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A B S T R A C T

The effect of friction stir welding (FSW) on the microstructure and localised corrosion behaviour of the dissimilar
weld of AA2099 T83 and AA2060 T8E30 alloys is investigated. FSW results in a drastic change in the micro-
structure thus altering their corrosion behaviour. The heat-affected region exhibits similar attack morphology to
their respective base metal but is the most protected region. The stir zone (SZ) is the most susceptible to attack.
During immersion of the entire weld, attack initiation occurs from the AA2060 SZ due to galvanic activity within
the region caused by the overlap of the grains in the weld zone.

1. Introduction

The use of aluminium alloys has steadily increased in the last few
decades due to their advantages such as being lightweight, high corro-
sion resistance, and having very good thermal and electrical conduc-
tivity [1–4]. One of the most widely used aluminium alloys in aircraft
manufacturing is the AA2024 T3 alloy, a high-strength and lightweight
alloy [5,6]. The new third-generation aluminium-lithium (Al-Li) alloys,
such as the AA2099 and AA2060 alloys which have a lithium content of
less than 2%, are considered as possible candidates to replace the
AA2024 alloy in aerospace structures, due to their highly desirable
combination of mechanical properties [7–9].

The AA2099 alloy has been found to save up to 14%weight onmajor
structural components of the aircraft wings. In addition, the AA2099
alloy exhibits higher transverse ductility (6% increase), excellent stress
corrosion cracking resistance, and toughness compared to its predeces-
sor in the 2nd generation (AA2090 alloy) [10]. The AA2060 alloy also
provides exceptional mechanical properties such as high stiffness (20%
higher than AA2024 T3) and high strength-to-weight ratio (25% higher
than AA2024 T3). It has been specifically developed for aerospace
components such as the fuselage panels, and upper and lower wing
structures of jetliners due to its low density [9,11,12].

Despite their numerous advantages, these Al-Li alloys are susceptible
to localised forms of corrosion, which has been associated with the high
reactivity of Li and the resultant Li-containing intermetallic phases [13].
The T1 (Al2CuLi) phase particles are the primary strengthening phase
and dictate the strength level of the Al-Li alloy [14]. Although the T1

phase is very beneficial for the mechanical properties of Al-Li alloys [15,
16], the effect it has on the corrosion behaviour of the alloy is still
controversial. Buchheit et al. [16] determined that the T1 precipitate is
highly active compared to the matrix, resulting in local galvanic cells
around these particles in a corrosive environment.

Friction stir welding (FSW) is a solid-state welding technique which
produces high-integrity joints in difficult to weld materials such as
aluminium, copper, and magnesium [17]. During FSW, the alloys un-
dergo heavy plastic deformation, heat cycles, and recrystallization
which causes numerous microstructural changes such as grain growth
and refinement, local compositional changes and added impurities.
Unlike other welding methods, such as tungsten inert gas (TIG) welding
or laser welding, FSW does not lead to metal fusion since the tempera-
tures used for joining are slightly below the melting point of the metal or
alloy [18]. FSW leads to four characteristic zones in the joined samples:
the stir zone (SZ), the thermo-mechanically affected zone (TMAZ), the
heat-affected zone (HAZ), and the base metal (BM) [17,19,20]. The
microstructural differences between the various zones in the friction
welded joint and the presence of various intermetallic particles in them
can alter the electrochemical behaviour of the individual zones and
induce preferential corrosion susceptibilities or galvanically enhanced
dissolution of active regions [21,22]. Due to their metallurgical
complexity, the corrosion susceptibilities of these Al-Li alloys friction
stir weldments are unpredictable. Cai et al. [1] proposed that during
welding of the AA2060 alloy, the heat generated promotes the dissolu-
tion of the T1 phase particles, while the stirring motion of the tool causes
fragmentation and re-distribution of the coarse particles in the SZ and
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TMAZ. This was also concluded by Donatus et al. [23] in their work on
the FSW of AA2198 alloy.

Current literature on FSW of Al alloys and especially Al-Li alloys is
predominantly limited to welding a single alloy [1,3,23–33]. The
welding of dissimilar alloys and their electrochemical behaviour pre-
sents a substantially complex scenario due to the different chemical
compositions of the alloys and the formation of a mixed stir zone of the
two alloys. Bertoncello et al. [34] observed that the boundaries of the
mixed stir zone of dissimilar welds present defects related to the welding
process such as cold hooks, where the two alloys are not joined properly.
These defects can cause failure of the weld joint since they are sites for
nucleation of fatigue cracks. Meanwhile, Fattah-alhosseini et al. [35]
observed that the transition between the two alloys in the mixed stir
zone of the weld is rather apparent, which allowed them to discriminate
the layers of each alloy in the stir zone. Additionally, they found that
FSW led to grain refinement and the breakdown/dissolution of inter-
metallic particles in the SZ.

It has been suggested that FSW of dissimilar alloys leads to a joint
region that is not necessarily superior to its parent alloys, but rather
exhibits middling properties with regard to its electrochemical behav-
iour [35]. However, the weld region is usually more susceptible to
localized corrosion compared to the base material due to the coarsening
and dissolution of intermetallic particles and precipitates [34–36].
These factors have been reported to play a major effect in the changes in
the corrosion behaviour of the weld zones. Nevertheless, there is a lack
of research on the FSW of dissimilar aluminium-lithium alloys. There-
fore, it is of utmost importance to investigate the corrosion behaviour of
dissimilar weld joints of such Al-Li alloys, especially their mixed stir
zone, if they ever replace the current generation of Al alloys.

The present work aims to investigate the effect of friction stir
welding on the microstructure of aluminium-lithium alloys - AA2060
T8E30 and AA2099 T83, and to subsequently study the electrochemical
response of the individual weld zones and the entire weld in saline
aqueous conditions. The combination of AA2060 T8E30 and AA2099
T83 alloys welded by FSW in a lap configuration was selected for this
work since these alloys are potential candidates for their application as
skin and stringer in the fuselage panels of airplanes. Microstructural
characterisation of the weld zones was performed using scanning elec-
tron microscopy (SEM) and optical microscopic techniques to investi-
gate the differences between the weld zones. Electrochemical tests –
open circuit potential (OCP), linear polarisation resistance (LPR), and
potentiodynamic polarisation were carried out locally in individual
weld zones to determine the corrosion behaviour and quantify the
corrosion kinetics of each region. The role of intermetallic particles on
the corrosion behaviour and the morphology of the corrosion attack and
its evolution with time was investigated by in-situ time-lapse imaging
during immersion of the individual weld zones. Finally, the performance
of the entire weld in a corrosive environment was evaluated using
scanning Kelvin probe (SKP) to map the surface potential of the weld
along with in-situ time-lapse imaging during immersion of the entire
weld joint.

2. Experimental

2.1. Materials

Commercially produced friction stir welded samples of Z-shaped

extrusion of AA2099 T83 alloy and a cold-rolled sheet of AA2060 T8E30
alloy were provided by LORTEK Technological Centre (Ordizia, Spain).
The chemical composition of both alloys is given in Table 1.

A rotational speed of 1200 rpm and a 250mm/min welding speed in
force control mode with an axial force of 6.25 kN was applied to weld
the sample using friction stir welding [37].

2.2. Sample preparation

Sections of the sample were cut perpendicular to the welding di-
rection to obtain cross-sectional samples of the entire welded region in
4.5 mm×23.5mm rectangular coupons. The samples were mechanically
grinded from 180 – 4000 grit using silicon-carbide abrasive papers and
distilled water as a lubricant. This was followed by polishing using 3 µm
and 1 µm diamond pastes to obtain a mirror finish surface. The samples
were then rinsed with distilled water, followed by ethanol and dried
using filtered compressed air.

2.3. Microstructure evaluation

The samples were etched to perform the microstructural evaluation
using Keller’s reagent (1mL HF + 2.5mL HNO3 + 1.5mL HCl + 95mL
H2O) for 10 seconds. Etched samples were rinsed using distilled water,
followed by ethanol and dried using filtered compressed air. Micro-
structural characterisation was performed using a Keyence VHX 5000
digital microscope, Leica DM-LM optical microscope, and JEOL JSM
IT100 Scanning Electron Microscopy (SEM) fitted with Energy Disper-
sive X-ray Spectroscopy (EDS) to evaluate the elemental analysis of the
specimen. The cross-sectional SEM surface characterisation of the weld
zones was performed at 5 kV, collecting backscattered electrons. The
EDS spectra were analysed using the JEOL software of the SEM-EDS
system, while the optical micrographs were analysed using ImageJ,
and SEM images using Adobe Photoshop CC 2019.

