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Abstract 

The residual stresses generated in stationary shoulder friction stir welds (SSFSWs) produced in a 

typical high strength aluminum alloy (AA7010) in 6.3 mm thick plate have been mapped over 

full weld cross sections, using the contour method, and compared to those introduced by 

conventional friction stir welding (FSW) for welding speeds ranging from 100 to 400mm/min. 

Compared to in conventional FSW, as a consequence of the material flow being affected by only 

a rotating probe, the SSFSW process produced a narrower and more uniform weld nugget and 

heat affected zone profile through the plate thickness. For both processes, ‘M’ shaped residual 

stress distributions were determined. However, the peak stresses measured in the SSFSWs were 

slightly lower than those found in the conventional FSWs and the width of the tensile region was 

appreciably reduced when using a stationary shoulder welding tool. This is shown to be a direct 

consequence of the more focused temperature distribution that results from using only a rotating 

probe to generate heat in the SSFSW process. In both processes, increasing the welding speed 

led to a narrower residual stress profile, but higher peak tensile residual stresses. 

Keywords:  Friction Stir Welding; FSW; Stationary Shoulder; Residual Stresses; Contour 

Method; Aluminum AA7010. 
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Introduction 

Friction stir welding (FSW) was invented by Wayne Thomas at the TWI in 1991 (Thomas, 

1991). As discussed in a comprehensive reviews by Threadgill et al. (2009) and Mishra and 

Mahoney (2007), FSW has since attracted considerable interest for joining aluminum alloys, 

because it produces welds with excellent mechanical properties and avoids important detrimental 

issues normally found with fusion processes, such as solidification and liquation cracking. 

However research, for example by Long et al. (2007), has shown that the peak weld zone 

temperatures still reach close to the material’s incipient melting point and as a result significant 

residual stresses and distortion can still be generated despite the solid-state nature of this welding 

process. 

 

With the conventional FSW it is customary to employ a tool with a conjoined conical probe and 

a wider diameter shoulder that both rotate at the same rate. The function of the shoulder has been 

discussed by Threadgill et al., (2009) and is to constrain the plasticized material from escaping 

from the cavity produced by the pin as the tool translates. In the FSW community there is a 

general consensus (see for example work by Neto and Neto, 2013) that more heat is generated 

by the rotating shoulder than the probe, owing to its higher relative surface velocity, and this 

energy is conducted into the workpiece from the deformation zone under the shoulder, where the 

tool couples with the top surface of the plate. Because a significant downforce is normally 

employed on the tool, this accentuates the generation of heat at the top surface by the shoulder, 

which can be as high as 70 -80% of the total welding power, although the ratio of power 

dissipation between the shoulder and probe depends on the probe length and contact conditions 

between the tool and work piece surface (Threadgill et al., 2009).  As reported by Long et al. 

(2007) friction stir weld zones thus tend to be wider at the top surface of a joint and significant 

through-thickness temperature gradients have been observed by, for example Hassan et al. 
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(2003), to cause associated microstructure and property gradients. Threadgill et al. (2009) have 

also reported that the use of a rotating shoulder constrains the weld geometries that can be joined 

and can generate flash as well as a poor surface finish. 

 

More recently a variant of the conventional friction stir welding technique has been proposed by 

Russell (2008) that involves a tool design with a non-rotating shoulder. In this modification to 

the original welding method the shoulder contains a bearing housing through which the pin 

rotates, so that it remains ‘stationary’ relative to the pin and only slides across the workpiece 

surface as the tool is translated. As has subsequently been shown by Wu et al. (2015), with this 

tool configuration the sliding shoulder contributes little to heat generation and virtually all the 

welding energy is dissipated as plastic work from the interaction of the rotating pin with the 

workpiece. Davies et al. (2011) were one of the first groups to report employing a stationary 

shoulder tool for FSW. In their work the technique was applied to joining titanium alloys 

because their low conductivity makes it difficult to produce welds in thicker sections with the 

conventional FSW process without overheating the workpiece surface. They showed that when 

using stationary shoulder friction stir welding (SSFSW) to join Ti6Al4V a more homogeneous 

through-thickness microstructure could be obtained. 

