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Abstract
Friction spot extrusion welding process is successfully performed on dissimilar aluminum alloys of AA2024-T3 and AA6061-
T6 under the influence of shoulder features. The joints were analysed by microstructural features and mechanical properties 
using conventional and advanced tools of visual inspection, optical microscopy, scanning electron microscopy, transmission 
electron microscopy, electron back scattered diffractions, tensile testing and hardness testing. The results revealed that the 
joining was obtained by combination of mechanical locking from extruded material of top surface to predrilled bottom surface 
and diffusion in solid state. The stir zone and plastically deformed metal flow zone were influenced by scroll shoulder and 
smooth shoulder features. The tensile specimen of scroll shoulder was resulted to higher fracture load of 6381 N whereas 
the same was 4916 N in case of smooth shoulder. The interface of between plastically deformed metal flow zone and base 
material of AA6061-T6 can be considered as critical/weakest zone in case of friction spot extrusion. The variations of hard-
ness were observed in stir zone, plastically deformed metal flow zone and thermo-mechanically affected zone in case of 
friction spot extrusion welding process.

Keywords Dissimilar joints · Friction spot extrusion · Friction stir · Mechanical properties · Microstructure · Probeless 
tool · Welding

1 Introduction

The demand of dissimilar aluminum (Al) welds is exten-
sively increasing to meet the requirements of cost reduction, 
light weight structures and enhanced working efficiency of 
transport industries. Ojo et al. [1] mentioned that the spot lap 
welds of transport industries are conventionally produced by 
resistance spot welding, which are then advanced by friction-
based spot welding processes in recent time. Friction-based 
welding processes such as friction stir spot welding (FSSW), 
friction stir clinching (FSC), friction riveting, friction bit 
joining, friction flow drilling, friction forming and dieless 
friction stir extrusion joining are developed to produce dif-
ferent components with spot joining, as reported by some 
researchers [2, 3]. FSSW and friction stir clinching are found 
promising over resistance spot welding with large number 
of published articles as reported by Lin et al. [4] and also 
Uematsu and et al. [5]. However, the formation of exithole/
keyhole is one of the big issues in these processes, which 
is a spot of stress concentration under loading conditions as 
mentioned by Mehta and Patel [6]. Therefore, most recent 
developments are investigated keeping focus on repairing/
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refilling/eliminating this inevitable exithole. Huang et al. 
[7] repaired exithole using consumable bit insertion as a 
secondary step after friction stir welding process. Behmand 
et al. [8] also suggested similar method of consumable tool 
application in exithole location to perform repairing dur-
ing secondary phase. Reimann et al. [9] developed in built 
sleeve-clamping ring mechanism to refill the exithole at the 
time of retraction phase. They claimed improved mechani-
cal properties after heat treatment procedure. Chen et al. 
[10] repaired the exithole using circular path movement 
of another probe tool around the exithole. However, new 
exithole was generated with that probe consisted tool which 
was comparatively smaller than original exithole. Shen et al. 
[11] welded dissimilar Al alloys using filling FSSW, wherein 
the exithole is refilled during manufacturing operation along 
with sound intermixing of materials. Bakavos et al. [12] 
performed FSSW on thin sheets of Al with probeless tools 
with different shoulder surface features. They mentioned 
that avoiding exithole formation in addition to undesirable 
hooking effect can be effectively performed using probe-
less tools. They also found that material flow patterns are 
greatly influenced by shoulder features that in turn useful 
in improving mechanical properties of joints. Paidar et al. 
[13–16] developed modified FSC that eliminates exithole 
by protuberance leveling in second stage using probeless 
tool. They subjected prob-less tool from the revert side on 
spot of clinching that in turn lead protuberance of mate-
rial in the cavity of exit-hole along with similar leveling of 
base material. Mehta et al. [17] repaired exit-hole of dis-
similar Al–Mg friction stir welds with enhanced material 
mixing using probeless tool. They applied higher diameter 
prob-less tools in two different post welding stages at the 
exithole location with two subsequent progressive plunge 
depths to fill the cavity of exithole. In these processes, the 
either exithole is repaired or filled using consumable bit or 
utilizing surrounding material of exithole subjected in cavity 
by extrusion and/or forging action. However, these processes 
require secondary phase to eliminate exithole.

