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ABSTRACT

Electrochemical grinding (ECG) has become more and more important for its
industrial use, in machining problems associated with grinding hard and wear
resisting and even very soft clectrically conductive materials. In a survey on ECG
process, little attempts on theoretical analysis of the process rather more experimental

investigations have been made.

The main objective of the present work was to develop theoretical models to
explain joint phenomena, mechanism and electrochemistry i.e. (i) to determine metal
removal rate due to mechanical and that of electrochemical action individually, (ii) to
find out the feed force required in ECG process, and (iii) to corroborate the models
with experimental results. For this, an industrial model for the electrochemical
grinding machine with hydraulic feed control system has been developed retrofitting
an existing obsolete manual feed surface grinder. Different stages of grinding action
are thoroughly analyzed and corresponding force components are established in terms
of chip thickness, stress and loading coefficients. An octagonal extended ring type
grinding dynamometer of stainless steel has been designed, constructed and

calibrated. A high gain operational amplifier has been built to record force

components.

Electrochemical grinding geometry and kinematics are analyzed, and
electrochemical and mechanical aspects of the process have been extensively studied.

[nvestigation on the different process parameters and their inter-relations are also

made.

Experiments have been conducted on stainless steel and tungsten carbide (GT
20) to examine the validity of the theoretical works and other experimental
investigations. Theoretical analyses have been carried out on the determination of
MRR and feed force. Different stages of grinding actions viz. sliding, ploughing,
cutting, rubbing, viscous drag due to electrolyte pool are considered in feed force

analysis. The depth of cut is used for combined mechanical and electrochemical

vii




actions. They are experimentally verified and found within the closure range of
acceptance for industrial exploitation. The results indicate that material removal rate
due to electrochemical action can be achieved up to 90% of the total material
removed, and as a result, the feed force in ECG is found very less compared to

conventional grinding.

Key words: electrochemical grinding, material removal rate, feed force,

dynamometer, calibration, electrochemistry, electrolytic action.
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KEY NOTES

Abbreviation

Following standard and nonstandard abbreviations have been used in the text

and illustrations of the dissertation.

GF  gauge factor

ID internal diameter
ECM electrochemical machining
MRR material removal rate

DC ldirect current

ECG  electrochemical grinding

AC  alternate current

\' voltage

KVA  kilovolt ampere

ECE electrochemical equivalent
WC  tungsten carbide

LCD  liquid crystal display

DVM digital voltmeter

OP Amp  operational amplifier
G-ratio  grinding ratio

SS  stainless steel

DNC direct numeric control
CNC computer numeric control
PVC polyvinyl chloride

CBN cubic boron nitride




Symbols

Bold face with A as superscript symbols indicate unit vectors. All headings in
the main text are numbered using two and three digits, with decimal point between
two digits. Two digits number indicates a section with first number as the number of

chapter and second as the number of the section. In three digits number last number

indicates subsection.

Figures, Tables and equations in the main text number with two digits - first one

indicates the chapter and second as the actual number. Appendices are numbers as

follows:

A 1.2 - means Appendix 2 related to Chapter 1 etc. Figures, tables and
equations in Appendices are numbered by using the actual number after number of
Appendix. For example, Fig. A.1.2.1 means the Fig. 1 in Appendix A.1.2. Number in

between [ | in the text indicates the serial number of the list of references.

Subscripts
E electrochemical
M mechanical
T total
TH total horizontal
é property of electrolyte
m property of metal
n normal
r radial
t tangential
+, - property of +ve | -ve electrolyte ions

(Other subscripts are defined in the text)




NOMENCLATURE

Followings are the principal notations. Some nomenclatures are described in

the illustration (refer also the keynotes).

English Symbol

(Fohm
(Fomi
(Fehr
(Fshm
(Fodni
H

projected area of the abrasive grain, mm?

wheel peripheral contact area perpendicular to current flow direction, mm?
area of cylinder on piston side, mm?

area of cylinder on piston rod side, mm?

area of side contact, mm? R

abrasive grit protrusion distance from wheel bond, mm

diameter of wheel, mm

electrochemical equivalent of the workpiece, coulomb

total emf of an electrolytic cell, volt

single clectrolyte potential of the electrode forming reduction, volt

single electrode potential of the electrode forming oxidation reaction, volt

Faraday constant equal to 96500C Mol
cutting force, N

normal force, N

ploughing force, N

radial force, N

feed force, N

sliding force, N

tangenﬁal force, N

total feed force due to ploughing, N
total feed force due to rubbing, N

total feed force due to electrolyte pool, N
total feed force due to sliding, N

total feed force due to cutting, N

electrolyte film thickness at maximum pressure, mm




-~ A

"'JZ[—'

o

d,
dp/dx

current allowed to flow, ampere
electrolyte conductivity, Q' mm"'

coefficient fraction of weight for element i in the alloy %

distance between abrasive cutting points, mm

wheel speed, rpm

pressure intensity, N/mm?’

pressure required of the fluid on piston side, N/mm?

pressure required of the fluid on piston rod side, N/mm?

total volumetric removal rate, mm®/sec

electrochemical volumetric metal removal rate, mm°/s

mechanical volumetric metal removal rate, mm’/sec

linear rate of dissolution perpendicular to the workpiece, mm/sec
resultant displacement vector, mm

circumferential pitch for the grit, mm

thermodynamic temperature, °C

free stream velocity of fluid or the peripheral velocity of grinding wheel
volume of metal removal, mm?/sec

volume of metal removed due to electrochemical action, mm®/sec
volume of metal removed due to mechanical action, mm’/sec
applied DC voltage, volt

linear feed rate, mm/sec

grinding wheel surface velocity, mm/sec

workpiece feed velocity, mm/sec .
weight of metal removed/deposited, gm/mn’

grinding wheel radius, mm

width of grinding wheel, mm

atomic weight, gm

set depth of cut, mm
actual depth of cut, mm
pressure gradient
incremental depth at y, mm.

strain




h machining gap width, mm,
h, electrolyte film thickness, mm
h,, maximum chip thickness, mm

1 current density, amp/mm-

i unit vector along X-axis
j unit vector along Y-axis
k constant for anode material
k; chip thickness coefficient
ki loading force coefficient
I wheel peripheral contact length, mm
b m number of grits present along the width of the wheel

n number of rows present in the angle (o - ) rad
q electrochemical equivalent weight of the metal removed, mm'/amp.s
Qi electrochemical equivalent weight of the element considered, mm*/amp.s
r radius of abrasive grain, um
S linear feed rate of the wheel, mm/sec
K total feed rate per revolution, mm/rev

: S mechanical feed rate per revolution, mm/rev

% t time spent to cut the surface, sec

* u specific energy, Joule/mm’
u; weight fraction of an element at a given valency, %

* v table speed, mm/min
ve ©  flow rate of electrolyte, cc/min
w width of grinding wheel, mm
X| displacement of X-axis with respect to initial position of the wheel, mm

¥ displacement of Y-axis with respect to final position from the top surface, mm

i number of elements soluble in the electrolyte




Greek Symbol

(o]
L

Ky

®

Nk
Mg
iy

Na
Ne
Nr
Hi

angle of contact between wheel and workpiece, rad

stress coefTicient for normal ploughing force, N/mm?

stress coefficient for tangential ploughing force, N/mm®

density of workpiece, gm/mm’

density of element, gm/mm’

cocfficient of friction

angle of sliding, rad

ratio of tangential to normal force

coefficient of sliding friction between tip are and workpiece, N/mm?
angle swept in a small interval of time t, rad

chip cross sectional area, mm?

angular velocity of the wheel, rad/sec
current efficiency

percentage of electrochemical action
Faradaic efficiency

percentage of mechanical action
radial deflection, um

activation overpotential
concentration overpotential
resistance overpotential

absolute viscosity

kinematic viscosity
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CHAPTER - 1
INTRODUCTION
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CHAPTER 1
INTRODUCTION

.1 Nonconventional Machining Process

With the rapid technological advancements in the field of conventional
machining processes, the machining of carbides and other hard-to-machine materials
has been limited to the diamond wheel grinding for a long time. Morcover, the
development of the so-called technologically advanced industries like acrospace,
nuclear power etc. has been accompanied by an ever increasing usec of
high-strength-temperature resistant alloys. In many cases, the only effective wav to
machine such materials is by using common cnergy forms in new ways or apply the
forms of energy never used before. The processing of the parts of complicated shapes

has been difficult, time consuming, and uncconomical by conventional methods of

machining [1].

Inventions have been created to meet increasingly complex needs of modern
society, and new tools have been devised to enable the creation of increasingly
sophisticated inventions resulting the introduction of new manufacturing
technologies used for material removal, forming, and joining etc. These technologies
play an important role for their steadily improving capabilities and beneficial effects

of computer control, adaptive control, and education.

[y
~

These processes are used to reduce the number of rejects experienced by old
manufacturing method by increasing repeatability, reduction in breakage of fragile

workpiece or by minimizing detrimental effects on workpiece properties [2].

Till now, about thirty three nontraditional processes have been industrially
exploited and grouped according to their primary energy modes as shown in Table ||
[3]. Different forms of energy like clectrical cnergy, chemical energy, high velocity
Jet of liquids, or abrasives, electrochemical reactions, and high temperature plasma

elc. are applied to process the materials, Table 1.2 gives the process modes on the

L



Table 1.1 Nonconventional Material Removal Processes

MECHANICAL

AFM - Abrasive Flow Machining
HDM - Hydrodynamic Machining
RUM- Rotary Ultrasonic Machining
TFM - Total Form Machining

WIM - Water Jet Machining

ELECTRICAL
ECD-Electrochemical Deburring
ECG - Electrochemical Grinding
ECM - Electrochemical Machining
ECS - Electrochemical Sharpening

ES™. Electro-stream

AIM - Abrasive Jet Machining

LSG - Low Stress Grinding

TAM- Thermally Assisted Machining
USM - Ultrasonic Machining

ECDG-Electrochemical Discharge Grinding
ECH - Electrochemical Honing

ECP - Electrochemical Polishing

ECT - Electrochemical Turning

El - Electro Jet

STEM™. Shaped Tube Electrolytic machining

THERMAL
EBM-Electron Beam Machining

EDM-Electrical Dischargc Machining

EDG-Electrical Discharge Grinding
EDS - Electrical discharge Sawing

EDWG - Electrical Discharge Wire Cutting LBM - Laser Beam Machining

LBT - Laser Beam Torch

CHEMICAL

CHM - Chemical Machining
PCM - Photochemical Machining
TEM - Thermal Encrgy Method

PBM - Plasma Beam Machining

ELP - Electro-polish
TCM - Thermochemical Machining




-Wable 1.2 Classification of Nonconventional Machining Processes

Type of energy | Mechanism  of | Transfer media | Energy source Processes
metal removal
Mechanical Shear Physical Cutting tocl Conventional
contact machining
Erosion Pneumatic/hydra | AIM, USM,
High  velocity | ulic WIM
particles Pressure
Electrochemical | lon Electrolyte High current ECM, ECG
displacement ‘
Chemical Ablative Reactive | Corrosive agent | CHM
relation environment
Thermoelectric | Fusion Hot gases lonized material | IBM, PAM
Electrons High voltage EDM, EBM
Vaporization Radiation Amplified light | LBM
Ion stream lonized material | PAM

NOTE:

IBM- lon Beam Machining

PAM- Plasma Arc Machining

basis of type of energy used, the mechanism of material removal and the source of

energy requirements [4]. The process economy and the process capabilities of

different methods are summarized in Tables 1.3 and 1.4 [4].




—_——

U

s
Ta b"e 1.3 Process Economy for Nonconventional Machining Processes

Process Capital Tooling and | Power Efficiency Tool
investment | fixtures requirement consumption
USM B B B D C
AIM A B B D B
ECM E C C B A
CHM C B D C A
EDM c D B D D
EBM D B B E A
LBM C B A E A
PAM A B A A A
Conventional | B B B A B
machining
NOTE: A-Very Low Cost B-Low C-Medium D- High  E- Very High

Table 1.4 Process Capabilities for Nonconventional Machining Processes

Metal Surface
Process removal Tolerance Surface damage Corner radii
rate pum finish CLA depth mm
mm/min um pnm
[ USM 300 75 0.2-0.5 25 0.025
AIM 0.8 50 0.5-1.2 2:5 0.100
ECM 1500 50 0.1-2.5 5.0 0.025
CHM 15.0 50 0.4-2.5 50 0.125
EDM 800 15 0.2-12.5 125 0.025
EBM 1.6 25 0.4-2.5 250 2.50
LBM 0.1 25 0.4-1.25 125 2.50
PAM 75000 125 Rough 500 -
Conventional | 50000 50 0.4-5.0 25 0.050
machining |




;
Before selecting any p*ocess for an application,

be considered:

1) physical parameters,

i) properties of work material s

iii) complex geometry of the work piece,
1v) process capabilities,

v) need for higher production rate,

the following aspects should

vi) closer tolerance , surface finish and surface integrity, and

vil) economic considerations.

Thece

......

and lower material removal rate. As seen in Table 1.5,

processes are generally characterized by their high power consumption

both USM and EDM require

almost equal power. On the other hand, ECM is found to consume about forty times

more power than EDM. Both ECM and EDM need clectrically conductive material to

machine. ECM has the advantage of a very low

demonstrates the relationship among conventional and

tool wear ratio[4]. Fig.1.1

nonconventional machining

processes with respect to surface finish and dimensional tolerances [3].

Table 1.5 Physical Parameters of Nonconventional Machining Processes

Parameters I USM [ AIM [ ECM ’ CHM | EDM EBM ] LBM 1 PAM
Potential f 220 ] 220 ( 10 ( 45 150.000 4500 J 100
Current 12(AC) [10 10,000 50 0.001 2 (average | 500
(Amp) (D.C) (Pulsed (Pulsed 200 peak) | (D.C.)
/ , D.C) D.C)
Power (w) 2400 220 IOO 000 2700 150{average 50,000
- I s ||
Gap(mm) r 0.25 f 0.75 ' 0.20 ‘ ‘ 0.025 mn J 150 f 7.5
Medium Abrasive Abrasive | Electrolyic Liquid Liguid Vacuum Argon or
in waler /in gas ( /chcmicai /diclccuic f (h_\'drogcn
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1.2 Technology of Electrochemical Grinding

Electrochemical grinding is a special form of electrochemical machining
in which the conductive workpiece material is dissolved by anodic action and any
resulting films are removed by a rotating conductive abrasive wheel. The coolant
used in abrasive grinding becomes the electrolyte in electrochemical grinding.
Electrolyte is prepared by adding various salts of nitrates, chlorides, citrates etc. with
water. The purpose of the abrasive particles is to maintain a working gap between the
wheel bond and the work picce; and to remove the oxide film formed on the
workpiece surface, if any. The wheels commonly used in ECG are: metal bonded
diamond wheels for grinding tungsten carbide and other difficult-to-grind materials,

metal filled resin bonded aluminum oxide wheels for grinding ductile metals [5, 6].

Brushes are used to bring the current from the power source to the spindle
from which it flows to the grinding wheel. The dissolution rate of different
substances is proportional to their chemical equivalent weights. The machining rate is
affected by the workpiece passivity and current efficiency. Besides oxide films, the
abrasive grit can also influence the stock removal significantly by mechanical action.
To choice an electrolyte, the requirements should be taken into consideration are htgh
clectrical conductivity, high specific heat, high thermal conductivity, and the most
important one is the chemical composition compatible with workpiece material not

to cause preferential removal of different elements

-

Theoretically, only a few volts are required for metal transfer in an electrolytic
cell. The maximum voltage that can be served depends on the capacity of power
supply unit employed and the current requirement. The material removal process
internally influenced by wheel variables and externally regulated by operating
voltage, feed rate, and the flow of clectrolytes. Mechanical and electrochemical
proportions of the total stock removal can be balanced for maximizing removal rate

as well as working accuracy as summarized in Fig. 1.2 [8].



INCREASING
METAL
REMOVAL

)
'
I
I
I
]
i
1
[}
I

Dry gap
short ckt,

Lower MRR
More Mech. Finish

Machining (Metal Removal) Rale

More easily etched materials will
enable higher removal rates to LNOCLFfrEsAS‘NG
be obtained leaving a material b e ;

More likely to occur on fixed feed

applications where pressure can
build up

B

I
|
|
)
|
1
1
I
!
|
1
1
I
1
et [
oxidised surface i
1

Large areas are likely to have a NEREASTG
i - 5
more etched finish due to the+___l BRESSURE

inability of applying sufficient =
pressure I *
1
Increasing Electrolytic Finish ————— GOOD = Increasing Mechanical Finish &
Heavy Etch i~ it @B > Grinding Marks

ing leads to distortion
> Overloading a

Over-etching causes Pitting,
Hollows, Crazing € GoobD and inaccuracies l
L)

A = Surface Finish B = Machining Accuracy

Figure 1.2 Summary of the General Effects of Electrochemical Grinding

A comparison between the ECG to precision milling and grinding process has
been illustrated in Table 1.6. The superiority of ECG over conventional machining
(conventional grinding) is exhibited for stock removal, tooling cost replacement. It
also shows better machinability of fragile parts, lower heat damage, quality of surface
finish and problems with burr [9]. The amount of current flowing through the gap and
material removal rate are mainly determined by the applied potential difference (d.c.
E voltage), the machining gap, and engagement area between the wheel and workpicce.

! Fig.1.3 represents the basic scheme of the process.




Table : 1.6 Comparison of ECG with Conventional Milling and Grinding [9]

Material Stock Stock Tooling Cost , Size Production | Potential Quality of| Problems
Removal |Removal & Control | of Fragile | of Heat | Surface | with
(Milling)  [(Grinding) |Replacement Parts Damage | Finish Burrs
Machinery stecl ' - = - '- - = = +
Tool steel, sofl { = ’ + + = +
Tool steel, hard [+ + ‘ " {_ + + = +
Cast iron J { { f /+. = s =
S A S S S R S
Brass r~ ‘+ ‘- (: 4 {= {z -
Aluminum [- ‘- )- I. + (: . +
Tungsten )- L I- [: + ]+ 3 +
Tungsten carbide |+ !+ + ’= i + + =
Beryllium - {: 4 = = - +
300 stainless - + + = + + + +
400 stainless - + + = + + + +
Etanium ’ - = = + + = +
Waspaloy + + + = + + + +
Inconel 718 }+ + + = + + + +
Inconel X {'*‘ + + ’= + + * +
Hastelloy alloy X h + + (= + + - i
Udimet 500 + 4 + = + + + i
Udimet 700 + + + E + + L v
Greck Ascoloy = o = + + ': +
= Processes about cqual
- ECG inferior to conventional machining
+ECG superior to conventional machining
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Figure 1.3 Basic Scheme of ECG Process
1.2.1 Process Capabilities
The process exhibits material removal rate that goes upto ten times faster than
conventional grinding on materials harder than HR. 60. The average value of metal
removal rate is 1.6 cm® /min/1000A [2]. The DC power supply provides voltage
-

control from 0 to 15 volts and standard amperage ratings are 300, 600 and 1000A but




higher amperages are available. With proper application, tolerance of 0.05 mm can
be achieved but with the extreme control of electrochemical grinding parameters,

tolerances as close as 0.003 mm are possible [10].

Current densities range from 2 A/em?® in grinding tungsten carbide to about 3
Alem® in grinding steel. The surface finish is affected by the metallurgy of workpiece.
When electrochemical grinding is performed perfectly, the resulting surface is a
microstructure of the workpiece crystalline structure. On tungsten carbide this
generally provides a surface finish in the range of 0.4 to 0.5 micron for surface
grinding, and 0.2 to 0.4 micron for plunge grinding. In case of steels and various

alloys, it ranges from 0.4 to 0.6 micron [4].

Wheel speeds arc most often found between 22 and 35 m/sec. The
temperature of the electrolyte is usually maintained between 90- 110° F (32 - 43°C),
pressure used to pump the fluid is about 5 - 10 psi (35-70 kPa) [11]. The longitudinal

feed rate should not exceed 6m / min [41].
1.2.2 Advantages

Electrochemical grinding is best suited for fast machining very hard materials
like carbide at major savings com pared to that of conventional machining techniques.
High strength materials in the range of 200,000 - 400,000 Psi tensile strength(1400 -
2800 Mpa) can be worked as readily as low strength materials. The machining of
dissimilar metals such as brazed carbide tool assembly is highly productive in
ECG process [12]. This machining process provides high metal removal rate
specially with cobalt- nickel- alloys and high tensile strength materials. It does not
affect the yield strength, sustained load strength, ductility or hardness of most
alloys and metals (10, 13). Depending upon feed rate, size of wheel and other process
variables, the wheel life can be increased from 500 to 1200 percent. Full-depth of cuts
are made in one pass [19]. A program of quality improvement and cost reduction led

to the use of electrochemical grinding which is associated with less force and power.

12




| Hence the advantages offered by clectrochemical grinding are higher material
removal rate, practical elimination of mechanical or thermal cracking, deburring
operations, stress-free in the component surfaces, undesirable reduction of wheel

wear, independence of work material hardness, component accuracy, and capacity to

grind assembled components consisting of different metals [14].

* 1.2.3 Disadvantages.

Electrochemical grinding needs contact area between anode and cathode to
F draw a current for which a DC power source Is very much essential. Initial cost of
the machine is comparatively high. Some applications are restricted to grinding

geometries. Small I.D. grinding operations would be impracticable [14].

Since, only chemically conductive materials can be ground, the eclectrolyte
used may corrode the workpiece. Therefore machine parts coming into contact with
electrolyte must be anticorrosive(cromoplated). Holding of sharp corners is a major
limitation of this process as the clectrolytic action is nondirectional. Inside corners
can not be ground sharper less than 0.25 to 0.40 mm radius because of the overcut
and the accuracy is limited to 0.001 mm only [6,15]. ECG users usually accept the
overcut which is really difficult to control. This is caused by over electrochemical

dissolution of the workpiece which is not at all desirable [20].

[t is not economical for soft materials and needs high preventive maintenance
costs[2]. Copper-resin-bonded diamond wheels may be dressed to simple forms only.
Intricate forms with multiple radius tangents and very deep forms require single-

layer, plated-metal bonded diamond wheels [17].
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1.2.4  Applications

Electrochemical grinding is applicable primarily where conventional abrasive

grinding is unsatisfactory. Such areas include:

i) form grinding of hard to grind ductile metals,
i1) grinding of heat and stress sensitive materials,
iii) generating burr and distortion free pieces, and

Iv) stock removal on extremely hard to grind materials[6].

This process has received wide application in the field of aircraft turbine
industry for the production of blades, vanes, honey comb sea! rings, and also
employed in rail-road industry to profile worn locomotive traction motor gears. This
has also been found for extensive use in the textile industries and automotive,

instrumentation, and industrial knife market [2,10]. \

The increased use of stainless steel and new exotic materials such as medical
devices, instruments and forceps, pace maker shells, precision nozzles, instrument
coupling and air rotor motors, and grinding of carbide cutting tools have all

successfully been accomplished with ECG [4,18]. It has long been adopted for use in

grinding of cutting and turning tools [19].

[.3  Objectives

From the forgoing discussion it is clear that ECG process offers many
advantages and applications over conventional processes. Though it can not replace
any of the conventional processes, it has its own special features and advantages.
Hence it is necessary to find out the optimum conditions under which most of the
objectives like MRR. surface finish,  surface integrity can be achicved. The
present need of processing hard to machine materials with high surface finish, stress
and crack-free surface required is demanding import of electrochemical grinding

machines. The high import cost of such machine has forced to initiate the

14
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development of a machine.

Keeping the above facts in view. the objectives of this research program are as

follows:

a) development of an electrochemical surface grinding machine with
automatic hydraulic feed drive retrofitting an existing obsolete conventional

peripheral surface grinder with manual feed, in house,

b) design, construction and calibration of a two component  octagonal
extended type grinding dynamometer for measurement of vertical and horizontal
force components. to measure forces subsequently on a transducer for adaptive

control,

c) development of a mathematical model to quantitize matcrial removal

rate due to electrochemical and mechanical actions,

d) development of a mathematical model for feed force,

€) performance evaluation of the developed machine set-up, and

f) corroboration of the model with experimental results.

