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Abstract— This investigation focused on the impact of tool 

rotation speed on the mechanical and metallurgical characteristics of 

friction stir spot welded (FSSW) AA7075-T6 aluminum alloy sheets. 

To achieve this, aluminum alloy plates were joined using FSSW with 

four distinct welding parameters consisting of rotation speeds of 725, 

1000, 1500 and 1800 rpm and a constant insertion depth of 3.2 mm. 

To evaluate the mechanical properties and strain field evolution of 

the welded joint AA7075, a lap shear and digital image correlation 

(DIC) tests were conducted. In the spot-welded specimens, the 

highest tensile strength value (2200 N) was found in plates welded at 

a tool rotation speed of 1500 rpm. The results from a hardness 

distribution indicate that the thermomechanical affected zone 

(TMAZ) is the softest area in the weldment, and the fracture 

typically occurs in this region. The results from DIC clearly show 

that the strain was heterogeneously distributed across the specimen, 

mainly due to the microstructural changes in the welded zone. 

 

Keywords— AA 7075-T6, Digital image correlation, Friction stir 
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I. INTRODUCTION 

Friction Stir Welding (FSW) has made a significant impact 

in various industries because of its advantages. The 

automotive industry specifically has adapted a variation of the 

process, known as Friction Stir Spot Welding (FSSW). Mazda 

Motor Company introduced this spot welding method based 

on FSW in 2003[1], [2]. Unlike other fusion welding methods, 

FSSW eliminates fusion defects such as pores and hot cracks. 

Additionally, FSSW exhibits high mechanical properties, low 

distortion, and low residual stress due to the minimal 

temperature difference during welding. Unlike other spot 

joining techniques like riveting and resistance spot welding, 

FSSW does not require pre-drilling, and there is no increase in 

weight after welding. 

The impact of tool rotational speed, a crucial welding 

parameter, has been investigated in previous studies [3]–[6]. 

The results of these studies indicate that rotational speed has a 

varying effect on welding performance. According to Cao et 
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al. [7], tensile strength initially increases with an increase in 

tool rotational speed but decreases with further increase. 

Meanwhile, Zhang et al. [8] found that joint performance 

decreases with increasing rotational speed according to the 

results of tensile tests. Gerlich et al. [9] stated that insufficient 

material transport occurs when the tool rotation speed is set at 

750 rpm.  

This study aimed to determine the effect of tool rotation 

speed, a critical factor in the welding performance of AA 

7075-T6 Aluminum alloy sheets using FSSW, on the 

mechanical properties of the welding. Tensile tests and 

microhardness tests were conducted, and a metallographic 

examination of the welding zone was conducted using an 

optical microscope. 

Digital Image Correlation (DIC) is a non-contact, full-field 

measurement technique that has become increasingly popular 

in recent years for studying the mechanical behavior of 

materials and structures. One of the key benefits of using DIC 

for FSSW is its ability to accurately measure small 

displacements and strains [10], [11]. This is particularly 

important for studying the welding process, as the high local 

strains and plastic deformation that occur during FSSW can be 

difficult to measure using other techniques.  

II. MATERIAL AND METHOD 

In this study, AA7075-T6 aluminum alloy plates measuring 

100x30x2 mm in size were used. AA7075-T6 sheets were 

spot welded by using the FSSW method (Fig. 1.a). The 

chemical composition of the AA7075-T6 used is shown in 

Table 1. The FSSW process utilized H13 hot work tool steel, a 

material known for its high wear resistance, toughness, and 

machinability, as the welding tool. The tool consisted of a pin, 

shoulder, and was designed with a 14 mm shoulder diameter, 

6 mm pin diameter, and 3 mm pin length. It was manufactured 

through machining and the end zone (pin and shoulder) were 

hardened through heat treatment. The tool used for the 

experimental study is presented in Fig. 1b. 
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Fig. 1. a) Friction Stir Spot welding system, b) Tool used in the 

FSSW 

 
TABLE 1. THE CHEMICAL COMPOSITION OF AA7075-T6 

Alloy Cu Zn Mg Mn Si Cr 

7075 – T6 1.83 6.52 2.45 0.22 0.35 0.21 

 

FSSW welding was carried out on AA7075-T6 by using a 4.2 

kW universal milling machine with a vertical head. The 

welding was performed at four different rotational speeds 

(725, 1000, 1500 and 1800rpm) with a 20 second dwelling 

time at a 30mm x 30mm overlap area. The milling machine 

was set to rotate the tool clockwise and the FSSW process, 

which includes plunging, stirring, and retraction stages, was 

initiated as shown in Fig. 2. 

