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Abstract

Friction-stir welding (FSW) is a well-known solid-state technology for manufacturing high-quality aluminum welds.
However, corrosion may become an issue due to the changes in the microstructure within the stir zone, perhaps creating
a local galvanic couple. In this work, AA 5083-O aluminum plates were joined by FSW, and corrosion analyzes were
undertaken. Therefore, corrosion behavior was investigated using an immersion test, open circuit potential (OCP), and zero-
resistance ammeter (ZRA) measurements. The stirred material was found to be more resistant to pitting nucleation than the
AA5083-0 alloy base material on immersion test and OCP analyzes. Nevertheless, deeper pits were more significant in the
stirred material. The ZRA test showed similar results for both regions, indicating this system’s low galvanic couple effect.
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1 Introduction

The use of aluminum for several applications has
grown throughout the years. Thus, aluminum alloys to
replace steel usually concern a high strength-to-weight
ratio increasing the transport carrying capacity or less fuel
consumption and decreasing CO, emission. The 5083-O
alloy, among the several aluminum alloys, is employed in
the aerospace, automotive, and naval industries due to its
mechanical properties, low density, and good corrosion
resistance [1].

The formation of porosities and cracks is typical
in the fusion welding of aluminum alloys. Friction-stir
welding (FSW), a low heat input manufacturing process, is
recommended for these alloys [2]. Therefore, high-quality
joints can be provided by FSW, a joining process of solid-
state nature. Moreover, microstructural changes and grain
coarsening may be prevented by its lower heat input and still
result in a recrystallized microstructure [3]. FSW is used in
various industrial applications, like automotive, naval, and
high-speed train manufacturing [4-6]. A non-consumable
tool plays an essential role in joining the workpieces,
further achieving an improved joint quality since there is
no melting of the materials. Moreover, due to its efficiency
and less consumable energy, FSW is considered a green
technology [3-7].

Friction stir welds of AA 5083 and the process
parameters that influence their joint properties were studied
by many authors [8-12]. Mishra and Rani [8] found that tool
rotational speed is the most significant factor in decreasing
joint elongation. Klobcar et al. [9] reported that the weld
with excessive flash generation, grain growth, and lower
hardness than the base material occurs due to high heat
input. Rao et al. [10] studied the asymmetric distribution
of microstructure and mechanical properties. It was found
that the hardness sharply decreased from heat-affected zone
(HAZ) to the stir zone (SZ) on the advancing side (AS).
Prabha et al. [11] investigated the effects of tool rotational
speeds 0f 900, 1120, 1400, and 1800 rpm at a welding speed
of 40 mm/min. The best ultimate tensile strength (UTS) and
finer microstructure were assessed using a tool rotational
speed of 1120 rpm. Hirata et al. [12] applied different tool
rotational and transverse speeds, which found that regardless
of the condition, the UTS was almost the same, and the
microstructure of the stir zone consisted of fine equiaxed
grains. Therefore, a decrease in grain size resulted in a
hardness increase in the SZ, which improved the mechanical
properties of friction-stir-welded 5083 alloy.

The interface between the base material and stir
zone generates a condition that could be prone to galvanic
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corrosion, owing to the risk of any welding process that induces
microstructural changes. Although aluminum alloys have a
passive layer, pitting corrosion could be severe in specific
environments, especially those containing chloride ions
[13,14]. Galvanic corrosion would take place when the base
and stirred materials have a potential difference. The noblest is
the cathode, and the anode is the most active (most susceptible
to corrosion) [15]. In this investigation, it should be noted that
the corrosion evaluation was performed on the top surface
as this region is typically exposed to the environment where
the related degradation phenomena might occur. Therefore,
corrosion analyzes were carried out to assess the effect of
galvanic couple. Thus, this work investigated the corrosion
behavior of friction-stir-welded AA 5083-O.

2 Materials and methods
2.1 Materials

Friction-stir-welded AA 5083-0 aluminum plates with
400 x 80 x 6.35 mm were investigated in this work. An AISI
H13 steel tool with a shoulder of 18 mm diameter and probe
length of 6 mm was used for solid-state welding. FSW was
performed with a tool rotational speed of 1100 rpm and a
welding speed of 30 mm/min [16]. The chemical composition
measured in the base material is given in Table 1. Samples
were cut using electrical discharge machining (EDM)
according to the dimensions shown in Figure 1.

Electrochemical tests aimed to evaluate the galvanic
couple between the base material (AA 5083-0) and the stirred
material. Figure 2 shows the experimental arrangement
for OCP and ZRA tests. Therefore, OCP was measured
separately to evaluate corrosion in the as-received (base
material) and stirred material. At the same time, the ZRA
was used to evaluate the current between the base and stirred
materials together as a galvanic pair. All electrochemical
and immersion tests were carried out in a 5 mmol/L NaCl
aerated solution at room temperature [17].

