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Abstract

An electrochemical analysis of the corrosion resistance of the Al-alloy EN AW-5454-D and its welded
joints made by MIG (Metal Inert Gas) and by laser hybrid (LH) welding, was performed on this study.
All the tested samples had a thickness of 4 mm, whereby all the samples’ surfaces were cleaned with
a plasma cleaning process before the electrochemical testing to reduce the impact of contamination.
The electrochemical behaviour was investigated in a 3.5 wt.% NaCl solution over immersion periods
of 1 hour, 7 days and 30 days, using electrochemical techniques and surface analysis. The obtained
results show that the welding processes (MIG and LH) caused microstructural heterogeneities that
reduce the corrosion resistance of the weld. The MIG welded Al-alloy showed worse properties than
the LH welded in the electrochemical tests, as it had a higher corrosion current density, lower
polarisation resistance and higher layer capacitance. Due to long-term exposure to the immersion
solution, despite the reduced susceptibility to uniform corrosion, the Al-alloy samples and their
welds remained susceptible to pitting corrosion.

Keywords: Al-alloy; welding; electrochemical behaviour; characterisation

1. Introduction

The properties of the EN AW-5454-D Al-alloy are well known from the scientific literature, such
as excellent corrosion resistance [1-3] good formability [4], weldability [5], good density-to-load
capacity ratio [6,7] and excellent mechanical properties [3,8,9]. All these properties indicate that this
alloy is very suitable for use in the automotive industry [10] due to the reduction of weight and
environmental footprint [11,12], and, consequently, lower energy consumption required to power
vehicles [13]. Since this Al-alloy is corrosion-resistant and weldable, it is used for various chassis
components that are joined together by welding.

Laser hybrid welding (LH) compensates for the individual weaknesses of laser and conventional
arc welding [14]. LH has many advantages [15] over conventional welding processes when choosing
the optimal welding parameters, as it is faster and more productive than classical arc welding [16],
provides lower heat input [17-19] into the welded joint, and, consequently, smaller changes in the
microstructure in the heat affected area (HAZ) [20-22], lower energy consumption, better appearance
of welds and reduction of defects in the weld [23,24]. Due to the size of the welding equipment,
especially the LH welding head, which prevents access to more complex forms of welded parts, LH
welding is used best for welding long and straight welded joints. Metal inert gas (MIG) welding, on
the other hand, offers other advantages, such as flexibility, high welding efficiency and flexibility.
The MIG welding process is used widely in automated welding [25]. Due to the relatively simple
shape of the MIG torch, the accessibility to the welding site is much better than with laser hybrid
welding, and therefore allows the welding of more complex welding shapes. With the introduction
of pulse MIG welding, the weld pool stirring is enhanced, it allows a finer grain weld structure and
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better weld properties [25] compared to conventional MIG welding. The biggest problem in MIG
welding is the porosity formation in the weld, which is greater than in LH welding [26,27].

The Al-alloy EN AW-5454-D belongs to the 5000 series of work-hardening alloys [28,29]. With
thinner sheet metal the material is more hardened, and therefore has better mechanical properties,
which was confirmed in a previous study of the same Al-alloy [27,30].

During welding, the microstructure of the material changes due to the introduction of heat into
the HAZ, which affects the corrosion resistance of the material [31-33]. Studies of various effects on
the corrosion resistance of Al-alloys have been reported in the literature. Sinan [1] investigated the
effect of plastic deformation by rolling on corrosion resistance, whereby the corrosion resistance
increased of the plastically deformed alloy. The effect of the degree of deformation on corrosion was
investigated using a potentiodynamic test, although such a change was also recorded by corrosion
testing. Fraker et al. [2] observed the corrosion resistance of various alloys at elevated temperatures
in salt water, and found that the AA5454 alloy was the best among the Al-alloys studied. Yang et al.
[34] conducted a study on the effect of varying the welding speed of the aluminium-lithium alloy (Al-
Li) 2195 in an LH process, where they found that the corrosion resistance decreased with increasing
the welding speed. Chandra et al. [35] conducted a study on the effect of friction stir welding (FSW)
on the corrosion resistance of a welded joint of the Al-alloy EN AW-7075. Guzman et al. [36]
conducted an analysis of the electrochemical corrosion properties and mechanical strength of 6061
aluminium welds in two different heat treatments. The welds were made by MIG arc welding in
pulsed mode. Due to the change in microstructure and phase composition, a galvanic couple
susceptible to electrochemical corrosion was created, which was more evident in the heat-affected
zone than in the other weld zones, which showed uniform and localised corrosion, as evidenced by
electrochemical impedance spectroscopy. The heat introduced during the welding process, especially
in the HAZ, affects the corrosion resistance negatively. Shah and Badheka [37] evaluated the
electrochemical behaviour of the AA 7075-T651 alloy under different welding conditions and the
effect of the tool rotation speed, welding speed and tool diameter on its corrosion properties. The
corrosion properties were studied according to the ASTM G-34 Standards. The analysis showed that
the HAZ is the most susceptible to corrosion. The experiments showed that the corrosion resistance
of welded plates is directly proportional to the heat input during the welding process. Plates welded
with a lower tool rotation speed, higher welding speed and smaller tool diameter showed higher
corrosion resistance. From the above studies it is evident that the corrosion resistance of a welded
joint is most dependent on the heat input during the welding process. The studies also showed that
the lowest corrosion resistance was observed in the HAZ.

