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Abstract— Friction stir welding is widely used in joining 

aluminum alloys in industries, especially, the shipbuilding, 

aerospace, mass transportation and automotive and other 

commercial importance. This process is considered as its 

energy efficiency, environmental friendly and versatility. 

Friction stir welding was carried out using a vertical milling 

machine on aluminum 6063 alloy. The tool material and 

geometry were carefully chosen and prepared using lathe 

machine. important process parameters that control the 

quality of the weld and rotation speed (rpm), transverse 

speed (mm/min), tool depth (mm) and tool tilt angle and 

these process parameters were optimized to obtain defect 

free welding joints.it is observed that, during the friction stir 

welding, extensive deformation takes place at the nugget 

zone and the evolved microstructure properties of the joint. 

The aim of present study is to understand the strength, 

quality of fsw and mechanical properties and micro 

structural changes of the friction stir welded joint. In this 

research L9 orthogonal method is used to find out the 

optimum values of tensile test, Micro Vickers hardness Test 

and microstructure test. 

Key words: AA 6063 alloy, FSW, tensile test, micro Vickers 

hardness test and microstructure analysis, Taguchi 

Experiment, Analysis of Variance, S/N ratio 

I. INTRODUCTION 

A. Introduction to FSW 

Friction Stir Welding is considered to be the most 

significant development in metal joining in a decade. In 

Friction Stir Welding no cover gas or flux is used, thereby 

making the process environmentally friendly, energy 

efficiency and versatility or it is a “green technology”. 

The basic concept of FSW is that a non-

consumable rotating tool with especially designed pin and 

shoulder is inserted into the abutting edges of sheets or 

plates to be joined and subsequently traversed along the 

joint line. 

Frictions stir tool serves primary functions are: 

1) Heating the workpiece  

2) Movement of material to produce the joint. 

Frictional heating is created within the work piece 

both by friction between the rotating pin and shoulder and 

by the severe plastic deformation of the work piece. 

As the pin moves in the direction of welding the 

leading face of the pin, assisted by a special pin profile leads 

to movement of plasticized material from the front to back 

of the pin, thus filling the hole in the plates as the tool 

moves forward. 

 
Fig. 1: Frictions stir welding process with primary functions 

(Kumar, K. et al 2008)[1] 

The high speed rotating tool produce energy due to 

friction between tool and workpiece and plastic deformation 

in the surface of workpiece which has to be modified. These 

both energies heat the plates, enabling their joining at 

temperature lower than the melting point of the workpiece. 

Hence due to stirring action of tool pin, pressure and tool. 

Hot worked tool such as AISI  H13 has proven 

perfectly for welding aluminium alloys with in thickness 

range from 0.5- 50 mm .(Mandeep Singh sidhu et 

al.2012)[2] 

B. Heat Zones 

 There are four zones: 

 Heat Affected Zone (HAZ) 

 Thermo Mechanically Affected Zone (TMAZ) 

 Nugget 

 Stir zone 

 
Fig. 2: Source: Transverse section of Friction Stir Weld 

showing different regions of weld (Mishra, R.S., et al. 

2007)[3] 

HAZ lies closer to weld- center; the material has 

experienced a thermal cycle that has modified the 

microstructure and mechanical properties. However, there is 

no plastic deformation occurring in this area. 

TMAZ region the tool has plastically deformed the 

material, and the heat from the process will have exerted 

some influence of material. 

Nugget region in which whole plastic deformation 

occurs during FSW process. 
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This is the fully recrystallized area is known as the 

stir zone refers to zone previously occupied by the tool pin. 

It is the region of heavily deformed material that roughly 

corresponds to the location of the pin during welding. The 

grains with in the stir zone are roughly equixed and often an 

order of magnitude smaller than the grains in the parent 

material. (Lanciotti, A., et al)[4] 

Friction stirring pins produce deformational and 

frictional heating to the joint surfaces. The pin is designed to 

disrupt contacting surfaces of work piece, shear material in 

front of tool, and move the material behind the tool. (Rama 

Narsu et al.) For example simple cylindrical pin and 

truncated cone pin etc. 

Yan- hua. et al. (2005)[5] studied the effect of pin 

geometry on the weldability and mechanical properties of 

welded 2014 Al plates using FSW process was investigated. 

