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ABSTRACT

Precision machining of electrically non-conductieggineering ceramics and composites etc. is an diatee
need of the present industries. For cutting thesdenals Traveling wire electrochemical dischargachining
(TW-ECDM) process is a useful process. TW-ECDM whika complex combination of ECM and wire-EDM, laagood
application for machining advanced non-conductiegamic materials like zirconia, alumina, silicortridie, diamond,
glass, ruby and composites like FRP etc. The ptessearch paper includes a hybrid approach of dlaguethod and
principal component analysis (PCA) for multi resperanalysis of traveling wire electrochemical disge machining
process during cutting of groove on Hylam basecarfireinforced composite work-piece. Optimal combores of
operating parameters viz. pulse on time as a ptrgenof total time, frequency, applied voltage, amnration of
electrolyte and wire feed rate were observed fdinggd values. Initially Taguchi methodology basedgte response
optimization was performed. The signal to nois@satbtained from Taguchi methods have been fuidbed in principal
component analysis for multi response optimizatidhe responses at predicted optimum parameter kEneein good

agreement with the results of confirmation experitne

KEYWORDS: TW-ECDM Cutting, Taguchi Method, Principle Componhémalysis, Fiber Reinforced Composites,

Multi Parametric Optimization
INTRODUCTION

In order to face the challenge of machining newemials such as engineering ceramics and compdisieeEber
reinforced plastic (FRP) etc., the researchersiggently looking for advanced machining techniguégam, a mixture of
cellulose adhesive based on modified epoxy resthterdener, has important properties like impasistance, scratch
resistance, abrasion resistance and corrosiortaeses Fiber reinforced composites are being aedeiot structural and
non-structural applications like household goodsich boards and control panels. Although fibenfeiced composites
can be machined by traditional machining procedsaoguracy is less and surface finish are roughaddition more
complex shapes, low rigidity structures and micrechanical components with tight tolerances and $iméace finish are
often needed. The laminated structure of FRP isad@ah and the insulating property of the material$® affected by

conventional machining.

The manufacturing scientists are making use of ¢oatbhybrid machining process so that the adveffeets of
individual processes are reduced. ECDM is an exanBfiattacharyya et al (Bhattacharyya, 1999) higitéid the modular

mechatronic features of indigenously developed ECB#fup to carryout experiments. NaOH solutions widinying
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concentrations were taken as electrolyte. A pulB€delectric supply had been utilized for drillingeration on ceramic
work samples. Basak and Ghosh (Basak, 1997) prdpmskeoretical model of electrochemical dischargehining to
predict the characteristic of material removal fatevarying input parameters and also done expamson a developed
set up to support the proposed model. Jain et]ahpplied electrochemical spark machining processassfully for
cutting of quartz, quartz using a controlled feed avedge edged tool using both cathode and anottmhse by using
both straight polarity and reverse polarity. Chakd &2ao [4] had shown the possibility of drillingdae size holes in
aluminum oxide by trepanning during electrochemdiatharge machining. Jain et.al [5] have investiganto the effect
of applied voltage and electrolyte concentrationnaaterial removal rate and diametral over-cut dygatting of glass
epoxy and Kevlar epoxy composites by travellingewaélectrochemical spark machining (TW-ECSM) whilaO salt
solution was used as electrolyte. Tsuchiya et hbféposed a new method of cutting diamond, glass rmby in two
dimensional and complicated contours. The methaglaveombination of ECDM and Wire-EDM Glass and oeca were
slotted successfully. Singh et.al [7] devised adliang wire traveling wire electrochemical sparlachining (TW-ECSM)
for cutting piezoelectric ceramic and carbon fibpoxy composites with wire in vertical position guetpendicular to the

work-piece.