Using aforementioned concept of forging and extrusion 
by external non consumable tool, different welding pro-
cesses are evolved, wherein the exithole is eliminated and 
joining is simultaneously obtained without increasing steps 
of manufacturing. Lazarevic et al. [18] spot joined Al and 
steel using non consumable tool keeping cavity in anvil and 
named as friction stir forming. The Al material is kept on 
steel material to send Al in the gap of steel and anvil cavity 
using plastic deformation caused by non-consumable tool. 
Evans et al. [19] developed process of lap welding named as 

friction stir extrusion, to obtain joining along the length of 
tool travel in the direction of workpiece, wherein the probe-
shoulder featured tool is inserted in Al workpiece while 
steel based workpiece is kept under that Al workpiece with 
specially fabricated grove designs. The Al is extruded in 
the specially fabricated grove of steel workpiece and that 
in turn lead to joining of Al and steel. Hussein et al. [20] 
named friction spot forming technique to produce Al-steel 
welding using extrusion of Al in the grove of steel when Al 
is kept on steel, wherein maximum joint efficiency of 125% 
is claimed. Jarrell et al. [21] applied friction stir extrusion on 
thin sheets to obtain large length welds of Al-steel, without 
surface penetration caused by tool on Al side. Saju et al. 
[22] named dieless friction stir extrusion technique applied 
to join different Al alloys, wherein mechanical interlock-
ing and metallurgical bonding is obtained used extruded 
material from top workpiece to bottom workpiece that is 
predrilled. They investigated effect of shoulder diameter on 
joining of Al alloys of 5052-H32 and 6061-T6. Saju and 
Narayanan [23] investigated effect of predrilled diameter on 
joint formation as a progress of dieless friction stir extrusion 
technique. They also claimed that investigated technique is 
better in terms of joint properties than conventional friction 
stir forming, FSSW and probeless FSSW. Saju and Naray-
anan [3] further investigated dieless friction stir extrusion 
with controlled plunge depth.

Considering promising results in initial studies, welding 
by extrusion concept is worth to expand with different vari-
ants and process parameters. Limited studies are available 
for Al–Al welding using extrusion process. The research gap 
in effect of tool profile features on material flow behavior 
and subsequent influence on joint formation in case of fric-
tion extrusion processes is motivation. On account of this 
research gap, it makes sense to conduct the investigation 
on material flow, microstructure and joint properties influ-
ence under the effect of shoulder surface features for friction 
spot extrusion welding process. In the present investigation, 
scroll shoulder and smooth shoulder profiles are investigated 
for friction spot extrusion welding of dissimilar Al alloys 
between AA2024-T3 and AA6061-T6 to analyze mixing 

Table 1  Mechanical properties of AA2024-T3 and AA6061-T6

Elongation (%) Yield strength 
[MPa]

Ultimate tensile 
[MPa]

Alloy

14 317 448 AA2024-T3
11 259 287 AA6061-T6



Archives of Civil and Mechanical Engineering           (2020) 20:84  

1 3

Page 3 of 17    84 

features, microstructural analysis and mechanical proper-
ties of joints.

2  Experimental procedure

Al alloys of AA2024-T3 (1.6 mm thickness) and AA6061-
T6 (1 mm thickness) were used in the present investigation. 
Tables 1 and 2 show mechanical properties and chemical 
compositions of the base materials used in this investiga-
tion, respectively.

The thickness of the base material is one of the crucial 
parameters in case of friction spot extrusion welding since 
extrusion material from top workpiece material extrudes 
into cavity of bottom workpiece with its volume limitation. 
Therefore, the workpiece kept on top side must be of higher 
thickness than the bottom side workpiece. In the present 
investigation, workpiece material of AA2024-T3 with higher 
thickness was kept on AA6061-T6 having lower thickness 
as shown in Fig. 1a. The bottom workpiece material (i.e. 
AA6061-T6) was predrilled with diameter of 3 mm, in order 
to provide path of extrusion. The predrilled diameter is criti-
cal and selected based on previous study of Saju et al. [23]. 

