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Abstract

The increasing importance of dissimilar lightweight metal joints is crucial for advancing aerospace and automotive tech-
nologies, where aluminum (Al) and magnesium (Mg) alloys offer an ideal balance of strength and weight. However, the
challenges associated with joining these dissimilar metals necessitate innovative solutions. This study explores the role
of silicon carbide (SiC) nanoparticles in enhancing the friction stir spot welding (FSSW) of dissimilar alloys AA6061 and
AZ31B. The methodology involved varying the rotational speed of the welding tool (1000, 1200, 1400, and 1600 rpm)
while keeping other parameters such as plunge depth, plunge rate, and dwell time constant. SiC nanoparticles were
introduced through a pre-drilled 2 mm hole at the tool’s plunging point to refine the microstructure and mitigate the
formation of brittle Al-Mg intermetallic compounds (IMCs). The addition of SiC nanoparticles modifies the weld micro-
structure, reducing the formation of brittle Al-Mg IMCs and promoting the development of finer, well-distributed Mg-
SiC IMCs, resulting in a more favorable and homogeneous multilayered structure. The incorporation of SiC significantly
enhances the strength of the joints, achieving a maximum of 5.68 kN, 22.7% increase compared to SiC-free Al/Mg joints.
This improvement underscores potentiality of SiC as a reinforcing element in strengthening dissimilar metal joints and
demonstrates the effectiveness of it in dissimilar Al/Mg joints, making them suitable for aerospace and automotive
applications.
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1 Introduction

Lightweight alloys such as aluminium, magnesium, titanium and copper are potential engineering alloys from research
and industrial point of view. These alloys have become more significant in the transport manufacturing industries, includ-
ing aircraft, cars, heavy trucks, trains, ships, and defence products [1-3]. These alloys are appealing for steel structures
in some engineering applications due to their characteristics such as a high strength-to-weight ratio, effective heat
conductivity, and excellent damping capacity [4-6].
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Aluminum (Al) and magnesium (Mg) alloys are widely utilized in the aerospace, automotive, and defense industries
due to their lightweight properties, high specific strength, and excellent corrosion resistance. The combination of these
alloys offers a promising solution for applications where weight reduction is essential without compromising perfor-
mance [7]. In the aerospace sector, Al/Mg alloys are employed for internal structural frames, panels, and fuselages to
reduce overall aircraft weight, leading to improved fuel efficiency and higher payload capacity. Components such as
gearbox housings and rotor supports further benefit from the high strength-to-weight ratio of these joints, enhancing
flight dynamics by reducing inertia. The aerospace industry among others, increasingly demands the joining of dissimilar
materials to achieve benefits such as cost efficiency, design flexibility, and significant weight reduction [8-10]. Whereas,
fusion welding processes such as shielded metal arc welding, gas metal arc welding, and gas tungsten arc welding lead
to metallurgical mismatching in the weld dissimilar materials in metal-to-metal joints [11, 12]. Friction Stir Welding (FSW)
and Friction Stir Spot Welding (FSSW) have emerged as promising techniques for producing high-quality joints in various
dissimilar alloy systems, particularly when the metals involved possess distinct physical or mechanical properties [13].
In FSW, the significant process parameters include tool rotation speed, tool traverse speed, and tool plunge force [14,
15]. These parameters play a crucial role in determining the quality and strength of the weld. The FSSW process operates
on a similar principle but differs in that the tool does not travel linearly. Instead, FSSW involves plunging, stirring, and
retracting, making it particularly suitable for spot-joining applications [16, 17]. Unlike conventional welding processes
that involve melting, FSW/FSSW achieves coalescence through localized heat generated by the stirring action of a non-
consumable rotating tool, applied with modest clamping force [18, 19]. These solid-state processes offer a viable alterna-
tive to conventional fusion welding methods, which often struggle with or fail to effectively join materials with sharply
differing characteristics, such as Al alloys to Mg alloys or Al alloys to steel.

