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In this study, the microstructure and corrosion resistance of the stir zone (SZ) of the AA2198-T8 Al-Cu-Li alloy
welded by friction stir welding (FSW) were investigated by microscopy, immersion tests and electrochemical
techniques such as measurements of open circuit potential variation with time, and scanning vibrating electrode
technique (SVET) measurements. A low chloride-containing solution (0.005 mol Lt NaCl) was employed in the
corrosion studies and severe localized corrosion (SLC) was observed in the SZ related to intergranular attack. The
results were compared to those of the non-affected areas by FSW, also known as base metal (BM). In the BM, SLC
was found and the type of attack related to it was intragranular. In both zones, BM and SZ, SLC was due to
precipitates of high electrochemical activity, specifically T1 (Al;CuLi) phase in the BM, whereas TB (Al;CuyLi) /
T2 (AlgCuliy) in the SZ. Scanning vibrating electrode technique (SVET) analysis was very useful in the study of
SLC in the AA2198-T8 alloy showing the development of high anodic current densities at the mouth of the SLC

sites.

1. Introduction

Aluminum-lithium (Al—Li) alloys are known by their low density,
which is related to the addition of Li as an alloying element. Besides the
weight reduction, the presence of this element also improves the elastic
modulus of Al alloys (for each 1 wt% of Li added, the elastic modulus
increases by approximately 6% [1-3]). These characteristics showcase
these materials as potential replacements for the conventional 2XXX
series alloys used in the aeronautic sector. The AA2198 belongs to the
third generation Al-Cu-Li alloys and has been developed to be used in
applications where damage tolerance is a critical factor [2,4,5].
Although this alloy has already been employed in the aerospace industry
[6], it is susceptible to localized corrosion [7-13]. Consequently, the
corrosion resistance of Li-containing Al alloys has been extensively
studied [14-22].

In the new generation Al-Cu-Li alloys, two major forms of localized
corrosion have been observed. They differ from each other by the
magnitude (or penetration) of the attack and are classified as non-severe
localized corrosion (LC) and severe localized corrosion (SLC) [14,23]. In
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the LC, the attack is related to the micro-galvanic cell between the
micrometric particles and matrix [24]. If the particles are cathodic to the
matrix, the attack occurs in the surrounding matrix, resulting in
trenching and shallow cavities [25]. In the SLC, the attack is usually
associated with the active T1 phase (Al,CuLi). Due to the potential
difference between the T1 and the matrix, in the order of 0.2 V, strong
galvanic coupling might occur [12,20]. Consequently, the distribution
of T1 phase in the microstructure has an important role, leading to the
preferential attack of grains containing a high density of this phase
[11,12,26-29]. Two types of morphology related to SLC have already
been reported in the literature: intragranular and intergranular. In both
cases, SLC presents particular features, such as rings of corrosion prod-
ucts and cathodically protected areas surrounding the SLC, besides
hydrogen gas evolution at the mouths of the pits [11,14,21].

High strength 2XXX series alloys are especially susceptible to weld
cracking, which makes it difficult to employ conventional fusion weld-
ing techniques for their joints. In this sense, friction stir welding (FSW) is
an alternative method of joining, since it is a solid-state welding process,
which eliminates typical alloy melting defects [30,31]. The thermal and
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Fig. 1. (a) Optical macrograph of the 2198-T8 Al-Cu-Li alloy welded by FSW. (b,c) optical micrographs of the (b) base metal (BM) and (c) stir zone (SZ) corre-
sponding to higher magnification of the dashed squares showed in figure (a), showing differences in grain morphologies. (d,e) Scanning electron micrographs of the
(d) base metal (BM) and (e) stir zone (SZ) showing differences in size and distribution of constituent particles.

mechanical effects of FSW produce zones of different microstructures,
such as the heat-affected zone (HAZ), the thermomechanically affected
zone (TMAZ) and the stir zone (SZ). Also, part of the alloy remains
unaffected by the welding process, and this is usually called the base
metal (BM). In addition to the microstructural modification, all the
zones affected by welding will present changes in the original me-
chanical and corrosion properties of the alloy. This can be especially
relevant for the SZ due to its proximity to the tool, where a high level of
deformation and temperature are achieved [31-36]. In this sense,
several types of research have been focused on correlating the micro-
structure of the SZ with the variation of its thermal history and also to
characterize its corrosion behavior [34,37-40]. It is expected that the SZ
presents great differences in electrochemical behavior compared to the
BM.

