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Abstract: Aluminum alloy Al 2024-T3 were successfully joined using friction stir spot 

jwelding joining (FSSW). Satisfactory joint strengths were obtained at different welding 

parameters (tool rotational speed, tool plunge depth, dwell time) and tool pin profile 

(straight cylindrical, triangular and tapered cylindrical). Resulting joints were welded with 

welded zone. The different tools significantly influenced the evolution on the stir zone in 

the welds. Lap-shear tests were carried out to find the weld strength. Weld cross section 

appearance observations were also done. The macrostructure shows that the welding 

parameters have a determinant effect on the weld strength (x: the nugget thickness, y: the 

thickness of the upper sheet and SZ: stir zone).  The main fracture mode was pull out  

fracture modes  in the tensile shear test of joints. The results of tensile shear tests showed 

that the tensile-shear load increased with increasing rotational speed in the shoulder 

penetration depth of 0.2 mm. Failure joints were obrerved in the weld high shoulder 

penetration depth and insufficient tool rotation. 

Keywords: Pin geometry; friction stir spot welding;  mechanical properties; aluminum 

alloy 

 

 

1. Introduction 

Al alloys have been widely used in the transportation industries due to their light weight 

and high strength. In particular, in the automobile industry, the implementation of 

multimaterials concepts involving the use of the dissimilar materials Al alloys and steel 

have been attempted, in order to enhance fuel efficiency and reduce the carbon emissions 

[1,2]. Recently, methods to join dissimilar materials in the assembly of lightweight vehicles 

have received considerable attention. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 December 2016                   doi:10.20944/preprints201612.0108.v1

http://dx.doi.org/10.20944/preprints201612.0108.v1


2 

Solid state welding methods, such as, friction stir welding (FSW) and friction stir spot 

welding  (FSSW), are now considered promising methods to join similar and dissimilar 

materials owing to lower processing temperatures compared to conventional fusion 

welding. This can avoid the defects associated with fusion welding, which suppresses a 

blow hole, cracking, and large brittle intermetallic compounds, which results in a 

degradation of the mechanical properties of the joints [3-6]. Research on butt joints 

fabricated by friction stir welding to join Al alloys to Cu, Mg, Ti alloys, steel and Mg alloys 

to Ti alloys have been reported [7,8], however, studies on the lap joints fabricated by FSSW 

have rarely been carried out. Friction stir spot welding (FSSW) is solid state welding 

process which fuse materials together by friction heat.  The research is associated in friction 

based process has considerably popular in the last few years. This in fact, can be explained 

by various advantages of these processes when compared to the conventional fusion 

welding process. 

Based on the observations of the FSSW macrostructures, the weld zone of a FSSW joint is 

schematically illustrated in Figure 1. From the appearance of the weld cross  section, three 

particular points can be identified [9]. The first point is the thickness of the weld nugget (x) 

which is an indicator of the weld bond area. The weld bond area increases with the nugget 

thickness. The second point is the thickness of the upper sheet under the shoulder 

indentation (y). The third point of the stir zone (SZ).  The size of these mentioned points 

determine the strength of a FSSW joint [10]. There are numerous papers concerning about 

the FSSW parameters which affect the joint geometry and the weld strength [11-13]. 

 

            
Figure 1. Schematic illustration of the cross section of a friction stir spot weld. x: nugget  

thickness, y: the thickness of the upper sheet and SZ: stir zone. 

 

The FSSW process consists of three phases; plunging, stirring and retracting as shown in 

Figure 2. The process starts with the spinning of the tool at a high rotational speed. Then 

the tool is forced into the workpiece until the shoulder of the tool plunges into the upper 

workpiece. The plunge movement of the tool causes material to expel as shown in Figures 
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2a and 2b. When the tool reaches the predetermined depth, the plunge motion ends and the 

stirring phase starts. In this phase, the tool rotates in the workpieces without plunging. 

