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1. Introduction 

 

The FSW was developed by The Welding Institute in the UK 

in December 1991 that was a solid-state joining technique for 

light material i.e. magnesium and aluminum alloys that are 

used in automobile production industries, aerospace 

engineering, and transportation industries [1, 2] shown in fig. 

1. This technique might be employed to create a sound junction 

in aluminum alloys (Al-alloys) [3, 4]. During this process, the 

traverse speed (TS) welded joint, rotational tool speed (TRS), 

and pin geometry all have a vital role in analyzing material 

plasticization around the rotating tool pin, Numerous work has 

been published in similar and dissimilar aluminum and light 

metal alloys [5, 6] due to its potential to decrease local casting 

defect, microvoids, welding defects of the traditional fusion 

process. Welding of various aluminum or light metal alloys 

using fusion welding is very difficult to join due to their 

varying thermal properties, mechanical and chemical 

properties. Based on the aforementioned, the FSE is a very 

useful welding process for removing the welding defects in 

light metal alloys. Various investigators have successfully 

fabricated dissimilar and bimetallic welded joints via FSW and 

analyzed the mechanical behavior of the welded region [7]. 

Guo et al. [8] reported that welding at a high speed resulted in 

the strongest joint. A new welding technique was presented to 

increase the welding efficiency of TIG joints. The effect of the 

friction stir process on TIG welded joints was investigated, and 

mechanical features and temperature distribution of the 

TIG+FSP joints were revealed [9-15]. Because of high 

corrosion resistance, superior machinability, and high 

strength-to-weight ratio, light metal alloys are used for marine, 

aerospace, and automobile engineering [16]. Standard fusion 

welding processes, on the other hand, are known to be 

problematic for joining Al alloys [17], with some of these 
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concerns being the formation of residual stress, severe 

deformation, solidification, and secondary brittle phases. 
 

 
Figure 1: Schematic diagram of FSW 

 

The heat-treatable Al-alloys like the 6XXX and 7XXX series 

[16] are among the most complex and widely used in the 

automobile and aerospace industries. The AA6061 series of 

materials are frequently utilized in aircraft, storage tanks, 

pipelines, and marine frames [18]. In contrast, the 7XXX series 

alloys have high corrosion and toughness resistance [19]. 

These Al-alloys are reinforced by artificial aging and heat 

treatment to produce hard Mg2Si precipitates [20-22]. 

Although normal fusion joining process may weld the 

AA6061, traditional processes deem the AA7050 alloy 

"unweldable" [23]. However, several tests have also shown 

that FSW is effective for merging the AA6061 [24-27] and 

AA7050 [28, 29]. 

 

2. Materials and Methods 

 

The FSWed joints were fabricated utilizing 6 mm thick rolled 

AA6061 and AA7475 plates. Table 1 summarizes the chemical 

compositions of both materials. The Al-alloys were fused at 

three different TRS ranging from 1000 to 1200 rpm, with the 

transverse speed fixed at 90-120 mm/min. The process 

parameters were selected using design expert software. 

Experiments were carried out on the FSW of AA7475 and 

AA6061 Al-alloys utilizing H13 tool steel of 6 mm diameter 

and 5.5 mm length of a square pin with shoulder diameters of 

19 mm reveals in fig. 2. Following the completion of the 

welding, the bottom and top regions of FSWed joints were 

machine to have a smooth surface.  

 
Table 1: Chemical composition of Al-alloys 

Material Si Cu Fe Zn Mg Cr Ti Al 

AA6061 0.7 0.2 0.6 0.3 0.8 0.2 0.15 Bal. 

AA7475 0.05 1.9 0.08 5.8 2.3 0.05 0.03 Bal. 

 

The upper surface of the parent metal observed flash material 

as a result of interaction between tool shoulder and the base 

plates that has been swirling and extruded around the pin. The 

specimens were then machined perpendicular to the welding 

direction for mechanical and microstructural characterization. 

The microstructures of the welds were studied using optical 

microscopy, and SEM analysis. The ASTM E8 standard was 

used to create the transverse sections of the weldment. Vickers 

hardness measurement were conducted on the FSWed 

samples’ transverse cross-sections. At room temperature, 

tensile testing was done on the FSWed joints to characterize 

the tensile properties of the FSWed joints. 

