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ABSTRACT:  

Friction stir welding is considered to be the most significant development in metal joining in the last decade. 

This joining technique is energy efficient, environment friendly and versatile. In the present work an effort has 

been made to study the influence of the welding parameters on mechanical properties in friction stir welding of 

aluminum. Three process parameters i.e tool rotation speed, welding speed, and pin diameter were considered. 

Two level factorial designs of eight runs were selected for conducting the experiments. The mathematical 

models were developed from the data generated. The significance of coefficients and adequacy of developed 

models were tested by Student’s ‘t’ test and ‘F’ test respectively. The effects of process parameters on 

mechanical properties have been represented in the graphical form for better understanding. 
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1.0 INTRODUCTION  

Friction stir welding is an innovative solid 

state welding process invented in December, 

1991 by Wayne Thomas at The Welding 

Institute (TWI), Cambridge, United Kingdom 

[1].  It has been found as one of the most 

significant development in welding technology 

in the past two decades. It can be considered 

as a hot working process in which a large 

amount of a deformation is imparted to the 

work piece through a rotating pin and the 

shoulder. No melting occurs in this process 

and the developed welds have a fine grained, 

hot worked condition with no entrapped 

oxides or gas porosity. No shielding gas, flux 

or filler metal is required. Friction stir welding 

can be applied to various types of joints like 

butt joints, lap joints, T- joints etc [2]. 

Friction stir welding has become the topic of 

research in the recent period. Many 

researchers investigated and found that friction 

stir welding process has produced structural 

joints superior to conventional arc welds in 

aluminum, steel, nickel, copper and titanium 

alloy [3]. Research and development efforts 

over the last decade have resulted in 

improvements in friction stir welding and the 

spin-off of a series of related technologies [4].  

Four different friction stir pins were designed 

to study the influence of the pin geometry on 

the weld shape and mechanical properties. The 

appearance of the weld was good, no obvious 

defects were found, and the microstructure of 

the nugget was even, the grain was fine, it has 

been observed that the precipitate distributions 

are even and the size of the precipitate is small 

[5]. The effect of the tool shape on the 

mechanical properties and microstructures of 

5-mm thick welded aluminum plates has been 

investigated [6]. The effects of process 

parameters on mechanical and micro structural 

properties of the aluminum joints produced by 
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friction stir welding have been investigated. 

Micro hardness survey on weldment was 

carried by Cavalier [7]. The readiness level of 

friction stir welding for aluminum is high with 

several industrial implementations like marine, 

ground, transportation and automotive 

industries [8]. It was observed that a very fine 

and recrystallized grain structure was obtained 

during friction stir welding which is indicative 

of strength levels equal to that of base metal 

[9]. FSW is a solid state, localized thermo-

mechanical, joining process. The process and 

the terminology are schematically explained in 

Fig. 1. In FSW a non-consumable rotating 

shouldered-pin-tool is plunged into the 

interface between two plates being welded, 

until the shoulder touches the surface of the 

base material, and is then traversed along the 

weld line. In FSW, frictional heat is generated 

by rubbing of tool shoulder and base material 

surface, and by deformation. During 

traversing, softened material from the leading 

edge moves to the trailing edge due to the tool 

rotation and the traverse movement of the tool, 

and this transferred material is consolidated in 

the trailing edge of the tool by the application 

of an axial force. FSW parameters are tool 

geometry, axial force, rotational speed, 

traverse speed and, tool tilt angle [10]. General 

convention is, where the direction of the 

velocity vector of the tool and traverse 

direction are same that side is called the 

advancing side of the weld, and when the 

direction of the velocity vector opposite to the 

traverse direction, it is called the retreating 

side. In general, microstructure of friction stir 

weld is classified into three major regions, 

namely weld nugget (WN), thermo 

mechanically affected zone (TMAZ) and heat 

affected zone (HAZ). The weld nugget is 

characterized by severely deformed and 

dynamically recrystallized region [11]. From 

the available literature it was found that 

previous researchers have studied the effect of 

process parameters on desired response using 

conventional method of varying one parameter 

at a time, though popular, does not provide 

any information about interaction effect of 

process parameter on desired response.  So an 

attempt has been made to investigate main, 

combined and inter active effects of tool 

rotation speed, welding speed and pin diameter 

on the mechanical properties of weld metal 

using two level factorial techniques. 

 

 

Fig.1. Schematic diagram shows friction-stir welding process and terminology 
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 2.0 EXPERIMENTAL PROCEDURE 

The rolled plates of 6 mm in thickness 

aluminum alloy were cut into the required 

sizes (100 mm x 50 mm) by power hacksaw. 

