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Abstract 
This study primarily aims to forecast the mechanical properties of joints formed via friction stir 
welding between similar aluminum alloy AA6061 plates and dissimilar alloys of aluminum 
AA6061 and magnesium AZMg31. The research involves the joining of aluminum alloy AA6061 
and magnesium alloy AZMg31, as well as similar AA6061 alloys, under diverse process 
parameters. It subsequently investigates the resulting mechanical properties and microstructural 
variations. The study undertakes a comparative analysis between the mechanical attributes of 
similar and dissimilar welded joints. Furthermore, finite element methods are employed to validate 
and analyse the joint characteristics. A total of eighteen joints were fabricated, encompassing nine 
joints each of a combination of AA6061 x AZMg31 (dissimilar alloys) and similar aluminum alloy 
AA6061 x AA6061. The experimental design adhered to the Taguchi technique employing an L-
9 orthogonal array. Plate dimensions of 160mm x 60mm x 4mm were chosen for joint fabrication. 
The joint process considered parameters such as rotational speeds set at 900, 1000, and 1400 rpm, 
welding speeds of 20, 30, and 40 mm/min, and an angle of tilt ranging from 1 to 2 degrees. 
1. Introduction 
A fundamental aspect in any joint design is the necessity for achieving mechanical properties that 
ideally match those of the base materials. The solid state joining and processing technologies are 
emerging to be common place in industries to join softer metal alloys which are difficult to join 
using conventional fusion welding techniques. Friction stir welding (FSW), invented in 1991 at 
The Welding Institute[1].The primary requirements of any joint design will require satisfactory 
mechanical properties which are ideally comparable to the base materials [2]. Friction stir welding 
(FSW) is an environment friendly, solid state, and versatile welding technique which can be 
employed to weld most of the available engineering materials [3, 4]. Weight reduction in 
automotive and aircraft industries is a main concern in improving fuel economy and reducing 
environmental pollutions [5, 6]. Magnesium alloys, with a density of about two-thirds of Al alloys, 
are the promising engineering materials to boost fuel economy especially for the automotive 
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industry [7, 8]. Aluminum alloys are widely used in engineering fields due to their unique 
properties including high strength, good formability and low density [9]. FSW does not use filler 
material, leading to considerable weight reduction. Within 26 years of invention, FSW has been 
proven to beat the forefront of joining high strength aluminium alloys, meant for application in 
automobile and aerospace sectors, while also savouring partial success in the joining of other 
metallic alloys [10-18]. Given the remarkable achievements of Friction Stir Welding (FSW), the 
concept of friction stir has undergone continual modification, enhancement, and revitalization. 
These advancements have led to the development of various innovative material joining and 
processing technologies. Consequently, this evolution is progressively facilitating the transfer of 
technological feasibility to a broader spectrum of high-strength structural materials and more 
intricate applications [19-28].  
The dissimilar material combination that aluminium alloy (AA6061) and magnesium alloy (AZ31) 
offer advantages in terms of weight reduction and specific mechanical properties, their use in 
automobile applications may be subject to various engineering and regulatory considerations. The 
materials choice for specific automotive components is determined by factors like performance, 
safety, cost, and regulatory compliance. Therefore, the use of these alloys in the automotive 
industry would depend on specific design and engineering requirements. A combination of 
AA6061 and AZ31 alloys friction stir welded together could be beneficial in certain applications 
where aluminum and magnesium properties are advantageous. In friction stir welding, dissimilar 
materials can be joined solid-state with a strong, high-quality bond. 
2. Experimentation 
In this present research work, the friction stir welded joints of similar material of AA6061alloy 
and dissimilar joints of AA6061 and AZ31 magnesium alloys were fabricated using universal 
milling machine. A total of eighteen joints were fabricated as per the taguchi’s design of 
experiments plan. The joint process considered parameters such as rotational speeds set at 900, 
1000, and 1400 rpm, welding speeds of 20, 30, and 40 mm/min, and an angle of tilt ranging from 
1 to 2 degrees. The chemical composition of base metals such as AA6061 and AZmg31alloys are 
given in table 1. The FPI M5000F metal analyzer is used to identify the composition of elements 
in the materials which are chosen for this research work. The table 2 provides a detailed breakdown 
of the process parameters identified for the present investigation. 
Table 1 Chemical composition of Aluminium alloy (AA6061) and Magnesium alloy (AZMG31) 
 

