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Abstract: The torque and forces in friction stir welding (FSW) are important parameters for the process behavior, weld 
quality, and mechanical properties of the weld. Torque and forces are mainly influenced by rotational and welding 
speeds and tool geometry, including the tool pin profile. However, experimental studies to describe the influence of the 
pin profile on torque and forces have received little attention. In this paper, the influence of the threaded pin on torque 
and forces in the FSW process of 5052-H34 aluminum alloy is considered. The axial, welding, and transverse forces and 
the torque are experimentally measured at several combinations of rotational (600, 900, 1200 and 1500 rpm) and 
welding speeds (100, 200, and 300 mm/min) for two pin profiles: smooth and threaded. Additionally, residual stresses 
are measured, by X-ray diffraction technique, for some experimental conditions in the stir zone of the weld. The results 
show that the influence of the pin shape on the torque, forces, and residual stresses depends on the rotational and 
welding speeds, mainly on the rotational speeds. In general, the threaded pin increases the residual stresses and the 
maximum values of torque and forces in the axial and transverse directions while reducing the welding force. 

Keywords: Friction stir welding; 5052-H34 aluminum alloy; Experimental torque and forces; Residual stresses; Pin 
shape. 

1. Introduction 
Friction stir welding (FSW) is a solid state welding technique that has been widely studied in the last years to weld 

aluminum and magnesium alloys [1], titanium alloys [2], polymers and polymer matrix composites [3], aluminum matrix 
composites [4], stainless steel [5,6], Inconel [7], dissimilar materials [8] among others. Owing to the absence of melting 
in the welding, less energy is required to produce high quality welds, thence the process is cost-efficient and 
environmentally friendly [9]. 

In the FSW process, there is a system composed by three forces, the axial, welding, and transverse forces, and the 
torque acting on the tool. The forces and the torque influence the tool design, the selection of the machine, and the 
weld quality. Comparing the three forces, the axial force is the higher force of the process. Its maximum value is 
presented during the plunging phase, at the beginning of the process, when the material around the tool is not softened 
and offer more resistance to penetration due to a higher local yield stress. Therefore, the axial force is important for 
the proper selection of the welding machine [10]. During the welding phase, the tool is submitted to a compressive 
stress by the action of the axial force and shear stresses by the action of the welding and transverse forces. However, 
the magnitude of the welding force is significantly higher than the transverse force [11]. 

The analysis of the welding and transverse forces is an important aspect to avoid tool breakage during the welding 
phase. Additionally, the transverse force can be an indicator of the asymmetry of the weld [12]. Dialami et al. [12] 
attributed the presence of the transverse force to a lack of symmetry of the weld, due to an asymmetric contact at the 
front and back sides of the tool. This produces higher temperatures at the front side of tool. Consequently, lower local 
yield stress of the material causing a force in the ω × wv  direction (where ω  is the rotational speed and wv  the welding 
speed). Moreover, Quintana and Silveira [13] computed the power in FSW from torque measurements and, according 
to Cui et al. [14], the torque is strongly related to the power consumption during the process. For this reason, the torque 
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knowledge is important for the selection of the motor capacity of FSW machines [10]. The axial force in FSW is related 
to the quality of the welds [15]; therefore, the control of the axial force during the FSW process is important to produce 
defect free welds. According to Zhao et al. [16], clamping, tool, and machine failures during the process can be reflected 
in the axial force signal. Shrivastava et al. [9] measured the forces in the FSW of aluminum alloy AA6061-T6 and 
correlated some signal parameters of the forces to the appearance and size of discontinuities during FSW. 

The forces and torque in FSW are influenced by the tool geometry and the material properties [17] and by the 
rotational and welding speeds [18]. The temperature in the process is related to the tool geometry by means of the 
contact area at tool-material interface. The contact area affects the friction during the welding process and, 
consequently, the temperature [10]. According to Mishra and Ma [19] the temperature in the FSW process is mainly 
generated by the friction at the tool-material interface and by the plastic deformation of the material. 

The mixing of the material during the FSW process depends on the pin geometry. Therefore, it influences the 
temperature, material flow and forces of the process and, consequently, it affects the quality of the joint [12]. Rao et al. [20] 
compared experimentally five types of pin geometries. The authors found that the tool pin profile influences the weld 
nugget microstructure, hardness, and corrosion properties. This can be related to the heat input and material flow 
produced by the specific pin profile. 