The pin was rotated at 400 rpm and the friction pressure was 

held constant. In all of the experiments, the welding speed 

was held the same at 100 mm/min, the only difference in the 

experiments was the pin geometry.Adamowski, J., et al. 

(2007)[6] studied on the properties and microstructural 

changes in friction stir welds in the aluminium alloy 6082-

T6 in the function of varying process parameters. Tensile 

strength of the produced joints was tested and with 

correlation with process parameter was assessed. Because of 

absence of complete melting, Fsw offers several advantages 

over the conventional fusion welding process. The 

advantages are grouped as metallurgical advantages and 

environmental advantages. Ahmed Khalid Hussain et al. 

(2010)[7] The Vickers hardness, tensile strength and 

radiography were considered for investigation by varying 

tool speed, tool feed and maintaining constant depth of 

penetration of weld.Rana Narsu M et al. (2013)[8]the main 

parameters considered in the research work were the 

variations of properties with the variation of tool geometry 

and tool rotational speed and weld speed. The 

microstructure was performed in the study.  

Lot of efforts have been taken by the researchers to 

understand the effect of process parameters on mechanical 

properties of welded joint, material flow and microstructure 

formation. In the present work, optimization of friction stir 

welding process parameters was done for getting maximum 

tensile strength and analysis of microstructure of FSW joint 

of AA 6063.In addition to that ANOVA was performed to 

find the influence of each parameter on output response. 

II. EXPERIMENTAL WORK 

The specimens of the size of 100mm×50mm×6mm were 

machined from AA 6063 aluminium alloy plates. The two 

plates of AA 6063 aluminium alloy were Friction Stir 

welded in the butt configurationby using the conventional 

vertical milling machine. The base material’s chemical 

composition is given in Table 1.The Ultimate tensile testing 

machine and Microstructure testing machine , micro Vickers 

hardness testing machine were used to test the tensile 

strength , micro Vickers hardness test  and microstructure 

analysis of FSW AA 6063 welded joint .The table 2. Shows 

the identified process parameters and their levels. The L9 

orthogonal array is selected as per standard suggested by 

Taguchi approach and is shown in Table 3. 
Ele

men

t 

Si Fe Cu Mn Mg Cr Zn Ti Al 

wt. 

% 

0.52

5 

2.00

8 

0.04

7 

0.18

0 

0.03

2 

0.02

5 

0.31

5 

0.0

4 

96.5

50 

Table 1: Base material AA 6063 chemical composition 

 
Fig. 3: Straight cylindrical tool 

 
Fig. 4: Friction Stir welded plates 

 
Fig. 5: FSW process 

III. OPTIMIZATION OF FSW 

A. Selection of FSW Parameters and Levels 

The study based the process parameters in the FSW process 

which were optimized by using the ANOVA technique 

based on L9 orthogonal array. Experiments had been 

conducted based on three and there percentage of 

contribution in producing a better joint was calculated by 

applying the effect of signal to noise ratio and analysis of 

variance. Raghavendra, D., et al. (2014)[9]there are three 

primary controllable factors and their three levels as shown 

in table no. 2. The plan of experiments as shown in Table 

3.As per Taguchi techniques, only 9 experiments for L9 

orthogonal arrays are needed for Ultimate tensile strength 

(N/mm2) and microstructure analysis. Average ultimate 

tensile strength is calculated and is shown in in Table 4. The 

objective of using Taguchi technique was to reduce the time 

and cost to evaluate the optimum welding conditions. 

SI. 

NO. 
Welding parameters 

Level 

1 

Level 

2 

Level 

3 
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1 rotational speed(rpm) 800 1000 1200 

2 feed rate(mm/min) 60 80 100 

3 
penetration 

depth(mm) 
5.7 5.8 5.9 

Table 2: Fsw Process Parameters Levels 

B. Selection of Orthogonal Array 

Based on the number of factors and levels a suitable 

Taguchi orthogonal array for the experiment is selected by 

using Qualiteck 4 statistical software. Since there are three 

factors having three levels each, L9 OA is chosen as shown 

in table 3. 

SI. 

No. 

