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Abstract: The corrosion behavior of keyhole-free friction stir spot welded joints of dissimilar 6082
aluminum alloy and DP600 galvanized steel in 3.5% NaCl solution has been investigated by the
immersion test and electrochemical analysis. The surface of the aluminum alloy produced exfoliation
and pitting corrosion. The pitting occurred seriously on the interface of the 6082 aluminum alloy, but
the steel had no corrosion. The corrosion galvanic couples were formed between elements of Si and Fe
with a high electrode potential, and Mg and Al with a low electrode potential, around them. Mg and
Al elements of Mg2Si and Si-containing solid-solution phase α (Al) preferentially became an anodic
dissolution and formed exfoliation corrosion around the Si elements. Fe-rich phase θ (Al3Fe) as the
cathode caused corrosion of Mg and formed pitting around Mg-rich phase β (Al3Mg2) as the anode.
The sequence of the corrosion resistance of different areas of the joints (with decreasing corrosion
resistance) was WNZ (Weld Nugget Zone) > TMAZ (Thermo-mechanically Affected Zone) > BM
(Base Metal) > HAZ (Heat-affected Zone). The joints of keyhole-free FSSW (Fiction Stir Spot Welding)
of dissimilar 6082 aluminum alloy and DP600 galvanized steel have better corrosion resistance than
base metal in 3.5% NaCl solution.

Keywords: dissimilar aluminum/steel; keyhole-free FSSW; pitting; exfoliation corrosion;
intermetallic compounds

1. Introduction

FSW (Friction stir welding) is a solid-state welding process invented by TWI (The Welding
Institute) in 1991 that is mainly used with aluminum alloys. Compared with the traditional welding
method, this technology produces a high joint quality, small welding distortion, small residual stress,
green welding process and no pollution, and is widely used in aerospace, shipping, transportation and
other fields [1–5].

For many years, the integrated structure of dissimilar aluminum/steel has seen it become the
preferred technical development route of lightweight mechanical products, and the welding of dissimilar
aluminum/steel has been an active but difficult part in the welding field. The welding methods
used with dissimilar aluminum/steel are mostly solid-phase welding (such as friction welding,
welding-brazing, etc.). However, the low efficiency and limits of size and shape of the workpiece mean
these methods have difficulty in meeting the requirements of mass production, and this has restricted
the application of the integrated structure of dissimilar aluminum/steel [6–8]. Meanwhile, there are
some problems in the traditional welding of dissimilar aluminum/steel, including the different melting
points of aluminum and steel, slag of joints formed by aluminum oxide film and so on.
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However, FSW solves the issues discussed above in the welding process of dissimilar
aluminum/steel. FSSW (Friction stir spot welding), as a new welding method of FSW, is used
to realize the welding of dissimilar aluminum/steel in the automotive industry. The effect of friction
between the shoulder of the welding tool and the workpiece can remove stubborn oxide film on the
surface of the aluminum alloy. At the same time, dissimilar aluminum/steel is easy to connect when
it reaches the thermoplastic state. Keyhole-free FSSW can eliminate the keyhole of the traditional
FSSW by the backfill technology. Welded joints with good performance have been obtained by this
method [9–14].

The corrosion problem of welded joints is very important, because the corrosion of the welded
joint will directly affect its strength and fatigue life, etc. In the welded joints of dissimilar metals,
the corrosion of the welded joints occurs more readily. At present, research reports on the corrosion
of friction stir welded joints both domestic and abroad mainly focus on the joints of aluminum alloy.
The corrosion of FSW joints of aluminum alloy is mainly pitting, exfoliation corrosion and intergranular
corrosion [15–18]. Srinivasan et al. [19] studied the corrosion properties of FSW joints of AA2219-T87
in 3.5% NaCl and NaCl + H2O2 solutions. They found that the strengthening phase was dissolved and
coarsened in the process of FSW, and the corrosion performance of the joint was better than that of the
parent metal. This was consistent with the experimental results of Paglia et al. [20]. Emilie et al. [21]
immersed the FSW joints of 2024-T3 aluminum alloy in the intergranular corrosion solution for 6 h,
and found that intergranular corrosion was most severe on HAZ (Heat-affected Zone); pitting and
intergranular corrosion occurred on the base metal and TMAZ (Thermo-mechanically Affected Zone);
and WNZ (Weld Nugget Zone) produced mainly pitting. However, some reports have come to the
opposite conclusion. Fonda et al. [22] found that the corrosion of FSW joints of 5456 aluminum alloy
occurred on WNZ, especially on the advancing side.

