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ABSTRACT

Electrochemical machining (ECM) can be used to rimeclscomplex features in hard and difficult to maehi
materials with negligible tool wear, reasonableuaacy and acceptable surface finish. The accuraitly which the
reverse image of the tool is produced in the waekeg is of paramount interest in case of ECM. Tasidindices that are
considered for evaluating the accuracy are thecovecorner radius and machined profile. In thiglgttwo parameters are
considered for evaluating the accuracy of machifesture. They are overcut and profile of the shapeduced.
The first objective is to develop mathematical nmsdeased on Box Behnken design to predict the effégrocess
variables such as applied potential, inter-elergap and feed rate on overcut. However overcuealgives very limited
information regarding the deviation between thd shmpe and feature shape produced in the worlepiBx compare the
machined and tool profiles, tool and all the maetirprofiles obtained from experiments are disceetialong the
perimeter of image and tool, using Analy¥isFive Pro. Software Package Then the variationrafrgy index (%) is
computed using higher order harmonics of ellipticirfer descriptors. The variation in energy indexdue to minor

undulations in the edges of profile.

KEYWORDS: Box Behnken Design, Denoising, Electrochemical Migicly, Machined Features, Overcut, SG Iron,

Fourier Descriptors, Profile Analysis
INTRODUCTION

Electrochemical machining (ECM) can be used to nmeclcomplex features in hard and difficult to mahi
materials with negligible tool wear, reasonableuaacy and acceptable surface finish. The mategiabval rate, accuracy
and surface finish depend on many parameters. ®fdéyv of them are controllable. The accuracy witfich the reverse
image of the tool is produced in the work piecefisparamount interest in case of ECM. The basidécexl that are
considered for evaluating the accuracy are thecodecorner radius and machined profile. Over-agahds on machining
voltage, feed rate and electrolyte temperature]l [Bxhigher machining voltage results in higherremt density leading to
larger over-cut. Higher feed rate reduces over-Tamperature of electrolyte affects its conducgivithich, in turn,
severely affects over-cut. Overcut also dependtsypa of electrolyte used. Overcut is reported tdigger in case when

NacCl is used as electrolyte compared to that whaN®{ is used [6].

In this study two parameters are considered fafuating the accuracy of machined feature. Theyoaszcut,

profile of the shape produced. The study is divioid two sections:

»  Overcut Analysis &
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» Profile Characterization.

Section 1: Overcut Analysis:The objective is to develop mathematical modelgethas Box Behnken design to
predict the effect of process variables such asliapppotential, inter-electrode gap and feed rate avercut.

The steps followed are:

» Determining the useful limits of the variables n&méed rate, applied potential, inter electrodep gand

electrolytes.
» Selecting the design matrix to conduct the expeanisie
e Conducting the experiments as per the design matrix
« Developing mathematical models based on regression.
e Checking the adequacy of the models.
* Analysis of the results.
1.1 DETERMINING THE USEFUL LIMITS OF VARIABLES

The three controllable ECM parameters selected agglied potential, inter-electrode gap and feetk.ra
The depth of the shaped hole produced is kept @onse. at 2 mm. This step is taken to keep thetadlyte flow pattern
more or less uniform for all the experiments. Tloa/fpattern changes significantly as machined depénges. The useful
limits of feed rate, potential and inter electrogap are chosen based on preliminary experimentsiucted and
information available in literature. Three elecytek are chosen namely (a) KCl solution (250 grhtmesbf tap water), (b)
NaNo; solution (400 grams/litre of tap water), (¢) KCNaNg; solution (125 grams of KCI + 250 grams of Naj\V(ire
of tap water). For simplifying the recording of tbenditions of the experiments and processing efetkperimental data,
the upper, lower and intermediate levels of théaldes are coded as +1, -1& 0, respectively by qusive following

relationship:

X, = 2.0X-1.0Xmax+Xmin) @)

Xmax—Xmin)
The actual and coded values of the different véemhbre listed iTable 1

Table 1: Work-Piece Material Specification (SG Iron

Chemical Composition
%C %Si | %Mn %S %P BHN | Nodularity* | Matrix
3.60-3.63] 2.30-2.38 0.35-0.36 0.014-0.013 0.083M]0179 | 58.24 Ferritig