 

 

Fig. 2. Schematic representation of the FSSW process  

During the initial phase, the tool tip rotated at a set speed 

and penetrated the part at a rate of 0.3 mm/s in a perpendicular 

direction along the milling table. The table was then lifted 

until the shoulder of the rotating tool, with its pin inserted into 

the work piece, made contact with the base metal. The 

penetration amount was adjusted, and a 20-second dwell time 

was observed. To evaluate the mechanical properties, we 

conducted tensile testing using a universal tensile testing 

device with a capacity of 10 kN. The specimens were loaded 

at a rate of 1 mm/min under standard room conditions. To 

analyze the microstructure, we used a ZEISS optical 

microscope. After sanding and polishing, the specimens were 

etched and analyzed. The Vickers hardness values were 

determined by applying a 200g load for 15 seconds in a 

hardness test.  

III. RESULTS AND DISCUSSION 

A. Metallographic Characterization of the Weld 

The results of the FSSW process performed with different 

tool rotation speeds are displayed in Fig. 3. Through the 

examination of the welded joints produced with varying 

parameters, it was found that the joints were seamless with 

good penetration. However, in the welding zone of aluminum 

plates welded at low tool rotation speeds, the joint interface 

was visible and an amount of porosity was present (as shown 

in Fig. 3a). In contrast, the welding zone of aluminum plates 

welded at high tool rotation speed (1500 rpm) did not exhibit 

any visible interface or porosity (as depicted in Fig. 3b). It 

was also noted that the stir zone increased with an increase in 

tool rotation speed, which is in agreement with the findings of 

Bozzi et al. [12], who attributed the increase in stir zone to a 

higher generation of heat. 

 

 
 

Fig.3. The optical macrographs of welded joints obtained using 

different rotation speeds, a) 1000 rpm, b) 1500 rpm, and c) 1800 rpm 

B. Examination of Lap-Shear and Fracture behavior 

At various rotational speeds, Fig. 4 shows macrographs of a 

fractured joint that failed in shear fractures. The upper sheets 

are shown on the left figures, viewed from the bottom, while 

the lower sheets are shown on the right figures, viewed from 

the top. The fractures occurred between the upper sheet and 

the loading side of the lower sheet, indicating shear fractures 

in all joints. Increasing the rotational speed did not have an 

impact on the fracture mode. Welds experienced shear 
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fractures, while the thinner area of the upper sheet was where 

the tensile fracture first occurred, propagating 

circumferentially before culminating in a shear fracture. 

Additionally, an increase in rotational speed led to a larger 

diameter of the button remaining in the upper sheet. Zahou et 

al. [13] et Yoon et al. [14] observed similar failure modes.  

 

 

Fig.4. Macrographs of welding zones on the top and bottom plates 

after the tensile test 

 

Fig. 5 presents the tensile-shear forces and elongation 

relationship of the welded parts obtained using different 

rotation speeds, showing an increase in the tensile force with 

increasing tool rotation speed. The highest tensile-shear load 

value of 2200N is obtained at a tool rotation speed of 1500 

rpm. Paidar et al. [15] and Patel et al. [16] both determined 

that the tensile strength increased with increasing tool rotation 

speed and obtained the highest strength value at 1500 rpm. 

Bozzi et al. [12] explained the increase in tensile strength with 

increasing tool rotation speed as being due to the larger size of 

the stir zone. Additionally, Babu et al. [17] reported in their 

work on FSSW-AA2014 that the bond width increased up to 

1500 rpm but decreased at higher RPMs due to excessive 

heating. Venukumar et al. [18] reported that the weld strength 

was affected by high heat generation during the high tool 

rotational speed. In other way, the higher strength can be 

achieved at lower tool rotational speed. 

