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ABSTRACT

This paper describes the development of a response model for electrical discharge machining inconel X750
utilizing response surface methodology. The metal removal rate (MRR), models are developed in terms of Pulse
peak current (Ip), Pulse on time (Ton), Gap voltage (V).The contours have been generated from these model
equations and are shown of different plots. The model generated shows that the metal removal rate increases with
an increase of pulse on time, and relatively with gap voltage. Metal removal rate decreases when pulse peak
current increases. The second order is more accurate based on the variance analysis and the predicted value is
closer to the experimental result.
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INTRODUCTION

In order to get the adequate model that relatebdeanetal removal rate and the machining paraméRarse peak
current, Pulse on time, Gap voltage), a large nunolbexperiments needed, that is different testsefach and
every combination of electrode and work-piece matein this paper, several of Pulse peak curréntse on time,
Gap voltage been takes into account to predicttbial removal rate. In this work, experimental tesswere used
for modelling using response surface methodologyMIR The RSM is practical, economical and relatvedsy to
use and it was used by a lot of researchers foreftind machining processes [1-2]. [3] and [4] revéa the
earliest work on response surface methodology. &tessp surface methodology (RSM) is a combination of
experimental and regression analysis and statisitiéarences. The concept of a response surfacelies a
dependent variable y called the response variattlesaveral independent variablass,. . .,%[5,10].

RESPONSE M ODEL

If all of these variables are assumed to be medsthie response surface can be expressed as:

y= f (Xli X2, . lX() (1)
The goal is to optimize the response variable ys lhssumed that the independent variables aréncons and
controllable by the experimenter with negligiblecgr The response or the dependent variable isves$uo be a
random variable. Say in an electric discharge nmagd)j it is necessary to find a suitable combinmatd Pulse peak
current (x1=In Ip), Pulse on time (x2 = In Ton),@eltage (x3 = In Vg) that optimize metal removate (y = In
MRR). The observed response y as a function opéak current, Pulse on time, Gap voltage can bitenras

y= f(xlv X2 - !X() +e (2)
Usually a low order polynomial (first-order and sed-order) in some regions of the independent bfagais
employed. The first-order model,

Kk
y:ﬁ0+2ﬁixi+€ (3)
i=1
and the second —order model,
K k
V=Bt D BX + D BXE DY BX X, e (4)
i=1 i=1 i
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For i<j, are generally utilized in RSM problems.elhparameters of the polynomials are estimated byrtéthod
of least squares. The proposed relationship betweemachining responses and machining independeiatbles
can be represented by the following:

MRR= C (Ipm Tonn Vgy¥’ (5)
Where MRR is the metal removal rate in mm3/min, Ipon, Vg are the Pulse peak current (amps), Raisime
(us) and gap voltage (Vg). C, m, and y are the teois. Equation (1) can be written in the followilogarithmic
form:

1nF= 1nC + mlnip + nlnlon + ylnVg +&ln (6)
Equation (2) can be written as a linear form:

Y= BXo + BiXy tB,X, By +E (7)
Where, y is the MRR, x0 = 1(dummy variables), xa4g, X2 = In lon , x3 = In Vg and = Ine,whereg is assumed

to be normally-distributed uncorrelated random ewith zero mean and constant variari@=In C and31, 2, 3
andp4 are the model parameters. The second model carpressed as:

Y'= BoXo + BiXy #B,X, B:Xs +B1X 1+ B Xy 4B o X s B XX, B X XEB X X (8)
The values op1, 2, B3 andp4 are to be estimated by the method of least sgu@he basic formula is:

(XTX)B=X"y g =X"X)" X"y ©)
where, XT is the transpose of the matrix x and XTIk the inverse of the matrix (xTx). The detaifs¢he solution
by this matrix approach are explained in [6]. Tlegmeters have been estimated by the method dfdgaare
using minitabsoftware.

EXPERIMENTAL DESIGN

To develop the first-order, a design consistingekperiments was conducted. Box-Behnken Design imalty
used when performing nonsequential experimentst Bhgerforming the experiment only once. Thessigtes
allow efficient estimation of the first and secondrder coefficients. Because Box-Behnken Design feagr
design points, they are less expensive to run teatral composite designs with the same numbeaaibfs. Box-
Behnken Design does not have axial points, thuseasure that all design points fall within theesaperating [9].
Box-Behnken Design also ensures that all factoesraver set at their highest levels simultaneousigure 1
shows the 3 factors Box-Behnken. Preliminary testse carried out to find the suitable parametershasvn in
Table 1.
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Fig. 1 3 Factor s Box-Behnken

EXPERIMENTAL DETAILS

The experiments were conducted in a Smart ZNC Hteclischarge machine manufactured by Electronica
Machine tools of India. In all experiments, keroseril was used as dielectric fluid medium. The elitlic side
flushing pressure is maintained as 0.6MPa[7]. Tloekvpiece top and bottom surfaces were ground saréace
finish using a surface grinding machine before emtithg the experiments. The initial weights of therk piece
and electrode were weighed using a electronic loalaA special fixture was used to hold the workelduring
machining. In EDM, the work piece is connected twsipve terminal whereas the electrode connectetth wi
negative terminal of the power supply. Every ekpent is conducted for the depth of 2 mm. At the eheach
experiment run, the tool and work piece were rerddvem the machine and dried using the compressanal
weighed using electronic balance. The machine timg noted using a digital stop watch. New brasstelde was
used in each experiment. Table | shows the dedhilse parameters and its three level values.

