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SUMMARY 

Creep Feed grinding is a grinding process that employs large depths of 
cut (typically 1-10mm) and correspondingly lower feed rates. In its continuous 
dress (CD) mode the wheel is continuously sharpened (dressed) by feeding a 
diamond roll dresser into the wheel at the same time as the wheel is fed into the 
workpiece. 

The CD creep feed process is currently used in the manufacture of blade 
components in the aerospace industry. This thesis describes the investigation 

made into the possible new application of the process to the manufacture of 
compressor blades made of titanium alloy. 

Laboratory trials showed that a 4% vanadium 6% aluminium titanium 
alloy, of the type used in compressor blades, CD creep feed grinds with the same 
characteristics as other hard-to-grind materials currently machined by the 
process. This thesis presents results on the alloy's specific grinding inergy for a 
range of conditions typical of that used in blade grinding. 

This thesis also documents the development of thermal form grinding 
simulations and associated tests for predicting the performance of the proposed 
grinds. In line with recommendations of existing research, a three dimensional 
finite element form grinding simulation was written using upwinded convective 
diffusion techniques to minimise computing time. However, the associated 
laboratory tests made to determine such things as the level of convective cooling 
in the grinding arc, illustrated that the results of the finite element model could 
be estimated by a simpler analytical function based on an effective convective 

coefficient. Furthermore, it was also shown that the level of convection changes 
significantly along the length of the grinding arc and since this factor could not 
be precisely modelled, it was felt that the accuracy of the Finite element model 
was weakened to such an extent that the use of the approximate function to 
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model grinding temperatures was justified. This was confirmed by the use of 
this approximate function to model a series of representative titanium alloy form 

grinds made on a commercial form grinder. 

The final section of this thesis illustrates how a prediction of burn using 
the approximate temperature function in combination with a threshold interface 
temperature definition of burn can be related to a burn criterion based on the 
applied flux. The model thus confirms existing burn flux criterion and it 
further illustrates that under form grinding conditions this burn flux criterion 
should be applied on a local basis to all points in the grinding arc. 

ii 



MEMORANDUM 

The accompanying dissertation "The Continuous Dress Creep Feed Form 

Grinding of Titanium Alloys" is submitted in support of an application for the 
Degree of Doctor of Philosophy at the University of Bristol. 

The work has not been submitted for any other degree in this University, 

nor for an award of a Degree or Diploma of any other Institution. 

The dissertation is based on independent work by the candidate, all 
contributions from others being acknowledged in the dissertation itself. 

I hereby declare that the above statements are true. 

Signed 
Rggý 

. 

4= 

.. 4 0 ......... ....... 0 
PMT Fursdon 

iii 



ACKNOWLEDGEMENTS 

I would like to thank the following for for their help in this research: 
1) Dr TD Howes both for his encouragement and constructive criticism on the 
fundamental aspects of this investigation. 
2) Mr M Durcan for his invaluable advice on the technical and commercial 
aspects of the industrial application of creep feed grinding. 
3) Dr K Neailey fqr his help with metallurgical areas of the work. 
4) The technical staff of the Mechanical Engineering Workshops for the 

production of all test specimens and for helpinj to maintain and develop the test 

rig and its instrumentation. 

5) Dr I Stewart, for his advice on numerical methods. 
6) Dr M Hollingsworth and Dr R Poulter for their advice on the modelling of 
heat transfer. 
7) Ex-Cell-O Corporation (England) Ltd for their sponsorship of the work. 
8). Diamant Boart for the free production of a purpose-built formed dresser. 
9) The Universal Grinding Wheel-Company for the wheels used. 
10) Rolls-Royce for the free supply of materials. 
11) The Science and Engineering Research Council for the provision of my 
industrial studentship. 

1 1 would also like to thank my wife, Jane, for giving the encouragement 
which made the completion of this thesis possible. 

I 

I 

iv 



CONTENTS 

Summary 
Memorandum 
Acknowledgements 
Contents 
List of Plates 
List of Figures 
Nomenclature 

1. INTRODUCTION 

I. I. Creep Feed Grinding 
1.2. Form Grinding Performance 
1.3. Research Aims 

2. PREVIOUS EXAMINATIONS OF GRINDING PERFORMANCE 

2.1. Introduction 
2.2. Grinding Abuse 
2.3. Grinding Energy Generation 

2.3.1. Introduction 
2.3.2. Chip Cutting 
2.3.3. The magnitude of Grinding Energy 
2.3.4. Longitudinal Distribution of Grinding Energy 
2.3.5. Wheel Sharpness 
2.3.6. Form and the Local Normal Feed Rate 
2.3.7. Form and local Wheel Sharpness 
2.3.8. Wheel Specification 
2.3.9. Abrasive Type 
2.3.10 Grit Size 
2.3.11 Hardness 
2.3.12 Wheel Speed 

2.4. Grinding Energy Partition 

2.4.1. Introduction 
2.4.2. Shear Plane Partition 
2.4.3. Coolant and Partition 
2.4.4. Overall or Shear Zone Partition? 

2.5. Criterion of Burn 

2.6. Thermal analysis 

2.6.1. Introduction 
2.6.2. Grit, Interface and Workpiece Temperatures 
2.6.3. Finite Element Models 

Page No. 

(iv) 
(v) 

(xi) 
(xv) 

I 

1 
5 

10 

14 

14 
14 
18 

18 
18 
21 
21 
23 
24 

26 
26 
26 
27 
28 

29 

29 
30 
31 
32 

34 

36 

36 
38 
41 

V 



3 

4. 

2.7. Peculiarities of Titanium Grinding 

2.8. Conclusions and Aims of the Current Research 

THEORY 

3.1. Introduction 
3.2. Derivation of Local grinding flux expressions 
3.3. Thermal Modelling by Finite Element Techniques 

3.3.1. Introduction 
3.3.2. Two dimensional methods of Finite Element 

Modelling of Grinding 
3.3.2.1. Transient Methods 
3.3.2.2. Quasi Transient Method 
3.3.3. Three Dimensional Finite element 

form grinding model 

3.4. Approximate Analytical thermal Model 

3.4.1. Introduction 
3.4.2. Creep Feed Plunge Grinding 
3.4.3. Pure Moving Heat Source 
3.4.4. Cogibined Conditions for the Complete 

Creep Feed Grinding Arc 
3.4.5. Heat Transfer due to Conduction Alone 

3.5. Partition 

3.5.1. Introduction 
3.5.2. Shear Zone and Overall Partition in Past work 
3.5.3. The Quantitative Effects of Specifying 

Shear Plane Partition 

3.5.4. Methods of Measuring Partition 
3.5.4.1. Steady State Temperature Method 
3.5.4.2. Transient Temperature Measurement 

Method 

3.6. Coolant Performance 

3.6.1. Introduction 
3.6.2. Turbulent Boundary Layer Theory 
3.6.3. 'Solid' wheel/coolant approximation 
3.6.4. Solid Wheel and Workpiece Model 

EXPERIMENT PROCEDURE + EQUIPMENT 

4.1. Introduction 
4.2. Laboratory Tests 

Page No 

43 

45 

48 

48 
50 
56 

56 

58 
58 
59 

61 

63 

63 
66 
67 

68 
70 

71 

71 
72 

76 

79 
79 

79 

80 

80 
82 
86 
89 

91 

91 
91 

vi 



Page No. 

5. 

4.2.1. Equipment 91 
4.2.2. Instrumentation 93 
4.2.2.1. Dynamometer 93 
4.2.2.2. Thermometry 94 

4.2.2.3. Data logger and software 96 
4.2.3. Specimen Design and Experimental 

procedure 97 
4.2.3.1. Material 98 
4.2.3.2. Cylindrical Tests 98 
4.2.3.3. Pin specimens 100 
4.2.3.4. Warm-up Tests 102 

4.3. Grinding tests on a Commercial Form Grinder 102 

4.3.1. Equipment 102 
4.3.2. Specimen Design 104 
4.3.3. Procedures 105 

RESULTS 

5.1. Grinding Energy 106 

5.1. i. Introduction 106 
5.1.2. General Characteristics 106 
5.1.3. Hard Wheel Dressing Characteristics 107 
5.1.4. Soft Wheel 107 
5.1.5. Feed Rate Dependency 108 
5.1.6. Wheel Speed 109 
5.1.7. The Reverse Plated Form Dresser 
5.1.8. Best Fit Analysers: 

5.2. Therm al Characteristics of Creep Feed Grinding 112 

5.2.1. Introduction 112 
5.2.2. Pin Grinding Energies 112 
5.2.3. Steady State Pin Grinding Temperatures 

(Nucleate Boiling) 113 
5.2.4. Steady State Interface Temperatures 

above Burn 118 
5.2.5. Eroding Thermocouple 129 

5.3. Local Convective Coefficient 121 

5.4. Three- Dimensional Finite Element Modelling of 
Form Grinding' 124 

5.4.1. Introduction 124 
5.4.2. Predicted Thermal Field 125 

vii 



6. 