Corrosion resistance is an important issue in welded components
since corroded areas can act as initiation sites for cracks, resulting in
structural failures. In an attempt to prevent corrosion in welded com-
ponents, several authors studied the corrosion resistance of welds to
predict the most susceptible zones and explain their behavior
[7,8,36,41]. In most studies, electrolytes composed of chlorides are
employed, since they are ever-present in the environment and tend to
attack the passive film of Al alloys. Frequently, solutions with a high
concentration of chlorides have been used in electrochemical analyses to
compare the performance of the different zones of weldments
[7,8,38,41,42], leading to high kinetics of corrosion attack that

generates large amounts of corrosion products. These products mask
some of the phenomena involved, mainly those related to the in-
teractions between the matrix, precipitates and the remaining passive
layer. Therefore, a solution of low concentration is interesting to
investigate the development of an attack. Also, this kind of solution is
proper for use in SVET because they maximize the potential difference in
the electrolyte [43].

In this study, it was found important to use a solution of low chloride
concentration, that is, low corrosiveness (0.005 mol LI NaCl solution)
in order to monitor the evolution of corrosion and contribute to the
understanding of corrosion mechanisms of the SZ of the AA2198-T8 Al-
Cu-Li alloy welded by FSW. This zone was chosen because it presents the
foremost microstructural modification, compared to the parent material.
Also, it allows for the evaluation of its behavior if it is exposed to the
corrosive environment in isolation, such as when there is damage to the
protection system in service. A comparison of the results with those of
the BM was also carried out in order to understand how the micro-
structure affects the localized corrosion of the SZ after FSW.

2. Material and methods
2.1. Material

4 mm thick plates of the AA2198-T8 (3.32 wt% Cu, 0.96 wt% Li,
0.31 wt% Mg, 0.26 wt% Ag, 0.51 wt% Zr, 0.05 wt% Fe, 0.04 wt% Si,
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Fig. 2. (a) High angle annular dark field image of the base metal (BM); (b-f) EDX maps showing the distribution of (b) Al, (c) Cu, (d) Fe, (e) Ag and (f) Zr.

0.04 wt% Zn, 0.02 Mn) were used in this study. This alloy was recently
characterized in [44]. Friction stir welding (FSW) was carried out in
Brazilian Nanotechnology National Laboratory (LNNano) using a H13
tool steel with a 16 mm shoulder diameter and an adjustable pin of 3.75
mm in length. A rotation speed of 700 RPM and a transverse speed of
300 mm/min was used for the welding. Samples from the SZ and the BM
were studied by evaluating their microstructure and corrosion
resistance.

2.2. Microstructural characterization

The surface of the AA2198-T8 welded sample was prepared by
conventional metallography (up to 1 pm surface finish) and then etched
with a solution composed of 2 mL HF, 25 mL HNO3 in 100 mL of distilled
water for 10 s. Subsequently, the microstructure was observed by optical
microscopy (Leica DMLM). In addition, images of the stir zone (SZ) and
base metal (BM) were obtained using TM3000 scanning electron mi-
croscope (SEM). Specimens for transmission electron microscopy (TEM)
were obtained by cutting 3 mm diameter discs from the SZ and BM. The
samples were mechanically thinned and prepared by twin-jet electro-
polishing with a solution containing 20 (v/v) % HNOg in methanol at 25
V and — 30 °C. High angle annular dark-field (HAADF) and bright-field
(BF) images were obtained in a JEOL 2100F microscope.

Samples from the SZ and the BM were ground with silicon carbide
paper (up to #4000) before to perform differential scanning calorimetry
(DSC) experiment equipment coupled to a TA-60WS. The data were
obtained under nitrogen (99.999 wt%) atmosphere using a DSC-50
SHIMADZU equipment. The heating rate used in DSC measurements
was 10 °C min~* and the scanning temperature ranged from 50 to 550
°C.

