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The effects of friction stir welding (FSW) on the corrosion resistance of the AA2098-T351 aluminum alloy were
investigated through immersion and electrochemical tests in a 0.005 mol L NaCl solution. The findings revealed
that the welding joint (WJ), which includes the thermomechanically affected zone (TMAZ) and stir zone (SZ),
demonstrated superior localized corrosion resistance compared to the HAZ and BM. The SZ and TMAZ

demonstrated cathodic behavior relative to the HAZ and BM. Furthermore, the differences in corrosion resistance
among the isolated welding zones and their behavior under galvanic coupling were analyzed and discussed,
highlighting the complex electrochemical interactions within the welded structure.

1. Introduction

Friction stir welding (FSW) is a solid-state process that allows the
joining of materials difficult to weld (such as aluminium alloys) due to
their physical properties [1-3]. The FSW process generates distinct
zones with varied microstructures and properties due to combined
thermal and mechanical effects. The process involves the rotation of a
pin, generating frictional heat to facilitate welding. The main zones
created by the process are known as stir zone (SZ), thermomechanically
affected zone (TMAZ), heat affected zone (HAZ). The zone not affected
by FSW is the base metal (BM). The SZ is characterized by intense
heating and plastic deformation that lead to dynamic recrystallization
with fine grains and dissolution of the primary strengthening phase in
the BM. The TMAZ is the area where the tool rotation causes deforma-
tion and heating, as a consequence, dissolution of the primary
strengthening phase is also observed, and the grains are elongated by
deformation. The HAZ is the zone affected by thermal cycles along the
welded material, leading to the partial dissolution and coarsening of
precipitates. Finally, the base metal (BM) corresponds to the zones that
are not affected by the welding process [1-12].

The zones of different microstructures generated by FSW exhibit
different electrochemical reactivities [13-20]. However, there is no
agreement in the literature concerning the zones most susceptible to
corrosion. Bousquet et al. [13], showed that in the case of the 2024-T3
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alloy, corrosion attack occurred mainly in the HAZ close to the TMAZ,
although in the TMAZ some grain boundaries were attacked, and few
pits were detected. Additionally, pitting corrosion and isolated inter-
granular corrosion (IGC) zones were observed in the SZ. The preferential
location of S’ phase in the grain boundaries increased the susceptibility
of the HAZ/TMAZ interface to IGC. Jariyaboon et al. [15] showed that
localization of anodic and cathodic areas is dependent on welding pa-
rameters. For instance, they reported intergranular attack in the SZ for
low rotation speed, whereas, for high rotation speed, corrosion attack
occurred in the HAZ of the same alloy. According to Kang et al. [21]., the
HAZ in the 2219-T8 Al-Cu alloy is the zone most susceptible to corro-
sion. For the Al-Cu-Li 2195 alloy, higher pitting resistance was associ-
ated with the SZ compared to the BM [14,18]. Proton et al. [20] reported
that the SZ of the AA2050 welded by FSW was susceptible to inter-
granular and intragranular corrosion. Zhang et al. [22] studied the 2A97
Al-Cu-Li and found a high population of T1 phase (AlpCulLi) precipitates
in the TMAZ, which was associated with the high susceptibility of this
zone to localized corrosion. The corrosion susceptibility of different
aluminum alloys welded by FSW largely depends on their composition,
welding parameters, and the resulting microstructure. Therefore, it is
not possible to generalize the effects of FSW across different aluminum
alloys.

Electrochemical techniques have been largely used to evaluate the
reactivity of zones affected by FSW [16,20,23-30]. Using
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electrochemical impedance spectroscopy (EIS), Peng Yong et al. [25]
showed that the polarization resistance of the 6082-T6 alloy welded by
FSW was superior to that of MIG joint and the base metal. Davoodi et al.
[26] applied EIS [31] on corrosion characterization of dissimilar alloys,
specifically AA5083 and AA7023, and found intermediate corrosion
resistance for the weld when it was compared with the BM of the alloys
5083 (higher resistance) and 7023 (less resistance). Furthermore, De
Abreu et al. [16], in an electrochemical study of dissimilar Al alloys
(2024 and 7075) reported lower impedances associated with the FSW
affected zones compared to the two aluminum alloys unaffected by the
welding process, that is, the base metal (BM).

Galvanic coupling effect has been studied by local electrochemical
techniques [16,22,25,27]. According to the literature, galvanic coupling
can be detected by local electrochemical impedance spectroscopy (LEIS)
in welded alloys [16,24]. Donatus et al. [28]. showed galvanic coupling
between dissimilar aluminium alloys, specifically AA5083 and AA6082,
by means of open circuit potential (OCP) measurements. Bertoncello
et al. [27] used scanning vibrating electrode technique (SVET) to study
the corrosion mechanisms of dissimilar alloys (2024 and 7050) and to
identify the cathodic and anodic zones. The authors found that the
border between both alloys in the SZ at OCP was the most susceptible
region to local attacks due to the intense galvanic coupling in this con-
tact region.

