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SYNOP SIS

Technical necessities of modern 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. Hconomic.
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 defomation and the formation of

conventional types of chips.

Elsctrochemical Machining (BcM) is one of the most
camonly used unconventional type of machining methods
mainly because of its adsptability to several typés 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 Qf understanding of the mechanism of metal removal

and difficulties experienced in tooling design.

.gurvey of literature reveals that-majority of thé
researchers have attempted ECM tool design using classical
theory of electrochemical machining as proposed by Tipton,
or by the use of finite difference techniquie reported by

Tipton, Nilson and Tsuei, Larssm, Kénig, Kawafune,etc.



Analogue method. and the use of empirical formulation has
been suggested by Tipton, KOnig, Pahl, Degenhardt, Ippolito
and Fassolio. In addition nomographic spproach has been
reported by Kénig, Ganesh, Heitmann, etc. Nilson and Tsuei,
Hewson-Browne,etc. applied the complex variables‘technique
to analyse the problems of ECM tool design. However, a
comparison of experimental end analytical results in their
case reveals large discrepancy. Furthermore, majority of the
available analyses pertain to simple cases of plane pargilel

electrodes based on over-simplified assumptions.

In this thesis the Finite RElements Technique (EFET)
has been applied to the design analysis bf the tools, for
use in ECM problems. Main advéntage of this method is that
it is possible to analyse complex shaped machining problems
“hitherto considered to be difficult to soive. The technique
is also easily applicable for varying boundary conditiohs
and non-linear problems that are likely to be encountered

under practical machining conditions.

Uni-dimensional finite element (HB) model
(model FET-11), using simplex bar elements, has been .
developed and the same has been extended (named SGFET~11)
for predicting the anode profile in ECM for the casec of a

rectangular and a cylindrical deep hole sinking operations.



Analysis of complex shaped workpieces viz., caine wave ete.,
has also been attempted. Accuracy of the predicted anode
pr‘ofile has been found to depend upon the accuracy with which
the overcut in transition zone can be camputed. Available
~analytical and empiriéal equationslfail 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 CA&N account for the heat

transferred to thg tool and workpiece during machining.

The model FEI-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 concludad
that invard flow would give. minimum dimensianal variations |
whereas, the coated tool bit would give theorstically 2zero
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 workpieceés, the electric
field potential distribution within the gap does not cbey
Ohm's law, therefore, two dimensional FE model (FET-22 and
SGFET-22) have been developed based on Laplace!s equation,



In such cases, use has béen made Of the simplex triangular
elements, This model has also been gpplied for the ancde

shape prediction in ECM of camplex shaped workpieces.

' TO énalyse ECWC process the ECM theory has been
modified and has been named as "Resistances in Paralvlel"
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 Tiptoh which

predicts infinite interelectrode gap at infinite time.

Toverify the proposed models, 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 stéel, cast low
alloy steel and forged low alloy steel. Non-passivating

“alectrolyte (i.e, NaCl) solution was used at different
ccentration levels. 4node profile was measured on the

tool maker's microso0pe by using replica technique.

Comparison of current density, temperature rise,
machiping accuracy and anode profile between e)cperimenﬁal
“and analytical results has revealed that a good correlation

¢xists between the theory and experimentation.
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NOMBNCLATURE

A - Cross sectilonal .area

{1] A matrix of nodal coordinates
'At,a,a1,a2,ai—aj Constants

Ay Applied voltage

ag,ao;aé,as Interelectrode gaps (or ovércut)’ (5ee Fige3.2)

B! »B4-Bg constants

@] A matrix that contains infomation related to
derivatives of the shape functions.

by Bare length of the electrode (or tool-bit height).
b,ybj-bj Constants |

Ce Specific heat of the electrolyte

cd,c,b,ci-cj,c' Constants |

D. -~ Tool diametex_' or tool-bit diameter

—

{ Dy Wnitary or elasticity matrix

| SO i-2

dj,dy Constants

E Electrochemical equivalent
By Eff’eétive voltage |
ey dxperimental error

F Faraday's constant

- -FET - Finite element technigque
FIT ~Finite difference technique

F;:Fe  Shape factor for anode and cathode reSpeétively
Fp Front feed rate
Fg Feed rate in the side gap

£ Factor



L*

= c
©

M

Mg sl

- (]

Grand total

4s defined in chapter 4

Grashof number

s defined in chapter b4

Height

Covective heat transfer coefficient
Funcfional

Electric current

Interelectrode gap

‘Current density

Electrolyte electrical conductivity

- gtiffmess matrix or conductance matrix

coefficients of stiffness matrix

An index used to count the number of computational
cycles. : -

Wave numbe r

The nﬁal cnductivity
Characteristic length

Length of the electyric resistance

dlement length

~ Level of the factors (or variables)

- Metal removal rate

Any metal
Metal removed
Actual and theoretical metal remowed respsctively

Shape function matrix



Total number of eleménts

Total number Of nodes

Exponent

Natural convection for the csScs of anode and cathode
respectively. '

Congtants

Length éf é normal drawn at the andde surface
Number of sparks perv.unit_ 1er'1gth\of drillir.lg'
Blectrolyte pressﬁre in fhe interelectrode gap
Distance from the centre of the.region
Prandtl number

Mean gap between electrodes

Electrolyte flow rate

A matTix that gives initial and applied loads
Heat transferred to environment

coiumn vector of displacement at any point (x,y)
Themal resistance

Electrical resistance

Constants

Reynold's number at any point 'x'

Gas constant |

Radius

The coordinate that specifles average surface

Temperature

~ Machining time

Electrolyte flow velocity

Volume



=

[ - - .

N

N

R

/AAV

Width

'Distancel alog electrolyte flow direction (or x-coordinate)

Level of a factor

Column vector

foordinate rﬂeasur;d in y-direction
Interelectrode gap

Response or yield

Valency of EC dissolution

Coordinate measured in gz-direction

Temperature coefficient of electrical ccnduct:.v1ty of

the electrolyte.

Level value

Temperature coefficient of themal conductivity .
Cosfficient of the degree of dissociation |
Void fraction coefficient

Constant

A ratio of éas volume to liquid volume

Area of an element

Incremental change in témperature-
Computational cycle time

Over potential

Activation over potential

- Amplitude of surface irregularity

Emissivity of anode and cathode respectively

‘strain

Current efficiency or machining efficiency

Angle between the direction of feed and normal to the
- tool (or work) surface



o* Tyall ~ Tair

)t" Wave length
A,,k - Constant
V, V' correction factors
)/* Kinematic vi,s‘cosity
constant
P Mass density
)?, Volumetric concentration of hydrogen gas
o giress B | B
o - gtefan Boltzman constant
g - jﬁiect ric field potential
UBSCRIP T
a - andie
BL - Bottom léft_
b . boring,bare
c cornsr'y cathode
d drill tool, drilling
e | electrélyt"e, ‘e]’.é'me‘nt, equilibrium
VF front |
FL front left
FR front rig}it
fe - forced convection
8 gas
i,] node number

L linear, liquid



L left
m work material
‘max . maximum

n,nc natural convection

0 initial condition

R | right

T radiation, condition at any point 'r!
‘- S sparks, spike, side, specific

t condition at time 't’

TL - top left

tot total

u ubh observation

v frolumetric, volume

X conditibn at ahy point 'x!

EROCRIPT
e element
T transpose of a matrix

(1)5(2)4etc, element number



CHAPTER-~- 1

INTROD U C_ T ION

1.1 INTHODUCTION

» Rapidly advancing technology has placed increasingly
severe demand upon the metal cutting industries. Three principal
types of requirements demanded from the present day metal
cut ting technology are versatility, accuracy and productivity
(15%)*.  Thus, there is a need for machine tools and processes
which are more readily and accurately cotrolled, and can
mac‘:hiné readily (117) 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), electric discharge machining (EDM), electron
beam machining (EBM), laser beam machining (IBM), ultrasonic
machining (UM), etc. have now déveloped to the.stage of commer-
clal utilization. out of these, eléctrochemical machining (ECM)
appears to have the greatest potential for satisfying (158) the

need sst forth 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 (223)

¥Jnderlined numbers in the brackets refer to references given
at the end.



as contactless BC forming) hag been deCI‘lbed (7 ,8 ey 12, 185,

226,227), as the process of acceleratmd, controlled anodic
corrosion and is achieved by means of high velocity glectrolyte
flowing between the anode‘ and cathode (Fig.1.1) sx{bjected to a
small d.c. voltage and maintaining a small interelectrode gap
(IEG) between them. The electrolyte serves multifarious purposes
viz., takes away the heat generated during machining (13,88),
allows high rate of metal dissolution, removes the reaction
p'roduéts, etc. Rate and direction 'of’anodig dissolution in the
process depends (13,88) upon the applied voltage, electrolyte
conductivity, current density, anode material, electrolyte flow

velocity, presence of aiodic film, etc.

gver the years, ECM has found wide applications in a
number o practical machining operations viz., turning (21,62,86,
169,166,229), trepanning (82,163), broaching (59,229), grinding
(122,123,180,188), fine hole drilling (15,100), die sinkings
(39:74%,176), cavity sinking (108,206), piercing (146,179),
deburring (148,192), plunge cutting (82,83), etec. and is béing
used widely in aeronautics (187,237), nuclear (__2_11), and space

industries (110). gome Of_the typical examples of ECM applica-

tions are; machining of turbine blades (158-160, 202) made of high

temperature and high strength alloys (28,914-,1»114153 ,183), copying

of internal and extemal surfaces (102), cutting of cwrvilinear

slots (204), machining of intricate patterns (64,87,12%,153,186),

production of long curved profiles (143,15%,156), machining of
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gears (30,174), 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 €.g.,
machinability of work material is independent of the strength
of the material being machined (16,48,109,1065157,163,209),

production of stress and burr free surfaces (178,22%), compara-

tively good surface finish (9,58,65,67,140,187,229,228), better

corrosion resistance of the parts produced, low overall (158)
nachining time (e.g. about 20 minutes in ECM and 49k minubes by
conventional methal in machining a turbhine blade) and bettér'
working accuracy (33,61,139) independent of the Opefator's
skill (89), However, ECH has its own limitations, that is, it
involves high 'capital investment, and cen be employed only-for
electrically conductive materials (117); machining of materials
with hard spots, inclusions, sand and.scale present difficulties
(_]_5_5_3).' Production of very sharp cormérs also presents problems. .
© ECM 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
contimous ly engaged' in improving upon the ECM syst em~téchnology

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 BCM electrolytes

(36,42,59,78,85,96,129,146,162) Viz., NaCl03, NalO3, K,Croy,

Na,s0y, KBT, NH,F, NH,NO3, K003, ete. In same cases special
additives (8,10,57,80,162) can be added to the electrolyte

solution, called as buffers to stapilize the solution pH value,
to act as corrosion inhibitoars 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 éinking complex shape
cavities (163,190). sbecial purpose £CM machines are (163)

also now available for the production of turbine blades. Such

machines employ pulse cycle conditions (3‘8,131 y163,169) and
presently efforts are being méde to improve upon their reliability.
Machines with NC and adaptive controls (169,199) have also been
developed.

Over the last few years, efforts have been continued
to present a .generalised theory of metal removal by B¢ disso-
lution. gome of the areas of research in ECM are, anodic
behaviour of metals and alloys using various electrolytes' (69,119,
141,188), effects of process parameters m productivity and
machining accuracy (121,200), surface quality (10,27), perfor-

mance Characteristics of machined metals and evaluation of



machinapility, etc. Mathematical models for the BC form
generation (191) 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 duc %o
practical difficulties encountered in the design of to'ols, |
complex nature (112,113) of the process of meta; removal and due
to difficulties encaunteresd in prediction of the anode shape

obtained under the given set of operating conditions.

142 ANQDE SHAPE PREDICTION IN &CM

Tool design (3,45,118,148,208,210,213) in ECH deals
with the computation of the tool-shape, which under the specified
~ conditions would produce a work having prescribed shape and
accuracy. Altematively, it also deals with the prediction of
anode (work) shape (173-184) obtainable from a tool while opcra-
ting under specified conditions of machining. Majority of the
available literature (_1_2) ,in the field of tool design deals
with this latter problem.

For the computation of work Shape, obtainsble from a
tocl of kmown goometry, a number of analytical models are availa-
bia, these are based on classical KGM theory (212), cos 'g',

methoa (212,21&_), analogue method (178,210), mpirical



formulae (92,110}, nomographs, (Z2,2L+,11O)-; c‘Cmplkex variable
analysis (118,170-172) and finite difference technique (90,113,
- 120,210). Majority of these models do not yield accurate
results because they'aré based on over simplified assumptions

and are incapable of ;'malysing geometrically and materially
non;linear problems, normally encountered'during ECM. They

also do not account for the effectsvof simultaneous variations
(i.e. interactions) in important machining parameters, Further,
the dependence of anode shape generation;in ECM,on ECM parameters
has not been well understood. It has also not been possible -

to account for the effects o the mode of electrolyte flow, heat
transferred to electrodes, microstructure, grain boundary attack,:
anodic ﬂihn(ﬂglgl), etc., on the'accuracy of the workshapa'

produced.

1.3 SCQPE OF THE PRBENT WORK

The work embodied in this thesis has been aimed
tovards the development of a computer aided method viz., the
application of finite eiement technique for the analysis of EC
dissolution proées ses specifically in EQM, electroéhemical
drilling (ECD), electrochemical boring (BCB) and electrochemical-
- wire cutting (ECWC) - 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 th\.« processes based on EC disso-
lution principle, modifications to existing classical ECM
theory have been suggested, In order to evaluate the overcut
~in tranéition zone and to predict the anode profile, new wori&;i:ng
e'quations, that are simple and economical t0 use, have been
suggested. For improved accuracy.in the analysis’of_ the ZCM
process, thermal resistance model of process has als‘o been

formulated.

In order to check upon the validity of the proposed
analytical modéls, experiments in ECM were conducted and a good
agreoment between analytical and experiment'al results has been

obscrved.
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2.1 INTRODJCTION .

-~ 4vailable literature (8,17) pertaining to electfo-
chemical machining (EGM) research 1s quite vast and hence it is
not possible to-review the entire amount %f literature availa-
blev This chapter presents a brief review of the work dme
in the area of HCM tool design. gome of the problem areas where
mors research is needed have been identifiedlahd its importaiice

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)

mn = ’. (241)

This equation is based o a number of simplified

assumptions such as :

L

(1) metal dissolution eff101ency is constant and
gqual to 100%,

(i) valency of the work material being machlngd
. remains constant throughout,

(iid) the electrolyte propertiss are uniform over the
entire working area and do not change with time,



(dv) overpotential is zro,

- (V) metallurgical properties of the work material are
uniform and,

(vi) cffect of presence of gases svolved during the
process, on metal removal is negligible.
The process variables that also influence the rate
of &C dissolution, and surface generation in ECM have been

d_iscuséad by Rourks and Kénnedy (193) and are listed below:

Process Variabies Process characteristics that
o ' - are_influenced
| Voltage | _ Metal removal rate
Electrolyte viscosity - Process efficiency
Electrolyte pressure- | surface finish
Electrolyte temperature surface texture
Blectrolyte velocity Shape ;'reproducing size

§lectrolyte composition o Shape ; tolerance of form
Feed rate o

Current distribution

fBlectrolyte contamination

IWOrk material

Tool material

2.2,1 Pparameters Affecting Metal Removal in ECM

AS mentioned earlier, HEg(2.1) is based on a:numbezr of

simplified assumptions and does not accant for the effects ‘of -

some of the significant process variebles., 4s a result, thvis

equation camnot be expected to yield accurate results under

10
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actual warking 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 B¢ dissolution
during ﬁhe operation, presence of passivation fiim (11437)
gas evolution and bubble formmation, electrolyte conductivity‘{'
and temperature variation during the process and along the
electrolyte flow path, over potential, e¢te. Survey of 1iterature
shows that extensive information on the above is lacking and
contredictory findings have sometimes been reported about their

effects on MRR and surface finish.

2¢2+%.1 Valency of electrochemical dissolution

It has b’aen reported (59,197,216) that during ECM, ‘a
material would not necessarily dissolve at a constant valeney
throughout. For example, dissolution of iron in NaCl solution
may be either in the form of ferrous hydroxide (Fe2+) 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 (196,157), dissolution has
been found $0 occur at alternative valency combinations of
Fe3““ Cr6+ or e+ rat, Mode of dissolution while machining
complex alloys Qg}i@_@ﬁ) is still more difficult to analyse,



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 (196) of dissolution has been found to depend upon the
electrolyte flow rate, ING, length of electrolyte flow path and
MRR. Incorrect assumption regarding‘ the valency of dissolution
can often lead to current efficiency (148,149) values of more than
100% thus intrOduéing appreciable amount of error. in the values

computed from BEqg(2.1).

2.241.2 Effect of passivation film

passivity arises as a result of the chemical and

electrochemical behaviow of metals due to the formation of a
protective film o their surface. Accordingly it is termed as
chemical or mechanical passivity (200). Chemical passi_vation is
caused due to rapid fdrmation 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 f16W. It can"
eifher retard the rate of dissolution or lead to total pasgivation.
Scenning electron microscope studies (217) have revealed the
presence of solid film formed by solid state mechanism (27,218)

on the anade surface, at potentials prior to electropolishing
regime (400 mV), During EC dissolution of copper in WaCl, a

film of cuprous chloride is formed while at higher anodic

potentials cupric species are produced. Increase in electrolyte
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flow rate results in film thinning, thus delaying the formatim

of the film necessary for passivation,

Mechanical passivity is caused dueé to build up of a
~protective and ccmparatively.thick layer of excess of metal ions
in diffusion layer. Expériments by Chin (41) have revealed that
during EC dissolution of 'Fe! in NaCl solution, the rate of film
deposition, which is diffusion controlled process, and the film
size were found to increase with ferrous cbncentration, pH of the
electrolyte and rotational speed of the platinum ring electrode,
The film was found to cmtain Y-FeOH and is produced as a result
of anodic oxidation of the FeOH* ions in the solution. presence
of the oxide film reduces the active area available to the
Fe°*/ pe3* ions and the oxidation reaction causes the current

to decrecase. The oxide film is assﬁmed 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 MER.
At.higher'current densities the film bécomES thinner leading to

an increase in MRR.

The passivaﬁing film is soluble in low pH electrolyte.
This condition can be achieved due to presence of oxygen and
ferrous or ferric hydroxide in the vicinity of the anode surface.
-For gxample, addition of NaClQ, in NaClO3 electrolyte increases
the current 'efficiency and at higher concentrations of NaCl0,;
1t reacts with the oxide film causing pitting and severe grain

boundary attack leading to current efficiency values of more

-
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than 100%. Low rate of machining observed in case of tungsten
carbide (50) is due to the formation of oxide layer which could

be blasted of f 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 fomati‘gg

. v
As a result of chemical reaction during ECM, gases are

 gvolved. Euuations given below show that during BC dissolution ,
hydrogen and oxygen are evolved and this leads to low dissolution

efficiency specially at reduced current density.

Two kinds of reactims, as described below, occur at

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

gaS.

Metal plating:

M* o+ 6'1.._3. M (M is any metal) . .o (2+2a)
Hydrogen gas evolution;
ZH* + 26~ - H2 T (in acid solution) v (2.2)

HO + 2675 2(0H)" + HoA (dn alkaline solution) (2.2¢)



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: .

M s M" +% (acidic solution) . (2. 2d)
M* 4 (OH) > MOH + e (in base solution).. (2.20)
Oxs.rgen gas evolution_:

HO > 0,% 4T+ 2¢” (in acid solutioh) (2, 2f)
L(OH)™ - 21{20 + oz/f* + ke (in alkaline ‘solution)(2.2é)

‘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 flow veloéity. This results into the formation
of gas bubbles of small size, however, no practical method is
avallable to observe their presence. Rurther, 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 comeluded (ggé)' that the

effects of electrolyte flow, hydrogen gas and temperature in the

1J



side flow region are negligibly small compared to that prevailing
in frontal gap region. Hopenfield and Cole (87) are of the

view that the amount of oOxygen evolved is too0 small for realistic
'considerations5similaf ly presence of chlorine can be neglected
due to its high solubility in water. ‘A two phase flow ahalysis
of the ECM process has been given by Fluerenbrocck (71) wherein,
it was assumed that the gas and liguid exist at the same pressure
and temperature; based on this they derived the balance equation

of the process.

2.2, 1+ Electrolyte conductivity

Electrolyte conductivity,(K)y is determined by the type
and number of the ions present in the electrolyte and their
mobility. The degree of dissociation (e{44g) 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 electroiyte concentration. gtrong electrolytes have high
value of o 45 for both low and high concentrations but weak
electrolytes (used as additives) yield a value of deis close to
unity at low concentrations and approximately equal to zro at high
- concentrations. Llectrolyte concentration, therefore, is not a
true vindication of the ability of ions to detemine the prOperties
of an electrolyte. g4 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 gbsence of



effoctive filtration, addition of ionic salts like ferrous or/and
ferric hydroxide to the eléctroly,te 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 negativé' charges in the metal form
what has been terrhEd as the double layer. The transfer of ions
will clearly céase when the energy required for an ion o

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

Electralyte conductivity, is also a function of
electrolyte temperature. Normally, in practice, the temperature
distributibn (46) obtained in IEG is non-linear. The value of
t emper ature coefficient of electro.lyte ¢ mduct ivity, 0( y varies:
©(439) 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 BC
data concerning low current density, low flow velocity and low

concentration cannot necessarily be related to ECM.

2.2.1.5  Qverpotential

Ooverpotential Ady can have g sighificant 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 Specifié types of overpotentials: activation,

concentration and resigtance overpotential (148).

17



Activation overpotential can be calculated from Tafel's

2q(2¢3).
Ddyz =4' +B' logd . (23)

‘When the rate of metal dissolution is greater than the rate aﬁ
which metal iong can diffuse away, a situation is created wherein
an ionlc concentration gradient develops over a thin laysr of the
electrolyte adjacent to the electrodes., This layer is called the
diffusion layer. The concentration gradient leéds to a change in
the electrode potential froam the reversible value. Thebn'um-eribcal
difference between the reversible .and new value is known as
concentration Overpotential.‘, However, resistance overpotential

| (148) is regarded as the potam:ixal drop acrosé a thin layer of

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

. ‘ 8. . .
Overpotential governs the actual effective working

voltage across the IEG as follows:

B, = & - A4 . (2k)

It should be noted that unless the exact value of A AV for

the giveh conditions is known, accurate cqnputation of the MRR

is not possible,

2+24 146 Temperature gradient

A temperature gradient exists along the IRG (46)
mainly duc tO joule's heating of the sloctrolyte. As a rosult

of this, the electrolyte conductivity varies. This also leads to



variations in IEG along the electrolyte flow direction. Accurate
computation of the temperéture gradient is difficult, mainly on
account of a number of parameters governing the process and hence
the predicted results normally differ from the (46,148) corres-

ponding experimental data.

