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Abstract: Al/Mg dissimilar welds were successfully fabricated by refill friction stir spot welding
using a grooved sleeve tool. Influences of sleeve penetration depth and rotational speed on the
weld formation and mechanical performance were systematically evaluated in terms of welding
parameter optimization, interfacial bonding mechanism, hardness distribution and welded joint
strength. The results indicated that the success of joining Al alloy to Mg alloy significantly depends on
tool sleeve penetration depth. The interfacial bonding mechanism compromised both metallurgical
bonding and mechanical inter-locking. Intermetallic compound layers of Al3Mg2 and Al12Mg17

were formed at the Al/Mg interface. The thickness of the intermetallic compound (IMC) layer at
the weld center increased from 20–30 µm to 40 µm when the rotational speed increased from 1000 to
2000 rpm. The minimum hardness was 80 HV in Al 7075 and 52 HV in ZEK 100; both were measured
in the heat affected zone. The welded joint lap shear strength decreased, and the scatter increased
with the increasing of rotation speed, whose maximum was 3.6 kN when the rotational speed was
1000 rpm. In addition, the failure mechanism was determined by tool rotational speed, and found
to be interfacial failure under a rotational speed of 1000 rpm and nugget pullout under a rotational
speed of 2000 rpm.

Keywords: refill friction stir spot welding; Al alloy; Mg alloy; grooved sleeve; interfacial bonding

1. Introduction

With the purpose of reducing structural weight and providing environmental pro-
tection, lightweight materials such as Al and Mg alloys have been used to replace con-
ventional steel structures in the automotive, aerospace, high speed rail, and shipbuilding
industries [1]. The application of hybrid structures has gained increasing attention because
it is the best option to combine the advantages of the dissimilar materials [2]. However,
it is extremely challenging to fabricate reliable Al/Mg dissimilar welds due to the forma-
tion of brittle intermetallic compounds (IMCs). Currently, several approaches have been
adopted to join Al/Mg dissimilar welds, including: (i) mechanical joining technology such
as self-pierce riveting [3]; (ii) fusion welding such as laser welding [4–6], cold metal transfer
welding [7], TIG welding [8], and resistance spot welding [9]; and (iii) solid-state joining
technology such as ultrasonic spot welding [10–12], friction stir welding (FSW) [13–16],
and conventional friction stir spot welding (FSSW) [16,17].

Self-pierce riveting can result in a poor working environment, low production effi-
ciency, and high cost. By comparison, fusion welding technologies can cause bulk IMC
formation and defects such as porosity and cracking [5–9]. It should be noted that it is
necessary to form an IMC layer to promote metallurgical bonding at the Al/Mg interface.
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Compared to these joining methods, solid-state welding technologies have significant
advantages because they suppress temperature rise and therefore can avoid bulk IMCs
and defect formation, which commonly occur in fusion welding, although IMC formation
remains inevitable during the solid-state welding process. The above-mentioned conven-
tional FSSW has been exploited based on the basic fundaments of linear FSW [18]. As a
solid-state joining technology, conventional FSSW has the same merits as FSW [19]. How-
ever, an undesirable keyhole depression is left in the weld center after pin tool retraction,
which results in stress concentration and significantly decreases the weld strength [20].

To overcome the disadvantages in conventional FSSW, pinless FSSW and short tra-
verse FSW variants, such as swept FSW, stitch FSW and swing FSW, have been explored to
improve the effective bonded area and weld integrity [21]. Nevertheless, pinless FSSW is
not suitable to join relatively thick sheet material (≥1.0 mm) [22], and short traverse FSW
variant processes are relatively complex for mass production. Thus, Schilling and Dos San-
tos developed refill FSSW based on the retractable tool used in FSW at Helmholtz-Zentrum
Geesthacht, Germany, in 1999 [23]. As shown in Figure 1, the refill FSSW process was
performed using a tool comprising three parts: a stationary clamping ring, an outer sleeve,
and an inner pin. The tool’s detailed processes were discussed in previous research [24].
The role of the clamping ring is to hold the workpiece firmly and avoid material loss during
the welding process. The sleeve and pin can rotate in the same direction and accelerate
via their connection to one motor, and move up and down independently via the use of
separate actuators [25].
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Figure 1. Schematic illustration of refill FSSW: (a) surface preheating to soften workpiece material, (b) sleeve penetration, (c)
stirring after penetration, (d) sleeve retracts, and (e) surface dwell to flatten weld surface.

