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Abstract: Dissimilar friction stir spot welds (FSSW) between the magnesium and aluminum alloys
are joined, using a novel approach called refill friction stir spot welding. The present work aims to
evaluate the macrostructural and mechanical properties of refill friction stir spot welded AZ31B and
AA 6061-T6 alloys in two combinations, i.e., identical Mg-to-Mg and dissimilar Mg-to-Al joints, and
the results are compared with the results obtained in conventional friction stir spot welding. The
hardness profiles of the similar welds had the appearance of a W-shape, and the Thermo mechanically
affected zone and heat-affected zone of both methods had lower hardness values than the rest of the
weld. Along with the interface between the aluminum and magnesium sheets, a thin intermetallic
compound layer of Al12Mg17 has been identified, which has led to an increase in hardness. The static
shear strength of both similar and dissimilar refill spot friction welds was much greater than that of
traditional spot friction welds. In both similar and dissimilar spot friction welds, two distinct failure
scenarios are discovered.

Keywords: aluminum AA6061-T6; magnesium AZ31B; friction stir spot welding; refill friction stir
spot welding; heat affect zone; stir zone; mechanical properties; thermomechanical affect zone

1. Introduction

Magnesium and aluminum alloys are widely employed in sophisticated manufactur-
ing industries due to their environmental friendliness, high specific strength, low density,
and superior damping capacity. In the 21st century, these materials are utilized extensively
in the aerospace and missile, automobile, construction, and electronic communications
industries. Currently, Al/Mg alloy joining technologies are gaining popularity. Friction
stir spot welding (FSSW), a well-known solid-state technology as an alternative to RSW
or rivet fastening for joining aluminum alloys, has recently been applied to join dissimilar
junctions made from aluminum and magnesium [1–3]. The friction stir welding (FSW)
process produces key hole defects during the welding process, whereas the spot welding
(SW) process produces pores and solidification cracks during the welding process [4,5].
Along with the FSW, other processes are also made to develop dissimilar welds using
multi-materials [6–10]. The challenges, interface characteristics, and intermetallic formation
of the joints are studied in detail [11–16]. However, FSSW takes both the advantages of FSW
and SW processes. The melting and solidification defects associated with spot welding
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processes can be eliminated using FSSW. Refill friction stir spot welding (R-FSSW) is a
relatively new technology for producing without a keyhole during spot joints. Thus, the
R-FSSW joint exhibits more joint strength than conventional friction stir spot welding
(C-FSSW) [17–19].

Choi et al. [20] studied the effects of welding parameters on the joining of AA 6K21 and
MA AZ31 plates by employing various tool rotation speeds and tool duration periods. The
intermetallic layer becomes thicker as the tool rotation speed and duration time increase,
which has a substantial impact on the joint strength. Chowdhury et al. [21] examined the
fatigue characteristics and shear strength of spot friction stir welded dissimilar aluminum
alloy and magnesium alloy in three combinations: (top) Al/Mg (bottom), Al/Mg with
an adhesive interlayer, and Mg/Al with an adhesive interlayer. The stir zone (SZ) was
found to consist of intermetallic compounds of Al3Mg2 and Al12Mg17 for all dissimilar
weld combinations, enhancing hardness. Shen et al. [22] explored the effects of differ-
ent lap configurations and preheating methods on the macrostructures and mechanical
properties of spot friction stir welds using similar and dissimilar (AA 6061-T6 and Mg
AZ31B) materials. Chai et al. [23] evaluated the influence of sleeve plunge depth on joint
microstructure and mechanical parameters for dissimilar 5083 Al/AZ31B alloys that were
connected using refill friction stir spot welding (R-FSSW). Wu et al. [24] utilized the swing
friction stir spot welding (S-FSSW) technology to join Al alloy to Mg alloy in two steps, in
addition to C-FSSW. In S-FSSWed joints, the intermetallic compound (IMC) structure in the
interface layer is spherical, as opposed to the dendritic structure of typical FSSW joints [25].

In this study, a friction-forming tool is used to refill the pinhole rather than a costly and
complex FSSW machine with a retractable pin tool device. A patent for the friction-forming
process was issued in 2008 to one of the present authors [26]. The alloys AA 6061-T6 and
Mg AZ31 have been chosen for conventional and refill FSSW. Using both conventional and
refill FSSW, the microstructural and mechanical parameters of similar and different welds
are investigated and compared.

