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Abstract 

In this research an attempt has been made to develop mathematical models for predicting mechanical properties 

including ultimate tensile strength, impact toughness, and hardness of the friction stir welded AA 6061-T6 joints at 

95% confidence level. Response surface methodology with central composite design having four parameters and five 

levels has been used. The four parameters considered were tool pin profile, rotational speed, welding speed and tool 

tilt angle. Three confirmation tests were performed to validate the empirical relations. In addition, the influence of the 

process parameters on ultimate tensile strength, impact toughness, and hardness were investigated. The results 

indicated that tool pin profile is the most significant parameter in terms of mechanical properties; tool with simple 

cylindrical pin profile produced weld with high ultimate tensile strength, impact toughness, and hardness. In addition 

to tool pin profile, rotational speed was more significant compared to welding speed for ultimate tensile strength and 

impact toughness; whereas, welding speed showed dominancy over rotational speed in case of hardness. Optimum 

conditions of process parameters have been found at which tensile strength of 92%, impact toughness of 87%, and 

hardness of 95% was achieved in comparison to the base metal. This research will contribute to expand the scientific 

foundation of friction stir welding of Aluminum alloys with emphasis on AA 6061-T6. The results will aid the 

practitioners to develop a clear understanding of the influence of process parameters on mechanical properties, and 

will allow the selection of best combinations of parameters to achieve desired mechanical properties. 
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1. Introduction 

The manufacturing industries including automotive, aerospace, shipbuilding, and railway develop products ranging 

from simple to complex shapes. To enhance the performance of products, these industries are focusing on high strength 

to weight ratio metals for reducing overall weight of the product without compromising the quality. Copper and 

Aluminum alloys are the examples of widely applicable high strength to weight ratio metals. In most cases, the 

manufacturing of complex products using these metals as a single part without joints is technically infeasible. 

Conventionally, these metals are joined by metal inert gas welding, tungsten inert gas welding, gas tungsten arc 

welding, and gas metal arc welding. These conventional joining methods cause porosity, high residual stresses, 

segregation, lack of fusion, shrinkage during solidification, and high solubility of hydrogen and other gases which 

ultimately reduce strength of the weld [1-7]. Friction Stir Welding (FSW) is a solid state non-conventional joining 

technique which has the capability to address the above limitations [8-9]. Furthermore, both similar [10-12] and 

dissimilar [13-15] metals can be joined by FSW. FSW is an environment friendly green process which does not require 

filler material unlike conventional welding methods. In FSW, a rotating non-consumable tool moves between the 

joining line of two metals. Due to friction between rotating tool and metal, heat is generated which softens and fuses 

the metals to form a good quality weld [16]. The weld produced by FSW exhibits better mechanical properties as 

compared to conventional welding processes [17, 18]. For example, Zhao et al. [19] welded Al–Mg–Sc alloy by FSW 

and tungsten inert gas welding. The results indicated that tensile strength of FSW was 19% higher than tungsten inert 

gas welding. Lakshminarayanan et al. [20] also compared the tensile strength of AA6061 weld produced by FSW, gas 

tungsten arc welding, and gas metal arc welding. The authors demonstrated that tensile strength of friction stir welded 

parts was 19% and 22% higher than gas tungsten arc welded parts and gas metal arc welded parts respectively.  

The quality and strength of friction stir (FS) weld can be evaluated by mechanical properties such as tensile strength, 

impact toughness and hardness. However, hardness is the critical measure which directly affects tensile strength. This 

is because the tensile failure occurs along the weakest path in term of hardness [21]. To increase hardness of Aluminum 

alloys, various researchers have investigated the effects of interlayer, external cooling, post weld heat treatment and 

tempering [18, 22-24]. The mechanical properties of the FS weld greatly depend on the process parameters including 

tool pin profile, rotational speed, welding speed, and tool tilt angle [15, 18, 21-37]. A number of researchers have 

investigated the effect of various process parameters on mechanical properties of FSW. Xu et al. [25] investigated the 
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influence of tool pin profile on FS welded AA2219. The results indicated that tapered threaded tool with flutes pin 

profile produced weld with good mechanical properties. The effect of tool pin profile on FS welded AA6061 was 

investigated by Elangovan et al. [26] and reported that tool with square pin profile produced weld with high strength. 