Butt joint configuration 100 x 100mm was 

prepared to produce FSW joints. The initial 

joint configuration was obtained by securing 

the plate in position using mechanical clamps. 

The direction of the welding was normal to the 

rolling direction. Single pass procedure was 

followed to fabricate joints. A non-

consumable rotating tool made of high carbon 

high chrome steel shoulder diameter 18mm, 

pin length 5.8mm was used to fabricate FSW 

joints.  Vertical milling machine (10 hp, 3 000 

RPM, 30KN shown in the Fig. 2) was used to 

fabricate the joints. Extensive trials run were 

carried out to determine the working range of 

parameters. Useful limits of the parameters 

were chosen in such a way that the friction stir 

welded joints must be free from any visible 

external defect. 

A two level factorial design of (2
3 
= 8) eight 

trials, which is a standard statistical tool to 

investigate the effects of number of parameters 

on the required response, was selected for 

determining the effect of three independent 

direct welding parameters. The upper level of 

a parameter was coded as (+1) and lower level 

as (-1) or simply (+) and (-) for the ease of 

recording and processing the data. The 

important parameters and their limits used in 

this process shown in table 1. The developed 

design matrix has been shown in Table 2. The 

procedures for designing such a designing 

such a design matrix are dealt with [10].  

  

Fig 2 Vertical Milling Machine 
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Table 1. Welding parameters and their limits 

Parameters Units Symbol Upper limit Lower limit 

Tool RPM rpm R 1000 600 

Welding speed mm/min S 160 100 

Pin diameter mm D 8 6 

 

Table 2. Design Matrix 

Experiment 

No. 

R 

 

S 

 

D Tensile strength(MPa) 

   T(1)         T(2)        T(3) 

Impact toughness(J) 

Cv(1)        Cv(2)         Cv(3) 

1 + + + 109.47 109.86 109.66 7.17 7.21 7.28 

2 - + + 117.70 116.52 117.11 7.11 6.93 6.92 

3 + - + 90.94 89.67 90.00 7.28 7.30 7.33 

4 - - + 115.25 113.68 115.46 7.06 7.09 7.06 

5 + + - 112.41 112.70 113.34 7.11 7.15 7.03 

6 - + - 120.25 121.52 119.40 6.78 6.74 6.83 

7 + - - 86.24 83.99 86.28 7.22 7.18 7.17 

8 - - - 115.74 114.27 116.20 6.89 6.75 6.89 

The complete set of eight trials was repeated 

thrice for the sake of determining the ‘variance 

of optimization parameter’ and one for 

‘variance of adequacy’ for the model. The 

experiments were performed in a random 

order to avoid any systematic error. Three 

tensile and impact specimens were prepared as 

per ASTM standards (E 8M-08 and E23-07a) 

from each joint to evaluate the transverse 

tensile and impact toughness and average of 

the three results presented in Table 2 

3.0 DEVELOPMENT OF MODELS 

Mathematical models were developed from the 

data generated. Adequacy of developed 

models was checked using analysis of variance 

technique. The various steps followed are 

given below. 

3.1 Selection of model 

The response function representing tensile 

strength or impact strength could be expressed 

as: 

………(1) 

Assuming a linear relationship in the first 

instant and taking into account all possible two 

factors interactions only, the above could be 

written as; 

…(2)                             

Where b0 is combined effect of all parameters 

and b1, b2, b3 are main effects and b12…b23 are 

interactive effect of two parameters. 

3.2 Evaluation of the coefficients 

The regression coefficients of the selected 

model were calculated using Equation-3. This 

is based on the method of least squares. The 

calculated coefficients for tensile strength have 

been recorded in Table 3. Similarly 
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coefficients for impact strength were 

calculated.   

kj
N

YX

b

N

i

iji

j ......1,0,1 ==

∑
=

                       
(3) 

                                                                     

Where, 

Xji = value of a factor or interaction in coded 

form 

Yi=Average value of response parameter 

N= No. of observations  

k= Number of coefficients of the model 

Table 3. Regression coefficients and ‘t’ Values for tensile strength 

Coefficient Factor Value Value |bi| ‘t’ Value Significant 

b0 Combined effects of all factors 108.14 108.14 320.5955 Yes 

b1 Tool rotation speed (R) -8.73 8.73 25.8764 Yes 

b2 Welding speed (S) 6.92 6.92 20.50141 Yes 

b3 Pin diameter (D) -0.25 0.25 0.74452 No 

b12 Interaction of  R & S 4.78 4.78 14.18211 Yes 

b13 Interaction of  R & D 0.83 0.83 2.151453 No 

b23 Interaction of  S & D -1.42 1.42 4.19471 Yes 

 

 

Fig. 3 Tensile test specimen  

 

                  Fig. 4  Dimensions of the Impact Test Specimen 
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3.3 Significance test of the coefficients 

The statistical significance of the coefficients 

can be tested by applying student’s ‘t’ test. 

