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The aeronautic industry has a great interest in joining dissimilar aluminium alloys used in
different parts of an aircraft. The Friction Stir Welding (FSW) process has been considered
an effective alternative to conventional techniques for the welding of high strength alumin-
ium alloys. However, this procedure results in zones with different microstructures due to
thermal and thermomechanical effects involved during the joining process, leading to the
formation of the thermomechanically affected zone (TMAZ), the heat affected zone (HAZ),
the stir zone (nugget), and the unaffected base metal (BM). As the corrosion resistance of
materials depends on their microstructures, the aim of this study was to investigate the intrin-
sic corrosion resistance of the different zones of the AA2024-T3 and AA7475-T761 alloys
welded by FSW, without considering the coupling effects between the different zones. This
was achieved by evaluating the corrosion resistance of each individual zone in 0.1 M Na,SO4
+ 1 mM NaCl solution by electrochemical techniques, such as open circuit potential meas-
urements, polarization curves, and electrochemical impedance spectroscopy, using an elec-
trochemical cell with an exposed area of 0.78 mm?. The electrochemical results showed that
the lowest corrosion resistance was associated to the nugget zone, on which a galvanic cou-
pling between the 2024 and 7475 alloys takes place. The corrosion resistance was also low-
ered on the TMAZ of both alloys. This behaviour was associated to the enhanced precipita-
tion of the » phase (MgZn,) at the grain boundaries in the 7475 alloy and to the coarsening of
S phase (AICuMg) precipitates in the 2024 alloy, both processes favoured by the thermome-
chanical effects in these specific zones as demonstrated by TEM analysis.
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Introduction

Weight reduction and durability of the parts used in aircraft are of prime importance for the
aeronautical industry, allowing a longer life, reducing the number of repairs and fuel con-
sumption, besides reducing the amount of harmful gases emissions to the atmosphere®. This
can be achieved whether by reducing the density of the materials (e.g. by replacing heavy
materials with lighter aluminium alloys) or by using new joining techniques in order to re-
place rivets and the overlapping of plates.

Fusion-based welding techniques are not effective for high strength aluminium alloys, such
as those of the 2xxx and 7xxx series. For these materials, the difference between the thermal
expansion coefficients of the solidified regions and the film of the liquid phase results in
cracks in the final solidification stage of the weld bead, thus seriously damaging the me-
chanical properties of the joint”.

The Welding Institute (TWI) developed in 1990 and patented in 1991 a linear friction weld-
ing procedure, designated Friction Stir Welding (FSW), for which no fusion of the welding
bead takes place, i.e., it is a solid-state process. This method results in a lower distortion, im-
proved mechanical and metallurgical properties and reduced residual stresses. In this process,
the pin of a non-consumable rotating tool traverses the materials to be welded up to the tool
shoulder under appropriate conditions®. The friction of the pin and tool shoulder at the weld-
ing joint promotes heat and plastic deformation of the materials creating a plasticized zone
which are joined by an applied forging pressure.

Four zones with different microstructures are generated in the FSW process, namely the zone
of mixture (ZM) or nugget, the thermomechanically affected zone (TMAZ), the heat affected
zone (HAZ) beside the unaffected areas of the base metal (BM). As there is a recognized cor-
relation between microstructure and corrosion resistance of a material, these zone can exhibit
different corrosion behaviour, which can give rise to galvanic coupling, particularly at the
welding between dissimilar alloys.

The alloys of the 2xxx and 7xxx series are precipitation hardened and can be thermally treat-
ed?®. In these materials, intermetallic particles, such as Al-Cu-(Mg), Al-Cu-Fe-(Mn) and
MgZn, can be formed during the solidification process and their different electrochemical
behaviour from that of the matrix favours the development of localized corrosion®. Besides
these micrometric particles, nanometric dispersed particles and hardening precipitates formed
during natural or artificial aging are also found in these alloys.

