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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 electrically 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, anc 

electrochemical and mechanical aspects of the process have been extensively studied. 

Investigation on the ditTereni 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 eIectrochcmic 
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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 ECO 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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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 direct current 

ECG electrochemical grinding 

AC alternate current 

V 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 
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E electrochemical 

M mechanical 

T total 

TI I total horizontal 

e property of electrolyte 

m property of metal 

n normal 

r radial 

t tangential 

property of+ve,veel 

(Other subscripts are defined i 

Symbols 

Bold lace 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 I 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. I in Appendix A. 1.2. Number in 

between { J in the text indicates the serial number of the list of references. 

Subscripts 
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NOMENCLATURE 

p. 

Followings are the principal notations. Some nomenclatures are described in 

the illustration (refer also the keynotes). 
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4 
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D diameter of wheel, mm 
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EOX single electrode potential of the electrode forming oxidation reaction, volt 
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H electrolyte film thickness at maximum pressure, mm 
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current allowed to flow, ampere 
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T thermodynamic temperature, °C 
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VDC applied DC voltage, volt 

V1 linear feed rate, mm/sec 

Vg grinding wheel surface velocity, mm/sec 

V'v workpiecc feed velocity, i 

w weight of metal removed! 

a grinding wheel radius, mn 

b width of grinding wheel, r 

c atomic weight, gm 

d set depth of cut, mm 

d1 actual depth of cut, mm 

dp/dx pressure gradient 

dy incremental depth at y, mit 

e strain 
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h machining gap width, mm, 

h1 electrolyte film thickness, mm 

hm maximum chip thickness, mm 

current density, amp/ninY 

unit vector along X-axis 

j unit vector along Y-axis 

k constant for anode material 

k, chip thickness coefficient 

loading force coefficient 

wheel peripheral contact length, mm 

m number of grits present along the width of the wheel 

n number of rows present in the angle (a - I) rad 

q electrochemical equivalent weight of the metal removed, mm3/amp.s 

q, electrochemical equivalent weight of the element considered, mm3/amp.s 

r radius of abrasive grain, p.m 

s linear feed rate of the wheel, mm/sec 

s, total feed rate perrevolution, mmlrev 

s'n mechanical feed rate per revolution, mm/rev 

time spent to cut the surface, sec 

u specific energy, Joule/mm3  

u, weight fraction of an element at a given valency, % 

v table speed, mm/mm 

flow rate of electrolyte, cc/mm 

w width of grinding wheel, mm 

displacement of X-axis with respect to initial position of the wheel, mm 
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Greek Symbol 

angle of contact between wheel and workpiece, rad 

stress coefficient for normal ploughing force, N/mm2  

stress coefficient for tangential ploughing force, N/mm 2  

density of workpiece, gm/mm3  

density of element, gm/mm3  

coefficient of friction 

angle of sliding, rad 

ratio of tangential to normal force 

coefficient of sliding friction between tip are and workpiece, N/mm 2  

angle swept in a small interval of time t, rad 

chip cross sectional area, mm2  

angular velocity of the wheel, rad/sec 

current efficiency 

percentage of clectrochem ical action 

Faradaic efficiency 

percentage of mechanical action 

radial deflection, ,..tm 

activation overpotential 

concentration overpotential 

resistance overpotential 

absolute viscosity 

kinematic viscosity 
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CHAPTER - 1 

INTRODUCTION 
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CHAPTER 1 

INTI)Dv(:rIoN 

1.1 Nonconventional Machining PrOCeSS 

With the rapid technological advancements in the ficid 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. Moreover, the 

development of the so-called technologically advanced industries like aerospace, 

nuclear power etc. has been accompanied by an ever increasing USC of 

high_strengthteniperaure resistant alloys. In many cases, the only etièctive way to 

machine such materials is by using common energy forms in new ways or apply the 

forms of energy never used hefbre. The processing of the parts of complicated shapes 

has been difficult, time constirning, and Uneconomical by conventional methods of 

machining {I}. 

Inventions have been created to meet increasingly complex needs of modem 

society, and flCW 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 

pla
y an important role for their steadily improving capabilities and beneficial cflcts 

of computer control, adaptive control, and education. 

These processes are used to reduce (lie number of rejects experienced by old 

manufacturing method by increasing repeatability, reduction in breakage of fragile 

workpicce or by minimizing detrimental effects on workpiece properties f2J. 

Till now, about thirty three nontraditional processes have been industrially 

exploited and grouped according to their primary energy modes as shown in 'Fable I. I 

13J. Different forms of' energy like electrical energy, chemical energy, high velocity 

jet of" liquids, or abrasives, electrochemical reactions, and high temperature plasma 

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



Table LI Nonconventional Material Removal Processes 

MECHANICAL 

AFM - Abrasive Flow Machining 

I 1DM - I Ivdrodynamic Machining 

RUM- Rotary Ultrasonic Machining 

TFM - Total Form Machining 

WJM - Water Jet Machining  

MM - Abrasive Jet Machining 

LSG - Low Stress Grinding 

TAM- Thermally Assisted Machining 

USM - Ultrasonic Machining 

ELECTRICAL 

ECD-Elcctrochem ical Deburring ECDG-Electrochemical Discharge Grinding 

ECG - Electrochemical Grinding ECI-I - Elcctrocheniica Honing 

ECM - Electrochemical Machining ECP - Electrochemical Polishing 

ECS - Electrochemical Sharpening ECT - Electrochemical Turning 

ES1 - Electro-stream EJ - Electro Jet 

STEMTh1 Shaped Tube Electrolytic machining 

THERMAL 

EBM-Electron Beam Machining EDG-Electrical Discharge Grinding 

EDM-Electrical Discharge Machining EDS - Electrical discharge Sawing 

EDWG - Electrical Discharge Wire Cutting LBM - Laser Beam Machining 
F LBT - Laser Beam Torch PBM - Plasma Beam Machining 

CHEMICAL 

CHM - Chemical Machining ELP - Electro-polish 

PCM - Photochemical Machining TCM - Thermochemical Machining 

TEM - Thermal Energy Method 

40 

3 



jable 1.2 Classification of Nonconventional Machining Processes 

Ir 

10 

Type of energy Mechanism of Transfer media Energy source Processes 

metal removal 

Mechanical Shear Physical Cutting toci Conventional 

contact machining 

Erosion Pneumatic/hydra AJM, USM, 

H i gh velocity ulic WJM 

particles Pressure 

Electrochemical Ion Electrolyte High current ECM, ECG 

displacement 

Chemical Ablative Reactive Corrosive agent CHM 

relation environment 

Thermoelectric Fusion Hot gases Ionized material IBM, PAM 

Electrons High voltage EDM, EBM 

Vaporization Radiation Amplified light LBM 

Ion stream Ionized material PAM 

NOTE: 

IBM- Ion 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 [4J. 
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Tabte 1.3 Process Economy for Nonconventiona; 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 F 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 F 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 tm finish CLA depth mm 
mm/min jim jim 

- USM 300 7.5 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 
macli in i ng 
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Before selccting any p$ocess for an application, the following aspects should 
be considered 

I) physical parameters, 

properties olwork material 

complex geometry of the work piece, 

process capabilities, 

riced for higher production rale, 

closer tolerance, surface finish and surface integrity, and 

economic considerations. 

These processes are generally characterized by their high power consumption 

and lower material removal rate. As seen in Table 1.5, both (JSM 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 electrically conductive material to 

machine. ECM has the advantage of a very low tool wear rat io[4]. Fig. I. 

demonstrates the relationship among conventional and nonconvcntional machining 

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

Table 1.5 Physical Parameters of Nonconventional Machining Processes 

Parantetcr (iSM AiM 

Poten 

 J ECM CHM J EDM EBM LBM PAM [iiJ 220 
J 220 j 10 

- 

150.00<) 4500 100 (\') 
J 

Current j 12 (A.C.) 1 1.0  10.000 
- 

I 
so 0.001 

I 
2 (average 500 - 

(Amp) 
J 

I 

J (D.C.) (Pulsed (Pulsed f 200 peak) (D.C.) 

I 1 D.C) D. C.) 
Powct(w) 

r (X)  220 j 100,000 
. 

2700 
 

ISO(avci-agc 
- 50,000 

I I I 200pcak)  
Gap(mm) 0.25 0.75 

- 
0.20 0.025 100 150 

j asive Ekctrolvtc Liquid Liquid Vacuum Air 

7.5 

Argon or 
in satcr 

J 
in gas chemical dielectric hydrogen 

p 
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1.2 Technology of Electrochemical Grinding 

Elcctrochemical grinding is a special form of clectrochemical machining 

in which the conductive workpiccc 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 piece; 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 [S, 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 workpiccc 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 

electrical 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 now of electrolytes. 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}. 



Dry gap 
I > short CkI 
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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 olsurfacc 

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 dilTerence (d.c. 

voltage), the machining gap, and engagement area between the wheel and workpicce. 

Fig. 1.3 represents the basic scheme of the process. 
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Table: 1.6 Comparison of ECG with Conventional Milling and Grinding 191 

Material Stock Stock Tooling Cost Size Production Potential Quality of Problems Removal Removal & Control of Fragile of I feat Surface with (Milling) (Grinding) Replacement Parts Damage Finish Burrs 

Machinery steel - = - - + + 

Too] steel, sofl - - - 4- + + 

Tool steel, hard + + - - + 4- + 

Castiron  

Copper - + 

Brass - 
+ 

Aluminusn - +  - 
- - 

Tungsten - + - 
= + + + + 

Tungsten carbide + + + = + + + 

Beryllium  

300 Stainless - + + = + 

00 snlcss - + + = + + + + 

Titanium 
- = 

= + + = + 

Waspalov + + + = + + + + 

InconcI 718 + + + = + 

lnconcl X f --  

Hastelloy alloy X + + + = + + 
= + 

Udimet500 + + + 
= + 

Udimct 700 + + + + + + F 

Greek Ascolov  

Processes about equal 
- ECG infcnor to convenuonal machining 

[ECG superior to convcntional machining 

WE 
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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 

11 
removal rate is 1.6 cm3  /min/I000A [2]. The DC power supply provides voltage 

control from 0 to 15 volts and standard amperage ratings are 300, 600 and I000A 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 flo}. 

Current densities range from 2 A/cm2  in grinding tungsten carbide to about 3 

A/cm 2  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 are most often found between 22 and 35 rn/sec. The 

temperature of the electrolyte is usually maintained between 90- 1100 F (32 
- 430C), 

pressure used to pump the fluid is about 5 - 10 psi (35-70 kPa) [11]. The longitudinal 

feed rate should not exceed 6m / nun [4 1]. 

1.2.2 Advantages 

Electrochcmical grinding is best suited for fast machining very hard materials 

like carbide at major savings compared to that of conventional machining techniques. 

High strength materials in the range of 200,000 -400,000 Psi tensile strength(1400 
- 

2800Mpa) 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. 
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!-iencc the advantages offered by clectrochemical grinding arc 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 f141 

1.2.3 Disadvantages. 

Electrochemical grinding needs contact area between anode and cathode to 

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. grindinti'opertion5  would be impracticable f NJ. 

Since, only chemically conductive materials can be ground, the electrolyte 

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 electrolytic 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]. 

It is not economical for soft materials and needs high preventive maintenance 

costs[21. 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 [1 7]. 
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1.2.4 Applications 

Elcctrochcmical grinding is applicable primarily where conventional abrasive 

grinding is unsatisthctory.  Such areas include: 

) form grinding of hard to grind ductile metals, 

grinding of heat and stress sensitive materials, 

generating burr and distortion free pieces, and 

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 eai 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]. 

1.3 O1)jCCt1VCS 

From the forgoing discussion it is clear that ECG process offers many 

advantages and appJicatiors 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 whch most of the 

objectives like MRR, surface finish, surface integrity can be achieved 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 
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development ol'a machine. 

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

follows: 

development of' an electrochem ical surface grinding mach inc with 

automatic hydraulic feed drive retrofitting an existing obsolete conventional 

peripheral surface grinder with manual feed, in house, 

design, construction and calibration of a two component octagonal 

extended type grinding dynamometer for measurement of' vertical and horizontal 

force components, to measure Forces cuhsequently on a transducer for adaptive 

control, 

development of a mathematical model to quantitize material removal 

rate due to electrochemicaj and mechanical actions, 

(1) development of a mathematical model for feed force, 

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

0 corroboration of the model with experimental results. 

1.4 Scope of the Thesis 

The thesis consists of seven chapters of which the present one is Chapter 

1. This chapter introduces the subject and contains the development of the 

electrochemical grinding process and illustrates its technology. The 

fundamentals, mniportance, and applications of the process alomig 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 areas involved 

related to the "Studies on some aspects of electrochemical grinding" has been 
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briefly discussed 
in Chapter 2. It provides a comprehensive literature review for 

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

process parameters FCC machines grinding wheels and process optimization. 

Sonic important elcctrochernjcal aspects are provided in Chapter 3 

wh icli illustrates electrocliein istry, electrolyte phenomenon elcctrochern ical 

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 developed for predicting material removal rate due to 

electrochcmicaj 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: 

i) the schematic layout of the machine, 

principle of operation, 

development of hydraulic and electrical circuits, 

electronic device for force measurement, and 

design, construction and calibration of a grinding dynamomctcr. 

Chapter 6 describes the experimental investigation which includes 

studies on the effect of different process parameters. Experimental designs, 

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

Towards the middle of the chapter the major parameters involved during 

experimcnil studies have been highlighted Important results are 

discussed and developed models are corroborated 
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Chapter 7 briefly summarizes the major 
observations drawn from the 

present investigation and concludes the work. It 
enlightens the scope of future 

work which is followed by references and appendices. 
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CHAPTER 2 

LITERATt IRE SURVEY 

2.1 Introduction 

The electrochemjcal grinding process was introduced in the early 1950's 

evolving From the developments in the USSR on electrical discharge machining f13J. 

i
;114 

first appearance in the west was in the fomi of a machine built in Gloucester, UK 

following which a pattern was filed, covering the use of tool electrode containing 

particles of insulating material projected from the surface of the tool. To remove 

metal from a workpiece utilizing the elecrochemicaj 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 EGG has been replaced by 

several other methods including conventional grinding and elcctrodischargc grinding. 

It was also reported by Thompson [6] that ECG first became known to 

industry as a process using metal bonded diamond wheels to 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 removal mechanisms, sufacc uiñish 

and -integrity, influence of' various parameters, and recentdevefoprnent in the grirding 

wheel and EGG machines are included in. the foJl.o.w,setiQji.s 

2.2 Electrochemjcal Grinding Process 

2.2.1 Material Removal Mechanisms 

The principle and mechanism of the process have been illustrated very 

extensively by Dc 13arr 161 and McGcough f651. 
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Phillips f JO] prcsentcd the principle of electrochemical grinding process and 

reported that variables influencing ECM would also influence the electrochemical 

I 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. (i) totally mechanical removal (ii) 

-4 
electrochemical removal combined with mechanical and zero overcut (iii) 

electrochemical removal combined with mechanical removal and an overcul greater 

than zero and (iv) totally electrochemical removal were studied by Atkinson and 

Noble f211. Nimonic 105 and AISIOI tool and die steel 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 

Conventional grinding actions were investigated by Cole[22]. The interrelationship 

amongst electrolyte now rate, voltage, current dcnsity, 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 I O% and 5% by weight respectively was used. 'l'he Faradaic efficiency 

appeared to be almost 100% while the process efficiency was about 97.5%. A fbrmula 

was presented for hydrogen gas pressure in the work-wheel interlace as follows: 
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= 
l2tLQP1  

3hd 2  

Where, 

L = average path length of superimposed gas-electrolyte now, in 

= viscosity of gas-electrolyte mixture, lh.scc/in 

d = work-wheel interface gap, in 

P, average pressure in work-wheel interface, lb/in2  

= atmospheric pressure, lb/in2  

volume of flow rate of gas-electrolyte mixture at atmospheric nressure. 
I 

in3/s 

Physical aspects of the electrochemical grinding process were studied by a 

number of researchers. Colwell {621 studied experimentally the dependence of many 

variables like current, feed rate, fi2cd 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. 
a- 

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 laster rate 

than that of the carbide phase. The interaction between the electrochemical and 

mechanical prOCeSSeS was illustrated based on experimental results. 