Table 2  Chemical compositions 
of AA2024-T3 and AA6061-T6 
(wt%)

Cr Mn Mg Si Cu Al Alloy

0.012 0.629 1.28 0.43 4.9 Base AA2024-T3
0.104 0.056 0.87 0.61 0.21 Base AA6061-T6

Fig. 1  a Schematic of the pro-
cess principle, and tool features 
b smooth shoulder, c scrolled 
shoulder
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Two different probeless tools consist of H13 tool steel mate-
rial with 15 mm shoulder diameter with different surface 
feature profiles of smooth (Fig. 1b) and scroll (Fig. 1c) were 
used in the present investigation. The process of friction 
spot extrusion welding was accomplished on CNC milling 
machine (FP4MK) with two stages. In first stage, the tool 
was rotated at 710 rpm and plunge phase was initiated with 
tool plunge rate of 0.2 mm/min. As soon as the shoulder con-
tacts workpiece surface, the tool was kept on the surface for 
6 s and then further plunged to a depth of 0.4 mm. The mate-
rial that is kept on top surface (i.e. AA2024-T3) gets sof-
ten due to friction between tool and workpiece. This soften 
material extrudes downward in the cavity of bottom material 
(i.e. AA6061-T6) and subsequently cause joint formation. 
There were two different conditions with shoulder surfaces 
of smooth and scroll applied keeping rest other parameters 
constant as mentioned above. For each tool and subsequent 
processing conditions, five samples were prepared. Three 
samples for Tensile/Shear testing and two samples for macro 
and microstructural analysis.

After the experimental processing, the welded samples 
were analyzed with different analysis tools such as visual 
examination of surface crown appearance, cross sectional 
macro image, microstructural observations, electron back-
scattered diffraction (EBSD) patterns, tensile testing and 
hardness measurements. Barker reagent was used with 
electro-etching as a part of metallography procedure after 
performing standard grinding and polishing procedure, in 
order to develop samples for optical microscopy, scanning 
electron microscopy (SEM), transmission electron micros-
copy (TEM) and EBSD. The tensile testing was conducted to 
check the strength of the welds using Intron 5500R machine 
at a cross head speed of 2 mm/min. Tensile testing proce-
dure and specimen dimensions used for testing are shown in 
Fig. 2. After tensile testing, the fractured surface of speci-
men was analyzed by SEM tool. The hardness measure-
ments were also performed on a cross section of weld using 
indentation load of 100 g and 15 s holding time at 1 mm 
space between each indentation. The profile of hardness was 
analyzed by variations in two different lines from the center 
of both the workpieces (Fig. 3).

3  Results and discussion

3.1  Surface crown appearance and macrographs

Visual inspection of welded surfaces can be analyzed from 
Fig. 4 to understand the surface crown appearance from top 
and bottom surfaces of processed regions. The welded sur-
faces were observed defect free with minor flash formation 

on top surface. The severe deformation of material can be 
seen from bottom surface where softened material was 
extruded from the top workpiece material. Some amount of 
softens materials also flows towards the outer surface of tool 
shoulder (i.e. on the top surface of the workpiece) that in 
turn lead to flash formation. Bottom surface inspection can 
ensure the material extrusion fully in the predrilled cavity.

Figure 5 shows cross sectional macrograph of welded 
samples performed by smooth shoulder and scroll shoulder. 
It can be seen that the bulging between AA2024-T3 and 
AA6061-T6 was observed parallel to the shoulder diameter 

Fig. 2  Tensile test (a), b specimen and c dimensional procedure
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surfaces. Besides, the material extrusion was successfully 
performed that subsequently resulted in defect free macro-
structure in both weld samples. Macroscopically distinct 
features can also be observed from Fig. 5. The plunging of 
shoulder lead to shoulder indentation effect on top surface 
of AA2024-T3 that was subjected to deformation. The same 
material of AA2024-T3 was influenced by stir zone (SZ) 
and annular stir zone (ASZ) that were also influenced by 
shoulder features and consequently resulted different with 
scroll and smooth features. Both of these zones (i.e. SZ and 
ASZ) were observed wider in case of weld made by scroll 
shoulder features compare to the ones that were produced 
by smooth shoulder features. In case of smooth surface 
shoulder, the forging action was dominant that resulted in 

grater downward movement of material whereas dominant 
stirring-swirling action was responsible for material move-
ment and mixing in horizontal as well as vertical direction 
that subsequently resulted in wider stir zone. Besides, the 
extruded material is filled towards the bottom workpiece 
(i.e. AA6061-T6) in the predrilled cavity that resulted in 
extruded zone also known as plastically deformed metal 
flow zone (PDZ). No major macroscopic variations were 
observed in the PDZ for the welds produced by scroll and 
smooth shoulder samples. Formation of thermo-mechani-
cally affected zone (TMAZ) and heat affected zone (HAZ) 
were not macroscopically distinct but also expected to view 
in microscopic analysis as the same were reported in previ-
ous literature of probeless tool FSSW such as Bakavos et al. 
[12] and Klobčar et al. [24]. Additionally, Saju and Naray-
anan [3] observed similar variations of different zones in 
their macrograph results for friction extrusion joining. The 
formation of HAZ and TMAZ is confirmed by microscopic 
analysis in subsequent section.

