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Abstract: The corrosion behavior and microstructure characteristics of metal inert gas (MIG) welded dissimilar joints
of the 6005A alloy modified with Sc (designated as 6005A+Sc) and the 5083 alloy were investigated using corrosion
tests and microscopy techniques. Results show that the dissimilar joints exhibit strong stress corrosion cracking (SCC)
resistance, maintaining substantial strength during slow strain rate tensile tests. Notably, the heat-affected zone (HAZ)
and base metal (BM) on the 6005A+Sc side show superior performance in terms of inter-granular corrosion (IGC) and
exfoliation corrosion (EXCO) compared to the corresponding zones on the 5083 side. The lower corrosion resistance of
the 5083-BM and the 5083-HAZ can be attributed to the presence of numerous Al,Mg3; phases and micro-scaled
Alg(Mn,Fe) intermetallics, mainly distributed along the rolling direction. Conversely, the enhanced corrosion resistance
of the 6005A+Sc-BM and the 6005A+Sc-HAZ can be attributed to the discontinuously distributed grain boundary

precipitates (#-Mg»Si), the smaller grain size, and the reduced corrosive current density.
Key words: metal inert gas welding; dissimilar joint; aluminum alloy; corrosion, microstructure

1 Introduction

Due to the excellent post-weld mechanical
properties, adaptability to various welding positions
and the environmental friendliness, metal inert gas
(MIG) welding technique is widely used in joining
aluminum (Al) alloy components in transport, ships,
and other structural industries [1-3]. During MIG
process, it is inevitable to generate the gradient heat
perpendicular to the welding direction. Therefore,
three distinct zones, namely the fusion zone (FZ)
with the highest temperature, the heat affected zone
(HAZ), influenced by welding heat, and the base
metal (BM), beyond HAZ maintaining its original

state, are formed in the joints [4]. This thermal
effect leads to changes in grain sizes and
precipitates, resulting in a distinct microstructure
from the base material, which affects the corrosion
behaviour in different joint zones [5,6]. For
dissimilar joints, in addition to the microstructure
difference, the chemical composition inhomogeneity
increases the difficulty of corrosion research.

In challenging environments featuring high
humidity and elevated temperatures, aluminum
joints are susceptible to corrosion, particularly
when dissimilar materials are welded together and
left unprotected [7]. Welds of dissimilar materials
often exhibit pronounced heterogeneities, which can
result in macro- and micro-galvanic corrosion [8].
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For instance, CHEN et al [9] reported the changes
in corrosion susceptibility of local regions, when
corroding separated or combined areas within
joints of 7050-T76 Al alloy. Consequently, galvanic-
coupling corrosion between the zones can be
catastrophic if both materials are conductive and
exhibit considerably disparate corrosion potentials.
Besides, many reports [10—12] indicate that the
corrosion behaviour of joints is closely related to
the microstructures and compositions. For instance,
DONATUS and co-workers [10] considered that the
HAZ at the side of AA6082 is the most susceptible
region in the dissimilar friction stir welds (FSW) of
AAS5083-0 and AA6082-T6 alloys. The concentration
of Mg,Si phases on the grain boundaries is the
main reason. DENG et al [11-13] investigated the
corrosion behaviour of high-strength aluminum
alloys and their joints, and showed that galvanic
corrosion could be formed due to the difference of
microstructures. However, limited work has been
done on the corrosion mechanism of dissimilar
MIG joints of different series aluminum alloys,
limiting their application.

In rail transportation, a large number of 5xxx
series and 6xxx series Al alloys are used; therefore,
it is inevitable to weld these two series alloys. Due
to the difference in microstructures and chemical
compositions, different series aluminum alloys have
varying response to the effect of heat input during
welding, which can be challenging for the corrosion
research. The current study is motivated by the need
to weld 6xxx and 5xxx alloys together for high-
speed train applications. By exploring corrosion
mechanisms, a wide range of corrosion data can be
obtained for aluminum alloys, making them suitable
for constructing parts and components in various
fields of applications and enabling the possibility of
combining and/or joining dissimilar aluminum alloy
parts [7]. In this study, a new 6005A extrusion plate
containing Sc and the 5083 rolling plate are
selected for MIG welding, due to their promising
applications in high-speed trains [2,14,15]. The
relationship between the corrosion behavior of the
dissimilar MIG joint and the microstructures of
different zones is investigated.