1.2 SELECTING THE DESIGN MATRIX

The design matrix is shown ifable 2 Electrolyte is not taken as one of the designrimafariable as it is
difficult to conduct the experiments in a randondesr Hence, three sets of experiments are condustety the

electrolytes to assess their effects on overcuts.
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Table 2: The Actual and Coded Values of Different ®riables

Intermediate Hiah Level
Variables Symbol | Low Level Level 9
Actual | Coded | Actual | Coded | Actual | Coded
Feed Rate (mm/min) T 0.1 -1.0 0.21 0 0.32 +1|0
Potential (volt) \% 15 -1.0 20 0 25 +1.0
Inter Electrode Gap (mm)| G 0.64 -1.0 0.96 0 1.28 .0+1

1.3 EXPERIMENTATION

For carrying out the experiments ECMachine model ECMAC - Il, manufactured by Meta Tdatustries,

Pune, is used. Flat hexagon shaped tool made pkcapused. Work-piece material specificationiier in Table 3.

All the experiments are conducted according todésign matrix but in random fashion to avoid aystesmatic
error creeping into the results. The overcut isngef as the half of the average difference betwiempposite sides of the

machined feature and the tool. The average distagivecen the opposite sides of the tool is 18.95 mm

Table 3: Design Matrix

Variables
Sl. No. F v G
1 -1 -1 0
2 +1 -1 0
3 -1 +1 0
4 +1 | +1 0
5 -1 0 -1
6 +1 0 -1
7 -1 0 +1
8 +1 0 +1
9 0 -1 -1
10 0 +1 | -1
11 0 -1 +1
12 0 +1| +1
13 0 0 0
14 0 0 0
15 0 0 0

1.4 DEVELOPING THE MATHEMATICAL MODEL
To correlate the effects of the variable and owettee following second order polynomial is seldcte
Y = By+ BiF+ B,V +B3G+ ByjF? + By V2 +B3yG’ +B, FV+B15FG+B,VG

where, B's are the regression coefficients. Thérobable ECM parameters F, V, G and their comborat are in

coded values.
1.5 CHECKING THE ADEQUACY OF THE MODELS

The analysis of variance (ANOVA) technique [7used to check the adequacy of the developed mat&5%
confidence level. F-ratios of the models developeel calculated and are compared with the correspgridbulated
values for 95% level of confidence. If the calcathtvalues of F-ratio did not exceed the correspantibulated value

then the model is considered adequate. The goodsfefis of the models are tested by calculating Rz(adjusted)&

2
R (predicted).
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The coefficients of the models developed and metdgistics are given ifable 4.

Table 4: The Coefficients of the Models Developechd the Statistical Model Parameters for overcut.

All the models are statistically adequate.

Overcut, mm
Electrolyte KCI NaNO; KCl+ NaNO; 1
B, 1.54419 1.53242 0.75115
O B -0.07471 -0.20372 -0.08453
T [B; 0.14525 -0.15517 0.11004
S [ B, -0.16150 -0.07019 -0.08177
2 | Bu 0.37022 0.30119 0.33553
o | Bz -0.24580 -0.19912 0.47419
= | B -0.44943 -0.30576 0.27196
2 [ By 0.15727 0.06000 0.04418
z | B 0.10373 -0.14442 -0.34117
2 [ B 0.11263 -0.05997 0.27195
2 | Frano 0.18844 0.14157 0.29997
o [d 0.01651 0.03254 0.03009
s |F 98.09775 95.18714 96.36034
S | R 94.67370 86.52400 89.80894
@ | Rped 89.95486 77.57353 76.27920

Graphsdaawn Figure 1 3 to show how the overcut vanis change

in inter electrode gap, applied voltage and feee. fdor the ease of discussion applied potentitdrielectrode gap, feed

rate will be referred to as potential, gap, fee@.r@he ranges of variation in overcut predictethvdCl, NaNG; and
KCI+NaNG; electrolytes are 0.43 — 2.03, 0.707-2.1 and 0062.97 mm respectively. The lower bound of the ower
range predicted with KCI electrolyte is less thaattof NaNQ. The other important trend noticed is that forlbKCl and

NaNQ; the maximum is within the design space where a&€i+NaNO3_1 the minimum is within the design spaEor

KCI electrolyte the upper limit of the overcut randecreases as feed rate increases up to a lichitheam it starts

increasing as feed rate increases furfiigure 1 3. Similar trends have been observed for both Na&@ KCI+NaNQ
electrolytes. The overcut range for NaCl+Naj\&ectrolyte is in-between that of NaCl & Nabl€ectrolytes.Table 5

shows the minimum and maximum values of overcutterthree electrolytes.