The feasibility study of machining FRP with electhemical spark machining (ECSM) was made usingomesp
surface methodology and it was concluded that E@Sdviable solution for cutting FRP [9]. An expmantal set up was
devised to study the influence of external cirqutrameters on the discharge process of electrochérdischarge
machining (ECDM) [10]. A model similar to arc disglge valve was developed to explain the electrocd@rdischarge
phenomenon and many experimental results were iegpldby this model [11]. Machining of non-condugtimaterials
such as alumina and glass is always a difficulbjgnm. With electrochemical spark abrasive drilljdi@] better results
were obtained than ordinary drilling. In order &veal the basic mechanism and temperature ristemm@ was made to
measure the time varying current during ECSM [1Spark assisted chemical engraving (SACE) of glass lbeen
investigated using current voltage measurementgphantbgraphs [14]. Mediliyegedara et al [15] depeld an intelligent
pulse discrimination system to develop a contna@tegyy for ECDM process. A feed forward neural matwas trained to
classify the pulses with various activation funato Skrabalak et al [16] presented a model fomegion of current of
electrochemical dissolution and electro dischargehiming in ECDM. Based on the model an attempt mvade to adopt
a fuzzy logic controller for ECDM system. Bhondwieak [17] developed a thermal model for the caltoh of material

removal rate of ECDM.

Very few attempt was made to determine the domiparameters of the process in order to reducedsieand to
improve the quality. Further fiber reinforced plass a new material and TW-ECDM of FRP is a challe. This fact is
considered and the present paper deals with Taguetiiod based parametric analysis during TW-ECDMirg of
groove of flat surfaces of hylam based fiber reioéol composite work piece. Pure engineering judgeéiseoften used to
deal with multiple quality characteristics in preseptimization. This is very subjective in natarel brings uncertainty in
decision making. It was suggested that normalizedity loss in Taguchi Method can be used for oiny the multiple
quality characteristics simultaneously. But dueptussible correlations among the multiple qualityareleteristics an
uncertainty is always possible in the selectionwvefghing factor. This uncertainty has been overcdiyeaising hybrid

approach of Taguchi Method and Principal Compo#eratlysis (PCA).

Articles can be sent teeditor@impactjournals.us




Analysis of Traveling Wire Electrochemical Discharg@ Machining of 225
Hylam Based Composites by Taguchi Method

FUNDAMENTALS OF TW-ECDM

The Traveling Wire Electrochemical Discharge Maahjnprocess is a complex combination of electroghaim
machining and travelling wire electrical dischamachining. In TW-ECDM, pulsed D.C power is applieegkween the
wire and the auxiliary electrode. In this procdss tonducting wire is always in contact with thentoonducting work
piece material The diameter of the conducting wages from 0.03 to 0.3 mm and the material fordtaning wire may
be copper, brass, tempered steel, tungsten, motvindebrass-coated or multi-coated super alloy. Vibkk piece material
which can be machined is in general electricallp-nonducting materials like zirconia (Z5Q alumina (AbO3), silicon
nitride (SkN,), diamond, glass, ruby and composites like fileémforced plastic (FRP) etc. The electrolyte usertlis the
solution of NaOH, NaCl, NaNQor KOH salt. In this process wire is used as adthand auxiliary electrode is used as
anode. As pulsed D.C power is applied, hydrogen\aaebr bubbles are formed and accumulated neawitigesurface.
With the further increase of applied voltage spaglkirom the wire takes place. The electric dischaygcurs between the
wire and electrolyte across the insulating layegas bubbles. As the job surface is kept in theképg zone, material is
removed mainly due to melting and vaporizationhaf work piece material. For machining of compodités is withessed
by the presence of globules (i.e resolidified miateon the protruding fibers and heat affectedhermally damaged zone.

The mechanism is shown in figure 1.
EXPERIMENTAL SET-UP AND PLANNING FOR EXPERIMENTATIO N

The developed experimental set up has been utilizedtudy the traveling wire electrochemical diggea
machining process. The set up consists mainly ah mechining chamber, auxiliary electrode and jaisifioning unit,
wire feeding unit, electrolyte flow control uniteetrical power supply unit and control unit of wifeeding. The auxiliary
electrode and job positioning unit consists of fadding unit, job feeding unit and auxiliary elexde positioning unit.
Wire feeding unit consists of dead spool unit, pog@ool unit, wire tension adjusting mechanism guoitle pulley and
wire positioning unit. The wire positioning unit itwrn consists of wire guide unit and wire guidesifioning unit.