Regarding the nanometric particles in the 2024 alloy microstructure, the following phases are
usually found: Al,Cu,Mn3 dispersoids, which are rod-shaped particles of about 200 nm; S-
phase intragranular precipitates (Al,CuMg) needle-like shaped ranging from 8 to 30 nm, and
platelet GPB zones with dimensions of approximately 0.2 nm, which are very difficult to
visualize, even by transmission electron microscopy. Besides, intergranular rod-shaped S
phase precipitates, with dimensions between 100 and 400 nm, can also be formed under par-
ticular conditions®”. In relation to the nanometric-size compounds present in the 7475 alloy,
Aval (2015) found the following phases: AlsZr spherical particles of about 50 nm; intra-
granular n '/ ny particles (i.e. MgZn;) of 5 to 75 nm (also reported by Li (2009) as rod-shaped
precipitates), as well as GPB-like zones as platelets, with dimensions from 5 to 20 nm.

Some researchers have investigated the mechanical properties and the evolution of the differ-
ent microstructural zones formed during FSW of similar alloys®. Moreover, Sidane® et al.
(2015) and Donatus® et al. (2015) have demonstrated the relationship between FSW parame-
ters, microstructure, hardness, and the electrochemical behaviour of dissimilar aluminium



alloys joined by FSW. Most of the studies on the corrosion resistance of friction stir welded
(FSWed) alloys have investigated the effect of galvanic coupling of adjacent areas with dif-
ferent microstructures, whereas the corrosion behaviour of the different zones was not indi-
vidually investigated. The aim of this study was to characterize separately the corrosion resis-
tance of each welded zones resulting from FSW in association with their microstructure.

Materials and methods

Materials

The materials investigated in this study were 2.0 mm thick sheets of the AA2024-T3 and
AAT7475-T761 alloys joined by FSW (in the assembly, the 2024 sheet was positioned at the
advancing side). The chemical compositions of both alloys are shown in Table 1.

Table 1. Chemical compositions (wt. %) of the tested aluminium alloys.

Element Al Mg Cu Zn Si P S Ca Ti Cr Mn Fe

2024 923 160 480 008 019 003 002 004 005 004 064 022
7475 894 190 170 620 015 0.03 0.05 006 004 022 002 012

Methods

Microstructural characterization of the FSWed alloys was performed by optical microscopy -
OM (Leica DM LM) and by scanning electron microscopy - SEM (FEI Quanta 600). Samples
were ground with sandpaper (#600, #800, #1200, #4000), polished with alumina down to 1
um, thoroughly washed with ethanol, acetone and then dried in a hot-air stream. For OM
analysis, the samples were further etched in Keller’s reagent (10 mL HF + 15 mL HCI + 25
mL HNO3; + 50 mL deionized water) at room temperature during 30 s and successively
washed in deionized water, ethanol and dried under a hot air stream prior to observations.

The transmission electron microscopy (TEM) images were obtained using a JEOL 2100 and a
FEI Titan cubed Themis (double corrected) operating at 200 kV and 300 kV, respectively. 3
mm disk shaped specimens were cut out of each weld zone, which were then thinned using a
standard approach involving mechanical and dimple grinding and finally ion milling using
Precision lon Polishing System (PIPS). The compositions of the intragranular and intergranu-
lar precipitates were determined in Scanning TEM (STEM) mode using either Oxford X-
Max" windowless EDX detector in Jeol 2100 microscope or Titan's four windowless silicon
drift detector system.

The DSC measurements were performed with a Mettler-Toledo 822 apparatus, under
99.999% purity nitrogen atmosphere, in the temperature range between 50 °C and 550 °C, at
a heating rate of 10 °C / min. Samples were cut from each zone formed after welding by
FSW, in squares with dimensions of 4 mm x 4 mm and 2 mm thick. The samples were placed
in high purity aluminium crucibles of 5 mm in diameter. During the experiment the sample in
crucible and an empty crucible (used as reference) were placed on a metal disk, the differen-
tial heat flow being controlled by thermocouples, thus allowing the DSC curves of each sam-
ple, presented as heat flux as a function of temperature or time, to be obtained.