The quantitative characterization olsuri'ace damage to WC-Cobar composites 

by ECG process was studied by Malkin and Levingcr [25]. A method for measuring 

the degree and depth of damage in the surface layer was developed. l'I•ie degree of 
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weakening was expressed as the ratio of the specific grinding energy of the material 

in the surf'ace layer to the normal specific grinding energy. They also stated that 

surface damage from elcctrochcmical 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 inlied 

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 

4 on various types of WC-Co cemented carhides 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 ci a! [28] 

An experinieii(al 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 clectrochcmical 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 he constant. 

Kaczmarek ci al [30] investigated the electrochcmical and mechanical actions 

on the materiel removal rate of grinding cemented carbide and high speed steel tool 
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materials. Elcctrochemjcal 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. It was reported 

that the process efficiency was highest with a diamond wheel and lowest with 
alundurn (A1201) wheel for machining sintered carhides. The magnitude of process 

efficiencies for carbide and HSS, when ground by diamond wheel were about 80% 

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 process was introduced by 

Shan [3 11. Equations for material removal due to electrochemical diss.iutio and thai 

of mechanical grinding were derived as: 

Vj =bL— 2t  _R2+(2rt)2 RJ 

and 

VM  =hft—V1, 

Where, 

1= longitudinal table feed, 

r = radius of the wheel 

= depth of cut, 

V1: = material removal due to electrochemical action, and 

VM  =material removal due to mechanical action. 

Electrochemical plunge-in-grinding of small-diameter carbide specimens 

brought about the enveloping surfaces of the multi-point cutting tools made of solid 

[32]. A model that was developed could he considered as the cutting and burnishing 

rings of a muIti-componcrt 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 delbrmation was found to he 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 133 1 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 cicctrocfiemical dissolution of' a surface on the mechanical 

properties of copper specimens in electrolytic diamond grinding was studied 
[34 ]. 

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 elcctrochemjcal 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 now 

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 

electrolytically by ECG is 7.3 mm3  /s (0. 1 in3  1mm) for each 1000 amps of 
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current flow through the gap [9,4,3]. Two fundamental factors: i) the ionization 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-effects [99]. The effect of operating 

parameters on efficiency, 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 l/.3  rd of the original strength [41]. His 

concluding report includes that ECG of carNide when metal bonded diamond wheel is 

used, provides a very fast MRR with high process efficiency. The effect of operating 

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

parameters. 

McMillcn [121 investigated the CG 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 wa 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 lntcgrity 

Stirfce in(cgritv is mainly governed by diflreritial clect >chcm ical activity of 

the micro-structural constituents, by the process voltage, arJ by the amount Of 

mechanical contribution to the process f401. Finish grinding under suitable conditions 

permits close dimensional control and yields a good surface quality f or tunusten and 

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

activation. 

Geva Ct al {40} briefed about the ef1ic of peripheral electrochemical grinding 

I 

process on surfce finish, in case of sintcrcd carbidcs. The difIcrent whcel-workpicce 

regions- the 'contact' region, characterized by :i simultaneous electrOchemical action, 

abrasive action, and 'after-wheel' action in which only the electrochemical aspect is 

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 fbrniat ion, and local 

activator were also evaluated. 

Ranganathan [61} worked on the .;lectrolytic grinding of titanium, and 

reported that ECG damaged work surface I rming pits which act as crack-initiation 

sites for fatigue failure. In ECU, 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 nplied that there was no electrochemical 

CorrOsion due to the electrolyte. 

The surface effect and residual .;tresses in electrochemical grinding were 

studied by Frisch and Cole [63]. Their incipal observations are as f'ol lows: 

i) CG with low ficd rate and I 'N Iced frce does not induce any appreciable 

residual stress, and the norm; condition results small compressive stress 

cnipared to large tensile strn s. 
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ii) Surface finish and accuracy improve with feed force and flow rate within 

certain limits. 

It was reported [2 l] that, under purely electrolytic condition, surtice 

roughness increased with increasing applied voltage and decreased fed rate. Surficc 

finish was not influenced by wheel variables but with sonic 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 tine 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 identif' appropriate operatiMy parameters. 

With increasing applied voltage, the non-uniformity of electrolyte flow had 

increasingly aggravated the deterioration of surface finish. 

The eftect of magnetic field on surface roughness was investigated by 

Kuppuswamy and Venkatesh [371. They showed that magnetic field 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 

rcmoval, 

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 fbund to be 

similar to that obtained with a metallographic polish. There is no heat-afTectcd zone 

and the surface is free from any induced residual stress contributing to the production 

of workpicces with high surface integrity [3]. Current density is an important factor to 

determine the electrochemical action and surface finish. A chart, for determining 

contact Icngth and feed rates with respect to dilIèrent 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 helter is the 

surface finish. Surface finish depends on the type of grinding and the workpicce 

material. Most steels and other alloys when electrochemicahl :round, have a surface 

finish of 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 

surfiice finish of high accuracy. A nickel coated vitrified wheel was developed by 

Kubota [58]. He reported that in working hardened steel, a metal bond CI3N wheel 

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

Different applications of electrochemical grinding were dccribd, and 

machining time was compared for electrochemical grinding to conventional grinding by 

Knight Cl al [79]. The process was found to reduce thc grinding time per specimen 

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

dimensional tolerances. 

Guti et al 1931 studied the mass and energy balance sheet in grindine.of 

cemented carbide bits and expressed that the higher the cur i s 
rent density the Iovetthe 

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. lilian 

(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 sh(' -circuiting and anodic passivity. Attrition resistance is the degree of area 

in contact with the material being machined. 

28 



The impact of the forces creatcd due to mechanical contact of the grains with 

the workpiecc, the corrosive grits were broken down causing the whecl radius to 
d 

chantc [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 [10 1]. 

Sfantsikopoulos and Noble f 102] suggested an ckctrocheniiea 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 diffirent sets of 

voltage and depth of cut specially in grinding hard alloy workpiece by diamond 

wheel. 

A trmula was proposed by Balashov [41] to determine wheel wear, and the 

metal bonded diamond wheels were found to be the most suitable wheels for 

elcctrochemical grinding. 

Opitz and i-Ieitmann [97] reported that in ECG there was a tool wear caused 

by mechanical metal removal component. Increasing pressure caused increasing fool 

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 

due to economic calculations in electrochemical grinding [56]. The maximum 
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wheel pressure or minimum gap width was limited by the maximum currcnt density 

values. 

The most economic process is [CG 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 embritiled as a result of 

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

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

Gavrilov [48] discussed the wheels used for both conventional and 

nonconventional grindings. Electrochemical grinding tests were performed with direct 

and incre supply-sourcc polarity. The tesi spceillIcns of cemented carbide, ii4KS 

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]. 

.16 

Kubota [58] studied a newly developed nickel coated vitrified wheel which 

possessed cutting ability sufficient to remove hardened steel. In electrochemical 

grinding, mechanical cutting ability of wheel electrode was important to get a liner 

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 experimental study was conducted to analyze the performance of the 

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

effect of magnetic field in the electrode gap during the process. Faraday and process 
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efficiencies were best observed with the diamond wheel with significant 

improverT1eTt in metal removal. They successfully tried to control passivation by 

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

field. 

[he electrochemical grinding process is characterized mainly by its laster 

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. Bancrjee 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 clectrochemical 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 tbr 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. 

In order to get the effective tight tolerances and minimum production time, the 

FCC process was optimized by Maksoud and Brooks [92]. The optimization 

criteria was based on the tolerances of the machined form, surface topography olboth 

the electrodes and the grinding time. The operational parameters such as feed rate, 

electrolyte flow and current density were investigated. 
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Kaczmarck and Zachwicja f30J presented the baSiC principle of the process 

for both mechanical and electrochemical actions. Their theoretical studies gave a 

general idea for the optimization of the process responses. 

An adaptive control system was made by Shpiialni et al 7 j In control 

oVercut in the process. They described overcut as a f'unction of' the dominant 

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

control System  were compared by them. 

Thompson f6J, 
on the basis of empirical models presented an approach to 

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

be estimated in an electrochemical grinding process. 

Agasaryan et al 11001 studied the workpiece material removal, wheel wear, 

grinding force components and surface roughness They found that the productiv
i ty in 

electrochemical grinding was more than that of conventional abrasive grinding. 

Surface grinding with electrochemical technique proved that the toughness, 

stringiness and hardness of the material 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. I 1041. 

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 lhctors for process control. 

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

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

Nimonic 105 as work material 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 area 

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 fied 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 
tL 

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 FCC process with the face of a cup 

whcel wn.. performed by utilizing the synthetic superhard materials such as diamond 

and hard flhce wheels (55]. The specific consumption of diamond, and surihce finish 

were studied by considering the process variables: electrolyte now rate, voltage, 
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wheel velocity, transverse feed rate, and different types of' ciccirolvic compositions. 

Their investigations were carried out using a retrcfttcd universal machine for 

cylindrical grinding. From their tests and obseatio::s it was concluded that in 

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

Pcrtrmancc of' electrocheiijcaj grinding process was Ibund to aUcct by the 

passivatron in the electrolytic cell during anodic dissolution, f3urcc Ct a! 47] 

experimentally investigated that after a certain voltage, the rae of increase in current 

density decreased indicating the onset of passivation. Comparison between pulsed 

and conventional EC(' was made and concluded that pulsed I('G appeared to he 

more c Iiic lent than convent iona I [CG. 

2.3 Elcctrocljcniical Grinding Vhee1s 

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

some are (,round away in the conventional manner as the proirudinu abrasive grains 

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

purposes: 

1) To wipe the oxide layer from the workpiece exposing new 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 

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

workpiece and the wheel, making the process continuous  

Phillips {1 concluded that the wheel life in ECG was 8-10 times larger than 

that of in conventional grinding. I 'ess Time was spent on wheel irti inn and dressing 

operation., and Important savings could he made if diamond tools were misci 
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The wheels used in electrochemicaf grinding mainly fbr cemented carbides 

and conventional abrasive wheels were metal bonded. Among the d ..ad wheels, 
the most suitable wheel was the cast metal MS bond, with an ASV (8 to 12) grain 
size with 100 to 150% concentrations Tsouin f81J mentioned thai diamond abrasive 
of the ASP type reduced the stability of the process. 

TWO types of wheels were commonly used in ECG process. The' were metal 

bonded diamond wheels for grinding tungsten carbides, and metal tilled resin bonded 

aluminum oxide wheels for grinding ductile metals. Thompson L61 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 (lull to irind away 

the metal oxide filled on the workpiece. Metal filled resin bonded 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 electrolyte process was not interrupted when 

the gap between the wheel and the workpiece was maintained f41. 

The diamond grinding wheels used for conventional grinding were also used 

for elcctrochemjcal grinding. Here, in addition to the base metal, the bonds contain 

non-metallic constituents those were added to improve the cutting properties of the 

wheel. The intersection of the bond and the electrolyte, and the possibility of an ox i de  

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 

phenomemj was investigated. An experimental analysis to get the best condition o f,  

making that new type of wheel was described. It was reported that the wheel had the 

same capahlitv of metal removal by itself. 
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it is provided in Benedict [51] that the geometrical arc length of an 

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

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

wheel which could provide constant current, hence preventing overcuts. 

Sorkhcl et al [51] suggested that the wheel eccentricity should he less than 

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

The performance ofA103, SiC arid diamond wheel for machining of'tungsten 

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

1 F diamond wheel 1361. 

ECG of tungsten-free hard alloys using SHM wheels was investigated by 

Lavrincnko et al [54]. When using wheels based on Cu-Sn-Sb bonding materials 

(M020, M020 -2), the edges of the machined surface suffered from chipping while, 

in the case of Cu-Al-Zn based bonding materials (M04, M0I3E, 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 M020 -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. 

Siintsikopoulos 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. '1'hey 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 Cf 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 [41]. 

The formula is 
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S = 2.82 (P/K) 

Where, 

P= pressure on thu 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 1561. 

The ECG wheels contained abrasive particles in a current carrying bond. 

Copper, brass, and nickel were the most commonly used materials fr metal 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 vear out 

in the form of disappearance of grit protrusion [7]. 

I 

profIles of 
The process of electrochemical grinding when used to rnachineArnctal-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 

cond it ions. 
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Economics of using metallic-bond abrasive wheels for electrochemical 

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

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

explained by Antipov et 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, 

It acts as a current conductor, and 

iii) 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 lcd 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 EJectrochemical 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 IS V is sufficient because spark occurs in most of' the 

operations when voltage is exceeded. ECG machines are available with either 

vertical or horizontal spindle for external and internal cylindrical grinders. Five 
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different methods namely face grinding, surface grinding, internal grinding, form 

grinding, and cylindrical grinding can be performed with different types of 
ECG 

equipments 1431. Two methods arc currently used to carry power through the spindle 

through brushes and mercury coupling. Most ECG machines generally use metal wire 

bshes to provide a sliding electrical connection but its ability to car high current is 
limited 

The most effective method to deliver high current is the n1ercu' coupling, as 
this type of' coupling -in ca more current [2,44]. Amperage adjusts automatically 

with the change in contact area between the wheel and the workpiccc to maintain 

constant current density, thus constant metal removal rates are provided. The feed rate 

must be absolutely steady and slow, with a variation less than 1% in set speed 

4 Electrolytes are generally the mixtures of' alkline 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 electrolyte 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 is 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 iø' to 101 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: 

With constant pressure of the grinding wheel against the surface being 

machi ned, 

With small depth of cut, 
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When constant contact is maintained between the work surface and the 

wheel, and 

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

1451. 

Phillips {lOJ pointed out the requirement of ECG machine. According to him 

the Iced 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 surfice grinders, 

vertical spindlAylindrical grinders, burr-free cut-off machine, and many special 

machines including automatic part transfer types. They are also available WEh both 

manual digital input (MDI) and with DNC and CNC Ill) 

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]. 

Gcddarn and Noble [46] commented that peripheral grinding was of great 

Importance in production engineering, and their experimental investigations proved 

the capability o clectrochemical grinding in this field of machining. 

The design and development of an ECG machine was carried out by Ranerjee 

et al [47]. The role of principal parameters involved in this process was studied. 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 gninding, 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 

electrocllemjcul grinding process, surface integrity and siirlce finish, grinding wheel 

and wheel wear,  ECG machine and influences of difTerent 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 

stauiless steel and tungsten carbide. Theoretical analysis of elcctrochcniical grinding 

process has to he considered separately for elcctrochernical and mechanical actions. 

For the analysis of' MRR due to clectrochemical action, the (onziEudjnnI ted 

movement should 'be same as that of iadiai rate of metal dissolution so that the 

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 diflèrent cutting 

dynamics in the next chapter. An analysis for MRR in ECG process, and the 

theoretical model developed fbr representing the feed force have also been included. 
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SOME ELECTROC11EMICIi,L ASPECTS CT,  ECG 

3.1 Introduction 

The electrochemical aspects of electrochemical grinding are very complicated 

and sonlctimes 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 electrolyte, interaction 

time, chemical properties of the anode (work material), and applied dc voltage The 

electrolyte solution, of course, should suit the anode material to he 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 

$ 
electrical energy or seing as a source of this energy. Such reactions are known as 

electrochemical reactions. Electrochemical grinding basically is the applied 
they 

electrochemistry dealing with following fundamentals asgencrally happen in cells. 