To obtain the average grain area within each weld zone of the alloys,
15 grains in each zone were selected at random and their area was
calculated using Adobe Photoshop CC 2019. The mean value of these
measurements was then tabulated along with their standard error. The
distribution (population) density of intermetallic particles and their
average area were also obtained using Adobe Photoshop. To determine
this, the colour range and contrast of each type of particle was selected
within the SEMmicrographs. Next, the threshold was adjusted to ensure
that the selection was not affected by the brightness of the image.
Finally, the images were analysed by the software to ascertain the dis-
tribution density (area % of coverage) of the particles and the average
area (μm2) of the intermetallic particles.

2.4. Micro-hardness testing

Vickers micro-hardness measurements were carried out using a
Struers DuraScan micro-hardness testing machine with a load of 0.5 kgF
and a dwell time of 10 s. An edge distance of 0.5mm and a distance of 10
D (diameter of the tip) was maintained between every two consecutive
indentations. Experiments were repeated two additional times to ensure
the reproducibility of the results. The mean of the recorded measure-
ments was calculated with the standard deviation and standard error.

Table 1
Chemical composition of the AA2060 T8E30 and AA2099 T83 alloys [37].

Chemical Composition (wt%) of the AA2060 T8E30 and AA2099 T83 alloys

Si Fe Cu Mn Mg Zn Ti Ag Li Zr
AA2060 T8E30 0.07 0.07 3.4–4.5 0.1–0.5 0.6–1.1 0.3–0.5 0.1 0.05–0.5 0.6–0.9 0.05–0.15
AA2099 T83 0.05 0.07 2.4–3.0 0.1–0.5 0.1–0.5 0.4–1 0.1 - 1.6–2.0 0.05–0.12
Aluminium: Remainder
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2.5. Electrochemical measurements

The electrochemical experiments were conducted in a 3-electrode
electrochemical cell using a Biologic VSP-300 Potentiostat and EC-lab
collection software. The sample was used as the working electrode, a
platinum plate mesh as a counter electrode, and an Ag/AgCl (saturated
KCl) reference electrode. All experiments were conducted in a freshly
prepared 0.1M NaCl aqueous solution of near-neutral pH in aerated
conditions at room temperature. Experiments were repeated threefold to
confirm the reproducibility of the results. Samples were masked using a
90 μm thick extruded PTFE 5490 tape (3M Ltd) on which a 1mm
diameter opening was made using a biopsy needle to isolate an exposed
area of 0.008 cm2. The working electrode was connected to the poten-
tiostat using copper adhesive tape (3M Ltd). Since the TMAZ regions in
both alloys are very narrow, less than 0.5 mm in width, experiments
were not performed for this region as the zone did not fall within the
resolution of the experimental apparatus and could not be isolated.

The open-circuit potential (OCP) and linear polarisation resistance
(LPR) were monitored over a period of 24 h. OCP was measured for 1-h
intervals, after which the LPR was measured with a sweep rate of
0.167mV/s at ±10mV versus OCP. Potentiodynamic polarisation tests
were performed by linear sweep voltammetry. Anodic and cathodic
polarisation curves were recorded separately. Samples were kept at OCP
condition for 2 h prior to polarisation to reach steady state. A sweep rate
of 0.167mV/s was applied between –0.05 and +1 V vs OCP for anodic
polarisation, and between +0.05 and –1 V vs OCP for cathodic polar-
isation. Tafel extrapolation was performed using the EC-lab software to
obtain the corrosion potential (Ecorr) and the corrosion current density
(icorr) of the sample using the Stern equation.

2.6. In-situ time-lapse immersion tests

The in-situ time-lapse imaging during immersion was based on the
approach by Sullivan et al. to reveal localised corrosion mechanisms and
preferential phase attacks in the microstructure of the sample [38]. Tests
were carried out over a period of 24 h in a freshly prepared 0.1M NaCl
aqueous solution of near-neutral pH at room temperature.

For the immersion test on individual weld regions of the alloys, the
polished and etched samples were masked with 90 μm thick extruded
PTFE 5490 tape (3M Ltd) in which a defect of 0.5mm diameter was
made using a biopsy needle to isolate an exposed area of 0.002 cm2. The
samples were then secured inside a petri dish using an arrangement of
double-sided tape and PTFE tape. An optical microscope (Leica DM-LM)
fitted with a Lumenera Infinity I camera was used to observe the sample
and record digital images. A submersible cap with a thin microscopic
glass window was used as a protective cover for the objective lens to
prevent contamination and damage. The petri dish was filled with
250mL of freshly prepared 0.1M aqueous NaCl and the optical focus
under the objective lens/camera was adjusted to obtain clear in-situ
images of the exposed sample area. The in-situ time-lapse immersion
tests were not performed on the TMAZ regions of the alloys since they
could not be individually isolated due to their extremely narrow width.

For the immersion test on the entire weld region of the alloys, the
polished sample was secured inside a petri dish using a similar
arrangement of double-sided and PTFE tapes. A high-resolution camera
(12 megapixels), mounted on a tripod stand, was used to observe the
sample and record digital images. The petri dish containing the sample
was then placed under the microscope/camera and was filled with
250mL of freshly prepared 0.1M NaCl solution as the electrolyte. Dig-
ital images were taken using the Infinity Analyze software at 1-min in-
tervals for 24 h using the time-lapse function of the camera. After the
end of the experiment, at 24 h, the samples were de-smutted in a solu-
tion of 30% HNO3 for 15 s to remove the corrosion products from the
surface. The de-smutting process was limited to 15 s to avoid any added
corrosion attack or microstructural changes to the surface. The de-
smutted samples were then studied under SEM at 5 kV collecting

emitted secondary electrons.

2.7. Scanning Kelvin Probe (SKP)

SKP measurements were carried out using a KP Technology SKP
5050 system with a relative humidity chamber. The SKP was operated
using a gold probe tip with a 0.5mm circular flat end. The probe was set
to vibrate at a frequency of 65 Hz with an amplitude of 40 µm. Mea-
surements were taken using a sample backing voltage, VB, in the range of
± 6600mV. Prior to each experiment, the probe was calibrated to avoid
a potential shift of the probe. The measured electrode potentials are in
reference to the standard hydrogen electrode (SHE) after calibration
against Cu/CuSO4 (0.316 V vs SHE) [39].

The polished sample was taken and 1mL of freshly prepared 0.1M
NaCl solution was applied on the surface of the sample. Once the
moisture evaporated under ambient conditions, a thin homogeneous
film of salt was formed on the surface of the sample. The sample was
then placed on the stage in the relative humidity chamber. The RH was
set to 93% at room temperature (21◦C) and allowed to stabilise. The
moisture in the chamber rehydrated the salt crystals on the surface thus
creating a film and behaving as an electrolyte. The total area to be
scanned was 16.3mm×3.3mm mapped at a step size of 0.317 μm. The
distance between tip and surface was kept constant by using the gradient
constant function.

3. Results and discussion

3.1. Microstructure analysis of the FSW Al-Li alloys

The cross-sectional sample of the weld joint is shown in Fig. 1a. The
extruded AA2099 alloy is located on the top, whereas the cold-rolled
sheet AA2060 alloy is located at the bottom. The alloys were welded
using FSW, resulting in the formation of different zones due to the
deformation and thermal cycle each region undergoes. Fig. 1b shows the
entire weld joint of the alloys corresponding to the boxed area from
Fig. 1a.

An irregular basin shape is observed in the weld centre, which rep-
resents the stir zone (SZ) of the welded alloys. The SZ is formed due to
recrystallisation caused by severe plastic deformation and high tem-
peratures during welding [18]. It is the region that roughly corresponds
to the path of the pin during FSW [17]. The region towards the bottom of
the SZ, encircled in Fig. 1a and Fig. 1b, corresponds to the joined region
of both alloys and is referred to as the weld nugget. As the temperatures
in FSW are insufficient for metal fusion [18], an overlapping of the al-
loys is observed here (Fig. 1b), indicating that this region (AA2060 SZ)
consists of alloying elements from both alloys, thus forming a banded
structure. This effect has also been observed in friction stir weldments of
other dissimilar aluminium alloys [34,35,40,41].