Refill FSSW has been successfully applied to join high strength Al alloy [26,27] and
Mg alloy [28,29], and dissimilar welds such as Mg/steel [29,30], Al/steel [31–33], and
Al/Mg [34–39]. Wang et al. reported that Al–Zn coating was beneficial to suppress the
formation of the faster growing Al3Mg2 phase at the Al/Mg interface, and Al–Si coatings
led to a significant reduction in the IMC reaction layer thickness, which further increased
welded joint lap shear strength [36,38]. Suhuddin et al. found fine equiaxed grains of
Al12Mg17 was formed in the weld center [37], and distribution of IMCs introduced by
material flow affected welded joint lap shear strength [35]. Dong et al. demonstrated that
the maximum temperature was 425 ◦C during the refill FSSW of Al/Mg, and the weld
strength decreased with the increase in the IMC thickness [34].

Based on the open literature, a 9.0 mm diameter threaded sleeve is commonly used to
facilitate material flow and chip removal. It is relatively difficult to fabricate a defect-free
weld via welding parameter optimization using a threaded sleeve. Recently, Shen et al.
found that a grooved sleeve can significantly increase plastic deformation, and created
a mechanical inter-locking joining mechanism in Al 7075 similar and Al 6022/Al 7075
dissimilar welds [40,41]. More than 95% of this plastic deformation energy is dissipated
as heat and conducts to the surroundings, and only <5% of the energy is stored in the
microstructure, such as crystal defects and grain boundaries [42]. Therefore, it is of interest
to apply the grooved sleeve tool to joining the Al/Mg dissimilar weld. Thus, the present
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article discusses the interfacial bonding and mechanical performance of Al/Mg dissimilar
welds using a grooved sleeve.

2. Materials and Methods

The base materials chosen for this study were 0.9 mm thick Al 7075-T6 and 1.5 mm
thick ZEK100-O Mg alloy, and were provided by Ford Motor Co and Magnesium Elektron,
respectively. The base materials’ measured chemical compositions are listed in Table 1.
Mechanical properties of the as-received substrate materials are listed in Table 2. Al 7075 is
characterized by high strength and ZEK 100 Mg alloy has excellent formability at room
temperature. The spot welds were fabricated using a 25 mm × 100 mm coupon with a
25 mm × 25 mm overlap area according to the American Welding Society (AWS) standard
D 17.2/D17.2M [43]. It should be noted that no surface treatment was performed before
the welding process; the Al alloy was placed on top of Mg alloy sheet, and the weld was
fabricated in the center of the overlapped area.

Table 1. The measured chemical composition of substrate materials (wt%).

Mg Fe Al Si Ti Cr Cu Mn Zn Nd Zr

Al 7075-T6 2.92 0.15 Bal. 0.07 0.03 0.12 0.77 0.02 3.02
ZEK 100-O Bal. 0.01 1.3 0.2 0.25

Table 2. Mechanical properties of substrate materials.

Hardness Tensile Stress σb (MPa) Yield Stress σ0.2 (MPa) Elongation δ (%)

Al 7075-T6 175 453.4 415.5 13.9
ZEK100-O 61 250.5 194.5 26

The welding process was carried out using a Harms & Wende RPS100 refill FSSW ma-
chine (Coldwater Machine Co., Coldwater, OH, USA). The welding tool used in this
investigation was machined from H13 steel, and the diameter of the clamping ring,
sleeve, and pin were 14.5, 9.0, and 6.4 mm, respectively. Three equally distributed
grooves were fabricated on the sleeve bottom, whose detailed geometries were provided
elsewhere [40,41]. The tool rotational speed was 1000, 1500, and 1800 rpm, which was
constant during the entire welding period once it was selected. The sleeve penetration
depth was 0.6, 0.9, and 1.2 mm, respectively. The welding time was 4 s, where the
dwell time was 2 s, and the penetration and retraction times were 1 s regardless of the
penetration depth.