2.2.'1.7 Elec_i:.rol)yte flow velocity

'ECM is normally a@plied to all catagofies of work i,e.,
simple shaped to highly complex shaped workpleces. 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, éle‘ctro lyte starvation
occurs; due to friction and other losses, flow rate is changed.
Furthér., in bractice the flow velocity along and across the flow
path is varying and is different from the thearetical one
ob talned from Eq( 20 14) Hence, the use of conforrﬁa_l rﬁapping
technique {98,230) has been recommended for an accurate compu-

~tation of the flow velocity within the IEG.

It should be noted that unless accurate flow velocity
distribution within the gap is known, prediction about anode

profile and other paraneters would not be precise enough.

2¢2.2 gurface Finish

In ECM of alloys, differential dissolution of the
constituents due to difference between ¢lectrode potential may

take place. This leads to variations in surface finish obtained

19
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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 projectihg out of t@e surface being machined
(59) may sometimes have a high (or lbw) electrode potentials
- under these conditions thé material in the vicinity of the grain
will be machined (or not machined) leaving thé grain protruding
(or the formation of a recess) as shown in Fig., 2.1. Recess
- formation is often known as grain boundary attack. Increased
tractio forces drag out such grains resulting into roughening

of the machined surface.

An irregular (148) anode surface may also caﬁse~floW'
separation between the hills and the valleys of the surrace;‘
Arcund the hills, due to dissolution of both large and small
scale irregularities, polished surface is produced. In the
valieys,ertating eddy current gives rise to concentration of
metal lons, concentration overpotentials and hence etched finish.

surface finish has also been foaund (3%,70,108,129) to depeﬁd

upon the €lectrolyte flow velocity and current density. Many
times, in ECM configuration with radial outward flow, presence
of striations or flow lines have been dbserved by the authar
(Fige2.2). This phenomenon has been explained by Fluerenbrock
~ (Z21) on the basis of ECM sonic velocity theory; cole (48) has

attributed the formatioh of streaks or striations to a certain



FIG. 2.1

ELECTROLYTE

EFFECT OF VARIATION IN COMPOSITION OF WORK PIECE

FIG.2.2 STRIATIONS OBSERVED DURING ECD OF MILD STEEL
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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 (196) theory. One of the reme dies to overcome
the roughening of -surfaces due to the fomation of stroaks is
to inject gases such as Oy, No, etc., into the electrolyte,
this helps in agit‘atin‘g the slectrolyte which has beneficial
effectss The pH value of.the electrolyte, during ECM, also
plays an important role in the surface generation, In addition
it has also been reported (156,157) that the valency of EC
digssolution affects the surface finish produced, For example,
presence of Ee3fncr6+ during machining of alloy stecls is
char'vacterised by tho generation of bright palished surface
whareas, the formation of Feot oprd3+ ig accompanied by the

proauction of grey rippled surface.
2+2+3 Discussion

From the above it is evident that metal removal in EQM
-dependé upon a large Inumbe‘r of interrelated parameters, In
order to develop analytical models for the metal removal in ECM,
the present state of knbwledge is insuffient. Quaritifica‘cion of
some of the governing parameters and the manner in which they
intéract is not well understood., similarly, the surface finish
dotained in ECM is governed by a number of interdependent
variables and 1ittle work has been dome towards the deveW.Opm‘ent
of analytical models to predict the surface finish in BCM and

the related processes,
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2.3 THEORY OF METAL FEMOVAL BY 5QM

2+3¢1 Introduction

Trial and error methods are often employed for
chtaining the profile of the ECM tools that would produce a
wark of given dimensions ahd profi-le.._ In surch cascsy the
tool need not be a mirror image of the work shape to be
produced and requires certain corrections to its profile,
Ancther alternative is to calculate working gap and account
for the same during the tool manuf acture. with the availability
of high s;See& computers it is now possible to determine the
tool shape thaf would yield a' wark of specified‘geometry, by
successive approximation technique. Since the C.Ompufbing time
is only a fraction of that raquived for carrying out the trial
and error experiménts; analytical correction of the tool is

recopmended as it saves time and is €conomical.

over the years, a number Of analytical models for
'obtaining the anode shape '_and ‘tbe design of ECM tools, have
been developed. gince the ability to predict the variation
«in IBG for any given operating conditiohs is a pre-requisite
of a good tool design hence, in siccessive paragraphs ‘these .

medels are discussed in terms of the equilibrium gap.



2.3.2 EQH Theory

The worksngpe dbtainable from a given tool, under
‘1deal conditions can b_e'computed from the corresponding equi-
librium gap. However, as discussed earlier, the results thus

chtained are influenced by a large number of parameters (31,32)

such as the pfesence of anodic film (k2-44%,57,77,130, 144, 149,187),
electrolyte fiow rate (157), work-material microstructure (11k),
intergranmilar attack (115,116), change in valency of EC
dissolutioﬁ during cutting (197), type of electrolyte (261222-85,
95) and the role of additives (10,77), current density (52,56),
electrolyte throwing power (126), electrolyte pressure distri-
bution wvithin the IEG (203), stray current attack, passivity
(76,83,89), etc. 1In soms c.ases, the exact influence of the

controlling parameters is not very clear.

Fig.2.3 shows L distinct regionsof electrolyte flow
in EC hole sinking operation., | It should be noted that majority
of the research (48-50,70,71,75,87,88,91,105-108,110-114,136-138,
’15@-152,170_172,205-212, pertaining to r_net'al removal by hole

sinking tools, deals with front and side gaps only, whereas,
scanty or no information is avail_able about the mode o material
.removal in transient (92,11‘22'113) and stagnation regions (132-134).
This information is of practical value as the complete profile
of the drilled hole igs determined by me tal‘remov'al in

(1) side gap (Zone 4)

(ii) front gap(zeme2)

(iii) transient region (%one 3)
(iv) stagnant region. ¢zsne 1)
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Equilibrium gap (59148) can be evaluated from
Eq(2.5) (for the case shown in fig.2.3)

By K.B

Y
F. Fpe [+ cos 8

o (2.9)

e:

Eq(2.5) applies to zones 2 and k& only and when non-passivating
electrolytes are u'sed.‘ This equation is based on the assumption
that electrolyte conductivity 'K' remains constant during the

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

of electrolyte temperature, void fraction, nature of vdids

distribution within the IEG, electrolyte concentrétion, effi-

ciency of electrolyte filtration (_1_@&1, ete. For the computation

of Ky Eq(2.6) has been proposed (106) which accounts far the

effects of electrolyte temperature and hydrogen liveration only.
K = Ko(1 +oL AT)(1-0¢)" | e (2.6)

InEq(2.6), Hopenfield andCole (§Z) recommend that a value,of
n=1.5 be used when the void distribution is uniform whereas ,
for non-uniform distribution Speciral].y, when bubbles are
concentrated near the cathode, a value of n=2.0 gives better

results (70,71,206,207). For the computation of void fraction

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

can be cmployed

3* 5k '
C><‘V = F /(1 +8 ) .o (2.7)
- where
) /B*= Qg/Q_l and
I-R(273 + T + AT) R
Qg = o (2.73)

ZIFIP. -

Do

(=}
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Rise in e‘lectrolyte tomperature (/A T) 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 elactro_lyte’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 Joule'!s heating is neglected then we can

btain Bof2.8).
dTA

=T 5
[ )e- CeOY

2
X
Ey = 4'.K

, = .o (2.8)

From BEqs(2.5)-(2.8) it is evident that for the case being
considered, the IEG would become non-parallel after a time 't!
and hence the tool shape used must be corrected to achieve a
parallel gap at the end of the cut. Theoretically spesking, EC
reaction would attain an equilibrium value after the machining
has been in progress for a very long time (i.e., t > ~v), | Based
m simplifie'd‘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.

2 7 |
Y = (Yo + 2¢Co AT)z veo (2.9)
where, B JE.K
— v. ’
C = G




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

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

T =By K/T | L (2

‘Thig equation is valid ov‘er a certain range of experimental
conditions (99) only. While machining complicated shaped
‘workpieces the electric field between the tool and workpiece
gets distorted and undér the conditions use of ohm'é law gives
erroneous results. In such cases the current density. (J) can be
computed. (105,106) from Bg(2.12) |

P

1 -7
2+J?7) - : -

E ‘ . -
T = FHA, (2.12)

Ippolito (91) has mentioned that the ‘él’actrOIyte conductivity
in the IEG is a function of the4 machining current and score of
other parametei‘s and hence the ‘alpplication' of Ohm's law in ECM
is not justified. He suggested that overall gap resistance be

calculated as follows;

_Rgap = Relect + Badd .. (2.13)

where,'
Boleey = W &K

Ragq = § (V) (V1) (P/T5)° o (2.13a)

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

(91) experimentally, as :

a = "0032) b2-0012, ¢=-0+11 and E:O.']S']
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current density distribution within the IEG has been
measured experimentally by Kawafune (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-
menfally measured current density was observed to be more than
the corresponding analytical vé.lue. conflicting nature of the
results obtained has been explained on the basis of actual
anodic dissgolution efficiency (’i? ) and the change in anode

material valency of LG dissolution with time, etc.

As- the IEG varies continuously along the electrolyte
flow direction, the flow velocity also varies from point o
point and can be evaluated by the use of cantinuity equation
(2 14) |

For the case of simple shaped IEG, Eq(2.1%) would
give satisfactory resuits, however, for higher accuracy and
coamplex shapes, use of conformal mapping technique (_239) is

. recommended,

2.3.3 Optimization of ECM P arameters.

The tool performance in ECM caxld also be optimized
(219) by appropriate choice of the working.condifions. The
following section describes, in brief, the literature availsble

in this field.



In ECM process, at some limiting tool feed-rate,
the state of electrolyte can change over from boiling 0 non-
boiling and choking to non-choking., Thorpe and Co-workers
(205,‘206) have studied the electrolyte flow condition in ECM
and have explained this by means of Fig.2.4. In this figure
a feed rate value greater than that cofres,ponding to the
intersection point 'm' of choke limit and boil limit implies
that the flow in the IEG ié either choked or the electrolyte is
boiling and the maximum MRR is achieved corresponding to the
point 'mt. Optimizat;ion analysis by Bhattacharyya et al.(_gﬁ),
~ with MRR as the objective function and electrolyﬁe 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 oset of sparking (63) as a cons-
traint 'but in practice, beyond a certain frequéncy of sparking
thé tool damage, on this account, could become significant and
make the process uneconomical (133,134). Higher feed ratés in
excess of the optimum, could resu}t into lower tool-life.

For the condition of zero sparking rate, Larsson and Co-
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workers (133,13%) have derived an optimum feed rate of 2.28 mm/nin,

Thus , the optimum feed rate (29) of 1.825 mm also accounts for

the onset of sparking automatically,



2.+ ANOIE SHAPE PEEDICTION TECENIQES

2.4e1 COs © Method

This method is based on the computation (212) of
eguilibrium gapy Yga» 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 numbér 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 (Figse2.5).
For the case being csidered, 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'oo, @ and N/2 respectively
t 0 the feed direction. The appmpriéte equilibriuzﬁ gap is Y,
when the surface of the tool is normal to the feed direction,
and Y,/cose for the inclined surface (Fig.2.5). For the
surface parallel to the feed direction, Bq(2.9) can be applied,
since in this case any element on the workpiece experiences zero
feeds The resulting work-profile of the surface initiélly
parallel to feed direction would thus attain a parabolic shaps afer
machining, However, this theofy is not applicable to regions of
the workpiece surface shown by dotted lines in Fig.2.5., PFurther,

the scope of this method is limited - workshapes with sharp
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c;orneré cannot be analysed., In.general this method is applicable
to the situations where e(hso beyond which significant error

is introduced in the camputed values (Fig.7.5). FRurthemore,
.résearchers (212,214) have also expressed conflicting opinions
about the choice of reference surface for the measurement of the
angle 8. In view of the approximations involved this method is

not recommended for complex shaped workpieces.

2.%.2 Finite Difference Technique (FDI)

Cos & 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 workp‘ie‘ces have t0 be analysed it
is nccessary to know the electrlc field po’centlal distribution
within the IEG. This would then determine the current density,
MRR, transient and equilibrium anode profile, ete. at each
point within the gap. The FIT has been employed (88,168,171,
208,210,211,213) specially for the case of non-passwat:mg

alectrolyte with constant cmduct1v1ty and temperature. In
such cases electric field flow lines are governad by the
Laplace'vs Eqg(2.15) and the boundary conditions (b.c.) a8
given by Eg(2.16)

2

~ 2 2 ~
9 ¢2 + o g + 0 w = 0 ) (2015)
DX by2 622 :

#=0 at the cathode and BBy =4~ A, at the ancde .. (2.16)



Egs(2.15) and (2.16) when solved would yield a set of simulta-
neous equations that could be solved for g by backward-,
forward-, or centfal-difference techniqué (147,221)y once the
potential distribution is obtained the instantaneoué current

density (210) at the anade surface at any point can be c¢valuated
from (2.17)

J = K( Bﬁ/ bn') ' , oo (2017)

Fig.2.6 shows the tool-work surfaces and IEG drawn in square
mesh. The initial potentials at the grid points within the IEG
region are set by linear interpolation along the vertical grid
lines between the tool and work boundaries. For a point '0Q!

located in the mesh of spacing 'h' (1,j), we can write (210):

Qiy = (By,9,5 *Bioq,5 + Pi,5,0 + 01,500/ o (2.18)
Eq(2.18)‘predicts that the potential at any point 0(i,j) on thé
square mesh is equal to the mean Of the pOtentialé‘at the
four ncarest édjacent points (1.e., the points 15243 &‘M in
Fige 2.6).

For the computation of the potential values within
-the prescribed tolerances, the work and tool bourdaries are
at some fixed known potential and therefore, their values are
not adjusted dﬁring the relaxation process. It should also bei
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 probléms can be attempted

(210) by the use of over-relaxation technique. To solve -
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such prdlems recently, Nanayakkara and Larsson (_16_&) have
suggested the use of irregular grids along with regular grids
(Fige2.7). In such a case, a polynomial Eqg(2.19) ingstead 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 neighbaur,
2 2 ’
¢ -—-B»]X +B2Y +B3X.+ BLI_Y +B5' : . (2-19)

After each computational interval of at 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 vectﬁr which is
pfOpbrtional to‘the vertical potential grédient at the wark
boundary. Ho&evér, for precision in results, moveément of the

cut vector in bbth‘x and y directions should be considered.

It is thus evident that FDT yields only approximate
results. . Purther, in case of complex Shapod IEG the tool and
. work boundarles cannot bu matched accurately by the use of

square meshes whlch 1ntroduce further approximation.

2.443  Analogue Method

Laplace Eq(2.19) has also been solved by the use of

conducting paper ahalogue technique (22,210;221) For obtainlng
the solutlon of Eqg(2.19) equlpotentlal surfaces representing
the anode and Cathode, to an approximate scale, have to be

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

(<P Se)

I
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segmented to evaluate local current density and then is moved

t o the position that it would occupy at the end of some time
interval, At., This could be obtained by findihg point.to
point movement by the vectorial addition of feed rate vector
(FpAt.cos 6) and cut vector (K %%A.t). Ihe method is based
on the assumption that feed rate velocity and cut velocities
are constant over the time 'At'. Before repeating the process,
the applied voltage must be adjusted so thaf 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 dbtained.

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.% Bmpirical Approach

Exact path of the electric current flow lines, within
the IEG, is difficult to determine analytically, Theref ore,

| nofm&lly 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 respongible for

the discrepancy
between 'analyticali and experimental results. furthe'r, the
conformity of the surface radii of the tool and an anode'cavity

decreases as the angle 6 increases. Therefore, empirical



equations (48,92,110,112), mostly based o experimental

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

the anode profile..

Kdnig and pahl (110) have suggested an empirical
relationship, Bq( 2.‘?0) , for this purpose
for 015 Yo <046 mm and 0e5= T =5 mm.

Where, €* is Buler+s aumber. Purther, Konig and
Degenhardt (112) have also suggested Bgs(2.21) and (2.22) for

. the conditions that 1 mm;-?reé5 mn.

= (00l + ¥ 0(0.31k £g + 1417) for bpy=0 ..  (2.21)

(@]
I

" "3‘005
ZYe + O-~1.!’_6.,283(rc--1‘)‘§ | for bb =1 mm (2.22)

-

ao

Eqs(2+20)-(2.22) when tested by the author, yielded erroneous
results for low feed rates (FF‘;_‘-'O.LO(‘)é mm/s) or when the
equilibrium gap was large (Y ,=1.0 mm). For low feed rate

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

based on linear regression analysis of the experimental data.

For the evaluation of ag and ag (Fig.2.3), Egs(2.24)
and (2.25) have been suggested (110).

al = (2.bpeYg + a2 -5 ¥ (2.2k)

r—

0.5 |
l2.0,0¥, + 297 (O,-123)(’|Oe*)Y§ + 0e65Yy (2,29)

H
H
3
i
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Test résults (110) predict that the overcut in ECM ,
is a functibn of the machining parameters only and does not
depend on the tool dimensions. However, the experimental data
of the author points to the contrary (Chepter 7). It should
also be noted th‘aﬁ Eqscz._‘zlo)-(a. 25) are valid only for the case
of non-passivating electrolytes. | '

Ippolito and Fassolio (92) checked the validity of
Equations above and reported that, Eq(2.22) for t__he case To=0y
gives the ’upper bound ,sblution wheréas,\ BEq(2.26) gives the
lower bound value of ti;e side gap and Eq( 2.27) was fourd to\ "

cross the experimental data.

a; = (2, + L1303 N (2.26)

. P .
a; = (E.bb-Ye + 2.9 Ye )0‘5 . (2027)

The lateral gap at the end of non~coated zone of the electrode
can also be cqnputéd from Bq(2.28), This predicts variations
in overcut as the conical taper and it was found practically

(92) to be independent of the uncoated léngth, bb.
' hand b

B'Y B
S *"5;"'6' arctg( 51— ) - arctg( 5T )| e (2.28)
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ﬂlis a correctioiq factor for the conductivity and takes
into account the effect of non-linearity of the current flow
11‘nés and the faet 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,
Y, can be used as a basic parameter. In some of the cases, the
side gap has been demonstrated to be independent of the machi-
ning time which however is not true (Fig.s3.1). It is also to
be noted that izi,empirical formulations the effect of mode of
electrolyte flow has been neglected. Empirical eqiations
-therefore, are normally valid for the specified working condi-

tions only and generalisation in such cases is not possible.

2.5 Nomographic approach

For the evaluation of equilibrium anode shape, a
nomOgraphic approach has also been used in few of the cases

(22,7%4,110,112). - Konig (110) has published a nomOgram gor the

evaluation of side gap for the known Y , T, and by (Fig.2.8).
Heitman (74) has employed nomograms for the evaluation of the
electrolyte-temperature rise (A T) under specified conditions.

Use of nomograms has proved to be advantagenous 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.(49) have determined
the IEG in ECM for both compiefely insulated ('sides) and bare and
straight sided tools and arrived at Eg(2.29).

Overcut at corner/machine gap = ao/Ye = 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 (238), the ratio
defined by the Eqg( 2;29) should have a value of 1.7. Hewson-
Browne (75) have used the conformal mapping téchnique for the
analysis of two dimensional machining problems using straight
sided tools with a finite land width, b,. Assuping that the
sides. of the insulated tool do not participate in metal removal,

they have .shown that

0.73153.9:1—:1;159 ee  (2.30)
, Ve

where the lower limit applies ﬁo, tools with insulated sides and
the higher limit to uninsulated tc;ols. The author has found
experimentally, that while machihing with bare tools, the ratio
(ag/ye) 1s 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
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inverted method, :\.n which the spatial coordinates were selected
as dependent variebles on the plane of camplex potential and the
transformed boundary conditions are known explicitely on the free
boundary. Known asymptotic solution for the side gap region |

reduces the siz of the field which must be determined.

Thus, use o‘f mathematical models for ECM tool design
studies have not been generalized so far. Analysis of machining
profilés involving compdex shapes and situations where parameters
like T,K,J,V,etc., vary during the cut have not been suitably

studied for.

2.4.7 perturbation Methed

This method t1&§ﬁ5@_;jjg‘) has been used for the analysis
of BEC Operations like deburring or ancde smoothing or shaping when
the amplitude of micro-irrsgularities on the cathode and anode

is small compared to IEG. This has limited appligations and is
" based on the simplified assumptions (148) viz., (i) electrolyte
conductivity is constant, (ii) effect of jaile's heating and gas
bubbles‘ are supressed by sufficient agitation of the electrolyte,
(ii) machining efficiency is 1.00%, and (iv) perturbation bounda-

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

Let us consider a case in which cathode and anode shapes
(Fige2.9) are defined mathematically by Eqs(2.31) and (2.32)
regpectively.
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Y

H

0 S (231)

Y

i

p +¢* sin(k™x) where € <<p e (2.32)

Laplace's Eq(2.19) for such a case can be solved for the boundary

conditions given below, Eq(2.33). Thus, it can be shown (148)
that the potential at any point Y is given by Bq(2.3k4)

=0 mY=0 andg =B, MY =p +€ sin(K*x) (2.33)

B N sin(.k*xjiinh(k*y) e (2.34)
=D P | sinh(k"p) ‘ _

Using Bq(2.3%), the set of Egs(2.35) and (2.36) can be derived
which describes separately the behaviours of the anode surface

and irregularities respectively. |

ot

t =J—{.po—p+pe La( ._;e..._.g_)

FF =D .. (2035)

—

, — ' ) *
€*=6:Em% - MBy K" J coth (K 5) ds] (2.36)
—— o»;

MB -Fps

provided dp/dt # 0. Here, M =EK/ %F.

Eq(2.36) has been applied (148) to analyse the irgegula-
rities on the anode surface of the type of short wave length,
long wave length, arbitrarily shaped and even and arbitrarily
shaped..v' Since this analysis is based on the solution of Laplace's

equation hence it accounts for the field concentration effects.
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This also explains why more rapid smoothing can be expected in
case of irregularities with short wave length than those having
long wave length.l The analysis can further be extended tO more
general class of electrode shaping by means of Fairier's Trans-
foms. An equation similar to (2.35) has also been derived by
Tipton (212,213) in temms of dimensionless guantities for the

case of surface smoothing by ECM.

2¢5 FORMULATION OF THE PRUBLEM

From the discussions above, it is evident that quanti-
tative data regarding the effects of grain siz, grain boundaries,
grain boundary density and their orientation, microstructure,
heat treatment (182-183), passivation film (l2-l44,57,126,1304187),
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 {65) and dimensional
tolerance achieved (42-hh), andv the effect of pH of the
electrolyte (40) to MRR, are not available. Further, majority
of the model;s do not account for the change in valency of EC
dissolution (157) with time. This can often seriously affect the
values Of machining efficiency (14+8)s It is also evident that
available work is mostly based on simplifisd assumptions like,
constant temperature'and electrolyte conductivity, zero void
fraction, cons’t:ant current density and do not consider the
effects of simultaneous variations in several important machining

parameters. The axisting models are therefore, incapable of
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analysing geometrically and materially non-linear problems
that are often encountered in practice. A comprehensiye

analysis of the metal removal and equilibrium gap generation

in ECM 1is 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) & 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. corpputer programs
(known as FET-11, FET-22, SGFET-11 and SGEET-22) for ECD
and related processes have been developed to predict the

anode shape and other machining parameters.

