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Abstract 

Friction stir welding is a recent promising solid state joining technique used to 

join high strength aluminium alloy. This present work focused to evaluate the 

effect of process parameters such as tool rotational speed; welding speed and 

shoulder diameter on tensile strength of friction stir welded AA7075-0 

aluminium alloy joints. Experimental work was performed and tensile strength 

was recorded. Process parameters were optimized by the full factorial design 

approach. Non-linear regression model was developed to correlate the process 

parameters to tensile strength. The result observed that tool rotation speed, 

welding speed and shoulder diameter influence on tensile strength of welded 

joints.  

Keywords: Friction stir welding, tensile strength, joint efficiency and full 

factorial method. 

 

1. INTRODUCTION 

Many welding processes are used in manufacturing and other industries for joining 

the different metals. Mainly the welding processes are divided into two main group 

(1) fusion welding (2) solid-state welding.  Fusion welding processes use intense 

localized heat source to melt the base metal. Solid-state welding is completed under 

pressure alone or a combination of heat and pressure. Temperature is generated in 

solid state welding is below the melting temperature of the joining metal. Friction-stir 
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welding (FSW) is a solid-state joining process and is used for applications where the 

original metal characteristics must remain unchanged as far as possible. [1]   

The basic concept behind FSW is simple: A non-consumable rotating tool with a 

specially designed pin and shoulder is inserted into the abutting edges of the two parts 

to be joined and traversed along the line of joint as shown in figure 1. The FSW tool 

primarily serves two functions: a) heating the work piece, and b) flowing the material 

to produce the joint. A detailed list of parameters controlling this joining process is 

given in as follows: [2] 

1)  Shoulder diameter (mm) 

2) Welding speed (mm/min) 

3)  Rotational speed (rpm)  

 

 

Figure 1: Terminology of the friction stir welding process 

 

Full factorial method to improve the quality of manufacturing goods is recently 

applied to the field of engineering, biotechnology, marketing and advertising. The 

main aim of the full factorial methods is to produce an optimum result by analyzing 

the statistical data which have been given as an input function.  

 

2. EXPERIMENTAL PROCEDURE 

2.1 BASE PLATE MATERIAL AND TOOL MATERIAL 

Tool steel is the most common tool material used in friction stirring. This is because a 

majority of the published FSW literature is on aluminium alloys, which are easily 

friction stirred with tool steels. The advantages to using tool steel as friction stir 

tooling material include easy availability and machinability, low cost, and established 

material characteristics. AISI H13 is a chromium-molybdenum hot-worked air 

hardening steel and is known for good elevated-temperature strength, thermal fatigue 
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resistance, and wear resistance.[4] Aluminium alloys AA7075 are widely used in 

building & construction, highway, automotive and marine applications  because they 

have high corrosion resistance, excellent extrudibility, good strength and are available 

at low cost. Aluminium alloy AA7075-0 plates of size 300 mm x 100 mm x 6 mm 

with the properties as shown in Table I were selected for perform  FSW using vertical 

milling machine. The tool geometry was selected with taper cylindrical pin having a 

tool tilt angle 00 shoulder length (L) 50mm, pin diameter (d) 6mm at root and 3mm at 

tip and pin length (l) 5.4mm. 

 

Table 1: Physical& Thermal Properties of AA7075 

Property  Values 

Density  2810 Kg/m3 

Melting Point  635°C 

Modulus of Elasticity  40 GPa 

Poisons Ratio  0.35 

Thermal Conductivity  173 W/m-K 

Specific Heat Capacity  960 Kg-K 

 

2.2 EXPERIMENTAL WORK 

The parameters identified for investigation are shoulder diameter, welding speed, tool 

rotation speed. The selected process parameter and their levels are shown in table 

2.This is the design of experiment by which the works are done. 

 

2.3 Tensile Testing: 

According to the design matrix 27 sets of weld were performed and extracted tensile 

specimens from each welded plate to evaluate ultimate tensile strength in terms of the 

ASTM E8M- 04 standard. The ultimate tensile strength was estimated using a 

computerized universal testing machine at room temperature. Joint efficiency was 

calculated by comparing ultimate tensile strength of welded plates with that of the 

parent composite.  

Table 2: Process parameter and their levels 

Symbol Parameter Level 

1 

Level 

2 

Level 

3 

SD Shoulder Diameter(mm) 16 18 20 

WS Welding Speed (mm/s) 18 29 45 

TS Tool Rotational Speed 

(rpm) 

685 800 960 
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Figure 2. photographs of welded plates 

 

Table 3. Experiments input parameters and output variables 

Experiments Shoulder 

Diameter 

(mm) 

Welding 

Speed 

(mm/min) 

Tool 

Speed 

(rpm) 

Tensile 

stress 

(Mpa) 

Joint 

efficiency 

(%) 

1 16 18 685 152.15 66.15 

2 16 18 800 151 65.65 

3 16 18 960 149.53 65.01 

4 16 29 685 148.15 64.41 

5 16 29 800 146.85 63.85 

6 16 29 960 145.79 63.39 

7 16 45 685 144.66 62.90 

8 16 45 800 143.53 62.40 

9 16 45 960 142.15 61.80 

10 18 18 685 206.52 89.79 

11 18 18 800 152.42 66.27 

12 18 18 960 146.53 63.71 

13 18 29 685 149.63 65.06 

14 18 29 800 147.99 64.34 

15 18 29 960 162.37 70.60 

16 18 45 685 145.42 63.23 

17 18 45 800 144.39 62.78 

18 18 45 960 143.04 62.19 

19 20 18 685 152.9 66.48 

20 20 18 800 151.87 66.03 

21 20 18 960 150.56 65.46 

22 20 29 685 150.6 65.48 
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23 20 29 800 149.55 65.02 

24 20 29 960 148.2 64.43 

25 20 45 685 145.99 63.47 

26 20 45 800 144.93 63.01 

27 20 45 960 143.6 62.43 

 

 

3. OPTIMIZATION OF PROCESS PARAMETERS 

In present study general full factorial method was adopted for the design of 

experiments to identify important factors affecting the response and to optimize the 

response using MINITAB 16 software. Three factors i.e shoulder diameter (mm), 

welding speed (mm/min) and tool rotation speed (rpm) are selected as variables and 

tensile strength is selected as response parameters. 