It implies that, 

electrochemical reactions occur at the neutral electrolyte boundary layer, and 

chemical reactions occur in the hulk of the electrolyte solution. 

and 
This is also the basic electrochemistry of' ECMA  reveals that a sizeable 

potential has to he 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 

decornpos it ton potent ia I. 
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3.3 Electrolytes 

The solution Containing mobile ions move under the influence of' an electric 

potential and thereby caies electric charge is called an electrolyte the electrolyte 

has three main functions  

i) it carries the current between the wheel and \vorkpiece, 

it removes the products of the reactions from cutting region, and 

irl)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 electrolytes have a greater conductivity than that of water
.  The most COmmon 

electrolyte contains ionizable salts, acids or bases dissolved in 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 f651 

The e1ectro!ies generally used for different metals in electrochemical 

grinding process could be fhund 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 he distinguished as physical, concentration, 

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

Work Material I Wheel Type 

Tungsten Carbide Diamond 

Titanium Carbide Diamond 

High Speed Steel Diamond 

Tungsten Diamond  

Electrolyte 

(Base Chemical) 

roassium turate 

Potassium Nitrate 

Sodium Nitrate 

Potassium Hydroxide or 

Sodium 1-lydroxide 

g/L H2O 

I 80-200 

180-200 

120-180 

120-ISO 

60-120 Low Carbon Steel J Aluminum Oxide 

LI 

0 

=Stalnless

n Steel 

teel 

ilicon Iron 

Aluminum Alloys 

Titanium Alloys 

Nickel Alloys 

Cobalt Alloys 

Zirconium Alloys 

Stellite Alloys 

Copper Alloys  

Aluminum Oxide 

Aluminum Oxide 

Aluminum Oxide 

Aluminum Oxide 

Aluminum Oxide 

Aluminum Oxide 

Aluminum Oxide 

Aluminum Oxide 

Aluminum Oxide 

Aluminum Oxide 

Potassium Nitrate and 

Potassium Nitrite 

Sodium Nitrate 120-180  

Sodium Nitrate I 80-200 

Sodium Chloride 120-180 

Sodium Nitrate 120- 140 

Sodium Nitrate 120- 140 

Sodium Nitrate 120- 140 

Sodium Nitrate 60-80 

Sodium Nitrate 120-180 

Sodium Nitrate 210-240 

Sodium Nitrate or I 80-200 

Potassium Nitrate 

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 properties are knoii as 

clectrochemical 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 dissiniilar 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 surtiiccs, and in the electrolyte 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 o1 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, beine negatively 
4- 

charged, and thereby, are attracted by and migrate to the positively charged electrode, 

and thereby give up electrons and consequently oxidized. The movement of' ions 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 electrode 

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, 

1 1eII -- l red .3. I 

At equilibrium the potential for the overall reaction is zero 1861. Where, 

E,, is the single electrode potential of the electrode forming the negative pole 

of the cell, and E is the single electrode potential of the electrode forming the 

positive pole of the cell. If a particular substance is more easily oxidized than 

hydrogen, its E,  is assigned a positive value and its Er,j a negative value. When a 

substance is not oxidized as easily as hydrogen then E0  will be negative arid Er,,. 

positive. 
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1 Evolution of Hydrogen 
Anode at Cathode Cathode 
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Figure 3.1 Electrolytic Cell Showing the Movement of Ions 

PO f 3.5 Oxidation and Reduction 

When an atom looses one or more electron, it is said to he 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 deiree 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 oxvgcni in 
as 

water,\ iind -2 respectively as a fundamental reference. 

El 
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Oxidation and reduction potential expresses 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 electrons 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 he 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 transpo 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 Ohms 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. 1--or proper 

electrolytic conduction electrolytes should possess the following characteristics 

[56, 105]: 
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high clectncal conductivity, 

high electrochemical aggressiveness towards the material to be 

machined, 

ability to dissolve the reaction products, 

no detrimental physiological reactions, 

chemical inactivity towards the machine components, 

ability to Suppress over Cut, and 

ability to permit accurate sizing and dimensional control of workpiece. 

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 protcction of oxidizing electrolyte such as NaNO or NaC!O;. 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 [1051. 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 'r at the electrode, as shown in Fig. 3.3. The 

total overpotential is the summation of all these over potentials namely activation 

overpotential 'r' due to difference in the rate of metal ionization and ion discharge, 

concentration overpotential 'lie'  due to concentration polarisation, and the resistance 

overpotential 'rfl' due to film layer deposited on the electrode. 
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Figure 3.3 Potential Distribution in the Machining Gap 

3.7 lilcctrochemjcaj Reactions 

When no current flows, electrochemical reactions occurring at an electrode 

are in cquilibnuxr. However, to make the dissolution proceed one has to apply a 

voltage in excess to the electrodes and activation polarization potentials. Electrolyte 

reactions are influenced by the exchange of electric charges. They may he classified 

according to their locations at which they occur: at the anode surtuice, at the cathode 

surface, and in the hulk 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 efThcts: 

NaCl <E> Na 4  + 
Cl,

3.2 
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H20 + (OH)' . 33 

The positive ions rnovc towards the cathodc and negative IOflS move towards 

the anode to react. The possible reactions at the anode and cathode are analyzed 

Cathodic Reactions: 

Na±e Na .3.4 

Na' + H20 = Na (OH) + H 33.5 

0 

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 he written in familiar style as: 

2H# + 2c = H, 

The hydrogen ions are discharged on the electrode and there is an evolution of 

hydrogen gas. There is no deposition oil tool but only gas is formed. In 

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

reaching the cat hode as 

Fe+e'=Fc ... 3.7 

Anodic Reactions: 

The anodic reactions those occur dunng 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+2c - 3.8 
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Fe+2CV=FeCJ, 

Reactions within the Electrolyte: 

The OutCoie 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 F 2(OH) Fe (OU) 3. 10  

11 ferrous hydroxide reacts further with water and oxygen to lbrm flrric 

hydroxide 

4Fe(OH)2  2H10 + 02 * 4Fe(OH)3  L .3. 11 

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 r651. The reactions within the electrolyte become 

Fe . 2( OH )- = Fe(OF )2 3.12 

FeCI, + 2(OH)-  = Fe(OH)2  + 2C1 
. .3. 13 

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 primar' 

reactions arc [36J: 
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Co—>Co 2  + 2e 3 14 

I 

WC + 14(01-1)-- (WO.)-2  +(CQ)' 7H20 + 10e 3.15 

'Ihe role of electrochemistry in electrochemical grindine process can be 
presented as shown in Fig. 3.4. 
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I 
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High 

Passive state 
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(oxide film) 
FeO, 

Oxide film Thick 

thickness 
) Thin 

Oxide film Oxide film 

conduction conduction 

Oxide film 
dissolution (through 

nonoxidative, 
oxidative, or 

reductive process) 

Oxide film 

dissolution 

—* Fe,O. j Li 
Figure 3.4 Effects of Electrochemistry in ECG Process 
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3.8 Anodjc Passivity 

The effective technique of metal removal from a work surface requires the 

evaluation of optimal machining parameters subject to the constraints of Various 
phvsio-chem,caj phenomena which take place during the macliinin operation One of 
such phenomena that affects the MRR of the process is the passiva(ion of the work 

surface. It is generally considered as a special condition of anode polarization that 

results in either a substantial reduction in trret o a ihcase in valcnc\ of anodic 

dissolution. Concentration polarization can produce such condition where there is an 

insufficient velocity of electrolyte now, especially at low lcd rate f105J. This 

inadequate flow of electrolyte also tends to produce passivity. The electrolyte 

selection is a very important factor to control it. Passivity evolves out of a change in 

the chemical and electrochernical behaviour of a metal due to the formation of' a 

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

Mechanical passivity, and 

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 

surfce. But this passive layer is usually pprol!s due to the formation of the salt. As a 

resuJi, the electrode 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 formatiàn of a vcry thin invisible 

layer 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 

developsc tivity. 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 now of 

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

vary on the work suthice [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 a t, clectrochemical reaction because of the activated 

adsorption of the oxygen of water. At this point, the different Opinions regarding 

fliovenient of (he incta I atoms are' 

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

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

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

their regular position to form a new, alternatingot oxygen and metal together 

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

0 0 0 
I I I I I I 

---M---M—_M M— M—_M-- 

< H I 1 

 

r7VT_T_  ~ 
M—M--M--M - M 

I I I I 
M—M--M----- M— I —M_— 

I I I I I I 
 

Figure 3.5 Passivating Film Characterization 
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On the other hand, the oxide theory describes the state of iiproved corrosion 

resistance through the formation 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 is 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 chemisorbcd. 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 surtce active. Failure of passivity may occur if 

the oxvcn concentration drops or p1-I value varies from that in the cicctrolvte 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 is 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 1901. 

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

MO 211 —* M 2  + H20 .3.16 

+ M 2 
 <=> M c(to electron sink) .3.17 

Similarly, the chemical reductive mechanism may be written as 
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MO+2H+  —*M2+ 
 +H20 .3.18 

2+, - + M 2c (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—M2 + H20 .3.20 

Oxide dissolution may also be classified as hydrogen atom-oxide combination 
a mechanism and a solid-state mechanism. Hydrogen atom-oxide combination can be 

stated as 

H + e (from electron source) —* H° 
. ..3.2 I 

2H° +MO—M+H20 

Solid-state mechanism may be represented as 

MO+2H+2e—+M+H2Q .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 clectrocheriiical aspects governing the FCC process are 'er' . uiiiplicaied 

and sometimes it is found beyond control. This 51 udv has provided theformat ion 

regarding the insides of the process Hic oxide film characteristics are generally 

afli.cted primarily by the composition of the workpiece material and electrolyte 

solution. the flow of electrolyte, and by mach ni rig parameters such as supplied 

voltage, feed rate, abrasive grains. The oxide film initially termed as insoluble metal 

hydroxide, which transforms into soluble metal oxide (FeO). The findamcntaf 

knowledge gained from these studies gives better concept of the process so that 

efficient operations can be achieved casil 

-a 
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CHAPTER 4 

THEORETICAL ANAL1YSIS 

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. 

•1 

Figure 4.1 Scheme for Straight Surface Grinding 

In elcctrochernical 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 

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

individual electrolytic cells btwcen wheel bond and the work piece but also removes 

some material as chips during machining action, and wipes away the oxide layers. 

ff 
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Figure 4.2 Electrochemical Grinding Scheme 

The wheel is to produce an electrolyte pressure in the machining zone rcsultinz the 

required amount of flow of electrolyte between the wheel and the vorkpiece 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 hli4h speed. At a very high speed, the wheel will throw the electrolyte ofT the 

wheel belbre coming in contact with the gap between the wheel and workpiece. 

[he electrolyte will cause the desired reactions to occur Ibr machining and 

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

requirenleni olan 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 propcics of abrasives are its dynamic strength and toughness which 

* 
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arc inversely proportional to friability and attrition resistance, the degree of soluhility 

of the abrasive when in contact with the material being machined [44]. 

4.2 Grinding Geometry and Kinematics 

Materials subject to electrochcmjcal 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 electrochcrnical action and only about 10% is by mechanical grinding 

[89]. With increasing work feed-rate, workpiece materials arc mainly removed by 

mechanical cutting action of abrasive grains. 

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 'Vs, . The grinding wheel penetrates into the workpicce resulting in 

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

Considering, motions as well as deformations of the wheel and the workpiece 

neglected, the contact arc length 'I 
' for any type of grinding can generally be 

expressed as (considering 0 to be small): 

= ArcAB 
2 

\Vhcre, 

c0s8=(J— 2d
_) 

... 4.2 D 

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

cosOr I - - 

1' 

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

AB/BC is cclual to v/V4. We may neglect AB and take the area BCF ' as the metal 

* 
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V 

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 

r) B A 

Figure 4.3 Grinding Geometry 

Tb us 

I =BC=/CF +d 2 ) 

43 

4 

\\"here, 

D;2 (1-cosO) 44 a 

and (7; = 2 s1n0 .4.4 b 

From Eqns. (4.3) and (4.4), it becomes (refer A4. I) 

4 
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I 
The curvature of the chip may be negligible and the cross section of the 

undcformcd chip will appear as in Fig.4.3b, which may be  considered as a long thin 

trianL'le. 

The maximum chip thickness is 

hm  =cE(
D/ 2
L 

the value of CF can be found out from I qnS. (4.3) and (4.4) as 

CF=5.d_d2 ) 

Hence, 

hm=2CEVd 
2I  

-3 
... .4.6 

Since d/D << I, (d/D)2  may be neglected. 

But CE= v/N1 N 

Where, N,  is the spindle speed in rpm and v is the table speed in minisec, N 

is the number of teeth (abrasives). 

Then, 

2v 
I 
 d 

\112 

h = — 
N,N 

I
D 

4.7 

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

taper section yields the average depth of cut. 

Thus, for surface grinding, the value of'h' can be expressed as 1831 
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4v 
h = 

[DN Cr. \/IDJ] 

Where, 

4.8 

C no. of' grains (no. of cut (lug points), 

r - , width to depth ratio olan average cut, and h / 2 

I, width of each cut. 

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

he (I Ti) CS 

= (ul 12 

'mDN,Cr. 
 

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

depth olcut in surf'ace grinding {83}. 

In l:ig• 4.4, the length of the cutting path F'B'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 189J as 

S 

2 

Where, 

dlk 
(dx)'

,
(d,  )2 

. !I-- dO' 

X =(±. ')-' 

I I I)O 2  

I 
and 

4 

7 

4 

4.10 
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Figure 4.4 Endeforrne(J Chip Geometry for Straight Surface (;rinding 

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

J 

/ 

Vt)f o3 c  
I 2 4H V.) ( V 2 

Ilere, ± ye sign indicates up-grinding, and 

- ye sign indicates down-grinding. 

Since 0 is small anele the second term is very negliuihlc compared to the first 

I 

 ui 
1 n at )0) 

I * p 
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approximated by its chord length. 
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There fbre, 

t k =(1±(d.D)l/2 ± 

It can also be wTiticn as 

V 
l 

V) 2 

The cutting path length ' 'k is shown in Eqn. (4.12) may he considered as a 

kinematic correction to the static contact length 
'1C in which case elk ' is called the 

kinematic contact length. 

For straight grinding the maximum undeformed chip thickness 'hm ' 
corresjx)nds to the Icniih AC as 

(D ) 

2 
(1 5

2s 
D 4.13 

\V}lcri (fit) <<1 

The maximum possible value of h, is equal to the set 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, 

Where, 

7tD.b. -( 2d 
-Cüs I 1------ 

360 t \ I) 

4 

4.14 
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h rn  = d 

4.15 

corresponduig to the initial contact point is 16, 211 

O=cos 1  /!i' 
\\ 1) 

Figure 4.5 Undeformcd Chip Shape for Maximum POSSible Value of Chip 
Thickness 

Total Side contact area is 

27r —cos ii---- - --d A 2{ 2dJ D J1(D.diJ} 
360 D 2 

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

The fled per abrasive Cutting point for the idealized wheel where the cuuing 

points are equally spaced apart by a distance L is given by 1891 

LV 
5= w 

V 
S 

'V 

4 

4 

4.6 



W li crc, 

t between two successive cuts and  V 
ime 

 
S 

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

workpicce velocity and the time between two successive cuts 

4.3 ECG Process DC.sCription 

Flectrochemical grinding process employs the principle of anodic dissolution. 

The experimental set up used is very similar to a conventional type grinding machine, 

The mair difThrence is that the grinding wheel and spindle are insulated electrically 

from the rest of the machine. When this process is carried out in presence of' an 

electrolyte, DC power supply and electrically conductive abrasive grinding wheel, 

then it is called ECCJ process. It is an important type of electrochemical machining in 

which the material removal phenomenon consists of two different processes namely 

electroclieinical 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 

type of bond and abrasive, grain size and concentration and profile 

of' the grinding wheel, 

ii) structure, pre-Ercatments and shape of work material, and 
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iii) diiThrent machining conditions such as fcd rate, wheel speed, 

and depth of cut etc. 

The aim of adopting the clectrochernical grinding process is to get higher 

material removal rate and grinding ratio coupled with better dimensional control and 

surfiicc integrity. To achieve those goals.identiflcation of the significant parameters 

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

the MRR very significantly: 

i) the voltage input across the two electrodes, 

the equivalence of atomic weight and valency of elements of work 

4 material, 

the conductivity and strength of the electrolyte, 

the width of the machining gap, 

the degree of polarization or passivation, 

the presence of gas in the machining gap, and 

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 
4 

machining gap, decreases the overall conductivity and thereby current density. At 

some poiiit, 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 iced firce 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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mcchanical rubbing, shortens the process efficiency. Slow fted rate results in large 

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

The composition of work material decides the molecular weight. Different 
ConStjtijeii(s have difTerent valencics, and one element may have more than one 

valence Hence the composition of anode material is Ver-V important to determine 
MRR. lncrcasc 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 deDends on the tve of ccctryt, 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 

rate and depth of cut in case of constant ICed grinding and on the ICed 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 

densioes can be controlled by the surface speed and electrolyte flow rate. Excessive 

surface speed may over throw the electrolyte due to centrilIigal action, and excessive 

flow rate may cause stray machining. 

The wheel properties also play an important role in clectrochemical 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 di fl'crent process parameters has been it Itistiated in 

the fillo\virig Fig. 4.6. 
'p 
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4.5 Feed Force Analysis 

I 

4.5.1 Introduction 

I)ilThrent types of forces are involved in different stages of grinding. 

