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Abstract

The corrosion behavior of stud-welded AA5083-H321/AA6061-T6 joints was examined. The electrochemical demeanor of the
resultant joint was scrutinized in 3.5% NaCl, ASTM seawater, and Na,SO, solutions using scanning electron microscopy (SEM), optical
microscopy (OM), energy-dispersive X-ray spectroscopy (EDX), and X-ray diffraction (XRD). COMSOL Multiphysics version 5.6 software
was used to predict the galvanic corrosion of AA5083-H321/A6061-T6 in different solutions, using the software finite element (FE) kit.
The results indicated that drawn arc stud welding (DASW) enhanced the corrosion resistance of the welding zone, with the highest
resistance observed in the Na,SO, solution. This process also influenced the pitting corrosion rate and minimized alterations in pit
morphology, with the order of corrosion resistance decreasing from Na,SO, to 3.5% NaCl and ASTM seawater. Among the base metals,

the AA6061-T6 side of the weld exhibited superior corrosion resistance compared to the AA5083-H321 side across all tested solutions.

The results from the numerical simulation of the corrosion behavior of the welded joint support the experimental assessment.
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1 Introduction

Aluminum and its alloys are vastly used in various indus-
tries because their outstanding properties, such as cor-
rosion reluctance, conductivity of electrical and thermal,
good technological properties, e.g., weldability, machin-
ability, and castability, and a high strength-to-weight
ratio [1-6]. For instance, Sxxx and 6xxx aluminum alloys
are employed in shipbuilding and marine construction due
to their corrosion resistance and mechanical characteris-
tics [7, 8]. Corrosion is a significant challenge that affects
the performance and durability of materials and coatings
across various industries [9, 10]. Thus, understanding the
corrosion demeanor of dissimilar welded joints in distinct
environments becomes essential for ensuring the struc-
tural integrity and longevity of joints using aluminum
alloys [11-13]. The corrosion behavior of welded joints
is affected by factors of several, including the welding
technique (e.g., arc welding, friction stir welding), weld-
ing parameters, and exposure conditions. Various types

of corrosion can take place in aluminum welded joints,
including pitting corrosion, stress corrosion cracking, gal-
vanic corrosion, and crevice corrosion. The severity of cor-
rosion can vary reliant on the specific environment, such
as industrial, marine, or atmospheric conditions [14—17].
To assess the corrosion behavior of welded joints, sev-
eral methodologies and techniques are commonly employed,
including electrochemical tests such as electrochemical
impedance spectroscopy (EIS), potentiodynamic scanning,
and polarization curves. These techniques provide valuable
information about corrosion rates, corrosion mechanisms, and
the effectiveness of corrosion protection measures [18-21].
The use of aluminum alloys can introduce significant
risks during welding as these alloys exhibit differences
in their mechanical and chemical properties [22, 23].
Nonetheless, the welding of diverse aluminum alloys is a
widely used approach in many applications [24]. Arc stud
welding (ASW) is a popular method in different production
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areas, particularly in automotive production, steam boiler
production, shipbuilding, bridge construction, and aero-
space applications [25]. In the ASW process, an electric arc
melts the end of a stud and the surface of a plate workpiece,
fusing them together. Aluminum alloys are well suited for
ASW, because of their ability to form strong welded joints
and their relatively low melting points [26-28].