2 Experimental

2.1 Materials and welding process
A new 6005A-T6 alloy extrusion plate

containing Sc (designated as 6005A+Sc) and the
5083-H113 rolled plate were used in this study. The
welding wire material is ER5087. Table 1 gives
their chemical compositions. Two kinds of 8 mm-
thick aluminum alloy plates were MIG welded on a
Fronius TPS5000 welding machine. The welding
direction was parallel to the rolling direction of the
plates. Figure 1 illustrates the schematic diagram of
the dissimilar joint, showing the sample dimensions
used for various experiments.

Table 1 Chemical compositions of base alloys and
welding wires (wt.%)

Material Al Mg Si Mn Fe Cu Sc Zr
6005A+Sc Bal. 0.67 0.76 0.29 0.10 0.20 0.06 0.05
5083  Bal. 3.98 0.13 0.46 032 0.05 - -
ER5087 Bal. 5.00 0.25 0.80 0.40 0.05 — 0.15

2.2 Microstructure characterization

A Lei Ka DM4M optical microscope was used
to observe the microstructure of cross section of the
dissimilar welded joint samples under polarized
light. The samples were electrochemical polished
and then were anodized in the Baker’s solution
(8 mL HBF4 + 190 mL H,O) at an electric potential
of 20 V for 4.5 min.

The Sirion 200 field emission gun scanning
electron microscope (SEM) equipped with energy
dispersive X-ray spectroscopy (EDS) was used to
identify the chemical element of coarse intermetallics
in different microstructural zones. Detailed analyses
of phase constituents were conducted using an
X-ray diffractometer (Rigaku, SmartLab) with
CuK, radiation (X-ray wavelength: 1.54 A),
scanning the range of approximately 20°—90°,
employing a light tube voltage of 40 kV, a filament
current of 30 mA, and a scanning rate of 1 (°)/min.
The grain structures of different microstructural
zones were further characterized by SEM with an
electron backscattered diffraction (EBSD) detector.
The samples of EBSD examination were ground,
followed by mechanical and electrochemical
polishing. In EBSD orientation maps, the red lines
indicate the low angle grain boundaries (LAGBs)
with misorientation angle between 2° and 15°, and
the black lines indicate the high angle grain
boundaries (HAGBs) with misorientation angle
above 15°. Detailed data regarding grain structures
were analyzed by using TSL OIM software.
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Fig. 1 Schematic diagram of welding joints used for microstructure observation and corrosion testing

To comprehensively investigate the grain
microstructure and grain boundary precipitates
(GBPs) across various zones, a FEI Tecnai G*> F20
transmission electron microscope (TEM) equipped
with a high angle annular dark-field (HAADF)
detector and energy disperse spectroscopy (EDS)
was used at an acceleration voltage of 200 kV. Thin
foils for TEM observation were cut from different
zones, followed by mechanical grinding to less
than 80 um and punching into 3 mm-thick disks.
Subsequently, electropolishing was carried out by
twin-jet electropolishing in an electrolyte solution
consisting of 30vol.% HNOs; and 70 vol.%
methanol at the temperature from —20 to —30 °C.

2.3 Slow-strain-rate test

To evaluate the stress corrosion cracking
(SCC) susceptibility of the dissimilar welded joint,
slow strain rate tests (SSRT) were carried out both
in air and 3.5 wt.% NaCl solution, with a strain
rate of 1x107®s™!, according to GB 15970.7—2000.
Rectangular tensile specimens with a gauge length
of 18 mm and a width of 6 mm were used, as
shown in Fig. 1. The long axis of specimens was
perpendicular to welding direction. Subsequently,
the fracture surfaces of the tested samples during
SSRT in air and 3.5 wt.% NaCl solution were
observed on a Sirion 200 field emission gun SEM,

operating at 20 kV.

2.4 Immersion corrosion test

For the intergranular corrosion (IGC) test, the
upper surface of the dissimilar MIG joint was
polished down to 1200 grit. Then, the sample was
degreased using 10 wt.% NaOH, pickled with
30 vol.% HNO; solution, rinsed using acetone and
deionized water and finally dried in air. According
to the GB/T 7998—2005, the IGC tests were
conducted in a solution of 30 g NaCl + 10 mL HCI
+1 L distilled water at (35+2) °C for 24 h.

Exfoliation corrosion behaviors of different
microstructural zones in joints were evaluated using
immersion tests at room temperature in standard
exfoliation corrosion solution (GB/T 22639—2008).
Exfoliation corrosion solution was prepared as
follows: dissolving 234 g NaCl and 50 g KNOs in
water, adding 6.3 mL HNO; (70 wt.%), and diluting
to 1 L. The solution consists of 4.0 mol/L NaCl,
0.5 mol/L KNOs and 0.1 mol/L HNOs, with a pH
of 0.4. After immersion tests, the corroded surface
morphologies of different zones of the dissimilar
MIG joint were observed on a Sirion 200 field
emission gun SEM, operating at 20 kV.

