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SYNOPSIS 

Technical necessities of modem sophisticated 

industries such as, aerospace, gas turbine, nuclear, etc., 

have led to the development of high strength, corrosion and 

heat resistance but difficult to machine metals. Economic 

machining of such metals is not possible by conventional 

methods, however, they can be machined satisfactorily by 

unconventional methods wherein, the metal removal does not 

take place due to plastic deformation and the formation of 

conventional types of chips. 

Electrochemical Machining (ECM) is one of the most 

cernmonly used unconvmtional type of machining methods 

mainly because of its ad -:sptability to several types of 

operations such as turning, drilling, wire cutting, boring, 

deburring,etc. However, it has been felt that the capabi-

lities of this process have not been exploited fully due 

to a lack of understanding of the mechanism of metal removal 

and difficulties experienced in tooling design. 

.survey of literature reveals that majority of the 

researchers have attempted ECM tool design using classical 

theory of electrochemical machining as proposed by Tipton, 

or by the use of finite difference: technique reported by 

Tipton, Nilson and Tsuei, Larsscn, KZ5nig, Kawafune,etc. 



Analogue method.. and the use of empirical formulation has 

been suggested by Tipton, Minig, Pahl, Degenhardt, Ippolito 

and Fassolio. In addition nomographic approach has been 

reported by Konig, Ganesh, Heitmann, etc. Nilson and Tsuei, 

Hewson-Browneotc. applied the complex variables technique 

to analyse the problems of ECM tool design. However, a 

compariscn of experimental and analytical results in their 

case reveals large discrepancy. Furthermore, majority of the 

available analyses pertain to simple cases of plane parallel 

electrodes based on over-simplified assumptions. 

In this thesis the Finite. Elements Technique (FET) 

has been applied to the design analysis of the tools, for 

use in ECM problems. Main advantage of this method is that 

it is possible to analyse complex shaped machining problems 

hitherto considered 'to be difficult to solve. The technique 

is also easily applicable for varying boundary conditions 

and non-linear problenis that are likely to be encountered 

under practical machining conditions. 

Uni-dimensional finite element (Fs) model 

(model FET-11), using simplex bar elements, has been 

developed and the same has been extended (named SGVET-11) 

for predicting the anode profile in ECM for the case of a 

rectangular and a cylindrical deep hole sinking operations. 



Analysis of complex shaped workpieces viz., ecaine wave etc., 

has also been attempted. Accuracy of the predicted anode 

profile has been found to depend upon the accuracy with which 

the overcut in transition zone can be ccmputed. Available 

analytical and empirical equations fail to predict the 

overcut in this zone accurately specially when feed rate is 

low and consequently the equilibrium gap is high. Based on 

dimensional analysis of large number of experimental data , 

an equation has been suggested to predict the overcut in 

transition zone'. The model FET-11 can account for the heat 

transferred to the tool and. workpiece during machining. 

The model FET-11 has been employed to analyse 

three types Of tools - bare tool, bare tool bit and coated 

tool bit for three flow modes of the electrolyte such as 

inward flow, outward flow and side flow. It has been concluded 

that inward flow would give minimum dimensional variations 

whereas, the coated tool bit would give theoretically zero 

overcut for all the three modes of electrolyte flow. However, 

full appreciation of the TOOL BIT concept in ECM would 

require more experimental data. 

In case of complex shaped. workpieces, the electric 

field potential distribution within the gap does not obey 

Oihmts law, therefore, two dimensional FE model (3ET-22 and 

SGFET-2 2) have been developed based on Laplace i s e quat ion. 



In such cases, use has been made of the simplex triangular 

elements. This model has also been applied for the anode 

shape prediction in ECM of ccmpletx shaped workpieces. 

To analyse ECWC process the ECM theory has been 

modified and has been named as "Resistances in parallel" 

model. A new equation has been derived which can predict 

the anode shape while machining with zero and finite feed 

rates. The equation is dependent upon the current density(J) 

in contrary to the equations suggested by Tipton which 

predicts infinite interelectrode gap at infinite time. 

To verify the proposed models y experiments have 

been conducted on a ECM machine developed at this University. 

The tool material selected during experimentation was brass 

whereas, the work material used was mild steel, cast low 

alloy steel and forged low alloy steel. Non-passivating 

electrolyte (i.e. NaCI) solution was used at different 

concentration levels. Anode profile was measured on the 

tool maker Is microscope by using replica technique.. 

Comparison of current density, temperature rise, 

machining accuracy and anode profile between experimental 

and analytical results has revealed that a good correlation 

exists between the theory and experimentation. 
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NOMENCLATURE 

Cross sectional area 

	

LA] 	A matrix of nodal coordinates 

)a )ait a2,ai-ai  Constants 

	

Av 	Applied voltage 

agl ao  as  as  Int ere lec t ro de gaps ( or overcut) ( See Fig.3. 2) 

13 03 1-B5 Const ants 

Cpi A matrix that contains information related to 
derivatives of the she functions. 

bb 	Bare length of the electrode (or tool-bit height). 
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Ce 	Specific heat of the electrolyte 
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Experimental error 
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g 	As defined in chapter 4 
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H 	As define d in chapter 4 

H* 	Height 

Convective heat transfer coefficient 
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Ic 	Electric current 

IEG 	Interelectrode gap 

Current density 

K 	Eloctrolyte electrical conductivity 
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cycles. 

k* 	Wave number 

k 	Thermal conductivity 
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Le 	Element length 
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NE 	Total number of elements 
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Exponent 
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ns . 	Number of sparks per unit length of drilling 
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T 	Temperature 
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V 	Electrolyte flow velocity 

v 	Volume 



width 

x 	Distance along electrolyte flow direction (or x-coordinate) 

Level of a factor 

X 	Column vector 

y 	Ooordinate measured in y-direction 

Y 	Interelectrode gap 

Y* 	Response or yield 

Z 	Valency of .EC dissolution 

z 	Coordinate measured in z-direction 

0‹. 	Temperature coefficient of electrical conductivity of 
the electrolyte. 

.<4( 	Level value 

Temperature coefficient of thermal conductivity.  
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c),(v 	Void fraction coefficient 

/3 	Ccnstant 

J9* 	A ratio of gas volume to liquid volume 

Area of an element 

611 	Incremental change in temperatur 

/At' 	Ccmputational cycle time 

_4 Air 	Over potential 
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Mass density 
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Stresss 
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CHAPTER- 1  

INTRODUCTION 

1.1 INTRODUCTION  

Rapidly advancing technology has placed increasingly 

severe demand upon the metal cutting industries. Three principal 

types of requirements demanded from the present day metal 

cutting technology are versatility, accuracy and productivity 

U510*. Thus, there is a need for machine tools and processes 

which are more readily and accurately ccntrolled, and can 

machine readily (112) even the most difficult materials to 

intricate and accurate shapes. In order to meet this challenge, 

a number of newer metal removal processes viz., electrochemical 

machining (ECM) 7 electric discharge machining (EDM), electron 

beam machining (EBM), laser beam machining (LBM), ultrasonic 

machining (UM) etc. have now developed to the stage of commer-

cial utilization. Out of these, electrochemical machining (ECM) 

appears to have the greatest potential for satisfying (1.18) the 

need. setforth herewith. 

The principle of metal removal by electrochemical 

dissolution was known (159) to the scientists and engineers as 

long back as 1780,ADbut it is only over the last few years that 

this method has been used to advantage. ECM (also known (2233) 

*Underlined numbers in the brackets refer to references given 
at the end. 

1 



as contactless EC forming) has been described (7,81 4,121+085/  

22622E), as the process of accelerated, controlled anodic 

corrosion and is achieved by means of high velocity electrolyte 

flowing between the anode and cathode (Fig.1.1) subjected to a 

small d. c. voltage and maintaining a small interelectrodo gap 

(lEG) between them. The electrolyte serves multifarious purposes 

vi z. takes away the heat generated during machining (13 , 88) 

allows high rate of metal dissolution, removes the reaction 

products, etc. Rate and direction of anodic dissolution in the 

process depends (13,88) upon the applied voltage, electrolyte 

conductivity, current density, anode material, electrolyte flow 

velocity, presence of anodic film, etc. 

Over the years, ECM has found wide applications in a 

number of practical machining operations viz., turning (21,62,86, 

101166i 222), trepanning (821163) broaching (  59, 229) , grinding 

(122,123080088), fine hole drilling (15,100)  7  die sinicings 

(39,74076) 9  cavity sinking ( 1138 i  206)  7  piercing (11+6,179), 

deburring (148,192), plunge cutting (82)83) 1  etc. and is being 

used widely in aeronautics (18_2,237), nuclear (211) , and space 

industries (110). some of the typical examples of ECM applica-

tions are: machining of turbine blades (1 58-160,202) made of high 

t eziperature and high strength alloys (  78,9_4_,1111153 2.183)  , copying 

of internal and external surfaces (102) 9  cutting of curvilinear 

slots ( 20)+) machining of intric ate patterns ( 64,87,12411D 1186 ) / 
production of long curved profiles (1143 /154056) machining of 
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gears (3011710, production of integrally bladed nozzle-rings 

for use in diesel. locomotives (202), production of stellite rings 

and connecting rods (176), machining of thin (80 microns) large 

diameter diaphragms, etc. 

The process has several advantages to offer e.g., 

machinability of work material is independent of the stren gth 

of the material being machined (16,48,10106,152,163_1_205), 

production of stress and burr free surfaces (1781210, compara-

tively good surface finish (9,58,65167,140,187,225,228), better 

corrosion resistance of the parts produced, low overall (12) 

machining time (e. g. about 20 minutes in ECM and 491+ minutes by 

conventional method in machining a turbine blade) end better 

working accuracy (3,61,139) independent of the operatorts 

skill 	However, ECM has its own limitations, that is, it 

involves high capital investment, and can be employed only for 

electrically conductive materials (117); machining of materials 

with hard spots, inclusions, sand and scale present difficulties 

(.118) production of very sharp corner s also presents problems. 

Ea' under certain circumstances has been found to be incapable 

of producing economically the dimensional tolerances desired on 

the anode. To overcome this, researchers are constantly and 

continuously engaged in improving upon the ECM system-technology 

and equipments. 



To meet the accuracy requirements in ECM, whilst 

machining alloys and metals, a number of new electrolytes have 

been tried and incorporated in the catalogue of ECM electrolytes 

(36,42159,78,85,96,125,146116 2) viz., NaC103 , NaN031  K2croi+, 

Na2SO4, KBr, NH4F, N11003, K2CO3 , etc. In some cases special 

additives (8,10,57,80,162) can be added to the electrolyte 

solution, called as buffers to stabilize the solution pH value, 

to act as corrosion inhibitors and coagulants. Cogulants 

assist in settling the sludge and facilitate subsequent purifi-

cation of the solution. Efforts have also been made to further 

improve upon the machining accuracy beyond 0.05-0.15 mm in 

producing through holes and 0.2-0.5 mm in sinking complex shape 

cavities (163,190). special purpose ECM machines are (163) 

also now available for the production of turbine blades. Such 

machines employ pulse cycle conditions (288131,16 3,169) and 

presently efforts are being made to improve upon their reliability. 

Machines with NC and adaptive controls (169,195) have also been 

developed. 

Over the last few years, efforts have been continued 

to present a generalised theory of metal removal by EC disso-

lution. Some of the areas of research in ECM are, anodic 

behaviour of metals and alloys using various electrolytes (69,119, 

141,188), affects of process parameters cn productivity and 

machining accuracy (  121,200), surface quality (10 9 27) perfor-

mance characteristics of machined metals and evaluation of 
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machinability, etc. Mathematical models for the E.0 form 

generation (121) and tool design, which simulate the actual 

working conditions satisfactorily have also been developed for 

simple shaped components. 

However, the author feels that the potentials of ECM 

as a production process, have not been explored fully duo to 

practical difficulties encountered in the design of tools, 

complex nature (112,113) of the process of metal removal and due 

to difficulties encountered in prediction of the anode shape 

obtained under the given set of operating conditions. 

1.2 A_LC,DEHAPE  PREDICTION TN ECM 

Tool design (3,45,118,148,208,210,213) in ECM deals.  

with the computation of the tool-shape I which under the specified 

conditions would produce a work having prescribed shape and 

accuracy. Alternatively, it also deals with the prediction of 

anode (work) shape (121-184) obtainable from a tool while opera-

ting under specified conditions of machining. Majority of the 

available literature (17) , in the field of tool design deals 

with this latter problem. 

For the computation of work shape, obtainable from a 

tool of known geometry, a number of analytical models arc availa-

bin, these are based on classical ECM theory (212), cos te ,  

method (212 214), analogue method (178,210), empirical 
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formulae (92,1101, nomographs, (72121+010)e  complex variable 

analysis (11807o-172) and finite difference technique (glla, 

1701210). Majority of these models do not yield accurate 

results because they are based on over simplified assumptions 

and are incapable of analysing geometrically and materially 

non-linear problems, normally encountered during Eal. They 

also do not account for the effects of simultaneous variations 

(i.e. interactions) in important machining parameters. Further, 

the dependence of anode shape generation, an ECM, on ECM parameters 

has not been well understood. It has also not been possible 

to ace aunt for the effects et' the mode of electrolyte flow, heat 

transferred t o electrodes microstructure=  grain hOundary attack 

anodic film (40,41), etc., on the accuracy of the workshape 

produced. 

1.3 tsag_cy 	WORK 

The work embodied in this thesis has been aimed 

towards the development of a computer aided method viz., the 

application of finite element technique for the analysis of EC 
dissolution processes specifically in EGA, electrochemical 

drilling (ECD), electrochemical boring (ECB) and electrochemical. 

wire cutting (ECWO) - and for the prediction of anode shape 

obtained. Computer programmes that have been developed are of 

general nature and require little input data, most of the data 

needed for the analysis is generated by the computer itself. 



To analyse some of tho processes based on EC disso-

lution principle, modifications to existing classical ECM 

theory have been suggested.. In order, to evaluate the overcut 

in transition zone and to predict the anode profile, new working 

equations, that are simple and economical to use, have been 

suggested. For improved accuracy_ in the analysis of the ECM 

process, thermal resistance model of process has also boon 

formulated. 

In order to check upon the validity of the proposed 

analytical models, experiments in ECM were conducted and a good 

agreement between analytical and experimental results has boon 

obs,;rved. 
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CHAPTER-2 

IJRVEY OF LITERATURE  

2.1 LITRODUCTION 

Available literature (LE) pertaining to electro-

chemical machining (ECM) research is quite vast and hence it is 

not possible to..review the entire amount t) f literature availa-

bleb This chapter presents a brief review of the work done 

in the area of ECM tool design. some of the problem areas where 

more research is needed have been identified and its importance 

highlighted. 

2.2 COMPLEX NATURE OF THE ECM PROCESS  

The basic analytical model for the computation of 

the volume of metal removed in ECM operation, is based on the 

application of Faraday's law of electrolysis (Eq 2.1) 

9 

E. 
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t  m 
F 

• • (2.1) 

This equation is based cal a number of simplified 

assumptions such as 

	

(i) 	metal dissolution efficiency is constant and 
equal to 100%, 

	

(4) 	valency of the work. material being machined 
remains const ant tar oughout 

	

(iii) 	the electrolyte properties are uniform over the 
entire working area and do not change with time, 
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(iv) 	overpotential is 2pro, 

• (v) 	metallurgical properties of the work material are 
uniform and, 

	

(vi) 	effect of presence of gases evolved during the 
process, on metal removal is negligible. 

The process variables that also influence the rate 

of EC dissolution, and surface generation in ECM have been 

discusSed by Rourka and Kennedy (123) and are listed below: 

process variables 	process characteristics that 
are influenced 

Volt age 	 Met al removal rat e 

Electrolyte viscosity 	 process efficiency 

Electrolyte pressure 	 Surface finish 

Electrolyte temperature 	 surface texture 

Electrolyte velocity 	 shape : reproducing sizo • 

..4Iectrolyte composition 	 shape tolerance of form 

Feed rate 

Current distribution 

Electrolyte contamination 

work material 

Tool material 

2.2.1 parameters Affecting Metal Removal in ECM 

As mentioned. earlier, Eq( 2.1) is based on a number of 

simplified assumptions and does not account for the effects  of 

some of the significant process variables. As a result, this 

equation cannot be expected to yield accurate results under 



actual working conditions. The following sections briefly . 

examine the effects of electrochemical process parameters on 

metal removal in ECM. 

The MRR in ECM is governed by many factors not accoun-

ted for in Eq( 2.1) viz., change in valency of ErC dissolution 

during the operation, presence of passivation film ( 11131) 

gas evolution and bubble formation, electrolyte conductivity /7 

and temperature variation during the process and along the 

electrolyte flow path, over potential, etc. Survey of literature 

shows that extensive information on the above is lacking, and 

contradictory findings have sometimes been reported about their 

effects on MRR and surface finish. 

2.2.1.1 Valency of electrochemical dissolution 

It has been reported (59,157,216) that during ECM, a 

matarialwould not necessarily dissolve at a constant valency 

throughout. For example, dissolution of iron in NaC1 solution 

may be either in the form of ferrous hydroxide (Fe.2÷) or ferric 

hydroxide (Fe3+) depending upon the machining conditions. 

Copper (148) in chloride solution can dissolve in monovalent • 

state whereas, in nitrate solutions it can assume a divalent 

form. In machining of En 58J steel (156,12), dissolution has 

been found to occur at alternative valency combinations of 

Fe3+  Cr6+ or Fe 2+ Cr3+. Mode of dissolution while machining 

complex alloys (224,221) is still more difficult to analyse. 
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i2, 

In such cases, the differential dissolution of the constituents 

of the alloys can take place, the mechanism of which is not under-

stood well. In majority of the cases, the preferential valency 

mode (156) of dissolution has been found to depend upon the 

electrolyte flow rate, IEG, length of electrolyte flow path and 

MR. Incorrect assumption regarding the valency of dissolution 

can often lead to current efficiency (1-1.1) values of more than 

100% thus introducing appreciable amount of error in the values 

computed from Eq( 2.1). 

2.2.1.2 Effect of passivation film 

passivity arises as a result of the chemical and 

electrochemical behaviour of metals due to the formation of a 

protective film on their surface. Accordingly it is termed as 

chemical or mechanical passivity (200). Chemical passivation is 

caused due to rapid formation of very thin, invisible and 

imprevious oxide layer having low ionic conductivity during 

machining. The oxide layer becomes firmly attached to the elec-

trode material and acts as a barrier to the current flow. It can 

either retard the rate of dissolution or lead to total passivation. 

Scanning electron microscope studies (217) have revealed the 

presence of solid film formed by solid state mechanism (22_2318) 

on the anode surface, at potentials  prior to e le ctrop olishing 

regime (400 mV). During 40 dissolution of copper in NaCl, a 

film of cuprous chloride is formed while at higher anodic 

potentials cupric species are produced. Increase in electrolyte 



flow rate results in film thinning, thus delaying the formation 

of the film necessary for passivation. 

Mechanical passivity is caused due to build up of a 

protective and comparatively thick layer of excess of metal ions 

in diffusion layer. Experiments by Chin (41) have revealed that 

during EC dissolution of Ile ,  in NaC1 solution, the rate of film 

deposition, which is diffusion controlled process, and the film 

size were found to increase with ferrous concentration, pH of the 

electrolyte and rotational speed of the platinum ring eleCtrode. 

The film was found to containY-3OH and is. produced as a result 

of anodic oxidation of the Fe0H+ ions in the solution. presence 

of the oxide film reduces the active area available to the 
Fe21-/ FE33+ ions and the oxidation reaction causes the current 

to decrease. The oxide film is assumed to be porous so as to 

allow an easy passage to cations through it but hinders the 

movement of the reaction products and hence reduces the MRR. 

At higher current densities the film becomes thinner loading to 

an increase in MRR. 

The passivating film is soluble in low pH electrolyte. 

This condition can be achieved due to presence of oxygen and 

ferrous or ferric by 	in the vicinity of the anode surface. 

For example, addition of NaC104 in NaC103  electrolyte increases 

the current 'efficiency and at higher concentrations of NaC104; 

it reacts with the oxide film causing pitting and severe grain 

boundary attack leading to current efficiency values of more 

1.3 



than 100%. Low rate of machining observed in case of tungsten 

carbide (IQ) is due to the formation of oxide layer which could 

be blasted off by the intermediate use of reverse polarity. 

Thus, it can be seen that a definite relationship, which 

can correlate the passivation to the MRR does not exist. Further, 

sufficient data on the extent of passivation caused by the 

electrolytes, when different materials are machined is not 

available. 

2. 2. 1.3 Gas evolution and bubble formation 

As a result of chemical reaction during ECM, gases are 

evolved. Equations given below show that during EC dissolution 

hydrogen and oxygen are evolved and this leads to low dissolution 

efficiency, specially at reduced current density. 

Two kinds of reactions as described below, occur at 

the cathode viz; plating of metal ions and evolution of hydrogen 

gas. 

Metal plating: 

M+ + 	1 	M (M is any metal) 	 .. 	( 2. 2a) 

4ydrogen gas evolution: 

2e + 2e" 	H 2 1\  (in acid solution) 	 (2.2b) 

2E20 + 2e"_*2(OH)" + H21 (in alkaline solution) 	(2.2c) 
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M 	M + t (acidic solution) • • 

M + + (OH) 	MOH + e 	(in base solution)... 

( 2.2d) 

(2.2e) 

Under the given conditions whether plating or hydrogen gas 

evolution will take place is governed by the electrode potential. 

Similarly, two kinds of reactions take place at the anode 

viz., metal ion dissolution and oxygen gas evolution as follows: 

Metal dissolution: 

1 J 

Oxygen gas evolution: 

2H 20 	0 	+ 4H +  + 2e-  (in acid solutidn) 	(2.2f) 

4.(OH)- 	2H 20 + 02 	+ )+e-  (in alkaline solution)(2.2g) 

since part of the current through cell is associated with 

oxygen evolution at the work surface and therefore, current 

efficiency is normally below 100%. 

During hole sinking by electrochemical methods the side 

flow region (127)  experiences low current density as well as 

low electrolyte nod velocity. This results into the formation 

of gas bubbles of small size, however, no practical method is 

available to observe their presence. 3Urther, it has not been 

possible to derive a simple quantitative relationship between the 

gas volume fraction and the cell voltage at different current 

density values. It has therefore been c Q1C lude d (206) that the 

effects of electrolyte flow, hydrogen gas and temperature in the 



side flow region are negligibly small compared to that prevailing 

in frontal gap region: Hopenfield and Cole (82) are of the 

view that the amount of oxygen evolved is too small for realistic 

considerations;similarly presence of chlorine can be neglected 

due to its high solubility in water. ,,11 two phase flow analysis 

of the ECM process has been given by Fluerenbrcck (21) wherein, 

it was assumed that the gas and liquid exist at the same pressure 

and temperature, based on this they derived the balance equation 

of the process. 

2.2.1 4 Electrolyte conductivity 

Electrolyte conductivity,(K)-  is determined by the type 

and number of the ions present in the electrolyte and their 

mobility. The degree of dissociation (o.C.dis ) of an electrolyte is 

also important and is defined as the fraction of solute that 

dissociates into ions that are free to carry current for the 

given electrolyte concentration. strong electrolytes have high 

value of c4dis  for both low and high concentrations but weak 

electrolytes (used as additives) yield a value of midis close to 

unity at low concentrations and approximately equal to zero at high 

concentrations. Electrolyte concentration, therefore, is not a 

true indication of the ability of ions to determine the properties 

of an electrolyte. cs, dis  is also a function of the electrolyte 

temperature. In addition, the electrolyte conductivity is 

influenced by the presence of gases, such as hydrogen in the 

form of bubbles and due to sludge, etc. In the absence of 
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effective filtration, addition of ionic salts like ferrous or/and 

ferric hydroxide to the electrolyte could increase the electro-

lyte conductivity and thereby influencing the accuracy of the 

results given by Eq( 2.1). On the other hand the positive 

charges in the solution and negative charges in the metal form 

what has been termed as the double layer. The transfer of ions 

will clearly cease when the energy required for an ion to 

dissolve is less than the work done in crossing the double layer. 

Electrolyte conductivity, is also a function of 

electrolyte temperature. Normally, in practice, the temperature 

distribution (1+6) obtained in IE.G is non-linear. The value of 

temperature coefficient of electrolyte Conductivity, t:5‹ , varies, 

(IL) but for simplification, in majority of the models, it has 

been assumed to be a constant. 

It should also be noted that the bulk of available EC 

data concerning low current density, low flow velocity and low 

concentration cannot necessarily b related to ECM. 

2.2.1.5 Overpotential 

Overpotentia). 6.11v  can have a significant effect on the 

MRR and the anode surface finiSh. It is defined as the difference 

between the values of .equilibrium and•working voltages. There 

are three specific types 	overpotentials: activation, 

concentration and resistance overpotential (112.'131. 
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Activation ov (nip otential can be calculated from Tafel's 

3q( 2.3) • 

,6Ava  = 	+B' logJ 	 •• 	(2.3) 

When the rate Of metal dissolution is greater than the rate at 

which metal ions can diffuse away, a situation is created wherein 

an ionic concentration gradient develops over a thin layer of the 

electrolyte adjacent to the electrodes. This layer is called the 

diffusion layer. The concentration gradient leads to a change in 

the electrode potential from the reversible value. The numerical 

difference between the reversible and new value is known as 

concentration overpoteztial. However, resistance ocrexpotential 

(148) is regarded as the potential drop across a thin layer of 

the electrolyte (or oxide film) on the electrode surface. 

es. 
Overpotential governs the actual effective working 

voltage across the IEG as follows: 

Ev 

It should be noted that unless the exact value ofd Av  for 

the given conditions is known, accurate computation of the Mgt 

is not possible. 

2.2.1.6 Temperature gradient  

.A temperature gradient exists along the E.G (46) 

mainly duc-,,  to joule's heating of the electrolyte. As a result 

of this, the electrolyte conductivity varies. This also leads to 
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variations in IEG along the electrolyte flow direction. Accurate 

computation of the temperature gradient is difficult, mainly on 

account of a number of parameters governing the process and hence 

the predicted results normally differ from the (46048) corres-

ponding experimental data. 

2.2.1.7 Electrolyte flow velocity 

ECM is normally applied to all cate.gories of work i,e,, 

simple shaped to highly complex shaped workpieces. The electro-

lyte flow conditions are normally evaluated assuming that 

equation of continuity of electrolyte mass flow holds true. 

However, in case of complex shaped workpieces, this is not true. 

At the discontinuity in the configuration ,  electrolyte starvation 

occurs; due to friction and other losses, flow rate is changed. 

Further., in practice the flow velocity along and across the flow 

path is varying and is different from the theoretical one 

obtained from Eq(2.14). Hence, the use of conformal mapping 

technique (98,230) has been recommended for an accurate compu-

tation of the flow velocity within the 

It should be noted that unless accurate flow velocity 

distribution within the gap is known, prediction about anode 

profile and other parameters would not be precise enough. 

