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Abstract—The FSW process parameters such as tool 

rotational speed, travel speed, material thickness, play a 

major role in deciding the weld quality. The aim of this 
work was to investigate the mechanical properties in 

order to demonstrate the feasibility of friction stir welding 

for joining Al 6061 aluminum pipe welding was 

performed on pipe with different thickness (2 to 4)mm, six 

rotational speeds (485 to14800) RPM and a traverse 

speed (4 to 10)mm/min was applied. Response surface 

methodology was used to predict the Tensile strengths, the 

percentage of elongation and hardness of friction stir 

welded 6061 aluminum pipe are compared with measured 

values. The effect of FSW process parameter on 

mechanical properties of 6061 aluminum pipe has been 
analyzed in detail. The result acquired through model 

suggestion (RSM) has been proved to be successful in 

terms of the agreement with experimental results. 

Keywords—Friction stir welding, Aluminum pipe, 

Response surface methodology, Optimization. 

I.  INTRODUCTION  
Aluminum and its alloys are increasingly used in 

many important manufacturing areas, such as the 
automobile industry, aeronautic and military, because of 
their low-density and good mechanical properties 
however, the welding of aluminum and its alloys has 
always represented a great challenge for designers and 
technologists [1]. 

 Solid-state welding is the process whereby 
coalescence is produced at temperatures below the 
melting point of the base metal without the use of any 
filler metal. There are fewer defects in solid-state welding 
because the metals do not reach their melting 
temperatures during the welding process. However, the 
base metals being joined retain their original properties, 
and the Heat Affected Zone (HAZ) is small when 
compared with the fusion welding techniques (O’Brien 
and Guzman, 2007). Friction Stir Welding is a variant of  

 

friction welding that produces a weld between two or 
more workpieces by the heating and plastic material  

displacement caused by a rapidly rotating tool that 
traverses the weld joint (Thomas et al., 1991).The 
advantage of hydroforming of FSW tubes is the tailoring 
of the starting materials that can vary in thickness and/or 
composition to optimize weight or performance. This 
tailoring is typically carried out in stamping by welding 
sheets of different thickness together. The blank is then 
stretch formed and drawn, resulting in a part with 
optimized weight (Davies et al., 2005; Ambrogio et al., 
2006; Grant et al., 2006; and Buffa et al., 2007). A large 
number of research papers are available in the literature 
on various aspects of  friction stir welded aluminum alloy 
such material flow, development of microstructure and 
mechanical properties in friction stir welding for plates 
and sheets, but the research papers that done in cylindrical 
parts by using friction stir technique are quite rare. 

II. EXPERMINTAL WORK  

A. material  

The chemical composition  and  mechanical properties 
of  Al 6061 aluminum alloys pipe parts used  in  the  
present study as  delivered by  the Miser Aluminum 
company are given  in Tables(1-2). 

Table (1) Chemical composition (wt. %) of Al 6061 
Weight 

% 

Al Si Fe Cu Mn Mg Cr Zn Ti 

6061 Bal 0.4 0.70  0.15  0.15 0.9 0.04 0.25  0.15  

Table (2) the mechanical properties of Al 6061  
Alloy 

 

σ UTS M pa 

 

EL% VHD 

6061 

 

252.690 8 86 

B. tool design  

The design of the tool rotation is a climacteric factor as a 

perfect tool can progress together with the fineness of the 

weld and the most potential welding speed. It is eligible 

that the tool material is high carbon steel, sufficiently 

strong, tough and hardwearing, at the welding 

temperature. [9].The tool pin breakthrough depth was 

26



ISSN 2231-3842 (Print)       ISSN 2277-8691 (Online) 

 

___________________________________________________________________________ 

INTERNATIONAL JOURNAL OF APPLIED SCIENCE AND TECHNOLOGY (Volume 6 , Issue 1)  | 
 

 

proposed to be at minimum about  100% of the work 

piece thickness. We used two tools with flat shoulder, 

Tools was fixed in the spindle of the drilling. In present 

study the tool length (L), were50mm, and three different 

pin lengths (2 to 4mm), pin diameter (d) (1mm) and 

shoulder Diameter (D) (10mm) a shown fig (1). 
 