 

To date comparatively little has been published on SSFSW of aluminum alloys. However, Wu et 

al. (2015) and Avettand-Fènoël and Taillard (2016) have recently reported several advantages of 

applying the SSFSW technique to welding aluminum; including a narrower and more uniform 

through-thickness thermomechanical affected zone (TMAZ) and heat affected zone (HAZ), 

superior joint mechanical properties, and a much improved surface finish. Wu et al. (2015) has 

also shown that welds can be produced with lower power by SSFSW because it is more efficient 

to generate heat through-thickness with just the probe, than when it is also conducted into the 
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weld from the near the top surface by the action of the shoulder. Because the diameter of the 

probe is much smaller than the shoulder, the work of Wu et al. (2015) has also found that with 

the tool dimensions they used a higher tool rotation rate was needed with the SSFSW process to 

generate sufficient heat to prevent probe failures. However, despite an overall difference in the 

welding power, the peak weld temperatures were found to be of a similar magnitude in both 

processes. 

 

As has been discussed in the review by Withers (2007), large tensile residual stresses can be 

produced during welding processes which are of particular concern in aerospace applications 

because they can lead to premature fatigue failure. Authors, such as Richards et al. (2010) and 

Altenkirch et al. (2008), have investigated residual stresses in friction stir welds with high-

strength aluminum alloys. They have typically found an ‘M’ shaped longitudinal stress 

distribution, where the peak tensile residual stresses are located near the HAZ and weld nugget 

zone (WNZ) boundary in the region below the edge of the shoulder and reach about 50% of the 

material’s room temperature yield stress. The origin of this characteristic ‘M’ shaped residual 

stress profile has been attributed by Richards et al. (2008b) to the diffuse nature of the thermal 

field seen in FSW relative to other welding processes, combined with the high level of softening 

that occurs with high-strength aluminum alloys at elevated temperatures. In addition, both 

Lombard et al. (2009) and Peel et al. (2003) have found that in FSW the peak tensile residual 

stresses rise with increasing travel speed and this is the dominant welding parameter that 

determines the level of maximum residual stress. Finally, several methods have been found to be 

effective for reducing the residual stresses in FSW including the application of mechanical 

tensioning, or local cooling, by Richards et al. (2008a) and (2010) and post weld seam rolling by 

Huang et al. (2013). 
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Although residual stresses are an important issue in FSW, particularly when aerospace 

applications are considered, currently the distribution arising from stationary shoulder welding 

has not been reported. Of particular interest, in this context, is whether the narrower weld zone 

and lower power input possible with the SSFSW process leads to a reduction in the peak tensile 

residual stresses. Before applying this new welding technique commercially it is also essential to 

understand how the welding parameters influence the residual stress distribution. To this end, in 

this paper the residual stresses generated by conventional FSW and SSFSW have been directly 

compared for both processes using welding tools with the same overall geometries, in welds 

produced with a typical high strength aluminum aerospace alloy (AA7010). The aim of this 

study was to explore the effect of the extreme bounds between welding in conventional FSW 

with the maximum possible shoulder heat inpu and when there is virtually no shoulder heat 

generation, with a stationary shoulder tool, on the respective residual stress distributions. A 

relatively high down force was thus employed to produce the FSW baseline welds which, as 

discussed by Upadhyay and Reynolds (2012), maximizes coupling between the workpiece and 

the shoulder. The welding conditions selected were based on a previous study by Wu et al. 

(2015), who adopted a systematic approach to finding equivalent welding parameters that could 

be used to directly compare the two methods. This was achieved by evaluating their torque 

rotation rate decay curves to find the region of minimum welding power for each process. The 

welds’ macrostructures, hardness distributions, and thermal histories have also been 

characterized to assist in interpretation of the residual stresses developed in each process variant. 

 

The residual stress measurements have been made using the contour method. This technique has 

recently been reviewed by Prime and DeWald (2013) and has certain advantages compared to 

diffraction based methods, such as synchrotron X-ray and neutron diffraction. For example, it is 

more cost-effective and there is no requirement to measure the ‘d0’ unstrained lattice parameter, 
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which in aluminum aerospace alloys is strongly affected by variation in the local matrix solute 

content within the weld zone. As discussed by Prime et al. (2006) the contour method also 

allows 2D residual stress maps to be determined across full weld cross-sections, which is 

particularly useful when evaluating the effect of a stationary shoulder on the residual stress 

distribution in FSWs. 

 

Experimental details 

 

Welding Procedure 

The geometries of the FSW and SSFSW tools manufactured for the welding trials were as 

comparable as possible. Both tools are shown in Fig. 1 and had a shoulder diameter of 18 mm 

and a 5.9 mm long conical threaded tri-flat pin, with root and tip diameters of 6.2 mm and 4 mm. 