2.2.2 surface Finish 

In ECM of alloys, differential dissolution of the 

constituents due to difference between electrode potential may 

take place. This leads to variations in surface finish obtained 
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under different machining conditions. However, at higher current 

densities, the difference between the electrode potentials of 

the constituents is reduced and better surface finish can be 

expected. 

A grain projecting out of the surface being machined 

(52) may sometimes have a high (or low) electrode potential; 

under these conditions the material in the vicinity of the grain 

will be machined (or not machined) leaving the grain protruding 

(or the formation of a recess) as shown in Fig. 2.1. Recess 

formation is often known as grain boundary attack. Increased 

traction forces drag out such grains resulting into roughening 

of the machined surface. 

An irregular 0148) anode surface may also cause flow 

separation between the hills and the valleys of the surface. 

.Around the hills, due to dissolution of both large and small 

scale irregularities, polished surface is produced. In the 

valleys, rotating eddy current gives rise to concentration of 

metal ions, concentration overpotentials and hence etched finish. 

surface finish has also be en found ( 34,70,108,129,) t o depend 

upon the electrolyte flow velocity and current density. Many 

times, in ECM configuration with radial outward flow, presence 

of striations or flow lines have been observed by the authcr 

( Fig. 2.2) . This phenomenon has be en explained by F luer enbr cc k 

(21) on the basis of ECM sonic velocity theory;  Cole (48) has 

attributed the formation of streaks or striations to a certain 
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FIG. 2.1 	EFFECT OF VARIATION IN COMPOSITION OF WORK PIECE 

WORK PIECE„/ 

FIG.2.2 STRIATIONS OBSERVED DURING EC D OF MILD STEEL 



combination of electrolyte pressure and flow rate. However, 

the mechanism of the formation of striation has not yet fully 

been analysed. Opitz (176) has explained this on the basis 

of cavitation (1„6) theory. One of the remedies to overcome 

the roughening of surfaces due to the formation of streaks is 

to inject gases such as 02, N2, etc., into the electrolytei 

this helps in agitating the electrolyte which has beneficial 

effects. The pH value of the electrolyte, during ECM, also 

plays an important role in the surface generation. In addition 

it has also been reported. (1561157) that the valency of EC 

dissolution affects the surface finish produced. For example, 

presence of Do3+  Cr" during machining of alloy steels is 

characterised by the generation of bright polished surf WO 

whereas, the formation of Fe2÷  cr3+ is accompanied by the 

production of grey rippled surface. 

2.2.3 Discussion 

From the above it is evident that metal removal in ECM 

depends up on a large number of interrelated parameters. In 

order to develop analytical models for the metal removal in ECM, 

the present state of knowledge is insuffient. Quantification of 

some of the governing parameters and the manner in which they 

interact is not well understood. similarly, the surface finish 

obtained in ECM is governed by a number of interdependent 

variables and little work has be en done towards the development 

of analytical models to predict the surface finish in ECM and 

the related processes, 



2.3 THEORY OF METAL 1 aMOVAI, BY ECM 

2.3.1 Introduction  

Trial and error methods are often employed for 

obtaining the profile of the ECM tools that would produce a 

work of given dimensions and profile. In such cases, the 

tool need not be a mirror image of the work shape to be 

produced and requires certain corrections to its profile. 

Another alternative is to calculate working gap and account 

for the same during the tool manufacture. With the availability 

of high speed computers it is now possible to determine the 

tool shape that would yield a work of specified geometry, by 

successive approximation technique. sinc-a the computing time 

is only a fraction of that required for carrying out the trial 

and error experiments; analytical correction of the tool is 

recommended as it saves time and is economical. 

Over the years, a number of analytical models for 

obtaining the anode shape and the design of ECM tools, have 

been developed.. since the ability to predict the variation 

in LEG for any given operating conditions is a pre-requisite 

of a good tool desip hence, in successive paragraphs 'these 

models are discussed in terms of the equilibrium gap. 
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2.3.2 ECM Theory 

The workshape obtainable from a given tool, under 

ideal conditions can be computed from the corresponding equi-

librium gap. However, as discussed earlier, the results thus 

obtained are influenced by a large number of parameters (11,32) 

such as the presence of anodic film (4 2-4415 7)77,13 0,144,149 1187), 

electrolyte flow rate ( 12) work-material microstructure (114) / 

intargrannular attack {1 15,1116)  7 change in valency of EC 

dissolution during cutting (157), type of electrolyte (26,79-85/ 

21) and the role of additives (10,77)  9 current density (. 2156), 

electrolyte throwing power (126a, electrolyte pressure distri-

bution within the IEG (203), stray current attack, passivity 

(76 03,85) 9  etc. In some cases, the exact influence of the 

controlling parameters is not very clear. 

Fig. 2.3 shows 4 distinct regions of electrolyte flow 

in EC hole sinking operation. It should be noted that majority 

of the research (48-500,71,751,87_188,91,105-108,110-1141.136-138, 

150-152,170-172,205-215), pertaining to metal removal by hole 

sinking tools, deals with front and side gaps only, whereas, 

scanty or no information is available about the mode of material 

removal in transient (9 2111 21113) and stagnation regions (132-134). 

This information is of practical value as the complete profile 

of the drilled hole is determined by metal removal in 

( i) side gap (zone 
(ii) front gap(zore 2 ) 
iii) transient region (zoloe 3) 
(iv) stagnant region. czong. 
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OPERATION 



Equilibrium gap (59111+8)  can be evaluated from 

Eq( 2.5). ( for the case shown in fig. 2.3) 

Ev.K.E 
Ye =  

	

	 •. 
F. FF. rm. cos e 

(2.5) 
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Eq(2.5) applies to zones 2 and 1+ only and when non-passivating 

electrolytes are used. This equation is based cn the assumption 

that electrolyte conductivity ITO remains constant during the 

process. However, K is known (70,71,206,207) to be a function 

of electrolyte temperature, void fraction, nature of voids 

distribution within the 1,.2;G, electrolyte concentration, effi-

ciency of electrolyte filtration (16412  etc. For the computation 

of K, Eq(2.6) has been proposed (106) which accounts for the 

effects of electrolyte temperature and hydrogen liberation only. 

K = K o(1 -4-tk.AT)(1-0<v )n 	 • • 	(2.6) 

In Eq( 2.6) , Hopenfield and.Cole (87) recommend that a value of 

n=1,5 be used when the void distribution is uniform whereas, 

for non-uniform distribution specially, when bubbles are 

concentrated near the cathode, a value of n=2.0 gives better 

results (20.121,2061207). For the computation of void fraction 

( c 	under the given conditions (35,87,88,137,207) the Eq( 2.7) 

can be employed 

cc = 1:3* /( 1 +/3* ) 	 •• 	( 2. 7) 

• where 

Qg 

= Qg/Qi.  and 

Ic.Rg(273 + T + T) 
Z.F.p. 

• • 	( 2.7a) 
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Rise in electrolyte temperature (LT) during machining (88) is 

due to chemical reaction occuring in the bulk of the electrolyte, -

reversible heat of reaction, irreversible heat and the viscous 

heat generated within the electrolyte ,etc. However, the resis-

tance'heating of the electrolyte within the IEG is largely 

responsible for its temperature rise. If all the other forms of 

heating except Joulei5 heating is neglected then we can 

obtain Eq( 2.8). 

-02 dT _ 	mikr  .K 	= 	 •• 	(2.8) (> ,-, v  v. )e•s.ae J. 2  

From Eqs(2.5).-(2.8) it is evident that for the case being 

considered, the IEG would .becore non-parallel after a time it' 
and hence the tool shape used must be corrected to achieve a 

parallel gap at the end of the cut. Theoretically speaking, EC 

reaction would attain an equilibrium value after the machining 

	

has been in progress for a very long time (i.e., t 	--7c.)). Based 

on simplified assumptions, Tipton has suggested the use of 

Eqs( 2.9) and ( 2.10) for the computation of the IEG while 

Machining with zero feed and finite feed respectively. 

where, 

Y = (Yo2   + 2.C. 4T) 2  

EviE•K C 

Yo-Ye 

• • 

• • 

(2.9) 

(2.10) 

F 

t 	1 = 

m 

Yo-Y.t+Y 	In FF Yt-Ye 



If it be assumed that the electrolyte behaves like a pure Ohmic 

resistance, the current density J can be computed from Eq( 2.11) 

J = Ev.K/Y 	 .. 	(2.11) 

This equation is valid over a certain range of experimental 

conditions O only. While machining complicated shaped 

workplaces the electric field between the tool and workplace 

gets distorted and under the conditions use of °hints law gives 

erroneous results. In such cases the current density. (J) can be 

computed. .(10.11106) from F•q( 2.12) 

= 	
\-0 

9-re- 	--  
Y 	2 + ) •• 	 (2.12) 

Ippolito (21) has mentioned that the electrolyte conductivity 

in the IEG is a function of the machining current and score of 

other parameters and hence the application of Ohm's law in ECM 

is not justified. He suggested that overall gap resistance be 

calculated as follows; 

Rgap = Relect 	Radd 	 .• 	(2.13) 

Re lect  = L/ AK; 

Radd t, ( 1/K)(Va/Ic)(Q
b
/Ic)P

c 
= 	 • . 	(2.13a) 

The values of the constants in Eq(2.13a) have been evaluated 

(j) experimentally, as ; 

a = -0.321  b=-0.12, c=-0.11 and 	=0.151 
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Current density distribution within the IEG has been 

measured experimentally by Kawafti.ne (108). In majority of 

the cases he found the experimental values to be lower than 

the analytical. however, in few of the cases (Fig.7.1) experi-

mentally measured current density was observed to be more than 

the corresponding analytical value. Conflicting nature of the 

results obtained has been explained on the basis of actual 

anodic dissolution efficiency ('Vi ) and the change in anode 

material valency of Lc 'dissolution with time, etc. 

As the IEG varies continuously along the electrolyte 

flow direction, the flow velocity also varies from point to 

point and can be evaluated by the use of continuity equation 

(2,14) 

V1WY1 	V 23/11Y2 	 • • 	 ( 2.14) 

For the case of simple shaped IEG, Eq( 2.14) .would 

give satisfactory results, however, for higher accuracy and 

complex shapes, use of conformal mapping technique (230) is 

r ec emend ed. 

2.3.3 OptirnizatioL2LECM  P aramete:rs 

The tool performance in ECM could also be optimized 

(212) by appropriate choice of the working .conditions. The 

following section describes, in brief, the Literature available 

in this field. 
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In ECM process, at some limiting tool feed-rate, 

the state of electrolyte can change over from boiling to non-

boiling and choking to non-choking. Thorpe and co-workers 

(2212206) have studied the electrolyte floe condition in ECM 

and have explained this by means of Fig.2.4. In this figure 

a feed rate value greater than that corresponding to the 

intersection point 'm' of choke limit and boil limit implies 

that the flow in the IEG is either choked or the electrolyte is 

boiling and the maximum MRR is achieved corresponding to the 

point Imt . Optimization analysis by Bhattagharyya et al.(2j), 

with MRR as the objective function and electrolyte boiling, 

hydrodynamic instability and passivity as the constraints, 

predicted an optimum feed rate, in ECM, of 1.825 mm/min. This 

analysis does not include the onset of sparking () as a cons-

traint but in practice, beyond a certain frequency of sparking 

the tool damage, on this account, could become significant and 

make the process uneconomical (13,134). Higher feed rates in 

excess of the optimum, could result into lower tool-life. 

For the condition of zero sparking rate, Larsson and Co- 

workers (1111.:11 4) have derived an optimum feed rate of 2.28 mm/min. 

Thus, the optimum feed rate- ( z) of 1.825 mm also accounts for 

the onset of sparking automatically, 



2.4 ANODE SHAPE PRDICTION TESIinEES  

2,4.1 Cos e Method 

This method is based on the computation (212) of 

equilibrium gap, ye , for the , given conditions but excludes the 

consideration of the mode of electrolyte flow, overpotential, 

electrolyte conductivity, heat transferred to the environment, 

machining efficiency, etc. In this method equilibrium workshape 

is computed corresponding to the tool whose profile has to be 

approximated by a large number of planar sections inclined at 

different angles. Consider a plane parallel gap inclined to 

the feed direction so that there is an angle e between the feed. 

direction and a normal to the tool dr workpiece surface ( Fig. 2.5). 
For the case being considered, the equilibrium gap can be evalua-

ted from the Eq( 2.5). This theory can be applied to a tool say, 

with three plane regions inclined at 0°, 0 and 7C/2 respectively 

to the feed direction. The appropriate equilibrium gap is Ye  
when the surface of the tool is normal to the feed direction, 
and Ye/cos e for the inclined surface (Fig.2.5). For the 

surface parallel to the feed direction, Eq( 2.9) can be applied, 

since in this case any element on the workpiece experiences zero 

feed. The resulting work-profile of the surface initially 

parallel to feed direction would thus attain a parabolic shops after 

machining. However, this theory is not applicable to regions of 

the workpiece surface shown by dotted Lines in Fig.2.5. Further, 

the scope of this method is limited - workshapes with sharp 
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corners cannot be analysed. In. general this method is applicable 

t o the situations where e <45°  beyond which significant error 

is introduced in the computed values (Fig.7.5). '1.1rethermore, 

researchers (212 9 214) have also expressed conflicting opinions 

about the choice of reference surface for the measurement of the 

angle e. In view of the approximations involved this method is 

not recommended for complex shaped workpieces. 

2.4.2 Finite Difference Technique (FDI),  

Cos 9 method is based on the assumption that electric 

current flow lines are straight and normal to the electrode 

surfaces. This is not true in case of electrodes with small 

radii. When complex shaped. workpieces have to be analysed it 

is necessary to know the electric field potential distribution 

within the IEG. This would then determine the current density, 

MRR, transient and equilibrium anode profile, etc. at each 

point within the gap. The FIE has been employed (88,168,171, 

10l211,213) specially for the case of non-passivating 

electrolyte with constant conductivity and temperature. In 

such cases electric field flow lines are governed by the 

Laplace's Eq(2.15) and the boundary conditions (b.c.) as 

given by Eq( 2.16) 

-62a 620 b2 

 	+ • • • 	• 

2 "6 x2 	y2 	- z 

Ø) at the cathode and 0=-Ev=Av.- Z.`1A,v  at the anode 

• (2.15) 

(2.16) 



Eqs( 2.15) and (2.16) when solved would yield a set of simulta-

neous equations that could be solved for 0 by backward-, 

forward- 7  or central-diff erence technique (  1471 221) once, the 

potential distribution is obtained the instantaneous current 

density (210) at the anode surface at any point can be evaluated 

from ( 2.17) 
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J = K( -60/ 'On') • • (2.17) 

Fig.2.6 shows the tool-work surfaces and IEG drawn in square 

mesh. The initial potentials at the grid points within the TEG 

region are set by linear interpolation along the vertical grid 

lines between the tool and work boundaries. For a point '0' 

located in the mesh of spacing 'h' ( i,j) 9 we can write (210): 

Qii = (°±4-1 9 i + 01-1,j + 01,j+1 • 01,j-1 1  • • (2.18) 

Eq( 2.18) predicts that the potential at any point 0(i,j) on the 

square mesh is equal to the mean Of the potentials at the 

four nearest adjacent points (i.e., the points 1 2,3 & 4 in 

Fig. 2.6). 

For the computation of the potential values within 

the prescribed tolerances, the work and tool boundaries are 

at some fixed known potential and therefore, their values are 
■ 

not adjusted during the relaxation process. It should also be 

noted that, in few of the cases, all the points on the tool 

and work boundary may not lie on grid points (Fig.2.6) and the 

regular stars may not be formed; such problems can be attempted 

(210) by the use of over-relaxation technique. To solve 
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such preblems recently, Nanayakkara and Larsson (168) have 

suggested the use of irregular grids along with regular grids 

(Fig.2.7). In such a case, a polynomial Eq( 2.19) instead of a 

linear interpolation Eq( 2.18) was used to describe the poten-

tial. distribution in the area around a nodal. point including 

its near neighbour. 

35 

0 2 + B2Y2 + B3x + Bt+Y + B5  • • (2.19) 

After e.acb. Computational interval of z,\:t seconds, work and tool 

boundaries have to be moved to new locations according to the 

cut and feed vector. For simplicity, Tipton (210) has accounted 

only for the vertical component of the cut vector which is 

proportional to the vertical potential gradient at the work 

boundary. However, for precision in. results , movement of the 

cut vector in both x and y directions should be considered. 

It is thus evident that FDT yields only approrlmate 

results. Further, in case of complex shaped IEG the tool and 

work boundaries cannot be matched accurately by the use of 

square meshes which introduce - further approximation. 

2.4.3 Analogue Method 

Laplace Eq( 2.15) has also been solved by the use of 

conducting paper analogue technique (22)210,221). For obtaining 

the solution of Eq(2.15) equipotential surfaces representing 

the anode and cathode, to an approximate scale, have to be 

drawn on, a conducting paper. The work boundary is then 



segmented to evaluate local currant density and then is moved 

t o the position that it would occupy at the end of son time 

interval, /At. This could be obtained by finding point ,t 

pant movement by the vectorial addition of feed rate vector 

(FFat.eos e) and cut vector (K 	txt). The method is based 

on the assumption that feed rate velocity and cut velocities 

are constant over the time 	Before repeating the process, 

the applied voltage must be adjusted so that the same current 

values are achieved as earlier. The process has to be repeated 

Until the workshape does not change appreciably between the two 

successive steps and the final equilibrium shape obtained. 

It is thus evident that the analogue method is approxi-

mate and cumbersome and its accuracy depends upon the skill of 

the operator and is not advisable for use when high degree of 

precision is desired. 

2.4.4 Empirical Approach 

Exact path of the electric current flow lines, within 

the IEG, is difficult to determine analytically. Therefore, 

normally the chordal distance between two stations (156) is 

taken as the length of current flow line. This assumption, in 

majority of the cases, is also responsible for the discrepancy 

between analytical and experimental results. Further, the 

conformity of the surface radii of the tool and an anode cavity 

decreases as the angle 6 increases. Therefore, empirical 
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equations (48,9 2,110,1 1 2), mostly based on experimental 

data, have been employed for the evaluation of the IEG and 

the anode profile. 

anig and Pahl (110) have suggested an empirical 

relationship, Eq( 2. 20) 7 for this purpose 

ao  = r0.35 (0.35) r(10e*){1. 
	

(2.20) 

for 0.-1 	mm and 	 mm. ,  

Where, e* is Euler4 s number. Further,, K6nig and 

Degenb.ardt (112) have also suggested Eqs(2.21) and (2.22) for 

the conditions that 1 mm:- :re  _45 mm. 

ao  = (0.1 	+ Y e)(0.3 11+ re  + 1.17) 

70.5 
ao  = 2Ye  + 0.1 1-6.283(r -1)1 

for bb  =0 

for,  bb 	l mm 

0,  • (2.21) 

(2.22) 

Eqs( 2.20)-(2.22) when tested by the. author, yielded erroneous 

results for low feed rates (FF s:•0 006 minis) or when the 

equilibrium gap was large (Ye  1.0 mm) k. For low feed rate 

conditions, the author suggests the use of Eq(3,4) which is,  

based on linear regression analysis of the experimental data. 

For the ev alu at ion of as and as  ( Fig. 2.3) E qS( 2.24) 

and (2.25) have been suggested (1 10). 

2 0.5 as  = ( 2.b •Y + ao  ) (2.24) 

3 7 

as  - - .b .Ye  + r°e * 7  (0.123)(10e* ) 
0.5 

0 .65Y0  (2.25) 



Test results (1 10) predict that the overcut in ECM 

is a function of the machining parameters only and does not 

depend on the tool dimensions. However, the experimental data 

of the author points to the. contrary (Chapter 7) . It should 

also be noted that Eqs(2.20)-( 2.25) are valid only for the case 

of non-.passivating electrolytes. 

ippolito and Passaic) (22) checked the validity of 

Equations above and reported that, Eq(2.22) for the case re0, 
gives the upper bound solution whereas , Eq( 2.26) gives the 

lower bound value of the side gape and Eq( 2.27) was found to 
cross the experimental data. 
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-as 	-1/4 

	

1 	, .bboye  
. 

 

(2.26) 

(2.27) 
• as 	(2,bb•Ye  + 2.9 Ye2 )3.5 

 

 

• 

The lateral gap at the end of non-coated zone of the electrode 

can also be computed. from Eq( 2.28). This predicts variations 

in overcut as the conical taper and.. it was found practically 
(14) to be independent of the uncoated length, bb. 

as  = a; + 	[ arctg( xD A-B: ) _ are.b8(  lis34 ) 

where, 
2 as 	)055  E.K•Ftv 	D' = h B' = -7-311  

.. 	(2.28) 



/J is a correction factor for the conductivity and takes 

into account the effect of non-linearity of the current flow 

lines and the fact that the work surface is lightly passivated 

by the presence of the metallic oxides and hydroxides. It is 

thus evident that, for the evaluation of side and front gaps, 

Ye, can be used as a basic parameter. In some of the cases, the 

side gap has be en demonst rated to be independent of the machi-

ning time which however is not true (Fig.3.1). It is also to 

be noted that in empirical formulations the effect of mode of 

electrolyte flow has been neglected. Empirical equations 

there fore , are normally valid for the specified working condi-

tions only and generalisation in such cases is not possible. 

2.4,5 Nomogra;hic Approach 

For the evaluation of equilibrium anode shape, a 

nomographic approach has also been used in few of the cases 

(22,7 	 KOnig (110) has published a nomogram for the 

evaluation of side gap for the known ye, re  and bb (Fig.2.8). 

Heitman (2)_+) has employed nomograms for the evaluation of the 

electrolyte-temperature rise (a T) under specified conditions. 

Use of nomograms has provad to be arivantagenous in planning of 

ECM operations. 

However, the nomograms are often based on a number of 

simplified assumptions (165,166) and hence cannot be recommended 

for general use. 
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2.4.6 Complex Variables Approach 

Anode shape prediction in ECM, has also been attempted 

by the use of complex variables. Collett et al.(42) have determined 

the IEG in ECM for both completely insulated (sides) and bare and 

straight sided tools and arrived at Eq( 2. 29) . 

Overcut at corner/machine gap = ao/Ye  tr. 1.159 	(2.29) 

This equation is based on the assumption that the electrolyte 

conductivity and void fraction remain constant all over the IEG. 

However, according  to PERA research report (a§), the ratio 

defined by the Eq( 2.29) should have a value of 1.7. Hews on-

Browne (a) have used the conformal mapping  technique for the 

analysis of two dimensional machining  problems using  straight 

sided tools with a finite Land width, bb. ,Assuming  that the 

sides*. of the insulated tool do not particip-ate in metal removal, 

they have shown that 

o.731
Ye

1.159 
	

(2.30) 

where the lower limit applies to tools with insulated sides and 

the higher limit to uninsulated tools. The author has found 

experimentally, that while machining  with bare tools, the ratio 

(ao/ye) is a function of machining  conditions as well as the 

tool-work combination and its numerical value varies over a 

wide range (Fig.7.20). Nilson and Tsuei (170-172) have given a 

solution to the problem of anode shape prediction by the 



inverted method, in which the spatial coordinates were selected 

as dependent variables en the plane of complex potential and the 

transformed boundary conditions are known explicitely on the free 

b oundary. Known asymptotic solution for the side gap region 

reduces the size of the field which must be determined. 

Thus, use of mathematical models for ECM tool design 

studies have not been generalized so far. Analysis of machining 

profiles involving complex shapes and situations where parameters 

like T,K,J,V,etc., vary during the cut have not been suitably 

studied for. 

2.4.7 Eart urb ation Method 

This method  1148j_150-15-2,5 has been used for the analysis 

of EC operations like deburring or anode smoothing or shaping when 

the amplitude of micro-irregularities on the cathode and anode 

is small compared to LEG. This has limited applidatioas and is 

based on the simplified assumptions (148) viz., (i) electrolyte 

conductivity is constant, (ii) effect of joule's heating and gas 

bubbles are supressed by sufficient agitation of the electrolyte, 

(iii) machining efficiency is 100%, and (iv) perturbation bounda-

ries change slowly that their motion may be ignored at any instant. 

Let us consider a case in which cathode and anode shapes 

(Fig.2.9) are defined mathematically by Eqs(2.31) and (2.32) 

respectively. 
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Y = 0 	 (2.31) 

Y = p + 	sink*  x) where e <<p 	 (2.32) 

Laplace's Eq( 2.15) for such a case can be solved for the boundary 

conditions given below, Eq(2.33). Thus, it can be shown (11+8) 

that the potential at any point Y is given by Fag( 2.34) 

0 = 0 cti 	= 0 andQj = Ev  on Y =p + €* sin( lex) (2.33) 

E, y 	e* sin(ex) sink (k* y) 
0 = p 	 p 	sin la (--"—TF-*p) -7  

* I (2.34.) 

Using Eq(2.34.), the set of Eqs(2.35) and (2.36) can be derived 

which describes separately the behaviours of the anode surface 

and irregularities respectively. 

1 	 I ( Pe-pc  t = 	Po  P pe  -n, Pe-P 

  

( 2.35) 

( 2.36) ... 	Exp 	MFG- k* 	cot h (k*  s) 
peo  _ 	KEv-FFs 

provided dp/dt 0. Here, M =FaK/ 

•••■•■■■■ 

ds 

Eq( 2.36) has been applied (11+8) to analyse the irxegula_ 

rities on the anode surface of the type of short wave length, 

long wave length, arbitrarily shaped and even and arbitrarily 

shaped. Since this analysis is based on the solution of Laplace's 

equation hence it accounts for the field concentration effects. 



This also explains why more rapid smoothing can be expected in 

case of irregularities with short wave length than those having 

long wave length. The analysis can further be extended to more 

general class of electrode shaping by means of Fcurierts Trans-

forms. „An equation similar to ( 2.35) has also been derived by 

Tipton (212,4a)  in terms of dimensionless quantities for the 

case of surface smoothing by ECM. 

2.5 FORMULATION OF THE PROBLEM 

From the discussions above, it is evident that quanti- 

tative data regarding the effects of grain size, grain boundaries, 

grain boundary density and their orientation, microstructure, 

he at treatment (182-18) passivation film (2+2-44757 1, 671301187)1 

etc., on MRR and current density are not available and hence 

their effects in analytical modelling cannot be incorporated. 

Also, governing equations that can relate the influence of electro- 

lyte composition to the surface finish 	and dimensional 

tolerance achieved (42-4I+), and the effect of pH of the 

electrolyte (40) to MRR, are not available. Further, majority 

of the models do not account for the change in valency of EC 

dissolution (12) with time. This can often seriously affect the 

values of machining efficiency (11+8). It is also evident that 

available work is mostly based on simplified assumptions like, 

constant temperature and electrolyte conductivity, zero void 

fraction, constant current density and do not consider the 

effects of simultaneous variations in several important machining 

parameters. The existing models are therefore, incapable of 



analysing geometrically and materially non-linear problems 

that are often encountered in practice. A comprehensive 

analysis of the metal removal and equilibrium gap generation 

in ECM is also lacking. 