 
 

 
 

Fig (1).friction stir welding tool dimensions 

 

 

III. FRICTION STIR WELDING PROCESS 

 
Two pipe to be welded were butted up against each 

other and clamped down using the fixture. Rotational 
velocity and translational velocity of the tool are set in the 
adapted milling machine. The tool is then rotated and then 
slowly plunged into a work piece along the interface of 
the sheets. The tool creates frictional heat in the work 
piece until the material becomes plasticized. Heat 
generated by the mechanical mixing process and the 
adiabatic heat within the material cause the stirred 
materials to soften without reaching their melting point. 
This is a major advantage of friction stir welding. Once 
the material becomes plasticized the tool traverses along a 
weld line to bond the two materials together Plasticized 
material is deformed around the tool and is forged into 
place by the substantial downward axial force of the tool 
shoulder. Material then consolidates into the weld joint at 
the trailing edge of the tool leaving a solid phase bond 
between the two pieces Fig (2) 

 

 

 

 

 

 

 

 

Fig (2).FSW machine 
 

A . Tensile test  

Tensile testing, also known as tension testing, is a 

fundamental science test in which a sample is subjected to 

uniaxial tension until failure. The results from the test are 

commonly used to select a material for an application, for 

quality control, and to predict how a material will react 

under other types of forces. Properties that are directly 
measured via a tensile test are ultimate tensile strength 

(UTS), maximum elongation (EL %) [10]. 

 

B. Vickers Hardness Testing: 

The hardness number is determined by the load over the 

surface area of the indentation and not the area normal to 

the force, and is therefore not a pressure.  The Vickers 

hardness (HV) number is then determined by the ratio F/A 

where F is the force applied to the diamond in kilograms-

force and A is the surface area of the resulting indentation 

in square millimeters [11]. 

 

III. RESULT AND DISCUSSION  

 

Visual inspection of the upper (external surface of welded 
specimens) showed uniform semicircular surface ripples, 

caused by the final sweep of the trailing edge of rotating 

tool shoulder over weld nugget, under the effect of probe 

overhead pressure. The presence of such surface ripples, 

see Fig. (3) shows the surface appearances of the weld the 

interface between the recrystallized nugget zone and the 

parent metal is relatively diffuse on the retreating side of 

the tool, but quite sharp on the advancing side of the tool 

 

 

Fig (3). Surface view 

 

A. Tensile test 

The  quality  of  the welds  was  assessed  based  on  

tensile  tests, Tensile tests were performed on the base 

metal  and  welded specimens, Transverse tensile 

properties such as tensile strength, percentage of  

elongation and  joint efficiency of the friction stir welding 

(FSW) joints  have  been   evaluated. At each condition 

three specimens are tested and average of the results of 
three specimens were measured, it can be Inferred that the 

rotational speed and thickness are having   influence  on  

tensile  properties  of  the  friction stir welding (FSW) 

joints show in Fig. (4-9). 
 

 
Fig. (4) Relation between ultimate tensile strength and 

rotational speed of Al6061 (thickness 2 mm) 
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Fig. (5) Relation between ultimate tensile strength and 

rotational speed of Al6061 (thickness 3 mm 

 

 
 

Fig. (6) Relation between ultimate tensile strength and 

rotational speed of Al 6061 (thickness 4mm) 

 
 

Fig. (7) Relation between elongation and rotational speed 

of Al 6061(thickness 2mm) 

 

The joints fabricated at high rotational speed (1800RPM) 

exhibited superior tensile properties compared to other 

joints. Similarly, the joints fabricated with high material 

thickness are showing a good tensile properties comparing 

to that of a less material thickness [11]. 