Despite extensive studies on the effects of friction stir welding (FSW)
on aluminum alloys, the corrosion mechanisms of Al-Cu-Li alloys, such
as AA2098-T351, remain poorly understood. In particular, the correla-
tion between microstructural changes induced by FSW and localized
corrosion behaviors in the different zones (BM, HAZ, TMAZ, and SZ) has
not been thoroughly investigated. Most published studies focus on
microscopic analyses, while the comprehensive evaluation of corrosion
resistance across the weld zones using electrochemical techniques re-
mains scarce. Additionally, the corrosion behavior of this alloy is not
well established, and no prior studies have specifically addressed the
effects of FSW on the corrosion resistance of AA2098-T351.

The microstructural features and, consequently, the corrosion
behavior of FSW-welded alloys depend on the welding parameters [15],
which make each process unique. This investigation aims to elucidate
the correlation between the microstructure of the AA2098-T351 and its
corrosion resistance through a combination of electrochemical tech-
niques and microscopic methods.
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2. Material and methods
2.1. Material

AA2098-T351 plates (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)
were used in this work. Optical microscopy micrographs (top view) of
the AA2098-T351 welded by FSW used in this study are shown in Fig. 1.

2.2. Friction stir welding (FSW)

FSW process was performed using a rotation speed of 700 rpm, a
transverse speed of 300 mm/min and a load in the range of 8 kN — 15 kN.
An H13 steel tool with a 16 mm diameter shoulder and a 3.2 mm long
adjustable pin, matching the plate thickness, was used. Thermocouples
were attached underneath the plate, at distances of 6 mm, 9 mm and 12
mm from the center of the joint to obtain the thermal profile and to
perform simulations referring to the temperature profile. Thermal sim-
ulations were performed using the finite element COMSOL v5.2 soft-
ware. The physical phenomena in welding, such as heat transfer by
conduction and radiation, were considered. The welding model counted
86,009 elements. The measurements obtained by the thermocouples
were used as input data for the calibration of the thermomechanical
model. Further details regarding the thermal simulation can be found in
our previous work [32].

2.3. Surface preparation

All the tests were carried out on samples sequentially polished to a 1
pm surface finish. Silicon carbide papers and diamond pastes were
employed for this purpose. After polishing, the samples were degreased,
rinsed with deionized water, and dried using a hot air stream.

2.4. Conventional electrochemical techniques

The electrochemical characterization of each welded zone, Fig. 2,
was carried out by anodic and cathodic polarization and electrochemical
impedance spectroscopy (EIS).

The BM measures were carried out on samples from an unwelded
plate. Each experiment was repeated thrice to ensure reproducibility.
Polarization curves were obtained using an AUTOLAB PGSTAT poten-
tiostat controlled by NOVA 1.11 software. The tests were performed at
room temperature using a three electrode-cell setup with Ag/AgClkcisat)
as a reference electrode and a platinum wire as counter electrode. The
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Fig. 1. . Optical macrographs and microscopy of a 2098-T351 aluminum plate welded by friction stir welding (FSW), highlighting the welding joint dimensions and
the locations of the retreating side (RS) and advancing side (AS): (a) macrograph of the entire plate showing the welding direction and joint; (b) detailed macrograph
of the red dashed square in (a), illustrating the welding joint dimensions (16 mm) and sides (RS and AS); and (c) optical microscopy of the weld, showing the distinct
welding zones, including the stir zone (SZ) and thermomechanically affected zone (TMAZ), with their respective thicknesses.
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Fig. 2. . Schematic diagram of the regions of the weldment exposed to 0.005 mol I'' of NaCl solution for electrochemical tests.

exposed surface of the working electrode was 5 x 5 mm? The identifi-
cation of the welding zones analyzed were based on the microstructural
observations, microhardness profile, tool dimensions and thermal pro-
file[32]. The welding zones were individually masked using beeswax.
Anodic polarization curves were obtained from the open circuit poten-
tial (OCP) to 0.4 V vs. Ag/AgClkcisar) and the cathodic ones from OCP to
—1.3 V vs. Ag/AgClkci(sar), With a scan rate of 1 mV/s. The electrolyte
used for the tests was 0.005 mol. I'! NaCl solution at (22 + 2) °C. EIS
data was obtained potentiostatically at the OCP in the frequency range
of 10 kHz to 10 mHz with 10 mV amplitude signal and an acquisition
rate of 10 points per decade, using an AUTOLAB PGSTAT potentiostat
controlled by NOVA 1.11 software.

2.5. Scanning vibrating electrode technique (SVET)

Scanning Vibrating Electrode Technique (SVET) was used to eval-
uate localized corrosion in the friction stir welded (FSW) regions of the
AA2099-T351 alloy. The welded zones were isolated using beeswax
resin to confine the electrolyte contact area. The SVET probe, positioned
at 100 + 3 pm above the surface, employed a platinum microelectrode
(~15 pm in diameter) vibrating at optimized amplitudes and fre-
quencies (~19 pm, 174 Hz in X, and 73 Hz in Z).