FSW process can be interpreted as a combination between forging and extrusion with high deformation rates [21]; 
therefore, FSW produces a residual stress field, as any manufacture process, due to the thermal cycles and the plastic 
deformation. The residual stresses induced in the welding process can affect the mechanical performance of the weld [22]. Although 
the tensile residual stresses can reduce the strength of the mechanical components inducing brittle fractures [23], the compressive 
residual stress present a beneficial effect, as they avoid the nucleation and propagation of fatigue cracks [24]. Aval [25] found 
that the increase of the heat input increases the residual tensile stress region in FSW. Moreover, Zapata et al. [26] 
observed that the rotational speed has a significant influence on the residual stresses behavior in FSW; consequently, 
the evaluation of the residual stress in FSW is important and necessary for a proper design of the welded joint. 

Despite the importance of the forces, torque, and residual stresses for the process efficiency and quality of the 
weld, few studies have been developed with this focus [9,15,20]. Therefore, this paper describes the influence of the 
threaded pin on the residual stresses, on the torque and forces of the process. FSW experiments are performed for two 
combinations of tool pin profile (smooth and threaded) and several welding and rotational speeds. The residual stresses 
are measured in the stir zone of the weld produced by both pin shapes and some conditions of the rotational and 
welding speeds. The results show that all the evaluated variables are influenced by the interaction between the effects 
of the pin shape, the rotational and the welding speeds. 

2. Experimental Procedure 
Aluminum alloy 5052-H34 plates with dimensions 60 x 35 x 5 mm (a thickness of 5 mm, a width of 60 mm and a length of 35 

mm) were welded by the FSW technique. The chemical composition and the mechanical properties of the aluminum alloy provided 
by the supplier are presented in Table 1. The welding was conducted in a computer numerical control (CNC) machine adapted to 
the process. A Kistler 9272 dynamometer and a Kistler 5070 multichannel charge amplifier were used to measure the torque and 
forces and for the signal conditioning of the data, respectively. The dynamometer is able to measure the forces in three orthogonal 
axes in any position and the torque in its center; therefore, two groups of experiments were presented. A group to measure the 
torque during the plunging phase and another one to measure the torque in the welding phase, in which, the torque presents a 
steady state regime as observed by Kumar et al. [27]. 

Table 1. Chemical composition and mechanical properties of 5052-H34 aluminum alloy. 

Chemical composition (% weight) 
Al Fe Mn Si Cr Cu Mg Zn 

95.7-97.7 0.4 max. 0.1 max. 0.25 max. 0.15-0.35 0.1 max. 2.2-2.28 0.1 max. 
Mechanical properties 

Tensile strength (MPa) Yield strength (MPa) Elongation (%) Hardness (HV) 
262 214 10 78 

The experiments were conducted at several levels of rotational and welding speeds, and pin shape factors. The experimental 
design is presented in Table 2 and the tools used to carry out the experiments are shown in Figure 1. The experimental data for 
smooth pin were taken from: Quintana and Silveira [28] for the torque and Quintana and Silveira [11] for the forces. 
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Table 2. Experimental design to conduct the experiments. 

Welding parameter Value 
Rotational speed (ω ) 600, 900, 1200 and 1500 rpm 
Welding speed ( wv ) 100, 200, and 300 mm/min 

Plunging speed 8 mm/min 
Pin shape ( sP ) Threaded (M4 standard thread) and Smooth 

Shoulder diameter 10 mm 
Pin diameter 4 mm 

Pin length 4 mm 
Total plunging depth 4.2 mm 

Tool material H13 steel heat treated for 50 HRC 

 
Figure 1. Threaded and smooth pin tools used to conduct experiments. 

To evaluate the influence of the tool pin profile on the residual stresses, the limit conditions for the rotational and welding 
speeds were selected. The residual stresses measurements were conducted for the joints performed at rotational speeds of 600 
and 1500 rpm and welding speeds of 100 and 300 mm/min, using two types of pin profile: a threaded and a smooth pin. Surface 
residual stresses were analyzed by X-ray diffraction technique using sin2ψ method [29] for which the lattice spacing d of material 
was measured at five inclination angles. Measurements were carried out with a Stresstech Xstress3000 portable analyzer with 
a 1.0-mm diameter collimator (30 kV and 6.7 mA) and its values calculated by XTronic V1-0 Standard software. Measurement 
parameters are depicted in Table 3. Residual stress measurements were performed in the stir zone of the weld in the longitudinal 
(L) and transversal (T) directions in relation to the welding direction, as shown in Figure 2. 