Page No. 

5.5. The Thermal Performance of Creep Feed Surface 
Grinds: Plane and Formed 129 

5.5.1. Introduction 129 
5.5.2. Plane Surface Grinding Temperature 130 
5.5.3. Form Surface Grinding Temperatures 131 
5.5.4. Total Heat Transfer Coefficient and 

Surface Grinding Shear Plane Partition 132 
5.5.4.1. Introduction 132 
5.5.4.2. Flux Distribution 132 
5.5.4.3. Workpiece Movement 133 
5.5.4.4. Workpiece Conduction and the Effect of Form 134 
5.5.4.5. Local Heat Transfer Coefficients 

in Surface Grinds 136 

5.6. Surface Roughness 138 

5.7. Metallographic inspection 139 

5.7.1. Introduction 139 
5.7.2. Pin Specimens 139 
5.7.3. Surface Grinds 141 
5.7.4. Detection of Damage by Visual Inspection 142 

5.8. Grindi ng Titanium Alloy with White Oxide Wheels 143 

DISCUSSION 145 

6.1. Introduction 145 
6.2. The CD Creep Feed Grinding of 6AL4V Titanium 

Alloy IMI 318 145 

6.3. Calculating the Performance of Creep Feed Form Grinding 147 

6.3.1. Titanium Alloy Grinding Energy 148 
6.3.2. The Threshold Defining the Onset of Material Damage 149 
6.3.3. Partition 150 
6.3.4. Convective Performance and Local 

Convective Coefficient 153 
6.3.5. Thermal Modelling 156 

6.4. A Simplified Method of Estimating Optimum 
Form Grinding Conditions 160 

6.5. Limitation in the Prediction of Burn by the 
Local Burn Flux Criterion 167 

6.6 Parallel Developments in Relevant Grinding 
Research. 167 

6.6.1 Grinding Models 167 
6.6.2 Titanium Alloy Grinding 172 

viii 



Page No. 

7. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 173 

7.1. General Grinding Characteristics 173 
7.2. Form Grinding Performance 174 

REFERENCES 178 

APPENDICES 184 

APPENDIX I "Best fit" analysis of experimental data for 
specific energy 184 

APPENDIX 2 Upwinded Finite Elements in Three Dimensions 181 

APPPENDIX 3 Three dimensional form grinding simulation 
control Variables 189 

APPENDIX 4 Comparison between approximate heat transfer 
performance expression and finite element 
results 192 

APPENDIX 5 Convective coefficient of a turbulent external 
boundary layer 196 

APPENDIX 6 Turbulent boundary layer analysis of Temperatures 
on a cooled surface, subject to a decreasing flux 193 

APPENDIX 7 Solution of ID heat condition Integral 201 

APPENDIX 8 Modifications and Repairs to the Creep Rotation 
Cylindrical Grinder 103 

APPENDIX 9 Material properties/specifications 205 

APPENDIX 10 Form Grinding Optimisation Program 206 

THE PLATES 

THE FIGURES 

ix 



4 

LIST OF PLATES 

Plate I A typical blade component with creep feed form grinds 

Plate 2 A continuous dress creep feed form grind with localised burn 

Plate 3 The laboratory creep rotation cylindrical grinder and its control 
console 

Plate 4 The workpiece and coolant shoe in position prior to a grind 

Plate 5 The data capture system 

Plate 6 Cylindrical specimens before and after grinding 

Plate 7a A pin specimen with conventional thermocouples spot welded 
in position 

Plate 7b The eroding thermocouple located in the alternative pin specimen 
design 

Plate 8 The Ex-Cell-0 8 axis radial form grinder 

Plate 9 The workpiece and coolant nozzle in position prior to a grind 
[Ex Cell 0 radial form grinder] 

Plate 10 A close up of the, reverse plated form dresser 

Plate II Form grind specimens before (top) and after grinding) 

Plate 12 Undamaged IMI 318 grain structure 

Plate 13 IMI 318 microstructures adjacent to ground surfaces 

Plate 14 IMI 318 microstructure resulting from an abusive grind 

Plate 15 IMI 318 microstructure 

Plate 16 IMI 318 microstructure adjacent to a form ground surface 

Plate 17 The depth of damage resulting from an abusive surface grind, 
IMI 318 

x 



FIGURES 

Fig. 1 Chip formation 

Fig. 2 Partition Schematic 

Fig. 3 Film Boiling 

Fig. 4 Wear Flat Characteristics 

Fig. 5. Modelled Wear Flat Characteristic 

Fig. 6. Dressing Characteristic 

Fig. 7. Modeling Methods 

Fig. 8. Simulation Schematic 

Fig. 9a Grinding Conditions 

Fig. 9b Grinding Conditions 

Fig. 10 'Black Box' Schematic of grinding heat transfer 

Fig. II Idealised conditions 

Fig. 12 Model Comparison I 

Fig. 13 Model Comparison 2 

Fig. 14 Model Comparison 3 

Fig. 15 Workpiece Conduction 

Fig. 16 Model Simplification 

Fig. 17 Cross Feed Effects 

Fig. 18 Partition Effects 

Fig. 19 Plunge Grind Transients 

Fig. 20 Coolant Model 

Fig. 21 The three dimensional combined Workpiece and Coolant model 

Fig. 22 Grinding Wheel Temperature 

Fig. 23 Instrumentation 

Fig. 24 Data logger Output 

xi 



Fig. 25 'Pin' Specimen 

Fig. 26 Warm up Specimens 

Fig. 27 Measuring Face Grinding Energy 

Fig. 28 Specific Energy: Titanium 

Fig. 29 Specific Energy: Titanium 

Fig. 30 Specific Energy EN9 

Fig. 31 Specific Energy EN9 

Fig. 32 Specific Energy of Titanium using a Soft Wheel 

Fig. 33 Wheel Speed: Hard Wheel 

Fig. 34 Wheel speed: Hard wheel 

Fig. 35 Wheel speed & Soft wheels 

Fig. 36 Wheel speed & Soft wheels 

Fig. 37 Specific Energy 

Fig. 38 Specific Energy EN9 

Fig. 39 Specific Energy IMI 318 

Fig. 40 Specific Energy IMI 318 

Fig. 41 Specific Energy EN9 

Fig. 42 Plunge Grinding Energy 

Fig. 43 Plunge Grinding Energy 

Fig. 44 Pin Grinding Temps 

Fig. 45 Steady State pin Grinding Temperatures 

Fig. 46 Steady State Pin Grinding Temperatures 

Fig. 47 Pin Grinding Partition Analysis EN9 

Fig. 48 IMI 318 Pin Grinding Partition Analysis 

Fig. 49 Typical Titanium Pin Grinding Temperatures 

xii 



Fig. 50 A Comparison of heat transfer performance when there is a poor and 
good conductive path in the workpiece 

Fig. 51 Plunge grinding Temps. 

Fig. 52 Summary of pin grinding Results giving confirmation of a 
temperature defined burn threshold 

Fig. 53 Pin grinding partition analysis of conditions above the film boiling 
theshold 

Fig. 54 A comparison of grinding heat transfer performance above and 
below the film boiling threshold 

Fig. 55 A comparison of the output from standard thermocouples and the 
output of an eroding thermocouple 

Fig. 56 Pin Grinding Transients 

Fig. 57 Grinding Transients (2) 

Fig. 58 Coolant 'Warm-up' 

Fig. 59 Grinding Simulation 

Fig. 60 A Comparison of Temperatures Predicted by the full 3D FE 

. 
Grinding Simulation and the Approximate Model 

Fig. 61 Typical output from three thermocouples mounted within a surface 
ground workpiece 

Fig. 62 Grinding Temperatures 

Fig. 63 EN9 Surface Grinding Temperatures 

Fig. 64 Temperature rise per Unit Specific Energy 

Fig. 65 Temperature Rise per Unit Specific Energy (EN9) 

Fig. 66 Grinding heat Transfer Performance Vs Form Angle 

Fig. 67 Grinding Heat Transfer Performance Vs Table Speed 

Fig. 68 IMI 318 Grinding Heat Transfer Performance 

Fig. 69 Temperature Rise unit Specific Energy: Y) = 115 

Fig. 70 Temperature Distribution along the Length of a Surface Grinding Arc 

Fig. 71 Surface Roughness 

xiii 



Fig. 72 general Grinding Characteristic of IMI 318 using a White Oxide 
Wheel* 

Fig. 73 Further General Characteristics of IMI 318 using a white Oxide Wheel 

Fig. 74 Burn-out Flux vs Arc Length 

Fig. 75 Burn-out Flux: Titanium 

Fig. 76 Burn out Flux EN9 

Fig. 77 Form Grinding Temperatures 

Fig. Al Upwinding 

Fig. A2 Upwinding Nomenclature 

Fig. A3 Sliding heat Source 

Fig. A4 Material Removal 

Fig. A5 The metal removal component of the moving heat source heat transfer 
coefficient and its variation with arc angle 

xiv 



NOMENCLATURE 

Parameters refered to in the main text and their units: 

a (mm) Depth of cut. 
Aw Percentage wear flat area 

cP (J/Kg) Specific heat capacity 
D (mm) Wheel diameter. 