Palanivel et al. [27] also reported that high tensile strength can be achieved by square tool pin profile while joining 

two dissimilar AA5083-H111 and AA6351-T6 aluminum alloys by FSW. Salari et al. [28] investigated the effect of 

tool pin profile on the mechanical properties of FS welded AA5456. The results indicated that tool pin with stepped 

conical threaded profile produced weld with superior mechanical properties. Ilangovan et al. [29] joined two aluminum 

alloys AA6061 and AA5086 and examined the effect of tool pin profile on the weld. It was discovered that threaded 

cylindrical pin produced a sound and defect free weld. Mohanty et al. [30] reported that straight cylindrical pin profile 

produced good quality weld on FSW of aluminum alloys.  

The welding and rotational speeds also affect the properties of the weld. Movahedi et al. [32] identified that defects at 

the weld nugget can be reduced by decreasing welding speed; contemporarily, weld strength can be increased by 

decreasing welding speed. Kasman [33] reported that mechanical properties were more sensitive to welding speed 

than rotational speed in welding of dissimilar Aluminum alloys AA6082-T6 and AA5754-H111. Similarly, Aydin et 

al. [34] examined that welding speed has the most significant effect on tensile strength of FS welded of AA1050. 

Jayaraman et al. [35] on the other hand, concluded that rotational speed has the most significant effect on tensile 

strength of FS welded A319. Ahmadi et al. [38] investigated the effect of rotational speed, welding speed, and tilt 

angle and reported that tilt angle has the least significant effect on mechanical properties. 

Aluminum Alloy 6061-T6 has high strength to weight ratio and good corrosion resistance. Because of its wide 

application in the field of manufacturing, it is extensively investigated by researchers. Liu et al. [39] investigated the 

tensile strength of FS welded AA 6061-T6 and reported that tensile strength increases with the increase in welding 

speed. Li et al. [40] joined two AA 6061-T6 plates by tool with stationary shoulder and concluded that mechanical 

properties depends on welding speed. Rajakumar et al. [41] developed regression models to predict tensile behavior, 

hardness and corrosion rate of FS welded AA 6061-T6 using response surface methodology. Fujii et al. [42] discovered 

that mechanical properties were not dependent on tool pin profile for AA6061-T6. 
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Various statistical and mathematical tools including  regression, Taguchi method, response surface methodology 

(RSM), simulated annealing and artificial neural network have been used by researchers to model and optimize the 

friction stir welding process parameters of aluminum alloys [33-35, 43-47]. However, RSM with central composite 

design has the superior capability to predict and optimize responses due to more number of levels [48]. Elangovan et 

al. [49] applied RSM to estimate tensile strength of FS welded AA6061 aluminum alloy. Heidarzadeh et al. [50] used 

RSM to predict the tensile strength of FS welded AA 6061-T4. Lotfi and Nourouzi [51] employed RSM to model 

tensile behavior and microhardness of the FS welded AA7075-T6. Ilkhichi et al. [52] developed a mathematical model 

to predict grain size and hardness of FS welded AA 7020 using RSM. 

From the literature review, it can be concluded that the researchers have proposed different pin profiles for different 

materials to produce good quality weld. Some researchers proposed square pin profile while other proposed cylindrical 

pin profile. Likewise, some researchers reported welding speed as most significant parameter; whereas, other 

identified rotational speed as an important contributing factor. Similarly, tool tilt angle has been used by previous 

researchers but it was referred as insignificant parameter. However, the exact behavior of these process parameters on 

mechanical properties of AA 6061-T6 still need to be investigated. This research presents a systematic approach to 

quantify the influence of process parameters on mechanical properties. Therefore, the aim of this research is to develop 

an empirical relationship using RSM to predict the ultimate tensile strength (UTS), impact toughness, and hardness of 

FS welded AA 6061-T6 and to optimize the process parameters to maximize these mechanical properties. 

Furthermore, the influence of tool pin profile, rotational speed, welding speed, and tool tilt angle on UTS, impact 

toughness, and hardness of FS welded AA 6061-T6 has also been  investigated. 

2. Experimental procedure 

This section describes the details regarding the experimental setup, welding conditions, and methodology adopted for 

the study. Two plates of AA6061-T6 each with dimensions of 120 mm x 100 mm x 5 mm were joined by FSW in this 

research. The chemical composition and mechanical properties of AA6061-T6 are presented in Table 1. The ultimate 

tensile strength, impact toughness, and hardness of AA6061-T6 are 312 MPa, 17 J, and 108 HV, respectively. The 

tools were manufactured from molybdenum based high speed steel due to its good wear resistant property. The 

chemical composition of the tool material is given in Table 2. Five tools with different pin profiles have been used in 
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this study. These profiles include simple cylindrical (SC), cylindrical with threads (CT), simple tapered (ST), tapered 

with threads (TT), and simple square (SS) as shown in Figure 1. Each tool had the same dimension of pin diameter of 

