
 
 

Optimization and Analysis of Hardness of 

Friction Stir Welding for Joining Aluminum 

Alloy 6105 using Taguchi Technique 
JaiSingh

1
, BikramJitSingh

2
 

1
Mechanical Engineering Department, E-Max Group of Institutions- Badhouli, Ambala. 

        
2
Mechanical Engineering Department, M.M.University-Mullana Haryana. 

1
jaisinghfk@gmail.com 

Abstract 

Friction stir welding is a solid state joining process for materials which is used for welding of 

different alloys of aluminum, magnesium, copper, and also for hard materials like mild steels 

because it avoids the problems occurred in fusion welding processes. The fact that joining of alloys 

could be generally faced troubles in many sectors that includes aerospace, marine industries, 

automotive, railway industries, construction industries etc. where conventional welding is not 

possible due to large difference in physical and chemical properties of the components to be welded. 

Problems in conventional welding processes are solidification, shrinkage, cracking, porosity 

formation, distortion and chemical reaction may arise during joining of similar and dissimilar 

materials.  

 This investigation represents the effects of parameters of friction stir welding on nugget zone and 

heat affected zone hardness during welding of Aluminum Alloy 6105. A vertical milling machine set 

up was used for welding. A high carbon steel tool having 18 mm shoulder diameter and 6 mm pin 

diameter with different pin profiles has been used.  

To forecast the hardness of friction stir welded joints, an attempt was made to develop empirical 

relationships incorporating Friction Stir Welding (FSW) process parameters using statistical tools 

such as design of experiments (DOE) and analysis of variance (ANOVA). FSW process parameters 

were also optimized to attain maximum hardness using Taguchi Technique. Also relationships were 

developed between the base metal properties hardness and optimized FSW process parameters. 

The result shows that optimum values of process parameters are to get a maximum hardness of 

friction stir welded AA 6105 is 57.4 Hv. 

Keywords: Friction stir welding, Aluminum alloy 6105, hardness, rotational speed, welding speed, 

tilt angle, pin profiles, Taguchi L16 orthogonal array 
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1. Introduction 

Friction stir welding (FSW) is a solid state joining process in which material is welded without melt and recast. It is 

mostly used in the construction of railway carriages worldwide, automation industries, fabrication work, 

construction of marine vessels and for the large production of aluminum panels, which are prepared from aluminum 

extrusions.[1] Friction stir welding mostly suitable for joining for similar and dissimilar aluminum alloys. From the 

study of available literature, it is noticed that friction stir welding seems to be more advantageous as compare to 

other conventional welding techniques. The major advantages of friction stir welding (FSW) in aluminum, copper, 

magnesium alloys, when compared to other conventional fusion welds, are principally the eradication of cracking 

and evaporative loss of alloying elements. This is owed to the solid-state joining and a weld zone with fine worked 

or recrystallized grain structure generated by stirring and forging during friction stir welding (FSW). During friction 

stir welding, temperatures remaining below the melting point result in a low shrinkage phenomenon and brilliant 

mechanical properties, together with reduction of residual stress within the weld zone mechanical properties of the 

FSW joint are quite good and are practically the same as the parent metal. To date, the major application fields of 

friction stir welding are Marine industries(hulls, ship sections,  structures), Aerospace industry (wings, fuselages, 

fuel tanks), Railway industry (high speed trains, carriages), Automotive industry (wheel rims, chassis, space frames, 

truck bodies, motor cycle frames and other sections), and in electrical and refrigeration. Due to the combined effect 

of different welding parameters, friction stir welding produces four different microstructure zones (Fig 2). The 

nugget in the center of the weld where the pin has passed, A shoulder contact zone on the top surface, Thermo-

mechanically affected zones (TMAZ) that are instantly on each side of the nugget, heat affected zones (HAZ) 

adjacent to the TMAZ that experiences a thermal cycle but not a mechanical shearing, and the unaffected parent 

material. Friction stir welding (FSW) produces an asymmetric micro structure in which the advancing and retreating 

sides experience different strain levels and thermal cycles. Material on the advancing side experiences more shear 

than the retreating does. The nearer the material to the tool, the higher is the deformation and temperature gradients 

to which it is subjected. This implies as effective deformation rate higher in the advancing side than in the retreating, 

consequential in different stress, flow and temperature cycles. Moreover approximately all the metal form in front of 

the tools is transformed to the retreating side creating a much broader flow band than that of the advancing. In 

addition to the grain and substructure evolution during the rigorous thermo- mechanical conditions imposed by 

friction stir welding (FSW), the various thermal cycles in the different weld zones induce different precipitate 

distributions within each zone. This paper exhibits the outcomes of an experimental setup in which the AA6105 

aluminum alloy was FS Welded, using various combinations of process parameters (rotational and axial speed, tool 

geometry). Mechanical properties of the experiment welds were assessed by means of hardness test. The vital part in 

this work was to design an experimental setup which would fit in the available machine tool. Understanding the tool 

design plays a very significant role in friction stir welding. The four different tools straight cylindrical, tapered 

cylindrical, threaded cylindrical and square headed tools are used in order to reduce the initial high forces during 

plunging operation.   It presents several advantages such as good weld appearance, ductility, improve strength, 

resistance to corrosion, fine grain structure and welded surface is free of porosity with lower distortion [2,3,4]. In 

