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This work aims to join sheets of carbon steel to aluminum alloy AA6061. A lap joint arrangement was used with 
a joint lap area of dimensions *  25 25 mm . The joining procedure was carried out using a rotating tool of 10 mm 
shoulder diameter. Three process parameters, with three levels for each parameter, were selected to investigate their 
effects on joints quality. The parameter’s levels for each experiment were designed using the design of the experiment 
method (DOE). The results indicated that the two materials were joined by a mechanical interlock at an interface line, 
without formation of intermetallic compounds. The shear force of the joint reached an ultimate value of .4 82kN . The 
shear force of the joint improved by increasing plunging depth of the tool. Samples of minimum shear force value 
failed by a pull-outing aluminum metal from the carbon steel specimen. Samples of higher shear force value exhibited 
a shear mode of fracture. Increasing the rotating speed and decreasing pre-heating increased the process temperature. 
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1. Introduction 
 
 Friction stir spot welding (FSSW) is a solid-state welding technique [1] that offers various advantages 
such as excellent mechanical properties, negligible distortion, low residual stresses and few weld defects [2]. 
Porosities and lack of fusion were considered the major defects found in the conventional welding process 
[3,4]. The FSSW technique is utilized to weld similar and dissimilar materials. The FSSW method was used 
in the automotive, rail vehicle construction, aerospace industry, and electrical industry [5, 6] instead of riveting 
techniques, which reduced weight and energy consumption [7]. This method was used to join different 
materials such as aluminum alloys to carbon steel [8]. In this work, the results indicated that an Fe/Al 
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intermetallic compound (IMC) layer formed at an interface line between the two materials. A pin-less FSSW 
technique is equivalent to that of the conventional FSSW, in which the welding method consists in plunging a 
pin-less tool into the upper surface of a sheet metal, with a stirring for a short dwell time and retreating [9]. 
 Pure copper (Cu) and carbon steel (CS) sheets were welded using the FSSW process. It was found that 
maximum shear force reached a value of 4560 N  at  1800 RPM , .  0 4 mm  plunge depth and pre-heating [10]. 
The effect of material positions was studied in the FSSW using two materials of aluminum alloys: AA5052-
AA6063. Fracture loads of the peel test indicated that the load increased when the AA6063 sheet was put over 
the AA5052 sheet [11]. Dissimilar materials of AA5754 and AA6061 were welded by the FSSW. The results 
showed a significant effect of rotational tool speed on the tensile shear force of the joints. The maximum tensile 
shear force reached a value of .  6 060 kN  at a rotating speed of  1000 RPM  and feed rate of .  /0 04 mm s  [12]. 
AA5058-H116 aluminum alloy was welded by the FSSW with various rotational speeds and dwell times. The 
results indicated that the Vickers hardness of welded samples exhibited a maximum value at the following 
conditions: rotating speed of  900 RPM  and a dwell time of 5 s  [13]. AA2024-T3 and AA7075-T6 sheets were 
welded using the FSSW using a tool with a rotating speeds range of 600 1400 rpm−  and plunge depths range 
of . .  0 1 0 5 mm− , with different media. An increase in the rotating speed and plunge depth values led to increase 
the tensile shear force of the joints. Optimum tensile shear forces were 5900  and  6700 N  at ambient and 
underwater welds, respectively [14]. AA2014 and AA7075 were welded using the FSSW with different 
welding parameters. The welded joints showed a higher tensile strength of  214 MPa  and tensile shear force 
of 6KN  at a rotating speed of  1000 RPM , feed rate of  /45 mm min  and 2 tool tilt angle [15]. The effect of 
pin length and penetration depth on joint’s quality was studied. The FSSW process was used to weld different 
materials of AA6063 and galvanized low carbon steel. Ultimate loads of the joints raised by increasing 
penetration of the tool and decreasing the pin length. The fracture mode showed an interfacial mode, which 
changed to a circumferential mode when the tool penetration depth went up, and the pin length decreased [16]. 
 Low carbon steel was welded by the FSSW using double side adjustable flat tools. All defects that the 
generated by the conventional FSSW, such as hook shape and keyhole, were eliminated. Joint performance 
improved in the case of a plug fracture mode. Maximum shear tensile force increased to a value of 23kN  [17]. 
The effect of penetration depth and tool geometry on mechanical properties of joints of type AA5052 to low 
carbon steel was analyzed. The fracture force of the welded samples improved by increasing the tool's 
penetration depth. Optimization of the tool geometry, also, raised the fracture force of the welded samples 
[18]. Similar and dissimilar joints of two materials, AA6061-T6 and Cu, were welded by the FSSW with single 
and multi- spots using a pin-less tool. Fractured surfaces showed numerous dimples throughout the surface in 
similar joints. Dissimilar materials joints exhibited micro-cracks at fractured surfaces [19]. The influence of 
rotating speed and tool pin geometry on mechanical properties and microstructure evolution of AA 5052-H112 
FSSW joint was studied. A cylindrical pin exhibited a higher strength of welds compared to a step pin. 
Increasing the rotating speed of the tool raised strength of the joints. The welded joints using a cylindrical pin 
tool exhibited maximum values of tensile shear of 3589N  and cross-tension loads of  3419 N  at  1400 RPM . 
Two types of fracture modes are observed: de-bonding and pull-out of nugget fractures [20]. However, welding 
of similar and dissimilar materials using the friction stir technique may reduce the joint strength due to the 
stress concentration generated from the pin trace.  
 In this study, carbon steel (1006-AISI) was welded together with AA6061-T6 using the friction spot 
technique by a flat tool (without pin). The influence of plunging depth, rotating speed, and pre-heating on the 
shear tensile force of joints was investigated. The welding process parameters were analyzed by the design of 
the experiments method. Microstructure of the joints was examined. 
 