6 mm, pin length of 4.7 mm, and shoulder diameter of 18 mm with 6o concavity at the bottom side. The pin base and 

tip diameter for ST and TT was 6 mm and 4 mm respectively; whereas, the plunge depth was 0.1 mm. Conceptual 

diagram of simple cylindrical tool is given as example in Figure 2. Since during FSW, the tool is subjected to high 

mechanical and thermal stresses therefore there were high chances of tool damage. To avoid tool damage, tools were 

heat treated and hardened to 61 HRC. Four welding parameters namely tool pin profile, rotational speed, welding 

speed, and tool tilt angle have been used in this study. The joints were fabricated using an indigenously design FSW 

machine with computer numeral control in position control mode. The backing plate used in the experiments was 

made of cost iron. The entire welds have the same length of 120 mm. After each experiment the work-piece was 

labeled precisely. For example, a friction stir weld, produced by simple cylindrical tool pin profile with rotational 

speed of 1150 rpm, welding speed of 70 mm/min, and tilt angle of 3o, is shown in Figure 3. 

Table 1: Chemical composition of Aluminum Alloy 6061-T6 

Chemical composition Mechanical properties 

Al Mn Si Fe Zn Ti Cr Mg Cu UTS (MPa) Impact toughness (J) Hardness (HV) 

Bal 0.03 0.61 0.20 0.02 0.01 0.13 0.81 0.29 312 17 108 

Table 2: Chemical composition of tool material 

Element C Mn Si P S Ni Cr Mo Cu 

% 1.0 0.33 0.30 0.03 0.008 0.16 3.90 5.20 0.14 

 

 

 

 

 

 

Figure 1. Manufactured tools (a) cylindrical threaded (b) tapered threaded (c) simple tapered (d) simple cylindrical 

(e) simple square 
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The mechanical properties of the welded joints were evaluated by ultimate tensile strength (UTS), impact toughness, 

and hardness. The samples for UTS, impact toughness, and hardness were prepared perpendicular to the direction of 

weld as shown in Figure 4. The UTS of the welded plates was evaluated according to ASTM E8M-04. Three samples 

from each welded plate were tested and average was calculated to minimize error. The UTS samples were extracted 

to the required dimensions as shown in Figure 5. The prepared samples were tested on universal testing machine with 

a capacity of 500 kN. The cross head speed was 1 mm/min during testing. For evaluation of impact toughness of the 

joints, ASTM E23-04 guidelines were followed. Charpy impact samples were prepared according to the dimensions 

shown in Figure 6. The impact test was conducted on pendulum type machine (Make: Zwick and Model: HIT50P) 

with maximum capacity of 50 J. The hardness test was performed on Vickers hardness test machine (Make: Shimadzu 

and Model: HMV-2T) with 0.05 kg load for 15 seconds.  The hardness was measured at the top surface of the weld. 

 

Figure 2. Conceptual diagram of simple cylindrical tool 

 

Figure 3. Welded sample 
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Three readings were taken in total out of which two were taken near the top and bottom edge; whereas, the third one 

at the middle of the hardness sample. The hardness value was obtained by averaging the three readings. The results 

are presented in Table 4 along with respective parameters. For example, with tapered threaded pin profile, rotational 

speed of 1000 rpm, welding speed of 50 mm/min, and tilt angle of 2o, ultimate tensile strength of 249.38 MPa, impact 

toughness of 10 J, and hardness of 64 HV was achieved. Furthermore, it can be seen that highest UTS of 288.10 MPa, 

impact toughness of 14.73 J, and hardness of 103 HV has been achieved at rotational speed of 1150 rpm, welding 

speed of 70 mm/min, tilt angle of 3o, and with simple cylindrical tool. These values are 92% of UTS, 87% of impact 

toughness, and 95% of hardness as compared to parent material. 

 

Figure 4. Position of samples 

 

 

  

 

 

Figure 5. Sample for tensile test 
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Figure 6. 

Sample for 

impact toughness 

3. Experimental design 

Trial runs were performed before the experimentation to identify the FSW parameters that effects the mechanical 

properties of friction stir welded AA6061-T6. Based on these runs, the important FSW parameters that are used in the 

current research are tool pin profile, rotational speed, welding speed, and tool tilt angle. RSM with central composite 

rotatable design was used in this investigation. Central composite rotatable design requires five levels for each 

parameter. The upper and lower limits of the parameters were chosen in such a way that the resulting weld is free from 

defects. The upper limit of the parameters was coded as +2 and the lower limit was coded as -2. The other coded 

values were calculated using the following equation. 

