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Abstract: Amperometric and potentiometric probes were employed for the detection and character-
ization of reactive sites on the 2098-T351 Al-alloy (AA2098-T351) using scanning electrochemical
microscopy (SECM). Firstly, the probe of concept was performed on a model Mg-Al galvanic pair
system using SECM in the amperometric and potentiometric operation modes, in order to address
the responsiveness of the probes for the characterization of this galvanic pair system. Next, these
sensing probes were employed to characterize the 2098-T351 alloy surface immersed in a saline
aqueous solution at ambient temperature. The distribution of reactive sites and the local pH changes
associated with severe localized corrosion (SLC) on the alloy surface were imaged and subsequently
studied. Higher hydrogen evolution, lower oxygen depletion and acidification occurred at the SLC
sites developed on the 2098-T351 Al-alloy.

Keywords: scanning electrochemical microscopy; amperometric and potentiometric probes;
aluminum alloy 2098-T351; severe localized corrosion; Mg-Al galvanic pair

1. Introduction

The 2098 aluminum alloy belongs to the third generation of Al-Li alloys. These alloys
were developed as possible substitutes for traditional 2XXX-series Al alloys for aerospace
applications [1], with the aim of reducing aircraft weight and, consequently, fuel consump-
tion. In fact, the addition of Li to these new generation alloys aims to decrease the weight of
aircrafts [2,3]. These alloys are reported to have low density, good mechanical strength, and
good toughness [4–6]. Al-Cu-Li alloys, such as 2098, present a reduction in Li content com-
pared to previous first and second generation alloys [2,7], and this reduction causes greater
toughness compared to alloys from previous generations [5,6]. This feature represents a
significant advantage, since low toughness characteristics were a disadvantage in previous
Al-Li alloys. The 2098 Al-Cu-Li alloy has a chemical composition that contains elements
such as Cu, Li, Mg, Mn, Zr, Ag and Ti responsible for its advanced microstructure [7,8].
The main phase responsible for the good mechanical properties of Al-Cu-Li alloys is the T1
phase (Al2CuLi) [2,7,9]. However, the corrosion mechanism of Al-Cu-Li alloys is related to
the T1 phase and micrometric particles enriched with Cu and Fe [2,3]. Several studies have
reported that Al-Cu-Li alloys are susceptible to localized corrosion, with the preferential
attack occurring at the T1 phase sites, and this attack is commonly called severe localized
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corrosion (SLC) [10–13]. In these studies, the microstructure and corrosion mechanisms
related to the SLC have been presented. However, localized electrochemical techniques
were not used to monitor the electrochemical activity related to the development of SLC in
the Al-Cu-Li alloys investigated in these studies. Therefore, it is expected that scanning
probe techniques can provide new insights related to the corrosion activity associated with
local reactions that occur on this kind of material.

Chemical imaging of reactive samples with high spatial resolution is available by
scanning electrochemical microscopy (SECM) methods. SECM can monitor the reactions
that occur at a mobile microelectrode (tip), which scans a nearby surface immersed in
an electrolytic solution [14]. SECM has different modes of operation, which are broadly
classified as amperometric and potentiometric modes, depending on the type of probe
being used, be it an ultramicroelectrode (UME) or an ion selective microelectrode (ISME),
respectively [15]. Typically, amperometric microelectrodes are the probes used in corrosion
studies with SECM ([16–18] and references cited therein), although potentiometric SECM
has proven to be a powerful tool in corrosion science, primarily for the study of galvanic
corrosion processes [19–21]. Furthermore, the combination of amperometric and poten-
tiometric modes using separate individual probes has become an interesting option to
obtain new insights into the corrosion mechanisms of different materials [22,23]. Different
processes have been studied which involve a pH gradient and the heterogeneous release
of ions [24–27]. For instance, the local variation in pH at the anodic sites due to metal
dissolution and hydrolysis, related to the co-dissolution of Zn and Al from the Al-Zn
metallic layers, and the cut-edge corrosion on painted metals were monitored using the
potentiometric mode [24–26]. By combining the amperometric/potentiometric operation
modes, the distribution of local anodic and cathodic activities on painted cut edges were
observed [28]. It must be noted, that changes in the pH related to the cathodic process and
to the hydrolysis of dissolved metals, strongly influence the corrosion rate [29,30]. So far,
the amperometric/potentiometric operation has been achieved through the use of separate
individual probes that had to be exchanged or attached next to each other, resulting in
an imperfect match of the scanned surface. Attempts to overcome this limitation have
consisted of using a single probe that could be modified in situ for alternative amperometric
and potentiometric operations [23], and more recently, by designing multi-probe assemblies
that effectively monitor multiple signals in a single experiment [29,30]. In the first case, a
double Pt/Sb probe was employed for quasi-simultaneous amperometric detection and
visualization of local changes in pH changes of reactive sites in a corroding system [29]. On
the other hand, actual simultaneous operation was achieved using multi-probe assemblies
for various potentiometric determinations, such as detection of changes in local pH and Zn
ion concentration during the galvanic corrosion of a Zn-Cu system [30].

The objective of this work was to explore the possibilities of SECM to monitor local
electrochemical activity and changes in pH associated with the development of reactive
sites in the severe localized corrosion (SLC) of aluminum alloy 2098-T351. Although
SECM in amperometric operation has been used to study the local corrosion and the
corrosion protection of various aluminum alloys in different conditions [31–36], the use
of SECM for the characterization of reactive sites and to visualize local pH changes in
Al–Cu–Li alloys has not been attempted until now. Here, platinum (Pt) and antimony (Sb)
microelectrodes were investigated as amperometric and potentiometric probes, respectively,
for local electrochemical characterization of reactive sites and detection of pH changes. To
address responsiveness, these sensing probes were first used to characterize the galvanic
corrosion of a model Mg-Al pair immersed in an aqueous NaCl solution. They were then
used for characterization of the 2098-T351 alloy under the same conditions by SECM in
amperometric and potentiometric operations.
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2. Materials and Methods
2.1. Samples and Solutions