2. Experimental procedure 
 
2.1. Materials 
 
 Sheets of aluminum alloy AA6061-T6 and carbon steel 1006-AISI were used for the welding process. 
The thickness of AA6061-T6 and carbon steel 1006-AISI sheets were .  1 6 mm  and  1mm , respectively. 



M. H. RIDHA et al.  3 

Chemical compositions and mechanical properties for both materials are listed in Tabs 1, 2 and 3. The sheets 
were prepared with dimensions of *  100 25 mm  [21], as shown in Fig.1. 
 
Table 1. Chemical composition of AA6061-T6. 
 
Element wt.% Si Fe Cu Mn Mg Cr Zn Ti Al 

ASTMB209 0.4-0.8 0.7 0.15-0.4 0.15 0.8-1.2 0.04-0.35 0.25 0.15 Bal. 
Measured 0.593 0.405 0.231 0.102 0.87 0.180 0.021 0.056 Bal. 

 
Table 2. Chemical composition of 1006 AISI. 
 

Element wt.% C Mn P S Fe 

ASTM A830M <=0.080 0.25-0.4 <=0.040 <=0.050 Bal. 

Measured 0.062 0.369 0.016 0.006 Bal. 
 
Table 3. Mechanical properties of the materials. 
 

Material σu (MPa) σy (MPa) 
AA6061-T6 348 254 
1006 AISI 235 136 

 

 
 

Fig.1. Aluminum and carbon steel sheets. 
 

 
2.2. Joining process 

 
 The experiments were carried out in three steps: arranging, fixing and joining the specimens. In the 
first step, the specimens were placed with a lap joint configuration of a lap area of *  225 25 mm . The steel 
specimen was put over the aluminum specimen, as illustrated in Fig.2. 
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Fig.2. Lap joint arrangement. 
 

 The second step consisted in fixing the lap joint configuration of the sample on the machine base to 
avoid slipping of the specimens through the joining process. A carbon steel material was used to manufacture 
elements of sample fixture. The fixture consisted of three parts: bolts, upper and lower plates. The lower plate 
was manufactured, including a slot to contain the sample, with the same width of the specimens. The main job 
of the slot was to prevent the sample from slipping during the joining process. The lower plate was fixed at the 
machine base with suitable fixing bolts. The upper plate (cover) is put over the lower plate to fix the sample, 
with suitable fixing bolts, as shown in Fig.3. A tool of a cylindrical shape was produced from a tungsten carbide 
material to perform the joining. The tool was prepared with a shoulder diameter of  10 mm  and a length of 

 80 mm . A vertical milling machine was used to carry out the joining process. 
 

 
 

Fig.3. (a) Fixture assembly; (b) Tool. 
 
 The joining step included three stages: pre-heating, plunging and drawing-out the tool, as shown in 
Fig.4. Initially, the tool rotates and touches the upper surface of the carbon steel plate during a period of time 
to pre-heat (soften) the carbon steel material under the shoulder surface. At the end of the pre-heating time, the 
rotating tool moves down to plunge through the carbon steel specimen with a plunging depth. This stage is 
carried out by applying force from the machine on the sample at the contact area between the shoulder surface 
and the upper surface of the carbon steel specimen. At the end of this stage, joining of the two materials is 
achieved, and the tool is moved upward to finish the joining process. The joint exhibits a tool trace at the upper 
surface of the carbon steel sample, as illustrated in Fig.4c. 
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Fig.4. Joining stages. 
 