The samples used for electrochemical tests
were cut from different microstructural zones of the
MIG joints. Then, the specimens were spot-welded
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with copper lines on the back and cold mounted
in epoxy. The area of the exposed surface of
the specimens was 100 mm?. The electrochemical
measurements were performed using an electro-
chemical work station (MUL AUTO L5). The
three-electrode electrochemical cell with a
reference electrode of the saturated calomel
electrode (SCE), an auxiliary electrode of the
platinum sheet, and a working electrode of the
specimen was used. The specimens for
electrochemical experiments were immersed in
3.5 wt.% NaCl solution. To achieve a stable state in
the electrode system, a 15 min open circuit potential
(OCP) was applied to the samples. Then,
electrochemical impedance spectroscopy (EIS) tests
were carried out at an open circuit potential in the
frequency ranging from 0.1 Hz to 100 kHz, using a
5mV AC signal. The data were fit using ZView
software. Finally, the potentiodynamic polarization
tests were conducted, in which the applied potential
ranged from —1.2 to —0.2 V with a scan rate of
5mV/s. The corrosion potential (@corr) and the
corrosion current density (Jeorr) Were determined by
using the Tafel’s extrapolation method.

3 Results

3.1 Slow-strain-rate tensile properties

Figure 2 shows the engineering stress vs
engineering strain curves of the dissimilar MIG
joints tested in air and 3.5 wt.% NaCl solution. All
the tests were conducted at a slow strain rate of
1x107%s™!, which is considered as an appropriate
rate to induce measurable SCC for the Al alloy [16].
It is observed that with the strain increasing, the
stress increases rapidly and then gradually reaches
the peak value until failure. Both specimens exhibit
similar stress—strain responses, regardless of the test
environments, in air or NaCl solution. This may be
attributed to the fact that AI-Mg—Si alloys possess
a better resistance to stress corrosion cracking [14].
In order to visually quantify the stress corrosion
cracking susceptibility of the dissimilar joints, Table
2 summarizes ultimate tensile strength (UTS),

Table 2 SSRT results and Py values

elongation to failure (Er), fracture time (7r) and
their corresponding indexes of susceptibility to
SCC, Pscc, which are calculated according to the
following equation [17]:

PSCCZEXIOO% (D
Air

where Pair and Pnaci represent the property values
measured in air and corrosive solution, respectively.
Pscc means the SCC susceptibility evaluated by
three different property parameters: ultimate tensile
strength (UTS), elongation to failure (Er) and
fracture time (7%). The higher the Pscc value is, the
higher the SCC resistance is.

According to Table 2, UTSscc reaches 102%,
while Ef,SCC and Tf,SCC are 91.5% and 91.9%,
respectively. This indicates that if the dissimilar
joint is evaluated by strength factors, no obvious
stress corrosion sensitivity is revealed. If it is
evaluated by Er and T, it shows a certain stress
corrosion sensitivity. Figures 3(a, ) show macro-
scopic images of the dissimilar joints fractured in
air and 3.5 wt.% NaCl solution, respectively. Two
joints both fracture at 6005A+Sc-HAZ, indicating
that this position is the weakest zone of the entire
joint. The microscopic morphology of the fracture
location was analyzed. In air, the fracture mode is
ductile transgranular fracture. EDS results reveal
small impurity particles containing Fe, Si and Mn,
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Fig. 2 Engineering stress vs engineering strain curves of
dissimilar MIG joint failed in SSRT

Corrosive environment UTS/MPa UTSscc/% Ei/% Ef,scc/ % T¥/s T f, scc/%
Air 250+2 22.44+0.8 223952
102.0 91.5 91.9
3.5 wt.% NaCl 25543 20.5+1.0 205891
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as arrowed in Fig. 3(d). This implies that the
formation, growth and coalescence of dimples are
caused by breaking or debonding of impurity
particles, like AlFeMnSi [18]. When the joint is
exposed to corrosive environment, the fracture
mode still remains as ductile transgranular fracture.
Besides, ther is no obvious difference in the dimple
size between the samples failed in air and 3.5 wt.%
NaCl solution. Therefore, it can be concluded
that the 6005A+Sc/5083 dissimilar joint exhibits
excellent stress corrosion cracking resistance.