Table 5: The maximum and Minimum Values of Overcutwithin a Sphere of Radiusv2

Electrolyte Operating Condition for Minimum Overcut Operating Condition for Maximum Overcut
F \ G Overcut (mm) F \ G Overcut (mm)
KCI 0.18 | -0.96 | 1 0.449208 -1 -0.1 -0.30  2.03036
NaNGO; 0.3 1 0.94| 0.728875 -1 -0.56 0.18 2.10488
KCI+NaNQO; | 0.44 | -0.3 0.58| 0.692424 -0.6 1 0.8 1.97034
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Figure 2: Variation of Overcut at Feed Rate = 0 (NAIO; Electrolyte)
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Figure 3: Variation of Overcut at Feed Rate = 0 (KC+NaNO; 1 Electrolyte)

The variation of overcut with feed rate is nonlind&e change in overcut is more when feed rathasnged from
-1 level to 0/0.5 level compared to that when #edfrate is changed from 0/0.5 to +1 level. Howéverdominant trend
is, as feed increases overcut decreases. It istegpthat [6 & 8] the overcut increases with toeéd rate up to a limit but
with further increase in feed rate the overcut dases. The probable reason for the behavior otovebserved may be

due to the dependence of current efficiency onecurdensity and electrolyte flow pattern for elelstte - SG Iron
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combination. The active electrolyte and passivetadytes affect the machining rate and surfacesffinn more way than
one. The concentration of chloride, nitrate aniand their ratios together with current density genmaterial removal
mechanism [9-11]. The range of overcut obtaineth Wi€I+NaNO3 electrolyte is quite close to that aea with NaNQ

electrolyte. This may be due to low chloride toati ratio of 0.5. It is reported that at low catrkevel current density, the
current efficiency is very low in case of pure Naj\&ectrolyte because of oxygen evolution but asciimeent density
increases the current density also increase rafdlyin case of pure NaCl electrolyte current @éfincy varies slightly
with change in current density and hydrogen evoluttakes place at cathode [9]. In case of mixedtmllytes

(NaCl + NaNQ) the current efficiency increases with increasehitoride to nitrate ratio [11].
Section 2: Profile Characterization

One of the major parameters used for measurin@tbaracy of feature produced in the work-piecevisrout.
However it gives very limited information regarditite deviation between the tool shape and featumpes produced in
the work-piece. Shape is very complex to defindliterature shape analysis is broadly classifidd iwo categories (1)
External Representation i.e. boundary or edgesir{@®rnal Representation i.e. region within the maé boundary
[12].Some of the thrust areas of shape analysistape classification, clustering, character reitimgn picture processing

and pattern recognition.

Some of the desirable properties of shape repras@mtscheme are uniqueness, invariance underldtems
rotation, scaling, reflection, sensitivity: abilitp distinguish between similar objects, abstracfiom detail: robustness
against noise [12]. A large variety of techniquesé been developed to analyze shape. Yang Mingagang. [13] has
reported an excellent survey of the important téples and their relative performance. Fourier Dpsars are widely
used shape analysis. The commonly used Fourierripss are complex coordinate [14], elliptic fermts [15,16] and
central distance, curvature function[17], cumulatiangle[18]. These descriptors represent the slofpie object.
In complex contour representation and scalar cantepresentation shape signature is obtained. Séigpature is one
dimensional representation of a two dimensionalirmit boundary [14]. The low frequency descriptaisscribe the
general features of the shape. The finer detaith@fobject are given by the high frequency desmrip[14]. One of the

distinctive features of Elliptic Fourier Descripsas that geometric interpretation is possible [19]