Measurements were conducted in a 0.005 mol L™ NaCl solution, a
low concentration that allows better visualization of the initial stages of
corrosion and minimizes the interference of corrosion product accu-
mulation. The system was calibrated before each test to ensure accuracy.
Current density maps were generated over a defined grid (35 x 25
points) to analyze localized anodic and cathodic activity. The corrosion
evolution was monitored over 12 h, with SVET maps acquired at regular
intervals to assess the susceptibility and progression of corrosion in the
FSW zones.

2.4. Immersion test

Immersion tests were performed to evaluate the overall corrosion
morphology and the severity of localized attacks in each weld zone.
Samples were prepared by sequential polishing to a 1 um surface finish
and were immersed in naturally aerated 0.005 mol/L NaCl solution at
room temperature (~22 °C) for 24 h.

After immersion, the samples were removed, rinsed with deionized
water, dried with a hot air stream, and analyzed using optical micro-
scopy (OM) and scanning electron microscopy (SEM). The surface
analysis focused on the identification of localized corrosion features
such as severe localized corrosion (SLC), pitting, trenching around
micrometric particles, and intergranular corrosion (IGC).

The lower concentration of 0.005 mol/L NaCl solution was selected
to simulate early-stage corrosion processes and allow a detailed evalu-
ation of corrosion mechanisms. The slower reaction kinetics facilitated
the observation of differences between the BM, HAZ, TMAZ, and SZ,
highlighting the role of microstructural changes caused by FSW.

2.5. Gel visualization test

Gel visualization test [16] test was conducted to evaluate the local-
ized corrosion behavior of the welded zones in the AA2098-T351 alloy.
The gel was prepared by dissolving 3 g of agar-agar in 100 mL of boiling
0.6 mol/L NaCl solution, with 7 mL of a universal pH indicator added to
the mixture. The prepared gel was poured onto metallographically
polished samples immediately after preparation to prevent premature
drying, which could interfere with the test. To ensure uniform exposure,
the edges of the samples were coated with an insulating varnish to avoid
side reactions.

The samples were monitored for up to 4 h under ambient conditions,
and the color changes in the gel were used to identify anodic and
cathodic regions across the welded zones. Anodic areas were associated
with acidic pH (color changes to red), whereas cathodic regions corre-
sponded to alkaline pH (color changes to green or blue). This method
was chosen to highlight localized pH changes caused by corrosion re-
actions in the BM, HAZ, TMAZ, and SZ.

The use of a 0.6 mol/L NaCl solution in this test was intended to
accelerate corrosion processes and enhance the visibility of localized
corrosion sites. The higher salt concentration increased ionic conduc-
tivity and promoted faster electrochemical reactions, facilitating the
identification of anodic and cathodic zones. Starting the test promptly
after pouring the gel is critical to initiate the reaction before the gel
begins to dry.

2.6. Microstructural characterization and microhardness

Optical microscopy was used for surface observation, and for this,
the microstructural features were revealed by etching in a solution
composed of 2 % HF and 25 % HNOs. Scanning electron microscopy
(SEM) images were also acquired using a Hitachi TM 3000 microscope
with an incident beam of 15 keV. Transmission Electron Microscopy
(TEM) was used to study the distribution and characteristics of phases in
the AA2098-T351 alloy. Thin foils with a diameter of 3.0 mm were
prepared by mechanical polishing followed by electropolishing at 20 V
in a solution of 30 % nitric acid in methanol. Selected area diffraction
(SAD) patterns were obtained during the TEM analysis to identify and
confirm the crystallographic phases present in the different welding
zones. The diffraction patterns were used to confirm the morphology,
orientation, and spatial distribution of these phases across the zones,
including the BM, HAZ, and SZ. The results from these analyses were
correlated with previous studies conducted by our research group [32],
which investigated the microstructural evolution of the AA2098-T351
alloy during Friction Stir Welding (FSW). These studies provide a
foundation for understanding the distribution of phases and their rela-
tionship to mechanical and corrosion behavior. TEM samples were
prepared using a TenuPol equipment. The imaging was carried out using
a JEOL 2100 microscope. Microhardness measurements were also used
to correlate the microstructural modifications by the FSW process with
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the electrochemical results. The measures were carried out in a
Knoop/Vickers Tukon 1202 Wilson Hardness at the sample surface in
steps of 0.2 mm using a load of 200 gf for 10 s.

3. Results and discussion
3.1. Microstructural characterization

As previously mentioned, the FSW process generated four different
welding zones characterized by microstructural modifications. These
modifications occur at nanometer and micrometer scales and result in
different reactivity along the welded material. In our previous work, the
FSW effect on the microstructure and mechanical behaviour of the
AA2098-T351 Al-Cu-Li alloy was investigated [29,32]. Microhardness
test, differential scanning calorimetry (DSC) tests and TEM character-
ization provide information about nano-sized phase distribution in this
alloy. However, it is important to emphasize that the T1 phase is the
most deleterious phase responsible for the decrease in corrosion resis-
tance of the Al-Cu-Li alloys.

Fig. 3 shows the T1 phase distribution across the AA2098-T351
welded sample.