A magnesium/aluminum galvanic couple was used as the model corroding system.
Magnesium ribbon with 200 µm × 800 µm cross section and 99.0% purity was supplied by
Panreac AppliChem (ITW Reagents, Glenview, IL, USA), and 99.99% pure aluminum wire
125 µm diameter by Goodfellow (Cambridge, UK). In addition to the nominal composition
of magnesium in the ribbon, the substances reported to be insoluble in hydrochloric acid
were Cu≤ 0.005%, Fe≤ 0.05%, Ni≤ 0.005%, Pb≤ 0.002%, and Zn ≤ 0.02%. The two metals
were embedded in Epofix epoxy resin (Struers, Ballerup, Denmark) with 1 mm distance
between them, and cured for 24 h at ambient temperature. Only their cross sections were
exposed on the front side of the disk-shaped resin mount (dia. 3 cm), and they extended
about 10 mm at the rear for electric connection. The front side of the mount was abraded
with a sequence of silicon carbide papers down to 4000 grit, followed by polishing with
diamond slurries of 3 and 1 µm particle size. After the surfaces were thoroughly rinsed with
Millipore deionized water, dried with ethanol, and finally surrounded laterally by sellotape,
creating a container holding approximately 5 mL of the test electrolyte solution. Next,
a mount containing a flat sample of the 2098-T351 Al-alloy (wt%: 3.4 Cu, 1.0 Li, 0.3 Mg,
0.3 Ag, 0.4 Zr, 0.04 Fe, 0.05 Si, 0.02 Zn, 0.003 Mn) was produced using the Epofix resin, with
a working area of approximately 5.0 × 5.0 mm2. After curing, the same sequence of surface
finishing, cleaning and preparation of a container for the test solution was performed.

Experiments were performed in solutions prepared with analytical grade reagents
and ultra-pure deionized water. NaCl (Panreac®, Barcelona, Spain) was used to prepare
the test aqueous electrolyte solutions employed in this study.

2.2. Instrumentation

High-resolution SECM equipment, built by Sensolytics (Bochum, Germany), was
employed. The instrument was built around an Autolab (Metrohm, Herisau, Switzerland)
electrochemical interface, controlled with a personal computer. Amperometric and poten-
tiometric operations were available in this configuration. Measurements were made at
room temperature and the samples were left unpolarized to their spontaneous open circuit
or galvanic coupling potentials. Raster scanning was employed to record the consecutive
line scans composing the XY grid of a 2D map.

Amperometric operation was performed using platinum microdisk of 10 µm diam-
eter. The electrochemical cell was completed with a Pt wire counter electrode, and an
Ag/AgCl/KCl (sat.) as the reference electrode. All potential values reported in this work
are referred to the Ag/AgCl/KCl (sat.) reference electrode. Amperometric measurements
were performed using two SECM operation modes, namely the Surface Generation/Tip
Collection (SG/TC) and the Redox Competition (RC) modes. In the SG-TC mode, elec-
troactive species released from the surface are oxidized or reduced at the tip. The currents
associated with these reactions can be correlated with the electrochemical activity of the
sites on the surface [37]. In this work, the SG/TC mode was employed to study the evolu-
tion of hydrogen gas (H2) from a corroding surface when exposed to 5 mmol L−1 NaCl
solution. H2 evolution from the surfaces of different metals has been investigated by SECM
in the SG/TC mode which allows their localized corrosion processes to be studied [38–41].
These previous studies reported the selective detection of reacting species released from
the corrosion reactions when the materials are left unpolarized in the environment. Good
sensitivity and resolution towards hydrogen oxidation were achieved when the Pt probe
was biased at 0.0 V, and therefore the SECM studies using SG/TC mode were employed
with the Pt probe biased at this potential with Reaction (1) occurring at the tip:

H2 → 2H+ + 2e− (1)

On the other hand, the redox competition mode was employed to monitor the molec-
ular oxygen content in the solution through its electro-reduction at the tip in aerated
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electrolytes at neutral and alkaline pH. By choosing a tip potential in the range between
−0.60 and −0.90 V the electrochemical responses associated with the reduction of oxygen
can be investigated [42]. In this work, SECM operation in the redox competition mode was
performed with the Pt probe biased at −0.70 V for Reaction (2),

O2 + 2H2O + 4e− → 4OH− (2)

Since this reaction can also occur at the investigated substrate in the event of corrosion
through the local microcells developed on the surface of the material, competition for the
oxygen dissolved in the solution will be established between the Pt microelectrode and the
cathodic sites on the corroding surface [43]. Changes in the amount of current measured at
the Pt microelectrode as result of such competition are the basis for this operation mode of
SECM.

The tip-sample distance was set at 20 µm after recording Z-approach curves over
the surrounding resin with the Pt polarized at −0.70 V to use the reduction of dissolved
oxygen in the electrolyte as redox mediator under quasi-diffusion-controlled conditions
(Reaction (2)). Thus, a variation in the profile of the limiting current was observed near
the surface (insulating resin) while the Pt microelectrode monitored the electro-reduction
of the dissolved oxygen, thus detecting the location of the surface. Subsequently, SECM
scans were acquired in constant height by scanning the Pt tip in the XY plane parallel to
the investigated surfaces.

Potentiometric operation was attained using antimony microelectrode tips [23]. They
were prepared from micropipettes obtained by pulling borosilicate capillaries (outside
Ø = 1.5 mm, wall thickness Ø = 0.225 mm, obtained from Hilgenberg GmbH, Malsfeld,
Germany) using a model P-30 micropipette puller (Sutter Instrument, Novato, CA, USA).
Antimony fibre (approximately 2.0 cm length and approximate 15–20 µm diameter) was
introduced into the lumen of the micropipette with the tip reaching out about 20 mm.
Liquid mercury metal and copper wire (12 cm length and 0.5 mm dia.) were used to
provide electrical contact. Loctite® adhesive was used to seal the two micropipette ends.
More details and information on the fabrication of Sb microelectrodes are described else-
where [23]. A voltage follower based on a 1013 Ω input impedance operational amplifier
(TL071, Texas Instruments, Dallas, TX, USA) was introduced in the measuring circuit.
Calibration of the antimony tip was performed using a series of buffer solutions covering
the 3 ≤ pH ≤ 11 range. A good linear relationship between the potential and the solution
pH was observed in this pH range, with a slope of −42 mV per pH unit. A sub-Nernstian
response is obtained instead of −59.5 mV per pH unit, which is a common finding for
pH-sensitive antimony microelectrodes based on polycrystalline Sb/Sb2O3 [21,23,26,28].