1.4 Scope of the Thesis

The thesis consists of seven chapters of which the present one i1s Chapter
I. This chapter introduces the subject and contains the development of the
electrochemical grinding process and illustrates its technology. The
fundamentals, importance, and applications of the process along with its
drawbacks are furnished. The main objectives of the thesis have also been
included.

An up-to-date past research work encompassing all the arcas involved

related to the “Studies on some aspects of electrochemical grinding™ has been

15



briefly discussed in Chapter 2. It provides a comprehensive literature review for

material removal mechanism, surface finish and surface integrity, influence of

process  parameters, ECG machines, grinding wheels and process optimization.

Some important electrochemical aspects are provided in Chapter 3
which illustrates electrochemistry, electrolyte phenomenon. electrochemical

reactions, anodic passivity and dissolution phenomena.

Chapter 4 describes the details of the analytical part of the thesis
including kinematics of the process, process parameters governing MRR. a
theoretical model devcloped for predicting materiai removal rate due to

electrochemical action and that of mechanical action. A generalized feed force

equation has also been developed and presented.

Chapter 5 contains the details of main experimental test-rig. It deals

with the design and development of the set-up that includes:

1) the schematic layout of the machine,

(i) principle of operation,
i) development of hydraulic and electrical circuits,
1v) electronic device for force measurement, and i
V) design, construction and calibration of a grinding dynamometer.
Chapter 6 describes the experimental investigation which includes
studies on the effect of different process parameters. Experimental designs,

procedures, and set up for experimental studies can be found in this chapter.

Towards the middle of the chapter the major parameters involved during

experimental  studies have been highlighted. Important results are

discussed and developed models are corroborated.
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CHAPTER 2
LITERATURE SURVEY

21 ™ itroduetion

The electrochemical grinding process was introduced in the carly 1950's
evolving from the developments in the USSR on clectrical discharge machining [13].
(N 'ﬁrSt"ap'péara'nCé"fﬁ thé"wcstlwas.in the form of a machine built in Gloucester, UK
following which a pattern was filed, covering the use of tool eclectrode containing
particles of insulating material projected from the surface of the tool. To remove
metal from a workpiece utilizing the electrochemical method, the commercial
machine tools used were grinding machines. Ilhan [20] reported that the
electrochemical grinding machine appeared in the USA around 1953 for grinding of
tungsten carbide cutting tools. Since then the use of ECG has been replaced by

several other methods including conventional grinding and electrodischarge grinding.

It was also reported by Thompson [6] that ECG first became known to
industry as a process using metal bonded diamond wheels 1o grind tungsten
carbide in 1950, and using electrically conductive resin bonded aluminum oxide
wheels to grind ductile metals in 1960. The productivity of ECM was increased by
modifying the process into ‘Anode Machining’ and then to electrochemical
machining. Past research pertaining to material femoval mechanisms, surface finish
and.ntegrity, influence of various parameters, and recent development in the grinding

wheel and ECG machines are included in the following sections..
2.2 Electrochemical Grinding Process

2.2.1 Material Removal Mechanisms

The principle and mechanism of the process have been illustrated very

extensively by De Barr [16] and McGeough [65).



Phillips [10] presented the principle of electrochemical grinding process and

reported that variables influencing ECM would also influence the electrochemical

grinding process.

The basic mechanism of the process was studied by Jones[42] and explained

the basic electrochemical reactions which might occur in the process. To get optimum

results from ECG, the function of the wheel and the different ways that could be used

were needed to be considered.

The fundamental removal modes involving mechanical abrasion, and one,

having no mechanical contribution viz. (1) totally mechanical removal (i)

electrochemical removal combined with mechanical and zero overcut (111)
electrochemical removal combined with mechanical removal and an overcut greater
than zero and (iv) totally electrochemical removal were studied by Atkinson and
Noble [21]. Nimonic 105 and AISIO]1 tool and die st‘ee] were machined with single
pass peripheral electrochemical grinding using a diamond grit wheel. They also tested
with mild steel. A 100/120 non-formable diamond grit wheel was used and electrolyte
solution was supplied using a front and rear entry nozzle. They concluded that with
zero electrochemical contribution, changes in applied voltage could not influence the
workpiece surface. The electrochemical removal for surface roughness was found to

increase slightly with the increase of applied voltage.

The relative amount of material removal due to electrochemical and
con\;cmional grinding actions were investigated by Cole[22]. The interrelationship
amongst clectrolyte flow rate, voltage, current density, MRR and the efficiency of the
process was also investigated by him. Several phenomena of the process were
explained on the basis of hydrogen gas pressure in the work-wheel interface. During
ECG of hot rolled plain carbon steel by diamond embedded wheel, a combination of
potassium nitrate  (KNO:) and potassium nitrite (KNO;) in aqueous solution of
strength 10% and 5% by weight respectively was used. The Faradaic ctficiency
appeared to be almost 100% while the process efficiency was about 97.5%. A formula

was presented for hydrogen gas pressure in the work-wheel interface as follows:



o

20 LQ,P,

AP =
3bd?p,

Where,
L = average path length of superimposed gas-electrolyte flow, in
1 = viscosity of gas-electrolyte mixture, Ib.sec/in’
d = work-wheel interface gap, in
P, = average pressure in work-wheel interface, Ib/in’
P, = atmospheric pressure, Ib/in

Q. = volume of flow rate of gas-clectrolyte mixture at atmospheric pressure.

-3
In/s

Physical aspects of the electrochemical grinding process were studied by a
number of researchers. Colwell [62] studied experimentally the dependence of many
variables like current, feed rate, feed force, voltage, spindle power and gap resistance
with each other. A physical model of the gap between the grinding wheel and the
workpiece was suggested. In his study, he focussed on the relationship between the
gap resistance and the feed force. Analysis of experimental data against the physical

model for a broad range of operating conditions suggested somewhat more explicit

conclusions.

=

Investigation on electrochemical grinding of WC-Co cemented carbides, with
particular consideration of their heterogeneity was carried out followed by an analysis
of the electrochemical removal process [24]. It was shown that electrochemical
dissolution penetrating into cobalt phase occurred initially at a much faster rate
than that of the carbide phase. The interaction between the electrochemical and

mechanical processes was illustrated based on experimental results.

The quantitative characterization of surface damage to WC-Cobait composites
by ECG process was studied by Malkin and Levinger [25]. A method for mcasuring

the degree and depth of damage in the surface layer was developed. The degree of
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weakening was expressed as the ratio of the specific grinding energy of the material
in the surface layer to the normal specific grinding energy. They also stated that
surface damage from electrochemical grinding could reduce the specific grinding
energy by as much as factor of 10 at the finished surface. They concluded that the

depth of damaged layer was shallower with a lower current density and a faster infeed

velocity.

The grinding mechanism for WC-Co cemented carbides, with particular

consideration of the role of plastic flow was studied in more detail, by many
researchers [25,26]. Their investigations were to relate measurement of grinding
forces, energies to the grinding wheel topography. The experiments were performed
on various types of WC-Co cemented carbides with different grinding wheels over
a wide range of workpiece velocities and depths of cut. An analysis of the specific
ploughing energy relationship obtained from grinding model suggested that plastic
deformation of the cemented carbide workpiece occurred by a ploughing force along

the abrasive grain cutting edges, which was proportional to the engaged cutting

edge length.

The electromechanical grinding of alloy tool steel and some other alloys was
investigated at a higher work feed rate than that used in ECG by Hasegawa et al [28].
An experimental analysis of grinding forces showed a slight decrease in mechanical
removal and a severe loss of mechanical properties. Additional contributions of the

electrolytic action to a reduction of grinding forces were also clarified.

Action of a non-grit wheel was first examined by Noble [29] to determine
inter-electrode gap values with different set depth of cuts and machining parameters.
He mentioned that in peripheral electrochemical grinding, the surface of the rotating
disc has non-conducting grits protruding above the surface of the conductive bond.
At any angular position where mechanical action was included, the resistance in

the inter-electrode gap would be constant.

Kaczmarek et al [30] investigated the electrochemical and mechanical actions

on the materiel removal rate of grinding cemented carbide and high speed steel tool



materials. Electrochemical penetration velocity based on Faraday's first law, and
mechanical removal rate depending on the peripheral velocity of the wheel, the feed
rate, the pressure, and the depth of cut were studied. From theoretical studies some
recommendations of the optimization of the process were provided. [t was reported
that the process efficiency was highest with a diamond wheel and lowest with
alundum (Al,0,) wheel for machining sintered carbides. The magnitude of process
efficiencies for carbide and HSS, when ground by diamond wheel were about §0%
and 60% respectively. But when the same work materials were ground by aluminum

oxide wheel the process efficiencies came down to about 25% and 12% respectively.

A theoretical analysis of electrochemical grinding progess was introduced by

Shan [31]. Equations for material removal due to electrochemical dissolution and that

of mechanical grinding were derived as:

r X 1
Vi =b/-—R*+(2rt)2 R
2t

and

Where,
f=longitudinal table feed,
r = radius of the wheel
t = depth of cut,
Vi: =material removal due to electrochemical action, and

Vu=material removal due to mechanical action.

Electrochemical plunge-in-grinding of small-diameter carbide specimens
brought about the cnveloping surfaces of the multi-point cutting tools made of solid
[32]. A model that was developed could be considered as the cutting and burnishing
rings of a multi-component broach. In his investigation on material removal, the
function of current versus depth of cut was determined. To measure the concentricity

of the produced broach, the machining decformation was found to be due to the

(=]
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dissolution of stock, the inaccuracy of main spindle and the mechanical load due to

contamination of electrolyte. The experiment was carried out with high speed steel

(grade R6).

Okhten [33] reported that the electrolytic diamond grinding process was
highly affected by variations in contact area between the wheel and workpiece in the

direction of electrolyte motion. A method for calculating stock removal rate was also

proposed for the process.

The role of electrochemical dissolution of a surface on the mechanical
properties of copper specimens in electrolytic diamond grinding was studied [34].
i

That lead to the proposition that micro cutting took place due to the decrease in

limiting strength of the metals.

Electrochemical cylindrical grinding of small diameter specimens made of
tungsten carbide, were theoretically analyzed by Kaldos [35]. The arc and area of
contact, as well as material removal are of great importance. The experiments proved

that the electrochemical external deep grinding technique was advantageous for

tungsten carbide of size of 15 to 20mm diameter. Predictions obtained from the
theoretical analysis showed a correlation to the experimental results. For cylindrical

grinding, removal rate was found to be a linear function of width of wheel, number of

revolutions, diameter of specimen, and a quadratic function of depth of cut.

”

Experiments were carried out on various grades of WC using diamond
grinding wheel and aqueous solution of NaNO; 15% by weight as electrolyte. The
effect of magnetic field on material removal rate, power consumption, current
density, Faradaic and process efficiencies were discussed [36,37). They concluded
that material removal was increased at lower and higher ranges of feed forces. The
volume of metal removed by ECG process was proportional to the current flow
across the gap between workpiece and the wheel. This did not take into account the
metal that was removed mechanically by the abrasive grits in the wheel [9]. It is
generally accepted as a rule of thumb that the volume of material removed

clectrolytically by ECG is 7.3 mm’ /s (0.1 in’ /min) for each 1000 amps of
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current flow through the gap [9,4,3]. Two fundamental factors: 1) the Tonization rate
of the electrolyte and ii) the relative affinity of the electrolyte anion for the workpiece

metal, directly result in establishment of any specific current density in the area of

electrolytic action [9].

The principal operating features of the vertical spindle surface grinding
machine were illustrated through the analysis of process electromechanics on the

basis of simple dynamic behaviour [38]. The current waves developed during

machining were evaluated.

The supply and distribution of electrolyte is important not only with regard to
removal rate but also with unwanted side-cflects [99]. The effect of operating
parameters on cfficiency, accuracy and controllability was pointed out. The main
problems associated with electrochemical surface grinding were summarized. Effect

of edge erosion and variation of depth of cut or set depth of cut ratio with transverse

feed were analyzed.

Material removal of cemented carbides and dissolution were investigated and
it was presumed that cobalt binder was removed first by anodic dissolution leaving
the skeleton carbide structure having 1/3 rd of the original strength [41]. His
concluding report includes that ECG of carbide when metal bonded diamond wheel is
used, provides a very fast MRR with high process ef‘ﬁciéncy_ The effect of operating

conditions on surface finish and whee! was presented by using different wheel

parameters.

McMillen [12] investigated the ECG process from his own experience as a
research and development engineer. He pointed out its major complaints and benefits.
The ability to grind burr free parts was a welcome relief and the possibility to grind

dissimilar materials without loss of dimension or surface integrity added much to the

liberty of the design engineer.
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2.2.2  Surface Finish and Surface Integrity

Surface integrity is mainly governed by differential electiochemical activity of
the micro-structural constituents, by the process voltage, and by the amount of
mechanical contribution to the process [40]. Finish grinding under suitable conditions
permits close dimensional control and yields a good surface quality for tungsten and

composite carbide systems but not for the titanium carbide systems because of local

activation.

Geva et al [40] briefed about the effect of peripheral electrochemical grinding
process on surface finish, in case of sintered carbides. The different wheel-workpicce
regions- the ‘contact' region, characterized by a simultaneous electrochemical action,
abrasive action, and ‘after-wheel' action in which only the electrochemical aspect iIs
present were examined. Geometrical surface parameters such as overcut and surface
roughness were found related to those of the main process. The electrochemical

surface parameters such as selective etching, oxide layer formation, and local

activator were also evaluated.

Ranganathan [61] worked on the :lectrolytic grinding of titanium, and
reported that ECG damaged work surface f: rming pits which act as crack-initiation
sites for fatigue failure. In ECG, the surface integrity and fatigue strength were found
to decrease when titanium based materials were machined. On the other hand, no

inter-granular attack was observed which 'mplied that there was no electrochemical

corrosion due to the electrolyte.

The surface effect and residual stresses in electrochemical grinding were

studied by Frisch and Cole [63]. Their ; rincipal observations are as follows:

1) ECG with low feed rate and low feed force does not induce any appreciable

residual stress, and the norm:  condition results small compressive stress
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if) Surface finish and accuracy improve with feed force and flow rate within

certain limits,

It was reported [21] that, under purely electrolvtic condition, surface
roughness increased with increasing applied voltage and decreased feed rate. Surface
finish was not influenced by wheel variables  but with some proportion of
mechanical removal, surface finish improved as voltage was decreased and feed
rate was increased. A better surface finish was obtained by using a fine rather than a
coarse grit wheel and a formable bond aluminum oxide wheel rather than diamond
impregnated wheel. The resulting surface finish was found to exhibit remarkably
consistence characteristics with the material removal modes. It was stated that the
surface finish data was very useful to identity appropriate operating parameters.
With increasing applied voltage, the non-uniformity of electrolyte flow had

increasingly aggravated the deterioration of surface finish.

The effect of magnetic field on surface roughness was investigated by
Kuppuswamy and Venkatesh [37]. They showed that magnetic ficld increased the
activity of electrolytic process, and the roughness was the outcome of complex
dynamic process of anodic dissolution. The grinding wheel abrasives aided the
process by removing the oxide layers, carbide skeleton, and the extent of mechanical

removal,

Workpiece hardness is not a dependable factor but the type of material can
affect the roughness values. It is mentioned that the surface texture was found to be
similar to that obtained with a metallographic polish. There is no heat-affected zone
and the surface is free from any induced residual stress contributing to the production
of workpieces with high surface integrity [3]. Current density is an important factor to
determine the electrochemical action and surface finish. A chart. for determining
contact length and feed rates with respect to different depths of cut, is shown in Fig.

2.1
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It is provided in [4] that, the higher the hardness of an alloy, the better is the
surface finish. Surface finish depends on the type of grinding and the workpiece

material. Most steels and other alloys when electrochemically ground, have a surface

finish 0f 0.37 to 0.7 micron [9].

The electrochemical grinding may be widely used in production, if the
grinding wheels have sufficient mechanical cutting ability that leads to the finer
surface finish of high accuracy. A nickel coated vitrified wheel was developed by
Kubota [58]. He reported that in-working hardened steel, a metal bond CBN wheel

and a nickel coated vitrified wheel would have sufficient cutting ability [58].

Different applications of electrochemical grinding ‘were described. and
machining time was compared for electrochemical grinding to conventional grinding by
Knight et al [79]. The process was found to reduce the grinding time per specimen

for several hours to a few minutes and resulted superior surface finish and

dimensional tolerances.

Gutt et al [93] studied the mass and energy  balance sheet in grinding, of
18

cemented carbide bits and expressed that the higher the current density the lower, the

total specific energy consumption. The work specimen of P-25 cemented carbide was

used.
2.2.3 Wheel Wear

Wheel wear comprises of wear of abrasive grits, wheel bond, micro-fracture
of abrasive grains, corrosive wear etc.. They are increased significantly as the feed
rate increases but not much affected by any operating variables at low feed rate, [Ihan
[44] observed that the wheel wear was mainly caused by the breakdown of abrasive
grains during operation and affected by the attrition resistance and the friability of the
grit material. The wheel wear was found to increase with the process conditions that
led to shor-circuiting and anodic passivity. Attrition resistance is the degree of arca

in contact with the material being machined.
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The impact of the forces created due to mechanical contact of the grains with

the workpiece, the corrosive grits were broken down causing the wheel radius to

change [97].

The bond metal along with the impregnated abrasive grits may be found as a

‘welded deposit' on the workpiece surface which consequently fuses to the wheel

surface [7].

Grit concentration on different parameters, and the relationship between

wheel wear and pressure for diamond wheels were investigated by Veromen [101].

Stantsikopoulos and Noble [102] suggested an electrocheniival wheel
conductive method so that it could remove the mechanical debris, conductive bond
‘peaks' and expose the diamond grits on the working surface of the wheel. They
claimed that this method would significantly extend the useful life of the wheel and
assured stable ECG, at least when grinding tungsten carbide. Electrochemical

dressing was shown to remove conductive products from the inter-grit spaces.

Nankov [55] explained the effect of specific wheel wear for different sets of
voltage and depth of cut specially in grinding hard alloy workpiece by diamond

wheel.

A formula was proposed by Balashov [41] to determine wheel wear, and the
metal bonded diamond wheels were found to be the most suitable wheels for

electrochemical grinding.

Opitz and Heitmann [97] reported that in ECG there was a tool wear caused

by mechanical metal removal component. Increasing pressure caused increasing tool

wear. The wheel bond, not being in contact with workpiece material, showed a wear

caused by spark formation and lapping activities of chips.

The wheel wear considerations were extended by the machine and labor costs

duc to cconomic calculations in electrochemical grinding [56]. The maximum



wheel pressure or minimum gap width was limited by the maximum current density

values.

The most economic process is ECG with metallic-bond abrasive wheels for
machining parts of nickel-based creep-resisting alloys. The life of an abrasive wheel
depends mainly on the rate at which it becomes embrittled as a result of

electrochemical process. Relationship between the wheel wear, wheel bond and type

of electrolytes was made by Antipov et al [57].

Gavrilov [48] discussed the wheels used for both conventional and
nonconventional grindings. Electrochemical grinding tests were performed with direct
and inverse supply-source polarity. The test specimens of cemenied carbide, Ti4K8
were plunged ground. The grinding force was determined for wheels of various

bonds. The effect of wheel bond on electrochemical diamond grinding was also

explained.

An experimental research project aimed at developing the electrochemical
deep diamond grinding process with the cemented carbide dies was conducted with a
modified model 3/2M universal cylindrical grinding machine. Polynomial expressions

were derived for linear grinding wheel wear [103].

Kubota [58] studied a newly developed nickel coated vitrified wheel which
possessed cutting ability sufficient to remove hardened steel. In clectrochemical

gnnding, mechanical cutting ability of wheel electrode was important to get a finer

surface of high accuracy.

Ranganathan [61] discussed the effect of process parameters on grinding

wheel ratio and experimentally found that G-ratio was very sensitive to table speed

and cutting fluid.

An cxperimental study was conducted to analyze the performance of the

electrochemical grinding process by Kuppuswamy et al [37,67]. They discussed the

effect of magnetic ficld in the electrode gap during the process. Faraday and process
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efficiencies were best observed with the diamond wheel with significant
improvement in metal removal. They successfully tried to control passivation by

accelerating the ion-transfer rate with the help of externally applied strong magnetic

field,

The electrochemical grinding process is characterized mainly by its faster
material removal rate and its best economical application, may be carbide tool
grinding. Experimental investigations were carried out to evaluate the role of some
parameters on its overall performance. Banerjee and Chattopadhayay [71] concluded
that ECG of carbide of grade TTW by diamond wheel could raise MRR by about 8 to

10 times compared to conventional grinding.
2.2.4 Optimization

Different combinations of control techniques can be applied to improve the
process, and approach economic and technological optimum. Here, optimum means
the attainment of maximum electrolytic current. Colwell [62] introduced an automatic
adaptive control system with some adjustment of the control parameters.
Environmental conditions that determine or influence the attainment of optimum
systems in electrochemical grinding can vary rapidly with passing of time. On the
basis of experimental results he concluded a maximum current criteria for the process

optimization to have maximum metal removal rate.

Another adapting control method for various process variables was suggested
by Lenz and Levy [59]. They incorporated a performance index that indicated the

quality of process behaviour. The optimization criteria could be adjusted by affecting

several control constants.

Inorder to get the effective tight tolerances and minimum production time. the
ECG process was optimized by Maksoud and Brooks [92]).  The optimization
criteria was based on the tolerances of the machined form, surface topography of both
the electrodes and the grinding time. The operational parameters such as feed rate,

electrolyte flow and current density were investigated.

31



Kaczmarek and Zachwieja [30] presented the basic

principle of the process
for both mech

anical and electrochemical actions. Their theoretical studies gave a

general idea for the optimization of the process responses.

An adaptive control System was  made by Shpitalni ct a [73] to control

overcut in the process. They described overcut as a function of the dominant

parameters, the voltage and feed rate. The results obtained with and without the

control system were compared by them.

Thompson [6], on the basis of empirical models, presented an approach to

predict the operating parameters involving the gram cquivalent weight of the alloy to

be estimated in an electrochemical grinding process.

Agasaryan et al [100] studied the workpiece material removal, wheel wear,

grinding force components and surface roughness, They found that the productivity in

electrochemical grinding was more than that of conventional abrasjve grinding.

Surface grinding with electrochemical technique proved that the toughness,
stringiness, and hardness of the materia] in no way affected stock removal rate. This

fact suggested that ECG might be an economical and accurate means of thread

grinding of super alloys such as waspaloy, stellite, hastelloy, inconel etc. [104].

2.2.5 Influence of Process Parameters

In electrochemical grinding, the electrochemical gap has been shown as a

critical parameter which is influenced by four main factors: the principle of operation,

the grinding wheel condition, the geometrical accuracy of the machine tool, and the

vibration level [29]. A short fundamental analysis and related experimental work

were conducted to establish the contributing role of the factors for process control.

The process variables for peripheral ECG with a formed wheel were discussed

and some experimental results were presented by Geddam et al [46]. They

Nimonic 105 as work m

used

aterial using sodium nitrite aqueous electrolyte solution. They
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concluded that it was possible to vary the operating parameters, viz. applied voltage,
feed rate and set depth of cut, over a wide range in order to meet the various

requirements used as stock removal and form accuracy. The most desirable operating

conditions for rough forming in single pass plunge grinding was also investigated.

Pearlstein [60] experimentally showed that sparking potential was found
dependent largely upon the area of contact and applied pressure. The arc and the arca

of contact, and material removal were investigated,

The effects of various variables on surface finish, spindle load, and overcut

were studied for machining 304 stainless steel work materials [44].

The significance of operating variables such as abrasive grain material, grit
concentration, grit feed rate, and electrolyte flow rate were analyzed [50]. It was
reported that spindle load and wheel wear were found to increase as the feed rate was
increased but material removal rate was found to be decreased. Higher feed rates
caused abrasive grits to penetrate deeper into the metal, and the working gap

between the wheel and the workpiece became smaller [20].

The effect of process variables on grinding ratio was briefly discussed and
mentioned that it was very sensitive to table speed and cutting fluid for the wheel

speed of 30.5 m/sec [61].

A study of the independent and dependent variables experienced in the
application of metal filled resin bonded aluminum oxide wheels was developed into a
mathematical description of the process and compared that with actual test results. A

method for predicting operating parameters in electrochemical grinding was also

presented [6].