e (j/mm3 Specific grinding energy 
f Shear zone partition fraction. 

ha (W/m 2K) Equivalent heat transfer coefficient 

workpiece movement. 
hc (W/m 2K) Average coolant convective coefficient 
h 
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1. INTRODUCTION 

This thesis describes an investigation into a possible alternative method of 

machining titanium alloys with particular reference to the manufacture of 
titanium alloy compressor blades. The machining method investigated was the 

creep feed grinding process. This is a relatively new grinding process which is 

gaining acceptance [1] for its abilities to rapidly and accurately remove large 

amounts of stock from components made of materials that are difficult to 

machine by more conventional means. The process is already being used to 

machine forms in turbine blades and compressor blades made of other materials 
and the operations used are similar to those envisaged in the manufacture of 
compressor blades made of titanium alloy. The principal objective of this 
investigation was to apply, and if necessary develop, the existing creep feed 

grinding techniques used on other materials for use in the machining of titanium 

alloys. 

A further aim of this investigation was to improve the existing method by 

which blade grinding operations are optimised. This was largely done, at the 

onset of this research, by trial and error, a costly and inconvenient process. This 
thesis describes the development and validation of an alternative theoretical 
means of optimisation. 

The purpose of this chapter is to introduce the reader to creep feed grinding 
and the factors prompting this research. It also gives an indication of the scope 
of work covered in this thesis. 

1.1 Creep Feed Grinding 

In the search for increasing performance and efficiency from its products 
the aerospace industry is continually looking for improvements in the materials 
used. For the case of gas turbine components, materials have to be increasingly 

resilient to high stress/high temperature conditions but remain light in weight. 
However, the increase in resilience can bring about an increased resistance to the 
metal cytting processes required in the component's manufacture. Thus the 
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aerospace industry has found that not only must it make efforts to use or 
develop advanced materials, it may also need to make parallel developments in 

the machining process that will be used on them. 

The particular example discussed initially here concerns the developments 

associated with the nickel alloys used in turbine blades and in particular the 

removal of large amounts of stock from them. Conventional machining processes 

are not used for this stock removal because, under machining conditions, the 

material itself becomes abrasive to the cutting tool used. The machining process 

that appears to overcome this abrasiveness is grinding. but grinding, in its 

conventional form is principally a finishing process, a process designed for the 

precision removal of small amounts of material. This means that the use of the 

process for the removal of large quantities of stock material can be slow. 
Although it is still common practice for the stock material in turbine blades to 
be removed by conventional grinding, in recognition of the excessive time that it 

can take, research has been carried out to extend the capability of the grinding 

process. The result of this research was the creep feed grinding process. 

Creep feed grinding is operated in principle in exactly the ýame way as 
conventional grinding except that very large depths of cut are taken (in the order 
of 1-10mm) at very slow feed rates. The major difference in operation of the 

creep feed development of the grinding process is that rather than removing the 

unwanted material by a succession of shallow cuts, as would be done in 

conventional grinding, all the material is removed in a single slow but deep cut. 
This method of operation, although requiring modification to conventional 

machine design, increases the stock removal performance of the process [2]. 

Since its initial development, the performance of the creep feed grinding 

process has been considerably improved by the use of continuous in-process 

dressing (CD) of the wheel. This is achieved by feeding a diamond roll dresser 
into the wheel at the same time as the wheel is fed into the workpiece. As a 
resvit of this development the process greater metal removal rates have been 

achieved [1] and the slow feed rates that initially earned the process its name are 
seldom used. Feed rates of 1000 mm/min are common in industry. 
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The process is used to machine the high tolerance forms required in certain 

areas of the blade component. A typical blade component is shown in Plate 1. 

The tolerances are mainly required in areas such as the fir tree form at the base 

of the blade and the shroud at the outer edge. These are areas where the blade is 

to be located with, or close to, other components. The forms generated in the 

ground surface are created by forms present in the grinding wheel. These are 
themselves created by the profile of the diamond roll dresser used to dress the 

wheel. The complete fir tree root form shown can be ground by one pass 
through a twin wheel creep feed grinder. 

The special features of creep feed grinding require a number of changes to 

conventional grinding machine design. The high metal removal rates achieved by 

CD creep feed grinding require the availability of large amounts of grinding 

power. This power manifests itself mainly as heat which has to be absorbed by 

increased supplies of coolant. Because of the increased depth of cut the length of 

the grinding arc can be 50 times that of a conventional grind. To assist the 

access of the coolant to the entire length of this arc, creep feed grinders operate 

with wheils of greatly increased porosity. The increased power also generates 
greater grinding forces which can produce unwanted deflections in the 
workpiece or machine. This means, for the required tolerances in the workpiece 
to be achieved, the structure of the creep feed grinding machine should be more 
rigid. 

From the outset CD creep feed grinding machines have also been equipped 

with some of the latest control technology. The continuously changing wheel 
dimensions that results from continuous wheel dressing requires comparatively 

complex positional control of the wheel and workpiece for even the simplest 

straight linear motion of the cutting edge. This motion must remain on a set path 

to within microns if the tolerances demanded of the aerospace industry are to be 

achieved. These precise and complex control requirements are most easily 

achieved by numerical control. The majority of CD creep feed grinders produced 
today have full computer numerical control (CNC) and manufacturers are taking 

advantage of this to allow the use of several wheel and several wheel spindles in 

one machine. 
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The design and control specifications of creep feed grinding machines result 
in large high technology machines which can cost in the order of E0.5M - 
ELOM. Although this price may seem high when compared with the price of 

conventional workshop grinding machines this price becomes less significant 

when it is compared with the value of the machining that can be done. In the 

aerospace industry the cost and quantity of blade components requiring 

machining is high and it has been demonstrated that the use of creep feed 

grinding machines for the grinding operations can create significant savings (ref 

[1]). Consequently as a result of both the value of the machines themselves and 
the aerospace industry's interest, the manufacture and development of creep feed 

grinding machines has become an important industry. 

Since its introduction into the manufacture of turbine blades, other 

significant advantages in the creep feed grinding process have been appreciated. 
The technology used in the machines now allows several operations to be made 
by one machine alone. Comparable processes, such as broaching, may require a 
large succession of machines to achieve the same results. The technology also 
allows the 

ýuick, 
easy, but none-the-less major change to the operations done by 

minor changes to CNC software. Both of the above mean that creep feed 

grinding gives a greater versatility in the control of production. For these 

reasons, creep feed grinding has been used outside its original intended 

application to the stock removal ýf hard-to-machine materials. It is now 
becoming a valid alternative to more conventional stock removal processes. 

The machining of titanium compressor blades is currently largely done by 
broaching. Because of the developing versatility of CD creep feed grinding it is 

now possible that it could improve the compressor blade production process. 
Such an application would also increase the consistency of manufacturing 

methods across the two blade production lines. 

The industrial sponsors of this investigation, Ex-Cell-O Corporation 

(England) ltd. manufacture CD creep feed grindiri6ý, nachines for the European 

and American aerospace industry. It was the possible application of their 

machine to the manufacture of titanium alloy compressor blades that prompted 
this investigation. 
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1.2 Form Grinding Performance 

The decision to choose creep feed grinding as a tool for machining titanium 

alloy compressor blades would depend largely on the performance of the process 
in comparison to the performance of existing alternatives. If the grinding of this 
blade material is possible at all, then this performance would be judged by such 
things as the cost of the grinding operation and the quality of the resulting 
ground surface. This investigation pays particular attention to these factors. 

The quality of a machining process may be judged by the surface finish, the 

accuracy of the geometry produced and the effect the process has on the 

surrounding material. While all'these factors are referred to in this thesis, for the 

aerospace industry it is the effects on the surrounding material that has the 

greatest influence on the strength of the resulting part and consequently has the 

greatest implications in terms of the quality and safety of the final product. 