The schematic diagram of the set up is shown iré@ and photograph of the set up is shown irrdigu

In the present paper two qualities such as mateealoval rate and radial over-cut have been opéthiz
simultaneously during traveling wire electrocherhidescharge machining operation of Hylam based rfitkenforced

composites with hybrid approach of Taguchi Method Brincipal Component Analysis.

The control factors taken are: pulse on time (¥€qdiency (Hz), applied voltage (V), concentratibrelectrolyte
(%) and wire feed rate (mm/sec). The work pieceeni@t is 3mm thick Hylam based fiber reinforced gqasite.
The electrolyte used here was KOH solution. Therielectrode gap was kept constant at 45 mm andffeetive wire
length was fixed at 35 mm. Using the micro conéolbased stepper motor drive unit feed rate ofsine can be set from
0.05 mm/sec to 0.4 mm/sec. The rpm of the stepm#omtan be varied from 1 to 80. The input voltagehe stepper
motor is 12V and the input current to the steppetomis 4A.

The traveling wire electrochemical discharge maicigirsystem demands for voltage of 5V to 150V, autrre
0A to 7A and frequency of 50Hz to 2000Hz dependimgthe rate of material removal and other machiraritgria.
A pulsed D.C power supply provides the supply \gdtafrom OV to 100V. The different process parangeter
(control factors) taken are pulse on time as agmeage of total time, frequency of the power supplyplied voltage,

concentration of electrolyte and wire feed ratengidering the required properties like 0.25 mm ditenwere chosen as
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cathode or tool. Hylam based fiber reinforced cositgoof 3 mm thickness were used as work piecee kvels of each

control factor have been selected without considgttie interaction effect.

The numerical values of control factors at différlvels are shown in table 1. An exhaustive pégperiment
has been conducted to decide the parameter rangeoimugh cutting of Hylam based fiber reinforcammposite sheet.
The initial setting of parameters was pulse on tim&0%, frequency = 55 Hz, applied voltage = 30cbhcentration of
electrolyte = 10%, wire feed rate = 50 mm/sec. hality characteristics analyzed are material reahoate and radial
over cut. For each experiment time taken is 10 m®urhe weight of the job before and after macignvas measured
and the difference was divided by machining timeyét the material removal rate. The weight of tterkwpiece before
and after machining was measured by SARTORIUS Gg& di@ital balance, in which minimum measurable \ueip

1 mg and maximum measurable weight is 25 gramsrddial over cut was determined using the followfoignula:
ROC = (W —-d)/2
Where W= Width of the cut and d = wire diameter.

Olympus STM6 optical measuring microscope was tsedeasure the radial over cut. The minimum lenigét
can be measured with it is 0.5 micron. Each expaminis replicated for three times to observe 3 iremdof material

removal rate and radial over cut and averageseoBttalues are taken.

Initially the experiments were performed by using(B”) orthogonal array to obtain the results of sirggective
optimization for material removal rate and radigéocut respectively. The signal to noise ratioe&th characteristic has
been further used in PCA to optimize the MQC. Hindle analysis of variance (ANOVA) was used tadfiout the most

influential machining parameter for multiple respes.
ANALYSIS OF EXPERIMENTAL OBSERVATION

In this system, the results of single objectiveimation using Taguchi Method and multi-objectiyatimization
by hybrid approach of Taguchi Method and principamponent analysis have been discussed. The atidfic results

obtained on suggested optimum parameter levels dlavebeen reported.
Orthogonal Array Experiments

The degree of freedom has been calculated withonsidering the interaction effect among differeantcol

factors.