 

 

 
 

Fig. (8) Relation between elongation and rotational speed 

of Al 6061(thickness 3mm) 

 

 
 

Fig. (9) Relation between elongation and rotational speed 

of Al 6061(thickness 4mm) 

 
 

Fig. (10) Relation between hardness and rotational speeds 

of Al6061 (thickness 2mm 

 

B. Hardness measurement of the joints 

Hardness measurement was  possessed a cross the base 

metal (BM), has affect zone  (HAZ) and nugget zone 

(NZ), For FSW sample it can be deduce that the decrease 

in hardness at weld centerline increases by increasing the 

rotational speed. Such observation  could  be  understood  

in  the  light  of   proportional  increase in  the  degree  of  
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plastic deformation an frictional heat generate at  higher  

rotational  speed, which effect the dynamic 

recrystallization  as well as the dynamic  recovery  at  the 

thermal mechanical affect zone  (TMAZ) . In general, the 

Hardness decreases from the base metal towards the weld 

centerline show in Fig. (10-12). 

 
 

Fig. (11) Relation between hardness and rotational speeds 

of Al6061 (thickness 3mm) 

 

 
 

Fig. (12) Relation between hardness and rotational speeds 

of Al6061 (thickness 4mm) 

 

C. Selecting limits of FSW process variable 

Trial runs were conducted to find the upper and lower 

limit of process parameters for 6061 aluminum pipe, by 

varying one of the parameters and keeping the rest of 

them at constant values. The chemical composition and 

mechanical properties of the materials 6061 are presented 

in Tables 1 and 2, respectively. Feasible limits of the 
parameters were chosen in such a way that the joint 

should be free from visible defects. The upper limit of a 

factor was coded as 1 and lower limit as −1. The 

intermediate coded values are calculated from the 

following relationship: 

Y = b0+ b1X + b2Q + b3Z + b11X2 + b22Q2 + b33Z2+ + 

b12QX + b13 QZ + b23 XZ     (1) 

 

Where b1, b2 and b3 are linear terms, b12, b13 and b23 

are interactive terms, b11, b22 and b33 are the quadratic 

terms of the polynomial the coefficients b0, b1, b2, b3 and 
are the least square estimates of true polynomial, 

representing the response surface. The strength of the 

respective process parameters and their interactions are 

represented by these coefficients. The p value of 

regression analysis indicates the linear, square and 

interaction of the FSW process parameters with the 

response functions and these p values are used to identify 

the significant parameters on the response functions [16]. 

The selected process parameters with their limits, units 
and notations are given in Table 3. 

 

Table 3 Process Parameters and Their Levels in FSW 
Process 

Parameters  
 

Unit  
 

Symbol  
 

Levels 

-1 0 1 

Rotation speed  RPM N 485 910 1800 

Travel speed Mm/min F 4 8 10 

Material thickness mm T 2 3 4 

 

D.  Development of design matrix 

The selected design matrix is shown in Table 4. It is a 

three factor three level central composite rotatable design 

consisting of 54 sets of coded conditions composed of a 

full factorial 2 5 = 32, plus 11 centre points and 11 star 

points[12 ].. 
 

E.  Conducting experiment as per design matrix 

The experiments were conducted as per the design matrix 

with the help of friction stir welding machine, as shown in 

Figure 2. The pipe to be welded and FSW tool were fixed 

on the table and spindle, respectively, Samples of the 
welded pipe are shown in Figure 3. Specimens of required 

size were cut from the welded pipe to carry out 

metallurgical studies[12 ].. 

 

F.  Recording of responses 

Tensile test specimens were prepared as per American 
Society for Testing of Materials (ASTM E8) standard and 

transverse tensile properties such as ultimate tensile 

strength of the FSW welded joints were evaluated using 

computerized universal testing machine. For each welded 

pipe, three specimens were prepared and tested. The 

average values of the results obtained from those 

specimens are tabulated and presented  experimental 

value[12 ]. 