2.3. Joining parameters  
 
 Three process parameters were utilized to analyze their influence on joint quality: rotating speed, pre-
heating time, and plunging depth of the tool. Three levels were used for each process parameter. The design of 
the experiment approach (DOE) was utilized to design the levels of the parameters for each experiment, with the 
assistance of the Minitab program. Accordingly, nine experiments were designed, as listed in Table 4. 
 
Table 4. Levels of process parameters. 
 
No. Rotating Speed (RPM) Pre-Heating Time (Second) Plunging Depth (mm) 
1 1120 5 0.2 
2 1120 10 0.4 
3 1120 15 0.6 
4 1400 5 0.4 
5 1400 10 0.6 
6 1400 15 0.2 
7 1800 5 0.6 
8 1800 10 0.2 
9 1800 15 0.4 

 
2.4. Microstructure test 
 
 To inspect the microstructure of the joints along the interface boundary, the microstructure test is 
carried which contains the following steps: cut the welded sample at the lap-joint cross-section and insert it 
through a cylindrical mounting. For metallographic specimen preparation, papers of silicon carbide grinding 
of degree , , , 400 600 800 1200  and 2000  were used with a rotating speed of  2000 RPM , with the aid of a 
universal polishing and grinding machine. Water was used as a cooling liquid throughout the grinding process. 
After the grinding stage, the polishing stage began immediately, which involved the use of polishing cloth, 
alumina (Al2O3) and disc rotating speed. After the polishing stage, the etching stage began, which included 
immersing the specimen in an etching solution (1-5mL HNO3 and 100mL  ethanol of %95 ) for the carbon 
steel specimen, and a solution (2Ml HF, 3mL HCL, 5mL HNO3, and 190mL water) for the aluminum specimen 
for a few seconds. The sample was washed with water and dried with hot forced air [22]. 
 
3. Results and discussion 
3.1. Shear force of the joint  
 
 A shear force test was carried out on the joined samples to validate joint quality and examine the effect of 
the process parameters on the shear force of the joint. Figure 5 shows a variation of the joint’s shear force for each 
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sample. Each sample was tested three times; an average value was taken into account. The shear force of the joints 
exhibited lowest and highest shear force value of .3 31  and .  4 82 kN  in samples No.9 and 5, respectively. 
 

 
 

Fig.5. Shear forces of samples. 
 

 The joint shear forces were analyzed using the DOE, as illustrated in Fig.6. The main effect plot, 
Fig.6a, displayed that the shear force of the joint increases by increasing the plunging depth of the tool and 
decreasing the pre-heating time [23]. This can be due to the fact that an increase in the plunging depth can 
increase the interlock at the joint surface between the two materials with the aid of the applied pressure of the 
tool. The Pareto chart indicated that the shear force of the joint is highly affected by the plunging depth of the 
tool, followed by the pre-heating time and the rotating speed of the tool [24].  

 

 
 

Fig.6. Analysis of shear force by DOE (a) main effect plot; (b) Pareto chart. 
 

 Moreover, a simple formula of the shear force of the joint, as a function of the process parameters, was 
estimated as follows: 
 
  . . . .S 4 38775 3 07078E 04V 0 0383333T 1 04167H= − − − +   (3.1) 
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where S  is shear force ( ) , kN V  is the rotating speed ( ) , RPM  T  is the pre-heating time (second), H  is the 
plunging depth ( ).mm  

 
3.2. Joint’s surface feature 
 
 Table 5 illustrates surface features of each sample. The first column shows the lower surface of the 
aluminum specimen. Most of the samples showed that the aluminum metal (under the tool shoulder) exhibited 
a spiral shape under the effect of a higher applied load and heat input. This indicates that the aluminum metal 
reached the solid state during the joining process. The second column shows the upper surface of the steel 
specimen which contained a tool trace. The third column shows the fractured surface of the aluminum 
specimen at a common region between the two materials. The fractured surface of the samples, No.1, 2, 3, and 
9, exhibited the minimum value of the shear force of the joint and failed by pull-outing of the aluminum metal 
from the carbon steel specimen. The samples that presented a higher shear force of the joint failed by shearing 
the aluminum metal at the contact area (as shown in the sample No.5). 
 
