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Abstract

A combined scanning microelectrochemical procedure is proposed to obtain information on the
action of corrosion inhibitors on metals. The method uses the scanning vibrating electrode
technique (SVET) and the scanning electrochemical microscopy (SECM). Antimony tips are
employed as the sensing probe in SECM, allowing this technique to be operated in both
potentiometric and amperometric modes. This novel approach allows the spatial distributions of pH,
concentration of redox active species, and ionic currents associated to corrosion processes to be
monitored. The model system employed for such investigation was the galvanic corrosion of an
iron/copper couple immersed in sodium chloride solution. The procedure is used to investigate in
situ the effect of benzotriazole (BTAH) on the cathodic half-cell reaction on copper. A big decrease
of electrochemical activity on copper occurs as result of the formation of inhibitor-containing films on
the surface of the metal, which hinder the cathodic process on the copper surface to such an extent
that cathodic sites may eventually develop on the less noble iron surface, in addition to the anodic
sites. That is, inhibition of the cathodic reaction on copper by BTAH effectively renders this metal
inactive, though electrically connected to the iron specimen, thus reducing the galvanic coupling
between the two metals. That supports the idea that BTAH acts as cathodic inhibitor.
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1. Introduction

Corrosion processes on metal electrodes can be inhibited by organic and inorganic
molecules adsorbed to the metal surface. The formation of surface films containing these molecules
may either retard metal dissolution or hinder the corresponding cathodic processes, rendering the
protected metal more resistant against the attack of species present in the environment.
Characterization of metal-inhibitor systems is frequently based on the use of conventional
electrochemical techniques, though they average the response of relatively large specimen areas
and they provide little information on the mechanism of the chemical interactions and processes
which have their origin in micro- and nanometric scales. The recent development of scanning
microelectrochemical techniques which are operated in situ, thus closely matching the natural
conditions occurring during aqueous corrosion, are greatly contributing to a more detailed and
efficient characterization of corrosion systems in general, and of corrosion inhibition more
particularly. The introduction of scanning electrochemical microscopies to corrosion studies was due
to Isaacs [1-3], when the scanning vibrating electrode technique (SVET) was employed to detect
pathways for ionic currents above corroding metals. The vibrating probe actually measures potential
differences in the electrolytic phase in contact with the corroding metal arising from the fluxes of
ionic species that participate in the electrochemical reactions occurring at the metal/solution
interface. Since then, this technique has found application to investigate a wide variety of corrosion
processes and to characterize the protection properties of many surface films applied on metals [4],
though a major limitation of the technique is the impossibility to identify the species that cause the
ionic flux. A promising route to overcome this limitation has been offered by the use of ion-selective
microelectrodes as a non-vibrating probe to potentiometrically monitor the concentration
distributions of charged species in the solution adjacent to the surface under investigation [5,6]. This
is the operation principle of the scanning ion-selective electrode technique (SIET) [7].

The electrochemical reactivity of a metal/electrolyte interface can be imaged with the
scanning electrochemical microscope (SECM) [8]. This technique is based on the reaction that
occurs at a mobile ultramicroelectrode tip (UME) immersed in an electrolyte solution in close vicinity
of a surface [9], which is an amperometric electrochemical operation. Both the topography and/or
redox activity of the solid/liquid interface can be characterized from the faradaic current measured at
the tip [9]. Despite its more recent introduction in corrosion science, this technique has already
found even wider application due to its higher spatial resolution and chemical selectivity [10-12].
Yet, some specific difficulties concerning the use of SECM have been reported when metal systems
bearing redox potentials more negative than oxygen electroreduction [13-15] and/or hydrogen
evolution were investigated. Another limitation is the observation of interferences to the detection of
some redox systems due to the presence of other electrochemically-reactive species involved in the
overall corrosion process which effectively affect the chemical selectivity of the technique [16]. In the
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first case, non-aqueous environments had to be employed for the investigation of the
electrochemical reactivity of the metallic systems [13,14], whereas higher chemical selectivity would
be required to solve the later. This is the reason to investigate the applicability of the potentiometric
operation in SECM [17,18] for the study of corrosion reactions [19], though from a practical point of
view, it is very difficult to control the tip-sample distance in this case. A very promising way to
combine the advantages of amperometric and potentiometric operation modes in SECM has arisen
from the introduction as UME tips of materials that exhibit a dual-function in different potential
ranges [20,21]. This is the case with antimony, a material that changes its open circuit potential in
response to the pH of the environment [17]