 

 
Figure 2: Experimental setup of FSW 

 

3. Results and discussion 

 

3.1 Ultimate Tensile strength (UTS) 

 

The maximum joint efficiency of 85.02% was noticed at TRS 

of 1200 rpm, TS of 105 mm/min, and the least joint efficiency 

of 54.71% was noticed at TRS of 1100 rpm, TS of 120 mm/min 

demonstrated in table 2, since a lower TRS, results in a lower 

temperature dissemination, poor stirring action by the square 

pin, and observed insufficient consolidation of FSWed 

material by the tool shoulder [30]. As a result, the lowest joint 

efficiency or UTS was reported. 

The heat input into the FSWed joint increased as the TRS 

increased, producing an ultrafine and equiaxed grain structure 

that improved tensile strength. When the TRS surpasses 1200 

rpm, sufficient stirred welded material may be produced on the 

top surfaces of the parent metal, resulting in micro gaps in the 

SZ. Temperature increases, as well as grain coarsening and the 

rate of cooling at temperatures over the optimum temperature, 

may diminish the UTS of the welded region at high TRS. 

While the material flowed around the AS of the weldment, 

certain flaws were discovered [31]. The % strain of the welded 

junction was lower at 1000 rpm than at 1200 rpm shown in fig. 

4. Fig. 3 depicts the tensile stress-strain diagram of FSWed 

joints with various processing conditions. The frictional heat 

was generated at low TRS by tool and parent metal will not 

have generated enough plasticized flow, resulting in 

deficiencies in the FSWed joints, while, the frictional heat is 

produced maximum temperature at low TS in the welded 

region, leading to additional heat flow in the weldment, 

resulting in flaws in the joints.
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Table 2: Mechanical properties of FSWed joints of AA7475 and AA6061 

Specimen 

No 

TRS (rpm) TS 

(mm/min) 

UTS 

(MPa) 

Joint efficiency (%) Strain 

(%) 

Microhardness at 

SZ (HV) 

1 1000 120 207.12 71.18 17.82 116 

2 1200 120 183.30 62.99 21.17 124 

3 1100 120 159.21 54.71 15.45 108 

4 1200 105 247.41 85.02 18.24 112 

5 1100 90 178.67 61.40 17.06 114 

6 1200 90 198.50 68.21 20.74 102 

7 1000 90 209.87 72.12 19.22 127 

8 1000 105 223.80 76.91 19.60 118 

9 1100 105 234.11 80.45 22.90 120 

 

 
Figure 3: Comparison of stress-strain diagram of FSWed joint of AA AA7475 and AA6061 with different rotational speed 

 

 
Figure 4: Variation of UTS and hardness to process parameters FSWed joint of AA AA7475 and AA6061 
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3.2 Microhardness 

 

Presence of intermetallic compound, precipitates formation, 

and grain size all influence the microhardness of heat-treated 

Al-alloy FSW joints. As per the Hall-Petch correlation, the 

material hardness is inversely proportional to its grain size. 

Fine equiaxed grains formed by grain refinement caused by 

dynamic recrystallization in the SZ. Precipitate development, 

along with grain size has a significant effect on the tensile 

properties of the stir zone. The heat that was generated during 

friction between the tool and the base plate at the SZ soften the 

base metal, letting it flow freely around the tool pin and 

allowing for efficient material mixing, while also dissolving 

the strengthening precipitates, leading to hardness and strength 

losses. The maximum heat output is indispensable for optimal 

parent metal mixing and to avoid grain formation and 

precipitates dissolution. Grain formation and precipitate 

dissolution induce inferior microhardness in the HAZ and 

TMAZ of heat-treated Al-alloy FSWed joints. Because all 

joints are manufactured under identical FSW circumstances 

and both parent metal are age hardening Al-alloys, the grain 

size of SZ does not differ noticeably across all joints. The 

formation of precipitates has a substantial effect on the 

mechanical characterization of Al-alloys. The heat created 

during welding is felt by the SZ’s adjacent regions (HAZ, 

TMAZ), resulting in hardness and strength loss. The 

strengthening precipitates present in the microstructure give 

strength to the precipitation hardening of AA7475 and 

AA6061. The distribution of strengthening precipitates was 

controlled by the temperature that the weld joint was subjected 

to different parameters. The heat generation in the HAZ and 

TMAZ of the joint induces the breakdown of the strengthening 

precipitates, resulting in lower hardness value in those areas. 

The relevant zones were softer as a result of precipitation 

disintegration. Because of precipitate coarsening and 

dissolution, lower hardness values have been reported at 

TMAZ and HAZ. The minimum hardness value in this study 

was reported at TRS of 1200 with TS of 90 mm/min, while the 

highest hardness value in the SZ was reported at TRS of 1000 

rpm with TS of 90 mm/min shown in fig. 5.