Ploughing deformation occurs as the abrasive initially cuts into the workpiccc, 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 'hm' at the end of the cut. On the 

I 

average, chip formation commences only when the cutting point has penetrated to 

some critical depth of cut. Nvcn afler chip formation begins, ploughing may still 

persist with some of the form of cutting path being pushed aside into ridges rather 4 

than removed as chip. The eiThct of material removal rate on ploughing contribution 

has been shoii 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 workpiecc 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 arc taken for the 

calculat R)11 of te(l firee 

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

The grains are arranged along the width of the wheel in parallel rows 

and those are on the circumference of the grinding wheel with definite 

circumferential pitch, 

Sliding of abrasive grain takes place in the time inteal in vhich, the 

workpiecc nlovcment is equal to the radius of the tip of the abrasive 
I 

grain. 

Constant pressure exists between interacting surfaces during sliding. 
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Figure 4.9 Schematic Diagram of Surface Operation Showing Individual 

tindcformed 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. 

Sliding force. 

Ploughing force, 

Cutting force, 

Rubbing force, and 

Force due to viscous effect of electrolyte. 

4.5.2 Feed Force due to Sliding 

In Fig.4. 10 the point A1  represents the initial point of contact of' grinding 

wheel abrasive grain with the workpiecc. In the first phase, sliding will take place 
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between abrasive grain and workpicce till workpicce Iced rnovcmcnt is equal to 

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

.4 

Figure 4.10 Geometry of Sliding Action 

The point A2  represents the end point of sliding action. Since the worktable 

feed velocity is V. mmls, so for a travel of r jim, the worktable will take a time 

r x 10 equals to 
sec. And the angle described by the abrasive grain is equal to 

4 

(riO 

Hence, 

(rxiO 2irN 

.4.17 l 60 ) 

Within this angle the sliding force acts on each abrasive grain. Tlic projeced 
area of action for sliding force is given by; 

A = 
4.18 
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To know the normal and tangential component of sliding force at any point 

within the angle t, 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 sliding force for a 

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

4 

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) n  is as follows: 

(FJ m P A .4.19 

J-lencc, the tangential component will be 

(1- ) 1 = jtmPA .4.20 

[he component (F) n along horizontal direction is (F) sin0 and that oi(F) 

along the same direction is (F) cosO 

Hence, the total horizontal force is given by, 
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= I (mPAsinO+1mPAcosO)dO 
0 

(F = mPA[1 - cost + t sin tJ 
... 4.2 

4.5.3 Feed Force due to Plough ing 

The chip forniation 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 uhcaval (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 

4 (a - t) region can be analyzed as follows: 

It is considered that 'n' number of rows present witlun an angle oi((x 
- t) rad. 

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

Sir rad. 

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

1(cx1 
n = 

—t)
I + 1 

[ Sir  J 

1 

4.22 



The normal and tangential component of ploughing f'orcc due to first row arc 

found as follows: 

Normal forCe for a width, dw 

F, a1  .dA 

Where, 

(IA elementary area of- the grit 

(iv 
So, Normal fbrce = a ----- dw 1} 

) 
l 2 

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

with one row is 

(F) = ailc  - 'dw a1lw-- 4.24 

Similarly, tangential ploughing force is 

= a2 l --dw = cx 2.1(.wTj 425 

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

contribution of both the forces for feed force is 

V. 
a 1 rI ----.sinr+a,wi ----cosr 

( C  jIg  

Similarly, for the second row, 



V V 

r CVg r} 

and 

a1  wi - sin + + a2  w) -- cos(t ± 
g 

so on. 

Hence, total contribution due to ploughing effect is given by 

)TJI  
V
NV 
 1 

cV t 
(t+)+sin(t+2).  .....+Sin(T+n (F = b 

C, 

+ a2 ost+cos(t+)+cos(t+2)+..... + cos (T + n 

.4.26 

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 

4.27 

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

(Fe) , Nv. k i  JQj  

Where, 

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

grinding, 

-.4 

4 

LI 
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1 : 

=w.k.--s' .4.28 

1 Similarly, tangential component will he 

(F-
C

) t, . . 

i -' s' 4 2 Q 

Hence, net horizontal component of cutting force is 

1 

1 = w.k. s' sin + j.t1 w.k. --s' cost + w.k. -s' sint + 

I +.Ur .W.k._i S' COSt+) + .............. 

which implies 

(Fc  ) = w.k.— 
g 
 -s' {int+sin(t+)..........+sin(t+n 

IV fl 

+ i4ost+cOs(t+)+ ....... +cos(t+n) 

4 .4.30 

4.5.5 Feed Force due t6Rubbing 

The normal and tangential force components resulting from rubbing action at 

the actual area of contact between active grit and the workpiccc are dcrivcd. The 

normal component, (Fr ) n  is a 1 k1  ,where a1  represents the average percentage tip area 

per active grit, and k1  represents average contact pressure. 

-1 1 For 'm' numher of grits, the normal rubbing frce is 

(Fr ) = rn. a1 k1 4.3' 
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The tangential rubbing force component can similarly be found as 

(F,) = 2, in. a 1  k1 .... 4.32 

[hcretore, the total horli.orltal force due to rubbing force is 

(Fr )•!•Jl m.a 1 k 1  suit ± Xm.a 1 k 1  cost + m.a 1 k 1  sin(t 

+ Xm.a 1 k 1  cos(t +)+ ............ + m.a 1 k 1  sin(t 1  n) 

+Xm.a 1 k 1 cos(t +.i) 

On simplification, 

n=n / c, \ fl=fl 
(F).1.11 ma 1 k 1 sinJt +n ±~) + ) COS[t +n_) .4.33 

n=O n=O 

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 E6J 

(Ip d 2 u 
.4.34 

dx dy 2  

Integrating 

1 dp 
ii -.-- y + cy + c2 / 

2p.1  dx 

The boundary conditions are 
I 

enzral 
at y 0, o 

at y h, u = U 
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Then, 

C2 = 0, and 

U 1 dp 
cI -------h1  

h 1 2i1  dx 

Where, 

hi = electrolyte film thickness 

1—  dp
1 .h11 1lencc, u 

= ---y ~ y  
1dx j 

2i dx 

[
~U 1 2t 

Which implies 

1 dp U Y  u = h1 y .4.35 
dx 

[hY-1  J h1 

Now, Q = 

ii 

u w dy fo .4.36 

Where, 

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

I 1  
Q w 

dph3 
+ 

Uh1 
I - 

I- 
 2i 1  dx6 2 

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

Therefore, Q w 

Where. 11 film thickness at the point of maximum pressure 

I 

On simplification, it becomes 

.4.37 
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If 

dp 
  =6t1U (h1—H 

dx 
hJ 

.4.39 

If dF is the horizontal force acting on the area dA of the workpiccc surface, 

'IThen, dF = 6 1
u(h1 - H 

h3 ,jdxwdx 
1 

Integrating 

I F6LlUl2w(h1 H) 
.... 4.40 

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 

F1 = (FS)T]i  +(F)m  + (F> 1  + (Fr}jj  + F 

rnp n A(I-cost tsit) (w.l. '-u1t w.k 1 . ina1 k1 ) 

11 
f(I sin(t+ 

nS 
—)+(a2w.1 

V 
 +wk 1 . 

V
--s'n !j r +ma i k i X) 

0 

11 

( l cos(t+)+6 i l 2  Uw (hi_HJ 
r h r 

4.41 

The value of s' may be assumed to be 10% of the S0  value. Because the MRR 

value due to mechanical action in ECG ía about 10% [2]. 

i 
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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 equation. As a result, the Cquation expressed 

becomes larger and that could he made simpler form i! the negligible force 

Comf)nenis are omitted. 

4.6 An Analysis for MRR 

4.6.1 Introduction 

Jaicriai re(11oval rate for cicctrochemicai grinding process is required to he 

analysed The amount of material rcmovcd is due to a combined cfTect ot 

ciectrochernical 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 FCC is deteincd 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) is 

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

i.e WccQ. 

I)) The second law proposes the condition stating the dependency on 

material property, that amount of change produced is proportional to its 

electroehem real equivalent, ECI of' the material, i.e. \V 7f, I CI 
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The total cutting phenomenon is very complicated as the proccss is 

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

action and that 01 mechanical action is intended to be carried out. 

4.6.2 Material Removal Rate (lue to Elcctrochcmical 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 ted. The 

other assurnpt ions 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', linear amount of 

dissolution or rather depth of penetration in a direction perpcndicu!ar to the surface is  
4.12) 

13G equals to RAt 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 = I unit time, BG = R 

1 

Figure 4.12 Eleetrochemical Action on the Grinding Wheel 
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From Faraday's laws of electrolysis it can be stated that the amount of 

material dissolved from anode is proportional to the current, passac iimc t, and 

elcctrochem lea! equivalent of anode material, which can he written as 

- t: i 

Nit 
or W 4.42 

Hence, volume of metal removed, (V) is 

p 

since V LA .... 4.4 I p A F 

The linear rate of dissolution (Lit) on active area through which current flows 

is I' arid Ihal niav he written in the fbrni 

R = k . 4.44 

Where, k - 
pF 

[his equation yields the rate of metal dissolution in a direction perpendicular 

to workpiccc surtiicc. But during this interval of time, the wheel also moves linearly 

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

13H = s. At 

Where, 

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

( conierica lv it is lou nd 

= B!! =R.At=R,asAt=1 and BH=BC 
sin90°  
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:.sin a=1 - .4.45 S 

Again, sin a can be expressed as 

'a  
sin 

—  (a- -d) 
a = 

which implies, sin a 
= 

.... 4.46 

(neglecting d2, as d2  << 2.a.d) 

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

and also with the rate of' linear dissolution is dctermined by combining Eqns. (4.45) 

and (4.46) as follows 

R 
= 

S 
2  d.

L ~I J12 
'1.47 

To 

analyze the volumetric removal rate for electrochernical 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 splittcd up into two parts, one is 

'ADCI3A' and the other is 'ADE' The horizontal distance tC varies along the 

depth. In general, the length of the hatched parallelogram is equal to RisinO 

I-Iencc, 

BC= 
sin a 

/ )112 

- = RI 
2d, 

The area 'A DCI3A' has been calculated bv integrating from y R to y d, that means 

Area Al)CI3A = At J R. /--dy 
.. 4.48 \2v 

90 



IN 

Whcre,d1  =d RAt=d± R 

- 1/2 

2Y 

 j 
Similarly, Lcnth AD = RAt1 sincc 

[  

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

third of the rectangle ADFE, the area ADE becomes 

1/2 

Area AD1 At.R 
AtJ] 

RAt 4 49 

l'hcref)re the total area fr material removal rate due to clectrochem cal action is 

2 
± R(V~ a (1\ JI \!y 

On simplification, it becomes 

A=R2 \ [1+ 31_1JJ .4.50 

Referring to Fig. 4.12 and assuming 'h' as the width of'the grinding wheel, the 

volume of metal removed Per unit of time due to electrocheniical action can now be 

written as 

MRR1: = 2.h.R2.J {dJ 2 

- 

2} 
... 4.51 

4.6.3 Material Removal Rate due to Mechanical Action 

The i.rindi ng wheel has a rotational motion about its own ax is as well as linear 

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

have tangential and linear velocities in led direction. The simulated position of' the 
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wheel considering the mechanical material removal part only (of the total removal in 
FCG) has been shown in Fig. 4, 13 

(wa sin(!)t)j 
Peripheral velocity 
of wheel 

_____ 
Resultant 
velocity 

- Feed velocity 

(ca COS() I )i 

Figure 4.14 Vector representation 

of Forces 

Figure 4.13 Simulated Position of the Grinding Wheel in Mechanical 

Action 
-1 

A is any point on the periphery of the grinding wheel with 0• as its centre. If 

he the anile hrou
Z:Nh which the wheel turns and the cullinu point A traces out the 

locus, the components of the tangential velocity are coa cos c)t and coa sn ()t in X 

and Y directions respectively. The anglc swept in a small interval of time t is wt' 

which is equal to SO'. The resultant velocity is nothing hut the time rate of change of 

displacement vector (R) 

So. dR = (aa(cose)1; + (i)t.J) + VI 4.52 

Where, V is (lie feed velocity along +vc X direction 
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Integrating Fqn. (4.52) it becomes, 

R = (a sin >t + vi )i - a cos(otj ( with respect to Centre of the wheel) 

Again. R = (a sin )i i vi )i i (a - a cos (it)) (with respect to point F ol the wheel) 
So, the values of and Yt (components of displacement) are 

x l =aslno)t+vt 
. 4.53 

yl=a — acos(1)t 
S. 4.54 

Since x1  is a function of time its value increases from 0 to maximum That is, 

i10 rad/sec is the angular velocity of the wheel, then a radian covers in a 
sec. 

For small angle, sina= a 

lhcn x1 (max) asina+ -Lsina 
4.55 

Geometrical lv it can be written as 

cosa=._T., sina=J 

Since d2 << 2 ad, d2  may be neglected. 

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

x I  (max) = J-2d-(a + 
4.56 

The total cutting area 'EHABGDE' due to mechanical action is splitted into three 
parts as 

El IABGDU (A) Fl3CE (A1) - DGRCI) (A) - FA! 1FF (A) ..... 4.57 

The areas A 1 , A2, and A1  are calculated separately as given in Appendix (A4.3) and 
resented in the following: 
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A! 
/( v. 

= _-Ia+— 
U)) 

 xd'_I 
 

= açI !2d 
- 2Va 

A =1.  /--a.d 
2v a 

Substituting the values ofA 1  A2  , A in Eqn.( 4.57), the net area becomes 

A =vLd 
4.58 

1-Jence, the volume of metal removed ,V = A.b = v. d .h .t 

Since = sin a = sin cot 

MRRM = 
dV =vrd.b 
dt 

Where, v1=  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 .1' takes the maximum value depending on 

stock removal i.e. when it is purely FCM, mechanical process is assumed to be 

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

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

mechanical. 
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For a given feed 'se, if both processes exist and let 'y,' be the fraction of the 

feed responsible to contribute to ECM, then (l-y) is the fraction that contributes for 

mechanical abrasion. 

l'hc total material removed per unit of' time due to combined aclion of' both 

electrochemical and mechanical actions can be written by summing up the 
fqns.(4.5 I) and (4.59) with appropriate apportionmeni as 

1/2 d 
1/2 

 MRR.11  =2.b.R2x
(-2R R

L) 
{1-J ±v1d.b(1-7) 

.... 4.60 

4.7 l)IfficuItjes 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 

is carried out to reach a final expression. In the theoretical analysis, some factors 

are lcfl 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 1101. 
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lal)Ie 4.1 .lctaI Removal Rates for Various Metals 

Metal - Valencv Density Metal-removal Rate at 
I000A 

Ib/ in. g!cm" in/min cm'/min 
Aluminum 3 0.098 2.67 0.126 2.06 
Beryllium 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 

5  0.082 
- 

1.34 
Copper I 0.268 4.39 

Iron 
2 
2 

 0.134 

0.135 

2.20 
2.21 

0.090 1.47 
Matnesium 2 0.324 8.96 0.265 4.34 

2 0.284 7.86 0.139 2.28 ffManpriese  
4 0.070 1.15 

_____ 
7  0.040 0.66 

Molybdenum 3 0.369 10.22 0.119 1.95 
4 0.090 1.47 
6  0.060 0.98 

Nickel 2 0.322 8.90 0.129 2.11 
3  0.083 

0.114 
1.36 
1.87 Silicon 4 0.084 2.33 

Silver 1 0.379 10.49 0.390 6.39 
Tin 2 0.264 7.30 0.308 5.05 

4 0.154 2.52 
Hlaniti:n 3 0. 163 4.51 0.134 2. V) 

4 0.101 1.65 
Tungsten 6 0.697 19.3 0.060 0.98 

8 0.045 . 0.74 
Uranium 4 0.689 19.1 0.117 1.92 

6 0.078 1.29 
Vanadium 3 0.220 6.1 0.106 1.74 

0.064 1.05 
Zinc 1 2 0.258 7.13 7 0.174 2.85 
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It is assumed that the gap between wheel and anode material is constant. 