The issue of corrosion inhibition of metallic surfaces is becoming increasingly addressed
employing scanning microelectrochemical techniques. Most of the available studies make use of
SVET, whereas SECM has been employed scarcely. In the later case, only the copper-
benzotriazole (BTAH) system has been investigated so far. Yet, those studies have shown the utility
of SECM to monitor the kinetics of inhibitor film formation [22-25], which is derived from the
progressive decrease in the conductive characteristics of the surface with the elapse of time.
Furthermore, simple and fast operation procedures can be employed to inter-compare the inhibition
efficiencies of Cu-BTAH films formed under different pre-treatments [25,26], as well as their
resistance to the corrosive attack of aggressive environments [27]. Despite these outstanding
advantages, it has not been possible to identify the half cell reaction affected by the presence of the
benzotriazole-containing surface film exclusively on the basis of those experiments. Indeed, this
effect remains to be controversial through the scientific literature [28-34]. Thus, there is need to
design new experiments to characterize localized electrochemical activity on corroding systems by
monitoring the spatial distributions of pH, redox active species, and ionic currents associated to the
corrosion reactions.

In the present report, we describe SVET and SECM characterization of the pH distribution,
oxygen consumption and ionic current flows related to the galvanic corrosion of an iron-zinc pair
exposed to aqueous chloride solution. One of the specific goals of this work is to explore the ability
of benzotriazole to inhibit the cathodic reaction during copper corrosion. To accomplish this, the
copper surface has been pre-treated with benzotriazole for different times to form surface films of
varying thickness, and consequently detect any variation in the distribution of anodic and cathodic
sites between the two metals. Dual potentiometric and amperometric operation of the SECM has

been achieved using antimony microelectrodes as tips [21].

2. Experimental



2.1. SVET instrumentation and experimental procedure

The scanning vibrating electrode instrumentation used was manufactured by Applicable
Electronics Inc. (Forestdale, MA, USA) and controlled by dedicated software. The probe
microelectrode consisted of Pt/Ir (80%/20%) wires insulated with paralene C® and arced at the tip to
expose the metal, and they were platinized in order to produce a spherical platinum black deposit of
10-20 um diameter. A video camera connected to an optical microscope was introduced in the
system both to establish the probe to sample distance, and to follow the movement of the vibrating
electrode over the sample during operation. The measurements were made with the electrode tip
vibrating both normal (frequency, 200 Hz; amplitude, 37.5 um) and parallel (frequency, 100 Hz;
amplitude, 20 um) to the sample mounted horizontally facing upwards. The mean distance between

the microelectrode and the sample surface was 80 um.

2.2. SECM instrumentation and experimental procedure

The scanning electrochemical microscope was a home-built system [35] that used a 3D
positioning device driven by precision step motors with 75 nm minimal step size. A video camera
was used to further assist positioning of the tip close to the surface. The distance between the tip
and the substrate was established by allowing the probe to gently rest on the sample, and
subsequently the probe was retracted to the chosen operation distance with the aid of the Z-
positioning motor. In order to achieve dual potentiometric/amperometric operations with one single
probe, an antimony microelectrode with a 25 um diameter active disk surface at the tip was
employed. The procedures employed both in the fabrication of the antimony microelectrode, and in
the determination of its pH sensing performance are described in detail elsewhere [21]. In brief, the
electrode was calibrated from the measurement of the potential response transients toward pH
change of the solution, using a sequence of seven buffer solutions covering the 3 < pH < 11.5
range. Figure 1 is the calibration curve of the electrode’s potential response to the pH value of the
solution, which shows a good linear relationship. The slope of the line is 46.1 mV/pH unit.

