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Abstract

Thermal stability and Surface hardness of the sfipeshed surface is a very important aspect te@nee the surface texture
of workpiece in the MAF process. In this presendgt the multi-objective optimization of EN-31 fatied through the MAF
process. “Increase in Temperature” and “Increagdadrdness” are considered for optimization to distirtheir impact on the
super-finished surface of EN-31. In present worlsitability function analysis (DFA) has been usedpiimize the desired
responses of the MAF process. Experiments werg@uediaccording to Taguchi L9 orthogonal array lfer finishing of EN-31.
The experiment results are processed using DFADmsitability fithess function is established to eert the single response to
multi-response. Genetic Algorithm (GA) is used wh&nce the results of DFA and the regression madsl developed to
obtain the objective function of Genetic algorith®maller-the-best criteria were used for ‘Increasel emperature’ and
‘Increase in Hardness’ for obtaining favorable msxparameters. The best optimal parametric cotifrinia obtained by using
the GA-DFA hybrid approach is at 2.5 mm (workingpga@0 gm (abrasive weight), and 2.0 A (Current] 800 rpm (rotational
speed).
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1. Introduction

The magnetic abrasive finishing process was fariika to enhance the surface texture of advancetlermasuch as
superalloys, ceramics and composites (Fox et @84)L This process applies the magnetic flux taleg the magnetic-abrasive
brush (MAB), through its material removal from ttesired surface take place. MAB is the compositibmagnetic particles
(iron particles) and abrasive particles (SiC). §limg is accomplished when these magnetic abrasisteles (MAPS) are put into
the machining gap sandwiched between the processéate and magnetic tool (Singh et al., 2005). fagnetic flux assembles
the MAPs in the form of MAB and its stiffness degeron the magnetic flux intensity in the machingap. Super-finishing is
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accomplished by relative motion between the prambssirface and MAB (Ahmad et al., 2017; Singh et24l04). This MAB acts
as multi-point cutting head that remove the matenahe form of micro-chips from the processedface (Yamaguchi et al.,
2012). During super-finishing a considerable qugrf heat is produced on machined surface dueptastic distortion” and
“frictional heat” (Mishra et al., 2014).

The produced heat affects the surface integfityhe machined surface. There have been many ptitemade by researchers to
predict the temperature and its effect on the tassgdace (Kumar and Yadav, 2009; Mulik et al., 2DSurface hardness is other
property that affects the surface-integrity of thrachined surface (Hashimoto et al., 2016). In fitisshing, temperature
generation causes alteration of target surfaceneas] and an increased hardness is beneficiailfofdgical application thus and
a controlled operation is necessary (Levashov et28l11). It is impossible to avoid heat generatsmnin the process of
minimizing the heat generation, benefits of hardnegprovement have been exploited in this paper.

Bhagavatula and Komanduri (1996) explained tthating super-finishing, the solid-phase reactiooktplace between
workpiece and abrasive due to extreme pressuret@mgerature that is primarily produced by frictibheat during super-
finishing. This phase reaction creates a chemiedtanon the processed surface, altering its saiifgtegrity. Further, Kumar and
Yadav (2009) developed a finite element model tmgthe surface temperature effect on the processddce. Inferences were
made that temperature raised due to raise in MABcity & magnetic flux. Further, Singh et al. parfted an experimental
analysis of temperature on the FMAB-workpiece b@ugand took aluminum 6060 as a workpiece for perfiog experiments in
MAF process. Major outcome was surface temperatie@ly depends on abrasive weight, voltage andiwgrgap (Mulik et al.,
2012).

To show the effect of the MAF process on the serfaardness of the processed surface, M.naif explitie influence on the
surface hardness of the brass plate, finishetW#i& process ( M.naif et al., 2019). He performestgression analysis to forecast
the utmost substantial parameters affecting theorese parameters. Hardness raised with raisedvigrolevel and coil current
and it reduced with a raise in rotational speedwaorking gap. Further, Ahmad et al. carry out reskedo examine the impact of
abrasive size on the roughness of the finishedasar{Ahmad et al., 2020). They employed the ANOWArdveal the most
influential process parameters to the responsenpeas. They also compared Taguchi and ANN-GA fest loptimization for
MAF process.