2. Experimental Procedure

In this work, AZ31B and AA 6061-T6 sheets having 2 mm thickness were utilized. The
chemical composition and tensile properties of the base materials are listed in Tables 1 and 2,
respectively. Length, width, and overlapping length are all 100 and 30 mm. All the welding
experiments were carried out using a modified milling machine. In standard FSSW, the tool
has a shoulder of 18 mm in diameter and a pin of 5 mm. Nonetheless, the refill FSSW has
two types of tools: the standard FSSW tool and the friction-forming tool. The shoulder of the
18 mm-diameter friction-forming tools was utilized in the refilling procedure. The rotational
rates of the tools were modified to 900, 1120, 1400, and 1800 rpm, and the experiment was
repeated three times for each operation. Figure 1 shows a schematic representation of the
R-FSSW procedure. Two lap weld plates are maintained on the backing block, and the
complete assembly is secured in a specially designed die and held by a fixture. In the first
two stages, welding is performed similarly to C-FSSW, as shown in Figure 1a,b. After the
first two stages, when the pin is retracted, a keyhole is produced in the sheets. During
the refilling procedure, a filler plate of the same material and thickness as the weld plates
are put on the welded sample, and a revolving friction forming tool is used to provide
compression force (see Figure 1c). Material from the filling plate is mixed and pressed
into the keyhole under compression (see Figure 1d). In R-FSSW, the rotational speed of
the tool is identical to that of C-FSSW. After welding, the MgAZ31B/ MgAZ31B similar
and MgAZ31B/ AA6061-T6 dissimilar spot welds were sectioned at the weld center and
analyzed with an optical microscope. Optical and scanning electron microscopes are used
to characterize dissimilar weld joints. For observation of the weld microstructures, the
specimens are etched with Poulton’s reagent (Composition: 30 mL HCl, 40 mL HNO3,
2.5 mL HF, 12 g CrO3, 42.5 mL H2O) for the Al alloy, and acetic picral (10 mL acetic acid
(99%), 4.2 g picric acid, 10 mL H2O, 70 mL ethanol (95%)) for the Mg alloy. To acquire the
hardness values, the Vickers microhardness test was performed for 20 s with a 500 g force



J. Manuf. Mater. Process. 2022, 6, 95 3 of 16

on the cross-section of the FSSW samples. To establish the mechanical properties of the
joint, a tensile shear test was conducted. The tensile shear test was utilized in order to
ascertain the weld joint’s inherent mechanical properties. Tensile tests were carried out at
room temperature using a tensile test machine, with the crosshead moving at a speed of
one millimeter per minute.

Table 1. Chemical composition of the magnesium alloy AZ31B and aluminum alloy 6061-T6 (in wt.%).

Elements Al Zn Mn Cu Si Fe Ni Cr Ti Mg

Mg AZ31B 2.87 0.72 0.3 0.04 0.07 0.004 0.004 - - Bal

AA 6061-T6 Bal 0.04 0.097 0.164 0.434 0.497 - 0.148 0.049 0.708

Table 2. Tensile properties of AZ31B magnesium alloy and AA6061-T6 aluminum alloy.

Material Yield Strength (MPa) Tensile Strength (MPa) Elongation (%)

Mg AZ31B 195 260 14.5%

AA 6061-T6 250 330 19.5%

J. Manuf. Mater. Process. 2022, 6, x FOR PEER REVIEW 3 of 19 
 

 

the weld microstructures, the specimens are etched with Poulton’s reagent (Composition: 
30 mL HCl, 40 mL HNO3, 2.5 mL HF, 12 g CrO3, 42.5 mL H2O) for the Al alloy, and acetic 
picral (10 mL acetic acid (99%), 4.2 g picric acid, 10 mL H2O, 70 mL ethanol (95%)) for the 
Mg alloy. To acquire the hardness values, the Vickers microhardness test was performed 
for 20 s with a 500 g force on the cross-section of the FSSW samples. To establish the me-
chanical properties of the joint, a tensile shear test was conducted. The tensile shear test 
was utilized in order to ascertain the weld joint’s inherent mechanical properties. Tensile 
tests were carried out at room temperature using a tensile test machine, with the crosshead 
moving at a speed of one millimeter per minute. 

 
Figure 1. Schematic illustration of R-FSSW. (a) Sheets are fixed and the tool is rotated. (b) Tool is 
inserted into the sheets. (c) The tool is removed, and a filler plate is inserted. (d) Filler plate is in-
serted into the probe hole by the friction forming tool. 

