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1. Introduction

  Aluminum alloys are the key structural materials for 
transport, aerospace, building construction, marine and 
defense applications. This is due to their high specific 
strength, useful mechanical properties, design adapt-
ability as well as easy fabrication and processing. In 
comparison to other aluminum alloys, the 2xxx series 
containing copper, magnesium and manganese have 
higher strength resulting from the age hardening pre-
cipitates, superior damage tolerance and good resist-
ance to fatigue crack growth. AA2024, AA2219 and 
AA2014 are well known alloys in this group1). AA2014 
is commonly used in heavy duty forgings, plates and 
sheets, aircraft components, wheels, major structural 
components, space booster tanks and heavy duty road 
and rail vehicles2). It is widely used in the structures 
that require high strength to weight ratio, high fracture 
toughness, good fatigue resistance and durability. 

  Friction Stir Welding (FSW) is a recently developed 
technique of joining metals that are difficult to weld us-
ing conventional fusion methods. The technique is be-
ing progressively practiced for welding of similar as 
well as dissimilar metals with ease. This technique has 
the benefit of being a solid-state process which alle-
viates the need for liquid filler metals that are common 
with conventional fusion welding techniques. This nov-
el technique has also substituted the traditional joining 
processes like mechanical fastening and has increased 
the possibilities of process automation. The FSW proc-
ess is fast and can be easily automated to be used in any 
orientation without the influence of gravitational effects 
on the process3-5). The FSW process is a highly con-
sistent joining process with high reproducibility and is 
effectively used in several high-tech industries such as 
automotive, railway, aerospace and aeronautics. Prominent 
features of this technique are absence of segregation, 
porosity, hot cracking, high temperature phase trans-
formations and results in low distortion, low residual 
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stresses, good surface finish and improved mechanical 
properties. In addition, this method yields better joint 
and energy efficiency5-7). 
  The process uses a non-consumable rotating tool with 
specially designed pin and shoulder, having superior 
mechanical properties than the metal to be welded. The 
rotating tool is forced into the joint line. As a result of 
friction between the tool and the work piece, sufficient 
amount of heat is generated that softens the material up 
to a plasticized or semi-solid state. Subsequent transla-
tional movement of the tool along the joint line stirs the 
plasticized material around the joint line and, as the 
tool moves forward the faying surfaces are fused8-10). 
Friction stir welding involves various process parame-
ters, out of which the significant are tool rotation speed, 
tool travel speed and tool tilt angle. Weld quality and 
mechanical characteristics are highly influenced by 
these parameters. A slight maladjustment in these pa-
rameters can result in inappropriate softening of the 
material and causes defects in the weld. If the material 
softening is less than a critical value, defects like tunnel, 
kissing bond, root cracks, etc. may occur. Excessive flash, 
voids, surface cracks like defects may be observed 
when there is excessive softening of the material11,12). 
Therefore, it is of fundamental importance to properly 
optimize the process parameters. In general, opti-
mization is carried out by considering a set of pre-de-
fined process parameters, such as tool rotational speed, 
tool linear travel speed, tool tilt angle, axial force, tool 
shoulder to pin diameter ratio, etc., keeping in mind 
some intended objective parameters such as maximum 
temperature generated, yield strength, ultimate tensile 
strength, hardness, impact strength, etc.6,13,14). Most of the 
engineering processes have a large number of factors 
that influence the final product. Identification of their 
individual contributions and their intricate interrelation-
ship is necessary to design a process15). Classical ex-
perimental approach is generally employed for this 
purpose. This approach is not only time consuming, ex-
pensive but also inaccurate because it depends on tri-
al-and-error based analyses. Now-a-days more robust 
statistical methods are being utilized for process 
optimizations. These approaches not only save time and 
cost but also give near-optimal results. Researchers have 
extensively used various statistical approaches for the 
optimization of performance characteristics in many 
engineering analyses. Various techniques have been 
used for optimization of Friction Stir Welding parame-
ters including Response Surface Methodology (RSM), 
Taguchi, Full Factorial (FF), Genetic Algorithm (GA), 
Multiple Regression Analysis (MRA), Analysis of Variance 
(ANOVA), Regression Analysis (RA), Artificial Neural 