Xi=2[2X-(Xmax+Xmin)]/( Xmax-Xmin)                                                                                                                              

(1) 

where Xi in the above equation is the resulting coded value of a variable X; X is any value of the variable from Xmin 

to Xmax; Xmin is the lower and Xmax is the upper limit of the variable. The parameters with levels are shown in Table 

3. 

Table 3: FSW parameters with levels 

 

 

 

 

 

Overall 30 experiments with four factors and five levels were performed, as shown in Table 4. These experiments 

were calculated by the following relation [53]: 

 

Parameters 

Levels 

-2 -1 0 +1  +2 

Pin profile, P SS TT SC CT ST 

Rotational speed, N (rpm) 850 1000 1150 1300 1450 

Welding speed, S (mm/min) 30 50 70 90 110 

Tilt angle, T 1o 2o 3o 4o 5o 
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No. of experiments = 2n + 2n + nc                                                                                                                                  

(2)

Where n is the number of selected factors and nc is the number of experiments on center points. The value of nc varies 

from 4 to 6. In this research, the numbers of selected factors (n) were 4 and number of experiments on center points 

(nc) were 6.  

Table 4: Experimental design matrix 

Experiment 
Number 

Input parameters Output responses 
Rotational 

Speed (rpm) 
Welding Speed 

(mm/min) 
Tilt 

Angle 
Pin 

Profile 
UTS 

(MPa) 
Impact 

toughness (J) 
Hardness 

(HV) 
1 1000 50 2o TT 249.38 10 64 
2 1300 50 2o TT 211.26 8.6 55 
3 1000 90 2o TT 180.41 9.55 59 
4 1000 50 4o TT 244.49 7.81 61 
5 1000 50 2o CT 258.37 9.24 79 
6 1300 90 4o CT 261.50 9.4 70 
7 1000 90 4o CT 252.07 8.82 74 
8 1300 50 4o CT 253.44 7.6 69 
9 1300 90 2o CT 255.93 11.68 78 
10 1300 90 4o TT 209.59 12 61 
11 1000 50 4o CT 250.46 13.5 68 
12 1000 90 2o CT 255.44 13.31 74 
13 1000 90 4o TT 183.81 9.65 57 
14 1300 50 2o CT 254.28 14.22 81 
15 1300 50 4o TT 187.38 10.8 53 
16 1300 90 2o TT 198.06 9.6 67 
17 1450 70 3o SC 272.99 11.23 81 
18 850 70 3o SC 265.62 10.95 89 
19 1150 110 3o SC 255.00 11.64 97 
20 1150 30 3o SC 286.72 12.99 88 
21 1150 70 5o SC 270.88 13.49 76 
22 1150 70 1o SC 258.18 13.86 83 
23 1150 70 3o ST 154.95 10.85 62 
24 1150 70 3o SS 164.00 9.56 51 
25 1150 70 3o SC 288.10 14.13 98 
26 1150 70 3o SC 286.02 13.98 89 
27 1150 70 3o SC 264.65 13.47 103 
28 1150 70 3o SC 283.92 13.4 95 
29 1150 70 3o SC 253.04 14.73 91 
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4. Results and discussions 

4.1 Development of mathematical models 

A mathematical model was developed to predict mechanical properties including ultimate tensile strength, impact 

toughness, and hardness of FS welded AA 6061-T6 at different welding conditions. The ultimate tensile strength 

(UTS), impact toughness (IT), and hardness (H) of the FS welded joints are function of tool pin profile (P), rotational 

speed (N), welding speed (S), and tool tilt angle (T). The quadratic regression equation to represent the 3D response 

surface is given by:  

Y =  b0 + ∑ bixi + ∑ biixi
2

 + ∑ bijxixj                                                                                                                                                                                                 

(3) 

Where Y is the response, the term b0 is the mean of responses and the terms bi, bii, and bij are the coefficients of 

responses and it depends on the respective main and interaction effects of the parameters. x i and xj are the coded 

independent variables.  

The values of the coefficients can be calculated by regression analysis with the help of following equations [54]:  

bo= 0.142857Σ(Y)−0.035 714ΣΣ(XiiY)                                                                                                                          

(4) 

bi = 0.041667Σ(XiY)                                                                                                                                                      

(5) 

bii= 0.03125Σ(XiiY)+0.003 72ΣΣ(XiiY)–0.035 714Σ(Y)                                                                                                

(6) 

bij= 0.0625Σ(XiY)                                                                                                                                                          

(7) 

For four factors, the second order polynomial could be expressed as: 

UTS (or) IT (or) H =  

30 1150 70 3o SC 283.99 14.21 101 
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b0+b1P+b2N+b3S+b4T+b11P2+b22N2+b33S2+b44T2+b12PN+b13PS+b14PT+b23NS+b24NT+b34ST                                  
(8)

The coefficients of the regression model for UTS, impact toughness, and hardness were calculated at confidence level 

of 95% using Design-Expert software (version 9.0). The summary of model statistics indicated that quadratic is best 

suggested; therefore, it has been used for predicting the responses. The final regression models for UTS, impact 

toughness, and hardness are given in equation 9, 10 and 11 respectively.  

