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Localized electrochemical methods supported by surface analytical characterizations were employed to
investigate galvanic coupling effects and local electrochemical activity developed along the welded zones
in Friction Stir Welded 2098-T351 Al-Cu-Li alloy. The investigation was carried out in the coupled weld
joint/heat affected zones (WJ/HAZ) for both, the retreating (RS) and the advancing (AS) sides. The correla-
tion between the surface chemistry, the microstructural characteristics and the electrochemical activity of
these welded areas was studied. The results showed the development of galvanic interactions within and
between the WJ and HAZ regions, which were imaged using the scanning vibrating electrode technique
(SVET), and scanning electrochemical microscopy (SECM). SVET analyses showed that HAZ was more sus-
ceptible to the development of anodic sites than WJ. SECM in amperometric operation mode showed that
W] coupled to HAZ exhibited higher oxygen consumption and higher cathodic activity compared to HAZ.
Furthermore, SECM in potentiometric operation showed alkalinization around WJ and increased acidity
in HAZ, mainly at sites of severe localized corrosion (SLC). Based on the SVET and SECM results in combi-
nation with the surface analyses, it is proposed that the microgalvanic cells formed within these welded
zones are due to the presence of secondary phases in the 2098-T351 alloy and their interactions with the
adjacent matrix.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

acteristic that is enhanced by welding. In fact, the welding pro-
cesses are responsible for microstructural changes in the welded

Al-Cu-Li alloys are under development for aerospace applica-
tions due to their higher specific strength than conventional Al-
alloys. The addition of Li to these alloys reduces their density and
increases their mechanical strength [1,2]. The weight reduction
makes its application attractive in aircraft structures, thus reducing
fuel consumption. However, Li additions also increase the suscep-
tibility of Al-Cu alloys to localized corrosion reactions [3,4], a char-
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joint that result in macro-galvanic coupling and susceptibility to
corrosion in different zones after welding [5-7].

Friction stir welding (FSW) has great potential as a welding pro-
cess for aluminum alloys. This is a solid-state process that can be
applied to difficult-to-weld materials, such as Al alloys, using con-
ventional methods. This type of welding modifies the microstruc-
ture of the original material due to mechanical and thermal ef-
fects, leading to the formation of several zones with different mi-
crostructures [5,8]. Changes in microstructural characteristics due
to the FSW process have been described in the literature [9-11].
The high temperatures reached and the intense plastic deforma-
tion of the weld joint (W]) lead to the formation of a thermome-
chanically affected zone (TMAZ) and a stirring zone (SZ). In addi-
tion, thermal effects also differentiate the heat-affected zone (HAZ)
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from the unaffected parent metal (PM) [12-14]. Furthermore, due
to differences in material flow and heat transfer on the two sides
of the weld, the two sides of the joint have different microstruc-
tural characteristics [15-18]. Thus, on the retreating side (RS), the
directions of the transverse motion and the tangential vector of the
tool rotation speed are in opposite directions, while they are in the
same direction for the advancing side (AS) [1-4]. Furthermore, ma-
terial transport occurs from the RS side to AS [19].

Differences in the corrosion behavior of the RS and AS sides
have been reported in the literature for various Alalloys [15-17],
while changes in the welding parameters can produce additional
effects on the corrosion behavior of the welded material [9]. When
studying the FSW-welded Al 7020 alloy, Dudzik found that the
RS was more susceptible to corrosion than AS [15], while Martins
et al. [17] observed different electrochemical activities through-
out the FSW-welded 2024-T3 Al alloy due to the uneven distri-
bution and aggregation of coarse intermetallic particles in differ-
ent zones of the welded joint. Clusters of coarse intermetallic par-
ticles were more evident in the TMAZ of the RS, increasing the
susceptibility of this zone to localized corrosion. Recently, Milagre
et al. [19] showed the influence of asymmetry effects arising from
the FSW process on the susceptibility to localized corrosion of the
2098-T351 Al-Cu-Li alloy welded by FSW, and reported a higher
electrochemical activity for RS compared to AS. The welding pa-
rameters used in that work [19] were different from those used in
the current work. As previously indicated [9], the welding param-
eters can modify the extension, microstructure and, therefore, the
corrosion activity of the weld zones [9]. The asymmetry observed
in the work of Milagre et al. [19] was responsible for the differ-
ences in the electrochemical activity of the weld zones, in which
the HAZ(RS) exhibited higher electrochemical activity compared to
HAZ(AS). However, in the current work, it has been observed that
dissimilarities in the local chemical composition of the welded sur-
face contribute to differences in the electrochemical behavior of
the weld zones.

The 2098 AI-Cu-Li alloy is a third generation Al-Li alloy
[20] that was produced as a replacement for conventional 2XXX
series aluminum alloys [21]. This alloy contains Cu, Li, Mg, Ag,
Zr, Si, and Fe in its composition, which is responsible for its ad-
vanced microstructure and precipitation of hardening phases such
as T1 (Al,Culi), which is described as the main reinforcement
phase in the new generation of Al-Cu-Li alloys [22]. The T1 phase
is reported to be very active due to the presence of Li, and its
rapid selective dissolution leads to Cu-enrichment, polarity re-
versal, and then dissolution of the Al matrix in aggressive envi-
ronments [1,3,23]. However, the quantity and morphology of this
phase are modified by the FSW process [19], while causing dif-
ferent degrees of thermal gradients and mechanical deformations
[5,8].