While the application of FSW/FSSW to dissimilar materials presents challenges especially when dealing with combi-
nations that exhibit stark contrasts in their properties the techniques have already been successfully employed in the
mass production of automotive structural components, specifically for Al-alloy to steel joints. Expanding the use of FSW/
FSSW to more complex material combinations, such as Al alloys to Mg alloys or Mg alloys to steel, holds the potential for
even greater weight reductions and enhanced performance in aerospace and other high-performance applications. The
incorporation of nanoparticles, such as SiC, Al,O5 [20, 21] and Fe,0; [22] can further improve the mechanical properties
of welded joints by promoting grain refinement and enhancing interfacial bonding [23-25]. This advancement could
help overcome some of the inherent challenges of joining similar and dissimilar materials, leading to joints with superior
strength and durability [26-28].

In recent years, various studies have explored the use of FSW/FSSW for joining different combinations of aluminum
and magnesium alloys. Brittle intermetallic compounds (IMCs) make it difficult to produce strong Al/Mg joints [29, 30].
Addressing this issue is paramount, especially given the increasing demand for lightweight and high-performance materi-
als in contemporary engineering applications. In the context of solid-state joining techniques like FSSW, the formation of
Mg,,Al,, and Al;Mg, IMCs poses inherent challenges. These compounds, even in trace amounts, can significantly impact
the structural integrity and performance of the joints [31, 32].

Research by Zhibo et al. [33] focused on the impact of varying the joining time on the formation of intermetallic com-
pounds and the filling characteristics in FSSW of Al/AZ31B alloy joints. They found that extending the joining time led
to the development of a thicker intermetallic layer, which initially increased the joint strength. However, as the interme-
tallic layer continued to thicken, the joint strength eventually peaked and then began to decrease. Studies have shown
that the introduction of a thin intermetallic compound layer of Al,,Mg,, during refill friction stir spot welding (RFSSW)
of aluminum-magnesium alloys significantly increases the hardness of the joint. This method has led to superior static
shear strength compared to traditional spot friction welds, which is critical for improving the joint’s mechanical proper-
ties [34]. Chowdhury et al. [35] explored the fatigue and shear strength of FSS welded dissimilar joints between Al and
mg alloys. They examined three configurations: Al on top of Mg, Al on Mg with an adhesive interlayer, and Mg on Al with
an adhesive interlayer. Across all configurations, the stir zone (SZ) was found to contain intermetallic compounds such
as Al;Mg, and Al;,Mg;,, which contributed to increased hardness [36]. Wu et al. [37] employed swing friction stir spot
welding (S-FSSW) to join aluminum and magnesium alloys, comparing this technique with conventional friction stir spot
welding (C-FSSW). Their study revealed that in S-FSSW joints, the intermetallic compound (IMC) structure at the interface
exhibited a spherical morphology, contrasting with the dendritic structure typically observed in conventional FSSW joints.

Recently, many researchers developed a new lightweight metal that welded through FSW/FSSW with the addition of
ceramic nanoparticles that regarded as super-strong yet high-performance lightweight metals [38-43]. They reported
the use of nanoparticles in the FSW/FSSW process, composite matrix, and the implication of these process method on
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Table 1 .C.hemical . Base material Elements
composition (% weight) of
AA6061-T6 and AZ31-B Cu Mn Al Si Fe Mg

AA6061-T6 0.05 0.2 2.5 - 0.1 0.005

AZ31-B 0.35 0.15 95.8 0.5 0.7 0.8
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Fig. 1 TEM-EDX of as received SiC nanoparticles

mechanical properties [44-46]. Based on the previous discussions, it is noticeable that many studies paid attention on
investigating different process parameters for joining Al and Mg dissimilar materials through FSW/FSSW.