Next to the SZ, a narrow region of less than 0.5 mm in width sur-
rounds it in both alloys. This region is known as the thermo-
mechanically affected zone (TMAZ). This zone, too, undergoes defor-
mation and thermal cycles during welding. However, the strain and
temperature experienced by this region are lower than those of the SZ.
Numerical simulations by finite element analysis have shown that the
temperatures in the TMAZ regions are approximately 22 % lower than
that of the SZ [18]. Therefore, the TMAZ retains the microstructure of
the base metals even after distortion of the grains induced by the severe
stirring motion of the tool pin [31]. The heat-affected zone (HAZ) lies
next to the TMAZ regions, as seen in Fig. 1b. This region does not un-
dergo plastic deformation, and the temperatures during welding are
much lower here than in the SZ (50–55 % lower) and the TMAZ
(30–32 % lower) [17,18]. The base metal (BM) is the region unaffected
by the welding process and is located on either end of the weld sample.

The Vickers micro-hardness values were measured along the entire
weld joint cross-section for both alloys, as seen in Fig. 1b, indicated by
row 1 (red line) for the AA2099 alloy and row 2 (yellow line) for the
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AA2060 alloy weld regions. The respective micro-hardness profiles are
shown in Fig. 1c and 1d. The highest hardness values in the two profiles
are observed for the base metal of both alloys, 167 ± 2 HV for the
AA2099 BM and 181 ± 3 HV for the AA2060 BM. It has been found that
the hardness of the alloys stems from the production and strengthening
methods, such as extrusion for the AA2099 alloy and cold rolling for the
AA2060 alloy [42–44].

The AA2099 alloy weld section exhibits an irregular W-shaped
micro-hardness profile (Fig. 1c). This irregular W-shaped profile has also
been observed for the weldments of other friction stir welded Al alloys
[31,32,45], thus demonstrating that the hardness profile is related to the
geometry of the weld. The AA2060 alloy, on the other hand, presents an
irregular V-shaped micro-hardness profile across its weldment, as
observed in Fig. 1d. For both alloys, the micro-hardness decreases to-
wards the centre of the weld joint. In the AA2060 alloy, the lowest
microhardness corresponds to the SZ region of the alloy at 128 ± 1 HV.
However, for the AA2099 T8E30 alloy, the lowest microhardness of 109
± 3 HV is observed at the HAZ-TMAZ interface, whereas the SZ of this
alloy exhibits higher hardness values (125 ± 4 HV). This phenomenon
has been reported by other researchers as well for the FSW of Al-Li alloys
and is discussed later on [23,41].

The typical microstructure of the various weld zones (BM, HAZ, and
SZ) of the AA2060 and AA2099 alloys, observed by SEM, are shown in
Fig. 2(a-c) and (d-f), respectively. The BM of the AA2060 alloy has
extremely large and flat grains, shown and marked in Fig. 2a (black
outline), with an average grain area of 52792 ± 12491 µm2, formed due
to the cold rolling process [43]. The average grain area of the weld zones
for both alloys, determined by image analysis of the SEMmicrographs in
Fig. 2, are compiled in Fig. 3. The coarse constituent particles were
identified as the bright spots on the surface (yellow circles) due to the
heavier elements in them compared to the alloy matrix. An EDS point
scan revealed that these particles were Cu-rich intermetallics with either
Mg or traces of Mn and Fe. It is suggested that these coarse particles in
the AA2060 alloy could be the S′ phase (Al2CuMg) particles and the
Al-Cu-Fe-Mn intermetallic particles [1,12,45].

The dark particles observed on the surface (Fig. 2) were assumed to
be dispersoids and/or hardening precipitates in the alloy given their
dimensions and locations [1,45–47]. Since these particles usually are
very small in size, in the order of nanometre for the hardening pre-
cipitates and nano–micrometre range for dispersoids, they could not be

characterised with the current apparatus. Additionally, lithium cannot
be detected by EDS due to its very low energy of characteristic radiation
(Z=3), which further restricts the analysis. It is known that hardening
precipitates are mostly pinned to the dislocation sites and grain
boundaries, whereas the dispersoids are homogeneously distributed in
the alloy [46,48]. For the case of AA2060, the hardening precipitates
reported in the literature are the T1 (Al2CuLi), δ′ (Al3Li), and θ′ (Al2Cu)
particles, while the dispersoids present are the β′ (Al3Zr) phase articles
[1,45,48,49].

Fig. 4 presents the distribution (population) density of the interme-
tallic particles in the weld zones of each alloy, while Fig. 5 compiles the
average size of the intermetallic particles within the weld zones. These
results were obtained by image analysis of the SEM micrographs by
considering the contrast of the images, i.e. bright particles represent
coarse constituent particles and dark spots represent dispersoids and
hardening precipitates [23,46,50]. While we could not differentiate
between the hardening precipitates and dispersoids from image analysis
of the SEMmicrographs, we have used the microhardness measurements
from Fig. 1(c, d) to complement our analysis. Previous investigations
have established that the distribution of hardening precipitates, such as
T1 and S′, in the zones of a welded sample can be directly related to the
microhardness measurements along the weld profile [21,23,29,32,36],
i.e. lower microhardness corresponds to lower distribution of the
hardening precipitates.

Fig. 2d shows the typical microstructure of the AA2099 alloy base
metal with much smaller grains, with an average grain area of 46 ±

11 µm2. These refined grains are formed due to recrystallisation of the
grains during hot extrusion of the alloy [42]. The coarse constituent
particles were found to be Al-Cu-Fe-Mn particles of both low and high Cu
content. Ma et al. [46] suggested that these particles with different Cu
content were formed during the production processes of the AA2099
alloy and revealed that they exhibit different electrochemical behaviour
from each other. A higher distribution density (population) of hardening
precipitates and/or dispersoids is observed in the AA2099 alloy (~30 %)
as compared to the AA2060 alloy (Fig. 4(b)). Based on the literature, the
precipitates that are usually present in this alloy are the T1, δ′, and θ′
particles [9,42,46,50–53]. In contrast, the dispersoids present are
mostly β′ phase particles and Al-Cu-Mn-Li intermetallic particles [42,46,
50–52,54].

The HAZ of AA2060 and AA2099 alloys are seen in Fig. 2b and 2e,

Fig. 1. (a): Optical image of cross-sectional sample of the FSW AA2099 and AA2060 alloys, (b): Optical micrograph of the weld joint showing the respective weld
zones in both alloys, (c): Microhardness profile of the AA2099 alloy weld joint (Row 1 – red line), and (d): Microhardness profile of the AA2060 alloy weld joint (Row
2 – yellow line).
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respectively. The grains of this region are much smaller compared to the
BM, with a 60 % reduction for the advancing side (AS) and a 65 %
reduction for the retreating side (RS) in terms of average grain area for
the AA2060 HAZ (Fig. 3). For the AA2099 HAZ, the RS exhibits a
reduction in average grain area by 11 %, whereas the AS exhibits an
increase in the average grain area by 24 % compared to the base metal of
this alloy. It has been suggested that the coarsening (increase in size) of
the grains in the HAZ AS of the AA2099 alloy is induced by the thermal
effect during FSW [41]. Nevertheless, it is evident that the grain
morphology of the HAZ region is similar to that of their parent alloy.

The distribution density of the intermetallic particles in the HAZ
regions was found to be lower than the BM of their respective alloy
(Fig. 4(a, b)). It is also observed that the coarse particles are much
smaller within the HAZ regions, as seen in Fig. 5(a, b), especially for the
AA2060 HAZ (approx. 40 % smaller than BM). These changes were also
attributed to the FSW process, during which the heat generated helps in
the dissolution of the precipitates. In contrast, the plastic deformation
induced by the rotational movement of the tool changes the grain
orientation and aids in the breakdown and redistribution of the coarse
particles [1]. The dissolution of strengthening precipitates is also evi-
denced from the micro-hardness profiles of both alloys (Fig. 1c-d),
where hardness reduction is observed towards the weld centre. The
lowest microhardness that is observed in the HAZ-TMAZ interface of the

AA2099 alloy is attributed to both the coarsening of grains in the HAZ
region and dissolution of precipitates at the interface induced by the
thermal effect of FSW [1,37,41].