High corrosion activities have been reported for various FSW
Al-Cu-Li alloys [5-8,24-27]. Among them, recent research by our
group on the related AA2198 Al-Cu-Li alloy has shown that the
parent material (PM) region is most susceptible to localized cor-
rosion in FSW Al-Cu-Li alloys, a characteristic due to the greater
amount of T1 phase that occurs in this region [6,7,27]. On the con-
trary, a greater resistance to localized corrosion has been observed
in SZ, where the T1 phase is rare. Unfortunately, although it is ac-
cepted that Al-Cu-Li alloys are very sensitive to localized corrosion
activity, there is controversy in the scientific literature about the
localized distribution of corrosion processes throughout the FSW
material [4,5,8,24,25]. For example, Corral et al. [24] have reported
similar current densities and corrosion potentials for the FSW zone
and the PM region of the 2195 Al alloy. Even rarer are the reports
on the corrosion behavior of the 2098 Al-Cu-Li alloy [28-30].

Attempts have been made to study these localized processes us-
ing localized electrochemical techniques [19,31], although their ap-
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plicability to study the corrosion activity of some Al-Cu-Li alloys
has been shown in the literature [7,29,30,32]. Subsequently, the
scanning vibrating electrode technique (SVET), scanning electro-
chemical microscopy (SECM), and local electrochemical impedance
spectroscopy (LEIS) have been used successfully to study the ef-
fects of galvanic coupling between the different contacting regions
developed for various Al alloys joined using FSW, specifically for
the 7050/2024 [33], 2024/7475 [34], and 2050/7449 [35] systems.
And more recently, differences in electrochemical reactivity result-
ing from the FSW treatment were observed using SECM when join-
ing two samples of 2198-T851 Al-Cu-Li alloy, leading to the dis-
covery that the most anodic zone was in the PM region, and this
showed sites of severe localized corrosion (SLC) [27].

In this work, galvanic coupling effects and local electrochemi-
cal activity of the interfaces between welding zones interfaces in
FSW 2098-T351 Al-Cu-Li alloy were investigated using a power-
ful combination of local electrochemical techniques. Electrochemi-
cal studies were carried out in the WJ/HAZ coupled welding zones
(in both RS and AS cases) using potentiodynamic polarization in a
micro-cell assembly, in combination with scanning electrochemical
techniques (namely, SVET and SECM in amperometric and poten-
tiometric operation modes). Although SECM in amperometric oper-
ation mode has already been used to characterize various Al-alloys
[35-39], while potentiometric probes have proven to be interesting
tools in the investigation of galvanic corrosion effects [40-43], the
combined use of amperometric and potentiometric SECM probes
to study different regions of Al-Cu-Li alloys welded by FSW has
not been reported in literature. Thus, the novelty of this current
work is the observation that through a detailed XPS study asso-
ciated with potentiodynamic polarization in a micro-cell and the
SVET technique, it was possible to show that the electrochemical
activity of the coupled HAZ(RS)/W] and HAZ(AS)/W] regions, could
be differentiated. The use of different SECM operation modes, with
smaller scan areas and better resolution, was very important to ob-
serve and support the results obtained by other methods.

2. Experimental
2.1. Materials

Samples of a 2098-T351 alloy (3.4 wt% Cu, 1 wt% Li, 0.3 wt%
Mg, 0.3 %wt Ag, 0.4 wt% Zr, 0.04 wt% Fe, 0.05 wt% Si, 0.02 wt% Zn,
0.003 wt% Mn) welded by friction stir welding (FSW) were used
in this work. The FSW process was performed using a transverse
speed of 150 mmmin-! and a rotation rate of 1000 rpm. The diam-
eter of the tool shoulder was 10 mm while that of the pin was 5
mm. All measurements were performed on the top surface of the
FSW alloy. For that purpose, each sample was embedded in Epofix
epoxy resin (Struers, Ballerup, Denmark) to produce a disk-shaped
resin mount (dia. 3 cm), and cured for 24 h at ambient tempera-
ture. The top side of the mount with the sample at its center was
abraded sequentially with #500, #800, #1500, #2500 and #4000
grit carbide silicon papers, and polished with diamond suspensions
of 3 um and 1 pum.

2.2. Microstructural and surface characterization

Optical microscopy was employed for surface observation af-
ter etching the surfaces in a solution with 2% (v/v) HF and 25%
(v/v) HNOj3 in deionized water. Optical micrographs of the samples
were also obtained after immersion in naturally-aerated 5 mmol
L1 NaCl solution for 24 h at room temperature (22 £ 2 °C). Vick-
ers microhardness tests were carried out at the top surface of the
FSW 2098-T351 alloy in successive steps of approximately 0.3 mm
with a load of 0.3 g for 10 s of dwell time, using a HM-101 Mitu-
toyo Microhardness tester (Neuss, Germany).



RM.P. da Silva, ]. Izquierdo, M.X. Milagre et al.

The chemical composition of the surfaces was obtained by X-
ray photoelectron spectroscopy (XPS) using a K-alpha™ spectrom-
eter (Thermo Fisher Scientific, Waltham, MS, USA). The beam was
generated by a monochromatic Al K-« radiation source. The pres-
sure in the analysis chamber was approximately 10~7 Pa. The spot
size was 400 um. The binding energy scale wascalibrated with re-
spect to the C 1s peak (adventitious carbon) at 284.8 eV. High res-
olution spectra of the polished FSW 2098-T351 alloy were acquired
before and after exposure to 5 mmol L' NaCl aqueous solution for
72 h.