The level of significance of a particular 

parameter can be assessed by the magnitude of  

‘t’ value associated with it. Higher the value of 

‘t’, the more significant it becomes. The ‘t’ 

values for all the  coefficients of the model 

were calculated using following formula: 

 t = 
bj

j

S

b

………(4)

 

Where, 

|bj| = absolute value of the coefficient 

Sbj = standard deviation of coefficient and can 

be calculated using Eq. 5. 

bjS  = 
N

S y

2

……… (5)

 

The calculated ‘t’ values were compared with 

the ‘t’ values taken from standard table. The 

value of ‘t’ from the standard table for eight 

degree of freedom and 95% confidence level is 

2.306. Coefficients having calculated ‘t’ value 

less than 2.306 are considered to be 

insignificant and hence dropped from the final 

model. The calculated ‘t’ value of all the 

coefficients are given in Table 3. 

3.4 Development of final models 

After dropping insignificant coefficients, the 

developed models for tensile and impact 

strength has been presented as Equation 6 and 

7.  

3.5 Checking the adequacy of the developed 

model 

The adequacy of the developed models was 

tested using the analysis of variance technique. 

According to this technique, the calculated 

value of the F-ratio of the model developed 

should not exceed the standard tabulated value 

of F-ratio for a desired level (95% in this case) 

of confidence. The calculated and tabulated 

values of F-ratio have been shown in Table 4. 

It has been found from Table 4 that that the 

model is adequate.  

Table 4. Analysis of variance for tensile strength 

Degree of 

Freedom 

Variance of 

Adequacy 

Variance 

of 

Response 

‘F’–Ratio Model 

(Fm) 

‘F’-Ratio 

(Ft) 

Adequacy of 

Model 

F N S
2
ad S

2
y Fm= S

2
ad/ S

2
y at 4, 8, 0.5 

Whether 

Fm<Ft 

4 8 0.76 0.91 0.83 3.8 Yes 

G-Gage Length  25 mm, W-Width 6 mm, T-Thickness  6 mm, R-Radius of fillet 6 mm, L-Overall length,100 

mm, A-Length of reduced section 32 mm,  B-Length of grip section  30 mm, C-Width of grip section 10 mm. 

L = Length of specimen 55 mm, W = Width 6 mm, T = Thickness 6 mm 
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4.0 RESULTS AND DISCUSSION 

The final proposed mathematical models for 

tensile & impact strength are given below: 

T=108.14-8.73R+ 6.92S+4.78RS - 1.42SD….(6) 

Cv=6.58-0.32R+0.40S+0.15D-0.24RS…(7) 

These mathematical models can be used to 

predict the effects of the parameters on the 

tensile strength and impact toughness. These 

models are also useful helpful to select 

welding parameters to achieve desired 

strength. These models are useful to enhance 

the productivity and quality of weld.  

4.1 Influence of tool rotational speed on 

tensile strength 

Figure 5 indicates the effect of tool rotational 

speed on tensile strength of weld metal. It is 

clear from the figure that tensile strength 

decreased from 116.87 to 99.41 Mpa with 

increase in tool rotational from 600 to 1000 

RPM. It is due to the fact that at higher rpm 

more frictional heat is generated as a result 

slower cooling rate leading coarse 

microstructure. Coarse grains decrease tensile 

strength. Apart from this, higher rotational 

speed causes excessive release of stirred 

material to the upper surface, which resultantly 

leaves the voids in the FSW zone resulting 

decrease in tensile strength of weld metal. 

4.2 Influence of welding speed on tensile 

strength 

Figure 6 indicates the effect of welding speed 

on tensile strength of weld metal. It is 

observed that tensile strength increased from 

101.22 to 115.06 with increase in welding 

speed from 110 to 160 m/min. It is because by 

increasing the welding speed, there is a 

decrease in heat input per unit length of weld 

joint which gives relatively high cooling rate, 

and generates fine grained microstructure 

which leads to increase in tensile strength.  