Table 3. Parameters used for the X-ray residual stress analysis. 

Parameter Value 
Diffraction plane of Al (hkl) (222) 

Radiation CrKα 
Wavelength (λ) 2.29092 Å 

Bragg angle 2θ (º) 156.98° 
Inclination angles ψ 0, 18, 27, 33 and 45° 

Exposure time (s) 50 

 
Figure 2. (a) Measurement directions and (b) schematic position of the residual stresses measurements in FSW joint 
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3. Results and Discussion 

3.1. Torque during FSW 
Figure 3a shows the torque with the variation of time during the plunging phase of the FSW process for the rotational speeds 

of 600 rpm and 1500 rpm, respectively. The torque achieves the maximum value when the shoulder makes contact with the 
material and the plunging phase finishes with the total plunging depth of the tool (4.2 mm). In the plunging phase, the smooth pin 
presents higher or similar torque values during most part of the plunging phase. In the end of this phase, due to the effect of the 
shoulder, the maximum torque value of the threaded pin exceeds the maximum torque value of the smooth pin. The threaded pin 
improves the flow of the material around the tool; therefore, the torque required to stir the material diminishes. Jain et al. [30] 
predicted higher strain rate, material velocity, and vertical flow for a threaded conical pin when compared to a smooth conical pin. 
For lower rotational speeds, the effect of the thread is more significant on the torque value. While for higher rotational speeds, the 
effect of the thread on the torque is considerably reduced because of the higher heat input. In the welding phase, the torque is 
smaller than the maximum torque value presented in the plunging phase owing to the heat softening of the material. 

 
Figure 3. (a) Torque and (b) Axial force with the variation of time at 600 and 1500 rpm. 

Figure 4 shows the maximum torque in the plunging phase and the steady state torque value in the welding phase, as a function of 
the rotational speed. In general, the torque diminishes with higher rotational speeds due to the increase of the heat input into the process. 
This decreases the local yield stress of the material and, consequently, the torque decreases. As observed in Figure 4a, in the plunging 
phase, the maximum torque value is higher for the tool with the threaded pin. The welding speed does not present influence on the 
maximum torque value. In the welding phase (Figure 4b), for low rotational speeds, the torque for the smooth pin presents higher values 
than the torque for the threaded pin. On the contrary, for high rotational speeds the torque for the smooth pin presents the same or 
smaller values than the torque for the threaded pin. This behavior can indicate that, as observed in Figure 3a, the effect of the threaded 
pin on the material is reduced with the increase of the heat input into the process. Table 4 presents the analysis of variance (ANOVA) for 
the maximum torque (M) during the plunging phase and the stabilized torque (S) in the welding phase. In the plunging phase, only the 
rotational speed and the pin shape factors have influence on the maximum torque. The maximum torque is affected by the interaction of 
these factors. In the welding phase, there is an interaction between the effects of the three evaluated factors (pin shape, rotational and 
welding speeds) on the stabilized torque. In both phases, the torque is mainly influenced by the rotational speed. 

 
Figure 4. Torque variation with the rotational speed for (a) the plunging phase and (b) the welding phase. 
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Table 4. ANOVA for the maximum torque (M) in plunging phase and the stabilized torque (S) in welding phase. 

Source 
Sum square Dof Mean square F p-level 

M S M-S M S M S M S 
ω  1374.63 421.782 3 458.21 140.594 2020.19 764.6 0 0 
wv  0.48 3.463 2 0.241 1.732 1.06 9.42 0.3536 0.0004 

sP  116.94 6.189 1 116.94 6.189 515.58 33.66 0 0 

wω* v  2.03 2.207 6 0.338 0.368 1.49 2 0.2024 0.0839 

sω* P  21.11 16.614 3 7.038 5.538 31.03 30.12 0 0 

w sv * P  0.08 1.165 2 0.042 0.582 0.18 3.17 0.8326 0.051 

w sω* v * P  0.99 2.956 6 0.166 0.493 0.73 2.68 0.6272 0.0252 
Error 10.89 8.826 48 0.227 0.184     
Total 1527.15 463.203 71       

