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Abstract
Friction stir welding is a  solid state welding process. This process 
is quite energy efficient 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 tool rotation speed, welding speed, and 
shoulder diameter were selected for present research work. Two 
level factorial design of eight runs was selected for conducting the 
experiments. The mathematical models were developed from the 
data obtained. The significance of coefficients and adequacy of 
developed models were tested by ‘t’ test and ‘F’ test respectively. 
It has been observed that tensile strength decreases with increase 
in welding and tool rotation speed. Two Level Factorial Design is 
more convenient to investigate the interaction effects of parameters 
on the required response. The artificial aging of joints has very 
little effect on the mechanical properties of joints. The effects 
of process parameters on best mechanical properties have been 
represented in the form of graphs for better understanding.
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I. Introduction
Friction stir welding is a variant of friction welding that produces a 
weld between two work pieces by heating and plastic displacement 
caused by a rapidly rotating tool that traverse the weld joint. Heating 
is done by both frictional rubbing between the tool and the work 
pieces and by visco-plastic dissipation of the deforming material 
at high strain rates. Friction stir welding uses a non consumable, 
rotating welding tool to create heat locally. The rotating tool hot 
works the material surrounding the weld interface to produce a 
continuous solid state weld. A common tool design is the shape 
of a rod with concave area with a pin, coaxial with the axis of 
rotation. The work pieces are rigidly clamped and are supported 
by a backing plate, or anvil, that bears the load form the tool 
and constrains deformation of the material at the backside of the 
joint. In most cases, the thickness of the weld joint to prevent 
contact with the backing plate and to promote complete penetration 
without defects. 
To make a linear weld in a butt joint configuration, the work pieces 
are positioned on the backing plate with the edges in contact fig. 
1(a). To start the process, the rotating friction stir welding tool is 
plunged into the weld joint fig. 1(b) until the shoulder of the tool 
makes contact with the top surfaces of the work pieces fig. 1(c). 
Frictional rubbing and visco-plastic dissipation cause the heated 
material to soften and plastically flow. The motion of the tool 
promotes the displacement of the softened material to produce 
the weld fig. 1(d). 

Fig. 1: Schematic Working of Friction Stir Welding

The hot worked material is swept around the tool to produce 
recoalescence behind the tool. The tool shoulder provides 
constraint against the escape of hot worked material, while 
applying a forging force to the top surface of the weld. The tool 
continues to rotate while traveling along the joint, completing the 
weld as travel progresses. When the required length is welded, the 
tool is removed. In case of lap joints, the tool normally penetrates 
only a small depth into the lower work piece. 
Cabibbo et al. [1] elaborated the microstructure and mechanical 
properties of a friction stir welded 6056-T6 aluminum alloy plate 
by using polarized optical and transmission electron microscopy 
techniques. It was found that yield and ultimate strength lower 
across the weld compared to the parent material as well as a 
reduction in ductility of the weld region.
Ceschini et al. [2] elaborated the effect of the FSW process on 
the microstructure and, consequently, on the tensile and low-cycle 
fatigue behavior, of an aluminum matrix (AA7005) composite 
reinforced with 10 vol.% Al2O3 of particles. The low-cycle fatigue 
tests evidenced a fatigue life reduction for the FSW material 
respect to the base composite particularly for high values of total 
strain range.
Fratini and Luccarell [3] carried a systematic experimental analysis 
of the residual stresses that occurs through the thickness of a few 
aluminum alloy joints obtained by FSW by using the hole-drilling 
method. The experimental analysis showed that unlike traditional 
welding processes, the residual stresses arc negative in the surface 
of the examined zone, and increase with depth until values of about 
100—150 MPa that occur at a depth of about 0.5—1,0 mm.
Fujii and Cui [4] investigated the effect of the tool shape on 
the mechanical properties and microstructures of 5-mm thick 
welded aluminum plates. It has been found for 1050-H24 whose 
deformation resistance is very low, a columnar tool without threads 
produces weld with the best mechanical properties.
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Ling Cui [5] studied that a high carbon steel joint., was successfully 
friction stir welded without an pre- or post-heat treatment, it was 
proved that friction stir welding enables to properly control the 
cooling rate and peak temperature, which was impossible using 
traditional welding. 
From the available literature it was found that previous researchers 
have studied the effect of welding parameters on desired response 
using conventional method of varying one parameter at a time, 
though popular, does not give any information about interaction 
amongst the parameters. Conventional methods of experimentation 
with multiple parameters and responses are time consuming, 
costly and are even inadequate for prediction of’ mechanical 
properties.
So a comprehensive study was planned to investigate combined, 
main and interaction effects of various welding parameters. In 
addition, interactions between two or more parameters can also be 
quantified, which is not possible with conventional experimental 
approach.

II. Design of Experiment
The A two level factorial design of (23 = 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 
commonly employed method of varying one parameter at a time, 
though popular, does not give any information about interaction 
among parameters. The selecting of two level factorial design also 
helped in reducing experimental runs to the minimum possible.

A. Identifying Critical Process Control Variables 
Tool rotation speed, welding speed and shoulder diameter 
were identified as critical welding variables for carrying out 
the experiment work and to find their effect on the mechanical 
properties (Tensile strength and micro hardness of the metal). All 
remaining variables were kept constant. 