- The influence that grinding has on the surrounding material is also the 
subject of a considerable amount of current grinding research. Under abusive 
grinding conditions it is known that creep feed grinding in particular can 
severely damage the structure of the material being ground. An example of an 
abusive grind is shown in Plate 2. In this example the black burn marks are 
clearly visible and marks such as these are used in industry as the main 
indication of material damage. However it cannot be said that the absence of 
these marks indicate the absence of damage. Some forms of damage can be 
difficult to detect and it is thus of particular importance that the circumstances 
leading to its development are understood so that it can be confidently avoided. 
No information is currently published on the creep feed grinding of titanium 

alloys but experience from conventional grinding shows that the material is 

what is commonly termed 'hard-to-grind' and is comparatively sensitive to 
abusive conditions. Thus, in this investigation, the emphasis in the assessment of 
the quality of creep feed grinding as a machining process was placed on the 
effects the process had on the'material structure. 
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-The means of measuring the quality of a grind are comparatively objective 

and are generally relevant to most applications of the process. However an 

assessment of the cost of the process may well be subject to current or local 

factors which might not be relevant in the final application of the process. Thus, 

rather than giving a precise definition of the relative economics of the creep 

feed grinding process this investigation aimed to evaluate some of the key 

variables by which the process would later be judged. The variables considered 

in detail are the stock removal rate and the wheel usage. These were considered 

the major process dependent cost variables that would help define creep feed 

grinding's comparative performance. 

The assessment of creep feed grinding performance in terms of the stock 

removal rate and the wheel usage is more complex than the assessment of the 

quality of grinding alone. This is partly because, in the choice of the best 

conditions, the stock removal rate wheel usage and quality of grind are closely 

related. Additional difficulties also arise because the ideal conditions for any one 

grind vary, not only with the different materials ground but also with the 

different shapes ground in the sam6 material. This means that the example 

performance of a number of individual grinds does not conclusively define the 

performance of the process as a whole. Ideally this definition needs to be a 

general definition covering all of the above variables. Such a definition can only 
be created by a comparatively complex analysis of the process. To understand 
how this need for complexity arises it is necessary to understand, in simple terms 

at least, some of the characteristics of continuous dress creep feed grinding. 

One of the key parameters in grinding performance is the stock removal 

rate. Within certain constraints, this can be an infinitely variable factor that can 
be adjusted to suit the prevailing conditions. One of the simplest ways stock 

removal rate influences cost is in the time spent performing the particular 

operation. In most cases it is desirable to reduce this to a minimum and it is 

usual for industrial users to operate their machines at the maximum rate possible. 
The constraint defining this maximum rate is imposed by a threshold in 

acceptable grinding quality. While the quality of surface finish is in practice 
little affected by the rate of removal, this is not the case for the quality of the 

ground material's structure and at excessive removal rates, grinding burn occurs 
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of the form discussed previously. Burn and stock removal rate are closely related 
because it is the power used in the stock removal action that creates the heat 

causing burn. In simple terms burn can be thought of as a variety of thermal 

thresholds above which irreparable material damage occurs. The stock removal 

rate thus must be controlled so that the power used does not cause a thermal 

threshold to be exceeded. 

In practice although it is known that these thermal thresholds exist from 

which the maximum stock removal rate may be determined there can be 

considerable difficuity in relating the value of overall stock removal power to 

that which causes the burn. This relation appears to be dependent on a wide 

variety of parameters including such things as the ability of the material to 

absorb heat and the shape of the grind. The former can be characterised 

accurately be the material's thermal properties. However the latter, the shape of 
the grind, influences burn because of two effects that are difficult to account 
for. The first is simply a geometric effect in that some form shapes may be more 

efficient at conducting heat away from the grinding zone than others. The 

second, however, comes from a particular characteristic of creep feed grinding 
which results in the need for different amounts of power-being supplied for 
different shapes even though the overall stock removal rate may be the same. 
Thus a different form shape not only affects the amount of power supplied to 

the cutting area but also affects the rate at which it can be removed [3]. 

Geometric variations, different materials, and the burn constraint alone 

make the equation of stock removal performance and part quality difficult to 

assess. It can also be shown, howpver, that wheel usage can be closely tied to the 

cost and quality of the process. The continuous dress process results in the 

removal of material from the grinding wheel throughout the grinding operation. 
The rate at which wheel is removed is comparatively high and can typically be, 

in industrial processes, equal to or more than the rate of removal of material 
from the component being ground. This means that wheel usage can be a 

significant cost. 
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In the simplest terms, because the rate of wheel usage remains approximately 

constant throughout a process, the wheel usage cost can be reduced by reducing 
the duration of each process and hence it could be said that one criterion for 

minimising wheel cost would be to opt, again, for the highest stock removal rate. 
However the wheel usage is related to the stock removal rate in a more complex 

manner than process duration alone. This is because the rate at which the wheel 
is dressed off affects the sharpness of the wheel and hence the wheels cutting 
efficiency. A sharper wheel means that more material can be removed from the 

component for a given amount of power. As already discussed the maximum 
amount of power allowable for a given process is defined by a burn threshold. 
Thus one way to increase the maximum stock removal rate within the burn 

constraint is to increase the sharpness of the wheel and hence the wheel usage. 
Although this has an advantageous effect in terms of the rate of producing 
components this has to be weighed against the cost of increased number of 
wheels used. 

Dressing rate also has a further influence in the choice of conditions. This is 
because changes in its value, changes the quality of the surface finish produced. 
As one might expect, a sharper wheel produces a coarser surface finish and this 
means that increasing the dressing rate, to improve the stock'removal 
performance of the process for example, would have to be weighed against the 
resulting deterioration in surface quality. in most cases this finish would be 

constrained by a tolerance imposed by the requirements of later processes. 

In practice there are also certain physical limits to be considered in the 
dressing process. One is that there is a maximum sharpness achievable from a 
grinding wheel and the dressing rate achieves this maximum with diminishing 

returns. The dressers used for dressing the wheels are also subject to wear 
themselves and this wear can become significant also at high dressing rates. Thus 
an ideal dressing rate chosen for economic reasons may well be an impractical 

one or one that is highly uneconomic in wheel or dresser usage. 
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To summarise the above points, the dressing rate (or wheel consumption), 

stock removal rate, surface quality, material quality, shape of the grind, material 

properties, and cost of the process are all closely tied. Thus, in the analysis of 

creep feed grinding performance all these variables and their relative influences 

have to be considered. 

The qualitative effects of the above parameters are comparatively well 

understood. This understanding, however, does not, as yet, extend towards a 

complete quantitative definition of their effects. This means that the methods 

available for defining the performance of the process are limited. This is a 

situation that is of particular relevance to this investigation but it is also one that 
is well appreciated in industry where it has wider influence then just the 

comparative assessment of the process. Here the determination of an acceptable 

rate of stock removal alone, independent of economic factors can pose problems. 
In practice, because of the, several variables involved, the method of 
determining these rates is done largely be trial and error. This is not only 
inconvenient, it is also costly in terms of man power, machines, time and 

. 
materials. Furthermore, because each grinding process imposes its own - 

constraints in terms of materials, forms and tolerances, each new process has to 
have its own trial and error development procedure. 

The inconvenience of this process is not only felt by the users of creep feed 

grinders but also by the grinding machine manufacturers such as Ex-Cell-O. The 

manufacturers are often faced with the responsibility of specifying the best 

conditions for use in a particular application of their machines. They too have to 

determine these conditions by the same trial and error methods. 

Thus, for both manufacturer and user of the machines, whether it be just 

the recommendation of a suitable condition for one particular grind or the more 

general definition of the process' capabilities because no accurate quantitative 
method of accounting for all the parameters exists, the main methods available 
for evaluating these are by the costly and inconvenient testing of individual 

conditions on the machines themselves. This would also be the method by which 
an investigation such as this could have used to define the performance of the 

creep feed grinding of compressor blade materials. However, as stated above, such 
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an analysis of individual conditions would not have lead to the required general 
definition of this perfomance. It was thus felt, both for the purposes of this 

research and for the users of the process, that there was a need for a 
development in the quantitative analysis of creep feed form grinding 

performance. 

1.3 Research Alms 

The initial aim of the research described in this thesis was to determine 

whether, by the application of existing creep feed methods, the creep feed - 
grinding of a typical compressor blade material was possible. Thus part of the 
investigation involved an empirical feasibility analysis of the continuous dress 

creep feed grinding of titanium alloys. This was done under a wide range of 
conditions using both laboratory and industrial grinding machines. 

The secondary'aim. of the investigation, which in practice involved the 
greater part of the work, was to develop a general means of predicting 'the 

performance of the process. This involved both the analysis of the quality of the' 
resulting grinds and the analysis of some of the process dependent 'cost, 

parameters as described above. Because the current shop floor trial and error 
method of determining the latter was deemed to be a less than satisfactory 
method of achieving this, a more general alternative was investigated. The 
investigation of this alternative involved the development of a theoretical 

analysis of form grinding performance. 