The corrosion of FSW joints of aluminum alloy is mainly related to the structure-sensitive
properties and the second phase of FSW joints. The weld zone produces severe plastic deformation
and recrystallization under the action of the pin and shoulder of the welding tool. The reduction of the
grain size and the increase of the grain number per unit area lead to an increase in the inhomogeneity of
the grain and grain boundary in electrochemical performance, which leads to deterioration of corrosion
resistance. On the contrary, the strengthening phase is broken, partly dissolved and dispersed evenly
in the grain. The refinement, homogenization and densification of the strengthening phase reduce
the electrochemical inhomogeneity of grain boundaries and grains, which improves the corrosion
resistance of joints [23–27]. At the same time, the second phases containing active elements and
inactive elements forma corrosion galvanic couple. The second phases containing the inactive elements
become the cathode, and the second phases containing the active element, as an anode, form anodic
dissolution [26,28–31].

However, articles on the corrosion behavior of the welded joints of dissimilar aluminum/steel
have been rarely reported, especially with keyhole-free FSSW joints. This paper studied the corrosion
behavior of keyhole-free FSSW joints of dissimilar aluminum/steel in 3.5% NaCl solution by the
immersion test and electrochemical analysis. To this end, keyhole-free FSSW joints of dissimilar
aluminum/steel were obtained by the rotary retractile keyhole-free FSSW machine. The influence
factors and rules of corrosion behavior of dissimilar aluminum/steel keyhole-free FSSW joints were
studied by the immersion test and electrochemical analysis in simulated seawater. The corrosion
morphologies and corrosion products were observed by SEM (Scanning Electron Microscope) and
XRD (X-ray Diffraction). The corrosion resistance and electrochemical corrosion mechanism were
studied in this work.

2. Materials and Methods

6082 aluminum alloy plates and DP600galvanized steel plates were used in the experiment.
Their dimensions were 150 × 50 × 2 mm3 and 150 × 50 × 1 mm3, respectively. Table 1 shows the
chemical composition of 6082 aluminum alloy and DP600 galvanized steel.
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Table 1. The chemical composition of 6082 aluminum alloy and DP600 galvanized steel (in wt %).

6082 Si Fe Cu Mn Mg Cr Zn Ti Other

Content 0.7–1.3 0.50 0.10 0.4–1.0 0.6–1.2 0.25 0.20 0.10 0.15
DP600 C Mn Si Al Mo Cr Cu S P

Content 0.09 1.84 0.36 0.05 0.01 0.02 0.03 0.005 0.005

The joints of dissimilar 6082 aluminum alloy and DP600 galvanized steel were welded by the
rotary retractile keyhole-free FSSW machine. The welding tool was made of a nickel-based superalloy
with a tool shoulder of 20 mm in diameter and a tool pin of 5 mm in diameter and 2.1 mm in length.
The welding process is shown in Figure 1. In the welding process, the rotational speed and plunge
speed of the welding tool were respectively 1000 rpm and 5 mm/min (as shown in Figure 1a). The tool
plunge depth was 0.3 mm after the tool shoulder reached the surface of the workpiece (as shown in
Figure 1b) [32,33]. Then, the welding tool was moved forward and the tool pin moved upward at a
speed of 3 mm/min and 5 mm/min, respectively (as shown in Figure 1c). This is equivalent to the
tool pin moving forward about 1.5 mm, in order to make the front of the plastic metal fill up the rear
keyhole. At the same time, the workpiece table rotated slowly at a speed of 3 rpm in the opposite
direction of the welding tool until the tool pin was fully retracted, in order to obtain a large connection
area and a better keyhole-free joint. Then, the workpiece table stopped rotating, and the welding tool
moved upward (as shown in Figure 1d). When the welding tool was moved to a safe distance, the tool
shoulder and tool pin simultaneously reset (as shown in Figure 1e). At this point, the keyhole-free
FSSW joint was obtained (as shown in Figure 1f).
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Figure 1. Welding process of the rotary retractile keyhole-free FSSW (Fiction Stir Spot Welding).