(1i) Modifications to the classical ECM theory have
been suggested S0 as to improve upon the exigting state of
knowledge. For this purpose *resistances in parallel' model
and new equations for anode shape prediction have been
suggested. ToO account for the effect of electrode - material
o 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 50 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 zro and finite feed rate conditions.

(iii) proposed analytical models have been verified
experimentally and a good correlation between the two has
been observed. Experiments wére 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 uscd as
the tool material and NaCl solution of different concent ration
in water was used as the electrolyte, The experiments were
planned in accordance with a statistical analysis tachnique

known as 'design of experiments'.
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3.1 INTROIUCTION

As discussed in chapter 2 the analytical ECM models
available till date, do not yield accurate results specially as
regards the &CM parameters like, temperature, current density,
I8G, etes This is becanse, the basic Faraday's Eq(l2.1) used
for this purpose ig not valid in true sense. seclondly, 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-verga. This chapter has
‘been devoted towards the development of the modified ECM theory

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

classical theory as described in chapter 2.

3.2 EVALUATIQN OF INTEREIJECTRODT- GAP - ZERO_AND FINITE FEED. RATE

Eq(2.9) when employed for the evaluation of IEG
predicts an increase in IEG with time., = According to this equa-
tion, the IRG wuld assume an infinitely large value when '%!
tends to infinity, However, in reaiity, the rate of change of
18G 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 Bq(2.9). The implicit Eqg( 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 cmsuming. 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

penetration (dy/dt) of the cathode having unit cross-sectional

area is given by Eq(3.1)

& _mdB -
3 -'rtF o - Fp=(C' - Fp | . 341)

Assuming that, during the cut, over a dmall interval of time (dat)
the current density J, machining efficiency ’"l , and electrochemical

equivalent E do nof change, then ig(3.4) can be written as,

T =Y+ (C' - FRAb . (3.2)

where, o

¢' = '{ (JB/Ff) and J = Eg.K/Y
Advantage of using the Eq(3.2) is that it is current density
dependent and a single eguation applies £0 both the conditions of
machining, namely zero and finite feed.

Y =Y, + C'At  (for zero feod conditiag) (3.3)

It is to be noted that in reality feed rate in the side gap,
is not zro throughout the operation. A4S som as drilled hole
gets tapered the feed becomes finite and its value can he

evaluated from Eq(3.32)

Fy = FF/ cos 8§ ‘e (3.3a)
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3.3 OVERQT IN THE TRANSITION ZONB

~Overcut, a, in the transition zone has been investigated
experimentally by Konig (110,112) and for the case of machining
with partially bare tools an empirical relationship, Eq(2.22) ,has
been suggested. This eguation yields inaccurate results (Fig.3.2,
for machining conditions - see table 13)specially when equilibrium

gap 1s large while machining at fine feeds.

Assuming that the overcut in the transition zme is
a linear function of the equilibrium gap as given by Eg(3.4) where
regression line coefficients (101) RC, and RG, cen be evaluated

from the exprimental data in Fig.7.20
ag = RBC1-Yg + RCy | .. BERD

The linear relationship {Eq( 3#}} yields 4 law value
of the correlation coefficient in some of the cases hence, it
was decided to conduct the dimensional andlysis (29_,_1_2’7')‘ of the
perameters governing the overcut in transition zone. The parame-

era. cmsidered for this purpose and their dimensions are shown

below: _
Variables Dimengiong
ag | : L
Y.F -
(=L L)
r, o L
\ LT 1
176617

%‘!?h | ' Beon g IR [y QF }Qﬁ:‘.



FIG.3.2

(mmm)

>

Qo

z.ol >
O
/
/
/
18— EQN(2.22) /
o/
/
/
L 0]
1.6 70
0
/
o
14— /go
o O
/
/
/
12— O O,
/ o
/O
o &
/
/ Y,
EXPERIMENTAL o’
08— i
®
° //
A
06— ® .//o
o/
//o °
YWL )
0.4 +— //.
/9
// °
o2 o~ | |
0 0-2 0.4 06 0.8 1.0

Ye , (mm) ——

COMPARISON OF EQN. (2.22) AND EXPERIMENTAL RESULTS

J1



92

Analysis of the parameters yiclds (Appendix-3 ) the following

functional relationship;
. :
(32 =cq ¢ 281 O .. (3.5)
Te v

where, Cq, n, and n, are the fumctions of tool-work material
caombination., The values of these coefficients can be evaluated

¢xperimentally (See chapter 7).

3.4 ELECTROCHEMICAL WLRE CUTTING PROCASS (ECWCP)

In electrochemical wire cutting prdcess (BECuWCp) , the .
‘material is cut to the desired shape (Fig.3.3) due to B¢ reaction,
using straight a 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 large current supply and high pressure electrolyte

flow. Recently.(§§), wire cutting has also been attempted
successfully in stagnant electrolyte (abbreviated as ECMSE) with
pulsating current. Pulsating current ensbles automatic ¢xpulsion
of reaction products ait of the IEG. In ECWCP, like conventional

ECM the problem of dimensional control remains unresolved.

survey of literature (38,103,220) shows that virtually

no information is available about the process parametes governing
the ECWP. In the present case a simple case of ECWCP with the
scheme of electrolyte supply as shown in Fig.3.4 has been analysed.

The analysis 1s valid under the following assumptimsg
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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 throuwghout.

(%) A premachined groove has been provided in the

warkpiece to initiate the process of cutting.

(9) Mass density of the electrolyte remains unaltered

during its flow.

(6) The wire has been assumed t 0 have sharp corners,

unless mentioned otherwise.

During BECWCP, cutting takes place in the front as well
as side surfaces hence, for the sake of modelling of the cutting
process one should consideI: the resistances Rpy Ry as well as
Ry (Fig.3.4). Failure to account any one of these resistances
could impairv the accuracy of the results cotained. (msidering
that the resistances are in parallel (Fig.3.4), the eguivalent

resistance Ry o can be evaluated from Bq(3.6).

YF. YL.YR

Rtot = v (346)

Kpedpe X Tg + KpodpeYpeYp + Kpedgo Y1y,
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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 ’ (3.63)

hence 'Btot and the current density, J can be evaluated from the
relationships (3.6h) and (3.7) respectively. |

Ryt = Yp Yy Tg . (3.6b)
K(AF.YL:YR + AL-YF-YR + AR-YF&YL)
B
J = -...__V‘_—___- ’e »
: Rtot.AI'ea (3 7)

If the wire corners are not sharp then the above analysis

can be modified as follows;

R B B L (5.8
Ry R By
where,
1 1.1 1
Ri"" RF 'f‘ RL + HR [ (3.83.)
and,
1 1 1
————— Te—— e e—— L3 08b
Ry 7 Rpp ~ Bpg (3.50)

The wire cutting analysis with gppropriate modifications
can also be used ta analyse BCD and &3 of rectangular holes

(chapter 4).
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3¢5 EIECTROCHEMICAL BORING AND DRILLING OF CYLINDRICAL HOLES .
USING TOOL BITS '

In this operation, predrilled holes in the workpieces
(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 to the simultancous effects of heat and
ele ctrolyte pressure. Effectiveness of the insulation depends
on the. quality of coating and the materigl used. These tools:

require frequent reconditioning and hence are uneconomical.

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
(Figebsl+y in place of a single long, bare or the coated tool.
Use of tool bits by the author has been famnd to offer the

following advantages;

(1) Absence of tapéer in the hole producad with coated
" tool bit in ECD and ECB (Fig.3.5).
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(ii) same tool holder can be used for mounting bits of
different shgpe and size. This ensures a lower tool changing

time,

(1ii) Material and labour cost are lower as compared to

bare tools,

(iv) Tool bits damaged by sparking or otherwise are

gasily replacable.

(v) Accurate cmtrol 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 ECB and the expected anode profiles
Obtalnable when using different tools. For the sake of modelling

of the process, the following assumptions have been made.

(1) IEG between the tool and the workpiece beéhaves like

a pure ohmic resistance.

(ii1) IEG can be approximated as uni-dimensional continuunm.

(iii) Peed rate in the side gap is assumed to be zero,
however, using £q(3.2) in conjunction with Eq(3.3a) the model -

would as well be valid for non-zero feed rate in the side gap.



(iv) Predrilled hole, which is to be bored has been
assumed to have uniform diameter or straight taper over an .

cloment of small length, Le.

(v) There is no relafive rotary motion between the

tool and work electrodes and the tool feed is linear.

- (vi) Temperature rise of the electrolyte in boring is
p}redominently due to Joule's' heating and héat generated due to
chemical reactions, viscaus flow of electrolyte,etc. are small

and hence ne gligible.

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

on the ECM process have been neglected.

I8G at any instant 't' in the side gap can nw be
canputed from Eq(3.9) as;

ry = ré +Clopnt .o (3.9)

where, ‘, ~
¢' =EJ/Ff end r, is hole radius prior machining,
During boring by 'bits' the front face of the bit should
be insulated electrically so that there is no stray currint
attack on the side surfaces of the hole being bored. Bits have
alsO been applied for drilling successfully by the autboi‘. It
praduced the drilled hole surfaces of high precision as will be
discussed later. In case of electrochemical bit drilling (EGED),

the IEG, Y, in the front gap can be evaluatnd as follows;

Y =Y, + (C' - Fp) At . (3.92)



tJ! represents the current density at the anode point
under consideration. Temperature rise,n T can be evaluated

using Eq(3.13).

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

no effect of feed rate, Fp on the MRR. This is due to the
nature of assumption (iii). It shéuld however, be noted that

| during camputation of r, at any point, 5ay 'p!, on the drilled
hole, coamputational cycle time,at, ‘should not be more than the
time for which 'p' had been under actual dissolution, This

cndition can be described by Eaq(3.10)

rax £ T .. (3.10)

For an accurate camputation At €At and A% should be an

integer multiplier of At .. i.e. NE should be an integer
NE = Atpae/ O . (3411)

Further, for the purpose of FE apalysis, by can be
divided into small elements each of length Le. If all the

elements are of uniform length then;

Le = Fpe At . (3.12)

Hence, from above

bb = LeaNE ) e (3.12&)
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Thus, total amount of metal removed in a cut at any point would
depend upon the bare length of the bit (by) and feed rate (FF).
Their values should be chosen on the basis of boring allowance

available.

In .c'ase of cylindrical boring, rise in electrolyte
temperature and the current density along the flow direction can

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

B2 K

T - ¢ ] o (3493)
Tpg= v . (3474)

rz_ ln(rz/r_l)

Using these equations, current density, temperature,
electrolyte conductivity, ete., in the IEG could be computed
and thereby the anodd profile obtainable in ECR and ECRD

(chapter 7) can be obtained.

3.6 HBAT TRANGFER ANALYSIS OF EQM PROCESS

‘3¢6.1 Introduction

The analyses for ECM, ECD, BCWP and ECB Operations,
presented in gections 3.2-3.5, ignore the ¢ffect 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 &DM. The amount (52,599) of



heat generated in ECM is quite large and is mainly due to Ohmic
resistance of the electrolyte, reversible and irreversible
chemical reaction,, viscous flow of e¢lectrolyte, etec. The |
electrolyte is surrounded by electrodes to or from which heat
is partially transferred (106), the magnitude of which 1is
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, Murther, metal dissolution is also acccznpé.nied by
hydrogen and oxygen gases evolution. (148) in the form of
bubbles, Digsolution of anode results in precipitation. >f
ferrous and/or ferric hydroxide in the electrolyte. Thus,

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

BECM is thus complicated and involves the considerations of

multipﬁase flow with transient heat and mass transfer. purther

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

the electrolyte flow conditions at €ach and every point

accurately. This further adds to the complexity of the

prcblem.

In view of the difficulties felt in heat transfer
analysis in ECM, most of the analytical models, for QM tooling
design, neglect the effect of heat transferred to (or fram)
electrodes (48,87,194).
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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 unidimensional themmal
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 IEG.
(ii) BElectrodes used have finite dimensions.

(iii) Blectrolyte flow welacity 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, x t, steady state conditions have been assumed.

(v) Electrodes are assumed at lower energy level and
heat transfer through electrodes is assumed to be unidirectional

(Fig0306)"

Temperature gradient and a simplified ‘thermal resistance
model for IEG system is shown in Fig.3.6. Transfer of heat from

the electrolyte to air would take place in three stages;

(1) Forced convection from electrolyte to the electrodes.
(11) Conduction through the electrodes, and
(iii) Natural convection and radiation from the electrodes

t0 the surrounding environment,
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Let *q, and *q, be the heat transferred from anode and
cathode respectively to the alr. It can then be shown (73,93)
that heat transferred through anode, %, would be equal to

(T35 = Taip) :
kg = 2 . (3¢ 1)
Ry ‘ .
where,
= ‘ 1
1 M 1 R3a'Rha
¥R, = *R,, + *R,, + *Ry, = —4— |+ + (22 7)) (3.14a)
: e =2 3 4 B.lfa E;_.f B3 a*Pya
Also,
Ton = Toip) '
R!= —1  anag, - ‘Taz= Taip (3. 14b)
a - :
3 Agelpg : 4y € oL (Tio=Thip)
where,
Téz and Téir are the temperatures in Kelvin. gimilarly,

hsat tranéferrad through cathode to the atmosphere is obtained

as follows:

(Ti° - T, 5n)
J air
x* = ve °
de i | (3.15)
C
where,
—— - B ' ' )
— 3 * SR S S N 1 e B
¥Ry = «3101‘32& Bye = I ‘,th+ | ( i ) (3.152)
AlSO,
Mo = i o B = g2 e (3. 150)
i 4c "ne Aq EE OE'FC(Té2 - Téir)

The thermal conductance k, and k, of electrodes is a

function of the temperature and can be evaluated from Eq(3.16).

k, =Ky (1 +30T) e (3416)
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Forced convective heat transfer coefficients for the case of
fluid flow over a flat plate can be evaluated (73) from Eq(3.17)

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

hy = 0,332 kipp /3 (T s, (3417)
ﬁ*x
hy = 0,026 —- (p r) (Rex) (3,18)-

The natural convective heat transfer coefficient for laminar
flow of air at the outer surface of an electrode is given by

Eq(3419).
hn = c'(e”‘/Lf“)O'25 provided (G.Py) «’.1108 (3.19)

waere, «

‘e = Tyall =~ Tair
Now, total heat transferred to the electrodes fran the electro-
lyte can be dbtained from (3.20),

*Q = *Qy + *q, .. | (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 far

cases of brass, cOpper and stéinless steel electrodes. rew of

the results have been discussed in chapter 7.
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Finite element technique (FET) has a profound impact
in all the Spheresbf contemporary engineering analysis and
design. It is numerical analysis technique which gives approxi-
mate s s_qlutions_(.§2n)_to_a-Qide—varr—-iety4'<7f~prob‘te‘ms‘"r'atﬁéf“tﬁéﬁ'
exact closed form so‘lution obtainable only in case of simple
prdlems. This technique is based on the principle of going
tfrom the part to whole' (60,231). The solution regim is
analytically modelled approximately by replacing it with an
assemblage of discrete elements. Through these discrete elements

~ solution to the whole catinuum is attained.

| Over the years, finite difference techniqﬁ@ (FIT) had
most commonly been used as numerical analysis method but it does
not provide accurate solution to complex shaped problems as ié
‘obtainable from FET; square meshes are incapable to discretize
the region accurately (Fig.l.14). FET is capable of anaiysing
"all the three types of non-linear problems (i.e., materially
no-linear, geometricallyvnm- linear and both materially and
geometrically non-linear) inclﬁding 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 (19). But to dotain realistic

I
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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
Vgeomatrical boundary canditions (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. FET has been used ektensively to solve a wide
variety oOf problems which can be grouped into equilibrium

problems, eignvalue problems and propagation problams (89).

70

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

But majority of the literature deals with on¢ or two-dimensional
problems (_gg). Three dimensional analysis of practical situa-

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

4.2 TYPE OF ELLMENTS AND THEIR CHOIGE

Over the last few years, different type of el..ments
have been used in FET and hence a long list of alterative
choice of elements exists. However, elements can be classi-
fied (2,6) based o (i) element shape such as beam, bar,
triangular, rectangular, tetrahedron, ete. (Fig. 4.2)s (ii)
degrees of freedom; (iii) the éompleteness of displacement
pattern-conforming or non-conforming; (iv) the displacement
model used-linear, cubic, etec., (v) the behaviour of the clements-
plane stress, plane strain, axi-symmetric, etc.; (vi) naﬁure of

the problem one-, two- and three-dimensional (Fig.l.2).
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gelection of a particular type of element and the
definition of an appropriate approximating function (i.c.,
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 obtainabie, etc. (2,142),

The size and 8hape of an element 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 altemnative choice of the element is possible. However,

a triangulér'elenent 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 curront dehsity
regions near discontinuities and at corners (98) in case of
ECM problems). In order to gnsure that a small numbér of

¢ lements are able to represent a relatively complex prdblem,

and yield improved accuracy, with the same degree of freedom
and reduced data -preparation, use o'f isoparametric elements
(19451,60,231) is recommended. On the other hand, problem
‘formulation with isopérametric elements is more dif ficult,

time required for numerical integration is large and in some
cases may result in overall increase‘ in computer time. Reduction
in number of compiex elements may not be adequate to represent

all the lccal geometries of the real problem. 1In 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 coordinatas

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 cammonly employed elements under such conditions.

4.3 FINITE EIEMENT PROCEDUEL IN BRIEF

The solution of the cmtinuum problem can be attained

in an orderly and step by step process as follows:

(1) Discretization : The solution region is divided
into most suited finité elements. Two or more than two types
of element shapes may also be emplpyed in the same solution
region.

(2) rField 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 o the number of nodes assigned
( corner nodes, internal nodes and external nades) to the element,
the nature and number of unknowns at each node, and certain
contimity requirements imposed at the ncdes ahd along the
element boundaries. By truncating an infinité polynomial at

different orders, the degrée of approximation is varied (Fig.%.41B).

7
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Considering the displacement, g, in a structure that can
be expressed by a polynomial [t"( x,yﬂ containing one unknown for
each degree of freedom possessed by the element. For this case

we can write,

%(x,y)} = Efx,yﬂ{/g’} . (k1)

where {q( x,y} is the displacement at the point (x,y). q} can
be expressed in terms of nodal displacement _@} by substituting

nodal coordinates in above eguation.

&y - nley S

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

{q( x,y)} = {f‘(x,y{] [ @}e - [’N]@}e (4.3)
camponents of LN] are known as 'shape functions' and normally >

are functions of the position.

(3) Finite element equations:; B equatidns expréssing
the properties of individual elements can be derived by either
of the four approaches depending upon the nature of the problem.
The approaches cammonly used are direct approach, vax_*iational
approach, Galerkin method and Energy balance method. For example,
once the displacements are known using Eq(k.3), strains can be

evaluated as follows:

{E (x,Y)-} = Eliff.of [Ni)-@}e = [Z:B]{q}? | (#.ip)
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Assuming a general elastic behaviour, the stress (o) and strain

( ¢ ) relationship wouldbe linear.

[ocon} =D fecn} <DJCNF 9

where f-Dm—} is the elasticity matrix and contains the élastic

- -

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:

[ =’ {dF . . (4.6)

where, "
7 =[ffE"m 0] o e (e

(4) assembly of element properties; To dbtain the
properties of the loverall systém nodellad by the network of
¢lements, assemble all the elemént properties derived in earlier
section. The stiffness matrix; K, for a complete structure is

then obtained as follows:

- - c""“ \

(@] = {&j {a! .. (4:7)
where,

x| = > x° o (%.72)

IS |

The system equations so Obtained, have t0 be modified to account

for the boundary conditions of the problem.

A}

(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,
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they can be solved by Gaussian Elimination Technique or some
other procedure (26,147,194%) but solution of non-linear

simult aneous equations, is more difficult.

(6) Additional computations: Sometimes, the solution of
system equations is needed to calculate other important parameters

and should be-taken up at this stage.

k.4 FINITE ELEMENT ANALYSIS OF ECM PROCESSES

L.4,1 Introduction

BCM 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 capadbility of FHT
t0 deal with such complex problems, finite element mcdel of ECM
has been developed. In this work, basically two types of models
have been deveIOped - (1) one dimensional model based on hea:t
transfer phenomenon occuring within the IEG and (ii) two and
three dimensional models based on electric potential field
distribution within the IEG. However, it is to be noted that
the cdnxputer program for three dimensional models could not be

developed till this time.

h.4+.2 One Dimensional F& Analysis of ECM processes

hole2.1 ECM With plane parallel electrode (Model FET-11)

Uni-dimensional FE modelling of ECM process has been

based on the following assumptions;



(1) IEG behaves as an uni-dimensional conductor (70, 148)
(Fig.kh.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 dug to joule's heating i.e, IzR)
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)

(ii1) The electrolyte within the IEG obeys Ohm's law i.e.,
within the cotinuum electric current is uniformly d'istributed
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 (156)

between the two stations has been cmgidered.

(iv) Bfficiency of kC dissolution of the anode material
is equal to 100% however computer program FET-11 permits to

accont for actual efficiency.

(v) Effects of anodic films (12,18,42), intergrannular
attack (115,116), microstructure: (8), change in £¢ dissolution
valency of work material (197), effects of pH value of solution

(22) 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 (59) of workpiece mdterial,
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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 KX and IEG, 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:

conductivi ty.

L]

Congider the IEG i.e., electrolyte body acting as an
unidimensional comtinuum (Fig.%.3) and -divided into somplex bar
elements. The temperature distribution within the IEG has been

evaluated as discussed below (142).

For the case under consideration the temperature
gradient along the electrolyte flow path is given by Rg(2.8).

It can be shown that,

T(X) = 81 + axX = VL‘] XJ{:J} . (l{'oB)
: 2 :

Aléo, fa x varying betweenr x=xi and x=xj,

X.
J d darT
J1 = 7 =~(@m)frax = 0 . (49)
Xi '
and ,
ar _
o = Ble
where, ;
B = 14

= ( T/ij_) L—1

!



