
out using a microhardness tester (Struers Duramin) with a diamond pyramid indenter at a
load of 300 g and duration of 15 s [127]. Figure 9 shows the microhardness profiles across the
base (non-welded) 316L SS and the microplasma arc welded 316L SS. As it is shown in the
figure, the weld and the heat affected zones are softer than the base one. Since there is a positive
correlation between hardness and strength; the higher the hardness values, the higher the
strength. This fact indicates that the strength of the join decrease in the weld and heat affected
zones [128].

In order to know how this microstructure and microhardness variations affect on the electro‐
chemical behaviour of the stainless steel, SECM tests were performed. To carry out the
scanning electrochemical measurements, the tubes were cut lengthwise and covered with
resin; then, the samples were wet abraded from 220 silicon carbide (SiC) grit to 4000 SiC grit.
Finally, they were rinsed with distilled water, ethanol and dried.

SECM tests were performed using a Sensolytics device connected to a bipotentiostat. The
SECM was operated in “feedback mode”. This technique measures a faradic current at the
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microdisk, while the tip is scanned over the specimen surface. A platinum microelectrode tip
of 25 μm in diameter was used as counter-electrode, and a silver/silver chloride (Ag/AgCl) 3M
potassium chloride (KCl) microelectrode was used as reference electrode. The samples were
immersed in a 35 g/L sodium chloride (NaCl) solution at 25 °C. All the tests were carried out
in natural aerated solutions. Oxygen was used as the electrochemical mediator at the tip. The
reduction of oxygen on the microelectrode was used to establish the height of the tip over the
sample, and also to know the reactivity of the surface during the test. The cyclic voltammogram
was recorded at a scan rate of 0.05 V/s from 0 VAg/AgCl to -1.2 VAg/AgCl. The analysis of the data
was used to choose the polarisation potential of the tip; in this study the experiments were
performed at -0.6 VAg/AgCl.

Then approach curves (intensity vs distance from the surface of the sample) were performed
in welded and base 316L SS. The progress of the dissolved oxygen reduction reaction was
followed by setting the tip at -0.6 VAg/AgCl. Figure 10a shows the cyclic voltammetry of the
welded alloy; where it can be clearly observed that at a potential of -0.6 VAg/AgCl the detection
of oxygen is under limiting current of oxygen reduction.

Figure 10b shows the approach curves of the base and welded SS. They show that the proximity
of the tip to the specimen affects the diffusion of oxygen to the tip and hence the magnitude
of the current. The drop in the current measured at the tip occurs at a shorter distance working
with the welded 316L SS type than with the base one, indicating that the oxygen reduction
reaction is higher over the SS surface in its welded state. Thus, there is a higher electrochemical
activity on the welded alloy. This is due to the presence of chromium depleted regions and
delta-ferrite originated in weldments [129, 130].
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Figure 9. Microhardness profiles of the base and welded 316L SS.
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Figure 10. a) Cyclic voltammogram of the welded sample measured at the SECM tip, at the beginning of the test and
(b) approach curves in the 35 g/L NaCl solution at 25 °C [84].

7. Conclusions

It can be concluded that SECM and SDC are powerful techniques that reveals substantial
differences in the electrochemical activity of base and welded samples. These techniques can
also contribute to the study of the galvanic effect in different materials, helping to the eluci‐
dation of the precursor sites for the pit formation. The use of localised techniques can com‐
plement the results obtained with conventional electrochemical techniques, leading to a better
comprehension of the corrosion processes.
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