Table 1. Chemical composition of the magnesium alloy AZ31B and aluminum alloy 6061-T6 (in 
wt.%). 

Elements Al Zn Mn Cu Si Fe Ni Cr Ti Mg 
Mg AZ31B 2.87 0.72 0.3 0.04 0.07 0.004 0.004 - - Bal 
AA 6061-T6 Bal 0.04 0.097 0.164 0.434 0.497 - 0.148 0.049 0.708 

  

Figure 1. Schematic illustration of R-FSSW. (a) Sheets are fixed and the tool is rotated. (b) Tool is
inserted into the sheets. (c) The tool is removed, and a filler plate is inserted. (d) Filler plate is inserted
into the probe hole by the friction forming tool.
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3. Results and Discussion
3.1. Similar Friction Stir Spot Welds in AZ31B Alloy Sheets

Both C-FSSW and R-FSSW techniques are used to join AZ31B alloy sheets. These
sheets are utilized to produce overlap joints with varying tool rotational speeds. To better
comprehend the microstructure produced by the FSSW method, one of the welds has been
selected for microstructural evaluation. Figure 2a depicts the top view and macroscopic
appearance of a cross-section of standard FSSW welds at 900 rpm tool rotational speed.
A weld’s cross-section can be divided into four regions: stir zone (SZ), base material
(BM), TMAZ, and HAZ [27]. The typical microstructures of these regions are depicted
in Figure 2b–e. Although the HAZ is difficult to discern under an optical microscope, its
presence is indicated by the hardness data. The SZ is distinguished by equiaxed fine grains,
which are the result of dynamic recrystallization induced by intense plastic deformation
and exposure to high temperatures during welding. The TMAZ is characterized by 14 µm
grains that are elongated and orientated in a certain direction, as a result of the tool’s
deformation. The BM microstructure is very heterogeneous and predominantly formed of
grains with an average size of 19 µm.
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Figure 3a depicts the top view and macroscopic appearance of the cross-section of
welds produced by the R-FSSW approach with a convex profile at a tool rotating speed of
900 rpm. It is evident that the probe hole has been successfully refilled, and both sides of
the welds have smooth surfaces. Using this method, weld flaws cannot be found anywhere,
indicating proper material mixing in the weld center. This is because of its inherent convex
profile, which fills the probe hole in the center. As demonstrated in Figure 3a, the effect
of the convex tool profile may be observed in the macrostructure of R-FSSW samples.
Figure 3b–d depicts high magnification images of the regions b–d indicated in Figure 3a.
The cross-section is divided into three regions (Figure 3b–d) based on the characteristics of
the FSSW joint’s cross-section: the SZ, the TMAZ, and the refill region. As demonstrated
in Figure 3b, SZ is characterized by equiaxed fine grains due to dynamic recrystallization.
Between the SZ and BM, the TMAZ has an elongated structure pointing upwards due to
the 15 µm average grain size of its plastic deformation. The average grain size of the grains
in the refilled region is 12 µm.
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3.1.1. Microhardness

The indentations were made along each of the four parallel lines with a spacing of
0.4 mm in order to understand the hardness difference in various areas of the spot friction
stir spot welds. Figure 4 depicts a typical hardness profile across similar AZ31B/AZ31B
weldments produced with conventional FSSW and RFSSW at a tool rotational speed of
900 rpm. As illustrated in Figure 4, the microhardness profile across the weld exhibits
higher values in the SZ and lower values in the HAZ and TMAZ. The increased hardness
is likely the result of the decrease in grain size in the stir zone. The typical hardness of the
base metal is around HV 68, whereas the SZ hardness varied between 89 and 91% to that of
the BM hardness.