Networks (ANN), Finite Element Analysis (FEA)6,13,16). 
Many of these Design of Experiment (DoE) practices 
need large number of experimentation. In many in-
dustrial problems, carrying out a large number of ex-
periments is not feasible. In this respect, Taguchi or-
thogonal array approach has gained much popularity 
due to its simplicity, efficiency, low-cost and excellent 
quality. As an example, the Full Factorial process will 
need a total of 81 (34) experiments for a process opti-
mization with four factors and three levels each. With 
Taguchi Method, the same optimization will be accom-
plished with only 9 tests by utilizing L9 (32) orthogonal 
array approach17). It has been observed that, among 
AA2xxx series, the research works mainly focuses on 
friction stir welding of AA2024 and AA2219. The ad-
vent of Friction Stir Welding has opened the door for 
structural applications of AA2014 on large scale. Currently, 
most of the reported data regarding optimization of 
friction stir welding of AA2014 is limited to thick 
plates and the work on thin sheets is lacking.  
  In the present study, friction stir welding parameters 
for thin AA2014 sheets (thickness < 3mm) were opti-
mized using Taguchi L9 orthogonal array approach for 
optimal mechanical properties of the welded joint. 
Analysis of Signal to Noise ratio (S/N) and Analysis of 
Variance (ANOVA) were used to assess the significance 
of individual parameters. Heat generated and maximum 
temperature attained during each experiment was as-
sessed with the help of steady state heat transfer model 
using COMSOL Multiphysics Finite Element software 
and correlated with the optimized combination of 
parameters.

2. Experimental Methods

2.1 Materials

  The material used in this study was commercially 
available rolled sheets of AA2014 alloy. The chemical 
composition and mechanical properties of the chosen 
material are given in Table 1 and 2, respectively. The 

Al Cu Mg Mn Fe Si

Bal. 3.8 0.52 0.57 0.12 0.84

Table 2 Mechanical properties 

UTS,
(MPa)

YS 
(MPa)

Elongation, 
%

Hardness 
(HV)

499 ± 8 441 ± 4 14.6 ± 1.2 157±3

Table 1 Chemical composition of the material, wt.%



Optimization of Friction Stir Welding Parameters of AA2014-T6 Alloy using Taguchi Statistical Approach 

한용 ․ 합학회지 제38권 제5호, 2020년 10월 495

blanks of 250 × 80 × 2.4 mm dimension were cut from 
the sheet by shear cutter. The pieces were then sub-
jected to T6 treatment by solutionizing at 510 ℃ fol-
lowed by warm water quenching. Artificial Aging was 
then performed at 170℃ for 16 hours in an electric 
oven. In order to get smooth and parallel faying edges, 
the sheared edges were milled on a milling machine. 
The edges were rubbed by emery paper just before 
welding to remove surface oxides followed by cleaning 
with hydrocarbon solvent to wipe out dirt, grinding de-
bris and oil remnants. 

2.2 Friction Stir welding

  The friction stir welding was carried out on a com-
puter-controlled numerical vertical milling machine. 
The tool used was made of hardened and tempered H13 
tool steel having an eccentric grooved shoulder of        
ϕ10mm and a threaded taper pin of ϕ4mm. The length 
of the pin was 2.25mm. All the welds were in butt joint 
configuration. The welding, of equal lengths of 200 mm, 
was done in a single pass, perpendicular to the rolling 
direction of the sheet along the long edges of the blanks. 
A typical welding setup is shown in Fig. 1, showing the 
clamping and welding arrangements.

2.3 Selection of parameters and levels

  From the reported data, it is observed that the most ef-
fective factors that influence the tensile properties of 
friction stir welded aluminum joints are tool rotation 
speed, linear travel speed and tilt angle. Three levels of 
each factor were selected for optimum tensile proper-
ties of the welded joints. The factors used in this work 
and their levels are presented in Table 3 and 4.