After the welding operation, the weld was sectioned through the weld center by
water jet cutting. The weld macro/microstructure was observed using an OLYMPUS
NTB 3558 optical microscope after the weld cross-section was prepared using a standard
metallographic technique and chemically etched by Keller’s reagent (2 mL HF + 3 mL
HCl + 5 mL HNO3 + 190 mL water). The IMC distribution was identified on the as-
polished sample using a JEOL JSM-6460 scanning electron microscope (SEM) system.
All of the chemical compositions measured by EDX spectroscopy were reported as wt%.
The hardness was measured using a 432SVD Vickers micro-hardness tester (Buehler Ltd.,
Lake Bluff, IL, USA), in the mid-thickness of top and bottom sheets using a holding time of
10 s and a force of 50 g. The overlap shear tests were performed using a CHANGCHUN
CSS-44100 electronic universal testing machine (Sinotest Equipment Co., Ltd., Changchun,
China) with a displacement rate of 10 mm/min. All of the overlap shear welded joint
strengths reported are the average of at least three individual specimens.

3. Results and Discussion
3.1. Welding Parameter Optimization

To achieve a stable joining process and avoid the effect of repetitive preheating gen-
erated from friction between each component of the welding tool, an interval time of
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5 minutes was applied during the welding of each spot weld. A preliminary operation was
conducted to confirm the effect of the tool sleeve penetration depth on the weld formation.
Similar to the joining of Al alloy to zinc coated steel by refill FSSW [31], the weld separated
through the Al/Mg interface or the nugget was pulled out immediately after the joining
process, regardless of the rotational speed, when the tool sleeve penetration depth was
0.6 and 1.2 mm (<66.7% or >133.3% of the top Al alloy), respectively. Therefore, the
penetration depth was set to be 0.9 mm in the following investigation.

As shown in Figure 2a, metallurgical bonding was not achieved at the Al/Mg interface
when the weld was fabricated using a penetration depth of 0.6 mm. It can be observed that
the oxide layer cladded on the workpiece surface was not broken up into fine particles, and
thus dispersed into the matrix due to insufficient heat input, although plastic deformation
with an annular flute pattern was formed due to sleeve penetration. It should be noted
that the plastic deformation thickness was much thicker than the sleeve penetration depth,
which was equal to sleeve penetration depth when the welds were fabricated using a
threaded sleeve tool [26–29].
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It can be observed from Figure 2b that the nugget was completely pulled out by the
welding tool when the weld was fabricated using a sleeve penetration depth of 1.2 mm; the
tool’s diameter corresponded to that of the sleeve. Failure of the joining can be attributed
to excessive heating and bulk brittle IMC formation. In addition, it is notable that the
top Al 7075 sheet was still joined to the bottom ZEK100 sheet, and the welding area
was shiny, which indicated that superplasticity of ZEK 100 Mg alloy can be achieved at
elevated temperatures.

3.2. Microstructure and Interfacial Bonding

A typical cross-section and microstructure of the weld fabricated using a rotational
speed of 1000 rpm is presented in Figure 3 to investigate the localized microstructure. The
top Al 7075 microstructure has been extensively investigated in previous research [26,27,36];
thus, the present study only focused on interfacial bonding. As indicated in Figure 3a,
defect-free Al/Mg dissimilar welds can be fabricated using a grooved sleeve tool, and no
defects such as bonding ligament, incomplete refill, or lack of mixing can be observed in
the weld. These defects are commonly formed in the welds fabricated using a threaded tool
due to insufficient material flow [24–26]. It should be noted that the dark area between the
top and lower sheets was not due to cracking or other defects, which resulted from removal
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of interfacial material during the polishing. In addition, the top Al 7075 sheet material
penetrated into the bottom ZEK100 sheet material underneath the sleeve, and thus the
ZEK100 sheet material was displaced upward, which created a mechanical inter-locking
joining mechanism around the weld boundary.
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Magnified views of regions I and II in Figure 3a are shown in Figure 3b,c, respectively.
It can be clearly observed that a continuous IMC layer with non-uniform thickness was
formed on the whole faying surface due to the metallurgical reaction between Al and Mg
sheet materials. Compared to the dynamic recrystallization layer, which was equal to
the penetration depth when a threaded sleeve was applied, a layer of bottom Mg alloy
sheet material underwent dynamic recrystallization due to severe plastic deformation at
the elevated temperature imposed by the grooved tool (see Figure 3b,c). This dynamic
recrystallization zone is commonly referred to as the stir zone (SZ). The material flow
pattern can be identified through the grain bending in Figure 3b, where the material
underwent moderate plastic deformation and temperature, and thus formed a thermo-
mechanically affected zone (TMAZ). The material located between the TMAZ and the
base material (BM) only experienced a thermal cycle and formed a heat affected zone
(HAZ). In addition, the IMC layer was thicker at the weld boundary than in the weld center
because considerably more frictional heat was generated due to higher linear velocity at the
weld boundary.