In the BM, the T1 phase was distributed inside the grains, Fig. 3a. In
the base metal (BM), the T1 phase is uniformly distributed inside the
grains, as observed in Fig. 3a. These precipitates contribute significantly
to the mechanical properties of the BM but are also highly susceptible to
severe localized corrosion (SLC), as discussed in our previous study [32].
TEM images revealed edge-on variants of the T1 phase, depending on
the grain orientation. In the [110] zone axis (ZA), two of four T1 variants
appear as straight lines along (111) directions (Fig. 3b), while in the
[112] ZA, only one variant is visible (Fig. 3c).

The heat-affected zone (HAZ) exhibits a different behavior due to the
thermal effects of welding, as shown in Fig. 4.

The T1 phase in this zone is smaller, coarser, and primarily distrib-
uted along the grain boundaries (Fig. 4a). The partial dissolution of the
T1 phase in the HAZ is consistent with DSC results from our prior work
[32], which showed a reduction in T1 content and an increase in &
precipitation due to lithium redistribution. These thermal effects lead to
a decrease in microhardness in the HAZ compared to the BM.

In the thermo-mechanically affected zone (TMAZ), the microstruc-
ture depends on the thermal and mechanical gradients during welding.
TEM analysis of the TMAZ, as shown in Fig. 5, revealed that the
retreating side (RS) contained a higher density of T1 precipitates
compared to the advancing side (AS). In the TMAZ/HAZ-RS (Fig. 5a),
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weak T1 intensities were observed along the (111) direction, primarily
decorating the grain boundaries. On the TMAZ/HAZ-AS (Fig. 5b), no
evidence of T1 phase was detected, which is consistent with the lower
microhardness observed on the AS. This asymmetry reflects the differ-
ences in thermal exposure between the RS and AS, as reported in our
earlier studies [32].

Finally, the stir zone (SZ) presents the most significant modifications
due to the high temperatures and intense plastic deformation inherent to
FSW. A low density of T1 precipitates is observed in the SZ (Fig. 5¢), as
most of the T1 phase dissolves during welding. Other phases, such as &'
and T2 (AlsLizCu), precipitate during cooling. The low density of T1
phase in the SZ aligns with the DSC thermograms from previous studies
[32], which show pronounced peaks associated with Guinier-Preston
(GP) zone dissolution. The dynamic recrystallization and grain refine-
ment in the SZ contribute to its higher microhardness compared to the
TMAZ.

These observations highlight the significant impact of the FSW pro-
cess on the distribution and morphology of the T1 phase in the different
welding zones. The asymmetric temperature profiles and strain gradi-
ents between the advancing and retreating sides result in notable dif-
ferences in microstructure, which correlate with the mechanical
properties and corrosion resistance of the welded material, as detailed in
our previous work [32].

Micrometric particles also play a significant role on the corrosion
behavior of Al alloys. Fig. 6 shows the distribution of micrometric par-
ticles in the different welding zones.

In BM and HAZ, the micrometric particles are mainly distributed
according to the deformation direction, while in the SZ, these particles
are smaller and evenly distributed due to pin rotation effects leading to
breaking of particles and their spread across the tool domain. The effects
of micrometric particles on the corrosion of Al alloys are mainly related
to their different electrochemical activities (with respect to the matrix)
which are associated with their different composition [33-35]. EDX
analysis was carried out on the various particles and the matrix of each
zone. A total of 30 particles in each zone was characterized, and the
results are shown in Fig. 7.

Fig. 7e-f show no differences between the composition of the parti-
cles irrespective of the welding zone. The typical compositions of the
particles, Fig. 7g-h, were found to be Al-Cu-Fe and Al-Cu, thus cathodic
in relation to the matrix [33,34]. Traces of Ag were found; however, the
values are in the limit of the equipment detection.

Fig. 3. . (a-c) TEM bright field images and selected area diffraction (SAD) patterns obtained in [110] and [112] orientations showing T1 phase distribution in the BM.

The white arrow in (a) indicates the grain boundary (GB).
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Fig. 4. . (a-c) TEM bright field images and selected area diffraction (SAD) patterns obtained in [110] and [112] orientations showing T1 phase distribution and
variants in the HAZ.

Fig. 6. . SEM images of different welding zones showing the micrometric particle distribution. (a) Retreating side; (b) Advancing side; (c) High magnification of the
SZ region; (d) BM micrometric particles distribution.
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Fig. 7. . (a-d) Typical micrometric particles at different welding zones (c) Average composition of the Al-Cu-Fe-(Ag); (b) Average composition of the Al-Cu-(Ag); (c-d)

Typical EDX spectra of the micrometric particles.
3.2. Corrosion characterization

Different corrosion mechanisms were observed in the weld exposed
to 0.005 mol-L! of NaCl solution for 24 h. Fig. 8 shows the features of
the attack in the BM.

Surface observation after the immersion test revealed the presence of
severe localized corrosion (SLC) in the regions indicated as 1, 2 and 3.
The high activity of these regions led to the accumulation of corrosion
products in region 2, and to rings around the SLC corresponding to
cathodically protected areas associated with deep attack in the anodic
regions. At the SLC sites, the amount of T1 phase was very high. Fig. 9
shows SLC where an intragranular attack was observed, Fig. 9a, and a
crystallographic attack.

