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Abstract

The present study assessed the influence of refill friction stir spot welding (RFSSW) process
on the microstructure and electrochemical corrosion behavior of the AA5754-H22 alloy surface
of an AA5754-H22/Ti-6Al-4 V overlapped joint. The results demonstrate that the RFSSW
process promotes substantial microstructural changes along the welded joint, which, in turn,
reflect directly on the mechanical properties and corrosion behavior of distinct welding regions.
The potentiodynamic polarization tests and electrochemical impedance spectroscopy
measurements indicate that the stir zone region has better corrosion resistance than the other
RFSS welded regions [heat affected zone and base metal] due to higher homogeneity and
microstructure refinement. The achieved results are evidence that the RFSSW process is an
interesting alternative for the welding of overlapping dissimilar joints.

1. Introduction

The 5xxx series aluminum-magnesium (Al-Mg) is a strain hardened aluminum alloy which are
widely used in the aeronautical industry in sheet form due to their favorable specific strength and
corrosion resistance, as well as their relatively low production cost [1]. However, in certain
applications, where high mechanical strength and high corrosion resistance are required, Al-Mg
alloys are substituted with titanium (Ti) alloys, such as Ti-6Al-4 V, despite their higher cost [2].

In order to combine the low weight and cost of the aluminum (Al) alloy with the high mechanical
and corrosion resistance of the Ti alloy, hybrid structures comprised of Ti-Al alloys have recently
been developed [2,3]. However, physical and chemical differences between these materials
complicate their joining by means of conventional welding technologies. In addition, the metal
joining processes currently in use have a high energy cost (resistance welding) and/or increase
the weight of the structure (riveting) [4,5]. Due to these challenges associated with existing metal
joining processes, the development of new spot welding processes that reduce energy cost and
do not increase the weight of the structure are necessary to more efficiently produce multi-
material Al-Ti structures. Thus, an emerging alternative is Refill friction stir spot welding
(RFSSW), which is a solid-state welding process derived from friction stir welding (FSW) [6-9].



RFSSW was developed in Germany (HZG) in 2005 and can be used in several combinations
of dissimilar overlap joints with satisfactory results, e.g., Al-Al, Al-Mg, Al-Steel and Mg-Mg [10].
Moreover, a recent study by our research group [11] has shown that RFSSW promotes
significant improvement to corrosion resistance in the stir zone (SZ) region of a precipitation-
hardened aluminum alloy (AA6181-T4), making it attractive for spot joining overlapping sheets.
Nevertheless, for each new joint combination, RFSSW process requires the optimization of
welding parameters to produce defect-free, structurally sound and reliable welds. In addition,
the optimization is also necessary due to microstructural changes that occur during joining,
which can modify the mechanical properties and corrosion resistance of the welded joint and
cause premature component failure [12].

Plaine et al. [13], when evaluating the influence of dwell time and rotational speed on lap shear
strength, optimized the RFSS welding parameters for a dissimilar joint between a strain
hardened aluminum alloy (AA5754-H22) and a titanium alloy (Ti-6Al-4 V). These authors [10]
also reported that the microstructural changes occurred mainly in the Al sheet, however, they
did not conduct any additional research with regaation of titanium and aluminum alloys.

Considering the scarcity of research on the corrosion resistance of strain hardened aluminum
alloys welded by RFSSW and given that localized corrosion resistance is a key parameter for
the use of the researched (and RFSS Welded) alloys in industrial applications, the objective of
the current study was to evaluate the electrochemical corrosion behavior on the surface of the
AA575-H22 alloy, which was overlap welded with the Ti-6Al-4 V alloy by means of RFSSW. The
microstructural changes on the surface of the AA575-H22 alloy sheet were assessed by optical
microscopy, scanning electron microscopy with energy dispersive X-ray spectroscopy
(SEM/EDS), electron backscatter diffraction (EBSD) and hardness measurements. The
localized corrosion resistance was analyzed by potentiodynamic polarization tests and passive
film properties were characterized by electrochemical impedance spectroscopy measurements.

2. Experimental procedure
2.1.Materials

The materials used in the present study were 2-mm-thick sheets of AA5754-H22 and Ti-6Al-
4 V with dimensions measuring approximately 47.0 mm x 26.0 mm. The AA5754-H22 has a
nominal composition (wt. %) of 0.04 Ti, 0.15 Si, 0.20 Fe, 0.05 Cu, 0.08 Mn, 3.10 Mg, Al as the
balance and the Ti-6Al-4 V presents the nominal composition (wt.%) of 6.25 Al, 0.14 Fe, 3.91V,
0.02 C, 0.13 O, Ti as the balance. Both nominal compositions were provided by the
manufacturers.