2.4 Orthogonal array experiment

  The effect of above mentioned factors was studied us-
ing Taguchi L9 (3^3) orthogonal array design. The 
Ultimate Tensile Strength (UTS) was taken as the re-
sponse parameter. The objective was to achieve a max-
imum value of the response. Minitab statistical soft-
ware was used to develop experiment matrix, as pre-
sented in Table 5, and subsequent data analysis.

2.5 Tensile Testing

  After developing the orthogonal array, next step in 
Taguchi optimization scheme is to carry out the experi-
ments as per design matrix. The welding was done as 
described in section 2 according to the parameters out-
lined in the experimental plan. The welded samples 
were initially examined by Radiographic Testing (RT) 

Joint line 

Advancing side Retreating side 

Rotating tool 

Fig. 1 A typical friction stir welding setup

S. 
No

Notation Factor Unit
Level

I II III

1 A Tool rotation speed rpm 1000 800 600

2 B Linear travel speed mm/min 200 400 600

3 C Tilt angle degree 1.5 2 2.5

Table 4 Constant process factors 

S. 
No

Factor unit Level

1 Normal force kN 10

2 Rotation direction CCW

3 Plunge speed mm/s 0.1

4 Dwell time s 6

5 Operating mode Vertical displacement control

6 Plunge depth mm 0.1

Table 3 FSW process factors and levels 

Exp. 
No

FSW process factors

Tool rotation speed 
(rpm)

Linear travel speed 
(mm/min)

Tilt angle
(°)

1 600 200 1.5

2 600 400 2

3 600 600 2.5

4 800 200 2

5 800 400 2.5

6 800 600 1.5

7 1000 200 2.5

8 1000 400 1.5

9 1000 600 2

Table 5 Taguchi orthogonal array matrix of experimental 
plan
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to confirm that the welds were defect-free. The tensile 
test samples with a gage length of 25mm were cut from 
the as-welded coupons, perpendicular to the joint with 
the help of EDM wire cutting machine as per ASTM 
E818). The uniaxial tensile testing was performed on 
Universal Testing Machine, with a load cell of 100 kN 
and high resolution extensometers. All the tensile tests 
were performed at cross head speed of 0.5mm/min. The 
testing was performed at room temperature. 

3. Results and Discussion

3.1 Tensile Test Results of Taguchi Matrix

  The tensile test results of each set of Taguchi orthogo-
nal L9 design are summarized in Table 6. The table 
shows ultimate tensile strength and the weld efficiency 
(ratio of weld/base) obtained in each experiment. It is 
observed that the efficiency of set no. 9 is maximum 
whereas it is minimum for set No. 3. 

3.2 Signal to Noise Ratio (S/N)

  The influence of chosen welding parameters on the se-
lected response was estimated by computing the S/N 
ratio for each welding parameter. The signal to noise 
ratio, which is log functions of desired output, reveals 
the amount of scatter with respect to the targeted re-
sponse, under different combinations of FSW parameters. 
When the ratio is large, the scatter is small. Signal to 
noise ratio helps in data analysis and prediction of the 
optimum results. The tensile test results were examined 
to determine the influence of FSW parameters and then 
converted into respective signal-to-noise (S/N) ratio as 
shown in Table 7.
  Since the target of this study was to maximize the ten-
sile properties, the S/N ratio was chosen according to 
the criterion of larger-the-better using the following ex-
pression:

(1)

Where ‘n’ is the total number of experiments and ‘yi’ is 
the observed result (response) of each experiment. The 
calculated S/N ratio values (mean) as per equation (1) 
are given in Table 8 and graphically presented in Fig. 2. 
The maximum effectiveness ranks were calculated on 
the basis of delta values which represent the variance 
(scatter) between the highest and lowest average re-
sponse values for each factor.
  It is evident from the graphical data (Fig. 2) that mean 

Experiment 
No.

Ultimate tensile strength, 
MPa

Weld efficiency, 
%

1 337 68

2 332 70

3 338 66

4 382 77

5 399 81

6 383 76

7 394 80

8 408 82

9 411 83

Table 6 Experimental results of responses for taguchi 
L9 design

Experiment 
No.