3.2 Intergranular corrosion performance

Figure 4 shows the cross section micrograph of
the dissimilar joint after immersion in IGC solution
for 24 h. Evidently, different microstructural zones
show different IGC sensitivity. 6005A+Sc-BM
exhibits severe IGC susceptibility with a corrosion
depth of 41 um (Fig. 4(a)), and its grain boundary
is the preferentially corroded position. 6005A+
Sc-HAZ and FZ demonstrate high corrosion
resistance, with a maximum corrosion depth of
10 um and <10 pm, respectively. On the 6005A+Sc
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Fig. 3 SEM morphologies of tensile fracture of dissimilar joints after SSRT test in different corrosive environments:
(a—d) In air; (e—h) In 3.5 wt.% NaCl solution; (i—g) EDS results
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side, the maximum corrosion depth values of heat-
affected zone (HAZ) and base metal (BM) are 39
and 51 um, respectively, showing higher IGC
susceptibility.

The SEM surface images of the dissimilar
joint after the EXCO tests are shown in Fig. 5. It is
obvious that different microstructural zones exhibit
different corrosion degrees. In the 6005A+Sc-BM,
a large number of corrosion products flake off the
matrix and EDS analyses reveal that their main
compositions are Al, Cl and O elements. The
exfoliation of corrosion products is attributed to
wedge-shaped stresses generated by an increased
volume of corrosion products at the grain
boundaries, which lifts the surface grains [19]. In
the 6005A+Sc-HAZ, the amount of corrosion
products decreases noticeably, and no obvious
corrosion products accumulate on the surface of FZ.

In the whole joint, the most seriously corrosion
area is 5083-BM, where the corrosion products

6005A+Sc

cover the entire surface. In the 5083-HAZ, no
obvious corrosion products are observed and
only a considerable number of corrosion pits are
distributed along grain boundaries. In conclusion,
the corrosion degree of different microstructrual
zones is as follows: FZ < 6005A+Sc-HAZ <
5083-HAZ < 6005A+Sc-BM < 5083-BM.

3.3 Electrochemical corrosion performance
Figure 6(a) displays the representative OCP
curves of different microstructural zones of joints.
The OCP values were measured by immersing the
samples in 3.5 wt.% NaCl solution for 15 min. It
can be observed that the OCP values of different
zones stabilize gradually as the immersion time
increases. The FZ exhibits a more positive OCP
value compared to other zones. Two BMs display
more negative OCP values compared to two
HAZs. Additionally, the potential difference between
5083-BM and FZ is significantly larger than that
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Fig. 5 SEM morphologies of dissimilar joint after EXCO tests: (a) Macroscopical image; (b) 6005A+Sc-BM;
(c) 6005A+Sc-HAZ; (d) Transition zone between 6005A+Sc-HAZ and FZ; (¢) FZ; (f) Transition zone between 5083-
HAZ and FZ; (g) 5083-HAZ; (h) 5083-BM; (i, j) EDS results of selected points
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between 6005A+Sc-BM and FZ. This potential
difference between two different micro-zones can
result in macroscopic galvanic coupling corrosion.
The OCP indicates the thermodynamic
tendency of metallic materials to participate in
the electrochemical corrosion reactions with the
surrounding medium [20]. Based on these
observations, it can be tentatively inferred that the
FZ exhibits better corrosion resistance, and two
HAZs are both less sensitive to corrosion than two
BMs.

Figure 6(b) displays the polarization curves
of different microstructural zones of the joint
immersed in 3.5 wt.% NaCl solution. The variation
trends of all polarization curves are similar,
characterized by passivation (pitting). At the
cathode branch, the current density remains almost
constant with increasing potential, resulting in a
low corrosion rate. As the potential approaches the
self-corrosion potential, the polarization current
density decreases to its minimum, causing the
passivation film on the surface of the sample to
break down, and the alloy becomes highly active.
Relevant corrosion parameters are obtained via
Tafel extrapolation and listed in Table 3. Reorr is the
polarization resistance and can be calculated from

value
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the following equation [21]:

_ % _ 1 _ﬁc+ﬁa
Rcorr [A‘]jq)con’ {Jcong-:;(_ﬂc +ﬁa) (2)

where Ap and AJ are the polarization potential
(V) and the polarization current density (mA/cm?)
respectively. @cor is the self-corrosion potential (V),
Jeorr 18 the current density (mA/cm?), and B, and S.
are the Tafel anode constant and cathode constant,
respectively. The larger the Reorr value is, the higher
the corrosion resistance is. Table 3 shows that FZ
possesses the highest @cor, the lowest Jeorr and the
largest Rcor. Therefore, this area has the lowest
corrosion sensitivity. The Reor of the 6005A+
Sc-HAZ is slightly higher than that of the 6005A+
Sc-BM, showing higher corrosion resistance. The
5083-BM has the most negative ¢cor, the largest
Jeor and the lowest Reor, and thus this area
has the lowest corrosion resistance. Therefore, the
corrosion resistance of different zones from high
to low is: FZ > 6005A+Sc-HAZ > 5083-HAZ >
6005A+Sc-BM > 5083-BM. These results are
consistent with the immersion corrosion results in
Section 3.2.