Table 5. Surface features of the samples. 
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3.3. Process temperature 
 
 During the joining process, maximum temperature for each sample was recorded and plotted in Fig.7. 
The process temperature reached lowest and highest values at joining of the samples No.3 and 7, with values 
of 195  and  295 C° , respectively. Regardless of the pre-heating time and plunging depth of the rotating tool, 
the samples No.3 and 7 were joined at a minimum and maximum rotating speed. So, raising the rotating speed 
of the tool increased the process temperature [25]. This can be due to the fact that an increase in the rotating 
speed increases the rotating friction between the shoulder surface and the upper surface of the carbon steel 
specimen. 
 

 
 

Fig.7. Maximum temperature for each sample. 
 

 The effect of the process parameters was analyzed using the DOE, as illustrated in Fig.8. The Pareto 
chart, Fig.8a, shows that the rotating speed of the tool had the most significant effect on the process temperature 
[26], followed by pre-heating time and plunging depth of the tool. The main effect plot indicated that the 
process temperature increased by increasing the rotating speed and decreasing the pre-heating time. Increasing 
the pre-heating time can increase the amount of solidification of the upper surface of the steel specimen, which 
reduces the friction between this surface and the shoulder surface. So, the process temperature decreased with 
increasing the pre-heating time. 
 

 
 

Fig.8. Analysis of process temperature by DOE (a) main effect plot; (b) Pareto chart. 
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3.4. Joint’s microstructure 
 
 A joint cross-section of the sample No.5 was prepared to examine microstructure behavior along the 
interface boundary, as shown in Fig.9. The joint cross-section indicated that both materials were thermally 
deformed due to higher load applied and heat input [27]. The steel region deformed highly compared with the 
aluminum. The upper surface of the steel deformed with a tool trace shape containing a hook at the tool trace 
boundary. An interface between the two materials can be observed, as shown in Fig.9 (images 5 and 6), at the 
interface line between the two materials. The microstructure images indicated that the two materials joined at 
the interface line without the presence of defects, cracks, voids or gaps. The carbon steel material reached the 
solid-state, as shown in Fig.9 (6). The carbon steel metal flowed, under the effect of tool load that stirred the 
metal, below the tool shoulder. Due to the maximum input heat and load applied through the joining process, 
the aluminum side exhibited fine grain size. 
 

 
 

Fig.9. Microstructure of join cross-section, sample No.5. 
 

3.5. Energy Dispersive Spectroscopy (EDS) 
 
 EDS inspection was performed on sample No.5 at the interface line of the two materials to analyze the 
joining mechanism at the interface line, as illustrated in Fig.10. Map image indicated that the aluminum metal 
spread through the carbon steel pores and joined with no defects. The two materials joined at the interface line 
of a micron scale. The spectrum map indicated that the interface line included chemical elements without 
intermetallic compounds (IMCs). The aluminum and iron elements exhibited higher peaks compared with 
other elements. So, the two materials were joined by a mechanical interlock at the interface line without the 
formation of IMCs. 
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Fig.10. Interface line EDS analysis, sample No.5. 
 

4. Conclusion 
 

1. The shear force of the joint increased by increasing the plunging depth of the tool and decreasing the pre-
heating time. 

2. The plunging depth of the tool was the most influential factor affecting the shear force of the joint, 
followed by the pre-heating time and the rotating speed of the tool. 

3. Samples No.1, 2, 3, 8 and 9, of the smallest shear force of the joint, failed by pull-outing the aluminum 
metal from the carbon steel at the joined region. 

4. A shear mode of fracture was observed at the samples No.4, 5, 6 and 7 that exhibited the higher shear 
force of the joint . 

5. The rotating speed of the tool was the most influential factor affecting the process temperature. 
6. The process temperature increased with increasing and decreasing the rotating speed to  1800 RPM  and 

pre-heating time to  5 sec , respectively. 
7. The two materials joined by a mechanical interlock without the presence of defects such as gaps, cracks 

or voids and without formation of intermetallic compounds. 
8. The two materials joined at the interface line, with a width of a micron scale.  
9. The higher load and/or heat input refined the material's grain at the joint cross-section. 
10. The aluminum metal penetrated through the carbon steel pores at the interface line. 
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Nomenclature 
 
 AA  − aluminium Alloy 

 DOE  − Design of Experiments 

 FSSW  − friction stir spot welding 

 IMC  − intermetallic compound 

 CS  − carbon steel 
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 Al  − aluminium 

 Cu  − copper 

 RPM  − revolutions per minute 

 LCS  − low carbon steel 
 AISI  − American Iron and Steel Institute 

 mm  − millimeter 
 kN  − kilonewton 

 yσ  − yield strength 

 uσ  − ultimate tensile strength 

 EL  − elongation 

 MPa  − megapascal 

 L  − length 

 W  − width 

 t  − thickness 
 WZ  – welding zone 
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