 

G.  Development of mathematical model 

 

tensile strength, elongation and hardness of the FSW 

joints is function of rotation speed, travel speed and 

material thickness, and it can be expressed as 

Y = f (N,F , T)                               (2) 

where Y is the response; N is the rotation speed, RPM; F 

is the travel speed, mm/s; T is the material thickness, mm. 
For the three factors, the selected polynomial could be 

expressed as 

Y = b0+ b1N + b2F + b3T + b11N2 + b22F2 + b33T2+ b12NF 

+ b13 NT + b23 NF (3) 
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Where b0 is the free term of the regression equation; the 

coefficients b1, b2 and b3 are linear terms; the coefficients 

b11, b22 and b33 are quadratic terms; the coefficients, b12, 

b13 and b23, are interaction terms. The values of the 

coefficient of the polynomial are calculated by regression 

analysis with the help of following equations [12]: 
DESIGN EXPERT 8.0.4 software packages were used to 

calculate the values of those coefficients for different 

responses and the results are presented in Table 4. The 

final mathematical models determined by the above 

analysis in the coded form are represented: 

 

Table 4. Calculated regression coefficients of 

mathematical models 

 

 

Tensile strength(MPa) = 146.03+ 0.03N -7.1  T +0.71F 

+8.1E-004 N2 - 3.3T2 - 0.10F2 -8.3NT  -2.548E-004NF  

+0.057440TF 

longation%  =5.28518+3.4E-003 N -0.62 T +0.041F -

2.0E-004N2 -1.8E-005T2 +9.8E-003F2 -3E-007NT 

+0.04NF -8.8E-003TF 

Hardness(VHD)   =64.76472++9.67883E-003N +0.92868  T -

8.32834F - 4.0E-003N2 - 4.06E-004T2 +0.15F2 - 5.1E-

006NT - 0.4NF - 0.10202TF 

The p value of regression analysis indicates the linear, 

square and interaction of the FSW process parameters 
with the response functions and these p values are used to 

identify the significant parameters on the response 

functions [16]. 

 

H. hecking the adequacy of the developed models using 

ANOVA 

The adequacy of the model developed was then tested by 

using the analysis of variance technique (ANOVA). The 

results of the ANOVA are given in Table 5,Table 6 and 

Table 7. The Model Fvalue of 77.53 implies the model is 

significant. There is only a 0.01% chance that a Model 

Fvalue could occur due to noise. Values of "Prob > F" less 

than 0.05  indicate that model terms are significant.  

 In this case, N 2 , T 2 and F 2 are significant model terms. 

Values greater than 0.1 indicate that the model terms are 

not significant. The lack of Fit Fvalue of 0.93 implies that 
the lack of fit is not significant. There is 85% chance that 

a lackof Fit Fvalue could occur due to noise. The 

coeficent of determination R 2 values gives the goodness 

of fitness of the model. The determined values of the 

developed model are presented in Table 8. The R 2 value 

is always between 0 and 1, and its value indicates the 

accuracy of the model. For a good model, R 2 value 

should be close to 1. In this model, the calculated R 2 is 

0.9929. This implies that 99.2% of experimental data 

confirms the compatibility with the data predicted by the 

developed model. The value of the adjusted R 2 of 0.9929 

15 is also high to adherent for a high significance of the 
model. The predicted R 2 of 0.9908 2 is in reasonable 

agreement with the adjusted R 2 of 0.9929. Adequate 

precision measures the signaltonoise ratio. In this study, 

the ratio is 113.808, which indicates an adequate signal. 

This model can be used to navigate the design space. The 

normal probability plot for tensile strength shown in 
figure 13, 14,and 15 reveals that the residuals are falling 

on the straight line, which means the errors are distributed 

normally. A typical scatter diagram of the model is 

presented in Figure 16,17 and 18. The observed values 

and predicted values of the responses are scattered close 

to the 45° line, indicating an almost perfect fit of the 

developed empirical models. 

