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Abstract— This study focuses on the modeling of the friction stir welded Al 6351 plates added with SiC particles in the 
butt-joint region. Two sets of experiments were conducted using Taguchi’s experimental design and a mathematical model 
was developed to predict the mechanical properties of the welded Al 6351 plates. The predicted results were compared with 
the actual experimental results. It is found that the developed model could be used to predict the mechanical properties of the 
welded Al 6351 plates with minimum error percentage. 
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I. INTRODUCTION 
 
Friction stir welding [FSW] has been familiarized to 
the many researchers and academicians in the metal 
joining category since the date of invention. And it is 
extending its features with the help of many people’s 
interest and effort by developing constantly by 
adopting novel methods. Though it was developing 
through researches, the experimental design also 
serves its part in developing the technology. Such, one 
of the accepted experimental design technique is 
Taguchi method. It is now at the early stages in 
designing the experiments of friction stir welding, it 
has a greater advantage of conducting the multi 
factorial design in the experiments with a minimum 
number of runs which reduces the cost of the 
experiment conduction. The reliability is also trust 
worthy in using this technique. The mathematical 
models were developed in order to predict the nature 
of the material and performance when it is subjected to 
friction stir welding. These developed models were 
very useful in developing a product which uses this 
friction stir welding and helps to improvise the 
process. Hence the experiments in this study were 
designed using Taguchi’s technique and 
mathematical models were developed to predict the 
properties of the friction stir welded Al 6351 alloy 
plates are studied.  
 
II. EXPERIMENTAL PROCEDURE 
 
Al 6351 plates of chemical composition shown in 
Table. 1 was used in this study. The friction stir 
welding was conducted with specific arrangements in 
the machine. All these arrangements were fixed on the 
Czechoslovakian make vertical milling machine as 
shown in Fig. 1. 

Table.1   Chemical Composition of Al 6351 

 

 
Fig. 1 Fsw setup 

 
Experiments were conducted as per Taguchi L9 
orthogonal array. The process parameters and the 
design matrix of the experiments were given in table 
2. During each experiment 2% by weight of SiC 
particles of 12 µm size was added in the weld region 
by means of a special chute arrangement. Right after 
friction stir welding is done one set of experiments 
were annealed and then they were tested. The 
annealing condition for the experimental samples is to 
keep them inside the furnace at the temperature of 
311ºC about two hours and then cool it in still air. 

 
Table. 2     Design Matrix Using L9 Orthogonal Array 
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III. RESULTS AND DISCUSSION 
  
The response tabulation of results for the tensile 
strength and hardness in both as-weld and annealed 
conditions were given on the Table 3. 

 
 
A. S/N ratios 
Of the Taguchi’s quality loss functions the 
larger-the-better function has been chosen for the 
properties such as tensile strength and for hardness. In 
Taguchi method the S/N ratio is used to determine the 
deviation of quality characteristics from desired value. 
The S/N ratio can be expressed as follows, refer to (1). 

 (1) 
The table 4 and 5 which are tabulated below are the 
response tabulation for S/N ratios for hardness and 
tensile strength in as-weld condition respectively. 
These S/N ratio calculations were done using the 
Minitab 15 software. For the hardness improvement in 
the as-welded plates welding speed ranks first in 
influencing the mechanical property followed by axial 
load and rotational speed respectively. As for as the 
tensile strength in as-welded condition the factor 
rotational speed precedes over axial load moves to the 
second rank in the tabulation which proves it has its 
influence in determining the tensile strength property. 
 

Table 4. As-weld Hardness response Table for Signal to Noise 
Ratios 

 
 

Table 5. As-weld tensile strength response Table for Signal to 
Noise Ratios 

 
The table 6 and 7 which are tabulated below are the 

response tabulation for S/N ratios for hardness and 
tensile strength in anealed condition respectively. For 
the hardness in the annealed plates the rotational 
speed ranks first in influencing the mechanical 
property followed by welding speed and axial load 
which ranks second and third respectively. The tensile 
strength in annealed condition also has the factor 
rotational speed as first but axial load moves to the 
second rank followed by the factor welding speed as 
third. 
 
Table 6. Annealed Hardness response Table for Signal to Noise 

Ratios 

 
 

Table 7. Annealed tensile strength response Table for Signal to 
Noise Ratios 

 
 
IV. ANOVA 
 
The analysis of variance for the as-weld condition for 
both hardness and tensile strength were shown in 
Table.8 and Table.9. 
 
B.  As weld condition 
 

Table. 8 Analysis of Variance for hardness 

 
 

Table.9 Analysis of Variance for tensile strength 

 
 
For both hardness and tensile strength, the P-value is 
less than 0.05 and therefore it is statistically 
significant 
 
C. Annealed condition 
The analysis of variance for the annealed welded 
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samples for both hardness and tensile strength were 
shown in Table.10 and Table.11. 

Table.10 Analysis of Variance for Hardness 

 
Table.11 Analysis of Variance for Tensile strength 

 
 
Here once again for both hardness and tensile strength 
the P-value is less than 0.05 therefore it is statistically 
significant. 
 
V. DETERMINATION OF THE VALUES OF 

COEFFICIENTS 
 
The calculated values of the coefficients for different 
responses are presented in Table. 12. After 
determining the coefficients, the regression models 
are developed. 