Investigation of an external cylindrical ECG process with the face of a cup
wheel was performed by utilizing the synthetic superhard materials such as diamond
and hard face wheels [55]. The specific consumption of diamond, and surface finish

were studied by considering the process variables: clectrolyte flow rate, voltage,
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wheel velocity, transverse feed rate, and different types of clectrolyte compositions.
Their investigations were carried out using a retrofitted universal machine for
cylindrical grinding. From their tests and observations it was concluded that in

grinding hard alloys by diamond wheels, the voltage should not exceed 4V,

Performance of electrochemical grinding process was found to affect by the
passivation in the electrolytic cell during anodic dissolution. Banerjee et al [47]
experimentally investigated that after a certain voltage, the rate of increase in current
density decreased indicating the onset of passivation. Comparison between pulsed
and conventional ECG was made and concluded that pulsed ECG appearced to be

more cfficient than conventional ECG.

2.3 Electrochemical Grinding Wheels

Though most of the materials in ECG is removed by electrochemical action,

some are ground away in the conventional manner as the protruding abrasive grains

move across the surface of the workpiece. The abrasive grains serve three major

purposes:

i) To wipe the oxide layer from the workpiece exposing ncw metal and

allowing the process to continue,

ii) To act as a spacer to keep the conductive media in the wheel from making

direct contact with the workpiece and generating a short circuit, and

11) To act as a carrier in bringing electrolyte to the work area between the

workpicce and the wheel, making the process continuous [13].
Phillips [43] concluded that the wheel life in ECG was 8-10 times larger than

that of in conventional grinding. Less time was spent on whecl truing and dressing

operations, and important savings could be made if diamond t0ols were used.
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The wheels used in electrochemical grinding mainly for cemented carbides
and conventional abrasive wheels were metal bonded. Among the di. ..ond wheels,
the most suitable wheel was the cast metal M5 bond, with an ASV (8 10 12) grain
size with 100 to 150% concentrations. Tsofin [81] mentioned that diamond abrasive

of the ASP type reduced the stability of the process.

Two types of wheels were commonly used in ECG process. They were metal
bonded diamond wheels for grinding tungsten carbides, and metal filled resin bonded
aluminum oxide wheels for grinding ductile metals. Thompson [6] reported that metal
bonded aluminum oxide wheels were found unsuccessful as the metal bond would not
wear away when aluminum oxide abrasive eventually became too dull to grind away
the metal oxide filled on the workpiece. Metal filled resin bended diamond wheel
would grind tungsten carbide at about 50% higher stock removal rates than metal

bonded diamond wheels but the wheel life would be decreased.

The wheel bond was found to wear simultaneously with the grit, thereby
uncovering new sharp edges so that the clectrolyte process was not interrupted when

the gap between the wheel and the workpiece was maintained [4].

The diamond grinding wheels used for conventional grinding were also used
for electrochemical grinding. Here, in addition to the base metal, the bonds contain
non-metallic constituents those were added to improve the cutting propertics of the

wheel. The intersection of the bond and the clectrolyte, and the possibility of an oxide

film formation on the wheel were to be taken into account in selecting the wheel bond

for ECG [45].

A new type of ECG wheel made of electroless plating of nickel was developed
by Kita et al [49]. The influence of the characteristics of nickel coated wheel on ECG
phenomena was investigated. An experimental analysis to get the best condition of
making that new type of wheel was described. [t was reported that the wheel had the

same capability of metal removal by itself
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[t 1s provided in Benedict [51] that the geometrical arc length of an

electrochemical grinding wheel is smaller than that of a conventional grinding wheel.

IThan [50], of course, introduced a new design of electrochemical grinding

wheel which could provide constant current, hence preventing overcuts.

Sorkhel et al [51] suggested that the wheel eccentricity should be less than

0.02 mm and the contact area should be as large as possible.

The performance of Al,O;, SiC and diamond wheel for machining of tungsten

carbide was compared with each other, and high MRR was observed in case of

diamond wheel [36].

ECG of tungsten-free hard alloys using SHM wheels was investigated by
Lavrinenko et al [54]. When using wheels based on Cu-Sn-Sb bonding materials
(MO20, MO20 -2), the edges of the machined surface suffered from chipping while,
in the case of Cu-Al-Zn based bonding materials (MO4, MO13E, and MVI), there
was no chipping. It was also established that with the increase of voltage the current
in deep, ECG of the alloy TN 50 with wheels based on MO20 -2 bonding material,
was found to increase, reaching its maximum within the 5-6 V range. The current
was found to decrease when voltage was above 5 to 6 volts, was caused due to

formation and growth of anode oxide films on the machined surface.

Stantsikopoulos and Noble [39] introduced an electrochemical wheel
conditioning method to remove mechanical debris, conductive bond ‘peaks’; and to
expose the diamond grits on the working surface of the wheel. They also claimed that

the method increased the wheel life and assured stable ECG, especially for grinding

WC.

The change in specific wheel wear for diamond wheels was studied by

Nankov et al [55] for different levels of voltage and depths of cut. An approximate

formula was also presented to determine this specific wheel wear by Balashov [4]].

The formula is



S =282 (P/K)™
Where,

P= pressure on the wheel surface

K= the diamond concentration in the wheel

The maximum wheel pressure or minimum gap width was shown to be limited
by the maximum current density values or the formation of arcing that occurred when
the gap became too small. Increase of wheel pressure, for constant level of current,

resulted in excessive wheel wear [56].

The ECG wheels contained abrasive particles in a current carrying bond.
Copper, brass, and nickel were the most commonly used materials for meta! bond

wheels [27].

¢ Both metal bonded and carbon bonded wheels were available with diamond
abrasives for carbide grinding and aluminum oxide for non-carbide materials softer
than Rc65. Brandi [9] reported that carbon bonded wheels were available with
silicon-carbide abrasive for work, on both hard and soft materials. The metal bonded

wheels were more difficult to dress than the carbon types and often require a

deplating operation after dressing.

Metal bonded wheels were susceptible to spark damage and constant wear out
in the form of disappearance of grit protrusion [7].

profiles of
The process of electrochemical grinding when used to machine,metal-bonded

diamond composite wheels was investigated by Maksoud [92]. The most common of
the metal-bonded types are those with mild steel and bronze bonds. Direct
nickel-plated diamond composite form tools were used to machine such kind of
wheels in case of ECG. The process was optimized based on the tolerances of the
machined form, on the surface topography of both the metal bond wheel segments
and the plated form tool. Operational parameters such as feed rate, electrolyte flow

and the current density were investigated, and evaluated the optimum operating

conditions.

37



Economics of using metallic-bond abrasive wheels for elcctrochemical

grinding of creep-resisting nicrome alloy were discussed. The effect of the

physiochemical characteristics of the electrolyte and the wheel bond in ECG were

explained by Antipov ct al 91

Coleman [19] reported that the most common wheel was a resin bond, copper
impregnated, aluminum oxide grit wheel. Other wheels found in service were metal
bond diamond, resin bond diamond, diamond-plated, and silver impregnated wheels.
Silver was found the most common bond material used in ECG wheels for grinding

carbide tooling. The metal has a threefold purpose:

1) It bonds the diamonds in a uniform matrix,
1) It acts as a current conductor, and

i) It brazes diamonds and nonconductive fillers to steel core (back plate).

The different types of wheels used for ECG process were studied by Kubota

[58]. He reported that mechanical cutting ability of ECG wheels led to the finer

surface finish of high accuracy. A nickel coated vitrified wheel was found to have the
property to remove hardened steel. It was reported that sodium sulfide in sodium

nitrate electrolyte would decrease the pollution problem of ECG.

2.4 Electrochemical Grinding Machine

In ECG, the grinding machine is more or less of conventional form but
employs an abrasive grinding wheel with a current carrying bond and is
provided with electrolyte instead of coolant. ECG power supplies upto 3000 amps

are available but power supplies greater than 1000 amps are seldom economical for

this process.

Voltage control upto 15 V is sufficient because spark occurs in most of the
opcrations when voltage is exceeded. ECG machines are available with either

vertical or horizontal spindle for external and internal cylindrical grinders. Five



different methods namely face grinding, surface grinding, internal grinding, form
grinding, and cylindrical grinding can be performed with different types of ECG
equipments [43]. Two methods are currently used to carry power through the spindle
through brushes and mercury coupling. Most ECG machines generally use metal wire
brushes to provide a sliding electrical connection but its ability to carry high current is
limited. The most_effective method to deliver high current is the mercury coupling, as
this type of coupling can carry more current [2,44]. Amperage adjusts automatically
with the change in contact area between the wheel and the workpiece to maintain
constant current density, thus constant metal removal rates arc provided. The feed rate
must be absolutely steady and slow, with a variation less than 1% in set speed.

Electrolytes are generally the mixtures of alkaline metal salts, and various

formulations are available from different manufacturers. The most commonly used
electrolytes for electrochemical grinding process are sodium chloride and sodium

nitrate at concentrations of 0.12 to 0.36 kg/litre [2]. The most efficient electrolyte for

ferrous, nickel and cobalt alloys is sodium chloride solution [11].

There is no non-corrosive clectrolyte available, but there are some that contain
corrosion inhibitors. The less corrosive electrolyte exhibits lower ionization rates and

metal removal rate would be slower with these non-corrosive electrolytes [9]. For

most conventional ECG applications, the electrolyte s passed through a nozzle

placed behind the wheel with respect to the feed direction.

Very small amount of inhibitor was required to make the electrolyte

anticorrosive (from 10~ to 10”' of normal solution) [41].

ECG machines operate in the following different ways according to the

method of maintaining the clearance between the workpiece and the working surface

of the wheel"

1) With constant pressure of the grinding wheel against the surface being

machined,

i) Wit'h small depth of cut,
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tii) When constant contact is maintained between the work surface and the

wheel, and

iv) With large depth of cut when all the allowance is removed in one pass

[45].

Phillips [10] pointed out the requirement of ECG machine. According to him
the feed rate must be absolutely steady with a speed regulation of less than 1%

variation in set speed. Slipstick conditions could not be tolerated.

Many types of ECG machines are now available including surface grinders,
vertical spfndieﬁyhndrical grinders, burr-free cut-off machine, and many special
machines including automatic part transfer types. They are also available with both

manual digital input (MDI) and with DNC and CNC[11].

The construction of grinding machine must be rigid enough to maintain
precision under the deflecting forces which can reach 150 psi(IMPa) between the

workpiece and the wheel. The spindle must be insulated and capable of conducting

the low voltage, high current d.c. power to the wheel [3].

Geddam and Noble [46] commented that peripheral grinding was of great
importance in production engineering, and their experimental investigations proved

the capability of electrochemical grinding in this field of machining.

The design and development of an ECG machine was carried out by Banerjee
et al [47]. The role of principal parameters involved in this process was studicd. They
used diamond grinding wheel and tungsten carbide, brass, copper, stainless steel, and
HSS as work materials. They reported that MRR could be raised by diamond wheel

by 8 to 10 times as compared to mechanical grinding, and process efficiency might be

raised up to 85 to 90%.
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2.4  Summary

Literature  survey pertaining to material removal mechanism  in

clectrochemical grinding process, surface integrity and surface finish, grinding wheel

and wheel wear, ECG machine and influences of different parameters have shown

that worse surface finish and dimensional control are the basic problems with the

process. Little attempt has been made theoretically but practical Investigations are

performed mostly. This study considers a large number of parameters by using

stainless steel and tungsten carbide. Theoretical analysis of electrochemical grinding

process has to be considered separately for electrochemical and mechanical actions.

For the analysis of MRR due to electrochemical action. the
al dissolution so that the

longitudinal feed

movement should be samc as that of radial rate of met

dissolution front would always be at a particular distance, It is also necessary to find
out the optimum conditions under which most of the objectives like MRR, surface
finish and integrity are achieved. Present research is for the development of the

technology to investigate the electrochemical grinding process.

The effects of parameters on process responses are utilized by a
comprehensive experimental study. ECG geometry and kinematics are also analyzed
and the mechanistic behaviour of the process is explained with different cutting
dynamics in the next chapter. An analysis for MRR in ECG process, and the

theoretical model developed for representing the feed force have also been included.
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CHAPTER 3
SOME ELECTROCHEMICAL ASPECTS OF ECG

3.1 Introduction

The electrochemical aspects of electrochemical grinding are very complicated

and sometimes become out of control. These aspects basically involve the

electrochemistry of the process. The important factors that affect the process are: the

electrolyte and its flow rate, temperature and concentration of clectrolyte, interaction
time, chemical properties of the anode (work material), and applied dc voltage. The
electrolyte solution, of course, should suit the anode material to be machined and
provide a continuous electrochemical action at high feed rates. The objective of this
chapter is to explain these electrochemical aspects so that the electrochemistry,

electrolysis phenomena, reactions, and anodic passivity etc. can easily be understood.

3.2 Electrochemistry
Electrochemistry is concerned with the study of mutual conversion of
chemical and electrical forms of energy, and also of the laws of regularities associated
“with the process. It deals with reactions proceeding at the expense of external
arc known as

electrical energy or serving as a source of this cnergy. Such reactions

clectrochemical reactions. Electrochemical grinding basically is the applied
) A4

1€ _
electrochemistry dealing with following fundamentals as,gencrally happen in cells.

[t implies that,

i) electrochemical reactions occur at the neutral electrolyte boundary layer, and

i) chemical reactions occur in the bulk of the clectrolyte solution.

and
This is also the basic electrochemistry of ECM, reveals that a sizeable

potential has to be supplied. In addition to that it is required to break and ionize the

electrolyte resulting in the flow of current through the electrode so as to provide the

decomposition potential.



3.3 Electrolytes

The solution containing mobile ions move under the influence of an electric
potential and thereby carries electric charge is called an electrolyte. The electrolyte

has three main functions:

1) it carries the current between the wheel and workpiece,
11) it removes the products of the reactions from cutting region, and

111)it removes the heat produced in operation.

Pure water is not a good conductor of electricity. When some substances make
the solution in water that does not conduct electricity are known as non-electrolytes.
Weak clectrolytes have a greater conductivity than that of water. The most common
electrolyte contains ionizable salts, acids or bases dissolved fn_ water. For example,
with the combination of iron-anode and sodium chloride salt solution, the electrolysis
will evolve the dissolution of iron from the anode, and the generation of hydrogen at

the cathode, no other reaction taking place at the electrode [65].

The electrolytes generally used for different metals in electrochemical

grinding process could be found in Table 3.1 [3].

3.4 Electrolytic Cell ‘

The basic requirements for a successful electrochemical cell are: the cell is
composed of two half cells each of which contains a solution, a metallic conductor so
that redox reaction can take place smoothly. The solutions of the two half cells are
connected in some way that allows ions to move between them. Three principal types

of electrochemical systems or cells can be distinguished as physical, concentration,

and electrochemical cells.
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Table 3.1 Parameters for ECG of Various Materials

Work Material Wheel Type Illcctrolyl{:—"
(Base Chemical) g/l. H,0
LTungstcn Carbide Diamond Potassium Nitrate [ 180-200 ]r
Titanium Carbide Diamond Potassium Nitrate 180-200
High Speed Steel Diamond Sodium Nitrate 120-180
Tungsten Diamond Potassium Hydroxide or 1 120-180
Sodium Hydroxide
. Low Carbon Steel Aluminum Oxide | Potassium Nitrate and |  60-120
Potassium Nitrite i|
High Carbon Steel | Aluminum Oxide } Sodium Nitrate f 120-180 |
Stainless Steel Aluminum Oxide I Sodium Nitrate | 180-200
' Silicon Iron Aluminum Oxide ‘ Sodium Chloride ' 120-180
Aluminum Alloys | Aluminum Oxide 1 Sodium Nitrate 1 120-140
Titanium Alloys Aluminum Oxide Sodium Nitrate 120-140
Nickel Alloys Aluminum Oxide Sodium Nitrate 120-140
Cobalt Alloys Aluminum Oxide Sodium Nitrate 60-80
Zirconium Alloys | Aluminum Oxide Sodium Nitrate l 120-180
Stellite Alloys Aluminum Oxide Sodium Nitrate | 210-240
Copper Alloys Aluminum Oxide Sodium Nitrate or 180-200
Potassium Nitrate II

The cell in which the electrodes differ only in their physical properties are

termed as physical cells, and when differs in the activity (concentration) of the
participants in the electrode reactions are called concentration cells. When the
electrodes differ both in chemical and physical propertics arc known as

electrochemical cells [88].

When an electric current is passed between the two electrodes immersed in a

conductive solution the chemical process is termed as electrolysis. The system
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consisting of two dissimilar electrodes in the electrolyte is termed as an electrolytic
cell or simply a cell where electric charges are exchanged at the electrodes. When an
electric current is supplied externally to the electrolyte, the reactions will occur at the
electrode surfaces, and in the clectrolyte solution. The electrolyte is the resistance of
the circuit if one neglects the resistivity of the cables between generator and
electrodes. Electrolytes are different for metallic conductors of electricity, in the
sense that the current is carried not by electrons but by atoms, or group of atoms,
which have either lost or gained electrons thus acquiring either positive or negative
charges such atoms are known as ions [65]. Cations, being positively charged ions,
are attracted by, and migrate to negatively charged electrode from which they gain
electrons and are consequently reduced. On the contrary, anions, being ncgatively
charged, and thereby, are attracted by and migrate to the positively charged electrode,
and thereby give up clectrons and consequently oxidized. The movement of jons has
been shown in the Fig. 3.1. The solution with charged particles moves under the
influence of electric potential and is continuous so long as un-reacted ions migrate to
each electrode and reacted ions move away from the electrode. Different clectrode
materials exhibit different electrode potentials, and the difference in electrode

potentials becomes the electromotive force (emf) of the cell which may assist or

oppose the current flow [105].

It is convenient to consider the total emf as the sum of the two "single

electrode potentials”. That means,

L

I-"uc[] =i} ox f I—: red

At equilibrium the potential for the overall reaction is zero [86]. Where,
Eo is the single clectrode potential of the electrode forming the negative pole
ofithc cell, and E.y 1s the single electrode potential of the electrode forming the
positive pole of the cell. If a particular substance is more casily oxidized than
hydrogen, its E,, is assigned a positive value and its E,y a negative value. When a

substance is not oxidized as casily as hydrogen then E,, will be negative and E,.

positive.
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Figure 3.1 Electrolytic Cell Showing the Movement of Ions

3.5 Oxidation and Reduction

When an atom looses one or more electron, it is said to be oxidized and is
characterized by an increase in the positive charge of an atom. When the atom gains
one or more electrons it is then reduced, characterized by an increase in the negative
of an atom. The degree to which an atom is oxidized is its state of oxidation,
reduction being considered as negative oxidation, and oxidation numbers are used to
describe the state of oxidation. The oxidation number of atoms in various compounds
are determined taking into account the oxidation numbers of hydrogen and oxygen in

as _
water, +1 and -2 respectively as a fundamental reference.
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Oxidation and reduction potential cxpresses the strength of an oxidizing and
reducing agent. Oxidation is always accompanied by an equivalent reduction. As all

the chemical systems are electrically neutral, there should be a simultaneous an

equivalent gain of clectrons by one atom or loss by another. An oxidizing agent is

being reduced in the process and causes the oxidation of the material On the other
hand, the reducing agent affects the process in reverse. Oxidation-reduction can take

place in different manners. In case of direct oxidation, reaction can take place simply

by placing the reactant together. During oxidation in aqueous media. the reactants are

dissolved in water to ionize them and initiate the electron migration. The reactors may

involve here in both the ions and molecules. In electrochemical reduction-oxidation

reactions, the individual oxidation and reduction reactions can be physically separated

(in electrochemical reaction) with the charge transfer occurring through an external

wire [106].

3.6 Electrolytic Conduction

The conductivity of electrolyte is the degree with which an electrolyte
conducts an electrolytic current and depends upon the number and type of ions

present, and how easily they move through the electrolyte. An ion may not carry the

same fraction of the current due to various mobilities of different ions. The ions that
move faster will carry larger fraction of the electricity [105]. This fraction of the total
electricity carried by an ion is termed as "transference or transport number”, The
current is carried by negative ions towards the anode, and by positive ions towards the
cathode. The ionic conduction in an electrolyte obeys Ohm's law. The conductance of
a solution between two electrodes is nothing but its equivalent conductance that
depends on the concentration of the solution. For example, more current carrying
electrolyte will be more dilute solution. But beyond a certain point, dilution of the
electrolyte does not make any notable change of equivalent conductance. For proper

electrolytic conduction, electrolytes should possess the following characteristics

[56,105]:
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1) high ¢lectrical conductivity,

i1) high electrochemical aggressiveness towards the material to be
machined,

i1i) ability to dissolve the reaction products,

1v) no detrimental physiological reactions,

v) chemical inactivity towards the machine components,

vi) ability to suppress over cut, and

vi) ability to permit accurate sizing and dimensional control of workpicce.

No single electrolyte provides all the properties for all metals. For example,
sodium chloride provides high stock removal efficiency, but it does not provide the
‘passivation protection of oxidizing electrolyte such as NaNO, or NaClQ;. The
difference between the two electrode potentials in the electrolytic cell becomes the
electromotive force of the cell. Of course, different electrode materials possess
different electrode potentials. When the electrodes are not polarised the emf is usually
Just larger than the difference in electrode potential [105]. There are some phenomena
that occur at the electrode surfaces to produce emf to oppose the vary cause of flow of
current. They are known as anode and cathode overvoltages, and include activation
polarization, concentration polarization, and ohmic overvoltage. Figure 3.2 shows the
potential profile in the machining gap. The decomposition potential is comprised of
reversible potential 'E' and overpotential 'n' at the electrode, as shown in Fig. 3.3. The
total overpotential is the summation of all these over potentials namely activation
overpotential m," duce to difference in the rate of metal jonization and jon discharge,

concentration overpotential 'm.' due to concentration polarisation, and the resistance

overpotential 'm," due to film layer deposited on the electrode.
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3.7 Electrochemical Reactions

| When no current flows, electrochemical reactions occurring at an electrode
are in equilibrium. However, to make the dissolution proceed one has to apply a
voltage in excess to the electrodes and activation polanization potentials. Electrolyte
reactions are influenced by the exchange of electric charges. They may be classified
according to their locations at which they occur: at the anode surface, at the cathode
surface, and in the bulk of electrolytes [42, 86]. The reactions will vary in accordance

with electrolytic condition whether it is acidic, neutral or basic.
If one performs electrolysis experiment taking steel specimen as anode and a

metal as cathode using sodium chloride solution as an electrolyte, and when high

current flows through the solution ions are formed and will proceed to produce the

following effects:

NaCl <> Na' + CI’ 3,
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H,0 <> H" + (OHY =33

The positive ions move towards the cathode and ncgative 1ons move towards

the anode to react. The possible reactions at the anode and cathode are analyzed.
Cathodic Reactions:
Na"+¢ =Na S
Na® + H,0 = Na (OH) + H* 3,5

By neutralizing charge on hydrogen ions, the free hydrogen is the main
reaction in acidic electrolytes. It is a chemical transformation involving a net electron

transfer, and it can be written in familiar style as:

2H'+2e'=H, T ..3.6

The hydrogen ions are discharged on the electrode and there is an evolution of
hydrogen gas. There is no deposition or tool but only gas is formed. In

electrochemical grinding, the metal ions are deposited in the electrolyte before

reaching the cathode as
Fe' + ¢ =Fe SR
Anodic Reactions:
The anodic reactions those occur during machining operations are in the

present example, the dissolution of iron. As the metal dissolves from the anode,

electrons are left behind at a rate depending on the valence of the metal as follows:

Fe <> Fe''+2e - .38



Reactions within the Electrolyte:

The outcome of the electrochemical reaction is that, the metal ions combine

with the hydroxyl ions to precipitate out as an iron hydroxide so that the net reaction

becomes

Fe "'+ 2(OH)—> Fe (OH), 4 ..3.10

If ferrous hydroxide reacts further with water and oxygen to form ferric

hydroxide
4Fe(OH), + 2H,0 + O, —> 4Fe(OH), L300

Although it is stressed that this reaction does not form any part of the
electrolysis i.e, this is independent of metal removal process. With this metal-
electrode combination, the electrolysis involves the dissolution of iron from the
anode, and the generation of hydrogen at the cathode, and no other reaction takes

place at the electrodes [65]. The reactions within the clectrolyte become
Fe'' + 2(OH) = Fe(OH), 4 eadinl 2
FeCl, + 2(OH) = Fe(OH), + 2CI sui a3

This shows that iron (Fe) goes into the solution and hence machined to

produce reaction products as iron-chloride and iron-hydroxide as precipitate.