Frictional heat is generated in the plunging and the stirring phase and, thus, the material 

adjacent to the tool is heated and softened. The softened upper and lower workpiece 

materials mix together in the stirring phase. The shoulder of the tool creates a 

compressional stress on the softened material. A solid-state joint is formed in the stirring 

phase. When a predetermined bonding is obtained, the process stops and the tool is 

retracted from the workpieces. The resulting weld has a characteristic keyhole in the middle 

of the joint as  shown in Figure 2c.  

 

 
 

 
Figure 2.  A schematic illustration of the FSSWprocess: (a) plunging; (b) bonding; (c) 

drawing out. 

 

In this regard, FSSW is expected to produce sound lap joints with satisfactory strength as 

applicable, when friction stir spot welding has been adopted to join similar and dissimilar 

materials. Therefore, the present study is the attempt to perform friction stir spot lap joining 

of aluminum alloy Al 2024-T3 analyze the effects of the welding parameters. The 

feasibility of joint formation of Al 2024-T3 using friction stir spot joining are examined in 

terms of mechanical and the metallurgical characteristics. 

 

2.   Experiments 

The materials used in this study were Al 2024-T3 sheets with thickness 1.6 mm. The 

chemical composition and mechanical properties are shown in Table 1. The specimens were 

prepared with dimensions of 100 mm×25 mm. The two materials overlapped by about 25 

mm in figure 3. The tools used in welding operations were machined from H13 steel and 

heat treated to 52 HRC. Two different tool pin profiles (straight cylindrical, triangular) 
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were used to fabricate the joints ( Fig. 4 ). Each tool has a 2.4 mm pin length , 5 mm pin 

size, 14 mm shoulder diameters and 8˚ shoulder concave angle. In straight cylindrical and 

triangular  pins, the pin size was determined by measuring the bottom diameter of the pin. 

In triangular pin, the pin size was determined by calculating the diameter of the cross 

section area that was formed by the turning pin. In order to develop the friction stir spot 

welding tests, a properly designed clamping fixture was utilized to fix the specimens ( Fig. 

5 ). The steel plates comprising the fixture ensure a uniform pressure distribution on the 

fixed specimens. The specimens were welded in a milling machine [14].  

In order to obtain sound welded joints, the friction stir spot welding was carried out and 

compared using different tool rotation speeds, pin geometry and a plunge depth. The 

friction stir spot welding of Al 2024-T3 is examined in terms of mechanical and the 

metallurgical characteristics. 

 

Table 1. Mechanical properties and Chemical composition of aluminum alloy. 
Mechanical properties of 2024-T3 aluminum alloy 
Alloy Ultimate tensile (MPa) Yield strength (MPa) Elongation (%) 
2024-T3 450 322 15 
Chemical composition of 2024-T3 aluminum alloy (Wt.%) 
Alloy Al Cu Fe Mg Mn Si Ti Zn 
2024-T3 base 4.9 0.239 1.28 0.629 0.0848 0.0154 0.142 
 

 
Figure 3. A lap-shear test specimen 
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Figure 4. FSSW tool profile, a) Straight cylindrical, b) Triangular. 

 
 

                           
Figure 5. FSSW experimental process [14]. 

 
Fig. 3 illustrates the dimensions of the tensile shear test specimens used according to JIS Z 

3136 [15] standard to investigate the spot friction welds under the tensile-shear test.  The 

tensile shear tests were performed at room temperature by using an Instron machine with a 

cross-head speed of 50 mm/min. After welding, the specimens were polished and then 

etched by a Keller’s reagent for 40s.  In addition, the scanning electron microscope 

equipped the optical microscope were utilized to determine the microstructure and 

macrostructure of welds.  