The joints were manufactured at the Helmholtz Zentrum Geesthacht Institute for Materials
Research with an overlap configuration by an RPS 200 RFSSW machine using a rotation speed
of 2000 rpm/min, a dwell time of 2 s, a sleeve plunge depth of 1.8 mm and a clamping force of
12 kN [14]. The utilized welding tool was comprised of a clamping ring, sleeve and pin, with
diameters of 18.0, 9.0 and 6.4 mm, respectively. It should be mentioned that RFSS welding was
performed with the aluminum alloy placed over the titanium alloy and the tool sleeve plunge
remained on the top sheet to avoid both excessive tool wear and formation of intermetallic
compounds. Due to the fact that the Ti-6Al4 V alloy microstructure does not change [15], the



analyses focused on the AA5754-H22 alloy surface. Fig. 1(a—c) presents the AA5754-H22
surface, the welding region zoom and a cross-sectional view of the welded joint.

Weld Surface

Fig. 1. (a) Surface of the AA5754-H22; (b) Macroscopic image of the refill friction stir spot
welded aluminum surface; (c) The cross section of the welded joint.

2.2.Hardness measurements

Vickers microhardness mapping was performed on the surface of an AA5754-H22 alloy to
identify the transitions between the different welding regions and to evaluate the microstructural
variation in mechanical strength in the welded regions. Fig. 2 details the mapped region. The
measurements were carried out using a spacing of 0.5 mm between two adjacent indentations
and a dwell time of 10 s, which had a load of 300 g.

Fig. 2. Vickers microhardness mapping region of the AA5754-H22 welded surface.



2.3. Microstructure characterization

For the microstructural characterization, the surface of the studied material was carefully sanded
with SiC abrasive paper up to #1500 grit and polished with 1.0 ym alumina suspension. The
sample was subsequently electrolytically attacked with Barker's reagent (5 mL of HBF4in 200
mL H:0), using 20 V for 120 s. The resulting microstructure was examined with an optical
microscope using polarized light (OM). After characterizing the different welding regions using
an OM, the same sample was repolished with 1.0 ym alumina suspension and analyzed by
SEM/EDS and EBSD.

2.4.Electrochemical corrosion tests

All electrochemical tests were performed using a conventional three-electrode cell. A
silver/chloride silver (Ag/AgCl in saturated KCI) electrode was used as a reference and a
platinum auxiliary electrode was used as a counter. The working electrodes (exposed circular
area of 0.215 cm?), which consisted of samples from different welding regions [i.e., base metal
(BM), heat affected zone (HAZ) and stir zone (SZ)], were carefully wet sanded to a #600-grit
silicon carbide (SiC) paper finish, then washed with distilled water and air dried before
conducting the electrochemical tests. Two naturally aerated solutions at a temperature of 25 °C
were used in the electrochemical corrosion tests: (1) a 0.5 M sodium sulfate (Na>SO4) solution
for impedance analyses and (2) a 0.01 M sodium chloride (NaCl) with an added 0.1 M Na>SO.
solution for polarization tests. Na.SO4 was added to improve pitting potential (Ei) identification
during the aluminum alloy polarization tests [16]. The measurements were performed using a
Reference 3000™ Potentiostat/Galvanostat/ZRA from Gamry Instruments.

The potentiodynamic polarization tests started after 30 min of immersion. This immersion
procedure was followed for the samples to reach a quasi-stationary value of open circuit potential
(Eoc) in the 0.01 M NaCl + 0.1 M Na,SO. solution. The potentiodynamic polarization tests were
performed at a scan rate of 1 mV/s from an initial potential of 300 mV below Eqc until the current
density increased to 10 yA/cm?. The mean values of pitting potential (Epi) were obtained by
taking five independent measurements. After the polarization tests, each welding region was
analyzed by SEM/EDS in order to identify the morphology of the corrosion attack.