Table 5 ANOVA test results for tensile strength 
 

Table 6 ANOVA test results for elongation 
 

Regression 

Coefficients  

Tensile 

Strength  

Elongation% Hardness 

b0 +146.22098 +5.28518 +64.76472 

b1 +0.050034 +3.26E-003 +9.6783E-003 

b2 -0.53204 -0.044010 +0.92868 

b3 -2.08721 -1.30431 -8.32834 

b11 -6.95E-006 -3.15E-007 -4.375E-006 

b22 -0.13495 -0.011852 -0.10116 

b33 -0.76667 +0.12694 +0.080556 

b12 +3.94E-004 +4.37E-007 +9.430E-005 

b13 -2.548E-004 -1.99E-004 +3.9E-003 

b23 +0.057440 +0.035625 -0.12054 

Sourc

es  

Sum of 

Squares 

DF Mean 

Square 

F 

Value 

 Prob > 

F 

 

Model 16267.98 9 1807.55 2876.86  < 0.001 

N 13236.08 1 13236.0

8 

21066.2

5 

< 0.001 

F 1024.90 1 1024.90 1631.21 < 0.001 

T 1490.09 1 1490.09 2371.59 < 0.001 

N2 80.40 1 80.40 127.96 < 0.001 

F2 13.49 1 13.49 21.47 < 0.001 

T2 7.05 1 7.05 11.23 0.0017 

NF 9.81 1 9.81 15.61 0.0003 

NT 0.44 1 0.44 0.71 0.4046 

TF 0.74 1 0.74 1.18 0.2840 

Resid

ual 

27.65 44 0.63     

Cor 

Total 

16295.63 53    
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Table 8 Coefficient of determination values for tensile 

strength, elongation% and hardness. 
 

R2 Adj R2 Pred R2 Adeq Precision 

0.9941 0.9929 0.9908 113.808 

 

I. Confirmation experiments 

Experiments are conducted to verify the regression 

equation (4,5 and 6). Three weld runs are made using 

different values of rotational speed, travel speed and 

material thickness other than those used in the design 

matrix.  

 

 
Fig. 13 Normal probability plot for tensile strength  

 
 

 
 
 

Fig. 14 Normal probability plot for elongation%  
 
 

 

Fig. 
15 
Nor
mal 
prob
abilit

y 
plot 

for 
hard
ness  

 
 
 

Sourc

es  

Sum of 

Square

s 

DF Mean 

Square 

F 

Value 

 Prob 

> F 

 

Model 52.97 9 4430.85 4430.85 < 0.001 

N 39.47 1 29715.4

2 

29715.42 < 0.001 

F 3.32 1 2500.78 2500.78 < 0.001 

T 9.07 1 6831.13 6831.13 < 0.001 

N2 0.16 1 122.61 122.61 < 0.001 

F2 0.10 1 78.32 78.32 < 0.001 

T2 0.19 1 145.59 145.59 < 0.001 

NF 1 E-

005 

1 9.1E-003 9.195E-

003 

0.920 

NT 0.25 1 191.05 191.05 < 0.001 

TF 0.28 1 214.03 214.03 < 0.001 

Resid

ual 

0.058 44      

Cor 

Total 

53.03 53    

Sour

ces  

Sum of 

Squares 

DF Mean 

Square 

F 

Value 

 Pro

b > F 
 

Mod

el 

2591.4 9 287.93 828.64 < 

0.0001 

N 1516.8 1 1516.8 4365.2

4 

< 

0.001 

F 173.57 1 173.57 499.52 < 

0.001 

T 593.43 1 593.43 1707.8

2 

< 

0.001 

N2 32.20 1 32.20 92.66 < 

0.001 

F2 7.58 1 7.58 21.81 < 

0.001 

T2 0.078 1 0.078 0.22 0.6383 

NF 0.57 1 0.57 1.64 0.2075 

NT 108.11 1 108.11 311.11 < 

0.001 

TF 3.25 1 3.25 9.37 0.0038 

Resi

dual 

15.29 44 0.35     

Cor 

Total 

2606.7 53    
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Fig. 16 Scatter diagram of ultimate tensile strength (UTS) 
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Fig. 17 Scatter diagram of elongation% 
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Fig. 18 Scatter diagram of hardness 
 

 

J. Effect of FSW process parameter 

The effects of the different process parameters on the The 

effects of the different process parameters on the ultimate 

tensile strength ,elongation and hardness of FS welded 

aluminum pipe 6061 were predicted by the mathematical 

models using the experimental observations presented in 

Figures 19−27, showing the general trends between cause 

and effect. From Figures 19 and 27, it is seen that as the 
rotational speed increases the tensile strength, elongation 

and hardness of FS welded aluminum pipe 6061 increases 

and then it decreases. 