The main differences in the microstructure between the HAZ AS and
RS of either alloy are the differences in average grain area (Fig. 3), and
the average size (Fig. 5) and distribution density (Fig. 4) of intermetallic
particles, as discussed above, which were determined by detailed image
analysis of the SEMmicrographs. It has been found that these differences
arise due to the asymmetry effects of FSW [55], during which the tem-
perature distribution and relative speeds of plastic material on either
side of the weldment are not the same [25,45,48].

The SZ of the AA2060 and AA2099 alloys (Fig. 2c and 2f) exhibit fine
recrystallised grains, much smaller than the BM of their corresponding
alloy. The reduction in average grain area for the AA2099 SZ is 62 %,
whereas the reduction for the AA2060 SZ is a drastic 99.95 %, compared
to the base metal of each alloy (Fig. 3). The coarse particles are very fine
in this region and their distribution density is the lowest here, with a
67 % lower distribution for AA2060 SZ and 53 % lower distribution for
AA2099 SZ compared to the intermetallic distribution density of their
respective base metals (Fig. 4 and Fig. 5). This is due to the breakdown
and redistribution of these particles during FSW [27]. It has been re-
ported that the hardening precipitates in the SZ regions, such as T1 in the
AA2099 and T1 and S′ in the AA2060 alloys, are completely dissolved

Fig. 2. Typical microstructure of the weld zones observed under SEM for AA2060 alloy: (a) BM, (b) HAZ, (c) SZ, and AA2099 alloy: (d) BM, (e) HAZ, (f) SZ. The
coloured circles highlight a few examples of the intermetallic particles in the alloy matrix. The hardening precipitates are selected at/near the grain boundaries and
the dispersoids are selected inside the grains.
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due to the thermal influence during FSW [1,27,45]. This results in a
severe drop in the micro-hardness of these regions, as seen in Fig. 1c and
1d, since the precipitates are the main strengthening phase particles in
these alloys [16]. It has also been established by Donatus et al.[27] that

due to the dissolution of the hardening precipitates, the Li content in the
solid solution of this region increases. However, this could not be
confirmed since Li is undetectable by EDS analysis.

The dissolution of hardening precipitates in the SZ, as suggested by
several researchers [1,27,45] and confirmed by the microhardness
measurements, is not particularly evident from Fig. 4 (distribution
density of intermetallic particles). This is due to the fact that during
image analysis, both the dispersoids and the hardening precipitates are
considered together as both are seen as dark particles in the SEM mi-
crographs in Fig. 2. Therefore, even though there may be no hardening
precipitates in the SZ, particles are still visible and quantified, indicating
that dispersoids are still present in the region. Similar behaviour is also
confirmed by the analysis in Fig. 5. As mentioned earlier, The disper-
soids are larger than the hardening precipitates, resulting in a higher
average size of the hardening precipitates and dispersoids within the
HAZ and SZ regions compared to the BM. However, we do know that the
BM has the highest concentration of dispersoids and hardening pre-
cipitates, the latter of which reduces the average size, as shown in Fig. 5.

The SZ of the AA2060 alloy, which corresponds to the weld nugget,
exhibits an interesting microstructure due to the overlapping of alloys,
as mentioned earlier. This overlapping within the SZ occurs due to the
rotational movement of the tool pin during FSW, which causes stirring of
the grains from both alloys [17]. Hence, the AA2060 SZ consists of layers
of grains from the AA2060 alloy and the AA2099 alloy, as seen earlier in
Fig. 1b. This feature of overlapping layers forming a banded structure
was also observed by Bugarin et al. [22] in the dissimilar FSW of AA2024
and AA7475 alloys.

3.2. Electrochemical response and corrosion behaviour of the individual
weld regions of the alloys

The electrochemical tests performed on the alloys give an insight into
various details of the corrosion behaviour and quantify the corrosion
kinetics of each weld zone. Additionally, in-situ time-lapse imaging
during immersion tests was carried out to monitor the initiation and
propagation of corrosion attack.

Fig. 3. Average grain area measured for the (a) AA2060 alloy weld zones, and
the (b) AA2099 alloy weld zones.

Fig. 4. Distribution density (population) of the intermetallic particles in the (a)
AA2060 alloy weld zones, and (b) AA2099 alloy weld zones, given in terms of
area percentage of total surface coverage.

Fig. 5. Average size of the intermetallic particles found in the (a) AA2060 alloy
weld zones, and (b) AA2099 alloy weld zones.
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3.2.1. AA2060 alloy
The open circuit potential (OCP) of each weld zone for the AA2060

alloy as a function of time over 24 h in a 0.1 M NaCl solution is pre-
sented in Fig. 6. It is observed that the weld zones of AA2060 present
relatively stable potentials throughout the experiment after the initial
drop up to 4 h of immersion. The potential difference between the weld
zones and the base metal is less than ± 50 mV, indicating that the heat
and temperature due to the welding process do not have a major effect
on the electrochemical nobility of the welded regions of this alloy.
However, it is essential to note that the advancing and retreating sides of
the HAZ regions exhibit the most different potential values, with the
HAZ AS showing more noble potential than HAZ RS (approximately
100 mV), followed by the SZ and the BM. The difference in electro-
chemical response of the AS and RS of the HAZ is discussed later.

Fig. 4 shows the potentiodynamic polarisation curves of the welded
regions BM (blue line), HAZ AS (orange line), HAZ RS (green line), and
SZ (yellow line) of AA2060 alloy in a 0.1 M NaCl solution. The corrosion
potential and corrosion current densities extrapolated from the curves
are given in Table 2.

The BM and HAZ regions immediately undergo anodic dissolution
upon anodic polarisation, indicated by the sharp increase in current
density, showing negligible passivity. For the BM, between –528 to
–414 mV vs Ag/AgCl, the increase in current density occurs at a slower
rate. However, this is again followed by a rather steep increase in current
density from –400 mV to –250 mV vs Ag/AgCl, indicating corrosion
attack. The slower rate of increase in current density is likely due to the
temporary blocking of anodic sites by the soluble corrosion products,
which we also observe from the time-lapse in-situ immersion test images
in Fig. 9 and the corresponding time-lapse videos given in SI.

The HAZ AS and RS regions show negligible differences in the
polarisation curves and their corrosion potentials obtained by Tafel
extrapolation. We do observe a small difference in the corrosion current
densities between the two sides of the HAZ, as seen in Table 2. However,
it is important to note that the differences in corrosion current densities
of the HAZ AS and RS are within the standard error of margin. In the
cathodic branch of the curves, we observe a diffusion-limited behaviour
for the BM and HAZ regions, although this behaviour occurs for a
slightly larger potential range for the BM.

The SZ region, similar to the BM and HAZ regions, exhibits imme-
diate anodic dissolution upon anodic polarisation, as indicated by the
drastic increase in current density seen in Fig. 7. The AA2060 SZ pre-
sents two distinct corrosion potentials in the potentiodynamic polar-
isation measurements, at –622 ± 8 mV and –837 ± 23 mV vs Ag/AgCl,
respectively. The occurrence of this feature is discussed in detail later.
The cathodic branch of the SZ too exhibits diffusion-limited behaviour,
although the potential range where this occurs is much smaller here
(from –912 to –1026 mV) compared to the BM and HAZ regions. From
the polarisation curves, we observe only minor differences in the

corrosion activity between the weld regions. These differences occur
mainly due to the welding process and the changes in microstructure
induced by it. The difference in corrosion potential between the regions
is within 50 – 60 mV, and all regions are dominated by localised attacks
on anodic polarisation.

The linear polarisation resistance of the AA2060 weld zones moni-
tored over 24 h is presented in Fig. 5. It is observed that among the
zones, both the HAZ regions exhibit a higher resistance, followed by the
SZ, whereas the BM exhibits the lowest polarisation resistance
throughout the experiment. The initial resistance values are within the
range of 5 – 12 kΩ.cm2. After the initial decrease in resistance (Fig. 5),
an increase in resistance is observed for all the weld regions at 4 – 5 h of
immersion. However, within a couple of hours, the resistance of the
weld zones decreases again. This phenomenon is repeated at 10 – 15 h of
immersion for the HAZ regions of this alloy. The SZ region of the
AA2060 alloy exhibits the least fluctuations in resistance throughout the
experiment, indicating a more uniform corrosion attack.