AA6061 AZMg31 
component wt% component wt% 
Mg 0.942 Si 0.08 
Si 0.646 Fe 0.03 
Fe 0.574 Mn 0.19 
Mn 0.103 Cu 0.03 
Cr 0.09 Zn 0.76 
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Ti 0.022 Al 2.86 
Cu 0.27 Ni 0.001 
Zn 0.177 

Mg 95.07 
Al 96.97 

 
Table 2 Process Parameters with their range and values at three levels 

Level 
Rotational 
Speed 
(RPM) 

Weld 
travel 
Speed 
(mm/min) 

Tool tilt 
angle 
(degrees) 

Range 900-1400 20-30 1-2 
Level 
1 

900 20 1 

Level 
2 

1100 30 1.5 

Level 
3 

1400 40 2 

 
Tool and Work piece preparation 
Cutting of the base material is done to the specification of 160, 60 and 4mm of length, breadth and 
thickness, respectively. The schematic diagrams of similar and dissimilar joints are shown in figure 
1. The geometry of the tool stands out as a pivotal factor in the development of the process. It 
holds a crucial role in directing material flow and thereby influences the optimal speed at which 
friction stir welding can be executed. The tool comprises a shoulder and a pin. During the initial 
phase of tool insertion, heat generation primarily occurs due to the friction between the pin and 
the workpiece. As the tool continues to plunge until the shoulder contacts the workpiece, the 
friction generated between the shoulder and the workpiece becomes the primary source of heating. 
The secondary function of the tool involves stirring and relocating the material. In this study, a 
cylindrical tool pin profile is selected.  

      
Fig.1 The schematic diagram of the joint (All dimensions are in mm) 
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The tool and its line diagram of the tool is as shown in figure 2. The material of the tool is H13 
tool steel which is highly regarded as a versatile and extensively utilized material known for its 
exceptional qualities and widespread use in diverse industries. Its popularity stems from its 
outstanding attributes, particularly its ability to maintain stability in high-temperature 
environments. The properties of the tool material and its dimensions are shown in the table 3a and 
3b. The fabricated FSW joints of similar (S1 & S3) and dissimilar (S2) materials are shown figure 
3a and 3b. 
 

                                                                                         

Fig.2 A Line diagram of FSW Tool 

Table 3a FS Welding Tool Properties 

Composition% C Mn Si Cr Mo V 
H 13 0.41 0.40 1.00 5.15 1.45 1.00 

 
Table 3b Tool Dimensions 

Tool shoulder diameter, 
D (mm) 20 
Tool shoulder length,    L 
(mm)  15 
Pin diameter, d (mm)  6 
D/d ratio of tool  3.3 
Pin length, L (mm)  3.6 

 

                 
 
  Fig.3a Similar FSW joint      Fig.3b Dissimilar FSW joint 
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In order to test the weld, a set of specimens are prepared from similar and dissimilar welded joints 
for performing mechanical tests and microstructure analysis. From each welded joint specimens 
are cut using a CNC wire cut EDM machine shown in fig.4 

 
Fig. 4 CNC wire cut EDM machine 
The specimens for tensile test are prepared as per ASTM E8 standards and the dimensions are 
shown in fig.5a.  
The specimens of similar and dissimilar joints designed explicitly for tensile testing are depicted 
in the fig.5b and 5c. 
 

 
Fig.5a Schematic sketch of tensile test specimens according to ASTM E8 Standards 
(All dimensions are in mm) 
 

          
Fig.5b Tensile specimens of similar joints   Fig.5c Tensile specimens of dissimilar joints 
 
The tensile test is a fundamental mechanical test performed on materials to assess their behavior 
under tension. Its primary purpose is to determine various mechanical properties, including 
ultimate tensile strength, yield strength, elongation, and modulus of elasticity. In this present 
research work, the tensile tests of the prepared specimens were conducted using a Universal testing 
machine (Make: FIE Blue star, India; model: UNITEK-94100) shown in fig.6a. Table 4a and 4b 
presents the experimentally determined values of tensile strength and hardness for the respective 
specimens tested under the specified process parameters. The hardness testing machine is a 
precision instrument designed to measure the hardness of materials, providing valuable insights 
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into their mechanical properties. This machine operates on the principle of indenting a material 
surface with a controlled force and measuring the depth or size of the resulting indentation. The 
specimens were tested for hardness using a hardness testing machine (Model- VM-50) shown in 
figure 6b. 
 