2.3. Electrochemical characterization

Potentiodynamic polarization tests were specifically performed
on different regions of the welded joint in the FSW 2098-T351
samples by using an electrochemical cell that limited approxi-
mately 0.20 cm? of the alloy. They were carried out using a
Solartron 1287 potentiostat (Leicester, UK) in a conventional 3-
electrode configuration, with a platinum wire as the auxiliary elec-
trode, Ag/AgCl/KCl(sat) as reference electrode, and the FSW 2098-
T351 sample as the working electrode. All potential values re-
ported in this work are referred to the Ag/AgCl/KCl(sat) reference
electrode. Polarization scans were carried out in naturally aerated
5 mmol L' NaCl solution at room temperature (22 + 2 °C). The
potential scans were recorded after 15 min exposure to the test
solution in order to achieve a stable open circuit potential. They
were initiated from a potential value 50 mV more negative than
the corresponding OCP, and the potential was scanned in the posi-
tive direction up to +1.00 V with a scan rate of 0.5 mV s™!. Experi-
ments were performed in duplicate for the sake of reproducibility.

SVET measurements were performed using an Applicable Elec-
tronics instrument (New Haven, CT, USA) controlled by Automated
Scanning Electrode Technique (ASET) software. A vibrating probe of
Pt-Ir was used after platinization, in order to generate a spheri-
cal platinum black deposit of 20 um diameter at the tip. The fre-
quency of the probe vibration was 190 Hz along the X axis, and
70 Hz along the Z axis, both with an amplitude of 20 um. Scans
were carried out over the 2098-T351 welded samples (embedded
in epoxy resin) at a height of approximately 170 um, established
using the in-built video-imaging system provided with the equip-
ment. The SVET scans were carried out in naturally aerated 5 mmol
L1 NaCl solution at ambient temperature (22 + 2 °C) for 3 h. The
investigated sample was left unpolarized, effectively at its open cir-
cuit potential.

High-resolution Sensolytics SECM equipment (Bochum, Ger-
many), built around an Autolab (Metrohm, Herisau, Switzerland)
electrochemical interface and controlled with a personal computer,
was used in two different operation modes: amperometric and po-
tentiometric, by using Pt and Sb microelectrodes, respectively. The
experiments were performed in aerated 5 mmol L! NaCl solution
at room temperature (22 + 2 °C) for 3 h. The sample was not po-
larized during the measurements.

For amperometric measurements, a platinum microdisk of 10
pum diameter was used. A Pt wire as counter electrode and a
Ag/AgCl/KCl(sat) reference electrode completed the small electro-
chemical cell. The amperometric tests were performed using the
redox competition mode with the Pt probe polarized at -0.70 V.
This mode is related to the content of molecular oxygen dissolved
in the test solution that is monitored from its electroreduction at
the Pt probe. In this mode, the probe and the studied surface com-
pete for the oxygen contained in the solution [44,45]. Scans were
made in the X-Y plane with the Pt-probe located at a height of
approximately 20 um above the surface. To establish this work-
ing distance, a Z-approach curve was recorded above each region
of the joint prior to measuring the corresponding SECM map. The
redox competition mode was used and changes in the limiting cur-
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rent for the electroreduction of dissolved oxygen were observed
when the Pt probe approached the surface under investigation
[44-46].

The potentiometric SECM measurements were carried out us-
ing an Sb microelectrode. For this, micropipettes were molded by
pulling borosilicate capillaries (wall thickness 0.225 mm, outer di-
ameter @ = 1.5 mm) supplied by Hilgenberg GmbH (Malsfeld, Ger-
many), using a model P-30 micropipette puller (Sutter Instrument,
Novato, CA, USA). Subsequently, Cu wire (ca. 12 cm in length and
0.5 mm in diameter) and Sb fibre (2.0 cm in length and approxi-
mately 15-20 pm diameter) were used to fabricate the Sb micro-
electrode. The Sb fibre was inserted into the lumen of the mi-
cropipette with the tip protruding about 5 mm. The electrical con-
tact of the Sb fibre and the Cu wire in the micropipette was ob-
tained using a small quantity of liquid mercury metal. The two
micropipette ends were sealed with Loctite® adhesive. More infor-
mation on the manufacture of the Sb probe was given elsewhere
[41]. In the measurement circuit, a voltage follower based on a
103 input impedance operational amplifier (mod. TLO71, Texas In-
struments, Dallas, TX, USA) was inserted. The pH response of the
Sb probe was then calibrated in a set of pH buffers. A linear rela-
tionship was obtained between the solution pH and the potential,
with a slope of -44 mV per pH unit, in the 3 < pH < 11 range.
Although the slope of the calibration line is less than the Nern-
stian slope, this is not unusual for these single barrel microelec-
trodes [47]. The Sb probe was then used in combination with an
Ag/AgCl/KCl(sat) reference electrode for potentiometric SECM tests
[45]. The Sb probe was placed at a height of approximately 50 um
above of the sample, adjusted using a video camera system.

3. Results and discussion
3.1. Surface characterization

The electrochemical characterization of the weld zones devel-
oped in FSW 2098-T351 alloy was designed to visualize their local
electrochemical activities and reveal the impact of galvanic cou-
pling between them due to variations in microstructure and com-
position. Local electrochemical behaviors must be characterized us-
ing spatially resolved electrochemical techniques rather than con-
sidering the average measurements provided by conventional elec-
trochemical methods. Second, both the dimensions of the hetero-
geneous regions produced by the FSW procedure and the spatial
resolution of the microelectrochemical methods must be taken into
account to design the specific measurements to be performed and
their relevance to describe the complete system. Surface analysis
techniques were chosen for the identification and measurement
of heterogeneous regions of the weld, as well as to characterize
their chemical composition due to both the FSW treatment and
the subsequent impact of corrosion. The metallographic character-
ization was carried out by measuring the microhardness profile in
the weld, while XPS was used for the chemical characterization of
the different regions identified by the first.