To bridge the gap between theory and practice of ECM, 

an effort has been made in this thesis. The work embodied . 

herein can be described as follows: 

( 1) A more versatile and accurate analytical tool i.e., 

finite element technique (FET) has been applied to analyse 

a group of ECM processes based on the principle of EC 

dissolution. This analysis has led to better understanding 

of the effects of the process parameters. Computer programs 

( known as low:- 11 , FET- 22, GFET-11 and SLEET-22) for ECD 

and related processes have been developed to predict the 

anode shape and other machining parameters. 

(ii) Modifications to the classical. ECM theory have 

been suggested so as to improve upon the existing state of 

knowledge. For this purpose Iresistances in paret1.1011  model 

and new equations for anode shape prediction have been 

suggested. To account for the effect of electrode - material 

on anode shape, and other machining parameters, a simple 

thermal resistance model of the ECM process has been proposed. 

Lastly, using experimental data obtained by the author, 

working equations, based on regression and dimensional 

analysis have been formulated so as to predict the over-cut 
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within the transition zone. A single equation, has been 

developed so as to determine the IEG in ECM that applies to 

both 2Pro and finite feed rate conditions. 

(iii) proposed analytical models have been verified 

experimentally and a good correlation between the two has 

been observed. Experiments were conducted using bare tools 

and 'tool bits' having different diameter and corner radii. 

Anode materials selected were mild steel, low alloy steel 

castings, and low alloy steel. forgings. Brass was used as 

the tool material and NaCl solution of different concentration 

in water was used as the electrolyte. The experiments wore 

planned in accordance with a statistical analysis technique 

known as 'design of experiments' . 

46 



CHAPTER-3  

ECM THEORY AND ITS APPLICATIONS 

3.1 INTROLUCTION  

As discussed in chapter 2 the analytical ECM models 

available, till date, do not yield accurate results specially as 

regards the ECM parameters like, temperature, current density, 

LEG, etc. This is because, the basic Faraday's bq( 2.1) used 

for this purpose is not valid in true sense. secondly, it is 

difficult to predict the overcut in the transition zone accura-

tely, which has a controlling effect on the anode shape produced. 

It is also not possible to account for the heat transferred to 

environment through electrodes or vice-versa. This chapter has 

been devoted towards the development of the modified ECM theory 

which has been shown to yield better results as compared to the 

classical theory as described in chapter 2. 

3.2 EVALUATICN OF INTER4LECTRODE GAP - zERO  AND FINITE FEEa_ RAIL  

Eq( 2.9) when employed for the evaluation of lEG 

predicts an increase in 1EG with time. According to this equa-

tion, the 1EG would assume an infinitely large value when 'V 

tends to infinity. However, in reality, the rate of change of 

IEG diminishes rapidly with time due to the fact that the 

current density (J) drops as the gap increases. This aspect 

is not reflected in by the E.q( 2.9). The implicit Zq( 2.10) 



in the current form is also independent of the current density. 

Further, solution of the equation ( 2.10) is quite tedious and 

time ccnsuming. The author has therefore, suggested. the following 

modifications to equations (2.9) and ( 2.10). 

For the situation shown in Fig.(2.3), the rate of 

penetraticn (dY/dt) of the cathode having unit cross-sectional 

area is given by Eq(3.1) 

_ "ft-FF  = (C1 	FF) 	•• 	8.1) dt 	p  

Assuming that, during the cut, over a Small interval of time (dt) 

the current density J, machining efficiency 1 and electrochemical 

equivalent E do not challge,_ then ".24 3.. 4.) can be written as, 

48 

Y = Yo ( C' 	FF)6t  • • ( 3. 2) 

= (rt (jE/Frni) and J = EvbX/Y 

Advantage of using the Eq(3.2). is that it is current density 

dependent and a single equation applies to both the conditions of 

machining, name ly zero and finite feed.. 

Y = Yo  C' Qt (for zero- feed ccnditiop) 	(3.3) 

It is to be noted that in reality feed rate in the stcle gap, 

is not zero throughout the operation. As socn as drilled hole 

gets tapered the feed becomes finite and its value can be 

evaluated from Eq(3.3a) 

Fs  = FF  / cos • • (3.3a) 
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3.3 OVERaJT IN THE TRANSITION ZONE 

Overcut, ao  in the transition zone has been investigated 

experimentally by IC'Onig (1102112) and for the case of machining 

with partially bare tools an empirical relationship. Eq(2,22).has 

been suggested. This equation yields inaccurate results (Fig.3.2, 

for machining conditions - see table 13)specially when equilibrium 

gap is large while machining at fine feeds. 

Assuming that the overcut in the transition zone is 

a linear function of the equilibrium gap as given by Eq(3.4) where 

regression line coefficients (101) RC1  and RG2 can be evaluated 

from the exprimental data in Fig.7.20 

ao  = RCi.Ye  + RC2 	 •• 	(3.14-) 

The linear relat-Loa 8114 k R<IL 3 -1+).)- yields. a Lem value 

of the correlation cwfficient in some of the cases hence. it 

was decided to conduct the dimensional analysis (22.027) of the 

parameters governing the overcut in tr.ansition zone. The parame- 

/ tars considered for this purpose and their dimen-sioas are shown 

below: 

V ariab le s 	 Dimensions 
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Analysis of the parameters yields (Appendix- 3 ) the following 

functional relationship; 

( __oa ) = c 	YeFF  ,ni Dn 2  
re 	d 	v 	 • • 	(3.5) 

where, Cd, n1  and n2  are the functions of tool-work material 

combination. The values of these coefficients can be evaluated 

experimentally (See chapter 7) . 

3.4 ELECTROCEIZUCAL ARE CUTTING PROCESS (ECWCP)  

In electrochemical wire cutting process (ECitiCp), the 

material is cut to the desired shape (Fig.3.3) due to EC reaction, 

using straight or curved wires ( 220) or tubes (104). This process 

has several advantages (103)  over the conventional ECM specially, 

when large amount of material is to be removed. This does not 

necessitate  1arge current supp ly and high pres sure  electrolyte 

flow. Recently (18) 7  wire cutting has also been attempted 

successfully in stagnant electrolyte (abbreviated as ECM) with 

pulsating current. pulsating current enables automatic expulsion 

of reaction products cut of the IEG. In ECWCP , like conventional 

ECM the problem of dimensional control remains unresolved. 

survey of literature Q8%103,220)  shows that virtually 

no information is available about the process parameter governing 

the ECW.P. In the present case a simple case of ECWCp with the 

scheme of electrolyte supply as shown in Fig.1.4 has been analysed. 

The analysis is valid under the following assumpticns4 
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(1) The electrolyte enters into the IEG from one end 

and exits at the other. The amount of electrolyte flow is just 

sufficient to fill up the entire gap (Fig.3.4). 

(2) The front and side gaps behave like pure ohmic 

resistances. 

(3) The cutting wire is bare and has uniform rectangular 

cross-section throughout. 

(4) premachined groove has be en provided in the 

wctckpiece to initiate the process of cutting. 

(5) Mass density of the electrolyte remains- unaltered 

during its flow. 

( 6) The wire has been assumed t o have-  attaXp corners, 

unless nientioned otherwise. 

During ECWCP, cutting takes place in the front as well 

as side surfaces hence, for the sake of modelling of the cutting 

process ono should consider the resistances RF, RL as well as 

RR (Fig.3.1+). Failure to account any one of these resistances 

could impair the accuracy of the results obtained. 	Considering 

that the resistances are in parallel (Fig.3.4) the equivalent 

resistance Riot can be evaluated from Eq(3.6). 

Rt of = 
IF' YL • YR 

 

( 3 .6) KF.AF.YL.YR KL.AL.YF.YR  + KR.AR.YroYy 
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. • 

Rt of 
1 	1 
Ri.."-  Rj  

:t- 1 RL  
where, 

and, 
1  

RFR 
. • 

(3.8 ) 

(3.8a) 

(3.8b) 

1 	1 
Ri RF 

11 
• - 	T: R3  RF  
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■ The electrolyte conductivity in the right, left and front sides 

can be assumed to be equal i.e., if 

K =KL  =KR  =KF 	 (3.6a) 

hence Rtot  and the current density, J can be evaluated from the 

relationships (3.6h) and (3.7) respectively. 

YF'YL'YR  
K(AF.YL.YR  + AL.YF.YR + AR.YF.YL) 

• • (3.6b ) 

J Ev 

 

• • (3.7) Rtot.Area 

If the wire corners are not sharp then the above analysis 

can be modified as follows; 

The wire cutting analysis with appropriate modifications 

can also be used to analyse, EGD and E-C13 of rectangular holes 

(chapter 



3.5 EaCTROCHMICAL BORING AND DRILLING OF CYLINDRICAL HOLES 
USING TOOL BITS 

In this operation, predrilled holes in the workplaces 

(circular or non-circular) can be enlarged, and finished by 

correcting the form error, if any. In ECB the effort is also 

directed, towards the removal of taper produced during ECD. 

EC drilling using a bare tool invariably results into 

a tapered hole hence, to overcome this problem normally, an 

insulated tool is recommended. However, use of such tools 

presents practical difficulties viz., the coating peels out 

after some time due t o the simultaneous effects of he at and 

electrolyte pressure. Effectivenes-s of the insuLation depends 

on the quality of coating and the material used. These tools 

require frequent reconditioning and hence are uru  
• 

3.5.1 Theory 

A new concept in the design of ECM tools would therefore 

be that, EC boring and drilling tools be used in the form of BITS 

(Fig.6.4) in place of a single long, bare or the coated tool. 

Use of tool bits by the author has been found to offer the 

following advantages: 

(i) Absence of taper in the hole produced with coated 

tool bit in ECD and EGB (Fig.3.5). 
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(ii) Same tool holder can be used for mounting bits of 

different shape and size. This ensures a lower tool changing 

time. 

Material and labour cost are lower as compared to 

b are t ools. 

(iv) Tool bits damaged by sparking or otherwise are 

easily rep lacab le. 

(v) Accurate control on the bare land of the tool bit is 

possible. 

(vi) Manufacture of the complex shaped tool. bits is 

easy as compared to the shaping of the full length bared tools. 

(vii) Metal removal by the sides of the bits can be varied 

by changing bare height of the bits. 

Fig.3.5 shows a schematic diagram of enlarging a pre-

drilled hole by the method of BM and the expected anode profiles 

obtainable when using different tools. For the sake of modelling 

of the process 2  the following assumptions have been made. 

(i) IEG between the tool and the workpiece behaves .like 

a pure ohmic resistance. 

(ii) IEG can be approximated as uni-dimensional continuum. 

(iii) Feed rate in the side gap is assumed to be zero, 

however, using Eq(3. 2) in conjunction with Eq(3.3a) the model • 

would as well be valid for non-zero feed rate in the sido gap. 
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(iv) predrilled hole, which is to be bored. has been 

assumed to have uniform diameter or straight taper over an . 

element of small length, Le. 

(v) There is no relative rotary motion between the 

tool and work electrodes and the tool feed is linear. 

(vi) Temperature rise of the electrolyte in boring is 

predominantly due to Joule's heating and heat generated due to 

chemical reactions, viscous flow of electrolyte,etc. are small 

and hence negligible. 

(vii) Effects of microstructure, grain boundary attack, etc. 

on the ECM process have been neglected. , 

IEG at any instant , t,  in the. side gap can ncw be 

cczmputed from Eq(3.9) as; 

r2 r2  + C 	 .. 

where,  
C' =EJ/F larn  and r2  is ho.l radius prior machining. 

During boring by 'bits' the front face of the bit should 

be insulated electrically so that there is no stray current 

attack on the side surfaces of the hole being bored. Bits have 

also been applied for drilling _successfully. by the author. It 

produced the drilled hole surfaces of high precision as will be 

discussed later. In case of electrochemical bit drilling (Ea3D), 

the IEG, Y, in the front gap can lac eve.luat:)d as follows: 

Y = Y0 + (CI 	FF) Gt 	 • • 	 (3.9a) 
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'3' represents the current density at the anode point 

under consideration. Temperature rise,L T can be evaluated 

using E q( 3.13) . 

In the present analysis (Eq 3.9) g there seems to be 

no effect of feed rate, FF  on the MRR. This is due to the 

nature of assumption (iii). It should however, be noted that 

during computation of r2  at any point, say 'pa on the drilled 

hole, cemputational cycle time ,,L\ t, should not be more than the 

time for which 'p' had been under actual -dissolution. This 

ccndition can be dascribe-d by E. q( 3.10) 

1)1., 
t̀max 	•(3.10)  - FF 	

• • 

For an accurate computation 	-,-t\tritax  and Lit should be an 
integer multiplier of , tmax  i.e. NE should be an integer 

NE 	Ltmax/ L\t 	 •• 	(3.11) 

Further, for the purpose of 	 analysis, bb  can be 
divided into small elements each of length Le. If all the 

elements are of uniform length then; 

Le = FF. Lt • • 	(3.12) 

Hence, from above 

bb  = Le.NE •111 	(3.12a) 
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T 	Ev.K 
ur2 

r2  ln(r 2/r1 ) 
• • 

Thus, total amount of metal removed in a cut at any point would 

depend upon the bare length of the bit (bb ) and feed rate (Fr). 

Their values should be chosen on the basis of boring allowance 

availablB. 

In case of cylindrical boring, rise in electrolyte 

temperature and the current density along the flow direction can 

be evaluated from Eqs(3.13) and (3.14). 

aT 	2F4v  
2 K 	1  

4 	2 	 • . 
1-11( r 2/r 1) 	(r2 	r1) v. 1 	le e 

Using these equations, current density, temperature, 

electrolyte conductivity, etc., in the IEG could be computed 

and thereby the anode, profile obtainable in .ECI3 and Ea3D 

(chapter 7) can be obtained. 

3.6 1 AT TRFER M  PROCESS  

3.6.1 Introduction 

The analyses for ECM, ECD, FACWCID and ECB -operations, 

presented in Sections 3.2-3.5, ignore the effect of heat transfer 

from the electrolyte to the tool and work electrodes. In this 

section a simple analysis has been presented which could help in 

the evaluation of heat transfer in ECM. The amount (5269) of 
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haat generated in ECM is quite large and is mainly due to Ohmic 

resistance of the electrolyte, reversible and irreversible 

chemical reaction, viscous flow of electrolyte, etc. The 

electrolyte is surrounded by electrodes to or from which heat 

is partially transferred (106), the magnitude of which is 

governed by thermal properties of surrounding electrodes and 

machining conditions. The transfer of heat leads to lowering 

(or increasing) of the electrolyte temperature to a certain 

extent. Farther, metal dissolution is also accompanied by 

hydrogen and oxygen gases evolution. (148) in the form of 

bubbles. Dissolution of anode results_ in precipitation.. f 

ferrous and/or ferric hydroxide in the electrolyte. Thus 9  

the electrolyte is a mixture of liquid, gases, solids and 

precipitate. It is also to be noted that in reality the 

heat transfer in ECM occurs under transient conditions rather 

than under steady state conditions. Heat transfer analysis in 

ECM is thus complicated and involves the considerations of 

multiphase flow with transient heat and mass transfer. Further 

if the IEG is of complex shape, it becomes difficult to evaluate 

the electrolyte flow conditions at each and every point 

accurately. This further adds to the complexity of the 

prob Lem. 

In view of the difficulties felt in heat transfer 

analysis in ECM, most of the analytical models, for ECM tooling 

design, neglect the effect of heat transferred to (or from) 

electrodes (48,87,154) . 



Given below is a simplified analysis of the heat transfer, 

in ECM, from the electrolyte to the environment through the tool 

and work electrodes. The simplified uniimensional thermal 

resistance model has been formulated based on the following 

as sumptions: 

(1) IEG behaves like a single phase fluid i.e.; steam 

and gases are not produced and reaction products and solid 

particles, if any do not find their way to IBG. 

(ii) Electrodes used have finite dimensions. 

( iii) ' Elect rolyter flow velocity within an element is 

uniform along and across the section. 

(iv) Heat transfer within the IEG occurs under unsteady 

conditions however, over a small interval of computational 

cycle time 6 t, steady state conditions have been assume d. 

(v) Electrodes are assumed at lower energy level and 

heat transfer through electrodes is assumed to be unidirectional 

(Fig.3.6). 

Temperature gradient and a simplified thermal resist ance 

model for IEG system is shown in Fig.3.6. Transfer of heat from 

the electrolyte to air would take place in three stages: 

(i) Forced convection from electrolyte to the electrodes. 

(ii) conduction through the electrodes, and 

(iii) Natural convection and radiation from the electrodes 

to the surrounding environment. 
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Let *q and *qc  be the heat transferred from anode and 

cathode respectively to the air. It can then be shown (73,23) 

that heat transferred through anode, 	would be equal to 
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*qa = 
- Tair) 

of 	 (3.14) 
*Ra 

where 
r1 1 *R = *Ria  + *R2a  + *R3a  = h a fa a 

R

t

%. a 

( 	 (3.14a) 
a+111-1.a 

Also, 

1 and RI' a. = 	(Tap - Tair )  
Aa.hria 	Aa 	eta  Fa(Tat 2-Tair ) 

(3.14b) 

where, 
Tat  and  Tair  are the temperatures in Kelvin. similarly, 

heat transferred through cathode to the atmosphere is obtained 

as follows: 

*qc  = 

where 

(Tij - Tair ) 
*R • c 

IP 	 (3.15) 

*ac *Ri 	4 1(11 	1 [1 + 	1 + 
ic c 3c  c - fc 

) 	(3.15a) 

Also , 

3c =  
(T c2 	Tair)  1 	and. R4..c 	 (3.15b) 

Ac hnc 	Ac 	Fc  ( 	Tair) 

The thermal conductance k a and kc of electrodes is a 
function of the temperature and can be evaluated from Eq(3.16). 

ka kao 	''4'abli ) 
	

•• , 	 (3.16) 



b 

Forced convective heat transfer coefficients for the case of 

fluid flow over a flat plate can be evaluated (2) from Eq(3.17) 

and Eq(3.18) for laminar and turbulent modes respectively. 

hx  = 0.332 k(pr)1/3 	 )2  

 hx  = 0.0296 	(P r) 1/3  (Rex)0.8 

• • (3.17) 

The natural convective heat transfer coefficient for laminar 

flow of air at the outer surface of an electrode is given by 

Eq( 3.19) . 

C , (84y L* O. 25 provided ( GIP r) ,/.1.108 
	

(3.19) 

where, 
= Twa11. - lair 

Now, total heat transferre41 to the elect rcd-es. from the electro-

lyte can be obtained from (3.20). 

*q *qa  *qc  ••• (3.20) 

Using equation (3.20) drop in temperature of the electrolyte due 

to transfer of heat to the atmosphere is evaluated and accordingly 

the electrolyte temperature is modified. 

This analysis has been applied to analyse the effect of 

tool material on the temperature distribution within the IEG for 

cases of brass, copper and stainless steel electrodes. Few of 

the results have been discussed in chapter 7. 
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CHAPTER- LI. 

APPLICATIONS OF THE FINIV. ELEMENT 
V.CHNIgJE TO ECM PROBLEMS 

4.1 INTROLUCTION 

Finite element technique (FET) has a profound impact 

in all the spheres of contemporary engineering analysis and 

design. It is numerical analysis technique which gives approxi- 

mate solutions_c82)_to-a-wide-v ariety—of-problems-rit 	— 

exact closed form solution obtainable only in case of simple 

problems. This technique is based on the principle of going 

from the part to whole' (60,231). The solution region is 

analytically modelled approximately by replacing it with an 

assemblage of discrete elements. Through these discrete elements 

solution to the whole continuum is attained. 

Over the years, finite difference technique (FM) had 

most commonly been used as numerical analysis method but it does 

not provide accurate solution to complex shaped problems as is 

obtainable from FET; square meshes are incapable to discretize 

the region accurately (Fig.4.1A). FET is capable of analysing 

all the three types itt non-linear problems (i.e., materially 

n on-line ar, geometrically non- line ar and both materially and 

geometrically non-linear) including problems with complex 

varying boundary conditions (60,89). It is possible to vary the 

properties between as well. as within the elements according to 

pre-selected polynomial pattern (12). But to obtain realistic 
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results for such complex problems the coefficients or material 

parameters which describe the basic phenomenon should be accura-

tely known in advance. Another advantage of FET is that only 

geometrical boundary conditions (b.c.) need to be specified; 

the natural. b.c. are implicitely satisfied in the solution 

procedure as long as a suitable and valid variational principle 

is employed. nu has been used extensively to solve a wide 

variety of problems which can be grouped into equilibrium 

problems, eignvalue problems and propagation problems (89). 

A problem can be analysed either in one-, two- or three-dimensions. 

But majority of the literature deals with one or two-dimensional 

problems (20). Three dimensional analysis of practical situa-

tions is very costly and in unany cases it is simply not feasible. 

4.2 TYPE OF ELLPIENTS ,AND THEIR CliOICS 

Over the last few years, different type of elements 

have been used in FET and hence a long list of alternative 

choice of elements exists. However, elements can be classi-

fied (216) based cn (1) element shape such as beam, bar, 

triangular, rectangular, tetrahedron, etc. (Fig. 4.2); (ii) 

degrees of freedom; (iii) the completeness of displacement 

pattern-conforming or non-conforming; (iv) the displacement 

model used-linear, cubic, etc., (v) the behaviour of the elements-

plane stress, plane strain, add-symmetric, etc.; (vi) nature of 

the problem one- two- and three-dimensional ( Fig .14-. 2) . 
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Selection of a particular type of element and the 

definition of an appropriate approximating function (i.e., 

interpolation function) is of utmost importance. Which element 

provides best alternative in practical_ usage is judged based 

on the geometric form of the problem, simplicity of formulation 

of element properties, versatility of application, computational 

efforts involved, accuracy obtainable, etc. (2,142). 

The size and shape of an elenlent should be selected 

in such a way that it is capable of simulating accurately, the 

geometry of the problem. In two and three dimensional analysis 

an alternative choice of the element is possible. However, 

a triangular elenvnt remains attractive inspite of the develop-

ments of a number of other types of elements. With this 

element it is easy to fit curved boundaries and vary element 

sizes near stress concentration zones (or higher current density 

regions near discontinuities and at corners (98) in case of 

ECM problems). In order to ensure that a small number of 

elements are able to represent a relatively complex problem, 

and yield improved accuracy, with the same degree of freedom 

and reduced data 'preparation, use of isoparametric elements 

(19151,60 2 23 1  ) is recommended. On the other hand, problem 

formulation with isoparametric elements is more difficult, 

time required for numerical integration is large and in some 

cases may result in overall increase in computer time. Reduction 

in number of complex elements may not be adequate to represent 

all the local geometries of the real problem. In such cases, 
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often the balance is in favour of the use of simple formulation. 

Axi-symmetric (or ring type) elements are used when analysing 

problems which possess axial symmetry in cylindrical coordinates 

but their forcing functions are also axi-symmetric. 

Three dimensional analysis of practical problems is 

expensive in terms of computation time and effort, in many cases 

it is simply not feasible. However, tetrahedron and isoparametric 

elements are more commonly employed elements under such conditions. 

4.3 FINITE ELEMENT PROCEDUI IN BRIEF  

The Solution of the continuum problem can be attained 

in an orderly and step by step process as follows: 

(1) Discretization 	The solution region is divided 

into most suited finite elements. Two or more than two types 

of element shapes may also be employed in the same solution 

region. 

(2) Field variable model: A field variable may be 

a scalar, a vector or a higher order tensor. Often polynomials 

are selected as interpolation functions for the field variable 

because they are easy to integrate and differentiate. The degree 

of polynomial chosen depends on the number of nodes assigned 

( corner nodes, internal nodes and external nodes) to the element, 

the nature and number of unknowns at each node, and certain 

continuity requirements imposed at the nodes and along the 

element boundaries. By truncating an infinite polynomial at 

different orders, the degree of approximation is varied (Fig.4.113). 
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Considering the displacement, q, in a structure that can 

be expressed by a polynomial [f.(xl y containing one unknown for 

each degree of freedom possessed by the element. For this case 

we can write, 

74 

• • 	 (4.1) 

where {q(xl y- is the displacement at the point (x,y). {q} can 

be expressed in terms of nodal displacement 	e by substituting 

nodal coordinates in above equation. 

• • (4.2) 

where[A depends upon the nodal coordinates and. is known, thus, ] 

c1( xt y 	= [ft  ( xl 	 1 0,e 
(4.3) 

Components of EN] are known as !shape functions and normally 

are functions of the position. 

(3) Finite element equations: 	equations expressing 

the properties of individual elements can be derived by either 

of the four approaches depending upon the nature of the problem. 

The approaches commonly used are direct approach, variational 

approach, Galerkin method and Energy balance method. For example, 

once the displacements are known using Eq(+.3), strains can be 

evaluated as follows: 

(xl y)} = [-diff.of CNiikqe  = 	 (4.4) 



• • (4.6) 

Assuming a general elastic behaviour, the stress (a- ) and strain 

( f  ) relationship would be linear. 

{0-  ( x16. = 1ZDm (  x, y)} = [ iB]kqr 
	

(+4) 

r where ¶Dmlis  the elasticity matrix and contains the elastic 

characteristics of the element material. 

By imposing virtual displacements and applying the 

principle of virtual work, the nodal loads are related to nodal 

displacements as below: 

= rK]e 4q}e  

[K1C  =IfiBT: 
- 
B1 dv 	 .• 	(4.6a) 

(+) Assembly of element properties: To obtain the 

properties of the overall system modelled by the network of 

elements, assemble all the element properties derived in earlier 

section. The stiffness matrix, K, for a complete structure is 

then obtained as follows: 

where, 

K I 

= 

 

• • 

 

NE 

e:71 
• • 

The system equatiOns so obtained, have to be modified to account 

for the boundary conditions of the problem. 

(5) solution of system equations; Once a set of simul-

taneous equations is obtained it is solved for unknown nodal 

values of the field variable. If the equations are linear, 

rib 

where, 



they can be solved by Gaussian Elimination Technique or some 

other procedure (2611+7,194) but solution of non-linear 

simultaneous equations, is more difficult. 

( 6) Additional comput at ions: Sometimes, the solution of 

system equations is needed to calculate other important parameters 

and should be taken up at this stage. 

4.4 FINITE ELEMENT _ANALYSIS OF ECM PROCESSES 

4.4.1 Introduction 

ECM is a highly complex phenomenon. In fact, it is a 

geometrically and materially non- linear problem, involving a 

number of interacting parameters varying simultaneously within 

the interelectrode gap (IEG). In view of the capability of FIT 

to deal with such complex problems, finite element model of ECM 

has been developed. In this work, basically two types of models 

have been developed (i) one dimensional model based on heat 

transfer phenomenon occuring within the IEG and (ii) two and 

three dimensional models based cn electric potential field 

distribution within the IEG. However, it is to be noted that 

the computer program for three dimensional models could not be 

developed till this time. 