IF 
During the machining process different actions such as activation polarisation, 

concentration polarisation, ohmic over voltage, passivity activity etc will also be 
present, for which laradaic effiCienCy can not be calculated accurately in NCG 
operation there is also a chance of sparking and/or short circuit rug. would lead to 
flow more current than the expected value. 

The interaranular 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 e!ectrolyc. In such it case, sodium nitrate or iii [ride 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 bcen reported b 

many researchers 110, 771 that there is no such effect observed in ICG process) 

The anode material may be attacked by certain solutions, fails by corroding at 

individual spots, known as 'pit 
' coosion. The presence of dents, rough spots, 

foein particles deposited on the metal surface can increase this format ion of pits. 

At the time of severe electrical arcing and sparking, the process suddenly changes 

from clectrochemjcal grinding to electrodischarge machining as well and results in 

severe pitting [10]. 

4.8 Suniniary 

In this study, the grinding geornetry and kinematics are expla ned br 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 elcctrochernicil actions are 

determined Nv 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 ciectrochemical grinding process. But the total contact length and cutting 
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patti is largci,  than that of conventional grinding. The penetfalion of abrasive grains 
into the workpnece and feed per abrasive cutting point at iriii ml contact point is higher 
with hiuhcr cuttin2 forces. The depth of cut for Combi ned mechanical and 
cicctrochcri cal act on can he used as a tool to calculate 11.1jil C ri a l removal rate 
Xkr ithout considering them independently The basic idea gathered !rom this theoretical 
analysis results in better understandi nit of the process with wit Cli elect rochem ica 1 
grinding parameters can be chosen properI'. For the verification of ,  the analysis and 
eNperimental works, a set up has been developed from an obsolete surlhcc grinder, 
details of which is e.\plained in Chapter 5. 

'4 
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CHAPTER 5 

DEsI(;N AND DEVELOPMENT OF EXPERIMENLL SET- t P 

5.1 Introduction 

The present need of processing super alloys and hard materials with high 

surfhce flnish as well as with stress and crack free surface required by Indian 

Industries, is demanding for the import of ECG machincs. The high import Cost of 

such machine (to he approximately of 50 lac to I crore rupees) has forced to initiate 

Ar the developrierit of such rirely 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 

hardness, practical elimination of mechanical or thermal cracking and st.resses, 

economical method of machining for intractable materials. Due to hih 

electrochernical action, the cutting force applied to the workpiecc 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 retroPt for the present machine set-up. The design of hydraulic cylinder 

and piston, the development of hydraulic and electrolytic circuits and the 

modiflcation of bed and machining chamber are also included. The aim behind 

designing and lbricating 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 dynainometer, which can he treated as an important element of the NCG 

machine to case adaptive control in future if required. Arrangements are also made 

fOr monitori rig and controlling difTerent responses. 
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Each system has been designed in such a manner that it should work 

independently without afTecting 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 

I'arameters Restrictions Objectives 

Mechanical 
System 

I lydrauhc 
System 

Electrical 
System  

I Mechanical Mechanical Mechanical 
Circuit Circu: I I  Circuit 

I lydraulic I Hydraulic X I  Hydraulic 
Circuit Circuit Circuit 

Electrical Electrical I Electrical 
C'ircint Circuit 

j L 
Circuit 

5.2 Schematic Layout of the Machine Set-up 

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

• Main body 

• Grinding wheel mounting unit (Cathode) 

• Workpiece and vice (Anode) 

• Kinematic arrangement for feeding workpiece 

• l- lvdraulic control unit 

• Electrolyte supply, control and measurement unit 

• D.0 source 

• lorce recording unit (Dynamometer & accessories) 

Ik 

1 
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A schematic layout of all these above units has been represented as follows: 

- Mounting Unit pex Box 

1) C. Source H Grinding Wheel 

Workpiece and Vise 
4 

Electrolyte 
('ontrol & Measuring Unit 

Force Recording Unit 
(Dynamometer) 

I-Ndrau lie (o ru rol K i net nat Ic A rra ngemcnt 
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 ECO is a combination of 

• anodic dissolution of'the anode material 

• a mechanical abrasive action and 

• the removal ot'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 enerallv directed 

102 

4 

4 



I  
. 
nto the cap 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 workpicce matenal becomes 

soil and metal oxide or hydroxides are formed. The continuous flow of' electrolyte 

flushes away the above unwanted materials from the machining area and prevents it 

from buildi nt up on the work and tool surce. 

(;enieralk' a low DC voltage of 4 to 10 volts is applied and a high current 

density is set up in the machining area. The electrolyte causes the machining reactions 

to occur, and also carries the heat produced during operation. The process has been 

discussed at length in Chapter 4. The abrasives of the grinding wheel are insulating in 

nature and they are held by cnductive bind; ng matcria n the hecl. Metal removal 

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. 'l'he wotor 

current is monitored by an ammeter. 

The electrical connections have been made as shown in the schematic diagram 

of the set-up. Dynamorneter provides an indication of force produced during cutting 

operation. Since the force developed during machining operation is small, an 

operational atnphi tier 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 

Name Item Name - 

Grinding wheel 14 Bypass valve 
2 l'erspex box 15 Electrolyte tank 
3 Vise io T-Elbo 
4 Nozzlc 17 1) C source 
S Nlcctrolvte I '1L l)irect on control aRe 
6 Hcllows 19 Flow control valve 
7 Dynarnometer 20 Pressure reliel valve 
8 Force recorder 21 Hydraulic pump 
9 Hydraulic cylinder 22 Filter 
10 I-land wheel (graduated) 23 Hydraulic oil tank 
I Workprece V Voltmeter 

12 Rotarneter A Ammeter 
13 Electrolyte pump 
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5.4 1)evelopment of Hydraulic and 1JectroI'tic Circuits 

5.4.1 Cylinder and Piston 

101 (lie de\cloprlleilt of experimental set-up, an ohoIete 11WC11111C has 

been retrofitted with the hydraulically operated system. he criteria of determining 

the type and dimensions of' the hydraulic cylinder are ftc f'unctional requirements. 

space availability and accommodation feasibility. In thc present arrangement, the 

piston and cylinder has been designed. constructed and accommodated into the space 

between the work table and COSS slide casting. The h draulic fluid control circuit 

enables to reciprocate as shown in Fig. 5.3. Since there w:s no available space in the 
4 

existing system, the body of the machine has been suitak machined fti a deiicd 

dimension to accommodate the cylinder-piston arrangeircnt so that it can operate 

smoothly without any interference with other systems. 

hi 

\' linde 
iston 

t/3 Direction Control valve 
lov Control Valve 

>ump 
rcssure Relief' Valve 
4otor 
titer 
)i I 

Figure 5.3 Hydraulic Circuit for Feed Control 
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Calculation of Load 

in the existing system (after removing the pulley), the a ailable loneitudinaj 

gap  for thc cylinder is 530 mm, where as, in the previous system the gap was 350 mm 

only. So the total length of' the cylinder is cons idered as 525 mm. And 0e aailable 

space for placing the cylinder is 34 mm. that means, the maxiniurn 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 A5. I and A5.2 ) Keeping the above load in 

iew. and the availability of the space, and accommodation feasibility, the foIlowin 

diniensions are selected and applied for the design as shown in Fig. 5.4. 

5.4.2 Hydraulic Circuit 

Hydraulic Fluid Flow 

The feed velocity in ECG process is assumed to be around 80 mm/tn in. Acting 
area of the hydraulic cylinder on piston side is 

A1, - 4.91 m 

and aciing area of the hydraulic cylinder on piston rod side is 

Apr  = 2.89 cm 2  

hence, the required flow rate is determined as 23.18 x 10" lit/mi n.  
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__ 52s - ____________ 

220 CR5 I_100 
410 CRS 
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TECHNICAL DATA 
- 

1 BORE - 25 mm 
5 TESTING PR. 

- 30 8AR 2 ROD - 16 mm 
6 PORT SIZE 3/8 SSP 

3. STROKE 
- 330mm 

7 FOOT MOUNTING 
. W PRE5sIjR.. 20 BAR 

Figure 5.4 Drawing of Hydraulic Cylinder and Piston 



Pump Rating 

'1 lie puni p has been selected in such a way that it can develop sufficient fluid 

flow pressure to overcome the resistance to motion of the work tal)le smoothly 

Pressure required for the movement of the table = 

force of resis(ance)/(area on which force of resistance is ac1in) 

So, required pressure of the fluid on piston side, P is: 

p(1050/491)I3 8N/cm2  2.13 N/mm 

Required pressure of the fluid on piston rod side. P, is 

63 m 2  =. 2(10502.89) = 63 N / mm  

So pump must develop fluid flow of 23.2 x 10' l/min at an operating pressure 

of 3.63 N inrii. Accordingly a positive displacement pump is selected which can 

develop pressure to an extent of 3.63 N / mm2  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 electrolyte A nozzle is also used to ensure proper wcitini.t action of the 

wheel and workpiece The rotation of the wheel carries the electrolyte into the area of 

contact between wheel and workpiece ensuring that sufficient electrolyte is present to 

permit the process to proceed. Flectrolvtes are to be selected to enable fhster 

formation of oxide films on the positively charged workpiece. 

The electrolytic circuit consists of an electrolyte tank, flow meter. pump and 

I 
nozzle etc. A centrifugal pump (r.p.m 2800, voltage 12.5V, current - 0.7A, Output 

60Wr lip. si iielc phase) is used to pump the electrolyte to supply continuously 

between the wheel and workpiece through the nozzle as Sho in 1ig. 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 

(rotarneter) is mounted at suitable positions. 

The method of achieving the flow of electrolyte in the gap between the wheel 

and the vorkpiece is critical. The most common method of applying the electrolyte is 

Wi th a suitable nozzle properly placed behind the wheel with respect to the feed 

direction 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 vorkiec 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 workpiecc 

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 workpiecc 

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 lIectronic Device for Force iMeasurement 

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 dvnamometer for the two axes viz, vertical and horizontal, has two 4 arms 

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

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

bridge suppk voliare is 6 volts, temperature compensated re1i21e11ce ( .M 39) and 

low drifI op- amp (OP 07E) are used. To provide reasonable high gain (in the range of 

100-250) and drift frcc operation, AD524 instrument amplifier has been used as 

bridge amplifier. Offset adjustment of this amplifier is also provided. The Output of 

each amplifier can he monitored through a [)VM (LCD DISPLAY I volt Full scale). 

The individual channel output is also been provided for recordine pu pose 

The transformer T1  and the four diodes along with capacitor C1  and C2  

provided 12 volts which are regulated by V1  and V2  giving ± 9 volts. U1  provided 

the stable reference U2 along with Q1 which provides a constant voltage to power the 

bridge. Switch S1  is used to adjust the offset of U-1 , whereas. switch S is used to 

change the amplifier gain. 

I
The Following diagram (Fig. 5.6) shows the operati rig con reel ions of,  the 

a in p1 i tier. 
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Figure 5.6 Circuit Diagram of the Amplifier 



5.6 Design, Construction and Calibration of I)yrlamomctcr 

6 I I ni rod uct ion 

In ease of,  elecirocheni ical erindi,ig 
process. different 1a1*ces are acted upon 

the workpiece and the machine too! (grinding wheel) under a given set of cutting 

conditions The measurement OIcuttini forces may be ascertained 

• by direct power measurement 

by calorimetric methods or 

• by suitable tool force dynamometers 

Two components of force namely radial and feed fhrces are measured with the 

help oia grinding dvnarnometcr developed. Normally, the dynamometer forms a link 

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

dynamometcr has been designed, constructed and calibrated for measuring two 

COniponents of forces. Completely circular rings are not considered because he
y  have 

a tendency of roiling under the action of cutting forces. Octagonal rings are used to 

avoid the rolling tendencies. Keeping the essential requirements of a good 

dynamorneter 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 dvnamomeicr. 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 

1he essential requirement of the dvnamometer used liar LC(, is its sensi I vitv 

to measure the grinding forces with sufficient accuracy. The design is based on I; 

Conventional size to handle (ii) Accuracy of measurement (iii) Provision for 

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

Sensitivity. 
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Many rcscarchers (82,I011 suggested that the dynamorneter should possess the 

following characteristics: 

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

It should be rigid enough SO as not to give rise to vihrai I(flS at leas( within 

the operating range. 

ii) It 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. 

iv) It should be unaffected by humidity and temperature variations. 
'4 1 

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 ofdynamometer is about haifof the width of the vice, the minimum load 

J 

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. 
I 

The total minimum load has been fOund to be 183.7 N (refr Appendix A5.3). 

Similarly, considering the wheel and electrolyte pressure, for maxiMLIM 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 A5.5). 
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5.6.3 Fabrication 

All the fithrication works are performed in house. A rectangular stainless steel 

block is roughly made by a shaper for maximum stock removal, and a vertical 

milling machine is used to g ired sze as per rawng on n g 7. Ini  

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 is made using a slitting saw in column and knee type horizontal milling 

machine. Finally, all the surfiices are ground and polished. Two blind holes are made 

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

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 surfices are removed and 
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cleaned with chemical agent. The bottom surface of the eauee is cleaned by cotton 
wool socked in 

acetone and a thin layer of cement is applied on the back of'thc gauge 

by means of' soft brush. The conicrs are also covered with cement The test surf'ace is 

then coated with a turn adhesive layer (13akchte adhesive) with a suitable hair brush 

his kept about JO minutes to d' in open at The strain gaug 'es of l3akel Ic type (refr 
Appendix A5.7) are put on the prepared surfaces of the ring in proper direction as 
shown in Figs 8 

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

and a load of about /2 kg is applied for few hours for proper cementing. The weight 
arid cushions are removed after d ry ing.  The resistance of' the j,,a11jC  is checked When 
strain gauges are cemented, they are connected to lead wires to ftrm the required 
bridge for measurement (Fig. 5.9) and the connections can he seen from the 
photograph as shown in FigS. 10. 

I 

1  3 

 

Figure 5.8 Grinding Dynamometer Showing the Position of Strain Gauges 
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(a) F3ridge Connections for 

Measuring Vertical Force 

(b) Bridge Connections for 

Measuring !-lorii.ontal Force 

Figure 5.9 Bridge Connections 
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Figure 5.10 Strain Gauge Connections 
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5.6.5 Calibration 

Genera11' the Construction of the dynamometers are dilierent depending on 

the purposes. Various equipments are used for the calibration of the dynamometers 

Sonic precautions are to be taken to eliminate 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 dynamomcter has been calibrated by applying dead loads in vertical and 

horizontal directions and observing the corresponding meter readings For the 

calibration of dynamomctcr due to vertical load, dead loads are applied from I to 15 
-1 

kg in step of 1 kg (9.81N). The cycle of loading is done'hv increasing the load and 

then decreasing in same steps. Corresponding meter readings in rnilivolt 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 

for the calibration of' dvnarnonieter for horizontal load. The curves are Shown in 

Figs.5. 11 and 5.12. The meter readings recorded for the calibration curves are 

provided in Tables AS. I and A5.2. 

The equations of calibration curves for horizontal and vertical loads 

have been determined as follows: 

Horizontal Meter Rcading 0.186905 .x Applied I.oad 4 0.7271714 

1 Vertical Meter Reading = 0.417468 x Applied Load + 0.880476 

Zkf 
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Figure 5.11 Calibration Curves for horizontal Load 
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5.6..6 Summary 

The dynamometer, designed and fabricated, works successfully in machine 

Set-Up. from the above discussion it is found that the thickness of' the d'narnometer is 

3 l0 . And  the SCfiSiiI\ 1k of,  the 

dynamometer is found to he satisfactory. Though the deflection due to minimum load 

is 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 dvnamometer is 

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

observed between the two components of the dynamometer 

The calibration CUPvC shows that strain varies more or less !ncarlv with both 

vertical and horizontal components of forces, and faci hitaics ntcrpo!airon of 

intermediate ranges. 

5.7 Development of the Experimental Set-up 

The experimental set-up has been built up through the modification of an 

obsolete 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 oil the base of' the machine and fitted by Allen ho his 'F he con ned I rig 

rod of the piston has been fastened with the working table with the help of bracket 

and adjustable huts so that the table can move along with the movement of (lie piston 

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

or slides when motion is slow. 