The metallographic characterization of FSW 2098-T351 showed
the stir zone (SZ), the thermomechanically affected zone (TMAZ)
and the heat affected zone (HAZ) (see Fig. 1a), although the dimen-
sions of these zones are different from those observed in previous
work [22] due to differences in the welding parameters and the
tool geometry. The dimensions of the weld joint (W]) were deter-
mined from the microhardness profile shown in Fig. 1b. That is, the
W] corresponds to the region of low microhardness values span-
ning approximately 10 mm and includes the TMAZ and SZ regions.
The reduction in microhardness values observed in W] is associ-
ated with the dissolution of the main reinforcement phase present
in Al-Cu-Li alloys due to the high temperatures reached during the
welding process [7,11,22].
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Fig. 1. Optical micrograph (a) and microhardness profile (b) of the top surface of the 2098-T351 Al-Cu-Li alloy welded by FSW showing the welding zones at the retreating
side (RS) and advancing side (AS). (c) Sketch of the 2098-T351 welded by FSW showing the regions (red and green rectangles) actually sampled during the local electro-
chemical studies as indicated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

To correlate the results of the local electrochemical behavior of
the weld surfaces with changes in the local chemical composition
of the material, an XPS analysis was performed. The WJ/HAZ(RS)
and WJ/HAZ(AS) zones of FSW 2098-T351 were analyzed both for
the pristine surface and for the surface resulting from the corro-
sion attack suffered during the exposure to 5 mmol L1 NaCl aque-
ous solution for 72 h. Fig. 2 shows the high resolution spectra
for Al2p, Cu2p and Lils recorded in these weld areas, both be-
fore and after corrosion tests. Therefore, Fig. 2a-c show the spec-
tra recorded for the W] and HAZ(RS) zones in the polished and
corroded conditions, while Fig. 2d-f depicts the spectra obtained
for the W] and HAZ(AS) zones under the same conditions. Two
peaks for the Al2p signal were observed in Fig. 2a for the polished
W]J/HAZ(RS) surface, one in the region of the lower binding energy
region which is related to AI° (ie. at 72.2 eV), while the other
at the higher binding energy (75.4 eV) is related to the hydrox-
ide/oxide layer that forms naturally on the surface of the material

[48,49]. In the polished condition, the Al2p signals were stronger
for the HAZ(RS) region compared to WJ. The AI® signal was not
detected in the HAZ(RS) zone after the corrosion test, while a very
low intensity signal was observed for the element in the W] re-
gion after corrosion, as shown in the Fig. 2a. Thus, the high resolu-
tion spectra (dotted curves) obtained on these surfaces show Al2p
peaks around 74.0 and 74.5 eV, which are generally attributed to
aluminum oxide/hydroxide [48]. After corrosion, the Al2p signals
were slightly more intense for W] than in the HAZ(RS) zone. On
the other hand, Fig. 2d shows stronger Al2p signals in W] than in
W]/HAZ(AS) for the polished condition. In addition, the two peaks
of the Al2p signal described above can be found for the polished
condition. In contrast, signals of very low intensity were observed
for the AI? peak in the W] and HAZ(AS) zones after the corro-
sion tests. The high resolution spectra (dotted curves) obtained for
these corroded areas also showed Al2p peaks around 74.3 eV at-
tributed to aluminum oxide/ hydroxide [48] (see Fig. 2d).
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Fig. 2. High-resolution XPS spectra of Al, Cu and Li obtained in the welding zones of the 2098-T351 Al-Cu-Li alloy welded by FSW in the polished and corroded conditions.
(a)-(c) spectra obtained in the WJ/HAZ of the retreating side (RS). (d)-(f) spectra obtained in the WJ/HAZ of the advancing side (AS).

Fig. 2b shows the high resolution spectra of Cu2p recorded
in the WJ and HAZ(RS) zones. Binding energies of approximately
933.2 eV and 953.5 eV were observed for the polished and cor-
roded welded areas. These peaks are linked to Cu [50,51], to the
residual Cu-rich particles [52], and to the redeposition of Cu [53] in
the alloy. After corrosion, the intensity of the Cu2p signal was con-
siderably higher for W] than for HAZ(RS) zones, indicating Cu en-
richment in this region. The Cu2p signal was also stronger in W]
compared to HAZ(AS) after corrosion in Fig. 2e. During the weld-
ing process, the reached temperatures are high enough to cause
the dissolution of phase T1 (Al,Culi) and, consequently, the dif-
fusion of Cu towards the matrix. In addition, the movement of the
tool in this process breaks the micrometric-sized particles and pro-
motes their dispersion on the W] surface [13], causing an increase
in the specific surface corresponding to the Cu-enriched micro-
metric particles. Furthermore, the selective dissolution of the sec-
ondary phases can eventually lead to Cu dissolution, and it can
re-precipitate in the cathodic regions, which would explain the
stronger Cu2p signal in the W] zone which is cathodic with respect
to HAZ.

Lils was not detected in the WJ/HAZ(RS) in the polished con-
dition (see Fig. 2c). However, a Lils peak was detected in the W]
region after the corrosion test, as shown by the blue dotted curve
in Fig. 2c. This peak at approximately 55.1 eV is related to lithium
oxide [54]. When the polished W]J/HAZ(AS) was analyzed, a low
intensity peak at 53.0 eV related to Li® [54] was detected in W],
but was not detected in HAZ (Fig. 2f). However, after corrosion,
Lils peaks around 55.1 eV were detected in both zones (W] and
HAZ(AS)), although they were stronger for W] than for HAZ(AS),
indicating that the thin oxide film of corrosion products, which
was evenly distributed over the W], contains Li oxide. Changes in
surface composition provide potential differences between W] and
HAZ. Therefore, differences in electrochemical activity and changes
in pH should occur in these weldment zones, as will be discussed
later.

