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ABSTRACT

Friction Stir Welding (FSW) is a solid state joigiprocess, eliminates the drawbacks of common riusielding
are widely used in ship building, aviation and autbive industries. In the present work an attemgg heen made to
optimize the process parameters of friction stifdimg between two dissimilar aluminium alloys (AA7®and AA6061)
to evaluate the output quality characteristics gidinguchi design method. An interaction effectnpiuit parameters is also
studied to predict their influence on the outpudpanse. Five control factors of mixed levels (2 andevels), L18
orthogonal array are selected to determine themapmti condition for process parameters to improvepsgormance of
FSW. The performance of FSW for dissimilar alloysaluminium is evaluated in terms of joint’s yiedttength, Taguchi
technique has been employed using orthogonal aBAy,ratio followed by ANOVA (analysis of varianc&) study
contribution of each parameter and interactionhafnt on output and confirmation tests at 95 % cemiig level to
compare with experimental results. Optimal comlamabf parameters is presented with a good agreefoend between
the estimated and experimental results within thefepred significant level after verifying experimally. It was
confirmed that Taguchi design method with ANOVA awdnfirmation tests successfully improved the duali

characteristics of yield strength of FSW process.

KEYWORDS: Design of Experiments (DOE), Taguchi Design Meth8ijnal To Noise (S/N) Ratio, Optimization,
FSW, ANOVA, Confirmation Tests

INTRODUCTION

Due to rise of need in recent times for joining enal processes to be fast, efficient and enviramaidriendly,
possessing higher mechanical properties such dd gieength, hardness and tensile strength. Wikh tecent
advancements in science and technology, Frictionvstding (FSW) has become alternate to the wejgirocess and it is
a solid state joining without melting the metal Iyt using third member as a tool joining two butfades of similar or
dissimilar metals (Roy, R.K et al. 2001). Heat éngrated between the metal surfaces and tool teadsry soft region
near tool. FSW tool is cylindrical shouldered nanmsumable with profiled probe like pentagonal,igltaand tapered
threaded can be fed at constant rate into a bt etween two butted material. Primarily FSW usedaluminium Al

and its alloys but now they are also extended ppen magnesium and different material combinations

The advantages of FSW are low defects, free frorti méated defects, high joint strength; no filiemduced
defects, low hydrogen contents. The different typegoint can be produced are butt, corner, lapSpot, Fillet, hem
joints, hollow objects such as tanks, tubes, pipexgks, of different thicknesses, tapered sectimuseven 3-D contoured

parts.

Most of the present research focuses on similamiaium sheets FSW and a little work carried on ididar
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FSW using only aluminium alloys of different grad@s set up an excellent experimental design pnaeetbr Dissimilar
FSW a systematic approach on parameter optimizasorequired. For optimization, Taguchi method deled by
ANOVA and confirmation test is used to determine thost influential parameters and predict the bestbination of
parameters to yield the optimum quality. Only feW similar metals FSW of RDE-40 aluminium alloy ah®86
aluminium plates have successfully analyzed usiagu€hi method (A.K. Lakshminarayanan, V. Balasulanaian 2007;
Yashar Javadi, Seyedali Sadeghi, Mehdi Ahmadi Mbgdi 2014). In case of dissimilar metals AA22195083
dissimilar FSW using Taguchi method considering feawameters without ANOVA and confirmation testreat out to
optimize the parameters (M. Koilraj, V. SundaresamaiS. Vijayan, S.R. Koteswara Rao 2012).

In this study, the Taguchi method will be applieddissimilar FSW of AA6061-AA7075 to predict thetimpum
parameters and subsequently produce a weld jothttive highest tensile strength value. In this weekhave carried out
the Taguchi Design method for an optimization & BSW of dissimilar base metals (AA6061 and AA707&hg process
parameters with the determination of most and lsagtificant parameters and to predict optimum dyistrength for
producing strong FSW joint. In the second stagiecefof each control parameters and interactiorig/dxn two factors
was explored to determine optimal combination wligsir contribution ratio using ANOVA and confirmeti test to assure

a good agreement between experiment and estimabeesy(Mohammed Yunus and Dr. J. Fazlur Rahman)2011
Taguchi Design Method

Taguchi method is a most powerful and popularsttesil method or an approach to provide a new éxmertal
strategy in which a modified and standardized fofrdesign of experiment (DOE) with special appligatprinciples. In
order to optimize the process/product consistinguhber of process parameters, the design of erpats (DOE) can be
effectively employed by using number of steps saglplanning, conducting and evaluating resultsQrtffogonal Array
(OA) experiments. Under very noisy environment,dp&mum levels of process parameters can be ditedmin order to
achieve the minimum variance against all variatimngroduce robust design process and it also &scas optimizing the
quality characteristic of a process economicallytlsat optimal parameter settings of a process watluced process
variability can improve the performance of proceBaguchi’'s method involves use of specially coredrd consistent
“Orthogonal Array (OA) tables for very limited number of experimahtrials in designing and easy to apply. Its
applications are not only limited to various fieldlSEngineering and medical, especially in manufang industries. To

find the significance of usage parameters the fatlg step by step procedure is followed for the D@E[12], [15]
» Define process parameters involved in process.
» Define the level of each process parameters (nlixesl in case of different levels).
» Selecting an OA tables to define design of expemninipOE).
e Conduction of array of experiments by assigningpss parameters to columns of OA.
» Analyze the data using S/N ratio and predict thinmom level for better output response.
» Perform verification or confirmation experiment.
EXPERIMENTAL METHODOLOGY