Friction stir welding(FSW) process, a non-consumable rotating tool, consisting of a shoulder and a profile probe or 

pin, is forced down into the joint line under conditions where the frictional heating is appropriate to raise the 

temperature of the material to the range where it is plastically deformed. Study report that different input parameters 

like tool rotational speed, welding speed, pin profile and tilt angle have an important effect on and hardness of the 

weld joint [5-9]. This paper is reported effect of various input parameters on hardness of friction stir welding on 

aluminum alloy 6105. 

FSW joints generally involve of four different regions as shown in Fig. 2. They are: (a) unaffected base metal, (b) 

heat affected zone (HAZ), (c) thermo-mechanically affected zone (TMAZ) and (d) friction stir process (FSP) zone.  
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Figure 1.Friction Stir Welding 

 

Figure2.Different Regions of FSW Joint 

 

a = Base Metal 

b= Heat Affected Zone(HAZ) 

c= Thermo-Mechanical Affected Zone(TMAZ) 
d= Frictoin Stir Processed(FSP) Zone 

 

2. Taguchi Technique 

Taguchi, a Japanese quality engineer widely recognized as the father of quality engineering [10], addresses quality 

in two major areas: off-line and on-line quality control. Both of these areas are very cost susceptible in the decisions 

that are made with respect to the activities in each. On-line quality control refers to the monitoring of current 

manufacturing processes to verify the quality levels produced. Off-line quality control refers to the improvement in 

quality in the product and process development stages. [11]. The most important difference between a classical 

experimental design and a Taguchi method-based robust design technique is that the former tends to center solely on 

the mean of the quality characteristic, while the later reflects the minimization of the variance of the characteristic of 

interest. Although the Taguchi method has drawn much analysis due to several main limitations, it has been able to 

solve single response problems effectively. 

The TaguchiTechnique attempts to optimize a process or product design and is based upon three stages, as follows: 

1. Parameter design 2.  Concept design or system design 3. Tolerance design  

The following are the steps to be followed for process variables optimization [12]:  

Step 1: Decide the quality characteristic to be optimized.  

Step 2: Find the noise factors and test conditions.  

Step 3: Find the control factors and their alternative levels.  

Step4: Design the matrix experimentation and define the data analysis process  

Step 5: Conduct the matrix experimentation.  

Step 6: Analyze the data and establish optimum levels for control factors.  

Step 7: Predict the performance at these levels 
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2.1Selection of Orthogonal Array (OA) 

Selection of an Orthogonal Array is a significant stage in conducting the Design of Experiments (DOE). The number 

of parameters and interactions, and the number of levels of the parameters are the points which are to be considered 

before using an Orthogonal Array (OA). To analyze the non–linear behavior of the parameters, the levels of the 

parameters should be more than two. Four parameters at four levels each are selected for conduct of DOE. As four 

levels and four factors are taken into consideration, L16 OA is used in this research. Only the important factor 

effects are taken into consideration and not the interactions. The degrees of freedom (DOF) for each factor is 

3(number of levels − 1, i.e. 4 − 1 = 3) and therefore, the total DOF will be 12(= 4 × (4-1)). 
As per Taguchi Technique, the total degrees of freedom (DOF) of selected OA must be greater than or equal to the 

total DOF required for the experiment, and hence L16 OA is selected. Therefore a total of 16 trials were performed. 

After obtaining the weld joints, they are cut into the samples of required dimensions for obtaining the mechanical 

properties. Experimental design methods were originally developed by Fisher. However, classical experimental 

design methods are too difficult and not easy to use. Moreover, a large number of experiments have to be carried out 

when the number of process variables increases. To solve this problem, the Taguchi Technique [9-10] uses a special 

design of orthogonal arrays to study the entire parameter space with a small number of experiments. The 

experimental results are then converted into signal-to-noise(S/N) ratio. The signal-to-noise ratio can be used to 

measure the quality characteristics differing from the desired values.  The welding tests are carried out by design 

matrix Mechanical properties like hardness is increased for the welded plates, and the results are analyzed. 
 

3. FSW process parameters 

 
It has been clearly shown in the literature survey [13–16] that friction stir welding (FSW) process variables such as 

tool geometry, rotational speed, axial speed and axial force significantly influence the process and play a key role in 

deciding the quality of the weld.  