From the above we can obtain (142);
%
FiGhax = § L Ji Tsp, ax .. (4410)
_ o
Using the law of conservation of heat, Eg(%.11) can be obtained
for the case of ECM using plane parallel electrodes and with no

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

workpiece)
dT e Dy
= H ¢ ® . )"'.1
dx %1 | (ke
Where, . K. 2
H” = -——5[— in and Dm = N R (14'01‘13)
Yo Re¥oVeCe

Here, I is assumed to be a scalar quantity and x;; is the length

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

‘p, [ Hj };j B |
ST o=d | 2 d 4 - J 8lpr, dx | (4.12)
Ji J 2 -
| - i ~
since,
{1 = 0 but J1g £0
Therefore,
by [Hi)_ X g dx (4. 13
X1 1By [ J BBT, e 13)
‘]l !w... ‘]‘_, X.i

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

consideration is given as

f T
Km :j B BdX . ‘. (Ll‘o 1"!")



and could be evaluated to yield the equation below;

i Tg ‘. (4. 19)

or

X =Ky Tg . (e 152)

For the element 1 let Hy be the heat generated, Total
heat generated within this element can be assumed t o0 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
negativé while that flowing towafds the node as positiv'e.
Assembly of t‘he equations for the two elements gives symmetric,

sparse and banded matrix as given below;

! - P! e

(X1 % L R }

L oo
PROSNEIES 2 =14 LTyl .o (ke 16)
1% 0 - L’ %‘Ts | |
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The temperature change in the electrolyte at the entry to element 1

(Fig.4.3) can be taken as zero, Thersefore,
/\T = 0.0 ‘ ) s (1‘}‘017)

Inserting the boundary conditions (89,142,231) above, the unknown

nodal temperatures T, and T3 can be computed,

Model FET-12
| In model FET-12, FE formulation has been dore based on
varying electrolyte conductivity within an element i.e, A'K is

not comstant in BA(2.8). Then,
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dT

! %A ) 1 B7d
E = 4k 1 +0<(Tj—Ti)] = 'K (1= T3) + A'K e T
; /

= &, *+ &y

Using this equation and following the procedure discussed for
model FET-11, it can be shown that for a continuum of five

elements, element equétions in the assembled form would be given

as follows:

]
'

1 -1 . ! r, E £MH1 E f~f\
2 -1 | ¥\v} { , g i Ho ; } 0 ;,
= ij T3 - J.H3 L~E g ° j
2 - IR
2 -1 | ; T, | HSE‘ : o)
symmetrical 1 |7 } L Héi [-1)
- | | Ju

4, 2.2 EBlectrochemical 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 R, Of the side gap (39) can be given by;

R, = —b+— 1n(r,/T,) . 418
¢ 2nk & e 19)

and the current density on the work surface is equal to Eq(k.19)

B, K
_ By . (. 19)

J =
r2 roln(r,y/ry)
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with Egs(4.18) and (4.19), it can be shown that for the case
under consideration the values of D and H® in equation (4.11)

modify as ;

2
) 27§K - .. R

Dm = ~ 12 . and He = T }xal hv ()“1'020)
(r; - r1)oV¢v ;I;OCe n(re/r1)

Bg(ks20) can be used to evaluate column vector X in Eq(k. 16).
Now, after substituting the b.c. given by Eq(4,17); the set of
governing equations thus obtained can be solved by the ¢aussian

Elimination Technique.

(b) Rectangular hole: Applying 'resistances in parallel!
model of ECM in conjunction with the Fi technigque it is possible
to analyse the ECD of rectangular holes (Fig.h.k), In this case,

D, and B® can be evaluated as follows;

= rr . * * 1 F ‘”s-dl
- L.21
and o (he2)
He\_ E2.K'X;]l o " . .
= ——1——-———3' - prov:i.ded kg = Kpp, = I\TL =K oo (K22
‘ tot
where,
' coiis 1..cons 2 -
B’ = 3 . ]‘*‘0 22
tot cons 1 4+ cons 2 ’ _ ( 3)
m oY 1 nY o ’
cons 1= oL TBL E: : . (4.220)
{YL(YTL‘YBL + ¥BL'HTL)‘ + YTL'YBL’Hf,}
and L / )+ In( /
cons RpL2/ By, Rrro/ Bpp 1) (4.22¢)
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Bgs(%.21) and (%.22) have been used to evaluate the
resultant vector X in BEq(4.16). Rest of the procedure is the

same as discussed earlier.

ECB considered in this thesis is almost a similar in
principle as ECD. The type of the tool and workpiece have been
assumed to have no rotary motion between them. Jowever, ECD is
poOssible 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 spplied to ECB but will
require certain modifications to be incorporated in the scheme

of computation as discussed in chapter 3.

4.ke2.3 Blectrochemical wire cutting process (BECWCP)

ECWCP can be performed either with rectangular,
circular or any other sectioned wire. The & analysis model
discussed for ECD and ECB has been modified so as £0 apply to

the case of rectangular shaped EC wire cutting as well.

For the case being considered the assumptions men-
tioned in sectim (4%.4.2.1) apply. In addition the assumptions
stated in section 3.4 also apply. Based on these assumptions,

the Dy and 7® tefms in Eq(#«71) would assume the following

form; ' .
Dy = {‘Y (W +Y H* 4 o
m = L F + R) + ( + YF)YL + H oYR V'o Ce e
a’nd’ 2 L] (h‘o 238.
He _ .E.Vo XJl.K )

Ry of " .o | (%4 23b)
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AN i ‘ (+423¢)
(YL'YR.AF + YF‘YR.AL + YF'YL.AR)

It can be assumed that - Sl
KL :KF:KR:K s ()'i'oz:))d)

 Using these equations, X in Eq(k4.16) can be evaluated

and thereby the unknown nodal temperature can also be detsrmined,

ke3 Two Dimensional FE Analysis of BCM process (iodel FET-22)

Uni-dimensional heat transfer finite element model
(FEL-11), for ECM, was developed eérlier based on the assumption
that IEG obeys the Ohm's law, This assumption may be true in
the early stages of ECM with plane parallel electrodes. It has
been pointed out (52,148,210) that the electric field at a point
where the curvature of the electrode surface is large and convex
igs much greater than the electr.ic field at a plane surface

( Fig.')'l-.‘"j). .

In general the electric field potential distributio
within the IEG obeys the Laplace's equation. For a two dimensional

casey, it can be written as:

-0 .. (4o 2y

The field vector g in equation (4.24k) should be determined in
such a manner that it satisfies the boundary comditions and

also minimizes the functional I(P) given by Eq(k.25).
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1(9) = ﬂg—{( L2 4 ( %@};—)2}}0.){ dy o0 (%.29)

Using simplex triangular elements (Fig.4.63) to represent the
IEG, the field variable @g(x,y) has been assumed to vary linearly
(1) within the element throughout the solutlon domain. For such

a case we can write,

' e
Bxy) =Ngps + Ny + My =[N0 SBE o (b26)

r~

]

[t
-

.ol

where .{gﬂ[é is the column vector of ncdal potentials for element

e' and the interpolation functions N® are defined as fol lows:

ne - & +bpX + gy
B~ T 5)
2N

whére, B=i,j,k (4+.27)
a3, by and cy are defined as below;

aj = X3¥i - '.Siij; by = Yi-Yiy Ci = XXqpee (4.27a)
Sirﬁilarly, other terms can be evaluated in cylic permutation of

the subscripts i,] and k.

To derive element equations, Eq(4%.26) has t0 be substi-

tuted into Eg(%.25) and differentiation leads to;

f/rr,.. - )
o _ JIf [ onyg 3 I oNk .. | ONi
i . J , 22k "
™ O Ny ® Nj o N, ) ON
Jo SN g N Nk S
T N Y e I T i

eo  (k.28)
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gimilarly, the equations can be derived for nodes j and k of
an element. Then the equations for the nodes 1i,j and k of an
elenent combined together can be written in a standard form

as follows:

B

? 8,

218 erae -

Q1L _ k7 Jgt = Jot : (L. 29)
X7 [“f vl Ny

> 1°

| © &k

where, K is the stiffness matrix with the following coefficients

for the elemem: 1.

S T
[ ki Kis Ky | ';Q’j:—‘i -
Kji Ky5 Ky ﬁﬂj?. = dob . (1.30)
i Ky K] U

and the coefficients of the stiffness matrix (19,142) are
given by

(e ONi ON; - |
) U(dl\rl, J.+—-}-7-1 5500 dxdy  (4.31)

Using the definition of interpolation function, it can be

proved that;

e

| -1
Kij = (biby + C4Cy) ( b A ) . (4.32)

o



Ji

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 campa-

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

stiffness matrix;

D) (3) e
199 K979 K(m) K3 Ky, + K5 3
(1 () (2 (2 () (2
K21 : K22 K22 3 2h K2“ @2 |
| |-Gl
(3 (2 (2 () (2 (3)
KR k32" K33) K3 K3u) LKy v,
Kl&p‘ +K£‘31) Kﬁg) +KE+§) K(d) + Kf+33) Kﬁ , (2)”\@?#
J

+*guperseripts under bracket mean element number .
* ¢ (I+o33)

Reactions at the electrodes cause. current density
dependent overpotentials (I48). Their presence at the eleétrodes
would ‘alter the b.c. as follows;

g = £*J) at the cathode | .

f = E,~g"(J) at the anode - ‘e (4.34)

where £*(J) and g*(J) are arbitrary functions for the cathodic
andl anodic overpotentials respectively. For the sake of simpli-
city it has been assumed that the electrode surfaces are
equipotentials, waich m=ans

§ = 0.0 at the cathod )
g = 8y at the anode ) o (&.35)
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After substitution of the b.c., Eq(4.39), a set of simultaneous
equations would be obtained which in the present case has been
solved uging Gaussian Flimination Technique. Thereafter, other

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

Lo H 4 Three Dimensional F& Analysis of ECM process (Model FEL-33)

g

Laplace Bg(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 p

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

¢ 1 '
1(p) .-.;/;O%E(%@Xg +(:_g%)2 6@ ?}dx dy Az (4.36)
. or
EECRIIRSG) L7
where, .
& =i dx 0oy 0z}

and Dy 1s an unitary matrix.

=

(e

M

1 =1 + oes +

(1, (@, 3 NE _ <

@
i
-

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

The minimization of I occurs when

N& (e)
.a___. - -...a.:_.. %@ I( e) = g . S{;—‘i =0 e (4137)
!Z5 )L e=1 =l J
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To evaluate the derivatives ﬁl; , integral should be written

¢
in terms of nodal values l.€.,
- - t(e) .o (4+.38)
g = X_J( ) {?,
Therefore,
r m(e) T
dx
5 A(6)
(e) _ o g
8 - Jy »b—
0 ‘
0z
cand® ol o ut™7 [o,]
Ex S E R F: !
L (e) e (&) ;
_oMT oM 2Tl
1ay dy dy S
e (e) IR
A e € < ) I ;
omy Ny SMe g
L L
s \(e) T
= L_Bi wiﬁr o (Li_.39)

I ©)|
Here, (B} ' contains information related to derivatives of the

shape functions. After simplification it can be shown that,

i} Qs
l—‘l

7§ |
%L
Sognd

| (k.40)
where [ (o T N (e
’ Ep = [f;j{ LB(Q)-J o { (L;) ‘

! él ) ’-B _J av L) (Ll-.l+08,)



93

The final system of equations is Gotained by substituting
(%.40) into (4.37)

(Lol 1)

o/'ox
-
t)
ﬁ)z\nﬁ
=
Bo
=}
Ay
= !
~—

Evaluation of stiffness matrix K involves the solution
of an integral Eq(4.40a) and its value is a function of the type
of the elemént being used. Fig. 4.6b illustrates tetrahedral

elements used for the analysis below.

Assuming linsar interpolation function, field variable
p(x,y,2) can be uniquely and continuously represented in the

solution domain by 8q(k.42).

—— (. “\
H(%,¥,2) -‘-LN(G)](‘;?(e)_}N = Nigi + Njﬁj ""'NI{QK + N]_Q)]_ (k.42)

Differentiation of functional I and simplification leads to

Kii Kiy Kix Ky E’jl

IERES P S S S - {o
Kei Ky Ko K %Qk g L -

SEREE STRNR ST NS SPY
. — L ,
where;, Kiq» Kij"-"lel are ¢oefficients of stiffness matrix Ké}e)

?’ . (Lek3)

that can be evaluated as follows:

© f{ 61\}‘1 bNJ H“‘.HJ + E..l\i .HJ) dx dy dz  (b.4b)
1 - ) "¥x "oy oy 0z o '



Using the definition of interpolation function, Bq(L.44) can be

shown to be rediced as,

Kij = "‘;Lif' [;ibj + C40y + did;1 .o (445)
36v -

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

computed (6Q). :

The analysis presented above would give three dimen-
sional potential distribution within the I&G from which current
/

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

‘could be computed in a manner similar to that in FET-22.
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CHAPTER~-S5

— e e e e G et gy v e e e

This chapter describes in brief, the development of
generalized computer programs for the computation of anode
profile, metal removal, ¢tc., in BCM. The results obtain2d
have been employed for the analysis and parametric study of
BCM and related processes. The cOmputer simulation Was conduc-
ted on an IBM 1620, 1BM 360 and IBM 370 computsr systens at

aifferent stages of the work.

The 1st section of this chapﬁer describes briefly the
computer programs and the subroutines. Tor the sake of clarity
the logic diagrams (or flow charts) have also been included.
Listing of the main program and some lmportant subroutines of

SGFEL-11 and RET -22 are also given in the Appendix-II.

'

5.1 METAL FEMOVAL BY BC DISSOLUTION

A}

5.1.1 Unidimensional Case (Models FZT-11 and gGFET-11)

This refers to the case of idealisation of the IEG
by unidimensional continuum and the camputation of anode -4
profile generation in &CD. The program generates the sloment
properties and stiffness matrix itself's The logic diagram of
the proposed programms is given in Fig.9.1. With slight modifi-
cations, this program cgn also be gpplied to solution of problems
by Fal-11 (Flow chart in Fig.5.2). o
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FIG.5.1 COMPUTATIONAL SCHEME USED IN MODEL SGFET- 11
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{( Start )

Read givendata

t
Print input data

Generate coordinates of x-axis
for given  conditions

t

Generate initial interelectrode
gap for ditterent nodes

!

Generate coefficients of
stiffness matrix on and above

the diagonal
|

]
Compute the values of Hj.....Hqp
tor n node continum. It also
incorporates boundary FIG.5.2 COMPUTATIONAL SCHEME
conditions. USED IN MODEL FET-1

t

Solve the set of simultaneous
eqns. to determine nodal

temperatures

|
>,

Compute conductivity K

Compute metal
e removal Y for
zero feedrate

Solve implicit equation for
Y

-
Compute current density

1

Compute linear and volumetric
metal removal

Call subroutine THEC.

It computes T, K, J,
Y, LMRR, VMRR etc.

for NN nodes

K
No. of nodes
> NN

Yes .
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5.1.2 TwO Dimensional Case (Model FEF-22 and SGFET-22)

This program refers to Fi idealization of two
dimensional ECM process. For this purpose, simplex triangular
elements have been used. This program is capable of generating
automatically the global stiffness matrix in assembled form,
apply the prescribed boundary conditi&ls and store the stiffness
matrix in the banded form. The goveming equations have been
solved by the use of Gaussian Elimination Technique. It should
belnoted that the potential distribution within the I&G, in
this case, has been obtained by solving Laplacian equation
(2.15). The flow chart for the scheme of computation by
FET-22 is given in Fig.5.k With slight modifications the program
can also be applizd to predict anode'prof‘ile_by model
SGFET-22 (Fig.5.3).

5.2 A BRIEF DESCRIPTION OF SUBROUTINES USED

Computer programs mentioned above,y, make use of a
number of subroutines some of which have been described here in

brief,
(a) Program ~ SGFET-11 ;
(1) subroutine A@IC

This subroutine permits 'automatic generation of the nodal
coordinates!' of the elements. For the given.length of the
domain, total number of nodes, elepents . and their length has

tobe specified. In this case, use of unequal elements is also
possible,
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FIG.5.4
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(ii) gubroutine AGCSM

This permits tautomatic generation of the coefficients of
stiffness (or conductance) matrix' and takes into account the
bec. of the nature discussed earlier (chapter %), With this
subroutine it is possible to generate ths coefficients only

| on and above the diagonal and upto half band width of the

camductance matrix.
(iii) gubroutine GET

This subroutine solves banded, sparse and symmetric matrix which
comprises ' a set of governing equations of the type (k.16).

It is based m the philosophy of Gaussian Elimination T:chnique(26).
(iv) gubroutine BIR

This subroutine solves the implicit equations used to campute
the IEG for the case of finite feed rate by applying the technigue
of 'Bisection Method for Real Roots" (147).

(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) gubroutine HLVEC

This subroutine supplies the values of resultant vectors

(or force vectors or column vectors) X for each node.
(viii) gubroutine EETCL

This calculatesthe electrolyte cmductivi'ty, current density,MRR

and IEG obtained.
(ix) gubroutine PRNTOT

This subroutine prints out the desired results in the specified
format.

(x) gubroutine 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.
(x1) subroutine SIDFLO

- It performs the same function as INFLO but applies to the case

of side flow mode of electrolyte.
(xii) subroutine WTFLO

This performs the similar functions as INFLO with the difference
that it applies' to the case of radial outward flow mode of the

electrolyte.



JRUN

(b) Program FET-22;
gome 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) gubroutine BANSOL

This solves the sparse, banded and symmetric matrix and gives

 the field potential distribution within the IEG.
(iii) subrautine CIIC

This subroutine calculates the current density, temperature and
electrolyte cmductivity after obtaining the electric field-

potential distribution within the IHG.
(iv) subroutine INELG®

This caleculates the IEG for the case of zero and finite feed

rate conditions for a node at any instant of time 't!,

(v) subroutine METR

A subrautine that evaluates linear, volumetric and specific MRR.
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(vi) gubroutine BWD

4 subroutine that determines the value of band width and

supplies the sameé to the main program.
(vil) subroutine ZER
A subroutine that initialises the matrix.

This program also contains the subroutines like
DATIN and PR NTOT performing the same type of functions as

mentioned earlier in program SGFET-11.
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CHAPTER-6

Pe--aah— = = R R =

6.1 EXPERIMENTAL FTUP

To verify the analytical models developed in
chapters 3 and 4, 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 headss

a) PowWer source

b) Electrolyte cleaning and electrolyte supply system
¢) Tool and tool feed system

d) Work and wg;;k holder.

[}

(a) power source : )

This consisted of a rectifier unit (13) to convert
3 phase a»C. power supply into a low voltage d.c. supply, a trans-
former (21 & 22) along with a voltage regulator (19) so that
{;h_e desired input d.c. voltage cauld be :obtained across the
electrodes. gincey, ammeter (14) and voltmeterg1s) 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.

T



Fig.6.1; Experimental setup used for QM

1Tool 2 yorkpiece 3 plastic box U4 wheel for trans-
Verse movement 5 wheel for axial movement 6 Faed gear
box -7 peed direction change knobs 8 peed selector

9 dlectrolyte supply pipe 10 Overflow pipe 11 Qutflow
pipe 12 Cable for connecting tool with power terminal
13 Rectifier unit ' 14+ pmmeter 15 Voltmeter 16 Come
pulley 17 Fine range voltmeter *18 Blectric motor to

drive feed mechanism 19 Variac 20 BElectric comnaction |
board 21&22 Main transformer.
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The specifications and other details of the power

unit used in the setup are as follows:

Transformer : Rectifier unit

Ph(ise - Three . Phase - Three

Output current 100 amps/line gecondary currént 500 Amps DC

Input voltage W15 Vv - $ecodary voltage 100 Volts DC
Output voltage 0415 V. Type RSC 100/500

(b) Electrolyte cleaning and electrolyte supply system:

As discussed earlier in chapter 2, duriﬁg BEQM o |
metals, metallic hydroxides are formed and when allowed to lodge
between tool and workpiece can lead to sparking, an undesirable
feature Oof ECM process. Hence electrolyte cleaning (145) is very

important. In practice, a combination of the following methods

may be used;

i) Filtration.

ii) Centrifugal separation
11i) Cyclone process

iv) semimentation and,

¥) 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, t0 minimise variations in
electrolyte conductivity due to contamination by reaction
products, a large sized electrolyte tank with three campart-
ments (Fig.6.3) was used. The electrolyte passage from one
compartment to the other is shown by arrows., Major part of
the reaction products is left in the form of the foam st the
top in the campartment I while the suspended reaction products
and electrolyte enter tothe campartment II through its bottom.
Due to natural sedimentation, part of the reaction products
settle dowvn at the bottom and rest of the foreign elements are
filtered out during their journey to the compartment III. 4- fine

wire filter :.was also provided at the pump inlet.

In order to control the rate of electrolyte flow
through the working gap, a bypass 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(17) enter in the campartment I
of the tank. The bypassed electrolyte through 'bypass pipe'(10)
also goes to the campartment I. The specifications of the

pump and motor used are as follows;

Type  Induction motor Make cromp\ton Greaves .
H.P, v 2 Phase 3
current 3.5 4 Frequency 50 HZ

Speed 1405 R,p.M,  Power 1.5 KW
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The mode of electrolyte flow that can be achieved in
the present setup are - outward, inward, side ar complexed flow

(%,120) 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 bored through them (Fig.6.4). This would facilitate
the supply of electrolyte into the cutting zone. These tooOls
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

9 .8
et — ==
7

4 Hs 6
,_]\ y 10 1. MOTOR 2. V-GROOVED PULLEY

151

3. V- BELT 4. SPLIT V-PULLEY
W,
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N\ \:.
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2

FIG. 6.5 KINEMATIC SCHEME OF FEED DRIVE
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tool feed ﬁlotion caild 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 (177). Thus, enabling us t0
Obtain tool feed over a wide range. The feed mechanism was
driven by méans of a single phase, % H.P., 230 volts, 1440 FPM,

AC induction motor.

(d) Workpiece and holder :

During EC machining, the workpiece was kept stationary
whereas, the tool was provided with the lineér feed movement.
The workpiece was held in a specially designed fixture as shown
in Fig.6.4. The work Iholder 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 temingl of the power supply was connected t0 the
workpiece through work holder. .Both the work and work holder
were housed inside a peI:Spex boxs 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 Lransverse and longi-
tudinal movements to the workpiece with the help of two

separate hand wheels (&) and (5) respectively.

In order to prepare the test-pieces, outer skin of
the castings or forgings was removed by machining and the
dimensiong and surface finish of the wakpleces were controlled

accurately within a narrow range. The hardness (BHN) of the
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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).

642 EXERIMENTAL PROCEDURE AND SPECIFICATIONS

Experiments were coducted to study the following
in ECD and ECB operations using different types of tools,

workpieces and operating conditions.

a) Metal removal and

b) Form accuracy.

(a) Metal removal :

In order to measure the work-material removed during
the test, loss in weight of the workpiece was adopted as the
criterion. The welght 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-k.

It was dbserved that during a cut, the working
voltage ﬁas a tendency to vary. In order t0 improve upon the
computational accuracy, the variations in operating vOlﬁagé
(or effective voltage) was recorded at intervals of 30s or 60s

or 300 during the test. The average electrolyte flow rate was
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mzasured by means of a conductivity meter having the following

specifications;

conductivity Measuring Bridge

Make philips
Type P R 9900/90
Measuring range 05 Ohms to 10 M Ohms

Bridge supply(internal) 50 Hz or 1000 Hz

Inertialess electronic indicator

(b) shape of the hole produced:

The shape and dimensions of the hole produced were
measured m each case by the use of replica technique. Ior this
purpose plaster of paris replicas were prepared and their
dimensions measured by means of a C7 large tooi makerts
microscope (least count 0.01 mm). The measurement of replica
dimensions at any point along its length would give the magnitude
of radial overcut at that particular-location using the following

relatidnships for the cases of drilling and boring:
(Overeut) 4 = (Drilled hole diameter - Tool diameter) x0.5 (6.1)
(Overcut)y = (Bared 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 025 mm Or 0.5 mm in zones 1-3 and at an interval of



about 0.5 mn or 1.0 mm in zone-4 (i.e., side region). The tool-

corner radii were measured by the replica technique.