Ultimate tensile strength = 276.62 + 14.96(P) - 1.18(N) - 7.32(S) + 0.21(T) + 3.79(P)(N) +  8.07(P)(S) + 0.46(P)(T) 

+9.35(N)(S) + 0.32(N)(T) + 3.42(S)(T) - 30.86 (P2) - 3.40(N2) - 3.01(S2) - 4.59(T2)                                                 (9) 

Impact toughness = 13.99 + 1.08(P) + 0.14(N) - 0.17(S) - 0.33(P)(N) + 0.45(P)(S) - 0.37(N)(S) -0.32(N)(T) + 

0.16(S)(T) - 1.46(P2) - 0.74(N2) - 0.43(S2)                                                                                                                (10)                                                                  

Hardness = 96.17 + 5.75(P) - 0.75(N) + 1.17(S) - 2.42(T) - 0.75(P)(S) - 1.13(P)(T) + 1.63(N)(S) - 11.83 (P2) - 

4.71(N2)  - 2.83(S2) - 6.08(T2)                                                                                                                                   (11)  

4.2 Adequacy of the models  

Adequacy measures the fitness of the proposed model to predict the output response.  The adequacy of the developed 

models was evaluated using Analysis of Variance (ANOVA). The ANOVA results for UTS, impact toughness, and 

hardness are given in Table 5, 6, and 7, respectively. The results show that all the three models are significant. The 

model terms for which the p-value is less than 0.05 are significant model terms. In case of UTS, P and P2 are significant 

model terms, for impact toughness P, PS, N2, S2, D2 and for hardness P, N2, T2, D2 are significant model terms. 

Coefficient of determination (R2) is another creteria used to evaluate the adequacy of a model. For an ideal model, the 

value of R2 is unity. For UTS, impact toughness, and hardness the values of R2 are 0.85, 0.92, and 0.84, respectively. 

Adequate precision measures the signal to noise ratio and its value more than 4 is desirable. For UTS, impact 

toughness, and hardness the value of adequate presicion are 10.59, 14.67, and 9.72, repectively,  which indicates an 

adequate signal. In addition to ANOVA, normal plot of residuals and graph of actual vs. predicted values have also 

been drawn. The normal plot of residuals is used to verify normality assumptions; whereas, the graph of predicted vs. 

actual values demonstrates the prediction capability of developed model [53]. The normal plot of residuals of the UTS, 

impact toughness, and hardness are shown in Figure 7(a), 7(b), and 7(c). All points lies on the line which indicates the 

11 

 



error is normally distributed. The graph of predicted vs. actual values for UTS, impact toughness, and hardness are 

shown in Figure 8(a), 8(b), and 8(c). The points lie close to the actual values which show the predicted values are in 

good agreement with actual values. 

 

 

 

 

 

Table 5: ANOVA for ultimate tensile strength  

 

 

 

 

 

 

 

 

 

 
 
 
Table 6: ANOVA for impact toughness 

 

 

 

 

 

Source 
Sum of 
Squares DF 

Mean 
Square F-Value p-value 

Model 107.25 14 7.66 12.85 < 0.0001 
P 28.04 1 28.03 47.04 < 0.0001 
N 0.48 1 0.47 0.79 0.3856 
S 0.69 1 0.68 1.15 0.3000 
T 0.10 1 0.10 0.17 0.6858 

Source 
Sum of 
Squares DF 

Mean 
Square F-Value p-value 

Model 35748.50 14 2553.46 5.891 0.0008 
P 5369.92 1 5369.92 12.389 0.0031 
N 33.26 1 33.26 0.077 0.7856 
S 1285.98 1 1285.98 2.967 0.1055 
T 1.04 1 1.04 0.002 0.9615 

PN 229.69 1 229.69 0.530 0.4778 
PS 1040.97 1 1040.97 2.402 0.1420 
PT 3.34 1 3.34 0.008 0.9312 
NS 1399.88 1 1399.88 3.230 0.0925 
NT 1.67 1 1.67 0.004 0.9514 
ST 186.66 1 186.66 0.431 0.5216 
P2 26115.79 1 26115.79 60.254 0.0001 
N2 317.12 1 317.12 0.732 0.4058 
S2 248.65 1 248.65 0.574 0.4605 
T2 578.68 1 578.68 1.335 0.2660 