Figure 2 shows the sample and sketch map of the wire cutting of the keyhole-free friction stir
spot welding joint of dissimilar 6082 aluminum alloy and DP600 galvanized steel. Specimens of the
transverse section of the welded joints, with 40 × 3 × 15 mm3 dimensions, were cut off by wire cutting
as shown in Figure 2b. The working surface of the transverse section included the WNZ (weld nugget
zone), TMAZ (thermo-mechanically affected zone), HAZ (heat-affected zone) and BM (base metal) as
shown in Figure 2b in the four zones marked A, B, C and D. The transverse-section specimens were
used for the immersion test and metallographic analysis. The specimens in the zones marked A, B, C
and D were cut off for electrochemical experiments. Two B zones were glued together. One end of each
specimen was connected with copper wires, the non-working surfaces were sealed with epoxy resin
glue and the other ends were used as working surfaces whose areas of transverse section were 15 mm2.
There were three specimens in each group of experiments. Transverse sections of all specimens were
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ground with sandpapers of 400#, 600#, 800#, 1000#, 1500#, 2000#, 3000# and 5000#, polished with
polishing cloth, then cleaned with anhydrous alcohol.
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Figure 2. Keyhole-free FSSW joint of dissimilar 6082 aluminum alloy and DP600 galvanized steel:
(a) the sample; (b) the sketch map of wire cutting.

The transverse-section specimens for the immersion test were suspended in 3.5% NaCl solution
for 48 h or 96 h, then taken out for analysis of corrosion products by X-ray diffractometry
(BRUKER-AXS Corporation, Billerica, MA, USA). Then, corrosion products were removed with
rust liquid (50 mL H3PO4 + 20 g CrO3 + 1 L distilled water). The microscopic corrosion morphology of
the WNZ, TMAZ, HAZ and BM was observed in order to draw a comparison of corrosion resistance
of their welded joints by a JSM-5600LV low-vacuum scanning electron microscope of Japan Electron
Optics Company (Tokyo, Japan), and the chemical composition of the pitting was measured to analyze
corrosion factors by an X-ray energy-dispersive spectrometer (Oxford Instruments, Oxford, UK).
The aluminum layer of the transverse section was corroded with Keller’s etchant (2.5 mL HNO3,
1.5 mL HCl, 1.0 mL HF and 95 mL distilled water) for 20 s and the steel layer was corroded with 4%
nitric acid alcohol etchant for 4 s. The metallographic structures of the welding joint were observed by
an MeF3 Large Metallographic Microscope (Leica Corporation, Wetzlar, Germany).

Four specimens (WNZ, TMAZ, HAZ and BM) were subjected to the electrochemical test by the
Electrochemical Workstation of Shanghai Chen Hua Instrument Co., Ltd. (Shanghai, China). The Pt
electrode as the auxiliary electrode, and the saturated calomel electrode as the reference electrode,
were used to measure the open circuit potential, impedance spectrum and polarization curve in 3.5%
NaCl solution. The specimens were firstly immersed in the test solution for more than 30 min to ensure
that the open circuit potential achieved stability for comparing the corrosion resistance of the welded
joints. The frequency range of the AC impedance test was 10–100 kHz, and the amplitude of the AC
excitation signal was 10 mV. The polarization curve was measured at a scanning speed of 1 mV/s and
a scanning potential range of −1.5 V to 1.5 V.

3. Results and Discussion

3.1. Corrosion Morphology and Mechanism

Figure 3 shows the optical micrographs and the macroscopic corrosion morphology of the
transverse section of keyhole-free FSSW joints before and after immersion in 3.5% NaCl solution for 48 h.
The four A, B, C and D regions represent WNZ, TMAZ, HAZ and BM, respectively, in Figure 3a. The BM
had a very weak rolling texture, as shown in Figure 3a, especially the aluminum alloy. The grains
of HAZ significantly grew due to a large amount of heat input in FSSW, but the crystallographic
orientation of the parent grains did not change significantly. The grains of TMAZ were elongated
along the direction of rotation of the tool pin to form a texture. This was attributed to the continuous
dynamic recrystallization induced by the substantial plastic deformation, and the significant amount of
heat generated during FSW. Meanwhile, the initially large grains of WNZ were fragmented and refined
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and the fine-grained microstructures of dynamic recrystallization were formed on WNZ. This has
been reported by Cho et al. [34] in the friction stir welded joint of high-strength pipe line steels.
By contrasting Figure 3a,b, it can be seen that the surface of steel did not change after the immersion
test, but corrosion holes and corrosion products appeared on the surface of 6082 aluminum alloy,
which also lost its metallic luster. This illustrated that 6082 aluminum alloy of keyhole-free FSSW joints
of dissimilar 6082 aluminum alloy and DP600 galvanized steel was prone to severe corrosion, while
steel had almost no corrosion in 3.5% NaCl solution.
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Figure 3. The optical micrographs and macroscopic corrosion morphology of the transverse section of
keyhole-free FSSW joints. (a) The optical micrographs before immersion; (b) the macroscopic corrosion
morphology after immersion in 3.5% NaCl solution for 48 h.