For the potentiometric measurements, the antimony microelectrode was used in com-
bination with an Ag/AgCl/KCl (sat.) reference electrode, constituting the electrochemical
cell. The probe was placed at a height of approximately 50 µm above the investigated
surface, which was adjusted and monitored with the help of a video camera TV system.

3. Results and Discussion
3.1. SECM Characterization of a Model Mg-Al Galvanic Pair

The amperometric and potentiometric SECM probes were used to characterize a
Mg-Al galvanic pair immersed in naturally aerated NaCl solution, using a combination
of amperometric and potentiometric operation modes in SECM. Amperometric and po-
tentiometric SECM operations were initially performed on a model Mg-Al galvanic pair
system in order to check the efficiency of these probes in the characterization of a galvanic
pair system similar to that occurring in the spontaneously corroding 2098-T351 aluminum
alloy. Conventionally, galvanic corrosion occurs when two dissimilar metals are connected
electrically at the rear of the mold containing the metal samples, while they are exposed
to the test solution at the top side. By using a model system, the anodic and cathodic
reactions are expected to be spatially separated over the two metal surfaces. That is, the
electric coupling will originate preferential and accelerated dissolution of the less noble
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metal acting as the anode of the corrosion cell, while the cathodic reaction process will be
associated with the more noble metal [21].

The visualization of the Mg-Al galvanic couple was first attempted by recording line
scans across the two metals with the Pt microelectrode, sequentially polarized at −0.70
and 0.0 V. In this way, the reduction of dissolved oxygen and the oxidation of hydrogen
gas could be monitored with spatial resolution, thus allowing for the anodic and cathodic
reactions occurring in the galvanic pair to be identified on these electrically-connected
metals. Figure 1 shows typical line scans recorded after ca. 1 h immersion in the electrolyte.
It must be noted that, for the sake of comparison, the line scan recorded with the tip
biased at −0.70 V for the electro-reduction of molecular oxygen has been plotted with
decreasing tip currents along the Y axis (cf. Figure 1a), whereas direct plotting has been
chosen for the line scan depicted in Figure 1b. In this way, and for the two line scans,
the location of the galvanic corrosion reactions can be detected as current peaks from the
heterogeneously-distributed tip currents that are measured while the tip was travelling
over the sample.
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Figure 1. Line scans recorded by scanning electrochemical microscopy (SECM) with the Pt tip travelling above the model
Mg-Al galvanic couple immersed in 5 mmol L−1 NaCl solution for approximately 1 h. Amperometric SECM mode:
(a) Redox competition (RC) for the reduction of O2 (Pt tip biased at −0.70 V), and (b) Surface Generation/Tip Collection
(SG/TC) for the oxidation of hydrogen gas evolving from the sample (Pt tip biased at 0.0 V). Tip-substrate distance: 20 µm;
scan rate: 100 µm s−1.

In the case of the RC mode, oxygen depletion was observed above the two metals,
although it occurred in a lesser extent on aluminum than on magnesium (cf. Figure 1a).
Since the tip-substrate distance was maintained constant during the measurements, the
near field effect on oxygen diffusion towards the tip that arises from the proximity of the
sample was attained over the resin between the two metals and on the opposite ends of
the line scan. Accordingly, stationary tip currents were expected to be observed, when the
tip passed over the insulating resin. However, the occurrence of some small unavoidable
tilt might be deduced by ideally taking a baseline for the currents measured when the
tip was travelling over the resin areas, showing a smaller tip–substrate distance towards
the right of the graph. The occurrence of measurable depletions in the molecular oxygen
concentration in the electrolyte volume comprised between and the scanned surface directly
correlates with the detection of cathodic sites in the corroding system as oxygen consumes
the electrons released by the metal, thus leading to competition between the probe and the
corroding surface for the reduction of this molecule. Although smaller reduction current
values were measured at the tip when passing above the two metals, the current decrease
was three to four times smaller above magnesium. This feature may seem quite surprising
at first, since magnesium is not the more noble metal in the galvanic pair. Even further,
the oxygen reduction reaction is known to not be the main cathodic process in this metal
either [43]. Instead, hydrogen evolution is expected to dominate the cathodic process
(Reaction (1)). Thus, this observation effectively supports that more extensive cathodic
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activity must be occurring in this metal. On the other hand, the different area ratio between
the two metals in the model galvanic pair used in this work must be taken in account,
which may justify that the aluminum area is not big enough to provide sufficient cathodic
sites for the consumption of the electrons left by the magnesium ions as they dissolve in
the electrolyte. In the event of high magnesium dissolution rates, the electrons would
preferentially be consumed in locations close to the anodic sites on magnesium, therefore
reducing the contribution of cathodic sites developing on aluminum. These observations
are confirmed by the inspection of the 2D SECM map shown in Figure 2a. In this case, the
complete exposed areas of the two metals are scanned by the Pt microelectrode tip after
approximately 2 h immersion in the test electrolyte. Oxygen depletion occurred next to
both metals, although it occurred to a greater extent over the surface of magnesium because
the amount of oxygen available over the Al substrate was bigger. For the sake of easier
identification, Figure 2b shows an optical micrograph of the exposed sample, facilitating
distinguishing between the location and different area ratios of the two metals in the model
galvanic couple.
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The cathodic behavior of Mg, when galvanically coupled to more noble metals such
as Cu and Al, was already observed by Snihirova et al. [44]. According to these authors,
oxygen consumption was observed in the vicinity of an active Mg surface which was
coupled to Cu and Al samples. Although higher oxygen consumption occurred mainly on
the Cu surface—as it was expected—it was also observed on the Mg surface. The oxygen
depletion over Mg was caused by its cathodic activity. The pH mapping and the reduction
of dissolved oxygen clearly showed the occurrence of cathodic processes over the Mg
substrate.

Next, the cathodic processes developed on the Mg surface also led to hydrogen gas
(H2) evolution on this surface, as noted by the line scans in Figure 1b and the optical
micrograph in Figure 2b. In the line scan depicted in Figure 1b it is possible to observe H2
evolution on the Mg surface by using the SECM in the SG/TC operation mode. Conversely,
H2 evolution was not observed on the Al substrate. Therefore, in this study the Mg surface
acts as the location of cathodic sites in the galvanic corrosion process. Finally, by comparing
the shapes of the current peaks shapes in the two line scans of Figure 1 that are found
above the magnesium sample, it seems that the oxygen reduction reaction occurs over a
smaller region than the evolution of hydrogen over this metal. This observation will be
further discussed below.