Rotational 

speed(rpm) 

Tool feed 

rate(mm/min) 

Plunge 

depth(mm) 

1. 1 1 1 

2. 1 2 2 

3. 1 3 3 

4. 2 1 2 

5. 2 2 3 

6. 2 3 1 

7. 3 1 3 

8. 3 2 1 

9. 3 3 2 

Table 3: Orthogonal array for L9 taguchi Design 

C. Experiment Procedure 

Experiments were conducted according to L9 orthogonal 

array which was suggested by taguchi. In this experiment 

the effect of process parameters on welded joint was studied 

and optimizes the parameters by using taguchi method for 

tensile strength.K.Sunil Ratna Kumar et al.(2014)[10] The 

maximum tensile strength developed in each set of 

combinations is noted and tabulated in the table4. For each 

experiment in the orthogonal array, signal to noise (S/N) is 

calculated. The quality response is mainly divided into three 

main types: the larger the better (LTB), the smaller the 

better (STB) and the nominal the best (NTB). 

The signal to noise ratio bigger –the- better is: 

S/N = -10log10 (1/n∑1/y2) 

Where n = number of repetitions, y= response of tensile 

strength 

The S/N ratio is calculated based on LTB criterion and 

tabulated in the table 5. 

IV. RESULTS AND DISCUSSIONS 

In the present study the effect of process parameters on the 

tensile strength, micro Vickers hardness test and 

microstructure analysis was examined. The experimental 

results of tensile strength were transformed to S/N ratio. The 

9 S/N ratios were tabulated in table no.4. Statistical software 

Qualiteck- 4 is used for calculating the S/N ratio. 

Exp. 
rotational 

speed 

feed 

rate 

plunge 

depth 
UTS(N/mm2) 

S/N 

ratio 

1 800 60 5.7 13.299 22.387 

2 800 80 5.8 41.3 32.306 

3 800 100 5.9 32.7 30.284 

4 1000 60 5.8 11.9 21.496 

5 1000 80 5.9 35.75 31.059 

6 1000 100 5.7 37.2 32.147 

7 1200 60 5.9 40.5 33.147 

8 1200 80 5.7 48.7 33.747 

9 1200 100 5.8 72 37.147 

Table 4: Experimental results for tensile strength and S/N 

ratio of FSW butt welds 

From the above signal to noise ratios of each level 

of factor it is concluded that the optimum factor level to 

achieve optimum tensile strength is 72 N/mm2 which are 

having maximum S/N ratio i.e. speed is 1200 rpm, feed rate 

100 mm/min and plunge depth is 5.8mm. 

Parameters Level 1 Level 2 Level 3 

Rotational speed(rpm) 28.326 27.984 34.347 

Feed rate(mm/min) 25.343 32.371 32.942 

Plunge depth (mm) 29.177 30.316 31.163 

Table 5: Signal to noise ratio for each parameter in tensile 

test results 

From the above signal to noise ratio for each 

parameters is concluded that the maximum value of s/n ratio 

of tensile strength is achieved at 1200 rpm is 34.347.In the 

effect of feed rate the maximum value of s/n ratio of tensile 

strength is achieved at 100 mm/min is 32.942. In the effect 

of plunge depth the maximum value of s/n ratio of tensile 

strength is achieved at 5.9mm is 31.163. So it is concluded 

that from above results of s/n ratio with increase in rpm the 

tensile strength increases. So the process parameters effects 

the mechanical properties of AA 6063 welded joint. By 

optimization of process parameters like rotational speed, 

feed rate and plunge depth. 

 
Fig. 6: 

 
Fig. 7: 
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Fig. 8: 

A. The S/N Ratio Response Graphs for UTS 

The above graphical representation shows the effects of 

process parameters on the AA 6063 welded plates and also 

shows the s/n ratio for UTS for different process parameters 

at level 1, Level 2 and Level 3. Based on the above graph, 

the optimum conditions for the tensile strength are (a): 1200 

rpm (b) 100 mm/min (c) plunge depth 5.9 mm. 

1) Analysis of Variance 

ANOVA is a statistical technique for determining the degree 

of difference or similarity between two or more groups of 

data. It is based on the comparison of the average value of 

common components. The percentage of contribution of 

various process parameters to the selected performance 

characteristics can be estimated by ANOVA. Taguchi 

recommended a logarithmic transformation of mean square 

deviation called signal to noise ratio (S/N) for analysis of 

results. 

2) ANOVA Results for Tensile Strength 

The results of two way ANOVA method on Rotational 

speed (rpm), Feed rate(mm/min) , Plunge depth(mm) and 

their influence on tensile strength of weld joint of AA 6063 

are determined by Qualiteck 4 software and its values are 

shown in table 6. 