 

Fig. 5 Effect of tool rotation on tensile strength 
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Fig. 6 Effect of welding speed on tensile strength 

5.4 Interactive effect of tool rotational and 

welding speed on tensile strength 

Figure 7 shows the interaction effect of 

rotational speed and welding speed on the 

tensile strength. The tensile strength decreases 

from 114.73 to 87.71 MPa and 119.01 to 

111.11 MPa, with increase in the rotational 

speed from 600 to 1000 RPM and keeping 

welding speed as 100 mm/min and 160 

mm/min respectively. The rate of decrease in 

tensile strength is gradual with the increase in 

rotational speed, at higher welding speed, but 

in the case of lower welding speed the tensile 

strength decreases sharply. Surface plot for 

tensile strength due to interaction effect of the 

rotational speed and welding speed is shown in 

Figure 8.  

5.6 Interactive effect of pin diameter and 

welding speed on tensile strength 

Figure 9 shows the interaction effect of 

welding speed and pin diameter on the tensile 

strength. The tensile strength increases from 

99.8 to 116.48 MPa and 102.64 to 113.64 

MPa, with increase in welding speed from 100 

to 160 mm/min and keeping pin diameter as   

6 and 8 mm respectively. It is concluded, that 

by using a pin with a  large diameter and by 

increasing the welding speed, there is a 

significant increase in tensile strength, though 

not by a large margin, but if the diameter is 

smaller, there can be seen a significant 

increase in  the tensile strength. Surface plot 

for tensile strength due to interaction effect of 

the welding speed and pin diameter is shown 

in Figure 10. 

5.7 Influence of tool rotational speed on 

impact toughness 

Figure 11 depicts a relationship between tool 

rotational speed and impact toughness. It is 

clear from the figure that impact toughness 

decreases with increase in tool rotational 

speed. It can be attributed to fact that as tool 
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rotational speed increases, more heat is 

produced, thus lowering cooling rate and 

resulting in coarse structure. As the final 

microstructure is coarse, so the impact 

toughness decreases. 

 

Fig. 7 Interactive effects of tool rotational and welding speed on tensile strength 

 

Fig. 8 Surface plot for Interactive effect of tool rotational and welding speed on tensile strength 
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Fig. 9 Influence of interaction of welding speed and pin diameter on tensile strength 

 

Fig. 10 Surface plot for Interactive effect of pin diameter and welding speed on tensile strength 
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Fig. 11 Effect of tool rotation on Impact toughness (J) 

5.8 Influence of Welding Speed on Impact 

toughness 

The effect of welding speed on impact 

toughness is shown Figure 12. It is evident 

from the figure that impact toughness 

increases with increase in welding speed due 

to the fact that as welding speed increases, low 

heat is produced per unit length of weld joint 

which results in higher cooling rate. As a 

result,a fine grained structure is produced, 

which increases the impact toughness. 

5.9 Influence of pin diameter on impact 

toughness 

The effect of pin diameter on impact 

toughness is shown in Figure 13. It can be 

concluded that as the diameter increases, the 

impact strength also increases. It is because as 

the diameter increases, the surface area 

increases, which in turn increases the friction 

and heat. As cooling rate is decreased and 

coarse grain structure is produced, the impact 

strength increases. 

5.10 Interactive effect of welding speed and 

tool rotational speed on impact toughness 

Figure 14 shows the interaction effect of 

rotational speed and welding speed on the 

impact toughness. The impact toughness 

decreases from 7.12 to 5.74 J and 6.94 to 6.52 

J with increase in rotational speed from 600 to 

1000 rpm and keeping welding speed as 100 

and 160 mm/min respectively. It is clear from 

the figure that when the rotational speed is 

increased there is significant decrease in the 

impact toughness, at the lower welding speed, 

but in the case of higher welding there is a 

insignificant decrease in the tensile strength. 

Surface plot for impact toughness due to 

interaction effect of the rotational speed and 

welding speed is shown in Figure 15.   
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Fig. 12 Effect of welding speed on Impact toughness (J) 

 

Fig. 13 Effect of pin diameter on Impact toughness (J) 
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Fig. 14 Interactive effects of tool rotational speed and welding speed on impact strength 

 

Fig. 15 Surface plot for interactive effect of tool rotational speed and welding speed on impact 

strength 
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6. CONCLUSIONS 

• Two level factorial techniques is 

found to be an effective tool to 

develop the models for predicting the 

effect of process parameters on tensile 

strength and impact toughness of weld 

metal in friction stir welding. 

• Tensile strength decreased with 

increase in tool rotational speed and 

increased with increase in welding 

speed. 

• Impact toughness decreased with 

increase in rotational speed and 

increased with the increase in welding 

speed as well as pin diameter. 
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