For grinding tungsten carbide, as an experimental investigation the primary

reactions are [36];
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Co—Co™ + 2¢° ~3.14
WC + T4(OH) = (WO,)™? +(CO4)? +7H,0 + 10e” 3.15

The role of electrochemistry in electrochemical grinding process can be

presented as shown in Fig. 3.4.
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Figure 3.4 Effects of Electrochemistry in ECG Process
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3.8 Anodic Passivity

The effective technique of metal removal from a work surface requires the
evaluation of optimal machining parameters subject to the constraints of various
physio-chemical phenomena which take place during the machining operation. One of
such phenomena that affects the MRR of the process is the passivation of the work
surface. It is generally considered as a special condition of anode polarization that

“results in either a substantial reduction in (':'ulﬁéﬁlt"c:)flafi'iihétféase in vafénc_x_“of aiﬂbdfc
dissolution. Concentration polarization can produce such condition where there is an
insufficient velocity of electrolyte flow, especially at low feed rate [105]. This
inadequate flow of electrolyte also tends to produce passivity. The electrolyte
selection is a very important factor to control it. Passtvity cvolves out of a change in
the chemical and electrochemical behaviour of a metal due to the formation of a

protective film on the work surface. It may be classified as :

1) Mechanical passivity, and

i) Chemical passivity.

The mechanical passivity occurs due to the formation of a protective thick
visible layer from an excess of metal ions in the metal-electrode diffusion layer. As
soon as this layer is being saturated, metallic salt begins to precipitate onto the anode
surface. But this passive layer is usually porous due to the formation of the salt. As a
result, the clectrode continues to cause electrochemical reactions at a slow pace. The
protective layer gradually increases to a considerable thickness resulting in a short
circuit disrupting the machining process, and producing worse surface finish. On the
contrary, the chemical passivity occurs due to the formation of a very thin invisible
idyer of metallic oxide. These metallic oxides are insoluble in the electrolyte, The
oxygen evolution at the metal surface becomes impervious to the passage of metallic

ions which results a complete passivation of the anode surface.

Oxidizing condition tends to increase passivity while reducing condition

develops activity. In ECG process, passivity can occur at high electrolyte flow
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velocity. As acidity increases, the metal ions freed at the anode move further into the
electrolyte before forming the hydroxides, are removed by the turbulence flow of

electrolyte. Hence the rate of electrochemical reaction and the oxide film thickness

vary on the work surface [50].

In case of anodic passivity, the higher reaction rates decrease the total free
energy of the chemical system within a shorter time than is expected. The most
favourable theories for passivation in electrochemistry are adsorption theory and
oxide film theory. In adsorption theory, passivity is described as a phenomena of the
change in the kinetics of an electrochemical reaction because of the activated
adsorption of the oxygen of water. At this point, the different opinions regarding

movement of the metal atoms are:

i) explains the formation of chemical bonds which satisfies the surface

affinities without metal atom leaving their lattice site (Fig. 3.5a)

if) concentrates on the mono-molecular oxide layer at which metal atoms leave
arrangement

their regular position to form a new, altemating}\or' oxygen and metal together

with oxygen atom in the lattice (Fig. 3.5b)

A
A
N e/
S
T

Figure 3.5 Passivating Film Characterization
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On the other hand, the oxide theory describes the state of improved corrosion
resistance through the formaiionl of a protective film on the metal substrate. These
theories do not contradict with each other but supplement with regard to the initial
passivation condition. In an oxygen atmosphere, molecular oxygen 1s absorbed,
dissociated, and chemisorbed in the initial stage of the process. But for an aqueous
solution, water molecules of hydroxyl ions will be absorbed and chemisorbed. The
passive state may be prevented by reducing the potential to a value where an ion of
less positive charge, and soluble, results the surface to become active. And by
raising the potential to a value where an ion of more positive charge, soluble, resulted
from an anodic reaction, makes the surface active. Failure of passivity may occur if

the oxygen concentration drops or pH value varies from that in the clectrolyte solution

[109].

3.9 Oxide Dissolution Process

Oxide dissolution processes are specialized by the rate determining step that
may involve electronic charge transfer. The basic sub-divisions are oxidative,
reductive, and non-oxidative. The electrochemical dissolution process 1s either
oxidative or reductive depending upon experimental condition and the oxide. When

the charge transfer is not rate determining, the dissolution is chemical, and sub-
classified as oxidative and reductive. For covalent oxides, some form of charge

transfer is usually involved in dissolution, and thus dissolution can be classified as

electrochemical if the charge transfer is rate determining [90].

For a metal oxide (MO), chemical oxidative mechanism is

MO + 2H" - M*' + H,0 .3.16

I+

M o M =317

+ e (to electron sink)

Similarly, the chemical reductive mechanism may be written as
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MO +2H" - M* + H,0 w318
M** + 2¢” (from electron source) <> M ..3.19

Predominantly for ionic oxide, dissolution that involves ion transfer under the

influence of electrostatic field, is termed as chemical non-oxidative, the mechanism

of which is
MO +2H" - M** + H,0 ..3.20

Oxide dissolution may also be classified as hydrogen atom-oxide combination

mechanism and a solid-state mechanism. Hydrogen atom-oxide combination can be

stated as

H™ + e (from electron source) — H° 3.21
2H"+ MO - M + H,0 3.22
Solid-state mechanism may be represented as

MO +2H"+ 2¢" -+ M + H,0 ...3.23

The relative importance of the electronic state of the oxide can be an
important clue in differentiating between electrochemical or oxidative chemical

dissolution and non-oxidative chemical dissolution [90].
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3.10 Summary

The clectrochemical aspects governing the ECG process are very complicated
and sometimes it is found beyond control. This study has provided the information
regarding the insides of the process. The oxide film characteristics are generally
affected primarily by the composition of the workpiece material and electrolvte
solution, the flow of clectrolyte, and by machining parameters such as supplied
voltage, feed rate, abrasive grains. The oxide film initially termed as insoluble metal
hydroxide, which transforms into soluble metal oxide (Fe.Os).  The fundamental
knowledge gained from these studies gives better concept of the process so that

efficient operations can be achieved castlv.
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CHAPTER 4
THEORETICAL ANALYSIS

4.1 Introduction

Material is removed in grinding process mainly by chip formation, whereas in
ECG, the material is removed mainly by electrochemical action. The grinding scheme
geometry for straight surface grinding is illustrated in Fig. 4.1, where the depth of cut

corresponds to the machine down feed.

,
d
i

Workpiece ]

Figure 4.1 Scheme for Straight Surface Grinding

[n electrochemical process, the grinding wheel acts as cathode electrode

consisting of abrasive particles bonded with an electrically conductive metal. Since
the abrasive particles of electrochemical grinding wheel protrude beyond the
conductive bond surface they established a small gap between the wheel and the

workpiece (Fig. 4.2).  These particles not only act as insulators to maintain

individual electrolytic cells between wheel bond and the workpiece but also removes

some material as chips during machining action, and wipes away the oxide layers.
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Figure 4.2 Electrochemical Grinding Scheme

The wheel is to produce an electrolyte pressure in the machining zone resulting the
required amount of flow of electrolyte between the wheel and the workpiece for
grinding operation.. This flow of electrolyte entirely depends on the speed of the
wheel. For very slow speed the electrolyte cannot be carried to the zone even also at
very high speed. At a very high speed, the wheel will throw the electrolyte off the

wheel before coming in contact with the gap between the wheel and workpicce,

The electrolyte will cause the desired reactions to occur for machining and

will take away the heat and reaction products from machining zone. Prime

requirement of an abrasive is that it should be harder than the material, it is to abrade.
This hardness is generally defined in terms of its static indentation hardness. The

other important properties of abrasives are its dynamic strength and toughness which



are inversely proportional to friability and attrition resistance, the degree of solubility

of the abrasive when in contact with the material being machined [44].
4.2 Grinding Geometry and Kinematics

Materials subject to electrochemical grinding are removed by both mechanical
and electrolytic actions. This removal having a low work feed rate and large depth of
cut is mainly performed by an electrolytic action. About 90% of the total removal is
removed due to electrochemical action and only about 10% is by mechanical grinding .
[89]. With increasing work feed-rate, workpiece materials are mainly removed by

mechanical cutting action of abrasive grains.

L

As in Fig. 4.1, for any straight surface grinding, a wheel rotating with a
peripheral velocity ' V, ' takes a wheel depth of cut, ‘d” from the workpiece as it

moves at velocity 'V, " The grinding wheel penetrates into the workpiece resulting in

apparent area of contact, where grinding due to mechanical action occurs,

Considering, motions as well as deformations of the wheel and the workpicce
neglected, the contact arc length °l > for any type of grinding can generally be

expressed as (considering 0 to be small):

l,= ArcAB = %—9 A4l

Where,
2d
cosfd =(1-— .42
s =( D)

Since 2d << D, the small-angle approximation would apply

The metal removed in a single cut is represented by area ABCEA. But since

AB/BC is cqual to v/Vy. We may neglect AB and take the area ' BCF ' as the metal
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removed. Then the length of the undeformed chip is equal to the arc length BC or to a
very good approximation to the chord length BC, since angle 0 is very small. The

equation of the contact arc length becomes as in Fig. 4.3

: l E
h <« T —
Lo S
'__‘..-/
F /
A
Figure 4.3 Grinding Geometry
Thus
I, =BC=4CF? +d?)
.43
Where,
~d = D/2 (1-cosB) : o R |
and /I = gsinﬁ ..4.4b
From Eqns. (4.3) and (4 .4), it becomes (refer Ad.1)
lo=(Dd)" .45
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The curvature of the chip may be negligible and the cross section of the
undeformed chip will appear as in Fig.4.3b, which may be considered as a long thin

triangle.

The maximum chip thickness is

i :cg(ﬂ]
D/2

The value of CF can be found out from Eqgns. (4.3) and (4.4) as

Since d/D << 1, (d/D)* may be neglected.

But CE=v/N,N,

Where, N,, 1s the spindle speed in rpm and v is the table speed in min/sec, N,

is the number of teeth (abrasives).

Then,

1/2
.. [3] 47
N, N, \D

W

[t is assumed that chip of constant width exists throughout its length, s and

taper scction yields the average depth of cut.

Thus, for surface grinding, the value of 'h' can be expressed as  [83]
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= 1
2
hm i B av [E L. 4.8
xDN. Cr. VD

Where,
C = no. of grains (no. of cutting points) |

b . ;
r = Yok width to depth ratio of an average cut, and

b = width of each cut.

But the chip width is proportional to chip thickness, then 'h' (refer A4.2)

becomes

1

ateld]

In general, the grain depth of cut is an order of magnitude less than the wheel

depth of cut in surface grinding [83].

In Iig. 4.4, the length of the cutting path FB'A’ for straight grinding can be
obtained from the equation of the cutting path motion. The length F'B' in each case

can be taken as half the feed per cutting point. The total cutting path length 'l is also
provided in [89] as

1} s
o= [ dl, o 410
Where,
5 2 i)
, ANE
dl, = 1“_] +(--~—"} do’
do’ do’
V) De'
x =14 [
\ V. ) 2
~Ar2
and y = Ly -
4
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Figure 4.4 U

ndeformed Chip Geometry for Straight Surface G rinding

Substituting the values of x and y and integrating leads to the results

411

k]

Here, + ve sign indicates up-grinding, and

- ve sign indicates down-grinding.

Since 6 is small angle the second term is very negligible compared to the first

- IJH . 1 1 A 1
e and onniied. The quaniiy contespunding v iie arc fengih AB can be

approximated by its chord length.



Therefore,

i ) 172 S
o= 1+ (4. 55 412
: ( V.\J(dD) +5 4.1

It can also be written as

The cutting path length "I, ' is shown in Eqn. (4.12) may be considered as a

kinematic correction to the static contact length 'I." in which case 'I,' is called the

kinematic contact length.

For straight grinding the maximum undeformed chip thickness ‘he’

corresponds to the length AC as

2 2
hm=25(%) —‘55 4.13

when d/D <<

The maximum possible value of h,, is equal to the sct depth of cut in

surface grinding as shown in Fig 4.5

According to Thompson [6], total contact area can also be calculated as:
A=A, + A, . 4.14

Where,
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Ihm:d

Figure 4.5 Undeformed Chip Shape for Maximum Possible Value of Chip

Thickness

Total side contact area is

(Dr2¢ 4. 2d) (D 3
A, =2¢2n—"cos | 1-==|-| =Z_¢g Dd-
S { Tt %50 oS = > \/i d-d )

The angle between the infeed direction and the normal to workpiece surface

corresponding to the initial contact point is [6,21]
0=cos™ | ,’(i-QJ e 18
V\ D

The feed per abrasive cutting point for the idealized wheel where the cutting

points are equally spaced apart by a distance L is given by [89]

vV :
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Where,
It

Lo sqiime between two successive cuts, and /. = 5
v

[ €
S

That means, the feed per abrasive cutting point is equal to the product of the

workpiece velocity and the time between two successive cuts,
4.3 ECG Process Description

Electrochemical grinding process employs the principle of anodic dissolution.
The experimental set up used is very similar to a conventional type grinding machine.
The main difference is that the grinding wheel and spindle are insulated clectricaily
from the rest of the machine. When this process is carricd out in presence of an
electrolyte, DC power supply and electrically conductive abrasive grinding wheel,
then it is called ECG process. It is an important type of electrochemical machining in
which the material removal phenomenon consists of two different processes namely
electrochemical action and mechanical action. The oxide deposit coated on the
surface of the workpiece is removed by the rotation of the abrasive wheel. A spring
loaded carbon brass is connected with a copper disk fitted to the other end of the
grinding wheel spindle to make negative connection of the DC supply. The positive
side of the DC source is connected to the job holding vice. The process is governed by

Some process parameters as explained hereafter.
4.4 Process Parameters Governing MRR
The process parameters that affect the mechanical metal removal mechanism
are:
i) type of bond and abrasive, grain size and concentration. and profile

of the grinding wheel,

i) structure, pre-treatments and shape of work material. and
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1) different machining conditions such as feed rate, wheel speed,

and depth of cut etc.

The aim of adopting the electrochemical grinding process is to get higher
material removal rate and grinding ratio coupled with better dimensional control and
surface integrity. To achieve those goals,identification of the significant parameters

that affect the process are necessary. The following parameters are found to influence

the MRR very significantly:

1) the voltage input across the two electrodes,

i) the equivalence of atomic weight and valency of elements of work
material,

i)  the conductivity and strength of the electrolyte,

tv)  the width of the machining gap,

v)  the degree of polarization or passivation,

vi)  the presence of gas in the machining gap, and

vii) the process durability.

The increase in input voltage increases the current, thereby causes higher
electrolytic action and consequently increases MRR. However, too much increase in
the voltage will cause rise to gas pressure which throws the electrolyte out of the
machining gap, decreases the overall conductivity and thereby current density. At
some point, severe electric sparking may occur damaging the wheel and workpiece
and possibly cracks the workpiece, impairs dimensional accuracy and surface finish.
Fine red sparks at exit side of the wheel indicates optimum voltage setting, bright blue
audible sparks at inlet end of the wheel indicates too high voltage setting. The effect

of decreasing volts is to reduce the electrolyte action thus reducing the overall metal

removal rate.

Increased pressure will cause increase in electrolytic action. With the
increase in feed force the abrasive grits penetrate more into the workpiece. More
penetration of the grits into the work surface means the material removal is by

abrasive action thus increases MRR. But excessive feed force will result intensive
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mechanical rubbing, shortens the process efficiency. Slow feed rate results in large

overcut and poor surface finish. Fast feed rate results in shortening of wheel life.

The composition of work material decides the molecular weight. Different
constituents have different valencies, and one element may have more than one
valence. Hence the composition of anode material is very important to determine
MRR.  Increase in pressure increases mechanical scuffing. Initially higher over all
material removal rate occurs, but further increase in pressure leads to a quite a
number of disadvantageous effects, culminating in short circuiting and a rapid drop in

removal rate.

Specific conductivity of electrolyte depends on the type of clectrolyte, its
concentration and the presence of the additives. The viscosity determines the energy
required to flow through the machining gap. The width of the machining gap depends
upon the grit size and its projection from bond surface. It also depends on the feed
ratc and depth of cut in case of constant feed grinding and on the feed force in
constant feed force grinding, and electrolyte flow rate. The proper design of nozzle is

important to assure the continuous flow of electrolyte through the gap.

The passivation created by the high pressure gas bubbles due to high current
densities can be controlled by the surface speed and electrolyte flow rate. Excessive
surface speed may over throw the electrolyte due to centrifugal action, and excessive

flow rate may cause stray machining.

The wheel properties also play an important role in electrochemical grinding,.
Since the abrasives maintain the machining gap and remove passive layer, the size-
shape-concentration of abrasives must be considered. The bond material influences

the conductivity, binding strength, wheel wear, and the principle of wheel dressing.

The relationship among different process parameters has been illustrated in

the following Fig. 4.6.
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4.5 Feed Force Analysis

4.5.1 Introduction

Different types of forces are involved in different stages of grinding,
Ploughing deformation occurs as the abrasive initially cuts into the workpicce, as
illustrated in Fig. 4.7. As the cutting point passes through the grinding zone, its depth
of cut increases from zero to maximum value h,,' at the end of the cut. On the
average, chip formation commences only when the cutting point has penetrated to
some critical depth of cut.  Even after chip formation begins, ploughing may still
persist with some of the form of cutting path being pushed aside into ridges rather
than removed as chip. The effect of material removal rate on ploughing contribution
has been shown in Fig. 4.8. In up-grinding as in Fig. 4.9, there will be rubbing and
plastic flow to the side without removal (ploughing) until the undeformed chip
thickness reaches a critical value sufficient for penetration. Rubbing occurs from A
to B; then chip formation occurs from B to C. As the workpiece advances towards
the grinding wheel, in first stage, a force comes into existence between the grinding
wheel abrasive grain and the workpiece till the workpiece feed movement is equal to
the radius of the tip. Then chip formation starts which is associated with three types
of forces namely ploughing, cutting and rubbing forces. Normal and tangential
component of all the forces are found out. All the horizontal components are

combined to get the total feed force. The following assumptions are taken for the

calculation of feed force”

a) Each abrasive grain is considered as a single point cutting tool,

b) | The grains are arranged along the width of the wheel in parallel rows
and those are on the circumference of the grinding whee!l with definite
circumferential pitch,

Shiding of abrasive grain takes place in the time interval in which, the

workpicce movement is equal to the radius of the tip of the abrasive

grain.

d)  Constant pressure exists between interacting surfaces during shiding.
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Vg/ GRINDING
WHEEL

WORK PIECE

TROCHOIDAL

I
[———— ForRM chip PLOUGH

Figure 4.7 Hlustration of Ploughing Followed by Transition to Chip

Formation
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| |

(a)  SLIDING, PLOUGHING AND CHIP FORMING REGIONS

TROCHOIDAL PATH
FOR V=V)

TROCHOIDAL PATH

FOR Va2V,
PLOUGH
(b) EFFECT OF INCREASING Vv
WORKPIECE VELOCITY —
v =Y o W =

(c) EFFECT OF INCREASING DEPTH OF CUT

Figure 4.8 Effect of Metal Removal Rate on the Ploughing Contribution
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Figure 4.9 Schematic Diagram of Surface Operation Showing Individual

Undeformed Chip in Insert

For the analysis of the feed force, a single grain on the surface of the grinding

wheel is considered. The following forces are discussed individually.

1) Slhiding force,
i) Ploughing force,
i) Cutting force,

v) Rubbing force, and

V) Force due to viscous effect of electrolyte.

4.5.2 Feed Force due to Sliding

)

In Fig.4.10 the point A, represents the initial point of contact of grinding

wheel abrasive grain with the workpiece. In the first phase, sliding will take place
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between abrasive grain and workpiece till workpiece feed movement is equal to

the radius of the tip. During the time of sliding the wheel rotates through an angle, t.

Figure 4.10 Geometry of Sliding Action

The point A, represents the end point of sliding action. Since the worktable

feed velocity is V,, mm/s, so for a travel of r um, the worktable will take a time

rx1073
equals to

sec. And the angle described by the abrasive grain is equal to

-3
po| IX107  2aN, 417
vV, 60

Within this angle the sliding force acts on each abrasive grain. The projected

area of action for sliding force is given by :

A=rr(r><10'3 ..4.18
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To know the normal and tangential component of sliding force at any point
within the angle 1, the angle can be magnified for simplicity as shown in Fig. 4.11.
The angle 0 is considered to vary from 0 to t radian and the normal shiding force for a

single grain is then PA, P being the pressure intensity.

-
Grinding

wheel \

Workpicce

Figure 4.11 Enlarged View of Sliding Anlge

If “m’ number of grains are present along the width of the wheel, the total

normal sliding force (F,) , is as follows
(Fs)n = mPA ...4.19
Hence, the tangential component will be

(F) = umPA L. 420

The component (F,) , along horizontal direction is (F,) 2 SINO and that of (F,),

along the same direction is (F,) ,cosO

Hence, the total horizontal force is given by |
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o j (mPA sin 0 + umPA cos0)do
0

(FS )TH =mPA[1-cost+pusint] .. 421

4.5.3 Feed Force due to Ploughing

The chip formation consists of three observed stages viz, ploughing, cutting
and rubbing as in Fig.4.7. Considering a single grain along a single row, in the first
stage, the only deformation of the workpiece is elastic and that occurs as the cutting
edge first comes in contact with workpiece surface. As the cutting edges form the

surfaces, the deformation continues, thereby the normal and tangential forces increase

steadily.

During this phase of grinding, the temperature of the workpiece increases until
a critical point is reached. When the normal stress exceeds the yield stress of metal
the cutting edge penetrates into the plastic matrix. The plastically deformed metal is
displaced sideways and ahead of the grit thus resulting a surface of up-heaval (a
violent disturbance) i.e. a ploughing effect. The force experienced for this is the

ploughing force. The total horizontal component due to all rows present in the angle

(o - ) region can be analyzed as follows:

It is considered that ‘n’ number of rows present within an angle of (« - 1) rad.

For a circumferential pitch *S’ mm, the angle subtended by a single row is equal to

S/t rad.

So within the angle (a - 1) rad, the number of rows present are:

. [((;;:)J” 4.2

]
0]
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The normal and tangential component of ploughing force due to first row are

found as follows:

Normal force for a width, dw
F,=a;.dA
Where,

dA = clementary arca of the grit

IV

So, Normal force =ct,| <Y dw ..4.23

g

The resultant normal ploughing force for all active grits in contact area along

with one row is

w V
_ E V _ w y
[Fp)n [11 - IC—V dW~(11iLW——V 1.24
g g

Similarly, tangential ploughing force is

N Y, +os
}'p =Xy z CV— W = 0ol v, e A
d t 0 g g )

The horizontal component of both the forces due to first row ie. the

contribution of both the forces for feed force is

V
. W
a,wl M sinr +a,wl ——cost
[ I/ C V'f;'
&

Similarly, for the second row,
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vw S vw S
! —-——sin(r+—}+a wl —-—cos(r+“—)
e Vu r A7 Vg r

=

and so on.