The electrochemical impedance spectroscopy (EIS) measurements started after 60 min of
immersion. This amount of time was required to ensure that all samples had reached a steady-
state in the 0.5 M Na>SO, solution and the acquired potential value was considered to be the
open-circuit potential (Eoc). EIS tests were conducted at a frequency ranging from 0.01 Hz to
100 kHz with a 10 mV amplitude signal at Eoc. The EIS results were obtained from three
independent measurements. The impedance spectra analysis was completed by fitting the
experimental results to the equivalent circuits using Echem Analyst™ Software from Gamry
Instruments. The goodness-of-fit of the EIS data to the equivalent circuits was judged by using
Chi-square value (x?), where the x? value represents the sum of the square of the differences
between theoretical and experimental points.



3. Results and discussion

Fig. 3 shows the OM macrostructure of the Al surface for the AA5754-H22/Ti-6Al-4 V RFSS
welded joint, where the rolling direction of the AA5754-H22 alloy and the regions associated with
the clamping ring, sleeve and pin are accurately indicated. The presence of six different regions
in the macrostructure is observable, namely (from left to right): BM (a), HAZ (recrystallized) (b),
HAZ (grain growth) (c), the thermo-mechanically affected zone (TMAZ) (d), SZ comprising the
sleeve (e) and the pin (f) regions. The BM [Fig. 4(a)] displays a deformed structure with the
grains oriented vertically, which is a result of the base material hardening treatment -H22 (strain
hardened and partly annealed). Fig. 4(b) exhibits the recrystallized HAZ region, note that the
previously deformed grains have changed to a fine equiaxial structure. This structural change is
a consequence of the thermal cycle imposed by the RFSS welding process, which promotes an
increase in temperature within this region and, in turn, causes a static recrystallization.
Additionally, in regions closer to the SZ, where the temperatures reached are considerably
higher [Fig. 4(c)], the resulting microstructure demonstrates a coarser-grained structure in
comparison to the recrystallized region [Fig. 4(b)]. This is due to the availability of a higher
amount of energy that initially recrystallizes the grains, and then promotes their growth.

. ‘Rolling
diretion

Clamping
Ring

Sleeve

Fig. 3. Macroscopic iae of te refill friction stir spot welded surface of the AA5754-H22: (a)
BM, (b) HAZ (recrystallized), (c) HAZ (grain growth), (d) TMAZ, SZ comprising (e) the sleeve
and (f) the pin regions.

When evaluating an AA5083-H19 alloy welded by FSW, Peel et al. [17], also observed a
recrystallized microstructure in the HAZ that was associated with energy generated through
the welding process, in addition to internal energy already stored within the deformed base
material. Contrarily, when Fonda et al. assessed an AA5456-H116 alloy welded by means of
FSW [18], they identified a HAZ with a recovered microstructure formed by equiaxial subgrains
with some deformation (i.e., a low dislocation density). The authors cited the thermal cycle
imposed by the welding process as the cause. Therefore, the presence of a HAZ with a
recovered or recrystallized microstructure in strain hardened aluminum alloys, such as the
5xxx series, depends of two factors: the degree of BM deformation and the thermal cycle
imposed by the welding process.

The TMAZ region in Fig. 4(d) displays a recrystallized and slightly elongated microstructure.
This is due to the high temperature achieved in this region, in addition to the deformations
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promoted by the RFSSW tool, which stretch and line them up in the direction of the sleeve
rotation. Diversely, in the SZ — where the sleeve [Fig. 4 (e)] and the pin [Fig. 4(f)] regions are
observable in the periphery and center of the welding spot, respectively — an equiaxial
microstructure is present. The severe plastic deformation and high temperatures at which SZ
was subjected during the RFSSW process resulted in dynamic recrystallization of the deformed
aluminum matrix.

Fig. 4. OM of distinct welding regions: (a) BM; (b) HAZ (recrystalized); (c) HAZ (coarsed
grains); (d) TMAZ; (e) Sleeve region; (f) Pin region.

Fig. 5 depicts SEM images from the BM [(a) and (e)], HAZ [(b) and (f)], sleeve region [(c) and
(f)] and pin region [(d) and (g)]. The figure demonstrates two different types of precipitates in the
BM: (1) a dark color precipitate (in smaller amount) and a lighter color one (in larger amount).
Both precipitates are non-uniformly dispersed throughout the BM matrix. EDS composition
analyses (Table 1) revealed that the lightcolored precipitates are rich in Fe, Mn, Mg and some
contain Si, while the dark-colored precipitates are rich in Si and Mg. Fuller et al. [19] evaluated
the effect of friction stir processing on 5083-H321/5356 Al arc welds and used the Transmission
electron microscopy (TEM) to identify the presence of similar precipitates to those observed in
the present study. It is well known that Fe is a dominant impurity present in most commercial Al
alloys. The presence of Fe-rich intermetallic precipitates is related to the low solubility of Fe in
Al, which has a maximum solubility of around 0.04 wt.% at 655 °C, decreasing to 0.001 wt. %
below 430 °C, in addition to the high thermodynamic stability of Ferich precipitates (melting
points higher than 700 °C) [20,21]. On the other hand, the Mg.Si precipitates, which are less
thermally stable than Fe-rich precipitates, are formed through eutectic dissociation in the molten
alloys [21].