To examine the role of optimization in finishingopess for the evaluation of their performance,awaiinvestigations were
performed. The optimizations demonstrated impromethie capability of the manufacturing procedureuldovery well
implemented in industrial applications. Singh etcaimbined the Simulated annealing with GRA to iowarthe surface texture of
Aluminum 6060 workpiece finished via MAF. Their lid method had efficiently optimized the MAF penitaince (Kumar et al.,
2020). Azhiri et al established a hybrid optimieatinethod by merging “neuro-fuzzy” system with GRAoptimize the “surface
roughness and cutting velocity” of Aluminium comjtesmachined by WEDM. Their investigations were dgh®n Taguchi’s
method and ANOVA revealed the most substantial ggegarameters (Bagherian Azhiri et al., 2014)elyatSingh et al. had
established a hybrid optimization technique by ifginthe Artificial neural network with Moth flameptimization. Their new
methodology had successfully optimized the MAF pssc they key findings were voltage, and the warkjap should be kept at
a minimum to achieve a better surface finish andmess (Singh et al., 2019).

Ahmad et al. optimized five responses of the MA#kzihg the ANN-GA for multi-objective optimizatianThey used titanium
to analyze the performance attributes between &npaters to 3 responses. Finally, their method ipebit optimized process
parameters to enhance productivity of MAF (Ahmadlgtn.d.). Singh et al. applied DFA to optimibe responses of magnetic
abrasive finishing. They used Aluminum 6060 thathhj needed in the industries and importance oApaters were optimized
by employing the PSO (Singh et al., 2020).

Pasandideh et al. studied that the simulation, rgé@e requisite input data set from a simulatedesyswith the desirability
function analysis that can model the multi-resposiagistical data effectively, and the genetic gt effectively optimizes the
model. This technique incorporates four stratedgies diler from one another in controlling the arbitrarmes the issue
(Pasandideh and Niaki, 2006). In other studiesatitbors have found a simultaneously optimizingtiplel responses approach
considers the ambiguity related to the fitted resposurface model. The projected method has exoeity because of its
capability of considering all values intermediatetlbhe chosen confidence interval rather than cimgosnly predicted values
corresponding to a particular response and thenatethe sturdiness measure for the conventionakltédiy function using the
pessimistic case. A hybrid GA-DFA is developed i fihe robust optima (He et al., 2012).

Table 1. Chemical composition of EN-31
Elements C Mn S P Cr Fe
Percentage | 1.1(C 9.0z 0.04 0.04 1.2 Res

Literature review enlightens that so far, few muolbjective optimizations of response had been padd for the MAF process.
The present study focuses on the Desirability foncainalysis of EN-31 finished through the MAF pres and to enhance the
results of DFA, a metaheuristic-based Genetic #lyoris used. In this research work, a hybrid optation of the MAF process
is developed by combining DFA with GA i.e., DFA-G&pproach. This method is used to optimize the mesponeasures of the
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EN-31 surface when finished using the MAF procésgrease in temperature’ and ‘Increase in Hardnass selected as a
response for optimization and their influence hesrbminimizing to get the best desired performance.

The novelty of this paper is to exploit the bergeéf hardness improvement in the process of minimgiheat generation. The
desirability function is used to model the multspense data, the simulation method produces trengsisinput data from a
simulated system, and lastly, metaheuristic gerdgiorithm has been implemented for multi-objecty¢imization of the model.

2. Experimentation of EN-31 by M agnetic abrasive finishing

The surface temperature experiments were donedoiracthe ‘Increase in temperature’ of the targeface of EN-31. To
register any alteration in hardness on the worlgigarface, pre-finishing and post-finishing hardntesting were done. The
major responses that were selected for multi-olvjeaiptimization were ‘Increase in Temperature’ dndrease in Hardness’ of
EN-31 workpiece. The experiments were conductedhenEN-31 workpiece of dimension 100x100x10 frand the chemical
composition was obtained by conducting the EDSttettshown in table 1. The selected process paeasnare shown in table 2.
The experimentation range of process parameterselasted on MAF set-up design considerations andttains.