Ultimate tensile 
strength, MPa

S/N ratio

1 337 50.58

2 332 50.77

3 338 50.32

4 382 51.68

5 399 52.01

6 383 51.45

7 394 51.94

8 408 52.19

9 411 52.27

Table 8 The S/N ratio analysis for tensile test results

Symbol
Welding 

parameter

S/N ratio

Delta
Effectiveness 

rankLevel 
A

Level 
B

Level 
C

ω
Tool rotation 

speed
50.57 51.72 52.10 1.53 1

ν
Linear travel 

speed
51.40 51.66 51.33 0.33 2

θ Tilt angle 51.40 51.56 51.43 0.16 3

 Criterion: Larger-is-better

Table 7 Calculated S/N ratios for UTS responses

600

Process parameters
800 1000 200 400 600 1.5 2.0 2.5

Signal-to-noise : Larger id better

50.50

50.75

51.00
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Main effects plot for S/N ratios
Data  means
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n 
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Fig. 2 Plot of S/N ratios for UTS mean responses
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values of S/N ratio increase with increase in ‘Tool rota-
tion speed’. It means that the weld joint efficiency in-
creases with increase in ‘Tool rotation speed’. However, 
UTS initially increases and then decreases with increas-
ing values of ‘Linear travel speed’ and ‘Tilt angle’. The 
dashed line in the Fig. 2 shows the value of the overall 
mean of all the S/N ratios19).
  The normal probability plot of UTS responses are pre-
sented in Fig. 3. The Normal probability plot of re-
siduals shows that all the data points fit reasonably in a 
straight line and do not deviate significantly from 
normality. Thus, it can be concluded that the model is 
significant and errors have normal distribution20). Since 
it is unreasonable to check the existence of non-linear 
element in the relationship between process parameters 
and the UTS of the weld joints, the analyses are based 
only on center points.

3.3 Interaction Plots for response analysis

  Interaction plots can be effectively used to explore the 
potential relationship between the process parameters 
and responses based on a model21). Interaction plots in 
the form of 2D contours were plotted to analyze the re-
lation of the chosen process parameters with the se-
lected response i.e. UTS and are shown in Fig. 4. It is 
evident from the plots that the maximum tensile strength 
is achieved when ‘Tool rotation speed’ is around 950 - 
1000 rpm and ‘Linear travel speed’ is about 400 to 600 
mm/min. 

3.4 Estimation of optimum parameters

  On the basis of S/N ratio analyses and Main effect 
plot of mean S/N ratio, it appears that the UTS can be 
maximized at ‘Tool rotation speed’ of 1000 rpm (AI), 
‘Linear travel speed’ of 400 mm/min (BII) and ‘Tilt an-
gle’ of 2° (CII). However, interaction contour plots 

show that the maximum properties can also be achieved 
at ‘Tool rotation speed’ of 960 to 1000 rpm and ‘Linear 
travel speed’ of 400 to 600 mm/min also.

3.5 Prediction of optimum parameters by Regres- 
sion Equation

  In addition to determine how the response changes 
when the values of the process parameters are changed, 
the other key benefit of regression is its ability to make 
predictions21). Prediction in regression refers to estimat-
ing the value of one variable using assumed values of 
other input variables that are related to it. A regression 
fit equation was developed by analyzing the mean UTS 
against the chosen process parameters. Equation 2 de-
scribes the regression model for the present case.

