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ABSTRACT 

 AA 2219 aluminum alloy (Al-Cu) has gathered wide acceptance in the fabrication of 

lightweight structures requiring a high strength-to-weight ratio and good corrosion resistance. 

An in Friction stir welding (FSW) an emerging solid state joining process the material being 

welded does not melt and recast by using a non consumable tool to generate surfaces 

frictional heat. During this investigation, an attempt has been made to systematically examine 

the controlled friction stir weld process parameters and dependant weld process variable weld 

energy. Welds have been made in AA 2219 aluminum alloy by using FSW parameters to 

provide different levels of specific weld energy.  According to Taguchi quality design, 

concept L9 orthogonal array has been used to determine the S/N ratio, Analysis of Variance 

and the F-test values for indicating the most significant parameters affecting the specific weld 

energy.  From the test results, it is found that the optimal specific weld energy produces good 

quality joints.  

 Key words: Friction stir welding, AA 2219 aluminum alloy, Specific weld energy, Taguchi 

method, Orthogonal array, S/N ratio. 

 

Corresponding Author: Manikandan.G  

 

 

 

INTRODUCTION 

 

Heat treatable aluminum-copper alloys confirming to AA 2219 are of high strength and 

possess excellent welding characteristics.  Hence, these alloys are employed in marine frames, 

pipelines, storage tanks and aircraft applications.  Friction stir welding was invented by TWI 

(UK) and patented in 1992. It is continuous, hot shear, autogenous process involving a non-

consumable rotating tool of harder material than the substrate material [1]. FSW produces no 

weld distortion, porosity, alloy segregation, fume and possess good mechanical properties, 
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when compared with other fusion welding processes. It also produces a joint efficiency of 60 

% and above.  FSW has been successful in welding a wide range of materials like plastics, 

metal matrix composites, aluminum, copper, steels, stainless steel, nickel alloys, and titanium 

[2]. 

The energy delivered during welding creates stir zone and the excess energy transfers into the 

tool assembly, clamp support and into the plates, which are being welded.  The energy 

delivered during welding is predominantly influenced by the FSW process parameters.  

Hence, optimizing the effect of process parameters on the energy consumption in friction stir 

welding of AA 2219 aluminum alloy is investigated to determine the energy requirement for 

producing sound stir zone formation [3]. 

 

EXPERIMENTAL DESIGN   

A Taguchi design is a method of designing experiments that usually require only a fraction of the 

full factorial combinations that focuses on minimizing variation and/or sensitivity to noise.  An 

orthogonal array means the design is balanced so that factor levels are weighted equally.  

Because of this, each factor can be evaluated independently of all the other factors, so the effect 

of one factor does not influence the estimation of another factor.  This method needs only a 

fewer number of tests and can extract information more precisely and more efficiently compared 

to the single factor approach.  Furthermore, it will produce better consistency and reproducibility 

of results regardless of the environment in which it is used [4]. 

                   Process control variables considered are (i) Spindle Speed (Factor A), (ii) Welding 

Speed (Factor B), (iii) Axial Force (Factor C) and (iv) Diameter ratio (Factor D).  A 4-factor 3-

level (L9) Orthogonal Array was chosen based on the previous work, which indicated that the 3-

level design was better than others. Several trial runs were performed to find out the range of 

working limits of the factors, shown in Table 1. 

 

Table 1 Process parameters 

Factors 
Levels 

1 2 3 

A , Spindle Speed (rpm) 800 1200 1600 

B , Welding Speed (mm/s) 0.37 0.76 1.25 

C , Axial Force (kN) 4 5 6 

D , Diameter ratio 2 3 4 

 

EXPERIMENTAL WORK 
 

    According to factor level settings, shown in Table 2, the experiments were conducted using 

a HCS tool with cylindrical pin profile.  There were five replicates for each parameter setting.  

Our indigenously designed FSW machine with load cell and a measuring system, which 

operated in load control mode, produced the specimen. The axial force for each weld was 

chosen in order to provide sufficient forge force to create a fully consolidated weld. The tool 

dimension was optimized in order to avoid incomplete welding at root side. The power 

consumption was measured for each weld and the specific weld energy [6] was calculated 

from,         
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    Specific weld energy (J/mm) =    

                  [Power (watts) / Welding speed (mm/s)] 

 

Table 2 L9 (3
4
) OA with factor levels, measured Specific weld energy and S/N ratios 

Trail 

No 

Factor 

A 

Spindle 

Speed 

Factor 

B 

Welding 

Speed 

Factor 

C 

Axial 

Force 

Factor 

D 

Shoulder 

Diameter 

Readings 

S/N 

Ratio 

1 2 3 4 5 

1 1 1 1 1 1441.51 1388.29 1414.27 1428.83 1397.37 -63.01 

2 1 2 2 2 1020.21 994.96 1004.36 1015.51 998.42 -60.06 

3 1 3 3 3 789.16 803.52 792.89 809.94 812.38 -58.08 

4 2 1 2 3 2162.16 2232.89 2156.97 2211.81 2249.37 -66.86 

5 2 2 3 1 1467.10 1484.59 1516.79 1499.63 1503.50 -63.49 

6 2 3 1 2 1004.80 1019.76 1014.59 1009.74 1023.12 -60.13 

7 3 1 3 2 2738.81 2791.14 2761.51 2722.19 2782.40 -68.82 

8 3 2 1 3 2126.67 2147.66 2168.63 2135.66 2155.68 -66.64 

9 3 3 2 1 2104.80 2081.67 2098.16 2084.03 2092.08 -66.41 

 

TAGUCHI ANALYSIS 

 

The results obtained from the experiments were analyzed using a statistical measure of 

performance called signal to noise ratio (S/N ratio).  Eq. (1) was used to calculate the signal to 

noise (S/N) ratio, based on smaller-the-better characteristics [7-10]: 

S/N = -10 log ( ∑ (y
2
) / n)   . (1) 

 

where, ‘y’ is the value of response and ‘n’ is the number of observations. 