The polished HAZ(RS) surface showed stronger Al2p and Cu2p
signals compared to HAZ(AS) (see Fig. 3a-b). After corrosion, the
Al2p signal was stronger in the case of HAZ(RS), although the
Cu2p signal in this region was significantly weaker compared to

HAZ(AS). Lils was only detected in the HAZ(AS) region after cor-
rosion, as shown in Fig. 3c. Therefore, the corrosion product layer
was enriched in Al and Cu in HAZ(RS), and enriched in Al, Cu and
Li in HAZ(AS), as indicated by the spectra of the corroded surfaces
compared to the polished conditions given in Fig. 3. The corrosion
process was more intense in HAZ(AS) coupled to W] and, there-
fore, greater intensities of Cu and Li signals were observed in this
region. Due to the different microstructural characteristics of the
HAZ on both sides of the weldment, changes in the corrosion be-
havior of these regions are likely to be observed.

3.2. Local electrochemical behavior of the weldment zones of the
FSW 2098-T351 alloy

The width of the heterogeneous region produced by FSW has
been found to extend to several millimeters as shown in the opti-
cal micrograph in Fig. 1a, while the effective spot sizes employed
in scanning electrochemical microscopy (SECM) are generally 1
to 2 orders of magnitude smaller, whereas the scanning vibrat-
ing electrode technique (SVET) is typically employed to cover sev-
eral hundred micrometers. Consequently, local microelectrochem-
ical studies were designed to characterize the WJ/HAZ interface
zones developed on both the advancing (AS) and the retreating
sides (RS) when each of them was separately exposed to the test
electrolyte as sketched in Fig. 1c. In this case, the galvanic coupling
effects between the corresponding HAZ and W] regions could be
characterized because the samples contained portions of the two
zones exposed simultaneously to the test solution. However, the
different spatial resolutions of SVET and SECM required that the
complete HAZ/W] interface regions could only be imaged in one
scan using SVET, whereas the higher spatial resolution of SECM
motivated the imaging of smaller areas selected in HAZ and W]
zones. This was achieved by first imaging one of the zones, then
moving the tip to the other side of the interface to image the
other zone (see the small red-colored squares drawn in the sketch
in Fig. 1c). On the other hand, an alternative procedure to using
the scanning probe methods to achieve spatially resolved electro-
chemical results is to miniaturize the sample, effectively exposing
to the electrolyte only the small area confined by a micro-cell. In
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Fig. 3. High-resolution XPS spectra of (a) Al, (b) Cu and (c) Li obtained in the HAZ of the 2098-T351 Al-Cu-Li alloy welded by FSW in the polished and corroded conditions.

this way, the electrochemical response of the isolated region un-
der study is obtained, because the other regions of the FSW are
not exposed to the electrolyte, and therefore galvanic coupling ef-
fects do not effectively operate in that configuration (cf. Fig. 1c).
In general, it is considered that the use of the three local electro-
chemical methods could provide complementary information for
the characterization of the heterogeneous electrochemical activity
of the WJ/HAZ(RS) and WJ/HAZ(AS) interfaces of the FSW alloy, as
schematized in Fig. 1c.

3.2.1. Local potentiodynamic polarization (micro-cell)

Fig. 4 shows the anodic potentiodynamic polarization curves of
the HAZ and W] of the FSW 2098-T351 alloy obtained using an
electrochemical micro-cell. As described above, this allows to eval-
uate the local electrochemical activity of specific zones in 5 mmol
L1 NaCl solution without any galvanic coupling between them or
with any other region of the weldment. Specifically, in Fig. 4, the
red curve shows the measured anodic polarization for a sample
made up of HAZ(RS) and the black curve shows the correspond-
ing anodic polarization curve of the HAZ(AS), both compared to W]
(blue curve). The potentiodynamic polarization curves measured
for W] in two separate samples as sketched in Fig. 1c, effectively
indicated substantially the same electrochemical response as for
the micro-cell configuration.

The anodic polarization curves are associated with the dissolu-
tion of the passive film. Thus, different electrochemical behaviors
were observed in the different regions considered. From inspection
of Fig. 4, it can be seen that W] exhibits more noble potentials
(with Ecopr values around -0.30 V) compared to HAZ zones for the
RS or AS sides, where Ecorr values around -0.40 V were measured.
Therefore, the possible differences between W] and HAZ in both
cases are around 100 mV. This potential difference explains the on-
set of a galvanic corrosion mechanism along the weldment. How-
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Fig. 4. Anodic potentiodynamic polarization curves of the HAZ and W] regions of
the 2098-T351 Al-Cu-Li alloy welded by FSW recorded in aerated 5 mmol L' NaCl
solution. Scan rate: 0.5 mV s

ever, only on the basis of the polarization curves measured using
a micro-cell, it was not possible to identify differences in the cor-
rosion potentials of HAZ(RS) and HAZ(AS). Slightly lower current
densities and pseudo-passive behavior are observed in the polar-
ization curves measured in WJ. These results suggest that W] is
more corrosion resistant than HAZ in both RS and AS situations.
The higher anodic current densities associated with faster dissolu-
tion are related to the curve measured for HAZ(AS) compared to
that for HAZ(RS). However, HAZ(AS) and HAZ (RS) are more active
than W]J.
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Fig. 5. Optical images of the weldment zones of the 2098-T351 Al-Cu-Li alloy welded by FSW after anodic potentiodynamic polarization.