B. Selection of Two Levels of Welding Variables 
The working range covering the lowest and the highest level of 
the direct welding parameters was carefully selected by carrying 
out the trial runs so as to maintain defect free friction stir welding. 
Upper and lower levels of the variables were found out. 
The direct and indirect parameters except under consideration 
were kept constant. The upper level was coded as (+1) and lower 
level as (-1) or simply (+) and (-). For the factors with a continuous 
determination region, this can always be done with the aid of 
transformation within the variation interval. 
Xj = (Xjn - Xjo )/ Jj    (1)
Where Xj, Xjn, and Xjo are the coded, natural and basic value of 
the parameter respectively. Jj and j are the variation and number 
of parameters respectively. The units, symbols used and limits of 
welding parameters are given in Table.

Table 1: Welding Parameters Used and Their Limits

Parameters Units Symbols Designation Upper 
limit

Lower 
limit

Tool RPM rpm R X1 4620 3080

Welding 
speed

mm/
min S X2 35 25

Shoulder  
diameter mm D X3 21 18

C. Development of Design Matrix 
The design matrix developed to conduct the eight trials runs of 
23 fractional factorial design as given in Table.

Table 2: Design Matrix

S.No R
1

S 
2

D
3

1 + + +
2 - + +
3 + - +
4 - - +
5 + + -
6 - + -
7 + - -

8 - -  
 -

D. Selection of Mathematical Model 
The models of the type Y = f ( R,S,D) could be developed to 
facilitate the prediction of a response within the specified 
dimensional tolerance for a particular set of direct process 
parameters. Assuming a linear relationship in the first instance 
and taking into account all the possible two factor interaction and 
confounded interactions, it could be written as: 
Y=b0+b1R+b2S+b3D+ b12RS+b13RD+b23SD  (2)

E. 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.
bj =   ∑NiXjiYi/N,   j = 0,1,…..,k   (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: Coefficients of Model

S.No. Coefficient of 
Regression Due to

1 b0

Combined effect of all 
parameters

2 b1 Tool RPM(R)

3 b2 Welding Speed(S)

4 b3 Shoulder diameter(D)

5 b12 Interaction of R & S

6 b13 Interaction of R & D

7 b23 Interaction of S & D

F. Checking the Adequacy of the Developed Model 
The adequacy of the model was determined by the analysis of 
variance technique. The regression coefficients were determined 
by the method of least square, from which the F-ratio for the 
polynomial was found. The variance of the response and the 
adequacies were calculated. The ‘F’- ratio of the model were 
compared with the corresponding ‘F’- ratio from the standard table 
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and it was found that the model is adequate within 95% level of 
confidence, thus justifying the use of assumed polynomials.

G. Final Model 
Final model could be obtained by dropping statistically in-
significant terms from the developed models.The final model for 
Tensile strength is.
T= 83.75 -2R -6.5 S + 7.5D - 3RS – 9.75RD + 2.5SD

H. Analysis of Variance for Tensile Strength
‘f’ values thus obtained and denoted as Fm were compared from 
the standard table 8.4 [29] of Ft at (4,8, 0.5). as Fm<Ft, it was 
found that the model was adequate at 95% level of significance 
thus justifying the use of assumed polynomial.

Table 4: Table for Analysis of Variance of Mathematical Model

Degree of 
Freedom

Variance 
of 
Adequacy

Variance 
of 
Response

‘F’–
Ratio 
Model 
(Fm)

‘F’-
Ratio 
Table

Adequacy 
of Model

F N S2ad S2y
Fm= 
S2ad/ 
S2y

at 4, 8, 
0.5

Whether
Fm<Ft

4 8 1.6875 1.25 1.35 3.8 Yes

It is observed that the value of Fm is less than the value of Ft, so 
the developed model is an adequate model.

Results
Influence of  interaction of tool rotation speed and shoulder 
diameter on Tensile  Strength 

Fig. 2: Interactive Effect of Tool Rotational Speed and Shoulder 
Diameter

The interaction effect of tool rotation speed and the shoulder 
diameter of the tool is presented in graph. from the graph it has 
been observed that at the lower tool rotation speed and the constant 
shoulder diameter of 18 mm the tensile strength of the joint was 
lower which is 68.5 N/mm2 as the tool rotation peed was increased 
with the constant shoulder diameter (18mm) the tensile strength 
of the joint was improved (84N/mm2) .but when the lower tool 
rotation speed and constant shoulder diameter of 21 mm the higher 
tensile strength of the joint was observed which was 103 N/mm2. 
As the tool rotation speed and the constant shoulder diameter 21 

mm the tensile strength of the joint was decreased and reached at 
79.5 N/mm2.from the above discussion it can be concluded that 
the variation in the tool rotation speed and shoulder diameter have 
pronounced effect on tensile strength of the joint.

III. Conclusion
Two Level Factorial Design is more convenient to investigate the 
interaction effects of parameters on the required response. 
Proposed models are adequate at 95% confidence level, thus 
justifying the use of assumed polynomials. 
Tensile Strength decreases with increase in rotational speed of 
tool. 
As the tool rotation speed was increased the tensile strength of 
the joint decreases at the constant welding speed. At the lower 
tool rotation speed and constant welding speed tensile strength 
of the joint increases. 
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