For the electrochemical measurements, a three-electrode cell was used with an Ag/AgCl (3M
KCI) reference electrode and a platinum sheet as counter electrode. The exposed area of the



working electrode was 0.78 mm?. The electrolyte was a 0.1 M Na,SO, and 1mM NaCl solu-
tion. Electrochemical measurements were performed on the unaffected areas of the two alu-
minium alloys (BM) and on all zones affected by the FSW process (TMAZ, HAZ and nug-

get).

Electrochemical impedance spectroscopy (EIS) experiments were carried out at the open cir-
cuit potential (OCP) using a Solartron 1287 potentiostat and a Solartron 1250 frequency re-
sponse analyser. The applied potential sine-wave perturbation was 10 mV . The EIS dia-
grams were obtained from 63 kHz to 10 mHz with 9 points per frequency decade. The dia-
grams were acquired after one hour of stabilization of the OCP, which was also recorded.

Anodic polarization curves were obtained using the same electrochemical cell employed in
the EIS tests after 1.5 h immersion in the electrolyte. The anodic scans were started 30 mV
below the OCP and were carried out at a scan rate of 0.500 mV s™. All electrochemical ex-
periments were carried out in triplicate to evaluate reproducibility.

Results

Surface and microstructure characterization of the aluminium alloys welded by FSW

The macrograph presented in Figure 1 show the delimitation over the different weld zones
and the optical micrographs for FSWed 2024-T3 and 7475-T651 alloys.
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Figure 1: Macrographs of the welded joint and optical micrographs (a-e) of the different zones formed in
FSWed 2024-T3 and 7475-T651 alloys. Images acquired after Keller’s reagent etching.

The small grains of both alloys cannot be clearly identified in the nugget zone because of
their tiny sizes as a result of the dynamic recrystallization process in this zone (Figure 1(c)).
The grains of the HAZ and of the BM of the two alloys (2024 and 7475) are very similar
(Figure 1(a) and (e)). The thermomechanical deformation at the TMAZ of the two alloys
(Figure 1(b) and (d)), in turn, resulted in highly deformed grains in the direction of the tool
rotation. This deformation is imposed by the friction and shear stress of the tool shoulder



against the metal surface and by the high temperatures reached during the process, allowing
plastic deformation.

Figure 2 shows the TEM micrographs of the BM and the TMAZ zones of the 2024 alloy side
of FSWed joint.
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Figure 2: TEM micrographs of the unaffected zone (BM) (a) and the thermomechanically affected
zone (TMAZ) (b) of the 2024-T3 alloy side of the FSWed joint.

The microstructure of the 2024 BM shows a large amount of rod-shaped dispersoids within
the grains, Figure 2(a), in addition to few irregular precipitates. Chemical analysis by EDS of
these microstructural features have shown that they present different compositions as shown
in Figure 3. The rod-shaped precipitates are rich in Cu and Mn (Al-Cu-Mn), and their dimen-
sions are about 200 nm, which is within the range determined in the work of Guillaumin et al
(1999). In addition, a fine S-phase precipitate (Al,CuMg) was also found at grain boundaries,
possibly formed during natural aging of the alloy. The dispersoids were mainly distributed
inside the grains and very few were located at the grain boundaries.
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Figure 3: Micrographs obtained by Bright Field-STEM of precipitates in the BM of the 2024 alloy
and EDS mapping of the regions.