Despite the growing interest in the FSSW of Al and Mg alloys, there is still limited information in the open literature
regarding the incorporation of nanoparticles and its effect on weld characteristics. At this end, the present study aims
to explore the impact of SiC nanoparticle reinforcement on the mechanical strength and microstructures of FSSW of
aluminium alloy 6061-T6 and AZ31-B magnesium alloys. On top of it, it is to derive and report methodology of uniform
particle dispersion, optimization of process parameters and effect of varying tool rotational speeds to achieve defect-
free joints.

2 Materials and methods

The welding specimens were prepared using 6061-T6 aluminum alloy and AZ31-B magnesium alloy plates of 2 mm thick-
ness, obtained from Cluster Trading Corporation, India. These plates were cut to size with dimensions of 100 x 35 mm
using Electrical Discharge Machining (EDM) with an overlapping area of 35 x 35 mm. The physical properties of these
materials are listed in Table 1. Additionally, silicon carbide (SiC) nanoparticles, sized at 50 nm, were used as reinforce-
ment to create composite dissimilar joints. TEM—EDX of as received SiC nanoparticles is shown in Fig. 1. Before welding is
started, Mg alloy plate (top sheet) and Al alloy plate (bottom sheet) were positioned and SiC nanoparticles were packed
into 2 mm diameter pre-drilled hole that appears at the center of the overlapping area (35 x35 mm) [47-49]. FSSW
experiments were carried out using a CNC vertical machining center (ACE Micrometric) equipped with a specialized
fixture to securely clamp the overlapping sheets, as shown in Fig. 2a.

The FSSW tool employed was made of H13 steel, hardened to 52-55 HRC. It featured a shoulder diameter of 12 mm,
a threaded cylindrical pin of 5 mm diameter, and a length of 2.85 mm. Figure 2a depicts the detailed configuration of
the FSSW tool used. A series of preliminary studies and a comprehensive review of the literature informed the range of
weld parameters. Four different rotational speeds were tested: 1000, 1200, 1400, and 1600 rpm. To ensure consistency
across all tests, the shoulder plunge depth was set as 0.2 mm, the tool travel speed at 10 mm/min, and the dwell time
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Fig.2 aExperimental setup, b
fabricated FSSW joint samples
and ¢ samples used in micro-
structural examination

at 5 s. Before welding, the overlapping surfaces were meticulously cleaned with acetone to remove any contaminants.
Three samples were prepared for each experimental condition to ensure the reproducibility and reliability of the results.

The mechanical properties of the welded joints were evaluated using Vickers microhardness testing (Wilson Hardness,
402 MVD, Wilson Instruments, Norwood) and lap shear strength testing using a computerized universal testing machine
(TE-JINAN-WDW100, Jinan Test Machine Co. Ltd, China). Microhardness profiles were recorded at a load of 1 kg and a
dwell time of 20 s. Lap shear tests were conducted at room temperature with a crosshead speed of T mm/min, and the
lap shear strength was calculated as the average of three specimens under each set of welding conditions.

Following the lap shear tests, the welded joints were sectioned and prepared for metallurgical examination using
standard metallographic techniques. Keller's reagent, composed of 5 ml HNO;, 3 ml HCl, 2 ml HF, and 190 ml H,0, was
used to etch the cross-sectional samples and reveal the microstructure. Macrostructural analysis was conducted with
a stereo zoom microscope (Radical RSM-9, Radical Scientific, India), while microstructural examination was performed
using an optical microscope (Invertoplan TR, Gippon-Japan). The prepared sample for both lap shear testing and metal-
lurgical analysis is illustrated in Fig. 2 (b,c). To further investigate the SZ microstructure and the fracture surfaces of the
lap shear-tested specimens were analyzed using a Field Emission Scanning Electron Microscope (FESEM, SIGMA HV—Carl
Zeiss, Germany).