4.4.2 One Dimensional FE Analysis of ECM processes 

4.4.2.1 ECM with plane parallel electrode (model. FET-1  1) 

Uni-dimensional FE modelling of ECM process has been 

based cn the fo llowing assumptions: 

1 0 



(i) IEG behaves as an uni-dimensional conductor (70)148)  

(Fig.4.3) i.e. its width and height are negligible compared to 

the length. 

(ii) Heat transferred to the electrodes is negligible and 

the entire heat energy ( only due to joule's heating i.e. 12 R) 

remains confined within the electrolyte itself. It is further 

assumed that reversible heat, heat due to chemical reaction, 

viscous heat and irreversible heat are small and hence negligible(48), 

( iii) The electrolyte within the IEG obeys Ohm,  s law i.e. , 
within the continuum electric current is uniformly distributed 

over the solution region or in other words the electric current 

lines flow perpendicular to the tool and workpiece. However, 

for electric resistance computation, the chordal distance (1.56) 

between the two stations has been considered. 

(iv) Efficiency of Lc dissolution of the anode material 

is equal to 100% however computer program FET-11 permits to 

account for actual efficiency. 

(v) Effects of anodic films (122.1114.)., intergrannular 
attack (115,116)1  microstructure: (8), change in EC dissolution 

valency of work material (157),  effects of pH value of solution 

() and contamination of the,  electrolyte on metal removal are 
small and hence negligible. 

(vi) Metal removal is caused due to EC dissolution only 

and not by disintegration () of workpiece material. 
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(vii) Temperature of the anode and cathode are equal 

to that of the electrolyte film in contact with them. 

(viii) within an element, the initial electrolyte conduc-

tivity K and 1EG, Y are assumed to be known which is later 

updated to account for varying electrolyte conductivity. However, 

model FET-12 has been formulated based on varying electrolyte 

conductivity. 

Consider the I.EG i.e., electrolyte body acting as an 

unidimensional continuum (Fig.4.3) and divided into somplex bar 

elements. The temperature distribution within the IEG has been 

evaluated as discussed below (1)+2). 

For the case under consideration the temperature 

gradient along the electrolyte flow path is given by Ei q( 2.8) . 
It can be shown that, 

T(x) = a1 + a2x = L1 

Also, far 	x 	varying between x= 

xjt .6 
a2 

d. and x=xj 

( 1+.8)  

1J 

xi  d dT = 	71.1-c-( a--x- 	= 0 • • ( 4.9) 
xi 

and, 
dT 	B Te  

where, B = ( 1/xi  i) 	11 



From the above we can obtain (142); 
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xi 
dT ((dT 7510 val) dx = 	BT13 Te  dx (4.10 ) 

 

Using the law of conservation of heat, E‘q(4.1 1) can be obtained 

for the case cf ECM using plane parallel electrodes and with no 

side surface generation (i.e., where tool is oversized than the 

workpiece) 

 

dT 

  

   

• • 

   

  

xji• • 

 

where, 2 H e = KY  and Dm  = 
oP Y V.0 ie' o' 	e 

Here, Dm  is assumed to be a scalar quantity and xii  is the length 

of individual element with nodes i-j. From the above, 

=(S.  (4.12) 

sine e, 

= 0 but ,fTe 	. 0 

Therefore, 
Dm  
x.. H• f xi 

T  
B BTe  dx 	 (4.13) 

The conductance matrix (or stiffness matrix) for the case under 

consideration  is given as 

Km = BTBdx 	 . • 	(4.14) 



-1 	0 ( 
' 2 -1 

-1 	1 ) 

• • 	 (4.16) 

and could be evaluated to yield the equation below: 

ri 	-11 e 	 (1+.15) Dm .11 	=1 	T e 	 .. 
—1 1 , 
L-- 	 -3 

or 

X = K m . Te 	 .. 	(4.15a) 

For the element 1 let H1 be the heat generated. Total 

heat generated within this element can be assumed t o be concen-

trated at node 1 and as the electrolyte flows towards node 2 so 

does the heat. Heat flowing out of the node is considered to be 

negative while that flowing' towards the node as positive. 

Assembly of the equations for the two elements gives symmetric, 

sparse and banded matrix as given below: 

81 

The temperature change in the electrolyte at the entry to element 1 

(Fig.4.3) can be taken as zero. Therefore, 

A T = 0.0 	 .. 	(4.17) 

Inserting the boundary conditions (89,14 2,231 ) above, the unknown 
nodal temperatures T 2  and T3 can be computed. 

Model Ed1-1 2 

In model ithi-1 2, FE formulation has been done based on 

varying electrolyte conductivity within an element i.e, A'K is 

not constant in EQ(2.8). Then, 
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dT 	A'ico  i1 + X (Ti-Ti)] = At K o  (1 - c< T i) 	A'Kocx Tj  

= 

Using this equation and following the procedure discussed for 

model FET-11, it can be shown that for a continuum of five 

elements, element equations in the assembled form would be given 

as follows: 

	

2 	1 

2 -1 

	

symmetrical 	1 

171 
1
.  

	

I 
! 	-1. 	i 	Hi -, 1-)-  - f" .  1  

It 	I  T2 	H 2 	
1 

0 i 

T 	. H3 0 

	

 , 	 0 ,,_  r 
o) 

 

-1 i 

I TLE. 	Hi+ 

i T t 	1 	H ) ► 1 	5 i 	E' 

1 1 T i . 	H6/ I t 	6 1 	\._. 
) .....i v- 

4.4.2.2 Electrochemical drilling  and boring 

(a) Cylindrical hole: Electrochemically, holes of any 

shape can be drilled but the analysis presented in this section 

applies to ECD of cylindrical holes only. 

For the case of ECD of cylindrical holes (Fig.2.3), the 

resistance Re  of the side gap (59) can be given by; 

Re  = 	1  	ln( r2/r1 ) 	 .. 	(4.18) 
2AK 

and the current density on the work surface is equal to Eq( 4.19) 
Ev K 

Jr2 	r21n(r 2/r1 ) (4.19) 



with Eqs(4.18) and (4.19), it can be shown that for the case 

under consideration the values of Dm  and He  in equation (4.11) 

modify as : 2 
27UC xji Ely 1 	  and He  

F 	 1-n(r2/ri) 2 - r 2  i). 	Fe' e 

• Eq(4.20) can be used to evaluate column vector X in Eq(4.16). 

Now, after substituting the b.c. given by Eq(4.17); the set of 

governing equations thus obtained can be solved by the Gaussian 

Elimination Technique. 

(b) Rectangular hole; Applying 'resistances in parallel' 

model of ECM in conjunction with the FE technique it is possible 

to analyse the ECD of rectangular holes (Fig.4.4). In this case, 

Dm  and He  can be evaluated as follows; 

1-1 
Dm = rurr 	YBL YTL ) +1-1TL* YTI, "F. HBC YBLI • 	'Cej 

.. (+.21) and, 
,2 

H e \-- .elr .K.xji 	provided KL = KI3L 	K TL 	K 	.. (4.22) 

where, 
cons 1. cons 2  o  (4.22a) Rte- cons 1 + cons 2 

cons 1= 	YTL' YBL'IL  (4.22b) 
-CY L(YTL' YBI, Y_BL'H;L) YTL•YBL•fq.,} 

and 
cons 2 = 2 7,c_ 

ln(RBL2/  EiBL1 ) •  in( RTL2/ BTL 1 ) 	(1+.22o) 

8 3 

DM - (4.20) 

R' tot 

111(EIBL2/NL1) + ln(TTL2 
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Eqs(4.21) and (4.22) have been used to evaluate the 

resultant vector X in E.q(1+.16). Rest of the procedure is the 

same as discussed earlier. 

Ea3 considered in this thesis is almost a similar in 

principle as LCD. The type of the tool and wort piece have been 

assumed to have no rotary motion between them. However, LCD is 

possible either using a bare tool or 'tool bit' but efficient 

boring is feasible only with a tool. bit. The FE models developed 

for EcD in this section can well be applied to EGB but will 

require certain modifications to be incorporated in the scheme 

of computation as discussed in chapter 3. 

4.4.2.3 Electrochemical wire cutting process (ECWCP) 

ECWCP can be performed either with rectangular, 

circular or any other sectioned wire. The E analysis model 

discussed for LCD and ECB has been modified so as to apply to 

the case of rectangular shaped EC wire cutting as well. 

For the case being considered the assumptions men-

tioned in section (4-.4.2.1) apply. In addition the assumptions 

stated in section 3.1+ also apply. Based on these assumptions, 

the Dm  and He  terms in Eq(4.11) would assume the following 

form; 

j 
pp .- 1 

yF( w +, Y ) + (H*  + YF)YL + H*.YR - V.Ce    

and, 

He 	
Ev . xi  j.K 

R of 

•. (4.23a) 

(+.23b) 
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where, 	 YF.Y L.YR Rt of = 
YFYIV AL Yir YL' AR)  

(4,23c) 

It can be assumed that 	 . 

K L  = KF  =KR  =K 	 (4.23d) 

Using these equations, X in Eq(4.16) can be evaluated 

and thereby the unknown nodal temperature can also be determined. 

4.4..3 Two Dimensional FE Analysis of ECM process (Model BET-22) 

Uni-dimensional heat transfer finite element model 

(FET-11) 9 for ECM, was developed earlier based on the assumption 

that 1EG obeys the Ohmts law. This assumption may be true in 

the early stages of EON with plane parallel electrodes. It has 

been pointed out (5221)-211210) that the electric field at a point 

where the curvature of the electrode surface is Large and convex 

is much greater than the electric field at a plane surface 

( Fig. 14.  • 5) • 

In general the electric field potential distribution 

within the LEG obeys the Laplace's equation. For a two dimensional 

case, it can be written as: 

+ ?)2 0 
y2  

(4.24) 

The field vector 0 in equation (4.24) should be determined in 

such a manner that it satisfies the boundary conditions and 

also minimizes the functional I(k) given by Eq(4,25). 
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J.;  
I(0) = 	rg: 	2+ 2.11dxdy • • 	 (4.25) 
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using simplex triangular elements (Fig.4.60.)  to represent the 

IEGI the field variable 0( x, y)  has been assumed to vary linearly 

(I1) within the element throu ghout the solution domain. For such 

a case we can write, 

0( x,Y) = Nijoi  + N jO i  + NkOk =
r T 
	

• • 
	 ( 4. 26) 

where rOr is the column vector of nodal potentials for element 
L -f 

,e, and the interpolation flinctions Ne ar e defined as follows: 

	

NB  -  	where, B=i, j ,k 	(4.27)  
2Z 

aB , bB  and cg  are defined as be low: 

ai = xjyk  - xkli;  bi  = 	Ci  = xk-xj, • • • 

similarly, other terms can be evaluated in cylic permutation of 

	

the subscripts 	and k. 

To derive element equations, Eq(4.26)  has to be substi-

tuted into Fig( 1+. 25) and differentiation leads to;  

oNi 
b0± 	

; I 	

77--c 

	

6 N. 	 Nk 

	

)93- 	)0ki 	xx  6 x 	3 

T.  Ni 	Ni 	6 N 
( 	y  

 )0,1 	
) 

y 
6 Tai?  L. 

ki Y 
dx dy 

. • 	(4.28) 

e 	ag  +.bB x + og Y 

(4.27a)  



similarly, the equations can be derived for nodes j and k of 

an element. Then the equations for the nodes i,j and k of an 

element combined together can be written in a standard form 

as follows: 

r-bIe 
-6 Oi 

 

e 
[K

m 	
.) 0 	= I Oft. 	•• 	(4.29) 

  

where, Km  is the stiffness matrix with the following coefficients 

for the element 1. 

Kii Kij K 	rØdi 
Kji 	K . • K 	 = 1,0} 3J 	31c 	 • • 	(4.30) 

K ki  Kkj  Kkk  !id 

and the coefficients of the stiffness matrix (19414-2) are 

given by 

ij• = 	--_ 
J 

K( 

	

	 x 
&N. e) 

by 4. Ni 
b 

 yN- --- 	) dx dy 	(4.31) 

Using the definition of interpolation function, it can be 

proved that; 

K
e 

= (b•b 	C-C-) ( 	/\e )-1 
ij 	1 	 • • 	(4.32) 
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( 1) 	(3) 
KI+1 	K4.1 

The matrices for individual element, say 3, can be 

assembled together (51) to give the s ystem equations. The system 

equations assembly procedure is based on insistence of cQnpa-

tibility at the element nodes. It would result into the following 

stiffness matrix: 

yU 

( 1)" (3) (1) 	K(3) 	(1) (3) 
11 	+K 11 	K 12 	13 	K 14 + K 14 

(1) 	 (1) 	( 2) 	(2) 	.„( 1) 	(2) 
K 21 	 K22 + K 22 K 23 	'"•24 + 1\ 24 

,( 2) 	v(2) 	Tc.(3) 	2) 	7.(3) K 2 	-33  + 	-34  + "34  

(1) (2) (2 	(3) r,) ,(2) K)+2  + K1+2 Ki+3 + K 	 + 1‘14.1+  + 

-f.4<superscripts under bracket mean element number. 
.. (I+.33) 

Reactions at the electrodes cause .' current density 

dependent overpotentials (148). 	Their presence at the electrodes 

would alter the b. c. as follows; 

0 = f*(J) 	at the cathode 

= Ev-g*(J) at the anode 	 (4.34 ) 

where f*(J) and g*(J) are arbitrary functions for the cathodic 

and anodic overpotentials respectively. For the sake of simpli-

city it has been assumed that the electrode surfaces are 

equipotentials, which m , ans 

0 = 0.0 	at the cathod ) 
= Ev 	at the anode ) O I 	 (4.35) 



After substitution of the b.c., Eq(4.35), a set of simultaneous 

equations would be obtained which in the present case has been 

solved using Gaussian Elimination Technique. Thereafter, other 

calculations have been made as per method described in chapter 5. 

4.4.4 Three Dimensional FE Analysis of ECM process (Model FEr733) 

Laplace Eq(2.15) can also be used for the evaluation of 

three dimensional potential distribution within the IEG. The 

problem is then equivalent to finding the distribution of 0 

that satisfies the b. c. and minimizes the functional I. 

1(0) = 	
b )2  + ( 	) 2  + ( 	) 	cl 

or, T 
I(0) 	 Lc] lg dv 

_I 

where, 
T60 _ 1 

g 	ox by bzi 

dz 	(4.36) 

and Dm  is an unitary matrix. 

(1) 	(2) 	(3) 	NE 	(e) 

	

I = 	+I 	+ I 	+ 	+ 

where, 1(e)  is the contribution of a single element to I. 

The minimization of I occurs when 

dI 	= 	
NE 

 1.(e) 
	NE 	6 	

e) = 0 	• • 
	 (1+,37) 
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6I 
To evaluate the derivatives . lc 
in terms of nodal values i.e., 

0 	p-](e  ) 01 (e ) 

Therefore, 
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integral should be written 

• (4.38) 

e) g( = 

N(e) 

I 	x 

N (l e)  

1 a y 

I 	e) a N(  
i d z .t.. 

N(e) 
2 

 

o N")-1 	 11 
6 x 

6 Ne( e) 	p 
-6 y  

N -6 (e 
e 	Pe 1 6  z 

j 

ax 

N(e)  6 N2 
a y 

z 

I • • 

• • • 

• • • 

(e) 
I-13 1 	 . • 	(1+.39) L .1 

Here, 03j(e)
' contains information related to derivatives of the 

shape fUnctions. After simplification it can be shown that, 

e [Kin  j'0Y • (4.40) 

m 	 LB(e)-I T  [D(e)j (e)1  K 	 ' av 	 (40a) j 	• 	Lm • L 
where 



The final system of equations is obtained by substituting 

(4.40) into (4.37) 

1—,c(e1101. 
"6::-_71 	ril La 

•• 	 ( 4.1+1) 

Evaluation of stiffness matrix Km  involves the solution 

of an integral Eq(4.40a) and its value is a function of the type 

of the element being used. Fig. 4.6b illustrates tetrahedral 

elements used for the analysis below. 

• Assuming Linear interpolation function, field variable 

0(x2Y1z) can be uniquely and continuously represented in the 

solution domain by Eq(4.42). 

— n 
0(x)Y,z) 	

(e ij 0 - 	= N101  + N jOi -1- 11k0k +1i101 	(4.42) 

Differentiation of functional I and simplification leads to 

Eq(4.43S. 
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••••••11 

L: Kii Kii Kik  Kil  
Kii Ki j  K ik  K ji  
Kki Kk j  Kkk Kkl 

Kii 	K li 	Kik Kii: 	10l i 
......1 - -I 

•• 

( where)  KulKij, 	 are coefficients of stiffness matrix Km
e) 
 

that can be evaluated as follows: 

6 N- 6 Ni 	6N. 76 N.,. 	-a N .1. -a N 
= (I( dx dy dz (4.44) 

j), 	sbx by by "ciz .-oz 



Using the definition of interpolation function, Eq(4.44) can be 

schown to be reduced as, 

=
36 v 	

Fibj 	CiCj 	 •• 	( 4.45) 

where, a,b,c and d are constants for an element and can be 

computed (60). 

The analysis presented above would give three dimen-

sional potential distribution within the I.EG from which current 

density, metal removal rate, temperature distribution, etc., 

could be computed in a manner similar to that in FET-22. 
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CHAPTER-5 

COMPUTLR APPLICATION TO ECM 

This chapter describes in brief, the development of 

gener alizP d computer programs for the comput at ion . of anode 

profile, metal removal, etc., in ECM. The results obtained 

have been employed for the analysis and parametric study of 

EOM and related processes. The computer simulation was conduc-

ted on an IBM 1624 7  .LBM 360 and IBM 370 computer systems at 

different stages of the work. 

The 1st section of this chapter describes briefly the 

computer programs and the subroutines. For the sake of clarity 

the logic diagrams ( or flow charts) have also been included. 

Listing of the main program and some important subroutines of 

SGra-11 and 	are) also given in the Appendix-II. 

5.1 ICL IAL MOITAL BY EC DISSOLUTION 

5.1.1 Unidimensional Case (Models FET-11 and sGFET-11)  

This refers to the case of idealisation of the IEG 

by unidimensional continuum and the computation of anode • 

profile generation in LCD. The program generates the 

properties and stiffness matrix itself. The logic diagram of 

the propOsed programa is given in Fig.5.1. With slight modifi-

cations this program can also be applied to solution of problems' 

by ELT-11 ( Flow chart in Fig.5. 2) . 
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Y 
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f 
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for NN nodes 
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incorporates boundary 
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5.1.2 Two Dimensional Case (Model F-22 and SGithai -  221 

This program refers to YE idealization of two 

dimensional ECM process. For this purpose, simplex triangular 

elements have be en used. This program is capable of generating 

automatically the global; stiffhess matrix in assembled form, 

apply the prescribed boundia.ry conditiOns and store the stiffness 

matrix in the banded form. The governing equations have been 

solved by the use of Gaussian Elimination Technique. It should 

be noted that the potential distribution within the IG, in 

this case, has been obtained by solving Laplacian equation 

(2.15). The flow chart for the scheme of computation by 

FET-2 2 is given in Fig.5.4. With slight modifications the program 

can also be applied to predict anode profile by model 

SGFET-22 ( Fig. 5 	. 

5.2 A BRIEF DESCRIPTION OF SUBROUTINES  USED 

CQnputer programs mentioned above, make use of a 

number of subroutines some of which have been described here in 

brief. 

( a) P rogram  - SGFET-11 

(i) subroutine AGNC 

This subroutine permits I automatic generation of the nodal 
coordinates ,  of the elements. For the given length of the 

domain, total number of nodes, elapents and their length has 
to be specified. In this case, use of unequal elements is also 
possible. 
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Generate element matrices 
i 

Assemble el ement matrices into 
a global 	matrix ( Sub. AGCSGI ) 

Apply boundary conditions (Sub. A BC) 

i 
Solve set of simultaneous eqns. to deter- 
mine values of 	unknown 0 

(Sub. 	BANSOL ) 
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Compute J, T , K 	MRi , MRv  , MRS 	etc. 
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Print out 	the results ( Sub. PR NTOT ) 

FIG.5.4 	COMPUTATIONAL SCHEME USED IN MODEL FET-22 
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(ii) subroutine AGCSM 

This permits 'automatic generardon of the coefficients of 

stiffness (or conductance) matrix' and takes into account the 

b. c. of the nature discussed earlier (chapter 4). with this 

subroutine it is possible to generate the coefficients only 

on and above the diagonal and upto half band width of the 

ccnductance matrix. 

(iii) sUbroutine GET 

This subroutine solves banded, sparse and symmetric matrix which 

comprises 	a set of governing equations of the type (4.16). 

It is based cn the philosophy of Gaussian Elimination T ,1:chnique( 26). 

(iv) subroutine BIR 

This subroutine solves the implicit equations used to compute 

the IEG for the case of finite feed rate by applying the technique 

of 'Bisection Method for Real Roots" (11,Z). 

(v) Subroutine DATIN 

The subroutine reads in and prints out (punches out or writes out) 

the input data. 

(vi) subroutine THEC 

This subroutine has been developed to compute the theoretical 

results by applying the exact formulae (named as model-1). 
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(vii) subroutine ELVEC 

This subroutine supplies the values of resultant  vect ors 

(or force vectors or column vectors) X for each node. 

(viii) Subroutine FETCL 

This calculatesthe electrolyte ccnductivity, current density,MRR 

and IEG obtained. 

(ix) subroutine PRNTOT 

This subroutine prints out the desired results in the specified 

format. 

(x) subroutine INFLO 

This subroutine reassigns the nodal coordinates and modifies 

the number of nodes and elements under active EC dissolution 

for the case of radial inward flow mode of electrolyte. 

(xi) subroutine SIDFLO 

It performs the same function as INFLO but applies to the case 

of side flow mode of electrolyte. 

( xii) subroutine CUTFLO 

This performs the similar functions as INFLO with the difference 

that it applies' to the case of radial outward flow mode of the 

electrolyte. 

102 



(b) Program FET-22: 

Some of the subroutines used in this program are described 

below, in brief. 

( 1) Subroutine ABC 

This subroutine is concerned with the application of exact 

boundary conditions of the problem. 

(ii) Subroutine BAN'SOL 

This solves the sparse, banded and symmetric matrix and gives 

the field potential distribution within the IEG. 

( 	) Subr out ine CNC 

This subroutine calculates the current density, temperature and 

electrolyte conductivity after obtaining the electric field 

potential distribution within the IEG. 

(iv) Subroutine 1NELGP 

This calculates the IEG for the case of zero and finite feed 

rate conditions for a node at any instant of time 't'. 

(v) subroutine NIETR 

A subroutine that evaluates linear, volumetric and specific MRR. 



(vi) Subroutine BWD 

A subroutine that determines the value of band width and 

supplies the same to the main program. 

(vii) Subroutine MR 

A subroutine that initialises the matrix. 

This program also contains the subroutines like 

DATLN and PR NTOT performing the same type of functions as 

mentioned earlier in program SGFET-11. 



CHAP T ER - 6 

EXPERIMENTAL PROGRAMME 

6.1 EXPERIMENTAL .11.1P  

To verify the, analytical models developed in 

chapters 3 and 1+, experiments were conducted on an ECM system. 

Fig. 6.1 shows an overall view of the experimental setup used. 

The experimental setup has been described, in brief, under the 

following heads: 

a) power source 

b) Electrolyte cleaning and electrolyte supply system 

c) Tool and tool feed system 

d) work and work holder. 

(a) power source : 

This consisted of a rectifier unit (13) to convert 

3 phase a. c. power supply into a low volt age d. c . supply, a trans-

former (21 & 22) along with a voltage regulator (19) so that 

the desired input d. c. voltage coild be obtained across the 

electrodes. Since, ammeter (14) and voltmeterd5) built in 

the power unit have coarse range, therefore, fine ranged 

ammeter (17) and voltmeter (not shown) were used. During 

experimentation the workpiece ( 2) was made as the anode whereas 

the tool (1) was made as the cathode. 
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Fig..6.1; Experimental setup used for ECM 
1 Tool 2 workplace 3 plastic box 1+ wheel for trans-
verse movement 5 wheel for axial movement 6 Feed gear 
box 7 Feed direction change knobs 8 Feed selector 9 Electrolyte supply pipe 10 Overflow pipe 11 Outflow 
pipe 12 Cable for connecting tool with power terminal 
13 Rectifier unit 11+ Ammeter 15 Voltmeter 16 Ccne 
pulley 17 Fine range voltmeter ,*18 Electric motor to 
drive feed mechanism 19 Variac 20 Electric connection 
board 21&22 Main transformer. 



The specifications and other details of the power 

unit used in the setup are as follows: 

Transformer 	 Rectifier unit 

0. 
P htse 	- Three 	 phase 	 -- Three 

Output current 100 amps/line 	se condary current 500 41mps DC 

Input voltage 415 V 	 sacaidary voltage 100 Volts DC 

Output voltage 0-415  V 	 Type 	 RSC 100/500 

(b) Electrolyte cleaning and electrolyte supply system: 

As discussed earlier in chapter 2, during ECM QC 

metals, metallic hydroxides are formed and when allowed to lodge 

between tool and workpiece can lead to sparking, an undesirable 

feature of ECM process. Hence electrolyte cleaning (12i1. ) is very 

important. In practice, a combination of the following methods 

may be used; 

1) Filtration..  

ii) Centrifugal separation 

iii) Cyclone process 

iv) seminentation and, 

v;) Floatation 

It should be noted that the selection of electrolyte 

purification/clarification system (120) is normally based on the 

degree of contamination, degree of separation needed and 

expenses that can be tolerated. In the present case, electrolyte 

cleaning was achieved by filtration and sedimentation processes. 
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With the above in view, to minimise variations in 

electrolyte conductivity due to contamination by reaction 

products, a large sized electrolyte tank with three compart-

ments (Fig.6.3) was used. The electrolyte passage from one 

cornpartnient to the other is shown by arrows. Major part of 

the reaction products is left in the form of the foam at the 

top in the compartment I while the suspended reaction products 

- and electrolyte enter to the compartment II through its bottom. 

Due to natural sedimentation, part of the reaction products 

settle down at the bottom and rest of the foreign elements are 

filtered out during their journey to the compartment III. A fine 
wire filter 'vas also provided at the pump inlet. 

In order to control the rate of electrolyte flow 

through the working gap, a by-pass valve was provided in the 

pipe line (Fig.6.2). By suitable adjustment of the opening 
of this valve it was possible to achieve the required flow rate. 

