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Abstract 

 

This article presents a thorough comparative analysis and characterization of the 

microstructural evolution within the welding zones of dissimilar joints of AA5083-H112 

and AA6061-T6 produced by a modified friction stir clinching (MFSC) and the 

traditional friction stir spot welding (FSSW) processes. The mechanical performance of 

the welded joints was assessed in shear using a single lap joint. The microstructural study 

identified significant variation in joint microstructure and material flow due to the 

differences in the tool geometry and methodology used for the welding processes. The 

results show that the use of modified friction clinching process improves the welded joint 

by eliminating keyholes/hook defects and local melting defects, leading to the formation 

of high strength joints. Mechanical characterization of the welded joints indicated that 

the shear strength increased significantly from 78.69 MPa for the conventional FSSW to 

131 MPa for the MFSC process. 
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Introduction 
 

The friction stir welding (FSW) process was developed as a potential solution for 

welding aluminum alloys of the 2000 and 7000 series [1][2] [3]. These materials are 

conventionally welded by fusion welding. However, the high temperatures inherent in 

fusion welding processes often lead to various intermetallic compounds. The resulting 

weld is prone to solidification and liquation cracking or porosity [4]. The lower 

processing temperatures generated during FSW eliminates the challenges experienced 

in fusion welded joints [5]. A modified variant of the FSW was later developed, known 

as the friction stir spot welding  that eliminates the tool's lateral movement.  The 

purpose is to join overlapping sheets of material by plunging a rotating tool into the 

base alloys at a specific rate until the tool's shoulder comes into contact with the upper 

sheet. During the process, counter support is provided by a stationary anvil at the base 
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of the lower sheet. The frictional resistance between the rotating tool and the materials' 

surface generates the heat required to soften and weld the materials together. The 

amount of heat generated is heavily dependent on the tool rotation and dwell time [6]. 

The tool movement in the axial/vertical direction facilitates the plasticized material 

flow in both the circumferential and axial direction, which mixes the materials before 

fusion. 

 

FSSW has been shown to have the potential for the solid-state joining of previously 

difficult to weld materials. The technique is capable of producing comparable or 

superior weld strength with better consistency than similar technology like resistance 

spot welding (RSW) [7][8] since FSSW is insensitive to tool wear [9]. Unfortunately, 

the formation of a keyhole at the center of the weld is not only aesthetically 

undesirable, but it also limits the bond area and negatively impacts the weld strength 

while creating a potential cavity for the initiation of crevice corrosion. Another 

troubling imperfection occurs due to thinning of the upper sheet due to excessive tool 

penetration known as hooking [10]. 

 

Several strategies have been proposed for eliminating the keyhole defect left during 

conventional FSSW. These strategies include various methods of refilling the keyhole 

[11], modify the processing tool to eliminate the keyhole effect [12], and the use of 

pin-less tools [13], which also limits flow and intermixing of the plasticized materials 

at the interface [14]. The modified friction stir clinching (MFSC) process provides a 

method for refilling the inherent keyhole and bulk protrusion produced during FSSW 

[15]. 

 

This article presents a thorough comparative analysis and characterization of the 

microstructural evolution within the welding zones of dissimilar joints of AA5083-

H112 and AA6061-T6 produced by friction stir spot welding (FSSW) and modified 

friction stir clinching (MFSC) processes. The study also highlights the significant 

benefits to be derived from the application of MFSC as a method to eliminate the most 

damaging defects encountered during FSSW and may find application in the 

automotive and aerospace industries. 
 

 

2. Experimental procedures 

 

The chemical composition and mechanical properties of the alloys studied are 

presented in Table 1. The welding process samples were prepared from 1.5 mm thick 

AA5083-H112 sheets and AA6061-T6 with a thickness of 1 mm. The microstructures 

of the base alloys are illustrated in Figure 1(a) and (b). The micrographs show that the 

Al6061 sample comprises equiaxed grains, while the AA5083 -H112 sample 

comprises elongated grains. 
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Table 1: Chemical compositions and mechanical properties of the base alloys 

Yield 

Strength 

[MPa] 

Ultimate 

Tensile 

[MPa] 

Fe Zn Si Mn Cr Cu Mg Al 
Element 

(wt.%) 

259 287 0.59 0.2 0.61 0.056 0.104 0.21 0.87 Base AA6061-T6 

157 264 
0.29 

0.14 0.31 0.79 0.13 0.08 4.12 Base 
AA5083-

H112 

 

The base alloys were cut into strips of the dimension of 100 mm x 25 mm (see Figure 

1(e) and (f)) and washed in acetone. Two sets of samples were prepared using modified 

friction stir clinching (MFSC) and friction stir spot welding (FSSW). 