After the amperometric SECM measurements were performed on the Mg-Al galvanic
pair, potentiometric SECM operation was performed using a Sb/Sb2O3 microelectrode
tip. As seen previously, metal dissolution occurs at the anodic sites, whereas oxygen
consumption and hydrogen evolution occurs at the cathodic sites. As indicated by Reaction
(2), localized formation of hydroxyl anions at the cathodic surface had to occur around
the cathodic sites due to the oxygen reduction reaction, thus shifting the local pH in the
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alkaline direction. Furthermore, hydrogen evolution from water electrolysis at the cathodic
sites on magnesium produce hydroxyl anions too:

2H2O + 2e− → H2 + 2OH− (3)

Therefore, the local pH changes produced in the electrolyte near the corroding gal-
vanic Mg-Al couple will provide information regarding the distribution of the corroding
microcells developed on the system. Figure 3a shows the pH distribution 2D-image ob-
tained above the galvanic pair. In this pH map, the blue scale color indicates the areas with
higher pH values than in the bulk of the electrolyte. In the 2D-map, this region is observed
in the proximity of the Mg surface, and only a small and weak alkalinization might be
observed in the proximity of the aluminum wire. On the other hand, the red scale color
represents the area with lower pH, which was also observed on the Mg substrate though
at a separate location. No evidence of electrolyte acidification occurred in the proximity
of aluminum, thus evidencing that the anodic processes only occurred on the magnesium
surface. Thus, both local alkalinization and local acidification were observed over the
surface of Mg, indicating that highly localized metal dissolution occurred on a portion of
the exposed metal surface, whereas the remaining metal was electrochemically active for
sustaining the cathodic processes that consumed the electrons released by the dissolving
metal ions. The proximity and greater surface area available on the magnesium ribbon
compared to the aluminum wire in our particular model Mg-Al galvanic couple, led to the
preferential localization of the cathodic activity on the magnesium ribbon. The complete
sequence of pH changes occurring over the magnesium strip due to galvanic coupling to
aluminum is better resolved by extracting a line scan along the horizontal axis of the metal,
as shown in Figure 3b.
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in potentiometric operation. (a) 2D map covering the model Mg-Al galvanic system; (b) line scan
recorded over the horizontal symmetry axis of the Mg sample. Tip–substrate distance: 50 µm; scan
rate: 80 µm s−1.

The occurrence of both cathodic and anodic sites on the magnesium ribbon was thus
observed. Indeed, locations with pH values both higher and lower than those in the bulk
electrolyte are observable in this line scan. As expected, alkalinization occurred around
the cathodic sites, whereas local acidification is correlated with the development of anodic
sites on the surface of the magnesium sample. In fact, magnesium dissolution occurs in
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competition with metal hydrolysis, as described by Reaction (4), thus contributing to local
acidification at the anodic site:

Mg2+
(aq) + H2O→Mg(OH)+ + H+ (4)

Additional hydrolysis of Mg(OH)+ to Mg(OH)2 could occur, leading to the precipita-
tion of corrosion products near the anodic sites, although it is quite unlikely due to the high
acidification produced around a propagating pit. Instead, further acidification can result
from the formation of hydroxyl-chloride complexes, a process typically accompanying hy-
drolysis in chloride-containing corrosion media, effectively shifting the hydrolysis reaction
(Reaction 4) further to the right. Thus, H+ ions present on the Mg substrate cause a local
reduction in the pH, and local acidification is the result of the hydrolysis reactions of the
magnesium ion. The pH changes related to both the cathodic process and the hydrolysis
by dissolved metals in corrosion systems are described in the literature [29,30].

Further inspection of the line scan in Figure 3b evidences the much more localized
character of the region presenting acidification than that with the higher pH values. In
addition, the pH gradient is higher for the anodic site as well. This is an indication that
the anodic reaction occurred in a more localized manner, leading to the formation of
corrosion pits on the corroding surface, whereas the cathodic reaction was more distributed
over the remaining metal surface without effectively producing changes in the surface
topography at the cathodic sites. The sharpness of the corroding pit that is observed as
the tip approached from the left could be expected to apply at the opposite side as well.
Yet the shape of the pH valley appears to be less sharp at the right side, but it should
be realized that the observed broadening resulted from convective effects produced by
the tip as it moved towards the right side and it could have carried some acid electrolyte
with it. Next, the slight alkalinization observed around 950 µm on the X axis, i.e., near
the left edge of the growing pit, must arise from the reduction of water in a cathodic site,
according to Reaction (3). On the other hand, the lowest pH value recorded in this line
scan, namely 5.3, is consistent with the maximum acidification expected for the hydrolysis
of magnesium in a confined volume such as the conditions occurring within a propagating
pit [19]. It must be noted, that pH values more acidic by 1–2 units would be expected
in the case of the hydrolysis of aluminum ions [19], thus effectively confirming that the
anodic sites occur solely on the magnesium sample for this model Mg-Al galvanic couple.
Furthermore, the SECM results described in this section indicate that the cathodic process
occurs preferentially on the surface of magnesium, leading to the evolution of hydrogen
gas and the reduction of dissolved oxygen, although the latter scarcely occurs in proximity
of the anodic sites, and it is observed to occur at further distances on magnesium as well as
on the aluminum wire.

3.2. SECM Characterization of the 2098-T351 Al-Alloy

After the localized distribution of anodic and cathodic sites on a model Mg-Al gal-
vanic couple was resolved in situ by SECM using a combination of amperometric and
potentiometric probes, these probes were employed to characterize the electrochemical
behavior of 2098-T351Al-alloy immersed in the same test solution. No polarization was
applied to the metallic substrate, therefore any electrochemical reactivity would arise from
the spontaneous development of corrosion processes on the surface of the alloy due to
chemical heterogeneities in the system.