3.2. Axial force during the FSW 
Figure 3b shows the axial force behavior as a function of time for the welds performed with both pin shapes (smooth 

and threaded), a welding speed of 100 mm/min, and rotational speeds of 600 rpm and 1500 rpm. For the rotational speed of 
600 rpm the maximum axial force is higher for the threaded pin. This behavior can be related to the increase of the contact 
area at the tool-material interface caused by the thread of the pin. At the end of the plunging phase the axial force presents 
the same value for both pin shapes by the shoulder effect. During the welding phase, the axial force for smooth pin present 
higher values and at the end of the experiment the axial force for the threaded pin increases slightly. For 1500 rpm, the 
maximum axial force at the end of the plunging phase present similar values for both pin shapes due to the effect of the 
shoulder. During the welding phase, the axial force is stabilized and is higher for the threaded pin until the end of the 
experiment. The effect of the threaded pin on the material flow can be less relevant for higher rotational speeds. This is due 
to the increase in the heat input, and under this condition, the increment of the contact area by the thread of the pin is 
probably more relevant. 

Figure 5 presents the axial force as a function of the rotational speed for the plunging and welding phases. Figure 5a 
shows the maximum axial force of the plunging phase as a function of the rotational speed for both pin shapes: threaded and 
smooth. In all cases, the axial force for the threaded pin is higher; however, for higher rotational speeds the differences 
between the maximum axial force for threaded and smooth pins are reduced. The welding speed does not present influence 
on the maximum axial force, which happens during the plunging phase. During the welding phase, as observed in Figure 5b, 
the axial force is higher for the threaded pin from 900 rpm. In general, the axial force for the threaded pin presents a smaller 
influence by the rotation. This behavior of the axial force was observed for all the welding speeds. Table 5 presents the 
ANOVA for the maximum axial force (M) in the plunging phases and the stabilized axial force (S) in the welding phase. In the 
plunging phase, the axial force is mainly influenced by the rotational speed followed by the pin shape. The maximum axial 
force is influenced by the interaction of the rotational speed and pin shape factors. In the welding phase, the stabilized axial 
force is firstly influenced by the welding speed, secondly by the rotational speed, and finally by the pin shape. The analysis 
indicates that the stabilized axial force is influenced by the interaction of these three factors. 

 
Figure 5. Axial force as a function of rotational speed for: (a) plunging phase; (b) welding phase at 200 mm/min. 
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Table 5. Analysis of variance (ANOVA) for the axial force in the plunging (M) and welding (S) phases. 

Source 
Sum square Dof Mean square F p-level 

M S M-S M S M S M S 
ω  57973904.2 4678296.5 3 19324634.7 1559432.2 609.69 53.06 0 0 
wv  5005.7 6058585 2 2502.9 3029292.5 0.08 103.07 0.9242 0 

sP  5411707.3 692456.4 1 5411707.3 692456.4 170.74 23.56 0 0 

wω* v  180099.1 231686.5 6 30016.5 38614.4 0.95 1.31 0.4708 0.2693 

sω* P  590225.6 3091256.1 3 196741.9 1030418.7 6.21 35.06 0.0012 0 

w sv * P  40076 134978.2 2 20038 67489.1 0.63 2.3 0.5358 0.1116 

w sω* v * P  209327.8 734356.3 6 34888 122392.7 1.1 4.16 0.3758 0.0019 
Error 1521401.7 1410776.9 48 31695.9 29391.2     
Total 65931747.4 17032392 71       

3.3. Welding and transverse forces during the FSW 
Figure 6 shows the welding and transverse forces as a function of the rotational speed for a welding speed of 100 

and 300 mm/min and both pin shapes. The welding force is higher than the transverse force and both forces are mainly 
influenced by the welding speed. Higher welding speeds diminish the available time to the heat input, consequently, 
the material is less softened and the force required to produce the weld increases. For all the welding speeds, the 
welding force is higher for the smooth pin than the threaded pin from 900 rpm, with exception of 300 mm/min that the 
force presents the same value for both pin shapes at 900 rpm. According to Jain et al. [30], the thread of the pin 
promotes the vertical flow of the material. This effect can reduce the resistance of the material to the advance of the 
tool. The vertical flow of the material affects the material that is in contact with the lateral area of the tool, which is 
directly related to the welding force and; therefore, the welding force is reduced. On the other hand, the transverse 
force is higher for the threaded pin in all cases with exception of the value for 600 rpm at 300 mm/min, which is equal 
for both pin shapes. These transverse force values can indicate that the asymmetry of the welds performed with a 
threaded pin is higher. Dialami et al. [12] studied, by simulation, the influence of the tool pin geometry on material 
flow, torque, and forces. The authors found that the lack of symmetry produced by different pin geometries is related 
to the transversal force. 