3.1.2. Tensile/Shear Tests

Figure 5 depicts the static shear strengths of welds produced by the C-FSSW and
R-FSSW techniques. At all tool rotational rates, the R-FSSW process produces substantially
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stronger welds than the standard friction stir spot welding method. The increase in static
shear strength in the R-FSSW technique is a result of the absence of a keyhole and the
presence of additional material in the weld as a result of the addition of a filler plate.
The additional material from the filler in the joint will provide a more compact pressure,
resulting in an increased bonding, hence increasing the static shear strength, whereas
the keyhole present in the conventional approach behaves as a notch during loading and
creates excessive stress concentration. This would lead to the initiation and propagation of
a crack, which would ultimately result in the material having poor mechanical qualities.
The specimens all fractured in a nugget pullout mode when they were tested, and this was
consistent for each and every weld that was made using the R-FSSW approach. In order
to provide a point of reference, the C-FSSW was also performed using the same rotating
tools under the exact same welding conditions. An increase in the rotating speed of the
tool causes a drop in the static shear strength, which in turn causes the joints to fracture
through a shear failure mode. The refilling process has the potential to improve the lower
static shear strength that was observed when the tool rotational speed was 1800 rpm.
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Under lap shear tests using the C-FSSW and R-FSSW methods, the close-up bottom
views of the upper sheets and the close-up top views of the lower sheets are illustrated in
Figures 6 and 7, respectively. In both the C-FSSW and the R-FSSW processes, two distinct
failure scenarios were discovered. From the C-FSSW specimens, shear fracture results in
the material being sheared off at the probe hole’s periphery (Figure 6). It is due to the tool’s
rotating speed of 1800 revolutions per minute (rpm), this type of fracture has been recorded.
At other speeds, a portion of the nugget is retained in the lower sheet, as demonstrated in
Figure 6. The majority of the weld nugget remained in the lower sheet following a nugget
pullout fracture, as seen in Figure 6. However, the nugget pullout fracture is visible in the
R-FSSW process at all speeds, as seen in Figure 7. This suggests that nugget pullout fracture
results in greater bonding than shear fracture. Consequently, it has been determined that
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the static shear strength of weld samples produced with the R-FSSW process is greater than
that of samples produced with the C-FSSW method.
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3.1.3. SEM Analysis

Figure 8 depicts SEM images of a fracture surface for a C-FSSW specimen welded at
900 rpm tool rotating speed. Figure 8a depicts the macroscopic fracture surface of the top
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view of the lower sheet in close vicinity. Along the boundary between the upper and lower
sheets near the edge of the probe hole, a shear fracture has occurred, and the faying surface
between both the two sheets has been totally sheared off. The regions depicted in Figure 8a
are magnified in Figure 8b–d accordingly.
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Figure 9 depicts SEM images of the fractured surface found on the lower sheet of the
R-FSSW process at 900 rpm tool rotation speed. Figure 9b–d depict the magnified images of
points b–d from Figure 9a. Points b–d display the typical nugget pullout fracture surfaces
with striation-like patterns, while point d reveals a static fracture surface with dimples. This
suggests that the fracture developed around the nugget, with the final fracture occurring
between points c,d.
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3.2. Dissimilar AZ31B/AA6061-T6 Alloys

In both the C-FSSW and R-FSSW processes, sheets of AZ31B Mg alloy and AA6061-T6
Al alloy were welded together, with the Mg alloy on top of the Al sheet. Figure 10a depicts
a typical optical macrograph of the cross-section of a standard FSSW-created weld. No
thickness reduction or probe hole is visible in the weld. Figure 10b,c depicts enlarged views
of places highlighted in Figure 10a.
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Figure 11a depicts the cross-section of the weld produced by the R-FSSW approach.
Figure 11b,c depicts a magnified image of the interface between Mg and Al in the middle
of the nugget. The EDS line analysis was conducted along the line in Figure 12a, and the
findings are shown in Figure 12b. EDS investigation confirms the presence of both Mg
and Al alloys along the line perpendicular to the contact, confirming the formation of
an IMC. Using quantitative EDS area analysis, the IMC has been identified as Al12Mg17.
The IMC layer is identified as a slightly brighter layer, and its thickness is estimated
to be around 10 µm, as illustrated in Figure 12. In accordance with the Al-Mg phase
diagram, the layers may be predominantly composed of an IMC of Al12Mg17 and Mg-rich
Al. Constitutive liquification during FSSW causes the creation of such an IMC in Al/Mg
dissimilar welds [21,27].