SECM experiments were carried out in a three-electrode cell. The antimony tip was the
working electrode, an Ag/AgCI/3M KCI reference electrode and a platinum counter electrode.
Specimens were mounted horizontally facing upwards. The measurements were performed with the

microelectrode at a height of 25 ym over the specimen surface.

2.3. Materials



The testing samples consisted of iron and copper wires (dia. 0.7 mm) mounted into an
Epofix (Struers, Ballerup, Denmark) resin sleeve, so that only their cross sections area formed the
testing metal substrate (see Figure 2). For the galvanic couple experiments the two electrodes
embedded in the resin could be connected electrically at the back of the mount. The mounts with
the samples were polished with silicon carbide paper down to 800 grit, and subsequently polished
with alumina micropolish of 1 and of 0.3 um particle size. The resulting surfaces were thoroughly
rinsed with Millipore deionised water, dried with acetone and finally surrounded laterally by
sellotape, thus creating a container for the test electrolyte solution.

Reagents of analytical grade and twice-distilled water were employed to prepare all the
solutions. Microelectrochemical measurements and surface preparation processes were performed
at ambient temperature in the naturally aerated solutions. Corrosion tests were carried out in
agueous 10 mM NaCl solution. Inhibitor solution was prepared at a 1 mM concentration by
dissolving BTAH in a 0.1 M Na;SO, solution. Inhibitor films were produced on the copper electrode
ex-situ by dipping the portion of the mount containing the copper wire in the inhibitor-containing
solution for three different immersion times (5, 30, and 60 min, respectively) which were selected
from the characteristic behaviours of the surface films formed on copper that were observed in a

previous study from our group at La Laguna [25].

3. Results and discussion

The inhibitory action of benzotriazole (BTAH) on copper has been investigated using
scanning microelectrochemical techniques which provide spatially resolved information on the
reactivity of surfaces, particularly in relation to the effect of this organic molecule on the cathodic
half cell reaction. lonic current fluxes, pH changes and concentration variations of chemical species
can be gathered using an experimental methodology based on the scanning vibrating electrode
technique (SVET) and scanning electrochemical microscopy (SECM).

The experimental system considered in order to check the validity of the proposed method
was an iron-copper galvanic couple, and the inhibitor was put in contact with the copper specimen
exclusively. The two metals were chosen in order that copper would be the nobler metal, thus
securing this metal to be free from the development of local anodes throughout the experiments.
The behaviour of the two metals without electrical connection in the test environment was also
investigated as a reference system. The rationale for this case was to gain further information on
the inhibitory effect of BTAH on copper, which ideally would result in the total blockage of the metal

in case of a 100% inhibition efficiency, effectively leaving the iron sample as the only active metal
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surface in the system. Inhibitor films were formed on the copper specimen from their immersion in 1
mM BTAH + 0.1 M Na,SO. solution for different treatment times. The duration of the treatments
considered in this work, namely 5, 30 and 60 min, were chosen on the basis of the trends observed
in a previous work on the kinetics of inhibitor film formation for the Cu-BTAH system using the same
conditioning procedure [25] as to match the main states revealed in that investigation. Another
objective of this investigation was to explore the effect of pH on the corrosion of iron. Galvanic
coupling of iron to copper leads to the removal of the cathodic reaction from the iron surface. This
reaction is responsible for the alkalinisation of the electrolyte next to the reactive site. In this way, it
will take longer for the iron specimen to be exposed to an alkaline environment, thus effectively
preventing the precipitation of corrosion products on this metal, a situation usually found during the

spontaneous corrosion of iron in otherwise neutral aqueous electrolytes.

3.1. Characterization of the galvanic coupling of iron and copper by SVET

The scanning vibrating electrode technique measures ionic fluxes in the electrolytic phase
next to a corroding surface. In a neutral environment, the distribution of anodic sites can be
revealed from the flux of cations departing from the surface as result of the dissolution reaction of
the metal, whereas anions will be produced at the cathodic sites. The chemical reactions

responsible for these ionic fluxes can be written as:

Fe — Fe? + 2e Q)

0, + 2H,0 + 4e — 40H @)

The sign of the ionic species departing from the surface in each half cell reaction can be followed
from the opposite sign of the potential gradients produced in the electrolyte as a result of their

transport.