It is clear that in FSW as the rotational speed increases, 

the heat input also increases. More amount of heat input 

affects the regular flow behavior of the material. At the 

same time, low rotational speed produces low heat input, 

which results in the lack of stirring action, hence the 

strength is low.  From Figures 20, Figures 24 and Figures 

27 it is  interaction evident that as travel speed increases 

from 4 mm/min to 8 mm/min, the tensile strength, 

elongation hardness a of the FS welded aluminum pipe 

DESIGN-EXPERT Plot

tensile strength
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Y = B: travel speed
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tensile strength
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6061 increases and then decreases. At the lowest travel 

speed (4 mm/min) and highest travel speed (8 mm/min), 

lower tensile strength is observed.  

This is due to the increased frictional heat and insufficient 

frictional heat generated respectively [13]. From Figures 

19 Figures 23 and Figures 26, it is observed that when the 
axial force increases from 0.8 to 1.8 t the ultimate tensile 

strength of the FS weld of pipe 6061 increases and then 

decreases. This may be due to insufficient coalescence of 

transferred material. At the highest material thickness, the 

plunge depth of the tool into the work pieces is higher, 

which results in lower tensile strength [11]. 

 
Fig. 19 Contour plots of  rotational speed and 

Travel  speed on tensile strength 

 
 

Fig. 20 interaction plot  of rotational speed and 
Travel  speed on tensile strength 

 

 

 
Fig. 21 Response surface graphs of rotational speed and 

Travel  speed on tensile strength 
 

Fig. 22 Response surface graphs of tool rotational speed and 
travel speed on elongation 
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Fig. 23 Contour plots of tool rotational speed and travel speed 

on elongation 
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Fig. 24 interaction plot  of  rotational speed and 
Travel  speed on elongation 
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Fig. 25  Response surface graphs of  rotational speed and 
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Travel  speed on hardness 
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Fig. 26 Contour plots of  rotational speed and travel  speed on 

hardness 
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Fig. 27 interaction plot  of rotational speed and travel  speed on 

hardness 
 

K. Optimization of parameters of FSW on responses 

One of the most substantial objectives of this 

realization was to maximize the tensile strength , 
elongation % and hardness of friction stir welded 

joints pipes of Al 6061 and also, find the optimum 

process parameters from the suggestion model 

developed.  We feel that numerical optimization 
Such describes multiple response methods called 

desirability this method used to solve multiple 

response optimization problems, combines multiple 
responses into a dimensionless measure of 

performance called the overall desirability 

function.the desirability ranges between 0 and1.The 

suggestion model predicted optimal results from 
above technique are a tensile strength , elongation % 

and hardness that can be obtained, are 205 Mpa, 

7.1%  and 69 respectively. the acquired desirability 

value of 0.83 
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   Fig. 28  Optimization of parameters of  FSW 

 

 
CONCOLUSION  

 
1 The FSW weld efficiency increases with 

increase rotation speed and decreases travel 
speed. 

2 The FSW efficiency increases with decrease 

the material thickness 
3 Response graphs and contour plots were 

drawn to study the effect of FSW parameters 

on the tensile strength, elongation, and 
hardness of friction stir welded joints of 

6061 aluminium pipe. 

4  The working range of optimized 

weldingparameters for good quality FS 
welded joints of aluminum alloy 6061 pipes 

are found. 

5 response surface methodology model have 
been developed for the prediction of tensile 

strength and hardness as a function of 

rotation speed, material thickness, and travel 
speed. The models have been proved to be 

successful in terms of the agreement with 

experimental results 90%. 
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