Figure 4 shows the microscopic corrosion morphology of the transverse section of keyhole-free
FSSW joints after immersion for 48 h. It can be seen in Figure 4 that the exfoliation corrosion firstly
took place on the surface of 6082 aluminum alloy. The complete continuous fragments of aluminum
alloy that were parallel to the metal surface were separated from the metal body near the surface of
the interface. The surface away from the interface was producing transverse intergranular corrosion
to form cracked fragments. Exfoliation corrosion follows the mechanism of stress corrosion cracking
(SCC). That is, the wedge force of the corrosion product produces a tensile stress concentration at
the crack tip, and the corrosion is extended by the SCC mechanism [35].Meanwhile, the surface of
6082 aluminum alloy formed the pitting corrosion on the exfoliation zone. This local corrosion was
due to the local defects of the passive film on the surface of the metal and the passivation which was
prevented. There was a difference in the potential between the defective area and the zone without
defects. The defective area became the activated anode, and the surrounding area became the cathode
region, which formed the occluded cell. As the anode area was very small and the current density was
very large, the pitting nucleus was formed on the metal surface. Subsequently, the dissolved metal
ions were hydrolyzed to form H+, and the pH of the local solution was lowered, which exacerbated the
dissolution of the metal. The pitting was enlarged and deepened until the perforation [36]. There were
many intermetallic compounds at the interface, but no signs of corrosion on the steel surface and
interfacial layer. However, the surface of the aluminum alloy had a serious continuous corrosion hole
at the junction of the aluminum alloy and interface.
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Figure 4. (a) The microscopic corrosion morphology of the transverse section of keyhole-free FSSW
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Figure 5 shows the microscopic corrosion morphology and the EDS (Energy Dispersion Spectrum)
surface scan spectrum of the exfoliation corrosion zone. Figure 6 shows the microscopic corrosion
morphology and the EDS line scan spectrum of the pitting zone. As shown in Figure 5, the white
particles on the exfoliation corrosion zone were mainly comprised of elemental silicon and surrounded
by elemental aluminum and magnesium. Figure 6 shows that the content of elemental aluminum and
magnesium decreased in the pitting. However, the content of elemental Fe increased obviously at the
edge of the pitting, as indicated by the elements in Figure 4.
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Figure 7 shows the phase diagram of the Al-Fe binary alloy, drawn by Binary Alloy Phase
Diagrams Software. It indicates that the keyhole-free FSSW joints of dissimilar 6082 aluminum alloy
and DP600 galvanized steel may contain the intermetallic compounds FeAl, FeAl2 and FeAl3.
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As shown in Figure 4, the corrosion joint contained two large electrodes, namely, the aluminum
matrix anode and the ferrum matrix cathode. The corrosion galvanic couples were formed in 3.5%
NaCl solution, in which the galvanic current flowed through two electrodes. Meanwhile, the small
corrosion galvanic couples were also formed inside the aluminum matrix due to the corrosion potential
of different elements not being equal. The electrode potential of the silicon and ferrum elements
was higher than that of the surrounding magnesium and aluminum elements. The magnesium and
aluminum elements of Mg2Si and Si-containing solid-solution phase α (Al) preferentially formed
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anodic dissolution and formed exfoliation corrosion around silicon elements. Fe-rich phase θ (Al3Fe),
as the cathode, caused corrosion of magnesium and formed pitting around Mg-rich phase β (Al3Mg2),
as the anode. The anodic dissolution reaction is

M→Mn+ + ne−. (1)

The catholic process is
O2 + 2H2O + 4e− → 4OH−. (2)