The PVC high pressure pipes are connected with the difftrcnt operating valves 

(SS) of' the system as shown in Fig. 5.3. Direction control valves are employed to 

determ n mc 111C routine of' fluid In the hydraulic system. These arc classi lied by the 
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f)tiillber 01 positions and ways or ports in the valve body 

A cast iron rectangular block (305x I ?x25rnni) has been Ittcd with the 
working table base by means of T-bolts and huts on Inch i fle d\ hlailloifleter is 

placed to adjust the height. The upper portio n of the (i\ na rnoilieier as Iii ted to the 
MS plate (-460x200x 

JO mm) by two bolts. A perspex box is fixed on that plate which 

acts as an electrolyte container. A job holding vice of stainless steel has been set 

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

one plane. I'rovisions for connecting wires for dvnamometer to the force measuring 

unit are made by thorough holes (hermet icallv sealed) i hrough cast iron block The 

dvnaniorncter has been rigidly mounted to the machine bed and accurately aligned 
to 

riiai n a. is. A hand made rexi n bellows has been introduce(I 
ir h em co erd 

the dvnamomcter to protect it from any type of outside dirt ;ihi(1 thud Hg 5.  13 

WLEP 

KE 

ER 

'1
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Figure 5.13 Iabricated Parts and the Connections Tapped for D.C. Source 
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fepIeScrits the lalrlcated pails and the connections tapped br D.C. SOIIFCC. The 

orthographic views of difTcrcnt ccmcnts attached to work table of the experirnetital 
4 set-up are provided in Hg. 5. 14. The complete experimental set-up is shown by 

photoi.raph as shown i n 
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Figure 5.14 Orthographic Views of l)ifferent Elements Attached to 

' ork lable 
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Uigure 5.15 Lxperimerital Set-up 
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5.8 ConcJusion 

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 it' necessary. Before mounting of 

strain gauge the dynamometer has been annealed. A dynamometer has been designed 

,t'abricated 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 satisfhctorily 

even under any extreme working condition. A very negligible cioss-serisitiviry in the 

strain gauge connectins has been observed, may be due to the fhllowing reasons: 

Inaccurate positioning of the strain gauges, 

In herent transverse sensitivity of the gauges, 

Slight (with tolerance) difference in G.F. and resistance of'thc gauges, and 

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 

l'o 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 arc curried 

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

designed and fabricated. 

A 

Before doing the experiments, the dynainometer 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 electrochcmical 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 studics 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, 

'olunletric MRR and surface finish are studied for machinine tungsten carbide and 

stainless steel workpiece materials, because of the increasing use of 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 e!ectrocheniical grinding, a suitable electrolyte solution is used depending 

upon the properties of workpiece material, type of wheel and environmental 
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condition. Gencrally, any salt such as sodium nitrate. potassium itraic. sodwm or 

potassium carbonate etc. mixed with water are used as electrolytes Strong 

electrolytes like NaCl solution are used as the main electrol'tes in the proccss.  Strong 

electrolyte means the electrolyte that becomes greatly dissociated for concentrations 

The COi1Cefl(rationi may be varied as desired. Some addi i es mna he added to niain 

electrolyte to increase the material removal rate or to inhibit rust formation The 

most efficient electrolyte for ferrous, nickel, and cobalt alloys is sodium chloride 

solution f II  I 

This NaCl solution is a very good electrolyte but it is lughlv corrosive in 

nature even though it is used. For the experimental work. suiinless steel specimen 
AL was used and fitted to a vice within a container made nf' prspe he concntrain 

and pit value oithe electrolyte can be varied by adding water or chemicals to it Their 

properties are important due to the fact that they either afict the conductivity of the 

electrolyte and hence the electrical resistance within the machinint1 gap or 

electrochemical reaction takes place at the electrode surt'(,ice The electrolyte flow 

distribution in the machining gap is not uniform, so the acidity level on the anode 

material is not constant. As a result, the electrochernical reaction rate and oxide film 

thickness vary on the workpiece surface. Also the temperature afThcts 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 LX' Power Supply 

The power supply is designed for the electrochemical grinding machine to 

provide the following characteristics: 

i) The supply DC oltage can be continuously varied as desired ( i(hin 0-15 

volts). 

-i n) When the voltage is set, the amperage can a utoumal leaf lv vary so that 

current density rema i mis constant, and 
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in) 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 tO KVA [)C power supply (input 440 V AC 3 PIt So liz 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 ve' hard materials, such as tungs;cn carbide. tIe prelcrred abrasives are 

diamond or borazon. The grinding wheels generally used at present are: 0 metal 

bonded diamond wheels in surface grinding where high material removal rate is 

anticipated, ii) aluminum oxide wheels with a bond consisting of' mixed of resin and 

copper powder, or of graphite, for form grinding, and iii) non-grit graphite wheels for 

both surface and form grinding f971. 

The wheel produces an electrolyte pressure and creates the flow velocity in 

the machining gap for machining operation. if the wheel runs 'crc 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 oft' the wheel before coming 

in contact with the whcel-workpiece interface. 

in the present experiment, a diamond 
- impregnated metal-bond wheel, ISO 

mm in diameter and 9 mm in width is used. The width of the layer containing 

diamonds is 31rim and the abrasive grit size is 80/100. The spindle rotates at 3000 

rpm. corresponding to a peripheral speed of 1413 rn/mm. 
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/ Metal 
/ Symbol 

I Weichi 

Carbon 
/ C 

/ 0.10 

Chromium 
/ Cr 

/ 155 

Nickel / Ni / 10. I .5 

Ma nia nese / _ Mn 0.66 

iron Fe / 73.59 

Table 6.2 The Composition of Tungsten Carbide (GT-20) 

KUEt 
Bjngladesh  

C . 

')tial 

6.2.4 ECG Machine 

The design and development of the machine has heen discussed in Chapter 5 

\'oltage has been adjusted to maintain Constant curt-cut The table rno enicut is made 
Nv hydra iii ic means adjustable by reciprocati lie niot iuu The electric current is 

supplied h power source through brushes on the heel spindle. [able feds are 

allowed so that at low speed there is no slip-stick elTect on the fable or slides The 

grindiiie wheel is run through a belt pulley drive system The electrolyte sYstem is 

equipped with a pump made olteflon which runs at 2800 rpm this teflon material is 

chosen br its non-corrosive action. 

6.2.5 Workpicce (Anode) 

The materials used for the experimental studies are tungsten carbide and 

stainless steel. The details of their compositions are given in Tables 6. 1 and 6 2 

Fable 6.1 The Composition of Stainless Steel 

I-., 

ink 

Metal Symbol - % Weight 

Cobalt Co 12 

Tungsten W 82.6 

C  5.4 

Other (atures arc hardness, 123-1311 IIV and grain size. 2 2-2 8 am 
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Stainless Steel : Stainless steel is the most widely used :i!oy 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 [761. A minimum chromium Content of 12% is essential for 

film tormation. and I 8% is sufficient to resist the most severe atmospheric-corrosive 

environments. Other elements, such as nickel, aluminum, silicon, and molybdenum 

may also be present. The standard stainless steel grades are divided into three 

categories such as austenitic, fi.rritic, and martensitic. 

I
The electrochemical equivalent weight of the workpiecc material is ese ntial 

so f'ar electrochemicai grinding process is concerned. In this case. carbon does 1101 

exist as ion. 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 ofelectrochemnical 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 each clement in the 

alloy. Table 6.3 presents the calculation provided for each clement in its 

composition. The equations used are as follows: 

KXq 

I Where, 

- 
Atomic \Vt. 

1 
- lXValencyXDcnsmtv 

Table 6.3 Calculation Steps for ECE Weight (Stainless Steel) 

Symbol % 
Composition 

At. WI. 
(molar) 

gm 

Valencics 

Lowest Highest 

Density(p) 
gm/cm 3  

[CE WI. of metal removed 
rnm/amp.s 

 Lowest ValJ2hestVi. 

C 0.10 12.011 2 4 3.52 0J)176 0.0088 

Cr 15.5 51.996 2 6 7.20 0.0374 0.0124 

Ni 10.15 5870 2 3 8.90 0.0341 0.0227 

Mn 0.66 54 933 2 7 7.30 0.0389 0.0111 

Fe 73.59 -- 55.847 2 3 7.87 0.0368 [0.0245 

61 
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With regards to the stainless steel. considerune the reactions hfl\ olve smallest 

valcncv for each element occurs, the clectrochemical C(lUi\ aleni wewht of' the metal 

removed becomes 0.0366 I mm.'  amp s. arid 0.0223 nitii aiTiji S for highest alenc 

of each element 

lu ngstcn ('a rhide Iungsten carbide al Joys ol a cn cobalt content 

become harder, the tner the grain: That is, they are sofler arid tougher, the coarser 

the grain. The' are harder as well, the lower the total carbon content. and softer and 

tougher, the higher the free-carbon content ihat means the hardness of tungsten 

carbide al Joys decreases with the increase of cobalt content I he e hanges Iii J)hl\ steal 

mechanical properties of WC-Co materials with increasing cobalt content are 

available in Table .16. 1. The electrochemical equivalent weight for tungsten carbide 

is determined in similar was' as described for stainless steel But III this case, carbon 

acts as anion (negatively charged) and goes to anode. So carbon is included in 

calculation of' [Cl:; of the metal. 

By using Eqns.(6. I) and (6.2), and considering the smallest alcncv lbr each 

element, the electrochemicaf equivalent weight of the metal remo'ed becomes 

0.04719 mm3/amp.s, and 0.02448 mm3/anip.s for highest valericv of' each element as 

Sh(.)Vv'fl in Table 6.4. 

Table 6.4 Calculation Steps for ECE Weight (Tungsten Carbide) 

Symbol 
) 

At.Wt Valencies JDensit 1 C[Wt of' metal 
Composition i (molar) gm mm j removed, mm 'amp.s 

grn Lowest Highest I .owest Val I lighest Val 

LW 82.6 183.85 2 4 0024678  

C 5.4 I 12.0115 2 4 0.00352 0, 020740 0.010375 

Co [12 1  5,938 2 1 3 0.00690 fl0.044257 0 0295051 

It is obvious from the above results that the element iii h ihiest alencv 

pro ides lower electrochemicaj action and vice versa. 

4 
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6.3 Planning of Experimentation. 

6.3.1 l';xi)crimental Studies 

Two sets of experiments have been carried out for two dillerent vorkpiecc 

materials as discussed below. In the first experimental study, the process variables 

considered are the type of'electrolvte, 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 workpicce is 75 mni x 9.23 mm. The p11 value of 

electrolyte has been kept within the range o17.02 to 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'sizc 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 Fqn. (4.60). 

10 

The actual amount of' material removed is obtained by gravimetric method 

using in electronic micro-balance, weighing before and afler 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 veri' 

the theoretical models for material removal rate and feed force for electrochemical 

grinding process, the experimental scheme has been so designed as to af'fct the 

proper utilization of the FCG set-up. 

The initial shape of the vorkpiece is maintained flat and smooth to ensure 

constant current machining operation. The electrolyte used for stainless steel is fresh 

NaCl sot ut on with 10% concentration. It is selected because it has little or no Passive 
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efThct on the work surthce. Bcfhre Staine the experiment all the connecijons Joults 
and other expected leakage points are checked and sealed pmperlv wherever and 
whene er needed. The hydraulic system is checked and, ensured that their 
connections are made quite satrsfacto After eornpletrru tIre e\icrrI\c pretimrnar\ 

tests to make sure of the accuracy and repeatability of,  r1struineni ninn e\periments 
are conducted 

DifThrerit experiments are planned and grouped into the tollowinii phases fbr 
simplicity of the analysis: 

Phase I: Performance test of' the machine 

Phase 11: Influence of different variables on MRR 

Phase Ill: Influence of'diffcrent variables on feed fOrce 

Phase IV: Verification of the theoretical results 

6.3.2 Process Variables 

The f011owing process variables are considered for experimental analysis 

• Feed rate 

• Depth of cut 
It 

• Voltage 

• I-Jcctrolvte type 

• Electrolyte concentration 

• Flectrolvte flow 

Feed Rate : The feed rate is controlled h' controlling tile reciprocating 

movement of the work table. This reciprocation is due to recirlat I rig e lemerits (flow 

control alves) to control either flow or pressure. That has been \hro\ ri iii Iw in 
Chapter 5 . 

wj 
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Depth of Cut: Different depths of cut are provided by setting the workpiecc 

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 ofa variac, the supply voltaite is 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 
-4 electrolyte solutions used are KNO-. NaNO. and NaNO mixed with deionized (less 

than I 0t rnho) water at different concentrations 

Electrolyte Concentration : The concentrations of the different electrolytes 

used arc 10%, 15%, for stainless steel and 5%, 10%, 15% fir 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 electiochemical grindine machine is a modified grinding 

machine, the perlbrmance of different sub-systems and the machine as a whole are 

studied elaborately. lhe workpiece is fitted properly with the help of a vice on the 

work table. Refore setting the workpicce sample, the perspex enclosure, constructed 

fhr holding the vice and containing the flow of electrolyte, has been checked for loosc 
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connections, and leakage. By allowing the flow of' tap water throueh the nozzle to the 

position of workpiece on the vice, recirculation is checked thoroughly. The -1 

reciprocating movement of the table has been tested ft allowinL' it to iflo\C with 

constant Ied 'elocitv. The hydraulic 011, (SAl -3V) comes hrough the hvdraul ic 

power pack and controlled by the control station comprises of three major regulating 

valves such as direction control, pressure re1ie1 and (low control al es as described 

in Fig.5. H. The cylinder with piston is placed properly so that a reciprocatitig 

movement is produced and tested through experiments 

The depth ot'cut is adjusted by raising the work table with respect to grinding 

wheel by means of the rraduatcd hand wheel. The motor connections to the ginding 
4 

wheel is checked and allowed to rotate at its rated speed with the help ot a 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 is less than the width of the 

wheel, transverse feed is not required in these experimental works 

The machining perf'orrnance has been evaluated with respect to current, metal 

removal rate, and surface reproduction under the following conditions 

applied voltage :4-18 V. 

feed rate : 2.67-6.67 mm/s. 

set depth of cut : 5-3() im. 

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 aniplifcr 
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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, 

v1RR MRR,: i MRR 4  

Where MRR

1  is the total metal removal in the process, MRR1: the contribution by 

electrochemical removal and N4RR 4  the contribution by niechanical removal. the 

major portion of material removal is due to anodic dissolution which depends on 

Current density, and electrochemical equivalence of the alloy 

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 vIRR depends 

upon the total volume of metal removed which is mostly determined by the 

electrochemical action during the grinding operation. When fed 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 
-4 

faster worktable speeds. To study the independent effect of' various process 

parameters on MRR, the experiments are carried out in such a nianner that a 

particular parameter is varied keeping all other parameters constant. It is also to he 

noted that some parameters are found to influence other parameters that ultimately 

influences MRR. For cxample, 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 InfluenceofVarjabIcson Feed Force 

SInce electrochemical process is a chemical dissolution process no fled f'orce 

is required for this. Therefore, the feed force is only responsible due to the 
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mechanical abrasive action and viscous drag produced due to electrolyte pool. 

Practically no material is removed by chemical action. It is because of the 

clectroclicnical grinding reaction, where, only ftcd force is required to make contact 
with unmachined material ahead of the wheel. So there is rio 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 

electrokie present at the cavities formed by the abrasives. 'the current den6ty 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 surtice 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: 

') Size ot'grinding wheel and its speed. 

in) Workpiccc feed velocity, 

lnfecd rate per revolution, 

Depth of cut, and 

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 rcfirence to the influence of various parameters aficting them. The 

second part discusses the theoretical results, and compares them with experimental 

results. Some experiments are conducted to study the effect of difflrent 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. 

A 
The 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 electrochcrnical 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 

Oki 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 leads 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 

NaNO2 gives maximum current density compared to other electrolytes for example, 

KNO2  and Na03, and NaNO3  shows the best. 
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Figure 6.1 Effect of Voltage on Current Density for Different Depths of 
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Figure 6.2 Effect of Voltage on Current Density for Different Electrolytes 
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It is found that the current density increases almost uriil'ormly with the 

increase in voltage for all values of electrolyte 
concentrations as evident from Fig.6.3. 

It is also ob5cR'ed from above figure that at 10% COflCen1trjtftn the 
current denjtv 

becomes higher in Comparison with the concentration of 5% arid I 5° br dilferent 
voltages. At a VCR high COncentratjwi the current density does not increase rather 
decreases may be (file 

to passrvaton I lence the optimum concentration may be 
Chosen to be 10% by weight. 