The optical micrographs for the AA2060 BM, HAZ RS, and SZ, ob-
tained before immersion, at 1 h, and 3 h during the in-situ time-lapse
immersion tests in 0.1 M NaCl solution are shown in Fig. 6. The corre-
sponding time-lapse videos of the experiment over 24 h is given in the
Supplementary Information (SI). Since the attack morphology for HAZ
in AS and RS were similar, only the micrographs for the HAZ RS are
shown here. The attack on the AA2060 alloy weld zones was observed to
initiate within the first 10 – 15 min of immersion with the formation of a
corrosion ring. The formation of corrosion rings has been found to occur
due to counter ionic flow of metal ions originating from the anode and
hydroxide ions developed at the cathode [38]. These metal ions and
hydroxide ions meet at a distance away from the anode, thus forming a
ring of corrosion products as seen in the Fig. 9. At the centre of the
corrosion ring, a dark spot is observed from where gas bubbles evolved,
as seen in the micrographs obtained after 1 h of immersion in Fig. 9. This
dark region is identified as the attack site, and the gas bubbles suggest
anodic H2 gas evolution. This was also reported in the work of Donatus
et al. [23] on the AA2198 alloy welded by FSW.

Fig. 6. OCP measurement of the AA2060 alloy weld zones over 24 h in a 0.1 M
NaCl aqueous solution.

Table 2
Corrosion potentials and corrosion current densities for the AA2060 alloy weld
zones obtained from the Tafel extrapolation of potentiodynamic polarisation
curves displayed in Fig. 4.

Weld Zone Ecorr (mV vs Ag/AgCl) icorr (μA/cm2)

BM − 588 ± 9 0.57 ± 0.35
HAZ AS − 572 ± 15 0.76 ± 0.31
HAZ RS − 570 ± 8 0.97 ± 0.47
SZ − 622 ± 8

− 837 ± 23
0.22 ± 0.06
7.25 ± 2.07

Fig. 7. Potentiodynamic polarisation curves of the AA2060 alloy weld zones in
a 0.1 M NaCl aqueous solution. The anodic and cathodic polarisation curves
were obtained separately.
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After 1 h of immersion for the BM and HAZ regions, darkening at the
sites of coarse particles is observed with increasing immersion time,
suggesting an attack around these particles. These sites grow in size as
the experiment progresses, as seen from the AA2060 BM and AA2060
HAZ RS time-lapse videos in SI. Outside the corrosion ring, a relatively
uniform attack on the entire surface is seen, corroding the topmost
layers of grains in this alloy.

For the AA2060 SZ (Fig. 9c), the region outside the corrosion ring
presents a slightly complex corrosion behaviour. In the first image, at
0 h of immersion, we observe the overlapping layers of the two alloys in
the AA2060 SZ, as discussed earlier. These layers have beenmarked with
black lines to show the overlapping. After 1 h of immersion, a prefer-
ential attack is observed in specific layers, indicated by the darkening of
these layers in Fig. 9c (1 h). The remaining layers in the SZ undergo
attack only after 2 – 3 h of immersion, and are labelled as the non-
preferentially attacked layers. This preferential attack is clearly seen
in the AA2060 SZ time-lapse video in provided in the SI.

After a few hours of immersion, the surface of the weld zones was
completely covered with corrosion products, limiting us from further
analysis by in-situ time lapse immersion tests. To study the full effect of
the immersion tests, the samples were removed after 24 h of immersion
and desmutted for 15 seconds in a 30 % HNO3 solution to remove the
oxide products. They were then studied under SEM and the exposed
areas of the immersion test are shown in Fig. 7.

In the BM, two corrosion rings are observed, as seen in Fig. 7a.
Multiple attack sites joined by intergranular corrosion are observed
within the corrosion rings (Fig. 10b). These attack sites have been
referred to as severe localised corrosion (SLC) in other works [3,23,54].
An EDS scan around these sites revealed that these regions were rich in
Cu content. The exposed area of the AA2060 BM outside the corrosion
ring presented a relatively uniform surface. During the immersion test
(Fig. 6a), it was observed that this region is also attacked. However, it is
a gradual process that lasts for several hours (as seen by the AA2060 BM
time-lapse video in SI). This attack starts in selected grains and is later
propagated to the other grains on the surface. This is referred to as the
selective dissolution of the strain-deformed grains on this alloy [47].
Once all the grains are attacked, a thick build-up of corrosion products is
found on the surface. When the corrosion products are removed from the

surface by de-smutting, an entire layer of corroded grains is removed,
thus showing a relatively uniform surface. However, from Fig. 10a, we
do observe a small region where an extra layer of grains is dissolved,
thus demonstrating the effect of selective dissolution of grains. During
this process, the smaller pits are also removed from the surface.

At the edges of the region exposed to the electrolyte, Cu rich particles
were observed by EDS analysis (Fig. 7a). These particles are likely
formed due to redeposition of Cu from the dissolution of coarse con-
stituent particles of this alloy. This has also been observed in the work of
Zhu et al. on the AA2060 alloy [12], and is discussed later.

The HAZ region (Fig. 7c) presented corrosion behaviour similar to
the BM of the alloy. Additionally, the attack site presented a significant
intergranular attack ranging in size from 130 to 250 µm in length, as
seen in Fig. 7d. Unlike the BM, both HAZ and SZ regions exhibit a pro-
tected region inside the corrosion ring. It is proposed that since the
attack sites act as the anode, the remaining region within the corrosion
ring acts as the cathode, thus protecting itself from corrosive attack [23].
However, this phenomenon was not observed in the corrosion ring of the
BM, most likely due to the higher concentration of the active hardening
precipitates, as seen in Fig. 4(a).

The SZ of the AA2060 alloy presented a more complex corrosion
behaviour (Fig. 7e). This is attributed to the difference in alloying ele-
ments found in different regions of the SZ. In this region, i.e. the weld
nugget, layers of grains from the AA2099 and AA2060 alloys overlap
due to the FSW process. Due to this, the AA2099 alloy layers exhibit
immense pitting, whereas the layers from the AA2060 alloy present a
uniform surface due to the dissolution of entire grains, as observed for
the BM and HAZ of the AA2060 alloy. The layers corresponding to the
preferential attack in Fig. 9c originate from the AA2060 alloy, while the
non-preferentially attack layers were from the AA2099 alloy. This
feature is visible in Fig. 10e, with the different layers exhibiting different
attack mechanisms. This attack mechanism is also revealed from the
AA2060 SZ time-lapse video in SI. This dual attack could possibly be the
reason why two distinct corrosion potentials are observed for the
AA2060 SZ in potentiodynamic polarisation measurements in Fig. 7 and
Table 2.

Fig. 8. LPR measurement of the AA2060 alloy weld zones as a function of time over 24 h in a 0.1 M NaCl aqueous solution.
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3.2.2. AA2099 alloy
The OCP of the AA2099 weld zones in a 0.1 M NaCl solution over

24 h is presented in Fig. 11. The different weld zones experience
considerable potential fluctuations throughout the experiment time of
24 h. An initial drop in potential is observed within the first three hours
of immersion for all the weld zones. The BM of this alloy becomes the
most active after 1 h of immersion. This sudden drop of potential is
likely due to the high concentration of the active hardening precipitates
found in this region, as seen in Fig. 4(b), which are attacked within the
first hour of immersion. The drop in OCP after 1 h is not as severe for the
other zones of the alloy.

Unlike the other weld regions, the HAZ AS experiences more varia-
tions in its potential between 3 – 8 h of immersion. After 8 h of im-
mersion, the AA2099 weld zones still do not exhibit stable potentials like
those observed for the AA2060 weld zones. Instead, we observe slight
fluctuations in potential values for all the weld regions of this alloy until
the end of the experiment, thus indicating higher reactivity of the
AA2099 alloy. Similar to the AA2060 HAZ regions, the AA2099 HAZ AS
and RS exhibit different electrochemical activity from each other with
potential differences ranging from a meagre 25 mV to a drastic 100 mV
between them at the same experimental time. Further discussion on this
phenomenon is provided in the following sections.