SEM images in the locations of II-IV in Figure 3a are shown in Figure 4a–c to inves-
tigate the Al/Mg interfacial bonding in detail. The chemical composition distributions
in regions II, III, and IV are indicated in Figure 5a–c to identify IMCs, respectively. As
shown in Figure 4a, the IMC thickness ranged from 20 to 30 µm at the weld center. The
chemical composition in the location of E in Figure 4a was 60.32%Al and 39.68%Mg
(see Figure 5a), which is consistent with Al3Mg2 according to the Al–Mg phase diagram.
However, the IMC thickness exceeded 40 µm at the weld center (see Figure 6a), when the
weld was fabricated using a rotational speed of 2000 rpm, because more heat was generated
from tool rotation (torque). The chemical composition in the location of B in Figure 6a was
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52.19%Al and 47.09%Mg, which was supposed to be Al3Mg2 (see Table 3). In addition,
cracking can be observed at the IMC layer, which probably occurred during the sample
reparation or can be attributed to the residual stress during the cooling period.

Crystals 2021, 11, x FOR PEER REVIEW 6 of 12 
 

 

Table 3. EDX quantification results (wt%) indicated in Figure 6a. 

Spectrum Al Mg Zn Total 
A 78.90 20.09 1.01 100.00 
B 52.19 47.09 0.72 100.00 
C  100.00  100.00 

 

  
(a) (b) 

 
(c) 

Figure 4. SEM image in the region of (a) II, (b) III, (c) IV in Figure 3a. 

  
(a) (b) 

Figure 4. SEM image in the region of (a) II, (b) III, (c) IV in Figure 3a.

Crystals 2021, 11, x FOR PEER REVIEW 6 of 12 
 

 

Table 3. EDX quantification results (wt%) indicated in Figure 6a. 

Spectrum Al Mg Zn Total 
A 78.90 20.09 1.01 100.00 
B 52.19 47.09 0.72 100.00 
C  100.00  100.00 

 

  
(a) (b) 

 
(c) 

Figure 4. SEM image in the region of (a) II, (b) III, (c) IV in Figure 3a. 

  
(a) (b) 

Crystals 2021, 11, x FOR PEER REVIEW 7 of 12 
 

 

 
(c) 

Figure 5. Chemical distribution at the Al/Mg interface in the location of (a) Figure 4a, (b) Figure 4b and (c) Figure 4c. 

  
(a) (b) 

Figure 6. IMC layer at (a) weld center and (b) boundary of the weld fabricated using a rotational speed of 1500 rpm. 

It is interesting to observe from Figure 4b that the IMC layer was relatively thin at 
the weld boundary (ranging from 10 to 20 μm). The chemical composition in the location 
of D in Figure 4b was 24.74%Al and 75.25%Mg (see Figure 5b), which is consistent with 
Al12Mg17 with a small amount of Mg in solution. Furthermore, metallurgical bonding was 
achieved at the weld external periphery, where the IMC layer thickness ranged from 5 to 
10 μm (see Figure 4c). The chemical composition in the location of B was 49.9%Al and 
50.1%Mg, which is consistent with Al3Mg2. The thickness of the IMC layer located at the 
weld boundary increased to approximately 10 μm (see Figure 6b), when the weld was 
fabricated using a rotational speed of 2000 rpm. 

Overall, the IMC layer was considerably thicker in the weld center because the heat 
input during FSSW remained at a single spot compared to that of linear FSW [44], and the 
heat can be easily dissipated into the surrounding cold substrate materials. Furthermore, 
Rosakis et al. reported that more than 95% of the plastic deformation energy dissipated as 
heat [42], and Awang et al. found that only 3.14% of the heat was generated from plastic 
deformation during FSSW of Al 6061 alloy [45]. These findings readily explain the thin 
IMC layer formed at the weld boundary, although the grooved sleeve produced more 
plastic deformation compared to the threaded sleeve. 