Table 2. Selected process parameters range

S.No Process parameter s Taguchi Ly OA Units
Level 1 Level 2 Level 3

A P1 | Working gaj 1.0 1.5 2.0 mm

B PZ | Abrasive weigt 20 25 30 g

C P Curren 3 4.5 6 A

D P4 | Rotationa spee: 100 200 300 rpm

Initially, a Surface hardness test was done emptpwicker's test before the super-finishing of EMN-Hardness was
measured by selecting five different positions amples before super-finishing via MAF process. §0l&ad was employed to
extract the pre-finishing hardness of EN-31. Anrage value was taken to determine the pre-hardridss.average Vickers
hardness of 9 test samples was found in-betweel- ‘136’ HV. After the super-finishing of EN-31, fahe measurement
hardness again Vickers test was performed fortsaaples at five different locations.

Then, Surface temperature experiments of EN-31 wenrglucted using the MAF process shown in figudet¢laccess the
Increase in temperature. At first pilot experingewere performed to study the preliminary behawofothe MAF process. While
performing pilot surface temperature experimeritsyas seen that an increase in surface temperamgiebecome constant
approximately after 20 minutes and main surfaceptrature experiments were carried out for 20 mewasely. After that,
Taguchi L9 orthogonal array was applied for systiinaxperiments. A total of nine experiments wasdited using different
processing conditions shown in table 3. The expemtiad results showed the maximum surface temper&ueN-31 was found to
be 42 C with respect to the ambient temperature of@3Table 4 shows the ‘Increase in Temperatukd) (during the finishing
of EN-31 for all experiments.

4l

B
-SPINDLE —$—€

Figure. 1. Magnetic abrasive finishing experimenta-up
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To examine any changes in hardness on the finishefhce after conducting surface temperature exyenti of EN-31,
Vickers’s hardness test was performed. Again, 30Ié&gd was applied to find post super-finishing drass of EN-31 at the
different location. It was found that average fit@rdness of EN-31 is between ‘135.5-142.6" HV. Pust super-finishing
hardness was Increased by ‘4-7' HV approx. of ladl hine test samples. Table 4 shows the ‘IncreasmidnessfH) of pre-
finishing and post-finishing of EN-31. Experimentakults concluded that, there was Increase in testiperature and hardness
during the finishing of EN-31 through MAF procehattshown in table 4. Maximum Increase in tempeeatdi 18 C was register
for processing condition 3 and maximum alteratibhardness of 6.6 HV was achieved for processimglition 3. For examining
the combined effect of ‘Increase in Temperatured aimcrease in Hardness’ on finishing of EN-31 @siMAF process,
desirability function coupled with genetic algorithis used for multi-objective optimization of presgparameters.

Table 3. Surface temperature experimental results

TRIALS Py P, P P4 AT AH
1 1.C 2C 3.C 10C 07 4.t
2 1.C 28 4.t 20C 12 5.€
3 1.C 3C 6.C 30C 18 6.€
4 1t 2C 4.t 30C 09 5.1
5 1t 25 6.C 10C 14 5.€
6 1t 3C 3.C 20C 11 5.4
7 2.C 2C 6.C 20C 1C 5.C
8 2.C 25 3.C 30C 07 4.:
9 2.C 3C 4.t 10C 08 6.C

3. Implementation of Desirability function

Derringer and Suich presented the DFA to tranglat#i-response process into a single responseedrfdim of desirability
index (d). They proposed three basic criteria for desiigbflnctions. These functions were “Nominal-thestie “Smaller-the-
best”, and “Larger-the-best”. Where the desirapiiinction y essentially lives amongst 0 to 1.

. 1 S\/Symin
di = [MJ, Ymin< 9S Y max, r=0 (1)
0} 92ymax

Step 1: The “single desirability index” is computed “Increase in Temperature” and “Increase indiass” obtained after the
experimentations of MAF process, provide in tahlé\in is to minimalize both the chosen respondestefore smaller-the-best
desirability function is applied obtain desired i@dweristics. Single desirability index of “Increaim Temperature” and “Increase
in Hardness” are listed in the table 4, which impated by equation (1).