The potentiodynamic polarisation curves of the AA2099 weld zones
obtained in a 0.1 M NaCl solution are shown in Fig. 12. The corrosion
potentials and corrosion current densities determined from Tafel

extrapolation are given in Table 3. It is observed that the polarisation
curves of the AA2099 alloy weld zones – anodic and cathodic branches,
are quite similar to each other. The BM (blue line) and HAZ regions
(orange line for AS, green line for RS) show anodic dissolution imme-
diately on anodic polarisation. The difference in corrosion potentials
between the regions is less than 15 mV. No distinguishable passive
domain is observed for these regions. The SZ region (yellow line),
however, does exhibit a distinct pitting potential in its anodic branch at
–548 mV vs Ag/AgCl, similar to the AA2060 SZ. The cathodic branches
of the polarisation curves exhibit diffusion-limited behaviour for all
weld zones.

The linear polarisation resistance of the AA2099 weld zones moni-
tored over 24 h are shown in Fig. 10. The trend of corrosion resistance
observed for the AA2099 weld regions is also to decay with time;
however, for the BM, there is an increase towards the end of the
experiment. The initial resistance of the zones is within the range of 10 –
14 kΩ.cm2, much higher than that of the AA2060 alloy weld zones. It is
observed that both the HAZ regions of this alloy have higher resistance
than the BM and the SZ. The SZ presents the least resistance amongst all
the zones and has a larger but steady decay over the 24 h of immersion.

The BM initially exhibits a high resistance, but it decreases signifi-
cantly once the experiment starts until 7 h of the experiment. An in-
crease for the next 5 h is observed, suggesting that attack is restricted in
this domain. This decrease and increase in resistance trend was observed
again between 12 – 24 h, also seen from the OCP measurements in

Fig. 9. Optical micrographs of in-situ time-lapse immersion test of the weld zones of AA2060 alloy in a 0.1 M NaCl aqueous solution at 0 h (before immersion), 1 h,
and 3 h: (a) BM, (b) HAZ RS, and (c) SZ.
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Fig. 11. The HAZ regions exhibit this increase after 4 – 5 h of immersion
and present rather high resistance at 7 – 8 h of immersion, after which
there is a gradual decrease in resistance till the end of the experiment at
24 h. It is proposed that this resistance increase is most likely due to the
formation of corrosion products, which can deposit on the surface and
temporarily restrict further surface attack. However, these corrosion

products are not entirely stable or well attached to the surface. There-
fore, attack is resumed once these products are detached or removed
from the surface.

Fig. 10. SEM images of exposed area of in-situ immersion test of the AA2060 weld zones after 24 h of immersion and de-smutting in 30 % HNO3 solution: (a, b) BM,
(c, d) HAZ RS, and (e, f) SZ.

Fig. 11. OCP measurement of the AA20099 alloy weld zones over 24 h in a
0.1 M NaCl aqueous solution.

Fig. 12. Potentiodynamic polarisation curves of the AA2099 alloy weld zones
in a 0.1 M NaCl aqueous solution. The anodic and cathodic polarisation curves
were obtained separately.
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The optical micrographs of the AA2099 weld zones obtained before
immersion, at 1 h, and 3 h during the in-situ time-lapse immersion tests
over 24 h are shown in Fig. 11, and the corresponding time-lapse videos
of the experiment over 24 h are found in the Supplementary Information
(SI). The corrosion attack in the BM and HAZ starts immediately as the
chloride ions from the electrolyte come in contact with the surface,
forming corrosion rings within the first 10 min, indicating the highly
active behaviour of this alloy. This was followed by H2 gas evolution
from the centre of the corrosion rings, shown in the micrographs in
Fig. 11, which were later identified as the primary attack sites that grow
in size with increasing immersion time, forming SLC sites. Additionally,
darkening of the grain boundaries was observed after 1 h of immersion
from the AA2099 BM and AA2099 HAZ RS time-lapse videos in SI,
indicating attack in these regions. Similar to the AA2060 alloy in-situ
time-lapse immersion tests, darkening at the sites of coarse constituent
particles was observed, indicating attack on these particles with
increasing immersion time.

For the SZ of the AA2099 alloy, the corrosion ring formed an hour
after immersion, indicating a slower attack in this region, as seen by the
AA2099 SZ time-lapse video in SI. The attack on the SZ is dominated by
pitting corrosion on the surface which starts within the first hour of
immersion, as seen in Fig. 11c. Over time, it is observed that pits are
formed on the entire surface outside the corrosion ring. However, after 2
– 3 h of immersion, only the larger pits exhibit lateral propagation, as is
evident from Fig. 11c at 3 h of immersion. Similar to the AA2060 alloy,
the surface is entirely covered with corrosion products after 4 h of
corrosion, thus limiting our analysis with this method.

Fig. 12 shows the SEM images of the weld zones after 24 h of the

immersion test followed by de-smutting as described earlier. The BM
and the HAZ regions of the AA2099 alloy exhibit severe intergranular
attack, as seen in Fig. 12a and 12c. This attack is observed to be more
prominent in this alloy than in the AA2060 alloy regions, even though
both alloys contain the hardening T1 precipitate, as reported in the
literature [1,42,46,49]. This effect is due to the smaller size of the grains
of the AA2099 alloy, where these strengthening particles nucleate on
grain boundaries, unlike the AA2060 alloy, where the grains are large
and the strengthening particles are more homogeneously spread
throughout the surface, leading to a higher distribution density of these
particles in the AA2099 alloy (approximately 30 % higher) compared to
the AA2060 alloy, as seen in Fig. 4.

Additionally, trenches formed around some of the coarse constituent
particles indicating that these Cu-rich coarse particles are more noble
than the alloy matrix, thus causing them to act as cathodes and the alloy
as the anode. This leads to the dissolution of the alloy matrix around the
coarse particles, as seen in the enlarged inset in Fig. 15a. This phe-
nomenon was also reported by Ma et al. [54] in their study of the
AA2099 alloy localised corrosion behaviour. In some cases, the alloy
matrix around a particle is attacked to such an extent that the coarse
particles detach from the surface. This leaves large pits/cavities on the
surface of the matrix, as observed in Fig. 12a and 12c.

Since the hardening precipitates are not found in the SZ, intergran-
ular attack is not observed in the region. Instead, the SZ is covered with
pits on the entire surface, as seen in Fig. 12e. This is attributed to two
factors – the high Li content in the solid solution of the SZ due to the
dissolution of the hardening precipitates and the presence of fragmented
Cu-rich coarse constituent particles, which are distributed evenly on the
surface and are less active than the hardening precipitates [23]. This
causes a more uniform attack in the SZ region than in the BM or the HAZ
regions, as seen in the immersion test (Fig. 11c) and the LPR measure-
ments (Fig. 10d).

3.3. Corrosion performance of the entire welded region of the alloys

The corrosion behaviour and galvanic interaction between the weld
zones of the AA2060 and AA2099 alloys were studied by performing
surface potential measurements in a chloride environment using the

Table 3
Corrosion potentials and corrosion current densities for the AA2099 alloy weld
zones obtained from the Tafel extrapolation of potentiodynamic polarisation
curves displayed in Fig. 9.

Weld Zone Ecorr (mV vs Ag/AgCl) icorr (μA/cm2)

BM − 602 ± 2 0.38 ± 0.12
HAZ AS − 607 ± 3 0.21 ± 0.06
HAZ RS − 615 ± 13 0.12 ± 0.01
SZ − 640 ± 23 0.20 ± 0.05

Fig. 13. LPR measurement of the AA2099 alloy weld zones over 24 h in a 0.1 M NaCl aqueous solution.
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scanning Kelvin probe (SKP), and in-situ time-lapse immersion test for
the entire weld joint. The SKP tests under ambient, high humidity, and
chloride environment conditions highlight the anodic and cathodic ac-
tivity regions in the dissimilar weld zones. The immersion test on the
weld joint presents the initiation and propagation of the corrosion attack
over time.