The impact of various factors on the corrosion char-
acteristics of aluminium weldments has been studied by
numerous researchers [6, 29-33]. The effects of heat treat-
ment on the corrosion behaviour and microstructure of
AA6061-T6 welded joints in 3.5% NaCl were examined
by Nikseresht et al. [28]. The authors came to the con-
clusion that secondary phases make both the weld metal
and the base metal more vulnerable to localised corro-
sion, while the weld metal zone functions as a cathode and
exhibits superior corrosion resistance under various cir-
cumstances. Liu et al. [29] investigated the preparation of
bulk 6061 aluminum alloy using cold spray-friction stir
processing composite additive manufacturing (CFAM).
The study involved characterizing the microstructures
of cold-sprayed (CS) and CFAM samples through optical
microscopy (OM), scanning electron microscopy (SEM),
and electron backscatter diffraction (EBSD). Mechanical
properties and corrosion behavior were assessed using
microhardness, tensile, and corrosion tests. The impact
of the microstructure on the corrosion resistance of
TIG-welded AA1579 in 0.6 M NaCl was investigated
by Gnedenkov et al. [30]. In contrast to the foundation
material and the fusion zone, they demonstrated that the
heat-affected zone is more susceptible to localised corro-
sion. Liu et al. [31] used gas tungsten arc welding (GTAW)
to examine the nugget zone's resistance to corrosion in
AA2519-T87 friction stir welded joints. They discovered
that GTAW greatly improves the nugget zone's resistance
to corrosion, resulting in a 14.5% improvement in polari-
sation resistance and a 59.6% decrease in maximum cor-
rosion depth. FSW-GTAW decreases the area fraction of
coarse intermetallic compounds, leading to a decrease in
electrochemical activity, which consequently enhances
the corrosion resistance of the nugget zone. However, as
yet there has been no research on the corrosion character-
istics of aluminum alloys welded using DASW.

This study investigates the effects of the ASW process
on the corrosion behavior of aluminum welded joints in
different corrosion environments. Specifically, it exam-
ines the corrosion resistance of AAS5083-H321/AA6061-
T6-T6 stud welded joints in seawater, NaCl, and Na2SO4.

The microstructural changes that occur during corro-
sion are analyzed using various techniques, including
optical microscopy, SEM, EDX, and XRD. COMSOL
Multiphysics software 5.6 is used to simulate the experi-
mental test to understand the galvanic corrosion.

2 Experimental work

Plates of AA5083-H321 (composition: 0.39% Si, 0.36% Fe,
0.10% Cu, 0.90% Mn, 4.50% Mg, 0.20% Cr, 0.18% Zn,
0.07% Ti, balance Al) were welded to stud of AA6061-
T6-T6 (composition: 0.75% Si, 0.235% Fe, 0.165% Chu,
0.12% Mn, 0.864% Mg, 0.042% Cr, 0.092% Zn, 0.017% Ti,
balance Al) using the DASW process. The welding condi-
tions (200 A welding current, 0.2 second welding time, and
20 L/min gas flow rate) were taken from Razzaq [27], offer-
ing a maximum torque strength. Fig. 1 presents a schematic
view of the cross-section of a dissimilar DASW joint.

The samples were prepared in conformity with the stan-
dard electrochemical corrosion testing protocols prior to
the corrosion test. On SiC paper ranging from grade 240 to
grade 3000, the samples were ground with water and subse-
quently polished using a lapping cloth that used a 3-0.1 pm
diamond. The AA6061-T6 stud, AA5083-H321 plate, and
dissimilar weldments were tested for corrosion behaviour
at room temperature in ASTM sea water, 3.5% NaCl, and
0.5M Na2So4 solution. The appearance and distribution
of the corrosion products on the specimens' surfaces were
checked using an optical microscope (OM). A scanning
electron microscope (SEM) fitted with an energy-dispersive
X-ray analysis unit (EDX) was used to examine a few spec-
imens in order to ascertain the morphology and chemical
makeup of the corrosion products that developed on their
surfaces. X-ray diffraction (XRD) analysis was performed
to identify the crystal structure of the corrosion products.
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Fig. 1 Cross-section of DASW joint of AA5083-H321/AA6061-T6




An electrochemical workstation (Model CHI 604E, CH
Instruments, China) was used to measure the potentiody-
namic polarisation curve. The working electrodes were pol-
ished examples. As a reference electrode, Ag/AgCl saturated
with KCI was employed. The potentiodynamic polarisation
curve was measured after the sample was submerged in the
test solution for roughly half an hour, or until the sample sur-
face stabilised. The open circuit potential (OCP) was taken
into account when setting the applied potential range, and
the potentiodynamic polarisation curve scan rate was 0.01 V/
sec. To understand galvanic corrosion, the experimental test
was simulated using COMSOL Multiphysics software 5.6.