(2)

Where ‘A’ is ‘Tool rotation speed’; ‘B’ is ‘Linear travel 
speed’ and ‘C’ represents ‘Tilt angle’. The predicted UTS 
at different process parameters, based on Equation 2 are 
given in Table 9. The data in Table 9 show that re-
ducing the ‘Tool rotation speed’ results in lowering the 
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Fig. 4 Interaction contour plot between ‘Tool travel speed’
and ‘Linear travel speed’ for ultimate tensile strength

FSW Process parameters
UTS, 
(MPa)Tool rotation speed,

(rpm)
Linear travel speed,

(mm/min)
Tilt angle,

(°)

1000 400 2 409

1000 500 2 409

1000 600 2 409

950 400 2 401

950 500 2 401

950 600 2 400

Table 9 Predicted mechanical properties 
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UTS of the friction stir welded joints from 409 MPa to 
~ 400 MPa whereas increasing the ‘Linear travel speed’ 
from 400 mm/min to 600 mm/min has no effect on the 
resultant properties. The tilt angle is kept at 2° in all 
calculations. On the basis of these calculations it is clear 
that the option of 950 rpm for ‘Tool rotation speed’ can 
be ignored.

3.6 Prediction of optimum parameters by Theoretical 
and Numerical modeling

  So far it was not clear what should be the final set of 
optimum ‘Linear travel speed’ to maximize the UTS of 
the friction stir welded joints. Therefore, an attempt 
was made to make a decision on the basis of maximum 
temperature attained and the heat distribution in the 
welded joint. The maximum temperature attained dur-
ing friction stir welding greatly influences the mechan-
ical properties of the welded joint22-26) due to the dis-
solution of strengthening precipitates and grain coarsening. 
The estimation was done by theoretical calculations as 
well as by numerical modeling. For the estimation of 
maximum temperature attained during friction stir 
welding of aluminum, the expression as proposed by 
Arbegast et. al.27) was used and is reproduced as 
Equation 3.

  (3)

Where T and Tm (℃) are maximum and melting tem-
perature, respectively, ω is ‘Tool rotation speed’, ν is 
‘Linear travel speed’ and K and α are constants (taken 
as 0.7 and 0.05 respectively). The results obtained for 
maximum temperature are reported in Table 10. The re-
sults show that for combination 1000/600/2, maximum 
temperature attained has the minimum value.
  The same trend was shown by numerical modeling, 
which was done using COMSOL Multiphysics Finite 
Element software. The results are presented in Fig. 5 
(a-c) and are included in Table 10.

3.7 Selection of optimum parameters

  On the basis of analyses carried out in section 5.2 to 
5.6, it was inferred that the tensile strength of the fric-
tion stir welded joint of AA2014-T6 can be maximized 
by using the following process parameters
  • Tool rotation speed: 1000 rpm
  • Linear travel speed: 600 mm/min
  • Tilt angle: 2°

3.8 Validation Test

  After the selection of optimized process parameters, 
next step was to carry out confirmatory test by utilizing 
optimum parameters. The maximum UTS achieved was 
412 which was very close to the predicted value by the 
regression equation (see section 5.5). The experimental 
results confirmed the suitability and effectiveness of the 
model used for the selection of optimum parameters of 
friction stir welding of AA2014-T6 alloy.

3.9 Analysis of Variance (ANOVA)

  Taguchi experimental method does not provide the ef-
fect of individual process parameters on the targeted 
outputs (UTS in this case), it is necessary to utilize 
some statistical tool to compute the relative importance 
of each process parameters and its effect on the pre-
defined outputs. The effectiveness of each parameter 
was determined by Analysis of Variance (ANOVA) be-
cause it can explicitly define the extent to which each 
process parameter affects the response and also the 
fraction of contribution of the individual process pa-

FSW Process parameters Max. Temp. (°C)

Tool rotation 
speed, 
(rpm)

Linear travel 
speed,

(mm/min)

Tilt 
angle,

(°)
Theoretical Simulated

1000 400 2 579 626

1000 500 2 573 617

1000 600 2 568 608

Table 10 Theoretically predicted maximum temperatures

(a)

(b)

(c)