After chemical reaction in the IEG, the reaction products and 

electrolyte through out-flow-pipe (11) enter in the compartment 

of the tank. The bypassed electrolyte through 'bypass pipe 1 (10) 
also goes to the compartment I. The specifications of the 
pump and motor used are as follows: 

Type 	Induction mot or 	Make 	Crompton Greaves 
H.P. 	2 	 Phase 	3 
Current 	3.5 A 	Frequency 5o HZ 
Speed 	11+05 R.P.M. 	Power 	1.5 KW 



ELECTROLYTE ELECTROLYTE 
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1. ELECTROLYTE TANK 

2 PLASTIC /RUBBER PIPE 

3 CENTRIFUGAL PUMP(RUBBER LINED) 

4. MOTOR 

5. THREE WAY BRASS PIPE 

6. BY PASS VALVE 

7. TOOL 

8' WORK PIECE 

9. TRANSPARENT PERSPEX BOX 

700 

FIG.6. 2 SCHEMATIC DIAGRAM OF ELECTROLYTE FLOW PASS AGE 
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6 	DRAIN VALVE 
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FIG.6.3 ELECTROLYTE TANK USED FOR ECM  TESTING 
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The mode of electrolyte flow that can be achieved in 

the present setup are - outward, inward, side or complexed flow 

(41120) but during experimentation we had used only outward mode 

of electrolyte flow. 

(c) Tool and tool feed system:  

The ECM tools for experimentation were provided with a 

central hole bared through them (Fig.6.4). This would facilitate 

the supply Of electrolyte into the cutting zone. These tools 

could be clamped to the tool holder by means of a nut and screw 

system as shown. 

The tool feed was provided by means of a specially 

designed gear box. The kinematic scheme of the feed drive 

system is shown in Fig'.6.5. The gear box used to provide the 
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MOTOR 	 2. 11-GROOVED PULLEY 

V- BELT 	 4. SPLIT V-  PULLEY 

FLAT PULLEY 	6. GEAR BOX 

TOOL HOLDER 	8. TOOL 
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FIG. 6.5 	KINEMATIC SCHEME OF FEED DRIVE 
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tool feed motion could achieve an overall reduction of 1640:1. 

Further, reduction in the range of 3:1 to 8:1 was also possible 

through a split pulley arrangement (12). Thus, enabling us to 

obtain tool feed. over a wide range. The feed mechanism was 

driven by means of a single phase, H.P. 230 volts, 1440 RPM, 

AG induction motor. 

(d) workplace and holder  : 

During EC machining, the workpiece was kept stationary 

whereas, the tool was provided with the linear feed movement. 

The workpiece was held in a specially de-signed fixture as shown 

in Fig.6.4. The work holder design, in the present case, was 

based on the consideration of accurate location, high ridigity, 

ease of clamping, etc. The work-holder was made of the brass 

and the +ve terminal of the power supply was connected to the 

workpiece through work holder. Both the work and work holder 

were housed inside a perspex box. The perspex box acted as a 

close chamber and the entire machining took place within the 

chamber itself. This helped in restricting the electrolyte 

splash all over. IEG was set by giving transverse and longi-

tudinal movements to the workpiece with the help of two 

separate hand wheels .(1-4-) and ( 5) respectively. 

In order to prepare the test-pieces, outer skin of 

the castings or forgings was removed by machining and the 

dimensions and surface finish of the warkpieces were controlled 

accurately within a narrow range. The hardness (BHN) of the 



workpieces used was also measured and is given in Table-2. 

Table-3 gives the chemical composition of different types of 

work materials used. The microstructures of different materials 

used during experimentation are shown in Fig.(6.6). 

6.2 ERERINEENTAL PROCEDURE AND SPECIFICATIONS 

Experiments were ccnducted to study the following 

in ECD and BCE operations using different types of tools., 

workpie ces and operating conditions . 

a) 14etal removal and 

b) Form accuracy. 

(a) Metal removal 

In order to measure the work-material removed during 

the test, loss in. weight of the workplace was adopted. as the 

criterion. The weight measuring accuracy throughout was 

maintained at 0.25 mg. The time of machining was measured 

by means of a stop watch with a least count of 0,.01 second. 

Conditions under which the tests were performed 

are summarised in Tab le-4. 

It was observed that during a cut, the working 

voltage has a tendency to vary. In order to improve upon the 

computational accuracy, the variations in operating voltage 

( or effective voltage ) was recorded at intervals of 30 s or 60 s 

or 300.s during the test. The average electrolyte flow rate was 
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Fl g. 6.6: 
(Q) 

Microstructure of work materials. Test pieces 
series numbers (a) 700 (b) boo (c) 500 (d) 14-oo 
(e) 200 (f) 100 



measured by means of a conductivity meter having the following 

specifications:  

Conductivity Measuring Bridge 

Make 	 Philips 

T ype 	 p R 9500/90 

Measuring range 	0.5 Ohms to 10 M Ohms 

Bridge supply(internal) 50 az or 1000 Hz 

Inertialess electronic indicator 

(b) Shape of the  hole produced: 

The shape and dimensions of the hob produced were 

measured in each case by the use of replica technique. For this 

purpose plaster of paris replicas were prepared and their 

dimensions measured by means of a CZ large tool makerts 

microscope (least count 0.01 mm). The measurement of replica 

dimensions at any point along its length would give the magnitude 
of radial ovr cut at that particular 'location using t1,4- following 

relationships for the cases of drilling and boring:  

(Overcut) d  (Drilled hole diameter - Tool diameter) x0.5 	(6.1) 

(Overcut)b  = (Baced hole diameter - Initial dia.of hole)x  0,5 (6.2) 

It is to be noted that before electrochemical boring tests 

were started, the predrilled hole profile was recorded. Dimen-

sion of the machined anode was measured at an intervals of 

about 0.25 mm. or 0.5 mm in zones 1-3 and at an interval of 
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about 0.5 mm or 1.0 mm in zone-1+ (i.e. side region). The tool-

corner radii were measured by the replica technique. 

6.2.1 Selection of Tool Material 

selection of an appropriate tool material in ECM is 

very important and is governed by its electrical resistivity, 

stiffness, machinability and heat conductivity. Most widely 

used tool-materials have been compared in table-5 and from there 

it is evident that copper or brass would form a good choice. 

However, in case of slender tools , stainless steel is preferred 

due to higher stiffness requirement. 

Copper as well as brass is also preferred for the 

conditions where tool damage is expected in the event of minor 

electrical short circuits. Since their thermal conductivity is 

high, this helps in removal of much of the heat from local area 

of shorting and thus reducing the volume or the size of the pit 

lone d. On the other hand, under similar conditions  stainless 

steel or titanium tools get damaged to such an extent that 

a major repair would be needed before they can be used again. 

Also tool-surface preparation (removal of nicks , notches, 

scratches, lines, etc.) and preservation is comparatively easy 

for the case of copper and brass. .except in respect of thermal 

conductivity, brass is superior to copper hence it was used as 

the tool material for the work reported in this thesis. 
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6. 2. 2 Selection of ECM E lectrolyte  

ECM electrolytes have been classified into three 

categories i.e., neutral acidic and basic. Nautral electrolytes ,  
say NaCl, produce insoluble sludge while others do not produce 

such sludge but their composition alters as the machining 

proceeds and plating out of the metallic ions takes place. Alka-

line and 'acidic solutions are normally not recommended in 

practice be cause, they may attack the machine parts, are harmful 

to the personnel and are comparatively costly. Further, alkalies 

tend to pas sivate most of metals used as anode causing the 

machining to be either impossible or non-uniform. Hence, NaC1 

was selected as the electrolyte for the present experimental work. 

6.3 DESIGN OF EXPERIMENTS 

6.3.1 Introduction 

survey of literature shows that a very large number 

of applications of the design of experiments can be found in 

chemical, agriculture and related experiments. Howev=er, its 

theories are applicable to almost 	any type of industrial 

research (54- 2 181). 4i good experimental design is one (51) which 

furnishes the required information with the minimum of experi-

mental effort. During an experiment, random errors may be 

appreciable hence a certain minimum number of observations is 

required to give the necessary precision. If the magnitude 

of errors expected in various measurements during experimentation, 
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is known it becomes relatively easy to forecast the number of 

observations required to determine any parameter with a given 

degree of precision. If an experiment is under designed, false 

conclusions may be drawn and if overdesigned it would lead to 

wastage of money, time and efforts without yielding extra infor-

mation. The factorial design used in this case offers the 

advantage that it contains a large degree of 'hidden replications 

(181); for example in a 25  experiment each effect is estimated 

with the precision of an average of 16 comparisons of pairs of 

observations. 

Normally scientific investigations-  are planned to know 

the effects of a number of different factors on some property or 

process. A properly planned experiment would not only give the 

effect of the individual factors but also the manner in which each 

effect depends on the other factors ( 1. e .1  int eractions). In the 

factorial design the effect of a factor is estimated at several 

levels of the other factors, hence the conclusions hold over a 

wide range Of conditions. It is also possible to state on theore-

tical grounds which factors are likely to interact and which may 

safely be ignored (42). Such full factorial designs require that 

if number of experiments be conducted, f is the number of factors 

involved and Ill is the number of levels under investigations. 

For higher levels and large number of factors, full factorial 

design require very large number of experiments. This has led 

to the development of fractional factorial design which reduce 

the size of an experiment to a fraction of that required for full 
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factorial. experiment and providing all the important informations. 

Fractional factorial. design (1,51 ) or fractional replicates is 

based on the principle of confounding' . When large number of 

experiments  are involved it may not be possible to carryout 

experiments under uniform conditions, say, on one homogeneous 

batch of raw materials, etc. Confounding is the division of 

experimental data into smaller blocks in such a manner that 

the main effects of the fact ors and their more important 

interactions are investigated under uniform conditions; while 

the heterogenity introduced in consequence of the size (66) 

of the experiment is allowed to affect only interactions which 

are likely to be unimportant. 

6.3.2 Response surface Evaluation and Design schemes 

If all the factors represent quantitative variables 

then the yield ( or response) y*  can be represented as a function 

of the levels of these variables 

4 	 ,r4 
= * * x1u 	X2u.  • 4 Aku ) 	eu  YU  

* 
Yu = )c8u 	x1u 	x2u+... +x.ku 	eu 

(6.3) 

(6.1+) 

where u=1,2,...,N repr:sents N observations in the factorial 

experiment and xl ù  represents the level of the ith factor in uth  

observations. The function 0*  is called the response surface;eu  

measures the experimental error of the uth observation. In the 

absence of a knowledge of mathematical form of 0*, it can be 
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approximated satisfactorily, within the experimental region, by 

a polynomial in the variables xtu. However, it is to be noted 

that polynomials are untrustworthy when extrapolated. The 

solution of Eq(6.4) is obtained (28,29,47,51) by treating it 

as a particular case of multiple linear regression. 

To obtain an idea of interactions and higher order 

effects, second order designs (Eq 6.5) are preferred instead 

of first order design (Eq 6.1+) as discussed above. Such 

quadractic type of design are used when responses are not 

expected to be linear in the experimental space and the design 

is needed to yield estimates of the curvature aspects of each 

response ( 199) . 

i * 	a * 	,r 	/3 ,,,-, 	R 	* 	* Yo  =fi ÷,iixi  +/-x2u  o 	o 	u 	+ I1j1 xi  + '22 -2u + r12 xlu x2u + eu 
Linear 	square 	Cross-:.error
terms 	 terms 	 product 	term 

or 

terms 

(6.5) 

To estimate the magnitudes of the coefficients in the above 

polynomial, each variable xlu  must take atleast three different 

values. This suggests the use of factorial design of 3k 

series with levels coded as -1, 0, 1, however, 3k design would 

become quite large with more than three x*-variables. Also, with 

such design the precision (28) of the coefficients of squared 

terms is relatively low. 
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Box and Wilson (28) therefore developed the central 

composite design by adding (2f+1) additional factor combination 

to 2f factorial. (i.e. .2 + 2f + 1). Such designs were originated 

to fit second order response surfaces. 

Later,this design was modified and named as non-central 

composite design (42), useful for the situations when maximum 

response is nearer to one of the other factor combination than 

to the centre. 

Rotatable designs are quite useful in practice and belong 

to a series that are also central composite design. To explain the 

concept of rotatabiLity, let the point (0,0,••• 10) represent the 

centre of the region in which 1Y * ' and lx*,  is under investigation. 

Let Yu*  be the estimated response at a point on the fitted second 

order surface as given by equation below:  

Yu = bo +bi xiu  + 
=1 	 1 

2 
b• • x* 11  lu j. j b 1 xi

u  xju  

• • (6.6) 

In a rotatable design the standard error is the same for all 

points that are at some distance p *  from the centre of the region. 

In such a case, 

2 2
u 	2u x 	+ x. + • • • + x 	- P 	= constant 

Central. composite design (Fig.6.7) can be subdivided into 

three parts; (i) points related to 2f design, (ii) extra points n2  

included to form a central composite design with 	and 



FIG. 6.7 	GEOMETRIC REPRESENTATION OF CENTRAL COMPOSITE 
R OTATABLE DESIGN 
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(iii) few more points n1  added at the centre to give roughly 

equal precision for Y*  (i.e., true value of yield) within a 

circle of radius 1. n1 	however, if n1  1 i.e., many 

replications of the centre point, the standard error of Y*  is 

low at the centre and increases rapidly as we move away from 

the centre. 

. It is to be mentioned that 4, must be equalA 2f/1+ in 
order to make the design rotatable. with larger number of 

variables, the experiment size is reduced by using a half 

replicate of the 2f  factorial. with half replicate, 	becomes,  

2( f-1)/LI-. 

6.3.3 Analysis of Variance 

It is usually of interest to partition the sum of squares 

of the f's into the contribution due to a first order (linear) 

equation, the additional contribution due to the second order 

terms, a 'lack of fit' component which measures the deviations 

of the responses from the fitted surface, and finally a measure 

of the experimental errors, obtained from the replicated points 

at the centre. 

General formulae used are as follows: 

sum of squares  df- 

(1) First order 
term. 	 bi( iy* ) 

i=1 
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(2) Second order 
terms b (0Y*) +2 bii(iiy* ) f( f+1) 

1=1 2 

+ 	bii(iiy*)_ G2/N  
i<j 

(3) Lack Of fit 	Found by substractiod 
F( 5 -( 1) 	( 2) - ( 14.)1 

n f  fL-111 2-  2 

(4) Experimental 
error 

(5) Total 

-* (Y. 	Y )2 iu 	1 

N 
Yu  G

2/14 
u=1 

Here, G is the grand total, N- the number of points and 

y iu  represents the responses at the central points, with mean 
* Yi. 

6.3,4 Design of  ECDErperiments 

6.3.4.1 Design of electrochemical  drilling_ (ECD) with bare 
tool experiments 

To evaluate the effects of following five ECD 

parameters (or variables) on the metal removal rate (i.e., 

yield), central composite rotatable design with half replicate 

was selected (122). This design seems to be the most useful 

in this type of application. Levels for different factors were 

selected as per scheme given below: 



Levels 

+2 +1 0 -1 -2 

0.030 0.040 0.0493 0.0590 0.069 

2.1 1.7 1.3 0.9 0.5 

Factor name 

Electrolyte 	-1 -1 conductivityl ir mm(x 10 ) x* 

Initial inter- 
electrode gap(mm) 	x*2  

1.25 

, 	* 
Feed rate i mra/s,( x10-3) x3 	7.917 

Tool corner 
r adius( mm) 	 x 	3.976 

Tool diameter(mm) 	x5 12.06 

7.080 6.187 

3.16 2.298 

11.01+ 10.03 

5.330 4.500 

	

1.53 	o.75 

	

8.99 	7.95 

The complete design of the experiment (4Z) in coded level 

form and the responses are given in Table-6 and the values of these 

factors at different levels are given above. The solutions of 

the response surface equations for central. composite dasigi are 

obtained from the equations given alongwith the Table-6. 

6.3.4.2 Design of electrochemical bit drilling (EcBD) experiments 

To evaluate the effects of feed rate and tool bit -

bare height Cu metal removal rate, the experiments were conducted 

in accordance with the Design given in Table-7 and the corres-

ponding factor levels values are given below. 

Experimental Conditions Used During 
LCIBD of Forged Low Alloy Steel. 
K o  = 0.007 -Ur- mm-1 	t 	2400 s 

Factor 	Abbreviation 	Levels 
-2 	-1 	0 	+1 	+2 

Feed rateFF), 
mm/s( x10--) ) 	 3.2 	3.7 	4.5 	5.30 	5.63 
Tool bit height 
(bb) mm 	 x2 	2.556 3 	4 	5 	5.414 



CHAPTER-7 

ANALYTICAL AND E2PERIMENTAL ai4ULT45 

This chapter presents the analytical and experimental 

results obtained by the author. The experimental study consisted 

in drilling and boring of different workpieces using several 

tools and tool bits and electrolytes having different ccncen-

tration. In order to test the validity of the proposed models 

experimental data has also been borrowed from the available 

literature. It should be noted that the analytical results 

reported in this chapter have been obtained by FET unless 

otherwise mentioned. 

7.1 ECM  WITH PLAN:1i.; PARALLEI  ELECTRODEk 4 

7.1.1 Zero Feed  Rate 

Generation of side surfaces, in ECM, can normally be 

considered to be equivalent to machining under zero feed condi-

tions. This would correspond to a situation when the ftod 

direction and normal at tool ( or work) surface are at right angles 

to each other. Majority of the available experimental data, 

in literature, relates to zero feed rate in the front gap only. 

The model itla-11 has been employed to compute the analytical 

values of the ECM process parameters for the experimental data 

with zero feed rate. Computation in this case was done at 

intervals of 30 seconds each, Current density has been calculated 
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using "Li q( 2.11) and the results compared with the experimental 

data. 

(a) Variations in current density 

For the case of zero feed machining, with using NaC1 

as the electrolyte, Kawafline (106)' conducted extensive experi-

mentation (Table-8). For the conditions in T:ble-8, the current 

density along the electrolyte flow path has been evaluated 

analytically using FLT-11 (Figs 7.1A and 7.1B). Tha computed 

values in this case are based on the assumption of 100% current 

efficiency and void fraction as zero due to absence of sufficient 

reliable data in this regards. The current density along the 

electrolyte path was evaluated by knowing the total current 

flowing in the segmented electrodes I 1 to I5 and their areas. 

(b) Machining  accuracy 

Figs ( 7. 1-11 and 7.1B) also show a comparison of experi-

mental and analytical values pertaining to machining accuracy 

obtained by the use of .HET-11. For these cases, the same 

machining conditions as given in Table-8 are true. 

7.1.2 Finite Feed Rate 

In ECM with finite feed .the rata at which the tool is 

fed is equal' to front feed,' FF, if the normal to the work 

surface coincides with the feed direction otherwise, the cosine 

component of the feed should be employed. Validity of •the 

model FET-11 for finite feed conditions has also been checked 
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using experimental data (..aa) and the results are given in 

Figs.(7.241-7.2D). For the computation of metal removal a 

current efficiency of 100% and void fraction aS zero have been 

assumed in the absence of availability of reliable data for 

evaluation of void fraction constant. A computation interval 

of 30 seconds was used. 

i;xperimental validity of the mod-el FET-22 was also 

verified ( Figs .7.3A-7.3c). Fig .1+.6a shows the discretization 

of two dimensional IEG and the computation of ECM paramaters, 

in this case, was done as per computer programme already 

discussed. For this purpose a computational interval of 

30 seconds was chosen. 

For the sake of testing the validity of the model 

for one of the test conditions (n), results about 

variation:• in J, K, IEGI  etc. are given in Fig. 7.1+ 

7.1.3 Qomplex Shaped Electrodes 

Applicability of model FET-11 and BET-22 for the 

- case of complex shaped workplaces has been tested by analysing 

the complicated problems shown in Figs. 7.5A and 7.5B respec-

tively. The machining conditions for which these problems have 

been analysed are given in Thbles-9 & 10 respectively. 
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7.1.4 affect of Tool Material on Temperature Distribution in I&G,  

In EOM, the frontal gap normally experiences a larger 

teiuperature rise as compared to the side gap. Due to large 

temperature difference, greater amount of heat is transferred 

from the electrolyte to the electrodes in the front gap. The 

total heat generated is partially conducted away to the tool 

and work electrodes and the balance amount stays within the 

electrolyte itself. This would mean that temperature rise 

of the electrolyte would be caused due to part of the 12a loss 

in the IEG. The remainder heat is dissipated into the 

environment. 

Considering that the entire heat generated(I23 within 

the IEG is taken Up by the electrolyte, the temperature rise 

can be evaluated by the model .b.ET-11 assuming uni-dimensional 

heat transfer. Due to heat transfer to the tool and work 

1 ect r od es the equilibrium temperature  ef the electrolyte would 

be lower than that obtained by FET-11. This has been computed 

as follows: 

Comput at ion has be en carried out assuming 100% and 95% 
current efficiencies for three different cathode materials viz., 

copper, bras s and stainless steel ( Fig.?. 6 ) . For computation 

purposes, the thermal properties of the electrodes have been 

obtained from standard data book (a). 
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7.2 PARAMETRIC STUDY 

A parametric study of the ECM process would help in a 

1:):!-b for understanding of the type of inter-relationship between 

the 'cool feed rate, electrolyte flow velocity, TRIG,  temperature 

distribution, electrolyte conductivity, current dens ity, etc. 

For this purpose the analytical results obtained by FLT-11 and 

evaluated for the machining conditions given in Table-11 have 

been given in Figs. (7.7-7.9) for zero feed rate conditions and 

in Figs. (7.10-7.12) for finite feed rate conditions. 

For zero feed rate, effects of electrolyte flow velocity 

(Fig.7.7), electrolyte flow mode (Fig.7.8) and LEG (Fig•7.9) 

have been considered. For finite f aed at condition, effects 

of feed rate (Fig.7.10) )  interelectrode gap (Fig.7.11) and 

electrolyte flow velocity (Fig.7. 12) have been analysed. It 

should be noted that the anode profile in this case has .been 

calculated on the assumption that the overcut in the transition 

zone remains same throughout. Further it is to be noted that 

linear MRR at each node, and the volumetric and specific MRR 

within each element can be computed from Eqs(7.1a), (7.1b) and 

(7.1c) respectively. 

mBls i) 	FF  Y( 1)  - Ploy(i)  .; if KIN=1 FPY ( i) -= YI (7.1a) 

if KIN;> 1 FPY(i) (KIN) = Y(i)(KIN-1) 

MRv(i) 	WI4R1(i) +14R1.0.+15}. x(i+-0 	x(i) 	(7.1b) 2 

ivins(i) = pv(i) 	J(1+1) ÷ J(i)
) 

 
2 	 (7.1c) 

"3 
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7.3 ELECTROCHEMICAL  DRILLING (ECD1 WITH B.AI  TOOL 

For ECD, three types of anode materials viz., mild 

steal, low alloy steel in cast and forged conditions were used. 

The cathode in all the cases was made of brass however, tools 

with different diameters and geometries were used. Test 

conditions for LCD experiments are given in Tab le-12 (Mild steel), 

Ieble-13 (Cast low alloy steel) and Table-11+ (Forged Low alloy 

steel) and for calculating the anode profile, modified Ee(3.2) 

has been used. It is to be noted that during the computation 

of anode profile , overcut in transition zone was calculated 

using equation (3.4) derived on the basis of regression analysis. 

The values of its constants for different sets have been evalua.: 

ted from the figures of type of 3.2. In few cases during ECM 

of mild steel applied voltage across the electrodes was found 

to vary during the cut. Hence the effective voltage Ev  i.e., 

the voltage which prevailed for the machining period of time 

more than 66% was chosen. During Lem of M. S. the mean 

voltage and current were measured at an intervals of about 

300 seconds, whereas for tests on low alloy steels, the 

observed modal values and in some eases mean values of current 

and voltage over a period of 30 s and in some cases 60 seconds 

was employed (Fig.7.13). The average of the modal/mean values 

was used as the effective voltage. similarly, effective 

current was evaluated from the curr'int variation with time 

curves (Fig...2.14). 
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To compute the anode profile and machining efficiency 

the effects of actual variation in voltage and current with 

time were taken into consideration (Figs. 7. 13 . & 7.1)4) . During 

computation of anode profile, in majority of the cases, 

computational cycle time was used as 30s whereas in some cases 

an interval of 60s was also used to save the computation time. 

It should be noted that during the computation of anode 

profile heat transferred to electrodes was neglected arid the 

void fraction was as sumed to be negligible. This, however would 

introduce sorry error in the calculations. Also univaleney EC 

dissolution throughout the IEG during the process was assumed. 

7.3.1 Effect of VoltaFe 

To study the effects of voltage on anode profile, ECD 

tests were performed. For this purpose about 100 tests under 

different machining conditions (Table 12) were conducted on 

mild steel as the anode material and about 30 tests were 

conducted on cast low alloy steels (Table-13). As discussed 

earlier the form of the anode profile was measured using a 

replica technique and a tool makers microscope. 

Fig. 7.15 shows the effect of voltage on the anode 

profile obtained. It is to be noted that in majority of the 

cases electrochemically drilled holes have the shape of an 

elongated s( ). However )  the large overcut observed near the 

top of the machined hole extends.only over a very small lungth 

as compared to the tapered part. 
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7.3.2 affect of Tool-Diameter 

The effect of tool diameter on overcut in ECM was also 

studied. For this purpose the effective voltage and other 

conditions were held constant whereas, the tool diameter was 

varied. The results are given in Fig. (7.16). 

7,3,3 Machlarkjifficiy.enc 

To study of the effect of voltage on machining 

efficiency for otherwise similar machining conditions, th3 

machining efficiency has been calculated from the following 

relationship. 

(r/- 1.24 
1-  Int 

• • 	( 7 . 2) 

It is also to be noted that in few of the cases machining 

efficiency has crossed the threshold limit of 100% (Table 12 

and Table 13). 

7.3.4 Comparison of Experirrntal and. hinal..ytical Anode Profile 

Using the model SGFET-11, the anode profile for 

different cases has been obtained (Fig. 7.17) assuming constant 

valency of EC dissolution of the anode and taking a mean 

,value for the efficiency of machining. The value OfCcr  has 

also been assumed to be zero. It has also been assumed that 

the feed rate in the side gap is zero (i.e., Fs-O) . But after 

the ECM starts, in case of bare tools or bare land width (bb ) 

with coated toolbit, the anode surface in side zone obtained 

it0 
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will be inclined at an angle to the feed direction. Hence, a 

component of feed will be acting on the work in the side zone 

that means Fs  0 condition exists. 

7.3.5 Experimental Observations 

Plaster of paris replicas of drilled holes were prepared. 

In few cases, the hole shapes were distorted and song of repre-

sentative magnified photographs of these are shown in Fig. 7.18. 

The conditions that led to the production of distorted holes 

are stated in the appropriate tables. This is caused mainly due 

to the effect of electrolyte flow velocity specially in case 

of outward mode of flow. Fig; 7.19 shows that top face views 

of sorry of the Lc drilled holes. 

Overcut in Transition Zone in ECD 

Overcut in transition zone during LCD has been measured 

from the replica of the drilled hole. The equilibrium gap, Ye  

was evaluated corresponding to the effective voltage using 

Bq(2.5). Fig.(7.20) shows the relationship between overcut, 

ao  and equilibrium gapi ye. In some cases, a scatter between 

line of best fit (obtained by applying regression analysis 

technique) and experimental values was observed. Therefore, for 

improving the degree of correlation, dimensional analysis 

(Appendix-III) was conducted. Fig. 7.21 shows the nature of 

relationship between the dimensionless parameters Ai  and r 2  
But coefficient of correlation found was Low. It was, however, 
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found (Fig. 7.22) that tool diameter has got its independent 

influence on a0. Later on, a relationship between D and CA was 

established through Fig.7.22. Finally the Eq(3.5) was obtained 

in the final form. This gives a better fit as shown in rig. 7.22D. 