Figure 9 shows the microscopic corrosion morphology of the transverse section of different
zones of 6082 aluminum alloy in keyhole-free FSSW joints before and after immersion for 96 h.
Figure 9b indicates that the discontinuities of the Fe matrix were mixed in the Al matrix on the WNZ.
By comparing Figure 9b–e, it can be seen that the amount of pitting was lowest on WNZ. However,
HAZ had the most pitting. Furthermore, the extent of pitting on TMAZ was less than that on BM.
This indicated that the corrosion resistance of WNZ was significantly better than that of BM and HAZ.
The sequence of the corrosion resistance (by decreasing corrosion resistance) was WNZ > TMAZ > BM
> HAZ. Figure 9f shows that serious pitting occurred in the interface of 6082 aluminum alloy, while
the surface of steel had no corrosion.
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Figure 9. The microscopic corrosion morphology of the transverse section of 6082 aluminum alloy
on different zones in keyhole-free FSSW joints before and after immersion for 96 h: (a) before
immersion; (b) WNZ (Weld Nugget Zone); (c) TMAZ (Thermo-mechanically Affected Zone);
(d) HAZ (Heat-affected Zone); (e) BM (Base Metal); (f) the interface of aluminum and steel.

3.2. Electrochemical Analysis

The corrosion behavior of keyhole-free friction stir spot welding joints of dissimilar 6082 aluminum
alloy and DP600 galvanized steel can be characterized by an electrochemical impedance method.
Chi660d-c software of Shanghai Chen Hua Instrument Co., Ltd. was used to collect and transform
data, and ZSimpWin software was used to analyze electrochemical parameters.

Figure 10 shows the AC impedance spectra of different areas of the transverse section of
keyhole-free FSSW joints in 3.5% NaCl solution. It was found that the AC impedance spectra of
different areas of the welded joints in 3.5% NaCl solution has two capacitive arcs besides WNZ in
Figure 10. This was because, in the 3.5% NaCl solution, fluctuations of oxide film on the surface of
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6082 aluminum alloy took place over three main steps. The first step was that metal ions (Al3+, Mg2+)
left the crystal lattice in the passive film and the interface of the metal. This step, however, did not
control the entire corrosion process. The second step was a mass-transfer process whereby metal ions
migrated from the inside to the outside of the passive film. Finally, the third step occurred at the
interface between the corrosive medium and the passive film. In the process, the new compound or
passive film were formed by the combination of metal ions and anions adsorbed on the surface of
the passive film. At the same time, the new compound and passive film dissolved into the corrosive
medium. The passive film became thin and perforated if it is immersed for long enough. Then,
the corrosion entered the stable growth stage of the pitting when the third step described above
occurred. Meanwhile, the inductive components of the impedance spectrum disappeared, and the
impedance was caused by a diffusion process, whereby the reaction products diffused from the solution
layer close to the electrode surface to the solution. This time, there was a second capacitance arc.
When corrosion time was further increased, the passive film disappeared, which resulted in only one
capacitive arc in the impedance spectrum.
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Figure 10. AC impedance spectra of different areas of the transverse section of keyhole-free FSSW
joints in 3.5% NaCl solution.

Figure 11 shows the equivalent circuit of Rs(QRp). The impedance spectra were fitted using the
equivalent circuit of Rs(QRp), where Rs is solution resistance, CPE is constant-phase angle element,
Q is capacitance of CPE and Rp is double-layer charge-transfer resistance. Figure 12 shows the curves
of the Rp value and the self-corrosion current density, as well as the histogram of the relative corrosion
rates of different areas of the transverse section of keyhole-free FSSW joints in 3.5% NaCl solution.
The red line represents the Rp value and the black line represents the self-corrosion current density
in Figure 12. The corrosion resistance of different areas of keyhole-free FSSW joints was determined
by the Rp value. The larger the Rp value of the material, the greater its polarization resistance, and
the stronger its corrosion resistance. Equally, the smaller its polarization resistance, the higher the
corrosion rate in the Nyquist impedance spectrum. WNZ had the largest capacitive arc and the largest
Rp value as shown in Figures 10 and 12, which indicated that the corrosion resistance of WNZ was the
largest and the corrosion rate was the smallest. However, the capacitive arcs of TMAZ, HAZ and BM
were much smaller than that of WNZ, and the Rp value of HAZ was the smallest, followed by BM and
TMAZ. Therefore, the sequence of the corrosion resistance (by decreasing corrosion resistance) was
WNZ > TMAZ > BM > HAZ.
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Figure 12. The curves of Rp value and self-corrosion current density, and the histogram of the
relative corrosion rates of different areas of the transverse section of keyhole-free FSSW joints in 3.5%
NaCl solution.