3.2.1. Microhardness

Figure 13 depicts the hardness distribution over the Mg/Al dissimilar welds produced
by the R-FSSW. For the upper AZ31B Mg sheets in all welding processes, the HAZ has
the lowest hardness value. Furthermore, there is a modest increase in hardness in the
SZ region, which can be attributed to a reduction in grain size relative to other locations.
As for the AA6061-T6 side, the base metal has a higher hardness than other places. The
rapid rise in microhardness in the weld center is caused by the formation of brittle -
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Al12Mg17 intermetallics as depicted in Figure 12. The SZ in the Mg/Al welds has much
greater hardness values, ranging from Hv 85 to Hv 135. Chowdhury et al. [18] reported
comparable outcomes during the friction stir spot welding of dissimilar materials. Observed
experimental results are consistent with previous studies [21].
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3.2.2. Tensile/Shear Tests

Figure 14 depicts the lap shear test results for the Mg/Al dissimilar welds produced
by the C-FSSW and R-FSSW methods. At all tool rotational speeds, the R-FSSW method
creates welds with greater static shear strength than C-FSSW. Nevertheless, the static shear
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strength of dissimilar joints is lower than that of joints made from similar materials, and all
the weld joints were fractured at the interface. The increase in static shear strength without
the presence of ductility during the R-FSSW approach is attributable to the absence of the
keyhole and the presence of more material in the weld as a result of the addition of the
filler plate. At a tool rotational speed of 1400 rpm, R-FSSW welds have the highest static
shear strength of 3.6 kN. When the tool’s rotating speed exceeds 1400 rpm, the static shear
strength of joints decreases. The static shear strength of joints decreases when the rotational
speed of the tool exceeds 1400 rpm.

J. Manuf. Mater. Process. 2022, 6, x FOR PEER REVIEW 14 of 19 
 

 

 
Figure 12. SEM micrograph showing an interlayer present between the Mg/Al dissimilar R-FSSW 
weld, and (a) EDX line scan across the interlayer indicated in (b), (b) showing the Mg and Al com-
positional variations. 

3.2.1. Microhardness 
Figure 13 depicts the hardness distribution over the Mg/Al dissimilar welds pro-

duced by the R-FSSW. For the upper AZ31B Mg sheets in all welding processes, the HAZ 
has the lowest hardness value. Furthermore, there is a modest increase in hardness in the 
SZ region, which can be attributed to a reduction in grain size relative to other locations. 
As for the AA6061-T6 side, the base metal has a higher hardness than other places. The 
rapid rise in microhardness in the weld center is caused by the formation of brittle -
Al12Mg17 intermetallics as depicted in Figure 12. The SZ in the Mg/Al welds has much 
greater hardness values, ranging from Hv 85 to Hv 135. Chowdhury et al. [18] reported 
comparable outcomes during the friction stir spot welding of dissimilar materials. Ob-
served experimental results are consistent with previous studies [21]. 

 
Figure 13. Hardness profile of dissimilar R-FSSW joint across the weld interface. 

  

Figure 13. Hardness profile of dissimilar R-FSSW joint across the weld interface.

J. Manuf. Mater. Process. 2022, 6, x FOR PEER REVIEW 15 of 19 
 

 

3.2.2. Tensile/Shear Tests 
Figure 14 depicts the lap shear test results for the Mg/Al dissimilar welds produced 

by the C-FSSW and R-FSSW methods. At all tool rotational speeds, the R-FSSW method 
creates welds with greater static shear strength than C-FSSW. Nevertheless, the static 
shear strength of dissimilar joints is lower than that of joints made from similar materials, 
and all the weld joints were fractured at the interface. The increase in static shear strength 
without the presence of ductility during the R-FSSW approach is attributable to the ab-
sence of the keyhole and the presence of more material in the weld as a result of the addi-
tion of the filler plate. At a tool rotational speed of 1400 rpm, R-FSSW welds have the 
highest static shear strength of 3.6 kN. When the tool’s rotating speed exceeds 1400 rpm, 
the static shear strength of joints decreases. The static shear strength of joints decreases 
when the rotational speed of the tool exceeds 1400 rpm. 

Figure 15 depicts the close-up bottom views of the upper sheets and the close-up top 
views of the lower sheets during lap shear testing for the C-FSSW and R-FSSW processes. 
At all the speeds, the shear fracture mode of failure is found in C-FSSW weld samples, 
whereas in the R-FSSW process, the nugget pullout fracture is observed at all speeds. Re-
gardless of the fracture mechanism, crack initiation always begins in the region of incom-
plete bonding. As the shear force on the weld sample increases, the crack propagates 
throughout the zone that is fully bonded. When the maximum load is applied, the fracture 
takes place, consequently destroying the bonding between the sheets. In C-FSSW, Figure 
15 demonstrates that the shear fracture occurred through the interface between the upper 
and lower sheets. 