The relationship between the T1 phase density and the SLC has been
reported [22,34]. As previously mentioned, T1 phase is the main hard-
ening phase in Al-Cu-Li alloys and that is mostly related to SLC [36,37].
According to literature [38,39], the corrosion mechanism associated
with the T1 phase starts with the preferential dissolution of lithium from
this phase, leading to copper enrichment and, subsequently, inversion of
polarity with respect to the matrix. As previously observed by TEM
analysis, the T1 phase is evenly distributed inside the grains leading to
intragranular attack. Fig. 9a confirms this observation, showing a pre-
served grain boundary in a region of SLC. Moreover, because of the
temper condition of studied alloy (T351), which comprises a stretching
step before natural aging, attacks orientated along preferential di-
rections were also observed, as Fig. 9b shows. The stretching step in
Al-alloys is used to relieve stress. However, it also creates regions of high

dislocation densities that are preferential sites for T1 phase precipitation
during aging steps. Consequently, during immersion in corrosive solu-
tions, the regions of large amounts of T1 phase, act as preferential sites
for corrosion attack and result in the aligned attack morphology
observed [33,34]. Cavities and trenching are also observed in the
attacked surface, region 4. The development of these cavities is associ-
ated with micrometric particles. As reported earlier [35], these particles
contain Al, Fe, Cu also play an essential role in the corrosion of this alloy.
Fig. 10 shows EDX maps of attacked micrometric particles.

The results indicate a decrease in Al content and an increase in Fe
and Cu, suggesting cathodic element enrichment, which subsequently
leads to trenching of the surrounding matrix. Eventually, detachment of
the particles occurs, and cavities are formed. Moreover, the EDX maps
also show Cu and Ag deposition (white arrows). The Cu and Ag particles
are deposited preferentially at the vicinity of the micrometric particles
(Fig. 10a-b), in the SLC sites, Fig. 10e-f. Cu and Ag deposition promotes
cathodic reactions stimulating the local dissolution of the matrix in their
surroundings. The Cu redeposition mechanism is reported because of
detachment of Cu rich particles that are oxidized in the solution and
subsequently re-deposited on the aluminium alloy surface promoting the
continuity of attack by increasing the cathodic activity at the deposition
sites [40-43]. Ag is an alloying element added to Al-Cu-Li alloys to
promote the uniform dispersion of T1 phase in the matrix [44,45]. Ac-
cording to Murayama et al. [45], the T1 phase is associated with Ag
atoms that are segregated at the T1/a interfaces rather than being
incorporated within the precipitate. Segregation of Ag at the Q/u in-
terfaces has also been reported by other authors [44]. Thus, because the
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Fig. 9. . (a) Intragranular attack and (b) aligned attack in the SLC sites of AA2098-T351 Al-Cu-Li alloy immersed in 0.005 mol 1" of NaCl during 24 h.

relationship between Ag and T1 phase precipitation the redeposition of
Ag might occur on the SLC attack vicinity.

Results from immersion tests for welded samples showed that the
FSW process modifies the corrosion morphology across the surface of the
welded sample, Fig. 11.

Different behaviors were associated with the various microstructures
resulting from the welding process. Differences in T1 phase distribution
across the weldment was previously reported by TEM analysis, Figs. 3-5.
In the HAZ, Fig. 11b, a small volume of coarse T1 phase was observed,
and, also, the corrosion attack at either side, AS and RS, was modified, as
shown in Fig. 11b. Intragranular attack related to SLC sites is still present
in these zones. In addition, intergranular corrosion (IGC) was also
observed and related to the smaller volume of coarsened T1 phase
precipitated at the GB, compared to the BM. Cavities and trenching
associated with the micrometric particles were also observed. In the

welding joint (SZ and TMAZ), the T1 phase was rarer. In this region,
temperatures ranging from 300 °C to 600 °C were reached, Fig. 11a. This
resulted in the dissolution of T1 phase and favored the precipitation of
the & (AlsLi), while Cu remained in solid solution. Precipitation of
phases as T2 (AlsLi3Cu) or TB (Aly sLiCu4) also can be favored by the
FSW process [46]. The effect of these microstructural variations in the
TMAZ is shown in Fig. 11(c-e), where trenching and copper enriched
discontinuous oxide products were found. Again, cavities and trenching
related to micrometric particles were seen in this zone.

Results from the agar-agar visualization test, Fig. 12, provided
additional information on the reactivity of the different weld affected
zones in the 2098-T351alloy.