Hence, total contribution due to ploughing effect is given by

r

b e sinfeoS)esines 28} ssinfes )
_ w . : S 1 o S - S
(Fp).r” = wlcv—g 1 pINT+sini{t+2/)+sin r+2? +.....+sin r-i-nr

+ {:osr+ 005(1:+%)+ cos(r+2—§~)+ ..... +cns(r + n%)ﬂ

4.5.4  Feed Force due to Cutting

If the deformed surface ahead of the cutting grit edge comes in contact with
the cutting edge profile, a transition from ploughing to chip formation occurs. During
the ~ chip formation, the cutting component is expected to vary due to the change of
the number of geometry of the cutting grits will directly affect the cutting coefficient.
The normal component of the cutting force imposed by a single grit can be

determined as a function of undeformed chip cross sectional area which can be

expressed as

(Fv)nz III'\'IC)T 427

For a single row of grit, the normal component of the cutting force,

(F‘,) n- W kf ZQ;
Where,

2Qi = total value of all simultaneous chip cross sectional area per unit width of

grinding,
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V
(F )l = ur_\\-'_kl- _.\}\.\i s 409

Hence, net horizontal component of cutting force is

(f;-) = W]\'..Vls-' sint+ wwk. —Y¢ cost + wk _V\_\q sin(*+§)
¢TH~ "7iv, AR R B b

¥

1=
i}

which implies

(Flr =wk EEs’ [éinvrsin( +§)+ +5i (+ é)}
chry = WKV sh e - sinft+n =
g
S

+ M, {:os T+ COS(‘E + ?)+ ....... + cos(t +n S)H
r

4.5.5 Feed Force due to Rubbing
The normal and tangential force components resulting from rubbing action at
the actual area of contact between active grit and the workpicece arc derived. The

normal component, (F,), is ak; ,where a, represents the average percentage tip area

per active grit, and k; represents average contact pressure.
For ‘m’ number of grits, the normal rubbing force is
(rl) no M. a kl.
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The tangential rubbing force component can similarly be found as

(F)=im 4, k; 432
Therefore, the total horizontal force due to rubbing force is
(F ) = m.ak, sint + Am.ak, cost+m.ak, sin(t + ?)
+Am.ak, cos(t +§)+ ............ +m.ak; sin(r 4 n‘ri)

+m.ak, cos(t +nS)

r

On simplification,

.

n=n S n=n S
(F )ryy =m.ajk;, X Sll‘l[t +n—)+l > cos[t +n—] ... 4.33
T TI_I . r r
n=0 n=0

4.5.6 Force due to Viscous Effect of Electrolyte:

The viscous drag could essentially be due to the movement of the wheel
within a fluid medium, in this instance, a salt solution. Considering the two
dimensional steady and laminar flow of incompressible viscous fluid through the
space between grinding wheel and the workpiece, the Navier-Stokes equation for the

x direction becomes [6]

Integrating

1 dp 2
U e i gy
21, dx

The boundary conditions are

at y=o0, u=o

at v— h, u=Uu
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Then,

c; =0, and
o U_1dp,
by 2uy dx

Where,

h, = electrolyte film thickness

1 )
Hence, u = —-~@y*+ EL.J___‘I_@}H y
21y dx hy 2y, dx

Which implies

...4.36

Where,

w is the width of workpiece and Q is the flow rate of electrolyte.

3
O=w|_-_1 dh” Uh, 437
20, dx 6 = 2

For the case where p is maximum, dp/dx = 0

L ...4.38
2

Therefore, Q = w

Where, I = film thickness at the point of maximum pressure

On simplification, it becomes
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[f dF is the horizontal force acting on the area dA of the workpiece surface,

Then, dF =6 p, U(h‘ a H]dx w dx
b

Integrating

_ -
P _ Fo=6 Ul 2w ‘3 HJ .. 4.40
i h;

4.5.7 Feed Force Equation :

The feed force equation for electrochemical grinding process has been
determined by summing up all the horizontal components of the individual force
components namely sliding, ploughing, cutting and rubbing forces, and the force

produced due to viscous electrolyte. This equation can be represented as
- ] Ff: (FS)TH +(FP)TH + (Fc}TH + (Fr)TH * Fe:

- Vv Vv
~mpA(l-costtp,sint)+ (w | V—“'m tw. k. —s,+ ma k)

g B

S A\ A%
(3 sin(e+ 220 Hoa w22+ whio o™ S+ mark, )
o g g

$ > h,-H
(2 cos(r+fi)}+6ullc-Uw[L—3]
n=q r 1

. 4.41

The value of's,' may be assumed to be 10% of the s, value. Because the MRR

value due to mechanical action in ECG ia about 10% [2].
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Since the process is in micro level, all the possible aspects of the machining

process are taken into account in this cquation. As a result, the equation expressed

becomes larger and that could be made simpler form if the negligible force

components are omitted.
4.6 An Analysis for MRR

4.6.1 Introduction

Material removal rate for electrochemical grinding process is required to be

analysed. The amount of material removed is duc to a combined effect of

clectrochemical and mechanical actions. It has already been discussed, the

electrolyte when passes through the working zone, the conductive workpiece is
dissolved by anodic action and the resulting oxidised layer on the surface is
removed by the abrasives held by rotating conductive wheel. As long as the oxide
film is removed continously, the electrochemical grinding process is at a constant
rate. The MRR in ECG is determined by current density that involves the removal

of material from workpiece and the anodic dissolution is fairly in accordance with

Faraday's laws of electrolysis. The two laws are:

a) The first which states the process condition. that the amount of

chemical changes 'W ' produced (i.e. dissolved or deposited) s

proportional to the amount of charge 'Q' passed through the electrolyte,

e Woe Q.

The second law proposes the condition stating the dependency on
material property, that amount of change produced is proportional to its

clectrochemical equivalent, ECIE of the material, 1¢. W o [5CI:
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The total cutting phenomenon is very complicated as the process is

accompanied by clectrolytic action. An analysis for MRR due to electrochemical

action and that of mechanical action is intended to be carried out.
4.6.2 Material Removal Rate due to Electrochemical Action

Material removal rate has been calculated on the assumption that the rotating
grinding wheel is provided with both rotational speed as well as linear feed. The
other assumptions are : conductivity of electrolyte remain constant, and the potential
remains unchanged over the entire surface area and throughout the machining
periods, at both the electrodes. For any small interval of time ‘At’, lincar amount of

dissolution or rather depth of penetration in a direction perpendicular to the surface fs

(Fig. 4.12)

BG equals to R.At and is perpendicular to the wheel surface. Since the anodic

dissolution takes place between wheel and workpiece, the perpendicular distance

between them is considered.

For, At = 1 unit time, BG =R

Figure 4.12 Electrochemical Action on the Grinding Wheel
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From Faraday’s laws of clectrolysis it can be stated that the amount of
material dissolved from anode is proportional to the current, passage time t, and

clectrochemical cquivalent of anode material, which can be written as

W o Elt

or W= 42

since V=L.A ... 443

The linear rate of dissolution (L/t) on active area through which current flows

1s R and that may be written in the form

R:

o=

,i ... 4.44

Where, k= %%

This equation yields the rate of metal dissolution in a direction perpendicular
to workpicce surface. But during this interval of time, the wheel also moves linearly

with respect to workpiece through a distance s. At so that

BH =s. At
Where,

s = linear feed rate of the grinding wheel, mm/s

Geomerically it is found

BG__BH__RAt=R,asAt=1and BH=BC
SN ing0®
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ssina=R 445
S
Again, sin a can be expressed as
I A—
; y-"az‘(a_d}z
sina = —_—
a
.
which implies, sina :[?—dr .. 4.46
a

(neglecting d°, as d* << 2.ad)

The relationship among wheel radius and depth of cut with wheel feed rate

and also with the rate of linear dissolution is determined by combining Cgns. {4.45)

and (4.46) as follows -

172
st[z—d] .. 4.47
a

To analyze the volumetric removal rate for electrochemical action only, the
horizontal feed rate of the wheel is assumed to be equal to radial rate of anodic
dissolution. The total area ‘BCDEAB’ as shown in Fig. 4.12 has been calculated to
determine volumetric removal rate. The area can be splitted up into two parts, onc is
"ADCBA” and the other is *ADE’. The horizontal distance BC varics along the

depth. In general, the length of the hatched parallelogram is equal to R/sinf

Hence,

The arca "ADCBA" has been calculated by integrating from y = R to y = d, that means

V=dy =
Area ADCBA = At | R.\/éa—dy
y

vV =r

.. 4.48
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Where, dy =d+ R At=d+R

Similarly, length AD = R.z\tlj <
2y

172
J since R = AE

Considering contour ED as a contour of parabola, and the area EDF to be one

third of the rectangle ADFE, the area ADE becomes

B
Arca ADE= £ AtR o449
Alca # SL 12R At

Therefore, the total area for material removal rate due to electrochemical action is

_2[g2 [ & a)f [dy
A“3[R v 2R}+R(£J£ Vy

On simplification, it becomes

A gﬂ@{us[@ﬂ

Referring to Fig. 4.12 and assuming ‘b as the width of the grinding wheel, the
volume of metal removed per unit of time due to electrochemical action can now be

Y

- — L 4.51

3

R

a

written as
172 12
MRR;: =2.h,R2.( ] {[d‘) 2}
2R

4.6.3 Material Removal Rate duc to Mechanical Action
The grinding wheel has a rotational motion about its own axis as well as lincar

feed motion relative to workpicce. Any particle on the periphery of the wheel would

have tangential and linear velocities in feed direction. The simulated position of the
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wheel considering the mechanical material removal part only (of the total removal in

ECG) has been shown in Fig. 4.13.

(ma sinmt);
’ —— Peripheral velocity

% of wheel
Resultant
velocity

{ :r"_ L -
el T > Feed velocity
RLJ_//
(ma cosmt)i + vi

Figure 4.14 Vector representation

of Forces

Figure 4.13 Simulated Position of the Grinding Wheel in Mechanical

Action

A" is any point on the periphery of the grinding wheel with *O" as its centre. If

"0° be the angle through which the wheel turns and the cutting point A traces out the

locus, the components of the tangential velocity are wa cos ot and wa sin ot in X

and Y directions respectively. The angle swept in a small interval of time t is ‘wt’
which is equal to *0". The resultant velocity is nothing but the time rate of change of

displacement vector (R)

—
- dR rre WAL B : .
S50, = = ma(coswti +sin mL])+ vi

dt

Where, v is the feed velocity along +ve X direction




Integrating Eqn. (4.52) it becomes,

R = (asin ot + v)i - a cos ot ( with respect to centre of the wheel)

Again, R = (asinot + vt)i +

a—acosot)j (with respect to point E of the wheel)

So, the values of x, and Y1 (components of displacement) are

X1 =asinot+ vt

Y1 =a-acos ot

Since x; is a function of time its value increases from 0 to maximum. That s,

if ® rad/sec is the angular velocity of the wheel, then o radian covers in @

(0

5¢cC .
For small angle, sina= q
; : Ve o .
T'hen Xj(max)=asin o + — sina w55
®

Geometrically it can be written as

a—d

2d
a

cosa =

, Sina =

Since d*<< 2 ad, d° may be neglected.

Putting the value of sin «a is Eqn. (4.55)

Xq (4nax)=\/-2a—d(a+%J ... 4.56

The total cutting area *EHABGDE’ due to mechanical action is splitted into three

parts as

EHABGDE (A) = FBCE (A) - DGBCD (As) - FAHEF (A;) ... 4.57

The areas A, A,, and A, are calculated scparately as given in Appendix (A4.3) and

presented in the following:



EX-\-!"-‘—(—;{ ...4.58

Hence, the volume of metal removed .V = A.b = vi.d.b .t

Since 2d =sin o = sin ot = ot
a

_dv _
MRRM - vedb

.. 4.59

Where, v¢= linear feed rate during mechanical grinding.

4.6.4 Total Material Removal Rate

Since in ECG process, a combined effect is to be considered, the assigned feed

would be apportioned between the two mechanisms depending on the current level. It

may also be pointed out that when current '[' takes the maximum value depending on

stock removal i.c. when it is purely ECM, mechanical process is assumed to be

completely absent (feed on radial forces are absent). It also states that feed and radial

forces are maximum when current is zero, stating that the process is purely

mechanical.
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For a given feed 's', if both processes exist and let *y’ be the fraction of the
feed responsible to contribute to ECM, then (1-x) is the fraction that contributes for

mechanical abrasion |

The total material removed per unit of time due to combhined action of both
clectrochemical and  mechanical actions can be written by  summing up the

EqQns.(4.51) and (4.59) with appropriate apportionment as

5 . 1/2 d1 1/2 2 |
MRRTOIEH =2bR X(?E) (E] —3 +v db(1-y) 460

4.7 Difficulties with Theoretical Calculations

The theoretical model developed for the feed force is mostly based on the
different actions, such as sliding, ploughing , cutting, rubbing, and viscous effect of
electrolyte. Besides the above, the size, shape, and the arrangement of abrasive
grains in the wheel are also responsible for the contribution of feed force which
involves many unknown terms in the final expression. These unknown terms are to
be put carefully to obtain an acceptable value. This also bears some finite series and
the analysis is in the order of micron level. It is true that all the abrasive grains can
not be identical, that means there is a great possibility of deviation of theoretical
findings with the experimental results. Prior to the above limitations a rigorous study
i1s carried out to reach a final expression. In  the theoretical analysis, some factors
are left to be considered (specifically in electrochemical action for example, the
valency of the constituting elements in workpiece material are mostly not known
until the exact valencies displayed by elements during electrochemical dissolution),
the theoretical machining rates can only be considered as a rough guide. Material

removal rates for various metals are provided in Table 4.1[10].
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Table 4.1 Metal Removal Rates for Various Metals

Metal ] Valency Density Metal-removal Rate at
[000A
Ib/ in g/cm’ in'/min cm'/min
Aluminum 3 0.098 2.67 0.126 206
Bervllium 2 0.067 1.85 0.092 1.50
Chromium 2 2.260 7.19 0.137 2.25
3 0.092 1.51
6 0.046 0.75
Cobalt 2 0.322 8.85 0.125 2.05
Niobium 3 0.310 8.57 0.132 2.16
(Columbium) 4 0.103 1.69
) 0.082 .34
Copper I 0.268 439 |
2 0.134 2.20
Iron 2 0.135 2.21
_ 3 0.090 147
Magnesium 2 0324 = 896 0.265 434
Manganese 2 0284 78 |0.139 2.28
4 ! 0.070 115
7 0.040 0.66
Molybdenum 3 0.369 10.22 0.119 .85
4 0.090 1.47
6 ] 0.060 0.98
Nickel 2 0322 | 890 |0.129 11
3 0.083 1.36
Stlicon 4 0.084 2.33 0.114 1.87
Silver | 0.379 10.49 0.390 6.39
Tin 2 0.264 7.30 0.308 5.05
4 0.154 2.52
Titanium 3 0.163 451 0134 219
4 : 0.101 1.65
Tungsten 6 0.697 193 [ 0.060 0.98
8 0.045 0.74
Uranium 4 0.689 19.1 0117 .92
6 0.078 | 1.29
Vanadium 3 0.220 6.1 0.106 ' 1.74
5 0064 | 105
Zinc 2 |0.258 | 7.13 ]0.174 | 2,85
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[t 1s assumed that the gap between wheel and anode material is constant.
During the machining process different actions such as activation polarisation,
concentration polarisation, ohmic over voltage, passivity activity ete. will also be
present, for  which Faradaic cfficiency can not be calculated accurately. In ECG
operation, there is also a chance of sparking and/or short crreurting. would lead to

flow more current than the expected value.

The intergranular attack decreases the strength of a part, even though it affects
a very little percentage of material. When this attack occurs, the first process variable
to be considered is the electrolyte. In such a case, sodium nitrate or nitride alone or,
in certain cases mixed with chloride is to be used. Lower electrolyte temperature and
lower operating voltage can decrease this type of attack. (It has been reported by

many researchers [10, 77] that there is no such effect observed in :CG process).

The anode material may be attacked by certain solutions, fails by corroding at
individual spots, known as pit ' corrosion.  The presence of dents, rough spots,
foreign particles deposited on the metal surface can increase this formation of pits.
At the time of severe electrical arcing and sparking, the process suddenly changes
from electrochemical grinding to electrodischarge machining as well and results in

severe pitting [10].

4.8 Summary

In this study, the grinding geometry and kinematics are explained for straight
surface grinding . The process parameters which influence the material removal rate
very significantly are discussed. The theoretical models for determining material
removal rates due to both mechanical and electrochemical actions are developed.
Feed force analysis has been included in this study for general surface grinding
conditions. The amount of the mechanical and electrochemical actions are
determined by the process variables that affect the peripheral contact length, contact
area, and the cutting path. The mechanical contact length and cutting path is shorter

in case of ¢lectrochemical grinding process. But the total contact length and cutting
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path s larger than that of conventional grninding.  The penctration of abrasive grains
into the workpiece and feed per abrasive cutting point at initial contact point is higher
with higher cutting forces. The depth of cut for combined mechanical and
clectrochemical action can be used as a tool to calculate material removal rate
without considering them independently. The basic idea gathered from this theoretical
analysis results in better understanding of the process with which electrochemical
grinding parameters can be chosen properly. For the verification of the analysis and
experimental works. a set up has been developed from an obsolete surface grinder,

details of which is explained in Chapter 5.
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CHAPTER 5

DESIGN AND DEVELOPMENT OF EXPERIMENTAL SET-UP

5.1 Introduction

The present need of processing super alloys and hard materials with high
surface finish as well as with stress and crack free surface required by Indian
Industries, is demanding for the import of ECG machines. The high import cost of
such machine (to be approximately of 50 lac to 1 crore rupees) has forced to initiate
the development of such rarely available machine. The project has been undertaken to
develop a prototype, industrial electrochemical grinding machine with hydraulic feed

control system and inbuilt force measuring transducers, for experimentation to

corroborate the theoretical and practical analysis.

Among the non-conventional methods of machining, this ECG system has also

been chosen due to its higher material removal rate, independent of work material

practical elimination of mechanical or thermal cracking and stresses,
to high

hardness,

cconomical  method of machining for intractable materiais. Due
electrochemical action, the cutting force applied to the workpiece is minimal and no

heat is generated resulting in negligible metallurgical damage or distortion.

An existing obsolete structure of a grinding machine’is utilized as the main
frame and retrofit for the present machine set-up. The design of hydraulic cylinder
and piston, the development of hydraulic and electrolytic circuits and the
modification of bed and machining chamber are also included. The aim behind
designing and fabricating the set-up of the ECG machine is that one should be able to
vary the principal parameters desirably and as far as possible independently within
suitable ranges. The work also deals with the design, construction and calibration of a
grinding dynamometer, which can be treated as an important clement of the ECG
machine to case adaptive control in future if required. Arrangements are also made

for monitoring and controlling different responses-
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Each system has been designed in such a manner that it should work

independently without affecting the other systems rather it should correlate properly

with them. As for example, at the time of designing the mechanical system proper

cognizance should have been given on the interactions between the mechanical circuit

and hydraulic circuit, as well as between mechanical circuit and electrical circuit in

addition to the mechanical circuit as such. The above principles can be represented by

the following matrix form :

Parameters Restrictions
- 3

] Mechanical Mechanical Mechanical
Circuit Circuit Circuit

Hydraulic 1 Hydraulic X Hydraulic =

Circuit Circuit Circuit

Electrical  Electrical | Electrical

Circuit Circunt Circuit

5.2 Schematic Layout of the Machine Set-up

The machine set-up comprises of the following major units:

¢ Main body

e Grinding wheel mounting unit (Cathode)

* Workpiece and vice (Anode)

* Kinematic arrangement for feeding workpiece

* Hydraulic control unit

* Electrolyte supply, control and measurement unit
e D.C source

* Force recording unit (Dynamometer & accessories)
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A schematic layout of all these above units has been represented as follows:

i Mounting Unit PerspexBox

Grinding Wheel

D.C. Source

D

Workpiece and Vise

+
Electrolyte
I Control & Measuring Unit
Force Recording Unit
(Dynamometer)
Hydraulic Control Kinematic Arrangement
Unit for Feeding Workpiece
Main Body

Figure 5.1 Schematic Layout of Electrochemical Grinding Machine

5.3  Principle of Operation

Principles of the electrochemical grinding process are relatively very simple
and straight forward, have already been elaborated earlier: To summarise. the basic

principle of metal removal by ECG is a combination of

e anodic dissolution of the anode material
¢ a mechanical abrasive action and

e the removal of oxide films
Since the process is based on electrochemical dissolution, the active

components of the process are a cathode (wheel), electrolyte, anode (workpiece) and

a DC power source. An electrolyte usually a neutral salt solution is generally directed
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into the gap between the two electrodes with the help of'a chemical pump set through
a non-conductive nozzle. This electrolyte also serves the purpose of completing the
electrical circuit. Due to the electrolysis phenomena, the workpiece material becomes
soft and metal oxide or hydroxides are formed. The continuous flow of clectrolvte
flushes away the above unwanted materials from the machining area and prevents it

from building up on the work and tool surface.

Generally a low DC voltage of 4 to 10 volts is applied and a high current
density is set up in the machining area. The clectrolyte causes the machining reactions
to occur, and also carries the heat produced during operation:'Thc process has been
discussed at length in Chapter 4. The abrasives of the grinding wheel arc insulating in

i iaterial in the wheel. Metul removal

nature and they are held by conductive binding mater

will be by simultaneous electrochemical and mechanical abrasive actions.

The main components of the schematic diagram as shown in Fig. 5.2 are the
wheel and workpiece, force monitor, a grinding dynamometer, electrolyte pump and
flow meter, a DC power supply, reciprocating feed mechanism unit, and hydraulic
control unit. The grinding wheel mounted at the end of the spindle in a closed
housing, is rotated at 3000 rpm by a DC motor through a belt-pulley system. The
induction motor of 3®, 1.5/2 kW/hp, 1400 rpm has been employed for this purpose.
For assessing the electric power, an ammeter and a voltmeter are connected to anode
and anode-cathode respectively as shown in Fig 5.2. A properly calibrated

tachometer has been used for on-line monitoring the rpm of the wheel. The motor

current is monitored by an ammeter.

The electrical connections have been made as shown in the schematic diagram
of the set-up. Dynamometer provides an indication of force produced during cutting
operation. Since the force developed during machining operation s small. an
operational amplifier of high gain has been used to record the force which is

described in Article 5.5.
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Figure 5.2 Schematic Diagram of Experimental Set-up for ECG

LEGEND
[ Item [ Name ] Item Name i 4’
I Grinding wheel 14 Bypass valve
2 Perspex box 15 Electrolyte tank
3 Vise 16 T-Elbow
4 Nozzle 17 D.C source
3 Llectrolyte 18 4/3 Direction control valve
6 Bellows 19 Flow control valve
7 Dynamometer 20 Pressure relief valve
8 Force recorder 21 Hydraulic pump
9 Hydraulic cylinder 22 Filter
10 Hand wheel (graduated) 23 Hydraulic oil tank
11 Workpiece V Voltmeter
12 Rotameter A Ammeter
13 Electrolyte pump
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5.4  Development of Hydraulic and Electrolytic Circuits

S5.4.1 Cylinder and Piston

FFor the development of experimental set-up. an obsolete grinding machime has
been retrofitted with the hydraulically operated system. The criteria of determining
the type and dimensions of the hydraulic cylinder are the functional requirements.
space availability and accommodation feasibility. In the present arrangement, the
piston and cylinder has been designed, constructed and accommodated into the space

F between the work table and cross slide casting. The hydraulic fluid control circuit

enables to reciprocate as shown in Fig. 5.3. Since there was no available space in the
existing system, the body of the machine has been suitably machined v a desited
dimension to accommodate the cylinder-piston arrangement so that it can operate

smoothly without any interference with other systems.

-
I

e T ==

11
]l

1
i
1!
[
11

- —— e e

Cvlinder

Piston

4/3 Direction Control valve
Flow Control Valve

Pump

Pressure Relief Valve
Motor

Filter

Oil

TNV AL —

-~

Figure 5.3 Hydraulic Circuit for Feed Control




Calculation of Load
In the existing svstem (after removing the pulley). the available longitudinal
gap for the cylinder is 530 mm, where as. in the previous system the gap was 350 mm

only. So the total length of the cylinder is considered as 525 mm. And the available

space for placing the cylinder is 34 mm., that means, the maximum diameter that can

accommodate is 34 mm.

For designing the cylinder and piston, the load required for the reciprocating
movement of the table is 1050 N ( refer AS.1 and AS.2 ) Keeping the above load in

view, and the availability of the space, and accommodation feasibility, the following

dimensions are selected and applied for the design as shown in Fig, S.4.
5.4.2 Hydraulic Circuit
Hydraulic Fluid Flow

The feed velocity in ECG process is assumed to be around 80 mm/min. Acting

area of the hydraulic cylinder on piston side is
A, =491 m’
and acting area of the hydraulic cylinder on piston rod side s
Ao =2.89 cm’

Hence, the required flow rate is determined as 23.18 x 10~ lit/min.
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Pump Rating

The pump has been selected in such a way that it can develop sulfficient fluid

flow pressure to overcome the resistance to motion of the worktable smoothlyv.

