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Abstract 
     

Regression analysis is a powerful tool used for determining the relationship between dependent and one or more independent 

parameters. In this paper, Friction Stir Welding (FSW) was carried out on 6082-T6-T651 aluminum alloy with the aim of deriving 

the regression equation for the dependent variables of Tensile strength, Hardness and Wear rate with respect to the independent 

variables of tool speed, tool feed and tool tilt angle using Taguchi analysis in Minitab 17 software.  Plots for means and S-N ratios 

were also obtained for the above mentioned parameters of Tensile strength, Hardness and Wear.         © 2017 ijrei.com. All rights reserved 

Key words: Friction Stir Welding, Regression analysis, Taguchi analysis, Tensile strength, Hardness, Wear rate. 

_________________________________________________________________________________________________________ 
 

1. Introduction  

 

Friction Stir Welding (FSW) i.e. the solid state technique of 

joining metals has gained wide popularity in the automotive, 

marine and air-craft industries primarily owning to its highly 

positive eco-friendly energy coefficient. The mechanism of 

FSW is also quite simple wherein it employs a non-

consumable rotating tool comprising of a pin and a shoulder. 

The pin is plunged to the requisite depth inside the work-piece 

and local heat and plastic deformation produced help to weld 

the given two pieces together.   

A thorough analysis and comparison of FSW with the 

traditional electric arc welding process highlighted the 

following advantages of FSW:     

 No toxic fumes/ gases released 

 Less residual wastes generated 

 No shielding gases or extra pipelines required for gas 

transportation as these are eliminated in FSP/FSW 

 Less post-welding/ processing treatments thus reducing 

cost and energy requirements considerably 

 Clean technology 

Invented in 1991 by “The Welding Institute UK”, this 

technique has now come a long way forward and has evolved 

into the famous processing technique Friction Stir Processing 

(FSP). FSP is used primarily as a microstructural refinement 

technique which it achieves by the mechanism of dynamic  

 

recrystallization as studied by Mishra et al [1].  It also helps in 

improving wear rates and hardness of the sample [2-3]. 

In this paper, FSW was carried out on 6082- T6- T651 

aluminum alloy. This alloy is considered one of the best for 

machining operations and is widely employed in highly 

stressed applications like making bridges, truss, frame-works, 

etc. Thereafter a regression analysis was performed on the 

tensile strength, hardness and wear rate data to study their 

dependence on experimental parameters tool feed, tool speed 

and tool tilt angle.  

Work- pieces of dimension 200X40X7 mm were used and H13 

tool steel was employed as the tool material. The cylindrical 

pin had dimensions of 4X5mm. while the tool shoulder had a 

diameter of 20 mm [4]. 

The major objectives of this paper were as follows: 

 Derive regression equation for tensile strength of the 

specimen in the welded region 

 Derive regression equation for hardness of the specimen 

in the welded region 

 Derive regression equation for wear rate of the specimen 

in the welded specimen 

All the above equations were derived using Taguchi Analysis 

in Minitab 17 software. 

Welding parameter such as tool rotation, transverse speed and 

axial force have a significant effect on the amount of heat 

generated and strength of FSW joints. Microstructure 
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evaluation of FSW joints clearly shows the formation of new 

fine grains and refinement of reinforcement particles in the 

weld zone with different amount of heat input by controlling 

the welding parameter [5-7] 

 

2. Experimental Procedure 

 

6082- T6- T651 aluminum alloy work- pieces of dimensions 

200X40X7 mm. in sets of two were clamped in the FSW 

machine as shown below and a total of nine readings were 

taken. 

 

 
Figure 1: FSW machine 

 

The feed in this machine could be adjusted in the +/- X 

direction. The tool speed could be adjusted using a digital 

switches provided behind the machine. The machine was 

hydraulically operated.  

H 13 tool steel was used for conducting the experiment. The 

tool speed, tool feed and tool tilt angle parameters were varied 

as follows. 

 
Table-1: Experimental Data 

Tool Feed Tool Speed Tool Tilt Angle 

60 500 0.0 

60 700 2.5 

60 900 5.0 

80 500 2.5 

80 700 5.0 

80 900 0.0 

100 500 5.0 

100 700 0.0 

100 900 2.5 

Thereafter, tensile test, Vicker’s hardness test and Wear rate 

tests were performed. The tensile test was performed on a 50 

KN H50kS Universal testing machine shown below [4]. 

 

 
Figure 2: UTM machine 

 

 
Figure 3: Clamped specimen in a UTM 

 

The tensile test specimens were cut according to the following 

dimensions [4]. 
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Figure 4: Tensile testing specimen 

 

Hardness testing was carried out using Vickers hardness 

testing procedure. The results were obtained in the units HV 

0.2 using testing method- ASTM E348. 

Wear tests were carried out using Pin on disc (as shown) 

testing apparatus. A pin of diameter 10mm and length 32 mm 

was employed as the top wearing surface. The bottom wearing 

surface comprised of a disc of diameter 165 mm. and material 

EN31. A normal load of 5 Kg. (49.033 N) was applied. 

 

 
Figure 5: Pin on Disc wear apparatus 

 

3. Result and Discussions  

 

3.1 Tensile, Hardness and Wear rate analysis results  

 

All the data was analyzed taking three steps of the concerned 

variables of tool feed (60mm/ min., 80 mm/min., and 100 mm/ 

min.); tool speed (500 rpm, 700 rpm, 900 rpm) and tool tilt 

angle (0º, 2.5º, 5º). The results of the tensile test were obtained 

as follows. 