Dilute electrolytes provide less oxidizing ions resulting in better surface 

finish, lower clectroch]emical action, and high MRR. Electrolvtc COnCentration af'fects 

MRR (because ol'currerlt density) It is noticeable that unless the voltage is raised to a 

ccain 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). 
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6.5.2 Effect of Current Density on MRR 

The experimcntal values of material removal rate with dillerent current 

densities are shown in Fit.6.4 for stainless steel. it is compared wtth the theoretical 

predicted values for lowest and highest valencies of the elements constitutine the 

workptcce material. It is found that the trend in variation of,  MR R is more or less 

similar to the theoretical predicted values. But the actual MRR at ditThrent current 

densities are found to be even less than the lower theoretical values, may be for 

passivation. However, total removal rate depends mainly on electrochemical removal 

rate. Material removal due to mechanical action is very low compared to that due to 

elcctrochcmical 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/mm2  and then at slower rate with the increase in current 

density. 
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Figure 6.4 Effect of Current Density on MRR (Stainless St ccl) 
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Figure 6.5 Effect of Current Density on MRR (Tungsten Carbide GT 20) 

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 surliice flnish 

improves slightly with lower feed force. Decreased feed trcc 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 trn gives the better 

surface finish. 

IN 
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Figure 6.6 Effect of Voltage on Surface Roughness for Different Feed Forces 
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The surcc rough m ness is easu wi rcd th the help of a Talvsurf urn Surtronic fa  

3P) The Figs.6.8 and 6.9 represent surt'ace texture for tungsten carbide and stainless 

stLel respecti vely. It is obscd that the LLntrL hnL a LragL CR,) \ tlu lot (i I 2() is 

less than that of stainless steel. The other surface characteristic critcn u a sch as 

represents root-mean-square of the R parameters. and R,, representS the ineaii of al 

maximum valley-to-peak heights of the surface profiles. SimiIari. . the other 

trihological characteristics such as amplitude density. hearing ratio are also presented 

in the same figure. Roughness measurements are taken at cut off value of 0.8mm and 

traverse length of 4.5 mm. 

Am 
I he surface roughness values of R,, and R, are determined on this I alvsurt 

analyzer. For stainless steel, it is found not to exceed the value of 0.59 tm in R, and 

have a minimum value of 0.36 .im. Similarly, for tungsten carbide, the aluc of R, is 

found within the range of 0.22 to 0.ôflm. 
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6.5.4 Effect of Voltage on Spindle Load 

Spindle load is measured as percentage of the total power that is required to 

drive the mechanical elements under idle or cutting conditions and is direct1 af'1cted 

by mechanical action. Fig. 6. 10 provides the efThct of current on spindle load fbr 

different ICed rate conditions. Higher mechanical action and higher spindle loads are 

found at higher feed rates. The electrochemical action increases linearly with the 

increase of current. Lower spindle load is found to increase with higher current. 

Work Material SS(AISI 

45 Table Feed 6 67 mm/sec 

Depth of Cut 10 tni 
Electrolyte NaCI 
Concentration I O/o W/W 
CuninpeedngSpeed:l4l3 rn/mm 

cj I o 

V I 

• 25-4 
6. I c, I  

15 

Feed Rate3.34rnrn/s —4-- Feed Ratt6.6 7mm/s 1 
5 -f------ I I I 70 llQ 90 100 110 120 130 III) ISO 

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. I I shows that current density increases rapidly with the increase in 

electrolyte flow rate up to 2.6 lit/min and then increases very slowly for same 

operating conditions, the current density is found higher fr NaCl electrolyte solution 

than KNO. At too high flowrate the current density does not increase with the 

flowratc. 'l'his is mainly because at high flowrate major portion of electrolyte bypass 

I - O 
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the machining gap resulting in misuse. This may also due to constant surface area of 

the wheci and workpicce and perfectly saturation with the incipient ions. Small 

change in efectrolie flow rate has negligible eftect on current dcnsit 
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J —U— Electrolyte: KNO3  
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_J 
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Work Material: GT 20 
Electrolyte Concentration: 10% W,W 
Voltage: by 
Cutting Speed: 1413m/min 

[9th of Cut: 101am 

10 
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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 1ed tbrces. 

The variation of the feed force for different electrolytes at ditlèrent 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 electrochetnical action and hence less would he the mechanical action restiltInL,  in 

less iced force as evident in the figure. Feed force is ibund 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 difThreni current 

densities is shown in Fig.6. 13. It is seen that up to about 3.1 amp/mm2, 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 clectrochemjcal grinding process. Literature rcvicw 

indicates that radial force component may he 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 

clectrochemical action. The experimental value of MRR is also compared to the 

theoretical predicted MRR value for lower (2) and higher (I) valencies of the 
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elements of anode material. It is found that experimental values are slightly less than 

theoretically predicted value fbr higher valcncv. 
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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 Ratc(MRR) 
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6.5.7 Effect of Current Density and Feed Force on Process Efficiency 

Process efficiency with regards to the FCG process is detned as the ratio of' 

electrolytic metal removal to the total removal With increase in current density the 

elec(roehemicaj action becomes predominant and hence process efficienc also 

increases as shown in 5g.6. IS. But with the increase in Ied trcc since mechanical 

action predominates, process efficiency is found to decrease as shown in Hg.6 16. 
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Figure 6.15 Jffect of Current 1)cnsity on Process Efficiency 
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-i 6.5.7 Effect of Current Density and Feed Force on Process Efficicricv 

Process e fficienc\ with regards to the process is de Ii ned as the rat 10 of 

electrolytic metal removal to the total removal 'NVith increase in current dciisliv the 

clecirochein 1 cal action hecomes predominant and hence process CttiCieiic also 

increases as Shown in 1-ig.6. 15. But with the increase in fed force smce niechanical 

action predominates, process efficiency is found to decrease as shown in 1: g.6. 16. 
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Figure 6.15 Effect of Cu rrent 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 

When feed rate is high, mechanical action is more and c1ectrochcmcal action 

is less. With increase in feed rate, the feed force increases slowly and more or less 

linearly. The radial force also increases slowly up to about feed rate of 5.S mm/sec 

and then increases at a fsier rate as shown in Fig.6. 17. The feed force is found about 

half of the radial force. 
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Figure 6.17 Effect of Feed Force on Radial and Feed Forces 

6.5.9 Effect of Current on Feed Force 

The relationship between cuent and Icd force in electrochemical grinding is 

shom in Fig.6. I 8. This shows that as current increases fed force decreases keeping 

all other coridi tions unchanged which means that ECM activity prcdoni males over 

mechanical gri riding. The 'ana Ion s mia yperbolic  in nature II also indicates 

[hat for a depth of cut lOm and table feed rate of 6.67 mm/sec at 80 amperes of' 
current, ICed force is very low probably what is required to remove the passive layer. 

Slowcr led rate results in more exposure time of electrolyte of, the work 

material, and conscquen(f' a tremendous electrochem teal act ion is acted in the 
machiri trig v.one. The material removal in this case is mostly due to electroclicin cal 
action. The total amount of metal removed is found to be higher with increased 
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electrolyte flow rate. When the electrolyte flow is low, higher mechanical action 

prevails corn pared 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 he tlieorci lea? ar)alvsls developed 

for MRR for machining tungsten carbide specimen. The analyses are made separately 

for MRR due to mechanical action and that of due to electrocheni ical action For 

instance, at 20 trn depth of cut and 21.28 amp/mm 2  current density It is found that the 

theoretical MR R due to mechanical action is 0.43 mm 1 /5cc and that of for 

electrochcmjcal action is 6.45 mm3/sec. Under similar conditions eNperimental 

investigations are also conducted. The electrolyte used is KN( ) for (fl 20, and NaCI 

Solution 1'or stainless steel. After each run the specimen is weighed with an electronic 

balance, that gives material removed due to combined action. A sample 
CalClIlatol1 
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for both theoretical and experimental MRR is given in Appendix (A4.4) At 20 LIM 

depth of cuts  Fig. 6.19 shows that material removal rate is 602 rnrnsec 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 

M. Material. GT20 
Concentration: 10% WiW 
Cutting Speed: 1413 rn/mm 
Table Feed 6.67 mm/s 

5.5 Depth of Cut: lOjim 
Electrolyte Flowrate: 2.9 lit/mm 
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E 
a: 
a: 

4.5 

4.0 I -- 

LT--- Experirnen:al 

12 15 18 21 24 27 30 33 

Current Density, amp/mm2  

Figure 6.19 Comparison ofThcoretical and Experimental \IRR 

It is observed that the theoretical predicted values for MRR are close to the 

experimental results indicating a good agreement between the two 1'he maximum 

variation between experimental and theoretical results is about I 5% (corresponding to 
rd 

set of readings). 

Table 6.5 shows the comparison of theoretical and C\ P' ncna I values 

Similarly it is tested for stainless steel and shown in Fig.6.4. lheoreticallv. the MRR 

value f'or the lowest valency difThrs from that of the highest valency et the elements of 

the alloy. For higher valencies the variation is less. The same figure also shows that 

the MRR predicted value fhr higher valency is lower than that of'  for loer valencv. 



Fig.6.4 shows that the cxpenmcntal results are closer to the theoretical results when 

higher valency states of elements are considered 

Ta Nc 6.5 Compa rison of Theoretically and Ex penmen ta ll ()hta mcd 
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6.6.2 Feed Force 

With the USC 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. JO trn 

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. IS. 

In 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 investigators experimental result I I 5J. Using !qn. 4.4 I 

the feed force is calculated and found to he very less. This fled force is responsible 

only for mechanical action but major portion of total rcnio al takes place for 
I 

elect rochcm meal act ion. 



The last part of the fed lbrce equation i.e. feed fbrce 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 'Fable AÔ.6. I and l'ahle A6.6.2 in 

Appendix. ShOWS that feed fbrce IS 23.8 N. Nxperimeniallv, it is found to be 2 8.21 N 

results in the 'ariation of less than 1 7°/o,  l'he comparison hCi\\CCFi  the experiiiieiitallv 

obtained vu l iie and the theorct ical l predicted value shows that cx perimenta I feed 

force is hwher 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 Investigators results f'or the simplicity of the analysis. 

6.7 Summary 

Although not many of' the investigators studied the analysis of' the 

electrochemical grinding process, yet, it is well-known that material removal rate due 

to electrochernical 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 cicctrochcrnical grinding process may be 

summarized as f'ollovs. The high f'eed rate, low electrolyte flow rate provide 

increased mechanical action. Current density is the most influencine parameter for 

material removal rate It is observed that short circuit rig may he caused due to certain 

machining conditions Mechanical sparkout is observed at low voltage and high feed 

rate. Poor flow of' electrolyte tends to produce passivity. 'the small electrode gap fails 

to produce dissolution at the anode with the rate of' anode ndvancc. In this unstable 

condition, the electrodes touch causing short circuiting. At too high voltage, severe 

electrical sparking is observed and the temperature becomes so high that boiling of,  

electrolyte results gas pressure which in turn throws the electrolyte oft 1'he 

electrocliein ic il action is greatly influenced bV anodic passivity. Passivi tv conditions 

reduce the electrochem ica I action and increases mechanical action. II igher \IR R is 

observed at it  hich feed rate and a less volume of' metal removed by clectrocheni ca I 

action I (wit electrochem eat action increases overcut, whereas mechan cal action 



reduces this Surface finish is greatly influenced by feed rate The ECG process uses 

the least amount of energ and the operation would be performed economically and 

more efficiently. 
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CHAPTER 7 

EPILOGE TE 

This section outlines important conclusion and recommendation for the 

design, development, and analysis based on the results of difTerent aspccts 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 

electrochernical aspccts ofclectrochemical 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 

4 development is progressing day by day. Based on the studies undertakcn during 

diflerent phases of present investigation, the following conclusions are drawn. 

The present work aimed at developing an F.CG 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 ve' slow speed is 

not quite sat isfacorv. 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 clectrochemical aspects of the process are 

not constant throughout the process and follow a pattern effecting on the now of 

current between the wheel and workpiecc. They determine the work material 

decomposition and material removal rate due to electrochcrnical 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: 

1) by effectively removing any developed passive oxide film, and 

11 
ii) by affecting some material removal by abrasive action olthc grains. 

The operating parameters, viz, supplied voltage, feed rate and set depth of cut 

etc. can easily he 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 workpiecc and vice versa. Total volumetric removal rate increases at higher 

feed rates The selection of electrolyte is very important in controlling passivity. 

4 

The performance of the machine has been tested through experiments and 

found to run satisfactorily.  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 

acceptailce 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 
'6 fCed 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. 

• Total volumetric material removal increases with higher voltage, high electrolyte 

flow rate and its concentration, 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. 

• Current density increases with increase in voltage unless the supply voltage is too 

high to cause intensive gas evoluon due to boiling of electrolyte and severe 

sparking. In this regard it may be mentioned that the magnitude of feed force does 

not play significant role. On 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 

4 proportionately with the electrolyte concentration so long as concentration is 10 to 

15% by weight. 

• Process efficiency in electrochemical grinding of tungsten carbide by metal bonded 

diamond wheel using KNO1  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 hence process 

efficiency decreases with the increase of speed. The depth of Cut fdr combined 

action increases as electrochemical action increases. 

• The failure to achieve Constant current flow is the major cause of poor surthcc finish 

and dimensional conti'ol problems. Based on these preliminary tests, it is a thct that 



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 10.1 mm3/1.nin. and 0.1 pm respectively. 

• Surface integrity is mainly governed by the differential electrochenilcal activity of 

the microstructural constituents involved in the process, 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 

aendices 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. 
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As per the present and future need is concerned, this machine 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, 

ii) Arrangement for spindle power measurement, 

ui) Installation of a precision feed rate meter, 

Use of adaptive control to regulate feed rate automatically to maintain a 

constant feed force. According to the requirements for the cuffing operation the 

mechanical cutting point can be found out and any modification can be made by 

adjusting set parameters like supply voltage, wheel speed, feed rate etc. 

Design and development of a vibrator for introducing stirring effect in the 

electrole solution with vaing frequency and amplitude in the process. 

Proper filtration for sludges removal. 

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 wheel wear 

and maximize MRR. 

To accommodate for variations in wheel and work materials, the present 

methodology may be needful to combine with any expert system to achieve 

consistent results. 

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 

efliciency and applicability of clectrochemical grinding can be improved through the 

development of special wheels. 
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1 

APPENDICES 

A 4.1 Derivation of Equation of Contact Length 

Ref rring 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 '\Titten as 

l=BC=I 
... A41 

From A OCF, 

cos0=-211'= D/2—d 
OC D/2 

d = D/2 (l -cos 0) 
... A4.2 

And, sinO= 
CF 

 
D/2 

which gives, CF = D/2 sin 0 
. A4.3 

Putting the value old and CF from Eqns.(A4.2) and (A4.3) in Eqn.(A4. 1) undct'ormcd 
chip length becomes, 

/D2  :' D2  2 2 2D2  lHS10+— +--cos 8-- cosO Y4 4 4 4 

/2D2 2D2 
= 

Y4 4 
 COS 

= 1JD.-P(l_coso) 

=/i5i ...A4.4 

A 4.2 Determination of Chip Thickness 

Referring to the Fig. 4.3, chip thickness has been calculated as follows: 

h=EG=CEsino=CE(I) ...A4.5 
D/2 

and 

'75 

IV 



CF=,Jl1.d ...A4.6 

Substituting the value of 'I' from Eqn.(A4.4 ) in Eqn.(A4.6) we get, 

CF = ( D.d - d2 
1/2 

Thus, h = sJà_d2 =CE ./d/D_(dfD)2 

Since dID <<1, (dID)2  is neglected. 