The d.f. due to grand total sum of squares = noexpferiments = 25. Hence d.f due to total sum efases
= (25 — 1) = 24. But d.f for each factor = (5-14=Therefore d.f for error = 24 — (4X5) = 4. As tthé for total sum of
squares without considering error is (5-1) X 4 +RX the nearest larger set of experiments is takenof which is
L5 (5°) orthogonal array. The observed quality valuesefich quality characteristics viz. material remaaéé (mg/min)

and radial over cut (mm) in different trials haveeh tabulated in table 2.
Single Objective Optimization Using Taguchi Method

The S/N ratio values for material removal rate eadial over cut have been calculated from expertaleralues

of each quality characteristics. The S/N ratio esponding to each experimental run is given inet&lThe factor effect
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of a parameter at any level is computed by takigaverage of all S/N ratios at the same level. 8ffects of various
factors at different levels for the responses amws in table 4. Also the signal to noise ratiaifierent factor levels are

shown in figure 4 and figure 5.

From S/N ratios it is observed that for achievingxmum MRR the optimal parametric setting isBACsD4E;
i.e. pulse on time as 70% of the total pulse domatpulse frequency of 75 Hz, applied voltage o¥ 5@lectrolyte
concentration of 25% by weight and wire feed rate5@mm/sec. For achieving minimum radial over cptimal
parametric setting is #8,C,D1E, i.e. pulse on time as 50% of the total pulse domatpulse frequency of 55 Hz, applied

voltage of 30V, 10% by weight concentration of élelyte and wire feed rate of 225 mm/sec.

Analysis of variance (ANOVA) helps to estimate qtitatively the relative contribution that each awhtfactor
or parameter makes on the overall measured respbhseelative significance of factors is oftennegented by F-ratio or
in percentage contribution. The results of ANOVA foaterial removal rate and radial over cut arewshin table 5.
The results show that for material removal rateetfiects of pulse on time, applied voltage and eotration of electrolyte
are significant at 99% confidence level and foriahdver cut at 90% confidence level. The contiitnutof factors in
decreasing order for material removal rate is &gjplioltage, pulse on time, concentration of eldégieowire feed rate and
frequency of power supply; for radial over cut jbked voltage, concentration of electrolyte, wieed rate, pulse on time

and frequency.
Multi-Objective Optimization Using Hybrid Approach of Taguchi Method and Principal Component Analysis

The normalized S/N ratios for each quality chanasties material removal rate and radial over cgaiast
different experimental runs have been calculatedshown in table 6. The correlation coefficienbgrobtained is shown
in table 7. The eigen values and eigen vectors cteapfrom the correlation coefficient matrix usiMNITAB are
1.6905, 0.3095 and [0.707, 0.707], [-0.707, 0.768pectively. The two principal components PC1, R@®# their
integrated TPCI for each experimental run have bemmputed and tabulated in table 8. The factorceféd each
parameter levels have been computed by takingvisage of all TPCI at that level and are giveraioi¢ 9.

Graphical plots for factor effects at different éé for material removal rate and radial over aat shown in
figure 6 and figure 7 respectively. The optimum gmaeter level for multiple quality characteristicsrresponds to
maximum average TPCI for a control factor whichAiB,CsDsE; i.e. pulse on time as 70% of the total pulse domat

85 Hz frequency, applied voltage of 50V, 30% bygiiconcentration of electrolyte and wire feed &t80 mm/sec.

The ANOVA given in table 10 shows the contributiohdifferent parameters in descending order asiegpl
voltage, concentration of electrolyte, pulse onetirwire feed rate and frequency. The graphicalesgntation of factor
effects at different levels for TPCI are shownigufe 8 and contribution of different control facgamn TPCI is shown in
figure 9. The improvement in predicted TPCI at ¢pgimum level is found to be 1.093 dB as compar&t the initial

parametric setting.