The TMAZ of the 2024 alloy (Figure 4) shows a microstructure that differs from that of the
BM. S phase precipitates (Al,CuMg) were preferentially found at the grain and subgrain
boundaries whereas the rod-shaped Al-Cu-Fe-Mn dispersoids are distributed inside the
grains. Fragmentation of the rods due to friction and shear stress can take place as well as
their dissolution followed by reprecipitation due to the high temperatures attained in this
zone. Precipitation of coarsened S phase (Al,CuMg) particles seems abundant in this weld
zone. Bousquet et al. (2011) have shown that the S'(S) precipitates are gradually formed in
detriment of the Al-Cu-Mn dispersoids from the HAZ region towards the TMAZ of 2024
confirming that coarsening of the S'(S) phase occurs in the TMAZ, this can be accompanied
by the dissolution of smaller precipitates.
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Figure 4: Micrographs obtained by Bright Field-STEM of precipitates found in the TMAZ of the 2024
alloy with EDS analysis.

Figure 5 shows micrographs obtained by TEM of the BM and the TMAZ zone of the 7475
side of the welded joint.
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Figure 5: TEM micrographs of BM (a) and TMAZ (b) zones in the 7475 alloy joined to the 2024 by
FSW.

The microstructure of the BM of the 7475 alloy (Figure 5(a)) shows fine distribution of intra-
granular and intergranular precipitates ranging between 20 to 50 nm and a narrow precipitate
free zone, close to the grain boundaries. Comparing to the 2024 BM this alloy seems to be
more prone to intergranular precipitation. The TMAZ of the 7475 alloy shows larger amounts



of grain boundaries precipitates, suggesting that the temperatures reached in this region re-
sulted in solubilisation followed by preferential reprecipitation. Similar results were pub-
lished in the literature for FSWed 7xxx series alloys by Su et al. (2003) and Puydt et al.
(2014) for 7050 and 7020 alloys, respectively. In addition, the intragranular precipitates seem
to be thinner, indicating strong solubilisation. EDS analyses of precipitates in the BM and the
TMAZ of 7475 alloy are shown in Figure 6.
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Figure 6: Bright Field-STEM micrographs of precipitates in the () BM and (b) TMAZ of the 7475
alloy and their EDS analyses.

According to the EDS analyses presented in Figures 6 a,b, it is observed that, independently
of the region, the main precipitates found either in the BM or in the TMAZ of the 7475 alloy
consist of MgZn,, that is, " and » phases. In addition, it was also found several Cr rich intra-
granular precipitates of geometric shapes in both regions, however, in larger amounts and
smaller sizes in the TMAZ. Usually these precipitates are electrochemically inert and have no
significant effect on the corrosion resistance of the alloy, apart from acting as discontinuities
in the oxide film.

Figure 7 shows the DSC (Differential Scanning Calorimetry) thermograms of the BM and the
TMAZ of the 2024 alloy.
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Figure 7: DSC thermograms of the BM and of the TMAZ of the 2024 alloy.

In the analysis of DSC thermograms of Figure 7, the first endothermic peak (from around
150° to 250°C) is ascribed to the dissolution of the GPB zones. The results indicate that
smaller amount of these microstructural features are present in the TMAZ, as a lower quan-
tity of energy was necessary to dissolve them. This is in accordance with the TEM results
presented in Figures 3 and 4 as coarsening of the Al,CuMg precipitates consumes Cu and Mg
solute hindering the GPB zone nucleation during alloy storage after the FSW process. The
second peak (exothermic) is related to the formation of the S '(S) phase. Accordingly, it is
more intense for the 2024 BM as more solute (from the dissolution of the GPB zones) are
available in this sample when compared with the S’(S) phase precipitates. As for the third and
fourth (endothermic) peaks, associated with the dissolution of the S'(S) phase and S phase,
respectively, they are both more intense for the BM. It is suggested that the smaller size of
these precipitates in the BM make them easier to dissolve in this sample, in agreement with
the literature®®.

Figure 8 shows the thermograms, obtained after DSC (Differential Scanning Calorimetry)
analysis of BM and TMAZ of 7475 alloy.
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Figure 8: DSC analysis of the different zones (BM and TMAZ) of 7475 alloy, formed after the weld-
ing process by FSW.