The aim of our study was to compare the corrosion resistance of the base material made of the
Al-alloy EN AW-5454-D of 4 mm thickness with the corrosion resistance of welded joints prepared
by the MIG and LH processes. The study used standard electrochemical analysis methods in
conjunction with complementary microstructural analysis of the samples.

2. Materials and Methods

2.1. Base Material

The Al-alloy was supplied by the manufacturer Speira GmbH (Grevenbroich, Germany). Sheet
strips made of cold-rolled Al-sheets 4 mm thick in the supplied condition O (soft) [4]. Plates rolled in
the longitudinal direction had been cut into the desired dimensions (50 mm x 500 mm) of the parts.

The nominal chemical composition of the supplied Al-alloy EN AW-5454 is listed in Table 1.

Table 1. The nominal chemical composition of the Al-alloy EN AW-5454-D (in wt.%), declared by the alloy

manufacturer.

Thick
1N Element Si Fe Cu Mn Mg Cr Zn Ti Al
[mm]
4.0 0.18 0.32 0.05 0.76 2.85 0.05 0.04 0.02 95.73

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1800.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2026 d0i:10.20944/preprints202601.1800.v1

3 of 18

2.2. Filler Material

A massive welding wire - Safra Al Mg2.7Mn (S Al5554 - EN ISO 18273); wire diameter & 1.2
mm, supplied by the manufacturer Safra Spa (Travagliato, Italy) was used for welding.
The chemical composition of the supplied welding wire used for the tests and analyses is listed

in Table 2.
Table 2. The chemical composition of the welding wire Al5554 (in wt. %).
Cr Cu Fe Mg Mn Si Ti Zn Al
0.079 0.0019 0.148 2.83 0.609 0.057 0.088 0.0018  Rest
2.3. Welding

The Al-sheet samples were welded robotically in a welding cell for safety reasons. The
individual elements during the LH and MIG welding are shown in Figure 1. Due to the robotic
welding, it was necessary to position and clamp the weldments in the welding fixture accurately,
which is shown in Figure 2.

Laser beam
Filler wire

Welding arc o Weldi
—— e elding
Shielding gas ¥ =P irection

olten poo
Bubble

Filler wire

Welding arc
Shielding gas

b)!

Figure 2. Weldments clamped in the welding fixture.

2.3.1. Performing of Laser Hybrid Welding
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A laser welding source IPG YLS-10000-S2T with Laser process (continuous, pulsing, Fiber,
solid): CW Mode (IPG Laser GmbH, Allershausen, Germany), a welding source for the MIG welding
process with Synergic Line: PMC 4181 AC Universal: Fronius iWave500 (Fronius, Austria) and a laser
hybrid welding head Fronius (Fronius, Wels, Austria) were used for the LH. The technological
parameters for the LH of the but weld are listed in Table 3.

2.3.2. Performing of MIG Welding

A welding source, Fronius TPS 400i (Fronius, Austria) with Synergic Line: PMC 4515 DC
Universal was used for the MIG welding process. The technological parameters for the MIG welding
of the but weld are listed in Table 3.

Table 3. Technological parameters for laser hybrid welding and MIG welding.

Welding parameter Value Value
Welding process Laser hybrid MIG-PMC
Welding position PA-Flat position PA-Flat position

Gap Laser-MIG 2mm -

Laser Master,

Sequence MIG Slave ]
Stickout 15 mm 15 mm
Fibre diameter 0.6 mm -
Spot size 0.9 mm (no defocus) -
Collimation length 200 mm -
Focal length 300 mm. -
Optic 5° in pulling position -
Shielding gas 100% Ar 5.0 100% Ar 5.0
Gas flow 15 1/min 15 1/min
Welding speed 300 cm/min 96 cm/min
Wire feed speed 10.5 m/min 5.5 m/min
Welding current 147 A 181 A
Voltage 181V 20V
Laser power 5000 W -
Type of weldmzc?y current and DC—Pulse DC—Pulse
polarity
AC Balance +2 0
Arclength -0.2 0

2.4. Sample Preparation

Rectangular samples were cut roughly by wire erosion from the base material, LH and MIG
welded samples. The shape of the samples of the basic material was processed mechanically from the
rectangle - the contour of the basic material sample imitated the contour (outline) of the welded
sample, so that the surface sizes of all the samples were as equal as possible. The contour in the basic
material was then created with an electric straight sander, and later with a hand file according to the
outlined contour.

Holes with a diameter of 1.0 mm were drilled into the samples mechanically, which were used
to hang them on a wire in the test medium.