The base materials used in this work are AA 70%5AA6061 aluminium alloys with thicknesses of 3 rand 4
mm whose chemical composition is listed in the €ahl Samples were butt welded using vertical ngjlimachine along

the rolling direction, with a rig used is mild stéacking plate to support for base metal duringVH&ocess. A FSW tool
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with cylindrical taper profile having pin diamet@mm and 10° taper, pin length 1.8 mm, and shoud@aneter of 20 mm
was chosen for welding. The mechanical propertfeth® AA 6061 and AA7075 are shown in Table 1. hdey to get

better material mixing plates are to welded by iplgon the advancing side and retreating sidersdtesely.

Table 1: Chemical Composition of Base Metal Aluminm Alloys (AA 6061 and AA 7075)

Material Si Fe Cu Mn Mg Zn Cr Ti Al
AAB061 | 0.550 0.40 0.25 0.535 0.85 0.007 0.20 0.03®7.178
AA7075 | 0.075 0.28 1.60 0.019 230 5600 0.22 0.0289.878

In Taguchi design methods, designs of experimesitsguOA tables make the optimization process tadaoh
experiments. The results can be transformed isigraal-to-noise (S/N) ratio. Usually, there aresthcategories of quality
characteristic deviating from the desired valuesr®asuring S/N ratio, i.e. the-lower-the-bettee; tigher-the-better, and
the nominal-the-better [2], [14]. The S/N ratio fach level of process parameters is computed.rBlega of the category
of the quality characteristic, a greater S/N ratioresponds to better quality characteristics. &loee, the optimal level of
the process parameters is the level with the gge&#N ratio. Also, analysis of variance (ANOVA)psrformed to see
which process parameters are most and least signifi The optimal combination of the process patarmecan be
predicted using S/N and ANOVA analyses. Finallyc@nfirmation test is conducted to verify the optinpaocess
parameters obtained from the joint’s yield strendtarger-the- better characteristic will be usedhagher strength is
desired. Table 2 shows the three levels of axed |ootational speed, welding/transverse speedamdrd tilt angle and

two levels of thickness of plate leads to mixecelévaguchi design analysis.

Table 2: Process Parameters and Their Levels in Fetion Stir Welding

Factor Parameter Unit Levell | Level 2 | Level 3
A Thickness of plate | Mm 3 4 -
B Axial Load KN 2 2.5 3
C Rotational speed Rpm 600 900 1200
D Welding speed mm/min 75 90 115
E Tilt angle degrees 3 4 5

Table 3: Experimental Plan Using an_18 Orthogonal Array

S. No Thickness | Axial | Rotational Welding Tilt Yield S/IN
" | of Plate Load | Speed (Rpm) | Speed (Mm/Min) | Angle | Strength | Ratio
1 3 2.0 600 75 3 200 46.0206
2 3 2.5 600 90 4 210 46.4444
3 3 3.0 600 115 5 215 46.8089
4 3 2.0 900 75 4 208 46.3613
5 3 2.5 900 90 5 219 46.808Pp
6 3 3.0 900 115 3 250 47.9588
7 3 2.0 1200 90 3 220 46.848b
8 3 2.5 1200 115 4 204 46.1926
9 3 3.0 1200 75 5 216 46.6891
10 4 2.0 600 115 5 214 46.6083
11 4 2.5 600 75 3 208 46.36183
12 4 3.0 600 90 4 218 46.7691
13 4 2.0 900 90 5 230 47.2346
14 4 2.5 900 115 3 220 46.8485
15 4 3.0 900 75 4 225 47.0437
16 4 2.0 1200 115 4 210 46.4444
17 4 2.5 1200 75 5 204 46.1926
18 4 3.0 1200 90 3 206 46.2773
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RESULTS AND DISCUSSIONS

From the above Table 4 and Figure 1, it is seehri@st significant factors can be determined by ltrger
difference of S/N ratio. The experimental resubisdnbeen compared with optimal parameters obtdigetaguchi design
technique, it is found that most significant partenghat increases yield strength is Rotationakedpef the tool (C)
followed by Axial Load (B), Welding Speed (D), Thingle (E) and Thickness of plate (A). Interactlmetween rotational
speed and thickness of plate shows they are depeadesach other and are to be considered whilgingthe thickness

of plate. Between the other factors it does notshny significant role for optimization of the pess.