3 Results and discussion
3.1 Joint structure
Welded joints were longitudinally sectioned in order to examine their cross-sections visually. Figure 3 shows the cross-

sectional images of the Al/Mg/SiC FSSW joints produced at rotational speeds of 1000, 1200, 1400, and 1600 rpm, all
defect-free. The study highlights the effectiveness of the FSSW technique in successfully joining dissimilar Al and Mg
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Fig.3 Cross-sectional macrostructure of welded samples at different tool rotational speeds a 1000 rpm, b 1200 rpm, ¢ 1400 rpm and d
1600 rpm

alloys. It is understood that stirring action of the rotating tool pin facilitated plastic flow between the base materials.
It could be understood from macroscopic analysis that the distribution of the materials within the weld is significantly
influenced by the tool’s rotational speed. At lower speeds (1000 rpm, Fig. 3a), the stir zone (SZ) is relatively narrow, and the
mixing of Al and Mg remains limited to the keyhole edges. The SZ widens as the speed increases to 1200 and 1400 rpm
(Fig. 3b and ), indicating increased material flow that enhanced mixing of Al, Mg, and SiC particles. At these speeds, the
Al alloy penetrates upward into the Mg alloy along the keyhole edges, forming a well-defined SZ. This increased inter-
mixing of materials ensures a more homogeneous joint, and contributes to improved mechanical properties. However,
as shown in Fig. 3d, the weld produced at 1600 rpm exhibits a broader SZ but with sign of excessive plastic deforma-
tion. The excessive heat generated at this speed causes the Al and Mg alloys to mix beyond optimal levels, leading to a
coarser grain structure and potential weakening of the joint. At this end, we understand that while the increased stirring
improves material flow, it also raises the risk of forming intermetallic compounds (IMCs) such as Al;Mg, and Al;,Mgy,
which may reduce the joint’s strength.

Figure 4 presents a comprehensive analysis of the weld SZ structure at a tool rotational speed of 1400 rpm, includ-
ing microstructure observations across different regions of the joint. The macro image clearly shows the overall shape
of the composite weld, with the SZ prominently visible. The SZ, formed through the intense stirring action of the tool,
appears defect-free, indicating an effective bond between the Al and Mg alloys. The distinct boundary between the base
materials and the SZ suggests good material mixing and a sound metallurgical joint. The micrograph of the mixing zone
between Al and Mg reveals a refined grain structure (Refer to Fig. 4b). The fine grains result from dynamic recrystalliza-
tion during the FSSW process, which is intensified by the presence of SiC nanoparticles [50]. The uniform distribution of
these fine grains indicates efficient material flow and mixing at this rotational speed, which is crucial for enhancing the
joint's mechanical properties [51, 52].

The microstructure on the Mg side of the joint reveals a blend of equiaxed and elongated grains, with the grain size
being larger compared to the mixing zone, as shown in Fig. 4c. This variation in grain size is attributed to the thermal
gradient and the relatively lower heat input received on the Mg side during welding, which leads to incomplete dynamic
recrystallization. The lower heat input limits the extent of grain refinement, resulting in fewer nucleation sites for new
grains. However, the grain refinement achieved is still sufficient to enhance the mechanical properties, particularly in
terms of strength and ductility. The Al side of the weld displays a more uniform and refined grain structure compared to
the Mg side as shown in Fig. 4d. The smaller grain size is indicative of higher heat input and more intense plastic defor-
mation on the Al side during the FSSW process. This fine-grain structure is beneficial for enhancing the strength of the
joint, contributing to the overall integrity and performance of the weld [53, 54].
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a)

Fig. 4 a Macrostructure of the joint at 1200 rpm, b SZ microstructure near the interface, ¢ Grain structure on the Mg side, and d Fine, recrys-
tallized grains in the Al-rich zone