3.2  Microstructures and materials flow

Figure  6 depicts microstructure of base materials of 
AA2024-T3 and AA6061-T6. It can be seen that the grains 
are elongated in the direction of rolling. This confirms pro-
cessing of rolling (as received from vendor) before welding. 
Comparatively larger elongated grains can be observed in 
case of AA6061-T6 relative to AA2024-T3. However, both 
of these base materials can be characterized as coarse grain 
structure. Small spots of precipitates can also be observed 
in both of the images that are generally found as  CuAl2, 
 CuAl2Mg (for AA2024) and  Mg2Si (for AA6061) as con-
firmed by SEM and EDX analysis shown in Fig. 7, which 
was also mentioned in literature of Moradi et al. [25], Hai-
yan and Mehta [26] and Gao et al. [27].

Microstructural features of friction spot extruded joints 
made by flat/smooth and scroll shoulder featured tools 
are shown in Figs. 8 and 9 respectively. SZ, ASZ, PDZ, 
and TMAZ can be distinctly seen from Figs. 8 and 9. Two 

Fig. 3  Hardness measurement 
locations

Fig. 4  Surface crown appearance after welding
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different materials flow caused by stirring and extrusion 
can be evidenced below the shoulder indentation in both 
of the welds. Grain refinement in the SZ can be seen (from 
Figs. 8d, e and 9b, d) with fine grins due to intense stirring 
deformation actions in the upper workpiece of AA2024-T3. 
However, the stirring actions were different due to differ-
ences in shoulder surface features. Large layers of stirring 
marks were observed in case of weld made by scroll shoul-
der (see Fig. 9d) due to swirling effect caused by scroll 

profile, whereas stirring layers without swirling marks were 
noted in case of weld made by smooth surface profile of tool.

Besides, no major differences in PDZ were observed with 
different shoulder features. PDZ is extruded recrystallized 
zone influenced by large forging action and low stirring 
action. Therefore, the grains of PDZ were elongated and 
large compare to stir zone.

The grains near to the interface between extruded zone 
and base material were elongated in the direction of forging, 

Fig. 5  Macrographs of cross 
section a smooth tool, b scroll 
tool
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whereas grains in the middle and below the SZ region were 
elongated with bowl shape due to influence of forging and 
stirring action. The boundary between extruded region 
and base material can be seen from Figs. 8b, c and 9 b, f, 
wherein the microstructural distinction can also be observed. 
Severe deformation of AA2024-T3 resulted with recrystal-
lized grains at these interfaces, whereas the interaction 
surfaces of AA6061-T6 were influenced by diffusion that 

in turn resulted in joining along with mechanical locking 
of extruded material in the predrilled cavity. Beyond this, 
no complex intermixing of materials was observed in both 
cases.

Comparison on microstructural features in the zones of 
SZ and PDZ are shown in Fig. 10. It can be seen that finer 
grains were observed with SZ of smooth shoulder surface 
(Fig. 10a) compare to the same of scroll shoulder (Fig. 10b). 

Fig. 6  Microstructure of base 
alloys, a AA2024-T3 and b 
AA6061-T6

Fig. 7  SEM–EDX analysis on base materials a SEM image and b and c EDX results of indicated spots
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The proposed reason for these results were may be due to 
stirring layers differences caused by respective features. The 
scroll shoulder provided large layers of plastically deformed 
material with horizontal swirls, whereas the smooth shoul-
der features were resulted in stirring without large layered 
swirling. This in turn resulted with different grain structures. 

Besides, the PDZ were also different for shoulder surface 
features. Elongated grains with clear extrusion layers can be 
seen in Fig. 10d, whereas no such layers were observed in 
the PDZ of smooth surface shoulder (Fig. 10c). This is again 
due to scroll features resulted in layered stirring.