 

3.    Results  

3.1 Macrostructure of welds 

In this study, in order to achieve sound joints, preliminary experiments were carried out 

using different conditions. Tool rotation speeds 650, 1000 and 1500 rpm at a plunge depth 

of 0.2 mm and with straight cylindrical and triangular  pin were studied.  Cross sectional 

views of friction stir spot jointed Al2024-T3 tool rotation speeds and tool geometry 

(straight cylindrical and triangular  pin) are shown in Fig.6. As seen, FSSW  with 
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cylindrical and triangular pin had a stir zone (SZ) which was formed in vicinity of the 

keyhole. SZ changed with  different pin geometries and tool rotational speeds. This ocur 

due to the various flows of materials by different pin geometry.  

From the cross sectional view of the joints, it was found that the interface of the joints was 

soundly joined without any cracks or voids under all studied conditions of tool rotation 

speed and different pin geometry. Since the sectional area of the triangular pin was less 

than the cylindrical pin, therefore, a smaller SZ was formed at rotational speeds of 650 and 

1000 rpm by the triangular pin. In addition,  since the volume of the cylindrical pin was 

more than the triangular pin, the amount of materials extruded upward was more which 

resulted in the increase of SZ area and consequently resulted in the increase of the tensile-

shear load.  The presence of threads on the cylindrical pin enhanced flow and mixing of 

materials which made increase in the area and width of stir zone. The shape of stir zone at 

1600 rpm tool rotational speed was independent of the pin geometry (see Fig. 5c). SZ width 

was defined as the distance between the edge of the keyhole and the widest region of SZ 

[13]. 

 
 

 
Figure 6. Macrostructures of welds made in shoulder plunge depth of 0.2 mm with 

cylindrical and triangular pin at rotational speed of, (a) 650 rpm, (b) 1000 rpm and (c)1500 

rpm. 

 

When the tool entered to the upper sheet, materials severely flew to the sides and down 

resulted from vertical pressure and threads on the pin. Therefore, increasing shoulder 
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plunge deth led to increase of vertical pressure [16] and consequently spread stir zone area. 

It is well known that increasing shoulder penetration depth and rotational speed contribute 

to the increase of stir zone which affect the mechanical properties of welds. When the 

shoulder penetration continues, the thickness of the upper sheet gets too thin underneath 

part of the shoulder indentation and therefore the tensile-shear load decreases. Moreover, 

with increasing rotational speed of both pins, the thickness of the upper sheet became thin 

beneath the shoulder indentation. Therefore, it should be noted that shape and width of stir 

zone and also the thickness of the upper sheet were changed based on the welding 

parameters. Also, the results indicated that the shape and area of stir zone at high rotational 

speed were independent of the pin geometry (see Fig. 6 c).  

Fig. 7 indicates the effect of the varying shoulder plunge depth on the cross 

sectional macrostructure at tool rotational speed (1000 rpm) by cylindrical and triangular 

pins. It is well known that, same to the tool rotational speed, changes in the shoulder plunge 

depth resulted in the decreases of the area and width of stir zone. But weld nugget thickness 

decreases with increasing shoulder plunge depth (Fig 6, 7). Therefore this led to the 

decrease of the thickness of the upper sheet [17].  As can be seen, because of the frictional 

heat increases, material flow fastly in stir zone. Stir zone width is 0.2 mm greater than  0.6 

mm at the 1000 rpm tool rotational speed in the both tools. The lowest stir zone width was 

obtained at the 560 rpm tool rotational speed in figure 7. In this weld, small friction heat 

was produced; therefore, a small nugget thickness and stir zone width were obtained a very 

low weld strength.  The friction heat increased with the rotational speed. The maximum stir 

zone width was obtained on the 1500 rpm speed. Althought maximum stir zone width was 

obtained on the 1500 rpm, maximum weld strength was obtained  on the 1000 rpm in figure 

8,9. When the rotational speed exceeded the 1000  rpm level, the weld strength decreased 

because of the increased residual stresses. In addition these results,  Fig. 6 shows that the 

nugget thickness and  the stir zone width obtained by two tool pin geometries.  Weld 

strength in different geometries and tool plunge depth are observed clearly. 
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Figure 7.  Macrostructures of welds made at 1000 rpm tool rotational speed as pin 

geometry and shoulder plunge depth, (a) 0.2 mm (b) 0.6 mm. 