Table 6 presents the ANOVA for the welding (W) and transverse (T) forces. The analysis indicates that, there are 
interactions between the effects of the pin shape, rotational and welding speeds on the welding and transverse force. 
Moreover, both forces are mainly influenced by the welding speed, followed by the pin shape, and finally by the rotational 
speed. 

 
Figure 6. Welding and transverse forces as a function of the rotational speed for the threaded and smooth pins and the welding speeds of (a) 

100 mm/min and (b) 300 mm/min. 
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Table 6. Analysis of variance (ANOVA) for the welding (W) and transverse (T) forces. 

Source 
Sum square Dof Mean square F p-level 

W T W-T W T W T W T 
ω  629881.9 1004118.8 3 209960.6 334706.3 42.83 149.04 0 0 
wv  3172612.4 1932585 2 1586306.2 966292.5 323.62 430.29 0 0 

sP  581612 467431.5 1 581612 467431.5 118.66 208.15 0 0 

wω* v  48891.4 613203.2 6 8148.6 102200.5 1.66 45.51 0.1508 0 

sω* P  484132.5 8221.4 3 161377.5 2740.5 32.92 1.22 0 0.3125 

w sv * P  98207.8 12050.5 2 49103.9 6025.3 10.02 2.68 0.0002 0.0786 

w sω* v * P  193685.1 127152.8 6 32280.8 21192.1 6.59 9.44 0 0 
Error 235280.8 107792.9 48 4901.7 2245.7     
Total 5444303.9 4272556.2 71       

3.4. Residual stresses in FSW 
Figure 7 presents the residual stresses for the smooth and threaded pins, only for the limit conditions: 600 and 1500 rpm 

for the rotational speeds and 100 and 300 mm/min for the welding speeds. The results show that, for the smooth pin in the 
longitudinal direction, the residual stresses are fully compressive and are influenced by the rotational and welding speeds. For 
the welds obtained from a smooth pin, the conditions of 1500 rpm with 100 mm/min and 600 rpm with 300 mm/min presented 
residual stresses totally compressive in both directions, longitudinal and transversal, which are beneficial to the weld as it 
improves the resistance to crack propagation; therefore, it helps to avoid fatigue failure [24]. For the other weld conditions (600 rpm 
with 100 mm/min and 1500 rpm with 300 mm/min) the residual stresses in the transversal direction are tensile of approximately 
20 MPa. However, taking into account that the measurement technique of residual stresses by X-ray diffraction has a 
measurement uncertainty of ± 15 MPa, the residual stresses with magnitudes lower than 20 MPa can be disregarded; therefore, 
the stir zone of the weld produced by a smooth pin is considered a stress-free material for all the evaluated cases. 

 
Figure 7. Residual stresses only for the rotational speeds: 600 and 1500 rpm, at welding speeds: (a) 100 and (b) 300 mm/min. 

The residual stresses for the threaded pin show that, the residual compressive stresses are presented for lower 
rotational speeds. Only the weld condition of 600 rpm with 100 mm/min presented residual stresses fully compressive. 
The welds obtained from 600 rpm and 300 mm/min presented a compressive stress of 45 MPa in the transversal direction 
and a small tensile stress of 13 MPa in the longitudinal direction that can be disregarded as it presents a magnitude lower 
than 15 MPa. For the welds conducted with 1500 rpm, at 100 and 300 mm/min, the residual stresses are entirely tensile. 
In a numerical and experimental study, Buffa et al. [23] found that the tensile residual stress in FSW increases with the 
increase of the rotational speed. In general, the smooth pin produced a smaller range for the residual stresses when 
compared to the threaded pin. This can be related to variations in the flow of the material and heat input into the process 
produced by the different tool pin profiles [31]. 