The surface potential of the entire weld region was measured under a
thin film of evaporated 0.1 M NaCl solution to induce a corrosive
environment. The region scanned under SKP is seen in Fig. 16a, and the
subsequent surface potential maps obtained at different exposure times
are shown in Fig. 16b – 13f. The lowest potentials correspond to areas of
anodic activity, whereas the less negative potentials are cathodic regions
on the surface. The approximate weld regions have been marked in the
SKP surface potential maps to better aid in the interpretation of the
results.

It is observed that after 1 h, the region within the AA2060 SZ exhibits
highly anodic behaviour compared to the AA2099 side (Fig. 16b). The
surface potential distribution is not uniform even within the alloy, thus
showing very localised anodic sites. The HAZ regions of the AA2060
alloy and the SZ of the AA2099 also exhibit relatively high anodic ac-
tivity. Meanwhile, the HAZ regions of the AA2099 alloy and the BM of
both alloys are the cathodic regions during this point of time. After 2 h
(Fig. 16c), the surface potentials in the weld zones of each alloy become
relatively uniform over time. The AA2060 alloy presents a lower surface
potential compared to that of the AA2099 alloy, indicating that it is the

anodic region whereas the AA2099 alloy is the cathodic region. This is in
agreement with the results obtained from OCP monitoring (Fig. 6 and
Fig. 11) and LPR measurements (Fig. 8 and Fig. 13), where we observe
more noble potentials for the AA2099 alloy weld zones and also higher
polarisation resistivity compared to those for the AA2060 alloy weld
zones.

The surface potential of the AA2099 alloy weld zones drops
considerably after 3 h, making this alloy the anodic region instead of
AA2060. This is in agreement with the LPR measurements of the
AA2099 alloy weld regions (Fig. 10) where a drop in resistance after 3 h
of immersion is observed. In the HAZ of the AA2099 alloy, small regions
exhibit a more pronounced negative surface potential than the remain-
ing surface. Although this effect is already seen in a few regions after 2 h,
its visibility is amplified after 3 h of exposure to the chloride environ-
ment. These regions are associated with sites of intermetallic coarse
constituent particles that are initially anodic in nature due to the pres-
ence of active elements such as lithium, magnesium, manganese, and
iron.

The next scan, performed after 4 h, is shown in Fig. 16e. It is
observed that the AA2099 alloy has a much higher surface potential than
the previous scan, with a potential increase from –1100 mV to –400 mV,
indicating much lower activity in this region. However, the HAZ RS and
the SZ of this alloy do exhibit anodic activity compared to the rest of the
alloy. We also observe a considerable increase in potential at the sites of
the intermetallic particles in the AA2099 HAZ regions from its highly

Fig. 14. Optical micrographs of in-situ time-lapse immersion test of the weld zones of AA2099 alloy in a 0.1 M NaCl aqueous solution at 0 h (before immersion), 1 h,
and 3 hs: (a) BM, (b) HAZ RS, and (c) SZ.
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negative potentials seen after 3 h. This increase occurs due to the
dissolution of the active elements in the intermetallic particles, thus
leaving behind more noble elements, such as copper, which are then
cathodic with respect to the aluminium matrix [54,56]. Regarding the
AA2060 alloy, highly localised activity is observed in the retreating side
of the AA2060 SZ, whereas the remaining regions of the AA2060 alloy
exhibit relatively stable surface potentials. This is in line with the OCP
monitoring of the AA2060 weld zones (Fig. 6), where we observe rela-
tively stable potentials after 4 h of immersion.

The last scan, Fig. 16f, was performed after 5 h under identical
experimental conditions. The regions under anodic influence in the
previous scan decreased considerably with the surface potential of the
AA2060 weld regions approaching that of the AA2099 alloy. The highest
region of anodic activity observed is still within the SZ of the AA2060
alloy.

The in-situ images for the weld joint of both alloys immersed in
0.1 M NaCl solution at various time intervals are shown in Fig. 14 and
the weld joint time-lapse video given in SI. It is observed that an attack
has initiated in the AA2060 SZ within the first hour of immersion
(Fig. 14a). However, the attack does not occur in the entire region of the
SZ of this alloy. The retreating side of the SZ exhibits more darkening,
indicating a larger attack. This is similar to the localisation of the attack
at the AA2060 SZ observed by the SKP measurements after 1 h of
exposure to the chloride environment in Fig. 16b.

Over the next hour of immersion, Fig. 14b, the AA2099 SZ starts
darkening due to attack within this region. The BM and HAZ regions of
the AA2060 alloy also start to corrode during this time. This is in
agreement with the SKP measurements (Fig. 13b), where high anodic
activity was observed in these regions compared to the AA2099 BM and
HAZ, which were more cathodic in nature.

After 3 h of immersion, the HAZ regions of the AA2099 alloy remain
protected and still present a mirror surface finish. On the other hand, the
BM of this alloy exhibits a few attack sites with protected regions sur-
rounding them, suggesting the formation of SLC sites as observed during
the in-situ immersion test of the weld zone in Fig. 11a. Although this was
also observed in the BM of the AA2060 alloy, it was limited to a few sites.

As the immersion test progresses for the next couple of hours, in
Figs. 17d and 14e, the AA2060 alloy weld zones are continuously
attacked, resulting in a visually even surface due to the formation of
oxide products. During this time, the advancing side of the AA2060 SZ is
attacked, as shown by the SKP measurement after 4 h in Fig. 16e. On the
AA2099 alloy, attack initiation and propagation are observed in the HAZ
regions (AS and RS) after 4 h of immersion (Fig. 17d). This observation
is in good correlation with the SKP results obtained after 4 h of exposure
to the chloride environment (Fig. 16e). This correlation also confirms
the cathodic activity of the remaining zones of the AA2099 alloy at 4 –
5 h of exposure, which undergo attack on increased exposure time, as
seen in Fig. 14f (6 h of immersion).

Fig. 15. SEM images of exposed area of in-situ immersion test of the AA2099 weld zones after 24 h of immersion and de-smutting in 30 % HNO3 solution: (a, b) BM,
(c, d) HAZ RS, and (e, f) SZ.
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Fig. 16. SKP surface potential maps obtained for the weld joint of the AA2099 and AA2060 alloys under a thin film of evaporated 0.1 M NaCl solution, rehydrated at
93 % RH and T of 21.6◦C (a) Region of weld joint scanned under SKP after (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h, and (f) 5 h. The approximate weld regions are marked in
the surface potential maps according to the distance from the start point.
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3.4. Discussion

The welding of dissimilar aluminium-lithium alloys is bound to have
an intricate effect on the microstructure and, eventually, the electro-
chemical behaviour of the weld joint. It is observed that the structure of
both sides of the weld joint is different from each other in terms of shape
and size (Fig. 1). Evidence in the literature suggests that during the FSW
process, there is a difference in the relative speeds of plastic material in
the advancing side (AS) and retreating side (RS), caused by the irregular
heat distribution in each side [25]. This results in a higher temperature
distribution in the AS of the HAZ, thus giving a sharper profile and a
larger width of this region, compared to the smaller RS of the HAZ,
which experiences lower temperatures during FSW [45], as seen by the
Vickers Microhardness measurements along the weld profile.

The AA2099 alloy was identified as the more active alloy based on
the lower corrosion potentials obtained during potentiodynamic polar-
isation and the lower OCP values over 24 h. This is due to the higher
lithium content in this alloy, as seen in Table 1. However, the difference
in potential between the two alloys during OCP measurements is within
20 mV, thus indicating that the reactivity of the two alloys is compa-
rable. Meanwhile, the AA2060 weld zones exhibited considerable sta-
bility of the OCP values (Fig. 6) compared to the AA2099 weld zones
over 24 h. This relative stability has been attributed to the cold rolling of
the AA2060 alloy during the production process, which allows for a
more homogeneous distribution of the active hardening precipitates
such as the T1 particles [8], thus reducing the drastic fluctuations in
potential values, unlike that seen for the AA2099 alloy weld zones in
Fig. 11.