2.5. Characterisation

Microstructural observations and microchemical analyses of the samples were performed using
a Scanning Electron Microscope (SEM), model Sirion 400NC (FEI, USA), equipped with an Energy-
Dispersive X-ray (EDX) spectroscope, INCA 350 (Oxford Instruments, UK). The SEM imaging was
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conducted using both secondary electron (SE) and backscattered electron (BSE) modes at
magnifications ranging from 500x to 2,500x. An acceleration voltage of 20 kV and an electron beam
spot size of 3.0-4.0 were employed to optimise the resolution and contrast. An EDX analysis was
carried out over an energy range of 0-20 keV, to determine the elemental composition of selected
areas. The results were normalised to provide quantitative elemental data.

The base material, LH and MIG welded samples were analysed after mechanical processing,
chemical and mechanical cleaning, as well as after cleaning with air plasma. Additional SEM
investigations were then conducted on the samples after the electrochemical testing.

2.6. Sample Surface Cleaning

After mechanical processing the samples were examined by SEM/EDX, which revealed the
remains of a cutting tool on the surface (the sample was cut with a hand file-cutting tip made of
austenitic steel). Fe was detected on the surface, visible as white particles in Figure 3. Different
amounts of Fe were present at the analysed sites. Fe, and in some places Cr, and Mo, were detected

(Table 4).
Figure 3. SEM analysis of a cross-section of the laser hybrid weld.
Table 4. EDX analysis results of the cross-section of the laser hybrid weld (in wt.%).

Spectrum C O Mg Al Cr Fe Mo Total
Spectrum 1 13.29 12.69 1.64 72.38 - - - 100
Spectrum 2 - 11.62 1.98 86.40 - - - 100
Spectrum 3 - - 1.22 77.37 - 21.41 - 100
Spectrum 4 - 7.72 1.53 62.72 1.73 20.05 6.25 100
Spectrum 5 - 14.28 - 53.97 4.63 22.67 4.45 100
Spectrum 6 - 13.59 - 44.10 2.19 19.75 20.38 100

Mean 2.22 9.98 1.06 66.16 1.43 13.98 5.18 100
Std. Dev. 5.43 5.41 0.86 15.63 1.85 10.88 7.91

Max. 13.29 14.28 1.98 86.40 4.63 22.67 20.38

Min. 0 0 0 44.10 0 0 0

Different cleaning approaches were used to remove these residual elements. The sample surfaces
were examined with SEM following the various cleaning approach steps, to confirm that the residual
elements had been removed from the sample surfaces.

2.6.1. Chemical Cleaning

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The samples were immersed in a Nital solution (a mixture of 2 vol.% HNOs: 98 vol.% ethanol)
etchant for 1 minute. After that the samples were washed with water and dried.

An EDX examination of the samples, after the cleaning attempt, still detected that different
amounts of Fe were present at the analysed sites.

2.6.2. Mechanical Cleaning

Manual polishing of the samples was carried out with Al2Os. The samples were sanded with a
4000 base — each sample for about 10 minutes. After sanding, the samples were placed in an ultrasonic
bath for 5 minutes. Sample polishing followed with 0.05 um MasterMet colloidal silica paste,
approximately 5 min/side/sample.

After the 2nd cleaning attempt with the Nital solution, the samples were examined by EDX,
which showed no more Fe residues on the surface.

2.6.3. Cleaning with Air Plasma

Surface cleaning with air plasma was performed to eliminate contamination of the surfaces of
the samples with organic substances on the results of the corrosion resistance measurements. A
Plasmatreat FG5001 plasma generator, RD1004 nozzle - without rotation, and a table with automated
scrolling (Plasmatreat GmbH, Queller Strafie 76-80, 33803 Steinhagen, Germany) was used for the
surface preparation. The technological parameters for surface preparation are listed in Table 5. The
sample surface preparation with air plasma is presented in Figure 4.

Table 5. Air plasma technological parameters.

Parameter Value Unit
Supply air pressure 3.6 bar
Voltage 300 \
Electric current 11.7 A
Frequency 21 kHz
Plasma cycle time 100 %
Nozzle distance from the surface 4 mm
Nozzle/transition speed 25 mmy/s
Nr. of transitions 4 -

After cleaning with air plasma, each sample was wrapped separately in Al-foil to prevent
possible surface contamination.

RD1004 nozzle

Cleaning

Openair-Plasma —
direction

Treated surface J

Sample

Figure 4. Surface preparation with air plasma.

2.7. Sample Surface Area Size Determination

To calculate the polarisation and electric potential, it was necessary to determine all the surfaces
of the samples accurately, so these surfaces were 3D imaged using a Keyence VHX-7000 digital
microscope (Keyence International, Mechelen, Belgium) with 100x magnification. With the included
software a 2D image was made from the 3D image, as shown in Figure 5. A Poligon function was
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used to draw a closed curve (points at 0.01 or 0.1 mm) to 0.01 mm precision, and the Area function
was used to determine the area (interpolation). An approximation was made on the other side of the
sample (x2 of the measured area).