Residual 6501.40 15 433.43   
Lack of 

Fit 5474.48 10 547.45 2.665 0.1454 
Pure Error 1026.92 5 205.38   
Cor Total 42249.90 29    
Std. Dev. 20.82  R-Squared 0.8461 

Mean 243.13  Adj R-Squared 0.7025 
C.V. % 8.56  Pred R-Squared 0.2187 
PRESS 33011.77  Adeq Precision 10.593 
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Table 7: ANOVA for hardness 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PN 1.79 1 1.79 3.01 0.1031 
PS 3.29 1 3.29 5.52 0.0328 
PT 0.24 1 0.24 0.40 0.5352 
NS 2.19 1 2.19 3.67 0.0745 
NT 1.67 1 1.67 2.81 0.1142 
ST 0.38 1 0.38 0.64 0.4345 
P2 58.60 1 58.60 98.32 < 0.0001 
N2 15.07 1 15.03 25.22 0.0002 
S2 5.17 1 5.17 8.67 0.0100 
T2 0.24 1 0.24 0.40 0.5326 

Residual 8.93 15 0.59   

Lack of Fit 7.70 10 0.77 3.12 0.1104 
Pure Error 1.23 5 0.24   
Cor Total 116.19 29    
Std. Dev. 0.77  R-Squared 0.9231 

Mean 11.80  Adj R-Squared 0.8512 
C.V. % 6.54  Pred R-Squared 0.6027 
PRESS 46.16  Adeq Precision 14.670 

Source Sum of 
Squares DF Mean 

Square F-Value p-value 

Model 5630.71 14 402.19 5.48 0.0011 
P 793.5 1 793.5 10.81 0.0050 
N 13.5 1 13.5 0.18 0.6740 
S 32.66 1 32.66 0.44 0.5147 
T 140.16 1 140.16 1.91 0.1871 
PN 4 1 4 0.054 0.8185 
PS 9 1 9 0.12 0.7310 
PT 20.25 1 20.25 0.27 0.6069 
NS 42.25 1 42.25 0.57 0.4596 
NT 9 1 9 0.12 0.7310 
ST 9 1 9 0.12 0.7310 
P2 3840.76 1 3840.76 52.37 < 0.0001 
N2 608.04 1 608.04 8.29 0.0115 
S2 220.19 1 220.19 3.002 0.1036 
T2 1015.04 1 1015.04 13.84 0.0021 
Residual 1100.08 15 73.33   
Lack of 
Fit 947.25 10 94.72 3.098 0.1118 

Pure Error 152.83 5 30.56   
Cor Total 6730.8 29    
Std. Dev. 8.56  R-Squared 0.8366 
Mean 75.80  Adj R-Squared 0.6840 
C.V. % 11.30  Pred R-Squared 0.1567 
PRESS 5676.24  Adeq Precision 9.716 
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(a) Normal plot of residuals for ultimate tensile strength 

 

(b) Normal plot of residuals for impact toughness 
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(c) Normal plot of residuals for hardness 
Figure 7. normal plot of residuals for impact toughness 

 
 

(a) Predicted vs. actual for ultimate tensile strength 
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(b) Predicted vs. actual for impact toughness 

 

(c) Predicted vs. actual for hardness 
Figure 8. Predicted vs. actual 

 

4.3 3D response surface plots for ultimate tensile strength 

The response surfaces shown in Figure 9 depict the effect of parameters on ultimate tensile strength. The Figure shows 

the relationship between two parameters at the center value of the other two parameters. Figure 9(a) shows the effect 

of tool pin profile and rotational speed. It is clear from the plot that simple cylindrical pin profile produces maximum 

ultimate tensile strength; whereas, it is minimum for simple tapered pin profile. Figure 9(b) describes the effect of tool 
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pin profile and welding speed. The graph indicates that simple cylindrical tool gives the maximum ultimate tensile 

strength; however, ultimate tensile strength decreases with the increase in welding speed. Figure 9(c) presents the 

effect of tool pin profile and tool tilt angle. It can be seen that the ultimate tensile strength is maximum for simple 

cylindrical tool pin profile; whereas, the effect of tilt angle is nearly constant. The effect of rotational speed and 

welding speed on ultimate tensile strength has been provided in Figure 9(d). The ultimate tensile strength is maximum 

at the lower values of rotational speed and welding speed. As the rotational speed and welding speed increases the 

ultimate tensile strength decreases. Figure 9(e) depicts the effect of rotational speed and tool tilt angle. It is clear that 

ultimate tensile strength increases with the increase in rotational speed and tilt angle up to maximum value and then 

decreases with the increase of these two parameters. The effect of welding speed and tool tilt angle on ultimate tensile 

strength has been presented in Figure 9(f). It can be seen that with the increase in welding speed, ultimate tensile 

strength decreases; whereas, with the increase in tilt angle the ultimate tensile strength increases up to maximum value 

and then decreases with increase in tilt angle. 