The HAZ, Fig. 5(b) and (f), also presented the same precipitates and had a similar size as
those found in the BM. It is important to mention that in both the BM and HAZ, the precipitates
have a non-uniform distribution, which is associated with the alignment of these precipitates
with the rolling direction during the hardening process, remaining unchanged even after the
static recrystallization of the HAZ. Similar results were observed by Attallath et al. [21] for the
AA5251H34 alloy, who noted that the precipitates were oriented in the rolling direction due to



the cold working process of the BM. Conversely, in the sleeve region exhibited in Fig. 5(c) and
(9), only the lighter precipitates were present. In addition, they not only presented a smaller
size, but were also uniformly distributed along the bulk. This suggests that the Mg.Si
precipitates were dissolved or broken down into sizes smaller than the resolution of the
performed SEM analysis [21].

Fig. 5. SEM micrographs of the distinct welding regions: (a) and (e) BM; (b) and (f) HAZ; (c)
and (g) Sleeve; (d) and (h) Pin.

In the pin region, Fig. 5(d) and (h), the two types of precipitates are observable again, but
more uniformly and in sizes smaller than in the BM and HAZ regions. This difference suggests
that the RFSS welding process promoted different strain rates along the Sz, which resulted in a
precipitate size difference in each region. McNelley et al. [22] observed similar results when
evaluating the mechanisms of recrystallization during friction welding in aluminum alloys.
According to their study, the precipitate size decreased as the rate of deformation increased.
Furthermore, this correlation may be related to the penetration of the sleeve into the material,
resulting in a greater deformation than that of the pin region, which only retracts to compensate
for the volume displacement that occurs due to the penetration of the sleeve.

Table 1 EDS composition analyses performed from precipitates present in different welded

regions.
Welc_j Point (composition (WE%) Precipitates
Region Al Mg Si Fe Mn o)
BM A 81.88 | 3.75 0.66 12.63 [1.09 0.00 Al(Fe,Mg,Mn,Si)
BM B 71.15 11.88 |11.69 0.00 0.00 5.28 Mg.Si
HAZ C 66.87 | 2.99 15.62 0.00 0.00 14.52 MQg2Si
HAZ D 82.15 2.85 0.00 13.77 [1.23 0.00 Al(Fe,Mg,Mn)
Sleeve [E 82.25 | 2.87 |0.00 13.50 [1.38 | 0.00 Al(Fe,Mg,Mn)
Pin F 60.14 | 3.95 19.33 0.00 0.00 16.58 MQg2Si
Pin G 78.90 | 2.57 0.00 17.17 [1.36 0.00 Al(Fe,Mg,Mn)




Fig. 6(a) and (b) show the hardness mapping and Fig. 7(a—f) presents the EBSD
microstructural evolution of the AA5754-H22 surface welded by RFSSW. It can be noted in Fig.
6(a) and (b) that the BM exhibits a higher hardness value (approximately 85 HV,3) in comparison
to the HAZ and the SZ. Contrarily, the lowest hardness values (around 55 HVy3) are observed
in the HAZ. Through EBSD images [Fig. 7(d) and (f)], it is apparent that this region is constituted
by three different microstructures, one closer to the SZ [(Fig. 7(d)] that presented a coarser grain
(~35 pm), a second in the middle of the HAZ [(Fig. 7(e)] with a more refined microstructure (~15
um) and a third near the BM [Fig. 7(f)] that presented a partially deformed microstructure (~12
pm). As previously discussed, this microstructural variation is due to the thermal cycle imposed
by the welding process, which promoted recrystallization and grain growth in the region closer
to the SZ, a recrystallization in the middle of the HAZ and recovery in the region closest to the
BM.
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Fig. 6. (a) hardness mapping of the AA5754-H22 FSp welded surface, (b) Hardness mapping
of the highlighted region in (a).