For the FSSW process, a pin length of 1.8 mm, shoulder diameter of 10 mm, and a pin 

diameter of 4 mm. Rpm= 1180 rpm, shoulder penetration depth was 0.35 mm, and 6s 

dwell time. A cylindrical pin was used (see Figure 1(c) to make a flow-generated mass 

protrusion on the upper side of the welding couple and a pin hollow at the welding 

side. During the MFSC process, a second pin-less tool was used with the following 

parameter settings a shoulder diameter was 15 mm, Rpm= 1400 rpm, the shoulder 

penetration depth of 0.35 mm, and a dwell time of 6s. 

 

 

Figure 1: Optical Microscope (OM) micrographs of the as-received (a) AA5083-H112 and 

(b) AA6061-T6 (c) and (d) Schematic of tools used in the first step and second step, 
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respectively (e) and (f) Dimensions and schematic of the tensile specimen under tensile/shear 

loading (g) Tensile/shear machine. The surface appearance of welds produced by (h) and (i) 

MFSC, (j) FSSW process. 

 

The welded samples were electro-etched by Barker's reagent consisting of 5 ml HBF4 

in 300 ml water at 22 V for 2 minutes. Microstructural characterization of the welded 

samples was carried using a JEOL 6100 transmission electron microscope (TEM) and 

an optical microscope (Olympus BX51) to assess the weld microstructure. The 

mechanical strength of the weld was evaluated by tensile/shear testing of the single 

lap joint according to AWS C1.1 using a crosshead rate of 2 mm/min (Instron 5500R) 

at room temperature (see Figure 1(g). 

The schematic shown in Figure 2  illustrates the shape of the tools used in the welding 

process. Figure 2(a-b) shows the FSSW process indicating that a keyhole is produced 

at the weld's center as the tool plunges into the sample. Step 2 of the process involves 

using a pin-less tool to refill the keyhole produced in step 1.  

 

Figure 2: Schematic of the welding processes studied. 

 

3. Results and discussion 

 

Figure 3 shows the appearance of the weld nugget formed during the FSSW process, with 

a distinct flow-induced macroscopic imperfection at the center of the weld nugget know 

as a keyhole. The presence of an intrinsic keyhole on the conventional FSSW joint's 

surface becomes visible after the retraction of the cylindrical pin tool and the plasticized 

material [14]. The pin's protrusion causes keyhole defect formation during FSSW into the 

weld nugget during the joining process. Several researchers have explored the implication 

of keyhole defects on both the microstructural and macroscopic appearance of the weld 

nuggets. In a recent study, Paidar et al. [16] demonstrated that a keyhole-protuberance 

profile could be eliminated (see Figure 3c) by optimizing the stirring time, rotational tool 
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rate, shoulder plunge depth, and modifying the tool geometry.  

 

 

Three distinct zones are visible in the microstructural image of the FSSW weld nugget. Two 

stir zones were present at the lower corners of the keyhole and the TMAZ. The grain structure 

within the stir zones is characterized by large equiaxed grains indicative of a ductile sample. 

However, the TMAZ contained elongated grains that are believed to have formed during the 

base alloys' plasticizing during the welding process.  
 

The macrostructure of the weld zone within the keyhole and shallow shoulder produced 

during FSSW was highlighted. The formation of these regions and the hook defect is 

attributed to the upward extrusion of semisolid material from the stirring zone during the 

welding process, resulting in a cavity labeled at "keyhole." The impact of the load a tool 

rotation within the region is the formation of a stirred zone with elongated grains due to 

the frictional heating and flowing of the material under loading, as shown in Figure 3(b 

and c). The TMAZ is characterized by elongated grains, as shown in (Figure 3(f)) 

 
Figure 3. Different zones during FSSW of AA5083-H112 to AA6061-T6 sheets. 

 

The integration of an additional step into the FSSW introduces a method of modifying 

both the macroscopic and microstructural appearance of the weld nugget. The 

addition of a secondary processing step is referred to as the modified friction stir 
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clenching (MFSC) process, which involves two steps (1) the use of pinned ended tool, 

which produces a keyhole in the base alloys (2) a second step using a pin-less which 

refills the keyhole. A cross-sectional view of the weld zone formed during the MFSC 

welding of AA5083-H112 to AA6061-T6 sheets is shown in Figure 4(a). 

From the micrographs provided, a clear circumferential spacing can be observed to be 

surrounded by bulk plasticized material at the AA5083-H112 side of a depth of 

approximately 10 mm made by a pin-less tool. During step-2, the plasticized material 

flows backward to refill the keyhole cavity left during step-1 of the welding process 

and establishes the circumferential spacing observed at the AA5083-H112 side. The 

changes observed in the microstructure can be attributed to increasing the shoulder 

size of the tool used in step-2. The tool geometry changes are a vital benefit of this 

process is the elimination of the keyhole and the hook defect formed during FSSW 

[16]. 

The microstructure formed within the center of the weld consists of two distinct 

regions separated by an area defect characterized by a lack of fusion between the 

material plasticized during step -2 and the region formed during step-1(see Figure 4c). 