Figure 3 depicts the images generated by SVET of different experimental conditions of an
iron-copper galvanic couple immersed in 10 mM NaCl. The images were always taken after a fixed
period of immersion in the electrolyte, namely 120 minutes, in order to directly relate any changes in
the activity of the samples to the differences in the experimental conditions applied to the metals.
The case of the inhibitor-free metal surfaces will be considered first, when the metals were either
electrically disconnected (Figure 3A) or electrically connected to form the galvanic pair (Figure 3B).
In the first case, ionic fluxes are only observed above the iron wire because of the greater tendency
to corrode of this metal compared to copper in this environment. The anodic reaction is found to be
greatly localized over a small portion of the iron surface, whereas the corresponding cathodic
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process is distributed on the surrounding metal area almost concentrically. The magnitude of the
fluxes measured for both processes is also an indication of the relative areas of anodic and cathodic
sites distributed on the metal. The smaller size of the anodic site is responsible for the greater ionic
flux associated to the dissolution of metal ions, whereas the release of hydroxyl ions is distributed
over a wider area and smaller ion fluxes are measured at each point. The situation changes
significantly in relation to the distribution of the anodic and cathodic reactions when the two metals
are put in electric contact. In this case, the anodic process continues to occur on a small portion of
the iron sample, whereas the cathodic process is mainly shifted to the copper sample, where it is
found to distribute quite homogeneously over the totality of the metal surface. Yet some cathodic
activity remains on the surrounding iron surface, as it could be expected because the two metals
are at the same potential and the anodic activity occurs only in a portion of the iron surface. Another
relevant feature is the observation of bigger electrochemical activity for the galvanic pair compared
to the isolated metals. That is, the corrosive process on the iron specimen is facilitated by the

displacement of the cathodic activity to the copper surface.

The electrochemical activity in the galvanic pair is reduced in a great extent when the copper
surface is covered by a BTAH-containing film as shown in the sequence of images in Figure 3 C-E.
Not only the total activity decreases in the system, but it is observed that the cathodic activity is
shifted from the copper to the iron surface as the inhibitor film on copper is thicker. Eventually, for
the thickest protective film, corresponding to the 60 min treatment of the copper specimen in the
inhibitor-containing solution, it is found a situation closely matching that previously observed on iron
when it was electrically disconnected from copper (cf. Figure 3A and 3E). Yet, a more detailed
observation of Figure 3E in the region of the copper sample allows a very small cathodic activity to
be detected. The inhibiting effect of BTAH on the cathodic reaction in copper has thus been

revealed through this sequence of images taken by SVET.

The influence of the BTAH films deposited on copper towards the inhibition of the cathodic
reaction is also deduced from the inspection of the SVET images given in Figure 4, which were
recorded after 600 min immersion of the iron-copper galvanic pairs in the 10 mM NaCl test solution.
Thicker BTAH films on copper help to greatly reduce the extent of galvanic corrosion on the coupled
metals (cf. Figures 4 A-B), until the copper wire becomes so effectively blocked that the cathodic
reaction has to occur quantitatively on the iron specimen together with the anodic sites. These more
aggressive conditions were chosen for the experiments using the SECM as described in he next

Section.

3.2. Characterization of the galvanic coupling of iron and copper by SECM



In order to better examine the corrosion reactions of the iron-copper galvanic pair and the
origin of the inhibiting effect of BTAH on copper metal, SECM using an antimony tip was used. The
antimony tip in potentiometric SECM allows pH distributions in the electrolyte next to the galvanic
pair to be monitored, whereas the conventional amperometric operation could be used to follow the
consumption of oxygen in the system in the course of the corrosion reaction. In the later case, the
tip potential was set at -0.65 V vs. Ag/AgCIl/3M KCI.