Dasc-4 Q Fig. 7.22 the values of constants Cd, n1 and n2  have been 

derived. 

7.1+ ELECTROCHEMICAL DRILLING WITH  BARE TOOL USING 
" SIGN OF EXPERIMENT" TECIENTIQUE 

To study the effects of machining parameters on metal 

removal rate and their interactions, ECD tests with bare tools 

were conducted in accordance with the details given in section 

6.3.4 and experimental plan given in lable6&7. This could help 

• in evaluating the constants of a response surface equation (6.6) 

which can be used to predict the rate of metal removal. 

7.5 ELECTROCHEMICAL  WIRE CUTTING PROCESS  (ECWOP  ) 

A parametric study of EC1o1CP using rectangular wires 

has been made with a view to obtain a clear understanding of 

the process. Results have been computed by three different 

methods. Model-1 is based on the application of classical ECM 

theory, model-2 by the use of resistances in parallel model and 

model-3 based on finite elements technique (FET-1 ). The results 

have been computed for two different conditions viz., zero feed 

rate and finite feed rate. For the model ±e±,11 -1, Fig. 7.23  shows 

the scheme of discretization for a 30 min long wire. 
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7.5.1 Zero Feed Rate (FF=0) 

Fig. 7.24 shows the temperature distribution within. 

the electrolyte along the wire and change in electrolyte 

temperature at different nodes with machining time. It (Fig.7.244) 

also shows a comparison between the temperatures Obtained by 

model-1, model-2 and FET-1. Fig. 7.251 gives the change in 

electrolyte conductivity with flolir-distance  whereas, Fig. 7.25B 

shows the change in electrolyte conductivity 

with -lachining -time. The variation in current density, tT 7  

within TEG with machining time are given in Fig. 7.26. Fig.7.27 

shows the variation in metal removal rate with machining time 

at different nodes and elements. 

7.5.2 Finite Feed Rate  (FF 0) 

Figs (7.28) to (7.30) show the analytical results 
-feee 

obtained for the .,:;G wire-'cutting with the finiteArate. Results 

have been computed assuming computational cycle time of At=1 

seccnd because it has also been found that the accuracy of the 

results is dependent upon the computational time interval 6t. 

7.6 ELECTROCHEMICAL DRILLING WITH BARE TOOL-BITS 

These experiments were conducted to know the nature of 

anode profile obtained by using tool bits having a finite corner 

radii and a sharp corner. The results are shown in Fig. 7.31 

and the machining conditions are given in Table-11+. 
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7.7 ELECTEtOCEIEPLICAL BORING  WITH BARel TOOL-BITS 

For the purpose of experimentation, workpieces with 

predrilled holes were bored by means, of bare tool bits.. The 

original hole in most of the cases was produced by ECD employing 

bare tools. The ancde profile of the holes before and after 

boring have been compared in Fig. 7.32. It can be satin that 

th' bored holed profile is more accurate in comparison to EC 

drilled hole. 
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CHAPTER-  8 

CUSSION 

This chapter presents a detailed discussion on the 

experimental and analytical results reported by the author. In 

order to facilitate the discussion it has been presented under 

the following heads. 

8.1 Eal WITH PLANE PARALLEL EL:SCTROWS 

8.1.1 Zero Feed Rate 

(a) Current density 

The analytical results obtained from model FET-11 have 

been compared with experimental data (106) (Fig. 7.1). It can be 

noticed that the model WT-11 yields current density and 

machining accuracy values that are slightly lower than the 

corresponding experimental. values. This is mainly due to 

erroneous assumption made about the magnitude of current 

efficiency. In actual machining, this usually lies between 

75 to 100%. Some error is also introduced due to the fact that 

over potential, 1. A.v  in Eq(2.1+) has been assumed to be zero. 

slight improvement in analytical values in Fig.' 7.1 could also be 

achieved if the heat transferred from the 1EG to the tool and 

work electrodes is accounted for and the actual value of void. 

fraction constant is taken rather than assuming it as zero. 



(b) Machining accuracy 

Fig. 7.1 also compares the experimental. and analytical 

values of the machining accuracy. In this case, a slight 

discrepancy exists between the two which can be attributed to 

the approximations made in arriving at the analytical results 

and discussed above. 

8.1.2 Finite Feed Rate 

Figs (7.2) and (7.3) show a comparison between the 

analytical and experimental results. There is a good agreement 

between the two for the results obtained by model PET-11 (Figs. 

7.24. to 7.2D) and model FET-2 2 (Figs. 7.3k to 7.3C). However, 

results by FET-22 give better agreement with experimental. data 

because in this case Laplace s equation ( 2.15) was employed to 

evaluate the electric field potential distribution within the 

.IEG. PET-11 on the other hand is based on the assumption that 

Ohm's law applies t o the electrolyte within the IEG'. The 

difference in the results given by these two models is evident 

when a comparison between the analytical and experinntal 

data specially in the corner region is made. At corners, the 

current density is very high compared to the central region. 

Still be tter agreement between the analytical and experimental 

points near the corners can be achieved if the finite elements 

near the corners of the tool are taken to be smaller. presence 

of high current density at corners has also been reported by 

Cuthbertson and Turner (j2). Nature of current density distribution 
given by PET-22 compares favourably with the data of Cuthbertson 
et al. (Fi 

201 
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It is to be noted (Fig. 7.1+A) that after a machining 

time of 210s the ECM process parameters viz., K, IEG, J, volu-

metric metal removal and penetration alter only slightly 

meaning thereby that the equilibrium state has almost bean 

attained. This is confirmed further by the fact that beyond 

210 seconds the ratio yt/ye  approaches a unit value (Fig. 7.4B). 

Under these conditions the volumetric metal removal also 

becomes virtually constant. 

Discrepancy between analytical and experimental rasults 

can be attributed to the fact that experimental data is likely 

to be in error because of ineffective filtration of the electro.- 

lyte, limitations of the temperature measuring device, .:rtc. 

Contamination of the electrolyte with reaction products has been 

Imown to influence the electrolyte conductivity. But the major 

factors responsible for discrepancy is the assumption of 

1= 100%, neglecting the effect of void fraction (C4v  0) and 

assuming no heat transfer to the electrodes. These assumptions 

have been made due to non-availability of sufficient information 

for their evaluation. As is shown in next subsection if heat 

transferred to electrodes is considered the trend of the 

• temperature distribution within the IEG changes to a certain 

extent. 

8.1.3 Complex ,shaped Electrodes 

11T-11 has been applied to analyse sinusoidal way., form 

sinking (Fig. 7.54k). From the figure it is evident that IIRR 

at - the crests is very high compared to that at the troughs. 



The feed rate at different points in thin case has been calculated 

using cosine component of feed. (i.e. FF  cos e) where e is the 

angle between feed direction and a normal on the work surface 

at a point under consideration. 

Two dimensional model (IT-22) has been applied for 

the analysis of complex shaped cathode machining under zero 

feed rate. Fig. 7.5B gives the IEG discretization and table-10 

shows the IEG values obtained at different intervals of machining. 

These two examples have been chosen to show the 

versatility of the FET for application ,to complex shaped IEG. 

8.1.4 Effect of Tool Material on Temperature Distribution 

Fig. .7.6 shows a comparison between the exp 	al 

results (23) and those obtained from model FET-11. In majority, 

of the cases, analytical values are slightly higher than the • 

experimental data when a current efficiency fYi = 100) is assumed. 

:However, for the case, 1)7 = 95i, a reverse traid can be noticed. 

Secondly near the inlet, electrolyte 'temperature in almost all 

the cases, is higher than the values obtained analytically 

Vnereas this is not true 'near the outlet end. The reason for 

this being that, one dimensional heat transfer model used 

in the present case considers the heat transfer in the 

direction normal to electrolyte floW only whereas in actual 

practice, heat transfer, within the electrodes itself could 

take place. The final temperature distribution would have 

higher temperature at the inlet side and lower at the outlet side. 
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However, it should be noted that in the present case 

the total heat going to the electrodes is about 13.0% for M.S. 

as the anode and copper as the cathode. The effect of tool 

material on temperature distribution within the IEG is shown 

in Fig. 7.6. It is also evident from Eqs (3.14-3.20) that, heat 

transferred from or to the electrolyte is mainly a function of . 

thrmal conductivity of the electrodes, forced and natural 

convective heat transfer coefficients and the difference between 

IEG and the ambient temperature. 

8.2 PARAM.o.:TRIC STUDY OF ECM PROCESS 

Based on the results obtained in this thesis a -paramet-

ric study of the ECM process has been presented. This has been 

divided under two headings viz., zero feed rate and finite 

feed rate. 

8.2.1 Z.Pro Feed Nate 

Study of the side surface generation in ECM is 

important and this occurs under zero and finite feed conditions 

both. During hole sinking operation with straight sided tool, 

it is normally assumed that the side surface is produced under 

zero feed conditions. This situation has been analysed by 

the FLT-11. 

8.2.1.1 Effect of electrolyte flow velocity 

Lowering the electrolyte flow velocity within the MG 

leads to higher temperatures, consequently the electrolyte 
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conductivity and current density both increase (Figs.7.7A and 

7.7B). As a result, faster metal removal rates and larger 

overcuts are obtained. 

From the view point of an ECM tool designer, a high MRR 

with minimum of overcut would be an ideal situation. The former 

condition would be satisfied at lower flow velocities whereas, 

the latter would require the electrolyte to flow at higher 

velocities. In view of the conflicting requirements above the 

following guide lines are suggested.. 

(i) Length of the electrolyte flow path (i.e., the 

distance between inlet and outlet of the electrolyte) should be 

kept to its minimum. This would minimize the increase in 

conductivity due to temperature rise, 4 T. For this, Kuhn (1,20). 

has suggested use of electrolyte supply and exhaust slots as 

shown in Fig. 8.1. 

(ii) B leetrolyt es with low value of temperature 

coefficients of conductivity (a) should be used. This can be 

achieved by the use of certain additives as discussed in 

chapter.-2. 

(iii) The electrolytes to be used should possess a high 

electrical conductivity. In this connection use of electrolytes 

either with certain additives or at elevated temperatures is 

recommended. 

(iv) Use of tool in BIT form with coated sides has been 

proposed in this thesis by the author. This is expected to 

result into almost zero overcut. 
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8.2.1,2 Effect of electrolyte flow mode (side surface generation) 

Electrolyte for use in ECM can be supplied in a number 

of ways (120) viz., inward flow, outward flow, side flow or mixed 

flow. However, the overcut, current density (J) 

and temperature distribution depend upon the mode of electrolyte 

supply (Fig.' 7.8k). Minimum deviations in dimensions and minimum 

overcut can be seen to occur in the case of inward flow. It is 

further evident (Fig. 7.8B) that coated tool bits result in no 

overcut whereas bare tool bits lead to small overcut as compared 

to that obtainable from bare tools. It should, however, be 

noted that the results presented in Fig. 7.8 are based on the 

assumption that throughout the transition zone, the overcut 

remains uniform, The assumption has certain limitations and can 

lead to a descrepancy, in case of some electrolyte, between the 

analytical and experimental shapes produced. 

8.2.1.3 Interelectrode gap 

When IEG is small, T and K both increase due to increased 

Joule's heating. In the initial stages of machining, it leads to 

larger overcut compared to a case with initially large IEG. 

Linear and volumetric metal removal (Fig. 7.9A), temperature rise, 

conductivity (Fig. 7.9B) and current density (Fig. 7.9C) increase 

with the decrease in IEG. as an illustration, Fig. (7.9D) shows 

the effect of initially set IEG Q1 predicted anode shapes. It 

should also be noted that in addition to the effect of IEG, the 
accuracy of the anode shape obtained in ECM is also affected by 
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several other parameters such as form error in the tool itself, 

inaccurate fixing of the tool and workpiece, presence of vibra-

tion during cutting, etc. Therefore, for high precision in ECM, 

fixing of electrodes should be done with care and tool and/or 

workpiece vibrations should be maintained to the minimum possible 

level. Error in the tool form should be known before hand so that 

it can be accounted for during operations planning before using 

it for actual machining of the works. 

8: 2.2 Machinin with Finite Feed Rate (FF 0) 

Electrochemical dissolution occuring ahead of the tool 

face and that within the curved portion of theIEG can be 

treated as a case of cutting with finite feed rate. To be very 

exact machining within initially plane parallel side-gap would 

also occur with finite feed after a time interval of Lt seconds, 

since with passage of time the newly generated worksides would 

bec (be inclined to the feed direction. 

8.2.2.1 Effect of feed  rate 

Use of high feed rates results into higher temperatures 

due to decreased IEG (Fig. 7.10A). Feed also affects the 

electrolyte conductivity, current density and metal removal( or IEG)' 
cvncl 7.1011 

(Fig. 7.108). The rate of MR changes along the direction of 

electrolyte flow and is non-uniform due to high temperature 

gradient. However, very high feed rates can result into tool 

damage on account of sparking (63) and may lead to frequent 
short circuits. 



Low feed results into lower MRR while high feed rate 

impairs the machining accuracy and it may also lead to arcing 

and tool damage which can prove to be costly. Efforts should, 

therefore, be made to evaluate the optimum feed rate under the 

given conditions. The analysis for optimization of feed rate(2) 

could be of some use in this respect. 

8. 2.2.2 Interelectrode 

Fig. (7.11k) shows the temperature distribution and MR 

within the working gap while Fig. (7.11B) shows the variation in 

electrolyte conductivity and current density with machining time 

for different 1EG. If the initial IEG (Y0) is larger than the 

corresponding equilibrium gap value (Ye) , the working gap would 

decrease with time resulting into increase in temperature, 

caiductivity and current density. For minimum dimensional 

deviation the rules as discussed in section 'Effect of electrolyte 

flow velocity' would also apply to the case of machining with 

finite feed. If possible, the initial 1EG should be chosen 

close to the equilibrium value corresponding to the entry 

conditions which can easily be evaluated. On the other .hand ,the 

initial gap should not be very small otherwise electrolyte 

boiling can take place,. 

8. 2. 2.3 Electrolyte flow velocity 

Higher fled velocity of the electrolyte results into a 

reduction in its temperature rise and the IEG (Fig. 7.12). 

2O 
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Effect of electrolyte flow velocity on the current density and 

electrolyte ccnductivity can also be seen (Fig. 7.1 23). For 

higher flow velocities, the penetration decreases (Fig. 7.1 2C) 

in a manner almost similar to temperature rise. Reduction in 

flow velocity impairs the dimensional- accuracy and may lead to 

electrolyte boiling. Therefore, attempts be made to achieve 

an optimum flow velocity in ECM. 

8.3 ►LECTROCHE,MICAL DRILLING (ECD) 

8.3.1 Elfectlx2 inode profile 

Fig. (7.15) shows the effect of effective voltage on 

anode shape produced during E- c drilling. As the effective 

voltage is increased the overcut also increases and only in few 

of the cases during ECD of mild steel highly distorted shaped 

holes are produced (Fig. 8.2). Secondly, it is very essential 

to know the voltage and current history (Fig. 7.-13 and Fig. 7.14) 

of the process during ECM of any test piece to explain the 

superimposition of two anode profiles (Fig. 7.15). Because 

the voltage variation with time may cross each other even though 

their .effective voltage may be the same. FroM such crossing 

it is evident that in one case MBR at the beginning is more and 

at later part of machining it has dropped dawn considerably while 

in other case the MRR has been changing slowly. •Due to this, 

high overcut has been obtained at the top while low overcut in 

t he bottom part giving large taper angle. In the second case 

MRA has been maintained at the normal rate. ale to this type 

of voltage vs time history, in few cases anode profiles have 

crossed each other. 
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Fig.8,2: Top face view of Sc drilled holes (X13). 
Test piece series (a) 32 (b) 1+7 (c) 61+ ( d) 401 



It is also to be noted that irrespective of the 

magnitude of effective voltage, the shape of the anode profile 

obtained is of j (elongated S) type. 

At the top portion of the profile obtained, a sudden 

increase in the overcut can be seen to occur (Fig. 7.15). ThiS: 

is attributed partly to the stray current effect and pertly due 

to the fact that this section of the workplace is subjected to 

EC dissolution throughout the period of drilling, Fig. 8.3 shows 

LC dissolution time variation with machined depth. This increa-

ses the overcut at the top face. The overcut also increases as 

the initial 13G is increased. Let IV be the initial. IEG between 

tool and work. Then approximately Yo /FF  is the extra time of 

machining for which top part of the anode has been subjected 

additionally to EC dissolution. 

At the bottom, due to large aquiLibrium gap, specially 

in case of low feed rate the current density in the part of the 

transition zone would decrease considerably with the result that 

comparatively lower overcut (or lower MRR) is observed and hence 

the profile gets twisted towards the centre. With low equilibrium 

gap, this difference in overcut in zone 2 end zone 3 would also 

decrease. 

It is also to be noted that the anode profile has been 

measured along two or more directions displaced each other by 

about 45°. Due to this in many cases, different overcut at the 

same machined depth has been reported in Fig. 7.15. 
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III some of the tests, the process had to be stopped due 

to sparking or clue to foam collected in the machining box or due 

to some other unavoidable reas ons. This eculd happen even more 

than once during yCM of a test piece. sometimes readjustment of 

the I-EG had to be made. This would have also changed the 

history of the current and voltage variations with time, as a 

result, in some cases non-uniform anode profiles were obtained. 

8.3.2 Tool Diameter and .Anode profile 

Fig. (7.16) shows the effect of tool-diameter on over- 

cut in LCD. It has been reported ( 1 10) that the anode profile 

( or overcut) is not affected by changing -the tool-diameter 

keeping all other conditions the same. However, this conclusion 

does not seem to be valid because at the same voltage across 

the electrodes but varying the tool diameter, the current density 

changes. It is obvious that different current densities would 

give different overcut (Eq 3.9) and hence different anode profiles. 

Considering two tools having tool diameters Di  and D29  
the current density for the case of cylindrical hole drilling 

would be given by E qs (8. 1) and (8.2). 

K.Ev  
Jr1 

rt ln(r112/rt) '1  
I • 	 ( 8.1) 

Jr2 = 	 
K .Ev  (8.2) 
ln( / r r2) 

r) and q are the values after drilling and r1  and r2  are the 
values before drilling. 
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The c criditidn for e qual overcut at a point in the side gap in 

ECM with two different tools would therefore be given by 111.01(8.3) • 

	

r2) 	
• • 	 (8.3) 

r2 
	ln(r) /r1) 
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or 
r2 1n(r12  /r2) = r it  ln(r; 	r1) • (8.3a) 

It means that the condition given by (8.3) is not satisfied 

unless the two tools have the equal diameters. That is why 

higher overcut is obtained in case of smaller diameter tool 

(Fig. 7.1B). In few cases, the overcut obtained from small 

diameter tool is smaller than the higher diameter tool and it 

can very well be explained with the help of current and 

voltage history of the process during the test. 

8.3.3 Machining Efficiency  

As is evident from the Table-12, a systematic effect 

of different parameters on the machining efficiency could 

.not be obtained. similar results have also been obtained by 

McGeough during EGM of mild steel (19j. 

8.3•L Pinalytical and Experimental Anode profile During ECD 

Fig. 7.17 shows a comparison between analytical and 

experimental anode profiles Obtained during ECD using different 

machining conditions and work materials. It is evident that in 

majority of the cases, deviation between the experimental and 

analytical points is minimum within and near the transition zone 



and increases towards the top surface of the EC drilled hole. 

This discrepancy has been attributed to the following: 

(i) For the purpose of computation of the anode profile 

a mean current efficiency of 85% was assumed however, in 

practice () its value often lies between 75-100% (Table-12). 

(ii) In the present case, a value of 	Av=2.0 (fixed) 

volts was assumed if Ev- 10.0 volts and # Av.=1.0 volts if 

Ev<10.0 volts. However, the value of 4 	 could sometimes 

be high (2), upto 5.0 volts in certain cases. On the other 

hand, minimum potential needed across the cell, for machining to 

proceed should be about 2.5 volts.' Thus, the value of Ev  

used in the present case seems to be higher than the effective 

working voltage in IEG• This also leads to the higher value of 

the c omputed overcut. 

(iii) During the computation of metal removal, valency of 

iron was assumed as 2. This implies that the iron is being 

removed as ferrous hydroxide. However, visual examination of 

the reaction products confirmed in case of ECM of M.S.) that 

part of the iron was- being removed as ferric hydroxide (14.8,222) 

and hence a more appropriate value of the valency of iron under 

the present circumstances would lie between the calculated 

value and measured overcut. 

It has also been shown (157) that during ECM of carbon 

steels, the parameter given by .Eq(8.-4) can be employed to decide 

about the mode of iron hydroxide formation 
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C 	Ji(xi/v2Y°e` 25 ) 0.3 3 	
• • 
	 ( 8. 1+) 

when iron is removed predominently due to formation of ferric 

hydroxide the parameter Cv  tends to become constant. In Fig. 8.4 

the computed value of the parameter Cv  have been plotted against 

the machined depth. It can be noticed that Cv  assumes virtually 

a constant value after the tool has penetrated to a certain 

distance indicating that at large depths ircn is being removed 

as ferric hydroxide. In case of deep penetration (or large 

depth), the effective electrolyte velocity reduces towards the 

exit - a situation which favours (157)  the formation of ferric 

hydroxide rather than ferrcus hydroxides. 

(iv) Feed. rate is the relative movement between tool 

and work-surface and in the begining of a cut its value is zero 

(i.e. Fe0) in zone 1+ provided vertical straight sided tools 

are used. As the cut proceeds the generated work surface no 

longer remains parallel to the feed direction and is inclined 

with respect to both the tool surface and feed direction. 

Thus, the assumption of 2Pro feed rate in zone 4 is no longer 

valid. This has the effect or overestimating the IE G as in 

Fig. (7.17). 

(v) During computation, effect of void fraction on 

electrolyte conductivity has been neglected and this results 

into higher values of the computed overcuts.' 
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This is also to be noted that computation cycle time 

should be as low as possible because as shown in Fig. 8.5, it 

has got an effect on the computed values. Although very small 

value of A t cannot be selected otherwise computer time will 

increase. On the other hand, large value of 	t will impair 

the accuracy. Hence, a compromise between accuracy and economy 

is always s ought. 

It is also to be noted that anode profile predicted by 

the use of actual voltage (4) vs time curve is more accurate 

as compared to these predicted by the use of mean voltage (Evm ). 

It shows the importance of voltage vs time variation (or voltage 

history) curves. 

8.3.5 presence of striations on work Surface 

From Fig. 7.18 ,it is evident that drilled hole has the 

shape of y (elongated s ) type and reasons of the same have been 

explained in section 8.3.1. 

Fig. 7.19shows the machined top surface of a few 

representative EIC drilled holes. It is evident that in these 

cases, the hole shape. gets distorted. Such distortion has been 

termed as 'striations 	The striation formation phenomenon has 

not been understood well and several explanations have been given 

for this. Fluerenbrock (70,71) has explained the presence of 

flow lines on the basis of ECM sonic velocity theory. According 

to him alternating layers of high and low void concentration, 
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with orientation in the flow direction are produced. The layer 

with high void fraction produces a gal) of small thickness 

whereas, the low void layers, creat a wide gap. Cole 011 has 

attributed the formation of striations to a certain combination 

of electrolyte pressure and flow rate; not yet fully analysed. 

Opitz (176) has also observed similar phenomenon and he has 

explained it as grooves in the work surface running in the 

direction of electrolyte flow. According to him the resulting 

cavitation phenomenon (2Z) act to break up the electrolyte flow 

into individual streams and led to non-uniform material removal. 

One of the remedies suggested for this is to inject gases 

like N2 into the electrolyte; this helps to agitate the 

electrolyte and avoids the formation of streaks or striations. 

The conditions under which striations were observed in the 

present case are given in Tz.ble-12. It is evident that their 

formation is observed at very high velocities. 

8.3.6 Overcut in Transition zone in ECD 

Fig. 7.20 showsa relationship between experimental 

observations of overcut ( a0) , in transition zone and the best 

line of fit derived from linear regression technique (101). 

A good correlation is seen between the two. In few of the 

cases, a poor correlation coefficient (0.8 or less) was also 

obtained specially when attempt's were made to derive a genera-

lized equation involving very large number of points. Dimen-

sional analysis of the parameters governing the overcut, 
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ao  was therefore conducted and yielded the final relationship 

(Eq 3.5). The values of cid, n1  and n2  for different tool-work 

material combinations have been derived from the Figures of the 

type (7.22). A knowledge of the parameter ae  is important for 

accurate prediction of anode profile in ECD. Deviations between 

the line of best fit and the actual overcut in Fig. 7.20 can be 

attributed to the fact that it is difficult to locate exactly the 

boundary between side region and transition region. Hence, an 

estimation about the boundary had to be made. Secondly, equili-

brium gap (Ye) has been calculated using the effective voltage 

whereas it would depend upon the voltage which persisted at the 

end of machining. 

8..3.7 Study of Electrochemical Drilling with Bare Tools Using 
'Design of Experiments' • 

As, discus sed iri earlier chapter-, Xp ,rimants ware 

coacki6tad, in accordance with the design of experiment - plan 

(Table-6) I to study the -effects of various paramet,,rs Qi.motal 

removal  rate, in ECD, using bare tools. The obsarvatigls 
wereth,:rn analysed and the following constants for the response 

surface equation have been obtained. 
it  = 5.43409 
flu  =0.15779 ; 
4 = 0.22529 ; 

= 0.56770 ; 
/34  = -0.36521;  

=0.82705 9 

i3 	 2 
Ali = 0.2541+ 	; 	112  = 0.21+256 ; 

/32  = 0.12347 ; 	./193  = -0.33891+; 
133  = 0.03031 ; 	it = -0.21644; 

/434 = -0.12706 ; 	e5 = -0.0978 ; 

P 55  = -0.06331 9 	/3  = -0.16468;  
21+  = -0. 20219; 

,25 = 0.40206 

/334 = 24056 
5  = 0.06069 
5  = -20231 
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To test the adequacy of the above model, analysis of 

variance was made and the following results obtained using the 

gre QS , of freedom 

5 
15 
6 

5 
31 

Then, the value of 'F' ratio from the table above was 

calculated as 1.3384. Thetabulated value for the conditions of the 

e xp eriment and for 95% confidence is equal to 5 which means that 

the model proposed above is 'adequate!. 

8.3.8 study of Electrochemical Bit Drilling Using 
'Design of Experiments'  

To study the effect of tool bit diameter and bare height 

of the tool bit on metal removal rate, experiments were conducted 

in accordance with the design of experiments plan given in table-7. 

The following response  sur face equation was obtained. 