2.2 Methods
2.2.1 Sample preparation for corrosion analyzes

The samples were cold mounted in resin, grounded
in sandpaper 80 to 1200 grit SiC papers, and polished with
4 pm and 1 pm diamond past. Then, they were cleaned
with distilled water (96% alcohol), and dried with nitrogen.

2.2.2 Immersion test

This test was based on ASTM G46 [18] and ASTM
G44 standards [19]; the sample comprised the base and
stirred materials in 20 x 10 mm. The tests were carried out by
continuous immersion for 1 and 24 hours. After each period, the
samples were cleaned and dried. Before and after immersion,
images were taken using a Leica DM2700 microscope to
assess the surface. In addition, the samples were analyzed on
a light interferometer Bruker-Contour GT-K for measuring
the pit depths, and the appearance of new pits over the time.
Thus, several images were taken using green light and 2.5x
with a #2 field of view (FOV).
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Figure 1. Schematic sketch of the samples in friction-stir welded AA
5083 alloy: #1 stands for immersion tests; #2 and #3 for OCP tests,
and #4 and #5 for ZRA test.
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Figure 2. Experimental arrangement for ZRA and OCP tests. ZRA:
a) the counter electrode (CE) of the zero resistance amperemeter was
connected to the base material sample, and the working electrode (WE)
was connected to the stirred one; OCP b) the potential of each sample
was monitored concerning Ag/AgCl (3 mol/L KCl) reference electrode.

Table 1. Chemical composition of AA 5083-O aluminum alloy base material (% wt.)

Al Mg Mn Fe Si Zn Cr Ti v Cu
AA 5083-O Bal. 4.89 0.53 0.33 0.18 0.087 0.075 0.014 0.011 0.008
Tecnol Metal Mater Min. 2022;19:e2751 2/6
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2.2.3 Open Circuit Potential (OCP) and
Zero Resistance Ammeter (ZRA)

Samples with 5 x 5 mm were embedded in acrylic
resin (Figure 2), and their sides were insulated to avoid
crevice corrosion. At first, the OCP and ZRA tests of base
and stirred materials were measured for 24 hours. For these
tests, conduced separately, an Ag/AgClI (3 mol/L KCI) was
the reference electrode (RE) [20,21].

For the OCP, two potentiostats (an Autolab 302N
Potentiostat — Metrohm and Gamry Potentiostat Interface
1000E) did the measurements, one for each sample (base
and stirred materials without electric contact).

The ZRA measures the current between a galvanic
pair [22], which technique was performed according to
the ASTM G71 [23] and the Potentiostat Manual [24].
An Autolab 302 N Potenciostat — Metrohm was then used.
In this context, the stirred material acts as a working electrode
(WE), and the base material as the counter electrode (CE),
so all ZRA data is reported concerning the stirred material.
ZRA currents were normalized by each sample area, keeping
a 1:1 proportion between the base and stirred materials.
A smoothing filter with the FFT was further used.

3 Results and discussion
3.1 Immersion test

Interferometric images taken before and after immersion
tests and these are shown in Figure 3. The color scale was
normalized for comparing the surface profiles better. After
1% hour of immersion, some pits grew in both base and
stirred material; in the latter, the density of deeper pits seems

to be more prominent, while in the base material, smaller
and shallower pits were dominant. Later, after 24 hours of
immersion, a significant number of pits were evident in both
materials compared to that of the one hour of immersion.
Stirred material displayed greater number of deeper pits,
whereas the base material showed greater density of smaller
pits. Overall, concerning 24 hours of immersion, the base
material showed more pits than the stirred one.

The trend noted in the 24 hours of immersion
corroborates well with interferometric analysis (see Figure 4),
where the base material had the worst condition. All the pits
below 0.2 pum depth and 6.4 um diameter were disregarded to
eliminate noises and small previous defects. For comparison
purposes, the same procedure was done in the sample
before immersion. In this case, the total pit density was
less than 50 pits/cm? for base and stirred materials, which is
relatively less than the values reached after immersion. Thus,
considering 1 hour of immersion, around 1640 pits/cm? and
1950 pits/cm? were verified in the base and stirred materials,
respectively. For 24 hours of immersion, approximately
9830 pits/cm? and 9550 pits/cm? were achieved in the base
and stirred materials, respectively.

Figure 4 shows the base material that had a more
significant number of shallow pits (less than 0.7 pm).
Interestingly, the pit density decreases for higher pit depths,
suggesting that the nucleation is more prominent than growth
in the base material. On the other hand, stirred material
showed a greater number of deeper pits (above 0.7 um). This
behavior is even more distinguishable for the deepest pits
(greater than 0.9 pm). Therefore, stirred material showed
around four times more pits/cm? than the base material,
regardless of the immersion time, indicating that the pit
growth is, to some extent, more important in this region.
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Figure 3. Optical microscopy after immersion tests in NaCl Smmol/L aerated at various exposure times. 1h of immersion test: a) base material,
b) stirred material; 24h of immersion test: ¢) base material, d) stirred material. The area of each image is 0.97 mm x 1.3 mm
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Figure 4. Histogram of pitting density versus pit depth after immersion
tests in NaCl Smmol/L aerated at various exposure times: 1 hour and
24 hours.