The detailed list of FSW process variables are listed below:  

1. Welding speed (mm/min) 2.Tool rotational speed (rpm) 3. Axial load (KN) 4. Tool geometry  

(i) Tool shoulder diameter, D (mm) (ii) D/d ratio of tool (iii) Pin length L (mm) (iv)Pin diameter, d (mm) (v) Tool 

inclined angle (◦)  

In the present investigation, four process variables, i.e. rotational speed, welding speed tool pin shape and tool tilt 

angle are considered. Trial experiments are carried out using thick rolled plates of 6105 AA to fix the working range 

of friction stir welding (FSW) process variables. When the rotational speed is lower than 1200rpm, low frictional 

heat is generated which results in poor plastic flow of the material during welding and contain defects like pinhole or 

tunnel in weld zone; when the rotational speed is higher than 2300 rpm causes excessive release of stirred material 

to the upper surface, which resultants left voids in the weld zone and poor surface quality. Similarly, when the 

welding speed is lower than 30 mm/min, pinholes type of defects are observed due to excessive heat input per unit 

length of the weld; when the welding speed is higher than 60 mm/min associated with low heat input, poor plastic 

flow of the material which causes some defects are observed at the weld zone.When the tilt angle is more than 2
0
, 

rough surface is observed and tilt angle is 0, tunnel defect is observed hence, the range of process parameters such as 

tool rotational speed is selected as 1200-2300 rpm; the welding speed is selected as 30-60mm/min andtilt angle 0-2
0
. 

The above said defects are shown as in figure 3.The friction stir welding process variables along with their range 

and levels are given in Table 1. 

 

                               1200 rpm 

 

                                2300 rpm 

CIKITUSI JOURNAL FOR MULTIDISCIPLINARY RESEARCH

Volume 6, Issue 3, March 2019

ISSN NO: 0975-6876

http://cikitusi.com/190



 
 

Figure3. Microstructure of welded joints at different parameters 

Table1.   Range and Levels of Process Parameters 

Levels Rotational speed 
RPM(RS) 

Welding Speed 
mm/min(WS) 

Tilt Angle(TA) 
Degree 

Tool Pin shape (SH) 

Range 950-2300 30-60 00 -20  

1 1200 30 00 Square Pin(SQ) 

2 1540 40 0.50 Taper Cyl. Pin(TC) 

3 1950 50 1.50 Straight Cyl. Pin(SC) 

4 2300 60 20 Threaded Cyl. Pin(THC) 

 

4. Preparation of Specimens for Welding 

The base material (BM) used in this study is aluminum alloy AA6105.The specimens were prepared for friction stir 

welding purpose For this firstly AA6105 material blank is pressed to make it straight and stress free. After that from 

this blank material thirty-two plates of size 100x75x6mm are cut by power  

The milling machine and power hacksaw was used to manufacture the specimens for hardness testing configuration 

has been to fabricate FSW joints. Dimensions of work piece as shown in Table 2. 
Table2. Dimensions of Work piece 

Particulars Work piece material Work piece dimension 

Values AA6105 100 (L) 75 (W) 6 (T) 

 
Chemical composition of Aluminum Alloy -AA6105 

The Chemical composition of the material is as shown in Table 3. 

 
Table 3. Percentage of Chemical Composition of Aluminum Alloy -AA6105 

Element Silicon  Iron  Copper Manganese Magnesium Zinc Aluminum Other 

Element 

Percentage 0.617 0.336 0.0026 0.029 0.452 .0020 98.49 REST 

 
 

 

 

 

 

 

 

                            30mm/min. 

 

60mm/min. 

 

00 

 

                                    20 
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5. Dimensions and Specifications of Tool 

Tool specifications detail given in the table 4 and dimensions shown in drawing as given below in figure5. 

 
 

Figure4.Tools with different tool pin profile 

 

 
 

Figure5. Tool Drawing 

Table4. Tool Specification 

Particular‟s Total 

Tool 
Length 

Head of 

tool 

Shoulder 

Length 

Pin 

Height 

Pin 

Diameter 

Dia of 

Tool 
Head 

Shoulder 

Diameter 

Tool 

Material 

Hardness of 

tool material 

Index L1 L2 L3 L4 L5 D1 D2 H13 60-62 HRC 

Value 120mm 50mm 50mm 5.7mm 6mm 17 18mm 
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Figure 6.Dimensions of Tool 

 

6. Experimental Procedure 

The friction stir welding (FSW) process is performed on vertical milling machine. Friction stir welds were prepared 

on the plates of aluminum alloy 6105. The plates were cut from the sheet of aluminum alloy material AA 6105. 

Single- pass friction stir rectangular butt joint was made using a friction stir welding tool which was fabricated from 

a material high carbon steel H13. The total length of the tool is 125.70mm. The shoulder diameter is 18mm and pin 

diameter is 6mm. The welded plate is in rectangular shape with a size of 100mm×75mm×6mm. The used welding 

parameters are tool rotational speed, welding speed, tool tilt angle and tool pin shape. The weld plates are suitably 

clamped in the suitable fixture for hold the plates in such a manner that both the plates cannot move from its position 

during the welding process. The fixture affords a base to place the plates for ensuring the proper flat position for the 

welding process. The Experiments are carried out on vertical milling machine at Department of Mechanical 

Engineering, Geeta Institute of Management and Technology, Kanipla, Kurukshetra, Haryana. 