According to this figure, galvanic coupling is established between the
welding joint (TMAZ and SZ) and the HAZ. After 1 h of test, a green area
was seen at the center of the sample. As time progressed, the anodic and
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Fig. 10. . EDX maps of corrosion sites associated with the micrometric particles of AA2098-T351 Al-Cu-Li alloy immersed in 0.005 mol 1! * of NaCl for 24 h. (a)
trenching regions; (b) cavities regions; (c-d) Composition variation of the micrometric particles before and after immersion. (e-f) Cu re-deposition at the SLC sites.

cathodic zones became increasingly separated and were clearly identi-
fied with the SZ and TMAZ being cathodic to the HAZ and BM. This test
showed higher SLC resistance in the SZ and TMAZ compared to the HAZ
and BM. The high temperatures reached in the SZ and TMAZ zones,
leading to partial dissolution to T1 phase and decreases susceptibility to
SLC. On the other hand, in the HAZ where lower temperatures (< 200
°C) were reached and in the BM, the T1 phase is present in high density
and the SLC was pronounced. In the anodic areas, acidification occurs
due to hydrolysis stimulated by metallic cations, whereas in the welding
joint region oxygen reduction occurs. In the welding joint corrosion was
observed despite the fact that it was predominantly cathodic relative to
the HAZ and BM (Fig. 11). The observed corrosion, in the SZ, which is
not severe, results from chemical attack around the micrometric parti-
cles due alkalinization [47]. However, at the BM and HAZ the T1 par-
ticle is the main culprit. This result reinforces the indication that T1 is
the phase mainly responsible for the severe localized corrosion leading
to pH modifications in the agar gel test.

3.3. Electrochemical characterization

The anodic polarization curves of the BM and welding join (WJ) after
30 min of immersion in 0.005 mol. 1"l NaCl solution are shown in Fig. 13.

In order to compare the welding zones corrosion resistance and the
currents densities were taken from the same overpotential (50 mV). It
was observed to be lower current for the WJ. Higher current densities
were recorded for the BM due to the high susceptibility to SLC associated
with this zone. In addition, the relatively smaller currents obtained for
the WJ are related to the lower amounts of T1phase in this region. The
tested surfaces showed different features associated with the anodic
sites, Fig. 13b-c. Only intergranular corrosion (IGC) and pits were
associated with the SLC in the WJ, while intragranular corrosion was
observed in the SLC sites of the BM. In addition, a larger number of
anodic sites compared to WJ were seen on the BM.

The cathodic polarization curves, Fig. 14, show that diffusion con-
trols the reduction reactions.

A slight difference between both the SZ and the BM was observed. In
contrast to the anodic polarization curves, higher cathodic currents were
observed for the SZ compared to the BM. Fig. 14b-c show a represen-
tative surface of the SZ and BM respectively, where it is possible to see
more activated areas related to the micrometric particles on the SZ. The
micrometric particles are formed during the casting process. Thus, in the
welding process, these particles are broken up by the tool movement and

are also uniformly distributed increasing the cathodic surface and,
consequently, the cathodic currents in this zone.

Fig. 15 shows the surface of each weld zone after the EIS analysis.

Different from the results obtained for galvanically coupled zones,
Fig. 10, when the weld affected zones are tested in isolation, all the
zones showed SLC. In the W/, Fig. 12a, SLC was related to IGC, as shown
after anodic polarization test. In BM and HAZ, intragranular corrosion
was the main type of attack observed, Fig. 12c.

Fig. 16 compares EIS diagrams of the following zones: WJ, HAZ (1
and 2) and BM.

The stability of the system was assessed using the OCP curves ob-
tained 15 min before the tests. Despite the distinct morphologies of
attack observed, the EIS results revealed only minor differences among
the tested zones. The EIS diagrams consistently identified three time-
constants across all regions: the first, in the frequency range of 100-10
Hz, corresponds to the presence of residual oxides on the surface; the
second, between 10 and 1 Hz, is associated with the charging of the
double layer coupled to charge transfer resistance; and the third, at
lower frequencies, relates to a diffusion-controlled process, aligning
with the cathodic polarization results [37,48].

The WJ region exhibited higher impedance values due to the reduced
amount of T1 phase, which dissolves during the FSW process.
Conversely, the HAZ presented the lowest resistance, attributed to the
coarsened and smaller T1 phase and the presence of larger precipitate-
free zone (PFZ) compared to BM. These observations indicate a clear
relationship between the electrochemical and mechanical behaviors of
Al-Cu-Li alloys.

Nyquist plots further highlighted that the WJ region had superior
corrosion resistance, as evidenced by the higher peak and larger
capacitive arc (Fig. 16b). Additionally, in logarithmic scale impedance
plots, this region demonstrated better corrosion resistance, with slightly
elevated curves relative to the other weld zones (Fig. 16¢). On the other
hand, the BM region displayed higher resistance when the impedance
modulus (|Z|) was plotted against frequency, showing slightly elevated
values in the Nyquist diagram (Fig. 16b).