6.2.1 gelection of Tool Material

gelection of an appropriate tool material in ECM is
very important and is governed by its electrical resistivity,

stiffness, machinsbility and heat conductivity. iost widely
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used tool-materials have been compared in taple-5 and from there

it is evident that copper or brass would form a good choice,
fdowevery; in case Of slender tools, stainless steel is preferred

~dus £0 higher stiffness requirement.

Copper as well as brass is also preferred for the
coanditions where toal damage is expected in the event of minor
eloctrical short circuits, gince their themmal 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
formeds, On the other hand,uhder similar cmditions 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 (rewoval of nicks, notches,
scratches, lines, etc.) and preservation is comparatively ecasy
for the case of‘ccpper and brass. Except in~r63pect of thermal
coductivity, brass is superior to cOpper hence it was usad as

the tool material for the work reported in this thesis.
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6.2.2 gelection of ECM Electrolyte

BECM electrolytes have been classified into thres
categories i.e., neutral, acidic and basic. WNautral elsctrolytes,
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 because, they may attack the machine parts, are harmful
to the persomel and are comparatively costly. Further, alkalies
tend to passivate most of metals used as anode causing the
machining to be either impossible or non-uniform. Hence, WNaCl

was selected as the electrolyte for the present experimental work.

6.3 IESIGN OF EXPRRIMENTS

6.3.1 Introduction

survey of Literature shows that a very large number
of applications of the design of experiments can be found in
chémical, agriculture and related experiments. Howevar, its
thearies are applicable to almost ahy type of industrial
research (9%,181). 4 good experimental design is one (53) which
furnishes the required information with the minimum of expari-
meéntal effort. During an experiment, random errors may bs
appreciablé hence a certain minimum number of bbservatiops is
requiredA to give the necessary precision. If the magnitude

of errarg expected in various measurements during experimentation,
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is known it becomes relatively easy to forscast the number of
cbservations required to determine any parameter with a given
degree of precision., If an experiment is under designed, fglse
conclusions may be drawn and if overdesigned it would lead to
wastage o money, time and ef forts without yielding extra infor-
mation. The factorial design used in this case 0ff»ers ths
advantage that it contains a large degree of thidden replication'
(181)s for example in a 25 eXper‘iment each effect is estimated
with the precision of an average of 16 camparisons of pairs of

dservations.

P

Normally scientific investigations are planned to know
the effects of a number of different factars on some property or
process, A properly planned experiment would not only give the
effect of the inddvidual factors but also the manner in which each
effect depends on the other factors (i.e., int eraotions): In the
factarial design the effect of a factor is éstimated at several
levels of the other factors,; hence the conclugiong hold ovar a
wide range of conditions, It is also possible to state o v“i:hevore-
tical grounds which factors are likely to interact and Which may
sa,fély be ignored (47). such full factorial designs require that
].f number of experiments be conducted; f 1is the number of factors
involved and '1' 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 (1,54%) or fractional rsplicates is
based on the principle of 'confounding'., When large number of
experiments are involvgd it may not be possible to carryout
experiments under uniform conditions, say, on otne 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 factors and their more important
interactions are investigated under uniform conditions; while
the heterOgenity intrcoduced in consequence of thé size (66)

of the experiment is allowed to affect only interactions which

are likely to be unimportant.

6.3.2 Response gurface fvaluation and Design schemes

If all the factors represent quantitative variables
then the yield (or response) " can be represented as a function

of the levels of these variables

o *, 5 -
Yo =8 (Xqy s EpyoeeerXy) + 8y (6.3)
Zz = Xgu‘+ XTu + Xﬁu + eew + Xfu + eu (644)

where u=1,2,...,N reprzsents N obgervations in the factorial
experiment and xi, represents the level of the i®h factor in ubh
observations. The function ¢* is called the response surface;e,
measures the experimental error of the uth observation, In the

absence of a knowledge of mathematical form of g*, it can be
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approximated satisfactorily, within the experimental region, by

a polynomial in the variables x¥

ip- However, it is to be noted

that polynomials are wntrustworthy when extrapolated. The

solution of Eq(6.4) is obtained (28,29,47,53) by treating it

as a particular case of multiple linear regression.

TO thtain an idea of interactions and highsr order
effects, second order designs (Eq 6.5) are preferfed instead
of first order design'(Eq 6.4) 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 needeéd to yield estimates of the curvature aspects oAf each

response (199).

* 3 K . = ; 3 2 3 * *
Ty =PotAxy +%X§u Py Ko+ Fap X, o+ Poxyy oy 4+ e

L — A d | S Lo nd
Linear Square Cross- aZrror
t erms terms product term
t erms
LR 3 ( 6 Y 5 )

To estimate the magnitudes of the ccefficients in the apove
polynomial, each variable xl‘u must take atleast three different
values. This sﬁggests the use of factarial design of 3k

series with levels coded as -15 0y 1, however, 3k desigﬁ would
become quite large with more than three x*-variables, Also, with

such design the precision (28) of thé coefficients of squared

terms is relatively loy.
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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, _i;f +2f + 1). Such designs were originated

to fit second order response surfaces.

Later,this design was modified and named as non-central
composite design (47), useful for the situations when maximum
response is nearer to me 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 compogite design. To explain the
concept of rotatability, let the point {0,05...,0) répresent the
centre of the region in which 'Y*' and 'x*' is under investigatim,
Let YC; be the estimated response at a point on the fitted second

order surface as given by equation below;

* f F'3 -wf—“ . 3 3 Sk
Yy =bo + = by X4, + =  bss xF o4 =T bas Xiy, Xs
P T k] : i1 L ) Rt 8 ) u

1i=1 i=1 iu 1<) J J

LR 4 (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, 5 § 7
X1u+X"2u+-.. +Xfu =P =00[18tant

Central composite deéign (Fig.6.7) can be subdivided into

f

three parts; (1) points related to 27 design, (ii) extra points no

included to form a central composite design with (-j y and
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GEOMETRIC REPRESENTATION OF CENTRAL COMPOSITE

FIG.6.7

ROTATABLE DESIGN
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(iid) few more points ni added at the centre to give roughly
equal precision for Y* (i.e., true value of yield) within a
circle of radius 1. nq>1 however, if ny >1 i.e., many
replications of the centre point, the standard error of Y* is
low at the centre and increascs rapidly as we move away from
the centre.

b

It is to be mentioned that ., must be egual, 2

/4 in
order to mzke the design rotatable. With larger number of
variables, the experiment size is reduced by using a half

replicate of the of factorial. with half replicate, iy becomes:
2( f”1)/h.

6.3.3 Analysis of Variance

It is usually of interest to partition the sum of squares
of the Y™'s into the contribution due t0 a first order (Llinear)
equation, the additional contribution due to the second order
terms, a 'lack of fit' component which measdres 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 ar.

(1) First order f "
term. = Dbi(iy)) f

i=1
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f
(2) geeond order 4y, (oy%) . F byy(4iv") £(£+1)
i=1 -
2
b2 bys(15r)-GN
1<
S f(f+
(3) Lack of fit Found by substrggtlon | n2--—L§ail
[(5)-(1) =(2-(%)]
- . % -k 2 |
(M)eﬁﬁggrlmental (Tqy = I ng-1
(5) Total = Y3 - G/N g1
u=1

Here, G is the grand total, N- the number of points and
Y?u represents the responses at the central points, with mean

o 3
Y7

6.3+ Design of BCD Experiments

6.3.4.1 Design of electrochemical drilling (BCD) with bare
tool experiments

To evaluate the effects of folloying five ECD
paraneters (or variables) on the metal removal rate (i.e.,
yield), central composite rotatable dasign with half replicate
was selected (199). This design seems tO be the most useful
in this type of application. Levels for different factors were

selected as per scheme given below;



Factor name

KElectrolyte

conductivity, v mm(x 10"1) xﬁ

Initial inter-
electrode gap(mm)

sed rate,mm/s,(x10'3)

Tool corner
radius(mm)

Tool diameter(mm)

>
* MO *

>

oy B
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Levels

+2 +1 0 - -2

0.030 0.04%0 0.0493 0.0590 0.069

2.1 1.7 1.3 049 045
7.917  7.080 6.187 9.330 4.500

3.976 3.16 2,298 1,53 075

12,06  11.0% 10,03 8.99 7.95

' The complete design of the experiment (47) in coded level

form and the responses are given in Table-6 and the valuss of these

factors at different levels are given above. The solutions of

tha response surface equations for central composite design are

Cbtained from the equations given alongwith the Table-6,

6.3.402 Design of electrochemical bit drilling (ECBD) eXQeriments

To evaluate the effects of feed rate and tool bit -

bare height o metal removal rate, the experiments were conducted

Cin accordance with the Design given in Table-7 and the corres-

ponding factor levels values are given below,

Bxperimental Conditions Used During
5CBD of Forged Low Al loy Steel.

Ko = 0,007 Urma™ |

Factor Abbreviation

Faed rate%FF),
)

mm/s( x10™ X
Tool bit height
(bb) mm XE

t = 2400 s

Levels
-2 -1 0 +1 +2

362 347 o5 5430 5463

2.556 3 " 5 5okl
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This chapter presents the analytical and experimental
results obtained by the author. The experimental study consisted
in drilling and boring of different workpiecss using several
tools and tool bits and electrolytes having different concen-
tration. In order to test the validity of the proposed modals
experimental datag has also been borrowed from the available
Literaturs, It should be noted that the analytical results
reported in this ch‘apter have been obtained by FET unless

otharwise mentioned.

7.1 BCM WITH PLANG PARALLAL SLECTROIG

71«1 Zero Feed Rate

| Generation of side surfaces, in ECM, can normally be
considered to be equivalent t0 machining under ®ro feed condi-
tions. This would correspond to a situation when the food
direction and normal at tool (Or work) surface are at right angles
to each other. Majority of the available experimental data,
in literatﬁre, relates to zero feed rate in the front gap only,
The_model FET-11 h‘aS 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



using b q(2.11y and the results compared with the experimsntal

data.

(a) Variations in current density

For the case of zero feed machining, with using NaCl

as the electrolyte, Kawafune (106) conducted extensive experi-
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mentation (Table-8)., For the conditions in T:ble-8, the current

density along the slectrolyte flow path has been evalusted
analytically using FET-11 (Figs 7.14 and 7.1B). Ths computed
values in this case are based on the assumption of 100% current
efficiency énd void fraction as zro dué to absence of sufficie
reliable data in this regards. The current density along the

- electrolyte path was evaluated by knowing the total current

flowing in the segmented electrodes I1%t0 I5 ahd their arecas.

(b) Machining accuracy

Figs (7.14 and 7.1B) also show a comparison of axperi-
mental and analytical values pertaining to machining accuracy
obtained by the use of FET-11. For thése casss, the same

machining conditions as given in Table-8 are true.

7«12 Finite Feed Rate

In BCM with finite feed the rate at which the tool is
fed is equal to front feed, Fp, 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 EAT-11 for finite feed condiilions has also been checked

nt
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using experimental data (23) and the results are given in
Figs.(7.24~7.2D). Tor the computation of metal removal a
current efficieancy 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.

sxperimental validity of the model FET-22 was also
verified (Figs.7.34-7.3C). rig.lt.6a shovg the discretization
of two dimensional IEG and the computation of EGM paramcters
in this case, was doné as per computer programme already
discussad. For this purpose a computational interval of

30 seconds was chosen.

For the sske of testing the validity of the madel
iTr=22, for one of the test conditions (g@), results aboug

variation -in J, K, I&G, etc. are given in Fig. 7.4.

7+1+3 Gomplex Sh@pedtﬁlectrodes

Applicability of model FET-11 and FET-22 for the
'éase of complex shaped workpieces has been tested by analysing
the complicated problems shown in Figs. 7.5A and 7.53 respec-
tively. The machining conditiong for which these problams have

beéen analysed are given in T:bles-9 & 10 respectively.
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7.1 Effect of Tool Material on Temper ature Distribution in IRG

In hCi, the frontal gap normally experiences a 1argér
teuperature rise as compared to the side gap. Due to large
temper ature difference, greater amount of heat is transferrad
from the electrolyte to the electrodes in the front gap. The
total heat generated is partially conducted away to the tool
and wark electrodes and the balance amount stays within the
elaectrolyte itself, This would mean that temperature rise
of the electrolyte would be caused due to part of the IQB loss
in the IEG. The remainder heat is dissipated into the

environment.

Congidering that the entire heat generated(lzﬁ) within‘
the I&G is taken up by the electrolyte, the temperature rise
can be evaluated by the modsl FET-11 a%wﬁing uni-dimensional
heat transfer, Due ..to beat transfer to the tool and work
slectrodes, the equilibrium temperature of the electrolyte would
be lower than that obtained by FAT-11. This has been camputed

as follows;

Heat transferred "~ Heat lost
to the environment = by the oo (71
through the electrodes electrolyte

Camputation has been carried out assuming ioo;fé and 95%
current efficiencies for three different cathode materials viz.,
copper, brass and stainless steel (Fig.7.6). For computation
purposes, the thermal propertics of the electrodes have baen

obtained from standard data book (73).
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7«2 PARAMETRIC STUDY

A parvamstric study of the BCM process would help in a
better understanding of the type of inter-relationship between
the tool feed rate, electrolyte flow velocity, IEG, temperature
digtribution, electrolyte conductivity, current density, etc.
For this purpose the analytical results obtained by FiT-11 and
evaluated for the machining conditions given in Téble-11 have
been given in Figs. (7.7-7.9) for zero feed rate conditioms and

in Figs.(7.10-7.12) for finite feed rate conditions.

For ®ro feed rate, effects of electrolyte flow velocity
(Fige7.7)s €lectrolyte flow mode (Figs7.8) and IEG (Fig.7.9)
have been considered. For finite feed rate condition, effe_c{:s'
of feed rate (Fig.7.10), interelectrode gap (Fig.7.11) and
clectrolyte flow velocity (Fige7.12) have been anaiyéed. It
should be noted that the anode profile in this case has.bcen
calculated o the assumption that the overcut in the transition
zme remains same throughout. Eirther it is to be notead that
linear MRR at each node, and the volumetric and specific MRR
within sach element can be computed from Egs(7.1a), (7.10) and
(7.1c) respectively. ]

m.l(n = Ab.Fp + T(gy - BY 5y 5 L KIN=1, BPY(4y= YT (7.12)
CAf KIN > 1, By 4y(KIN) = Y4y (KIN-1)

MR(1) = W%LEMR]_(i) ¢ MRy (1413}, 2 XA (7. 1b)

() = [y / (T ] (710
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7.3 BLECTROCHEMICAL DRILLING (ECD) WLTH BARE TOQL

Far ECD, three types of anode materials viz., mild
steal, low alloy steel in cast and farged conditions were used.
The cathi:de in all the cases was made Of brass howéver, tools
with different diameters and geometries were used, Tost
conditions for BECD experiments are given in Table-12 (Mild steel),
T.ble-13 (Cast low alloy steel) and Table-1k (Forged low alloy
steel) and for calculating the anode profile, modi fied ©4(3.2)
has been used, It is to be noted that during the computation
of anode profile, overcut in transition zone was calculated
using eguation (3.4) derived on the basis of regressim 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 BQM
of mild steel applied voltage acroés the electrodes was found
to vary during the cut. Hence thé ef fective voltage Ev 1e8ay
the voltage which prevailed for the machining period of time
more than 66% was chosen. During BCM of M.S., the mean
voltage and current werz measured at an intervals of about
300 seconds, whereas for tests on low alloy steels, the
Gbserved modal values and in some éases mean values of current
and véltage Over a period of 305 and in soOme cases 60 szcands
waS eémployed (Flg.7.13). The average éf the modal/mean values
was used as the effective voltage, gimilarly, effective
current was evaluated from the current variatian with time

curves (Flg..7.14).
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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%). 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 cémputation of anode
profile heat transferred to electrodes was neglected and the
void fraction was assumed to be negligible. This, however, would
introduce sone error in the calculations. Also univalency EC

dissolution throughout the I&G during the process was assumed.

7+3¢1 Bffect of Voitage

To study the effects of voltage on anode profile, ECD
tests were perfarmed. 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 o cast low alloy steels (Table-13). As discussed
egrlier 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
e longated g( j ). However, the large overcut obgerved near the
top of the machined hole extendzonly over a very small length

as compared to the tapered part.
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7.3.2 uffect of Tool-Diameter

The effect of tool diameter on overcut in ACM was also
studied. For this purpose the effective voltage and other
conditions were held constant whereas, the tool diameter was

varicds The results are given in Fig, (7.16).

7+3+3 Machining Bfficiency

TO study_ of the effect of voltage on machining
e fficiency for otherwise similar machining coditions, the
machining efficiency has been calculated from the following

relationship.

T Dg )
- & S

It is also to be noted that in few of the cases machining
efficiency has crossed the threshold limit of 1004 (Table 12
and Toble 13). | |

7.3.4 Comparison of sxperimental and Analytical Anode prof'ile

Using the model SGFE.T-TT_, the anode profile for
different cases has been cbtained (Fig. 7..17)' assuming ccns tant
valency of EC dissolution of the anode and taking a mean
,value for the efficiency of machining.” The value of &, has
also béen assumed to be zero. It has also been assumed that
the feed rate in the side gap 1s #ro (i.e., Fq=0). But after
the ECM sterts, in case Of bare tools or bare land width (by)

with coated toolbit, the anode surface in side zone chtained
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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 Fg #0 condition exists.

7+3.5 Expérimental QObservations

Plaster of paris replicas of drilled holes wers prepared.
In few cases, the hole shapes were distorted and some 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 appr opriate tables. This is caused mainly due
t o the effect of electrolyt.e flow velocity specially 1n case

of cutward mode of flow, Fig, 7.19 shows that top face views

of some of the ¢ drilled holes,

7+3.6 Overcut in Transition Zone in ECD

Overcut in transition zome Id'uring LCD has been measured
from the replica of the drilled hole, The equilibrium gap, Y,
was evaluated co'rreSponding to the effective voltage using
Ba(2.5)e Fig.(7.20) shows the relationship between overcut,
8y and equilibrium gap Ye. In s ome cases, a scatter betwesn
line of best fit (obtained ‘by app lylng regression amalysis
technique) and experimental values was observed. Therefore, for
improving the degree of correlation, dimensional analysis
(Appendix-III) was ctnducted., Fig. 7.21 SHOWS'the nature of
relatibnship between the dimensionless parameters /Ny and 7o

But coefficient of correlation found was low. It was, however,
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found (Fig. 7.22) that tool diameter has got 1ts independent
influence On age Léter on, a relationship between D and Cé was
established through Fig.7.22. Finally the Eq(3.5) was obtalned

in the final form. This gives a better fit as shown in Fig. 7.22D.
nased o Fig. 7.22 the values of costants Cgy N4 aﬁd n, have been

derived,

7.% ELZCTROCHEMICAL DRILLING WITH BAHE TOOL USING
WESIGN OF BXPERIMENT" TECHNIQUE -

To study the effects of machining parameters on metal
removal rateand their interactions, iCD tests with bare tools
Wers cbndﬁcted in accordance with the details given in section
6.3l and experimental plan given in Tableggy, This carld help
~ in evaluating the comstants of a response surface equation (6.6)

whlch can be used to predict the rate of metal removal.

7+5 ELECTROCHEMICAL WIRE CUTTING PROCESS (ECW®)

A paramétric study of ECW® 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 paralblel 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 FET-1, Figs 7.23 Shows

the scheme of discretization for a 30 mm long wire,
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7.5.1 210 Feed Rate (Fp=0)

Fig. 7.2% shows the températurs 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 comparigm between the temperatures obtained by
model-1, model-2 and FET-1. Fig. 7.254 gives the change in
clectrolyte conductivity with flow distance whereas, Fig. 7.25B
shows the change in electrolyte conductivity
with aachining timt. The variation in current density, J,
within IEg¢ with machining time are given in Fig. 7.26., wig.7.27
shows the variation in metal removal rate with machining time

at different nodss and elcments.

7.5.2 Flaite Feed Rate (Fp # 0)

Figs (7.28) to (7.30) show the analytical results
obtained for the .C Wire. cutting with the ﬁniteiigiie., Results
have been corﬁputed assuming computati_onal éyc].e time of At=1
secand because it has also been found that the accuracy of the

results is dependent upon the computational time interval At.’

7.6 BEL&CTROCHEMICAL DRILLING WLTH BARE TOOL-BITS

Thesec experiments were conducted to know the nature of
anode profile obtained by using tool bits having a finite corner
radil and a sharp corner. The results are shown in Fig, 7.31

and the machining conditions are given in Table-1l,



°C

2

TEMPERATURE RISE

50

ZERO FEED RATE
NN

45 * 3
o] 13 FET
® 17

4.0 MODEL 1
—m——— MODEL 2

30

2.0

12 16 20 24 28 kY1

D IS T A N C E ,mm

FIG.724 COMPARISON OF RESULTS OBTAINED FROM MODEL-1,MODEL-2
AND FET-1




187

~——— s INIL ONINIHDOVW

3SIY 3¥NIVY3dN31

- e ——

(wWww) € IDINVLISIA
[e]}

NO 3WI1l ONINIHDVIWB 3DNVLISIO 40 123343 7Z L 9Ol4

@ £ wn_ozl\

31vd Q334 0d3Z

L 14 0Z St
T

~N

-], ¢ 3SI1Y 3¥NivHIdiNGl

-t

m

<

|

S ‘INIL ONINIHOVIA

—

t-13d0N
3i1vd 9334 0WY3Z

o~

-— 3o ¢ 3SIH IHNLVYIAWIL




1§8

) o |

ALIAILDNANOD 31A70Y1D313 NO 3WIL ONINIHOVAN dO 3IONVLSIO MOT4 40 103443

s ¢ 3JANWIL ONINIHOVH

S

I

T . -——--13
||||| z 13Q0W

I 13Q 0N

Jlvd Q334 0d3Z

0Z00

1200

2Z00

(~Ww T € ALIAILONGNOD 31A70813373

l-

s

- ww 3 2NV LIS d

412

0z

01 0

N ¢ N WV~

|

(S) AWIL ONINIHIVNA
3lvy 4334 0od3Z

0700

1zo-0

ZZ00

GZ°L 94

U ALIAILONONOD 31A70412373

!