                              

                         Fig.6a universal testing machine              Fig.6b Hardness testing machine 
(Model- VM-50) 

               (Make: FIE Blue star, India; model: UNITEK-94100) 

Table 4a tensile test results of similar and dissimilar specimens 

Run of 
Experiment 

Rotational 
Speed 
(rpm) 

Welding 
Speed 
(mm/min) 

Tilt 
Angle 

Ultimate Tensile 
Strength (MPa) 
Similar  dissimilar 

1 1400 20 1⁰ 179.37 129.63 
2 1100 20 1⁰ 173.65 130.45 
3 900 20 1⁰ 186.91 132.34 
4 900 30 1.5⁰ 194.13 136.92 
5 1400 30 1.5⁰ 192.45 135.55 
6 1100 30 1.5⁰ 192.1 135.7 
7 1100 40 2⁰ 195.05 139.53 
8 1400 40 2⁰ 192.75 130.56 
9 900 40 2⁰ 185.83 133.67 

  
Table 4b hardness test results of similar and dissimilar specimens 

Run of 
Experiment 

Rotational 
Speed 
(rpm) 

Welding 
Speed 
(mm/min) 

Tilt 
Angle 

Weld zone 

Similar  dissimilar 

1 1400 20 1⁰ 70.4 62.37 
2 1100 20 1⁰ 88.3 95.26 
3 900 20 1⁰ 77.2 76.82 
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4 900 30 1.5⁰ 87.6 85.67 
5 1400 30 1.5⁰ 78.2 80.62 
6 1100 30 1.5⁰ 93.6 83.41 
7 1100 40 2⁰ 95.67 93.34 
8 1400 40 2⁰ 72.3 73.73 
9 900 40 2⁰ 83.6 73.65 

 
Microstructural Evolution 
The primary aim of conducting microstructure tests within this study is multifaceted and integral 
to comprehensively understanding the properties and characteristics of the welded joints. 
Primarily, the microstructure examination identifies the internal arrangement, grain morphology, 
and any potential defects or irregularities within the welded regions. In the present study, the micro 
structure evaluation of the specimens were conducted using a Micro structure examination of the 
cross-section of the weld and heat affected zone showing incomplete fusion to the root penetration. 
Small Pores observed. Base material microstructure shows precipitates present in the aluminum 
matrix. 

 
Fig.7a Microstructure of dissimilar weld of S-2 in weld at a 100X and 200 X 

 
Fig.7b Microstructure of dissimilar weld of S-2 in base at a 100X and 200 X 
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Finite Element Analysis 
Numerical simulation of FSW is very advanced because of nonlinear contact interactions between 
tool and work piece. Explanations on the numerical models and stages of the numerical study are 
mentioned. 3-D numerical model is based on the tetra element type, which is a thermo-
mechanically coupled hexahedral element with 8 nodes, each having trilinear displacement. Plate 
dimensions in the numerical model at the plunge stage are 160mmx60mmx4mm. The thermal 
analysis is performed for dissimilar materials of AA6061 andAZMg31. Thermal analysis using 
ANSYS is a computational approach integral to understanding heat distribution and thermal 
behavior within various structures or systems. The results for Thermal and Structural analysis were 
obtained for similar and dissimilar welded joints. The table 5 presents the maximum and minimum 
principal stresses for similar and dissimilar welded joints obtained by finite element analysis 
shown in figure 8. 
Table 5 The Results of Thermal and Structural analysis of dissimilar joint 

S.No Parameters 
Similar Joint Dissimilar Joint 
Maximum Minimum Maximum Minimum 

1 Temperature 
(K) 

873  295.15  
774 295.15 

2 Total Heat 
Flux 
(W/mm2) 

25.909 1.57e-6 

37.95 1.0324e-6 

3 Total 
Deformation 
(mm) 

0.289 0 
0.21025 0 

4 Equivalent 
Elastic 
Strain 

0.0078414 0.0008406 
0.0065342 4.7699e-5 

5 Principal 
Stress (Mpa) 

280.1 -87.199 
336.94 -101.06 

 