3.3. Mechanical Properties 
The hardness distribution was conducted along the mid-thickness of the top Al 7075 

and bottom ZEK100 Mg alloy sheet of the weld fabricated using a rotational speed of 1500 
rpm. The measurement locations are marked by red and blue chain-dotted lines in Figure 
3a, respectively. As a precipitation-hardened alloy, the hardness of Al 7075 sheet materials 
is mainly governed by the state and distribution of the precipitates rather than grain size 
[46]. As shown in Figure 7, the top Al 7075 material hardness was significantly softened 

Figure 5. Chemical distribution at the Al/Mg interface in the location of (a) Figure 4a, (b) Figure 4b and (c) Figure 4c.



Crystals 2021, 11, 429 7 of 12

Crystals 2021, 11, x FOR PEER REVIEW 7 of 12 
 

 

 
(c) 

Figure 5. Chemical distribution at the Al/Mg interface in the location of (a) Figure 4a, (b) Figure 4b and (c) Figure 4c. 

  
(a) (b) 

Figure 6. IMC layer at (a) weld center and (b) boundary of the weld fabricated using a rotational speed of 1500 rpm. 

It is interesting to observe from Figure 4b that the IMC layer was relatively thin at 
the weld boundary (ranging from 10 to 20 μm). The chemical composition in the location 
of D in Figure 4b was 24.74%Al and 75.25%Mg (see Figure 5b), which is consistent with 
Al12Mg17 with a small amount of Mg in solution. Furthermore, metallurgical bonding was 
achieved at the weld external periphery, where the IMC layer thickness ranged from 5 to 
10 μm (see Figure 4c). The chemical composition in the location of B was 49.9%Al and 
50.1%Mg, which is consistent with Al3Mg2. The thickness of the IMC layer located at the 
weld boundary increased to approximately 10 μm (see Figure 6b), when the weld was 
fabricated using a rotational speed of 2000 rpm. 

Overall, the IMC layer was considerably thicker in the weld center because the heat 
input during FSSW remained at a single spot compared to that of linear FSW [44], and the 
heat can be easily dissipated into the surrounding cold substrate materials. Furthermore, 
Rosakis et al. reported that more than 95% of the plastic deformation energy dissipated as 
heat [42], and Awang et al. found that only 3.14% of the heat was generated from plastic 
deformation during FSSW of Al 6061 alloy [45]. These findings readily explain the thin 
IMC layer formed at the weld boundary, although the grooved sleeve produced more 
plastic deformation compared to the threaded sleeve. 

3.3. Mechanical Properties 
The hardness distribution was conducted along the mid-thickness of the top Al 7075 

and bottom ZEK100 Mg alloy sheet of the weld fabricated using a rotational speed of 1500 
rpm. The measurement locations are marked by red and blue chain-dotted lines in Figure 
3a, respectively. As a precipitation-hardened alloy, the hardness of Al 7075 sheet materials 
is mainly governed by the state and distribution of the precipitates rather than grain size 
[46]. As shown in Figure 7, the top Al 7075 material hardness was significantly softened 

Figure 6. IMC layer at (a) weld center and (b) boundary of the weld fabricated using a rotational speed of 1500 rpm.

Table 3. EDX quantification results (wt%) indicated in Figure 6a.

Spectrum Al Mg Zn Total

A 78.90 20.09 1.01 100.00
B 52.19 47.09 0.72 100.00
C 100.00 100.00

It is interesting to observe from Figure 4b that the IMC layer was relatively thin at
the weld boundary (ranging from 10 to 20 µm). The chemical composition in the location
of D in Figure 4b was 24.74%Al and 75.25%Mg (see Figure 5b), which is consistent with
Al12Mg17 with a small amount of Mg in solution. Furthermore, metallurgical bonding
was achieved at the weld external periphery, where the IMC layer thickness ranged from
5 to 10 µm (see Figure 4c). The chemical composition in the location of B was 49.9%Al
and 50.1%Mg, which is consistent with Al3Mg2. The thickness of the IMC layer located at
the weld boundary increased to approximately 10 µm (see Figure 6b), when the weld was
fabricated using a rotational speed of 2000 rpm.

Overall, the IMC layer was considerably thicker in the weld center because the heat
input during FSSW remained at a single spot compared to that of linear FSW [44], and the
heat can be easily dissipated into the surrounding cold substrate materials. Furthermore,
Rosakis et al. reported that more than 95% of the plastic deformation energy dissipated as
heat [42], and Awang et al. found that only 3.14% of the heat was generated from plastic
deformation during FSSW of Al 6061 alloy [45]. These findings readily explain the thin
IMC layer formed at the weld boundary, although the grooved sleeve produced more
plastic deformation compared to the threaded sleeve.