 

3.1 ANALYSIS OF VARIANCE 

Analysis of variance (ANOVA) test was performed to identify the process parameters 

that are statistically significant. The purpose of the ANOVA test is to investigate the 

significance of the process parameters which affect the tensile strength of FSW joints. 

The ANOVA results for tensile strength of means are given in Table 4. In addition, 

the F-test named after Fisher can also be used to determine which process has a 

significant effect on tensile strength. Usually, the change of the process parameter has 

a significant effect on the quality characteristics, when F is large. The results of 

ANOVA indicate that the considered process parameters are highly significant factors 

affecting the tensile strength of FSW joints in the order of rotational speed, welding 

speed and shoulder diameter.  

 

3.2 Regression Analysis: Tensile stress (Mpa) versus SD, WS, TS  

In order to correlate the process parameters and tensile strength of welded joints, a 

nonlinear regression model was developed to predict TS of FSW AA7075 alloy based 

on experimentally measured TS. Regression coefficients were calculated using 

statistical software, MINITAB 16. After determining significant coefficient (at 95% 

confidence level), final model was developed using only these coefficients to estimate 

TS. 

 

Regression Equation 

Tensile stress (Mpa) = 177.4 + 0.40 SD - 0.468 WS - 0.0244 TS 
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Figure 3. Main effect plots of tensile stress 

 

 

Figure 4. Interaction plot for tensile stress 

 

 

Figure 5. Residual plots for tensile stress 
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4. RESULT AND DISCUSSION  

 Analysis of variance (ANOVA) test was performed to identify the process 

parameters that are statistically significant. The purpose of the ANOVA test is to 

investigate the significance of the process parameters which affect the tensile 

strength of FSW joints. The ANOVA results for tensile strength are given in 

Table 11. In addition, the F-test named after Fisher can also be used to determine 

which process has a significant effect on tensile strength. Usually, the change of 

the process parameter has a significant effect on the quality characteristics, when 

F is large (Table 11). The results of ANOVA indicate that the maximum F value 

is for welding speed followed by tool rotational speed and shoulder diameter. 

Welding speed has significant effect on tensile strength. 

 Value of P in table shows the model is significant at 95% confidence level and 

also value of determination coefficient R2 indicates the goodness of fit for the 

model. The value of adjusted R2 is also high which indicates high significance of 

model. Predicted R2 is also made good agreement with the adjusted R2. 

 Figure 3 shows that tensile strength increases with decrease in welding speed and 

tool rotation speed and maximum tensile strength is obtain at shoulder diameter 

18mm. 

 Figure 5 shows the residual plots for tensile stress. They are used to evaluate the 

data for the problems like non-normality, non-random variation, non-constant 

variance, higher-order relationships, and outliers. It can be seen from Figure 5 

that the residuals follow an approximately straight line in normal probability plot 

and approximate symmetric nature of histogram indicates that the residuals are 

normally distributed. Residuals possess constant variance as they are scattered 

randomly around zero in residuals versus the fitted values. Since residuals exhibit 

no clear pattern, there is no error due to time or data collection order. 

 

Table 4. Analysis of Variance for tensile strength 

Source DF Adj SS Adj MS F-Value P-Value 

Model 6 1397 232.8 1.99 0.115 

Linear 6 1397 232.8 1.99 0.115 

SD 2 347.1 173.5 1.48 0.15 

WS 2 747.7 373.8 3.2 0.062 

TS 2 302.2 151.1 1.29 0.196 

Error 20 2337.3 116.9   

Total 26 3734.2    

Model Summary 

 

S R-sq R-sq(adj) R-sq(pred) 

10.8103 73.41% 72.63% 72.00% 

 DF-Degrees of freedom, Seq SS-Sequencial sum of squares, Adj SS-Adjusted sum of square, Adj MS-

Adjusted mean square ,F-Fisher ratio, P-probability that exceeds the 95 % confidence level. 
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Table 5. Analysis of Variance for regression analysis of tensile stress 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 3 941.31 313.77 2.58 0.078 

SD 1 11.5 11.5 0.09 0.161 

WS 1 726.06 726.06 5.98 0.023 

TS 1 203.74 203.74 1.68 0.108 

Error 23 2792.92 121.43   

Total 26 3734.23    

 

Table 6. Coefficients values for tensile strength 

Term Coef SE Coef T-Value P-Value VIF 

Constant 177.4 28.6 6.19 0  

SD 0.4 1.3 0.31 0.761 1 

WS -0.468 0.191 -2.45 0.023 1 

TS -0.0244 0.0188 -1.3 0.208 1 

 

 

5. CONCLUSION  

 We conclude from the result that welding speed and rotational speed are most 

influence parameter for tensile strength and joint efficiency. When welding 

speed is increasing then tensile strength and joint efficiency decrease, 

similarly when the rotational speed is  

 increasing then tensile strength and joint efficiency decrease. 

 Joint efficiency is ranging from minimum 61.80 % to maximum 89.79 %. 

 Joint fabricated using the optimized process parameters, shoulder diameter 

18mm, welding speed 18mm/min and tool rotation speed 685 rpm, exhibited 

highest tensile strength. 

 Regression analysis model may employ successfully for designing process 

parameters of FSW. 
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