Table 4: The Average Response for Signal to Noiseafo (Larger is the Better)

Level Thickness | Axial Rotational Welding Speed Tilt
Of Plate Load | Speed (Rpm) (Mm/Min) Angle
1 215.8 213.7 210.8 210.2 217.3
2 215.0 210.8 225.3 217.2 212.5
3 221.7 210.0 218.8 216.3
Delta 0.8 10.8 15.3 8.7 4.8
Rank 5 2 1 3 4

Main Effects Plot for SN ratios
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Figure 1: Main Effects Plot for S/N Ratio of YieldStrength
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Figure 2: Interaction Plot for S/N Ratio of Yield Srength
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Table 5: The Optimal Set of Parameters for Yield Sength of a FSW

Symbols Parameter Optimum Setting
A Thickness of Plate 3 mm
B Axial Load 3KN
C Rotational Speed 900 rpm
D Welding Speed 115 mm/min
E Tilt Angle 3

Analysis of Variance (ANOVA)

ANOVA is used to find the most/major significantrameter which affects the output quality and chiréstic
using the quantities such as degree of freedoms(fn of squares (SS), variance (V), percent camtdb of each
parameter (F-ratio) and P-values are determineasinRhe Table 5 it is observed that highest F-ratidowest P-value
which indicates most significant parameter is Rotetl speed of the tool (C), least significant feas the Thickness of
plate (A) and Axial Load (B), Welding Speed (D)JtTAngle (E) and have moderate value between therdivo. In case
of interaction between the two factors, AXB alsersas third significant factor affecting the pracest as a whole but
under the variation of thickness of plate. Inteactother factors does not affect the optimum caration of process
parameters in optimization process.
Model Summary

S=8.93340 R-sq=86.31% R-sq (adj) = 4%83

Table 6: Analysis of Variance Results for Yield Stength of a FSW

Source DF | AdjSS | AdjMS | F-Value | P-Value Conthr;tziL:)tlon
Thickness of plate 1 6.72 6.722 0.08 0.78p 0.667
Axial Load 2 430.78 215.389 2.70 0.181 22.81
Rotational speed (rpm) 2 857.44 428.722 5.3Y 0.0Y4 45.51
Welding speed (mm/min) 2 171.5( 85.75)D 1.07 0.423 19
Tilt angle 2 63.17 31.583 0.40 0.697 3.39
Thickness of plate*Axial Load 2 266.78 133.389 1.67 0.297 14.15
Thickness of plate > | 8078 | 40.389| 051 0.637 5.4
Rotational speed (rpm)
Error 4 319.22 79.806
Total 17 | 2332.28
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Figure 3: Residual Plots for Yield Strength of a F8/ Joint in ANOVA
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Confirmation Test:

For the verification of results the confirmatiorsttés conducted [15] and an optimum condition &t $klected
levels of significant parameters can be predictah ss A2, B3, C2, D1, E1 and F3. The final optisetlof combination

of parameters is found out. The predicted averteof the response shrinkage of mold can be expreas [14], [19].
M = (Al-T) + (B3-T) + (C2-T) + (D3-T) + (EL-T) + T
Where, T = overall average of S/N ratio.

M = (47.04826 - 46.66183) + (46.8978 - 46.6618348.7835 - 46.66183) + (46.7192 - 46.66183) + (4566
46.66183) + 46.66183 = 47.46504 dB. Using

Number of Trials 18

-\p,ir = =
“f =1+ Total DoF of total number of factors 1+ 17

And R = number of trials to run confirmation test, @ate and degree of freedom of error from ANOVAdab
and Fa (1, 4) = 7.71 at 95 % confidence level and talealat confidence interval (C.1) is evaluated = 084the 95 %
confidence level the estimated / predicted avemgthe shrinkage found to be in the range of 470428B < Yield
strength > 47.80504 dB.

Table 7: The Comparison of Estimated and Experimeral Results of Yield Strength

Particulars Optimum Level
Estimation Experimental | Difference
Level AB3C,D3E,; A;B:C,D3E,; -
Yield Strength in MPa 232.006 240.713 8.707
S/N Ratio in dB 47.31 47.63 0.32

CONCLUSIONS

In this paper, optimization of process parametdrgiction stir welding for joining two dissimilametals have
been carried out using Taguchi design method fatbvay ANOVA and confirmation test. From the anadyei the

Taguchi design approach, the following can be agfe from the present work:

e The optimum conditions for mechanical yield stréngte Al, B3, C2, D3, E1, i.e., Rotational speetheftool
(900 rpm) followed by Axial Load (3 KN), Welding 8ed (115 mm/min), Tilt Angle 3 and Thickness of plate
(3 mm).

e The optimum yield strength can be obtained is 24%aNith rotating speed of tool as the most sigaiftcfactor

while the thickness of plate as the least signifidactor in affecting FSW strength.

» From ANOVA results, the contribution ratio of eggirameter indicates that rotational speed is nsgprificant
factor and thickness of plate is minor significéattor. Interaction between the factors has beendamo major

affect on the output quality.

e The estimated range for optimum shrinkage is 404288 < yield strength > 47.80504 dB. The experitaken

results are found in good agreement within theifipdaange.

e Itis also noticed that, there was a good agreerbetween predicted and the actual values in resgfegield

strength within the preferred significant level.

* Hence, by controlling the rotational speed, we abiain very good FSW components of higher yieldrsith.
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