Fig. 5 Maximum temperature attained at different proc-
ess parameters (a) 1000,400,2 (b) 1000,500,2 (c) 
1000,600,2
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rameters on the response. The ANOVA analysis was 
carried out at 95% confidence level. The significance 
of process parameters was determined by comparing 
‘F’ and ‘p’ values. The ‘F-value’, known as ‘Fisher val-
ue’ or ‘Variance ratio’, determines which parameter is 
the most significant. The process parameter with higher 
‘F-value’ is considered to impart more effect on the 
process responses. Similarly, ‘p-value’ also determines 
the significance of process parameters. Lower the ‘p- 
value’ greater is the influence of that parameter on the 
response. Generally, if the ‘p-value’ is less than 0.05, it 
means that the parameter has a significant influence on 
the process response. The contribution of each process 
parameter was also determined as percentage. The re-
sults of ANOVA analysis of mean UTS are given in 
Table 11. The analysis shows that F-value for ‘Tool ro-
tation speed’ is the highest which means that it is the 
most influential factor on the UTS of friction stir weld-
ed joints. Slight variation in in this parameter can cause 
significant changes in the UTS of the joints. The F-val-
ues of other two process parameters are very low and 
have a minor role in affecting the UTS of the weld. 
Same can be concluded from p-value which is less than 
0.05 for ‘Tool rotation speed’. The analysis also shows 
that the ‘Tool rotation speed’ has 92.3% contribution in 
affecting the output response. The accuracy of the mod-
el with the experimental results was checked with the 
help of coefficient of determination, R2. This coefficient 
is a statistical number which shows how much the data 
is fitted to the regression line. The measured value of 
R2 is 97.46% as shown in Table 10. As this value is al-
most equal to one, it can be concluded that the devel-
oped model has high accuracy8,22). 

4. Conclusions

  In this study, optimal process parameters to maximize 
the tensile strength of friction stir welded butt joints of 
thin plates of AA2014-T6 alloy, were accessed using 

the Taguchi statistical analysis technique. Three levels 
of three most effective process parameters vis-a-vis 
‘Tool rotation speed’, ‘Linear travel speed’ and ‘Tilt 
angle’ were used. Identification of the most significant 
and insignificant parameters was done along with quan-
tified contribution of each parameter. The following 
conclusions are drawn on the basis of analytical, nu-
merical and experimental analyses:
  1) Taguchi Design of Experiment technique can be ef-
ficiently used to optimize the process parameters of 
friction stir welding process of thin sheets of aluminum.
  2) S/N analysis showed that the maximum tensile 
strength can be attained when values of ‘Tool rotation 
speed’, ‘Linear travel speed’ and ‘Tilt angle’ were 1000 
rpm, 400 mm/min and 2°, respectively. The attainable 
UTS was 409 MPa.
  3) Since heat generated during FSW has great influ-
ence on the tensile strength of the joint, Interaction 
Contour plots and regression analysis were used to re-
fine the optimum parameters. The results showed that 
the same tensile strength can be achieved by utilizing a 
higher ‘Linear travel speed’ of 600 mm/min. 
  4) The theoretical analysis and FE modeling showed 
that welding at higher ‘Linear travel speed’ can offer 
same results at lower peak temperature.
  5) A maximum tensile strength of 412 MPa was ach-
ieved by the FSW joint made by the optimized parame-
ters of 1000 rpm ‘Tool rotation speed’, 600 mm/min 
‘Linear travel speed’ and 2° ‘Tilt angle’.
  6) ANOVA analysis demonstrated that ‘Tool rotation 
speed’ has the most significant effect on the tensile 
strength of the joint with 92.3% contribution followed 
by ‘Linear travel speed’ and ‘Tilt angle’ having 4% and 
1.16% contribution respectively.

ORCID: Wali Muhammad: https://orcid.org/0000-0001-6541-4894 
ORCID: Wilayat Husain: https://orcid.org/0000-0002-9686-1619
ORCID: Anjum Tauqir: https://orcid.org/0000-0001-8990-6041
ORCID: Abdul Wadood: https://orcid.org/0000-0002-7618-1106

Source DF Seq-SS Adj-SS Adj-MS F-value p-value % Contribution

Tool rotation speed 2 7077.56 7077.56 3538.78 36.32 0.027 92.30%

Linear travel speed 2 306.89 306.89 153.44 1.57 0.388 4.00%

Tilt angle 2 88.72 88.72 44.36 0.46 0.687 1.16%

Error 2 194.89 194.89 97.44 2.54%

Total 8 7668.06 100.00%

R2 97.46%

DF=Degree of freedom; Seq. SS=Sequential sum of squares; Adj SS=Adjusted sum of squares; Adj MS=Adjusted mean 
square; F-value=Fisher ratio; p-value=probability