  
(a) 3D surface UTS vs. tool pin profile and rotational 
speed 
 

(b) 3D surface UTS vs. tool pin profile and welding 
speed 

  
(c) 3D surface UTS vs. tool pin profile and tool tilt angle (d) 3D surface UTS vs. rotational speed and welding 

speed 
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(e) 3D surface UTS vs. rotational speed and tool tilt 
angle 

(f) 3D surface UTS vs. welding speed and tool tilt angle 

Figure 9. Effect of parameters on UTS 

4.4 3D response surface plots for impact toughness 

The response surface plots in Figures 10 describe the effect of input parameters on impact toughness. Figure 10(a) 

demonstrates the effect of tool pin profile and rotational speed on impact toughness. It is clear that simple cylindrical 

pin profile produces weld with maximum impact toughness and it increases with the increase in rotational speed up to 

maximum and then decreases. Impact toughness, on the other hand, is minimum for simple tapered pin profile. Figure 

10(b) reflects the effect of tool pin profile and welding speed. The Figure indicates that the effect of welding speed on 

impact toughness is nearly constant while simple cylindrical tool gives the maximum impact toughness. The effect of 

tool pin profile and tool tilt angle has been described in Figure 10(c). It is evident that the impact toughness is 

maximum for simple cylindrical tool pin profile, whereas tilt angle has no effect on impact toughness. Figure 10(d)  

presents the effect of rotational speed and welding speed on impact toughness. The Figure indicates that impact 

toughness increases with the increase in rotational speed and welding speed up to maximum and then decreases. The 

effect of rotational speed and tool tilt angle has been demonstrated in Figure 10(e). It is clear from the Figure that 

impact toughness increases with the increase in rotational speed up to maximum value and then decreases while impact 

toughness increases with the increase in tool tilt angle. Figure 10(f) shows the effect of welding speed and tool tilt 

angle on impact toughness. It is observed that impact toughness increases with the increase in welding speed and tilt 

angle up to maximum value and then decreases with the increase in these two parameters. 
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(a) 3D surface impact toughness vs. tool pin profile and 
rotational speed 

(b) 3D surface impact toughness vs. tool pin profile and 
welding speed 

  
(c) 3D surface impact toughness vs. tool pin profile and 
tool tilt angle 

(d) 3D surface impact toughness vs. rotational speed and 
welding speed 

  
(e) 3D surface impact toughness vs. rotational speed and 
tool tilt angle 

(f) 3D surface impact toughness vs. welding speed and tool 
tilt angle 

Figure 10. Effect of parameters on impact toughness 
 

4.5 3D response surface plots for hardness 

The 3D response surface plots shown in Figures 11 present the effect of input parameters on weld hardness. Figure 

11(a) represents the effect of tool pin profile and rotational speed. It is clear from the plot that simple cylindrical pin 
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profile produces maximum hardness and it increases up to maximum value with the increase in rotational speed and 

then decreases. Figure 11(b) describes the effect of tool pin profile and welding speed. The Figure indicates that simple 

cylindrical tool gives the maximum hardness, however it increases up to maximum value with the increase in welding 

speed and then decreases. Figure 11(c) depicts the effect of tool pin profile and tool tilt angle. It is clear that the 

hardness is maximum for simple cylindrical tool pin profile, whereas it increases up to maximum value with the 

increase in tool tilt angle and then decreases. The effect of rotational speed and welding speed on hardness has been 

shown in Figure 11(d). It can be seen that hardness increases with the increase in rotational speed and welding speed 

up to maximum and then decreases. Figure 11(e) reflects the effect of rotational speed and tool tilt angle. It is clear 

from the Figure that hardness increases with the increase in rotational speed and tilt angle up to maximum value and 

then decreases with the increase of these two parameters. Figure 11(f) demonstrates the effect of welding speed and 

tool tilt angle on hardness. It is obsrved that hardness increases with the increase in welding speed and tilt angle up to 

maximum value and then decreases with the increase in these two parameters.  