Furthermore, intermediate hardness values (between 65 HVo 3 and 75 HVo3) are observed in
the SZ. It is worth mentioning that this region also presented a microestructural variation, as
seen in the HAZ [Fig. 7(b) and (c)], however, the variation in this case is likely caused by the
deformation rate, which is demonstrated by the fraction variations of the low angle boundaries
(Table 2) [23]. Fig. 7(g) illustrates that the microstructure associated with the pin region has a
mean grain size of 30 um, which is greater than the average grain size of about 10 um observed
in the sleeve region [Fig. 7(h)].

In order to evaluate the corrosion behavior in distinct welding regions, polarization and
impedance measurements were performed. It should be pointed out that in these measurements
the TMAZ couldn't be analyzed separately because the exposed circular area to the corrosive
media had a diameter of 5.23 mm that was higher than the TMAZ region (0.5 mm). Therefore,
due to the small size of TMAZ region, only three welding regions were considered in the
potentiodynamic polarization tests (BM, HAZ and SZ). Fig. 8(a) shows the potentiodynamic
polarization tests for the different welding regions (BM, HAZ, SZ). Note that the three RFSS
welding regions display a potential-current behavior typical of passive metals in a chloride
environment. Thus, with the increase of electrode potential from 300 mV below E.c to anodic
direction, polarization curves passing initially through the cathodic region, then through the Ecor
and passive region (where the passive current density remains reasonably constant) and, finally,
to the localized breakdown region of the passive oxide film (where the current suddenly begins
to increase with potential, defining the Egi).
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Table 2 Rotation angle boundaries (fraction) of different welding regions of an AA5754H22
welded surface.

_ Rotation angle boundaries fraction
Weld Region
2°t0 5° 5° to 15° 15° to 180°

Pin 0.226 0.114 0.659
Sleeve 0.313 0.173 0.514
HAZ closer to SZ 0.274 0.108 0.618
Middle region from HAZ 0.203 0.036 0.760
HAZ closer to BM 0.337 0.104 0.559

However, the distinct welding regions had a slight variation in the anodic behavior, which is
shown in the Ecor and Epit mean values presented in Fig. 8(b). Note that Ecor mean values of
distinct welding regions range from —=823 mVagagci to =782 mVagagci. Likewise, Eprmean values
range from —378 mVagiagcl t0 =322 mVagagcl. Nevertheless, it should be mentioned that the
relatively high dispersion associated with the potentiodynamic polarization measurements may
be related to the relatively small area (0.215 cm?) of the working electrode (to separate the
distinct welding regions) as well as the density and size variation of the precipitates at each new
measurement [11,24].
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Fig. 8. (a) Polarization potenciodinamic tests obtained in 0.01 M NaCl and 0.1M Na>SO4
solutions from the distinct regions of a RFSS welded AA5754; (b) Corrosion potential (Ecorr)
and pitting potential (Epit) results.

Aballe et al. [24], evaluating the influence of cathodic intermetallics on the reproducibility of
the electrochemical measurements for an AA5083 alloy in NaCl solutions, observed that sample
area reduction resulted in an increase of the dispersion in the values obtained for Ecor. The
authors correlated this dispersion of values to the cathodic precipitate density present on the
surface of the alloy during each new measurement, a fact which alters the sum and intensity
between the rates of anodic and cathodic reactions. Similar results was reported by Vacchi et
al. [11] who assessed the influence of RFSS welding on an AA6181-T4/Ti-6Al-4V welded joint
and observed a high dispersion of results which occurred in both Ecor and Epr. The study
subsequently associated these results to the precipitate density variation. It should be included
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that the dispersion reduction observed for Ecor in the SZ may be related to the superior
homogenization of the precipitates in this region [Fig. 5(d) and (h)]. In addition, according to the
mean results, the SZ is apparently the nobler region, i.e., it has the greatest values of Ecor and
E,it with respect to the HAZ and BM. These nobler values are consistent with the microstructure
of the SZ region, which presented precipitates with a better distribution and smaller size due to
the RFSS welding process promoting a break and homogenization of previous precipitates of
the BM [11].

On the other hand, considering the small difference of Ecor and Egi values between the
samples, the polarization results are evidence that the RFSSW process has little to no significant
negative influence on the localized corrosion behavior of the AA5754-H22 alloy.