Before immersion, the mean roughness measured
by interferometry was of around 30.6 + 8.8 nm and 20.4 +
4.3 nm for the base and stirred materials, respectively. After
24 hours of immersion, the roughness changed to 79.9 +
16.7 nm for the base material and 64.6 £ 5.4 nm for the
stirred one. Thus, in general, the mean roughness increased
three times for both materials, which is expected due to the
pitting formation.

3.2 Open Circuit Potential

Arepresentative curve of OCP evolution for 24 hours
for the base material and stirred material is shown in Figure 5a.
Initially, OCP values (base and stirred materials) increased
rapidly, followed by a slower decrease until a stationary
value after around 16 hours of immersion. Besides, the
potential was similar for both regions, showing differences of
around 50 mV, which might be related to low susceptibility
to galvanic corrosion of AAS083 alloy [25].

The potential varies for a surface alteration (e.g.,
formation and breakage of the passive layer [26]). A tendency
of change was noted for the nobler potential in the first hours
of test followed by a drop to more negative values. Thus,
the potentials for the first hours can be associated with the
passive layer [27,28]. The next change to further negative
potentials suggests that the passive layer was unsuitable for
resisting corrosion in 5 mmol/L NaCl.

The behavior seen in Figure 5b is an indication of
the breakdown of the passive layer, thus inducing a pitting
process [28].

On the surface, there might be sites susceptible to
chloride attack (inclusions, heterogeneities, and second-
phase particles [29]); these regions may act as preferential
sites for nucleation of pits. The breakage of the passive layer
would cause the potential to shift to more negative values,
indicating development of active sites. After repassivation,
the potential returns to the previous level. This passivation
effect is more frequent in the base material than in the stirred
one, which corroborates with the more prominent nucleation
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Figure 5. a) Open circuit potential transient for AA 5083-O base
material and stirred material in NaCl Smmol/L aerated using a smoothing
filter with the FFT. b) Effect of the breakage of the passive layer and
repassivation in AA5083 (base and stirred materials).

in the base material after 24 hours of immersion. In Figure Sa,
more pronounced potential drops may indicate deeper pits
(stirred material), which can also be seen in Figure 5b since
the number of deeper pits was remarkable in this region.

3.3 Zero Resistance Ammeter

The representative curve of ZRA evolution in the
24 hours for the galvanic pair is shown in Figure 6. The noise
at the beginning of the test could represent the breakage of
the passive layer in the base or the stirred materials, and
thus a pitting corrosion [17]. However, it was not possible
to define in which sample this phenomenon occurred first.

Liu et al. [30] presented a similar behavior of
current density in ZRA analysis for magnesium alloy.
The experimental data plotted here references the stirred
material so that the negative currents indicate the cathode,
and the base material is the anode. Moreover, it seems that
a shift in the current direction is due to the initial surface
stabilization as seen in OCP measurements, which showed
similar values for both regions.
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Figure 6. ZRA analysis on AA 5083 base and stirred materials during
24 hours in NaCl 5Smmol/L aerated solution using a smoothing filter
with the FFT. Current density is reported concerning stirred material,
which acts as t=he working electrode. In turn, the base material is the
counter electrode, and its current density has the same magnitude but
opposite direction.

The OCP decreased throughout the potential stabilization
of the base material, which was consistently lower than that
of the stirred material, resulting in negative current density,
as shown in Figure 6. The maximum cathodic current density
occurred for 3 to 4 hours of immersion. Later, this density
became less negative, agreeing well with the OCP behavior
that showed a smaller difference between the base and stirred
materials for longer immersion times (around 16 hours).
As the potential difference between the base material and
the stirred is moderate, the galvanic current also has small
values. Thus, the trend verified herein indicates that the
stirred material has a slightly more noble behavior than the
base material.
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Although the current density for the stirred material
was slightly negative for almost the whole time, both regions
developed certain corrosion. This was evidenced by the
pitting corrosion noted in Figure 4, which is explained by
the shift between the cathode and anode potential.

4 Conclusions

i) The stirred material in friction-stir welded AA 5083
aluminum alloy presents a certain resistance to
nucleation of small pits, as verified in the immersion
test. However, deeper pits were present in more
amount in this region, in which these surface defects
could be deleterious for mechanical properties.
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iii) ZRA test further proved that the stirred material is
nobler than the base material, but a considerable
galvanic effect was not observed. Overall, FSW
showed an acceptable electrochemical coupling
referring to galvanic corrosion.
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