Figure 4b shows the microstructure of the edge of the circumference region labelled-

B. The image showed evidence of the plasticized material's flow on the AA5083-

H112 side of the weld nugget. 

 

The two-step process's application proved successful in eliminating the hook defect at 

the weld nugget center. However, differential flow-induced defects are formed within 

the AA5083-H112 side due to the effect of tool geometry. The refilling of the keyhole 

formed in step -1 has been significantly influenced by the welding process parameters 

[16]. 
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Figure 4. Different zones during MFSC of AA5083-H112 to AA6061-T6 sheets. 

 

The edges of the shallow shoulder cavities are geometrical changes occurring during the 

refilling process. During the refilling process, geometrical changes within the weld center are 

attributed to the keyhole's initial presence. The scientific literature shows that good material 

flow during the welding process minimizes the defects left within the weld center. Better 

material flow is dependent on higher tool rotational speeds, which enhanced the bonded 

region of the weld nugget by eliminating the keyhole defect. The overall impact is an increase 

in the fracture strength of the weld joint. Additionally, the second step in the MFSC process 

generates more significant heat input and more plastic flow of the materials [15]. 
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Figure 5. Microstructure formed within the weld center (a-c) FSSW (b-d). 

The microstructure's evolution within the MFSC joints is attributed to the variation in 

material flow from the point of contact of the processing tool and across the joint zone. 

Figure 4(b) shows the microstructure at the edge of the circumferential impression left by the 

processing tool. This region is characterized by elongated grain due to plastic deformation of 

the region during the welding process. These grains transitions to a more equiax structure 

towards the TMAZ at the center of the welded joint l (see Figure 4(c)). A similar 

microstructure was observed at the base of the shoulders in the AA5083-H112 sample 

characterized by elongated grains that transition to equiaxed grain structure further from the 

stir zones into the Al6061 side of the weld. The joint center's microstructure similarly 

contained a combination of elongated grains on the AA5083-H112 side of the weld and 

equiaxed grains on the Al6061 side of the weld.  

Figure 5 shows a comparison of the microstructure formed at the bond-line for sample 

welded using both the FSSW and MFSC processes. For samples welded with FSSW, large 

unbonded regions are observed at the weld center (see Figure 5 a and c). However, when the 

MFSC method was used, the samples appear to have been fully bonded at the interface ( see 

Figure 5 (b and d). The differences observed in the two types of microstructures can be 

attributed to increasing plasticizing and material flow due to additional heat generated during 

the second stage of the MFSC process.  

 

The stress-strain profile results produced during the tensile/shear test and SEM images of the 

fractured surface are illustrated in Figure 6(a). The results show that when MFSC is used, the 

maximum fracture load increased from 78.69 MPa for the samples produced by FSSW to 131 

MPa for samples produced by MFSC. The appearance of the welded joints is presented in 

Figure 6(b) shows the absence of the keyhole imperfection inherent in FSSW. A fracture path 

occurred through the remaining Al6061 alloy present at the upper surfaces of the weld. The 

fractured surface of the MFSC joint was characterized by the presence of micro-voids and 
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gross plastic deformation indicative of the ductile region. On the other hand, the joint 

produced by FSSW is characterized by cleavage planes that indicate brittle material within 

the weldment, as shown in Figure 6(c). The differences observed at the fractured surfaces 

were attributed to the presence of large unbonded regions within the FSSW welded joint. The 

welds produced by MFSC were characterized by greater ductility and, as indicated by the 

larger area under the stress-strain curve.  

For the FSSW samples, the fracture was initiated at the base of the keyhole and propagated 

along the bond-line. On the other hand, in the joints welded by MFSC, the fracture was 

formed at the edges of the pin-less tool's circumferential scar and propagated towards the 

above the bond-line. The results confirm that the scars and defects left in the welded samples 

by the processing tool created a stress concentration point, which contributed to the failure of 

the weld. The larger welded area available in the MFSC joint accounts for the significant 

differences observed in the weld's strength.  
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Figure 6. MFSC and FSSW of AA5083-H112 to AA6061-T6 sheets. 

 

Conclusion  

 

This study's objective was to conduct a comparative analysis and characterization of the 

microstructural evolution within the weld nugget for joints of AA5083-H112 and AA6061-

T6 produced by friction stir spot welding (FSSW) and modified friction stir clinching 

(MFSC) processes. The results showed that the addition of a second step for refilling the 

keyhole increased the mechanical strength of the welded joints from 78.69 MPa for the 

conventional FSSW to 131 MPa for MFSC. 

The increased heat generated during the second step of the MFSC process increases 

plasticizing and material flow, ensuring a complete bond between the base materials.  

Microstructural characterization of the welded joins identified significant variation in joint 

properties, grain structure, and material flow, which can be ascribed to the differences in the 

MFSC and FSSW processes' tools. The void and local melting defects were prevented when 

MFSC was used to join AA5083-H112 and AA6061-T6.   
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