Pressure required for the movement of the table =
( force of resistance)/(area on which force of resistance is acting)
So, required pressure of the fluid on piston side, Py is:

P,=(1050/4.91) =213.8 Niem” =2.13N/mm"

Required pressure of the fluid on piston rod side, P Is

-

Par=(1050/2.89) =363.3 N/em® =3.63 N/ mm’

o] o ~ Sl . .
So pump must develop fluid flow of 23.2 x 10” I/min at an operating pressure
of 3.63 N / mm". Accordingly a positive displacement pump is selected which can

develop pressure to an extent of 3.63 N/ mm? without making any appreciable noise.

5.4.3 Electrolytic Circuit

The electrolytic system is designed in such a manner that it can supply high
volume of electrolvte. A nozzle is also used to ensure proper wetting action of the
wheel and workpiece. The rotation of the wheel carries the electrolvte into the afea of
contact between wheel and workpiece ensuring that sufficient electrolyte is present to
permit the process to proceed. Electrolytes are to be selected to enable faster

formation of oxide films on the positively charged workpiece.

The clectrolvtic circuit consists of an clectrolvte tank. flow meter. pump and
nozzle ete. A centrifugal pump (r.p.m = 2800, voltage = 12.5V, current = 0.7A. output
= 60W/ hp, single phase) is used to pump the clectrolyte to supply continuously
between the wheel and workpiece through the nozzle as shown in Fig. 5.2. The flow

rate is controlled by two sets of valves, one for bypass line and the other for the main
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supply purpose. For monitoring the flow rate, a properly calibrated flow meter

(rotameter) is mounted at suitable positions.

The method of achieving the flow of electrolyte in the gap between the wheel
and the workpiece is critical. The most common method of applving the electrolyte is
with a suitable nozzle properly placed behind the wheel with respect to the feed
dircction and rotating the wheel in 'up cut' direction. The wheel rotation in this

arrangement aids the flow of electrolyte into the gap.

5.4.4 Feed Mechanism

The kinematic system for very slow feeding of the workpicce radially against
the grinding wheel consists of a screw nut driven slide and guide. The reciprocating
movement of the table is controlled by the directional control valve, relief valve and
pressure relief valve. The overall arrangement is shown in Fig. 5.3. The workpiece
placed on the vice is connected to the positive terminal, which is fed by the
reciprocating action of the system through the direction control valve. The workpiece
is inserted into the groove of the vice mounted on the reciprocating table. The feed
motion is given by the hydraulic circuit as mentioned earlier in Section 5.42. The
machining operation is done for a pass at constant feed force so that the feed force

can be varied by changing the speed of the reciprocating table.
5.5 Electronic Device for Force Measurement

A linear operational amplifier (OP Amp.) has been designed and fabricated

which is used as a force measurement digital display unit, calibrated to an accuracy

of 0.04 mV/N to measure directly the radial and feed force components. Fig.5.5

shows the amplifier installed in the system.
The dynamometer for the two axces viz, vertical and horizontal, has two 4 arms

strain bridges. The value of each arm is 120 ohm. Bridge balancing circuits are also

used. To minimise the interference each channel is powered independently. The
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Figure 5.5 The Linear Operational Amplifier

bridge supply voltage is 6 volts, temperature compensated reference (.M 329) and
low drift op- amp (OP 07E) are used. To provide reasonable high gain (in the range of
100-250) and drift free operation, AD524 instrument amplifier has been used as
bridge amplifier. Offset adjustment of this amplifier is also provided. The output of
each amplifier can be monitored through a DVM (LCD DISPLAY | volt full scale).
The individual channel output is also been provided for recording purpose.

The transformer T, and the four diodes along with capacitor C, and C,
provided + 12 volts which are regulated by V, and V, giving + 9 volts. U, provided
the stable reference U, along with Q,which provides a constant voltage to power the

bridge. Switch S, is used to adjust the offset of U , whereas. switch S-1s used to

change the amplifier gain.

The following diagram (Fig.5.6) shows the operating connections of the

amplifier.
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Figure 5.6 Circuit Diagram of the Amplifier




Design, Construction and Calibration of Dynamometer

9]
(=)

5.6.1 Introduction

In-case of electrochemical grinding process, different forces are acted upon
the workpiece and the machine tool (grinding wheel) under a given set of cutting

conditions. The measurement of cutting forces may be ascertained

* Dby direct power measurement
* by calorimetric methods or

e by suitable tool force dynamometers

Two components of force namely radial and feed forces are measured with the
help of a grinding dynamometer developed. Normally, the dynamometer forms a link

between the work and machine bed in ECG process. An octagonal extended ring tvpe

dynamometer has been designed, constructed and calibrated for measuring  two
components of forces. Completely circular rings are not considered because they have
a tendency of rolling under the action of cutting forces. Octagonal rings are used to
avord the rolling tendencies. Keeping the essential requirements of a good
dynamometer in view, stainless steel is chosen as constructional material,
Besides the above, the speciality of the stainless steel is its non-corrosiveness which is

very much essential for ECG process. On the surface of the dynamometer, strain

gauges are cemented. The two terminals of the strain gauges are fitted to an arm of a

Wheatstone bridge circuit.
5.6.2 Design Calculations

The essential requirement of the dynamometer used for ECG is its sensttivity
to measure the grinding forces with sufficient accuracy. The design 1s based on (1)
Conventional size to handle (if) Accuracy of measurement (iii) Provision for

modifications (iv) Provision for change of parameters (v) Mechanical loading (vi)

Sensitivity.



Many researchers [82,101] suggested that the dynamometer should possess the

following characteristics:

1) It should be simple in design and easy to handle and vice versa.

i) It should be rigid enough so as not to give rise to vibrations at least within

the operating range.

i) 1t should be sufficiently elastic so as to give an appreciable deformation
on all bodies. Its measuring element should be sensitive and should be
free from cross-effects so far as possible. That is, an applied force in the x
direction should give no reading in the y or z direction.

1v) It should be unaffected by hum idity and temperature variations.

The common feature of all types of dynamometers is the measuring
deflections produced during cutting operation. These deflections are proportional to
the cutting forces. The major difference in the design of different types of grinding
dynamometers lies in the technique employed for measuring the elastic deflection. ;

For designing the dynamometer, some assumptions have been considered such
as, the width of dynamometer is about half of the width of the vice, the minimum load
conditions neglecting the cross- sensitivity of strain gauges, and the two octagonal

rings are of identical shape and size so that it can carry equal loads.

The total minimum load has been found to be 183.7 N (refer Appendix AS5.3).
Similarly, considering the wheel and electrolyte pressure, for maximum value, the
total load would be calculated as 473.5 N. The thickness of the dvnamometer and the
arm length of octagonal ring edge have been determined as 3 mm and 15.7 mm

respectively (refer Appendices A5.4 and AS.5).




5.6.3 Fabrication

All the fabrication works are performed in house. A rectangular stainless steel
block 1s roughly made by a shaper for maximum stock removal. and a vertical
milling machine is used to get the desired size as per drawing shown in Fig 5.7 In
making the octagonal rings, first of all two holes are drilled by radial drilling machine
followed by boring operation. The stainless steel block is cut into an octagonal shape
with the help of a vertical milling machine. The slit between the two horizontal
members 1s made using a slitting saw in column and knee type horizontal milling
machine. Finally, all the surfaces are ground and polished. Two blind holes are made

on the dynamometer to fit with the vice by nut-bolt system.

1

1

.
== i .

: 97. 2
129. 6

—

168 e ]

( All dimensions are in mm)

Figure 5.7 Designed Dimension of the Dynamometer

5.6.4 Mounting of Strain Gauges
Considering the factors like environment, space availability, extent and type of

deformation and the desired life of gauges, strain gauges are cemented. The scales,

rust, grease or any type of contamination of the measuring surfaces are removed and
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cleaned with chemical agent. The bottom surface of the gauge 1s cleaned by cotton
wool socked in acetone and a thin layer of cement is applied on the back of the gauge
by means of soft brush, The comers are also covered with cement. The test surface 1S
then coated with a thin adhesive layer (Bakelite adhesive) with a suitable hair brush.
Itis kept about 10 minutes to dry in open air. The strain gauges of Bakelite tvpe (refer
Appendix AS.7) are put on the prepared surfaces of the ring in proper direction as

shown in Fig.5.8.

The blotting paper, foam, and small wooden block are put against the body

and a load of about " kg is applied for few hours for proper cementing. The weight
and cushions are removed after drying. The resistance of the gauge 1s checked. When

strain gauges are cemented. they are connected to lead wires (o form the required

bridge for measurement (Fig. 5.9) and the connections can be seen from the

photograph as shown in Fig.5.10.

Figure 5.8 Grinding Dynamometer Showing the Position of Strain Gauges
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(a) Bridge Connections for (b) Bridge Connections for
Measuring Vertical Force Mecasuring Horizontal Force

Figure 5.9 Bridge Connections

Figure 5.10 Strain Gauge Connections
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5.6.5 Calibration

Generally the construction of the dynamometers are different depending on
the purposes. Various equipments are used for the calibration of the dynamometers.

Some precautions are to be taken to climinate the error due to influence of

temperature and other human errors. The aim of the calibration is to obtain the

calibration curves. Force transducer is to be calibrated at regular interval.

The dynamometer has been calibrated by applying dead loads in vertical and
horizontal directions and observing the corresponding meter readings. For the
calibration of dynamometer due to vertical load, dead loads are applied from I to 15
kg in step of 1 kg (9.81N). The cycle of loading is done'by increasing the load and
then decreasing in same steps. Corresponding meter readings in milivolt are recorded.
This process has been repeated for ten times. For each step loading, average of ten
readings is taken to plot the calibration curves. The same method has been followed
The curves are shown in

for the calibration of dynamometer for horizontal load.

Figs.5.11 and 5.12. The meter readings recorded for the calibration curves are

provided in Tables A5.1 and AS.2.

The equations of calibration curves for horizontal and vertical loads

have been determined as follows:

Horizontal :Meter Reading = 0.186905 x Applied Load + 0.7271714

Vertical © Meter Reading = 0.417468 x Applied Load + 0.880476
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Figure 5.12 Calibration Curves for Vertical Load
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5.6..6 Summary

The dynamometer, designed and fabricated, works successtully in machine
sct-up. From the above discussion it is found that the thickness of the dvnamometer is
5.0 mm when the strain value becomes 87 x 107 And the sensttivity of the
dynamometer is found to be satisfactory. Though the deflection due to minimum load
1s very small, 6mm gap has been considered for the design. From the calibration and

performance test of the dynamometer, it can be concluded that the dynamometer is

simple, robust, and convenient for use and calibration. No noticeable cross effect is

observed between the two components of the dynamometer

The calibration curve shows that strain varies more or less linearly with both

vertical and horizontal components of forces, and facilitates interpolation of

intermediate ranges.
5.7 Development of the Experimental Set-up

The experimental set-up has been built up through the modification of an
obsoict;“ mechanically operated surface grinder. The table movement due to
mechanical action has been modified for hydraulic control. The existing electrical
connections except the motor connection have been removed. The hydraulic cylinder-
piston arrangement has been fitted to the frame. For this, the upper portion of the
working table has been sized so as to accommodate the cylinder-piston. The cylinder
has been placed on the base of the machine and fitted by Allen }){).[IS. The connecting
rod of the piston has been fastened with the working table with the help of bracket
and adjustable nuts so that the table can move along with the movement of the piston

rod. The table feed has been so designed that, there is no slip-stick cffect on the table

or slides when motion is slow.

The PVC high pressure pipes are connected with the diffcrent operating valves
(SS) of the system as shown in Fig. 5.3. Direction control valves are emploved to

determine the routine of fluid in the hydraulic system. These are classified by the
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number of positions and ways or ports in the valve bodv.

A cast iron rectangular block (305x152x25mm) has been fitted with the

working table base by means of T-bolts and auts. on which the dvnamometer s

placed 1o adjust the height. The upper portion of the dynamometer was fitted to the

MS plate (460x200x10 mm) by two bolts. A perspex box is fixed on that plate which

acts as an electrolyte container, . A Job holding vice of stainless stecl has been set

inside the box in such a way that the centre line of the dvnamometer and vice lie in

one plane. Provisions for connecting wires for dynamometer (o the force measuring

unit are made by thorough holes (hermetically scaled) through cast iron block. The

idly mounted to the machine bed and accuratelv aligned to
>

m that covere

dynamometer has been rg

mam axis. A hand made rexin bellows has been introduced i the svsle

the dynamometer to protect it from any tvpe of outside dirt and Nund Fig. 513
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represents the fabricated parts and the connections tapped for D.C. source. The
orthographic views of different clements attached to work table of the experimental
set-up are provided in Fig. 5.14. The complete experimental set-up is shown by

photograph as shown in Fig. 5,15
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Figure 5.14 Orthographic Views of Different Elements Attached to

Work Table
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Figure 5.15 Experimental Set-up




5.8 Conclusion

All the parts and units have been assembled in such a compact manner that it
occupies a very less space for its placement and its individual part can be
disassembled for any modifications or maintenance if necessary. Before mounting of
strain gauge the dynamometer has been annealed. A dynamometer has been designed
[fabricated and calibrated for measuring radial and feed forces. The design,
fabrication and calibration of the dynamometer provide force measurements. The
amplifier provides the accuracy of measurements of forces. In a nutshell, the above
work contributes a success in the development of an ECG machine. Regarding the
working performance of the machine, it can be concluded that it works satisfactorily
even under any extreme working condition. A very negligible Cioss-sensitivity in the

strain gauge connections has been observed, may be due to the following reasons:

1) Inaccurate positioning of the strain gauges,
i) Inherent transverse sensitivity of the gauges,
1i1) Slight (with tolerance) difference in G.F. and resistance of the gauges, and

iv) Anistropy of the material of the dynamometer

It may be commented here that the nonconventional machining techniques

will never eliminate the existing methods but on the other hand, will improve the

flexibility in the machining technique to meet industrial improvements.
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CHAPTER 6
EXPERIMENTATION

6.1 Introduction

To study the performance of the electrochemical grinding machine, fabricated
in-house and to determine the effect of different process parameters on material
removal rate, surface finish, and feed force, different sets of experiments are curried

out. A force recording device with built-in transducer and amplifier has been

designed and fabricated.

Before doing the experiments, the dynamometer has been calibrated for feed
and radial forces during ECG operation. The main objectives of the experimental
studies are to analyze the behaviour of the electrochemical and mechanical material
removal mechanisms and to corroborate analytical models developed for material
removal rate. An attempt has also been made to ascertain the feed force required for
the operation of the ECG process and that must be very less than that of the
conventional grinding process. The comprehensive experimental studies involve the

most important parameters such as electrolyte type and its concentration, DC supply

voltage, electrolyte flow rate, feed rate and depth of cut. The various responses of the
process parameters such as the current, radial and feed forces during operation,
volumetric MRR and surface finish are studied for machining tungsten carbide and
stainless steel workpiece materials, because of the increasing use ol stainless steel for
different types of applications, such as medical instruments. aircraft industry, and

tungsten carbide for nozzle and cutting tool materials.
6.2 ECG System Components

6.2.1 Electrolyte Solution

In electrochemical grinding, a suitable electrolyte solution is used depending

upon the properties of workpiece material, type of wheel and environmental
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condition. Generally, any salt such as sodium nitrate. potassium nitrate. sodium or
potassium carbonate etc. mixed with water are used as clectrolytes.  Strong
clectrolytes like NaCl solution are used as the main clectrolytes in the process. Strong
electrolyte means the electrolyte that becomes greatly dissociated for concentrations.
The concentration mayv be varied as desired. Some additives mav be added to main
clectrolyte to increase the material removal rate or to inhibit rust formation.  The

most efficient electrolyte for ferrous, nickel, and cobalt allovs 1s sodium chloride

solution [ 11].

This NaCl solution is a very good electrolyte but 1t 1s highlv corrosive in
nature even though itis used. For the experimental work, stainless steel specimen
was used and fitted to a vice within a container made of perspex. The concentration
and pH value of the electrolyte can be varied by adding water or chemicals to it. Their
properties are important due to the fact that they either affect the conductivity of the
clectrolyte and hence the electrical resistance within the machining gap or
electrochemical reaction takes place at the electrode surface. The clectrolyte flow
distribution in the machining gap is not uniform, so the acidity level on the anode
material is not constant. As a result, the electrochemical reaction ratc and oxide film
thickness vary on the workpiece surface. Also the temperature affects the chemical
activity of the electrical resistivity of the electrolyte. Other components such as
worktable, dynamometer etc. and sub-systems such as electrical and hydraulic

systems etc. are described at length in Chapter 5.
6.2.2  DC Power Supply

The power supply is designed for the electrochemical grinding machine to

provide the following characteristics:

1) The supply DC voltage can be continuously varied as desired (within 0-15

volts),

1) When the voltage is set. the amperage can automatically vary so that

current density remains constant, and

126



i11) The current should have a minimum of ripple.

Ripple is a residual AC component of the output voltage (the variation in the

current) supplied by DC voltage generator.

A 10 KVA DC power supply (input 440 V AC 3 PH 50 Hz and output 50 V

DC 200A max.) is used for the present experimentation and voltage is controlled by a

variac,
6.2.3 ECG Wheels (Cathode)

For very hard materials, such as tungsien carbide. the preferred abrasives are

diamond or borazon. The grinding wheels generally used a present are: 1) metal

bonded diamond wheels in surface grinding where high material removal rate is

aluminum oxide wheels with a bond consisting of mixed of resin and

anticipated, ii)
-grit graphite wheels for

copper powder, or of graphite, for form grinding, and iii) non

both surface and form grinding [97].

The wheel produces an electrolyte pressure and creates the flow velocity in

the machining gap for machining operation. If the wheel runs very slowly, the

electrolyte can not reach to the machining gap, and on the other hand. if the wheel

rotates with too high speed, it will through the electrolyte off the wheel before coming

in contact with the wheel-workpiece interface. N

In the present experiment, a diamond - impregnated metal-bond wheel, 150
mm in diameter and 9 mm in width is used. The width of the layer containing

diamonds is 3mm and the abrasive grit size is 80/100. The spindle rotates at 3000

r.p.m. corresponding to a peripheral speed of 1413 m/min.



6.2.4 ECG Machine

The design and development of the machine has been discussed in Chapter .

Voltage has been adjusted to maintain constant current. The table movement is made

by hydraulic mecans adjustable by reciprocating motion  The elecirie current 1§

supplied by power source through brushes on the wheel spindle. Table feeds are

allowed so that at low speed there is no slip-stick effect on the table or slides. The

grinding wheel is run through a belt pulley drive svstem. The clectrolvie svstem is

ﬁ cquipped with a pump made of teflon which runs at 2800 rpm. This teflon material is

chosen for its non-corrosive action.

' 6.2.5 Workpiece (Anode)
The materials used for the experimental studies are tungsten carbide and
q stainless steel. The details of their compositions are given in Tables 6.1 and 6.2,
Table 6.1 The Composition of Stainless Steel
Metal I Symbol ’ % Weight |
Carbon I C I 0.10 |]
LChromium / Cr ! 15.5 7(
Nickel ’ Ni I 10.15 |
(LMzms_t;m::sc j Mn } 0.66 ;f; /, ! " .
{ Iron ! Fe / 7359 | (s .
J k'; Mo AW
Table 6.2 The Composition of Tungsten Carbide (GT-20) wﬁ?
[ Metal ] Symbol % Wcigﬁt |
[Cobzill | Co 2 J
# Tungsten ’ w 82.6
I Carbon 'l G . 54 J|

Other features are hardness, 123-1311 HV ;and grain size, 2.42-2 8§ um

/|



Stainless Steel : Stainless steel is the most widely used alloy for its

noncorrosive action. This ability to resist corrosion is attributable to a surface
chromium oxide film that forms in presence of oxygen. The film is essentially
insoluble and nonporous [76]. A minimum chromium content of 12% is essential for
film formation, and 18% is sufficient to resist the most severe atmospheric-corrosive
environments.  Other clements, such as nickel, aluminum, silicon, and molybdenum
may also be present. The standard stainless steel grades are divided into threc

categories such as austenitic, ferritic, and martensitic.

The electrochemical equivalent weight of the workpiece material is essential
so far electrochemical grinding process is concerned. In this case. carbon does not
exist as 1on. So it is not dissolved in the electrolyte solution. Since carbon docs not
dissolve anodically it should leave the anode mechanically and there is no need to
include it in the calculation of electrochemical equivalent weight of the metal. Some
elements have more than one valency;for example, in stainless steel. The calculation
is made based on the smallest or highest valency involved with cach element in the

alloy. Table 6.3 presents the calculation provided for ecach clement in its

composition. The equations used are as follows:

(]:i K, Xq, 6.1

b 8 Where,

Atomic Wi, 62

TFX \-;alet:cy' X Dcnsil_v_

qi

Table 6.3 Calculation Steps for ECE Weight (Stainless Steel)
% At Wt Valencies Density(p) | ECE wt. of metal removed
1

1]
Composition | (molar) gm/cm’ mm";’amp.s
gm Lowest Highest Lowest Val. Highest Val.
12.011 2 4 3:52 0.0176 0.0088

0.0374 0.0124

Symbol

& 0.10
Cr 15.5 51.996 2 6 7.20
8.90 0.0341 0.0227

(5]

Ni 1015 { 5870 2

[~

Mn | 066 54.933 | 7 7.30 0.0389 [ 0.0111
|

. Fe 73.59 55.847 3 7.87 0.0368 0.0245

8]
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With regards to the stainless steel. considering the reactions involve smallest
valency for each element occurs, the electrochemical equivalent weight of the metal
removed becomes 0.03661 mm™amp s. and 0.02238 mm " amp s for highest valeney

of ecach element.

Tungsten Carbide : Tungsten carbide allovs of a eiven cobalt content
become harder, the finer the grain; That s, they are softer and tougher, the coarser
the grain. They are harder as well., the lower the total carbon content. and softer and
tougher, the higher the free-carbon content. That means the hardness of tungsten
carbide alloys decreases with the increase of cobalt content The changes in physical

mechanical properties of WC-Co materials with increasing coball content are

available in Table A6.1. The electrochemical equivalent weight for tungsten carbide
1s determined in similar way as described for stainless stecl. But in this case. carbon
acts as anion (negatively charged) and goes to anode. So carbon is included in

calculation of ECE of the metal.

By using Eqns.(6.1) and (6.2), and considering the smallest valency for each
element, the electrochemical equivalent weight of the metal removed becomes

0.04719 mm’/amp.s, and 0.02448 mm’/amp.s for highest valency of cach element as

shown in Table 6.4,

Table 6.4 Calculation Steps for ECE Weight (Tungsten Carbide)

r?Symbul % At Wt ] Valencies Dcnsil_y FCHE Wt oi'mgtul |
Composition | (molar) gm/mm’ | removed, mm /amp.s |

N gm | Lowest Highest | Lowest Val  Highest Val J|
| | | !

W } 82.6 / 183.85 2 f 4 0.01930 | 0.049357 f 0.024678 |
.- — :

C | 5.4 ECTHIEEEE 0.00352 | 0.020740 [0.010375 |

: Il _...______|:

Co |12 } 58938 | 2 | 3 0.00690 | 0.044257 | 0.029505 |
L 1 | | i | PN | S gpunct]

[t is obvious from the above results that the clement with hiczhest valency

provides lower clectrochemical action and vice versa




6.3  Planning of Experimentation.
6.3.1 Experimental Studies

I"II‘\m sets of experiments have been carried out for two different workpiece
materials as discussed below. In the first experimental study, the process variables
considered are the type of electrolyte, electrolyte flow rate, electrolyte concentration,
supply DC voltage, feed rate, and depth of cut. The discrete variables considered
during the experiments are wheel speed, abrasive grit material, grit concentration, grit
size The discrete variables are those variables whose level can not be changed during
experiments. The dimension of the workpiece is 75 mm x 9.23 mm. The pH value of
electrolyte has been kept within the range of 7.02 t0 6.94. The wheel speed 3000 rpm,

length of stroke 90 mm, and length of cut 75 mm are kept constant,

For the second experimental study, tungsten carbide has been used as work
material of size 85 mm. x 3.2 mm. Some of machining conditions are kept constant :
for example, wheel speed at 3000 rpm, length of cut at 85 mm, and length of stroke at
100 mm. During the experiments, current has been recorded (average value) that

appears on the ammeter connected on the electrical circuit as shown in Fig.5.2. The

total volumetric removal rate has been found out theoretically by using Eqn. (4.60).

