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Abstract— Friction stir welding, a solid state joining 

technique, is a giant step in the ever constant endeavor of 

joining technology for materials. The superior qualities of 

FSW led its usage in joining Aluminum alloys for 

aerospace, marine, automotive and many other applications 

of commercial importance. The present work aims at 

studying the influence of various operating parameters 

namely speed, feed and tool diameter on the mechanical 

properties (Tensile strength and wear rate) of the friction stir 

welded joint on AA6061 alloy. The experiments are devised 

by deploying Design of Experiments (DOE) technique. 

Three factors and three levels are considered. L9 orthogonal 

array is deployed to conduct experiment and to evaluate 

factor. Multi attribute decision making technique GRA is 

used to optimize the process .Wear test is performed on the 

specimens which are filed into circular in shape and of one 

inch dimension as per the specifications of the wear test 

machine to obtain the wear rate for a specific time. 
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I. INTRODUCTION 

The Welding Institute (TWI) of UK developed the 

momentous solid- state joining technique known as Friction 

stir welding (FSW) in 1991, in which the necessary heat for 

the desired welding is produced due to the interaction of the 

work piece surface and the tool. To achieve this a non-

consumable rotating tool consisting of two main parts 

namely shoulder and pin is inserted into the abutting edges 

of sheets or plates to be joined and traversed along the line 

of joint. The shoulder having the plasticized material serves 

in generating heat in the weld zone and the pin creates the 

weld through mixing of elements. Schematic arrangement of 

FSW is shown in Figure 1. As compared to the conventional 

welding methods, FSW consumes considerably less energy. 

No cover gas or flux is used, thereby making the process 

environmentally friendly [Misra et al. (2005)].  The friction 

stir welding (FSW) technology is going to become a very 

important new tool in the aircraft and automotive industry 

solving more of the problems related to the need of high-

performance joints. 

The joints produced by this method were found to 

be error free and had excellent mechanical and corrosion 

properties [BY RD et al (2012)]. The stirred zone (SZ) [Sua 

JQ et al (2005)], the thermo mechanically affected zone 

(TMAZ) and the heat-affected zone (HAZ) [Leal RM et al 

(2008)] are the distinct zones produced during the friction 

stir welding process [Janjic M (2012), Ma ZY (2002)]. The 

material flow behavior is predominantly influenced by FSW 

tool profiles, tool dimensions and FSW process parameters 

[Rai R et al (2011)]. FSW is useful in the joining of 

aluminum alloys (6XXX & 7XXX series) which are 

traditionally difficult to weld as the fusion welding 

techniques produce brittle dendrite structures leading to 

steep decrease in the mechanical properties [Thomas WM et 

al (1993). Pasquale Cavaliere (2013)]. 

 
Fig. 1: The friction stir welding process 

Yoshihiko Uematsu et al (2006) investigated the 

fatigue behavior of FSW joints of 6061-T6  aluminium 

alloy. G. Madhusudhan Reddy et al (2009) studieed the 

FSW of AA6061 alloy for mechanical properties and the 

microstructure development. Elatharasan  and V.S. Senthil 

Kumar (2013)  studied Ultimate Tensile Strength (UTS) and 

yield strength (YS) of the friction welded AA6061-T6 alloy 

joints. Jawdat A. Al-Jarrah et al (2014) investigated the 

effect of different parameters namely rotation speed, 

welding speed and shoulder diameter on the appearance and 

the mechanical properties of the friction stir welded plates.  

From the works reported on FSW it is elucidate 

that the heat input into welding region during the process, 

affects the welded surface morphology. So, a study of 

welding parameters is essential for producing efficient joint. 

In the earlier studies a limited works are reported on the 

influence of pin diameter on FSW strength.  Hence, in the 

present work, it is aimed to conduct parametric analysis of 

FSW varying rotational speed, welding speed and pin 

diameter and to study the hardness and tensile strength of 

friction stir welded aluminum alloy joints. 

II. EXPERIMENTAL PROCEDURE 

A. Experimental Setup 

In an attempt to study the effect of weld parameters on the 

mechanical properties of welded similar Aluminum alloy 

plates with FSW, the following scheme of experimental set 

up is used. The set up consists of a computer controlled 

FSW machine (Figure 2) with proper welding tool and 

necessary fixtures for holding the tool (Figure 3). The tool 

rotation speed range of the FSW is 500-2200 rpm.  Initially 

the rotating pin is inserted into a predrilled hole, which will 

facilitate the start up of welding. The tool pin profile 

http://link.springer.com/search?facet-author=%22Yoshihiko+Uematsu%22
http://link.springer.com/search?facet-author=%22G.+Madhusudhan+Reddy%22
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selected for the present work is “circular” and the material is 

High Speed Steel. In order to have longer weld length to 

facilitate representative a result, welding is carried out along 

the 120 mm length which is perpendicular to the direction of 

rolling of the test pieces and AA6061 Aluminum Alloy plate 

was taken on the advancing side and the retreating side. 