Although not in existence, the theoretical means of predicting form grinding 
performance have been formulated by previous researchers and in particular in 
the work of Salter [3]. The research described in this thesis on form grinding 
performance prediction can be considered as a continuation of Salter's work. The 

method described by Salter involves the use of recently developed grinding 
theory to determine local grinding conditions withh. jie arc of a form grinding 
operation. This is then coupled- with a general computer based thermal analysis to 
determine the nature of the resulti; ig thermal field within the workpiece. From 
this, existing criterion of burn can be applied to predict the presence of material 
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damage and hence the success of the grind. All three stages can be combined in 

one computer program to form a creep feed grinding simulation. This simulation 
includes the dress rate, stock removal rate, shape and material factors discussed 

above. Economic factors can also be introduced if desired to create an optimising 

procedure. Although this optimising procedure would still involve a trial and 

error method of determining the ideal conditions this could be done at the 

computer terminal and hence should be cheaper and more independent of 

physical constraints such as machine, manpower and material availability. This 

was deemed a significant step forward in optimisation methods. 

In order that the above computer simulation method could be implemented 

further development work was required. This development work was needed 
both in the computational aspects of grinding simulation and also on the 

particular- details of simulating titanium grinding. 

Although the grinding theory described by Salter allows the determination of 
local grinding conditions within the arc of cut the response of the material to 

these conditions in terms of the grinding energy required caýnot be predicted 

without prior knowledge of a number of material grinding characteristics. This 
information was not available for the titanium alloy used in compressor blade 

manufacture and hence its collection formed a major part of the laboratory work 
done in this investigation. This work overlapped extensively with the general 
feasibility analysis described above. The characteristics required included such 
things as the relationship between local grinding energy wheel sharpness and 

workpiece feed rate and the method of collecting this information was 
comparatively well documented. The means of collecting other characteristics 
however were less well defined and methods of determining such things as the 

fraction of overall grinding energy absorbed by the workpiece alone, a 

characteristics required specifically by the simulation, were developed during the 

course of this investigation. Thus, the laboratory work described in this thesis 

was also made with the aim of determining data for use in a grinding simulation 
and it describes both experimental work on the collection of titanium grinding 
data and, in some cases, the development of appropriate test procedures. 
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The other area of work required for the implementation of a creep feed 

grinding simulation as suggested by Salter lay in the development of a valid 

computational method of thermal analysis. The most popular and widely 
documented method used for the general thermal analysis of complex shapes was 
the finite element method and there were numerous commercial software 

packages available. However these packages were not capable of taking account 

of the effects of metal removal in grinding, an effect which in conventional 

grinding has been found to be significant 141. Previous work by Dawson [5] has 

shown how the effects can be included in the finite element method for two 

dimensional analyses. An aim of this investigation was to develop Dawson's work 

to create a three dimensional model to analyse the asymmetric thermal fields 

developed in form grinding. 

it was also a general aim of the research described that the results produced 

would be directly applicable to current industrial practices with particular 

reference to the possible manufacture of titanium alloy compressor blades by 

creep feed grinding. With this in mind most of the research was directed towards 

the specific aim of simulating compressor blade form grinds. In the final 

analyses this involved the specific grinding of a compressor blade titanium alloy 

with representative forms using a commercial creep feed blade grinder. However, 

while these aims are very particular to the one area of manufacture described, it 

should be noted that it was also intended that parts of the research, particularly 

those concerned with the development of test procedures and grinding 

simulations, should have a general application to the grinding of a variety of 

materials and forms in all form grinding processes. 

The aims of this investigation may be summarised as follows: 

1) To make an empirical investigation of the continuous dress creep feed 

grinding of a compressor blade tianium. alloy by using and, if 

necessary, developing existing techniques. 

2) To assess the quality, of the resulting grinds. 
3) To develop a means analysing quantifiably the performance of the 

process so that, a) it can be compared with existing alternatives and 
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b) current methods of setting up operating conditions can be improved. 

4) To investigate the possibility of achieving 3) by furthering the 

research on the simulation of creep feed form grinding using finite 

element methods. 
5) To provide empirical data on the grinding characteristics of titanium 

for use in a grinding simulation using and if necessary developing 

existing grinding test procedures. 
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2. PREVIOUS EXAMINATIONS OF GRINDING PERFORMANCE 

2.1. Introduction 

A considerable amount of research has been made into the the performance 
of grinding and in particular the prediction of abusive conditions. Abusive 

grinding results mainly from an excess of grinding energy in the arc of cut. The 

origins of this energy have been studied and a number of important parameters 
have been identified that allow its magnitude to be predicted. Thermal models 
(numerical and analytical) have also been developed which allow prediction of 
temperature distribution in the workpiece. These have then been used as 
indicators for abusive conditions. 

The purpose of this chapter is to put the research aims described in the 

previous chapter in context with the examinations of grinding performance by 

previous research. From this the means of achieving these are described in detail. 

The chapter begins with a description of the types of thermal grinding abuse and 

the various sensitivities of the process and material types to them. It then 

concentrates on the identification of parameters used by previous researchers to 

define the energy consumed in grinding. Other parameters affecting this energy 

are also identified. This information is used to define the typq and scope of data 

that is required to characterise titanium grinding. The chapter is concluded by a 
description of the models used previously to predict workpiece temperatures 
from which predictions of grinding abuse are made. From these, the proposed 
method of predicting titanium form grinding performance is described. 

2.2. Grinding Abuse 

The result of a creep feed grinding operatation that was considered 

unsuqr, -ssful is shown in Plate 2. The black burn marks on the surface of the 
form ground are temper colourý which occur on a surface exposed to air at 
raised temperatures (in the case of the steel shown - at temperatures in the order 
of 400 *Q. The occurrence of temper colours is generally used as an indication 
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of an abusive grind. However, although useful for the purpose, the presence of 
these marks does not necessarily indicate the presence of subsurface material 
damage. 

One of the principal results of very high temperatures in grinding is that the 

micro-structure of the workpiece material can change. In addition to this, under 
certain temperature conditions residual stresses and/or cracks can be left in the 
finished component. [7]. These forms of abuse reduce a component's strength, and 

consequently may lead to premature failure in service. The possible fatal 

consequences that the aerospace industry, in particular, might expect from such a 
failure makes its avoidance of special interest. 

There are also economic reasons for avoiding grinding abuse. Aerospace 

components are made from comparatively expensive materials hence the 

scrapping of any part due to errors can be expensive at any stage of the 

Production process. However the grinding operations are made in the later stages 

of this process, and since each stage effectively increases the value of the 

component, this means that an error due to grinding results in a more expensive 
loss than many of the other. stages in production. 

The Titanium alloy generally used in compressor blades is an alloy whose 
Principal constituents other than titanium are 6% aluminium and 4% vanadium. 
In its annealed state this is a two phase alloy. It can withstand temperatures up 
to 950 *C for a short term without harm. Temperatures in excess of 1000 *C 
followed by rapid cooling results in a material of poor ductility [6]. Thus in 

terms of static or near static conditions it can be concluded that a maximum 
grinding temperature of 950 T should be set for this alloy. A lower limit might 
be advisable. 

The dynamic temperature conditions can also have important implications in 

terms of grinding abuse. The rapid passage of a grinding heat source over a 

workpiece that is otherwise cooled can create unwanted thermally generated - 
stress conditions. Stresses in grinding are initially induced by the thermal 

expansion of the surface material surrounding the grinding zone subject to the 

constraint of the otherwise undeformed cooler subsurface material. Under 
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particularly abusive conditions these stresses can be higher than the yield stress, 
leading to local plastic deformation of the material. This deformation is not 

recoverable on cooling and hence at the end of the grinding process, the ' 

contractions that do take place are not those required to return the workpiece to 

the initial unstressed state. The workpiece is thus left in a permanent state of 

stress - residual stress. It has been reported that the presence of these stresses 

can have a significant detrimental impact on the fatigue performance of blade 

components [7]. Furthermore in extreme cases, the thermal stress coupled with 
the mechanical stresses created by grinding, can lead to micro cracking of the 

surface [7] which also reduced a component's fatigue life. 

The possibility of creating residual stresses adds an important and 
independent constraint in the avoidance of abusive conditions. Under the static 
temperature constraint alone for a given grinding energy, high temperatures may 
well be avoided by the use of an impulse of high grinding power (equivalent to 
the rapid traverse of the grinding wheel). Such a method takes advantage of the 
thermal inertia of the material to reduce the resulting temperatures. However, 

too large an impulse *ould also create high temperature 'gradients which may 
then lead to residual stress conditions. Thus both the static and the dynamic 

c9n4itions have to be considered when setting up suitable safe grinding 
conditions. 

There is a further consequence of high temperatures in grinding, which may 
not necessarily harm the integrity of the material structure but can still result in 

the scrapping of the part. High temperatures lead to distortion in the 

component during grinding [8] which may lead to a loss of dimensional accuracy. 
It may be possible that residual 'stresses could cause a similar loss of accuracy. 