Fig. 9. Pit morphologies on the surface of the samples after potentiodynamic polarization in
0.01 M NaCl and 0.1 M Na,SOa4 solutions: (a—b) BM, (c—d) HAZ and (e)

Fig. 9 shows the surface aspect of different welding regions after the potentiodynamic
polarization tests, namely: the BM (a and b), HAZ (c and d) and SZ (e). Notice that in all regions,
the pits nucleated adjacent to the Al (Fe, Si, Mn, Mg) and Mg.Si precipitates (Table 3) and the
corrosion attack intensity was higher in those regions with larger precipitates. The higher
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corrosion attack intensity of the Al (Fe, Si, Mn, Mg) precipitates is caused by their cathodic
behavior, with regards to the matrix that promoted the formation of a local galvanic cell between
them. Hence, the precipitate size has a direct correlation to the intensity of formed galvanic cells
and, thus, to the susceptibility of pitting corrosion, which is reduced when a “small cathode-large
anode” mechanism is in operation. Similar results were observed within literature [11,25]. On
the other hand, Mg.Si precipitates initially present an anodic behavior in relation to the Al matrix,
but as the corrosion process evolves, a silicon enrichment takes place inside the precipitates
due to a preferential Mg dissolution, as can be observed when comparing the wt.% of Si before
(Table 1) and after (Table 3) the potenciodinamic polarization tests. This silicon enrichment shifts
the potential of the corroded Mg.Si precipitates to a nobler direction, making them cathodic to
the Al matrix. As a result, the Al matrix adjacent to the corroded Mg.Si precipitates suffers anodic
dissolution, thereby triggering pitting corrosion [26]. Consequently, if a “small cathode-large
anode” mechanism is also in operation, the susceptibility to pitting corrosion is reduced.

Table 3 EDS composition analyses performed on precipitates near the pits.

Weld Region |Point Composition (wt%) .
Al Mg Si Fe Mn O
BM A 49.00 2.08 34.92 0.00 0.00 13.99
BM B 73.56 1.80 0.35 20.34 1.59 0.00
HAZ C 60.37 2.69 26.55 0.25 0.29 9.85
HAZ D 81.94 2.75 0.20 13.05 1.10 0.96
SZ E 75.90 2.69 11.04 4.97 1.70 3.70
Sz F 62.45 2.61 22.80 0.00 0.00 12.15

Fig. 10 shows the representative Nyquist (a) and Bode (b) plots in a 0.5 M Na SO solution at
their respective Eqc. In Fig. 10(a), it can be seen that the three distintic RFSS welding regions
(i.e., BM, HAZ and SZ) exhibit a capacitive time constant at high frequencies — which represents
the charge-transfer reaction of a passivated AA5754-H22 surface. This behavior is followed by
Warburg tail (straight line) at low frequencies, which is generally associated with oxygen diffusion
[24,34], suggesting a similar corrosion mechanism between the distinct RFSS welding regions.
However, the capacitive semicircle diameter of each region is remarkably different. This
difference is directly associated with the distinct microstructures observed in the MO (Fig. 4) and
SEM (Fig. 5) images that reflect in the charge transfer resistance at the metal/film interface and,
consequently, to their different levels of corrosion resistance [27].

In addition, the larger capacitive semicircle is observed in the SZ, indicating that the protection
afforded by the passive film formed in this region is better than that of the BM and HAZ regions.
This result can be explained by the presence of a microstructure in this region that is more
refined and homogeneous, which, in turn, provides an improved ability for forming a protective
oxide film. Previous studies [28—30] have demonstrated an improvement in the electrochemical
behavior of ultra-fine grained aluminum alloys when compared to their coarser-grain
counterparts. The authors from the aforementioned literature related these results to (i) a
decrease in intermetallic particle size, reducing the intensity of the galvanic cell formed between
the aluminium matrix and precipitates, as well as (ii) the formation of a denser oxide film due to
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the higher density of grain boundaries, facilitating the species diffusion and acting as nucleation
(and pegging) sites of the passive film. Similar results were also reported by Qin et al. [31], who
evaluated the corrosion behavior of the friction-stir-welded joints of a 2A14-T6 aluminum alloy.
The authors reported that in comparison to the base material, the corrosion resistance of the
welded regions is greatly improved as a result of the homogenization of the microstructure
(promoted by the FSW process), which weakens the possibility of galvanic corrosion formation.
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Fig. 10. EIS measurements of the distinct regions of a RFSS welded AA5754ina 0.5 M
Na SO, solution: (a) Nyquist plots (b) Bode plots.