The HAZ region, however, had the lowest peak, which can be
attributed to challenges in isolating the electrochemical cell in this area.
This region is prone to galvanic pair formation, intensifying the corro-
sion process. Metallurgical transformations in the thermally affected
zones, such as grain refinement and the development of less noble
phases, promote the formation of micro-galvanic cells, exacerbating
corrosion activity [32,48].
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Fig. 11. . (a) Relationship between the corrosion mechanism and thermal profile over the welded sample immersed in 0.005 mol 11 1 of NaCl for 24 h; (b) corrosion
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Fig. 12. . Results of agar-agar gel visualization test for the 2098-T351 alloy welded by FSW in 0.6 mol 1" of NaCl.
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Fig. 14. . (a) Cathodic polarization curves comparing the BM and SZ of the AA2098-T351 2098-T351 alloy welded by FSW after 30 min of immersion in 0.005 mol 1"

of NaCl; (b) stir zone (SZ) and (c) base metal (BM).

Fig. 17 shows an inverse relationship between the mechanical
properties and the average of the modulus of impedance with the dis-
tance from the weld centerline.

The impedance average was based on the values of impedance ob-
tained after 16 h of immersion at a frequency of 10 Hz. The results
showed that as the density of T1 phase decreases the corrosion resistance
of the alloy increases. It is also observed that the WJ is the most resistant
to corrosion among the welding zones evaluated. In the HAZ, the vari-
ability of impedance was higher than in the other zones. This result is
related to the dependence of T1 phase partial dissolution and coarsening
on temperature making this region highly heterogeneous.

To further analyze the corrosion behavior in the welded regions,
SVET tests were performed, and the corresponding maps obtained after
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12 h of immersion in a 0.005 mol L~! NaCl solution are shown in Fig. 18.

These maps offer detailed insights into both macro- and micro-scale
corrosion processes occurring in the different welding zones, correlating
them with the observed electrochemical activity

The WJ exhibited predominantly cathodic activity when compared
to the BM and HAZ. Anodic sites within the WJ showed lower current
densities, which is consistent with the dissolution of phases that mitigate
the effects of selective localized corrosion (SLC), (Fig. 18b). This reduced
anodic activity is further influenced by the increased cathodic areas
resulting from the fragmentation of micrometric particles caused by the
tool movement during the welding process.

In contrast, the HAZ demonstrated significant anodic activity,
particularly due to the presence of SLC sites (white arrows in Fig. 18a



J.V.S. Araujo et al.

Materialia 39 (2025) 102363

Retreating Side Welding Joint Advancing Side
15 mm 15 mm
G D —
(=) 1===1 3
1 1 1 1 : .
1 1 1 1 H H
L [ Lo AT oo
HAZ(R1) HAZ(A1) HAZ(A2)

Fig. 15. . Optical microscopy of the different zones of the 2098-T351 alloy after 24 h of immersion in NaCl 0.005 mol. 1", (BM=Base metal, SZ=Stir zone, HAZA1 =
Heat affected zone at advancing side near to the welding joint, HAZR1 = Heat affected zone at reatreating side near to the welding joint, HAZA2 = Heat affected zone
at advancing side near to the base metal, HAZR2 = Heat affected zone at retreating side near to the base metal).

and c). These sites are more prominent in both the advancing side (AS)
and retreating side (RS) of the HAZ, correlating with the microstructural
changes induced by the welding process, such as phase coarsening and
the formation of precipitate-free zones (PFZ). These microstructural
transformations increase the susceptibility of the HAZ to localized
corrosion mechanisms, as observed in the SVET maps.

The reduction of electrochemical activity in the WJ over the 12-hour
immersion period (Fig. 18b) is linked to the formation of an oxide film,
which acts as a protective barrier against further corrosion. Current
densities in this region were approximately ten times lower than those
observed at the galvanic coupling sites between the WJ and HAZ, rein-
forcing the protective role of the oxide film.

The SVET maps presented in Fig. 18 further corroborate the corro-
sion mechanisms previously discussed, particularly those identified in
the immersion tests (Figs. 8-11) and the anodic polarization behavior
(Fig. 13). The localized anodic activity observed in the HAZ through
SVET (Fig. 18a) aligns with the earlier findings of severe localized
corrosion (SLC) and intergranular attack, which were primarily attrib-
uted to the presence of the T1 phase and microstructural heterogeneities
caused by the welding process.

In contrast, the reduced anodic current densities in the welding joint
(Fig. 18b) correlate with the lower susceptibility to corrosion observed
in immersion tests, where the dissolution of strengthening phases and
the presence of oxide films were identified as key factors enhancing
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corrosion resistance. The microstructural characteristics that influenced
these behaviors, such as the dissolution of precipitates and the formation
of precipitate-free zones (PFZ), were thoroughly examined in Figs. 3-5,
supporting the hypothesis that phase distribution plays a crucial role in
corrosion susceptibility.

The macrographs in Fig. 18c, e, and f illustrate the surface condition
of the FSW regions after SVET analyses. The surface corrosion
morphology observed in Figs. 18c, e, and f, which depict the welded
regions after SVET analysis, correlates well with the earlier observations
presented in Fig. 15. The distribution of localized corrosion features
across the weld zones in Fig. 15 provides additional confirmation of the
anodic and cathodic behaviors detected through SVET mapping. Spe-
cifically, the higher susceptibility of the HAZ to severe localized corro-
sion (SLC), characterized by deep trenching and intergranular attack, is
evident in both figures. The regions marked in Fig. 15, showing corro-
sion propagation along the HAZ, are consistent with the localized anodic
sites identified in Fig. 18a and 18c, where the white arrows highlight
areas of intense dissolution. Similarly, the more uniform and less
aggressive corrosion morphology of the welding joint (SZ and TMAZ),
observed in Fig. 15, is reinforced by the lower current densities recorded
in the corresponding SVET maps (Fig. 18b).

