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Abstract: In this study, effects of process parameters of Friction Stir Spot Welding 
were investigated on Al2024T3 which has poor weldability. Several spot welds were 
performed by the FSSW process on the 2mm aluminium sheets. The effects of main 
process parameters such as tool Rotational Speed (RS), Normal Plunge Depth 
(NPD), and Dwell Time (DT) on the joint strength were investigated. By increasing 
the tool rotational speed, the joint strength increased, consequently. The mean failure 
load improved 52% when the tool rotational speed increased from 800 rpm to 1120 
rpm, whereas increasing the rotational speed from 1120 to 1600 did not have 
significant effect on the failure load. The results showed, increasing the normal 
plunge depth from 1.5 to 1.75 millimetre led to an increase in the failure load of spot 
welds by about 1.62 times. Also, the 3 seconds dwell time showed higher failure 
load compared to 2 and 5 seconds dwell time. 
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1 INTRODUCTION 

Nowadays, light metals such as aluminium alloys are 

extensively used in various industries including the 

automotive and aerospace industries [1-3]. Resistance 

Spot Welding (RSW), laser spot welding, bolting and 

riveting methods were increasingly used for assembling 

the aluminium parts. For this reasons, a new spot 

welding process was developed for joining aluminium 

components [4]. This process is a continuation of the 

method developed in 1991 at the Welding Institute 

(TWI) in the United Kingdom for welding aluminium 

alloys [5-6]. This method was rapidly used in numerous 

industries alongside the traditional welding methods.  

The reasons for rapid development, particularly in 

welding of aluminium alloys, include the unique 

mechanical properties of the welded joint due to 

elimination of the defects resulting from melting 

including hot cracking, porosity, and entrapment of 

surface oxides [7]. Further these joints have lower 

residual stresses than arc welding methods [5], [8]. 

Therefore, there is no need for stress relief in the friction 

stir welding process [9-10].  

As seen in “Fig. 1ˮ , the FSSW process includes three 

steps: tool plunging, stirring of welded materials, and 

tool retracting [4], [11].  

 

 
Fig. 1 Different steps of the FSSW process: (a): Plunging, 

(b): Stirring, and (c): Retracting [23]. 

 

The FSW method can also be used for joining zinc 

components and is widely used for joining 2xxx and 

7xxx alloys that are difficult to make spot welds by 

conventional fusion welding methods [12-14]. The main 

process parameters by which the welded joints failure 

load can be determined, include rotational speed (RS), 

normal plunge depth (NPD), and dwell time (DT) of the 

tool [15-16]. Rotational speed of the tool has the most 

significant effect on generating the heat due to friction 

and mixing of materials. Increasing the rotational speed 

would increase the strain rate [17]. Kartikian et al. [18] 

and Arul et al. [19] evaluated FSSW processes with the 

tool covering the rotational speed ranges of 600-1800 

rpm and 1500-3000 rpm, respectively. Applying an 

inadequate plunge depth might lead to cracks 

propagation as well as other defects [20]. Shen et al. [21] 

examined the effect of rotational speed and dwell time 

on the welding of the heat-treated alloy 7075, and argued 

that due to the existence of sediments in the 

microstructure, both these parameters affected the 

failure load and hardness of the spot welded joint. They 

also reported the more significant effect of tool 

rotational speed on the failure load of welded joint than 

the dwell time [21-22]. 

In this study, the effect of friction stir spot welding 

process parameters including rotational speed, dwell 

time, and normal plunge depth on the failure load of the 

2024T3 aluminium alloy joints was investigated and the 

effect of these variables and their interactions were 

examined. This paper was conducted with the objective 

of reaching high fracture strength by means of 

reinforcing additives in Aluminium joints. 

2 MATERIALS AND METHODS 

2.1. Material 

2-millimeter-thick sheets of 2024T3 aluminium alloy 

were used for the study. Table 1 and Table 2 show the 

chemical and mechanical properties of the aluminium 

alloy, respectively. 

 
Table 1 Chemical composition of 2024T3 Al alloy 

Element Si Zn Fe Cu Mn Mg 

Weight (%) 0.5 0.25 0.5 3.9 0.7 1.5 

 

Table 2 Mechanical properties of 2024T3 Al alloy 

Ultimate tensile 

strength (MPa) 

Yield 

strength(MPa) 
Elongation 

405 270 14% 

 

The specimens were cut by 25x110 millimetre 

dimensions and used in the experiments. Prior to the 

welding process, the oxide layers on both sides of the 

specimen were cleaned by using fine sandpapers and 

acetone. Figure 2 shows a schematic of the two 

specimens obtained for the spot weld process. 
 

 
Fig. 2 Geometrical dimension and Position of spot weld 

on the samples (millimetre). 