3 Results and discussion

This study evaluated the corrosionbehaviorof AA5083-H321,
AA6061-T6 base metal, and dissimilar welded joints using an
electrochemical corrosion method in three different electro-
lyte solutions, namely ASTM seawater, NaCl, and Na,SO,.

3.1 Microstructure analysis

A microstructure analysis of the AA5083-H321/A A6061-T6
weldments was carried out before and after the corrosion
testing. Fig. 2 shows the microstructure of the different
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Fig. 2 Microstructure of dissimilar welded joint before corrosion test
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regions before the corrosion test. The SEM shows a cellu-
lar dendritic structure at the center of the fusion zone, and
more columnar dendritic with equiaxed zones have formed
at the welding interface. Additionally, the welding surface
is homogenous and shows no defects.

Following the electrochemical polarization test, pitting
— a localized corrosion onslaught — was seen on the sur-
face of the base metal and welded joints in all settings.
This suggests that ions like sulfate and chloride play a key
part in the corrosion process, as illustrated in Fig. 3.

The presence of chloride in ASTM seawater was found
to accelerate the corrosion rate, leading to the formation of
deeper and larger pits compared to sulfate ions. In contrast,
the Na,SO, solution exhibited the lowest corrosion rate
due to lower concentrations of chloride ions (see Table 1).
Figs. 3 and 4 demonstrate how ASTM seawater was more
aggressive than NaCl and Na,SO, in terms of pitting cor-
rosion, resulting in greater pit sizes and more severe local-
ized corrosion, as confirmed by the OM analysis.

Fig. 3 SEM & OM of dissimilar welded joint after corrosion test in

ASTM sea water (a) pitting region at a lower magnification (600x),
b) pitting region at a higher magnification (1500x), (c) AA5083 plate,
(d) AA6061-T6 stud

Table 1 Potential characteristic of parent aluminum alloy and welded joints

Chemical ITEM E corr. Icorr. Corr. Rate Epp Eb ipp OCP
Solutions (volt) (Amp.) mmpy (volt) (volt) (Amp.) (volt)
5083 -1.237 9.215x10°° 1.041 —1.161 -0.8 1.140 x 107* —-1.205
ASTM 6061 —-1.517 4753 x 107 0.756 —1.532 -0.8 5.128 x 107 —-1.174
Sea Water
weld -1.076 3.100 x 10°¢ 8.969 x 102 -1.0 -0.75 2.326 x 107 —-1.116
5083 —-0.872 2.259 x 107 2.255x 107! = = = —0.874
NaCl 3.5% 6061 —0.849 8.172 x 10°° 2.479 x 107! = = = —0.838
weld -1.237 1.490 x107° 4311 x 1072 -1.16 —0.756 1.651 x 10°¢ —0.820
5083 -1.229 5.786 x 107¢ 6.541 x 1072 —-1.084 —0.481 1.345 x 10°° —0.796
I(;Izzi/f“ 6061 —0.849 3474 x 10°¢ 4.856 x 107 -0.75 -0.3 —-0.710
weld -1.151 6.875 x 1077 1.989 x 1072 —-1.111 —-0.523 1.016 x 107¢ —0.691
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Fig. 4 OM of dissimilar welded joint after corrosion test in NaCl

solution (a) welding zone with fine, dispersed inclusions, (b)
AA5083-H321 plate, (c) AA6061-T6 stud. OM of dissimilar welded
joint after corrosion test in Na,SO, solution (d) welding zone with

coarse, interconnected inclusions, (e) AA5083-H321 plate,
(f) AA6061-T6 stud.

The polarization curves of the AA5083-H321, AA6061-T6,
and dissimilar welded joints in ASTM seawater solution are
shown in Fig. 5. The results (Fig. 5 and Table 1) indicate
that the corrosion potential of the welded alloy is more than
that of the two other alloys (6061 and 5083). Furthermore,
the breakdown potential (Eb) values of the passive layers
for the three types of alloys (5083, 6061, and welded joints)
are approximately convergent (—0.74, —0.74, and —0.8 V,
respectively). Additionally, until the potential reaches the
pitting potential, the polarization immediate density does
not change significantly as a function of the passivation film
generated on the samples. The current density begins to rap-
idly increase at this point, raising the possibility of passiva-
tion film breakage or pitting corrosion. Also, the extent of
the passive layer for AA6061-T6 is higher than that of the
other two studied types of alloys (i.e., 6061 < 5083 < weld).
This behavior indicates that the 6061 alloy has a thicker
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Fig. 5 Polarization curves of (5083, 6061 and weld) Al alloys at static
condition in sea water solution