Table4. Single desirability of experimental responses

TRIALS AT AH dg DFF
1 1 0.91: 0.95¢ 0.511
2 0.54: 0.43¢ 0.48¢ 0.672
3 0 0 0 1
4 0.81¢ 0.65% 0.73( 0.57i
5 0.36: 0.43¢ 0.39: 0.71¢
6 0.63¢ 0.521 0.57¢ 0.63¢
7 0.72i 0.69¢ 0.711 0.58¢
8 1 1 1 0.t
9 0.90¢ 0.26( 0.48¢ 0.672

Step 2: Then “composite desirability”djdwhich a single variable is computed by merging tingle desirability index” of both
the responses via following equation-

de = {V/(dlm* 2" *diWi) 2)

here di is the “single desirability index”, & the weight of the “single desirability indexf the responses and w is the summation
of the single weights. The “composite desirabiliglue” is calculated by merging the “single desibindex” of “Increase in
Temperature” and “Increase in Hardness” employhgdquation (2) is listed in table 4. Weight isi@alvfeature of “composite
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desirability” and it can be between 1 to 5, acangdb the significance of the responses. Here |aimieight is given to both the
responses and weight of 5 is assigned to them.

Step 3: Lastly, the “desirability fitness functiofDFF) is estimated to get the optimal responsés DirF is calculated applying
the following equation-
L €)

1+de

DFF is determined using equation (3) and anticgbaatimal level of the responses has selected ef~. Lower the DFF
value, improved the surface finishing result. Theimum DFF is obtained for experiment 8 and maximfemexperiment 3 as
shown in table 4. DFF for experiment 8 is obtaia dptimal level for finishing result, along withettoptimal value based on the
least DFF that are A3B2C1D4. Further, DFF are applvith meta-heuristic Genetic algorithm (GA) tayaice best parametric
sets to further enhance the finishing capabilityi#fF process.

DFF=

3.1 Regression Analysis for Desirability Fitness Funaeti

An empirical regression model between desirabilityess function of responses with respect to thecgss parameters i.e.,
“working gap, abrasive weight, current and rotagiospeed” is developed. Montgomery (2000) had empththe implications and
advantages of regression model and empirical mémtethis study is developed on MINITAB 18 statisticsoftware. The
regression results are listed in the table 5 arehaacy of DFF model is established by T-test whichfirms the validity of
developed DFF model. This model is competent asllievis substantially small for all the coefficigthat lie between -0.336 to
0.238. DFF regression model equation is providdadvine

DFF = -0.049-0.1423 P1 +0.02111 P2 + 0.07267 P3 +0298P4
Analysis of variance (ANOVA) is sophisticated medhio determining the significance of process patansewith respect to
desirability fithess function. ANOVA has forecasth@ percentage contribution of the parameteregdXFF. Table 5 shows that

maximum percentage contribution is done by currvemth is 39.78%. followed by abrasive weight 37.306rking gap with
16.96%.

Table5. ANOVA forecast

Sour ce DF Seq SS Contribution Adj SS P-Value
Regression 4 0.17: 96.99¥% 0.173¢ 0.00:

P1 1 0.03( 16.96% 0.030: 0.00¢
P2 1 0.06¢ 37.30¥% 0.066¢ 0.00:
P3 1 0.071 39.78¥% 0.071: 0.00z
P4 1 0.00¢ 2.96% 0.005: 0.11¢

Error 4 0.00¢ 3.01% 0.005:

Total 8 0.17¢ 100.00Y

3.2 Implementation of Genetic Algorithm

Genetic algorithm (GA) is applied to build a metatistic GA-DFF forecasting model, for better forstiag of the best setting of
finishing parameters. Genetic algorithm (GA) coriteslass of meta-heuristic evolutionary algorithiris inspired by the logical
revelation of natural selection. This method isdus® generate impeccable solutions in field of mation and pattern search
problem rely on biological operatives such as selecmutation and cross over. Genetic Algorithnimjzation is implemented
to process the results of desirability fitness fiorcto improve the result of multi-response optiation. GA is employed using
Optimization toolbox in “MATLAB”. Objective functin formulated applying regression equation, thatdgsin utilized to
optimize the DFF response. In order to achievebibst parametric optimal level for desirable surféinssh of EN-31 meta-
heuristic approach is further applied.