Table -1 Parameter swith their ranges

Parameters Level 1 Level 2| Level3

Pulse peak current (Ip) 3 5 7
Pulse on time (Ton) 100 300 500

Gap voltage (V) 50 60 70
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The work piece material is Inconel X750 with folliogg composition:
Components Cc Si Mn S Cr Ni Al Co Cu Nb Ti Fe
Percentage 0.045 0.23 0.7 0.006 15.28 72 0,58 0.360.29 1.03 2.53 6.72

To develop the relation between various EDM proceasameters and electrode wear rate, cylindricakdr
electrode of 17mm diameter and 70 mm length wad femachining the work sample. Kerosene was sateas
a dielectric because of its high flash point, galielectric strength, transparent characteristia$ law viscosity
and specific gravity. The experimental set up vahin Figure 1. A new set of the brass tool wasliag for each
run. The full sets of run according to the desi§experiment were carried out in the state of pesipolarity.

The material removal rate has been defined asdtie of the wear weight of work piece to machiniirge [8],
Material removal rate (mg/ min) = wear weight ofrwpiece time of machining

MRR(mg/ min) :w (10)
Where WWBM is weight of work piece before machinigWAM is weight of work piece after machining amd
is the total time during which machining was penfed. After completing of each machining process, work
piece was blown by compressed air using air guertsure no debris and dielectrics were present. ekige
balance was used to measure the weight of the piede after machining.

Fig. 2 Experimental setup

MATHEMATICAL MODELLING

Response surface methodology is an assortment tifematical and statistical techniques that areulidef the
modeling and analysis of problems in which a respoof interest is biased by several variables hadbjective
is to optimize this response .It is a sequentigbegxnentation strategy for empirical model buildimgd
optimization. A model of the response to some imahefent input variables can be acquired by carryiog
experimentation and applying regression analysifR $M, the independent process parameters carpbesented
in quantitative form as Eq. (2):

Y=f(X1,X2,X3...Xn)i8 (11)
where, Y is the responsef, is the response functiom, is the experimental error, and;, X;, Xs, . . ., X, are
independent variables.

On the other hand, the second-order model is ntymeded when the response function is nonlineare Th
experimental values are analyzed and the matheathaticdel is then developed. The mathematical mbdséd on
a second-order polynomial is expressed as Eg. (3):
Y=,Bo+2n:ﬂixi+zn::8iixi2+ Zn: :Bijxixj+£ (12)
i=1 i=1 i,j=1j#]
whereY is the corresponding respon3gjs the input variables? andX; X; are the squares and interaction terms,
respectively, of these input variabl@s. £, f;j andg; are the unknown regression coefficients.
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RESULTSAND DISCUSSION
The MRR second order model is

y"= 0.75265% -0.00813x +0.00068% 0.00518x + 0.00Q7x 2,0x0.0003%, — 0.00001x x +0x x+ 0.008x X .
(13)
Table 2 shows the results obtained using ANOVA. Ttbefficient of determination is the ratio of thens of
squares of the predicted responses (correctechéomiean) to the sum of squares of the observednssp .The

value ofR? and adjusted® is over 98%. This means that mathematical modetiges an excellent explanation of
the relationship between the independent variables the response (MRR). The obtained values ofdatdn

deviation and?’- predicted evidence that the proposed model iguate to predict the response. The associated

value for the model is lower than 0.05 (xe= 0.05, or 95% confidence) indicates that the maslebnsidered to be
statistically significant.

Table- 2 Analysisof Variancefor MRR

Source DF Seq SS Adj SS Adj M$ R P
Regression 3| 0.169216 0.169216 0.056405 241. 0.0000
Linear 3 0.169216 0.16921p 0.0564P5 241. 0.900
Residual Error| 11 0.00256% 0.002565 0.000233
Lack-of-Fit 9 0.002506 0.00250¢ 0.0002718 9.48 0.099
Pure Error 2 0.000059 0.000059 0.0000p9

When the p-value is less than thievel, evidence exists that the model does natrately fit the data. The p-value
for the lack-of-fit is 0.099, which is larger th@rD5 (95% confidence) and the F statistics is 9.480hce, the lack-
of-fit term is insignificant as it is desired. Tkie summary recommended that the quadratic modstasstically
significant for analysis of MRR. Figure 3 indicatbg residual plots for material removal rate.

Residual Plots for MRR
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Fig.3. Residual plotsfor MRR

Equation 13 is helpful to develop the MRR graph¢hveielected parameters. Figure 4 to 6 shows the MRIR
selected pulse peak current, pulse on time andvghpge. These graphs help to predict the MRR &t @oint.
Figure 6 represents a three dimensional surfadegplthe data for pulse peak current and gap veltagh hold
values of pulse on time (Ton) 300 ps. It is obsgyt the effect of the interaction between pplsek current (Ip)

and gap voltage (V) in the data is twist planes tihere is curvature in the response function ¢orttaterial removal
rate.
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Main Effects Plot (data means) for MRR
Main Effects Plot for MRR
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Fig.4(a) Graph of MRR versus|, Fig. 4(b) Graph of MRR versus Ton
Main Effects Plot (data means) for MRR Surface Plot of MRR vs Pulse peak Current (Ip), Gap voltage (V)
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Fig.5 Graph of MRR Vs Fig. 6 3 Dimensional surface plot

CONCLUSION

MRR prediction model has been developed and usathichining of Inconel X750 with brass electrodesliectric
discharge machine. The MRR equation indicates tti@tprocess parameters such as pulse peak cystdsg, on
time and gap voltage play a major role in maxingzihe material removal rate. It is observed from ghaph that
the metal removal rate increases with an incredgeuise on time, and relatively with gap voltagecal MRR
decreases with increase of pulse peak currentrderdo get the maximum MRR the higher value of gajtage
should be used. Response surface methodology gives information from the conducted experimenthvéss
runs.
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