III. SELECTION OF OPERATING PARAMETERS 

Selection of process parameters in Friction Stir Welding is 

critical as the properties of the yielded joints merely rely on 

them. From the past studies it is evident that the Rotational 

Speed, Welding Speed and Pin Diameter are the important 

influencing parameters in FSW. Hence one needs to study 

parametric analysis for efficient joint preparation.  

Beyond upper end circuit of rotational speed there 

will be excessive turbulence resulting in defects. At a higher 

rotation speed, the temperature increase is so excessive that 

the magnesium in the aluminum alloy oxidized and resulted 

in an unsound joint. Rotational speed below lower end of 

circuit, there will be insufficient heat generation and 

insufficient metal transportation, resulting in defects in 

stirred zone. A lower rotation speed gave rise to an 

insufficient increase in temperature at the weld, so that the 

pin worked out in a short time. Hence speed ranges of 800 

rpm, 950 rpm, 1100 rpm, 1250 rpm, and 1400 rpm are 

selected. 

When the weld speed is low, pin hole type of defect 

is observed due to excessive heat input/unit length. When 

the weld speed is high, defective weld is found due to 

insufficient heat input caused by in adequate flow of 

material. Hence, in this work the welding speeds i.e., the 

Horizontal feed of 0.5 mm/sec, 0.6 mm/sec, 0.7 mm/sec and 

0.8 mm/sec are selected.  Welding parameters used in this 

work for preparation of FSW specimens are shown in table 

1. 

S.No Process Parameters Values 

1 Rotational Speed(rpm) 760,1130,1340 

2 Welding Speed(mm/sec) 25,37,51 

3 Axial Force(Kg) 6000 

4 Pin Length(mm) 5,7,8 

5 Tool Shoulder Diameter(mm) 15 

6 Pin diameter/diagonal(mm) 4,5,6,7,8 

Table 1: Welding Parameters and Tool Dimensions 

IV. DESIGN OF EXPERIMENTS 

The experiments are devised based on central composite 

face centered design. Central composite design(CCD) 

matrix with the star points being at the center of each face of 

factorial space is used. The “face- centered CCD” involves 

20 experimental observations at three independent input 

variables. The propsed experimental matrix along with 

results is shown in Table 2. 

S. 

No 

Rotational 

Speed 

rpm 

Pin 

Diameter 

mm 

Feed 
Tensile 

strength 

Wear 

rate 

 760 5 25 219 920 

 760 7 37 83 1272 

 760 8 51 148 1450 

 1130 7 25 161 1470 

 1130 8 37 138 1949 

 1130 5 51 111 1645 

 1340 8 25 166 1770 

 1340 5 37 300 1950 

 1340 7 51 111 2461 

Table 2: Experimental design with results 

V. TENSILE TEST 

TENSILE TESTS are performed for several reasons. The 

results of tensile tests are used in selecting materials for 

engineering applications. Tensile properties frequently are 

included in material specifications to ensure quality. Tensile 

properties often are measured during development of new 

materials and processes, so that different materials and 

processes can be compared. 

Finally, tensile properties often are used to predict 

the behaviour of a material under forms of loading other 

than uniaxial tension. The strength of a material often is the 

primary concern. The strength of interest may be measured 

in terms of either the stress necessary to cause appreciable 

plastic deformation or the maximum stress that the material 

can withstand. 

These measures of strength are used, with 

appropriate caution (in the form of safety factors), in 

engineering design. Also of interest is the material’s 

ductility, which is a measure of how much it can be 

deformed before it fractures. 

Rarely is ductility incorporated directly in design; 

rather, it is included in material specifications to ensure 

quality and toughness. Low ductility in a tensile test often is 

accompanied by low resistance to fracture under other forms 

of loading. Elastic properties also may be of interest, but 

special techniques must be used to measure these properties 

during tensile testing, and more accurate measurements can 

be made by ultrasonic techniques. 
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VI. WEAR TEST 

Wear: In materials science, wear is erosion or sideways 

displacement of material from its "derivative" and original 

position on a solid surface performed by the action of 

another surface. The amount of wear generated depends 

upon the applied load, sliding speed, sliding distance, 

material properties and environment. For getting reliable 

and repeatable wear data,contact between the wear. 

For getting reliable and repeatable wear data, 

contact between  the wear disc and the specimen in is to be 

100%  and virgin material of specimen pin is to be exposed 

to wear disc. Because of surface roughness, foreign 

materials present at the specimen pin surface, initially wear 

rate is not uniform. the initial period is known as "break in 

period" during which surface roughness and Foreign 

material are done away with, Once the surface is 

smoothened out and foreign material is removed, complete 

contact between the wear disc and specimen pin is 

established. Wear rate at this stage is the true wear rate of 

the specimen under operating conditions. Because of the 

friction between the specimen pin and wear disc, heat is 

generated at the tip of the specimen pin. With heavy loads, 

there is every possibility that the specimen pin tip may 

become soft and seizure may occur.  