The value of material removal rate and radial ougtr at the optimum level are found to be 0.67 mg/amd
0.0780 mm respectively, after conducting the veaiion experiment. The microscopic view of the gmaeut on the
machined work piece at optimal parametric settiogdition of TW-ECDM is shown in figure 10. The résuof

confirmation experiment show that there is an improent.
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CONCLUSIONS AND DISCUSSIONS

Fibre reinforced plastic is a recently used mateara traveling wire electrochemical discharge nigicly of
fibre reinforced plastic is a challenge. This chiadle was overcome by developing an indigenous ssiilpa lot of
constraints and proper planning of experiments dlm extracting maximum amount of inferences frofmimum

number of experiments.

The difficulties of dealing with multiple qualityharacteristics have been overcome using the hgmpdoach of

Taguchi method and principal component analysige foHowing concluding remarks can be summarizetbews—

* The single objective optimization using Taguchi het applied voltage, pulse on time and concentratib
electrolyte are the significant factors for materemoval rate and applied voltage, concentratibelectrolyte

and wire feed rate are significant for radial owet.

e The optimum parameter levels predicted in singleatlve optimization for maximum value of mateniamoval

rate is ABsCsD4E; and for minimum value of radial over cut isBAC,D+E,.

» As compared to initial parameter setting the midtiguality characteristics has been improved bygi$iybrid
approach of Taguchi Method and principal comporaralysis. The optimum value of control factor fwemll
improvement in MQC are pulse on time as 70% ofl jptidse duration, 85 Hz frequency, applied voltag&0V,
30% by weight concentration of electrolyte and vi&ed rate of 50 mm/sec.

 The contribution of different control factors on Itiple quality characteristics is pulse on time 4.99%,
frequency — 2.07%, applied voltage — 41.56%, cotnagan of electrolyte — 22.36% and wire feed rat£0.39%.

The applied voltage is found to be the most sigaift parameter in the operating range.

* In multi-objective optimization the loss in someatjty characteristics is always possible as congpaoesingle
objective optimization but over all quality is ingwed. The value of material removal rate and raoNalr cut at

the optimum level are found to be 0.67 mg/min af@¥80 mm respectively.

Finally if the results of this set of experimentnche followed properly then precision machining fifre

reinforced plastic will become possible which viaé of tremendous help in future for applicationpgmse.
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APPENDICES

Figure 1: Spark Generation Process in TW-ECDM
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Figure 2: Schematic Diagram of TW-ECDM Set up

Figure 3: TW-ECDM System Set up
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Figure 10: Microscopic View of Machined Work-Piece

Table 1: Control Factors and Their Levels Used inlie Experiment

Symbol Factors Unit Levell | Level2 | Level3 | Level4 | Level5
A Pulse on time % 50 55 60 65 70
B Frequency Hz 55 65 75 85 95
C Applied Voltage V 30 35 40 45 50
D Concentration % 10 15 20 25 30
E Wire feed rate mm/mir 50 125 175 22 30

Table 2: Experimental Layout Using Lys Orthogonal Array

Trial Factor Level MRR ROC
No. | A| B |C|D]|E | (mg/min) | (mm)
1 1) 1] 1] 1] 1 0.26 0.071
2 1| 2] 2] 2] 2 0.31 0.138
3 1| 3] 3] 3] 3 0.35 0.121
4 1| 4] 4] 4] 4 0.43 0.112
5 1| 5| 5| 5] 5 0.43 0.18(
6 2| 1] 2] 3] 4 0.31 0.10¢
7 2| 2| 3] 4 5 0.35 0.108
8 2| 3] 4] 5] 1 0.47 0.30¢
9 2| 4] 5] 1] 2 0.41 0.134
10 2|1 5] 1] 2| 3 0.30 0.066
11 3| 1] 3] 5] 2 0.42 0.148
12 3| 2] 4] 1] 3 0.39 0.11%
13 3| 3| 5] 2 4 0.44 0.10%
14 3| 4] 1] 3/ 5 0.31 0.118
15 3| 5] 2] 4 1 0.44 0.158
16 4| 1| 4] 2| 5 0.40 0.128
17 4| 2] 5] 3] 1 0.51 0.162
18 4| 3] 1] 4 2 0.42 0.114
19 4| 4] 2| 5] 3 0.44 0.137
20 4| 5| 3] 1] 4 0.38 0.129
21 5| 1| 5| 4] 3 0.59 0.19%
22 5| 2| 1] 5 4 0.43 0.107
23 5| 3| 2] 1| 5 0.38 0.092
24 5| 4] 3] 2] 1 0.49 0.174
25 5| 5] 4] 3] 2 0.55 0.151
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Table 3: S/N Ratios for Material Removal Rate and Rdial over-Cut