Figure 7 shows the experimental and fitted
Nyquist plots and Bode plots. Nyquist diagrams of
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Fig. 6 Open circuit potential curves (a) and polarization curves (b) of different zones in dissimilar MIG joint

Table 3 Electrochemical parameters obtained from Tafel slope analyses in Fig. 6(b)

Zone ¢cor(vs SCE)/V Jeon/(MA-cm?) —Be/(V-dec™) Bo/(V-dec™) Reon/(Q-cm?)
6005A+Sc-BM —0.768 1.558+0.078 1.741 5.758 889.346
6005A+Sc-HAZ -0.733 1.259+0.013 14.858 9.229 1965.978

FZ —-0.707 0.998+0.056 17.486 32.429 4949.195
5083-HAZ —0.761 1.517+0.046 5.837 22.325 1344.133
5083-BM -0.814 3.184+0.337 1.859 14.018 224,128
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all specimens only consist of a single capacitive
loop. This indicates that there is only charge
transfer process, which may be linked to pitting and
potentially passive dissolution [22]. Bode plot
exhibits only a single time constant, as evidenced
by the presence of only one maximum in the phase
angle and no change in the slope in the Z modulus.
According to literature [23], the variation in the
angle of depression is directly associated with the
change in the density of pitting, rather than the
pitting depth. Furthermore, the reduction in the
height and width of the maximum phase angle
implies a decrease in the charge-transfer resistance.
To quantitatively support our experimental findings
and to better understand the metal’s corrosion
sensitivity, we used software Zview 2 to fit the
electrochemical impedance spectrum to the
equivalent circuit. The results are presented in
Fig. 7(d) and Table 4. The physical significance of
the elements of the equivalent circuit can be
described as follows: Rs corresponds to the solution
resistance and R; is the charge transfer resistance. In
our circuit, capacitance is mathematically modeled
using a constant phase element (CPE) in order to
obtain a better simulation results between the model
and the experimental data. The impedance of a CPE
can be calculated as

1

-— 3
Y(jw)" &

CPE
where Y is the admittance magnitude of the CPE
constant, j is the imaginary unit, w is the angular
frequency and n is the deviation parameter from
0 to 1. For n=1, 0 and 0.5, Zcpe can be regarded as
an ideal capacitance, a resistance and a Warburg
impedance [24], respectively. Solution resistances
(Rs) of different zones from the fitted results are
listed in Table 4. R, as the primary polarization
resistance (due to the surface passive layer), is
directly linked to the corrosion rate. In comparison
with Ry, Rs is found to be negligible. Moreover, the
CPE-n value is observed to be 0.8—0.9 in all tested
samples, which suggests a deviation from the
ideal capacitive behavior (n=1). This represents the
development of an inhomogeneous corroded
surface, which may result from the dissolution of
particles or the Al matrix [25]. Table 4 demonstrates
that R: value increases in the order of 5083-BM,
6005A+Sc-BM,  5083-HAZ, 6005A+Sc-HAZ
and FZ. The larger the R, value is, the slower the
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Fig. 7 Nyquist plots (a) and Bode plots (b) of different
zones in dissimilar MIG joint, immersed in 3.5 wt.%
NaCl solution, and equivalent circuit model proposed for
fitting EIS data (c)

Table 4 Electrochemical parameters obtained by fitting
analysis of impedance diagrams of different zones in
dissimilar MIG joint immersed in 3.5 wt.% NaCl
solution

Ry R/ CPET/ o
(Q-cm?) (Q-cm?) (F-cm™?)
6005A+Sc-BM  5.021 3.499x10* 5.349x10° 0.93
6005A+Sc-HAZ 3.724 5.573x10* 5.179x10°° 0.91
FZ 5.085 6.754x10* 5.383x10° 0.89
5083-HAZ 5.567 4.845x10* 4.927x10°% 0.95
5083-BM 6.696 2.703x10* 5.005x10°% 0.90