Table 7 presents the analysis of variance for the residual stresses in the longitudinal (L) and transversal (T) directions. 
The results show that, the residual stress in the longitudinal direction is mainly influenced by the rotational speed, followed 
by the pin shape, and finally by the welding speed. There are interactions between the effects of these factors on the 
residual stress in longitudinal and transversal directions. However, the residual stress in the transversal direction is firstly 
influenced by the rotational speed, secondly by the welding speed, and finally by the pin shape. 
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Even using the same pin and the same process conditions, the residual stresses can vary along the weld bead, if the heat 
input changes along the joint. However, considering the restrictions imposed by the transversal areas adjacent to the weld, the 
residual stresses also vary laterally [32]. As residual stresses are self-balancing, it is expected that they will vary in depth within 
the weld in order to maintain balance. 

Table 7. Analysis of variance (ANOVA) for the residual stress in the longitudinal (L) and transversal (T) directions. 

Source 
Sum square Dof Mean square F p-level 

L T L-T L T L T L T 
ω  5490.4 4565.04 1 5490.37 4565.04 168.29 363.99 0 1.97773x10-12 
wv  459.4 950.04 1 459.37 950.04 14.08 75.75 0.0017 1.82734 x10-7 

sP  2109.4 590.04 1 2109.37 590.04 64.66 47.05 0 3.84104 x10-6 

wω* v  3105.4 1855.04 1 3105.37 1855.04 95.18 147.91 0 1.69409 x10-9 

sω* P  5490.4 3725.04 1 5490.37 3725.04 168.29 297.01 0 9.36825 x10-12 

w sv * P  1134.4 590.04 1 1134.37 590.04 34.77 47.05 0 3.84104 x10-6 

w sω* v * P  1890.4 1365.04 1 1890.37 1365.04 57.94 108.84 0 1.51884 x10-8 
Error 522 200.67 16 32.63 12.54     
Total 20201.6 13840.96 23       

Some correlations between the residual stresses and the torque and forces are found in the experimental analysis. During 
the welding phase, a relation between the residual stresses and the torque and the axial force is observed. For lower rotational 
speeds (600 rpm) the threaded pin presents mainly residual compressive stresses (Figure 7). In these cases, the torque (Figure 4b) 
and the axial force (Figure 5b) in the welding phase are equal or lower for the threaded pin. While for higher rotational speeds 
(1500 rpm), the threaded pin presents residual stresses fully tensile (Figure 7) and the torque (Figure 4) and axial force (Figure 5) 
are higher than the values observed for the smooth pin. 

Additionally, as the welding force acts in the longitudinal direction, the results show a relation between the residual stress 
in this direction and the welding force, for lower rotational speeds. For 600 rpm and 100 mm/min, the welding force (Figure 6a) 
is lower for the threaded pin which presents a residual stress more compressive than the smooth pin in the longitudinal direction 
(Figure 7). While for 600 rpm and 300 mm/min, the welding force (Figure 6b) is higher for the threaded pin which, in this case, 
presents a residual tensile stress in the longitudinal direction (Figure 7). For high rotational speeds, an equivalent relation 
between the welding force and the residual stress is not observed. 

4. Conclusions 
In this paper, the influence of the tool pin shape on the axial, welding, and transverse forces, the torque, and the residual 

stresses were analyzed for several combinations of rotational and welding speeds and pin shapes (threaded and smooth). From 
the experimental analysis, the following conclusions can be drawn: 
•  The maximum torque and axial force values, which happen in the plunging phase, are higher for the threaded pin for all 

welding conditions. While in the welding phase, the behavior of the torque and axial force in relation to the pin profiles 
depends on the welding conditions. In general, the threaded pin diminishes the welding force and increases the transverse 
force when compared to the smooth pin; 

•  The residual stresses in the stir zone present higher magnitudes for the threaded pin than the smooth pin. For higher 
rotational speeds, the residual stresses for the threaded pin are fully tensile. Additionally, the welding force is related to 
the residual stresses in the longitudinal direction, for low rotational speeds; 

•  In general, the effect of the threaded pin on the torque, forces, and residual stresses depends on the rotational speeds; therefore, 
the influence of the threaded pin on the material is probably affected by the increase of the heat input into the process; 

•  According to the ANOVA, there is an interaction between the effects of the rotational speed and pin shape factors on the 
torque and on the axial force, during the plunging phase. On the other hand, during the welding phase, the torque, forces, 
and residual stresses are influenced by the interaction of the three factors: rotational and welding speeds and the pin shape. 
These interactions suggested that the influence of the concerned factors on the variables must be analyzed together. 
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