2.3. Corrosion evaluation

Open circuit potential (OCP) was monitored with time of exposure to
the 0.005 mol L™! NaCl solution using an Ag/AgCl (KCI saturated) as a
reference electrode. OCP was monitored for 8 h, after which the exposed
surface was examined by optical microscopy and scanning electron
microscopy (SEM). The SZ and BM were tested in isolation from the
surrounding zones (using beeswax) to evaluate the effect of FSW on their
electrochemical behavior without galvanic coupling effects. The area
exposed to the test solution was 0.28 cm?. All the measurements were
performed after grinding and polishing the samples to a 1 pm diamond
suspension finishing. Scanning vibrating electrode technique (SVET)
tests were carried out using an Applicable Electronics™ SVET machine
that is controlled by an Automated Scanning Electrode Technique (ASET
4.0) software. Insulated Pt—Ir probe was used as the vibrating electrode
for the SVET system. A 15 pm diameter platinum sphere was electro-
deposited at the tip of the probe. Prior to SVET tests, the machine was
calibrated using a current source connected to a calibration electrode at
a distance of 150 pm. A current value of 60 nA was used for calibration.
The conductivity of the solution used was inputted into the ASET 4
software. With the inputted conductivity, the potential difference values
recorded by the SVET were automatically converted to current density
values. For SVET tests, the probe (vibrating in planes perpendicular (Z)
and parallel (X) to the surface of the sample) was placed at 100 + 3 pm
above the surface. The amplitude of vibration was 19 pm, and the
vibrating frequencies of the probe were 174 Hz (X) and 73 Hz (Z). 35 x
25 points were obtained for each SVET map. Further details of the
description of the experiment can be found in the work of Araujo et al.
[11]. The samples from the SZ and BM were embedded, separately, in
epoxy resin and used as the working electrode. The surface of the alloy
was successively polished to a 1 pm surface finish. Adhesive tape and
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Fig. 3. (a) Bright-field image of the stir zone (SZ); (b-f) EDX maps showing the distribution of (b) Al, (c) Cu, (d) Fe, (e) Ag and (f) Zr. Black arrows indicate TB/T2

phase precipitates at grain boundaries.
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Fig. 4. DSC thermograms obtained at 10 °C/ min from the SZ and the BM of the AA2198-T8 alloy welded by FSW.

epoxy resin were used as the reservoir for the electrolyte in the SVET
tests. Experiments were performed in a 0.005 mol L™! NaCl solution for
24 h, and SVET maps were obtained every 2 h.

3. Results and discussion
3.1. Microstructural characterization
Fig. 1 (a) shows an optical macrograph of the AA2198-T8 alloy

surface welded by friction stir welding (FSW), whilst Fig. 1 (b-e) show
micrographs obtained from the surfaces of the base metal (BM) and stir

zone (SZ). The differences in the grain morphologies of these zones can
be easily seen. Fig. 1 (b) shows that the BM exhibit elongated grains in
the direction of deformation, while in Fig. 1 (c) the SZ shows recrys-
tallized grains, due to a combination of temperature and deformation
caused by the FSW tool movement. Consequently, when compared the
SZ and the BM microstructures, major variations are observed such as
those in the distribution and size of constituent micrometric particles
(Fig. 1 (d and e)). These particles are formed during alloy solidification
and do not dissolve during thermomechanical processing [24]. How-
ever, the tool movement during welding process causes breakage of
particles and their spread in the welding joint leading to a reduction in
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Fig. 5. (a) Bright-field images of the stir zone (SZ) showing the presence of Cu-enriched phases that have been identified as TB (Al,Cu,Li) and/or T2 (AlgCuLis)
phases. The arrows indicate some of these phases at grain boundaries; EDX maps showing the distribution of (b) Cu and (c) Fe in the area shown in (a).

size and particle distribution over the SZ [31,45]. Fig. 1 (d) shows the
particles in the BM aligned according to the cold working direction,
whereas in the SZ, Fig. 1 (e), they are distributed by the tool stir
movement.

The constituent particles in both zones, BM and SZ, were mainly
composed of Fe and Cu, Figs. 2 and 3, respectively. Besides, in the SZ
(Fig. 3), a large number of Cu-rich precipitates, consisting of TB
(Al;Cuyli) / T2 (AlgCuLis) phase, were found at the grain boundaries.
These precipitates were not identified in the BM indicating that these
were formed during FSW.

Besides the constituent particles, dispersoids mainly composed of Zr
were also observed and were easily identified in the BM, Fig. 2 (f), but
with reduced sizes and homogeneously distributed in the SZ, Fig. 3 (f).
Zirconium is commonly added to Al alloys to promote the formation of
dispersoids (AlsZr type) that control grain size by retarding recrystalli-
zation and grain growth [24,46]. These dispersoids are usually homo-
geneously dispersed in the matrix and have no direct effect on the alloy
corrosion resistance [12]. Also, Ag-rich particles were found sparsely
distributed in the BM of the alloy, Fig. 2 (e), but with lower sizes in the
SZ, Fig. 3 (e). According to the literature [47,48], Ag addition reduces
the solubility of Li in the Al matrix, promoting the nucleation of the T1
(AloCuLi) phase. Ag can also be found segregated at the matrix-
precipitate interface.