 
 
3.2 Tensile shear test 

Figure 8 shows the change in the stir zone width of the joints as a function of tool rotation 

speed and plunge depth; where (a) is the change stir zone width of the joints of tool plunge 

depth (b)  is the change stir zone width of the joints of tool rotation speed with both straight 

cylindrical and triangular  pin. As shown in Fig.3 (a), it was found that stir zone width 

change only triangular  pin as a function of increasing tool plunge depth. On the other hand, 

the the stir zone width  thickness increased with an increase in the tool rotation speed, as 

shown in Fig.3 (b). In particular, when the tool plunge depth increased over 0.2 mm, the 

decrease in the stir zone width became significant. The effective stir zone width of the 

joints fabricated in this study was evaluated. 
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Figure 8. Effect of the tool plunge depth (a) and tool rotation speed (b)  on the stir zone 

width.  

 

 

Figure 9 shows the tensile shear strength of the joints fabricated under the above mentioned 

tool rotation speed. In all the welds, the plunge rate was 2.0 mm/s, the tool rotation speed 

was beetwen 650 and 1500 rpm and the tool plunge depth was from 0.2 to 0.6 mm.  The 
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tensile shear strength of the joints was analyzed in terms of tool plunge depth and a 

reduction in the thickness of the upper side. The highest fracture load (8200 N) was 

obtained by the straight cylindrical pin at the rotational speed of 1000 rpm and shoulder 

penetration depth of 0.2 mm.  In the same experimental conditions,  fracture load was 

obtained 7300 N (plunge depth (0.6 mm  and tool rotation speed 1500 rpm) for the 

triangular pin. On the other hand, the results revealed that the strength increased with an 

increase in the tool plunge depth from 0.2 mm to 0.6 mm, however, the strength decreased 

under the conditions of a tool plunge depth of more than 0.2 mm. Under these conditions, 

the maximum value of 8200 N for the tensile shear strength of the joints occurred for a tool 

plunge depth of  0.2 mm. 

 

The results clearly shows that the lap-shear tensile fracture load increased with the 

increasing tool rotational speed, regardless of the pin geometry, at a same penetration depth 

(0.2 mm). In Figure 8 a,b, increasing the tool rotation speed from 650 to 1000 rpm resulted 

in a linear progress in the strength of the welds.  Lap-shear tensile fracture load increased 

with the increase of the rotational speed up to 1000 rpm and then reduced slightly.  Lap-

shear fracture load graph of both tool geometry has almost the same characteristics in figure 

8a. From 1000 rpm to 1500 rpm of tool rotation speed, there was a slight decrease in the 

weld strength. Only figure 8b only a triangular pin, lap-shear fracture load has increased 

after 1000 rpm. The results revealed that the strengths tended to decrease with an increasing 

rotation speed between 1000 rpm and 1500 rpm, which was caused by highest heat input. In 

the stirring phase, the temperature of the material in the vicinity of the pin increases and the 

friction coefficient of the material decreases in the stir zone The results also indicated that 

under welding condition (650 rpm, 0.2 mm), the tensile-shear load of the welds made by 

the straight cylindrical (7200 N) was about 70% more than the welds made with the 

triangular one (4500 N) that can be attributed to the finer grain size of stir zone.  Other 

results also indicated that under welding condition (1000 rpm, 0.2 mm), the tensile-shear 

load of the welds made by the straight cylindrical (8200 N) was about 40% more than the 

welds made with the triangular one (5800 N) that can be attributed to stir zone. 
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Figure 9. The effect of shoulder plunge depth on lap-shear fracture load (a) 0.2 mm, (b) 0.6 
mm. 
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Furthermore, these results indicated that the tensile-shear load was independent of the pin 

geometry at the high tool rotational speed and low shoulder penetration depth. In general, 

for welding 2024-T3 aluminum alloy, the increase of the tool penetration depth and 

rotational speed were beneficial for increasing tensile-shear load, but the excessive 

penetration and tool rotational speed impaired the joint properties. Therefore, it was 

necessary to select a suitable shoulder penetration depth and rotational speed to improve the 

tensile-shear load and there was an optimal value for rotational speed and shoulder plunge 

depth. 