Figure 4 shows the SECM map recorded after approximately 3 h exposure of the
alloy to 5 mmol L−1 NaCl solution. The image was obtained using the RC mode for the
reduction of O2 (Pt tip biased at −0.70 V). In this way, it was possible to observe the
electrochemical activity associated with the electro-reduction of oxygen recorded on the
corroding alloy. Here, the upper and lower color scales are an indication of different tip
current intensities for the electro-reduction of oxygen. The scale range corresponding to
the upper scale color (i.e., red) represents the areas on the surface that originated from
the greater oxygen consumption in the adjacent electrolyte volume, effectively indicating
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regions with depletion of oxygen in the adjacent electrolyte. The 2098-T351 surface shows
regions (sites) with higher oxygen reduction currents (low oxygen depletion) in comparison
with the remaining surface. In this SECM mode, a redox-competition process between the
corroding surface and the tip occurs for the electro-reduction of oxygen in solution [42,45].
That is, oxygen can be consumed both at the tip and the surface, resulting in competition
for this species. Therefore, if regions with lower reduction currents are associated with
higher oxygen depletion, the decrease in the reduction current at the tip thus corresponds
to oxygen depletion at the probe. This behavior was associated with the development of a
cathodic region in Section 3.1. A heterogeneous distribution of oxygen reduction currents
was monitored at the tip during the SECM measurement shown in Figure 4, indicating
variations in oxygen availability over the alloy surface. The reduction current increased
locally when the tip passed over the SLC sites, indicating a greater availability of oxygen
dissolved in the electrolyte at those locations. Additionally, oxygen consumption mainly
occurred over the rest of the surface. Consumption of oxygen in the proximity of the SLC
sites was also observed, nevertheless, this was significantly smaller than that observed on
the remaining surface at which SLC sites were not developed.
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map at the right side shows a magnification of the region around the feature labelled SLC 1 in the 3D map. Tip–substrate
distance: 20 µm; scan rate: 100 µm s−1.

Next, SECM maps of the 2098-T351 surface were recorded to monitor the electrochem-
ical response associated with H2 evolution on the spontaneously corroding alloy using
the SG/TC mode. In this way, the evolution of molecular hydrogen (H2) was effectively
sensed at the tip through an oxidation reaction as described above (according to Reaction
(1)). In the SECM map shown in Figure 5, the upper and lower color scales correspond
to different tip current intensities due to the oxidation of hydrogen gas generated at the
corroding 2098-T351 surface. The upper scale colors (red and yellow/green) indicate the
areas with high H2 evolution rate, whereas the lower scale colors represent those surface
regions without H2 evolution. It is interesting to note, that the cathodic reaction related to
hydrogen evolution occurs solely at very localized sites on the surface, thus related to the
second phases present on the surface. That is, although the aluminum-rich metal matrix
can serve as the site for the cathodic reactions to occur on the surface, this substrate is
unable to support the hydrogen evolution reaction on its remaining surface, where SLC
sites were not developed.
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NaCl solution for approximately 3 h. The image was obtained using the SG/TC mode for the
oxidation of hydrogen gas evolving from the alloy (Pt tip biased at 0.0 V). Tip-substrate distance:
20 µm; scan rate: 100 µm s−1.

In addition, Figure 6 shows the response obtained when the potentiometric probe
was used to characterize the 2098-T351 Al-alloy. The sample was immersed in NaCl
solution using the Sb/Sb2O3 microelectrode in order to observe the pH distribution over
the corroding alloy. As described above, the cathodic reaction occurring in naturally-
aerated solutions is the reduction of dissolved oxygen in the electrolyte according to
Reaction (2), which leads to local alkalinization of the solution at the cathodic sites. Thus,
in Figure 6, the red scale color represents the areas with lower pH that is associated with
the SLC sites, whereas the blue scale color indicates the areas with higher pH (no SLC sites
developed) on the 2098-T351 surface. Thus, local acidification above the SLC regions and
alkalinization above remaining corroding alloy were observed.
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Figure 6. pH distribution above 2098-T351 immersed in 5 mmol L−1 NaCl solution for approximately
3 h. The image was obtained using an Sb/Sb2O3 microelectrode for potentiometric SECM operation.
Tip–substrate distance: 50 µm; scan rate: 80 µm s−1.

Figure 7 shows an optical image of the surface of this alloy that exhibit SLC site after
immersion in NaCl solution. It is possible to observe localized corrosion sites over the
surface which are usually associated with micrometric constituent particles, also called
trenching, and severe localized corrosion (SLC) sites [46,47]. As mentioned earlier, the
Al-Cu-Li alloys are susceptible to localized corrosion processes, which are associated with
the presence of hexagonal T1 phase [10–12]. The T1 phase has been reported to be the phase
responsible for the development of SLC in Al-Cu-Li alloys [48–52]. Since the 2098-T351 Al-
Cu-Li alloy contains T1 phase, regions with higher densities of these phases should be more
susceptible to SLC [7,8]. Therefore, two distinct corrosion mechanisms can be observed
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on the 2098-T351 Al-alloy because the SLC sites present deeper attack compared to the
trenching sites related to micrometric particles, where the attack is more superficial [2,53].
Accumulation of corrosion products on the surface of the alloy should occur gradually
in regions near the SLC sites and more intensely in those regions outside the SLC sites
associated with the micrometer particles, since the attack in these regions (outside the SLC
sites) occurs due to local alkalinization related to the cathodic nature of the micrometric
particles.
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The SLC has been associated with large and deeper corroded areas that develop in
Al-Cu-Li alloys, which also present a cathodically protected region, development of a
surrounding corrosion product ring, and evolution of hydrogen bubbles generated inside
the SLC site [54,55]. The main reactions involving the formation process of SLC are given
by:

Al→ Al3+ + 3e− (5)

Al3+ + 3H2O→ Al (OH)3 + 3H+ (6)

2H+ + 2e− → H2↑ (7)

During the corrosion process, the oxidation of Al to Al3+ occurs in the anodic regions
(Reaction (5)), and the hydrolysis by the dissolved metal ions releases hydrogen ions
(Reaction (6)), that results in a decrease in pH inside the site, causing the local acidification
in the close proximity of the SLC region. Concomitantly, this process favors the evolution
of hydrogen gas on the surface (Reaction (7)). Thus, when the amperometric tip (polarized
to 0.0 V) passes over the SLC site, it promotes the oxidation of the generated H2 gas at
the cathodic regions close to the SLC, as given by Reaction (2). Therefore, since hydrogen
evolution is a primary feature of the anodic SLC site, the SECM map given in Figure 5
shows the activity of the SLC sites. For the aluminum based alloys, hydrogen evolution is
associated with the anodic region due to an autocatalytic reaction inside the pits that favors
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the production of H+ and its reduction in the cathodically protected area just outside the
pit. Furthermore, the formation of a cathodically protected area, due to electron migration
in the vicinities of a SLC site (cf. Figure 7), thus favors the reduction of O2 according to
Reaction (2). As a consequence, the production of OH− outside the pit, in addition to the
release of Al+3 ions undergoing dissolution, there is an occasion for the precipitation of
the corrosion product Al(OH)3 around the SLC region (according to Reaction (6)). This
explains the ring-like protected region observed in Figure 7.