Table 6. Comparison between DFF and GA-DFF

TRIALS P, P, Ps P, DFF GA-DFF | %ERROR
1 1.C 2C 3.C 10C 0.51] 0.52( 1.87
2 1.C 25 4E 20C 0.67- 0.69¢ 3.47¢
3 1.C 3C 6.C 30C 1.00( 0.967 -3.26(
4 1.E 2C 4E 30C 0571 0571 -0.03¢
5 1E 25 6.C 10C 0.71¢ 0.73] 2.18(
6 1.E 3C 3. 20C 0.63¢ 0.64¢ 2.20¢
7 2.C 2C 6.C 20C 0.58¢ 0.58¢ 0.03¢
8 2.C 25 3.C 30C 0.50( 0.49¢ -0.96(
9 2.C 3C 4E 10C 0.67- 0.65¢ -2.37¢
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GA is employed by utilizing objective function thatbased on the DFF regression equation. Thisctgefunction is to discover
the global minima result of DFF. Objective functierfed in optimization toolbox. It begins with,signing upper-lower bound of
the objective function, selected from the differdéinishing settings listed in table 6. 500 popwatisize and Double vector
population type along with feasible populationa¢ation function are taken. Then “rank scaling fiorct stochastic uniform
selection function, adaptive feasible mutation fione' is decided. At last heuristic crossover aadMard migration are opted.

3.3 Genetic algorithm — Desirability function analysis

The GA-DFA model, simulated results with an % eaorongst -3.2600 % to +3.4795%, which is a satisfgdorecast rate. GA-
DFF global optimal result for all nine experimentas found, i.e., listed in table 6. GA-DFF is lowésr experiment-8 i.e.,
0.4952, shown in figure (2) depicting the best mjli condition for “Increase in Temperature” andchease in Hardness” for
finding desirable capability for finishing of EN-34ia MAF process. Maximum GA-DFF value is foundeadperiment-3 i.e.,
0.9674, that is the poorest optimal state for fimg. Table 6 displays the error amongst the DFFF@A-DFF for nine trials.

Best: 0495227 Mean: 0.495227
051
+ Best fitness
= + Mean fitness
= 0498
=
= b
£ 049
| W
0_434 L 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400
Generation
Current Best Individual
_ 300
o
=3
=l
=
E 200 B
W
2
= 100 B
=
5
e w | .
1 2 3 4
MNumber of variables (4)

Figure. 2. Best fithess value of C¢- DFA for experiment

3.4 GA-DFF for process parameters

The best parametric levels of Taguchi-based Desisabiunction (A3B2C1D4) were predicted via metatristic genetic
algorithm. The projected output of GA-DFA, post slation was 0.4952. To acquire the best paramete lusing GA module,
one parameter was changed into different levellendtiher parameters were fixed. The parameter A\il@tking gap) level was
changed from “1.5 mm to 2.5 mm”, while others wéxed i.e., B2C1D4 level. For parameter B (P2, alwa weight), the level
was changed from “20g to 30g”, while others wekedi at A3C1D4 level. Last, parameter C (P3, cujrenel was changed from
2A to 4A, while others were fixed at A3B1D4 levéhe forecasted results for parameters A, B and 8 wispect to DFF are
displays in Figure 3 (a-c) correspondingly.