7. Vickers Hardness Testing Machine 

Vickers hardness tester is used for measuring the hardness of softer metal as well as harder metal. The robust 

hardness machine frame is designed to contain an optical projection screen and high precision loading system. It is a 

fully computerized process. Same hardness number is getting on the same specimen, in spite of the load applied. 

Thin sheet metal is easily tested.  

 

Figure7. Vickers Hardness Testing Machine 

Table 5.Size and Specification of Vickers Hardness Testing Machine 
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NAME Modal  Make Maximum 

capacity 

Optical 

measuring 

range 

Scale list count Weight 

(approximate) 

Throat depth 

(mm) 

VH Tester VM 50 F.I.E. 50 kgf 0.1-1 .001 70kg 135 

 

 

Figure 8.Prepared Specimens for Hardness Testing 

7.1. Hardness Testing Procedure 

For measuring the hardness the specimen is perfectly placed on a testing table. Procedure used for test is fully 

automatic. A lever and weights are used to apply the accurate load on a diamond penetrator. The load is removed 

spontaneously after a specific lapse of time. The objective is listed with the test piece while projected the diamond 

indentation on the measuring screen. Optical measuring screen is used to measure the diagonals of the indentation. 

8 Results and Discussions 

8.1 Signals to Noise Ratio 

Hardness is the chief characteristic considered in this investigation describing the quality of friction stir welding 

joints. To judge the effect of factors on the response, the means and Signal-to-Noise ratios (S/N) for each control 

factor can be calculated. The signals are signs of the effect on average responses and the noises are measures of the 
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effect on the deviations from the sensitiveness of the experiment output to the noise factors. The appropriate S/N 

ratio must be chosen using earlier knowledge, expertise, and understanding of the process. When the target is fixed 

and there is insignificant or absent signal factor (static design), it is possible to choose the signal-to-noise (S/N) ratio 

depending on the aim of the design [18]. In this study, the S/N ratio was selected according to the criterion of the 

larger the-better, in order to maximize the response. In theTaguchi method, the signal to noise ratio is used to decide 

the deviation of the quality characteristics from the desired value. The Signal to noise ratio ηj (larger-the-better)in 

the jth experiment can be expressed as 

ηij=-10 log (1/n ΣYijk2) …….…        (1) 

where n is the number of runs and Yijk is the experimental value of the ith quality characteristics in the jth 

experiment at the kth run. In the present study, the Hardness data were analyzed to decide the effect of FSW process 

parameters. The experimental results were then converted into means and signal-to-noise (S/N) ratio. In this work, 

16 means and 16 S/N ratios were calculated and the estimated Hardness, means and signal-to-noise (S/N) ratio are 

given in Table 6. The analysis of mean for each of the experiments will give the improved combination of 

parameters levels that ensures a high level of Hardness according to the experimental set of data. The mean response 

states to the average value of performance characteristics for each parameter at different levels. The mean for one 

level was designed as the average of all responses that were achieved with that level. The mean response of raw data 

and S/N ratio of Hardness for each factor at level 1, 2, 3 and 4 were calculated. The means and S/N ratio of the 

different process parameters when they changed from the lower to higher levels are also given in Table 6. It is 

obvious that a larger/N ratio relates to better quality characteristics. Hence, the optimal level of process parameter is 

the level of highest S/N ratio [18]. The mean effect (Figure 9)and S/N ratio (Figure 9) for Hardness were calculated 

by statistical software 18, indicating that the Hardness was at maximum when rotational speed at level 2,welding 

speed at level 3 and tilt angle are at level 2 with taper cylindrical pin profile, i.e. rotational speed at 1 540 r/min, 

welding speed at 50 mm/min and tilt angle at 0.5 with taper cylinder pin profile. The means and S/N ratio are 

presented in table 6. 

Table 6.Orthogonal Array for L-16 with Responses (Means and S/N ratio) 

RS WS TA SH AV.NZ  AV.HAZ SNRA1 MEAN1_1 SNRA2 MEAN1 

1950 40 1.5 SQ 52.33 46.67 34.3750 52.33 33.3808 46.67 

1950 60 0.5 SC 51.33 46.00 34.2074 51.33 33.2552 46.00 

1950 50 2.0 TC 53.00 46.33 34.4855 53.00 33.3172 46.33 

1950 30 0.0 THC 46.33 44.33 33.3172 46.33 32.9340 44.33 

1540 40 0.5 TC 55.67 48.00 34.9124 55.67 33.6248 48.00 

1540 60 1.5 THC 54.67 48.67 34.7550 54.67 33.7452 48.67 

1540 50 0.0 SQ 53.67 47.67 34.5946 53.67 33.5649 47.67 

1540 30 2.0 SC 53.33 47.33 34.5394 53.33 33.5027 47.33 

1200 40 2.0 THC 46.67 44.00 33.3808 46.67 32.8691 44.00 

1200 60 0.0 TC 45.67 43.00 33.1926 45.67 32.6694 43.00 

1200 50 1.5 SC 48.00 45.00 33.6248 48.00 33.0643 45.00 

1200 30 0.5 SQ 46.67 44.67 33.3808 46.67 33.0003 44.67 

2300 40 0.0 SC 46.00 43.33 33.2552 46.00 32.7358 43.33 

2300 60 2.0 SQ 47.33 45.00 33.5027 47.33 33.0643 45.00 

2300 50 0.5 THC 50.67 45.67 34.0950 50.67 33.1926 45.67 

2300 30 1.5 TC 46.67 44.33 33.3808 46.67 32.9340 44.33 
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Note: AVH.NZ=Average Hardness Nugget Zone, AVH.HAZ=Av. Hardness heat Affected Zone 