The T1 phase is the main responsible for hardening in the third
generation of Al-Cu-Li alloys [46]. Unlike the constituent particles, the
primary strengthening precipitates, formed through ageing during T8

thermomechanical treatment, are widely affected by the heat produced
during welding. This can lead to total or partial dissolution of these
precipitates. Consequently, differences in the volume ratio of these
precipitates across the weldment are expected. In the zones exposed to
high temperatures, dissolution of the T1 phase, partial or total, occurs,
leading to decreased hardness [33,34,49,50]. This was shown in previ-
ous work by comparison of the TEM images, temperature profile and
microhardness of the AA2198-T8 alloy welded by FSW [7]. The T1 phase
dissolution, either partial or total, resulted in the increasing softening
from the BM (160 HV(,) to the SZ (120 HVy,), which was also
confirmed by TEM analysis [7]. In the present work, the dissolution of
T1 phase is supported by differencial scanning calorimetry results by a
comparison of the thermograms of the BM and the SZ (Fig. 4). According
to literature, the exothermic peak around 270 °C and its convolutions
(peaks B’ and B”) are associated with the precipitation and coarsening of
the T1 phase [23,51-53]. The area underneath a peak of DSC test is
related to the precipitate volume fraction [51]. As observed in Fig. 4, the
area under the peak B is smaller in the BM than in the SZ, revealing that
the T1 phase in the SZ was present in lower content than in the BM,
consequently, T1 precipitation occurred in larger amounts in the SZ
compared to the BM where this phase was saturated. T1 phase dissolu-
tion occurs due to the high temperatures reached during FSW, and the
elements Al, Cu and Li from T1 phase are solubilized in the matrix.
Consequently, during the heating step of the DSC test, T1 phase in the SZ
precipitates, explaining the high and large peak. Other differences be-
tween BM and SZ were seen; for instance at about 210 °C (peak A),

Fig. 6. (a) Surface of the stir zone (SZ) of the AA2198-T8 welded by friction stir welding (FSW) after 8 h of exposure in 0.005 mol L~ NaCl solution; (b) higher
magnification of the severe localized corrosion (SLC) indicated by “1” in (a) showing intergranular attack (IGC).
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Fig. 7. SEM images of the surface of the stir zone (SZ) in the AA2198-T8 welded by friction stir welding (FSW) after 8 h of immersion in 0.005 mol L~ NaCl showing
(a) different corrosion morphologies; (b, e, g, h) severe localized corrosion (SLC); (c, f) corrosion products; and (d, i) localized corrosion (LC).

related to the dissolution of 8 (AlsLi), and around 400 °C, the endo-
thermic peak C associated with T2/TB dissolution in the SZ
[23,45,51,54-57].

Rao et al. [40] investigated the nature of precipitates found in the SZ
of the AA2198-T8 FSWed in order to understand the migration of Li after
T1 phase dissolution. According to the authors, larger precipitates were
found at grain boundaries, which were identified as T1 and TB phases,
showing reprecipitation and coarsening of precipitates at these areas. In
the present work, Fig. 3 shows several Cu-enriched precipitates detected
in the SZ (indicated by black arrows), which were not seen in BM
(Fig. 2). Since Fe was not identified in the composition of this precipi-
tate, and Li cannot be detected by EDX, these precipitates in the SZ are
most likely TB and/or T2 phases. This is supported by the literature that
reports the formation of TB/T2 phases in the SZ of Al-Cu-Li alloys, due to
T1 phase dissolution [8,39,40,45,54,56]. It is worth mentioning that,
although T1, T2 and TB are composed of the same elements (Al, Cu and
Li), they present different morphologies. The T1 phase shows needle-like
morphology, whereas the T2 and TB phases have no regular geometric
morphology [58], many of those being located at the grain boundaries,
as indicated by black arrows in Fig. 3 (a).