S/N Ratio (dB)
Expt. No. MRR ROC
1 -11.7005| 22.9744§
2 -10.1728| 17.2024
3 -9.1186 | 18.3443
4 -7.3306 | 19.01564
5 -7.3306 | 14.8945
6 -10.1728| 19.4939
7 -9.1186 | 19.3315
8 -6.5580 | 10.229(¢
9 -7.7443 | 17.3933
10 -10.4576| 23.6091
11 -7.5350 | 16.5944§
12 -8.1737 | 18.786(
13 -7.1309 | 19.5762
14 -10.1728| 18.5624
15 -7.1309 | 16.0269
16 -7.9588 | 17.855¢
17 -5.8486 | 15.8097
18 -7.5350 | 18.8619
19 -7.1309 | 17.265¢
20 -8.4043 | 17.7882
21 -4.5830 | 14.1993
22 -7.3306 | 19.4123
23 -8.4043 | 20.7242
24 -6.1961 | 15.189(
25 -5.1927 | 16.4204
Overall Mean | -7.9375 | 17.8106

Table 4: S/N Response Table for Material Removal Ra and Radial over-Cut

Symbol Factors Mean S/N Ratios(Db)
Levell Level2 Level3 Level4 Level5

MRR A | Pulse On Time -9.1306  -8.81038 -8.0297  -7.31556.3413

B Frequency -8.390( -8.1299 -7.7494  -7.7149 -7.7032

C Applied Volts -9.4393| -8.6023 -8.0745  -7.0438 5&5

D Concentration -8.8864  -8.3892 -8.1011  -7.1396 1770

E Wire feed rate -7.4868 -7.6360 -8.8938 -8.0738 .5980
ROC A | Pulse On Time 18.4863 17.9916 17.9093 1211617.1891

B Frequency 18.2237 18.1084  17.54%1 17.4852 17.7478

C Applied Volts 20.6841 18.1426 17.4496 16.4614 3766

D Concentration 19.5338 18.686pH 17.7262 17.4870 67BR

E Wire feed rate 16.0459  17.2946 18.4409 19.0p72 .2789

Table 5: Results of ANOVA for Material Removal Rateand Radial over Cut

Symbol Factors d.f SS MS F Contribution
MRR A Pulse on Time 4 25.287% 6.3219 13.1378 351980
B Frequency 4 1.9085 0.4771  0.9915 2.7155
C Applied Volts 4 27.5150, 6.8788 14.2951 39.1498
D Concentration 4 11.7040 2.9260 6.0806 16.6531
E Wire feed rate 4 3.747( 0.9368  1.9468 5.3314
Error 4 0.1193 0.0298 0.1698
Pooled Error 12 5.7748 0.481p 8.2170
Total 24 | 70.2813 | 2.9284 100.0000
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Table 5: Contd.,

ROC A Pulse on Time 4 4,894Q 1.2235 0.24B6 2.5509
B Frequency 4 2.1930 0.5483  0.1092 1.1430
C Applied Volts 4 61.8995| 15.4749 3.0857 32.2634
D Concentration 4 41.948( 10.4870 2.08Y7 21.864
E Wire feed rate 4 27.731%5 6.9329 1.3802 14.454