After recording the polarization curves, the surfaces of the re-
gions exposed to the test electrolyte were observed under an op-
tical microscope as shown in Fig. 5. The W] region was found
to be more resistant to the appearance of SLC, although in the
micrograph of Fig. 5¢ a non-severe but localized form of corro-
sion associated with attack around the micrometric particles was
observed. In contrast, HAZ (from either RS or AS) exhibited SLC
sites as shown in Fig. 5a-b. The anodic currents associated with
SLC sites are significantly higher than those associated with micro-
metric particles. The contribution of SLC sites becomes significant
in HAZ areas, contributing to the measurement of higher current
densities compared to WJ. The differences in potential observed
between the different zones of the weldment must be linked to
the preferential dissolution of the T1 phase and to the enrichment
of the matrix in Li and Cu produced during the FSW process, as
confirmed by XPS characterization in Section 3.1. The Cu enrich-
ment in W] would increase the corrosion rate in the anodic re-
gions of the weldment, while the smaller amounts of T1 phase
in W] would explain its significantly different electrochemical be-
havior compared to HAZ, and the appearance of galvanic coupling
between WZ and HAZ (i.e., with a higher content of T1 phase).
To study this effect, studies were carried out using scanning elec-
trochemical techniques on these coupled weldment zones, as pre-
sented below.

3.2.2. Scanning vibrating electrode technique (SVET)

Fig. 6 shows the ionic current distributions recorded using
the scanning vibrating electrode technique (SVET) for the coupled
weldment zones submerged in aerated 5 mmol L' NaCl solution
for 3 h. It should be noted that Fig. 6a-b show SVET maps obtained
for WJ/HAZ(RS) and W]J/HAZ(AS) couplings, respectively. In both
cases, corrosion activity was observed within 30 min of exposure
to the test solution. In addition, the development of SLC sites was
observed in the HAZ(RS) region of the weldment coupled to W] in
Fig. 6a. This shows that HAZ(RS) was more sensitive to the devel-

opment of SLC sites than WJ. Similar behavior was observed for the
HAZ(AS) interface in Fig. 6b. The SVET results show that corrosion
activities and ionic current densities were significantly higher in
HAZ than in WJ. Therefore, on both sides of the weldment (i.e., AS
and RS), W] was more corrosion resistant according to the results
presented in this work. The W] was cathodic compared to the HAZ
regions. These observations are in agreement with previous reports
describing the development of galvanic coupling effects when W]
was coupled to adjacent regions in FSW Al-Cu-Li alloys [19,26,27].
That is, the W] region became more resistant to corrosion when
coupled with its adjacent zones, a characteristic directly related to
the dissolution of the T1 phase in WJ. As a result, HAZ acts as an
anode and is susceptible to severe localize corrosion (SLC), while
W] (with a lower density of T1 phase) acts as a cathode and SLC is
not observed in this area.

In Fig. 6a, an anodic site was observed in the W] with
smaller ionic current densities compared to the anodic sites in the
HAZ(RS). In contrast, no anodic sites were observed in the W] of
the coupled WJ/HAZ(AS) interface, showing a more efficient gal-
vanic coupling effect between W] and HAZ(AS) with the protection
of the cathodic areas (W]J). In general, Fe-Cu-rich particles promote
trenching [19,55], and the large quantity of these particles present
in W] increases the cathodic activity in this region. As a result, a
microgalvanic coupling can occur between the Fe-Cu-rich particles
and the adjacent matrix, thus promoting the formation of anodic
sites in this region. It is known that the Li-rich phases are anodic
with respect to the aluminum matrix [23,32], and a Lils signal was
detected in the W] of the RS after corrosion (see Fig. 2c).

The SVET maps in Fig. 6a-b show that the highest anodic cur-
rent densities were observed at the SLC sites. These are directly
associated with the density of T1 phase, which is higher in HAZ
(whether AS or RS) compared to WJ [22]. In W], the density of
the T1 phase is very low according to the microhardness profile
shown in Fig. 1b. Therefore, although anodic processes are associ-
ated with trenching, the ionic current densities related to this cor-
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Fig. 6. SVET maps of the HAZ/W] regions of the 2098-T351 Al-Cu-Li alloy welded by FSW recorded in aerated 5 mmol L' NaCl solution for different periods of immersion as
indicated. (a) SVET maps obtained in the coupled weldment zones WJ/HAZ of the retreating side (RS), and (b) SVET maps obtained in the coupled weldment zones W]/HAZ

of the advancing side (AS).

Fig. 7. Optical images of the coupled weldment zones of the FSW 2098-T351 Al-Cu-Li alloy retrieved after completing the SVET tests in Fig. 6.

rosion mechanism are quite low compared to those related to SLC
activity.

The cathodic behavior in the W] became apparent during im-
mersion in the test solution, with a fairly uniform ionic current
density distribution. The predominance of cathodic activity in W]
is due to the increase in the amount of micrometric particles in
this region which results from the breakdown of the particles and
the resulting drag caused by the movement of the tool in the FSW
process [13]. As seen from the XPS results in Fig. 2a and 2e, the
intensity of the Cu2p signal was considerably higher in W] than
in HAZ. The high intensity of Cu in this region is linked to micro-
metric particles enriched in Cu and/or to the redeposition of Cu at
the cathodic sites. As mentioned above, the Cu-enrichment in W]
promotes corrosion activity in anodic areas, HAZ in the case of this
study, either AS or RS.