In elliptic FD, individual work-piece boundary piseare used to describe the chain code, startitiy twe upper
left pixel of the contour and tracing the boundelgckwise. The chain code enumeration is completkdn the original
starting point was reached. Using the chain codeuracated Fourier series expansion of the closedetir which is a

projection on the x and y axes was obtained, gasen

M
Zrmt . 2umt
it = dpg 4 Zaﬂ oS (?) + by, sin (T)

n=l (2)
=t 3 (27 s (22
¥l L} = D+n=lc,-.1 cos T + dy sin T o

Where t is the step required to traverse 1 phahglthe closed-contour, such that tp—1 <t < tpcfmdte values of
p, within the range of ¥ p < k and k is the total number of codes describirgtibundary contour. n is the number of

Fourier harmonics required to generate the appratiém of the boundary (each harmonic has four emeffts). T is the
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basic period of the chain code, or steps needadhterse the entire contour, T = & and G are the bias coefficients,
corresponding to a frequency of 0. These coeffisiare related to image translation and N is thal toumber of EF
harmonics needed to generate an accurate apprixmadtthe boundary. For each harmonic, the nttos&ur harmonic

coefficients g b, ¢, and d is defined as:

E
T Ax, Znmt, 2umt,
= 2;:3::2; At {COS( T )_ ( T ’ @
£
T Axg Znmt, nl,
wemma = (7))
- ®)
E
T Ay Zumty 2nmtn_1
Cn_hzﬂ;;_\—rp [cos( 7 ) —cos( T ,
B (6)
E
T Ayp | (il s
it Dy v [sm( T )_sm( T
=l (7)

Where } is the number of steps required to traverse tisé i components or links of the chain cotig, andAy,
are the spatial changes in the x and y projectidrike chain code, respectively, at link p. Theakies may be 1, 0 or -1

depending on the orientation of linkAt, is the step change required to traverse link fh@fichain code.

Equation (6.8) is used to find energy index [20fioging Fourier power and normalizing it.

Fourier power N (@B 2+ d)
. ] (8)

6.3.1 METHODOLOGY

The profile of the tool is hexagon having 10 mnesifio compare the machined and tool profiles, éoal all the
machined profiles obtained from experiments arerdtized along the perimeter of image and toohaiginalysis" Five

Pro. Software Package. The co-ordinates obtaireethan used to find the centroid.
6.3.2 RESULTS AND DISCUSSIONS
The coefficients of elliptic FD are calculated. Tresults for a few selected cases are presenthe figure 4 7.

Though, FD is used primarily for shape recognitiond shape classification but in this study theectije is to
investigate how close the machined profile to e profile is. TheFigure 4 shows that with first 14 harmonics the
machined profile represents the shape of the w. coefficients are all normalized and scale,timtaand translation
invariant. Figure 5a, 6a & 7ashow that more than 99.8% energy index is accdufde by first eight harmonics only.
Similar trends are observed for the other machioomditions and electrolytes considered here. 8aritbe concluded that
the machined profile is quite close to the toolfigo The higher frequencies show the finer detdigure 5b, 6b & 7b
show the variation of energy index (%) with higleeder harmonics. The higher order harmonics accfmuniegligible %

of energy index. Here the deviations are in terfmmiaor undulations in the edges of profile. It mag observed from the
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figures that for some case the difference betwkenwo curves are relatively large, for exampleurég6b. From the point
of view of good quality of the edge of the profitee minimum difference between work-piece and fwofiles is the best.

From the results it may be concluded that machpreéile and tool profile are quite close.
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Figure 4: Machined Profile Reconstructed (with a. Harmonics, b. 4 Harmonics,
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CONCLUSIONS

e The ranges of variation in overcut predicted wit@IKNaNQ; and KCI+NaNQ electrolytes are 0.43 — 2.03,
0.707-2.1 and 0.69 to 1.97 mm respectively. Thgeaof overcut obtained with KCI+NaNO3 electrolysequite
close to that obtained with NaN@lectrolyte. This may be due to low chloride toati ratio of 0.5.

* The variation of overcut with feed rate is nonlindae change in overcut is more when feed ratbasged from
-1 level to 0/0.5 level compared to that when thedf rate is changed from 0/0.5 to +1 level. Howeter
dominant trend is, as feed increases overcut deesea

* 99.8% energy index is accounted for by first eightmonics (of FD) only. So it can be concluded titnet
machined profile is quite close to the tool profile

» Higher order harmonics accounts for minor deviaibetween the tool and machined profile. The smé#fie

contribution of higher order harmonics better is tfjuality of machined edges of the profile.
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