Table 11 ANOVA results for mean UTS



Wali Muhammad, Wilayat Husain, Anjum Tauqir and Abdul Wadood   

Journal of Welding and Joining, Vol. 38, No. 5, 2020500

References

1. T. Dursun and C. Soutis, Recent Developments in 
Advanced Aircraft Aluminum Alloys, Mater. Des. 56 
(2014) 862-871.

2. S. Ugender, A. Kumar, A. Somi Reddy, Experimental 
investigation of geometry on mechanical properties of 
friction stir welding of AA 2014 aluminum alloys, Proce. 
Mater. Sci. 5 (2014) 824-831.
https://doi.org/10.1016/j.mspro.2014.07.334 

3. A. L. Bior, B. F. Chenelle and D. A. Lados, Processing, 
Microstructure and Residual Stress Effects on Strength 
and Fatigue Crack Growth Properties in Friction Stir 
Welding: A Review, Metall. Mater. Trans. B, 43(6) (2012) 
1622-1637.
http://doi.org/10.1007/s11663-012-9716-5 

4. H. Li, J. Gao  and Q. Li, Fatigue of Friction Stir Welded 
Aluminum Alloy Joints: A Review, App. Sci. 8(12) (2018) 
2626. 
http://doi.org/10.3390/app8122626  

5. J. Rajeesh, R. Balamurugan and K. Balachandar, Process 
parameter optimization for friction stir welding of alu-
minium 2014-t651 alloy using taguchi technique, J. Eng. 
Sci. Technol. 13 (2018) 515-523. 

6. A. C. F. Silva, D. F. O. Braga, M. A. V. de Figueiredo 
and P. M. G. P. Moreria, Ultimate tensile strength opti-
mization of different FSW aluminium alloy joints, In. J. 
Adv. Manuf. Technol. 79(5-8) (2015) 805-814.
 https://doi.org/10.1007/s00170-015-6871-2 

7. C. S. Ro, H. S. Bang, H. S. Bang, S. J. Yoo, J. H. Kim 
and E. G. Choi, Influence of Workpiece Tilting Angle 
on Joint Properties in Tailor Friction Stir Welded Blanks 
of Aluminium Alloy 5052-H32, J Weld. Join. 36(5) 
(2018) 39-44.
http://doi.org/10.5781/JWJ.2018.36.5.5 

8. S. Verma, J. Misra, and M. Gupta, Study of Temperature 
Distribution and Parametric Optimization during FSW 
of AA6082 Using Statistical Approaches, SAE Int. J. 
Mater. Manuf. 12(1) (2019).
http://doi.org/10.4271/05-12-01-0005 

9. N. Eslami, Y. Hischer, A. Harms, D. Lauterbach and S. 
Böhm, Optimization of Process Parameters for Friction 
Stir Welding of Aluminum and Copper Using the 
Taguchi Method, Met. 9(1) 63 (2019).
http://doi.org/10.3390/met9010063  

10. Y. B. Lim and K. J. Lee, Microtexture and Microstruc- 
tural Evolution of Friction Stir Welded AA5052-H32 
Joints, J Weld. Join. 37(2) (2019) 35-40.
http://doi.org/10.5781/JWJ.2019.37.2.6

11. P. Kah, R. Rajan, J. Martikainen and R. Suoranta, 
Investigation of weld defects in friction-stir welding 
and fusion welding of aluminium alloys, Int. J. Mech. 
Mater. Eng. 10(1) (2015).
http://doi.org/10.1186/s40712-015-0053-8 

12. A. M. Bayazid, M. M. Heddad, I. Cayiroglu, A review 

on friction stir welding, parameters, microstructure, 
mechanical properties, post weld heat treatment and 
defects, Mater. Sci. Eng. 2(4) (2018) 116-126.
http://doi.org/10.15406/mseij.2018.02.00044 