Although there is the potential for all of the above types of damage in 

grinding, there can be a material sensitivity which causes some types of damage 

to be more prevalent. Turbine blades are made to operate continuously under 
stress in the atmosphere of hot gases. These gases ca,. '. '-ave temperatures ranging 
from 700 *C to 1400 *C in the turbine of commercial aircraft [7]. Thus in terms 

of grinding abuse, the nickel alloys used in these blade components may appear 
to be more sensitive to high temperature gradients rather than the peak value of 
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these temperatures. Titanium, however does not have to have this high 

temperature resistance and thus, during grinding, may be more sensitive to the 

static maximum temperatures achieved. 

It would also seem that the type of grinding process used can change the 

sensitivity to a particular type of damage. Recent work by Peters [9] suggests 
that one of the important differences between creep and conventional grinding is 

the nature of the thermal field formed. (The nature of this field may be inferred 
from the way the process is operated). Peters suggest that each type of process 

achieves acceptable temperatures by means of two different effects. The short 
duration of the use of grinding energy at any one point in conventional grinding 
means that the otherwise unacceptably high static temperature conditions are 

never achieved. In contrast creep feed allows the static conditions to develop but 

although it may use the same grinding energy as the conventional process, it 

achieves acceptable temperatures by spreading this grinding energy over a large 

area to reduce the intensity of the heat source. From this it could be concluded 
that a creep feed grinding is less likely to create the conditions leading to 

residual stresses than -its conventional counterpart. However, bearing this in 

mind, the improved efficiency of the continuous dress creep feed grinding 
process means that these processes are operated with increasingly rapid feed 

rates. Thus it may well be taking advantage of the dynamic thermal effects 
Peters suggests are operating in conventional grinding. 

To conclude, it thus seems that the main types of grinding abuse 

experienced are damage to the material structure, residual stresses, micro 

cracking of the ground surface and severe component expansion leading to 

inaccurate grinding. These are caused by the thermal field present in the 

workpiece during grinding and to some extent it appears that the size and nature 

of that field defines the type of resulting damage. The ability to predict the 

thermal field that grinding creates would improve the estimation of likely 

grinding abuse and hence would allow greater control in predicting safer 

grinding conditions. Much', of the current fundamental research on grinding has 

been involved in the determination of these thermal fields. 
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2.3. Grinding Energy Generation 

Introduction 

In this section the source of thermal energy - the action of chip cutting - is 

discussed. Grinding research is not currently at a state where it can specify 

precisely the energy required to grind a material from a fundamental metal 

cutting/shear energy basis. The main aim of past research has been to relate the 

observed energies in actual grinds with some of the principal parameters' 
identified in metal cutting/shear energy fundamentals. The use of these 

parameters now allows grinding energies in complex operations to be related to 

simpler grinding conditions. The determination'of creep feed form grinding 

energies will be based largely on experiment, but the use of principal parameters 

means that the range of conditions tested can be small and their applicability 

general. 0 

Because of the relative youth of creep feed grinding, it iý important to note 
the early grinding research is devoted mainly to the analysis of conventional 

grinding. Most of the results concerning the source of grinding energy are 

applicable to both conventional and creep feed grinding. To what extent the 

energy is converted into the resulting thermal field in each process, however, is 

still a subject of research. In general the work described below is applicable to 
both processes. 

2.3.2. Chip Cutting 

One of the first fundamental analyses of grinding energy considered the 
individual wheel grits as micro-milling cutters [10]. The material that is removed 
by one pass of a grit is shown in Fig. l. Under surface grinding conditions the 

grit removes a chip that in its undeformed shape is similar to a curved wedge. 
Backer et al [10] analysed the theoretical energy required to remove this chip in 

terms of the shear energy and the friction on the sliding face of the grit. In 
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grinding, this energy approaches the theoretical maximum calculable from the 

shear strength of the material. This is considerably more than that for 

conventional milling processes. Backer et al [10] attributed this to the fact that 

the dimensions of undeformed chips are less than the distances between material 
impurities. The very small size of the chips produced in grinding make the 

material appear stronger than it actually is in bulk. 

From Backer's analysis, like most milling analyses, it is not possible to 

calculate the precise energy required to cut material by grinding. This is partly 
because grits are randomly orientated offering random depths of cut and random 
orientation of the wheel grit face to the material being ground. Shear energy 
values are also not available for the very high rates of shear occurring ahead of 
the wheel grit. 

The Analysis of the sources of grinding energy was extended by the 
introduction of factors accounting for the less than ideal performance of random 

grits as cutting tools. Hahn [I I] suggested that a certain amount of grinding 
energy is absorbed by the rubbing of the grit faces over the material surface. 
Furthermore for some materials Hahn suggests that the grit cutting action may 
be likened to a ploughing action where not all the deformation involved is 

useful. He postulated, and later showed experimentally, that a minimum amount 
of deformation was required ahead of the chip before cutting of material would 
occur. There may be a significant number of grits that are positioned so that this 

minimum amount of deformation is not achieved. This means that a certain 
amount of grinding energy can be expended in ploughing grits through the 

workpiece surface with no cutting (metal removal) being performed. 

Hahn's work [11] further illustrates the difficulty in predicting analytically 

the energy required to grind. This energy consists of three basic components: 

ploughing, rubbing and cutting. All three have magnitudes which depend on the 

random position and orientation of each active grit on the wheel surface. It 

would seem that based on this approach the accurate method of analytically 

predicting the energy consumed by these grits would require data on the state of 

every grit, but the number size and environment of the grits plus the transient 

nature of their cutting performance makes the collection of such data 
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impractical. No further work has shown a valid theoretical alternative or 
development to Hahn's work, thus there does not currently appear to be a 

practical method of analytically predicting grinding energy using metal cutting 
theory. 

The inability to calculate the energy used in a grinding process from the 
fundamental grit cutting action means that its value can only accurately be 

determined by measurement. One of the aims of current research is to determine 

the characteristics of the measured grinding energy. This will allow general rules 
to be developed from which the prediction of grinding energy for any grinding 

operation may be possible. 

There are some important consequences of the methods used to measure 
grinding energy. Due to the practical difficulties in taking measurements for 
individual grit cutting operations, these measurements are generally made over 
the area of several such operations and most usually over the area of an entire 
grinding arc. Grinding energy measurements are thus usually average values 
relevant to several possibly widely different grit cutting over several grits. 

It is also useful to express the grinding energy as a flux for use in thermal 

analyses to calculate workpiece temperatures. The area used in the flux 

calculations and the following thermal analyses would, ideally, be the area of the 
discrete grit contact points with the workpiece. However again, the practical 
difficulties of measuring such an area mean in most circumstances the entire area 
of the grind arc is used. The resulting value of flux calculated is thus a uniform 
flux which is again an averaged value. This method of expressing the flux has 
been found to be useful for most purposes, for example in the calculation of the 
resulting bulk workpiece temperatures. It is important to note however that the 
true nature of the grinding flux is one which acts discretely over the much 
smaller area of the grit contact points. Over this area it consequently has a much 
more intense value than the average value might suggest. In the following section 
the parameters influencing fl-e individual grit cutting actions are analysed. It is 

assumed that these have an equal influence on the grinding energy and flux that 

would be measured over a large area of several grits. In later sections the 

-Th 
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consequences of using the averaged value of grinding energy and flux as an 

approximation for its true discrete nature is discussed 

2.3.3. The magnitude of Grinding Energy 

The shear energy required to remove a chip of material is related to the 

maximum thickness of the chip and the rate at which it is removed. This chip 
thickness (t. ) can be determined by a simple geometric relationship between the 

speeds of the wheel and workpiece (Vs and Vf respectively); the depth of cut of 
the grinding wheel in the workpiece (a); the diameter of the wheel (D) and the 

grit spacing on the wheel 

tc oc (Vf/Vs). V(a/D) ref. [10] 

The thickness of chips cut in grinding is usually of the order of a few 

microns. In creep feed grinding researchers [12,13,14] have chosen a more visible 

parameter known as the maximum normal feed rate CKN) to relate the magnitude 
of grinding energy. This feed rate is the component of workpiece feed rate that 
lies in the direction normal to the wheel surface at the top of the arc of cut. It 
has been shown [14] that this feed rate is directly related to the maximum chip 
thickness for a given wheel speed and grit spacing. Grinding energy 
characteristics can be expressed as a function'of the maximum normal feed rate 
but consideration should be made of wheel speed and grit spacing (The latter is 

changed by changing the specification of wheel used). 

When grinding energy measurements are made, for example at a given 

maximum normal infeed rate, the energy is rarely expressed as a grinding flux. 

It is more usual to express grinding energy in terms of the efficiency with which 
it is used. This is done by determining the amount of energy required to remove 

unit volume of material. This energy is known as the specific energy (e). 