A=37.29 mm’

b)

Figure 5. Surface area size determination: a) 3D image of the sample surface, b) 2D image of the sample

surface.

2.8. Electrochemical Measurements

The electrochemical behaviour of three Al-alloys, the base material (BM), LH welded, and MIG
welded, were investigated in a 3.5 wt.% NaCl solution over immersion periods of 1 hour, 7 days and
30 days. The chemical compositions of the tested alloys are listed in Table 6. The NaCl solution was
prepared using analytical grade NaCl and distilled water. The electrochemical measurements were
performed using a conventional three electrode cell in a 400 mL open air beaker. The working
electrode was the tested Al alloy sample, the counter electrode was a platinum mesh, and the
reference electrode was a saturated calomel electrode (SCE). All the potentials are reported versus
the SCE. The electrochemical measurements were carried out using a VoltaLab PGZ-301 potentiostat.
Before each test the open circuit potential (OCP) was monitored for 60 minutes, to ensure that a stable
steady state condition was reached. Following the OCP stabilisation, electrochemical impedance
spectroscopy (EIS) was conducted at the OCP over a frequency range of 0.1 Hz to 30 kHz with a
sinusoidal perturbation amplitude of 10 mV. The EIS data were fitted using the appropriate
equivalent circuit models. In the potentiodynamic polarisation tests the potential was scanned from
-1100 mV to 500 mV at a sweep rate of 1 mV/s. The corrosion potential (Ecor), corrosion current
density (jeorr), and polarisation resistance (R,) were determined from the polarisation curves using
Tafel extrapolation.

Table 6. EDX analysis results of the base material samples (in wt.%).

Spectrum o Mg Al Si Mn Total
Spectrum 1 3.28 2.93 92.83 - 0.96 100
Spectrum 2 2.56 2.96 93.53 - 0.95 100
Spectrum 3 2.24 2.73 94.02 - 1.01 100
Spectrum 4 4.85 3.63 90.13 1.39 - 100
Spectrum 5 4.93 3.82 90.44 - 0.81 100
Spectrum 6 6.08 2.07 91.04 - 0.81 100

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Mean 3.99 3.02 92.00 0.23 0.76 100
Std. Dev. 1.52 0.63 1.67 0 0.38
Max. 6.08 3.82 94.02 1.39 1.01
Min. 2.24 2.07 90.13 0 0

3. Results and Discussion

3.1. SEM Imaging and EDX Microchemical Analysis

After the mechanical processing of the samples, residual elements from the cutting tool were
detected on the surface, which may interfere with further investigations and the electrochemical
testing results.

The SEM/EDX investigations of the base material samples after successful cleaning of the cutting
residuals are shown in Figure 6 and Table 6. The obtained EDX results confirm that the surface
chemistry is consistent with the expected composition of the EN AW 5454 D Al-alloy. The detected
oxygen originated from the natural ALOs passive film, which forms spontaneously upon the
exposure of Al to air, and is observed commonly in EDX due to its limited analysis depth, rather than
from surface contamination.

200pm : Electron Image 1

Figure 6. SEM analysis of the base material samples showing the locations where the EDX analysis was

performed.

Importantly, no Fe, W, Mo, Cr, or V were detected after cleaning, demonstrating that the
procedure removed the tool related contaminants effectively. The concentrations of the key alloying
elements (Mg, Mn, Si) aligned well with the nominal compositional specification for EN AW 5454 D.
Furthermore, the low Standard Deviation among the individual spectra indicates minimal spatial
variation, and confirms that the surface is cleaned uniformly and chemically homogeneous.

3.2. Electrochemical Measurements

3.2.1. Open-Circuit Potential Measurement

Figure 7 presents the open circuit potential (OCP) of the tested Al alloys as a function of the
immersion time in a 3.5 wt.% NaCl solution. During the first hour, the alloys exhibited stable OCP
values with fluctuations within +20 mV, indicating rapid surface layer formation. The base material
(BM) displayed the noblest potential (around -750 mV), while the MIG welded alloy showed the most
active potential (around —-806 mV).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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With extended immersion (7 and 30 days), a marked cathodic shift was observed for most alloys,
suggesting gradual activation of the surface. The exception was the MIG welded sample after 7 days,
which shifted slightly anodically, due possibly to temporary repassivation. After 30 days, the OCP
values converged within a narrow range (—815 to =795 mV), implying similar electrochemical surface
states across all the alloys.

+ Base material 1 hour +  Base material 30 days
<204+ LH welded alloy +  Base material 7 days -f0- = LH welded alloy
«  MIG welded alloy + LH welded alloy + MIG welded alloy
] s0] + MIG welded allay
T804 AL L O o
L e e g E =
& a0 -
E s E
e E o e
2 [ g
o -220 8
8404 8204 . Ve -840
260
-840
B I e -B80

T T T T
T T T =
a s . 500 B0 0 500 1000 1500 2000

Time (s) Time (s)

Time (s)

a) b) <)

Figure 7. OCP values for the tested alloys following immersion in a 3.5 wt.% NaCl solution. a) 1 hour, b) 7 days,
and c) 30 days.