2 
11.903 + 0,797 	+ 0.64024,  x*2  - 0.55994 x)(  

equations given in section 	6.3.3. 

Sum of s quares 	De 

First order term 	 29.1678 
Second order term 	12.1588 

Lack of fit 	 1.36523 

Experimental error 	1.02007 

T oval 	 43.7118 

* * 
+ 0.02581 

2 
 - 0.4205 xix2  • • ( 8. 5 ) 

The analysisis of variance has yielded the following results; 



sum of squares Degrees of freedom 

First order terms 8.3601 2 

second order terms 2.958 3 
Lack of fit 13.1933 3 
Experimental error 3. 24268 

Total 27.755 12 

The calculated value of IF' ratio was 4.0686 while that 

obtained from Table (95% confidence limit) was 6.6. Thus, the 

calculated value of tF1  ratio does not exceed the value obtained 

from the table; this means the model presented by above equation 

(8.5) is adequate. 

8.1+ ELECTROGITEMI CAL WIRE CUTTING  

8.4.1 zero Feed Rate (FF ) 

Fig. 7.24A shows the temperature rise in the electrolyte 

along the flow direction, computed by three different methods. It 

is evident from this figure that as the mesh is refined the results 

of FET-1 approach to the values given by model-1. since the results 

obtained by FET-1 are almost the same as by exact formulae hence 

significant effect of mesh refinement is not apparent. Fig. 7.24B 

also shows the temperature distribution within JIG along the 

electrolyte flow direction for different machining time. with 

increasing machining time the temperature rise between two points 

is decreasing because the lEG increases (Fig. 7.4). Fig. (7.24C) 

shows that the temperature varies at different nodes as the machining 

progresses. Since these results pertain to zero feed rate condition 
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hence a constant drop in temperature with increase in machining 

time for a particular node is observed. Results given by the 

model-1 and model-2 and the FET-1 show similar trend. Fig. 7.25A 

shows the change in electrolyte conductivity along the flow 

direction whereas, Fig. 7.25B shows the change in K with machining 

time t. All. the results have same trend and the linear dependence 

of K on Q t (Eq 2.6) is confirmed. Figs. (7. 26A) and (7.26B) show 

the current density distribution along the IEG and at different 

machining times. The current density at a particular node can be 

seen to decrease with increase in machining time this is because 

at zero feed the IEG increases with time. Fig.. (7.27 ) 

shows the variation of cumulative and volumetric MR( LI mm) along the 

wire and with machining time at different nodes respectively. 

At the node near the electrolyte exit, cumulative MR (MR6) is more 

than at the node near the electrolyte entry because K is increasing 

along the Length of the wire (Fig. 7.25). 

8.4.2 Fe edin Electrodes (IF=0) 

Fig. (7.28) shows temperature, conductivity, current 

density and IEG variation along the length of the wire during the 

first and eighth seconds of machining. The electrolyte tempera-

ture can be seen to increase non-linearly along the wire length 

and decreases gradually with machining time. This is because the 

1EG increases with machining time for the feed rate chosen. 

This also is responsible for a decrease in the electrolyte 

conductivity and current density values as the machining proceeds. 



Fig. 7.29 shows the variations in T, K, J and y t diff-erent 

nodes for different machining time. Fig. 7.30 shows the linear 

HER at nodes and volumetric }Mil in elements obtained. 

8.5 EacTRoamvacAL DRILLING WITH BARE TOOL  BIT  (ECBD)  

Fig. 7.31 shows the anode profile 	obtained during 

ECBD. It is evident by comparison of figures (7.17) and (7.31) 

that a significant improvement in the dimensional tolerance 

can be attained by means of a bit tool. This Can well be 

explained with the help of machined depth vs machining time 

curve (Fig. 8.3). It is to be not-ed that experimentally 

obtained anode profile is very much similar to the one predicted 

analytically in Fig. 3.5. The process has been observed 

(Figs. 7.13 and 7.14) to be more stable as canpared to the 

cases when using bare tools. It is to be mentioned that in 

majority of the cases the difference between maximum and minimum 

overcut is about Th-' inms It can, however, further be reduced by 

decreasing the bare land width, bb, and maintaining constant 

voltage across the electrodes. 
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8.6 ELECTROCHEMICAL BORING WITH BARE TOOL BIT 

Only few tests were conducted for electrochemical 

boring with the use of bare tool bit (see Fig. 7.32). It is 

evident that dimensional variation from top .to bottom has 

decreased in case of ECB with bare tool bit. However, this effect 

is not reflected to the e)qoected extent because total penetration 

depth of the bit is quite low because bit effect will appear only 

when it has penetrated to a depth much more than its bare 

land width, bb. secondly, for better accuracy side coated tool 

bit should be used and not the bare tool bit as done in the 

present case. It is to be noted that large sized holes drilled 

with the use of tool, bit would require comparatively lower power 

machine . If such holes are drilled in steps then still 

lower power machines would serve the purpose. 

However, it is evident that this new concept of bits 

to the ECM tools is highly promising for best possible precision 

in ECM. 



CHAP TER-9 

CONCLUSION§ AND SCOPE FOR FUTURE 140R  

9.1 CONCLUSIONs 

(i) The thesis has demonstrated the capability of the 

Finite Element T.7,chnique for the analysis of simple and c Qnplex 

shaped anode profiles obtainable in ECM. This has also enabled 

a detailed study of the nature of interaction between the ECM 

process parameters . 

Development of the analytical model is based on the 

approximation of interelectrode gap both as an unidimensional 

and two dimensional continuum. The two dimensional a-pproximation, 

in general, has been found to give better results. The effect of 

computational cycle time on the accuracy of the results obtained 

was studied in detail. For simple shaped IF,G, in majority of 

the cases, a value of 205-30s was found to be satisfactory 

whereas l icr complex shaped workpieces the computational. cycle 

time should be low. 

However, the success of the analytical method proposed 

in this thesis, under the given conditions, depends to a certain 

extent on a prior knowledge of the values of machining efficiency, 

void fraction, electrochemical equivalent, current and voltage 

fluctuations , etc. , during the period of cut. Experimental 

data concerning the above must be available so as to make a 

generalized application of the technique developed. 
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(ii) Heat transfer analysis of the ECM process 

reveals that the tool and work electrode materials have a 

controlling effect on the proportion of total heat transferred 

from the electrolyte to the environment and hence on the 

electrolyte temperature. 

(iii) when cylindrical holes are drilled by Electro-

chemical method using bare tools, the longitudinal profile of 

the hole produced in majority of the cases is 	that of an 

elongated s (5 ). 

(iv) Use of tool bits, for drilling and boring 

operation, in ECM can result into a substantial reduction in 

power consumption and overcut. Tool bits with insulated sides 

and low operating voltage lead to practically zero overcut and 

hence is recommended for drilling and boring of precision holes. 

(v) The overcut in transition zone, during EC drilling, 

can be computed accurately by the use of dimensional analysis 

(Eq 3.5) and is a function of a0 , Ye , FF, D, rc  and V. In few 

of the cases the overcut has also been fcund to depend linearly 

on the equilibrium gap Ye  (Eq 3.4). 

(vi) The tool diameter has its independent effect on 

the overcut, in ECM, under identical condition. Large sized 

tools produce more accurate holes. 



(vii) For an accurate analysis of the electrochemical 

wire cutting process, considerations be given to the electrical 

resistance of the electrolyte within the side gaps i.e., use of 

'Resistances in parallel' model (i.e. model-2) is recommended. 

(viii) The analytical models proposed in this thesis are 

capable of explaining analytically, the nature of current density, 

temperature, electrolyte conductivity distribution letc., within 

the IEG and lead to accurate computation of both the volumetric 

and linear metal removal rates in drilling, boring and wire 

cutting operations. The models are also capable of predicting 

accurately the anode profile obtained under the given set of 

working conditions. 

( ix) Equation (3.2) is recommended for calculating 

intorolegtrode gap, metal removal rate and anode profit; for 

both zero and finite feed rate. This equation gives results that 

are closer to experimental data, requires less computational 

time, simple to understand and easy to use. 



9.2 SCOPE,  FOR BUTURE WORK  

The work embodied in this thesis can be extended in the 

following directions: 

(1-) For better accuracy, two and three dimensional analysis 

of the ECM and other related processes can be developed using 

isoparametric and higher order elements. 

(ii) Two and three dimensional heat transfer analysis of 

the process could give more accurate results. 

(iii) Extensive data should be collected about the 

machining efficiency 71,  E9  etc. of different materials under 

different situations, so that accurate prediction about anode 

profile could be made possible. 

(iv) Theoretical analysis of BUG? developed in this 

thesis should be tested experimentally. 

(v) Experimental and analytical studies should be 

conducted to predict the profile in stagnation zone, so far 

igncred by most of the researchers. 

(vi) Optimization of process parameter in different 

processes based on EC dissolution principle may be done with a 

view to obtain minimum overcut or best possible dimensional 

accuracy. 
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(vii) Theoretical models should be modified to account 

for the metallurgical and other parameters as discussed in 

chapter 2. 
■ c.  

(viii) Extensive analytical and experimental work is 

ne,eded to explore the feasibility of the use of tool bits for 

industrial problems. 
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TABLE -2 

Identification number and Hardness of 
Work-materials. 

C,0 

work material 	 Identification 
No. 

Mild steel 	 1-110 
Low alloy steel(castingS) 	100-199 

200-299 

	

tl 
	

300-399 

	

11 
	

400-499 

Low alloy steel( forgings) 	500-599 

	

t. 	600-699 
700-799 

Average hardness 
(BBN) 

218 
239 

163 
187 

168 
218 
220 

TABLE - 3 
WORK MATERIAL COMPOSITION 

Test pieces Numbers 
Alloying 
element 

100-199 200-299 300-399 400-499 
Low alloy steel castings 

5G0-599 Ooo-699 700- 
Low alloy 	799 
steel forging 

C 
S 
p 

Si 
Mn 
Ni 

Cr 
Mo 
Cu 

Al 

0.135 0.094 0.223 0.234 0.202 0.379 0.535 
0.012 0.018 0.015 0.011 0.072 0.017 0.016 
0.017 0.020 0.020 0.014 0.016 0.018 0.018 
0.327 0.317 0.338 0.500 0.227 0.280 0.301 
0.588 oe400 1.680 1:44 0.691 0.800 0.805 
0.171 - 0.095 0.093 - 0.065 

1.072 0.760 - 0'.260 0.212 1.020 0.039 
0.985 0.920 0:073 0.049 0.278 0.076 
- - - 0.065 

0.004 - . o.05 
Very Very - 
small small 

5 to 6 

Va 

Other 
Impuri- 
ties. 	- 	- 



TABLE 

Experimental Conditions Used During ECM 
Tests by Author 

Work material 	M. S., low alloy steel casting 
and low alloy steel fargings 

Tool material. 	Brass 

Tool. diameter 	7 mm to 18 mm 

Mode of electrolyte 
supp ly. 	 Radial. outward flow 

Applied voltage 	10-60 v.  

Electrolyte flow rate 	6.7x10-5  to 15x10-5 m3r.s-1  

Electrolyte conductivity 0.003 to 0.011 (---n-mm)-1  

Machining time 	600 to 3600 s 

TABLE- 5 

p roperties of Tool-materials 

No. probrties* Material 
Copper Brass Stainlesss Titanium 

steel 

1. Electrical 
resistivity 	1.0 	4.0 	53.0 	48.0 

2. Stiffness 	1.1 	1.0 	1.9 . 	1.1 

3. Machinability 	6.0 	8.0 	2.5 	1.0 

4. Thermal. conduc- 
tivity 	25.0 	7.5 	1.0 	1.6 

*properties are given in relative terms. 

252 



TABLE 6 
5 k- variables 	N = 32 treatment combinations 

7 replicate of a 25  factorial + star design + 6 points in the 
center. 

	

* * 	* 	* 	* 	* 2_14 	x * * 	* 	_.* 

	

x1  x2 	)s 	x4 	x5 y xi  A.2 	x3 	x4 	x5  I 
-1 -1 -1 -1 1 6.2E5 -2  0 0 0 0 6.140 

1 -1 -1 -1 -1 4.365 .2 0 0 0 0 7.010 
-1 1 -1 -1 -1 4.775 0 -2 0 0 o 5.565 

1 1 -1 -1 1. 7.820 0 2 0 0 0 6.534 
-1 -1 1 -1 -1 4.565 0 0 -2 0 0 4.017 1 -1 1 -1 1 7.135 0 0 2 0 0 7.34 
-1 1 1 -1 1 7.025 0  0 0 -2 0 5.573 1 1 1 -1 -1 6.085 0 0 0 2 0 4.525 -1 -1  -1 1 -1 3.215 .° 0 0 0 -2 3.77 

1 -1 -1 1 1 5.223 0 0 0 0 2 6.838 -1 
1 

1 
1 

-.1 
-1 

1 
1 

1 
-1 

4.473 
5.075 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

5.623 
5.190 

-1 -1 1 1 1 7.885 0 0 0 0 0 5.00 1 -1 1 1 -1 4.310 0 0 0 0 0 5.825 -1 1 1 1 -1 5.474 0 0 0 0 0 4.915 
1 1 1 1 1 5.731 0  0 0 0 0 5.995 

Solutions,  

4:0•03 4091 (115;) 

+ 0.002841 5 	- 0.034091(4) 

253 

bo  = 0.159091(4) 
bi  = 0.041667( 'i';) 
bii = 0.031250(4) 
bii  = 0.0625( ijA 



TABLE - 7 

Central Composite Rotatable Design in Two 

g X 0  

Design x-variables 

2 * x1 x  2  
2 xi  x2  

c. 
Y 4'l i 2 

1 -1 -1 1 1 1 8.801 
1 1 -1 1 1 -1 12.830 
1 -1 1 1 1 -1 11.660 
1 1 '1 1 1 1 14.007 

1 -1.414 0 2 0 0 8.690 
1 1.414 0 2 0 o 11.965 
1 0 -1.411+ 0 2 0 11.115 
1 0 1.411+ 0 2 0 11.883 

1 0 0 Q 0 0 12.850 
1 0 0 0 0 0 11.165 
1 0 0 0 0 0 12.900 
1 0 0 0 0 0 11.500 
1 0 0 0 0 0 11.100 

25 

solutions 

- 	(i.414  

bi  = 0.125(1Y) 

It 
3.411re -15 -( 	lITY1-( 22X) 

bii= 0.125(iiY)+0.01875,,(iiY)-0.1(0Y) 

• • •- 0.25(ijy) 



TABLE-8 

Experimental Conditions for Results Given in Fig. 7.1 

Initial interelectrode gap 

Width of wank 

Length of work 

Electrolyte flow velocity 

Electrolyte temperature 
at inlet 

E lectrolyte conductivity 

Applied voltage 

Workpiece thickness 

Machining time 

Ccncentration of electrolyte 

Surface temper ature of 
electrodes 

Feed rate 

0.5 mm 

40.0 mm 

1)+0.0 mm 

10.0 m/s (Fig.7.1B) 
21.0 m/s (Fig.7.1A) 

(20 .1- 1)°  C 

0.013 (Jt_mm)-1  

2.8 volts 

(20.9 + 1x10-2 )mm 

300 s 

11.0% 

8o 0 

0.0 mm/s 

Machining Conditions Used for 0cmputing Results in Fig.(7.5a) 

Work material 	 Mild steel 

FF 	 = 0.015 mm/s 

Ev 	 :7.10.0 volts 

= 50.0 x 103  mm3/s 

1"..; T 	 = 30 s 

K o 	 = 0.02 -1.1* -  mm-1 



TABLE - 10 

Machining Conditions Used for 
Computing Results Given Below 

(Fig. 7.5b) 

Ev 
FF 
Ko 
Q 
To 

10.0 volts 
0.0 m/s 
0.014121, mm-1  
31.25 x 10-6  m3/s 
30.00C  

7.87 x 103  kg/m3  

1l. Node 	yo Interelectrode gap in mx10-.3  after time no. No. (m) x10 	120 s 	21+0 s 	360 s 	480 5 	600 s 

6 	15 	7.o 	7.0897 	7.178 	7.2657 	7.3522 	7.1+376 
7 	18 	5.0 	5.1257 	5.2485 	5.3684 	5.1+856 	5.6003 8 	20 	5.0 	5.1257 	5.2485 	5.3683 	5.4855 	5.600i 9 	23 	5.0 	5.1283 	5.2537 	5.3761 	5.1+956 	5.6123 

10 	26 	7.5 	7.581+3 	7.6678 	7.7504 	7.8321 	7.9129 11 	28 	14.0 	14.046 	14.o890 	14.1333 	14.1774 	11+.2211+ 
12 	31 	6.5 	6.5977 	6.6941 	6.7890 	6.8826 	6.9749 



TABLE - 11 

251 

Feed rate 

Electra lyte conductivity 

Temperature coefficient 
of specific electrical 
c on duct ivity 

specific he at of the 
• electrolyte 

Electrolyte density 

work material density 

Electrochemical 
equivalent of work 
material. 

Effective applied 
volt age 

Faraday' s constant 

Computation cycle time 

Initial temperature 
of e l ect ro lyt e 

Ele ctrolyte flow 
velocity 

Initial inter-
electrode gap 

= 0.0, 0.02, 0.03, 0.04, 0.05, 
0.06, o.089  0.10 (nm/s) 

-1 a 0.02 _n_ mm-1  

= 0.02/deg.c 

= 4.18 x 10-3  watts/kg.°C 

= 1.0 x 103  kg/m3  

= 8.93 x 103  kg/m3  

= 63.5 x 10-3 kg 

= 10.0 volts 

= 9650.0.0 coulombs 

= '1.0 s 

= 25.0°C 

= 10.0, 9.0, 8.o, 7.c4 6.01  
5.0, 4.0 (m/s) 

= 0.2, 
0.7, ■ 

0.3 
0.8, 

0.1+, 
0.9, 

0.5, 	0.6, 
1.0 (m) 

• • 	 • 



17.0 18.5 95.9 11.3 19.5 96.8 
18.0 21.7 
23.4 16.0 
25.6 18. 25 99.0 32.8 174 86.7 
40.75 18.0 
32.75 17.0 =la 

14.2 
12.0 
10.75 
14.75 
15.36 
15.74 

22 	12.3 
23 	14.98 

II 

15 
16 
17 

19 
20 
21 

TABLE - 12 

"Mode of Electrolyte Flow - Outward 

4.18 x 103  watt3/kg.°C 
96500.0 coulombs 
0.00571 mm/sec 

(.7 

Ce  
F 

FF 
Ko  
To 
At 

0.011 
30 C 
30 s 

Test Test Machined 
Group No. 	depth 

(mm) 
3 	2o.6 

14.9 
6 	14.1 
8 	12.8 
9 	9.1 

10 	15.0 
11 	21.5 
13 	21.0 
14 	23.9  

(volts) (Am5.eres) 
t  =9.1 min rc4).13 	Q=140 x10 mm3/s 

27 	20.25 

	

5 2. 7 	20.6 

	

31.3 	29.0 

	

8.7 	17.7 

	

30.0 	20.0 
8.3 

	

26.0 	19.2 

	

21.25 	18. 2 

	

16.5 	21.1 

76.75 
92. 20 
65.80 

84.15 
55.6 

102.60 
109.0 
95.3 

Dt  =9.04 mm Q=I10.-0 x103  mra3ls rc  =0. 13mm 

contd... 



LJ 

Zest Test Machined 	Ey ' ic 	T? % Group No. 	depth 	(Volts) s) (Amperes) 
(min) 

D t=10.5 ram, Q=110.0x103  mm3/s, r0=0.1 nun 

21+ 
25 
26 

III 	27 
28 
29 

30 
31 

Dt=7.36 mm, Q=110.0x103  ram3/s, rc  =0.19 mm 
281 	14.8 	36.8 	16.6 	87.8 
294k 	15.84 	33.6 	17.4 

9  30A 	15.5 	24.6 	16.0 	101.2 1.2  
IV 	311 	14.3630.2 	17.2 	86.0 

36 	10.8  

	

18.0 	12.0 	115.85 
37 	16.12 	12.0 	13.0 	98.1 
39 	15.34 	21.0 	13.2 	' 95.5 

A=7* 7 mm, Q=1 20.12x103  mm3/s, re-0.17 mm 
3,A 	14.5 
25A 	12.0 
26A 	13.5 
271 	14.5 

15.0 
10.0 
6.5 

23.6 

	

12.0 	98.15 

	

12.2 	91.8 
5 

14.1 

	

12.7 	69.8 
97.8 

V 	32 	14.50 	28.0 	15.4 	95.6 
33 	13.2 	20.0 	13.0 	106.1 
40 	14.7 	12.4 	- 	126.5 
41 	13.9 	32.4 	- 	95.75 

1+2 	12.5 	37.0 	16.0 	99.9. 

contd... 

7.8 
14.11+ 
14.24 
13.16 
15.0 
15.01+ 
14.88 
15.8 

5.5 
8.2 

15.0 
15.8 
17.6 
24.2 
22.8 
28.0 

20.0 
25.8 
25.4 
25.0 
29.4 
35.0 

37.0 
31 4-.5 

77.56 
83.22 
- 

83.51 
- 

sob 



(volts) 	(Amperes) 
t=10.13 mm, Q=121 .12x103  tam3/s, r =0,1 MM 

8.5 16.6 91.2 
14.0 19.0 100.0 
7.o 20.0 78.16 

14.5 25.0 83.6 

22.5 25.5 92.1 
17.8 27.2 81+.1 
22.6 28.86 99.1+ 
32.25 21.0 100.8 

zest Test Machined 
Group No. 	depth 

(mm) 

43 	8. 24 
14.1+ 	13.5 
1+5 	10 .5 
1+6 	14.3 2 

VI 47 15.10 
1+8 	9.16 
49 12.7 
50 	9.2 

(.dUU 

Dt.11.63 mm, Q=120.oxio3  mm3/s, re o•i mm 

51 	14.11+ 
53 14.08 
54 14.6 
55 	5.5 

vii 56 14.0 57 12.6 
59 	11.o 

10.3 26.3 97.5 
16.0 31.8 92.6 
/9.o 101.60 
18.0 3203.75 88.6 
20.6 32.5 86.0 
23.0 - 
5.8 21.6 82.7 

D =9•17 mm, Q=120.0)003  mm3fs, re=0• 3 mm 

61 	16.28 
62 13.3 
61+ 	11+.2 

VIII 65 14.36 
66 	12.31+ 
67 13.4 
68 13.0 
70 	11+.0 

12.0 
9.8 

16.5 

20.7 
6.0 

23.0 
31.5 
20.0 

17.0 
24.3 
214,1+ 

22.0 2.0 
18.o . 
23.0 
28.5 

102.6 
80.10 
89.8 
75.8 
59.1 
98.1 5 
78.7 68 .o 

contd... 



Test Test 
Group No. 

63 
69 
7 1 
72 

Ix 

Machined iv  
depth (volts) (nun) 

.15 mm, 

	

13.5 	13.8 

	

13.1+ 	12.75 

	

11.8 	6.0 

	

14.2 	9.8  

Ic  
(Amperes) 

Q---40.0x103  mm3/51  rc=0.13 mm 

	

22.9 	96.7 

	

23.0 	90.6 

	

27.0 	62.8 
75 	14.0 
76 	13.5 
77 	13.2 

79 	14•0 
81' 	15io 
82 	14.7 

x 	83 	13.4 
84 	14.7 
85 	14.5 
86 	1)4-.2 
87 	13.5  

11.0 
18.3 
214-.0 

pt.:11.0 nip, 
6.0 

17.0 
15,6 
14,0 
13.0 
16.6 
10.o 
24.0 

15.0 
22.1+ 
24.2 

Q=90 oxlip 
22.5 
34.5 
37. 2 
26.0 
23,3 
38.0 
17.0 
39.0  

88.o 
92.3 3 
84.87 

min3/s, re=o •1 
96.1 
E32.8 
93.0 
8-1.5 
87.7 
77.9 

112.4 
67.4 

mm 

Dt=10,0 mm, Q=90.0x103  mm3/s, re=0.13 

XI 

88 	11.5 
91 	14.0 
92 	13.6 

94 
93 	13 

15.2
.7 

96 	14.5 
97 	13.7 

	

8.0 	17,6 

	

14.5 	25.0 

	

13.0 	20:.0 
21.5 
21.0 
22.2 

77,5 
76.4 
97,7 
97.4 
87.2 
91.2 
67.2 

23.0 
a3.75 
24.5 
28.0 

fit  =7.62 Elm Q=90 .0 x103  ElE13/ s, r. t .2 ram 
XII 	98 	14.4 	10.25. 	15.5 	92.7 



TABLE - 13 
Experimental. Conditions Used During ECD of 

Cast low alloy steel 

FF = 0.00571 mm/s, yo  = 1.0 mm 

biorkpiece 
No. 

Tool-1, 

231 
413 
4o8 

409 
406 

Toot-2, 

414 
203 
202 

1+11 

Tool-3 2 

407 
421 
424 
1+ 25 
Tool-4)  

429 
401 
418 

42V. 
40 2 

R (1r me 1) 	Ev 	lc 	
-rs 
5 

(Volts) 	(Amperes) 

rt= 3.79 mm, re= 1.246 mm, V=5.69 m/s 

	

0.00790 	14.348 	12.52 	83.70 

	

0.00725 	17.75 	13.1 	90.15 

	

0.00725 	15.31 	16.24 	91.70 

	

0.00725 	21.84 	14.11+ 	95.00 

	

0.00725 	12.94 	13.28 	86.9 

rt= 3.783 mm, 	mm, 	V . 5.70 m/s 

	

o.o0655 	13.78 	13.62 	98.68 

	

0.0068o 	15.58 	13.40 	99.40 

	

o.00640 	18.94 	10.54 	89.75 

	

0.00640 	17.30 	12.90 	96.9 

7t= 4.54 mm, 	7.0= 1.57 mm, 	V = 5.263 m/s 

	

0.0063 	12.93 	15.0 	93.15 

	

0.0070 	14..89 	16.4 	96.20 

	

0.0060 	18.5 	19,86 	92.0 

	

0.0066 	20.1+9 	18.80 	91.86 

rt= 5.03 mm, 	Tc= 2.13 mm, 	V . 5.37 m/s 

	

0.0060 	11.57 	18.53 	91+.0 

	

0.00547 	12.975 	22.15 	91.82 

	

0.00532 	15.95 	18.4 	92.5 

	

0.00532 	17.62 

	

0.006000 	15.87 	18.4 	93.7 

Tool-5, Tt =6.03 
423 	 .00600 431 	0 

0
.0060o 

c= 4.51 mm, V = 

11.53 
11.30 

4.56 m/s 

18.24 
18.04 

87.17 88.7 
*Overpotential is inclusive. 



TABLE - 14 

Experimental Conditions Used During 
ECBD and ECB of Forged Low Alloy Steel 

K = 0.007-Irme 1, Yo  = 1.0 mm, Av  = 15.0 V 

Work_ 'E,! 	Io 	F 	.) 	4 
mm/sx10- ) (thm) i

c 	bb 
t 

(s) piece " 	 (inni) (rum) 
No. 