Fig. 8  Microstructural features 
of welds made by flat/smooth 
tool: a macrograph with 
locations, b annular stir zone, 
c interface of joining, d stir 
zone-plastically deformed metal 
flow zone, e stirring features, f 
stir zone-thermo mechanically 
affected zone and g annular 
stir zone-thermo mechanically 
affected zone
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Aforementioned results and discussions of microstruc-
tural features can be correlated with results of EBSD as 
shown in Fig. 11. Relatively larger grain size was observed 
in scroll shoulder featured SZ, wherein majority of grains 
were directed like [101] as depicted from inverse pole figure 

(IPF). Besides, in case of SZ of smooth shoulder, majority of 
the grains were directed in between [111] and [001] in addi-
tion to [101], as depicted from IPF. The direction of these 
crystal structure is different due to differences in surface pro-
file features that can also be correlated with aforementioned 

Fig. 9  Microstructural features 
of welds made by scroll tool: a 
macrograph with locations, b 
stir zone-plastically deformed 
metal flow zone, c annular stir 
zone-thermo mechanically 
affected zone interface of join-
ing, d stirring features, e plasti-
cally deformed metal flow zone, 
f plastically deformed metal 
flow zone-AA6061-T6 interface 
and g annular stir zone
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Figs. 8, 9, and 10. In case of PDZ, elongated grains can be 
again confirmed for both the cases of smooth shoulder fea-
ture and scroll shoulder features, as depicted from Fig. 11e 
and f, respectively. Furthermore, the HAZ was found with 
coarse round and elongated shaped grains.

The SZ region is further compared with TEM images as 
shown in Fig. 12. It can be seen that the precipitates were 
observed in both the cases but less in smooth shoulder SZ 
that may be due to some of them were dissolved during pro-
cessing. Presence of precipitates can be predicted as  CuAl2, 
 CuAl2Mg as the SZ was mainly developed in the top mate-
rial (i.e. AA2024), which was also mentioned in literature 
of Moradi et al. [25]. However, high density dislocations 
were observed in the SZ of smooth shoulder profile near to 
the grain boundary, which was not observed in case of SZ 
of scroll shoulder profile.

Materials stirring and bonding between AA2024-T5 and 
AA6061-T6 were evidenced by SEM images as shown in 
Fig. 13. It can be seen that the pores were observed in the 
stirring region in both the cases (Fig. 13a–d). But, larger 
pores were noticed in case of SZ of smooth shoulder (see 
Fig. 13a), wherein stirring layers were also observed (see 
Fig. 13b). Stirring was not so intense in case of smooth 
shoulder that may be the reason for these pores’ forma-
tion. In case of SZ of scroll shoulder, more intense stirring 
layers were evidenced with very less amount of pores but 

Fig. 10  Comparison of various microstructures as a function of tool 
feature a, b SZ, c, d PDZ

Fig. 11  IPF EBSD maps and micro grain structures as a function of tool features (a), (b) and (c), (d) SZ, (e) and (f) PDZ, and (g) and (h) HAZ
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large amount of precipitates (see Fig. 13c, d) as compared 
to the same zone of smooth shoulder. On the other hand, 
the extruded zone interface between AA2024 and AA6061 
was closely investigated with SEM as shown in Fig. 13e. 
The diffusion bonding can be evidenced from the image 
shown in Fig. 13 (e). In the extrusion zone, the formation 
of precipitates was evidenced in Fig. 13f that is in line with 
aforementioned discussion of precipitates in SZ and PDZ.

The materials mixing in PDZ interface with AA6061-
T6 material and outside of that interface towards the bulg-
ing side are shown in Fig. 14. Distinction of materials of 
AA2024-T5 and AA6061-T6 can be observed in Fig. 14a, 
however this mixing was found without any defect and can 
be reported as excellent with intermixing features caused 
by solid state diffusion between largely deformed AA2024-
T5 with partially deformed AA6061-T6. On the other hand, 
location outside of extrusion zone (refer location of Fig. 9c 
highlighted by lack of diffusion and diffusion), the bonding 
was found as partial as can be seen from Fig. 14b due to lack 
of diffusion phenomenon at this region. This was also may 
be due to heavily deformed material extruded in the cav-
ity of predrilled location. The interface of AA2024-T5 and 
AA6061-T6 was also analyzed by SEM–EDX interpretation 
(refer Fig. 14c), wherein the formation of precipitates can 
be likely known based on the elemental results. Aforemen-
tioned precipitates of  Mg2Si can be predicted based on area 
EDX performed as shown in Fig. 14c.