  
(a) 3D surface hardness vs. tool pin profile and rotational 
speed 

(b) 3D surface hardness vs. tool pin profile and welding 
speed 

  
(c) 3D surface hardness vs. tool pin profile and tool tilt 
angle 

(d) 3D surface hardness vs. rotational speed and welding 
speed 
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(e) 3D surface hardness vs. rotational speed and tool tilt 
angle 

(f) 3D surface hardness vs. welding speed and tool tilt 
angle 

Figure 11. Effect of parameters on hardness 

4.6 Optimum FSW parameters values  

The optimum friction stir welding parameters to achieve maximum tensile strength, impact toughness and hardness 

are shown in Table 8. It is evident from the Table that the highest ultimate tensile strength is achieved at rotational 

speed of 1150 rpm, welding speed of 70 mm/min, tool tilt angle of 3o and with simple cylindrical pin profile. 

Interestingly the highest, impact toughness, and hardness values were achieved at the same FSW parameters. These 

results are in close agreement with the previous work of İpekoğlu et.al. [21] who identified that the hardness is directly 

affects tensile strength.  

Table 8: Optimum FSW parameters values against output responses 
Input parameters 

Rotational Speed (rpm) 1150 
Welding Speed (mm/min) 70 
Tilt Angle 3o 
Pin Profile Simple Cylindrical 

Output responses 
UTS (MPa) 288.10 
Impact toughness (J) 14.73 
Hardness (HV) 103 

 

5. Comfirmation test 

Three confirmation tests were carried out in order to validate the regression models. The values on which the 

confirmation tests were performed were within the designed space. However, the confirmation tests were performed 

on values different from central composit design matrix. The experimental and predicted values of the confirmation 
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tests are presented in Table 9. The error between experimental and predicted values is within 95% confindence interval 

which varifies that the model is adequate and both the predicted and expermental values are in good agreement with 

each other. Therefore, it can be concluded that the developed models are applicable for all values within the designed 

space. 

Table 9: Confirmation test results 
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1 1050 80 2.5 SC 

UTS (MPa) 267.98 268.92 270.12 269.01 266.00 1.13 

Impact toughness (J) 10.38 10.98 10.38 10.58 11.13 4.94 

Hardness (HV) 87.00 92.00 88.00 89.00 93.00 4.30 

2 1280 55 3.2 TT 

UTS (MPa) 224.05 225.52 225.46 225.01 227.00 0.88 

Impact toughness (J) 14.66 14.61 15.02 14.76 14.23 3.72 

Hardness (HV) 69.00 73.00 71.00 71.00 69.00 2.90 

3 1100 75 3.8 CT 

UTS (MPa) 252.00 253.35 253.65 253.00 256.00 1.17 

Impact toughness (J) 11.45 11.02 11.89 11.45 12.05 4.97 

Hardness (HV) 88.00 85.00 88.00 87.00 83.00 4.81 

6. Conclusions 

Aluminum alloy 6061-T6 has been joined by FSW. The mechanical properties including ultimate tensile strength, 

hardness, and impact toughness were investigated using RSM with central composite design. Empirical relations were 

developed to predict the mechanical properties of the weld. Three confirmation tests were also performed which 

confirmed that the empirical relations are accurate within 95% confidence level. The following conclusion can be 

drawn from this investigation: 

1) RSM with central composite design was successfuly used to develop a mathematical model for predicting 

mechanical properties including ultimate tensile strength, impact toughness, and hardness of FS welded AA 

6061-T6 joints. 
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2) The optimum conditions of process parameters, tool pin profile, rotational speed, welding speed, and tool tilt 

angle, by using developed mathematical model helped to achieve 92% ultimate tensile strength, 87% impact 

toughness, and 95% hardness of the parent material. 

3) The tool pin profile has a significant influence on the mechanical properties of the FS Weld joints. It was 

observed that simple cylindrical tool pin profile produced joints with miximum mechanical properties. 

4) The rotational speed has been identified as more significant parameter than welding speed for ultimate tensile 

strength and impact toughness, whereas; for hardness welding speed has been identified as more significant 

parameter than rotational speed.  

5) The ultimate tensile strength of the friction stir weld decreases with the increase in rotational speed and 

welding speed. Impact toughness and hardness, on the other hand, increased up to maximum with the increase 

in rotational speed and welding speed and then decreases. 

6) At rotational speed of 1150 rpm, welding speed of 70 mm/min, tool tilt angle of 3o and with simple cylindrical 

pin profile, the highest ultimate tensile strength, impact toughness, and hardness were achieved.  

The research findings and developed mathematical models can be successfully used by the practitioners to predict the 

mechanical strength of AA6061-T6 before welding. 
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