 
8.2. Taguchi Analysis: AV.H.NZ versus RS, WS, TA, SH 

Table 7. Estimated Model Coefficients for S/N ratios and Means 

S/N Ratios Means 

Term Coef SE Coef T P Term Coef SE Coef T P 

Constant 133.9375 0.04618 734.957 0.000 Constant 49.8756 0.2603 191.602 0.000 

RS 1200 -0.5427 0.07998 -6.786 0.007 RS 1200 -3.1231 0.4509 -6.927 0.006 

RS 1540 0.7629 0.07998 9.539 0.002 RS 1540 4.4594 0.4509 9.891 0.002 

RS 1950 0.1588 0.07998 1.986 0.141 RS 1950 0.8719 0.4509 1.934 0.149 

WS 30 -0.2829 0.07998 -3.537 0.038 WS 30 -1.6256 0.4509 -3.606 0.037 

WS 40 0.0434 0.07998 0.542 0.625 WS 40 0.2919 0.4509 0.647 0.564 

WS 50 0.2625 0.07998 3.283 0.046 WS 50 1.4594 0.4509 3.237 0.048 

TA 0.0 -0.3475 0.07998 -4.345 0.023 TA 0.0 -1.9581 0.4509 -4.343 0.023 

TA 0.5 0.2115 0.07998 2.644 0.077 TA 0.5 1.2094 0.4509 2.682 0.075 

TA 1.5 0.0964 0.07998 1.206 0.314 TA 1.5 0.5419 0.4509 1.202 0.316 

SH SC -0.0307 0.07998 -0.384 0.726 SH SC -0.2106 0.4509 -0.467 0.672 

SH SQ 0.0258 0.07998 0.323 0.768 SH SQ 0.1244 0.4509 0.276 0.801 

SH TC 0.0554 0.07998 0.692 0.538 SH TC 0.3769 0.4509 0.836 0.465 

 
Table8. Model Summary S/N Ratios Table9. Model Summary Means 

S R-Sq R-Sq(adj) S R-Sq R-Sq(adj) 

0.1847 98.18% 90.90% 1.0412 98.27% 91.33% 

8.3 Analysis of Variance 

ANOVA (analysis of variance) is a statistical method for determining the degree of difference or similarity between 

two or more groups of data. It is based on the assessment of the average value of common components. The 

percentage contribution of several process parameters to the selected performance characteristic can be estimated by 

ANOVA 

Table10. Analysis of Variance for SN ratios 

Source  DF 

 

Seq SS 

 

Adj SS 

 

Adj MS 

 

F 

 

P 
%contribution 

RS  3  4.18192  4.18192  1.39397  40.86  0.006 
74.34 

WS  3  0.60551  0.60551  0.20184  5.92  0.049 
10.77 

TA  3  0.70548  0.70548  0.23516  6.89  0.044 
12.53 

SH  3  0.02890  0.02890  0.00963  0.28  0.837 
0.5 

Residual Error  3  0.10235  0.10235  0.03412     
1.81 

Total  15  5.62415         
 

Table11. Analysis of Variance for Means 

Source  DF 

 

Seq SS 

 

Adj SS 

 

Adj MS F 

 

P 
%contribution 

RS  3  141.104  141.104  47.0346 43.38  0.006 
74.15 

WS  3  19.494  19.494  6.4979 5.99  0.048 
10.38 

TA  3  22.533  22.533  7.5110 6.93  0.053 
12.01 

SH  3  1.145  1.145  0.3818 0.35  0.793 
1.01 
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Residual 

Error 

 3  3.253  3.253  1.0842    2.45 

Total  15  187.528        
 

 

Table13. Response Table for S/N RatioTable 14. Response Table for Means 

Level RS WS TA SH 
 Level RS WS TA SH 

1 33.39 33.65 33.59 33.91 
 1 46.75 48.25 47.92 49.66 

2 34.70 33.98 34.15 33.96 
 2 54.33 50.17 51.09 50.00 

3 34.10 34.20 34.03 33.99 
 3 50.75 51.34 50.42 50.25 

4 33.56 33.91 33.98 33.89 
 4 47.67 49.75 50.08 49.59 

Delta 1.31 0.55 0.56 0.11 
 Delta 7.58 3.09 3.17 0.67 

Rank 1 3 2 4 
 Rank 1 3 2 4 

 

 

 

 

 
Figure9. Main Effects Plot for Means and S/N Ratio 

 

 
8.4. Residual Plots 

Residual is the fitting error that is the difference between the observable estimate and the actual sample value. 