Zone
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corrosion rate is. Thus, FZ has the highest corrosion different microstructural zones, respectively. The
resistance in the whole joint. EIS results further grains in the 6005A+Sc-BM (Fig. 8(a)) are
confirm that 5083-BM suffers the most severe elongated along the welding direction, showing

corrosion during the test. typical pancake and fibrous bands, and the average

grain size is about 6.71 pm with large length-to-
3.4 Microstructure width ratio. The 6005A+Sc-HAZ (Fig. 8(b)) is
3.4.1 Grain boundary characteristics composed of subgrains with a grain size of about

Figures 8 and 9 show the EBSD orientation 5.79 um, and its length-to-width ratio is smaller
maps and misorientation angle distributions of  than that of the 6005A+Sc-BM. Figure 8(c) shows
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Fig. 8 IPF of different zones in dissimilar MIG joint: (a) 6005A+Sc-BM; (b) 6005A+Sc-HAZ; (c) FZ; (d) 5083-HAZ;
(e) 5083-BM (red: [001]; blue: [111]; green: [101])
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that complete recrystallization occurs in the FZ. The
diameter of the equiaxed grains is about 17.38 pm.
At the 5083 side, as shown in Figs. 8(d, e), the
grain sizes of the HAZ and the BM are 13.15 and
14.29 pm, respectively. The average grain sizes at
the 5083 side are higher than those at 6005A+
Sc side. Figure 9 shows the misorientation angle
distributions of different zones. Compared with
the BM, the HAGB fraction of the HAZ is lower.
The HAGB fractions of the 6005A+Sc-BM, the
6005A+Sc-HAZ, the 5083-BM and the 5083-HAZ
are 37.1%, 26.5%, 43.3%, and 36.5%, respectively.
In the whole joint, the 5083-BM has the largest
HAGB fraction and the largest grain size, and the
most severe immersion corrosion. Therefore, grain
size and HAGB are closely related to corrosion
resistance.

3.4.2 Second phase distribution

The compositions of second phases determine
their behaviour during corrosion tests [26,27].
Therefore, it is necessary to study the characteristics
of second phases. Figure 10 shows XRD patterns of
welding joints. At the 6005A+Sc side, Mg,Si and
AlFeMnSi are the main second phases. At the 5083
side, the primary second phases consist of Al,Mg3
and Al¢(Mn,Fe), which is consistent with the results
reported by SIMAR et al [28] and YASAKAU
et al [29]. Figure 11 shows the distributions of the
second phases. At the 6005A+Sc side, AlFeMnSi
phase is fine and is distributed uniformly in the
HAZ and BM. Mn is the primary alloying element
in AlI-Mg alloys, and most of it exists in the form
of AlsMn phase. Additionally, the unavoidable Fe
within the alloy undergoes eutectic reaction with Al
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\
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Fig. 10 XRD patterns of different zones in dissimilar MIG joint: (a) 6005A+Sc side; (b) FZ and 5083 side

5083-BM

ko) o o

Fig. 11 Second phases distribution of different zones in dissimilar MIG joint in WD-TD plane: (a) 6005A+Sc-BM;
(b) 6005A+Sc-HAZ; (c) 6005A+Sc-HAZ/FZ; (d) FZ/5083-HAZ; (e) 5083-HAZ; (f) 5083-BM
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to form FeAls; this ultimately transforms AlsMn
into more stable second-phase Alg(Mn,Fe) in 5083
alloy [30]. The distributions of the Als(Mn,Fe)
particles at the 5083 side are illustrated in
Figs. 11(d—f). It can be found that compared with
AlFeMnSi phase, Al¢s(Mn,Fe) phase is coarse and
distributed along the rolling direction (welding
direction)

Figure 12 displays precipitates characterized
by TEM in different microstructural zones of the
joint. The precipitation sequence of Al-Mg—Si
alloy is: supersaturated solid solution — GP zone
— f" (needle) — p' (rod) — S (plate) [31]. The
strengthening effect of aging precipitates is f"' > f'>
p. For the 6005A+Sc-BM, a large number of
needle-shaped " precipitates are distributed along
the (100)a; direction, as shown in Fig. 12(a). The
inserted image in Fig. 12(a) shows the selected
area diffraction (SAD) pattern of Al matrix and 8"
phases, with faint diffractions identifiable to p'
phase. Affected by the welding heat, the main aging
precipitates in 6005A+Sc-HAZ are p' phase,

as indicated by the SAD pattern in Fig. 12(b).
Furthermore, TEM image also verifies that the
and the rod-shaped
length) become

p"" precipitates disappear,
precipitates  (80—200 nm in

predominant in the matrix. No obvious ageing
precipitates are observed in the FZ since the
ERS5087 filler wire is a non-heat treatable alloy, as
demonstrated in Fig. 12(c).