 
Table. 12   Coefficient values 

 
 
D. Regression modeling  
Regression modelling was done using Minitab 15 
software. Regression was done only for the samples 
which are welded with SiC particles in the weld region 
to predict the samples characteristics. The response 
function representing the properties can be expressed 
as a function of the rotational speed, welding speed 
and axial load for FSW operation, refer to (2). 
 
 Y= f (S, F, L)                                                               
     (2) 
 
For the second order relations, with ‘k’ number of 
factors, the model will be of the regression type given 
in the expression, refer to (3)  
 Y = b0 + i = 1 ∑ k bi Xi + i j = 1∑k b ij Xi Xj +i = 1 ∑k bii Xi                       (3) 
With three factors and three levels, the polynomial 
equation is expressed as follows, refer to (4) 
Y = b0 + b1 S + b2 F + b3 L                                                  (4)    
where,  
b0 is constant  

b1, b2, b3 are coefficients of linear terms 
S-rotational speed, F-welding speed, L-axial load 
The numerical model was determined to predict the 
mechanical properties such as Tensile strength and 
hardness of the samples which are welded with SiC 
particles. The prediction helps to find the limits of the 
material that are friction stir welded and to predict the 
mechanical properties. Equations (5) and (6) are the 
models developed for hardness and tensile strength 
respectively in as-weld condition. Equations (7) and 
(8) are the models developed for hardness and tensile 
strength respectively for welded joints subjected to 
annealing treatment. 
 
1) As-weld condition 
 
Hardness = 52.1 + 0.00363 Rotational speed + 0.548 
Welding speed - 2.67 Axial load    (5) 
 
 
Tensile strength = 43.2 + 0.0356 Rotational speed + 
3.01 Welding speed - 2.9 Axial load (6) 
 
2) Annealed condition         
  
Hardness = 36.5 + 0.00087 Rotational speed + 0.0926 
Welding speed + 0.73 Axial load      (7) 
 
Tensile strength = 90.8 + 0.0201 Rotational speed + 
0.500 Welding speed - 9.68 Axial load (8) 
E. Confirmation tests 
 Confirmation tests have been done to evaluate the 
predicted models and the values are shown in Table. 
13. 

Table.13   Confirmation tests 

 
 
The error percentage of the mathematical models 
developed for both the as welded joints and welded 
joints subjected to annealing treatment were within 
the limits. Hence, these models can be applied to 
reliably predict the tensile strength and hardness of 
the SiC particles added friction stir welded Al 6351 
plates. 
 
CONCLUSION 
 
1. Addition of SiC particles during friction stir 
welding had enhanced the mechanical properties of 
the Al 6351 alloy plates. 
2. The developed regression models are reliable and 
useful in predicting the mechanical properties of the 
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Al 6351 welded plates with minimum error 
percentage. 
3. Through S/N ratios it is observed that the rotational 
speed and welding speed has maximum influence in 
determining the tensile strength and hardness at the 
weld region. 
 
REFERENCES 
 
[1] W.M. Thomas, International Patent Application No. 

PCT/GB92/02203 and GB Patent Application No. 9125978.8,6 
(1991), U.S. Patent No. 5,460,317. 

 
[2] R.S. Mishra, Z.Y. Ma. Friction stir welding and Processing. 

Materials science and engineering R 50 (2005) 1-78. 
 
[3] Dwight Burford, Christian Widener, and Bryan Tweedy. 

Advances in Friction Stir Welding for aerospace applications. 
National Institute for Aviation Research, Wichita State 
University. Airframer November 2006. Issue 14. 

 
[4]  M.M. Shtrikman Current state and development of friction stir 

welding Part 3. Industrial application of friction stir welding 
Welding International. Vol. 22, No. 11, November 2008, 
806–815. Selected from Svarochnoe Proizvodstvo 2007 60 (11) 
36–45 

 
[5] R. Nandan, T. DebRoy, H.K.D.H. Bhadeshia Recent advances in 

friction-stir welding – Process, weldment structure and properties. 
Progress in Materials Science 53 (2008) 980–1023. 

[6] M Jayaraman et. Al. Optimization of process parameters for 
friction stir welding of cast aluminium alloy A319 by Taguchi 
method. Journal of scientific & industrial research vol.68, January 
2009, pp. 36-43 

 
[7] T.Minton, D.J.Mynors, Utilisation of engineering workshop 

equipment for friction stir welding. Journal of material processing 
tech 177 (2006) 336-339. 

 
[8] Y.G. Kim, H.Fujii, T.Tsumura, T.Komazaki, K.Nakata. Effect Of 

Welding Parameters On Microstructure In The Stir Zone Of Fsw 
Joints Of Aluminium Die Casting Alloy . Materials Letter 
60(2006) 3830-3837. 

 
[9] K.Elangovan, V.Balasubramanian Influences of tool pin profile & 

shoulder diameter on the formation of FSPZ in AA6061 
aluminium alloy. Materials & design 29(2008) 362-373. 

 
[10]K.Elangovan, V.Balasubramanian Influences of pin profile & 

rotational speed on the formation of FSPZ in AA2219 aluminium 
alloy. Materials science and engineering A459(2007)7-18. 

 
[11]K.Elangovan, V.Balasubramanian Influences of pin profile & 

welding speed on the formation of FSPZ in AA2219 aluminium 
alloy. JMPT200(2008)163-175. 

 
[12]Huseyin Uzun . Friction Stir Welding Of Sic Particulate 

Reinforced AA 2124 Aluminium Alloy Matrix Composite. 
Materials And Design 28(2007)1440-1446. 

 

 
 
 
 
 
 
 
 

 