The actual amount of material removed is obtained by gravimetric method
using an electronic micro-balance, weighing before and after each run. More
information on experimental studies is already mentioned in Chapters 4 and 5. To
analyze the effects of desired different parameters on the chosen criteria. and to verify
the theoretical models for material removal rate and feed force for electrochemical

grinding process, the experimental scheme has been so designed as to affect the

proper utilization of the ECG set-up.

The initial shape of the workpiece is maintained flat and smooth to ensure
constant current machining operation. The electrolyte used for stainless steel is fresh

NaCl solution with 10% concentration. It is selected because it has little or no passive



cffect on the work surface. Before starting the experiment. all the connections, joints

and other expected leakage points are checked and scaled properly wherever and

whenever needed. The hydraulic system is checked and ensured that their

connections are made quite satisfactory. After completing the extensive preliminary

tests to make sure of the accuracy and repeatability of instruments. main experiments
are conducted.
following phases for

Different experiments are planned and grouped into the

simplicity of the analysis:

Phase I: Performance test of the machine
Phase II: Influence of different variahles on MRR
Phase I1I: Influence of different variables on feed force

Phase [V: Verification of the theoretical results

6.3.2 Process Variables

The following process variables are considered for experimental analysis:

¢ [eed rate

*  Depth of cut

* Voltage

e Electrolyte tvpe

* Electrolyte concentration

* Electrolyte flow

Feed Rate : The feed rate is controlled by controlling the reciprocating
movement of the work table.  This reciprocation is due to regulating clements (ow

control valves) to control either flow or pressure. That has been shown i Fig S 1

Chapter 5.
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Depth of Cut: Different depths of cut are provided by setting the workpiece
by lowering or raising the work table by means of the graduated hand wheel located at

the right front corner of the body of the machine.

Voltage: With the help of a variac, the supply voltage 1s varied as a result of
which the flow of current varied during the operation of the process. For an ECG

operation voltage is varied from 4 to 20 V.

Electrolyte type: The electrolyte used for stainless steel material is sodium
chloride solution. The available sodium chloride salt has been mixed with deionized
water to have different concentrations. For tungsten carbide workpiece material the
electrolyte solutions used are KNOs. NaNO.. and NaNO, mixed with deionized (less

than 10u mho) water at different concentrations.

Electrolyte Concentration : The concentrations of the different electrolytes

used are 10%, 15%, for stainless steel and 5%, 10%, 15% for GT 20, tungsten

carbide.

Electrolyte Flow: The electrolyte flow is controlled by regulating the bypass
valve, and exact flow rate is recorded from the rotameter provided in the electrolyte

circuit. An irregular flow distribution is created due to high feed rate and high depth

of cut.
6.4  Details of Experimentation

6.4.1 Performance Test of the Machine

Since the existing electrochemical grinding machine i1s a modified grinding
machine, the performance of different sub-systems and the machine as a whole arc
studied claborately. The workpiece is fitted properly with the help of a vice on the
work table. Before sctting the workpiece sample, the perspex enclosure, constructed

for holding the vice and containing the flow of electrolyte, has been checked for loose
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conncctions, and leakage. By allowing the flow of tap water through the nozzle to the

position of workpiece on the vice, recirculation is checked thoroughly.  The

reciprocating movement of the table has been tested by allowing it to move with

constant feed velocity. The hydraulic oil, (SAI-30) comes through the hvdraulic

power pack and controlled by the control station comprises of three major regulating

valves such as direction control, pressure relief. and flow control valves as described

in Fig.5.11. The cylinder with piston 1s placed properly so that a reciprocating

movement is produced and tested through experiments.

The depth of cut is adjusted by raising the work table with respect to grinding
wheel by means of the graduated hand wheel. The motor connections to the grinding
wheel is checked and allowed to rotate at its rated speed with the help of 2 motor and

belt pulley system. Current is adjusted with the help of a variac within the

permissible limit. The electrolyte flow system is so adjusted that it can flood the
workpiece material. Since the width of the workpiece s less than the width of the

wheel, transverse feed 15 not required in these experimental works,

The machining performance has been evaluated with respect to current, metal

removal rate, and surface reproduction under the following conditions :

a) applied voltage (4-18 V.
b) feed rate 0 2.67-6.67 mmis.

¢) set depth of cut 2 5-30 um.

Material removal rate has been found out to give a satisfactory result and the
surface produced due to electrochemical grinding. The feed and radial forces are

recorded by a grinding dynamometer associated with an electronic am plifier.
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6.4.2 Influence of Different Variables on MRR

Material removal rate is an important requirement of this process. It depends

on the combined effect of electrochemical dissolution and mechanical action rate.

For this process,

MRRI = MRR] = MRRM
Where MRRy is the total metal removal in the process, MRR;: the contribution by
electrochemical removal and MRRy, the contribution by mechanical removal. The
major portion of material removal is due to anodic dissolution which depends on

current density, and electrochemical equivalence of the allov

The feed rate influences MRR and cutting time. If the feed rate is high, the
cutting time is low, and total volume of material removal is also lower than that of
lower feed rate due to lower electrochemical action. However, due to reduction in
cutting time total MRR increases. At a particular feed rate, the total MRR depends
upon the total volume of metal removed which is mostly determined by the
electrochemical action during the grinding operation. When feed rate is slow,
electrochemical action is higher and total material removal is higher. Total
volumetric MRR increases at high feed rates due to less cutting time provided with
faster worktable speeds. To study the independent effect of various process
parameters on MRR, the experiments are carried out in such a manner that a
particular parameter is varied keeping all other parameters constant. It is also to be
noted that some parameters are found to influence other parameters that ultimately

influences MRR. For example, effect of flow rate on current density. The details of

different process parameters that govern MRR has been illustrated in Section 4.4,

6.4.3 Influence of Variables on Feed Force

Since cleetrochemical process is a chemical dissolution process no feed force

is required for this. Therefore, the feed force is only responsible due to the
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mechanical abrasive action and viscous drag produccd duc to clectrolyte  pool.

Practically no material is removed by chemical action. It is because of the
clectrochemical grinding reaction, where. only feed force is required to make contact
with unmachined material ahead of the wheel. So there is no contribution towards

feed force due to chemical action.

Current density increases with the decrease of gap width, and gap width
decreases with increase of feed force. The grinding force is increased as the gap
becomes smaller, and the abrasives on the wheel tend to remove the oxide layer
enabling further electrochemical action. At higher grinding forces, the gap becomes
too small. The electrolyte is carried out by centrifugal force and viscous drag of

electrolyte present at the cavities formed by the abrasives. The current density is

found to increase initially but at higher grinding forces it falls. It also indicates that at

high electrolyte flow rate, the feed force does not influence the gap width

significantly and hence the current density as well.

During ECG, the abrasives not only rub with the work surface but also scrab
the oxide layer from the work surface. Material removal rate is found to increase with

feed force and accelerated by increasing the rubbing speed. The intensity of feed

force does not play any significant role unless voltage is high. The rate of increase of

MRR is diminished with high feed force. From the analysis it is found that feed force

is also affected by the followings:

1) Size of grinding wheel and its speed.
i) Workpiece feed velocity,
i) [nfeed rate per revolution,
v) Depth of cut, and

V) Flow of electrolyte.
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6.5 Results and Discussion

This section is divided into two parts. The first part discusses the experimental
results with reference to the influence of various parameters affecting them. The
second part discusses the theoretical results, and compares them with experimental
results. Some experiments are conducted to study the effect of different process
variables such as voltage, depth of cut, electrolyte flow rate on current density, MRR,
surface finish, and interdependency of the process variables. The results are studied

and discussed in the following sections.

..\Thc most important parameter that affects the electrochemical aspects of the
ECG process is current flow between the wheel and workpiece, determines the
decomposition of anode material and MRR due to electrochemical action. There are
some other parameters that govern the mechanical aspects of the process. They affect
the machining gap, contact area, and width of the Job between two electrodes. The

electrolyte exposure time depends upon feed rate of the worktable. The grinding force

components (radial and feed forces) are due to that feed rate.

6.5.1 Effect of voltage on current density

With reference to the Fig. 6.1 it is obvious that the current density increases
rapidly with the increase in voltage, and then increases slowly with rise of voltage up
to about 12 volts. With further rise of voltage, the current density increases rapidly
and this trend is also observed at different depths of cut. Greater voltage lcads to
some undesirable effects like sparking and arcing (a sustained arcing will result in

surface damage and short circuit), heating of electrolyte and gas evolution.

Fig.6.2. shows that different electrolytes do not affect the voltage and current
density relationship much. At a very high voltage i.e. beyond 12 volts, the electrolyte
NaNO, gives maximum current density compared to other electrolytes for example,

KNO; and NaNQOj3, and NaNO; shows the best.
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It 1s found that the current density increases almost uniformly with the
increase in voltage for all values of electrolyte concentrations as evident from Fig.6.3.
It is also observed from above figure that at 10% concentration the current density

becomes higher in comparison with the concentration of 5% and 15% for different

voltages. At a very high concentration, the current density does not increase rather
decreases, may be due to passivation. Hence the optimum concentration may be

chosen to be 10% by weight.

Dilute electrolytes provide less oxidizing ions resulting in better surface
finish, lower electrochemical action, and high MRR. Electrolyte concentration affects
MRR (because of current density). It is noticeable that unless the voltage is raised to a
certain minimum value of the order 2 to 3 volts. significant amount of current does

not flow. This voltage may be considered to be the electrode drops (decomposition

voltage).

30
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—O— 10% Concentration
25 —4&— 15% Concentration /

Current Density, amp/mm?

O Work n‘raterral CGT 20
L Depth of cut  : 10 micron
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Figure 6.3 Effect of Voltage on Current Den'-;lty for Different Electrolyte

C oncentrations
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6.5.2 Effect of Current Density on MRR

The experimental values of material removal rate with different current
densities are shown in Fig.6.4 for stainless steel. [t is compared with the theoretical
predicted values for lowest and highest valencies of the clements constituting the
workpiece material. It is found that the trend in variation of MRR is more or less
similar to the theoretical predicted values. But the actual MRR at different current
densities are found to be even less than the lower theoretical values. may be for
passivation. However, total removal rate depends mainly on clectrochemical removal

rate. Material removal due to mechanical action is very low compared to that due to

electrochemical action.

The variation of MRR at different current densities for tungsten carbide is
shown in Fig.6.5. Material removal rate is found to increase rapidly within current

density of 2.1 and 3.1 amp/mm? and then at slower rate with the increase in current

density.
18 T : — |
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16 - !
Electrolyte: NaCl |
1 Concentration: 10% W/w 1
14 - Cutting Speed 1413 m/min
L Feed Rate 10 cm/min I
£ l_ Electrolyte Flowrate: 2.8 litymin ®— MRR for Higher Valency |
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Figure 6.4 Effect of Current Density on MRR (Stainless St eel)
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6.5.3 Effect of Voltage of Surface Finish
At different loads the surface finish is found to be more or less constant with
increase in voltage as shown in Fig.6.6. It is also observed that surface finish

improves slightly with lower feed force. Decreased feed force provides better

surface finish.

For different depths of cut, the variation of surface roughness with increasing
applied current is shown in Fig.6.7. The figure shows that the surface roughness
increases with the increase in current and decreases with depths of cut.  Among the
three depths of cut 10, 15, and 25 micron, the depth of cut 25 um gives the better

surface finish.
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The surface roughness is measured with the help of a Talysurf unit (Surtronic
3P). The Figs.6.8 and 6.9 represent surface texture for tungsten carbide and stainless
steel respectively. It is observed that the centre line average (R,) value for GT 201s
less than that of stainless steel. The other surface characteristic critenia such as Ry
represents root-mean-square of the R, parameters, and Ry, represents the mean of all
maximum valley-to-peak heights of the surface profiles. Similarly. the other
tribological characteristics such as amplitude density, bearing ratio are also presented

in the same figure. Roughness measurements are taken at cut off value of' 0.8§mm and

traverse length of 4.5 mm,

The surface roughness values of R, and R, arc determined on this Talvsurl
analyzer. For stainless steel, 1t is found not to exceed the value of 0.55 um in K. and
have a minimum value of 0.36 um. Similarly, for tungsten carbide, the value of R, Is

found within the range of 0.22 to 0.6pum.
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-4 6.5.4 Effect of Voltage on Spindle Load

Spindle load is measured as percentage of the total power that 1s required to
drive the mechanical elements under idle or cutting conditions and is directly affected
by mechanical action. Fig. 6.10 provides the effect of current on spindle load for
different feed rate conditions. Higher mechanical action and higher spindle loads are
: found at higher feed rates. The electrochemical action increases lincarly with the

increase of current. Lower spindle load is found to increase with higher current.

Work Material SS(AISI 316)
Table Feed 6.67 mm/sec
Depth of Cut . 10 um
Electrolyte NaCl
Concentration : 10% W/W
Cutting Speed : 1413 m/min

Spindle Load, .

l:s— Feed Rate:d.34mm/s —— Feed Rate6.67mm/s

T T ¥
80 90 100 110 120 130 140 150
Voltage \ V

Figure 6.10 Effect of Voltage on Spindle Load for Different Feed Rates
6.5.5 Effect of Electrolyte Flow Rate on Current Density

All experimental runs are made at an electrolyte flowrate monitored through a
rotameter. Fig.6.11 shows that current density increases rapidly with the increase in
clectrolyte flow rate up to 2.6 litmin and then increases very slowly for same
operating conditions, the current density is found higher for NaCl clectrolyte solution
than KNO;. At too high flowrate the current density does not increase with the

flowrate. This is mainly because at high flowrate major portion of electrolyte bypass
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the machining gap resulting in misuse. This may also due to constant surface arca of
the wheel and workpiece, and perfectly saturation with the incipient 1ons. Small

change in electrolyte flow rate has negligible effect on current densit
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Figure 6.11 Effect of Electrolyte Flow Rate on Current Density

The grinding force comprises of two forces namely radial and feed forces,
The variation of the feed force for different electrolytes at different current densities
is shown in Fig.6.12. The feed force is found to decrease with the increase of current
density for the both the electrolytes. The higher the current density, higher would be
the electrochemical action and hence less would be the mechanical action resulting in
less feed force as evident in the figure. Feed force is found very less for KNO,

compared to NaCl solution.
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Figure 6.12 Effect of Current Density on Feed Force

Similarly, the variation of the feed force for stainless steel at different current
densities is shown in Fig.6.13. It is seen that up to about 3.1 amp/mm?, the grinding
force components decrease rapidly followed by a slow decrease in feed force with
further increase in current density. The radial force is found much higher than the
feed force produced during electrochemical grinding process. Literature review
indicates that radial force component may be greater in ECG than in conventional

grinding with larger current densities and higher feed rates [24].

6.5.6 Effect of Depth of Cut on MRR

With increase in depth of cut. MRR increases slowly as shown in Fig.6.14
because of the fact that the MRR due to mechanical action is very less compared to
electrochemical action. The experimental value of MRR is also compared to the

theoretical predicted MRR value for lower (2) and higher (1) valencies of the
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R .

clements of anode material. It is found that experimental values are slightlv less than

theoretically predicted value for higher valency.
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Figure 6.13 Effect of Current Density on Radial and Feed Forces
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Figure 6.14 Effect of Depth of Cut on Material Removal Rate(MRR)
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6.5.7 Effect of Current Density and Feed Force on Process Efficiency

Process efTiciency with regards to the ECG process is defined as the ratio of
clectrolytic metal removal to the total removal. With increase mn current density the

clectrochemical action becomes predominant and hence process elliciency also

increases as shown in Fig.6.15. But with the increase in feed force since mechanical

action predominates, process efficiency is found to decrease as shown in Fig.6.16.
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Figure 6.15 Effect of Current Density on Process Efficiency
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Figure 6.16 Effect of Feed Force on Process Efficiency
!
! i 6.5.8 Effect of Feed Rate on Grinding Force
e | When feed rate is high, mechanical action is more and electrochemical action
is less. With increase in feed rate, the feed force increases slowly and more or less
4 linearly. The radial force also increases slowly up to about feed rate of 5.8 mmy/sec

and then increases at a faster rate as shown in Fig.6.17. The feed force is found about

half of the radial force.
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6.5.9 Effect of Current on Feed Force

The relationship between current and feed force in electrochemical grinding is
shown in Fig.6.18. This shows that as current increases feed force decreases keeping
all other conditions unchanged which means that ECM activity predominates over
mL’ChEJ;H'CElf erinding. The variation is almost hyperbolic in nature. [t also indicates
that for a depth of cut I0um and table feed rate of 6.67 mm/sec at 80 amperes of

current, feed force is very low probably what is required to remove the passive layer,

Slower feed rate results in more exposure time of electrolvte on the work
material, and consequently, a tremendous clectrochemical action is acted in the
machining zone. The material removal in this case is mostly due to clectrochemical

action. The total amount of metal removed is found to be higher with increased
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clectrolyte flow rate.  When the electrolvte flow is low, higher mechanical action

prevails compared to higher flow of electrolyte.
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Figure 6.18 Relationship between Feed Force and Current in ECG

6.6 Verification of the Theoretical Results

6.6.1  Material Removal Rate

Experiments are conducted to corroborate the theoretical analvsis developed
for MRR for machining tungsten carbide specimen. The analyses are made separately
for MRR due to mechanical action and that of due to clectrochemical action. For
instance, at 20 pm depth of cut and 21.28 amp/mm” current density it is found that the
theoretical MRR due to mechanical action is 0.43 mm /sec and that of for
electrochemical action is 6.45 mm'/sec. Under similar conditions experimental
investigations are also conducted. The clectrolvte used is KNO; for G 20, and NaCl
solution for stainless steel. After each run the specimen is weighed with an electronic

balance, that gives material removed due to combined action, A sample calculation



for both theoretical and experimental MRR s given in Appendix (A4.4). At 20 um
depth of cut, Fig. 6.19 shows that material removal rate is 6.02 mm'sec which is
lower than that of theoretical values. The theoretical and experimental results are also

shown in this figure. The operating conditions are depths of cut and current densities.

6.0 Material: GT20

Concentration: 10% W/W

7 Cutting Speed: 1413 m/min
Table Feed 6.67 mm/s

5.5 + Depth of Cut: 10um
Electrolyte Flowrate: 2.9 lit/min

2
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Figure 6.19 Comparison of Theoretical and Experimental MRR

[t is observed that the theoretical predicted values for MRR are close to the
experimental results indicating a good agreement between the two The maximum
variation between experimental and theoretical results is about 15% (corresponding to

i i
3" set of readings).

Table 6.5 shows the comparison of theoretical and experimental values
Similarly it is tested for stainless steel and shown in Fig.6.4. Theoretically. the MRR
value for the lowest valency differs from that of the highest valency of the elements of
the alloy. For higher valencies the variation is less. The same [igure also shows that

the MRR predicted value for higher valency is lower than that of for lower valency.
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Fig.6.4 shows that the experimental results are closer to the theoretical results when

higher valency states of elements are considered

Table 6.5 Comparison of Theoretically and Experimentally Obtained

MRR

I g . P |
' Experimental |

f
|
|

———— — i

| I
‘ Depth of Cut i| Current Density Theoretical MRR ' MRR |
|

’ m amp/mm2 Mech. -‘IJ'EIeclrocherﬁica} P'I‘mal_m! MLLB_—Inm] ||
L [ } mm?'s || mmY/s l |11111':.-'5_Ll1un"‘;5 J mm/s i
'L 5 | 16.95 ‘] 0.11 I|' 4.34 | 445 | 051 | 4'02—4:
| 10 | 17.86 1021 | 4.62 483 | 068 | 445 |
l/_" 5 I|J 19.58 i 0.32 Jf 566 :!'I 5.98 ; 07 "|!" 5.20 (
| 20 } 21.28 f 0.43 j 645 .' 6.88 [ 0.82 | 6.02—?

6.6.2 Feed Force

With the use of same experimental set-up, the feed forces are measured by the
strain gauge dynamometer. Eight strain gauges are mounted on the tail centre forming
two bridges, and connected to a digital amplifier. For a particular dept of cut, 10 um
and table feed rate of 6.67 mm/s at 80 amperes of current, the feed force is found very
less as compared to conventional machining under similar conditions as shown in

Fig.6.18.

[n developing the theoretical feed force model, expressions for radial and feed
forces are established in terms of some coefficients. The values of those constants are
taken into account from other investigator's experimental result [15]. Using Eqn. 4.41,
the feed force is calculated and found to be very less. This feed force is responsible
only for mechanical action but major portion of total removal takes place for

clectrochemical action.



The last part of the feed force equation i.e. feed force due to viscous effect of
electrolyte is found to be negligible compared to the other force components. The
calculation for a particular set of operation given in Table A6.6.1 and Table A6.6.2 in
Appendix, shows that feed force is 23.8 N. Experimentally. it is found to be 28.21 N
results in the variation of less than 17%. The comparison between the experimentally
obtained value and the theoretically predicted value shows that experimental feed
force is higher than that of theoretical value. It is to be noted also that there is a
discrepancy which may be due to the assumptions considered. and the coefficient

values taken from other investigator's results for the simplicity of the analysis.
6.7 Summary

Although not many of the investigators studied the analysis of the
electrochemical grinding process, vet, it is well-known that material removal rate due
to electrochemical and mechanical actions can not be separately found out, Most of
the researchers expressed in one way or another the importance of being able to

predict, control or reduce this phenomenon.

The effect of process parameters in electrochemical grinding process may be
summarized as follows. The high feed rate, low electrolyte flow rate provide
increased mechanical action. Current density 1s the most influencing parameter for
material removal rate It is observed that short circuiting may be caused due to certain
machining conditions. Mechanical sparkout is observed at low voltage and high feed
rate. Poor flow of clectrolyte tends to produce passivity. The small clectrode gap fails
to produce dissolution at the anode with the rate of anode advance. In this unstable
condition, the electrodes touch causing short circuiting. At too high voltage, severe
clectrical sparking is obscrved and the temperature becomes so high that boiling of
clectrolvte results gas pressure which in turn throws the clectrolvte off. The
electrochemical action 1s greatly influenced by anodic passivity. Passivity conditions
reduce the electrochemical action and increases mechanical action. Higher MRR s
observed at a high feed rate and a less volume of metal removed by electrochemical

action. High clectrochemical action increases overcut, whercas. mechanical action
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" reduces this. Surface finish is greatly influenced by feed

p the least amount of cnergy and the operation would be performed economically and
more efficiently.

rate The ECG process uses
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CHAPTER 7
EPILOGUE

7.1 General Remarks

This section outlines important conclusion and recommendation for the
design, development, and analysis based on the results of different aspects studied in
the thesis. Conclusions are drawn on the results of theoretical and practical analyses.
The main features of the present dissertation are concerned with the mechanical and
electrochemical aspects of electrochemical grinding process. This has been organized
into seven chapters including the present one which is devoted to state succinctly
conclusions drawn out of the studies embodied in the thesis, The scope of future
research and some of the probable modifications which may be done have also been
included in the forthcoming sections. The results are summarized and the salient

conclusions of this investigation may be recalled from the Chapters 3 to 6.

7.2 Conclusion

The conclusion to electrochemical grinding has not yet been reached. Its
development is progressing day by day. Based on the studies undertaken during

different phases of present investigation, the following conclusions are drawn.

The present work aimed at developing an ECG experimental set-up embracing
all the essential facilities to corroborate experimental results with the theoretical
models. That has been done by retrofitting an obsolete conventional surface grinder.
Besides the above work, an attempt has also been made for the design, construction
and calibration of a grinding dynamometer. The theoretical analysis for material
removal rate and feed force have been done in most generalized form applicable to all
situations. However, the performance of reciprocating table at a verv slow speed is
not quite satisfactory. The embedded dynamometer is to provide adaptive control of

the entire system in future if required.
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The parameters that affect only the electrochemical aspects of the process are
not constant throughout the process and follow a pattern cffecting on the flow of
current between the wheel and workpiece. They determine the work material
decomposition and material removal rate due to electrochemical action. On the
contrary, the process parameters that govern the mechanical aspects of the process
affect the machining gap, contact area, and the width between the wheel and
workpiece. In ECG, mechanical abrasive action of the wheel could significantly alter

the machining characteristics:

i) by effectively removing any developed passive oxide film, and

i) by affecting some material removal by abrasive action of the grains.