Table-2: Tensile Test Result Data 

Feed Speed Tool tilt Tensile strength 

60 500 0 4540 

60 700 2.5 6170 

60 900 5 6280 

80 500 0 4950 

80 700 2.5 3560 

80 900 5 6650 

100 500 0 5600 

100 700 2.5 6690 

100 900 5 7280 

 

Similarly, the results for hardness were 

 
Table-3: Hardness Test Result Data 

Feed Speed Tool tilt Hardness 

60 500 0 79 

60 700 2.5 77 

60 900 5 77 

80 500 0 78 

80 700 2.5 77 

80 900 5 77 

100 500 0 76 

100 700 2.5 76 

100 900 5 75 

 

The wear rate data were calculated by taking into account the 

initial weight of the specimen and the final weight of the 

specimen using the following formulas: 

Wear amount= Weight Loss= Initial Weight – Final Weight 

 

Wear Rate= 
𝑊𝑒𝑖𝑔ℎ𝑡 𝐿𝑜𝑠𝑠

𝑇𝑒𝑠𝑡 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛
 

 
Table-4: Wear Rate Test Result Data 

Wear-rate(*10-5) Weight Loss Test Duration 

2.1017 0.0215 1023 

1.8107 0.0197 1088 

1.6073 0.0185 1151 

2.0154 0.0209 1037 

1.8650 0.0199 1067 

1.5004 0.0176 1173 

2.1786 0.0222 1019 

1.747 0.0192 1099 

1.8904 0.0200 1058 

 

Table-5: Tensile Test Result Data 

Feed Speed Tool tilt Tensile strength 

60 500 0.0 4540 

60 700 2.5 6170 

60 900 5.0 6280 

80 500 2.5 4950 

80 700 5.0 3560 

80 900 0.0 6650 

100 500 5.0 5600 

100 700 0.0 6690 

100 900 2.5 7280 
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The above given tables (2-5) represent the table values 

formulated for Taguchi analysis performed in MINITAB 17 

software. 

 

3.2 Taguchi Analysis using MINITAB 17 

 

Taguchi methods were developed to improve the quality of 

goods manufactured. In the MINITAB 17 software under Stat 

column DOE was selected followed by Create Taguchi Design 

to formulate an orthogonal array of size L9 (3 ^3) which 

designated the factors involved as levels as shown in the 

following tables 6-7. 

 
Table- 6: Level for Tensile and Hardness Test 

A B C 

1 1 1 

1 2 2 

1 3 3 

2 1 2 

2 2 3 

2 3 1 

3 1 3 

3 2 1 

3 3 2 
 

Table- 7: Factor Level Information 

Factor Type Levels Values 

A Fixed 3 1, 2, 3 

B Fixed 3 1, 2, 3 

C Fixed 3 1, 2, 3 

 

Plot for Means shows the variation of means between different 

groups. The graphical means plots have been shown below for 

values of hardness, tensile strength and wear rate analysis. 

 

 
Figure 6. Plot for Means for Tensile strength 

 

 
Figure 7. Plot for Means for Hardness values 

 

 
Figure 8: Plot for Means for Wear rate values 

 

Similarly the S/N plots i.e. the signal to noise ratio plots were 

obtained as follows 

 

 
Figure 9:  S/N ratio plot for Tensile strength 
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Figure 10: S/N ratio plot for Hardness 

 

 
Figure 11: S/N ratio plot for Wear rate 

 

The above graphs were obtained on the scale of Larger is 

Better. 

 

3.3 Variance Analysis 

 

Variance analysis for Tensile, Hardness and Wear analysis 

respectively values were obtained as given below 
 

Table 8: Analysis of Variance for Tensile strength 

Source DF Adj SS Adj MS F-

Value 

P-

Value 

Feed 2 3272600 1636300 1.85 0.351 

Speed 2 4705267 2352633 2.66 0.274 

Tilt 2 1665067 832533 0.94 0.515 

Error 2 1771467 885733   

Total 8 11414400    

Table 9: Analysis of Variance for Hardness: 

Source DF Adj SS Adj MS F-Value P-Value 

Feed 2 2.889 1.111 13 0.071 

Speed 2 6.89 3.44 31 0.031 

Tilt 2 0.889 0.44 4 0.2 

Error 2 0.22 0.11   

Total 8 10.889    

 

Table 10: Analysis of Variance for Wear rates 

Source DF Adj SS Adj MS F-Value P-Value 

A 2 0 0 0.77 0.566 

B 2 0 0 6.79 0.128 

C 2 0 0 0.6 0.627 

Error 2 0 0   

Total 8 0    

 

4. Conclusions   

 

Taguchi analysis  conducted using the software MINITAB 17 

gave the following equations were developed  for tensile 

strength, hardness and wear rate of aluminum alloy (6082- T6- 

T651) using regression analysis. These equations clearly show 

their dependence on the parameters of tool feed, tool speed and 

tool tilt angle. 

 

Regression Equation for Tensile strength 

 

Tensile strength = 5747-83 Feed _1- 693 Feed_2 + 777 Feed_3 

-717 Speed _2 +990 Speed_3 + 213 Tilt _1 + 387 Tilt_2- 600 

Tilt _3. 

 

Regression Equation for Hardness 

 

Hardness= 76.889 + 0.778 Speed_1- 0,222 Speed_ 2- 0.556  

Speed_3 + 0.778 Feed_1 + 0.444 Feed_2- 1.222 Feed _3 + 

0.444 Tilt _1- 0.222 Tilt _2- 0.222 Tilt_3 

 

Regression Equation for Wear rate 

 

Wear Rate= 0.000019 - 0.000000 A_1 - 0.000001 A_2  

+ 0.000001 A_3 + 0.000002 B_1 - 0.000000 B_2  

- 0.000002 B_3 - 0.000001 C_1 + 0.000000 C_2  

+ 0.000000 C_3 
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