707 
637 
717 

728 
718 
705 

736 
620 
627 

628 
724 
709 

737 
708 
736 

721 
726 
725 

619 
63 5 
719 

734 
729 
735 

733 
413 
406 

414 
424 
427 

6.54 
7.64 
6.88 

7.24 
8.23 
6.62 

6.4 
5.07 
3.88 

4.27 
8.52 
10.08 

7.3 25 
6.034 
6.47 

6.18 
8.88 
7.55 

7.58 
7.36 
7.18 

6.23 
7.09 
6.75 

7.6o 
8.07 
7.30 

6.3 
6.27 
8.23 

20.46 
17.17 
16.34 

14.3 
11.4 
13.16 

19.98 
22.8 
25.675 

23.3 
12.66 
11.16 

16.49 
17.22 
15.75 

17.025 
10.98 
13.80 

12.54 
17.7 
15.775 

20.36 
16.09 
19.41 

16.70 
12.793 
13.66 

15.77 
15.07 
13.4 

6.19 
6.19 
5.33 

4.5 
3.7 
3.0 

3.0 
3.7 
3.7 

4.5 
3.7 
4.5 

4.5 
3.7 
4.5 

5.33 
3.70 
3.7.0 
3.00 
4.50 
4.5o 

6.18 
3.7 
5.33 

4.5o 
4.5o 
4.5o 

5.33 
6.18 
4.5 

6.03 
5.52 
5.52 

5.52 
552 
8..85 

8.85 
8.85 
8.92 

8.92 
6.03 
6.03 

6.03 
6.03 
6.0 

6.0 
6.o 
6.0 

6.0 
6.0 
6.o 

6.0 
6.0 
6.0 

6.0 
5.5 
5.5 

5.5 
5.5 
5.5 

2.386 
1.500 
1.500 

1.500 
1.500 

sharp 
corner 

11 
11 

TI 

11 
2.386 
2.386 

a.386 . 
2.386 
ship 
corner 

it 
It 
11 

it 
It 

.11 

11 

It 
'It 

11 

t l 
tt 

it 

5.22 
3.80 
3.80 

3.80 
3.80 
3.94 

3.94 
3.04 
5.02 

5.90 
5.22 
5.22 

5.22 
5.22 
2 

3 
3 
3 

4 
4 
4 

5 
5 

6 
2 
2 

3 
3 
3 

2100 
2400 
2400 

2400 
2400 
2400 

1440 
240o 
2400 

1260 
2400 
1620 

2160 
2400 
2400 

2400 
900 
2400 

2400 
2400 
2400 

2400 
240o 
2400 

21+00 
1800 
2400 

240 0 
21+00 
2400 

*Overpotential is inclusive. 



C 
C*** 
1440 

f~JMPU141i p 	D1 VELOPED BX 

MAIN 
OMAN ALPHAB6TIC La TER '0 1 *** 
caLL DIN 
IF(EV.EQ. Q.0 ) GO TO 9998 
IP H =1 
INN1 = INN.+1 
Ai I *AKI/II 
IF( IPPE . LT . 1) GO TO 301 
CALL AGNC 

264 

A ppFNDix-if 

C 
301 	CONTINUE 

IF( CIRCL. EQ. 1.0) W4 I*( R1-1-(-11/ 2. ) ) 
CALL INIT 
CALL AG Ca4 

101.03b,39,38 
C 
,39 
C 
38. 	KNN=INN-FKADD 

sit=o.o 
N C=NT ST/kST C 

M =X( 2) -X( 1) 
XTOT =0.0 
DO 160 KIN=1 :NC 
EVIIV(KIN) 

C 

NE {NN-1 
)CCO T=XIO T +AUK ST C 
KNE =KNN - 1 
JJ SIN-1 

CALL. RIVE C 
CALL GET 
AKST GIST C 
DO 150 I=1 ,K.NN 
TA(I)=TI+T(I) 
AK( I) =.AKIAK 1.0 +(ALF*T( I) ) ) 
M=Y( I) 
KKK =KNN- INN 
IF( IOW) 651,652,651  

C 
652 	1=(KNN-INN)/ 2 

I13=I11+INN 

KNN =INN +2*KADD 
GT 57 

C 
651 	CO NT INUF. 

IF( W) 777,.886, 888 



ZHU(J ) =1. 5708*( ymV**2.1111S) * 
1 (X(J+1)-X(J)) 

/MV=(Y(J +1) +Y(J) 2. 
RIS=R1**2 

265 

886* 	IF(I-I11)55,55,556  

n8 	
IF( I-I13) 1,1,55 
IF( I-INN) 1,1,55 

777 	IF( I-KKK) 55155,1 
55 	CALL 49 .FR 

GO TO 
1 	CALL B IR 
C 
149 	CO NT INUFA 

WY=PI*( R1 +(/'( I)/ 2. ) ) 
.A1( I) =Q/(WY*Y( I) ) 
4J( I) ZAT*AK( I)/"1"( I) 
IF(KIN- 1) 904,904,905 
FPYT(I)=Y( I) 

905 	AMRR( I) =A*AKST C-1-.1( I ) -WYT (I) 
GO TO 600 

904o 
	

ANIRR(( I) =A.*AKST C+Y( I) -YI 
6o 	CONTINUE, 
150 	CON TDrUE 

IF( W) 601 )661, 603 
603 	DO 6o6 J=11KNE 

IF( CIRCL.F.Q. 1.0).  TO TO 7 
AMRV (3" ) =W*(4MBR(J ) +AVIRR 

1 (GOTO
J+1)*((X(T+1)-X(J))/ 2.) 

 bi 

C 
606 	CONTINUE 
601 	CONTINUE  
3 	CALL P IINTO T 
6 	sa=sh-hti,*.za c 

IF( Sal-)M) 1311, 312,312 
312 	KIN =KNN +1 

IF(IOW) 3131 $314 )313 
314 	CALL SIDFID 

GO TO 3141 
313 	CALL OUTFIO 
3 131 	CONTINUE 
3 141 	SA=0•0 
1311 	CONTINUE 

DO 160 L=NN ,KNN 
WY- 4' I*( (Y( L)/ 2. ) -1-R1) 
AV(L)=--voopcy(L)) 
X( L) =X( L-1) +AM 

160 	CONTINUE 
GO TO 1000/ 

9998 	CONTINUE 
STOP 
END 



6GB T IN:Et aGNG 
X( 1)=0.0 
11?(AND) 15 7.15, 25 

25 	X( 2) = 'AIL/AND 
GO TO 70  

.15 	X( 2)=X( 1) +ALE 
70 	(3;$ NT INUE 

DO 60 J=.3 INN 
KN--;1- 1 
IF(J-NNSD) 1, 1, 2 . 

C 
1 	X(J ) =X( KN ) +( 411E, *AM/AND ) 

Tcg 60 
2 	X(J) =X( KN ) +ATE. 
60 	oINTINUE 

RETURN 
END 

SUB RDU T INE tiaG CSM 
SK(I,1)=1.0 - 
SK(I12)=0.0 
SK(NN,1)=1.0 
SK(NN, 2) =0.0 
JJ =NN-1 

ai5 2 I=2,JJ 
ac(J11)=2.0 
eriic(I, 2)=-1.0 
CONTINUE 
RETU RN  
FIND 

SUBROUTINE; BBVEC 

Da 30 I=1 ,NE 
V =AV ( I) 

14 	IF( CIRCL. LT . 1 . 0 ) GO TO 12 
IF(IOW) 777,886,888 

886 	IF(I-I1 1) 55 55 7 556 

8
56 	IF(I-I13) 12,12,55 
88 	IF( I-INN) 12,12,55 

777 	CONTINUE, 
55 	R2=Y ( I ) +R1 

C H(I)=( (EiV**2*,1K(I)*(  
1 PI)/4110G(R2/R1))) 

D( I) =2.0/( (P I) *( R2** 2-R1**.)*V*DE* C ) 
GO TO 13 

C 
1 2 	H( I) =(E.V*EN*AK( IN X( I+1 ) - X( I) ) )/I( I) 

D( I)=1.0/(Y( I)*DE,*V*C) 
11 	H(I)=H(I)*D(I) 
30 	00 NI L.NUE 

C 



N1 =ZIN- 1 
DO 50 I=22 N 1 

=I-1 
HM( I) =H(J) -H( I) 
CO NT INUE 
BM( 1)=0.0 
HM(NN)=H(N1) 
RE TURN 
END 

SUBROUTINE B IR 

MEI{ =0 . 00000001 
1 	NRATH =1 

=Y( I) 
B DT =SINT 
J =1 
,i4=Z(I) 
IfE.V*Ei*Z( ) *ETA,/ ( F*DW*iii) 

IF(YSUG.GE.1.0)(O TO 188 
IF( (yz-„aT).E.Q.o.o)G41 TO 199 

2.„;,i,t=y(I)-,tyrri-CYL*.LifOG((YE-y(I))/ 
1 (YE-4T)))-414,41KSIC 

G9S TV 3 
199 	Adi=Y(I) -.1YT-VA*ZST C 
3 	IF(yE-ar) 91,91 ,331 
91 	BY T=4- LITT -B INT 

IF( 	) 65 263165 
65 	CHEN

CH
=YE( 	I) )/ 

(YE
-BY T) 

IF( EN) 63163 264 
63 	BINT=BINT/2. 

IF( B INT . LT . CHEK ) GO TO 64 
GO TO 91 

C 
61+ 	CONTINUE 

CO TO 56 
331 	BYT =4,117 +DINT 

IF(Y.E.-BYT) 66,61,66 
66 	MEP =(Vli.Y(I) )/(Y,E,BYT) 

IF( CEEP ) 61,61,62 
C 
61 	B INT =B INT/ 2. 

IF(B INT T. asaa-K) Gib TO 62 
CO IO 331 

62 	CONTINUE 
56 	CONTINUE 

IF((CE.-BYT ) Q. 0.0) GO 	666 
IF(((YE,Y(I))/(YE-BYT)).LE.0.0) Cid 50 666 

BB .=Y ( I) -BYT+( V1'1'44;4.10 (..-y( 
1 	(YE.-BYT ) ) ) 	ST C 

GO TO 667 
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C 
'666 	BB ( I ) -BYT -A*441C TC 
667 	J =J +1 

IF(J-100) 9,9,12 
9 	IF( AA*BB ) 5,5,4 

AY.T=3IT 
AA =13B 
IF(BINT. LT. C1561() 03 TO 
GO TO (36), NP H' 

B INT=BINT/ 2. 
NPATH=2 
IF(BINT -EP S) 11,11,3 
CONTINUE 

IF(AA*BB ) 900,900,901 

901 	IF(AA-BB ) 903,903,902 
902 	ICI)- BIT 

GO TO 9999 
903 	-1( I) =AYT 

CY,(I)=Y(I)/YE 
188. 	X( I) =Y( I }f-Uole.V*IK ( I) *LTA) / 

1 ( F*Dii41( I ) ) 	*AK,ST C 

9999 	cONT BuE, 
PETU RN 
END 

SUB ROU TINE GET 

DO 70 I=11NN 
DO 70 J=1 IKBH 
A(I,J)=S(I,J) 

70 	CONTINUE 
NBH 4C13H- 1 
N1=N-1 

I=1 
IL=1÷1 
IF(A(T 11)) 11,96,11 

11 	RATIO=1./A(Ip1) 
__IHR=I+NBH 
IF( IHR -NN) 	t 11+ 113 

13 
1 	

IHR=NN 
DO 30 J=II I IHR 
L=J -I +1 
B(J) =B(J) -1( I )1,)*13(1.)*RATIO 
DO 20 K=1 ,NBH 
JK =3-  -fiC -1 
IF(JK-N) 15, 15 720 

40 0  

13 

11 

900 	CC=.7ABS(AA)+ABS(BB) 
Ba=AB 3( AA ) /ABS( CC) 

( I ) =AXT +ROB INT 
GO TO 9999 



15 	Mz-J-I4K 
IF(M-KBH) 16,16,20 

16 	Tr4k1.14=411( I W*41 114)*RAITIO 
41(J ,K) =4(J ) -TERM 
DIF=10000.04,4BS(.4(J,K))-42SailiE) 
IF(DIF) 18,18,20 

18 	411(J ,K ) =0 
20 	02i N TINUE 
30 	ackaINUE 
40 	CAT DIM 

IF(A(N11) ) 41,9611+1 
C 
41 	X(N) (N)/4(N 1) • 

DO 60 L=1 ,N1 
I=N-L 
X(I)3(I) 
DQC 50 M=2,KBH 
K=141-1 
IF(K.-N) 46,1+6,50 

46 	x(I)=x(I)-A(1,1)*x(K) 
50 	CONTINUE* 

X(I)=X(I)/,b1(.171) 
60 	CONTINUE 

BTU RN 
96 	PRINT 97 
97 	VER&T (10x,11HNO SOLUTION) 

RETURN 
END 



C 	MAIN 

C 	-MODEL FET-22 
C 	THIS PROGRAMME HAS BEEN RUN ON IBM 370 AT 0= DEERADUN (INDIA) 

* 	* * 	* * * 	* * * 
C 	*91 - MEAN ALPHABET IC LETTER O't 
C 	* * *.* * 	* * * * * * * 

SKIT =0.00. 
EPS=0. 00001 

1000 CALL LATIN 
IF(EV.EQ.0.0) GV TV 9998 
AKSTC=ICSTC 
NG=NTar/itsrc 
D9( 110 
ni(1-01).)-2y(lAI1 )) 
AK(iw(ri) )=AKI 
AV(IW(I1))=Q/(W*Y(IW(I1))) 

110 COUINUE 
MVT.0.0 
Z Z-= 
W 150 EIN=1,NC 
XIII=XIVT+27*LICICC 
CALL BWD 
CALL ZER 
IF(KM.EQ.1)G93 TV 4 
DV 3 I1=1,NNW 
Y(IT(I1))=Y(IW(I1))/2. 

3 C91TATINUE 

4 CPAITINUE 

IIIC-7-KEN*IECC 
	 AGCSG 
CALL AFB 
CALL BliNaVL 
CALL CDTC 
CALL INEIGP 
CAL MEM 
CALL PRINTOT 

150 CVNTINVE 
GV TV 1000 

9998 Cr INUE 
&VP 
END 



* -0 mEal ALPHABETIC T ETTER  '0' 
SUI3BOUTINE ABC 
KF'd1B-1 
DOS 300 K=1,NNUS 
N5=1130 (K) 
Do 400 K=' 1, KF 
IR=N5-K1 
IF(IR.LT .1) GO T91 450 
E(IR)=B(IR)-A(IR, (K1+1 ) )*VIBC(K) 
A(TR,(K1+1 ))=0.0 

450 TR=N5+K1 
IF(IR,GT.NN) al T9' 400 
B(IR)=B(IR)-i(N5, (K1+1 ))*VIBC(K) 
A(7T (K1+1 ))=0.0 

400 CONTINUE 
A(N5,1)=1 
B(N5)=VD3C(K) 

300 CONTINUE 
LETURN 
END 

SUBROUTINE AGCSG 
D9 101 K=1,NE 
DEIT=(X(I(K,2))*Y(T.(K,3))+X(I(K,1))*Y(I(K72)) 

1 +X(I(K,3))*Y(I(K11)))-(X(I(K,2))*Y(I(K?1)) 
2 +X(:(K13))*Y(I(K12))+X(I(K,1))-'1'Y(I(K,3))) 

B1=7(Y(I(K,2))4(I(K13)))/DELT 
F32=(Y(I(K,3))-Y(I(K,1)),)/DELT 
P3=(Y(I(K,1))-Y(I(K,2)))/DELT 
Al =(X(I( K, 3) )-X(I(K,2) ) )/DELI 
A2=(X(I(K11))-XV(K13)))/DELT 
A3=(X(I(K1 2))-X I(KJ1 )))/DELT 
S(1,1 )=(B1*B1+A1*A1 )4DELT /2.0 
S(112)=(B2*B1+A2*A1 )*D IT /2.0 
S(1,3)=:(B3*B1+A3*A1)*DEIT/2.0 
S( 2,2)=(B2*B2+A.2*A2)*DELT /2.0 
S(3,3)=(B3*B3-1-A3g-A3)*DELT/2.0 
S(2,1)=S(1,2) 
S(3,1 )=S(1,3) 
S(3,2)=S(2,3) 
D0200 IM=1,3 
ut=i(K,am) 
L9'200 111=1,3 
IC=I(K,E) 

IF(ID.12.1) GO Tcl 200 
, LN) 

e ll  



200 CVNTME 
1:01) CMINUE 

rET URN 
END 

&ERMINE ROSA 
N=NN 
DV10 K=1,NN 
',.300=B(K)/11(K11) 
IF(K.EQ.N) G9 TO 100 
DO 20 J=2,MB 
C(J)=L(K,J) 
A(K,J)=A(K,J)A(K,1) 

20 C9tTIINTIE 
DV 30 1=2,14.13 
I=K+L-1 
IF(N.LT.I) GO TO 30 
J=0 
DV 40 LL=L,MB 
J=J+1 
gI,J)=(I,J)-C(L)*A(K,LL) 

40 COTINUE 
13(I)=E(I)-0(L)*B(K) 

30 powym 

10 c9NTLNuE 

100 K=IC-1 
IF(K.EQ.0) Gad `19( 200 
DV 50 J=2,MB 
L=IC+J.A 
P(ra. LT .L) oq Tv 50 
D(K)=B(K),A(K,J)*B(L) 

50 CPTINTIE 
Gr‘ TV 100 

200 CVNTINUE 
RTURN 

STJEROUT DIE BWD 

Do 100 K=1 „NE 
IY1=1LBS(I(K11)-I(K,2)) 
I12=IABS(I(K,2)-I(K,3)) 
IY3=Iitl3S(I(K13)-I(K11)) 
IF( IY1 . GE . IY2 . AND . IY1 . GE . IY3 ) IY=IY1 
IF(IY2.GE.I13.AND.IY2.GE.IT1) IY=IY2 
IF(IY3.GE.IY1 .AND .IY3.GE.IY2) IY=II3 

1011 IF(IY.GT .IX) IX=IY 
ME=IX+1 
Pau RN 
3\11) 



SUBRCUTIrIE CDVC 

D0'10 I1=1, NNW 
IF( I1 .EQ.NNW) 	TO 12 
I2-11+1 
loc.( Y(rr ( i2) )-Y(Tr(I1 ) ) ) 

))-x(rr (T2) cJ= '-x(14 ( 11 ) 	IT( ) )*Bc 
rtiii=i1B8k(Acit.x(Iw(il 	) )+C(;)/SQ1ST (11C**2+BC*41.2 ) ) 
IF( .EQ.1 ) AK( IW(I1-1 ) )=LIU 

12 LO(IW(I1 ))=((B(IW(I1 ) )-B( IT (I1 )))/DELN)* 
11,K( IW( I1-1) ) 

10 COTINUE 
D015 11=1 , NNW 
V=i,V( IW(I1 ) ) 
Ti),A=;(1,J(IW(I1 ) )**2 )/(DE*115+C*1..K(IW( I1) ) ) 
EXI=EV(T4.i:*ALTY*(X(IW(I1 ) ) -X( IW( ) ) ) ) 
T (IW(I1 ))=( EXI -1 • ) ALF 
TL( IW( I1 ) )=,T (TI+T (11471 ) ) 
Ali(JW(Ili)):;11KI*(1.0441.11FifT(IW(I1))) 

15 cckaram  
ftami 
END 
SUBIINTINE /NEM? 
AKSTC=KSPC 
Dcf 100 11=1 ;RN 
EiD=114(I1) 
Z=LZ( IW(I1 ) ) 
IF(Z),1,55,1 

55 ET=E4EV*L.K(IW(I1 ) )/( F*DW) 
IF YSUG :GE .1 . 	r4,0 TO 186 
Y(1W( I1 ) )=SC113r (Y(IW(I1 ) )+12+2..}31*.-.AIMC ) 
G9 T0 8888 

1 NP/42 H=1 
IF(YSUG.GE.1.0) 	TO 186 
LIT =Y( 	I1 ) ) 
DINT =SINT 
J=1 
YE=EITitEkita( IW(I1) )/(F*DW*Z) 
EY( IW(I1 ) 

2 .411=Y( IW(I1 ) ) -kr ( YE311.I0G( (YE-Y( IW( I1 ) ) )/(YE-lar ) )).-Z*AKSEC 

3 IF( YE -AU ) 91,91 ,33 

91 Dr =lair-BIM' 
IF(YE-BYC) 65,163,65 

65 CHEN= CIE-Y( 	)) ),/( 7E-Eff) 
IF(CHEN) 163, 163, 64 
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163 BINT=BINT/2. 
GO TO 91 

64 CONTINUE 

44(56 

33 Byr=a14-BINT 
IF(yE-Byr) 66,61,66 

66 cHaP=(E-y(Iw(i1)))/(yE-D/r) 
IF(cHaP) 61, 61, 62 

61 DINT=Biur/2. 
G9' T91 33 

62 COT TN 

56 BEy(I14(I1))-B/T4-(yE*AI00((YE-7(iw(II)))/(1E-Byr)))-zAusTc 

667 J=J+1 
,IF(J-100) 9,9,12 

9 IF(LAmm) 5,5,4 

4 i;fr.--BYT 
14.1).43B 
09' TO (3,5), NPLTH 

5 BLNT=BINT/2.0 
NP/TH=2 
IF($INTS) 11,11,3 

11 CPTINUE 
Gil TO 19 

12 Plum 994 

994 FAma (lox, 1811WRONG VJJIJE 9lF Gyr) 

19 cVNIINuE 
IF(LA*BB) 900,900,901 

900 cc=as(A4)+.03(313) 
Pii=.105(ta.)/ios(cC) 
y(Iw(I1 ))=.1M+ROSINT 
C30 TO 9999 

901 IF<AL-BB) 903,903,902 

902 Y(Iw(II)).EIT 
Gil To 9999 

903 Y(rw(II)).iiyr 
G TO 9999 
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186 Y(IND)=Y(LID)+((Z41.7v*la(MID))/(Y(LND)*F*DW)-Z)*1KSEC 
Gp TO 88 

9999 OpNTINUE 

8888 LV(IW(I1))=Q/N*Y( IW(I1))) 

100 cptaiNuE 
IZTURN 
KID 

SURF OUTINE MFR 
rg 4 I1=1 ,NNW 
Z=-1a(IW(I1)) 
IF( KIN .GT .1) GO TV 5 
liRR(111(I1))=MILSTC+Y(1W(I1))-Y1I(IW(I1)) 
GPI  TV 41 

5 LivIRR(IW(I1))=Z*1.KSTC+Y(IW(I1))-FPX(IW(I1)) 

41 CONTINUE 
FPY(IW(I1))=I(IW(I1)) 

4 CC/DITINUE 
6 I1=1,NELW 

11411V(IW(I1) )41*(124RR(IW(I1))+LiviRR(IW(I1+1)))*((X(IW(11+1) )-X(IW(I1*)))/20,  
ailiRli(IW(I1))=L1RV(IW(I1))/((1,J(1W(I1+1))+L.J(IW(I1)))/2.) 

IURN 
END 
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APPENDIX -  3 

ANALYSIS  OF OVERCUT IN TRANSITION ZONE 

Due to low orrelation coefficient (0.8 or less) 

obtained during reg 'ession analysis dimensional analysis was 

conducted to for late a relationship between the overcut in 

transition zwa (a0) and the variables that govern its magnitude. 

The -1-alevant variables and their dimensions have been listed 

in chapter-3. . The dimensionless groups 7c1  and A-2  corresponding 

to the variab 1e s are: 

dr 

ao(rc)a(V)
b 

• • (A.1) 

A-2 ( IeFDF )( rdc(v)d 	 (A. 2) 

Solving for a,b,c and d leads to following relationships: 

= (ao/re ) 	 (A.3) 

T2  = (yeFF/W) 	 (A.4) 

Relationship between Xi  and 7r has been assumed as follows; 

/71 f(71-2) 	 (A.5) 

Values of 7(1  and 7r have been plotted in Fig. 7.21 but on 

account of large scatter it was not possible to evaluate the 

nature of functional relationship between them. Therofore :  

/K i  and A-2  for tools having different diameters, were plotted 

(Fig, 7. 22A and 7.22B). Wherefrom the following power law 

equation has been derived. 



27i 

a 	y, = cd. 	)n, 
e ' r ' .D 

(A.6) 

From Fig. 7.22, it is 9.dent that 

(i) Value oc
i1  is found to be almost constant for a 

specified combinatii of tool-work materials and different 
machining ccndciii-ons.  

(ii) Value/ of a constant CA for a combination of tool-, 
work material differs when tools of different diameters are 

employed. 

It is evident (Fig. 7.22) that power law Eq(A.6) is 

closely obeyed by experimental results howeyer, few deviations 

are apparent. 

It can thus be concluded that the tool diameter D, has 

got an independent effect on ao  in Eq(A.6). To evaluate this 

effect of tool diameter D on (ao/re ), Fig. 7.220 has been plotted 

showing a relationship between the tool diameter D and the 

constant Cld  given by Eq(A.6); this yields Eq(A.7) 

n1  • ., CaGd( D) 2  

substitute the value of Ctd  from Eq(A.7) in Eq(A.6), we obtain, 

or 
l
/, ap 	_ c  ( YeF,F  )nl Dn2 

-"- / - d VD re  

( ae ) \ , cd(  Ll.c? )nl D11 2 
re   

where n2=n 21 -n1  
• • ( A. 8) 

Now (airs) and (yeFF/V)n l Dn2  have been plotted in Fig. 7.22D and 

better correlation has been observed, thUs validatinAl  .eEq(A.8). 
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Let *qa  and *qc  be the heat transferred from anode and 

cathode respectively to the air. It can then be shown (73,93) 

that heat transferred through anode, 	would be equal to 

66 

*cla = 
(Tii  - Tair) 

• s 	 (3.14) 
*Ra 

where 

*R 	
RI  .R4, F.' 

+ 	
( 2_4 ) 	(3.14a) *Ra  ia *R *R 2a 	3a = –,Aa  12'1.  fa 	a-I-114a 

Also,  

and Pei  = (Ta2  - Tau.) 

a `Ea ea Fa(Tat2-TaIir) 
(3.14b) 

where, 
Tta2 and Tair  are the temperatures in Kelvin. Similarly, 

heat transferred through cathode to the atmosphere is obtained 

as fo nods: 

*qc  
(Tip - Tair) 

*R • ( 3.15) 

where 

*Rc = *R IR ijKR 	1 ± lc 2c 30  - 	11—  
c7 
	

C_  fc 
(3.15a) 

Also, 

R3 c 
1  (Tc2 	Tair)  _  A anci. 	= • 

lc  hne 	AC  Ec  . F0( 	Tair) 
(3..15b) 

The thermal conductance ka and kc of electrodes is a 

function of the temperature and can be evaluated from Eq(3.16). 

ka 	kao  (1 +s(sabT) (3.16) 
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