The operating parameters, viz. supplied voltage, feed rate and set depth of cut
etc. can eastly be varied over a wide range in order to meet needs such as material

removal and form accuracy.

The electrolyte exposure time on the workpiece depends on the feed rate. For
different feed rates, the radial and feed forces vary. High feed rate results high feed
force on workpiece and vice versa. Total volumetric removal rate increases at higher

feed rates. The selection of electrolyte is very important in controlling passivity.

The performance of the machine has been tested through experiments and
found to run satisfacton‘lyﬁ. This procedure of development of such systems for
obsolete conventional grinding machine would help industries. The theoretical results
have been experimentally verified and found them within the closure range of
acceptance for industrial exploitation. Some of the observations and results are

highlighted as concluding remarks:
' More uniform current flow provides better surface finish

* Surface roughness increases with increasing supply voltage and decreasing

feed rate under electrolytic conditions.
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Mechanical removal rate is less than 10% of the total material removal rate under

normal operating conditions

Though the above statements are very common but these are essential for the evaluation

of performance of such a modified set up, to determine the operating conditions.

e

Total volumetric material removal increases with higher voltage, high electrolyte
flow rate and its concentraltion, and increase feed rate. But MRR due to mechanical
action only increases with high feed rate and low electrolyte flow. /The theoretical
evaluation of the process is not the exact, because of the facts, that the valency states
of the ions produced are not exactly known, especially for the divalance elements of
the workpiece, for instance, Fe in stainless steel. As-a result, the theoretical
predicted values possess two results. The results show that for the lower valency
during electrochemical action, the MRR is high and vise versa.)At the anode,

dissolution is not the only reaction phenomenon.

p

Current density increases with increase in voltage unless the supply voltage is too
h:gh to cause intensive gas evolution due to boiling of electrolyte and severe
sparking. In this regard it may be mentioned that the magnitude of feed force does
not play/signfﬁcant role._bn the other hand, until the supply voltage reaches a
magnitude of 2 to 3 volts, electrolysis phenomena does not occur. This minimum
voltage may be assumed to be the decomposition voltage. Current density increases
proportionately with the electrolyte concentration so long as concentration is 10 to
15% by weight.

Process ef‘fiéiency in electrochemical grinding of tungsten carbide by metal bonded
diamond wheel using KNO, electrolyte reaches upto 90 to 97%. and slowly
decreases with the increase of feed. Anodic dissolution rate tends to fall when the
process efficiency gradually decreases. In that condition the contribution of
mechanical action becomes significant. With grinding speed the mechanical material
removal rate increases faster than that of electrochemical rate and hen{ce process
efficiency decreases with the increase of speed. The depth of cut for combined

action increases as electrochemical action increases.

The failure to achieve constant current flow is the major cause of poor surface finish

and dimensional control problems. Based on these preliminary tests, it is a fact that
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higher gains in the efficiency and applicability of ECG are the most likely to be

achieved through the steady current flow and specialized wheels.

® The metal removal rate and surface finish obtained are within satisfactory range.

Their orders are 1.6 x 10° mm?*min. and 0.1 pm respectively.

® Surface integrity is mainly governed by the differential electrochemical activity of
the microstructural constituents involved in the procéss, voltage and by the amount

of mechanical contribution to the process.

The present trends in the design of aerospace components indicate the use of
materials of high tensile strength, for example, titanium and its alloys. They have high
strength to weight ratios, corrosion and fatigue resistance, and more important, retain
their mechanical properties at elevated temperature. Studies have shown that whilst
conventionally grinding titanium, serious reductions in fatigue strength can occur
without any visible evidence showing on the affected surface. Further, titanium can
crack when ground under production conditions similar to these used for steels. The
nature of the grinding process as such that the surface mechanical properties of titanium
may be affected to an unusual extent compared with other metals. Unlike the cases,

ECG is one of the best solutions for grinding of such stringent materials.

The thesis enumerates the scope of future work needed on this topic, presents
appendices as a supplement to the theoretical and experimental investigations, and

finally concludes giving a list of references consulted during the course of the work.

7.3 Scope of Further Work

Research has no end. Directions of thoughts vary from person to person. The
various directions in which future work on electrochemical grinding can be taken up are

as follows.

Since the present work mostly deals with the theoretical analysis for design and
development of the ECG machine, it creates a knowledge for any theoretical analysis in

such machining process, develops a creative idea to build such a machine.



As per the present and future need is concerned, this machirie is quite useful. There is

also scope for future modification in the existing system, such as;

i) Variation of wheel speed by changing the pulley drive system,
i) Arrangement for spindle power measurement,
j i) Installation of a precision feed rate meter,
iv) Use of adaptive control to regulate feed rate automatically to maintain a
constant feed force. According to the requirements for the cutting operation the
, mechanical cutting point can be found out and any modification can be made by
adjusting set parameters fikc supply voltage, wheel speed, feed rate etc.
v) Design and development of a vibrator for introducing stirring effect in the
electrolyte solution with varying frequency and amplitude in the process.
vi) Proper filtration for sludges removal.

vii) An optimization approach can be achieved from the models developed for

material removal rate and feed force , which in turn will lead to a developed
system that will control the process. Ultimately this will minimize whee] wear
and maximize MRR.

vili) To accommodate for variations in wheel and work materials, the present

methodology may be needful to combine with any expert system to achieve

e e v i

consistent results.

ix) Spark detection and protection circuit to be incorporated to the power supply.
The experimental work can be extended to various other materials as well. The

cfficiency and applicability of electrochemical grinding can be improved through the

development of special wheels.
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APPENDICES

A 4.1 Derivation of Equation of Contact Length

Referring to Fig 4.3, the length of underformed chip i.e. the arc length BC or

to a good approximation to the chord length BC (Since 0 is small) may be written as

|=BC= +CF? +4d? .. A4l
From A OCF,
OF Dr2-d
cosf= —=
ocC D/2
= d=D/2 (1-cos 6) ...A4.2
And, sinf= g—
D/2
...A43

which gives, CF = D/2 sin 0

Putting the value of d and CF from Eqns.(A4.2) and (A4.3) in Eqn.(A4.1) undeformed

chip length becomes,

2 2 2 2
= \{—[—)—-sinz 8+9-—+—D-—00528— —
4 4 4

_ [2p* 2p?
= - cosO
4 4

=4/D.d ...Ad4.4

cosf

A 4.2 Determination of Chip Thickness

Referring to the Fig. 4.3, chip thickness has been calculated as follows:

A F )
h=EG = CE sin 6 = CE (= A4S
D/2

and
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CF = JI'.d’ ...A4.6

Substituting the value of 'I' from Eqn.(A4.4 ) in Eqn.(A4.6) we get,

CF=(Dd -d*)"?
Thus, h = 2—gE—x}Dd—d3 =CE 4d/D-(d/D)?

Since d/D <<1, (d/D)’ is neglected.

CE is the distance the table advances during the time it takes the wheel to

make 1/N, revolutions (where N, is the number of teeth) and can be expressed as

e L A4T

Putting the value of CE and CF in Eqn.(A4.5)

5
o T
.N
t w
But, the number of grains lined up one behind the other around the circumferance of

the wheel is

N=(nDb)C ...A4.8
Where,

C= grains cutting per mm?®

b = width of each cut, mm

Hence, for surface grinding

2v
h= —4/d/D ...A49
TID.hC,Nw

Assuming a chip of constant width throughout its length and that a taper

section yields the average depth of cut, r = h%
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Thus, ' h ' becomes

h= f—"l—\/dm .A410

When h, <<1,, the volume of undeformed chip can be approximated analogus

to that of a triangular pyramid, as 1/3 times the product of maximum cross sectional

h’ .
area (—rj— )and length I, , the volume of chip *V.” can be expressed as

c

Vv = B
6

* Using this expression in the equation of volumetric removal rate

dV..b=(C.b.V,)V,, and I,= ¥D.d
Which implies,

6 1/2
A%
h=|——Jd/D LLADL
[nDNWCr J

A.4.3 Derivation of Area Ay, Ay and A;

Referring to the Fig. 4.13, the rectangular area, A, = X, (max) x d
Where, .

Where,

X; =asinwt (with respect to point D)

or dx; = aw.coswt.dt
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She = _[ a(l-coswt)aw cos wtdt

=a2mj(coscot-cosz mt)dt

=g f(cost? —cos’6 )dé

{]

=az{sina «I[deﬁ }
5 2

Which may also be written in the form

A, =a? 1/ﬁ——l1/3g-—1.."1sin.fz cosa
a 2Ya 4

Lo [HE_1 [5_1 3 a-

a 2Ya 2Va a

and,

Ay = Circle sector OAHEOQ - A OAF

sea® . Lats *d)‘[z_?
2 a 2 a

:21 —?(az ~a’ + ad)

=l1f—2ﬂ .ad
2Y a
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A 4.4 A Sample Calculation for Theoretical and Experimental MRR

To determine the matrial removal rate due to machanical and electrochemical

actions both theoretically and experimentally, the following procedure is followed.

The parameters considered are
D =150 mm, b=32mm, d =20 mm, length of job = 85 mm, V=413m/min, 1=

21.28 amp / mm-, electrolyte flowrate = 2.8 x 10® mm? /min.
A 4.4.1 Theoretical MRR due to Mechanical and Electrochemical Actions

Referring to the Eqn. (4.59), the theoretical MRR due to mechanical action is
given by

MRRy=V;.db = 6.67x20x 10 x3.2

=0.43 mm® /sec

Referring to the Eqn. (4.51), MRR due to electrochemical action can be found

out as ;

MRRg =2 bR? (a/2R)" {(d, /R)"? - 2/3}

1 2
= 2bR? (a/2R) 2 [-‘%R-] hzrs}

/2 /2
=2(3.2) (0.62) ( 4 ] {[M) —0.67}
7%.61 0.61

(Considering the higher valency of each element, the value of R is found out from the
Eqn.(4.44) as 0.61 mm / sec)

MRR;; = 6.45 mm’ /s
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Hence, the percentage of theoretical MRR due to machanical and

electrochemical actions can be calculated as

M .
ny = MRRy 043 555
MRR, (0.43+6.45)

Nm =(100-6.25)% = 93.75%
A 4.4.2 Experimental MRR due to the Mechanical and Electrochemical Actions

The experimental MRR due to only mechanical action can be found out
keeping the different process paramcters. constant such as depth of cut, feed rate etc.
‘and allowing no current to flow across the electrolyte. The amount of metal removed
is found out by weighing the specimen before and after the run. It is 0.1478] gm for
the above parameters. Since density of the workplace is 0.0142 gm/mm’ [refer Table

A 6.1] and time taken for the single pass is 12.7 seconds experimental MRR is

= _M__ = 0.82 mm*/sec.

M 0.0142x12.7

Keeping the same parameters constant and allowing the current to flow across
the electrodes, the total metal removed is found out by weight measurement as

1.08564 gm. So, the total martial removal rate can be expressed as

MRR; = _LUeoedh 6.02 mm?/s.

12.7x0.0142

=

Hence the MRR due to electrochemical action is given by.

MRR]; = MRR1 = MRRM
=6.02-0.82 =520 mm’ /s

Therefore, the percentage of experimental MRR due (o mechanical and

electrochemical actions can be calculated as:
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MRR,, 0.82

= M 00— 1362%
i MRR, 6.02 °
M =(100-13.62)% = 86.38%

AS.1 Resistance Load for the Movement of the Table

Dead weight of the workpiece holding table =400 N
Average cutting force in grinding operation =300 N

Total normal load =700 N

Design load is assumed as 1.5 times the total average load.

Design load = 1.5 x 700 = 1050 N

CoefTicient of friction, p is assumed to be unity, because at static condition
coefTicient of friction would be maximum of value 1.

Resistance load for the movement of table = 1050 N

A 5.2 Specifications of the Hydraulic Cylinder

The specification of the hydraulic cylinder is given below -

Type : Double acting cylinder
Bore diameter (®) 25 mm
Distance between port centres  : 410 mm

Distance between free-end and

port centre : 25 mm
Cylinder body length © 525 mm
Stroke length : 330 mm
Mounting type . Foot mounting

Piston rod diameter 16 mm with M12 x 1.25 mm thread for
fastening to the work table

Port size . 3/8" BSP.
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A 5.3 Calculation for Minimum Load for Dynamometer

The total minimum load acting upon the dynamometer has been determined

from the followings:

Wheel pressure =0.3-1.4 MPa[2]
Electrolyte pressure = 14-70 KPa[3]
Maximum depth of cut, d =2.5 mm|[2]
Wheel diameter, D =150 mm

Wheel width, b =12.7 mm

Width of dynamometer =35 mm (conventionally assumed)

Using Eqn.(4.5), total area of cut can be found as:
Total area of cut = Arc length x width of wheel [83]
= (D.d)*x 12.7 = (150X2.5)%x 12.7
=245.94 mm?
Then the minimum load due to minimum wheel pressure of 0.3 M Pa

=03x10°x245.84x 10 =73 78 N

Similarly, the minimum load due to electrolyte pressure of 14 K Pa

=(14x10°x 24594 x 10%) =344 N

And the dead load of vice, perspex box and the base plate

= 106.4 N (weighed)

- Total minimum load = (73.78+3.44+106.5)=183.7 N
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A 5.4 Thickness of the Ring of the Dynamometer

Thickness of the dvnamometer is calculated from the following formulac.

considering the order of strain as 40x 10" The radius of the octagonal ring ' has heen

assumed 1o be 16 mm so that the length 'L’ becomes 64 mm according to the relation

L/r=4 [107] refer Fig. A5.1.

e

(L/r)

Figure A5.1 Rotational Sensitivity and Stiffness of an Extended Octagonal

Ring
According to Shaw [83]. the strain is expressed as
e=—— "t AS.|

[O9x 83 7x106
21000x35x 1"

R [V

Which implies.  -3.3mm



-

For this design, the thickness is assumed to be 3.00 mm where strain for

r minimum total load of 183.7 N becomes (from Eqn.. A5.1)
5 .09 x 183.7 x 116=48x10 "
21000 x 35x3~
It is found that the strain value does not change appreciable for change of the
thickness from 3.2mm to 3 mm. So the strain value per unit deflection considered will
be in reasonable value.
).
The sensitivity can be calculated as follows:
_— 48x10°6
Sensitivity = L
F, xt 183.7x3
=81.6x 10°/N/mm,
Radial deflection for minimum load, is expressed as :
F. _ Exbxt
& 1.8x¢?
I8xr'xF 1.8x16'x183.7
A = =

r

= T ;= 0.6 um
Exbxt" 21000 x35x 3

And the ratio

—§-=0.187
16
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Figure AS.2 Relation Between t/r and Strain Output for Different Rings

Referring to the Fig. AS.2, strain per unit deflection with respect to t/r=0.187 is

0.12 and hence, the calculated value for strain per unit deflection is

061xt=0114 or, tr=087
r

Which means that this value of t/r may be considered for the design purpose.

A 5.5 Arm Length of the Ring of Dynamometer

With reference to the Figs.A 5.3 (a) and A5.3 (b), geometrically it can be

found that

Each arm = AC = 2AB

. OB/AB=(r+1t)/AB=tan 67.5
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Where,

j &
t= thickness of the octagonal ring
CLAB=(r+t)/tan67.5
SCAC=2(r+ ) /1an 67.5=2(16+3)/tan 67.5 =157 mm
]
).
{rst)
A
+ O<T18
C 615
0
(a) (b)
Figure A 5.3 Geometry of Dynamometer
<
A 5.6 Gap Between Horizontal Members

The slit of“the horizontal member depends upon the deflection of the top
member due to the application of load. For design purpose, this gap should be more
than the actual deformation of the top member.

For simplicity of calculation, the top member is considered as simple
supported beam and acting at the centre a concentrated load. the deflection of the
beam can be written as:

<
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wx/| _ 47.35x153'x12

= =84 x10"mm
48xEx[ 48 x21000 x 35 x}9°

Where,
w = Total concentrated load
I = Length

E = Modulus of elasticity

That value is very small compared to different dimensions of the

dynamometer. So 6mm gap between the two horizontal members is considered

. considering the convenience of making the slit.

A.5.7 Strain Gauge Specifications

Type : BKSAR -5
Resistance in ohms  : 119.7+0.2
Gauge factor :2.06 £ 2%
Gauge length :5mm
Gauge width :2.5mm
Shape : Helical grid
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Table A5.1 Data for Calibration of Dynamometer (Horizontal Load)
[__ Meter Reading in mV
Load L— Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6
(N) Loading | Unloading Loading | Unloading Loading | Unloading Loading Unloading | Loading Unloading | Loading Unloading
981 | 4 3 4 | 3 4 3 4 3 4 3 4 2
1962 7 5 6 5 6 5 6 5 5 4 4 3
2943 9 5 8 6 8 7 8 7 7 4 5 5
3924 | 11 7 9 7 9 9 10 8 9 5 8 6
4905 12 | 10 11 8 11 11 12 10 10 | 7 10 8
5886 14 11 13 | 9 12 12 14 12 12 9 12 10 |
68.67 16 13 15 11 14 13 16 13 14 11 14 i1
| 7848 18 16 Ww. .| 13 16 15 18 15 16 12 16 13
| 8829 21 18 19 15 18 17 20 17 18 15 18 14
93.10 23 20 21 17 20 18 22 19 20 17 20 16
10791 26 23 23 20 22 20 24 20 22 18 22 18
11772 29 24 24 22 23 22 26 22 24 21 | 23 21
12753 30 27 26 25 25 24 27 25 25 24 | 25 | 24
13734 | 31 30 31 30 28 28 29 27 28 26 28 | 2%
14715 | 33 33 32 32 30 30 30 30 30 30 29 25
[ Load Cycle 7 Cycle 8 Cycle 9 Cycle 10 Average
(N) Loading [Elloading Loading | Unloading | Loading Unloading | Loading Unloading | Loading Unloading \
93] 4 3 2 2 2 2 2 2 36 24
1962 6 5 | 4 3 3 2 3 3 5.0 40 |
2043 | 8 | 6 | 5 4 6 5 5 3 69 | 52
| 3924 10 8 | & 5 7 5 7 4 8.6 6.3
[ 2905 | 11 10 8 8 9 7 9 6 10.3 8.5
| 5880 | 12 11 10 9 11 9 11 8 | 121 10|
| 6867 | 14 | 13 12 11 14 10 12 10 | 141 | 118
IR 16 14 14 | 13 | 16 12 14 11 16.1 13.4
RS 17 |16 | 16 | 16 18 | 14 | 17 18 | 182 | 5
9810 | 19 [ TTis T a8 17 20 16 19 15 | 202 17.3
10791 | 21 20 20 19 22 19 21 17 223 | 194
11772 |23 | 22 22 21 24 21 23 20 241 216
112753 | 95 24 25 24 26 24 25 | 22 259 | 243
1373 | 28 26 27 26 27 25 27 24 28.6 268
5 T 29 29 29 29 28 28 28 | 28 298 298
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Table A5.2 Data for Calibration of Dynamometer (Vertical Load)
r = e T T S m—_________
lLoad Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6
. (N) | Loading Unloading Loading | Unloading Loading | Unloading Loading | Unloading Loading | Unloading Loading _Unloading:
9 81 8 5 7 4 6 3 5 3 5 3 5 2
1962 15 | 1o 14 8 13 4 13 9 12 8 12 8
| 2943 20 | 1a 19 12 14 8 2] 14 19 9 15 10
3924 24 19 23 16 19 1 25 18 23 3 21 13
| 905 | o8 23 27 20 23 14 29 22 30 17 26 16
58 86 32 26 3 24 27 17 32 28 32 2] 30 20
68.67 38 29 34 27 31 21 36 30 38 26 35 24
78.48 41 34 39 30 36 25 39 34 40 31 38 23
8829 44 38 42 33 39 30 43 37 44 35 42 32
| 98.10 18 42 45 36 43 35 47 40 48 39 45 36
10791 52 48 48 39 47 40 52 43 52 44 49 42
| 11772 55 52 51 45 51 48 54 46 55 49 53 47
| 12753 | 58 55 54 | 56 53 51 56 53 57 55 56 52
13734 | 62 60 60 58 60 57 59 57 59 57 59 57
14715 65 65 64 64 64 64 64 64 63 63 62 62 |
Load | Cycle 7 Cycle 8 Cycle 9 Cycle 10 Average \
(N) Loading Unloading Loading | Unloading Loading | Unloading Loading | Unloading | Loading | Unloading
| 93] 5 2 5 2 S 2 5 2 56 28
1962 | 12 4 10 6 10 6 9 2 120 60 |
2943 | U8 | 3 lo | 8 18 ° | 16 4 | 176 96
3924 2 | 12 20 10 22 13 21 9 22 13.4
4905 | 26 16 24 14 26 | 15 25 14 264 17.1
58.86 30 20 28 18 30 20 31 16 503 21
6867 34 23 . 32 2] 34 24 34 2 346 24.7
78.48 38 | 28 37 26 39 28 37 29 384 293
88 29 2 | 32 40 30 42 33 | 3 33 417 333
98.10 36 | 37 44 35 44 37 42 37 452 37.4
10791 50 41 47 39 49 42 46 41 492 419
TEER 53 47 50 36 53 47 50 46 52.8 473
12734 56 52 55 50 56 52 53 52 555 522 |
137 34 ) 57 59 36 A 36 57 55 590 572 S
14715 62 | 62 62 &9 6 Ft e T,
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Table A6.1 Some Properties of WC-Co Materials

Composition, % | Density. Rockwell | Vickers Transverse rupture | ((:r*prusm. f \Mfodulus of
wC Co g/em’ hardness. | hardness, strength, psi i strengthopst | elasteity.” !
Ry ke/mm® / [ " psi |
R 157 92-94 | 1800-2000 | 43.000- 71.000 ‘ 426,000 J 1025 l
l i
97 3 151=152 90-93 [ 1600-1700 | 142.000-170.400 J 38,000 I '
955 45 | 150-15.1 90-92 [ 1550-1650 | 170.000-199.000 | 824.000
91
04-94 5" 55-6 | 14.8-15.0 90-9] 1500-1600 | 227,000-256.000 710.000
88
94-94 5" 556 | 14.8-15.0 91-92 [ 1600-1700 | 199.000-227.000 | 781.000
89 5
91 9 14.5-14.7 89-9] 1400-1500 | 213.000-270.000) 682,000
n s |
90 10 143-145 | 88.5-90.5 | 1350-1450 | 220.000-277.000 | 667.000
! | | 83
89 11 14.0-14.3 88-90 [ 1300-1400 | 227,000-284.000 | 653.000 ) !
- | | 82
87 13 14.0-14.2 87-89 | 1250-1350 | 241,000-298.000 | 639.000 | ]
| 79
85 15 13.8-14.0 86-88 | 1150-1250 | 256,000-312.000 | 554.000 |
78
80 20 13.1-13.3 83-86 1050-1150 | 284.000-369.000 483.000 l
71
75 25 12.8-13.0 82.84 900-1000 | 256,000-384.000 | 454,000 | 7
66 5 :
70 30 12.3-12.5 80.82 850-950 | = eeeeeee- J ----------------
100 8.9 8 | s f ......... 25.5
e —eee——

" Coarse-grained WC phase.
" Fine- grainned WC phase
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Table A 6.2 Values of Different Parameters for Feed Force

[ 8
Symbol Value
m 12
110.5 N/mm?
A 2.27x 10 mm?
Il 1.22 mm
ki 0.8
a, 0.4
k; J 6.1 N/'mm/% of
loaded area.
n 2
A 0.5 mm
r 0.085 mm
w 9.23 mm
H 0.01 mm
h 0.02 mm
o 1.0 N/mm?
) 0.5 N/mm’
A 0.34
b T 0.102 rad
Hr 0.5
H 1.36 x10™ N.sec/m’ -
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Table A6.3 Grinding conditions for Feed Force

Grinder
Grinding manner

Grinding wheel

Workpiece
Depth of Cut
Work speed
Wheel speed

Applicd voltage

Current

Electrolyte
ingredient
concentration
flow rate

temperature

. Horizontal surface grinder
: Surface grinding

: Diamond impregnated metal bonded

Diameter =150 mm
Width = 9mm
Concentration = 75

Grit size =80/ 100

: Stainless steel
210 um
:6.67 mm/sec

: 1413 m/min

4-10V
: 25-100 amps.

: NaCl

: 10% w/w aqueous solution
:2.9 lL.pm.

:26°C

192