Standardized Residual is defined as the residual divided by the standard deviation of residuals. 

Normal Probability Plot of The Residuals: The normal plot of the residuals shows the residuals versus their probable 

values when the distribution is normal. Process the normal probability plot of residuals to prove the assumption that 

the residuals are normally distributed. The normal probability plot of the residuals should nearly follow a straight 

line. 

Residuals versus Fits: The residuals versus fits graph plots the fitted values on the x-axis and the residuals on the y-

axis. Use the residuals versus fits plot to confirm the assumption that the residuals are arbitrarily distributed and 

have constant variance. Preferably, the points should fall arbitrarily on both sides of 0, with no identifiable patterns 

in the points. 

Residuals versus order: The residual versus order plot shows the residuals in the order that the records were 

collected. Use the residuals versus order plot to confirm the assumption that the residuals are independent from 

other. 
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Figure10.Residual Plots 

 

 
8.4Effect of Tool Rotational Speed on Hardness 

Rotational speed appears to be the most important process parameter since it also tends to influence the translational 

velocity. Higher tool rotational speed caused in a higher temperature and slower cooling rate in the FSP zone after 

welding. A higher rotational speed causes extreme release of stirred materials to the upper surface, which resultantly 

left voids in the FSP zone. Lesser heat input condition due to lower rotational speed caused in lack of stirring. The 

area of the FSP zone decreases with decreasing the tool rotation speed and affect the temperature distribution in the 

FSP zone[20].As the rotational speed increases, the strained region broadens, and the location of the maximum 

strain finally moves to the advancing side from the original retreating side of the joint. This indicates that the 

fracture location of the joint is also affected by the rotational speed [21]. The hardness properties of the joints 

prepared with different welding conditions resulted in lowest hardness at lowest spindle speed for a given traverse 

welding speed. As the rotational speed increased, the hardness is improved, reaching a maximum before falling 

again at high rotational speeds. It is clear that, in friction stir welding, as the rotational speed increases, the heat 

input also increases. This phenomenon can be described by the following two reasons: first, the coefficient of 

friction decreases when a local melt occurs, and subsequently decreases when a local input; secondly, the latent heat 

absorbs some heat input. Moataz and Hanadi [22] have orated that at very high rotational speeds, second phase 

(strengthening) particles would suffer more fragmentation and leads to segregation of particles in other parts of the 

TMAZ. As the rotational speeds decreases, and the temperature within the nugget becomes lesser and the volume 

fraction of coarse second phase particles increases. Hence, the tool rotary speed must be optimized to get FSP region 

with fine particles uniformly distributed throughout the matrix. Of the four different tool rotational speeds, the joints 

fabricated at a rotational speed of 1540 rpm ,welding speed 50m/min. and tilt angle 0.5
0
with taper cylinder pin 

profile exhibited superior hardness properties, irrespective of tool pin shapes. Higher hardness and finer grain 

diameter have been obtained at the FSP region of the joint fabricated at 1540 rpm using taper cylinder pin profiled 

tool. The combined effect of higher number of pulsating stirring action during metal flow and an optimum tool 

rotational speed may be the reason for superior hardness properties, higher hardness and finer microstructure at the 

FSP region of the joint fabricated at a rotational speed of 1540 rpm welding speed 50m/min. and tilt angle 0.5
0
 using 

taper cylinder pin profiled tool. 

8.6. Effect of Welding Speed on Hardness 

The welding speed has a strong influence on productivity inefficient production of friction stir welding of aluminum 

alloy sections. A significant increase in welding speed is attained with high weld quality and brilliant joint 

properties. The softened area is finer for the higher welding speed than that for the lower welding speed. Therefore, 

the hardness of welded aluminum alloy has a relationship with welding speed [23].Higher welding speeds are 

connected with low heat inputs, which result in faster cooling rates of the welded joint. This can significantly reduce 

the extent of metallurgical transformations taking place during welding (such as solubilisation, re-precipitation and 

coarsening of precipitates) and hence the local strength of individual regions across the weld zone [24].When the 

welding speed is slower than a definite critical value, the FSW can produce defect-free joints. When the welding 

speed is faster than the critical value, welding defects can be formed in the joints. Therefore, the hardness properties 

of the joints are determined by the welding speed figure 9 reveals the effect of welding speed on hardness of friction 

stir welded AA6105aluminum alloy. At lower welding speed (30 mm/min) hardness of the FSW joints is inferior. 

When the welding speed is increased from 30-50 mm/min, correspondingly the hardness also increased and extents a 
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maximum at50 mm/min. If the welding speed is increased above 50 mm/min., the hardness of the joint decreased. 