Fig. 5 shows a micrograph of the SZ in which large amounts of T2/TB
precipitates were found, highlighting the ones at grain boundaries
(white arrows). Due to the amounts of Cu-rich precipitates along the
grain boundaries, intergranular attack is expected in this zone due to
galvanic coupling between the grain boundaries and the Al alloy matrix.

3.2. Corrosion characterization

3.2.1. Stir zone (SZ)

Intergranular corrosion (IGC) attack was in fact the main type of
corrosion-related to localized corrosion sites, where severe localized
corrosion (SLC) was identified after 8 h of exposure to the test solution
(0.005 mol L1 NaCl), as Fig. 6 shows.

In this condition, it is possible to differentiate the localized corrosion
(LC), which is associated with the constituent particles and predominant
over the surface, from the severe localized corrosion (SLC), and indi-
cated by the arrows. Two SLC sites were identified on this surface
(numbered as “1” and “2” in Fig. 6 (a)). The features of the SLC observed
include protected zones around anodic sites and rings of corrosion
products, delimiting the cathodic region. At higher magnification
(Fig. 6b), the morphology of attack was observed revealing that the SLC
in the SZ is related to intergranular attack.

Fig. 7 shows the details of the two SLC sites (identified as “1” and
“2”) observed in Fig. 6. Site “2” was totally covered with corrosion
products, whereas site “1” was only partially shielded. These observa-
tions reveal the singularity of each site and show that they can develop
differently; pointing out that these features affect the electrochemical
response.

Fig. 8 shows the corroded surface of another sample of the SZ, after 8
h of immersion in the 0.005 mol L™} NaCl solution with the aim of
showing the effects of the constituent particles (white particles) inside
the protected zone surrounding the SLC pit. It can be seen that the
particles and the matrix surrounding them were preserved, differently
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Fig. 8. (a) SEM image showing severe localized corrosion (SLC) in the stir zone (SZ) of the AA2198-T8 Al-Cu-Li alloy welded by friction stir welding (FSW) after 8 h
of immersion in 0.005 mol L™! NaCl solution; (b) higher magnification image of the squared region in (a); (c¢) higher magnification image of region “1” in (b); (d)

higher magnification image of region “2” in (b).
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Fig. 9. Open circuit potential variation of the stir zone (SZ) samples during exposure to 0.005 mol L~ NaCl solution.

from the same kind of particles located outside the cathodically pro-
tected region (Fig. 7 d, i). This result shows that the constituent particles
did not interfere with the intergranular attack related to the SLC. No
evidence of trenching around the remaining particles was observed
(Fig. 8 ¢, d). This observation indicated that the T2/TB particles are the
main reason for the intergranular attack associated with SLC.

It also can be seen in Fig. 8 that the precipitates at the grain
boundaries were detached from the matrix. Comparing the morphology
and size of the precipitates at the grain boundaries (Fig. 5) and the
cavities originated by corrosion, it is possible to correlate the corrosion

attack with the presence of the T2/TB phase. The corrosion mechanism
related to the T2 phase is similar to that of T1 one [59,60]. Initially, the
T2/TB precipitates are anodic relative to the matrix and these particles
are activated and the anodic reaction is depolarized occurring the
preferential dissolution of Al and Li in their composition leading to Cu
enrichment in the particles. Consequently, the precipitate becomes
cathodic to the matrix, leading to polarity reversal and anodic attack of
the surrounding matrix with particles detachment from the surface.
These observations are supported by the variation of the open circuit
potential during 8 h of exposure of the sample in 0.005 mol L™ NaCl
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Fig. 10. (a-d) SVET maps obtained from the stir zone (SZ) of the AA2198-T8 Al-Cu-Li alloy welded by friction stir welding (FSW) after (a) 2 h; (b) 4 h; (c) 6 h and (d)

12 h of exposure to 0.005 mol L~ NaCl solution.
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Fig. 11. Evolution of current density values with time of immersion in 0.005 mol L™! NaCl solution for points 1, 2, and 3 of the stir zone (SZ) shown in Fig. 9 during

scanning vibrating electrode technique (SVET) test.

solution, Fig. 8.