The extent and location of the different active areas on the metals during their exposure to
the 10 mM NaCl test solution could be imaged by acquiring bidimensional scans over the center of
both iron and copper samples of the metal which give the local distribution of pH as shown in Figure
5. When the metal specimens were exposed to the test electrolyte without electric connection (i.e.
no galvanic coupling exists in the system), pH changes can be observed only in the proximity of the
iron sample (see Figure 5A). That is, the onset of corrosion occurs on this metal, whereas copper
stays basically unreactive in this electrolyte, which is consistent with the absence of ionic currents
over this metal in the corresponding SVET measurements (cf. Figure 3A),. The two half cell
reactions take place on the corroding iron, and significant alkalinisation of the electrolyte occurs in
the proximity of the metal as it should be expected from equation (2). The highest pH values are
observed shortly after immersion in the electrolyte, and less alkaline environments are found as time
elapses. And after 190 min exposure, the pH of the solution volume next to the iron sample exhibits
the typical values of the bulk electrolyte, which evidences that the corrosion process has been
suppressed. It is also interesting to notice that the exact location on the iron surface at which the
maximum pH values are observed in each pH distribution line moves progressively from left to right
in the plots. The highest pH values are observed thus at the beginning of the experiment, with a
maximum value of ca. 9 in the pH scale. All the observed results can be explained by considering
that the surface becomes progressively blocked by the precipitation of iron-containing corrosion
products, thus leading to the local anodes and cathodes to move when the precipitates blocked the
surface. This feature was observable even with the naked eye, and it is shown in the optical
micrographs given in Figure 6 which were taken for both wires just at the beginning of the
experiment (image A) and after 3 hours exposure (image B). The shift of the pH distribution peaks
from left to right in Figure 5A with the elapse of time is an indirect observation that the anodic
dissolution reaction initially happened in a region close to the left border of the iron wire, and it
progressed to the right as the anodic sites were getting blocked by the precipitation of corrosion
products. This shift of the anodic activity towards the right side, produces a reduction in the area
available for the cathodic reaction that becomes progressively more confined to the right side of the

sample. On the other, the pH of the volume of electrolyte directly in contact with the copper wire



does not change during the duration of the experiment, and the local pH values coincide with those

of the bulk electrolyte.

Conversely to the situation described in the previous paragraph, separation of the anodic
and cathodic sites between the two metals occur when the two metals are galvanically coupled in
the same test electrolyte as shown in Figure 5B. In this case, alkalinisation occurs exclusively above
the copper wire. The dissolution of iron is enhanced as result of the galvanic coupling process, thus
leading to significantly more alkaline environments in the electrolyte adjacent to the cathode. In fact,
the highest pH observed over isolated iron was ca. 9 just after immersion in the electrolyte (see
Figure 5A), but values in the proximity of 11 are measured over copper in electrically connected with
iron (cf. Figure 5B). Furthermore, the iron dissolution process is not blocked by corrosion products
this time, and it seems to progress at rather constant rate. This feature is due to the spatial
separation of the anodic and cathodic half cell reactions on the two metals, which are placed at
sufficient distance for the precipitation of corrosion product not to occur on the surface of the iron
metal, which would eventually lead to blockage of the reactive surface, but on the resin between the
two metals. In this way, the local pH above iron remains at the initial value of the bulk electrolyte

during all the experiment.

The effect of benzotriazole on the iron-copper galvanic corrosion reaction was also
investigated from the measurement of bidiomensional local pH line scans for samples subjected to
different pre-treatment durations in a solution containing the inhibitor. Figure 5 C-E presents a
selection of the lines measured at different exposures in the test solution of samples where the
copper surfaces were pre-treated with BTAH for 5, 30 and 60 minutes, respectively. Major changes
in both the shape and the evolution of the local pH distributions given by the line scans are evident
from their comparison with the corresponding line scans measured for the untreated copper surface
given in Figure 5B. Though the pH distribution values above the copper wire treated with BTAH for
5 minutes are still very similar to those measured for the untreated metal, some changes can
already be observed in Figure 5C. Firstly, the electrolyte solution above iron is slightly more alkaline
than in the previous case, which indicates the onset of some small cathodic activity on the iron wire.
Though a defective inhibiting film on copper was formed in this case, yet it provides some blocking
effect to the cathodic reaction on copper that leads to the observation of additional cathodic activity
on the iron surface. Furthermore, the iron dissolution is restricted to a small area on the surface,
allowing for a small peak at the left related to local acidification to be seen as result of the

occurrence of the hydrolysis reaction of iron according to:

Fe?* +nHO — Fe(OH)y2" + n H* (3)
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The protective characteristics of the BTAH film formed on copper are very weak and the cathodic

activity is increasingly concentrated on this metal with the elapse of time.

A more pronounced effect of BTAH on the galvanic corrosion process is observed as thicker
films are produced on copper. Figure 5D shows the local pH distribution line scans measured for a
sample pre-treated for 30 minutes with BTAH. In this case, the initial cathodic activity is observed to
occur on the surface of both metals to almost the same extent thus resulting in two alkalinisation
peaks with their maxima at ca. pH = 10. Therefore, the corrosion reaction is less vigorous than in
the case of the untreated copper sample (Figure 5B), though the system is more active than for the
isolated iron specimen in the same electrolyte (Figure 5). Another interesting observation is that the
inhibitor film is not compact enough to withstand the aggressive electrolyte, and with the elapse of
time the cathodic reaction becomes progressively concentrated on the copper wire. Increased
alkalinisation of the electrolyte above the copper sample is thus observed, whereas the pH values

above iron coincide with those of the bulk electrolyte for exposures in excess of 1 hour.

Analogously, the line scans measured when the copper sample was pre-treated with BTAH
for 1 hour show the occurrence of both anodic and cathodic half-cell reaction on the surface of iron,
and the copper surface is almost completely inactive at the beginning of the experiment. The
localization of the dissolution reaction on the surface of iron leads to the observation of an
acidification peak in the first line scan just above the site of the anodic reaction. The activation of the
copper surface for the cathodic reaction can be observed at longer exposures, which is an
indication of the little stability of the inhibitor films formed on copper simply by dipping the freshly
polished metal in the solution containing the organic molecule. Indeed, the amperometric operation
of the SECM for the electroreduction of oxygen shows the existence of two zones of depleted
oxygen concentration in the electrolyte located above both metal wires after 3 hours exposure in the
test electrolyte (see Figure 7). Though the pH line shows that the electrolyte is more acidic above
the iron metal, the past cathodic activity of this metal has resulted in a volume of depleted oxygen
concentration. On the other hand, the onset of the cathodic reaction on copper at a later time has
resulted in the simultaneous depletion of oxygen and the alkalinisation of the electrolyte above this
metal. Figure 7 is considered to provide a strong evidence of the great applicability of the combined
potentiometric/amperometric operation of SECM for the in situ study of the evolution of corrosion

reactions with high spatial resolution.

The distinctive activation process of the cathodic reaction on copper after immersion in the
case of the metal protected by BTAH films can be observed with greater precision from the time

evolution of the pH maximum values over the metal that are depicted in Figure 8. The cathodic
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reaction occurs exclusively on copper in the case of the untreated sample, and pH values around 11
are observed at all times. In the case of the 5 minutes pre-treatment with BTAH, the surface film is
very thin and eventually does not cover the copper surface completely, and thus only a very weak
inhibiting effect against galvanic corrosion being provided as revealed by pH values around 10.5 in
the electrolyte next to the surface of this metal. The formation of a rather effective inhibiting film on
copper is then observed for the sample pre-treated with BTAH for 30 minutes. Yet the film is not
stable enough to withstand the aggressivity of the test electrolyte for the duration of the experiment,
and progressive activation of the cathodic activity on the metal is observed this time. After ca. 1
hour, the BTAH film on copper is not longer protective, and pH values similar to those measured in
the previous cases are found. Finally, pH values below 9 are observed above the metal at all times
in the case of the inhibitor films formed during 60 minutes. Furthermore, the progressive activation
of the copper surface with the elapse of time can be followed from the plot obtained with this
method, and this will be a measure of the persistence of the inhibitor film on the metal. Thus, the
novel methodology presented in this work may have a great applicability to the investigation of the

stability inhibitor films for corrosion protection.