3.2.2. Potentiodynamic Measurements

The potentiodynamic polarisation curves of the tested Al alloys immersed at different times in
the 3.5 wt.% NaCl solution are shown in Figure 8. The corrosion parameters derived from
potentiodynamic polarisation measurements: corrosion potential (Ecorr), corrosion current density
(jeorr), and polarisation resistance (Rp) are summarised in Table 7 for immersion times of 1 hour, 7 days
and 30 days in a 3.5 wt.% NaCl solution.

Base material 1 hour |—— Base material 7 days —— Base material 30 days
—— LH welded alloy — LH welded alloy —— LH welded alloy
89 —— MIG welded alloy 51— MIG weldsd alloy 5| MIG welded alloy
— Ch|
~ o 44
£ o
s 5 E
1 3 g
= L <
= = ERr
9 =
R g 2
o 8
o]
: 2]
T T T T T T T na A o7 -ne -
12 -1 -12 08 -08 o7 0.6 -0.5 0.4 1 10 ag o8 or 13 o5
E (mV/SCE) 4
E (mVISCE
( ! E (mVISCE)
a) b) <)

Figure 8. Polarisation curves of the tested Al alloys for different immersion times in a 3.5 wt.% NaCl solution. a)
1 hour; b) 7days; c) 30 days.

Table 7. Parameters of the polarisation measurements of the tested alloys for different immersion times in a 3.5

wt.% NaCl solution.

Alloy 1 hour 7 days 30 days
ECOI’I’ jCOlT (kgI){/ljcm ECOIT jCOlT RP ECOI’I’ j corr RP
(mV)  (pAfem?) * ) (mV) (pA/cm?) (kQ/cm?) (mV) (nA/cm?) (kQ/cm?)

)
-750 3.80 455 -795 0.70 21.43 -794 0.78 220

Base material
(BM)
LH welded -743 4.63 3.05 -853 1.05 11.98 -815 1.16 14.7
MIG welded -806 18.15 1.60 -761 0.88 18.10 -816 1.45 7.70

At the onset of the immersion (1 hour), the base material (BM) and the LH welded alloy exhibited
similar corrosion potentials (approximately =750 mV). In contrast, the MIG welded alloy showed a
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significantly more negative corrosion potential (-806 mV), indicating its lower initial corrosion
resistance. This was further confirmed by its considerably higher corrosion current density (18.15
pA/cm?) and lower polarisation resistance (1.60 k{dcm?) compared to the base alloy (3.80 uA/cm?; 4.55
kQcm?). The inferior initial performance of the welded alloys, particularly MIG, is attributed to the
microstructural heterogeneities and porosity introduced during the welding process, which
increased the electrochemically active surface area and facilitated charge transfer reactions.

With prolonged immersion, the corrosion potential of the BM and LH welded alloys shifted
towards more negative values, suggesting gradual activation of the surface. However, after 30 days,
the corrosion potential of all the tested alloys converged within a narrow range (approximately 800
mV), implying that the surface electrochemical states became similar over time.

The polarisation resistance (Rp) increased substantially for all the alloys after 7 days, indicating
improved resistance to uniform corrosion. This trend correlates with the marked decrease in
corrosion current density over the same period, reflecting the formation of a more protective surface
layer. A similar trend was registered after 30 days.

Throughout the test intervals, the base alloy maintained the best corrosion properties in terms
of uniform corrosion. Although the LH welded alloy showed slightly better performance than the
MIG welded alloy, after 30 days, the difference between the two welded variants was much smaller
than at the beginning of the experiment. Notably, after 30 days, the MIG welded alloy exhibited a
lower Rp value, which may be due to the development of a porous corrosion product layer within the
weld structure.

The slight increase in jcorr observed for all the alloys after 30 days may signal the gradual
degradation of the protective surface layer, potentially heralding the onset of localised corrosion
processes.

A decrease in the current density over time typically signals a reduction in uniform corrosion,
but, in electrolytes containing aggressive ions like chloride (Cl), this trend alone does not rule out
the initiation or intensification of localised pitting corrosion [38,39].

For assessing the pitting formation, the key electrochemical parameters are most critical: the
pitting potential (E,i;) and the repassivation or protective potential (E,) [38,40]. The relationship
between these two values is especially significant. A sharp, premature rise in anodic current density
before reaching oxygen evolution potentials, often suggests instability in the passive oxide layer and
the likely onset of pitting (Epit). The protective potential (E.,) is identified during a reverse potential
scan as the point where the current hysteresis loop closes, i.e., where the return scan intersects the
forward scan [38].

Due to their high reactivity in air, metals like aluminium develop a surface oxide layer
spontaneously, even prior to electrochemical polarisation. As a direct consequence, an increase in
current density can be observed, beginning at, or very near, the corrosion potential. This behaviour
results in the measured corrosion potential (Ecor) and pitting potential (Ei) being virtually identical
or extremely close in value at the beginning of the immersion [40—42].