The macrostructure and microstructure analyses of the sample welded at 1600 rpm reveal some critical insights. As
shown in Fig. 5, the macrostructure indicates that the weld zone is broader compared to the 1400 rpm sample. However,
despite the increased stirring, the higher rotational speed resulted in lower joint strength. This reduction in strength
can be attributed to excessive heat generation, which led to improper mixing of the Al and Mg alloys within the SZ [55,
56]. The microstructure analysis further supports this observation. The image in Fig. 5b, showcasing the SZ, reveals a
coarser grain structure in the Al/Mg mixture, indicating that the increased heat may have caused grain growth rather
than refinement. In contrast to the more refined grains observed at 1400 rpm, the coarse grains at 1600 rpm suggest
less effective stirring and intermixing of materials. Figure 5¢, showing the microstructure on the Mg side, and Fig. 5d,
showing the Al side, both display uneven grain sizes, with some regions indicating partial mixing and others showing a
lack of homogeneity. This inconsistency in grain structure reflects the adverse effects of excessive rotational speed on
the material’s flow and mixing behaviour, leading to a weaker joint.

The FESEM images and EDS analysis at the Al/Mg interface (shown in Fig. 6) provide insights into the formation
of IMCs during the FSSW process at different rotational speeds. At 1400 rpm (Fig. 6a), the FESEM and EDS analysis
shows a relatively uniform interface between Al and Mg, with the SiC nanoparticles well-distributed within the stir
zone. The EDS spectrum indicates the presence of Al, Mg, traces of oxygen (O), SiC. The limited presence of oxygen
suggests that there may be minor oxide formation, but it does not dominate the interface. The microstructural
refinement seen at this speed suggests that the heat generated was sufficient to allow for good material mix-
ing without excessive intermetallic formation [55]. This controlled environment likely reduces the risk of forming
brittle intermetallic phases, which could negatively impact the joint's mechanical properties. The presence of SiC
nanoparticles can act as a barrier to the excessive diffusion of Al and Mg atoms, thereby limiting the formation of
IMCs [57]. The SiC nanoparticles may also contribute to grain refinement by providing nucleation sites during the
recrystallization process as represented in Fig. 7. At 1400 rpm, the microstructural analysis (refer to Fig. 7) showed
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Fig. 5 a Macrostructure of the joint at 1600 rpm, b SZ microstructure near the interface, ¢ Grain structure on the Mg side, and d fine, recrys-
tallized grains in the Al-rich zone

a uniform dispersion of SiC nanoparticles throughout the SZ, with minimal signs of agglomeration. The uniform
particle distribution was facilitated by efficient stirring and adequate plastic flow of both Al and Mg alloys. This
distribution enhanced grain refinement through dynamic recrystallization, leading to improved mechanical proper-
ties. The SiC nanoparticles acted as nucleation sites during the recrystallization process, contributing to fine grain
structures and limiting the formation of brittle Al-Mg IMCs. This controlled formation of IMCs, coupled with the
grain refinement due to SiC, results in a joint with enhanced mechanical properties and reduced brittleness [58,
59]. The findings of this study align with recent works on friction stir welding and additive manufacturing, where
SiC particles were used to enhance mechanical properties [60-62].

At 1600 rpm (Fig. 6b), the EDS analysis reveals a more significant presence of intermetallic compounds at the
interface. The higher rotational speed leads to increased heat generation, which can promote the diffusion of Al
and Mg atoms, enhancing the formation of intermetallic compounds such as Al;Mg, and Al,,Mg;;. The presence of
SiC and O in the EDS spectrum indicates potential oxide formation, further contributing to the complexity of the
interfacial region. Despite the presence of SiC nanoparticles, which typically help inhibit excessive intermetallic
growth, the elevated temperatures at this speed likely override the beneficial effects of SiC. This results in a thicker
intermetallic layer, with the SiC nanoparticles potentially getting engulfed or surrounded by these intermetallic
compounds. The SiC nanoparticles may also contribute to the initiation of secondary phases, further complicat-
ing the microstructure. The increased intermetallic formation, coupled with a less effective grain refinement due
to the high heat and accumulated SiC particles in the SZ (refer to Fig. 8), leads to reduced joint strength [63]. The
coarser grain structure and more extensive intermetallic layer at 1600 rpm may account for the observed decrease
in joint strength compared to samples welded at 1400 rpm. Excessive IMC formation can lead to cracks and reduced
toughness, making the joint more susceptible to failure under mechanical loading.
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3.2 Tensile shear loads