 
Fig.8 Structural analysis of similar and dissimilar joints 
3. Results and Discussion 
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The primary objective of this investigation is to evaluate the quality of FSW joints, primarily 
focusing on their tensile strength. To analyse the impact of different factors on this response, both 
means and Signal-to-Noise ratios (S/N) are utilized. These S/N ratios function as indicators, 
revealing the impact of factors on the average responses (signals) and the degree to which the 
experiment is sensitive to the noise factors. In this study, the S/N ratio was strategically selected 
following the "larger-the-better" criterion, aiming to maximize the response. Within the Taguchi 
method, the S/N ratio serves as a crucial metric, providing insight into the deviation of quality 
characteristics from the desired values. In this research, we scrutinized the tensile strength data to 
assess the influence of various FSW process parameters. Subsequently, the experimental outcomes 
were converted into means and signal-to-noise (S/N) ratios. The computation involved the 
derivation of 9 means and 9 corresponding S/N ratios.  The estimated tensile strength, means, and 
signal-to-noise (S/N) ratios are provided in Table 9. The plots for main effects for means and s/ 
ratios were shown in figures 9a and 9b. 
 
Table 9 Orthogonal array for L9 with response (raw data, means and S/N ratio) 

Sno rpm ws ta uts SNRA1 MEAN1 
1 900 20 1 179.37 45.075 179.37 
2 900 30 1.5 173.65 44.7935 173.65 
3 900 40 2 186.92 45.4331 186.92 
4 1100 20 1 194.14 45.7623 194.14 
5 1100 30 1.5 192.11 45.671 192.11 
6 1100 40 2 195.06 45.8034 195.06 
7 1400 20 2 190.92 45.617 190.92 
8 1400 30 1 180.64 45.1363 180.64 
9 1400 40 1.5 185.84 45.3828 185.84 

 

 
Fig.9a Main effects for means 
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Fig.9a Main effects for S/N ratios 
 
The experimental investigation revealed that elevated rotational speed and tilt angle resulted in 
improved tensile behavior and alterations in hardness values. However, higher weld speeds were 
found to produce inadequate heat, impeding material plasticity and causing weaker interfaces in 
the joints. Despite generating lower heat, these high weld speeds were unsuitable for creating 
durable joints due to diminished strength and restricted metallurgical transformations. 
The results obtained from the Taguchi Technique, utilizing minitab software, demonstrate that 
when welding either AA6061 or AZMg31 alloys, the most influential parameters are observed to 
be speed, angle of tilt and traverse speed,. The optimal process parameters for AA6061 and 
AZmg31 were identified as a rotational speed of 1100 rpm and a tilt angle of 2⁰.However, when 
joining dissimilar alloys, the most significant parameter appears to be rotational speeds. The 
influence of these factors over others is noticeable across all cases, suggesting the need for further 
investigation into the impact of process parameters by exploring higher levels. The figures, 10a 
and 10b, depict the relative tensile strength variations concerning the rotational speed of the tool 
and welding speed for both similar and dissimilar joints. The figure 11a and 11b provides, the 
variation of hardness of the weld with respect to rotational speed, welding speed.  
 

 
Fig.10a Tool rotational speed vs Tensile strength vs welding speed 
(Tensile strength for Similar) 
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Fig.10b Tool rotational speed vs Tensile strength vs welding speed 
(Tensile strength for Dissimilar) 
 

 
Fig.11a Tool rotational speed vs welding speed vs Hardness 
(Hardness values for similar) 
 

 
Fig.11b Tool rotational speed vs welding speed vs Hardness 
(Hardness values for dissimilar) 
Conclusion 
In this present study, successful fusion of both similar (AA6061) and dissimilar (AA6061 x 
AZmg31) materials has been achieved. Comprehensive mechanical tests were performed on both 
types of joints to evaluate their respective properties. Additionally, an extensive microstructural 
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examination was conducted to assess the effectiveness of the resultant joints. The maximum tensile 
strength recorded for the similar and dissimilar joints was 195.05 MPa and 139.53 MPa, 
respectively. It was observed that the primary factor influencing weld tensile strength was the 
rotational speed of the tool. As the rotational speed increased, the tensile strength initially rose and 
then declined. The tilt angle of the tool was identified as the second most influential factor affecting 
weld strength, with the maximum tensile strength achieved at a tilt angle of 2⁰. The highest 
hardness values were observed for both similar and dissimilar weld joints at welding speeds of 20 
mm/min and 40 mm/min, specifically at a rotational speed of 1100 rpm. Using ANSYS software 
for finite element analysis, the maximum principal stress was determined to be 336.94 MPa for 
similar joints and 280.1 MPa for dissimilar joints. 
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