These DSC thermograms show large differences between the responses of the two zones. The
first (endothermic) peak refers to the dissolution of GP zones. It is shifted to lower tempera-
tures for the TMAZ, indicating that the dissolution is kinetically favoured in relation to the
BM. In addition, the peak is stronger, pointing to larger amount of dissolved particles. This
indicates that the GP zones are more numerous and less stable in the TMAZ. The 7475 alloy
is artificially aged, therefore a thermal treatment is necessary for adequate precipitation of
hardening particles. Thus, it is hypothesized that the precipitation of these zone during stor-
age of the samples after the welding procedure does not take place adequately leading to
more numerous and less stable (maybe smaller) precipitates. The second peak (exothermic) is
associated to #'/n phases (MgZn,) precipitation. In the TMAZ it is stronger and shifted to
lower temperatures, also indicating more intense precipitation and increased kinetics. This
can be rationalized in terms of higher amount of solute atoms in solid solution due to in-
creased solubility of the GP zones. The third (endothermic) peak is associated with 7'/
phases (MgZn) dissolution. The higher energy required for the dissolution of these phases in
the TMAZ is explained both by the previous precipitation during the DSC experiment (exo-
thermic peak) and by the larger amounts of precipitates #'/y (MgZn,) already formed in this
zone during welding, mainly at the grain boundaries, in comparison to the BM. Adler and
Delasi*® (1977), LaDelpha'® et al. (2009) and Bush® et al. (2016) also observed a differences
between the DSC thermograms for TMAZ and BM zones in 7xxx series alloys.

Corrosion characterization of the aluminium alloys welded by FSW

Figure 9 shows the open circuit potential (OCP) variation as a function of exposure time of
the various zones of the 2024 and 7475 alloys exposed to 0.1 M Na,SO4 + 1 mM NaCl solu-
tion. It is important to highlight that the various zones were tested separately using a micro-
cell (0.78 mm? of exposed area). However, as due to the size of the welding, for the nugget
zone the two alloys are simultaneously exposed and galvanic coupling can take place. There-



fore, as expected, the OCP of the nugget zone is in-between those of the two parent metals
(BM). The presence of zinc as the major alloying element in the 7475 alloy and copper in the
2024 alloy is the cause of these potentials (Hollingsworth and Hubsicker?!, 1990; Dix?,
1998). They also indicate that in the nugget, the 2024 alloy is cathodically polarized and 7475
is anodically polarized.
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Figure 9: OCP variation with exposure time to 0.1 M Na,SO, + 1 mM NacCl solution of the different
zones formed during FSW of the 2024 to 7475 alloys. Data acquired using an electrochemical cell
that allowed exposing a small area to the electrolyte (0.78 mm?).
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The OCP variations also show that the thermomechanical effect at the TMAZ provokes op-
posite responses for the 2024 and 7475 alloys. In the former the OCP is shifted to lower val-
ues whereas in the latter an increasing in the OCP was observed. This can be explained in
terms of the precipitation behaviour of these alloys (Figures 4 and 6). In the 2024, the in-
creased precipitation of Al,Cu at the grain boundaries draws a nobler element from the alloy
matrix decreasing the OCP. On the other hand, for the 7475 alloy, the precipitation of MgZn,
phase withdraw more active elements from the matrix microstructure increasing the OCP.
The curves of Figure 9 also indicate that after one-hour immersion the OCP is sufficiently
stable to perform EIS measurements.

Anodic polarization curves of the various zones were obtained after 1.5 hour of exposure to
the 0.1 M Na,;SO4 + 1 mM NacCl solution and the results are presented in Figure 10.
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Figure 10: Anodic polarization curves in 0.1 M Na,SO, + 1 mM NaCl solution of the different zones
formed during FSW of the 2024 to 7475 alloys. Data acquired after 1.5 hours using an electrochemi-
cal cell that allowed exposing a small area to the electrolyte (0.78 mm?).