 

3.3 Microstructure of  welds 

Figure 10 illustrates, the macro and microstructures of different regions in the friction stir 

spot welding at the rotational speed of 1000 rpm, tool plunge depth of 0.2 mm and straight 

cylindrical pin.  The cross section of the spot friction welds was divided into four regions: 

stir zone (SZ), thermo-mechanically affected zone (TMAZ), heat affected zone (HAZ), 

base material (BM) which is shown in Figs. 10 b, c, d and e.  The macro and 

microstructures revealed a maximum tensile shear strength. According to the results 

presented in Fig. 9, the microstructure in SZ was equiaxed and had very fine grain structure 

that it can be attributed to the dynamic recrystalization. Since heat affected zone (HAZ) is 

affected in the frictional heat, the structure of HAZ was like base metal. Grains are 

elongated because of TMAZ seriously deformed.These structures can be attributed to the 

vigorous deformation of materials in the TMAZ.   As shown in Fig. 10 c and d the grains of 

the SZ were slightly finer due to the dynamic recrystallization caused by the mechanical 

force and heat. The microstructure of HAZ was slightly coarser, but a very similar structure 

to the base metal, which induces a lower hardness value for HAZ.  

Fig. 11 indicate the effect of the tool rotational speed on the microstructures of SZ, tool 

shoulder penetration depth of  0.2 mm by straight cylindrical pin  and triangular pins. It is 

obvious that at 630 rpm (see Figs. 10 a and b), although fine grain in the stir zone obtained 

by triangular pin, the similar grain sizes were obtained for welds made with both pins at 

1000 rpm (see Figs. 8c and d). 
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Figure 10. Effect of tool rotational speed of 1000 rpm and shoulder penetration depth of 

0.2 mm with cylindrical pin  on the joint cross-section (a) Macrostructure of the joint cross-

section and microstructures of (b) BM, (c) HAZ, (d) TMAZ, (e) SZ. 

 

                       
 Figure 11. Effect of tool penetration depth of 0.2 mm with cylindrical and triangular pins 

on the microstructure of the weld; (a) ,(b) 630 rpm and (c), (d) 1000 rpm. 
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Figure 10 and 11 illustrates that because of the asymmetric rotation of the triangular pin 

which led to an increase in the material flow, a finger grain structure was formed in the 

vicinity of the keyhole as the cylindrical pin compared it with the made welds. Meanwhile, 

the increase of the tool rotational speed led to the generation of the coarser grain size 

structure in SZ of both pins that it can be attributed to the higher frictional heat generation 

by higher rotational speeds. Based on these results, the grain size structure  in SZ at the 

high rotational speed was independent of the pin geometry. 

 

4.  Conclusions 

In this research, the effect of tool geometry and process parameters on microstructure and 

mechanical Pproperties of Ffiction stir spot welding of the 1,6 mm-thick-AA 2024-T3 was 

investigated. The following conclusions were made:The pin geometry considerably effected 

on stir zone shape, stir zone width, nugget thickness in welds.  

• With increasing rotational speed, the lap shear tensile fracture load increased, but 

the shoulder penetration depth had bilateral effects on the lap shear tensile fracture load, 

which means that, by increasing shoulder penetration depth, the tensile-shear load at first 

increased and then decreased. 

• Regardless of the pin geometry, the increasing shoulder penetration depth and 

rotational speed caused a decrease in the thickness of the upper sheet beneath the shoulder 

indentation. 

• The shoulder penetration depth had a strong effect on the the lap shear tensile 

fracture load; with increasing penetration depth, the lap shear tensile fracture load was more 

concentrated toward the base metal away from the keyhole. 

•  
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