At the 5083 side, the short rod-shaped phases
in the BM are mainly AloMgs, consistent with the
results from YAN and HODGE [32] in 5xxx
aluminum alloys. The Al:Mg; phase has more
negative corrosion potential than the aluminum
matrix. Therefore, Al-Mg3; phase can lead to anodic
dissolution of surrounding aluminum matrix, and
decrease the corrosion resistance. There are many
dislocations accumulating near the grain boundaries
in the 5083-BM. Affected by welding heat cycle,
the amount of dislocations gradually decreases in
the 5083-HAZ. However, due to the short duration
of welding process, the grains do not have enough
time to recover entirely, and only some dislocations
are rearranged to form subgrains.

Figure 13  depicts the grain boundary
precipitates of different zones. In 6005A+Sc-BM
(Figs. 13(a, b)), S" phases predominate in the
grains, while f phases are distributed uniformly at
the grain boundary with no apparent precipitation-
free zone (PFZ). In the 6005A+Sc-HAZ (Fig. 13(c)),
the grain boundary precipitates became coarser and

]
1

B

0.405 nm

0.715 nm

Fig. 12 TEM images of matrix precipitates of different zones: (a) 6005A+Sc-BM; (b) 6005A+Sc-HAZ; (c) FZ;
(d) 5083-HAZ; (e) 5083-BM; (f) Schematic diagram of crystal structure of precipitates
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Fig. 13 TEM images of grain boundary precipitates in different zones: (a, b) 6005A+Sc-BM; (c) 6005A+Sc-HAZ;
(d) FZ; (e) 5083-HAZ; (f) 5083-BM (GBPs—Grain boundary precipitates)

discontinuously distributed. The width of PFZ
increases to 136 nm. At the 5083 side, as 5083 is a
non-aging strengthened alloy, no obvious PFZ is
observed in the HAZ and BM.

Grain boundary EDS mapping images of the
BM and HAZ of 6005A+Sc alloys are presented in
Fig. 14. Figure 14(a) indicates the presence of
continuous and bright white phases located at the
grain boundary of BM. The bright white phases are
Mg,Si, which can form anode corrosive channel,
leading to a decrease in corrosion resistance [33].
Additionally, the white coarse and irregular phase is
identified as AlFeMnSi, which has more positive
corrosion potential than the Al matrix and f
phase [34]. When exposed to corrosive conditions,
AlFeMnSi can accelerate the dissolution of Al
matrix and f phase. Figure 14(b) demonstrates that
the grain boundary precipitates of HAZ are larger
than those of BM, and become discontinuous.

4 Discussion
4.1 Stress corrosion mechanism

The microstructure and stress distribution are
significantly affected by the thermal effects during

welding, which can impact the joint’s susceptibility
to stress corrosion cracking [35]. In the current
study, the dissimilar MIG joint exhibits a low stress
corrosion sensitivity in 3.5 wt.% NaCl solution.
During stress corrosion cracking [36], the surface
passivation film is broken under stress-tension,
exposing fresh metal to the corrosive environment,
leading to the formation of a corrosion microcell
between fresh metal and passivation film, as
illustrated in Fig. 15. As CI” gradually accumulates
on the metal surface, it undergoes a hydrolysis
reaction, causing Al to lose electrons and become
AI** while H* gains electrons to generate H, [37].
Therefore, corrosion current occurs in the
aluminum base metal, but as the formed corrosion
products cover the surface of the exposed area,
H, cannot be diffused completely and ends up
reacting with the confined area. Furthermore,
electrochemical analysis reveals that an overall
macroscopic corrosion cell exists between FZ and
6005A+Sc-HAZ, with the potentials of —0.71 and
—0.75'V, respectively. This causes an accelerated
corrosion rate in the 6005A+Sc-HAZ. However,
as the applied stress increases, the larger PFZ
width and weaker inter-granular bonding force in
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Fig. 14 Morphologies of grain boundary regions and corresponding EDS elemental mappings: (a) 6005A+Sc-BM;

(b) 6005A+Sc-HAZ

+ 44 Load direction * 1§ § Load direction
== Passive layer ~ PFZ Al matrix < Mg,Si GBPs

Fig. 15 Schematic diagram of fracture mechanism of
dissimilar joint SSRT test in 6005A+Sc-HAZ

the 6005A+Sc-HAZ make the separation of grains
easier, causing the residual hydrogen to diffuse
along the grain boundaries and accelerate tension
fracture.