2.2. Friction Stir Spot Welding Process 

The tool pin causes a material disturbance (stir) in the 

nugget zone. Different geometries of Friction stir spot 

welding tool have been performed in various researches 

[24-26]. Billichi et al. [27] compared the failure load of 
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the FSSW joints by using cylindrical, truncated cone, 

threaded cylindrical, square, triangular, and hexagonal 

pin geometries. They concluded that at equal plunge 

depths, the cylindrical pin produced the highest joint 

failure load [27]. According to the study that used 

cylindrical pin, the pin length in the FSW method is 

selected based on the thickness of the sheets to be joined. 

Tozaki et al. [28] argued that the joint failure load 

increases with increasing the pin length (at maximum 

plunge depths upper than one fourth thickness of the 

bottom sheet). In addition, Bakavous et al. [29-30] 

reported that the best normal plunge depth for the pin is 

upper than 20 up to 25 percent of the lower sheet 

thickness.  

The geometry of tool shoulder used in the FSSW method 

significantly influences the heat distribution during 

welding and provides the required compressive forces to 

perform the welded joint [31-32]. Also, the tool 

geometry conducts material plasticization around the 

pin, material flow within the welding zone and weld 

geometry [33]. Tool shoulder diameter also affects the 

heat generated during the welding process, tool 

rotational speed, axial force, and the volume of the 

welded zone [33-34]. Badarinarian et al. [35] studied 

three different geometries of the tool shoulder in the 

FSSW method. They investigated mechanical properties 

of the spot welded joints produced by three convex, flat, 

and concave tool shoulders. They proved that the failure 

load of the joint was improved by 15% when a concave 

tool shoulder was used as compared to flat and convex 

geometries [35]. 

According to the researches [35-37], the tool used in this 

investigation was manufactured by AISI H13 steel and 

had 5-millimetre pin diameter, 2.2-millimetre pin length, 

14-millimetre tool shoulder and 10-degree concavity 

angle of the tool shoulder. The tool was hardened to 

increase its surface hardness up to 55 HRC to achieve 

required strength and endurance. Figure 3 shows the 

welding tool used in this study. 

 

 
Fig. 3 FSSW tool used in the study. 

A vertical milling machine with a semi-automatic 

controller was used for welding. The specimens were 

positioned in the supporting fixture in a way to prevent 

from undesirable displacement during welding. Figure 4 

shows the fixture mounted on the milling machine table. 
 

 
Fig. 4 The FSSW fixture on the milling machine table. 

 

In the following, the welding process parameters were 

tested according to the designed experiments. The full 

factorial experiment design method with 18 tests was 

implemented. Table 3 shows the parameters variation 

ranges performed in this study. The normal plunge depth 

parameter (NPD) was defined by tool plunge depth 

divided by sheet thickness in the FSSW process.   
 

Table 3 Mechanical properties of 2024T3 Al alloy 

Dwell Time 

(DT)(s)  

Rotational speed 

(RS)(rmp) 

Normal 

Plunge Depth 

(NPD)(mm) 

2 3 5 800 1120 1600 1.5 1.75 

 

The tension test was conducted on these specimens to 

examine the failure load of spot welds. A 30 ton SHIJIN 

300E Class 1 Machine (“Fig. 5ˮ ) was used for 

conducting the tension tests. The tests were conducted 

based on the JIS Z 3136: 1999 requirements at ambient 

temperature with speed of 1 mm/min. Tension was 

applied in the longitudinal direction of the test specimen. 
 

 
Fig. 5 Tensile test and sample placement at the machine. 
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3 RESULTS AND DISCUSSION 

The specimens were prepared according to the process 

parameters which are specified as welding process 

parameters in “Table 3ˮ . Then the uniaxial tension tests 

were conducted. The failure load of FSSW joints were 

performed according to the design table.  

To conduct better analysis of the process variables 

effects, the failure load of specimens obtained by tensile 

tests were initially examined. The interaction effects 

between the process parameters was studied in following 

sections. 

3.1 Effect of Normal Plunge Depth on Failure Load 

Normal plunge depth determines the contact conditions 

between the tool shoulder and the welding area. The spot 

welds failure load obtained in the tension test for the 

specimens are given in “Fig. 6ˮ . 

 

 
Fig. 6 The effect of normal plunge depth on failure load of 

friction stir spot welding specimens. 

 
Examination of the plunge depth variations showed that 

the failure load of the specimens increased as the plunge 

depth was increased from 1.5 mm to 1.75 mm. The 

minimum failure load of 1.10 KN was obtained for the 

specimen prepared at NPD=1.5mm (the minimum 

NPD); DT=2s; and RS=800rpm. On the other hand, the 

maximum failure load of 5.23KN was obtained for the 

specimen prepared at NPD=1.75mm (the maximum 

NPD); DT=5s; and RS=1120rpm. 

Figure 7 shows the effect of NPD on failure load of 

welded joints. This Figure shows the failure load 

increased from 2.84 KN to 4.61 KN by increasing the 

NPD. In other words, increasing the NPD by 16% (from 

1.5 mm to 1.75 mm) led to a 1.62-time increase in the 

failure load. By increasing the NPD, it is obvious that 

the tool penetration increased. Therefore, the deformed 

area would expand which in turn generates a larger 

volume of homogeneous fine-grained material in the stir 

zone. This occurrence led to an improvement of spot 

weld s failure load. Whereas increasing the NPD beyond 

1.75 mm caused to decrease of the joint failure load. The 

debilitating happened owing to the fact that the joint 

thickness diminished due to the high pressure that was 

applied to the centre of welding region. Then the stirred 

material stuck out from the welding joint and the failure 

load decreased drastically because of welding section 

reduction. 