CE is the distance the table advances during the time it takes the wheel to 

make 1/N revolutions (where N1  is the number of teeth) and can be expressed as 

CE= 
V ...A4.7 

N.N 
t w 

Putting the value of CE and CF in Eqn.(A4.5) 

11 
"V 

N 

But, the number of grains lined up one behind the other around the circumferance of 

the wheel is 

I 

N=(irDh)C ...A4.8 

Where, 

C= grains cutting per mm 

b = width of each cut, mm 

Hence, for surface grinding 

h= 
2v .%/j;;-5 ...A4.9 

itD.hC.N w 

Assuming a chip of constant width throughout its length and that a taper 

section yields the average depth of cut, r 
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Thus, h 'becomes 

4v ____ 
1/2 

h= —----------./d/D 
DN C.r 

] 

... A4.IO 
L w 

When h.,  << I, the volume of undeformed chip can he approximated analogus 

to that of a triangular pyramid, as 1/3 times the product of maximum cross sectional 

rh 
area (—_) and length l, the volume of chip VC' can he expressed as 

6 

Using this cxpression in the equation of volumetric removal rate 

d Vu.. b = (C. b. V, )V, and I, /i5i 
Which implies, 

h=[_6v 
___ 

1/2 

LDN
WC.r /DJ ...A4.1l 

A.4.3 Derivation of Area A1 , A2, and A3  

Referring to the Fig. 4.13, the rectangular area, A 1  X1  (max) x d 
Where, 

JL-2d(
a+ 
 V. 

X1 (max) = —J-. I 
\a a)) 

A  =f.4(a+YLd 
a (0) 

Area A 2 =Jy1dx1  

Where, 
'4 

x1  = asinwt (with respect to point D) 

or dx1  = aco.coscot.cjt 
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.. A 2 =Ja(1—coscot)a(ocosotdt 

=a20)f(cos(ot_c0s2 ot)dt 

=a2f(coso —cos29 )do 
0 

=a 2 {sina (1+ cos 20 
2 

jdo } 

=a2 (sina 
 _ 

a \ 

-__ 

s1n2 
 4 J 

Which may also be written in the form 

A2 
=a21_ _!.2sjna cosa 

= a 2 ( /_! /!i a—d) 
Va 2a 2a a 

=a2   
Yat, 2 2 a  )) 

adFaa  
and, 

A3 = Circte sector OAf-lEO - A OAF 

= -a 2 i . _fa(a —d) 

2 =-1/--a —a -  i -ad 
2V a 

2 Fa 
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A 4. 4 A Sample Cakulation for Theoretical and Experimental MRR 

To dcterrn inc the matrial removal rate due to machanical and e!eclrochcmical 

actions both theoretically and experimentally, the tolIowint proccdurc is followed. 

The parameters considered are: 

D = 150 mm, b 3.2 mm, d = 20 mm, length ofjob 85 mm. V= 413m/miTi, 

21.28 amp/mm2 ,electroIytcflovratc78x 106
mm3 /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 

MRRM  = V1. d.b = 6.67 x 20 x 10 x 3.2 

= 0.43 mm3  /scc 

Referring to the Eqn. (4.51), MRR due to electrochemical action can he found 

out as: 

MRRF  = 2 bR2  (a /2R)1/2 
 ((d1  / R)"2  - 2/3 

=2hR2  (a/2R) 1/2 

-- 

d+R 
12 

—2/3 

1( 
R 

(2x.61 

75 - J(O.02+O.62\h/2 
2(3.2) (0.62)2 

) 0.61 ,i 
0671 

(Considering the higher valency of each clement, the value of R is fOund out irorii the 

Eqn.(4.44) as 0.61 mm / see) 

MRR1: = 6.45 mm3  Is 

'S 

k. 
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Hence, the percentage of theoretical MRR due to machanical and 

4. 
electrochemjcaf actions can be calculated as; 

MRR M  - 0.43 
6.25% flM 

MRR, 0.43+6.45) 

11M - (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 parameters constant such as depth of cut, uicd rate etc. 
41 

'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 0.14781 gui for 

the above parameters. Since density of the workplace is 0.0142 gmlmm3  [refer Table 

A 6. l] and time taken for the single pass is 12.7 seconds experimental MRR is 

0.14781 
MRRM  = ________ = 0.82 mm3/sec. 

O.OI42x12.7 

Keeping the same parameters constant and allowing the current to now across 

the electrodes, the total metal removed is found out by weight measurement as 

1.08564 grn. So, the total maial removal rate can be expressed as 

MRR-1 - = 
1.085646 

= 6.02 mm3/s. 
12.70.0 142 

Hence the MRR due to electrochem lea! action is given by. 

MRR:= MRR T  - MRRM 

= 6.02 - 0.82 = 5.20 mm3 /s 

Therefore, the percentage of experimental MRR due to mechanical and 

electrochemical actions can be calculated as: 

ISO 



MRR M  0.82 
T1M = = 13.62% 

MRR.F  6.02 
& 

fl j: 000-13.62)% = 86.38% 

1t5.1 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 

Coefficient of friction, ji is assumed to be unity, because at static condition 

coefficient of friction would he 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 

Bore diameter ((i) 

Distance between port centres 

Distance between free-end and 

port centre 

Cylinder body length 

Stroke length 

Mounting type 

Piston rod diameter 

Port size  

Double acting cylinder 

25mm 

410mm 

25 mm 

525 mm 

330 mm 

Foot mounting 

16 mm with M12 x 1.25 mm thread for 

fastening to the work table 

3/8 "BSP. 
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A 5.3 Calculation for Minimum Load for Dynamometcr 

sk 

The total minimum load acting upon the dynamornctcr has been deermincd 

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 

F Wheel width, b = 12.7 mm 

Width oldynarnometcr = 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(150X25)'2 X 12.7 

=245.94mm 2  

Then the minimum load due to minimum wheel pressure of 0.3 M Pa 

0.3x 106 x245.84x 10=73.78N 

Similarly, the minimum load due to electrolyte pressure of 14 K Pa 

(14x 103 x245.94x 10)3.44N 

And the dead load of vice, perspex box and the base plate 

= 106.4 N (weighed) 

Total minimum load = (73.78+3.44+I065)=I837 N 
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A 5.4 Thickness of the Ring of the Dynamonicter 

Thickness of' the dynamometer is calctilafc(I from the 1>I Jowi r torin ii Inc. 

considerrnu the order ol strain as 40x I 0 The radius ol the oclagoflal riiw r has been 

assumcd to be 16 mm so that the 1ent.th L' becomes 64 mm according to the 
relation 

I." r 4. 11071 refr Fig. A5. 1. 

H 
50 L 

(-2L '  

0.0 øEbt 

Mr 

eEbf 

0.1 

0 2 3 4 5 6 
( L / r ) 

Figure A5.I Rotational Sensitivity and Stiffness of an Extended Octagonal 

Ring 

Accordj rig to Shaw j831. the strain is expressed as 

1 .09x F,xr 
A5. I F x h x 

•  
•t() tO 

I.09x 183 7x 16 
= 

2t000x35xt 

\\hich  irnpl ics. 

jL 

4 
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For this design1  the thickness is assumed to he 3.00 mm where strain for 

minimum total load of 183,7 N becomes(from Eqn.. A5.1) 

109 x_18i?i.±!'=48xlO 1  
21000 x 350 2  

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: 

Sensitivity = 
e 48x106 

 

Fr Xt 183.7x3 

81.6x 10/N/mm, 

Radial deflection for minimum load, is expressed as: 

Fr  Exbxt 

L.8xr3  

1.8 x r• X F 1.8x163 x183.7 
81 = O.(trn 

Exbxt 21000x35x3 

And the ratio 

= = 0. 187 
r 16 
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Figure A5.2 Relation Between t/r and Strain Output for Different Rings 

Re1crrin to the Fig. A5.2, strain per unit deflection with rcspcct to lir=O. 187 is 

0. 12 and hence, the calculated value for strain per unit deflection is 

0.61x-=0.114 or, tlr=0.87 

Which means that this vauc oft/r may be considered for the dcsiin purpose. 

A 5.5 Arm Length of the Ring of I)ynamometer 

With refrence to the Fis.A 5.3 (a) and A5.3 (b), geometrically it can he 

(ound that 

Each arm = AC = 2A13 

..013/A13= (r4 t)/AB= tan 67.5 
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[,] 

+ t) 

A B C 

Where, 

t= thickness of the octagonal ring 

..AE3=(r+t)/tanO7.5 

..AC=2(r 1)/lan 67.5=2(16+3)/tan 67.5-s 15.7mm 

(a) 

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 he more 

than the actual deformation of the top member. 

For simplicity of' calculation, the top member is considered as simple 

supported beam and acting it the centre a concentrated load, the deflection of' the 

beam can be written as: 

4 

IM 



wx 
= 

47.35 x53xl2 =84 
xlOmm 

48xEx1 48x21000x35xI9' 

Where, 

w Total concentrated load 

Length 

E = Modulus ot'elasticity 

That value is very small compared to different dimensions of the 

dvnamoincter. 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 5 mm 

Gauge width 2.5 mm 

Shape : Helical grid 
4 
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cycle 
Unloading Loading Unloadi 

3 _4 3 
5  5 

______ 

7 7 4 
8 9 5 

- 
10 10 7 
12 12 9 
13 14 ii 
15 16 12 
17 18 15 
19 20 17 
20 22 18 
22 24 21 
25 25 24 
27 28 _ 26 
30 30 3Q 

'etc 6 
Loading Un ba d I 

4 2 
4 3 
5 5 
8 6 
10 8 
12 10 
14 ii 
16 13 
18 14 
20 16 
22 18 
23 21 
25 24 
28 26 
29 29 

00 

Table A5.1 Data for Calibration of Dynamometer (Horizontal Load) 

Meter Readin inmY 

4905 12 10 11 8 ii 11 5886 14 11 13 9 12 12 
12 

14 6867 16 13 15 ii 14 13 16 7848 18 16 17 116 15 18 8829 21 18 19 15 18 17 20 
______ 23 20 21 17 20 18 22 1079! 26 23 23 20 22 20 24 11772 29 24 24 22 23 22 26 12753 30 27 26 25 25 - 24 27 13734 3! 30 31 30 28 28 29 14715 33 33 32 32 1 30 J 30 30 

Average 
toadgUiIo 

5.0 

8.6 
16-.3—F 
12.1 

8.51 
10 

14.1 11.6 
16.1 13.4 

- 

18.2 155 
20.2 17.3 
22.3 19.4 

25Qj243-1  
28.6 1 26.8 

..9,81 298 I 

Load 
(N) 

98! 

1962  

2943 
3924 

49 05 

5886 

6867 

784$ 
8$ 2° 
9810 
1079! 

11772 
112753 

13734 

14715 

Cv etc 7 
Unloadi 

10 

11 

14 

16 

8 

10 

13 

14 

19 
16 

18 
21 20 
23 22 

28 26 
29 29 

Cycle 8 C cle9 
Loading Unloading I Loading I Unloadir 

10 9 11 9 
12 11 14 10 
14 13 16 12 

18 17 1 

18 

20 
—f4- 
16 

20 19 22 19 
22 21 21 

27 26 27 25 

C etc 10 
Loading Un1oadin 

2 2 

11 1 8 
12 

_ 
10 

14 
17 

11 

19 15 
21 17 
23 20 
25 22 

- 

27 24 
28 28 



Cycle 4 

Jiloadj it  
5 3 

13 9 
21 14 
25 18 
29 22 
32 28 
36 30 
39 34 
43 37 
47 40 
52 43 
54 46 
56 —5 3 
59 57 
64 64 

Cycle S 

din7iload iii 
5 3 
12 8 
19 9 
23 13 
30 17 
32 21 
38 26 
40 31 
44 35 
48 39 
52 44 
55 49 
57 55 
59 57 
63 63 

Cycle 10 
Loading Unloadi 

5 2 
9 2 
16 4 
21 C) 

25 14 
31 16 
34 22 
37 29 
39 33 
42 37 
46 4) 
50 46 

_53 52 
57 55 

Average 
Loadin Unloadi 

5.6 2,8 
120 60 
17.6 96 
22 13.4 

26.4 17.1 
30.3 21 
34.6 24.7 
384 29.3 
4)7 333 
452 37.4 
49.2 4)9 
528 473 
555 522 
590 572 

Loadin 

12 

15 
21 
26 

30 

—35- 

38 

42 
45 

49 

53 

56 

59 

62 

Ic 6 

Jnloadi 
_) 

8 

10 
13 
16 

20 

28 
32 
36 

42 
47 

52 
57 

62 

A 1' 

Table A5.2 Data for ('alibration of 1hnarnometer (Vertical Load) 

t. er ea 

Unload* 

_ 

1 

 

29 14 E 111±11: 3924 24 19 23 19 11 05 28 23 27 
51 -4 j20 23 886 32 26 31 24 27 

_
17 6867 38 29 34 27 31 21 - - 7848 41 34 39 30 36 25 8829 44 

48 
38 42 33 39 30 

R~f 52 
42 
48 

45 36 43 35 

117.72 55 52 
48 

51 
39 

45 
47 40 

127 53 58 55 54 56 
51 
53 

48 
51 137.34 62 60 60 58 60 57 14715 65 65 64 64 64 64 

Load ._CycIc 7 C dc 8 _cle 9 (N) Loadin Unload in I.oadjn ' Unloading Unloadjn 9.8) 5 2 5 2 5 2 1962 12 4 10 6  10 6 29  43, 
24 

10 22 

i0L 20 IS 30 
6867 f 34j 23 32 2) 
78 48 

. 

37 26 
34 
39 

24 I 
!IIIIE 88 29 

10 j7 
40 30 42 33 
14 15 44 3 t 107 9lj 50 41 4 7 39 39 49 I H 7.72 JTh 2 ___5  ____iiii:- 53 47 

5-2  
59 

---- 

6 i: - 
_ 



Table A6.I Some Properties of WC-Co Materials 

Composition, 0/ o 1)ensily. Rockwell I \ ickers I ransversc rupture 
-J ( ornprc..cs;'. C ')c7UiU )t 

WC Co g./cni hardness, hardness.  SI renuib. psi 5IIcrIc ipi Ciaslicll\ 

kiiimn( L_p' 
lOG 5.7 92-94 180(1-2000 43,000- 71,000 -120,000 I 02.5 

97 3 15 . 1 - 15.2 90-93 

-- - 

1000- 1700 1 42,000- 1 0,400 838,000 

___________________________________________________________________________________ 
 95 

95.5 4.5  15.0-15.1 90-92 1550- 1650 1 70,000- 1 99,000 824.000 

94-94.5"  5.5-6 14.8- 15.0 90-91 500-1000 227,000-256,000 710.000 

_________________________________________________________________  
94945I 

5.5-6 14.8- 15.0 91 -92 lOGO- I 700 199,000-227.000 781.000 

91 9 14 S 14.7 89-91 1400- 1500 213.000-270.000 (S2,0Ii0 

84 
J 90 10 143-14.5 88,5-90.5 1350-1450 220,000-277.000 667.001 

89 II 14.0-14.3 88-90 1300-1400 227,000-284,000 653,000 
82 

.0-14.2 87-89 1250-1350 24l,000-29S,000 639,000 j[l E 

.8-14.0 86-88 1150-1250 256.000-312.000 554.000 
78 

80 20 13.1-13.3 83-86 1050-1 ISO 284,000-369,000 483.000 

75 25 12.8-13.0 82.84 900-1000 256,000-384.000 I 454.000 

70 30 12.3-12.5 80.82 850-950 

100 255 8.9 125 

' Coarse-izraincd WC phase. 
h 
 Fine- suainned WC phase .Averaue values 

i.1 

I 



Table A 6.2 Values of Different Parameters for Feed Force 

IL 

Symbol Value 

m 12 

p 1I0.5N/mni2  

A 2.27x10mm2  

Ic 1.22 mm 

0.8 

a 0.4 

6,1 N/mm/%of 

loaded area. 

n 2 

A 0.5 mm 

r O.085mm 

w 9.23 mm 

H 0.01 mm 

h O.02mm 

Oc t  1.ON/mm 

a2  0.5 N/mm2  

0.34 

0J02rad 

Ar 0.5 

m 1.36 x10 3  N.sec/m2 



Table A6.3 Grinding conditions for Feed Force 

Grinder I lorizontaf surface grinder 

Grinding manner Surtuice grinding 

Grinding wheel : Diamond impregnated metal bonded 

Diameter = ISO mm 

Width = 9 mm 

Concentration = 75 

Grit size = 80 / 100 

Workpiece : Stainless steel 

Depth of Cut 10 jm 

Work speed : 6,67 mm/sec 

Wheel speed 1413 rn/mm 

Applied voltage 4 -10 V 

Current 25-100 amps. 

Electrolyte 

ingredient NaCl 

concentration 10% w/w aqueous solution 

flow rate 2.9 l.p.m. 

temperature 26°C 
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