In this study, lap shear tension tests were employed to study the mechanical properties of the welded samples. Three
lap shear tensile tests for each welding condition were conducted according to the ASTM-EQ8 standard. Figure 9
shows the results of the average lap shear tensile tests for the spot joints by the four different tool rotational speeds
and comparison with the particles free spot joints. As the tool rotational speed increased, the lap shear tensile loads
of the spot joints initially rise before eventually declining. Figure 9 illustrates that joint incorporating SiC nanoparti-
cles exhibited higher lap shear fracture loads compared to joints without at the same rotational speeds. Specifically,
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the lap shear tensile loads for joints with SiC nanoparticles were greater by 3.6 kN, 4.32 kN, 5.68 kN, and 3.5 kN at
rotational speeds of 1000 rpm, 1200 rpm, 1400 rpm, and 1600 rpm, respectively. This corresponds to improvements
in fracture loads of 20.0%, 10.6%, 22.7%, and 16.6% over the joints without the addition of SiC nanoparticles. The
enhanced performance can be attributed to the improved material flow and the changes in IMCs, which significantly
contributed to the increased lap shear tensile loads. The peak fracture load of 5.68 kN was achieved at a rotational
speed of 1400 rpm. The reduction can be explained by the probable agglomeration of nano-SiC particles in the weld
stir zone and the formation of intermetallic compounds such as Al,,Mg,, and Al;Mg, in the weld zone [64].

Figure 10 provides detailed insights into the fracture surface morphologies of the Al/Mg spot joint with SiC nano-
particles, processed at different rotational speeds. Figure 10a, b illustrate the fracture surfaces at various positions
of the joint processed at 1400 rpm. These morphologies exhibit a mix of ductile and brittle fractures, particularly
noticeable at the SZ boundary on the Mg side. The presence of numerous dimples of varying sizes indicates a typical
ductile fracture mode, which aligns with findings from Tabasi et al. [65] regarding dissimilar friction stir welding of
AZ31 to AA7075. In contrast, Fig. 10c, d present the FESEM images of the fracture surfaces of specimens welded at
1600 rpm. The quasi-cleavage fracture patterns observed here are indicative of the brittle behavior of the FSS welded
joints, which correlates with a significant reduction in lap shear fracture strength. This comparison underscores the
impact of rotational speed on the fracture characteristics and overall joint performance.

4 Conclusion

The FSSW of Al6061-T6 and AZ31B was successfully fabricated by varying tool rotational speed, leading to the fol-
lowing conclusions:
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e The formation of a fine grain structure in the stir zone (SZ), particularly within the Al-Mg mixing region, demon-
strates the effectiveness of the stirring action in achieving thorough material mixing, which is crucial for high joint
strength. The incorporation of SiC nanoparticles promotes grain refinement and enhances the overall mechanical
properties of the joint.

e SiC nanoparticles improve joint strength by refining the grain structure and limiting intermetallic formation. How-
ever, at higher rotational speeds, such as 1600 rpm, excessive heat generation leads to an increase in intermetallic
compounds, resulting in more brittle joints with reduced strength.

e At an optimized rotational speed of 1400 rpm, the balance between sufficient material bonding and controlled
IMC formation was achieved, resulting in a maximum tensile strength of 5.68 kN. This highlights the importance
of process optimization to maximize joint performance.

e Although this study focuses on mechanical strength and grain refinement, future work should explore additional
properties such as corrosion resistance, thermal behavior, and fatigue life. These aspects are critical for aerospace
applications, where long-term performance and environmental resistance are essential.

Nevertheless, the findings reported in this article demonstrate the potentiality of reinforcing SiC nanoparticles in
dissimilar Al/Mg joints, making them more viable for automotive and aerospace applications.
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