However, as is standard practice (for example see Mishra and Mahoney, 2007) to reduce material 

loss the FSW tool had a slightly concave shoulder and the FSW welds were produced with a 2.5° 

tilt. In contrast, no tilt was used with the SSFSW tool and the shoulder had a slightly convex 

surface to allow it to slide more easily across the plate. FSW welding was performed in position 

control with a plunge depth of 0.2 mm to ensure maximum coupling between the shoulder and 

material. This approach was used to minimize slip under the tool shoulder and thus produce 

welds under conditions which represent the largest possible shoulder heat generation, and 

maximum difference between the two processes. In contrast SSFSW was carried out with a 

constant downforce of 30 kN and the tool did not sink appreciably into the colder plate surface 

(full details of the processing conditions can be found in Wu et al., 2015). 

 

The alloy used in the experiments was a 6.3 mm thick hot rolled plate of AA7010-T7651 

(nominal composition in table 1) which was machined into 126 mm × 300 mm coupons. Welds 
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were produced in a bead-on-plate configuration down the center line of each plate. The full 

matrix of welding conditions used in the trials is summarized in Table 2. The difference in 

rotation speeds between the rotating and stationary shoulder FSW was necessary to ensure that 

sufficient heat was generated with the stationary shoulder tool to avoid tool failure (see Wu et 

al., 2015). However, it is evident from Table 2 that the energies determined from torque 

measurements delivered to the weld were comparable between the two methods. For the baseline 

FSW welds only the travel speed was varied because, as pointed out by Lombard et al. (2009), 

this is known to be the most important parameter to influence the peak stresses. For SSFSW 

process the effect of varying the rotation rate was also investigated with a constant travel speed 

of 200 mm/min (see Table 2). 

Temperature Measurement  

K-type thermocouples with a 0.5 mm diameter were used to measure local temperature cycles 

during welding. The thermocouples were inserted into tightly fitting holes drilled into the bottom 

surface of each plate. Their locations were 5, 10, 20 and 30 mm away from the weld center, at a 

depth of 3 mm below the plate top surface.  Consequently, the first location was only 2 mm 

laterally distant from the pin surface. 

 

Characterization 

The size and shape of the weld zones and the microstructure of all the welds were characterized 

from transverse (TD-ND) cross sections by optical microscopy. Samples were prepared by 

metallographic polishing to a 0.25 μm finish, followed by etching in Keller’s reagent. The 

hardness distributions’ of all the welds were also mapped with a distance between measurements 

of 0.5 mm, using a Struers DuraScan 80 automated Vickers hardness tester and an applied load 

of 0.5 kg.  
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Contour Method of Residual Stress Measurement 

The procedure employed to measure residual stresses in the welds, using the contour method, 

first involved securing the plates to prevent any movement when cutting across the center of 

each weld, orthogonal to the welding direction. This was carried out with a wire electro-

discharge machine (EDM) using a 250 μm diameter brass wire in a low power skim-cutting 

mode. In this procedure the fixture employed during cutting is particularly critical as it needs to 

prevent movement during, while minimizing any plastic deformation. Self-restraint features, in 

the form of 3 mm diameter holes located 3 mm from the free edges of the plate, in conjunction 

with a heavy fixture were used to prevent each side of the cut moving - as shown in see Fig. 2. 

The two cut faces produced by sectioning each plate were subsequently scanned with a 

Nanofocus μScan laser profilometer using a CF-4 sensor, producing a point cloud with a spacing 

of 30 by 30 μm and an out-of-plane height resolution of 0.2 µm.  

 

The two datasets were then registered and averaged to form a single point cloud to eliminate 

effects due to shear and asymmetry, as recommended by Prime and DeWald (2013). The 

averaged point cloud surface was then fitted with a bivariate cubic spline with a knot spacing of 

0.4 mm. This spline was then used to elastically distort the flat cut face of a linear elastic finite 

element model, developed in ABAQUS™, comprising approximately 93600 quadratic 

(C3D20R) elements, as shown in Fig. 3. In this analysis the elastic properties of AA7010 were 

taken to be; Young’s modulus, E, = 71.7 GPa and Poisson’s ratio,  = 0.33. Self-restraint features 

were not included in the analysis, a simplification which has previously been shown to still 

provide accurate results by Hosseinzadeh et al. (2016). More details of the best practice in 

employing the contour method can be found in a recent review by Hosseinzadeh et al. (2014). 
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Results and Discussion 

 

Power Input and Weld Thermal histories  

In FSW the effective heat input is related to the power dissipated in the workpiece by the tool. 

