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Abstract 

The parametric analysis on friction stir welding of dissimilar aluminium alloys 

i.e. AA5083- AA1100 using different tool geometries were performed with 

experimentation. A multi response optimization problem was developed to 

perceive optimal process parameters to achieve better mechanical properties. 

Taguchi’s L16 orthogonal array design and the signal to-noise ratio (S/N ratio) 

concept were selected to optimize the objective functions with the experimental 

results. The objective functions were chosen with respect to process parameters 

i.e. tool rotational speed, welding speed, tool shoulder diameter, and tool pin 

type. The Taguchi’s approach followed by the Grey relational analysis was 

successfully applied to solve this multi-response optimization problem. The 

ANOVA method was used to evaluate the overall output of various factors 

considered and optimal results were confirmed with additional experiments. The 

current study obtained the application viability of the Grey Taguchi method for 

the continuous enhancement of the weld quality in the manufacturing sector.  

 

Keywords: FSW, AA5083, AA1100, Orthogonal array, Signal-to-noise ratio, 

Taguchi approach. 
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INTRODUCTION 

Friction stir welding (FSW) is a solid state 

joining process. The main advantages of the 

Solid state joining process are the retained 

base metal properties and no additional 

filler materials required to make a joint. 

Some of the example of solid state welding 

techniques are resistance welding, ultrasonic 

welding, diffusion welding, and friction stir 

welding etc. FSW is the most commonly 

accepted method for joining non-ferrous 

light weight materials and this process finds 

many applications in the aerospace, 

shipbuilding, and other transportation 

industries [1].  

 

The FSW was invented in 1991 at The 

Welding Institute, UK [2]. Since then, many 

research articles reported on friction stir 

welding of alluminium alloys. Peel et al. [3] 

investigated the microstructure graphs of 3 

mm AA 5083 welds produced using two 

different tool and varying the weld speed 

only. The residual stresses were also studied 

with the help of laser-based interferometric 

strain mapping technique (ESPI). The weld 

zone reported to be in tension in 

longitudinal and transverse directions of the 

plates. Similarly, the microstructure of 6.35 

mm AA7075-T6 FSW was studied by 

Rhodes et al. [4].  

 

Further, the micro structural study was also 

performed by Hou et al. [5] for an unequal 

shoulder self-reacting tool and studied the 

effect of rotational speed. Biswas and 

Mandal [6] studied the effect of process 

parameters on the FSW of marine grade 

AA5083 based on the mechanical properties 

of the welds.  

 

A three dimentional transient thermal 

analysis was also performed [7] to study the 

effect of process parameter on the FSW of 6 

mm thick AA1100 plates. Whereas, Chao 

and Xi [8] performed a themo-mechanical 

analysis by decoupling the process and 

calculated the residual stresses. A boundary 

value problem was also formulated by Chao 

et al. [9] and solved using inverse analysis. 

Song and Kovacevic [10] also developed a 

heat source to study the thermal history of 

FSW joints.  

 

In the microstructure and mechanical 

properties, the tool geometry plays a vital 

role. The material movement is directly 

linked to the tool geometry. So, Colegrove 

and Shercliff developed a trivex tool to 

study the material flow [11]. Similarly, 

different flow model were proposed using 

different tool geometries to study the effect 
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of tool geometries on the weldments [12], 

[13], [14], [15].  

 

However, some researcher also worked in 

the area of the FSW process parameter 

optimisations like Elangovan et al. [16] 

proposed a mathematical model to perform 

the analysis and used analysis of variance 

(ANOVA) technique to find the best 

process parameter. Similarly, Jayaraman et 

al. [ made use of Response Surface 

Methodology [17] and Artificial Neural 

Network to predict the tensile strength of 

the FSW joint. Mohenty et al. [18] also used 

Response Surface Methodology for tool 

designing and made use of Fuzzy logic and 

Artificial Neural Network [19] to predict the 

weldment characteristics and the 

effectiveness of the optimization technique. 

Few contributions on FSW tool material and 

design [7, 17, 20-23]. All these efforts 

brought friction stir welding process in 

further enhancement but many research 

articles are focussed on FSW of similar 

metals.  

 

FSW of dissimilar metals, Topic et al. [24] 

reported on FSW of dissimilar alluminium 

alloys AA1050 to AA6016 and they 

concentrated on measuring the weld quality 

by the micro structural examination and 

hardness measurements. Tehyo et al. [25] 

worked on joining dissimilar combination 

metals i.e. AA6061 to a semisolid metal 356 

and reported the tensile and hardness 

properties of the welds. Palanivel and 

Koshymathews [26] predicted optimized 

process parameter of friction stir welded 

AA5083 using response surface method. 

Decent amount of publications are reported 

on mechanical and microstructural study of 

FSW on dissimilar metals joining [27-31].  