The potential drop seen below 2 h of immersion test in Fig. 9 is due to
passive film breakdown followed by depolarization of the anodic re-
actions from increasing activation of the galvanic cells between the T2/
TB phases and the matrix. As mentioned earlier, the galvanic micro-cells
between T2/TB precipitates and the matrix lead to increasing attack of
the adjacent matrix and posterior detachment of these precipitates,
resulting in elimination of active sites. Subsequently, the passive film

reforms at the sites from which particles are removed leading to
consequent potential increase. The recovery of potential is not a fast
process, and several complex effects may influence it, justifying the
differences between the curves. First, it is influenced by the micro-
structure of the area analyzed and the quantities of T2/TB that are
indeed involved in the corrosion process. Secondly, corrosion products
formed on the anodic sites of the SLC (Fig. 7) could also be influencing
the potential of the exposed surface, since it can hinder the corrosive
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Fig. 12. (a) Optical and (b-f) SEM images of the stir zone (SZ) of the AA2198-
T8 Al-Cu-Li alloy after 24 h of exposure in 0.005 mol L' NaCl solution for
SVET analysis. (a) Optical image showing SLC sites. (b)-(c) SEM images of sites
“1” and “2”, respectively. (d) Magnified image of the area shown in (c). (e)-(f)
SEM images of sites “3” and “4”, respectively.

attack. In order to understand how these factors affect the potential,
localized analyzes were performed.

The evolution of corrosion in the SZ was monitored by scanning
vibrating electrode technique (SVET) during exposure in 0.005 mol L™
NaCl solution for 12 h (Fig. 10). In the SVET maps, the development of
SLC sites is indicated after 2 h of exposure and new sites continued to
develop along the 12 h of test. Between 6 h and 12 h of test, the current
densities related to sites 2 and 3 decreased, due to the accumulation of
corrosion products or elimination of micro-cells, by the T2/TB phase
removal. After 12 h of exposure, three SLC sites were identified. The

Materials Characterization 174 (2021) 111025

current densities related to these sites were significantly higher than
those associated with the constituent particles.

Fig. 11 compares the current densities of the three SLC sites indicated
by “17,“2” and “3” in Fig. 10 as a function of time of test. As indicated by
the ionic current density maps (Fig. 10), the development of each region
occurs independently, resulting in different behaviors. The electro-
chemical activity referring to positions “2” and “3” initially increases
reaching a maximum current after 6 h of immersion. The current
reduction observed after 6 h indicates decreased activity, likely associ-
ated with corrosion products deposition on these regions. On the other
hand, the SLC related to “1” showed no reduction in electrochemical
activity during 12 h of test and anodic current densities around 140 pA/
cm? were reached after 12 h. This result suggests that in this site the
conditions favored corrosion penetration/propagation and the pit
mouth was not obstructed by corrosion products.

Fig. 12 (a) shows the surface of the SZ after 24 h of exposure in 0.005
mol L™! NaCl solution for SVET map acquisition. As indicated by the
anodic current values, the SLC site indicated as “1” (Fig. 12 (b))
apparently resulted in greater depth of penetration compared to sites “2”
and “3”. Besides, unlike other sites (Fig. 12 (c, €)), SLC at site “1” did not
show deposited corrosion products. Comparing the surface condition
after the SVET test (Fig. 12), it is observed that all SLC regions were
associated with intergranular corrosion. In addition, the localized attack
related to the constituent particles that led to trenching was also
observed outside the cathodically protected region (Fig. 12 (f)). It must
be pointed out that due to the high current densities related to SLC, the
resolution of current densities associated with the constituent particles
by SVET was not possible.

The SVET results show that the anodic current densities were mainly
concentrated at some sites and it became more evident with time of
immersion (Fig. 10). This observation indicates that SLC sites provide
the largest contribution to the global measurements, which helps to
understand the profile observed during the OCP measurements (Fig. 9).
As initially proposed, the initial drop is related to passive film break-
down and galvanic coupling between T2/TB phases and the matrix. This
last phenomenon is reflected by the local increase in the current density
(Fig. 11). As observed by the SVET maps, the current density is pre-
dominantly reduced over time, thus, the recovery of potential can be
related to the decreased electrochemical activity on the majority of the
exposed area, either by particles detachment or accumulation of corro-
sion products on the SLC sites.