As exemplified by Cui et al. (2010), the power can be determined from the torque recorded by the 

welding machine. Although mechanical losses occur in the machine and some heat flows into the 

welding head, the efficiency is quite high (typically around 80% reported by Neto and Neto, 

2013), thus the measured torque gives a reasonable estimate of the effect of the welding 

conditions on the relative power input. The average spindle power measured at steady state is 

summarized for each weld in table 2, where it can be seen that the gross power increases with 

travel speed for both processes, whereas the line energy derived from the torque measurements 

(heat input per unit weld length), decreases at higher welding speeds. 

 

Examples of typical thermal histories measured during FSW and SSFSW are provided in Fig 

4(a) from the closest thermocouple position (2 mm from the tool surface). The peak 

temperatures measured with distance from the weld center at the mid-plate position are also 

summarized in Fig. 4(b). It can be seen in Fig. 4 that the peak temperatures were generally lower 

by around 60 K (60 °C) for the SSFSW welds and at the position closest to the tool they did not 

change greatly with travel speed. In addition, in Fig. 4(a) it is noteworthy that at the same travel 

speed the temperature rose equally rapidly in the FSWs and SSFSWs as the welding tool 

approached the measurement location, but that the plate welded by FSW tended to cool more 

slowly when the tool had passed. Equally, the gradient in peak temperature with distance from a 

weld center was shallower for the FSW process, due to the larger power dissipated by this 

process and wider distribution of the heat input generated by the tool shoulder (Table 2). Finally, 

it can be seen that for both FSW and SSFSW steeper temperature gradients were recorded in the 
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welds produced with higher welding speeds. 

 

 

Weld Macrostructures and Microhardness Distributions 

Macro view cross sections of the FSW and SSFSW samples produced with constant rotation 

rates and increasing travel speeds are displayed in Fig. 5. It can be seen that for both the FSW 

and SSFSW welds the cross sections show a nugget shape that is closely related to the tool 

profile. However, a more parallel through-thickness weld profile is seen for the SSFSWs because 

the TMAZ and HAZ at the weld crown is considerably narrower, due to the absence of a rotating 

shoulder. In both cases when a higher travel speed is used the TMAZ and HAZ become less 

wide, but this trend, caused by the lower line energy and contraction of the thermal field around 

the tool when the travel speed is increased, is more significant near the base of the conventional 

friction stir welds. 

 

 

Micro-hardness maps are also shown in Fig. 6 from the TD-ND transverse weld cross sections, 

along with corresponding hardness profiles in Fig. 7across the mid-plate thickness of each weld. 

It should be noted that the hardness (and residual stress) measurements were made after the 

welds had naturally aged for 6-months. The parent material had an average hardness of 170-

175Hv. The slightly lower parent values seen at the center of the plates are probably caused by 

macro-segregation effects during DC casting. The hardness distributions for the conventional 

FSWs in Figs. 6 and 7 are comparable to those reported in several previous studies by, for 

example, Reynolds et al. (2005) and Peel et al. (2003). It can be seen in Fig. 6 that the HAZ is 

much wider near the top surface in the case of the FSW, compared to the SSFSW, and in Fig. 7 
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for both processes the HAZ width and depth decreases with increasing travel speed.  

 

In FSWs produced in alloys like AA7010 the weld zone hardness distribution is known to be 

mainly controlled by the state of matrix precipitation, although grain size refinement may also 

contribute to a small increase in the nugget yield stress. As has been discussed previously by 

several groups, including Malard et al. (2015), Sullivan and Robson (2008) and Su et al. (2003), 

there are two main mechanisms that determine the post-weld hardness distribution. Near the 

center of the welds where the peak temperature reached exceeded the solvus temperature 

(approximately 473 ºC in AA7010, given in Hatch, 1984) full dissolution of the equilibrium and 

metastable strengthening phases can occur. As discussed by Kamp et al. (2006) this typically 

takes place in the weld nugget and can lead to strong post-weld natural ageing. Further out from 

the weld center, where the peak temperatures reached during welding were lower, the solvus 

temperature is not reached and a hardness drop normally occurs due to coarsening and/or 

dissolution of the fine metastable main strengthening phase η', which has been noted by Hassan 

et al. (2003) to be typically replaced by a coarser distribution of the stable equilibrium phase, η. 

The hardness minima in Fig. 7 are normally found located near the TMAZ/HAZ boundary, 

according to Threadgill et al. (2009) and Kamp et al. (2006), but the exact behavior depends on 

the specific thermal cycle. For example, in a similar alloy, Su et al. (2003) have reported that, 

although the precipitates at the HAZ minima position had coarsened (with more η detected 

compared to in the parent material) some η’ precipitates still survived. This suggests that at the 

HAZ minima positon the thermal cycle is not always sufficient for η’ to fully dissolve, or 

transform, and coarsening of η’ primarily determines the drop in hardness seen in the HAZ.  