2.3.4. Longitudinal Distribution of Grinding Energy 

The thickness of the chip cut in grinding varies through the length of the 

arc of cut. In the work of Des Ruisseaux and Zerkle [15] the grinding energy is 
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given a similar variable magnitude through the arc of cut. Greatest grinding 

energy is required at the top of the arc of cut where the chip thickness is 

greatest. The energy decreases to zero at the lowest end of the arc as does the 

chip thickness. Shafto 112] represented the changes in chip thickness by 

equivalent changes in local normal feed rates around the arc of cut (Va-I Des 

Ruisseaux's analysis was restricted to conventional grinding and the work is 

purely theoretical. The advantage of creep feed grinding, in research terms, is 

that the arc of cut is large allowing investigation of conditions at particular areas 

of the arc. Shafto [12] was able to take advantage of this. He made measurements 

of the grinding energy distribution through the arc and his results confirm partly 

the theoretical work of DesRuisseaux [15] in that they show that the energy 

distribution is linearly related to the local normal feed rate. Furthermore, Shafto 

showed that, for some materials, there was significant grinding energy used in 

areas of zero chip- thickness/normal- feed rate. This was attributed to the 

ploughing energy hypothesized by Hahn [11]. 

One of the definitions of easy- and hard-to-grind materials can be made 
from Shafto's work [12]. One of the materials ground by Shafto was a tool steel 
that showed no signs of ploughing component in the grinding energy. The other 
was a nickel alloy which did. The nickel alloy is said to be a hard-to-grind 

material because part of the grinding energy is absorbed by the ploughing of the 

surface. The efficiency with which it is ground is less than that of the tool steel 
which (because of the absence of ploughing energy) is said to be easy-to-grind. 

One of the characteristics of a hard-to-grind material noted by Shafto is that 

at the point of zero chip thickness in arc of cut (and so zero metal removal) the 

ploughing energy creates a condition where the local specific energy is infinite. 

The specific energy in a hard-to-grind material varies through the arc of cut. 
This is not the case for an easy-to-grind material where the specific energy is 

constant and equal to the total value calculated for the complete grind. Specific 

energy values determined for complete grinds can be applied to the local 

condition but only if the presence of ploughing energy is accounted for. 
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2.3.5. Wheel Sharpness 

The amount of grinding energy absorbed by rubbing in the arc of cut is 

dependent on a measure of the wheel sharpness. The rubbing energy involved in 

grinding was studied by Malkin [16] who related its magnitude directly to the 

area of wear flats on the exposed grits on the wheel surface. The'wear flat area 
is used to measure the bluntness of the wheel. 

The wear flat area measure of bluntness is complicated by the observations 
that wear flats have also been shown to be partly made up of adhered material to 

the wheel grit [12]. This adhesion of ground material to the wheel is known as 
loading. The loading aspect of wear flat area measurement means that the 

measurement is not necessarily a measure of the actual wear on the grits. 
Malkin's results [16] show, however, that irrespective of loading, grinding 

energy is directly related to the measured 'wear flat' area. 

Worn grinding wheels are sharpened by removing the exposed layer of worn 

grits from the grinding wheel. in 'conventional grinding this is done 
intermittently after several grinds by passin'9 a diamond across the wheel surface. 
This operation is known as dressing. in the process under investigation here the 

wheel is continuously dressed throughout the grinding operation. This is achieved 
by feeding a roller imbedded with diamonds into the wheel at the same time as 
the wheel is fed into the workpiece. Salmon [17] showed that continuous dressing 
in creep feed grinding increased grinding efficiency markedly. Parrot [1] 

reported that a typical creep feed blade grinding operation could be reduced 
from a2 minute cycle time to 30 seconds by using continuous dressing. 

Wheel dressing controls the wear flat area on the grinding wheel. Salmon [17] 

showed that in continuous dress creep feed grinding the wear flat area is 

controlled by the rate at which the'diamond roller is fed into the grinding wheel : V1, 

(usually measured in terms of jum/rev). By this means wheel sharpness can be 

continuously controlled by the dressing rate and the wear flat area measure of 

bluntness is seldom used. Continuous dress creep feed grinding characteristics 
invariably take into account the dressing rate used. 
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2.3.6. Form and the Local Normal Feed Rate 

It has been shown that grinding energy is dependent on the angle of the 

ground surface relative to the axis of rotation of the grinding wheel 118,31. In 

much of the research mentioned above, the surfaces being ground were flat and 

grinding forces lay in the same plane as the depth of cut and the wheel infeed. 

in commercial grinding operations of the forms shown in Plate I the surfaces 

being ground are seldom flat. 

Salje [18] has shown that when grinding a flat surface which is at an angle 

to the wheel axis, the grinding force lies in the plane normal to the surface 

being ground. Salter (3] extended the idea by showing that the magnitude of the 

grinding force was related to the angle of the ground face relative to the wheel 

axis. He further showed that this could be accounted for, when calculating 

grinding energies, by using the normal feed rate used by Shafto (as mentioned 

above) measured normal to surface being generated. It is thus Possible to 

summarise the effect of form on grinding energy by saying that it causes no 

change to grinding characteristics -other than to affect the local normal feed rate 
(and local chip thickness). The relationship between local normal feed rate and 
local grinding energy remains unchanged. 

Salter also showed how the grinding energy of a complete form could be 

determined by use of the normal feed rate parameter. He did this for an example 

grinding operation on the circular form of a ball screw track. The full form was 

reconsidered as the sum of numerous small elemental face grinds all at various 
face angles (of the sort considered by Salje [18]). Salter determined the grinding 

energy of each of the component face grinds by the respective maximum normal 
feed rates of each face. The sum of these energies gave good agreement with 

grinding energy determined experimentally. This result is of particular 
importance to the methods used within this thesis. Salter proposed that not only 

could the method of splitting up the grinding surface into numerous elemental 

grinds be used for determining the overall grinding energy, it could also be used 
to provide the basis for defining the inputs over individual elements in a finite 

element thermal analysis of the workpiece. The method used in this thesis for 
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defining the inputs used in finite element grinding simulations is based largely 

on the results of Salter's work. 

In form grinding the local normal feed rate depends on the inclination of the 
local surface being ground relative to the overall direction of workpiece feed. 
This inclination may result both from the shape of the form and the position of 
the surface around the grinding arc Thus the local normal feed rate varies both 
along the length and across the width of the grinding zone. The variation of the 
feed rate is defined precisely by geometry of the form in the grinding arc. In the 
forms ground in blade manufacture, this geometry can be complex. It may thus 
be anticipated that the distribution of grinding energy will reflect this 
complexity. . 

2.3.7. Form and local Wheel Sharpness 

The variation in normal feed rates in the grinding of forms also causes 
variations in wheel sharpness across the form. Under the continuous dress 

conditions tested by Salmon [17] the sharpness of the wheel is defined by the 
plunge feed rate of the dresser into the grinding wheel in um/rev. These tests 
were performed on flat surface grinds. To extend Salmon's results to grinds with 
face angles Salter [3] showed that the efficiency of grinding (the specific energy) 
was independent of the face angle provided the dressing rate is evaluated in a 
direction normal to face being dressed on the wheel. This implies that the dress 

rate controlling the wheel sharpness is the normal dressing rate: Vd 

In a complicated form grind the wheel profile dressed into the wheel will 
have a similarly complicated shape. This means that the direction of the normal 
to the wheel surface will vary considerably across the width Pf the wheel which 
leads to comparable changes in the normal dressing rate. The results of Salmon 

and Salter lead to the conclusion that the efficiency of grinding across the width 
of the wheel will reflect these changes in the local normal dresser rate. Thus the 

complex distribution of form grinding energies caused by the variation of local 

normal feed rates of the workpiece, as discussed above, is further complicated by 

the variation of wheel sharpness and hence grinding efficiency across the wheel. 
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This means that both workpiece and dresser local normal feed rates have to be 

considered in order to determine local grinding energies. 

2.3.8. Wheel Specification 

A major source of variation in grinding energy is the grinding wheel. For 

CD creep feed grinding, the wheels are most commonly made from a vitrified 

bonding of abrasive grits. The type and size of the grits can be varied as can the 

strength and porosity of the bond between them[19]. These variations can all 

contribute to a controlled variation in grinding energy. 

The variety of possible wheel specifications is further enlarged by the 

number of available wheel manufacturers. Consistency between brand is reported 
by the manufacturers to be possible with their advice but some differences may 
be expected. 