3.2.2. Base metal (BM)

Fig. 13 shows the corrosion features in the BM after 8 h of exposure to
the 0.005 mol L™! NaCl solution. SLC was found and it was related to
intragranular attack inside the area surrounding the pit mouth and also
trenching was related to localized corrosion due to the constituent
particles. Different from the features associated with the SLC in the SZ,

Fig. 13. (a) Optical micrography of the surface of the base metal (BM) of the AA2198-T8 Al-Cu-Li welded by friction stir welding (FSW) after 8 h of immersion in
0.005 mol L! NaCl solution; (b) higher magnification of the severe localized corrosion (SLC) indicated in (a).
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Fig. 14. (a) Surface of the base metal (BM) of the 2198-T8 Al-Cu-Li alloy welded by friction stir welding (FSW) after 8 h of immersion in 0.005 mol L1 NacCl showing
different types of corrosion morphologies; (b, d, e) higher magnification of severe localized corrosion (SLC) indicated by “1” in (a); (b, c, f) higher magnification of
severe localized corrosion (SLC) indicated by “2” in (a); (g-i) localized corrosion associated with constituent particles; (j-1) corrosion products.

the area surrounding the SLC was not well defined due to the intra-
granular attack related to this type of attack and the elongated charac-
teristics of the grains in this zone, and, consequently, the asymmetric
current distribution.

Observation of the SLC in Fig. 13 at higher magnification (Fig. 14)
shows the intragranular attack in the BM leading to the consumption of
some grains and deposition of corrosion products at some sites (Fig. 14
b). The attack propagated through thin pathways inside the grains
(Fig. 14 e), likely subgrain boundaries considering that the BM is not
recrystallized. Besides the preferential precipitation of T1 phase at dis-
locations, this phase also favorably precipitates at subgrain boundaries.
In a previous work [7] it was shown that T1 phase is abundant in the
AA2198-T8 alloy, resulting in galvanic microcells between T1 phase and
matrix and rapid corrosion propagation. The mechanism of corrosion
attack related to T1 phase was previously mentioned and it is similar to
that of the T2/TB phase, showing polarity reversal from anodic to

10

cathodic due to selective Li dissolution and Cu- enrichment of the
remaining phase [59].

Similar to the SZ, in the BM, the constituent particles located at the
cathodically protected areas surrounding the mouths of the SLC pits
remained preserved. The SLC site “2” (Fig. 14 e, f) presents similar
features to the pathways observed in “1”. However, the extension of the
attacked areas was smaller in “2”. Interestingly, sites “1” and “2” showed
differences in corrosion products. It is proposed that site “2” corresponds
to an early stage of SLC evolution when the amount of corrosion prod-
ucts generated is not sufficient to lead to their release from the surface.
Fig. 14 (g-i) show trenching related to the micrometric particles outside
the cathodically protected zone, while Fig. 14 (j-1) show corrosion
products away from the SLC site. The similar behavior of constituent
particles (Fig. 7 d and Fig. 14 h) in the SZ and BM confirms that these
particles present the same behavior, cathodic to the matrix.

Fig. 15 shows the potential variations of the BM samples during 8 h
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Fig. 15. Open circuit potential (OCP) variation with time of immersion in 0.005 mol L~! NaCl solution for the base metal (BM) samples.

of exposure in 0.005 mol L™ NaCl solution. The initial decrease in po-
tential is due to passive film breakdown and depolarization of the anodic
reactions in the test solution. However, potential increase does not occur
in the BM and only potential oscillations along the test were observed,
which is explained by the increased activation of new sites at the
exposed surface followed by accumulation of deposited corrosion
products on the active sites, as shown in Fig. 14 (j) — (1). These processes
may occur simultaneously since the potential is kept approximately
constant during the test, that is, the new SLC sites generated should
provide a large current density to maintain the low potential even if
other sites are obstructed.

-2 0 2
X/ mm

The development of localized attack in the BM was also monitored by
SVET during exposure to 0.005 mol L™ NaCl solution (Fig. 16). After 2
h, two SLC sites (1 and 2) were identified and remained highly active up
to 6 h. Between 6 and 12 h, the electrochemical activity measured at
these two SLC sites decreased. At this period, electrochemical activity
was detected at a new site (site 3). It is proposed that the decrease in
current density related to sites “1” and “2”, between 6 and 12 h, was due
to deposition of corrosion products at the mouths of the pit, hindering
detection of the currents. At this same period, a new SLC area indicated
as “3” was identified, as illustrated in the SVET map corresponding to 12
h of exposure.

I (mA/cm?)

100
80

X/ mm

Fig. 16. Scanning vibrating electrode technique (SVET) maps of the base metal (BM) of AA2198-T8 obtained at (a) 2 h; (b) 4 h; (c) 6 h and (d) 12 h of exposure in

0.005 mol L™! NaCl solution.
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Fig. 17. Current density values obtained at points 1, 2, and 3 of the BM, shown
in Fig. 16, as a function of time of exposure in 0.005 mol L~ NaCl solution.
Current density values were estimated from the SVET results.