oxide layer than that of the 5083 and weld alloys under
these conditions. This is due to the chemical composition
of AA6061-T6. It is worth mentioning that, according to our
results, the corrosion average of 5083 Al alloy is higher than
that of the 6061 and welded alloys.

The polarization curves of the different welded joints,
AAS5083-H321, and AA6061-T6 in a 3.5 wt.% NaCl solu-
tion are displayed in Fig. 6. As can be seen in Table 1,
there is a consistent corrosion potential value for both Al
alloys (6061 and 5083). The resistance of the material is
stable because of the low current density value, and its
value is subsequently fixed, meaning that a passive film
forms on the alloy surface; however, when the current den-
sity is faster this indicates the breakdown of the passive
film. The same behavior is shown by AAS5083-H321 and
AA6061-T6 in this media (i.e., no passive layer appears and
the two alloys behave as active metals in this aggressive
environment due to the presence of Cl- ions in the solu-
tion). The breakdown potential (Eb) of the passive layer
is approximately —0.75 V. As a result, this welded alloy
has better corrosion resistance than the other two studied
alloys under these conditions. This is most probably due
to the behavior of the welded region in the surrounding
media. Additionally, the corrosion rate of the two Al alloys
(6061 and 5083) is higher than that of the welded zone.

Fig. 7 shows the different behaviors of the studied alloys
in the Na,SO, solution. For AA5083-H321, there are two
passive regions, starting from Epp = —1.084, Eb=-0.48 V
and Epp =—0.25, Eb = 0.7 V, respectively. This means that
this alloy has the ability to reform the oxide layer on the sur-
face and protect itself against this particular environment.
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Fig. 6 Polarization curves of (5083, 6061 and weld) Al alloys at static
condition in (3.5 NaCl) solution
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Fig. 7 Polarization curves of (5083, 6061 and weld) Al alloys at static
condition in (0.5M Na,SO,) solution

For both the 6061 alloy and the welded joint, the passive
region started from Epp =—0.75 V, —1.11 V and the break-
down potential was Eb = —0.3 V, 0.375 V. It is notewor-
thy that the welded alloy has better corrosion resistance,
according to the results obtained (lower corrosion rate val-
ues), than the other two alloys (5083 and 6061).

The corroded surface was utilized to create an elemen-
tal map (Fig. 8), and it was discovered that in addition to
O, Na, and CI, the surface's composition comprised Al, C,
Mn, Mg, Fe, and Cr. The ASTM alloy contains the first six
elements, and the presence of Cu can be attributed to the
use of copper wire in the process of attaching the sample to
the corrosion test cell. Finally, the sample was immersed in
a salt solution, which resulted in the presence of Na and Cl.
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Notably, the presence of oxygen on the map indicates
that corrosion has caused metallic oxides to form on the
surface. Several metallic oxides can form as a result of
the presence of four distinct metals, and the identities of
the metallic oxides were ascertained using the Gibbs free
energy values. The numbers gathered from traditional
thermodynamics indicate that the more stable the oxide,
the smaller the value of Gibbs free energy.

Fig. 9 and Table 2 display the findings of the EDX exam-
ination of the corroded welding region in ASTM seawater.
This table makes it clear that there is a significant concen-
tration of aluminium and oxygen in the corrosion prod-
uct. The delivery of elements on the corroded surface was
ascertained using EDX spectroscopy in order to further
validate the elemental mapping results. In accordance
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Fig. 9 The EDX spectrum was collected by scanning
the corroded surface

Fig. 8 Elemental mapping of the corroded area confirming the presence of the ASTM seawater elements along with Sodium (Na), Chlorine (Cl),

and Oxygen (O) as a result of the corrosion reaction
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Table 2 EDX quantification results of dissimilar weldments
in ASTM seawater