The SVET maps given in Fig. 6 further showed that the anodic
ionic current densities associated with the SLC sites were higher in
the HAZ(AS) than in the HAZ(RS) when coupled to the WJ. A sim-
ilar behavior was also observed in the anodic polarization curves
shown in Fig. 4. Therefore, the extent of corrosion was different
in the weldment zones due to galvanic coupling. After 3 h of im-
mersion, the corrosion activity in the SLC regions (anodic sites) of
the HAZ(AS) coupled to W] had increased over time, and higher
ionic current densities were detected above them relative to the
same locations for shorter periods of immersion (see Fig. 6b). On
the other hand, in the coupled WJ/HAZ(RS) interface, the corro-
sion activity at the anodic sites (SLC) decreased slightly with the

elapse of time according to Fig. 6a. The optical micrographs ob-
tained in these areas after SVET test, shown in Fig. 7, corroborate
these results, showing that the impact of corrosion was more in-
tense in HAZ(AS) than in HAZ(RS), when coupled with WJ]. How-
ever, different behaviors have been reported in previous works
[15,17,19] for different Al alloys, in which the corrosion activity
was more intense in RS than in AS. This effect must be associated
with differences in the welding parameters, which produce differ-
ent microstructural characteristics on the two sides of the weld-
ment, which affects the corrosion activity on the welded mate-
rial. In this current work, the XPS analysis showed differences in
terms of the local surface chemical composition of the advancing
side (AS) in relation to the retreating side (RS) (see Fig. 3). The
higher AI2p peaks for HAZ(RS) suggest a more preserved naturally
formed Al oxide (cf. Fig. 3a). Furthermore, the higher Cu2p signal
observed for the HAZ(AS) after corrosion indicates a higher activ-
ity in HAZ(AS) (Fig. 3b), since it is known that the redeposition of
Cu occurs near the anodic regions of the corroded 2xxx Al alloys.
The results show the influence of the local surface chemical com-
position on the electrochemical activity of the welded 2098-T351
Al-Cu-Li alloy.

3.2.3. Scanning electrochemical microscopy (SECM)

First, amperometric scanning electrochemical microscopy
(SECM) measurements were performed on the coupled WJ/HAZ(RS)
and W]J/HAZ(AS) interfaces of the FSW 2098-T351 alloy, when
immersed in aerated 5 mmol L1 NaCl solution. For this, the
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Fig. 8. Amperometric SECM maps obtained in the coupled weldment zones W]J/HAZ of the (a,b) retreating side (RS) and (c,d) advancing side (AS) of the 2098-T351 Al-Cu-Li
alloy welded by FSW. They were recorded after approximately 3 h of immersion in aerated 5 mmol L' NaCl solution. Tip: Pt microelectrode biased at -0.70 V; tip-substrate
distance: 20 pm; scan rate: 50 wm s’'. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

amperometric Pt probe was used using the redox competition
SECM mode. In this mode, there is redox competition for the
electroreduction of dissolved oxygen in the aqueous solution
between the cathodic regions developed in the corroding sample
and the scanning probe [44]. As oxygen is consumed by both the
probe and the surface under study, competition for this chemical
species is established in the system [44-46]. The oxygen reduction
reaction can be monitored by SECM under diffusion controlled
conditions according to reaction (1) by setting the potential of the
Pt probe to —0.70 V:

0, + 2H,0 + 4e~ — 40H" (1)

In Fig. 8, the SECM maps show the current distributions asso-
ciated with oxygen depletion (i.e., oxygen consumption) between
the coupled W] and HAZ for the RS and AS situations. The SECM
maps show the electrochemical responses related to oxygen elec-
troreduction acquired at the coupled WJ/HAZ interfaces from loca-
tions taken from the samples as sketched in Fig. 1c. Therefore, the
upper and lower color scales in Fig. 8 correspond to the different
current intensities associated with oxygen consumption through-
out the sample. In other words, the green/red/yellow colors repre-
sent regions with higher oxygen consumption by the surface, while
the blue color scale indicates areas with lower oxygen depletion in
the solution and therefore higher oxygen availability in the tip.

The measurement of the smallest oxygen reduction currents at
the tip was expected to occur above the W] as more oxygen would
be consumed due to higher cathodic activity when coupled to HAZ
(as shown by the SVET maps in Fig. 6). As a result, oxygen reduc-

tion takes place at the W] surface. In fact, the SECM maps given
in Fig. 8a-b show that the highest oxygen reduction currents were
measured at the tip when scanning over the HAZ(RS) than in W]
(see the largest blue region), because this region exhibited a more
anodic behavior. Therefore, this observed difference occurs due to
macro-coupling between W] and HAZ(RS). A closer inspection of
Fig. 8 reveals discrete locations that have higher oxygen consump-
tion within the HAZ(RS) region (green/red colors). As described
above, microgalvanic coupling can also occur between the Fe-Cu-
enriched particles and the adjacent matrix. Interestingly, Araujo
et al. [56] described several localized corrosion mechanisms as-
sociated with 2198 Al-Cu-Li alloy in different temper conditions.
They reported that anodic reactions in the matrix around the mi-
crometric particles cause Cu enrichment depending on the pref-
erential dissolution of Al and Li and, therefore, oxygen reduction
occurs in the cathodic particles. Next, a potential difference be-
tween the matrix and the constituent particles was shown using
the Volta potential maps of the constituent particles in the Al-Cu-
Li alloy matrix that were obtained by SKPFM [56]. That is, higher
potentials were recorded for the constituent particles compared to
the matrix, and the authors suggested that galvanic coupling be-
tween the constituent particles and the matrix may occur as the
origin of the localized attack.