The SZ regions of both alloys exhibit similar potential values over
24 h. This is possibly due to the mixing of alloying elements of both
alloys in the SZ regions. We also observed that the attack in these SZ
regions is more gradual compared to the BM and the HAZ regions, as

seen by the LPR measurements, which is mainly attributed to the
dissolution of the highly active lithium-containing T1 precipitates in this
zone during FSW [1,23,27]. However, the dissolution of these particles
leads to a higher Li content in the solid solution of the SZ [27], which is
why the linear polarisation resistance values of the SZ regions are the
lowest amongst the weld zones. The HAZ regions presented higher
polarisation resistance than the BM of their corresponding alloy. It is
suggested that this was due to the sparse distribution of the hardening
precipitates in the HAZ regions compared to the BM, as evidenced by the
distribution density of these particles (22 % – 56 % lower) in Fig. 4 and
by the microhardness in Fig. 1(c and d). The HAZ regions also exhibited
a higher resistance than the SZ, where the precipitates are completely
dissolved but a higher Li content in solid solution is present.

Although the attack mechanism is similar for the HAZ AS and RS
regions, their electrochemical activity is inconsistent within the same
alloy, as seen by the OCP measurements in Fig. 6 and Fig. 11. It is
suggested that this is due to the differences in the distribution density of
intermetallic particles, the average size of these intermetallic particles,
and the grain size in these regions. These changes occur due to the
irregular heat distribution and the difference in relative speeds of plastic
material on both sides during FSW [25,45,48], as mentioned earlier. It
has been determined that the average grain area of the AS is compara-
tively larger than that of the RS. This plays an important role here since
it results in more nucleation sites at the grain boundaries for the hard-
ening precipitates in the RS. It has also been found that the average size
of the coarse constituent particles in the RS is larger compared to the AS
in both alloys. These factors cause the RS to be ever so slightly more
active as compared to the AS of the alloy, also indicated by their lower
OCP values in Figs. 4 and 9 and their lower polarisation resistance values
in Figs. 5 and 10.

The formation of SLC sites during immersion tests has been attrib-
uted to the dissolution mainly of the hardening precipitates (T1) at

Fig. 17. In-situ time-lapse immersion test of the AA2099 and AA2060 FSW joint in 0.1 M NaCl solution at: (a) 1 h immersion, (b) 2 h immersion, (c) 3 h immersion,
(d) 4 h immersion, (e) 5 h immersion, and (f) 6 h immersion.
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cluster sites [28,53]. Since the T1 (Al2CuLi) precipitate is highly active, it
acts as an anode with respect to the matrix, during which the lithium
dissolves over time and copper enriches on its surface layer [16,57]. The
corroded particle then becomes cathodic to the substrate, leading to the
anodic dissolution of the matrix around it. This has been referred to as
the selective dissolution of the T1 precipitates by others [54,58]. During
this process, corrosion products deposit near the mouth of the pits which
causes acidification within the pits, leading to a greater degree of attack
in these regions and forming SLC sites [3]. The selective dissolution of
the T1 precipitates is also why Cu-rich areas are observed in the prox-
imity of attack sites from EDS analysis of the SEM images presented in
Fig. 10 and Fig. 15.

Similarly, the S′phase particles in the AA2060 alloy are highly active
compared to the alloy matrix due to their magnesium content [12], thus
acting as local anodic sites that induce corrosion attacks. Wint. et al.
[59], in their work on AA2024 alloy, proposed that since the particle is
more active than the matrix, it is galvanically attacked until all the Mg2+

and Al3+ ions are released from the particle. The remainder is a porous
Cu sponge which, along with the Cu2+ ions, are then redistributed and
replated on the surface of the alloy, leaving pits or cavities at these sites.
This redeposition of copper is observed from the SEM images of the
alloy, especially towards the edges of the exposed area, as seen in
Fig. 7a.

The timeline of corrosion attack in the weld zones from the in-situ
time-lapse immersion test presents a substantial correlation with the
LPR measurements and the OCP monitoring of the zones. This correla-
tion has been studied to illustrate the mechanism of corrosion attack
within the weld zones. It is proposed that the large initial drop in
resistance observed for the weld zones in Figs. 5 and 10 after 1 h of
immersion is related to the selective dissolution of the hardening pre-
cipitates, thus initiating corrosion attack. Due to the higher concentra-
tion of these precipitates in the AA2099 alloy, the initial drop in
resistance is much higher compared to the AA2060 alloy. This effect is
also seen in the OCP measurements, with a considerable drop in po-
tential after 1 h of immersion, especially for the AA2099 weld zones.

A slight increase in polarisation resistance and OCP is observed as the
immersion time progresses. The in-situ micrographs indicate that this
increase may be due to the formation of corrosion products that deposit
at the mouth of the pits and other sites of anodic activity. However, these
corrosion products are porous in nature and are redistributed over time,
which then causes attack to resume at the anodic sites. The second drop
in resistance for the BM and HAZ regions of both alloys corresponds to
the attack on coarse particles within the weld regions, as seen during the
immersion test (Figs. 6 and 11). Since these particles are much larger
than the hardening precipitates, they are corroded over a longer period
of time, as seen by the slower decline in polarisation resistance (Fig. 8
and Fig. 13).

The final drop in resistance, observed only for the AA2060 alloy weld
zones, possibly corresponds to the selective dissolution of deformed
grains. This is a more gradual attack that stretches for hours, as observed
in the LPR measurements in Fig. 8 and also during the immersion test in
Fig. 6(a-c). This final drop in resistance is not observed in the AA2099
weld zones. Instead, after 15 h of immersion, the polarisation resistance
of the BM and HAZ of AA2099 alloy stabilises till the end of the
experiment. The absence of hardening precipitates in the SZ regions
allows a more gradual attack, as observed during the immersion tests
(Figs. 6c and 11c) and the LPR measurements (Figs. 5d and 10d).

The in-situ immersion test and the surface potential measurements of
the entire weld joint reveal that the SZ of the AA2060 is a noticeably
unusual region. The SKP measurements after 1 h (Fig. 13b) indicate that
attack initiation within the weld joint starts from the AA2060 SZ due to
high anodic activity within the region. However, it does not occur in the
entire SZ region and instead, only layers that correspond to the alloying
elements of the AA2060 alloy are attacked initially. The attack on
AA2099 layers within this zone occurs after 3 – 4 h of immersion. It is
proposed that the overlapping layers of grains from both alloys in the

AA2060 SZ result in a high galvanic activity between them within the
region, also observed by Bugarin et al. in their study on dissimilar FSW
Al alloys [22]. Due to this, the grains within the SZ tend to corrode
preferentially. The deformed grains of the AA2060 alloy within this
region are preferentially attacked first (Fig. 6c), whereas the grains of
the AA2099 alloy in the SZ corrode later on, as seen in the SKP surface
potential map (Fig. 13e).

It is evident that the attack initiation on the weld joint is mainly due
to the galvanic coupling within the SZ region. Over time, the other weld
zones are attacked due to the galvanic influence between the corroded
regions and the initially protected regions. However, after 5 – 6 h of
immersion, the attack propagation in each weld zone is due to self-
corrosion of the zones. This is also demonstrated in the SKP surface
potential plot at 5 h after exposure to NaCl (Fig. 13f), where it is
observed that the surface potential has evened out in most regions
within both alloys and the difference in surface potential between the
weld zones is not sufficient to induce galvanic corrosion between them.

4. Conclusion

The microstructure and corrosion behaviour of the dissimilar friction
stir welded AA2060 and AA2099 alloys have been investigated here. The
main conclusions are as follows:

➣ Friction stir welding drastically alters the microstructural features of
the weld zones. The AA2060 SZ (weld nugget) forms a banded
structure consisting of overlapping layers of grains from both alloys
due to the stirring effect of the tool pin.

➣ The BM of both alloys exhibits highly active behaviour due to the
high density of intermetallic particles present.

➣ The HAZ regions feature similar corrosion behaviour to their
respective BM, with slight differences attributed to the reduction in
average grain area and the distribution density of intermetallic
particles.

➣ The SZ regions are the most susceptible to attack, with the AA2060
SZ exhibiting two corrosion potentials. This occurs due to the
galvanic coupling within the weld nugget caused by the overlapping
layers of grains from both alloys.

➣ The corrosion attack on the entire weld joint is a dynamic process
due to the microstructural differences between each weld zone.
Attack initiation occurs in the AA2060 SZ due to the galvanic effect
within the region.

➣ The attack initiation for each subsequent zone is determined to be
due to the galvanic effect between the zones. In contrast, attack
propagation over time is due to self-corrosion of the weld zones in
each alloy.
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