Element Atomic % Atomic % Weight % Weight %
Error Error
C 23.2 0.4 13.6 0.2
0 29.5 0.4 231 03
Na 1.8 0.0 2.0 01
Mg 22 0.0 26 01
Al 41.1 0.2 542 02
Si 0.3 0.0 0.4 0.1
cl 12 0.0 2.1 0.0
Cr 0.1 0.0 0.4 0.0
Mn 0.3 0.0 0.8 0.1
Fe 0.3 0.0 0.9 0.1

with the elemental mapping results, Fig. 9 shows that Al,
Cr, C, Mn, Mg, Si, Fe, O, and Cl all exhibit strong peaks
with high intensity. The identification of iron oxide as the
metal oxide that developed on the disc's surface is further
supported by the identification of the peak with the high-
est intensity, which was associated with iron and alumin-
ium. Additionally, the presence of manganese and oxy-
gen on the surface is revealed by another abrupt, powerful
peak, which also suggests the development of manganese
dioxide on the corroded surface.

The XRD analysis of the dissimilar stud weldments
after the corrosion test in ASTM seawater, 3.5% NaCl, and
0.5M Na,SO, are shown in Figs. 10, 11, and 12, respec-
tively. The main phase of the dissimilar weldments in
the three different solutions is aluminum hydroxide
Al (OH),. Fig. 1 shows the XRD results in ASTM seawater.
In addition to Al (OH),, there are three phases that exist
on the weldment surface: NaCl, Na,SO,, and Al ;Fe MnSi,.
The XRD results of the weldment in 3.5% NaCl in
Fig. 11 show the formation of NaCl and Fe ,Mg, O phases
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Fig. 10 XRD of AA5083-H321/AA6061-T6-T6 in 0.5M Na,SO, solution
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Fig. 11 XRD of AA5083-H321/AA6061-T6-T6 in 3.5% NaCl solution
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Fig. 12 XRD of AA5083-H321/AA6061-T6-T6 in 0.5M Na,SO, solution

besides the aluminum hydroxide Al (OH),. The Fe Mg O
phase has fewer peaks than that of Al (OH), and NaCl.
Al (OH), and Na,SO, are thus the main phases of the dis-
similar weldment surfaces in the Na SO, solution.

The three-dimensional finite element analysis took the
plate geometry into account. In the current investigation, the
material's characteristics were assumed to be E = 130 GPa,
v=0.3,and D =2.6 x 103kg/m?, where E, v, and D represent
density, Poisson's ratio, and Young's modulus, respectively.

The FE standard code in COMSOL was used to model
the issue once the base metal (plate) was sent to the probe.
The COMSOL code's element type "SIZE", a three-dimen-
sional higher-order eight-node element with two degrees
of freedom on each node (translations in the nodal x, y, and
z directions), was used to generate the mesh for the plate.
The capacity to produce a triangle element and quadratic
displacement behaviour are required at the weld tip loca-
tions. Singular components were considered at each field
of the welding face's tip, modelled using a new mesh, in
light of the unique nature of the field of stress in the vicin-
ity of the welding zone. Fig. 13(a) illustrates a character-
istic AAS083-H321/A A6061-T6 model of a welded joint.
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Fig. 13 (a) The symmetry of the FE model of the welding plate, (b) the dimensions of the melted zone compared for constant and temperature-
dependent material properties

Fig. 13(b) compares the melted zone dimensions and
thermal history along the joint line to emphasize how
crucial accurate data are to precisely simulate the length
of the melted zone as well as the cooling temperatures.
The parametric study of the influence of the welding heat
input on the melted zone dimensions was performed, and
it was noticed that the melted zone was equal for all sur-
faces of the base material.

The impact of the disc radii on the local current density
for the welding joint surface is shown in Fig. 14. The cor-
rosion dimensional expansion in the AAS5083-H321/
A6061-T6 electrode may be the cause of the observed rise
in local current density with disc radius. However, this
effect should be seen from the edges, indicating that the
local current density sharply decreases as one gets closer
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Fig. 14 Local current density vs. disc radii for 3.5%NacCl electrolyte
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