 

Overall, the hardness results in Fig. 6 & 7 confirm the observations of Wu et al. (2015) and 

Avettand-Fènoël and Taillard (2016) that in the SSFSWs, where the shoulder doesn’t provide 
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any significant heat input into the weld, a narrower and more uniform temperature distribution is 

generated through thickness.  This in turn results in a narrower HAZ that varies less from top to 

bottom, owing to the HAZ width being particularly reduced at the weld top surface. However, it 

should be remembered that in the experiment here, which aimed to investigate the upper bound 

difference between the two welding approaches, the shoulder contact area was maximized by 

using a large plunge depth of 0.2 mm.  Although, as summarized in reviews by Mishra and 

Mahoney (2007) and Threadgill et al. (2009), it is generally stated that for conventional FSW 

welding about 70-80% of the total energy arises from the tool shoulder this is highly dependent 

on the probe length, which affects the probe to shoulder surface area ratio, and the degree of 

coupling between the shoulder and plate surface. The heat generated by the shoulder in particular 

depends strongly on the contact area, where sticking occurs, and the material flow stress, which 

are in turn dependent on the level of softening occurring at high temperature, as well as the 

downforce employed and tool design. For example, Colegrove et al. (2007) have shown that the 

contact area over which sticking occurs is typically considerably smaller than the shoulder area. 

The actual shoulder heat input is thus very dependent on the process conditions and, as has been 

demonstrated by Upadhyay and Reynolds (2012), can be significantly reduced if a lower down 

force is used, which will decrease the difference between the two processes. In summary, 

maximizing the level of shoulder heat generation is not an efficient way of delivering heat to the 

weld root and as discussed by Wu et al. (2015) this results in a higher overall welding power 

being required for FSW (by about 30%) relative to the SSFSW case.  

 

Finally, with both process variants increasing the travel speed can be seen to narrow the overall 

HAZ width and increased the hardness level seen at the minima positions (Fig. 7).  A reduction 

HAZ width with increasing travel speed is typical in most welding processes. In FSW of heat-

treatable aluminum alloys this is caused by three main effects. Firstly, with a constant rotation 
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rate the welding power does not rise sufficiently to compensate for an increase in travel speed so 

that the line energy, or heat input falls, as shown by Cui et al., (2010).  Secondly, because there is 

less time for heat transfer, the thermal field becomes more elliptical and shrinks towards the tool 

surface. Thirdly, there is a reduction in the time at temperature, so that less over-aging occurs at 

a particular peak temperature. Due to kinetic considerations, as pointed out be Sullivan and 

Robson (2008), this has the effect of making the HAZ narrower because the minima position 

will tend to shift to a higher peak temperature in the thermal field.   

 

Comparison of the Residual Stress Distributions  

Although, as pointed out by Prime and DeWald (2013), it is difficult to use the contour method 

to measure other stress components apart from those parallel to the welding direction, in butt 

welding the longitudinal residual stresses have the largest magnitude and are thus generally of 

greatest interest. Maps of the longitudinal residual stress distributions determined over the weld 

cross-sections are shown in Fig. 8, where in both the SSFSWs and FSWs a peak in the tensile 

residual stresses can be seen located about the welds centers’ and lower balancing compressive 

residual stresses are present outside of this tensile region. It is also readily apparent that the 

tensile region is always wider for the conventional FSWs compared to the SSFSWs and, in both 

sets of samples, the tensile longitudinal stress field reduces in width and increases in peak 

magnitude as the travel speed is increased. 

As it is difficult by eye to compare the magnitudes of the residual stresses in contour plots, 

residual stress line profiles from the mid-plate thickness are provided in Fig. 9, for the FSW and 

SSFSW sample sets produced with different welding speeds.  In general terms, the results for the 

FSW samples show good agreement with previously published measurements made by Peel et 

al. (2003), as well as Woo et al. (2011) and Sutton et al. (2002), who report similar magnitudes 
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for the maximum residuals stress levels and comparable ‘M’ shaped residual stress profiles. 

However, in Fig. 9 it is immediately apparent that the residual stress profiles seen for the two 

processes are different.  The welds produced by the SSFSW are significantly narrower and have 

peak stresses are around the position of the edge of the pin. In comparison in the FSW samples a 

much wider longitudinal residual stress profile is observed. The peak stresses in this case are 

situated near the edge of the TMAZ in the region below the edge of the shoulder where there is a 

high heat input from the shoulder. It is also evident from Fig. 9 that the tensile region becomes 

narrower with the increasing travel speed and the peak stresses increase in magnitude for both 

processes. For both processes this results in greater overlap, or convergence, of the ‘M’ shaped 

twin maximum stress peaks as the welding speed increases.  