 

In this study, the optimisation of process 

parameters for friction stir welding of 

AA1100 to AA5083 is reported using Grey 

Taguchi optimisation technique. Detailed 

experimentation and investigations has been 

performed to correlate all the welding 

parameters (i.e. Tool Rotational Speed, 

Welding Speed, Tool Shoulder diameter, 

Tool Shoulder diameter, Tool Pin Type) 

with the weld quality achieved. The weld 

strength is checked for each experiment by 

preparing the test samples. For measuring 

the temperature K-Type thermocouples are 

used on both advancing and retarding sides.  

 

EXPERIMENTAL CONDITIONS AND 

PROCESS PARAMETERS  

A modified vertical milling machine is used 

to perform all the FSW experiment. A data 
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acquisition system along with K-type 

thermocouples is used for the temperature 

measurement, shown in Fig. 1. The SS310 

material is used to fabricate the FSW tools 

used in the analysis. The different tool used 

for performing the experiment is shown in 

Fig. 2. 

 

 

Fig.1 Experimental Set up 

 

 

 

Fig. 2. Fabricated FSW tools 

 

The thermocouples are placed in 3 mm deep 

holes which were at 16 mm away from the 

centre of the weld line on both sides. Two 

dissimilar metals i.e. AA1100 and AA5083 
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are used as the base material in all the 

experiment. The dimensions of the 

specimens are 200 mm length, 100 mm 

width, and 6 mm thickness. The chemical 

compositions of both the materials are 

shown in the Fig. 3. 

 

Fig.3. Chemical Composition of base materials a) AA1100 

 

 

 

Fig.3. Chemical Composition of base materials b) AA5083 

 

The chemical compositions of the two 

materials are checked using Energy-

dispersive X-ray spectroscopy (EDX) which 

shows large peak of Aluminum i.e. about 
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99.4 % for AA1100 whereas, for AA5083 

along with Aluminum, Mg peak is also 

obtained which is found to be 3.1% shown 

in Fig. 3. The two samples of the both the 

materials have prepared to test the tensile 

strength of the material in Universal Testing 

Machine (UTM). The four important 

process parameters and with four levels are 

considered for the present study shown in 

Table 1. 

Taguchi’s Design of experiments (DOE) are 

performed using the above parameters. 

Mixed level design are selected i.e. four 

levels for three parameters and Two levels 

for one parameter, as shown in Table 1. 

Sixteen number experiments are conducted 

using the Taguchi’s DOE approach shown 

in the Table 2. 

Table 1 Process parameters and their limits

 

Table 2 Taguchi’s L16 orthogonal array design 
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The Experiments are successfully 

completed with healthy weld. The defect 

free welds are obtained in all the cases. The 

samples are taken from the centre of the 

welded plates and tensile strength is tested 

in UTM. The test are conducted on sample 

and it is found that the breaking of all the 

test samples are away to the welding zone 

i.e. between heat affected zone and base 

material of AA1100 as shown in Fig. 4. The 

specimens are machined by milling machine 

according to the ASTM E-8 standards. The 

tensile strength along with the elongation of 

the base materials is reported in Table 3. 

The tensile strength, elongation and peak 

temperature of all the Taguchi’s designed 

experiments is shown in Table 4. 

 

 

Table 3 Mechanical properties of AA1100 and AA5083 

 

 

 

 

Fig. 4. Tensile test samples 
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Table 4 Experimental data 

 

 

 

 

 

 

The maximum peak temperature is obtained 

in case of cylindrical pin with highest 

rotational speed, Shoulder diameter and 

lowest welding speed. Whereas, the lowest 

peak temperature is also obtained with 

cylindrical pin geometry and lowest tool 

rotational speed. However, the maximum 

elongation is obtained in case of taper pin 

geometry while the minimum elongation 

obtained with cylindrical pin geometry. The 

highest yield strength and ultimate strength 

is obtained for taper geometry at 1100 and 

815 rpm respectively with 24 mm shoulder 

diameter.  

 

PARAMETRIC OPTIMISATION OF 

FSW OF AA1100-AA5083  

Dr. Genichi Taguchi developed a method 

based on orthogonal arrays experiment to 

predict the optimal process parameters. 

Orthogonal array provide a set of 

coordinated (least possible experimental 

paths) experiments. Whereas, Taguchi’s 

signal-to-noise ratios (S/N ratio) gives 

logarithmic functions of desired outputs 

assist as objective functions for 

optimization. The S/N ratio is the ratio of 

the mean (signal) to the standard deviation 

(noise). The standard S/N ratios generally 

used are as: Nominal is best (NB), lower the 

better (LB) and higher the better (HB). The 



 
 

 

33 Page 25-42 © MANTECH PUBLICATIONS 2017. All Rights Reserved 

 

International Journal of Mechatronics and Manufacturing Technology 

Volume 2, Issue 1, January-June 2017  

optimal setting is the parameter 

combination, which has the highest S/N 

ratio.  