13. C. Rajendran, K. Srinivasan, V. Balasubramanian, H. 
Balaji and P. Selvaraj, Identifying the combination of 
friction stir welding parameters to attain maximum 
strength of AA2014-T6 aluminum alloy joints, Adv. 
Mater. Process. Tech. 4(1) (2018) 100-119.
http://doi.org/10.1080/2374068X.2017.1410687 

14. A. Alimohamady, A. Eghlimi, H. N. Foroshani, M. A. 
Behzadi, J. Mohammadi, and M. K. Asgarani, Fric- 
tion Stir Welding of EN 10130 Low Carbon Steel, J. 
Weld. Join, 38(3) 2020 269-277.
http://doi.org/10.5781/JWJ.2020.38.3.6 

15. Ranjit K. Roy, A Primer on the Taguchi Method, 2nd 
edition, 2010, Society of Manufacturing Engineers, 
Michigan, USA, (2010) 129-144.

16. J. E. R. Dhas and S. J. H. Dhas, A Review on Optimiza- 
tion of Welding Process, Proc. Eng. 38 (2012) 544-554.
http://doi.org/10.1016/j.proeng.2012.06.068  

17. M. Sarahintu, M. H. Lee and M. Hazura, Determining 
the Effects of Scenario Metrics on the Performance of 
Dynamic Source Routing using Taguchi Approach, 

18. ASTM E8/ E8M-13, Standard test methods for tension 
testing of metallic materials, ASTM International,  
USA. (2013).

19. Y. Bozkurt, The optimization of friction stir welding 
process parameters to achieve maximum tensile strength 
in polyethylene sheets, Mater. Des. 35 (2012) 440-445. 
http://doi.org/10.1016/j.matdes.2011.09.008 

20. M. Arab, M. Zemri, Optimization of Process Parame- 
ters on Friction Stir Welding of AA 6082-T6 Butt Joints 
Using Taguchi Method, Mechnics and Mech. Eng. 
22(4) (2018) 1371-1380. 

21. MINITAB User’s Guide 2: Data Analysis and Quality 
Tools, Release 13 for Windows®, (2000) ISBN 0- 
925636-44-4.

22. Internet site: https://blog.minitab.com/blog/adventures- 
in-statistics-2/regression-analysis-tutorial-and- 
examples.

23. H. Aydin, M. Tutar, A. Durmuş, A. Bayram and T. 
Sayaca, Effect of Welding Parameters on Tensile 
Properties and Fatigue Behavior of Friction Stir Welded 
2014-T6 Aluminum Alloy, Trans. Indian Inst Met, 65(1) 
(2012) 21-30.

24. A. Barcellona, G. Buffa, L. Fratini and D. Palmeri, On 
microstructural phenomena occurring in friction stir 
welding of aluminium alloys, J. Mater. Proc. Technol. 
177 (1-3) (2006) 340-343.

25. T. Wu, F. Zhao, H. Luo, H. Wang and Y. Li, Tem- per-
ature Monitoring and Material Flow Charac- teristics 
of Friction Stir Welded 2A14-t6 Aerospace Aluminum 
Alloy, Materi. 12(2) 3387. 
http://doi.org/10.3390/ma12203387  



Optimization of Friction Stir Welding Parameters of AA2014-T6 Alloy using Taguchi Statistical Approach 

한용 ․ 합학회지 제38권 제5호, 2020년 10월 501

26. A. Simar, Y. Brechet, B. de Meester, A. Denquin and 
T. Pardoen, Microstructure, local and global mechan-
ical properties of friction stir welds in aluminium alloy 
6005A-T6, Mater. Sci. Eng. A, 486(1-2) (2008) 85-95. 
http://doi.org/10.1016/j.msea.2007.08.041 

27. W. J. Arbegast, P. J. Hartley, Friction stir weld technol-
ogy development at Lockheed Martin Michoud space 
systems-An overview, Proceedings of the 5th International 
Conference on Trends in Welding Research, Pine Mountain, 
GA, USA, (1998) 541.