Hence it is recommended that the Pin on disc wear 

testing machine be not to be operated at setting all 

parameters at maximum values. Wear debris transfer film in 

the gap and interference from thermal expansion and 

contraction affect the wear characteristics. The 

reproducibility of repeated tests, on the same material 

depends upon the material homogeneity, material interaction 

and adherence to experimental conditions. 

In this work we have used TR-20LE wear testing 

machine. This machine represents a substantial advance in 

terms of simplicity and convenience of operation, ease of 
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specimen clamping and accuracy of measurements, both of 

wear and frictional force. The machine is designed to apply 

loads up to 200N and is intended both for dry and lubricated 

test conditions, additionally specimen pin can be heated to 

100
o
 c and temperature measured is displayed. 

It also facilitates study of friction and wear 

characteristics in sliding contacts under desired conditions. 

Sliding occurs between the stationary pin and a rotating 

disc. Normal load, rotational speed and wear track diameter 

can be varied to suit the test conditions. Tangential frictional 

force and wear are monitored with electronic sensors and 

recorded on PC .these parameters are available as functions 

of load and speed. The temperature raise during test is 

measured, recorded and displayed. 

The wear test machine uses two types of methods 

to do the wear for specimen. Sic Grit paper and steel disc. 

We used Steel disc to complete the wear for our specimens. 

The weight of material removed by the steel disc is about 

two orders of magnitude less than that of the SIC grit. The 

influence of percent reinforcement on the wear resistance 

was maintained. 

VII. RESULTS 

FSW is done on AA6061 alloy according to the developed 

experimental plan and the mechanical properties of the 

joints are predicted. The influence of input parameters on 

the responses is discussed with the contour plots. Contour 

plots play a very important role in studying the response 

surface. By generating contour plots using statistical 

software (MINITAB14) for response surface analysis, the 

most influencing parameter can be identified based on the 

orientation of contour lines. If the counter patterning of 

circular shaped counters occurs, it suggests the equal 

influence of both factors while elliptical contours indicate 

interaction of the factors. 

 
a) Speed vs Tool Diameter 

 
b) Speed vs Feed 

 
c) Feed vs Tool Diameter 

Fig. 5: Contour Plots for Tensile Strength 

Figures 5(a) to 5(c) represents contour plots for 

Tensile strength. From these plots, the interaction effect 

between the input process parameters and output response 

can be observed as: 

(1) Tensile strength is more sensitive to change in 

speed than tool diameter (Figure 6a) since the 

contour lines are more diverted towards the speed.  

(2) Tensile strength is more sensitive to change in feed 

than speed (Figure 6b) since the contour lines are 

more diverted towards the feed. 

(3) Tensile strength is more sensitive to both feed than 

tool diameter (Figure 6c) since the contour lines are 

circular 

(4) Hardness is more sensitive to change in feed than 

tool diameter (Figure 5c) since the contour lines are 

more diverted towards the feed. 

For the wear test the results compute the graphs 

obtained between Wear in micrometers and Frictional force 

in Newton. 
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Graph: specimen 1 

 
Graph: specimen 2 
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Graph: specimen 3 

 
Graph: specimen 4 
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Graph: specimen 5 

 
Graph: specimen 6 

A. Results of Grey relation Analysis: 

1) Normalized Values: 

Tensile Strength Wear rate 

0.626 1 

0 0.7616 

0.2995 0.6476 

0.35944 0.6348 

0.2564 0.3279 

0.129 0.5227 

0.3824 0.4426 

1 0.3273 

0.129 0 

 

2) Deviation Sequence Values: 

Tensile Strength Wear rate 

0.374 0 

1 0.2384 

0.7005 0.3524 

0.64056 0.3652 

0.7466 0.6721 

0.871 0.4773 

0.6176 0.5574 

0 0.6727 

0.871 1 
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3) Grey relation Quotient Values: 

Tensile Strength Wear rate 

0.572 1 

0.3333 0.6771 

0.4164 0.5865 

0.4338 0.5779 

0.40109 0.4265 

0.3646 0.5116 

0.4473 0.4728 

1 0.4263 

0.3646 0.3333 

4) Grey Relation Grade: 

Specimen Number Grey Relation Grade 

1 0.786 

2 0.5052 

3 0.501 

4 0.5058 

5 0.4138 

6 0.4381 

7 0.46009 

8 0.7131 

9 0.3489 

 

VIII. CONCLUSIONS 

A three level, three factor full factorial design matrix based 

on the central composite rotatable design technique is used 

to study the parametric analysis of AA6061 alloy welded by 

Friction Stir welding process. The process parameters varied 

are Speed, Feed and tool diameter, the responses observed 

are the wear rate and tensile strength. Contour plots are 

drawn between input variables and output responses. From 

the contour plots, it is that Tensile strength is found to be 

contributed by all the parameters. With increase in applied 

load wear rate increases and at certain point it gets steady. 
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