 

 
Fig. 7 The effect of normal plunge depth on failure load of 

friction stir spot welding. 

3.2. Effect of Tool Rotational Speed on Failure Load 

At a tool rotational speed of 800 rpm, lower joints failure 

load was consistently observed compared to the 

rotational speeds of 1120 rpm and 1600 rpm. This 

decrease in the joints failure load can be attributed to the 

inadequate material flow that need higher temperature 

and it caused to lower plastic deformation and also lower 

dynamic recrystallization.  

As shown in “Fig. 8ˮ , the failure load increased with a 

high rate slope by increasing tool rotational speed from 

800 rpm to 1120 rpm, and then remained almost constant 

thereafter 1120 rpm. According to the results, the failure 

load of the spot-welded joints has increased by about 

52% at the first range (from 800 rpm to 1120 rpm). 

Further increase of rotational speeds to 1600 rpm 

resulted in production of excessive heat in the welding 

area, in which the area experienced higher temperatures 

and also appearance of coarse-grained sediments in that 

area, which stopped further increase in the welded joint 

failure load. 

 

 
Fig. 8 The effect of rotational speed (RS) on failure load 

of friction stir spot welding specimens. 
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3.3. Effect of Dwell Time on Failure Load 

As can be seen in “Fig. 9ˮ , the failure load increased 

with the dwell time in all the tested tool specimens. As 

the dwell time increased from 2s to 3s, the failure load 

increased initially at a faster rate (high rate slope) from 

3.23 KN to 3.8 KN. Further increase of the dwell time to 

5s led to a mean failure load of spot welds increase to 

4.05 KN. In other words, the mean failure load 

experienced an increase of 17% and 6% as the dwell 

time varied from 2s to 3s and from 3s to 5s, respectively. 

Grain coarsening at higher welding temperature could be 

responsible for stopping further increase of the joint 

failure load. 

 

 
Fig. 9 The effect of dwell time (DT) on failure load of 

friction stir spot welding specimens. 

3.4. Interaction Effects of Welding Process Parameters 

In this section, the interaction effects between the FSSW 

process parameters were investigated. Figure 10 shows 

the joint failure load versus tool rotational speed.  

 

 
Fig. 10 The effect of rotational speed (RS) on failure load 

of friction stir spot welding specimens in constant normal 

plunge depth: (a): 1.5, and (b): 1.75. 

As shown, no increase was detected in the failure load 

upon increasing the rotational speed to 1600 rpm due to 

the interaction effect with the dwell time. Prolonged 

dwell time was combined with an excessive increase in 

rotational speed in which it leads to a drastic increase of 

temperature especially in welding region. This in turn 

increases the probability of process defects, increases the 

volume of coarse-grained materials, reduces 

dislocations, and possibly deterioration of sediments 

within the welding area which consequently reduces the 

failure load. Figure 11 shows the failure load versus tool 

rotational speed at plunge depths of 1.5 and 1.75 mm. As 

can be observed, the interaction effects between the 

rotational speed and plunge depth gradually increase 

with increasing the tool dwell time. 

 

 
Fig. 11 The effect of rotational speed(RS) on failure load of 

friction stir spot welding specimens in constant dwell time: 

(a): 2s, (b): 3s, and (c): 5s. 

 

As can be seen in “Fig. 11ˮ , at dwell time of 2s, 

interaction effect between the RS and NPD was not 
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observed. At higher dwell time, the interaction effect of 

NDP and RS increased. Larger NPD of 1.75 with higher 

dwell time 5s can provide the required welding heat 

input at tool rotation speed of 800 rpm which 

significantly increased the joint failure load. 

4 CONCLUSION 

An experimental study was conducted on the FSSW 

applied to 2024 T3 aluminium alloy specimens to 

examine the effects of process parameters (NPD, RS, 

and DT) on the failure load. The following results were 

obtained: 

1. Increasing the NPD from 1.5 mm to 1.75 mm 

resulted in a 1.62-time increase in the mean failure 

load of the spot-welded joints. 

2. A 52% increase was observed in the mean failure 

load by increasing the tool rotational speed from 800 

rpm to 1120 rpm. Further increase of rotational speed 

from 1120 rpm to 1600 rpm did not produce a 

significant change in the failure load of the 

specimens. 

3. Increasing the tool dwell time from 2s to 3s and from 

3s to 5s increased the mean failure load by 17% and 

6%, respectively. 

4. At higher dwell time, the interaction between the 

NPD and RS was increased. 

5. The highest failure load was obtained for the 

prepared specimen at RS=1120 rpm; DT=5s; and 

NPD=1.75mm. 
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