The SECM maps of HAZ and W] in the case of the AS of the
weldment were measured in the same way and are depicted in
Fig. 8c-d. It can be seen that HAZ(AS) exhibited larger areas of oxy-
gen consumption at the surface (i.e., red, yellow and green color
regions) compared to HAZ(RS) (see Fig. 8a). In accordance with the
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Fig. 9. Potentiometric SECM maps obtained in the coupled weldment zones WJ/HAZ of (a,b) the retreating side (RS) and (c,d) advancing side (AS) of the 2098-T351 Al-Cu-Li
alloy welded by FSW after approximately 3 h of immersion in aerated 5 mmol L' NaCl solution. Tip: Sb microelectrode; tip-substrate distance: 50 pum; scan rate: 80 pum
s71, (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

results obtained using the other localized electrochemical methods
above, the electrochemical activity of HAZ(AS) was higher com-
pared to HAZ(RS). Since the high temperatures reached on this side
of the weldment favor a greater dissolution of the T1 phase [22],
the more active elements of the T1 phase (Al and Li) dissolve pref-
erentially and, consequently, Cu is enriched in this region and it
works as efficient cathodes for oxygen reduction. However, despite
this localized behavior, in general, when considering the full gal-
vanic macro-coupling between HAZ(AS), HAZ(RS) and W], the latter
will act preferentially as the cathode (i.e., higher oxygen consump-
tion by the surface), and the HAZ on both sides will function as an
anode (higher oxygen availability at the tip).

Second, potentiometric SECM operation using a Sb/Sb,03 tip
allowed imaging spatially-resolved pH distributions occurring
around the same interfaces formed by the coupled welded zones
during immersion in naturally-aerated 5 mmol L1 NaCl solution,
and are shown in Fig. 9. In aerated solutions at neutral or alkaline
pH, the reduction of oxygen is the main cathodic process, accord-
ing to reaction (1). As can be seen, oxygen reduction leads to local
alkalinization in the cathodic regions. On the other hand, at the
anodic sites, the main reactions are related to metal dissolution, as
indicated:

Al — AB* + 3e (2)

In Fig. 9, the blue/green color scale corresponds to regions with
higher pH, while the red scale color corresponds to the sites with
lower pH. Local acidification was observed above HAZ, primarily
associated with the regions that develop SLC sites, while alkalin-
ization occurred above the corroding WJ. As the SVET maps in
Fig. 6 show, the highest anodic currents were observed at the SLC
sites present in the HAZ. In the corrosion process, the oxidation
of Al to AI3* (according to reaction (2)) occurs in the anodic re-
gions. In addition, hydrogen is released due to hydrolysis of dis-
solved metal ions; therefore, a significant decrease in pH occurs
inside the corroding pit, leading to the observation of local acidifi-
cation in the electrolyte adjacent to the SLC regions. The corrosion
process at these sites is autocatalytic, favoring the continuous gen-
eration of H*. On the other hand, in the W], it was observed that

10

this region is not susceptible to the development of SLC sites and
that the attack in this zone is mainly associated with the presence
of micrometric particles (cf. Fig. 5¢). These cathodic particles uni-
formly distributed in the W] region, in addition to the dissolution
of the T1 phase, explain the high cathodic activity observed in this
region. As a result, higher pH values were observed in this zone.
On the other hand, the lower pH regions observed in Fig. 9 are
directly associated with the SLC process. They were clearly observ-
able in both HAZ regions (either from the AS or RS) coupled to W],
while the latter presented higher and more uniform pH distribu-
tions for the two coupled interfaces, therefore directly related to
the high cathodic activity concentrated in this region. This behav-
ior is in agreement with the observations obtained with the other
experimental methods used in this work.

4. Conclusions

The distribution of electrochemical behavior developed in the
coupled weldment zones (namely, the weld joint (W]) and the heat
affected zone (HAZ)), either on the advancing (AS) or the retreating
(RS) sides, of the FSW 2098-T351 Al-Cu-Li alloy was investigated
when exposed to a dilute aqueous solution containing chloride
ions. Macro-galvanic interactions between the coupled WJ/HAZ in-
terfaces and micro-galvanic interactions within these zones have
been observed using a powerful combination of localized electro-
chemical methods. Analysis of the anodic potentiodynamic polar-
ization curves in a micro-cell and the SVET maps showed that
the HAZ, whether in AS or RS, behaved anodic to WJ, and was
more susceptible to the development of severe localized corro-
sion (SLC) sites compared to WJ. In fact, the W] was more re-
sistant to localized corrosion than HAZ. Furthermore, these tech-
niques showed that the electrochemical activity of HAZ(AS) cou-
pled to W] was higher than that of HAZ(RS), which was related
to differences in the local surface chemical composition obtained
by X-ray photoelectron spectroscopy (XPS). On the other hand,
scanning electrochemical microscopy (SECM), operated in amper-
ometric and potentiometric modes, was useful to monitor oxygen
consumption related to cathodic activity and pH distribution along
the coupled welded zones, respectively. The SECM results showed
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that higher cathodic activities and, consequently, higher alkaliniza-
tion were observed in W], which was correlated with a lower con-
tent of T1 phase, compared to HAZ (either in AS or in RS). SECM
in the potentiometric mode also showed that intense acidification
occurred at the SLC sites in the HAZ. Therefore, localized amper-
ometric and potentiometric techniques have proven very useful in
providing a new understanding of the effects of galvanic coupling
and local electrochemical activity of interfaces in welded zones of
Al-Cu-Li alloys produced by FSW.
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