In this context, is important to note that, although the reduction of H+ to produce H2
happens inside the SLC site, H+ ions are also reduced around the SLC site, thus leading to
the migration of hydrogen ions from the interior of the SLC site to the SLC mouth under
an electrostatic potential difference [45]. The development of a boundary region between
the lower pH region at the SLC sites and the higher pH region surrounding these sites was
imaged in the potentiometric SECM map given in Figure 6.

Despite the possibility of oxygen reduction just outside the SLC region, the SECM
image showed in Figure 4 indicates that oxygen consumption was predominant in the
region on the surface away from the SLC region. This is explained by the higher amount of
micrometric particles, predominantly composed of Al, Cu and Fe [2,3]. These micrometric
particles are cathodic in regards to the Al matrix and, therefore, the reduction reaction
that consumes oxygen must occur over these particles [53,56]. Due to the higher anodic
currents associated with the SLC, higher reduction currents are observed outside the SLC.
Micrometric particles were also observed close to the SLC sites, however, the precipitation
of corrosion products, as a consequence of local alkalinization, is more extended over the
micrometric particles outside the SLC region (see Figure 7). Therefore, the consumption
of most electrons released by Al dissolution occurs over the micrometric particles outside
the SLC site in the oxygen reduction reaction. This result is in agreement with previously
published works [57,58].

In summary, on the basis of the results obtained in this work, it was possible to
characterize the electrochemical behavior of the 2098-T351 Al-Cu-Li alloy. According
to SECM characterizations, the main anodic sites were associated with the SLC regions.
Anodic dissolution of the Al and hydrogen evolution was observed at these sites. On the
other hand, the main cathodic reaction was identified to be the reduction of dissolved
oxygen, which spreads over the micrometric particles in the remaining surface.

4. Conclusions

In this work, the local distribution of anodic and cathodic sites in the corroding
surface of the 2098-T351 Al-Cu-Li alloy was performed using an adequate combination of
operation modes in the scanning electrochemical microscope (SECM). Pt and Sb/Sb2O3
microelectrodes were employed as probes for amperometric and potentiometric operations,
respectively.

Local distributions in electrochemical activity and pH were associated with the devel-
opment of localized anodes and cathodes on the surface of the alloy were imaged in situ
using these SECM probes.

In an initial study performed on a model Mg-Al galvanic pair, it was possible to test
the response of these probes to characterize a galvanic pair condition. Local alkalinization
and higher oxygen consumption related to cathodic activity, were detected above the
surface of magnesium and anodic activity leading to local acidification occurred at the
aluminum substrate.

The probes were subsequently employed to characterize the 2098-T351 Al-alloy.
Changes in the concentration of oxygen dissolved in the electrolytic phase, H2 evolu-
tion and local pH were imaged with high resolution, and they were satisfactorily related to
the development of cathodic and anodic regions on the alloy surface. The sites of severe
localized corrosion (SLC) on the 2098-T351 surface were the most anodic regions compared
to remaining surface. Higher hydrogen evolution, lower oxygen consumption and higher
acidity were observed on the SLC sites.
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It was demonstrated that amperometric and potentiometric probes are useful for the
furtherance of the understanding of the localized corrosion and electrochemical activities
of Al-Cu-Li alloy.

Author Contributions: Conceptualization, R.M.P.d.S.; methodology, J.I. and R.M.S.; validation,
R.M.P.d.S.; formal analysis, R.M.P.d.S. and J.I.; investigation, R.M.P.d.S., M.X.M. and A.M.B.-A.;
resources, I.C.; data curation, R.M.P.d.S.; writing—original draft preparation, R.M.P.d.S. and R.M.S.;
writing—review and editing, R.M.P.d.S., J.I., M.X.M., I.C. and R.M.S.; visualization, R.M.P.d.S. and
J.I.; supervision, I.C. and R.M.S.; project administration, I.C. and R.M.S.; funding acquisition, I.C. and
R.M.S. All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo—
FAPESP (Proc. 2013/13235-6, Proc.2018/06880-6 and Proc. 2019/11427-1) for financial support, and
by the Spanish Ministry of Economy and Competitiveness (MINECO, Madrid, Spain), the European
Regional Development Fund (Brussels, Belgium) under grant CTQ2016-80522-P. The APC was funded
by MDPI.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the current work.

Acknowledgments: A.M.B.-A. acknowledges the ACIISI (Gobierno de Canarias, Spain) for the grant
Ref. TESIS2017010137.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Warner, T. Recently-developed aluminium solutions for aerospace applications. Mater. Sci. Forum 2006, 519–521, 1271–1278.

[CrossRef]
2. Ma, Y.; Zhou, X.; Huang, W.; Thompson, G.E.; Zhang, X.; Luo, C.; Sun, Z. Localized corrosion in AA2099-T83 aluminum-lithium

alloy: The role of intermetallic particles. Mater. Chem. Phys. 2015, 161, 201–210. [CrossRef]
3. Ma, Y.; Zhou, X.; Liao, Y.; Yi, Y.; Wu, H.; Wang, Z.; Huang, W. Localised corrosion in AA 2099-T83 aluminium-lithium alloy: The

role of grain orientation. Corros. Sci. 2016, 107, 41–48. [CrossRef]
4. Salem, H.G.; Lyons, J.S. Effect of equal channel angular extrusion on the microstructure and superplasticity of an Al-Li alloy. J.

Mater. Eng. 2002, 11, 384–391. [CrossRef]
5. Lequeu, P.; Smith, K.P.; Daniélou, A. Aluminum-copper-lithium alloy 2050 developed for medium to thick plate. J. Mater. Eng.