_wuw

{




R e —— —— i mmm = - = - -

0.38
N ZERO FEED RATE @
AN
N MODEL~-1
N\ MODEL-2 ~————
0.36 \ \\AFET.—‘I — 5
N A\
N N NODE |
u AN \\ p 2
o~
N
Ig N N »n 3
E .34 "N \\ X
< N N
L \\
. N
L \\ \q
() N \ ~
4 N N
w AN AN
8 0.32
\\
z RN
st S -
s
ke) NS
0-30 — \\\
| l | l | [ 1
1 2 3 4 5
MACHINING TIME , 8 —=
ZERO FEED RATE
O MODEL-1
0-38 = A 3 NODES I O
FET-1 0
0 17 NODES 2 O
0
\s .
'\’\ME Ox B
0.36 - MAC"“N\NG A—" ,5
0 O
f : 5 °
0
O
I Wams
™~
0
'E 0-34 0 s
0
8
< rjaus
[
> 3 =
- N L)
r N
= 0-32 A0 ()
w
-0
- AL 00 5
Z - O
# @
g 0~30 6
o Q
()
Q 7
0
0,
0.28¢ )
O
O
0.26 I | | | I | |
0 4 8 12 16 20 2% 28 k7)
D IS T A NGCE

N mm -—

FIG.7.26 EFFECT OF FLOW DISTANCE, MACHINING TIME ON CURRENT DENSITY

189



CUM. METAL REMOVAL , (mm) ———————=

0 —~ MODEL ! ZERO FEED RATE
A— NN = 3} Yo = 0.55 mm
FET -1
C— NN = 17
°"°[ MACHINING TIME,s =7
——‘——-_______,Ar.—~— e e
——
—_—T
0.16
| 6. —0
e
S o
| ] ) s .o
L T
o T
i
! 4
| R b —p
- I - L
I S
0.08 R ,__,____—8———————‘"‘-‘-‘“"——’_—'*“ '—X
0 06 F 2
i* o e = _‘.“__—_——ﬂ———'-Mw' R
o-oz.L
%
[?IA;*J%D—«{}——D-—“{;——G— o400 00—~ 0—{&
0 02
ol | L 1 | 1 |
0 5 10 15 20 25 30
DISTANCE , (mm)
FIG.7.27 VARIATION IN CUMULATIVE METAL REMOVAL WITH ELECTROLYTE FLOW DISTANCE
FOR DIFFERENT MACHINING TIME

190



T T/

CUM. METAL REMOvVAL ,(mm) ————»

0N
,23
/
/
0-10p- //
;R
NODE 1 /
0050l NODE 3
0.08 -
0.07 }
ZERO FEED RATE
0.06 L e —— MODEL
—-——— MODEL 2
A —— FET—
/
0.05 |- ///
/
///
;!
0.04 | !/
/7
/!
;!
/
0.03 g
. = /
g;,
Foy
0.02
0.01 ' 1 | | ! ] 1 J
| 2 3 4 5 6 7 8
MACHINING TIME , 5 ——w
FIG7.27 EFFECT OF MACHINING TIME ON CUMULATIVE METAL REMOVAL

AT DIFFERENT NODES




192

IN3IY3441Q0 LV 3ONVLISIO MOT4 31A70YW1D23T3 3HL ONOTV SH313INWVHVd WO3 NI NOWLVIYVA  8Z°L'9l14

wuw

4

INIL ONINIHO VI

3 29 N Vv 1 Ss t @

— ———dV9 3G0HLO3NI UILNI

ALISN3IA LN3IYYNI
ALIAILONANOD
FUNIVYHIdWIL

L~-T300NW

s/wwzo0 = a33d

JYNIVY3IdN 3L

~— ), ‘ 351y

120

ZZ°0

€2°0

U 0LX ALIAILONANOD 31AT0¥LI313

3 —

€€

v€

St

9¢

LE

6€

IN3IYdnd

, 01X ALISN3Q

L4
g W Y

P —

95-0

LSO

85°0

65°0

090

180

ww ¢ dvyo 300Y¥Y L2373 YIALNI




0.39

o
w
@

1

0.37

DENSITY ;, A mm2 o

0.35

CURRENT

o

)

[+2]

T
CONDUCTIVIT/ X106, Ahem™!

e
w
=~
T

033l

F1G.7.29

. e

0.6

FEED = 002mm ' /

MODEL | g
o.60le — TEMPERATURE /
_______ CONDUCTIVITY .
—:~——— CURRENT DENSITY ’
—:-——=— INTERELECTRODE GAP / /

£

€ .

L 0.59 ' _ .
o / / /
<«

o P -

w g

o NODE 3

S 0.58}- / //

x rd

- " '/

%)

2 ’ / /

J - .

o .

v .

e 057

£

,_

—
0.23
8]
_ [
w
(2}
o
0.22}+
w
@
2
[
<
[+ 4
w
o
0-21 s
w
-

1 2 3 4 5 6 7
MACHINITNG TIME , §——

VARIATIONS IN ECM PARAMETERS WITH MACHINING TIME

J



'(x103) ———

3

mm’ s

VOL. METAL REMOVAL RATE,

129

~N
~

—
~
(4

123

R ]

"7

——

REMOVAL R.Y%  mm/s (xi0')

METAL

0.29

S

FEED RATE =0.02 mm s
N MODEL 1
N

\_VOLUMETRIC MRR ----~--
NODE 3 ™

\\\UNEAR MRR -
\

\-.

~

N
025 |- ELEMENT 1 N
N
N
AN
~

~N

0-24 | -
i 2 3 4

— MACHINING TIME , s ——=

FIG.7.30 EFFECT OF MACHINING TIME ON METAL REMOVAL

154



(mm) —

>

7 725 728 737
AL 0 0 01
2 1 7] 1
x

A .i Y G “—
6t T 6 6—
8 -l 8 g ]

|
10 10 10 | 10

0 1 2 0 2 0 1 0 1.5
0 v E c u T, (mm) —————p
707 635 721 637
0 0 X 0 0}
2 2 21— 2t
4r— 4= 4H— A
%
6 6 6— 6t
jx
/

§— 87— 81— a~—/

l
10 10 10 4 |

0 ] 2 0 20 1 "% s
0 v E C u T,(mm) — —

FIG.7.3

ANODE PROFILE IN ELECTROCHEMICAL BIT DRILLING

D1



Ly

0
52"-_]
2
X
6—
n
sb~
10
0 1
0 v E
736
| /
2——— g
- X
L X
- X
6..__
an—-—
10 |
0 1
0
FI1G.7.31

620

719

E R

10

10

735

0

ANODE PROFILE IN ELECTROCHEMICAL BIT DRILLING

1

T,{mm) —————

15t



15

ONIT11HAa 118 IVIIW3IHO0YLD313 NI 371409d 3AONV  LE°L'Old

- (ww) ‘L n ) ¥ 3 A 0
l 0 Z { Q 0
q ot _ ol ol
—Js —{s : —is
k<
— — X — >
(g}
r
m
<o
lw)
m
—v —4 —r 5
3
X
3
3
—Jz — — =
— K —— -
x
0 0 t O
9TL 8lL LiL




188

7+7 ELWCTROCHEMICAL BORING WITH BARS 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 ancade profile of the holes before and after
boring have been compared in Fige. 7.32. It can be s=2on that

the bored holed profile is more accurate in comparison to EC

drilled hole,



199

—

ONIHO8 TTVIINIHD0H1D313 NI 3 1304d

(ww)

3A0NV

Z€ L91d

907

kA ¥4

ONIYO0H"

oNigo8

4314V  3I71d0Hd

340439 314044

QINIHOVYN ——mpo

Hid3Q

(ww)




— - e W e -

This chapter presents a detailed discussion on the
experimental and analytical results reported by the author, In
order to facilitate the discussion it hes been presented under

the following heads.

Belel ZBro Feed Rate

(a) gurrent 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 FET-11 yields current density and
machining accuracy values that are slightly lower than the
corresponding experimental. values, This is mainly due to
erroneous assumptio made about Ithe magnitude of current
efficiency. In actual machining, this usually lies between
79 to 100%. Some error is also introduced due to the fact that
over potential, /Ay in &g(2.4) has been assumed to be zro.
Slight improvement in analytical values in Figs 7.1 could also be
achieved if the heat transferred from the IEG 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.
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(b) Machiniﬁg;accuracy

fig, 7.1 also compares the experimental and analytical
values of the machining accuracy. In this case, a slight
discrepanéy exists between the two which can be attributed to

the approximations made in arriving at the analytical results

and discugsed above.

8.1+2 Finite Feed Rate

v

Figs (7.2) and (7.3) show a comparison between the
anélytical and experimental results, There is a good agresment
' beﬁween the two for the results obtained by model FET-11 (Figs.
7.24 to 7.20) and model FET-22 (Figs. 7.34 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. FET-11 on the other hand is based on the assumption that
Ohm's law applies t0 the electrolyte within the IEG. The
difference in the results given by these two models is evident
when a comparison between the analytical and experimental
data specially in the corner region is made. At corners, the
current density is very high compared to the central region.
Still better agreement between the analytical and experimental
points near the corners can be achieved if the finite slements
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 (52). Nature of current density distribution
given by FET-22 compares favourably with the data of Cuthbertson
et al. (FlgoM’QS)-
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It is to be noted (Fig. 7.44) that after a machining
time of 210s the BCM process parameters viz., K, IBG, J, volu-
metric metal removal and penetration alter only slightly
meaning thereby that the equilibrium state has almost besn
attained. This is confirmed further by the fact that beyond
210 seconds the ratio Yy/Y, approaches a unit value‘(Fig. 7.4B) .,
Under these conditions the volumetric metal removal also

becomes virtually constant.

Discrepancy between analytical and experimental results
can be attributed to the'fact that 2xperimental data is likely
to be in error because Of ineffective filtration of ths electro-
lyte, limitations of the temperature measuring devicz, =tc.
contamination of the electrolyte with reaction products has been
known to influence the electrolyte conductivity. But the major
factors réSponsible for discrepancy is the assumption of
Tz: 100% neglécting the effect of void fraction (DLV = 0) and
assuning no heat transfer to the electrodes. These assumptions
have been made due to non-agvailability of sufficient information
for their evaluation. As is shown in next subsectibn if heat
transferred to electrodes is considercd the trend of the

temperature distribution within the I&G changes to a certain

extent.,

8.1.3 Camplex ghaped Electrades

FET~11 has been applied to analyse sinusoidal wave form
sinking (Fig. 7.54). From the figure it is evident that MRR

gt the crests i1s very high compared to that at the troughs,



'The feed rate at different points in this case has been calculated
using cosine component of feed (i.e., Fyp COs 6), where © ig the
angle between feed direction and a normal on the work surface

at a point under consideration.

Two dimansional model (HT-22) has been applicd for
the analysis of ¢Cmplex shaped cathode machining under zro
fezd rate. Fig. 7.95B gives the I&¢ discrstization 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 shapsd IEG.

8e1sk Bffect of Tool Material on Temperature Distribution

Fig. 7.6 shows a compariso between the exp-rimantal
rssults (23) and those cbtained from model FET-11. In majority
of the cases, analytical values are slightly highaf thainl the
exparimental data when a current efficiency W? = 100% is as sumad.
However, for the case, ’Y{‘ = 95%, a revsrse trend can be noticed.
éecondly near the inlet, electrolyte'temperature in almost all
the cases, isvhigher than the values obtainsd analytically
whereas this is not true near the outlet ends The rsason for
this being that, one dimensional eat transfer madel usad
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 lowsr at the outlet side.
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However, it should bs noted that in the present case
the total heat going to the electrodes is about 13.0% for if.S.
as the anode and copper as the cathode. The effect of tool.
matarial on temperature distribution within the I&G is shown
.in fig. 7.6. It is a.Lso evident from sgs (3.14-3.20) that heat
transferred from or to the electrolyte is mainly a function of
thermal conductivity of the electrodes, farced and natural
convective heat transfer coefficients and the differencs betwean

IEG and the ambient temperature.

8.2 PARAMATRIC STUDY OF ECM PROCESS

Based on the results obtained in this thesis a paramet-
ric study of the ZCM process has been presented. This has been
. \
divided under two headings viz., zero feed rate and finite

feed rate.

Be2e1 ZRro Feed Rate

Study of the side surface gensration in ECH is
important and this occurs under =zro and finite feed conditions
both. During hole sinking operation with straight sided toél,
it is normally assumed that the side surface is producad under .'
210 feed conditions. This situation has been analysed by

the FET-11.

8.2.1.1 Effect of electrolyte flow velocity

Lowering the electrolyte flow velocity within the IEG

leads to higher temperatures, cmsequently the electrolyte
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conductivity and current density both increase (Figs.7.7A and
7+78). 4s a result, faster metal removal rates and larger

overcuts are tained.

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 c»onflicting re quirements above the

following guide lines are suggested.

(1) Length of the electrolyte flow path (i.e., the
distance between inlet and cutlet of the electrolyte) should be
kept t0 its minimum. This would minimize the increase in
conductivity due to temperature rise, A T, For this, Kuhn (120)
has suggested use of e¢lectrolyte supply and exhaust slots as

shown in Fig., 8.1.

(ii) Electrolytes with low value of temperature
ceefficients of conductivity (of) should be used. This can be
achieved by the use of certain additives as discussed in

Chap ter'- 2.

(1ii) The electrolytes to be used should possess a high
electrical conductivity. In this cmnection 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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8e2:.142 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 (JI)
and temperature distribution depend upon the mode of clectrolyte
supply (Fige 7.84). 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, th'e‘overcut
remains wniform, The assumption has certain limitations -and can
lead to a descrepancy, in case of some electrolyte, between the

‘analytical and experimental shapes produced.

8s2¢1¢3 - Interelectrode gap

When IEG is small, T and K both increase due to increased
Joule's heating. 1In the initial stages of machining, it leads to
larger overcut compared t0 a case with initialiy large IEG.
Linear and volumetric metal removal (Fig. 7.94), tempsrature rise,
conductivity (Fig. 7.9B) and current density (Fig. 7.9C) increase
with the decrease in IEG. A4S an illustraﬁion, Fige (7.9D) shows
the effect of initially set IBG o predicted anode shapes, It
should also be noted that in addition to the effect of IBG, 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 workplece, presence of vibra-
tion during cutting, etc. Therefore, for high precision in ECM,
fixing of electrodes should be dme with care and tool and/ar
workpiece vibrations should be maintained to the minimum possible
level, Error in the tool form should be known before hend so that
it can be accaunted for during operations '.planning before using |

it for actual machining of the works.

842.2 Machining with Finite Feed Rate (Fp # 0)

Electrochemical dissolution occuring ahead of the tool
face and that within the curved portion of the IEG can be |
treated as a case of cutting with finite feed rate. To be very
exact machining within initially plane parallel :S'ide-gap yould
also occur with finite feed after a time interval of At seconds,
since with passage of time the newly generated worksides would

becone inclined to the feed direction.

8e2.2.1 Effect of feed rate

Use of high feed rates results into higher temperatures
due to decreased IEG (Fig. 7.104). Feed also affects the
electrolytwfd gg?guctivity, current density and metal removal (or ‘IEG)‘
(Fig. 7.10}32). 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 o account of 'Sparkil’lg (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 t0 arcing
and tool damage which can prove to be costly. Efforts should,
therefore, bo made to evaluate the optimum feed rate under the _
given conditions, The analysis for optimization of feed rate(29)

could be of some use in this respect.

8e2s2.2 Interelectrode gap

Fig. (7.7114) 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 IEG. If the initial IEG (Yo) iS larger then the
corresponding eguilibrium gap value (Yg)s the working gep would
decrease with time resulting into increase in temperature,
caductivity and current density. For minimum dimensional
devigtion the rules as discussed in ssction 'Effect of clectrolyte
flow velocity' would also apply to the case of machining v.‘rith
finite feed., If possible, the initial IEG 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 otherwige electrolyte

boiling can take place.

!

8.2.2.3 Electrolyte flow velocity

Higher flor velocity of the electrolyte results into a

reduction in its temperature rise and the IEG (Fig. 7.12),

20
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Effect of electrolyte flow veloclity on the current density and
electro'lyte cnductivity can also be se€en (Fig., 7.138). For
higher flow velocities, the penetration decreases (Fig. 7.12C)
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 BELECTROCHEMICAL DRILLING (ECD)

8+3.1 Effective Voltage and dnode profile

Fig. (7.15) shows the effect of effective voltage on
anode ghape produced during EC drilling. 4As the effective
voltage is iﬁcreased the overcut also increases and only in few
of the cases during ZCD of mild steel highly distorted shaped
holes are produced (Fig. 8.2). gecondly, it is very essential
té know the voltage a_nd' 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
thelr effective voltage may be the same. From such crossing
it is evident that in one case MER abt the beginning is more and:
at later part of machining it has dropped down considerably whiha
in other caselthe MRR has been changing slowly. Due to this,
high overcut has been obtained at the top while low overcut in
the bottom part giving large taper angle. In the second case
MRR has been maintained at the normal rate. Due to this type
of voltage vs time history, in few cages anode profiles have

crossed each other.



() (b)

X . (0{‘)

41?18-8.2: ” Top face view of 8£C drilled holes (x13).
‘ Test piece series (a) 32 (b) 47 (e¢) 64 (d) Lot
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It is also to be notad that irrespective of the
magnitude of effective voltage, the shape of the anode profile

obtained is of j' (elongated 3) 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 at tributed partly to the stray current effect and purtly due
t0 the fact that this section of the workpiece is subjected to
#C disgolution throughout the period of drilling, Fige 8.3 shows
EC dissolution time variation with machined depth. This increa-
ses the overcut at the top face. The overcut also increases as
the initial IEG is increased. Let 'Y' be the initial I&G between
tool and work, Then approximately Yo/Fp is the extra time of
machining for which top part of the ancde has been subjectad
‘additionally to B¢ dissolution. |

At the bottom, due to large equilibrium gap, specially
in case of low feed rate the current density'in the part of the
transition zone would decrease considersbly with thé result that
comparat ively lower overcut (or lower MRR) is observed and hence
the profile gets twisted towards the centre. with low equilibrium
gapy this difference in overcut in zome 2 and zone 3'would also

decrease.

It is also to be noted thabt the anode profile has been
measured along two or more directions displaced each other by
about 450. Due to this, in meny cases, different overcut at the

same machined depth has been reported in Fig., 7.15.
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In sone of the tests, the process had to bé stopped due
to sparking or due to foam collected in the machining box or due
to some other unavoidable reasons. This could happen even more
than once during iCM of a test piece. gometimes readjustment of
the IEG had to be made, This would havel also changed the
history of the current and voltage variations with time, as a

result, in some cases non-uniform anode profiles were dbtained.

8.3,2 Tool Diameter and anode prafile

Fig. (7.16) shows the effect of tool-diameter on over-
cut in ECD. It has bee‘n reported (110) that the anode profile
(or overcut) is not affected by changing the tool-diameter
kéeping 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 currént density
changes. It is obvious that different current densities would

give different overcut (Eq 3.9) and hence different anade profiles.

Considering two tools having tool diameters D, and Dy,
the current density for the case of cylindrical hole drilling

would be given by Eqgs (8.1) and (8.2).

JI‘1 = ._....I}:.'.EY_.._ e (8'1)
r% ln(r'1/ ré)

K Ey
J = o & (80 2)
r2 r) ln(r)/ rp)

ry and r, are the values after drilling and rq and T, are the

values before dri lling.
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The condition for equal overcut at a point in the side gap in

BCM with two different tools would therefore be given by Eq(8.3)-

J rl Wn(rl/r
crl TZ __i_%___gl - 1 Ve (8.3)
or t L ! 1
r, n(ry /Tp) =Ty In(ry /T - (8.3a)

It means that the condition given by (8.3) is not satisfied
unless the two tools have the aqual diameters. That is why

hi gher 0veréut is Obtained in case of smaller diameter tool = .
(Fig. 7.1B). ‘In fow 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 Bfficiency

As 1s evident from the Table-12, a systematic effect
of different parameters on the machining efficiency could
not be obtained. gimilar results have also been obtained by

McGeough during BCM of mild steel (149).

8.3.4 Anglytical and Experimental anode Profile puring ECD

Fig., 7.17 shows acomparison between analytical and
experimental anode profiles otained 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



216

and increases towards the top surface of the EC drilled hole.
This discrepancy has been attributed to the following:

(1) For the purpose of computation of the anode profile
a mean current efficiency of 85% was assumed however, in

practice (59) its value often lies between 75-100% (Table-12).

(ii) In the present case, a value of = AA,=2.0 (fized)
volts was aSsumed if E,210.0 volts and 4A,=1.0 volts if
E,<10.0 volts. However, the value of A 4, could sometimes
be high (5_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 Ey
used in the present case seems tO be higher than the effective
werking voltage in IEG. This also leads to the higher value of

the camputed overcut.

(1ii) puring the computation of metal removal, i}alency of
iron was assumed as 2. This irﬁplies that the iron is being
removed as ferrous hydroxide. However, visual examination of
the r\.e'aci;ion" products confirmmed (in case of BQM of M.S.) that
part of the iron was being removed as ferric hydroxide ( 148,222)
and hence a more appropriate value of the valency of iron undér
the present circumstances would lie between the calculated

value and measured overcut.

It has also been shown (197) that during BECM of carbon
steels, the parameter given by Eq(8.4) can be employed to decide

about the mode of iron hydroxide formation



A1

G, = Ti(xy/vAYr 2033 .. (8.1)

when iron is removed predominently due to formation of ferric
hydroxide the parameter G, tends to become constant. In Fig. 8.k
the computed value of the parameter C, have been plotted against
the machined depth. It can be noticed that C, assunes virtually
a constant value after the tool has penetrated to a certain
distance indicating that at large depths irm is being removed
as ferric hydroxide. In case of desp penetration (or large
depth), the effective electrolyte velocity reduces towards the
exit - a situation which favours (157) the formation of ferric

hydroxide rather than ferrous hydroxides.

(iv) Feed rate is the relative movement betwsen tool
and work-surface and in the begining of a cut ii:s value is zero
(i.es Fg=0) in zone 4 provided vertical Straight sided tools
are used. A4S 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 zro feed rate in zone 4 is no longer
valid. This has the effect of overestimating the IEG as In

Fige (7.17). ‘

(v) Dui'ing computation, effect of void fraction on
electrolyte conductivity has been ne giected 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 bé as low as possible because as sbown in Fig. 8.9, 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 At will impair
the accuracy. Hence, a compromise between accuracy and econoﬁly

is always sought.

It is also tO be noted that anode profile predicted by
the use of actual voltage (B,) 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 gtriations on Work gurface

From Fig. 7.18,it is evident that drilled hole has the
shape of I (elongatedg) type and reasons Of the same have been

explained in section 8.3.1.

'Fig. 7.19s8hows the machined top surface of a few
represehtative EC driiled holes, It is evident that in these
cases, the hole shape gets distorted, " guch distortion has been
termed as 'Striations'. The striation formation phénomenon haé
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 orient{ati_on in the flow direction afe produceds The layer
with high void fraction produces a gap Of small thickness
whereas, the low void layers, creat a wide gap. cCole (48) has
attributed the formation of striations to a certain combination
Vof electrolyte pressure and flow rate; not yet fully analyseci.
Opitz (176) has also cbserved 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 (97) act to bresk up the electrolyte flow
into individual streams and léd t‘o non-uniform material removal.
- One of the remedies suggested for this is td inject gasas

like N, into the electrolyte; this helps to agitate the
electrolyte and avoids the formation of strcaks or striatims.
The conditions under which striations were observed in the
present' case are given in Tiéble-12. It is evident that their

formation is cbserved at very high velocities.