Paramet

er 

Degree 

of 

Freedo

m 

(DOF) 

Sum 

of 

Squar

es 

(SS) 

Varian

ce 

(V) 

F-

Rati

o 

% 

P 

Tool 

rotation

al speed 

2 76.848 38.424 
4.32

7 

28.40

1 

Feed 

rate 
2 

107.45

8 
53.729 

6.05

1 
43.12 

Plunge 

depth 
2 5.96 2.98 

0.33

5 
1.33 

Error 2 17.756 8.878   

Total 8 
208.02

4 
   

Table 6: Two – way ANOVA: Tensile strength versus tool 

rotational speed, feed rate and plunge depth 

The table6 shows the contribution of each 

parameter in the tensile strength value of aluminium welded 

samples. After analysis the ANOVA test it has been 

concluded that the maximum contribution for improving the 

tensile strength value feed rate play a great role after this 

tool rotational speed and. Penetration depth  gives the lowest 

contribution about 1.33 %. After this feed rate 43.12% 

contribution and rotational speed showed its contribution 

28.401 % in the tensile strength value. So the feed rate is 

significant factor for tensile strength of FSW of AA 6063. 

B. Micro Vickers Hardness Test Results 

The hardness of friction stir welding AA 6063 plates are 

done on Micro hardness Vickers machine. Vickers testing 

machine is used instead of Rockwell testing machine. The 

reason was that Vickers hardness test gives extremely 

accurate reading. Using orthogonal array L9 method is 

adopted in which there are three parameters, three factors 

and three levels have been taken.The mean hardness values 

are shown in table 5.1. The applied load was taken 300 g. 

for all 9 experiments.  The Micro Vickers Hardness test was 

performed in Research and Development Centre for Bicycle 

and Sewing Machine in Ludhiana. 
Ex

p. 

Rotational 

speed 

Feed 

rate 

Plunge 

depth 

Mean 

Hardness(HV) 

S/N 

ratio 

1 800 60 5.7 49 
33.78

2 

2 800 80 5.8 52 34.3 

3 800 100 5.9 44 
32.84

2 

4 1000 60 5.8 54 
34.62

9 

5 1000 80 5.9 44 
32.84

2 

6 1000 100 5.7 48 
33.57

3 

7 1200 60 5.9 54 
34.62

9 

8 1200 80 5.7 53 34.48 

9 1200 100 5.8 53 
34.44

8 

Table 7: Signal to noise ratio for each parameter in Micro 

Vickers hardness test results 

The maximum mean Hardness value during FSW is 54 HV. 

Parameters Level 1 Level 2 Level 3 

Rotational speed(rpm) 33.641 33.682 34.518 

Feed rate(mm/min) 34.347 33.874 33.619 

Plunge depth(mm) 33.945 34.458 33.438 

Table 8: Signal to noise ratio for each parameter in Micro 

Vickers hardness test results 

From the above signal to noise ratio for each 

parameters is concluded that the maximum value of s/n ratio 

of micro Vickers hardness test results is achieved at 1200 

rpm is 34.518.In the effect of feed rate the maximum value 

of s/n ratio of micro Vickers hardness is achieved at 60 

mm/min is 34.347. In the effect of plunge depth the 

maximum value of s/n ratio of micro Vickers hardness is 

achieved at 5.8mm is 34.458. 

 
Fig. 9: FSW Welded AA 6063 samples after Microhardness 

testing 
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Fig. 10: 

 
Fig. 11: 

 
Fig. 12: 

1) ANOVA Results for Micro Vickers Hardness Test 

Paramet

er 

Degree 

of 

freedo

m 

Sum 

of 

Square

s 

Varianc

e 

F -

Rati

o 

% 

P 

Tool 

rotationa

l speed 

2 1.468 0.734 
4.18

4 

26.62

5 

Feed 

rate 
2 0.817 0.408 

2.32

8 

11.10

5 

Plunge 

depth 
2 1.561 0.78 4.54 28.83 

Error 2 0.35 0.175   

Total 8 4.197    

Table 9: Two – way ANOVA: Micro Vickers Hardness 

versus tool rotational speed, feed rate and plunge depth 

The table 9 shows the contribution of each 

parameter in the micro Vickers hardness value of aluminium 

welded samples. After analysis the ANOVA test it has been 

concluded that the maximum contribution for improving the 

hardness value plunge depth play a great role after this tool 

rotational speed and feed rate gives the lowest contribution 

about 11.105 After this Plunge depth 28.83% contribution 

and rotational speed showed its contribution 26.625 % in the  

hardness value. So the plunge depth is significant factor for 

Micro Vickers Hardness of FSW of AA 6063.    