2010, 19, 841–847. [CrossRef]
6. De, P.S.; Mishra, R.S.S.; Baumann, J.A.A. Characterization of high cycle fatigue behavior of a new generation aluminum lithium

alloy. Acta Mater. 2011, 59, 5946–5960. [CrossRef]
7. Milagre, M.X.; Donatus, U.; Machado, C.S.C.; Araujo, J.V.S.; da Silva, R.M.P.; de Viveiros, B.V.G.; Astarita, A.; Costa, I. Comparison

of the corrosion resistance of an Al–Cu alloy and an Al–Cu–Li alloy. Corros. Eng. Sci. Technol. 2019, 54, 402–412. [CrossRef]
8. Milagre, M.X.; Mogili, N.V.V.; Donatus, U.; Giorjão, R.A.R.; Terada, M.; Araujo, J.V.S.; Machado, C.S.C.; Costa, I. On the

microstructure characterization of the AA2098-T351 alloy welded by FSW. Mater. Charact. 2018, 140, 233–246. [CrossRef]
9. Donatus, U.; Ferreira, R.O.; Mogili, N.V.V.; de Viveiros, B.V.G.; Milagre, M.X.; Costa, I. Corrosion and anodizing behaviour of

friction stir weldment of AA2198-T851 Al-Cu-Li alloy. Mater. Chem. Phys. 2018, 219, 493–511. [CrossRef]
10. Buchheit, R.G.; Moran, J.P.; Stoner, G.E. Localized corrosion behavior of alloy 2090- The role of microstructural heterogeneity.

Corrosion 1990, 46, 610–617. [CrossRef]
11. Proton, V.; Alexis, J.; Andrieu, E.; Blanc, C.; Delfosse, J.; Lacroix, L.; Odemer, G. Influence of post-welding heat treatment on

the corrosion behavior of a 2050-T3 aluminum-copper-lithium alloy friction stir welding joint. J. Electrochem. Soc. 2011, 158,
C139–C147. [CrossRef]

12. Ma, Y.; Zhou, X.; Huang, W.; Liao, Y.; Chen, X.; Zhang, X.; Thompson, G.E. Crystallographic defects induced localised corrosion
in AA2099-T8 aluminium alloy. Corros. Eng. Sci. Technol. 2015, 50, 420–424. [CrossRef]

13. Zhang, X.; Zhou, X.; Hashimoto, T.; Lindsay, J.; Ciuca, O.; Luo, C.; Sun, Z.; Zhang, X.; Tang, Z. The influence of grain structure on
the corrosion behaviour of 2A97-T3 Al-Cu-Li alloy. Corros. Sci. 2017, 116, 14–21. [CrossRef]

14. Bard, A.J.; Denuault, G.; Lee, C.; Mandler, D.; Wipf, D.O. Scanning electrochemical microscopy—a new technique for the
characterization and modification of surfaces. Acc. Chem. Res. 1990, 23, 357–363. [CrossRef]

15. Fan, F.-R.F.; Demaille, C. Preparation of tips for scanning electrochemical microscopy. In Scanning Electrochemical Microscopy,
2nd ed.; Bard, A.J., Mirkin, M.V., Eds.; CRC Press: Boca Raton, FL, USA, 2012; pp. 25–51.

http://doi.org/10.4028/www.scientific.net/MSF.519-521.1271
http://doi.org/10.1016/j.matchemphys.2015.05.037
http://doi.org/10.1016/j.corsci.2016.02.018
http://doi.org/10.1361/105994902770343908
http://doi.org/10.1007/s11665-009-9554-z
http://doi.org/10.1016/j.actamat.2011.06.003
http://doi.org/10.1080/1478422X.2019.1605472
http://doi.org/10.1016/j.matchar.2018.04.015
http://doi.org/10.1016/j.matchemphys.2018.08.053
http://doi.org/10.5006/1.3585156
http://doi.org/10.1149/1.3562206
http://doi.org/10.1179/1743278214Y.0000000237
http://doi.org/10.1016/j.corsci.2016.12.005
http://doi.org/10.1021/ar00179a002


Sensors 2021, 21, 1132 14 of 15

16. Jensen, M.B.; Tallman, D.E. Application of SECM to corrosion studies. In Electroanalytical Chemistry—A Series of Advances; Bard,
A.J., Zoski, C.G., Eds.; CRC Press: Boca Raton, FL, USA, 2012; Volume 24, pp. 171–286.

17. Payne, N.A.; Stephens, L.I.; Mauzeroll, J. The application of scanning electrochemical microscopy to corrosion research. Corrosion
2017, 73, 759–780. [CrossRef]

18. Xia, D.-H.; Wang, J.; Wu, Z.; Qin, Z.; Xu, L.; Hu, W.; Behnamian, Y.; Luo, J.-L. Sensing corrosion within an artificial defect in
organic coating using SECM. Sensor. Actuat. B-Chem. 2019, 280, 235–242. [CrossRef]

19. Lamaka, S.; Souto, R.M.; Ferreira, M.G.S. In-situ visualization of local corrosion by scanning ion-selective electrode technique
(SIET). In Microscopy: Science, Technology, Applications and Education; Méndez-Vilas, A., Díaz, J., Eds.; Formatex: Badajoz, Spain,
2010; Volume 3, pp. 2162–2173.

20. Nazarov, V.A.; Taryba, M.G.; Zdrachek, E.A.; Andronchyk, K.A.; Egorov, V.V.; Lamaka, S.V. Sodium- and chloride-selective
microelectrodes optimized for corrosion studies. J. Electroanal. Chem. 2013, 706, 13–24. [CrossRef]

21. Izquierdo, J.; Nagy, L.; Bitter, I.; Souto, R.M.; Nagy, G. Potentiometric scanning electrochemical microscopy for the local
characterization of the electrochemical behaviour of magnesium-based materials. Electrochim. Acta 2013, 87, 283–293. [CrossRef]

22. Lamaka, S.V.; Karavai, O.V.; Bastos, A.C.; Zheludkevich, M.L.; Ferreira, M.G.S. Monitoring local spatial distribution of Mg2+, pH
and ionic currents. Electrochem. Commun. 2008, 10, 259–262. [CrossRef]

23. Izquierdo, J.; Nagy, L.; Varga, Á.; Santana, J.J.; Nagy, G.; Souto, R.M. Spatially resolved measurement of electrochemical
activity and pH distributions in corrosion processes by scanning electrochemical microscopy using antimony microelectrode tips.
Electrochim. Acta 2011, 56, 8846–8850. [CrossRef]