By comparing these figures, it becomes evident that the micro-
structural differences induced by FSW directly influence the corrosion
behavior, with the HAZ remaining the most vulnerable zone, while the
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SZ exhibits improved resistance due to phase dissolution and oxide film
formation.

Based on the results obtained, Tale 1 shows a summary of the
corrosion features observed according to each zone of the FSW
weldment.

The results of this study showed that the welding process modifies
the morphology of attack in the weld zones of the 2098-T351 alloy
relative to the zone not affected by FSW, that is the BM. Surface
observation after immersion showed different features of corrosion
attack in the weldment, Table 1. Although differences were observed
between SZ and BM using conventional electrochemical techniques,
these techniques were not selective enough to show major differences in
the corrosion resistance and/or mechanism between the welding

affected zones (i.e. the SZ, HAZ and BM). One possible reason for the
similar corrosion resistance for all tested zones is related to the fact that
conventional electrochemical techniques provide mean values of cur-
rent densities at the surface of the exposed area. On the other hand,
localized electrochemical techniques are more appropriate for the study
and evaluation of localized corrosion. In the case of SLC and surround-
ings, the anodic and cathodic currents can only be evaluated by local
techniques.

The lower current densities obtained in the welding joint (TMAZ and
SZ) compared with other zones suggest that the depth of corrosion
penetration related to the SLC sites in the BM and HAZ is greater than
that in the welding joint. These results agree with the reduction in T1
phase content in the welding joint as observed by TEM images and
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Fig. 18. . SVET maps (a, b, and ¢) and in situ observation (d, e, and f) of AA2098-T351 welded by FSW after 12 h of immersion in 0.005 mol L™ NaCl. The dashed
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indicate sites of severe localized corrosion (SLC).

Table 1
. Summary of the different corrosion features observed in the welding
zones of the 2098-T351 alloy welded by FSW.

Zone Corrosion features

BM Pit, trenching, intragranular SLC
HAZ Pit, trenching, intragranular SLC
TMAZ Pit, trenching, intragranular SLC, IGC
SZ Pit, trenching, intergranular SLC

microhardness profile. In the case of the HAZ coupled to the welding
joint, the higher susceptibility of the first zone to SLC compared to the
latter results in small anodic areas associated with large cathodic ones,
stimulating the penetration of corrosion attack in the SLC sites. This
explains the higher currents for welding joints when coupled with the
HAZ where SLC was seen. In this situation, the welding joint (TMAZ and
SZ) is cathodically protected and the oxygen reduction reaction occurs
predominantly on it. However, when the welding joint is tested inde-
pendently, the lower susceptibility of this zone to SLC results in an
evenly distributed attack. This elucidates the lower current densities
associated with the welding joint and the even distribution of cathodic
and anodic areas on this zone as compared to the BM and HAZ.

In the welding joint, segregations at the grain boundaries, reduction
in T1 phase content and larger PFZ’s explain the intergranular propa-
gation of corrosion attack associated with the galvanic coupling. The
lower current densities related to this zone and the even distribution of
anodic and cathodic sites at the exposed surface support the premise that
in the zones where the T1 phase is rare, the depth of penetration attack is
shallower than in the zones where the T1 phase is abundant. However,
the welding joint (TMAZ and SZ) is susceptible to localized corrosion,
and, depending on the extension of the surface exposed to the corrosive
environment, the morphology of attack changes. When galvanic
coupling is established between the zones, the main corrosion mecha-
nism observed in the SZ was related to the microgalvanic cells due to the
micrometric particles and the matrix, as observed by the immersion test.
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However, when the zones are tested unconnectedly, all of them are
susceptible to SLC. This result shows that depending on the area exposed
to the aggressive media, the type and severity of corrosion attack
changes.

4. Conclusions

FSW of the 2098-T351 alloy caused significant modifications in its
microstructure and microhardness due to thermal and/or mechanical
effects. The zones of different microstructures showed dissimilar elec-
trochemical activities in 0.005 mol 1"l NaCl solution. SZ and TMAZ acted
as cathodic regions relative to the HAZ and BM. This was shown by agar-
agar and immersion tests. The corrosion mechanisms of the different
zones also varied. The BM showed high susceptibility to severe localized
corrosion (SLC); the HAZ also presented SLC but also localized corrosion
attack related to micrometric constituent particles. The welding joint
(SZ+TMAZ) exhibited susceptibility to intergranular corrosion and a
lower tendency for severe localized corrosion (SLC). Galvanic coupling
between different zones influenced the type of corrosion attack
observed, in contrast to zones tested in isolation. The type and severity
of corrosion attack was largely dependent on the area exposed to the
aggressive medium and the galvanic coupling effect on the zones.
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