 

To better compare the effect of travel speed on the peak longitudinal residual stresses for both 

process these values are plotted in Fig. 10.  In this graph it is notable that for the same welding 

speed the peak stresses are always slightly higher for the FSW process, but this difference 

reduces and become marginal at higher travel speeds where the results converge. 

 

The development of the ‘M’ shaped residual stress distribution seen in the conventional FSW 

with high strength aluminum alloys and again here in SSFSW has previously been discussed in 

detail in the work of  Richards et al. (2008a). In this paper a thermal FE model coupled with a 

microstructural softening model was used to show that the residual stresses generated can be 

largely explained purely in terms of the effect of the thermal field without considering the 

mechanical effect of the tool, because the zone of compressive plastic relaxation ahead of the 

tool is generally much larger than the region deformed by the tool.  However, Li et al. (2007) 

have used a simplified coupled thermo-mechanical model to demonstrate that the forces from the 

welding tool may have a secondary mechanical effect on the residual stresses.  This model has 
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predicted that pressure from the tool will slightly reduce the magnitude of the residual stresses. 

Asymmetry in the tool reaction forces was also used to help explain the fact that the peak 

residual stresses are often slightly higher on the advancing side of the weld zone. For example, 

the FSW profiles in Fig. 9 at a high travel speed show a higher peak stress on the advancing side 

(AS) of the weld and a similar effect is seen in other data published in the literature, such as in 

the results of Altenkirch et al. (2008), although this has normally been correlated to asymmetry 

in the heat generation. 

 

Following the argument of Richards et al. (2008a), in FSW of high strength aluminum alloys the 

residual stress distribution is determined by the interaction of the temperature dependent yield 

stress locus firstly with the compressive misfit ahead of the tool, as the temperature rises, and 

then behind the tool as the tensile misfit builds up on cooling and is partially relaxed by plastic 

deformation. In this context the softening behavior is very important because the material being 

welded has a very dramatic dependence of its flow stress with temperature and becomes very 

soft within the weld region. For example, values as low as10 MPa have been suggested by 

Colegrove et al., (2007).  The importance of this behavior is shown in Fig. 11, adapted from 

Richards work.  In FSW, because of the relatively diffuse thermal field, the zone of compressive 

elastic deformation ahead of the tool is relatively wide, and this is nearly full relaxed across a 

relatively large area where the material is at a high temperature and the flow stress is negligible 

(line 1 in Fig. 11).  This region then develops a tensile misfit as it cools behind the tool when the 

tool advances. In the conventional process, because of the wider heat input from the shoulder, 

the material is still very soft across the center of the weld immediately behind the tool, giving a 

central region with a very low relatively uniform flow stress that readily relaxes and limits the 

buildup of residual stress (line 2 in Fig 11). However, further out, transverse to the welding 

direction, there is a steep gradient in temperature and, thus also yield stress, where residual 
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stresses will develop more quickly. This behavior leads to a slightly higher stress at the edge of 

the weld zone and the ‘M’ shaped profile noted above. These stresses then become ‘fixed’ in at 

the point when the tensile residual stresses develop at a lower rate than the yield stress increases, 

as the temperature drops with distance behind the tool.  The residual stress profile then separates 

from the tensile temperature dependent yield locus (see Fig. 10 line 3), so that no further 

relaxation occurs and the increasing misfit is thereafter accommodated elastically.  The final 

residual stress distribution is therefore highly sensitive to the softening behavior of the material 

and the size of the compressive misfit created by the temperature field. 

  

In the welds studied, the FSWs were produced with a high shoulder heat input and the large 

thermal field thus leads to a wider region where a tensile misfit develops behind the tool because 

the compressive region of plastic relaxation that develops as the tool approaches will also be 

larger. This ultimately also leads to a wider tensile region in the final weld, and for the reasons 

discussed above, a broad ‘M’ shaped residual stress profile, because of the wide region of nearly 

uniformly low flow stress that relaxes the tensile misfit near the weld center line. In contrast, 

with the SSFSW process, the thermal field is considerably narrower, leading to a smaller zone of 

compressive plastic relaxation and a narrower tensile residual stress region that develops behind 

the tool. The thermal gradient is also relatively steeper leading to shrinkage of the zone most 

softened by the heat generated by the tool. Consequently, both the yield stress locus and 

longitudinal residual stress distribution will be narrower and the two peaks seen in the 

conventional FSW ‘M’ distribution will shrink so that a narrower, sharper, ‘M’ shaped 

distribution is observed. 