 
Figure 14. Static shear strength of dissimilar welds made by the C-FSSW and R-FSSW. Figure 14. Static shear strength of dissimilar welds made by the C-FSSW and R-FSSW.



J. Manuf. Mater. Process. 2022, 6, 95 13 of 16

Figure 15 depicts the close-up bottom views of the upper sheets and the close-up top
views of the lower sheets during lap shear testing for the C-FSSW and R-FSSW processes.
At all the speeds, the shear fracture mode of failure is found in C-FSSW weld samples,
whereas in the R-FSSW process, the nugget pullout fracture is observed at all speeds.
Regardless of the fracture mechanism, crack initiation always begins in the region of
incomplete bonding. As the shear force on the weld sample increases, the crack propagates
throughout the zone that is fully bonded. When the maximum load is applied, the fracture
takes place, consequently destroying the bonding between the sheets. In C-FSSW, Figure 15
demonstrates that the shear fracture occurred through the interface between the upper and
lower sheets.
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Consequently, it is believed that the creation of the IMC layer led to the bonding of
the upper and lower sheets, whereas nugget debonding failure was found for all RFSSW
specimens. According to Figure 15, the majority percentage of magnesium remains in the
lower sheet. This suggests that the nugget pullout fracture exhibited greater bonding than
the shear fracture. Additionally, IMCs were identified at the interface of the weld joint. In
contrast, the creation of IMCs has no effect on the static shear strength of the welds, as all
of the welds fragmented via the nugget pull-out mode rather than the shear fracture mode.
Thus, it has been determined that the static shear strength of weld samples produced with
the R-FSSW process is greater than that of samples produced with the C-FSSW procedure.

3.2.3. SEM Analysis

Figure 16 depicts the SEM images of a fractured surface on the R-FSSW specimen
at a tool rotational speed of 1400 rpm. Figure 16a depicts the fracture surface from the
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top view of the aluminum side. Figure 16b–d depicts the magnified views of points b–d
in Figure 16a. As depicted in Figure 16a, the fracture propagates from the original crack
tip near the unwelded joint interface, slightly upwards, and then along the border of the
refilled probe hole. Thereby, the R-FSSW approach is used successfully in the dissimilar
welding of AZ31B Mg alloy to 6061-T6 Al alloy. The probe hole, which is made during
C-FSSW, can be successfully avoided and the mechanical properties of the joints can be
enhanced by welding the probe hole, which is created during conventional F-SSW. The
SZ of the Mg/Mg comparable weld exhibits grain refinement, while the TMAZ and HAZ
exhibit partial recrystallization.
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The production of the Al12Mg17 intermetallic compound characterizes the Mg/Al
dissimilar weld. Similar Al/Al and Mg/Mg welds displayed a W-shaped microhardness
profile during both the conventional and refill FSSW methods. Minimum hardness values
were observed in the TMAZ and HAZ of comparable Mg/Mg and Al/Al welds produced
by both methods. Due to the formation of intermetallic (a hard and brittle structure), the SZ
of Mg/Al welds have much higher hardness values, ranging between 85 HV and 135 HV. It
has been determined that the Mg/Al dissimilar weld has a lower static shear strength than
the Al/Al and Mg/Mg similar welds. In addition, the static shear strength of the Mg/Al
dissimilar weld produced by the R-FSSW technique is greater than that of the C-FSSW
process at all tool rotating speeds. Due to the development of IMCs, the shear fracture has
been seen in Mg/Al dissimilar welds produced by the C-FSSW technique. In addition, a
nugget pull-out fracture was discovered during the R-FSSW process.

4. Conclusions

By using C-FSSW and R-FSSW process, similar Mg/Mg and dissimilar Mg/AA alloys
were effectively bonded. Overall, R-FSSW-joined Mg/AA dissimilar welds have a higher
static shear strength than conventional dissimilar Mg/AA and similar Mg/Mg welds. This
can be attributed to the absence of keyholes and the insertion of filler plate material into
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the weld. The hardness profiles of similar welds were W-shaped, with the TMAZ and HAZ
of both methods exhibiting lower hardness values. A thin layer of Al12Mg17 intermetallic
compound was identified at the interface of aluminum and magnesium sheets, improving
overall hardness. Only C-FSSW samples exhibited shear fracture. Nevertheless, a nugget
pull-out fracture was seen in R-FSSW samples. In all forms of fracture, crack initiation
originates in the region of partial bonding.
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