Analysis of Variance (ANOVA) test was carried out to interpret the calculated specific weld 

energy and the S/N ratios by finding the F-ratio and the percentage contribution of the factors. 

The significant factors with their levels were also determined using standard methods and the 

Confidence Intervals were calculated by using Eq (2) and (3): 

 

CI = ± √ { Fα;1;ve Vep / Ne }..(2) 

 

  Ne  = N / (1+vt)                .. (3) 

 

where CI is the confidence interval, ‘Fα;1;ve ‘ the F-ratio, ‘Vep’ the pooled error variance, ‘Ne’  

the effective sample size, ‘N’ the number of experiments in the OA, ‘vt’ the total number of 

degrees of freedom associated with the predicted mean response.  Based on a 90% confidence 

level (CL), F0.1,1,36 = 2.86, Ne = 5 and  

Vep = 450.17, the CI values calculated were ± 15.00. 
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RESULTS AND DISCUSSION 
 

Energy consumption 

 

The calculated specific weld energy varies from 789.168 to 2791.135 (J/mm) is shown in Table 

2.  The average specific weld energy is 1659.036 J/mm and the lowest S/N ratio is -58.08, which 

was calculated from the energy consumption obtained with a parameter setting of 1333, i.e., Trial 

No. 3.  In order to make a useful weld with lower energy consumption, it is essential to optimize 

the parameter settings to minimum for energy consumption.  

 

Average effects from factors 

 

The average effects of each of the four factors are tabulated in Table 3.  As shown in fig. 2, the 

lowest effects from the four factors are spindle speed at Level 1, welding speed at Level 3, axial 

force at Level 1 and diameter ratio at Level 2.  The optimum parameter level settings are chosen 

so that the quality characteristic required for the energy consumption is lower the better. 

Table 3 Average effects from each factor 

 

Factors 
Levels 

1 2 3 

Spindle Speed (rpm) 1074.11 1570.46 2332.74 

Welding Speed (mm/s) 2125.30 1549.29 1302.71 

Axial Force (kN) 1525.11 1767.16 1685.04 

Diameter Ratio 1666.84 1593.44 1717.03 

 

ANOVA results 

The results obtained from the ANOVA test and S/N ratios are shown in Table 4 and Table 5 

respectively.  The F-ratios obtained are mostly high and indicate a CL of 99.9% or more.  The 

contributions from the spindle speed and welding speed shown in Fig. 1 are also highly 

significant, accounting to the extent of 67% and 29% based on specific weld energy; and 62% 

and 28% based on the S/N ratios respectively. 

 
Fig 1: Percentage contribution of factors on specific weld energy. 
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Fig 2: Average effects of process parameters on specific weld energy 

Table 4 ANOVA results from the measured Specific weld energy 

Factors Dof 
Sum of 

Squares 

Expected Sum of 

Squares 
Variance F ratio 

% Contribution 

of each factor 

Spindle Speed 2 12057891.70 12056991.36 6028945.85 13392.67 67.02 

Welding Speed 2 5346221.30 5345320.97 2673110.65 5938.04 29.71 

Axial Force 2 454562.75 453662.41 227281.37 504.88 2.52 

Diameter Ratio 2 115901.01 115000.67 57950.50 128.73 0.64 

Error 36 16206.03  450.17  0.11 

Total 44 17990782.78    100.00 

 

 

 

Table 5 ANOVA results from S/N ratios 

Factors Dof 
Sum of 

Squares 

Expected Sum of 

Squares 
Variance F ratio 

% Contribution 

of each factor 

Spindle Speed 2 71.76 69.35 35.88 29.74 62.88 

Welding Speed 2 33.48 31.06 16.74 13.87 28.16 

Diameter Ratio 2 2.63 0.22 1.32 1.09 0.21 

Pooled Error 2 2.42  1.21  8.75 

Total 8 110.29    100.00 
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Fig 3: Main effects of parameters for means 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results of confirmation experiments 

                  The optimum parameter setting was used in the confirmation experiments and weld 

results are listed in Table 6 and Table 7 respectively. The average effects of means and SN ratios 

Fig 4: Main effects for SN ratios 
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are plotted in fig.3 and fig.4. The average specific weld energy obtained is 518.18 J/mm.  As the 

specific weld energy and CIs predicted from the optimum parameter setting are 518.06 J/mm and 

± 15.00 J/mm respectively. The average specific weld energy obtained from the confirmation 

equipment is clearly in excellent agreement, which indicates that the optimization has been done 

successfully. 

 

Table 6 Parameter settings for the confirmation experiment 

Factors Level Settings 

Spindle Speed (rpm) 1 800 

Welding Speed (mm/s) 3 1.25 

Axial Force (kN) 1 4 

Diameter Ratio 2 3 

 

Table 7 Results of confirmation experiments 

Factors Readings 

Specific weld energy obtained  (J/mm) 518.44, 503.11, 533.13, 509.12, 527.12 

Average specific weld energy (J/mm) 518.18 

Predicted specific weld energy (J/mm) 518.06 

Confidence Interval (based on 90% CL) (J/mm) ± 15.00 

 

CONCLUSIONS 

 

A 4-factor 3-level (L9) OA Taguchi experimental design is efficient to optimize the process 

parameters for lower specific weld energy.  The specific weld energy varies from 789.168 to 

2791.135 (J/mm) with an average value of 1659.036 J/mm.  However, with the optimized 

processing parameters, the average specific weld energy was 518.18 J/mm.   
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