 

For similar reasons, it is also evident from Fig. 11 that as the thermal field shrinks with 

increasing welding speed the tensile region will also becomes narrower. This occurs because 
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increasing the welding speed leads to a lower heat input (line energy, see table 2) as well as less 

time for thermal diffusion and the thermal field shrinks closer to the tool. As a result, the 

compressive misfit that results in the tensile residual stresses occurs over a smaller area and 

there is a corresponding reduction in the area of the tensile zone. In addition, the greater gradient 

in material flow stress that results from shrinkage of the thermal field reduces the amount of 

relaxation that occurs as the tensile zone develops behind the weld, increasing the peak residual 

stresses. 

Finally, to see how significant the effect of rotation speed was on the residual stress measured in 

SSFSW, the residual stresses were measured in the welds made using a constant traverse speed 

of 200 mm/min with increasing tool rotation rates (see Table 2). The residual stress distributions 

determined from these samples are shown in Fig. 12. Compared to the welds produced at 

different travel speeds (Fig. 9b), the change in the rotation speed appears to have had little effect 

on the residual stress. This behavior is in agreement with results previously reported by Lombard 

et al. (2009), who studied the residual stress in FSW under various welding speed and rotation 

rates.  From their work Lombard et al. (2009) concluded that welding speed was the dominant 

factor affecting the peak tensile residual stresses, while rotation rate mainly only affected the 

width of the tensile region. In the experiments conducted here the welds were all produced 

within the viable process window developed by Wu et al. (2015), which gave a position on the 

torque decay curve with rotation rate where there was only a relatively small change in line 

energy on further increasing the rotation rate. As shown in Table 2, with the current probe 

dimensions, across the three rotation speeds the line energy only changed by 13%, as compared 

to the line energy being more than halved by increasing the traverse speed, from 100 to 400 

mm/min. This suggests that the power in these welds was limited by the material in the shear 

zone reaching a very low flow stress, where an increase in temperature may be compensating for 

an increase in strain rate with a higher shear rate (similar conclusions are reached in the work of  
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Long et al. (2007) and Colegrove et al. (2007)). Unsurprisingly, this modest change in line 

energy therefore only gives rise to a relatively small increase in the thermal field size and change 

in the residual stress state. 

 

Conclusions 

The residual stress distributions in conventional FSW and SSFSW bead on plate, AA 7010-

T7651, welds have been directly compared using near-identical tool geometries.  The welds 

were produced under conditions where coupling of the rotating shoulder with the conventional 

FSW process was maximized, so as to provide an upper bound difference between the two 

techniques.  

 

It has been confirmed that a narrower weld hardness profile can be achieved with the SSFSW 

process, due to the lower power dissipation and more uniform though–thickness thermal field. 

This direct benefit from using a stationary shoulder results from a reduction in HAZ width at the 

weld crown, and more efficient heating of the material solely by the probe, rather than when a 

large proportion of the heat is conduction down in to the weld from the shoulder deformation 

zone. 

 

The contour method gave results comparable to those published in the literature using alternative 

diffraction techniques and is thus demonstrated to be a suitable approach for 2D mapping the 

longitudinal residual stresses in FSW welds. An ‘M’-shaped residual stress distribution was 

found in both processes. However, the tensile region in SSFSW was significantly narrower and 

the stationary shoulder process produced much sharper residual stress profiles. This difference is 

believed to be due to the considerably smaller thermal field developed with the stationary 

shoulder process, which reduces the size of the region of compressive misfit created by the local 
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temperature rise ahead of the tool, and the width of the region of flow stress where plastic 

relaxation of the tensile misfit subsequently develops behind the tool. The peak residual stress 

values were also slightly higher in the conventional FSWs, but tended to converged between the 

two processes as the welding speed was increased.  

 

The travel speed was found to be the more important in determining the maximum longitudinal 

residual stress, when compared to the rotation speed. This is partly because under the conditions 

studied the rotation rate did not as greatly affect the welding power. However, with a higher 

travel speed, there was a substantial reduction in the size of the thermal field, which led to a 

narrower tensile residual stress region in the welds. Increasing the travel speed also led to larger 

peak residual stresses, owing to the associated increase in the transverse yield stress gradient in 

the material with distance from the weld center. 