To assess whether the formed layer on the alloy surface after a 30-day exposure period in a 3.5
wt.% NaCl solution could protect the tested alloys against pitting corrosion, a potentiodynamic
polarisation test was performed, which included a reverse potential scan.

Figures 9 a-c present the potentiodynamic polarisation curves, including reverse scans, for the
base, LH welded and MIG welded Al-alloys after 30 days of immersion in the 3.5 wt.% NaCl solution.
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a) b) <)

Figure 9. Polarisation curve with reverse scan of the tested alloys after an immersion time of 30 days in 3.5 wt.%
NaCl. a) Base material; b) LH welded; ¢) MIG welded.

Following a 30-day immersion in the 3.5 wt.% NaCl solution, the polarisation curves with the
reversed scan (Figures 9 a-c) revealed that all the tested alloys exhibited a higher current density
during the reverse scan compared to the forward scan. This resulted in a positive hysteresis loop, a
characteristic electrochemical indicator that pitting corrosion has initiated under these conditions.
The measured repassivation potential (Erep) defines a critical threshold below which new pits should
not initiate. For all the Al alloys in this study, Erp was more negative than the corrosion potential
(Ecorr lies between Epit and Erep). This positioning signifies that pits, once formed, cannot repassivate
fully, and are therefore likely to continue growing and propagating [38]. It is important to point out
that the LH welded alloy has an Erep (-820 mV) almost identical to Ecorr (-815 mV), which means that
repassivation is maybe partially possible under the given conditions.

The difference between the Epit and Erep, along with the area of the hysteresis loop, are indicators
of pitting corrosion possibility. The larger Epit and Erp difference and the larger positive loop area
correspond to lower pitting corrosion resistance [38].

In the case of the examined Al alloys, the LH welded alloy had the smallest (~114 mV), and the
MIG welded the largest (~193 mV) difference between Epit and Erep. These results suggest that the MIG
welded alloy has a higher tendency to pitting corrosion than the LH welded alloy.

Further insights into the stability of the surface oxide layer can be derived from another
parameter: the active-passive transition potential, often visible as a distinctive “anodic nose” in the
polarisation curve. This potential marks the point on the reverse scan where the current density
undergoes a sharp decline. In the tested Al alloys, Ecorr was more noble (positive) than this transition
potential, which suggests that the alloy surface would remain in a stable passive state at its corrosion
potential [38].

In order to check the possibility of pitting corrosion formation, the alloy samples after
potentiodynamic polarisation with reverse scans (30 days of immersion in the 3.5 wt.% NaCl solution)
were analysed by SEM. Figure 10 shows the alloy surface morphology after potentiodynamic
polarisation with reverse scans (after 30 days immersion in the 3.5 wt.% NaCl solution)

200um Electron Image 1

Z000m 200pm Electron Image 1

a) b) <)
Figure 10. Surface morphology of the tested Al alloy surface after potentiodynamic polarisation with reverse
scan. (after an immersion time of 30 days in 3.5 wt.% NaCl). a) Base material; b) LH welded; c) MIG welded.

Based on the SEM micrographs in Figure 10, the surface morphology of the alloys after
potentiodynamic polarisation with reverse scans (after 30 days of immersion in the 3.5 wt.% NaCl
solution) shows noticeable differences in corrosion damage.

The base alloy surface (Figure 10 a) exhibits a sparse distribution of corrosion products alongside
numerous small pits and several larger ones, indicating active pitting corrosion.

The MIG welded alloy presents a similar behaviour as the BM. After polarisation, its surface
(Figure 10 c) also appears largely free of precipitated products, and it is characterised by numerous
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deep pits, with the difference that these pits are not scattered randomly, but are clustered together,
suggesting a higher pitting attack than in the case of the base material.

In contrast, the surface of the LH welded alloy (Figure 10 b) after polarisation is covered with a
more substantial layer of corrosion products and shows significantly less pits. This behaviour
indicates that, during the reverse scan, partial repassivation occurred on the LH welded alloy surface,
due to which is why its tendency to pitting corrosion was the lowest under the given conditions.

3.2.3. Electrochemical Impedance Spectroscopy Measurements

Electrochemical impedance spectroscopy (EIS) was performed at open circuit potential to
investigate the interfacial behaviour and surface layer evolution of the Al-alloys over immersion
periods of 1 hour, 7 days and 30 days in a 3.5 wt.% NaCl solution. The results are presented as Bode
phase (Figures 11 a-c) and Bode magnitude plots (Figures 12 a-c). The derived impedance parameters,
obtained by fitting the spectra to the appropriate equivalent circuit models, are summarised in Table
8.
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Figure 11. Bode phase diagram for the tested alloys following immersion in a 3.5 wt.% NaCl solution. a) 1 hour,
b) 7 days, and c) 30 days.

The initial impedance measurement (Figure 11a) after one hour revealed a distinctive plateau in
the Bode phase plot, with a maximum phase angle of approximately -75° observed in the intermediate
frequency region near 100 Hz. This profile is a classic signature of capacitive behaviour, confirming
the presence of a stable, protective film on the alloy surface [43—45]. The high magnitude of this phase
angle indicates further good corrosion resistance for all the tested alloys under the specified
conditions [43,46].