Figure 13 shows the polarization curves of different areas of the transverse section of keyhole-free
FSSW joints in 3.5% NaCl solution. According to the corrosion law of electrode polarization,
the self-corrosion potentials were fitted by electrochemical analysis software. Table 2 lists the
self-corrosion potentials of different areas of the transverse section of keyhole-free FSSW joints
of dissimilar 6082 aluminum alloy and DP600 galvanized steel. The more positive the corrosion
potential was, the more stable the corrosion thermodynamics were. The self-corrosion potential of the
polarization curve of welded joints had a positive and negative shift of different degrees, as shown in
Figure 13 and Table 2. With a gradual positive shift of the corrosion potential, the corrosion tendency
gradually slowed down. The corrosion potential of WNZ and HAZ, respectively, reached the maximum
and minimum values. Therefore, the corrosion resistance of WNZ was better than that of HAZ.
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Table 2. The self-corrosion potentials of different areas of the transverse section of keyhole-free
FSSW joints.

Zone WNZ TMAZ HAZ BM

Potential/V −0.895 −1.041 −1.117 −1.090
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The greater the corrosion current density, the greater the corrosion rate in kinetics. As shown by
the black line in Figure 12, the corrosion current density increased from WNZ to HAZ, which indicated
that the corrosion rate increased rapidly near HAZ. Furthermore, the corrosion rate of BM was lower
than that of HAZ. The corrosion laws of the keyhole-free FSSW joints of dissimilar 6082 aluminum alloy
and DP600 galvanized steel, and similar 6082 aluminum alloy, are the same in Figure 12. By comparing
the two curves, it was found that the corrosion rate of similar 6082 aluminum alloy was much lower
than that of dissimilar 6082 aluminum alloy and DP600 galvanized steel, especially in vicinity of BM.

The histogram of the relative corrosion rate of different areas in Figure 12 was obtained by
counting the amount of pitting in each region represented in Figure 9. As shown from the histogram
in Figure 12, the sequence of the corrosion resistance (by decreasing corrosion resistance) was WNZ >
TMAZ > BM > HAZ. This conclusion was consistent with the results of the electrochemical analysis.

4. Conclusions

The corrosion behavior of keyhole-free friction stir spot welded joints of dissimilar 6082 aluminum
alloy and DP600 galvanized steel in 3.5% NaCl solution has been investigated by the immersion test
and electrochemical analysis. The joints of keyhole-free FSSW of dissimilar 6082 aluminum alloy and
DP600 galvanized steel have good corrosion resistance in 3.5% NaCl solution. Important conclusions
are as follows:

1. The corrosion characteristics of dissimilar aluminum/steel keyhole-free FSSW joints are mainly
the exfoliation corrosion and pitting on the surface of the aluminum alloy. The fragments of
aluminum alloy that were parallel to the metal surface have been separated from the metal body.
The pitting seriously occurred on the exfoliation zone. The interfacial layer of the aluminum
alloy had a continuous corrosion hole at the junction of aluminum alloy and the interface, but the
surface of steel had no corrosion.

2. The impedance of WNZ was the largest, followed by BM and TMAZ. The self-corrosion current
density of HAZ was the largest. The sequence of the corrosion resistance of different areas of the
transverse section of keyhole-free FSSW joints in 3.5% NaCl solution (by decreasing corrosion
resistance) was WNZ > TMAZ > BM > HAZ. Therefore, the joints of keyhole-free FSSW of
dissimilar 6082 aluminum alloy and DP600 galvanized steel had better corrosion resistance than
base metal in 3.5% NaCl solution.

3. The corrosion galvanic couples were formed between elements of silicon and ferrum with a
high electrode potential, and magnesium and aluminum with a low electrode potential, around
them. Magnesium and aluminum elements of Mg2Si and Si-containing solid-solution phase α

(Al) preferentially formed anodic dissolution and formed exfoliation corrosion around silicon
elements. Fe-rich phase θ (Al3Fe), as the cathode, caused corrosion of magnesium and formed
pitting around the Mg-rich phase β (Al3Mg2), as the anode.
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