3.3  Mechanical properties

The tensile testing results of welds made by smooth shoulder 
and scroll shoulder are shown in Fig. 15 with load-exten-
sion curve. It can be seen that the tensile specimen of scroll 
shoulder was resulted to higher fracture load of 6381 N, 
whereas the same was 4916 N in case of smooth shoulder, 
with minor difference in extension length. Better material 
mixing in SZ and PDZ in case of scroll shoulder weld as evi-
denced in previous section is responsible reason for higher 
fracture load compared to smooth shoulder welds. The ten-
sile specimens were fractured from the interface between 
PDZ and base material of AA6061-T6 as can be seen from 
Fig. 16, and hence this zone can be considered as weakest 
zone in case of friction spot extrusion. Large flat surfaces 
and full grains were observed on SEM images that can be 
interpreted as trans-granular fracture. Small diffusion layer 
between PDZ and base material is weakest region with likely 
presence of aforementioned precipitates, which subsequently 
led to cause of this trans-granular fracture mode.

Hardness distribution across the welded cross section for 
the smooth shoulder surface and scroll surface are shown 
in Fig. 17a and b respectively. No major variations in the 
hardness between welds made by smooth and scroll shoulder 
features were reported. However, overall variations in Vick-
ers hardness number were from 40 to 150 HV. The variations 
of SZ, PDZ and TMAZ were observed large compare to base 
material hardness. Saju and Narayanan [3] observed similar 
type of hardness variation features. In both of the cases of 

Fig. 12  TEM images in the SZ, 
a smooth tool, b scroll tool
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smooth shoulder and scroll shoulder, the maximum hardness 
peaks were observed in the PDZ. In this PDZ region, the 
hardness across the bottom workpiece (i.e. AA6061-T6) was 
found nearly equal to the hardness of AA2024-T3 material. 
This is due to extruded material of AA2024-T3 consisted 
in PDZ region. Furthermore, in scroll shoulder’s weld, the 

hardness variations in top workpiece of AA2024-T3 can 
be found as large compare to rest of hardness distribution. 
Layered stirring-swirling effect resulted in comparatively 
coarse grain that subsequently resulted in decrease in hard-
ness of SZ.

Fig. 13  Stirring layers and 
extrusion zone interface of a, 
b smooth shoulder, c, d scroll 
shoulder, e bonding between 
AA2024 and AA6061 and f 
precipitates in extrusion zone
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4  Conclusions

Friction spot extrusion welding process was successfully 
performed on dissimilar aluminum alloys of AA2024-T3 
and AA6061-T6. The effect of shoulder features such as 
scroll shoulder and smooth shoulder was analysed with the 
objective of investigating microstructure and mechanical 

properties of the spot welds. From the investigation, fol-
lowing conclusions can be presented.

1. The joining in friction spot extrusion welding was 
obtained by combination of mechanical locking from 
extruded material of top surface to predrilled bottom 
surface and diffusion in solid state.

Fig. 14  a Excellent bonding features, b partial bonding region and c elements information by SEM–EDX area analysis



 Archives of Civil and Mechanical Engineering           (2020) 20:84 

1 3

   84  Page 14 of 17

2. The stir zone and plastically deformed metal flow zone 
were influenced by scroll shoulder and smooth shoulder 
features. Wider stir zone was observed with large layers 
of stirring-swirling marks in case of weld made by scroll 
shoulder.

3. Larger grain size was observed in scroll shoulder fea-
tured stir zone, wherein majority of grains were directed 
like [101]. Besides, in case of stir zone of smooth shoul-
der, majority of the grains were directed in between 
[111] and [001] in addition to [101].

4. The tensile specimen of scroll shoulder was resulted 
to higher fracture load of 6381 N whereas the same 
was 4916 N in case of smooth shoulder. The tensile 

specimens were fractured from the interface between 
plastically deformed metal flow zone and base mate-
rial of AA6061-T6. The interface of between plastically 
deformed metal flow zone and base material of AA6061-
T6 can be considered as critical/weakest zone in case of 
friction spot extrusion.

5. The variations of hardness were observed in stir zone, 
plastically deformed metal flow zone and thermo-
mechanically affected zone in case of friction spot extru-
sion welding process. The variations in Vickers hardness 
number were from 40 to 150 HV.

Fig. 15  Load–extension curve 
for tensile testing
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Fig. 16  Fracture surface fea-
tures after tensile testing (scroll 
shoulder welded specimen)
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