3.3. Mechanical Properties

The hardness distribution was conducted along the mid-thickness of the top Al 7075
and bottom ZEK100 Mg alloy sheet of the weld fabricated using a rotational speed of
1500 rpm. The measurement locations are marked by red and blue chain-dotted lines in
Figure 3a, respectively. As a precipitation-hardened alloy, the hardness of Al 7075 sheet
materials is mainly governed by the state and distribution of the precipitates rather than
grain size [46]. As shown in Figure 7, the top Al 7075 material hardness was significantly
softened in the welded zone, which can be attributed to coarsening or dissolution of Mg2Zn
and Al2CuMg phase precipitates due to the thermal cycle imposed by the welding tool. It
should be noted that the hardness slightly increased to approximately 100 HV in the SZ
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because the hardness was measured after one week of natural ageing, which can cause
reprecipitation of Mg (Zn2, AICu) and Mg32(Al, Zn)49 particles. The minimum hardness
was 80 HV in the HAZ, where the material only experienced frictional heat and caused
coarsening of the precipitates.
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Regarding ZEK100 Mg alloy, the peak hardness value was measured in the SZ, which
is higher than that of the substrate material due to the presence of fine grain microstructure
according to the Hall–Petch relationship. A hardness reduction was measured in HAZ
(approximately 52 HV), which can be attributed to coarsening of grain size [34]. It is notable
that the HAZ was relatively wide in both the top Al alloy and bottom Mg alloy sheet, and
was approximately 10 mm.

The relationship between rotational speed and welded joint lap shear strength is
presented in Figure 8. It can be observed that the welded joint lap shear strength decreased,
and the scatter became smaller with the rotational speed. A maximum value of 3.6 kN was
achieved when the weld was fabricated using a rotational speed of 1000 rpm because a
mechanical inter-locking joining mechanism was created and the IMC layer was relatively
thinner when the weld was manufactured under a lower heat input welding condition (see
Figures 3 and 4). The welded joint lap shear strength decreased to a minimum level of
1.82 kN when the weld was fabricated using a rotational speed of 2000 rpm, which can be
attributed to the thick IMC layer formed at the Al/Mg interface (see Figure 6a).
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The failure mode of the welds tested under lap shear loading is shown in Figure 9,
which compromised nugget pullout and interfacial failure. As shown in Figure 9a, the
nugget was pulled out from the bottom ZEK100 Mg alloy sheet around the weld boundary
when the weld was fabricated using a rotational speed of 1000 rpm, and the nugget
remained on the top Al 7075 sheet. As shown in Figure 3a, the top Al 7075 sheet material
penetrated into the bottom Mg sheet, which significantly reduced the effective thickness
of Mg ally. Furthermore, the IMC layer was formed at the weld boundary, and thus the
crack initiated at the weld boundary and then propagated along the Al/Mg interface, and
ultimately failed on the bottom ZEK100 Mg alloy sheet. As shown in Figure 9b, the weld
failure mode was interfacial failure when the weld was manufactured using a rotational
speed of 2000 rpm because the IMC layer was relatively thick at both the weld center and
boundary (see Figure 6).
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4. Conclusions

This paper is the first to report the joining mechanism of Al/Mg dissimilar friction
stir spot welds using a grooved sleeve tool. The following conclusions can be drawn based
on the experimental observations.

The penetration depth plays a crucial role in determining the success of joining Al
alloy to Mg alloy, and an Al/Mg dissimilar weld cannot be achieved when the tool sleeve
penetration depth is <66.7% or >133.3% of the top Al alloy.

The joining mechanism compromised mechanical inter-locking and metallurgical
bonding. The IMC layer thickness was determined by the rotational speed, which ranged
from 20 to 30 µm at the weld center when the weld was fabricated using a rotational speed
of 1000 rpm, and exceeded 40 µm when the weld was fabricated using a rotational speed
of 2000 rpm.

The welded joint lap shear strength decreased with the increase in rotational speed,
and a maximum weld strength of 3.6 kN can be achieved. The weld failure modes in-
cluded nugget pullout and interfacial failure, of which nugget pullout was the preferable
failure mode.
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