The anodic reaction occurring on iron can be investigated from the minimum pH values of
the electrolyte directly above the metal in a similar manner. Figure 9A shows their time evolution for
the different specimens considered in our work. Local acidification of the electrolyte is observed in
all the case, though different trends can also be found in this figure among the different systems.
Firstly, the dissolution of iron in a galvanic pair in which copper is not protected by an inhibiting film,
leads to local acidification of the electrolyte for almost an hour, and then a constant pH value is
observed for the remaining of the experiment. The dissolution reaction progresses at a constant
velocity that helps to maintain the pH of the electrolyte despite the opposite effect of diffusion of the
ionic species to the bulk of the electrolyte. No suppression of the corrosion reaction due to the
precipitation of corrosion products occur in the galvanic pair system. Acidification of the electrolyte
above iron for about one hour prior to the attainment of a constant pH value also occurs when the
copper sample has been pre-treated with BTAH for both 5 minutes, and the pH plateau shows a
slightly more acidic value than for the untreated sample. No efficient inhibition of the corrosion
process is provided by the surface film formed by BTAH on copper by dipping during 5 minutes the
metal in the inhibitor containing solution. A different situation is found when copper was treated for
30 minutes with BTAH. Both the anodic and cathodic reactions occur initially on the iron surface,
and the high localization of the anodic site leads to the development of a more acidic environment. It
is only after ca. 1 hour that the cathodic reaction is shifted to the copper surface (cf. figures 7 and

8), and by then the electrolyte is more acidic and the system requires extra time before the rate of
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acidification starts to decrease. Indeed, the inflection point towards the development of a stationary

pH value for this system may be found for times longer than 100 minutes.

Finally, the curve given in Figure 9A for the system where copper was pre-treated for 60
minutes with BTAH closely resembles that of the untreated copper. This is an indication of the
physical separation of the anodic and cathodic sites in the system. In the case of the untreated
system, this fact was evident as the anodic reaction occurs on one metal and the cathodic on the
other. But, now both the anodic and the cathodic reactions must occur on iron as result of the
effective inhibitor effect of BTAH on copper. Indeed, Figure 9B shows that the occurrence of the
cathodic reaction on iron for all the duration of the experiment as described by the maximum pH
values measured on this metal. And the special behaviour of this system is then observed. Both
local acidification and alkalinisation occur simultaneously over different regions of the iron sample,
and they remain in practically the same locations for the duration of the experiment, thus effectively
resulting in a permanent separation of the anodic and cathodic sites. This is consistent with the
observation of local acidification on iron at the same location above iron in Figure 5E at all times,
and the cathodic reaction on this metal remains on another location as long as cathodic occurs on

this metal, though the onset of the cathodic reaction on copper as well.

In summary, the combined amperometric/potentiometric operations of SECM allow local pH
distributions and the concentration of different species to be (quasi) simultaneously imaged for
corrosion reactions. But it has been demonstrated that this novel methodology allows for additional
information on the kinetics of these processes to be gained because very precise measurements of
local changes can be detected, certainly at much earlier times they can be evidenced by ex situ
methods or by less sensitive in situ microelectrochemical techniques that operate at longer probe-
substrate distances. A distinctive finding of this work was the situation represented in Figure 7,
when the cathodic reaction had already been removed from the iron to the copper surface as
demonstrated by the local acidification above iron, and yet the past cathodic on the same metal
could be detected from the depleted oxygen concentration in the same small volume of electrolyte.
These findings may have a great potential for the investigation of real systems of greater complexity
such of those occurring during the corrosion of alloys for aerospace applications in which diverse

forms of localized and galvanic corrosion take place on the same portion of material.