8¢3+.6 Overcut in Transition Zone in ECD

ﬁg. 7.20 showsa relationship between experimental
observations of overcut (ag), 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 ccefficient (0.8 or less) was also
obtained specially when attempts were made to derive a genera-
lized equation involving very large number of points. Dimen-

sional analysis of the parameters governing the overcut,



a, was therefore conducted and yielded the final relationship
(Eq 3.9). The values of Cgy n4 and n, for different tool-work
material combinations have been derived from the Figures of the
type (7.22). 4 knowledge of the parameter a, 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 t0 locate exactly the
boundary between side région and transition regiom, Hence, an
estimation about the boundary had to be made. Secondly, equili-
brium gap (Ye) has been calculated using the effective voltagé |
whereas it would depend upon the voltage which persisted at the
end of machihing. |

8e3e7 gtudy of El‘aCt_I'OCthiC al Drilling with Bare Tools Using
'Design of Lxperiments!'. ~

As discussed in earlicr chapt er, ¢xp . riments wors
condicted, in accordance with the design of cxperiment - plan
(T’éﬁle;-é) ’ to study the effects of varlous paramotsrs & motal

removal ratﬂe-", in ECD, using vare tools, The doscrvations
werethon analysed and the following constants for the response

surface equation have been obtained.

'IBO = 5.)-1-3‘4-09 H ,’?1 = 0. 2944 5 ;‘32 = O|2L+256 ; 1/235 = 0.40206

fi=0a15779 5 By=ouiavy 5 £ = -0.3384;  f, = 24056

jgz = 0 22529 3 /§3 = 0.03031 5 .v'f”_'. = ~0, 216'—4-)-4-; @5 = '0006069
A

0456770 ; 0.12706 % = -0.0978 5 A
-0.36521;  [26 = -0.06331 ; /é"3 - -0.16468;
/‘? = 0.82705 ; /A, = -0.20219;
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To test the adequacy of the above model, anglysis of
variance was made and the following results obtained using the

-

equations given in section 6,3.3.

sum of squares Degrees of freedom

First order term 2%, 1678 5
second order term 12,1588 15
Lack of fit 1436523 6
Experimental error 1.02007 5

Total 43.7118 31

Then, the value of 'F! ratio from the table above was
calculated as »1,3}}38% Thetabulated value for the conditions of the
experiment and for 95% confidence is equal to 5 which means that

the model proposed above is 'adGquate!,

8.3.8 gStudy 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 cmducted
in éccordance with the design of experiments plan given in table-7.
The following response surface equation was obtained.
* x x 2
Y = 11.903 + 00797 X1 + 0-6“'02"" X2 - 005599l+ X»,
' g ‘ : * ok . ‘
+ 0002581 x5 - 0.4205 x,%, .o (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 1341933 3
Experimental error 3. 24268 "
Total 274759 12

The calculated value of 'F' ratio was 4.0686 while that
obtained from Table (95% cmfidence limit) was 6.6, Thus, the .
calculated value of 'F' ratio does not exceed the value cotained
fron the table; this means the model presented by above equatim

(8;5) is adequate.

8o+ EIECTROCHEMICAL WIRE CUTTING

801"'01 7810 Teed Rate (FF:O)

Fig. 7.24A shows the temperature rise in the elsctrolyte
along the flow direction, computed by three different methods. It
ig 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 FiT-1 are almost the same as by exact formulae hence
significant effect of mesh refinement is.not apparent. Filg. 7.24B

also shows the temperature distribution within IEG along the
electrolyte flow direction for different machining time. With
increasing machining time the temperature rise between two points

is decreasing because the IEG increases (Fig. 7.28). Fig.(7.24C)
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shows that the temperature varies at different nodes as the machining

progresses., gince these results pertain to zero feed rate condition



hence a constant dro in temperature with increase in mac_:hining
time for a particular node is observed. Result\s given by the
mcdel-1 and model-2 and the FET-1 show similar trend. Fig. 7.254
shows the change in electrolyte conductivity along the flow
directim whereas, Fig. 7.25B shows the change in K with machining
time t, ALl the results have samé trend and the linear dependence
of Kon At (Eq 2.6) is confirmed. Figs. (\7.26A) and (7.26B) show
the current density distributiom along the IEG and at diff2rent
machining times. The current density at a particular node can be
seeh to decrease with increase in machining time this is because

at zero feed the IEG increases with time. Fig. (7.27 )

Shows the variztion of cumulative and volumctric MR(in mm)along the
wire and with machining time at different nodes respectively.

At the node near the e€lectrolyte exit, cumulative MR (MR4) is more
than at the node near the electrolyte entry because K is increasing

along the length of the wire (Fig. 7.29).

Bults 2 IFeeding Electrodes (Fp=0)

Fig. (7.28) shows temperature, conductivity, currént
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 nm-linearly along the wire length
and decreases gradually with machining time. This is because the
IEG increases with machining time for the feed rate chosen,

This also is respmsible for a decrease in the electrolyte

conductivity and current density values as the machining proceeds.
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Fige 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

WRR at nodes and volumetric MRR in elements cbtained. © -

8.5 ELECTROCHEMICAL DRILLING WITH BARR TOOL BIT (ECBD)

Fig. 7.31 showsthe ancde profils. 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 ofvmachined depth vs machining time
curve (Fig. 8.3). It is to be noted 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 gtable as compared to the
cases when using bare tools, It is to be mentioned that in
majority of the cases the difference between maximun and minimum
overcut is @#bout & M. It can, however, further be rediced by
decreasing the bare land width, by, and maintaining constant |

voltage across the electrodes.



846 ELECTROCHEMI CAL BORING WITH BARE TOCL 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 fram top to bottom has
decreased in case of ECB with bare tool bit. However, this effect
is not reflected to the expected 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, by. Secondly, for better accuracy side coated tool
bit should be used and not the bare tool bit as done in the
present case. 1t 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 ECQM,.



CHAP TER-9

9.1 CONCLUSIONS

(1) The thesis has demonstrated the capapility of the
pinite Element Tochnique for the analysis of simple and camplex
shaped anode profiles obtainable in EQM. This has also engbled
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 unidimengional
and two dimensional continuum, The two dimgx;sional approximation,
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., Por simple shaped IZG, in majoi'ity of
the cases, a value. of 208-308 was found to be sa'tisfactor.y |
whereas,f @ complex shaped workpieces the computational cycle

fime 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:prj.or knowledge of the values of machining ef ficiency,
void fraction, electréchemical eéquivalent, current and voltage
flucfuations, e,t'c,., during the périod of cut. Experimental
data concerning the above mist be available SO as tO make g

gereralized application of the technique deveioped’.
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(ii) Heat transfer anaiysis of the ECM process
reveals that the tool asnd work electrode materials ha\}e a
controlling effect on the proportion of total heat transferred
from the electrolyte to the enviroment and hence on the

electrolyte temperature.

(iii) when cylindrical holes are drilled by Elsctro-
chemical method using bare tools, the longitudinal profile of
the hole produced in majarity of the cases is  that of an

elongated g ()'?_) .

(iv) Use of tool bitsy for drilling and boring
operation, in ECM can result into a substantial reduction in
power cosumption and overcut, Tool bits with insulated sides
and low operating voltage lead t0 practically zero overcut and

hence is recommended for drilling and boring o precision holss.

(v) The overcut in transition zone, during EC drilling,
can be computed accurately by the use of dimensional analysis
(BEq 3+5) and is a function of ay, Y,y Fp, D, r(': and V. In few
of the cases the overcut has also been foaund t0 depend linearly

on the equilibrium gap, Yy (Eq 3.4).

~ (vi) The tool diameter has its independent effect on
the overcut, in ECM, under identical codition. Large sized

tools produce more accurate holes,

229
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| (vii) For an accurate analysis of the electrochemical
wire cutting process, considerétims 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,et’c. y withinA
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 ars also capable of predicting
accurately the anode profile cbtaired under the given set of

wdrking conditions.

(ix) Equation (3.2) is recommended for caleculating
interelectrode gap, metal renoval rate and anode profile for
'bo‘th z2ro 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.
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9.2 SCOPE FOR FUTURE 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.

(1i1) Extensive data should be collected about the
.machining efficiency 7(, E, etc, of different materials under
different situations, sO that ‘accurate prediction about anode

profile could be made possible.

(iv) Theoretical analysis of ECW®P developed in this

thesis should be tested experimentally,

(v) Experimental and analytical studies should be
conducted to predict the profile in stagnatim zone, so far

Cignared by mest 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

accuracye.
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(vii) Theoretical models should be modified to account
for the metallurgical and other parameters as discussed in

chapter 2.

-

(viii) Extensive analytical and experimental work is
needed 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.

Work material Identification Average hardness
| NO. (BHN)
Mild steel 1-110 -
Low alloy steel(castings)  100-199 218
oo 200-299 239
" 300~399 163
n 400-499 187
Low alloy steel(forgings) 500-599 168
w 600~699 218
" 700-799 220
T4BLE - 3

WORK MATERTAL COMPOSITION
Test pieces Numbers

Alloying : 100-199 200-299 300-399 400-499 | 500-599 600-699 700-

Slement Low alloy steel castings - Low alloy 799
steel forging
C 0135  0.0% 04223 0423k 0.202 04379 0.535
S 0.012 04018 0.015  0.071 04072 . 04017 04016
P 104017 0,020 0,020 0.0 0.016  0.018 0.018
si 00327 04317 04338 04500 04227 04280 04301
Mn 04588 0400 1.6§o 1y T 04691 04800 0.805
Ni 0¢171 = - 0095 0.093 =~ 04065
cr 1.072 04760 04260 04212 14020 04039
MO 0.985 04920 0:073  0.049 0,278 0.076
Cu - - 00065 - . -
Al 0.00% - . 0.055 - -
Va Very Very - - -
small gnall ‘ '
Other
Impuri-
- - - 5 to 6

ties.

GJ L



TJABLE - U

Experimental Conditions Used During ECM
Tests by Author

252

Work material M.8., 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 ¥

Electrolyte flow rate  6.7x1077 to 15%10~5 mows™ !

- Blectrolyte conductivity 0.003 to 0.011 (-fumm)"1
Machining time 600 to 3600 s

TABLE - 5

Properties of Tool-materials

Noe. Proporties* Material

steel
1s Electrical
resistivity 1.0 4.0 53.0
2« Stiffness Te1 140 1-9
3« Machinability 6.0 8.0 2.5
k. Themal conduc- |
tivity 25.0 745 1.0

#propertics are given in relative terus.

Copper Brass  St-ainless

Titanium

48.0
Te1
140

146
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6
N = 32 treatment combinations

TABLE

5 ¥~ variables

3 replicate of a .25 factorial + star design + 6 points in the .

center.

6.140
7.010
9565
6.53k
o017
7,34

0
0
0

(ool e]

1 6.8 -2 0
-1 4.365 2 0
-1 4775 0 =2

-1
-1
-1

-1
-
~1

-1
-1
1

QOO

Noo
OO0

[@RTQNIgY

QOO
OO0

IO

[o0] o
OO v«
L ] L] o
NoRTa\ToN

NO O

585
L.915
5.995

QOO O

QOO O

OO O

golutions.

0.159091(0%) -E0.03k091 (ii})

0.041667( ¥5)

-

bO
by

.034091(0y)

(ii?f‘) -0

—

002841 ¥

0.031250(1i}) + 0

bij

0.0625( 133

bij
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TABLE - 7

central comp031te Rotatable Design in Two
e 2 *2 5 *
?‘1{1 X"é X.1 X2 X1X2
-1 -1 1 1 1

1 -1 1 1 -1
-1 1 1 1 -1

1 1 1 1 1
1ol 1k 0 2 .0 0

0 -1kl 0 2 0

0 (N 0 2 0

0 0 Q 0 0

0 0 0 0 0

0 0 0 0 0

0 0 -0 .0 0

0 0 0 0 0

solutions

)]

by
bj

i

Oe 125(iz)
byi= 0s125(11¥)40.01875 S (1iY)-0.1(0Y)
. |

o
Y

8.801
12.830
11,660
14,007

84690
11,965
11.115
11,883

12.850
11,165
12,900
11.500

11.100

0*2(ox3 - 0.3 <’<31¥), dhare w§ {1i¥)=( 1173 22Y)

294



T}ABLE-S

Experimental Conditions for Results Given in Fig. 7.1

Initial interelectrode gap
width of wark
Length of work

Electrolyte flow velocity

Ele ctrolyte temperature
at inlet

Electrolyte conductivity
Applied voltage

’ workpiece'thickness
Machining time
Concentration of electrolyte

surface temperature of
glectrodes

Feed rate

Machining Conditions Used for Computing Results in Fig.(7.5a)

Wwork material

tl

1

1

fl

0«5 mm

400 mm

140.0 mm

10.0 m/s (Fig.7,1B)
21,0 m/s (Fig.7.14)
(20 + 17 ¢

0:013 (-rmm)”

2.8 volts

(20,9 + 1x10%)mm
3008 |

11.0%

8°¢
0.0 M/S

Mild steel

0.015 mm/'s

10,0 volts

S0.0 X 103 mm3/s
30s "
0:02 7 mn” |

239
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TABLE - 10

Machining conditiohs Used for
Computing Results Given Below

(Fige 7.5b)
, Ev = 100 volts

FF = 0.0 m/S

K, = 040141 2% mm™ !

Q . = 31425 x 100 m3/ s

T, = 30.0%

' = 7.87 x 10° kg/m

m
Sl. die Yo 3 Interelectrode gap in mx10"v-3 after time
nos NO« (pyx10” 120's 240 s 360s  480s 6005

11 5.0 5.1238  5.2446  5.3627 5.4783 5,591

2 L. 5.0 51241 5.2452 5,3635 5.4793 5.5922
3 7 5.0 51247 5.2467  5.3657 5.4822  5,5062
4 10 74 25 7.3361  7.%213  7.5056 7.588 6712
5 12 14.0 o4l 14,0890 14.1332 1k, 57712 1Z.2Z1h
6 15 7.0 7.0897  7.172 7.2057 7.3522 7,4376
7 18 5.0 5.1257  5.2485  5.368% 5.4B856  5.6003
8 2 5.0 5.1297  95.2485  5.3683 5.4855 - 5,6001
9 23 5.0 5.1283  5.2537 95,3761 5.4956  5,6123
0o % 7.5 ©7.5843  7.6678  7.7504 7.8321 .912
1 28 14,0 .04l 14.0890 14,1333 1l 1%7& 13.3218
2 31 6.5 6.5977  6.69%1  6.7890 6.8826 6,9749
3 34 5.0 5.1276  5.2523  5.3738 5.4927  5.608
5 39 540 501275 5.2519 5.3733 54919 5.6080



Feed rate

THBLE - 11
0.0, O 03, 0s0k, 0405,
0.06 é 0.10 (mm/ s)

Electrolyte conductivity 2 0.02 _.mj ™|

Temperature coefficient

of specific electrical
conductivity

Specific heat of the
electrolyte

Electrolyte density
Work material density
Electrochemical
equivalent of work
material.

Effective applie d
voltage

Faraday's congtant
Computation cycle time

Initial temperature
of electrolyte

Glectrolyte flow
velocity

Initial inter-
electrode gap

il

il

H

"

1t

= 0+02/deg.C

4,18 x 1073 watts/kg.oC
1.0 x 10° kg/m
8.93 x 10° kg/mj’,

63.57 x 10'3 kg

1040 volts
936500.0 coulombs
.08

231



Test

11

TBIE - 12

"Mode of Electrolyte Flow - OQutward

¢ e
7

Fp
KO
TO
At

Test
Group No.

Lo

O OF

13
16

17

19
20

- 21

22

Machined
depth
(mm)

2046
e
Thea 1

12.8

1y 2
12.0

10,75

1§.§
19
157k

12.3
14.98

L,18 x 103 w§tt§/Kg.°C

96500.0 coulombs
0.,00571 mm/sec

0.011 (-’*~~mm)'1

30°%C
308

F I
(%glts) (Amﬁeres)

N %

Ut=901 m.m, I‘C=O.13 mm , Q=1I+OX1O3 m.m.3/s

27
52,7
31.

20425

2046
29.0

7
«0

r B3

*

2
2
1 .

-— -
l_\—\)m@.
.

76475
92420
65480

8lt, 15
5546

102060
109.0
9943

Dt =Q.04 mm , Q:T’?'O-OX?O?’ mm3/;s, rC:O. 13mm

17.0
11.3
1840

234
25.6
32.8

40475
32.75

18.9
1945
2117

1%-05
1042
176

18+0

17.0

999
96.8



Test Test
Group No.

IIT

v

BRR kP

oW
O

284
294
304

314
36
37
39

Machined

B, ié %
?;ggh (Volts) (Amperes)
Dt=10.5 1am Q=11O.OX1O3 mm3/s, T'e=0e1 mm
7.8 545 2040 77456
.k Ge 2 2548 83.22
T 2h 1940 250k -
13.16 1548 29.0 83.51
1540 17.6 294 -
15, 0k I 35.0 -

. 1“‘088 2-208 3700 -
15.8 28,0 3.5 -
4.8 36.8 16.6 87.8
15 84 33.6 17k 9040
15.5 4.6 16.0 101.2
14,36 3042 17.2 86 0
1048 18,0 12.0 g .85
16412 S 12.0 130 9
15.34 21.0 13.2 95, 5

—

Dy =747 mm, Q:12o.12x103 an’/s, Le=0417 mm

.9
12,0
13 5

1445

1450
1342
1.7
1349
1205

15,0
10 0

6.5
23.6

28,0
2040
124

Lo Lo
\][\_)
O-I—”-F’

1240
124 2

12,75
o1

O-F'

1
'l

ovt oot

98. 15
91

69.8
97.8

9946
1064 1
1265
99475
93.9

contd.,,
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Tast Test
Group No,

i
5

VI Wy

VII 56

VIII 65
66

Machined
depth
(mm

D

— - —
OWw o
o 9 o ©
o~ - = Lot
n -+

—~ —

O o\ost F
o ©
loN&

*

e
14,08
16
545
1.0
1246
11.0

16. 28

13.3
He2
14.36
12.3k4
13

13.0
k.0

+ I LI
(volts) (Amperes)
$=10.13 mn, g=121.12x10° an3/s, r,=0.1 mn
845 1640 91.2
1.0 1940 10040
7.0 2040 78416
a5 25.0 83.6
22.2 2545 9241
17+ 27. 2 8le 1
32.25 21.0 100.8
=11.63 mn, Q=120.0x103 mnd/s, Te=0s] mm
1043 2643 97.5
16.0 31.8 92.6
29.0 30.0 101.60
18.0 23.75 88.6
20.6 32.5 86.0
23.0 - -
5.8 21.6 82,7
D=9.17 mam, Q=120.0x1o3 w3 /s, rczo.i3 mm
12.0 17.0 102.6
9.8 23 80410
164 2oy 89.8
20 '7 26- 2 75.8
6.0 2240 59. 1
23.0 18.0" 98,15
31.5 23.0 78.7
Z) 'O 2.8.5 68-0

contd...
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Test Test Machined E I, 72%

Group No. %epi):h (volts) (Amperes )
) mm
Ut:-‘-9 015 m 4 Q-':Li'OoOX103 mm3/3, r020013 nm
63 13.5 13.8 2249 9.7
69 134 12.75 - ~
71 11.8 6.0 23,0 9046
L 72 .2 9.8 27,0 62,8
X
76 1345 18.3 22. 4 92.33
‘ th'l 1.0 mm, Q:9O‘,QX1O3 mm3/s, re=0e1 mm
81 150 1740 3.5 : 82,8
82 k.7 1546 37.2 93,0
X 83  13.h 14, 0 26.0 81.5
8L 1.7 13.0 2§,3 87.7
85 4.5 16.6 38.0 77.9
86 14,2 1040 17.0 1124
87  13.5 2440 - 39.0 674
© Bg=10,0 mm, Q=90.0x103 mm3/s, ry=0.13
88  11.5 8.0 19,6 ., 97,
91 14,0 15 25.0 . 76.
. 92 13.6 13.0 200 97.7
93 1347 21.9 23.0 C97,.4
96 1.5 27.0" A5 9142

;=762 mn, (=90.0x10° mdfs, Ie=0+2 mm
XI1 98 (L 10625 1545 92.7
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TABLE - 13

Experimental Conditions Used During ECD of
Cast low alloy steel

FF = 0-00571 M/S, Yo = 1.0 mm

— - X -
Workpiece K(v mm~ 1) E, I c 71 %

No. : (Volts) (Anperes)
Tool-1y Ty= 3.79 mmy To= 14246 mm, V=5.69 m/s

201 0.00790 14,348 1252 83.70
%13 0.0072% 17.75 13.1 9015
08 0400725 15431 164 24 91.70
09 0+00725 21, 8k 1L 99.00
Lob 0.00725 12.9L 13. 28 86,9

T001-2, -f't: 3.783 mm, -i‘c:1ol+3 nm, V = 5070 m/S

Yl o.ooégs 13.78 13.62 98,68
203 0.,00680 19.58 13.40 99.40
202 000640 18.94 104 5k 89.75
411 0.00640 17430 12.90 26,9

.TOO‘.L-3, -i't: LF-SL}' M ?‘CZ 1«57 mn, V = 5;263 m/S

Lo 0.0063 12,93

1540 9341
421 0.0070 .89 164k 96.23
Lol 0.0060 18.& 19.86 92.0
k25 0.0066 20,49 18.80 91.86
T00l-k, 'i‘tz 5:03 mmy T,= 2.13 mm, V = 5.37 m/s
429 0.0060 11457 18.53 94,0
Lo1 0+00547 12,975 22,15 91.82
) 0+00532 17.62 - -
402 0.006000 15.87 184k 93.7
TOO]."5, .I:t26003 i, -EC: Lf‘.51 mn, V = L+.56 HI/S
423 0.00600 11.53 184 2l 8741
k31 0.00600 11.§o 18. 04 8@.77

*Qverpotential is inclusive.
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TABLE -~ 1k

Experimental Conditions Used During
ECBD and ECB of Forged Low Alloy Steel

-1

K = 0.007'U'mm b} YO = 1'0 nm ‘AV = 1500 \')

work- EF I

F T T by, t
ﬁiece i ° mm/s?x10'3) ([gm) ' (mrﬁ) (mm) - (s)

O i .