Table 7. Comparative results

M ethod Optimal parametric setting DFF %
P, P, Py P, IMPROVEMENT
IN DFF
Taguchi-GRA 2.0mn 25¢ 3A 300 rpn 0.500(

Taguchi-GA-DFF 2.0mn 25¢ 3A 300 rpn 0.495: 0.96%
(predicted)

Taguchi-GA-DFF 2.5 mn 20 ¢ 2A 300 rpn 0.415¢ 16.93%
(optimized)

4. Validation tests

The confirmation test was done to establish theéngtsetting projected by LOA based GA-DFF with the experimental
results. Simulation built on the forecasted paransethrough Taguchi was performed. Final foreca®@dDFF value was
0.4155. Table 7 displays the experimental restitd tvere found by utilizing the optimal parametérecasted by JOA of
Taguchi-GRA model anddOA of Taguchi-based GA-DFF model. The forecasted DFparameters viagOA of Taguchi-based
GA-DFF model has been enhanced by 16.93% whichl¢T8bshows the agreeably performance of optimapathodel. Hence, it
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is found that “Increase in Temperature” and “Inseen Hardness” can be concurrently optimized uaihgOA of Taguchi-based
GA-DFA model. Furthermore, the vigorous optimizatican be implemented through the assistance oftigeadlgorithm model,
forecasting the values beyond the defined paracetrel.

() 0.5378 02742 (b)
: 0.4952 0.7 0.6071
0.4288 462 0.5543
L 05 0 0.6 0.4487 04952
(N .
.. W L 05 0.3961
{ 1
© 03 g 04 [
03
> 2 25 3 35 4 0-2
: : 200 225 25 275 30
Abrasive weight
Current (A) ght (g)
C )
( 06 0-5371 4 4952
' B : 0.4659 | o0,

L 05 :

(N

2 04

<

Y o3

0.2

15 1.75 2 2.25 2.5

Working gap (mm)

Figure.3. Simulation Results for Multiple Levels(a) current, (b) abrasive weight, (c) working gap

5. Conclusion

GA-DFA Multi-objective optimization for “Increasa iTemperature” and “Increase in Hardness” has sgfakly enhanced the
performance of the MAF process. “Increase in Temjpee” and “Increase in Hardness” are the respatiisgsmpact the surface
quality of finished EN-31. Any modification in desd surface texture would propagate failures inufestured parts with EN-31
and this failure would terminate the running maemyn To diminish the effects of “Increase in Tengtare” and “Increase in
Hardness” of finished surface in EN-31, DFA is ddoestudy the combine role of responses. DFA ande@e algorithm are
combined to form a hybrid optimization approach,i®A-DFA. The advantage of GA-DFA technique oveetasheuristic
approaches, that it can be applied for continuauaity assessment and on-line quality directivenfimnufacturing product. Hence
following conclusions are drawn,

« DFA is applied to reduce the influence of “Increasd emperature” and “Increase in Hardness” onfithished surface of
EN-31 using MAF process. DFA is coupled with gemetigorithm to predict the best optimal level tmguce the best
surface quality in EN-31.

* Regression analysis is done to establish relatipnbbtween process parameters and Desirabilityeggnfunction of
“Increase in Temperature” and “Increase in Hardhe€Bse most significant process parameters areeotirand abrasive
weight.

« ANOVA provided the percentage contribution of egarameters in respect with DFF. “Current” contrézliimost with
39.78%, trailed by “abrasive weight” with 37.30%dafworking gap” with 16.96%. The least contributiés done by
Rotational speed with 2.96%.

*  Genetic algorithm is employed to enhance the DFsAllts, as DFF forecasted the optimal parametriingetAt trial 8, GA
forecasted lowest GA-DFF i.e., 0.4952 with A3B2C1patametric setting and this sequence of parametdrproduce
best surface finish on EN-31.
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e The simulation using meta-heuristic GA-DFA had &@sted best parametric level i.e., “working gap5(@m), “abrasive
weight” (20 g) and “current” (2), produced the uppest GRG to amplify the capability of MAF procéssorder to finish
EN-31 surface.

e Predicted DFF of parameters vig DA of Taguchi-based GA-DFA is enhanced by 16.989at displays a acceptable
performance of the above-stated optimization method

Nomenclature

DFA Desirability function analysis
GA Genetic Algorithm

MAB magnetic-abrasive brush

ds composite desirability

DFF desirability fithess function
ANOVA Analysis of variance

L,OA LyOrthogonal array
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