After 7 days of immersion (Figure 11b), the electrochemical response evolved to display two
distinct time constants. A new time constant emerged in the lower intermediate frequency range (~10
Hz), maintaining a phase angle near -80°. Concurrently, a second time constant remained evident in
the medium intermediate frequency region (~100 Hz), though with a maximum phase angle of
approximately -75°. The persistent high phase angles (~70° to -80°) at lower frequencies continue to
signify strong capacitive behaviour, and, thus, good protective properties. The appearance of the
second time constant is attributed to the formation of an outer layer of corrosion products or a duplex
oxide based structure [43,47,48].

After 30 days (Figure 11 c), both time constants shifted further towards lower frequencies (~6-7
Hz and 70-100 Hz, respectively), though the phase angle values remained largely unchanged. This
suggests stabilisation of the surface layers without significant loss of the protective character.

The Bode magnitude plots (Figure 12a) revealed that, at 1 hour, the low frequency impedance
modulus (log Z) for all the alloys fell within 3.0-3.5 Q-cm?, with the MIG welded alloy exhibiting the
lowest value. After 7 and 30 days (Figures 12b-c), the impedance increased slightly, reaching log Z
values between 3.6 and 4.3 QO-cm?, indicating improved corrosion resistance over time. The base alloy
showed the highest impedance consistently, while both welded alloys converged to similar, slightly
lower values after 30 days.
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The slope of the magnitude plots in the intermediate frequency region was approximately -0.8
for all samples, suggesting that the surface layer behaves as a non-ideal capacitor with some ionic
permeability, likely due to the porous nature of the oxide/corrosion product layer [49,50].

Across all the immersion periods, the high frequency region (1-100 kHz) showed consistent
behaviour. The Bode magnitude plots exhibited a stable plateau, while the phase angle approached
0° (Figures 12 a-c). This response is a direct fingerprint of the solution (electrolyte) resistance, and
showed no significant variation between the measurements.
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Figure 12. Bode magnitude plots for the tested alloys following immersion in a 3.5 wt.% NaCl solution: a) 1 hour,
b) 7 days, and c) 30 days.

The electrochemical impedance spectroscopy data provide a clear basis for selecting an
appropriate equivalent circuit to model the behaviour of the Al-alloy in a 3.5 wt.% NaCl solution. The
analysis of the impedance spectra revealed a non-ideal, frequency dependent response. To represent
this behaviour accurately, a constant phase element (CPE, denoted as Q) was incorporated into the
circuit model. The corresponding double-layer capacitance (C) was subsequently calculated from the
CPE parameters using the standard conversion equation [45,49,50].

To interpret the EIS data quantitatively, different equivalent circuits were used to model the
electrochemical interface. After 1 hour, a simple Randles type circuit Rs (QR) provided a good fit,
where Rs represents the solution resistance, R the charge transfer resistance, and Q a constant phase
element. After 7 days, a two-time constant model Rs(QiRi)(Q2R2) was required, reflecting the
development of a dual-layer structure. After 30 days, the best fit was achieved by incorporating a
Warburg element (W) into the circuit: Rs(QiR1)(Q2R2W), indicating the onset of diffusion-controlled
processes.

The need to apply different models during modelling indicates that the properties of the layer
on the surface of the alloy changed with the increasing immersion time in the 3.5 wt.% NaCl solution.

Table 8 summarises the key parameters extracted from the equivalent circuit models used to fit
the EIS data. These values correspond to the electrochemical behaviour of the alloy after immersion
periods of 1 hour, 7 days and 30 days in a 3.5 wt.% NaCl solution. The fitting quality was evaluated
by chi-squared value, which, in these calculations, ranged from 0.0001+0.004 to 0.0001+0.03.

Table 8. EIS parameters of the Al alloy at different immersion times in a 3.5 wt.% NaCl solution.

Alloy R (Qcm?) R C1 . R2 C2 o W
(kQcm?) (mF/cm?) (kQcm?) (mF/cm?) (kQcm?)
1 hour
Base material 5 - - - 5.0 10.98 0.85 -
LH welded 5 - - - 34 24.28 0.95 -
MIG welded 3 - - - 1.1 16.69 0.95 -
7 days
Base material 3 10.0 670.8 0.85 31.0 17.71 0.90 -
LH welded 3 10.0 411.5 0.86 28.0 20.62 0.93 -
MIG welded 3 7.5 341.7 091 9.0 13.58 0.94 -
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30 days
Base material 5 5.0 197.2 0.92 25.0 5.07 0.93 0.35
LH welded 5 6.0 273.1 0.92 9.0 1.38 0.93 040
MIG welded 5 5.0 335.0 0.93 8.0 2615 094 0.30

Upon the initial exposure to the 3.5 wt.% NaCl solution, the electrochemical interface is
described accurately by a simple one-time constant model (Table 8). At this stage, the base material
demonstrated the most favourable corrosion properties, registering the highest polarisation
resistance (R= 5.0 kQcm?) and the MIG welded alloy exhibited the lowest resistance (R=1.1 kQcm?).
This ranking is supported by the double layer capacitance (C) values, which were lowest for the base
alloy and highest for the LH welded alloy.