This trend is general in all the joints irrespective of tool pin profile. Macro- structure observations revealed that the 

joints fabricated at lower welding speeds (30mm/min. ) confined defects like pinhole or crack in FSP region and 

resulted in inferior hardness properties. On the other hand, joints fabricated at higher welding speeds (60 mm/min.) 

confined large size defects and it appeared like tunnel shown in figure3.In general friction stir welding at higher 

welding speeds results in short exposure time in the weld area with inadequate heat and poor plastic flow of the 

metal and causes some voids like defects in the joints. It appears that these voids are made due to poor consolidation 

of the metal interface when the tool travels at higher welding speeds. The reduced plasticity and rates of diffusion in 

the material may have caused in a weak interface. 

8.7 Effect of Tool Tilt Angle on Hardness 

Figure 9 shows the effect of tool tilt angle on hardness of welded joint of aluminum alloy 6105.It can be seen from 

Figure 9when tool tilt angle is 0 the hardness is minimum due to tunnel defect, when tool tilt angle is increases 0 to 

0.5 the hardness reaches the maximum. When tool tilt angle is increased from 0.5 to 2, the hardness of welded joint 

decreased due to splashing of stirred material.  

8.8Effect of Tool Pin Shape on Hardness 

The main function of the non-consumable rotating tool pin is to stir the plasticized metal and move the same behind 

it to have good joint. Pin shape plays a vital role in material flow and in turn regulates the welding speed of the FSW 

process. Friction stir welds are characterized by well-defined weld nugget and flow forms, nearly spherical in shape, 

these shapes are dependent on the tool design and welding parameters and process conditions used. Oosterkamp et 

al., [25] recognized that the role of tool pin in the friction stir welding, the tool pin is to shear the material to its back 

side during translation of the tool and the inserted rotating pin brings the material at both sides of the joint line to the 

plastic state, assisted by frictional heat input of the shoulder. Figure 9shows the effect of tool pin shape on hardness 

of friction stir welded AA6105aluminum alloy. Of the four joints, the joints fabricated taper cylinder by pin profiled 

tool exhibiting highest hardness irrespective of welding parameters. Next to taper cylindrical pin profile, square pin 

profiled tool showing some less hardness properties to that of taper cylinder pin followed by straight cylindrical and 

threaded cylindrical pin respectively.  

8.9Optimizing Tensile Strength 

Analysis of mean for each of experiments gives superior combination of parameter levels. Mean response refers to 

average value of performance characteristics for each variables at various levels. Mean for one level was calculated 

as average of all responses that were achieved with that level. Mean response of raw data and S/N ratio of hardness 

for each at variable level 1, 2, 3, and4 were calculated Table.13-14. Analyzing means and S/N ratio of various 

process parameters Table.13-14, it is observed that a larger S/N ratio corresponds to better quality characteristics. 

So, optimal level of process parameter is the level of highest S/N ratio (19). Mean effect and S/N ratio Figure 9for 

hardness calculated by statistical software18 indicated that hardness was maximum, when RS, 1540 rpm; WS, 50 

mm/min; TA, 0.5 with taper cylindrical pin profile. 

8.10Interpretation of Results 

Percentage of Contribution (P %) 

Percentage of Contribution (P %) is the portion of total variation detected in the experiment endorsed to each 

significant factors and / or reflected interaction Figure11Percentage of Contribution(P %), a function of sum of 

squares for each significant element, describes relative power of a factor to decrease the variation. If factor levels 

were controlled exactly, then total variation could be decrease by the amount designated by Percentage of 

Contribution. The percentage of contribution (P %) is a function of the sum of squares for each significant element 

and can be calculated as  

P%= SS fi / Sequential SS total Where fi is the ith factor, SSfi is the pure sum of squares for fi, Sequential SS total is 

the total mean of sequential sum of squares. From the table 10-11, it can be concluded that tool rotation speed as a 

major percent contribution in improving mechanical properties followed by tool tilt angle, welding speed and shape 

of pin. 
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Figure11. Percentage Contribution of Parameters for Hardness 

8.11Estimation of Optimum Performance Characteristics 

Optimum value of Hardness was predicted at particular levels of significant levels of significant parameters. 

Significant process variables and their optimum levels have already been designated as RS2, WS3, TA2 and SH2 

(Table. 10). Estimated mean of response characteristics Hardness can be computed as 

Hardness= RS2 + WS3 + TA2 +SH3 − 3TS… (2)  

 RS2 , average TS at second level of tool rotation speed 1540 rpm;WS3 average TS at  third level of welding speed 

50 mm/min;TA2 , average TS at second level of tilt angle and SH3,average hardness at level 3. (Table 14). 

Substituting values of various terms in Eq. (2), 

Optimum value of Hardness=54.33+ 51.34+51.09+50.25 – 3 X 49.61=57.4 Hv. 