0 6.5 20446 6.19 6.03 2,386 5,22 .2400
Z3g 7.gh 17.17 6419 5e52 1.500  3.80 . 2400
717 6488  16.3%  5.33 5.52 1,500  3.80 2400 -
728 7.2% 143 4,5 5.52 1,500  3.80 2400
705 6.62 13.16 3.0 .35  Sharp 3.9% 2400

: cormerr )
736 6.4 19.98 3.0 8.85 n 3¢9k M40
620 5.07 22.8 3.7 8.85 n 3.0k 2400
627 3.88 25.675 3.7 8,92 u 5.02 2400
628 4,27 233 L. 8492 n 5,90 1260
724 8.52  12.66 3.7 6.03 2.386 522 2400
709 10.08 11.16  L.5 6.03 2.386 9:22 1620
73 7.32& 16.49 L.y 6.03 2.386 . 5,22 2160
70 6.03% 17.22 3.7 6.03 2,386 5.22 2400
736 6.47 15,75  L.5 6.0 Sh#rp 2 2400
cormer

721 6,18  17.025 5.33 6.0 " 3 2400
726 8,88 10.98 3.70 6.0 " 3 900
725 7:55 13.80 3.70 6.0 " 3 2400
619 7.58 12,54  3.00 6.0 X N 21400
635 7.36  17.7  L.s50 6,0 o L 2400
719 7.18  15.775 L4.50 6.0 n L 2400
73k 6.23  20.36  6.18 6.0 " L 2400
729 7.09 16,09 3.7 6.0 " g 400
735 6,75 19,41 5.33 6.0 " 5 400
933 7.60 16,70 4.50 6,0 0 6 2400
413 8,07 12,793 4.50 5e5 Al -2 1800
406  7.30 - 13.66 4,50 549 n 2 2400
b 6, 15.77 543 . n 2400
L 2l 6.%7 15.07 2.1§ ?.? n % 2400
427 8.23 13.h k.5 5.5 " 3

2400

*Qverpotential is inclusive.



c

C
Gk

1000

o
- 301

65 2

651 gmmE
IF(I0W) 777,886,888

| ONPULSA PDGRA mvmm BY JAIN '

M}AN ALPHABETIC Lr:-TTER'O 1ok
" CALL DATIN :

IF(EV EQ @0) & ¥ 9998
H._

' INN‘] = INN+1

AT 1BV AKT/YT

~ IF(IPPB.IT. 1) T¢ 301

CALL AGN C
@NTINUE

. _IF(CIRCL EQ 1.0) szI*(R1+(YI/2 ))
 CALL IN

o GiIT ac
A IF(EW)ggf39a38

 KNN=INN+2%CADD

@ W 57
KNN=INN+K4PD

: sa:o.o'

NTsT/KSTC
XEM=X(2)-X(1)
XTPT=0.0

D@ 160 KIN=1,NC

EVHEVV(KIN)

NN =KNN.
NE=XNN~-1

‘}U.‘¢T—J(T¢T+.A*AKSTC

KNE=KNN-1
JJ =KIN=~1

CALL FEVEC
CALL GET
HKSTCKST C

- D 150 I=1,KNN

TA(I)=TI4T(I) | |
AK(I)(—«%IW 0+(ALF*T(I)))
YYY=Y

- KKK =KNN- INN

IF(10W) 651,652,651

© I19=(KNN-INN )/ 2

I113=I11+INN

264

A PpEN'_D.:x— o



886

%

777

55

149

905

90k
600

150

603

G
606
601

312

31

313

3131
31
1311

160
9998

C¢NT}1\IUE ‘

WY-PI*(R1+(Y(I)/2'))

AV (L) =Q/(Wy*Y(I))

AT (I)EV*AK(I)/Y(I)

IF(KIN-1) 90,904,905

EPYT(I;-Y(I)

%R&él =A% 4K ST C+Y(1)-FPYT(I)
T

MRR(I)%*MSTCHI(I)-YI

@NTINE

@NTIVUE
IF(W) 601,601,603
DY 606 J= 1KNE

IF(CIRCL.EQ. 1.0) ¥ T4 7
AMRV(JT ) =W*( SMRR(J ) +A1RR
(J+1)*§(X(J+1) X(J))/2> -

TV =(Y (T +1) X))/ 2.

RIg=R1%%2 !
R (J) =1, 5708+ (XM + 2/RI5) *
(X(T+1)-X(3))

@NTINUE

QINT INUE

CGALL PRNTOT
SA=84+A*JKST C

IF(sa-3EM) 1311, 312 312 o

KNN =KNN +1

IF(IOW) 3131,31%,313
C4ALL SIDFIO .

2 ¢ 3141

CALL OUTFID

(UNTINUE

84=040

WNTINUE ~
Dg 160 L=NN,KNN
WY =P T#( (Y( L)/2~)+R1)
AV (LY =/ (WY*Y (L))
X(L)=X(L~-1) +8
@NT INUE

- 6 ¢ 1000/

@NTINUE
Srgp
BND-



25

15
70

—-—a .

52

1k

886

38

777
52

12 .-

11
30

SK(WI 1) =140

SUBROUTINE AGNC
X(1)=0.0
IF(AND)19,15,2)

X( 2) =all/ QD

cg.T¢ 70
X(2)=X(1) +AlB
@NTINUE -

DY 60 J=3,NN
KN=T-1 |
IF(J-NNSD) 1,1,2.

CR(T)=X(KN) +( AR *AM/AND)
o T

¢ 60
X(J ) =X(KN) +AlE
PN TINUE
RETURN
END

SUBROUTINE AGCSM
SK(I’1)=100
1,2}3000

SK(NN,2)=0.0

- JI=NN-1

D52 I=2,dJ
SK,( I ] 1 ) :2-0
SK(I,2)=-1.0
WNT INUE

END

SUBROUTINE FBVEC

D¢ 30 I=1,NB

V=4V (1) | ‘
Ir( CIRCL. LT, 1.0)0g @12
IF(I0W) 777,886,
IF(I-I11) 59,9
IF(I-I13) 12,1
IF(I-INN) 12,1
(PN TINUE
R2=Y(I)+R1

o oL
s B

H( T =( (BY ## 2% K (T) *( X(I+1)-X(I))*

PI)/4lJG(RY/RT)))

D(I)=2.0/((P I)*( R2*# 2-R1xk)¥VDE*C )

of T 13

H(I)=(BVET K (D) *(X(I+1)-X(I1)))/¥(I)

D(I)=1.0/(Y(I)*DEAV*C)
H(I)=H(I)*D(I)
(PNT INUB

2v0



N1=NN=~1

Dg 50 I=2,N1

J=I~1

M(I)=H(J)-H(T)
50 GINT INUE

HM(NN)=H(N1)

RETURN

'END

SUBROUTINE BIR

, CHEK =0, 00000001
1 ‘NP.ATH 1 ‘
AYT=Y(I)
BIM:SINT
J=1
C4=2(1)
YERVHxK (1) BT A/ ( FFDUWxA)

C
| IF(YSUG.GE.1.0)G¥ ¢ 188
- I (B-AYT) EQ.0.0)60 T¥ 199 :
2 MJ(I)-MAE&-*WG((YE Y(1))/
1 (YE ?YT)))-J:S&*&KSTC '
199 -Y(I) - AYT-A*GKSTC
3 IF(YE-AYT) 91,971,331
91 BYT=AYT-BINT
IF(YE-BYT) 65,63,65
65 (HEN-YE(YE-YgI) )ﬁ(xE—BYT)
IF( CHEN) 63,
63 BINT=BINT/2.
IF(BINT.LT, CHEK) ¥ T¢ [
c W 9 N
6l  (PNTINUE
o 9 96
331 BYT=4AYT+BINT
IF(YE-BYT) 66,61,66
66 CHEP = (m-Y(I))/é'ﬁ--BYT)
- IF(CHEP) 61,61
c
61 BINT=BINT/ 2.
msm m &a:a:&) e} m 62
w193
62 qz!NTlNUm
56 PNTINUE

IF({B-BYT) EQ.0.0) (f ¥ 666
IF(( (YR~ Y(I))/(YE ~-BYT)).IE.0.0) odf w 666

BB—Y% 1) -BY T+ YB*AALP G (YB-Y(I)) )/
Y%é%YT) ) ) -A*AKST'C



¢
666
667

1

900

901
902.

903
188

9999

70

BB=Y(1)-BYT-A*4KSTC

J=T +1

IF(T-100) 9 9’12

IF( AA¥BB) 5,5,

AYT=BYT

AA=BB

IF(BINT. LT, CHEK) GO ™ 13
o ¢ (355), WP4ATH

BINT=RINT/2.

NPATH 2
IF(BINT-EpPS) 11, 11,3

o;ANTINUE

TR(AA¥BB) 900,900,901
CC=ABS(AA) +4BS(BB)

- RA=4BS(4A)/4BS(CC)

Y(I)=AYT +RA*B INT
@ ¥ 9999

IF(AA-BB) 903,903 ,902

- Y(I)zBYT.

o T 9999
Y(I)=4YT
GB(I)=X(I)/YE

X(I)~Y(I)k((E*EV*AK(I)*ETA)/ '

(PFDWHY(I))-4)*AKSTC
@NTINUE

FRTURN

END

SUBROU TINE GGB1T

Dg 70 J=1,KBH
@PNTINUE
NBH=KBH~ 1

- N1=N-1

DY 4O I=1,N1

II=I+1

IF(ACI, 1)) 11,96,11
RATIO=1./A(T,1)
_IHR=I+NBH
IF(IHR-NN) 1k,y1k,13
THR=NN

D¢ 30 J=1I,IHR
L=r~1+1

B(J)—B(J)-A(I L)*B(I)*RATIO
Dg 20 K=1,NBH

JK=J 4K -1
IF(JK-N) 15,19,20

AL



5

16

18
20

30
ko

L6
50

60
o6

ko

M=T-I4&K '
IF(M-KBH) 16,16,20 '
TEBM%(I»L)*A(I,M)*RATIO

AT ,K) =4(J K ) -TERM
- DIF=10000. O*ABS(A(J K))-&BB(TEBM)

IF(DIF) 18,18,
A(T,K)=0 -

@NTINUE
WNTINUE

@NTINE
IR(A(N,1)) 41,96, bt

X(N%zB(N)/A(N 2 1)
0 L=1,N1
LN-L

, X(I)=B(I)

50 M 2yKBH

.IF(K-N) 46 146,50

X(I)=X(I)-4(T,M)*X(K)
@NTINUE
X(I)=X(I)/a(I,1)
@NIINUG

RATURN

- PRINT 97

FPRMAT (10X,1 1HNO S)LUTIDN)
R TU RN
END
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(@ B o B N oo R ap |

1000

110

150

9998

MAIN -

NODEL FET-22

THIS PROGRAMVE HAS BEEN RUN ON IBM 370 AT ONGC DEHRADDN (INDIA)

L I ¢

g - MEAN ALPHABETIC IETTER O%

2 R R # 0 dk 3 % R

» 2 @ * R ¥

SINT=0,004,
EPS=0,00001

CALL DATIN

IF(EV.EQ.0.0) GF T¢ 9998
AKSTC=KSTC

WC=NTST /KSIC

DY 110 I1=1,NNW
YIT(TW(T1) J<X(Ta(T1))
AK(TW(I1) )=AKT

- av(m(Ty ))=Q/(W*Y( W(I1)))

T INUE
XTeT=0,0
227
Y 150 KIN=1,NC
XTQ =XPYT+ZZ#AKSTC
CALL BWD
CALL ZBR
TF(KN.EQ.1)0¢ T¢ 4

3 I1=1,00W
1(IT(I‘1))~Y(IW(I1) /2.

CYNTINUE
CYTINUE

KIC=KIN#KSTC
CALL AGCSG
CALL AR
CALL BENSYL
CALL CDTC
CALL INELGP
CAL METR-
CALL PRINTOT
CNTTNUE

Gy 19 1000

CQNT INUE
StgP
D

[ WV



450

400

300

% % % MEAN XLPHABETIC IETTER 'O!

SUBROUT INE ABC
KF=MB-1

DY 300 K=1,MNUS
N5=IEC(K)

DY 400 K='1,KF
TR=N5-K1

IF(IR.IT.1) GP TY 450
B(IR)=B(IR)-A(IR, (K1+1) )*VIBEC(K)
A(IR,(X1+1))=0,0 .

IR=N5+K1

IF(IR,GTNN) G T¢ 400 4
B(IR)=B(IR)-A(N5,(K1+1))#VIRC(K)
A(TS, (K1+1))=0.0

CQNT INUE
A(N5,1)=1
B(N5)=VIEC (K)

COAT INUE
FRTURN
END

SUBROUTTNE. AGCSG
DY 101 K=1,NE

DELL=(X(I(X,2))#¥(X(XK,3))+x(1(X,1))
1 +X(I(K,3) #Y(1(X,1)))~(2(I(X,2)
2 +X(I(K,3) *Y(I(K,2) )+X(I(X,1

B1=(Y(I(X,2))-¥(I(X,3)))/OELT
B2=(Y(I(X,3))-Y(I(K,1}) }/DBLT
B3=(Y(I(K,1))-Y(I(X,2)))/DEIT
M=(X(1(K,3))-x(I(K,2)) ) /DEIT
A2=(X(I(K,1 ))-X&I(K,a)))/DEm
A3=(x(1(K,2))-X(I(K,1)))/DELT
S(1,1 )=(B1#B1+A1 %41 )*DELT /2,0
S(1,2)=(B2#B1+A2#A1 )*DEIT /2,0
S(1,3)=(B3*B1+A3%A1 )*DELT /2,0
5(2,2)=(B2#B2+A2#A2 )¥DEIT /2,0
S(3,3)=(B3*B3+A3%A3 )*DELT /2,0
8(2,1)=8(1,2)

s(3,1)=5(1,3)

5(3,2)=5(2,3)

D@00 MM=1,3

IR=I(K,I4)

09200 IN=1,3

IC=I(K,IN)

ID=IC~(IR~1)

IF(ID.IT.1) GP T¢ 200
A(IR,ID)=A(IR,ID H+S(IM, IN)

Sy
) PY(I(X,3

a(l



200
101

20

40

30
10

100

200

100

CONT INUE

CONT INUE
SETURN
JH)

SUERQUIINE BANSQL
N=1N
Dmo K=1,NH0
2(K)=B(K)/a(X,1)
IF(K.EQ.N) G@ T¢ 100
D;Z 20 J=2,MB
( )"JL(}\. J)
L(X,J)=5(K,J)/8(K,1)

CONT INUE

Y 30 L=2,MB

T=K+L~1 ,
IF(W.IT.TI) GY T¢ 30

J=0

DY 40 LL=L,MB

J=J+1
A(T,3)=5(1,3)-c{L)*4(K,LL)

CONT INUE
B(I)=B(1)-c(L)*B(X)

CONTINUE
CONTINUE

KeX-1

IF(X.EQ.0) GF T¢ 200
DY 50 J=2,MB

1=K+ J=l

F(§.17.1) 6P T¢ 50

- B{K)=B(K)-A(K,J)*B(L)
50 ,

CQUTINUE
G ™Y 100

CANTINUE -
FETURN

F¥'D X

SUEROUT INE Bwn

IX=0 ..

DF 100 K=1,NE

IVi= ImaS(I(K 1)- I(K,z))
T12-TABS(I(K,2)-1(X, 3))
Ip,mBs(I(K 3)-1(x,1))

IF(IY1.GE. IYz AND.IY1.GE.IV3) I¥=IY1
IF(I¥2.GE.IY3.AND. IV2.GE. m; 1Y=IY2
TF(IY3.GE.IY1.AND.IY3,GE. I¥2) I¥=IY3

IF(IY.CT.IX) IX=IY
MB=IX+1

RELURN

D



SUBRCITINE CITC

DP10 I1=1,NNW
IF(I1.EQ.NNW) Gg T¢ 12

| T2=T1+1

12

10

C O TA(IW(T

15

AC=(Y§H(12))-Y(IT(I1 )))

DC=(X(IL(11))-x(Im(T2)))

6g= -X(TP(F1) ) al-Y(IT(11))*BC

IE LN=ABS{ (ACX(IW(T77)+BC*Y(IW(I1) )+C0 ) /SQRT (LO#*24BC#s2) )
IF(I1.EQ.1) AK(IW(I1-1))=LKT

LI(TW(I1))=((B(IW(I1))-B(TT(I1)))/DELN J*
1LK(IW(I1-1)) | . |

CPNTINUE
DP15 I1=1,NNW
V=AV(IW(I1))
Tah=(LI(IW(I1))##2) /( DE#HCHLK(TW( I1)))
EXT=EXP(TAA#ALF*(X(IW(I1))-X(TW(I1))))
T(TW(T1 )g:(Exm ) /ALF
)= (TTHT (TW/71))
ARCTWCTY ) Y=hKT#(1, OATR#T (TW(T1)))
CONT TWUE C
RETURN

- END

55

SUBROUTINE INELGP
AKSTC=KSIC

DY 100 I1=1,NNW
IND=TW(I1)
Z=LZ(TW(I1))
IF(2),1,55,1

BT=EsEVeLK(IW(I1) ) /(F*DW)
IF(YSUG.GE.1.€" ¢ T¢ 186
Y(TW(I1))=8QRT (Y(TW(I1) )##+2 *BI-LKSTC)
Gy T 8888

NPATH=1

IF(YSUG.GE.1.0) G¥ T& 186
LY =y(1TW(11))

BINT=SINT -

J=1 '
YE=EV*E*AK(TW(I1) ) /(F*Dii*Z)

C BY(TW(I1))=1E

9

65

La=Y(IW(I1) )-AYI&»(?E*AIQ)G( (YE-Y(IW(I1)))/(YB-AYD ) ) }~ZH#AKSIC
IP(B-4YT) 91,91,33

DY =AYT-BINT
TP(YE-BYT) 65,163,65

CHEN=(YE-Y(M(IT)))/(YE—BYT). .
IF(CHEN) 163, 163, 64

213



214

163 BINT=BINT /2,
Gg T¢ 91

6, CONIINUE
GZ T 56

33 BYT=4YT+BINT
IF(YE-BYT) 66,61,66

66 CHEP=(YE~Y(TW(I1)))/(YB~BYT)
‘ IF(CHER) 61, 61, 62

61 BINT=RINT /2,
Gy T¢ 33

62 CONT INUR | |
56 BB=Y(TW(I1))-BYT+(TE#AIPG((YB-(TW(T1))) /(YE-BYT ) ) }-ZRAKSTC

667 J=J+1
 IF(J-100) 9,9,12

9 IF(LA¥BB) 5,5,4
lp LYT =PYT
4h=BB
NPI;TH:Z
IF(RIND-7PS) 11,113

11 CYNTINUE
Gy T8 19

12 PRINT 994
99/ FYRMLT (10X, 18HWRONG VALUE @F GYI)

19 CONTINUE
IF(&4%BB) 900,900,901

. 900 CC=ABS§AA)+ABS(BB;

Rh=4BS(AL ) /ABS(CC
Y(TW(I1))=AYT+RA*BINT
G TF 999

901 IF{4L-BB) 903,903,902

902 Y(TW(I1))=BYT
Gy T¢ 9999

903 Y(IW(I1))=a¥T
G T¢ 999



186

%99
8833

100

Al

( IND)-—Y(IND)\‘((EGW*AK(IND))/(Y( IND J#F¥*DW )~Z J*AKSIC
GP 7Y 8888

CONTINUE
LY(TW(T1) )=Q/(wer(TW(T1)))

CONTINUE
FETURN
END

SUBROUTINE METR

W 4 It=1,00W

Z=hZ(TW(11))

IF(KIN.GT.1) GZ T¢ 5 -

SMBR(TW(T1) )=Z#aKSTO+Y(TW(T1 ) )-YII(TW(I1))
GP I 41

IMBR(IW(I1))=Z#AKSIC+Y(IW(T1 ) )-FPY(TW(I1))

CANTINUE
FPY(IW(I1) )=¥(IW(I1))

CONTINUE .

D@ 6 I1=1,NELW

AMEV(TH(TT ) =i (AMBR(TH(T1) YEMRR(TH(T1+1) ) Y (R(Ta( T1+1) )X (TWl( I))f2e)
SMRR(IW(T1 ))—mnv(x:w(m D) /((I(TH(T141) J+LI(TI(T1))) f2.)

RETURN
END



APPENDIX -3

ANALYSIS OF JOVERCUT IN TRANSITION ZONG

Due to low cforrelation ccef ficient (0.8 or less)
obtained during reg

conducted to for

transitidﬁ ZOR (ao')’ and the variables that govern its magnitude.

‘The welevant variables and their dimensios have been listed

in chapter-3a.

t0 the variables arc;

AYRE ao(rc)a(wb .o (Ae1)
Ko = ( ZZE)(r)%m® . (4.2)

golving for a,b,c and d leads to following relationships:

A = (ag/Te) e (4.3)

o = (YF/V) .. (L)
Relationship between A, and 73(2 has been assumed as ;t‘ollow.s°
7 = f(?k'z) - (Le5)

Values of &, and 7, have been plotted in Fig. 7.21 but m

account Of large scatter it was not possible to evaluate the

nature of functional relationship between them. Thercefore,

&K, and R, for tools having different diameters, were plotted

(Fige 7.224 =nd 7.22B). wWherefrom the following power law
¢ guation has been derived.

“ession analysis dimensional analysis was

{late a relationship between the overcut in

The dimensionless groups /U4 and 7\, corresponding

cib



2714

(22) =ch(Ff 1 (446)
C - oD
o Y
. . . - n:{ : N
From Flg. 7.22, it 1s §4ent that ((”\( Y,
W

(1) value Offl is found to be almost constant for a

specified combmatlx of tool-work materials and different
machining cmdclons.

HL‘U“
[' (i) Value/ of a constant Cd for a cambination of tool-
work material differs when tools of different diematers are

employed.

It is evident (Fig. 7.22) that power iaw Ec(4.6) is
closely obeyed by experimental results howeyer, few deviations

are apparent.

It can thus be concluded that the tool diamster D, has
got an independent effect on a, in Eq(A.6). To evaluate this
offect of tool diameter D on (ay/Ty), Fige 7.22C has been plotted
showing a relationship between the tool d‘iaméter D and the

cmstant C{'i given by Eq(4.6); this yields Eq(4.7)

C4 = CalD) 2 ' . (4.7)

substitute the value of C('i from Eq(A.7) in Eq(A.6), we obtain,

1
3o _ Y F nq _no
(x) =0 3p ) P
c
Or
ao Y;;F n‘] n .
(520 =cq ¥y D2 . (4.8)
where n,=n/

2!
N r d (L F/V)1 D2
Now (ay/Te) and (YoFp/V) ' D2 nave been plotted in mig, 7.22D and
better correlation has been ochserved, thus Valldatlng/the 2q(A.8).

Z"et. Lan
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let *q, and *q, be the heat transferred from anode and
cathcde respectively to the air. It can then be shown (73,93)
that heat transferred through anode, %, would be equal to

(T4 - Tair) .
*Ra
where,
" - ] 1
B 1 r_'l__ 1 R3a a
*Ry = ¥Ry + ¥Ry, + *Rg, = ™ !hfaJr K|t (m) (3. 1ha)
Also,
‘ (Ton = Taip)
R! = —1— and R, = a2 = _tair (3. 14b)
a {a- -
3 Aa‘hna h A, Fa G*Fa (T! 1om alr)
where,

Té2 and Talr are the temperatures in Kelvin., gimilarly,
heat transferred through cathode to the atmosphere is obtained

as follows:

(Tss = Tos )
*qg = 1) tadr Y (3.15)

_ o _ A R3RL+ |
*Re = *R101R2C+ Rye = 10 L he, +ARZ} + 4 33§+Ruc ) (3.158)

(3.15D)

1
Tair)

The thermal conductance ka and kc of e2lectrodes is a

function of the temperature and can be evaluated from Eq(3.16).

k, = Ky (1 +50T) oL (3416)
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