C. Microstructure Test Results  

Following are the optical micrographs of friction stir welded 

AA6063 samples. SW made using various parameters. In 

the microstructure test the different sections are shown such 

as HAZ, TMAZ and nugget etc. The optical microstructure 

of FSW welds figures are following: 

 
Fig. 13: for specimen no.1 Fig14 for specimen no. 2 

 
Fig. 15: for specimen no.3 Fig 16 for specimen no.4 

 
Fig. 17: for specimen no.5 Fig 18for specimen no. 6 
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Fig. 19: for specimen no.7 Fig 20 for specimen no.8 

 
Fig. 20: for specimen no. 9 

1) Discussion on Microstructure 

The microstructure studies aimed at characterization of 

either the shape and dimensions of the grains across the 

joint. Based on the microstructural characterization of grains 

and precipitates ,three distinct zones have been identified 

such as stirred (nugget zone), Thermo –mechanically 

affected zone (TMAZ) and heat affected zone(HAZ) as 

shown in figure.9.In the nugget long grains are observed. In 

the nugget zone there big grains as compared to base metal. 

The parameters like welding speed, feed rate, penetration 

depth and tool profile has effect on the weld. From the 

results it obtained that tool rotational speed and feed rate 

and penetration depth has got influence on the welding joint. 

By increasing the travel speed the nugget microstructure 

appears more fine and uniform. The fig.11 shows the 

microstructure have more coarse grains with rotational 

speed 800 rpm, SC pin profile, feed rate 100 mm/min and 

penetration depth 5.9. The microstructure test was 

performed at Guru Nanak Dev Engineering College, 

Ludhiana. 

D. Conclusion and Future Scope 

1) Conclusion  

The butt joining of A6063Aluminium alloy was successfully 

carried out using FSW technique. The samples were 

characterized by mechanical properties like tensile strength, 

hardness test.  The Microstructure analysis was also done of 

theses samples. The following conclusion was made from 

the present investigation. 

 It is concluded that the maximum value of tensile 

strength can be achieved at rotational speed 1200 rpm, 

feed rate 100 mm/min and penetration depth 5.8.The 

maximum value of tensile strength was 72 Nm/mm2. 

 It is concluded that the maximum value of Hardness can 

be achieved at rotational speed 1000 rpm, feed rate 60 

mm/min and penetration depth 5.8.The maximum value 

of Micro Vickers mean Hardness was 54HV. 

 In the tensile strength the tool rotational speed has 

28.401% contribution, feed rate has maximum 

contribution 43.12% and penetration depth has 1.33 % 

contribution in FSW process of AA 6063 to tensile 

strength of welded joints. 

 In the Hardness it is concluded that tool rotational speed 

has 26.625% contribution, feed rate has contribution 

11.105% and penetration depth has maximum 

contribution 28.83 % in FSW process of AA 6063 

Hardness of welded joints. 

 The microstructure studies aimed at characterization of 

either the shape and dimensions of the grains across the 

joint. In this test three zones are observed TMAZ. HAZ 

and Nugget. It is concluded that by increasing the travel 

speed the nugget microstructure appears more fine and 

uniform. The fig.11 shows the microstructures have 

more coarse grains with rotational speed 800 rpm, feed 

rate 100 mm/min and penetration depth was 5.9. 

2) Future Scope 

 In future this research helps in selection of tool speed, 

feed rate and penetration depth to get maximum desired 

results. And to get good quality of FSW. 

 This research also helps to increase the use of AA 6063 

Aluminium alloy where its properties are not suitable 

but can be enhanced by friction stir welding. 

 More experiments can be performed in order to 

thoroughly understand the process and its dependence 

on other process parameter and alloys. 

 Variation in the tool material, tool pin profile shape, 

and shoulder diameter may be taken into consideration. 

 Mathematical models can be developed for various 

parameters. 

 Temperatures at various points and heat input per unit 

volume can be calculated. 
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