Following 7 days of immersion, the impedance data required a more complex model
incorporating a second time constant. This modification reflects the formation of a duplex surface
structure. In this refined model, the elements Ri and Qi (converted to Ci) characterise the outer,
porous corrosion product layer. The components Rz and Q2 (Cz2) describe the properties of the inner,
barrier oxide layer [45]. All the alloys showed a substantial increase in overall resistance compared
to the 1 hour measurement, while the capacitance of the inner barrier layer (C2) remained relatively
stable. The performance hierarchy established initially persisted, with the base alloy maintaining the
highest corrosion resistance and the MIG welded alloy the lowest.

A consistent finding across all the samples was the superior quality of the inner oxide layer
compared to the outer layer. This was evidenced by significantly higher resistance (R2 > R1) and lower
capacitance (Cz2 < C1) values. The good properties of this inner barrier layer are primarily responsible
for the alloy’s corrosion protection during this period [45].

The electrical properties of the outer layer, specifically its high capacitance (Ci) and low
resistance (Ri), are indicative of a hydrated, porous structure permeated by electrolyte ions. The
ingress and concentration of aggressive ions, particularly chloride, within this outer layer, can
destabilise the underlying barrier oxide, creating conditions favourable for the initiation of pitting
corrosion.

After 30 days of immersion, the impedance spectra for all the alloys exhibited a low frequency
diffusion tail, necessitating the inclusion of a Warburg element (W) in the equivalent circuit model to
account for the mass transport limitations. The calculated Warburg impedance values were
consistently small and similar across all the tested materials.

Compared to the 7-day data, the resistance of the inner barrier layer (Rz2) showed a slight
decrease for the base and MIG welded alloys. In contrast, the LH welded alloy experienced a
significant reduction in R2. Consequently, after 30 days, the two welded alloys demonstrated
comparable resistance values for both the outer and inner layers. A key distinction, however, is that
the LH welded alloy exhibited lower capacitance values for both layers, with the difference being
particularly pronounced for the inner layer capacitance (Cz).

The notably higher inner layer capacitance for the MIG welded alloy (26.15 mF/cm? vs. 1.38
mF/cm? for LH welded) is a critical finding. This increase in Cz (not just C1) suggests that, in the MIG
welded sample, electrolyte ions, particularly chlorides, have penetrated the outer porous layer and
begun to incorporate into the inner barrier oxide. This incorporation degrades the protective quality
of the inner layer, reducing its resistance to uniform corrosion and increasing its susceptibility to
localised pitting attack substantially.

4. Conclusions

The electrochemical behaviour of base (BM), LH welded, and MIG welded Al-alloys were
investigated in a 3.5 wt.% NaCl solution over immersion periods of 1 hour, 7 days and 30 days using
electrochemical techniques and surface analysis. The following conclusions can be drawn:

-The potentiodynamic polarisation measurements indicate that the welding process decreased
the initial corrosion resistance of the Al-alloys, with the MIG welded alloy exhibiting the poorest
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performance, which resulted in the highest initial corrosion current density and the lowest
polarisation resistance.

-The corrosion resistance for all the alloys improved with the immersion time, as evidenced by
a significant decrease in the corrosion current density and an increase in the polarisation resistance
after 7 and 30 days. This improvement is attributed to the formation and stabilisation of surface
oxide/corrosion product layers.

- Polarisation with the reverse scan registered that the layer formed on the surface after a 30-day
exposure period in a 3.5 wt.% NaCl solution, could not protect the tested alloys well against pitting
corrosion. Under the given conditions, the MIG welded alloy had a greater tendency to pitting
corrosion.

-The surface morphology analysis after potentiodynamic polarisation including reverse scans
(after 30 days of immersion in the 3.5 wt.%NaCl solution) confirmed the electrochemical results. The
surface of the base material and MIG welded alloy indicated active pitting corrosion, while partial
repassivation occurred in the LH welded alloy during the reverse scanning.

- The EIS analysis indicated the formation of a duplex surface layer over time, characterised by
two-time constants after 7 and 30 days. The MIG welded alloy exhibited the highest inner layer
capacitance after 30 days, suggesting significant ion penetration and greater susceptibility to pitting
corrosion.
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Abbreviations

The following abbreviations are used in this manuscript:

BM - base material

BSE - backscattered electron

Ecorr - corrosion potential

EDX - energy-dispersive X-ray

EIS - electrochemical impedance spectroscopy
FSW - friction stir welding

HAZ - heat affected area

jeorr - cOTTOSion current density

LH - laser hybrid welding
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MIG - metal inert gas

OCP - open circuit potential

R; - polarisation resistance

SCE - saturated calomel electrode

SE - secondary electron SEM - scanning electron microscope
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