24. Alvarez-Pampliega, A.; Taryba, M.G.; Van den Bergh, K.; De Strycker, J.; Lamaka, S.V.; Terryn, H. Study of local Na+ and
Cl− distributions during the cut-edge corrosion of aluminum rich metal-coated steel by scanning vibrating electrode and
micro-potentiometric techniques. Electrochim. Acta 2013, 102, 319–327. [CrossRef]

25. Souto, R.M.; Kiss, A.; Izquierdo, J.; Nagy, L.; Bitter, I.; Nagy, G. Spatially-resolved imaging of concentration distributions on
corroding magnesium-based materials exposed to aqueous environments by SECM. Electrochem. Commun. 2013, 26, 25–28.
[CrossRef]

26. Fernández-Pérez, B.M.; Izquierdo, J.; González, S.; Souto, R.M. Scanning electrochemical microscopy studies for the char-
acterization of localized corrosion reactions at cut edges of coil-coated steel. J. Solid State Electrochem. 2014, 18, 2983–2992.
[CrossRef]

27. Marques, A.G.; Taryba, M.G.; Panão, A.S.; Lamaka, S.V.; Simões, A.M. Application of scanning electrode techniques for the
evaluation of iron–zinc corrosion in nearly neutral chloride solutions. Corros. Sci. 2016, 104, 123–131. [CrossRef]

28. Fernández-Pérez, B.M.; Izquierdo, J.; Santana, J.J.; González, S.; Souto, R.M. Scanning electrochemical microscopy studies for
the characterization of localized corrosion reactions at cut edges of painted galvanized steel as a function of solution pH. Int. J.
Electrochem. Sci. 2015, 10, 10145–10156.

29. Ogle, K.; Morel, S.; Jacquet, D. Observation of self-healing functions on the cut edge of galvanized steel using SVET and pH
microscopy. J. Electrochem. Soc. 2006, 153, B1–B5. [CrossRef]

30. Zdrachek, E.A.; Karotkaya, A.G.; Nazarov, V.A.; Andronchyk, K.A.; Stanishevskii, L.S.; Egorov, V.V.; Taryba, M.G.; Snihirova, D.;
Kopylovich, M.; Lamaka, S.V. H+-selective microelectrodes with optimized measuring range for corrosion studies. Sensor. Actuat.
B-Chem. 2015, 207, 967–975. [CrossRef]

31. Davoodi, A.; Pan, J.; Leygraf, C.; Norgren, S. Probing of local dissolution of Al-alloys in chloride solutions by AFM and SECM.
Appl. Surf. Sci. 2006, 252, 5499–5503. [CrossRef]

32. Jensen, M.B.; Guerard, A.; Tallman, D.E.; Bierwagen, G.P. Studies of electron transfer at aluminum alloy surfaces by scanning
electrochemical microscopy. J. Electrochem. Soc. 2008, 155, C324–C332. [CrossRef]

33. Zhou, H.; Li, X.; Dong, C.; Xiao, K.; Li, T. Corrosion behavior of aluminum alloys in Na2SO4 solution using the scanning
electrochemical microscopy technique. Int. J. Miner. Metall. Mater. 2009, 16, 84–88. [CrossRef]

34. Liu, W.; Singh, A.; Lin, Y.; Ebenso, E.E.; Tianhan, G.; Ren, C. Corrosion inhibition of Al-alloy in 3.5% NaCl solution by a natural
inhibitor: An electrochemical and surface study. Int. J. Electrochem. Sci. 2014, 9, 5560–5573.

35. Sidane, D.; Bousquet, E.; Devos, O.; Puiggali, M.; Touzet, M.; Vivier, V. Local electrochemical study of friction stir welded
aluminum alloy assembly. J. Electroanal. Chem. 2014, 737, 206–211. [CrossRef]

36. Lafouresse, M.C.; de Bonfils-Lahovary, M.L.; Laffont, L.; Blanc, C. Hydrogen mapping in an aluminum alloy using an alternating
current scanning electrochemical microscope (AC-SECM). Electrochem. Commun. 2017, 80, 29–32. [CrossRef]

37. Bastos, A.C.; Simões, A.M.; González, S.; González-García, Y.; Souto, R.M. Imaging concentration profiles of redox-active species
in open-circuit corrosion processes with the scanning electrochemical microscope. Electrochem. Commun. 2004, 6, 1212–1215.
[CrossRef]

38. Jamali, S.S.; Moulton, S.E.; Tallman, D.E.; Forsyth, M.; Weber, J.; Wallace, G.G. Applications of scanning electrochemical
microscopy (SECM) for local characterization of AZ31 surface during corrosion in a buffered media. Corros. Sci. 2014, 86, 93–100.
[CrossRef]

39. Dauphin-Ducharme, P.; Asmussen, R.M.; Tefashe, U.M.; Danaie, M.; Binns, W.J.; Jakupi, P.; Botton, G.A.; Shoesmith, D.W.;
Mauzeroll, J. Local hydrogen fluxes correlated to microstructural features of a corroding sand cast AM50 magnesium alloy. J.
Electrochem. Soc. 2014, 161, C557–C564. [CrossRef]

http://doi.org/10.5006/2354
http://doi.org/10.1016/j.snb.2018.10.051
http://doi.org/10.1016/j.jelechem.2013.07.034
http://doi.org/10.1016/j.electacta.2012.09.029
http://doi.org/10.1016/j.elecom.2007.12.003
http://doi.org/10.1016/j.electacta.2011.07.076
http://doi.org/10.1016/j.electacta.2013.03.186
http://doi.org/10.1016/j.elecom.2012.10.001
http://doi.org/10.1007/s10008-014-2397-z
http://doi.org/10.1016/j.corsci.2015.12.002
http://doi.org/10.1149/1.2126577
http://doi.org/10.1016/j.snb.2014.07.106
http://doi.org/10.1016/j.apsusc.2005.12.023
http://doi.org/10.1149/1.2916734
http://doi.org/10.1016/S1674-4799(09)60014-5
http://doi.org/10.1016/j.jelechem.2014.06.025
http://doi.org/10.1016/j.elecom.2017.05.007
http://doi.org/10.1016/j.elecom.2004.09.022
http://doi.org/10.1016/j.corsci.2014.04.035
http://doi.org/10.1149/2.0571412jes


Sensors 2021, 21, 1132 15 of 15
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