4. Conclusions
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Scanning electrochemical microscopy (SECM) operated with combined
potentiometric/amperometric modes allows more information on the dynamics of corrosion
processes to be gathered in the same experiment. The use of antimony microelectrodes as tips
make possible to measure local distributions of pH above corroding systems, whereas
amperometrically detecting the species participating in the corrosion reactions. In addition, the
scanning vibrating electrode technique (SVET) was employed to assist the unambiguous

localization of the cathodic and anodic half cell reactions in the corroding system.

The corrosion protection efficiency of the films formed by the inhibitor benzotriazole on
copper, and their stability in an aggressive electrolyte without reservoir of the inhibitor molecule
could be determined in the same experiment by using the scanning microelectrochemical
techniqgues SECM and SVET.

The galvanic coupling of copper with iron, if the metals are sufficiently separated, produces
an increase in the dissolution rate of iron since the precipitation of corrosion products does not
occur on this metal. Otherwise, the surface would have been blocked by the corrosion products and

the corrosion reaction would have significantly been slowed.

Benzotriazole forms surface films on copper that inhibit the cathodic half cell reaction on this
metal, and may eventually lead to the both cathodes and anodes to be formed simultaneously on

iron though the two metals are in electric contact during exposure to the same electrolyte.
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Figure 1

Calibration curve for the antimony microelectrode tip for pH measurement.
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Figure 2
Photograph showing the lateral view of the iron-copper galvanic pair embedded in an insulating
sleeve. The electrical connection was made at the rear of the mould.
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Figure 3

Images generated by SVET of different experimental conditions of an iron-copper sample. The
samples were immersed in 10 mM NaCl. BTAH-containing surface films were prepared on the
copper by dipping only the part of the mount with the wire in 1 mM BTAH + 0.1 M Na»SO4 solution
for selected times as given below. Electric condition of the metal wires: (A) electrically insulated, i.e.
there is no galvanic coupling; and (B-E) electrically connected to form a galvanic pair. Surface
condition of the copper sample: (A-B) The metal has not been pretreated with BTAH; duration of
pretreatment with BTAH: (C) 5 min, (D) 30 min, and (E) 60 min. The mounts with the metal wires
were maintained in the test solution for 120 min before the SVET image was recorded. Tip-
substrate distance: 80 ym.
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Figure 4

Images generated by SVET of iron-copper galvanic pairs immersed in 10 mM NaCl for 600 min
before the SVET image was recorded. The copper specimen was pretreated in 1 mM BTAH + 0.1 M
NazSO4 solution for: (A) 5 min, (B) 30 min, and (C) 60 min. Tip-substrate distance: 80 um.
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Figure 5

Local pH distribution lines generated by SECM with an antimony tip passing over the center of iron-
copper samples subjected to different pretreatments with BTAH. The measurements were
performed in 10 mM NaCl. Electric and surface conditions of the samples are the same described in
the legend of Figure 3. Scan lines were initiated when the samples were immersed in the test
solution for the times given in the plots. Tip-substrate distance: 25 uym.
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(A)

Figure 6
Optical micrographs of the Fe-Cu sample immersed in 10 mM NacCl: (A) Just after immersion in the
electrolyte; (B) after 3 hour exposure. No electric contact existed between the two metals.
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Figure 7

Line scans generated by SECM with an antimony tip passing over the centres of an iron-copper
galvanic pair immersed in 10 mM NacCl for 3 hours. SECM operations: (black) potentiometric for pH
monitoring, and (red) amperometric for the electroreduction of soluble oxygen (Eip = -0.65 V vs.
Ag/AgCl/3M KCI). Tip-substrate distance: 25 uym.
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Figure 8

Time evolution of the maximum pH values measured over the copper sample taken from the curves
displayed in Figure 5 B-E. They are a measure of the cathodic activity occurring on copper
galvanically-coupled to iron during immersion in 10 mM NacCl.
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Figure 9

Time evolution of the (A) minimum and (B) maximum pH values measured over the iron sample
taken from the curves displayed in Figure 5 B-E. They are a measure of the (A) anodic and (B)
cathodic activity occurring on iron galvanically-coupled to copper during immersion in 10 mM NacCl.
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