Fig. 10(a) also illustrates that the diameter of capacitive semicircles suggests that the BM
presents a better corrosion resistance than the HAZ. A possible hypothesis for this difference is
the surface energy associated with these regions, due to the density and size of the precipitates
being similar. It is well known that the cold working process improves the mechanical properties
of a material by means of dislocation movements and dislocation generation within the crystal
structure. This phenomenon also increases the surface energy of the material due to an increase
in the density of surface crystalline defects (i.e., many of the dislocation lines intersect the
surface of the material) [1]. Literature shows that the recovery process reduces surface energy
by annihilating dislocations and the excess of energy is used in the recrystallization process,
where new strain-free grains are formed [32]. Thus, a deformed microstructure (with higher
surface energy), like the BM, will oxidize faster than a recrystallized microstructure, similar to
HAZ, with lower surface energy, resulting in a thicker and more protective passive film [28—30].

In Fig. 10(b), the Bode plots of the samples display three distinct regions. The first region,
which has high frequencies (between 3 kHz and 100 kHz), exhibits a 1ZI value of around 15 Q
cm? and phase angle values close to 0°, indicating that their impedance is dominated by the
electrolyte resistance. In the second region, which has intermediate frequencies (between 0.3
Hz and 3 kHz), the Bode magnitude shows a linear slope that is close to -1 and the phase angles
reach their maximum values (around -82°), which are characteristic responses of a capacitive
behavior. The third region, which has low frequencies (between 0.01 Hz and 0.3 Hz), presents
different 1Z1 values for each welded region: 2.3 x 10°Q *cm?for SZ, 1.5 x 10° Q*cm?for BM and
1.1 x 10° Q*cm?for HAZ. These results indicate that the corrosion resistance follows this order:
SZ > BM > HAZ.
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Additionally, it is observable that the change in phase angle values occurs in different
frequencies for each welded region, around 1 x 102Hz for the SZ, around 2.5 x 102 Hz for the
BM and around 3 x 102 Hz for the HAZ, values that are related to the Warburg tail observed in
the Nyquist Plot [Fig. 10(a)]. The phase angle change at higher frequencies in the HAZ region
is directly linked to a lower charge transfer resistance in comparison to the BM and SZ. In this
case, the reduction of dissolved oxygen (2H.O + O, + 4e- — 40H-) occurs more rapidly in the
HAZ region, resulting in an increase of OH- concentration in the cathodic regions of the Al
surface. Meanwhile, in the anodic regions, the consumption of OH- results in the formation of a
hydroxide (A" + 30H— Al(OH)s) [33,34].

Previous study [35] also shown that the presence of SO, anions in the solution promotes the
formation of a basic salt due to a higher chemical affinity with the AP** cation in comparison to
OH- anions, which could delay or avoid the formation of Al(OH)z. This basic salt formed from the
S0O42anions can act similarly to the molybdate layer [36] that forms on the aluminum surface
when this metal is in contact with solutions with high MoO4? concentrations. According to
Moshier et al. [37], this layer restricts the movement of oxygen and hydroxyl anions from
penetrating the film and reaching the metal/film interface. Thus, the higher consumption of the
reactive species (O,-, OH-, SO4?) at the metal/film interface in the HAZ due to their lower charge
transfer resistance results in an increased deposition of the basic salt. In turn, this increased
deposition hinders the mass transfer, causing the appearance of the Warburg impedance in
higher frequencies when compared with the BM and the SZ.

In order to further analyze impedance and provide quantitative support for the experimental
EIS data, a fitting procedure was carried out using the equivalent electric circuit (EEC),
presented in Fig. 11. Similar EECs were used by several authors [27,33,38,39] for different
materials, including aluminum, nickel and carbon steel alloys. Due to the fact that the surface of
the AA5754-H22 alloy is in the passive state while in the SO42 solution, the physical meaning of
EEC elements can be described as follows: Re represents the resistance of the electrolyte, R¢ris
the polarization resistance associated with the charge transfer resistance of the passive oxide
film, @ (constant phase element — CPE) denotes the capacitive element associated with this
oxide layer and W is a Warburg (diffusion) impedance element. The use of a CPE instead of an
ideal capacitor was necessary due to frequency dispersion caused by inhomogeneities in the
electrode surface (superficial roughness, impurities and porosity) and other sources of non-
uniform current distribution. The impedance of a CPE (Zcpe) is defined as:

Zepe = [Yo Gw)*]7t (1)

where Yqis a parameter related to the passive film capacitance (with dimensions of S*scm?); |
is the imaginary number (j 2= -1) ; w is the angular frequency and a is an adjustable parameter,
which represents the deviation from purely capacitive behavior, the value of which usually lies
between -1 and 1. CPE describes an ideal capacitor for a = 1, a Warburg impedance with a
diffusional character for a = 0.5, an ideal resistor for a = 0 and -1 for a pure inductor.