Table 1
Comparison of the characteristics observed in the SZ and the BM.
SZ BM
Main microstructural characteristic related to T2/TB T1
SLC
Localized current density at SLC sites Max 140 pA/ Max 250 pA/
(comparatively) cm? cm?

Fig. 17 displays the current density evolution as a function of time for
the three SLC sites in Fig. 16. The maximum anodic current measured in
the three sites varied in the range (170-250) pA/cm?, that is, all above
the maximum current density associated with the SLC related to the SZ,
with values around 140 pA/cm?. In addition, the period necessary to
reach the maximum value of current can be very short, like 2 h, as
observed by the behavior of site “3”. These results suggest that SLC is
more severe in the BM than in the SZ. Moreover, the results support the
premise of new sites being activated with time of exposure to the test
solution, providing sufficient current density to keep almost constant the

Intragranular
SLC
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potential, despite some SLC sites in the BM were shielded by corrosion
products.

3.2.3. Stir zone versus base metal

Although in literature [14,23,61] the SLC in Al-Cu-Li alloys has been
commonly associated with the T1 phase, in this work, SLC was also
observed in the SZ related to T2/TB phase. SVET results of the BM
showed high current densities (above 150 pA/cmz) only after 2 h of
exposure to the test solution, a phenomenon related to the high elec-
trochemical activity of the T1 phase, producing SLC associated to
intragranular attack. On the other hand, in the SZ, SLC was related to
intergranular attack due to T2/TB phase precipitated at grain bound-
aries. SVET measurements showed lower current densities for SLC in the
SZ comparatively to the SLC at the BM. The current density values
associated with the localized corrosion (LC) caused by the constituent
particles Cu and Fe rich were significantly lower than those associated to
the SLC and, consequently, were not resolved by SVET.

The electrochemical behavior of the SZ and BM showed significant
differences, which could be easily identified by comparing the open
circuit potential variation with time of the two tested zones. In the SZ,
the variation of potential comprises drop followed by potential rise, with
minimal oscillations, whereas in the BM the main drop was followed by
continuous oscillations, with the potential being maintained at low
values. These differences were explained by the distribution and char-
acteristics of the nano-sized precipitates, summarized in Table 1. As
mentioned previously, the current density provided by SLC associated
with the T1 phase is superior to that of the attack related to T2/TB
phases. Also, in both cases, SLC sites can be covered by corrosion
products. However, to maintain the open circuit potential value
measured after the main drop, the new SLC sites generated must provide
sufficient current density to maintain the low potential values along the
immersion test. Due to great amount of T1 phase inside grains of
AA2198-T8 alloy [7,23,44], the micro-cells (T1 phase and matrix) can
quickly connect each other facilitating the attack propagation that re-
sults in SLC [23] with high level of current density. Consequently, the
potential in the BM is maintained at low values, even if corrosion
products, due to the continuous activation of new electrochemical active
areas, cover SLC sites. Thus, in the BM, oscillations are observed which
are related to the competition between corrosion attack and deposition
of corrosion products on the SLC sites hindering the access of the

Intergranular
SLC

Welding Joint
16 mm

Phases density scale
Lower BB N Higher

Fig. 18. Schematic diagram illustrating the differences between severe localized corrosion (SLC) observed in the base metal (BM) and the stir zone (SZ) of AA2198-

T8 alloy welded by FSW.
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corrosive medium to the Al alloy.
Fig. 18 presents a schematic diagram correlating precipitates, zones
of welding and corrosion morphology of SLC.

4. Conclusions

The results of this study showed that the SZ of the AA2198-T8 Al-Cu-
Li alloy welded by FSW present significant differences in its micro-
structure relatively to that of the BM with T1 phase dissolution and
precipitation of T2/TB phase during FSW at the SZ. Electrochemical
results showed also important differences in the maximum current
densities related to the two zones, SZ and BM. Corrosion attack in the SZ
was intergranular related to T2/TB phases preferentially precipitated at
the grain boundaries. In the BM, corrosion attack was intragranular and
related to T1 phase precipitated mainly at dislocations inside the grains.
Localized corrosion (LC) resulting in trenching was related to the Cu-
and Fe-enriched constituent particles and associated with lower current
densities compared to SLC.
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