 

The normalisation of output data, called as 

grey relational generation (GRG) i.e. all the 

measured experimental output 

characteristics are normalized ranging zero 

to one. The normalised of Yeild Strength, 

Ultimate Tensile Strength, % Elongation, 

Peak Temperature corresponding to higher-

the-better criterion is expressed as  

 

 

where xi (k) is the value after the Grey 

relational generation, min yi (k) is the 

smallest value of yi (k) for the kth response, 

and max yi (k) is the largest value of yi (k) 

for the kth response. The normalized output 

data after Grey relational generation are 

tabulated in Table 5. 

 

 

Table 5 Normalisation of output data (Grey relational generation) 
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Table 6 Evaluation of Δ0i for each of the responses 

 

 

 

 

Grey relational coefficient (GRC) i.e. the 

correlation between the desired and actual 

experimental output data is calculated as: 

 

 

 

Where  = difference of 

absolute value )xo k and xi(k); Ψ is the 

distinguishing coefficient 0≤Ψ≤1;  

 

  

 

the smallest value of ∆0i, and  

 

 

 

largest value of ∆0i.. The grey relational 

grade is given by the average of all grey 

relational coefficients corresponding to the 

selected responses. Thus, the multi response 

problem is converted into a single response 

optimisation problem. Further, The grey 

relational grade (ω) is calculated by 

averaging the grey relational coefficient, as 

 



 
 

 

35 Page 25-42 © MANTECH PUBLICATIONS 2017. All Rights Reserved 

 

International Journal of Mechatronics and Manufacturing Technology 

Volume 2, Issue 1, January-June 2017  

 

Where, n = no of process responses. 

The best process sequence is given by the 

utmost value of grey relational grade. Grey 

relational coefficient of each performance 

characteristics is shown in Table 7 where 

the value for Ψ is taken as 0.5. 

 

The optimal experiment which contains the 

optimum output data is represented by the 

maximum value in the grey relational grade 

Shown in Table 8. The maximum value in 

the grey relational grade is obtained as 

0.825529 for the experiment no 6. 

Therefore, the optimal process parameters 

for the maximum grey relational grade are 

obtained as TRS: 815 rpm, WS: 63mm/min, 

TD: 24 mm, TP: TC. 

 

 

 

 

Table 7: Grey relational coefficients of each performance characteristics 

 

 

 

The effect of the parameters for overall grey 

relational grade is shown in Fig 5. The 

analysis of variance using adjusted SS for 

tests is given by Table 9. It is found that the 

most influencing process parameter within 

the considered overall parameters is tool 

rotational speed (TRS) is about 37.5% and 

welding speed (WS) is about 23%. As there 
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is huge difference in the physical properties 

of the chosen materials, the residual error 

obtained about 16%. 

                                           

Table 8 Grey relational grades 

 

                                     

 

 

 

 

Fig. 5.  Main effect plots for overall Grey relational grade 
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Table 9 Analysis of variance using adjusted SS for tests 

 

 

 

It is found that the optimal results is 

provided by the experiment no 6 (i.e. TRS: 

815 rpm, WS: 63mm/min, TD: 24 mm, TP: 

TC) among experiments. Hence, some of  

 

the mechanical studies are reported for the 

sample of experiment no 6. The Fractograph 

of FSW sample no 6 is Shown in Fig. 6. 

 

 

Fig. 6 FESEM analysis of fractograph of FSW samples no 6. a) Mag 400X b) Mag 2.5KX 

 

The fracture surface of the FSW sample no 

6 is studied using field emission scanning 

electron microscope (FESEM) at 400X and 

2500X. The fractured surface of the samples 

is appeared to have uniform dimples around 

the nodule. These dimples are occurred due 

to the formation of micro-voids and 

coalescence phenomena, when specimen is 

under uniaxial tensile loading.  

 

CONCLUSION  

 The comprehensive methodology of 

Taguchi optimization technique 

combined with the Grey relational 
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analysis was successfully applied and 

reported for evaluating optimal 

process parametric combination of 

friction stir welding on dissimilar 

aluminum alloys.  

 

 The correlations between the most 

significant parameters and the 

mechanical properties and heat output 

of the FSW process using grey 

Taguchi technique was Established.  

 

 The numbers of experiments 

performed were minimised using the 

most effective Taguchi optimisation 

technique. The most important 

criteria was that the joint strength 

should not be lesser than the weakest 

of the given combination in dissimilar 

metal FSW joint.  

 

 The maximum value in the grey 

relational grade represented the 

optimal experiment that contained the 

optimum output data. The maximum 

obtained value in the grey relational 

grade is 0.825529 for the experiment 

no 6. Therefore, the optimal process 

parameters obtained for the 

maximum grey relational grade are 

TRS: 815 rpm, WS: 63mm/min, TD: 

24 mm, TP: TC.  

 

 Quality assessment of FSW joints by 

the tensile behaviour revealed that the 

tapered cylindrical pin tool perfectly 

suits for the successful welding of 

two dissimilar combination of 

alluminium (i.e. AA1100 to 

AA5083). It was also seen that the 

most influencing process parameter 

was tool rotational speed and welding 

speed which had the impact of 37.5% 

and 23%.  
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