Current density values were estimated for an anodic overpotential of approximately 100 mV
in relation to the corrosion potential and the results are shown in Table 1. Slightly higher cur-
rent densities were estimated for the nugget zone and the TMAZ of the 7475 alloy whereas
very similar results were obtained for the 2024 BM, 2024 TMAZ and the 7475 BM. These
results indicate the effect of galvanic coupling between the two alloys (nugget) increases the
electrochemical activity in this zone. The high concentration of MgZn, precipitates in the
TMAZ of the 7475 alloy, mainly located at the grain boundaries, as shown in TEM results
(Figure 6 (b)) must be the reason for the increased anodic currents associated to this zone,
indicating that it must be highly prone to intergranular corrosion, which is in accordance with
results previously presented in the literature?. Interestingly at higher overpotential, the
anodic behaviours of the nugget and of the TMAZ of the 7475 alloy are coincident, indicating
the anodic behaviour of this weld zone is dominated by the response of this alloy.

Table 1: Current density values estimated at an anodic overvoltage of approximately 100 mV in rela-
tion to the corrosion potential

Region Current density for anodic overvoltage of +100 mV / OCP
2024-BM 1.5 x10° A/cm?
2024-TMAZ 1.6 x10° A/cm?
Nugget 3.5x10° A/cm?
7475-TMAZ 2.7 x10° A/cm?
7475-BM 1.4 x10° A/cm?

The evolution of the EIS responses with immersion time for the different zones exposed for 1
hour to the 0.1 M Na,SO, + 1 mM NaCl solution, using the microcell are shown in Figure
11.
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Figure 11: Nyquist diagrams in 0.1 M Na,SO, + 1 mM NaCl solution of the different zones formed

during FSW of the 2024 to 7475 alloys. Data acquired after 1 hour exposure using an electrochemical
cell that allowed exposing a small area to the electrolyte (0.78 mm?).

The EIS results (Figure 11) show a larger impedance for the two BM in comparison to the
weld affected zones and that the BM of the 7475 presents a higher corrosion resistance when
compared to the 2024. This latter finding is in accordance with previously published results
and is a consequence of a more homogeneous oxide layer and lower amounts of larger inter-
metallic precipitates (not addressed in this study) in the microstructure of this former al-
loy*?*?°. On the other hand, the lower impedance of the welded affected zones can be ex-
plained both by microstructural changes and mechanical stresses (TMAZ — where large pre-
cipitation took place, already discussed) and to galvanic coupling effects (nugget). For both
TMAZ the precipitates at the grain boundaries are anodic to their respective BM, giving rise
to a higher anodic activity and a thus a lower impedance in these zones. The continuous pre-
cipitate network present at the grain boundary of the 7475 TMAZ (Figures 5 and 6) would
make this zone prone to intergranular corrosion, explaining its lower impedance as well as
the inductive low frequency feature (typical of localized corrosion)®’. Besides, the low im-
pedances of the nugget can be ascribed to galvanic coupling between the two alloys. Indeed,
microstructural observation of this zone (not presented) showed increased localized attack at
the 7475 alloy indicating that this alloy dominates the corrosion process.

Conclusions

The results of this work showed the effect of FSW welding on the microstructure of the
TMAZ and the nugget zone and, consequently, on the corrosion resistance of these zones
whose corrosion behaviour was compared with that of the two BM. The electrochemical per-
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formance of each individual domain can be assessed with a specific electrochemical micro-
cell, the size of which was adapted to the sample size. A galvanic coupling effect was ob-
served in the nugget zone where the two aluminium alloys present a large contact surface.
The TMAZ of both alloys, particularly the 7475, showed lower corrosion resistance relatively
to the BM, which was related to the thermal and deformation effects on the microstructure
leading to anodic intergranular precipitates increasing the susceptibility of this zone to local-
ized attack, specifically intergranular corrosion.
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