8.12Regression Equations for different Tool Pin Shape (SH) 

Regression Equation: In order to correlate process parameters and Hardness of welded joints, a nonlinear regression 

model was developed to predict Hardness of friction stir welded joint of Al 6105 alloy based on experimentally 

measured Hardness. Regression coefficients were calculated using statistical software, MINITAB 18. After 

determining significant coefficients, final model developed using only these coefficients to estimate Hardness for 

different pin profile as 

AVH (SC) = 11.81 + 0.03949 RS + 0.5143 WS - 3.378 TA - 0.000014 RS*RS - 0.008559 WS*WS 

- 0.02674 TA*TA + 0.000117 RS*WS + 0.001775 RS*TA - 0.002300 WS*TA 

        

AVH (SQ) = 5.651 + 0.03949 RS + 0.6295 WS - 3.378 TA - 0.000014 RS*RS - 0.008559 WS*WS 

- 0.02674 TA*TA + 0.000117 RS*WS + 0.001775 RS*TA - 0.002300 WS*TA 

        

AVH (TC) = 13.29 + 0.03949 RS + 0.4746 WS - 3.378 TA - 0.000014 RS*RS - 0.008559 WS*WS 

        

AVH (THC) = 2.138 + 0.03949 RS + 0.7194 WS - 3.378 TA - 0.000014 RS*RS - 0.008559 WS*WS 

- 0.02674 TA*TA + 0.000117 RS*WS + 0.001775 RS*TA - 0.002300 WS*TA 

 

Adequacy of model was tested by using ANOVA. All terms including RS, WS, TA, RS
2
, WS

2
, RSWS, RSTA and 

WSTA were found to be significant at 95% confidence interval. The determination coefficient (R
2
) indicates 

goodness of fit for the model. In this case, R
2
 (0.9827) indicates that only < 1.73% of total variations are not 

explained by the model. The value of adjusted determination coefficient (adjusted R
2
 =0.9133) is also high, which 

indicates a high significance of the model. Predicted R
2
 is also made a good compromise with the adjusted R

2
. 

 

8.14Relationship between Nugget Zone Hardness and Heat Affected Zone Hardness 

The graph shows that the relation between the Nugget Zone Hardness and Heat Affected Zone Hardness is linear. It 

means as the Nugget Zone Hardness of welding joints increased so the Heat Affected Zone Hardness of the joint 

also increases. In the Figure 11X- axis represents the Heat Affected Zone Hardness and Y-axis represents the 

Nugget Zone Hardness. The Figure 12 shows the relation between X axis and Y axis is Y=-41.28+1.998X, Which is 

linear in nature. If the model fits the data well, this equation can be used to predict tensile strength for a value of 

Nugget Zone Hardness. 

RS

WS

TA

SH

RE

Category

2.45, 2.4%

RE

1.01, 1.0%

SH

12.01, 12.0%

TA

10.38, 10.4%

WS

74.15, 74.1%
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Percentage contribution of RS,WS,TA,SH and RE
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From the Figure 11the statistical significant relation between the Heat affected Zone and Nugget Zone Hardness is 

shown i.e. .0.01(<0.05), which is a significant value100%variations in Heat Affected Zone Hardness can be 

explained by regression model. Also the coefficient of correlation is 0.963 therefore perfect positive correlations 

between Heat Affected Zone Hardness and Nugget Zone Hardness. 

 

 

Figure 12.Regression for Av. NZ Hardness VS Av. HAZ Hardness 

8.15Confirmation Test 

Confirmation experiments were performed at optimum setting of process parameters RS2, WS3, TA2 and SH2 were 

set and hardness of FSWAA6105alloy was found to be 55.3Hv, which was within confidence interval of predicted 

optimal hardness. The microstructures of traverse section of friction stir welding joint at optimum parameters 

(Fig.13) reveals that there is no defect due to sufficient heat generation and also it is found that coarse Si particles in 

base metal are fragmented into finer size and distributed uniformly in Al matrix due to optimum stirring during 

friction stir welding. 

 

Figure13.Microstructures of Different Region of FSW Joint at Optimum Parameters 

 

9. CONCLUSIONS 

The ANOVA methods has been used to optimize the welding parameters of friction stir welding to weld a 6 mm 

thick plate the conclusions drawn from the present study are listed below: 

The influence of rotational speed, welding speed, pin profile and tool tilt angle on mechanical properties of 

Aluminum alloy 6105fabricated via friction stir welding were investigated and the following conclusions are 

obtained. 

 The practical benefit of this study is that, the use of obtained optimum condition improves the wear and 

mechanical properties of Aluminum alloy6105. 

 Hardness properties at optimum condition (i.e.RS2, WS3, TA2Aand SH3) exhibited the superior Hardness 

properties. 
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 The optimum Hardness 57.4Hv obtained at rotational speed 1540rpm, welding speed50 mm/min., and tilt 

angle0.5
0
with taper cylindrical pin profile. 

 .Regression models were developed to predict the Hardness for various tool rotational speeds, welding 

speed and tool angles for different tool pin profiles without requiring experimental tests.  

 The rotational speed plays an important role and contribution 74.15. % of the overall response, welding 

speed ,and tilt angle and tool pin shape contribute 7.3% and 16.8% respectively of the overall response. 

 There is relationship between Nugget zone Hardness and Heat Affected Zone Hardness, which is described 

by equation Y=-41.28+1.998X. Also the coefficient of correlation is 0.963; therefore perfect positive 

correlations between Nugget zone Hardness and Heat Affected Zone Hardness. 
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