SZ.
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Fig. 11. Electrochemical equivalent circuit used for fitting EIS data measured at Eqc.

Table4 displays the numerical values obtained(for all the parameters of the EEC) from the
fitting of experimental EIS data. Note that the low x?values (order of 10*) indicate a high quality
fitting. In addition, the highest R¢was obtained for the SZ (158.3 kQ*cm?), followed by the BM
(90.0 kQ*cm?) and then the HAZ (63.9 kQ*cm?), suggesting that the FSW process has an
influence on the passive ability in the distinct welding regions of an AA5754-H22 alloy. This also
aligns with the previous qualitative discussion about the EIS spectra and with the sequence of
appearance of the Warburg's tail.

Table 4 Electrochemical parameters fitted from EIS data measured at individual Ecor.

*c0
\Iéveeglj?on Re(Qcm?) /T:?r(,f)s v a Rei(kQ*cm?) | W(pS*st?/cm?) | x2 (x 10™)
BM 171+0.3 |12.0+1.7 | 0.90+0.01 |90.0+14.3 |57.4+5.1 4.64 + 3.8
HAZ 16.6+0.2 | 13.1+0.9 | 0.90+0.01 | 63.9+5.9 48.6 + 3.8 3.48+ 0.7
SZ 19.2+0.3 | 9.8+0.3 0.91+0.01 | 1583+7.6 |50.1+11.2 6.63+4.4

As the obtained values for a parameter (~ 0,90) in the three distintic RFSS welding regions
approach that of an ideal capacitor (a = 1), their respective capacitance can be calculated by
the equation of Brug [40]:

C= YO'/* (Rg* + Rg)(@ -1/« 2

It is well established that the capacitance response of a layer is an indication of their thickness,
due to the fact that they are inversely proportional quantities. So, after calculating the
capacitance of the passive film formed on the distintic RFSS welding regions, estimating their
respective film thickness was possible on the basis of Eqg. 3, which is valid for the parallel plate
capacitor model of a homogenous oxide layer [41].

E0&r
C

d =

®3)

Where d is the thickness of barrier layer, € is the dielectric constant of the passive film, g is the
vacuum permittivity (8.854 x 10 F cm™) and C is the capacitance (in F/cm?). It is difficult to
obtain an accurate thickness value for the passive film because the dielectric constant (g;) is not
well established. Martin et al [42], who studies the impedance of the passive film on aluminum,
used a relative dielectric constant (g;) value of 40, thus, this value was considered in the present
study.
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Table 5 Passive film thicknesses obtained through EIS measurements.

. Capacitance Thickness
Weld Region (}JFF;CTTIZ) (nm)
BM 4.67 7.48
HAZ 5.13 6.90
SZ 4.17 8.49

Table 5 presents the capacitance and passive film thickness of each welded region. Note that
the thickness value of the passive film increased in the following order: HAZ (6.90 nm) < BM
(7.58 nm) < SZ (8.49 nm). These results indicate that the SZ has a thicker passive film than
other welded regions and corroborates with the polarization and EIS results, where it can be
seen that a more refined microstructure presents a better corrosion resistance. The results of
the current study also agree substantially with previous literature, which report that the passive
film of aluminum in different media is around 2-10 nm
[43-45].

4. Conclusions

The microstructure evolution and electrochemical corrosion behavior of the refill friction stir
spot welding process on the surface of the AA575-H22 alloy were investigated. Based on the
experimental results, the following conclusion can be drawn:

®The thermomechanical cycle imposed by the RFSSW process promotes microstructural
changes, making the SZ microstructure more homogeneous and refined,

®RFSSW process promotes different hardness values along the welded joint, with a higher
hardness observed in the BM and a lower hardness in the HAZ region;

®The refined microstructure of SZ presents the higher localized corrosion resistance. In
addition, the pits nucleate preferentially in areas adjacent to the Al (Fe, Si, Mn, Mg) and Mg2Si
precipitates in all studied regions;

®Due to the more homogeneous and better refined microstructure in the SZ region, the passive
film formed on this region is thicker and more protective than that on the BM and HAZ;

® The achieved results are evidence that the RFSSW process is an interesting alternative for
the welding of overlapping dissimilar joints.
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