Error 4 53.1908| 13.297f 27.7242

Pooled Error 12| 60.2774 5.0232 31.4181

Total 24 | 191.8568| 7.9940 100.0000

Table 6: Normalized S/N Ratios for Material RemovaRate

and Radial over Cut

EXxpt.
No. MRR ROC
1 0.0000 | 0.0474
2 0.2146 | 0.4788§
3 0.3628 | 0.3985
4 0.6140 | 0.3433
5 0.6140 | 0.6513
6 0.2146 | 0.3076
7 0.3628 | 0.3197
8 0.7225 | 1.000Q
9 0.5558 | 0.464§
10 0.1746 | 0.000d
11 0.5852 | 0.5247
12 0.4948 | 0.3605
13 0.6420 | 0.3014
14 0.2146 | 0.3772
15 0.6420 | 0.5667
16 0.5257 | 0.4300
17 0.8222 | 0.5829
18 0.5852 | 0.354§
19 0.6420 | 0.4741
20 0.4631 | 0.4350
21 1.0000 | 0.7033
22 0.6140 | 0.3137
23 0.4631 | 0.2154
24 0.7734 | 0.6293
25 0.9143 | 0.5373

Table 7: Correlation Coefficient among the TargetedQuality Characteristics

. . Material Radial
Correlation Coefficient Removal Rate | over Cut
Material Removal Rate 1.0000 0.6898
Radial Over Cut 0.6898 1.000(

Table 8: Principal Component Scores and
Their Integrated TPCI

2Pt pc1 | pc2 | TRCI
1 ]0.0335] 0.0335] 0.033%
2 04895 0.1861] 0.4425
3 [0.5382] 0.0252] 0.4588
4 106768 -0.1914 0.5424
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Table 8: Contd.,
0.8946| 0.0264| 0.7607]
0.3692| 0.0658| 0.322]
0.4825| -0.0303 0.403
1.2178| 0.1962| 1.059]
9 0.7214| -0.0643 0.599
10 0.1234| -0.1234 0.085
11 0.7843| -0.0431 0.656
12 0.6047| -0.0950 0.496
13 0.6670| -0.2408 0.526
14 0.4184| 0.1150| 0.3714
15 0.8546| -0.0532 0.714
16 0.6757| -0.0677 0.560
17 0.9934| -0.1692 0.813
18 0.6646| -0.1629 0.536
19 0.7891| -0.1187 0.648
20 0.6350, -0.0199 0.533
21 1.2042| -0.2098 0.985
22 0.6559| -0.2123 0.521
23 0.4798| -0.1750 0.378
24 0.9917| -0.1019 0.822
25 1.0263| -0.2665 0.826

Average (15) =0.5640

OO Or B <Oy Or Or <=3+ O & O o 00— i=T1To 1

Table 9: Response Table for TPCI

Symbol Factors Levell | Level2 | Level3 | Level4 | Level5 | (Max -Min) | Rank
A Pulse on Time | 0.447% 0.4340 0.55pP9 0.6186 0.70680.2593 3
B Frequency 0.5116 0.5354 0.5920 0.5969 0.5839 53.08 5
C Applied Volts | 0.3096 0.5012 0.5749 0.6971 0.73710.4275 1
D Concentration 0.4084 0.4875 0.5584 0.6363 0.72930.3209 2
E Wire feed rate | 0.6887 0.6123 0.5349 0.4893 0.49480.1994 4

Table 10: Results of ANOVA for TPCI

Symbol Factors d.f SS MS F Contribution (%)
A Pulse on Timgl 4 0.2100 0.0525 2.1341 14.99
B Frequency 4 0.0290 0.0073 0.2967 2.07
C Applied Volts | 4 0.5820| 0.1455 5.9146 41.56
D Concentration 4 0.3132 0.0783 3.1829 22.36
E Wire feed rate 4 0.145% 0.0364 1.4797 10.39
Error 4 0.1208| 0.0302 8.63
Pooled Error 12| 0.2953 0.0246 21.09
Total 24 | 1.4005 | 0.0584| --- 100.00
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