 
 

Fig.5. Force-elongation curves obtained from the tensile for 

different rotation speeds (725, 1000, 1500 and 1800 rpm) 

 

C. Investigation of Hardness Values 

  Fig. 6 presents the relationship between the Vickers 

hardness values of the welded parts obtained using different 

rotational speeds. The microhardness tests were conducted 

0.3mm above the joint interface, and it was observed that the 

hardness values were higher in the base material (BM), 

Thermomechanical affected zone (TMAZ) and stir zone (SZ), 

and lower in the Heat affected zone (HAZ). Similar results 

were found for hardness values at different tool rotation 

speeds. However, for the sample joined with 725 rpm, it was 

found that the hardness values decreased in the region closer 

to the welding center, indicating a smaller stir zone. 

According to Chen et al. [19], the decrease in hardness value 

is caused by the formation of coarse grains due to over-aging, 

while the increase in hardness in the stir zone is attributed to 

high temperature and plastic deformation, causing dynamic 

recrystallization and a fine grain structure. Similar results 

were obtained by Zhang et al. [20], who also attributed the 

decrease in hardness value to thermal cycling.  

 

 
 
Fig. 6. Vickers hardness of plates joined by FSSW using different 

rotational speeds (1000, 1500 and 1800 rpm) 
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D. Deformation behavior by using Digital Image 

Correlation 

The strain field determined for the upper and bottom 

surface of the sheet at different stages is shown in Fig 7. This 

effectively represents the assumed behavior of crack initiation 

and propagation. Regions with elevated levels of strain 

indicate the existence and spread of underlying cracks. On the 

loaded side of the top sheet of AA7075 alloy, the strain 

concentration is present beyond the SZ and is distributed 

circumferentially. On the loaded side of the bottom sheet, 

there is also a strain concentration, but the value of the strain 

is relatively low, indicating the limited development of cracks. 

Furthermore, the strain variation on the lower surface of the 

AA7075 Alloy sheet suggests that there is some minor 

circumferential propagation of cracks, which is primarily 

associated with the secondary bending that occurs during 

Tensile-Shear testing. 

 

 
Fig.7. strain field determined for sheet upper and bottom surface at 

different stages for 1500rpm tool rotation speed 

In the lap shear test, the upper sheet undergoes tensile 

stresses along the interface on the loaded side, while 

compressive stresses affect the free side [11], [21]. As a result, 

cracks form initially on the loaded side, leading to higher 

overall strains than on the free side. The strain asymmetry is 

evident in the strain distribution along the z-axis in Fig. 8. On 

the loaded side, the strain in all interfacial regions increases 

locally with force, and as such, the entire interface contributes 

to the strength. 

 

 
 

Fig.8. strain profile along z-axis at different stages for 1500rpm 

tool rotation speed. 

IV. CONCLUSION 

Successful Friction Stir Spot Welding of AA7075-T6 joints 

was conducted with tool rotation speeds ranging from 725 

rpm to 1800 rpm.  

The mechanical properties were observed to be 

predominantly affected by the tool rotation speed. The welds' 

tensile/shear and cross-tension loads increased as the rotation 

speed increased from 725 rpm to 1500 rpm and then decreased 

at 1800 rpm. The maximum tensile/shear occurred at a 

rotational speed of 1500 rpm, with a value of 2200N. 

At a lower tool rotation speed (725 rpm), the hardness 

values in the welding center region decreased, indicating a 

smaller stir zone. Vickers hardness varied across the cross-

section of the weld, with compressed material areas showing 

higher values. 

On the loaded side of the top sheet of AA7075 alloy, there 

was a strain concentration beyond the stir zone that was 

distributed circumferentially. 

Microscopic examination of the weld zone's cross-section 

revealed planar cracks at the two plates' intersection that were 

not detected by radiography testing.   
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