 

 
Figure 5: Distribution of micro-hardness of FSWed joint of AA7475 and AA6061 with different rotational speed 

 

3.3 Microstructure observation 

 

Fig. 6c depicts all of the weld zones, including the SZ, TMAZ, 

and base metal. The region where the tool shoulder acted can 

also be seen, which coincides with the junction of the top plate 

surface that delimits the SZ. The significantly different 

temperature and deformation related with these locations 

revealed that microstructure creation varies strongly with 

position and that this can occur both dynamically during the 

process and statically after [32, 33]. The mechanisms of 

microstructural evolution in dynamic recrystallization were 

investigated. The distinct zones are highlighted in Fig. 6, which 

depicts a typical profile of a linear friction weld. Detecting the 

boundary zone between the TMAZ and SZ on the indentation 

side is more difficult than on the feed side due to tool rotation 

and feed rate of the welding, which cause vortices and 

turbulence in this region. Furthermore, the micrograph in fig. 

6 reveals the formation of concentric rings in the mixing zone, 

which is attributable to frictional heating caused by the tool's 

rotation and progress, which is capable of extruding the metal 
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that surrounds the pin towards the indentation side. There are 

damaged and elongated grains at this junction, indicating that 

they experienced moderate thermal cycle and plastic 

deformation [34-37]. The microstructure in the SZ region, 

which reveals the existence of fine grains due to recrystallized 

structure. Fig.6a-b demonstrate the microstructure of the 

parent metal, which has coarser granules as compared to the 

microstructure of the TMAZ, revealing a material that did not 

undergo plastic deformation or any heat cycling. Both AA7475 

and AA6061 display strong plastic deformation at the SZ, 

leading in grain enhancement with a grain size of 9.2 µm at 

higher tool rotational speed and 21.52 µm at low rotational 

speed. Partially recrystallization was reported at the region of 

TMAZ due to inadequate distortion and lower temperature. 

The HAZ is the zone between both the TMAZ and the base 

metal that has only gone through the heat cycle and has not 

been subjected to plastic deformation [38, 39]. Because of the 

differences in the characteristics of the materials being welded, 

the microstructure in dissimilar joints consists of non-

homogeneous plastic deformation. Results in heterogeneous 

material mixing and a reduction in joint strength [40]. Uneven 

heat distribution during FSW of different Al-alloys influences 

the tensile strength of the FSW joints reveals in fig. 7.

  

 
Figure 6: Optical images of base metal, (a) AA7475, (b) AA6061, (c) FSWed joint of AA7475 and AA6061



 - 

Vaseem Abbas / International journal of research in engineering and innovation (IJREI), vol 6, issue 1 (2022), 69-76 

 

  

 

 

74 

 
Figure 7: Optical images of FSWed joint of AA7475 and AA6061, (a) TRS 1000 rpm with TS of 120 mm/min, (b) TRS 1100 rpm with TS of 105 

mm/min (c) TRS 1000 rpm with TS of 105 mm/min (d) 1200 rpm, TS of 105 mm/min 

 
3.4 Fractography 

 

The room temperature tensile fracture morphologies of the 

AA7475 and AA6061 reveals in fig. 8. At high magnification, 

there are many big dimples was observed in the fracture of the 

FSWed joints at low TRS, causing early fracture during the 

tensile test, whereas at high TRS fracture specimen, a lot of 

cleavage a lot of dimples was observed reveals in fig. 8. The 

FSWed fracture is constituted of several extremely small 

dimples with a small number of cleavage planes, signifying 

ductile-brittle hybrid fracture. 

 

 
Figure 8 SEM images of tensile fractured specimen, (a) 1000 rpm, 

(b) 1200 rpm 

 

4. Conclusions 

 
The following conclusion have been made from the above 

investigation. 

 

 AA7475 and AA6061 display strong plastic deformation 

at the SZ, leading in grain enhancement with a grain size 

of 9.2 µm at higher tool rotational speed and 21.52 µm at 

low rotational speed. Partially recrystallization was 

reported at the region of TMAZ due to inadequate 

distortion and lower temperature. 

 The maximum tensile strength and the % strain at SZ were 

observed 247.41 MPa and 18.24%at TRS 1200 rpm and 

TS 105 mm/min, respectively, and the maximum hardness 

(127 HV) was observed in the SZ at TRS 1000 rpm and 

TS 90 mm/min.  

 The grain size in the SZ was substantially finer with higher 

tool rotation than the lower tool rotation. The big and deep 

dimples can be seen in the FSWed part at 1000 rpm, 

whereas equiaxed fine dimples can be seen at TRS of 1200 

rpm.   
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