4.2 Corrosion mechanism

The corrosion behaviour of different micro-
structural zones is closely related with their
microstructures. Due to the small grain size and the
re-dissolution of second phases, the FZ exhibits the
best corrosion performance in the whole joint. As

for the 6005A+Sc-HAZ and 5083-HAZ, affected by
welding heat [38], short-duration over-ageing and
annealing treatments increase the proportion of
sub-grain boundary and decrease the corrosion rate,
which is consistent with the research work from
SINHMAR and DWIVEDI [39]. In addition, from
BM to HAZ, the aspect ratio of grains decreases
and the exfoliation corrosion sensitivity decreases.
This is because under the action of the wedge-
shaped force of corrosion products, materials with a
larger grain aspect ratio are more likely to reach
the tearing conditions, exacerbating the degree of
exfoliation corrosion [40]. However, it is important
to note that corrosion is influenced by multiple
factors such as matrix precipitates, grain boundary
precipitates, and second phases. After welding and
long-term natural aging, the main precipitates in the
BM and HAZ of 6005A+Sc are " and f’ [41], as
shown in Fig. 12. Mg atoms in these precipitates
are preferentially dissolved during the corrosion
process, and grain boundary precipitates (f phases)
have more negative anode potential with respect to
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the Al matrix and PFZ, making them easier to
dissolve in the cell [42], thereby accelerating the
propagation rate of intergranular corrosion due to
the continuous distribution of S (Mg:Si) phases
along the grains, as shown in Fig. 16.
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Fig. 16 Schematic diagram of microstructure in
6005A+Sc side of dissimilar joint: (a) 6005A+Sc-BM;
(b) 6005A+Sc-HAZ

Figures 5(g, h) show that BM and HAZ at the
5083 side are sensitive to corrosion. This is because
the corrosion potential of the Al,Mgs phase is more
negative than that of the Al matrix. As the anode
phase, the Al,Mg; is preferentially dissolved in the
corrosive environment, thus reducing the corrosion
resistance of the 5083 [43]. In addition, dislocations
can be clearly observed in the 5083-BM grain
boundaries, where the grains with higher stored-
energy can accelerate the anodic dissolution. As
shown in Fig. 5(g), there are obvious directional
and uniformly distributed pitting corrosion at the
5083 side, which result from the preferential
dissolution of Al matrix (anode) surrounding
the Als(Mn,Fe) phases in the corrosive medium:
Al—AP"+3e. Additionally, when the second phase
acts as a cathode, it can generate OH™ through the
following reaction [44]: O>+4H,O+4e=40OH . With
the prolongation of the corrosion time, the grooves

around the Al matrix dissolve completely,
connecting with each other and resulting in the
detachment of the second phases and ultimately
forming severe corrosion. The corrosion schematic
is illustrated in Fig. 17. Compared with the
5083-BM, due to the dissolution of Al,Mg; phase,
the corrosion degree of 5083-HAZ is significantly
reduced.

(2) (b)
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Al matrix
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Fig. 17 Schematic diagram of corrosion at 5083 side for
dissimilar joint: (a) 5083-HAZ; (b) 5083-BM

In a corrosive environment, the difference in
corrosion potential among different microstructural
zones leads to the formation of galvanic corrosion.
Electrochemical results show that the corrosion
potential of the BM is more negative than that of
the FZ and HAZ. This indicates that BM acts as an
anode and the HAZ and the FZ serve as cathodes.
The HAZ and FZ, which have lower mechanical
properties, act as cathodes in the sacrificial anode
method [45], leading to an improvement in regional
corrosion resistance and prolonging the service life
of the dissimilar joint.

5 Conclusions

(1) The UTSsce, Erscc and Trsce of 6005A+
Sc/5083 dissimilar joint are 102%, 91.5% and
91.9%, respectively, and the joint fractures at
6005A+Sc-HAZ.

(2) The results from intergranular corrosion
(IGC) test, exfoliation corrosion (EXCO) test
and electrochemical corrosion test consistently
demonstrate the same order of corrosion resistance:
FZ > 6005A+Sc-HAZ > 5083-HAZ > 6005A+Sc-
BM > 5083-BM.

(3) The low corrosion resistance of 5083-BM
and 5083-HAZ can be attributed to the presence
of numerous AlMgs phases and micro-scaled
Als(Mn,Fe) intermetallics.
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(4) The high corrosion resistance of 6005A+
Sc-BM and 6005A+Sc-HAZ can be attributed
to the discontinuously distributed grain boundary
precipitates (#-Mg»Si ), the smaller grain size, and
the lower corrosive current density.
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