 

Finally, it should be noted that by reducing the downforce associated with conventional FSW 

process it may be possible closer approach the case of SSFSW, by reducing the contact area over 

which a shoulder sticking condition occurs, but this has yet to be confirmed by accurate residual 

stress measurements. 
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Fig.1: Schematic diagrams of (a) the FSW and (b) the SSFSW tools used in this study. 
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Fig. 2: Diagrams of the fixtures employed to EDM cut the welds when applying the contour method shown in (a) in 

an isometric and (b) plan views. 

  



26 

 

 

 

Fig. 3: An example of an elastic FE Model fitted to an EDM cut weld surface contour (displacement magnified by 

factor of 250) for an SSFSW weld produced with a rotation rate of 1500 rpm and travel speed of 100 mm min-1. 
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Fig. 4: Thermal data recorded from FSW and SSFSW welds, (a) temperature histories from the thermocouples 

positioned at the mid plane close to the pin (2 mm) and (b) a summary of the peak temperatures recorded as 

function of the distance from the weld centre, measured in welds produced with travel speeds of 100 and 400 

mm/min and 700 rpm and 1500 rpm, for FSW and SSFSW, respectively (for the legend key see table 2). 
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Fig. 5: Cross sections of the FSWs (a) and SSFSWs (b) produced with constant rotation rates of 700 and 1500 rpm, 

respectively, and increasing travel speeds (the labels indicate; A the weld nugget, B TMAZ and C the HAZ ). The 

retreating side (RS) is on the left the advancing side (AS) on the right. 
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Fig. 6:  Hardness maps from (a) FSW and (b) SSFSW cross sections, measured after six months post-weld natural 

ageing, produced with travel speeds of 100, 200, and 400 mm/min and 700 rpm and 15000 rpm for FSW and 

SSFSW, respectively. The measurement grid used is indicated by the black dots.  
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Fig. 7: Mid-thickness cross-weld hardness distributions for (a) FSW and (b) SSFSWs, measured after post-weld 

natural ageing for six months, with travel speeds of 100, 200, and 400 mm/min and 700 rpm and 15000 rpm for 

FSW and SSFSW, respectively.  
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Fig. 8: Longitudinal residual stress maps measured for (a) the FSWs and (b) SSFSWs (the welding parameters are 

shown on each map). The black lines indicate the boarders of the weld zones identified in Fig. 5. 
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Fig. 9: Longitudinal residual stress distributions measured across the welds’ mid-plane; for (a) the FSW and (b) the 

SSFSW samples, with increasing travel speed. 
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Fig. 10: Comparison of the peak longitudinal residual stresses measured at the welds’ mid-plane, plotted as a 

function of travel speed, for the conventional FSW and stationary shoulder (SSFSW) processes. 
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Fig. 11: The predicted development of longitudinal residual stresses across the mid-plane of a conventional FSW, 

adapted from the work of Richards et al., (2008a) showing; in (a) the 2 D temperature distribution and 

corresponding longitudinal residual stress field and (b) the development of longitudinal residual stresses profiles 

(solid lines) at different distances from the tool (indicated in (a)) plotted along with the temperature dependent 

tensile and compressive yield loci (dashed lines). 
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Fig. 12: Longitudinal residual stress distributions measured at the mid-thickness across SSFSWs with different rotation rates 

(1300-1700 rpm) and a constant travel speed of 200 mm/min. 
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Table 1:  Nominal compositions of Al 7010-T7651 alloy. 

 

Chemical composition limits Others 

Weight % Al Zr Si Fe Cu Mn Mg Cr Zn Ti Each Total 

Minimum 87.3 0.08 - - 2.0 - 1.9 - 5.7 - - - 

Maximum 90.3 0.15 0.12 0.15 2.6 0.10 2.6 0.04 6.7 0.06 0.05 0.15 
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Table 2: The matrix of conventional (FSW) and stationary shoulder (SSFSW) welding parameters used in this 

paper. 

 

Designation 

Welding 

Technique 

Rotation speed 

(rpm) 

Travel Speed 

(mm/min) 

Welding 

Power (W) 

Line 

energy(J/mm) 

F700/100 FSW 700 100 2210 1324 

F700/200 FSW 700 200 2880 863 

F700/400 FSW 700 400 3050 458 

SS1500/100 SSFSW 1500 100 1330 796 

SS1500/200 SSFSW 1500 200 1550 464 

SS1500/400 SSFSW 1500 400 2360 355 

SS1300/200 SSFSW 1300 200 1750 526 

SS1700/200 SSFSW 1700 200 1610 482 

 

 

 