2.3.9. Abrasive Type 

Abrasive type is generally chosen with a view to the type of material being 

ground. For vitrified wheels there are two main types of abrasive; aluminium 

oxide and silicon carbide. Silicon carbide is a harder abrasive than aluminium 
but this does not necessarily mean that it performs better when grinding. Some 

mate rials/ab rasive combinations are known to be incompatible. For example the 

carbides in silicon carbide do not react well with the carbon content of steels 

under grinding conditions. Titanium has been ground in the past with both 

aluminiurn oxide and silicon carbide with reported good results for both [20]. It 
is possible that each abrasive will perform well in the continuous dress creep 
feed form grinding of titanium alloy compressor blade manufacture (see 2.7 for 

peculiarities of titanium grinding with respect to abrasive types). 

2.3.10. Grit Size 

In conventional grinding grit size is used to influence the quality of surface 
finish. Smaller wheel grits lead to smaller inter grit spacing, smaller chip 

If 
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thicknesses and so less roughness in the ground surface. Creep feed grinding, 
however, is used, primarily as a metal removal process. In blade grinding 

operations it is usual for the larger grit sizes to be used (40 60 80 grit size [211). 

If a good surface finish is required on a component the CD creep feed process 

may be concluded by a shallow skim cut made with the wheel undressed. By this 

means coarse grit wheels can produce the tolerances required for blade- 

manufacture [2 1 ]. 

2.3.11. Hardness 

One of the most important and least predictable parameters in the 

specification of wheel type is hardness. Although the sharpness of a grinding 

wheel is ideally controlled by the dressing rate used in CD creep feed grinding, 
it is thought that the ability of a wheel to wear naturally influences this wheel 

sharpness[17]. In some cases wheel wear can improve the sharpness of the wheel. 
The presence of this advantageous type of wear is dependent on the hardness of 

the wheel. 

The wear of grinding wheels has been studied in detail by Malkin [221. 
Malkin explains the wear of grinding wheels takes two forms: attritious wear of 
the grits and removal of grits by bond breakages. Initially a fresh unused 

grinding wheel experiences only attritious wear. This attritious wear leads to 

wear flats on individual grits. Eventually the wear flat grows to such an extent 
that the rubbing force is sufficient to break the grit from the bond. When this 

occurs fresh sharp grits are exposed, the wheel is said to self-dress, and cutting - 

efficiency is improved. The level of individual grit force required to break it 

from the bond is defined by the hardness of the wheel (wheel hardness refers 

only to bond strength not grit hardness). Wheel hardness therefore defines, under 

non-dress conditions, to what extent wear flat areas will be allowed to grow on 

the wheel surface. 

Self dressing is ideally to the advantage of the cutting process. Salmon [171 

found that when grinding a hard-to-grind nickel alloy with a soft (K) grade 

wheel no burn could be created at any feed rate because the wheel was 
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continuously losing worn grits by the self-dressing process. In practice, however, 

the self dressing process cannot be allowed to operate uncontrollably. Industrial 

experience appears to indicate [21] that it is an irregular process that leads to 

uneven wear across a wheel and so loss of dimensional tolerance. It is for this 

reason that the removal of worn grit is a chieved by the physical interference of 

a diamond dresser thus giving precise dimensional control. Industrial experience 

suggests that the choice of grinding wheel hardness should not be chosen such 
that self-dressing exceeds the rate specified by the desired dress rate of the 
diamond dresser. 

Ideally, if an adequate wheel hardness is chosen, it would be thought that 

the action of fracture wear in grinding would be completely hidden by the 

process of diamond roll continuous dressing. However, in practice this is not the 

case and wheel hardness is still optimised. A possible reason for this is that some 
amount of self dressing still occurs in the CD creep feed grinding process. 
Commercial CD creep feed grinding experience has shown that a very hard 

wheel grinds less efficiently than a moderately hard wheel and wheel hardneAs 

cannot be ignored as a parameter in the performance of continuous dresi 

grinding. [21] 

2.3.12. Wheel Speed 

Wheel speed is a parameter that influences specific energy, heat transfer, 

apparent wheel hardness and (for CD creep feed grinding) wheel usage. Because 
it affects so many factors in grinding, it is both important and difficult to 

optihiise. 

Wheel speed primarily changes the number of grits that come into action in 

the grinding zone over a period of time. Theoretically, at high wheel speeds each 
grit does less work but at a proportionally greater rate so that overall power 
consumption remains unchanged. However, in practice grinding is complicated 
by self-dressing factors. In this example high wheel speeds causes decreasing 

individual grit forces and so less tendency to wear by the fracture mechanism. A 
larger wear flat is allowed to grow before the grit is plucked from the wheel. 
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Grinding is therefore theoretically less efficier! t at higher speeds. Higher specific 

energies at increased wheel speeds were found by Stuart [141. 

In creep feed grinding the wheelsused are porous to allow direct access of 

coolant to the grinding area. This also means that wheel speed influences the 

coolant flow rate to the grinding zone. Contrary to the effect on cutting 

efficiency, higher wheel speeds would tend to increase the rate of coolant 

application suggesting improved cooling performance. 

The majority of past creep feed researchers have used wheel speeds of 30 

m/s 18,12,13,14]. However, it is common in commercial Practice for slower wheel 

speeds to be used leading to reputed improvements in performance. It is 

suggested here that this is due to the influence of wheel speed on the wear 

mechanisms as described above. This influence further implies that wheel speed 

can be used to vary the apparent hardness of the wheel. 

All the above factors refer to process performance. In CD creep feed 

grinding wheel speed also has an influence on the economies of the process. The 
dressing rate in CD creep feed grinding is specified in microns per rev. Wheel 

speed therefore directly influences the rate of wheel usage by the process. The 

coupling of economic and performance effects makes this parameter difficult to 

optimise. 

2.4. Grinding Energy Partition 

2.4.1. Introduction 

It has been observed from the early days of grinding research that only a 
fraction of the total grinding energy enters the workpiece [101. In order that 

grinding temperature can be calculated it is necessary to determine the value of 

this fraction. This has proved one of the main difficulties confronting research at 
this moment and there has been considerable variation between reported 

measured values[ 12,24,23]. 
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Grinding energy, after its creation in the chip cutting zone, is absorbed by 

matter in the immediately adjacent areas. These areas include the more apparent, 

conduction of heat to the coolant and workpiece as well as other factors such as 

surface energy and kinetic energy of the ground chip. The term used to quantify 
the fractional distribution of the overall grinding energy is partition. As in the 
determination of grinding energy, the theoretical derivation of partition has not 
been developed sufficiently to allow accurate calculation of its value and so 

confident assessment of partition still relies on experimental measurement 

This section describes the various definitions given to partition and some of 
the methods used to measure them. To some extent it is not always possible to 
draw clear distinction between these definitions. This appears to lead to some 
confusion in the use of respective partition values measured. 

2.4.2. Shear Plane Partition 

Grinding energy is formed primarily in the cutting and shearing of material 
ahead of the abrasive grit. A theoretical analysis has been made of the zone 
immediately around the shearing action, termed here the shear zone, to establish 
how much of the shear energy is carried off with the chip produced and how 

much is transported to the remaining workpiece material (Outwater and Shaw 
[28]). This analysis gave an expression for the fraction (f) of energy carried 
into the workpiece: 

f 0.665cotth 
(L- 1+0.665coto) 

Where 0 is the shbar angle of the cutting process as shown in Fig. l. which is 

material dependent. L is a non-dimensional length proportional to the chip 
thickness and 7rit velocity (and hence wheel speed). This implies that not only 
does the magnitude of energy yary as a function of chip thickness wheel speed 
and material but so, too, does the fraction of that energy partitioned to the 

workpiece. This increases the complexity of thermal analysis. 
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An experimental investigation of the above expression was carried out by 

Malkin [241 under dry conventional grinding conditions. Malkin was able to 

confirm agreement between the expression and observed conditions when the 
fraction of energy partitioned to the workpiece was at 0.6. 

Malkin [24] also investigated partitioning in rubbing and ploughing 
(additional sources of grinding energy).. Malkin postulated that all of this 

grinding energy was partitioned to the workpiece. A complete analysis of 
grinding energy partition must therefore first be capable of distinguishing 
between the various sources of grinding energy and then apply appropriate 
partition fractions for each. 

The above shows that even under approximate analytical conditions the 

partition of 'energy can be dependent on many factors. Some of these factors 

vary within one grinding arc: the most notable being chip thickness which, from 

the previous section, can be directly related to the normal feed rate. Another 

notable factor is the wear flat area which under continuous dress creep feed 

grinding conditions' , is dependent onIhe normal dressing rate (see 2.3.7. ). 
Theoretically both these factors can be related to the local geometry within the 
grinding arc, however, the complete analysis of partition is made considerably 
more complicated by the additional effects of one other major influence in 

grinding heat transfer. This influence comes from the coolant. 

2.4.3. Coolant and Partition 

The action of coolant is most commonly thought to act subsequently to the 

shear plane partition. This is shown schematically in Fig. 2. Once the shear energy 
has found its way either to the chip or the workpiece, it is then cooled by 

convection. The action of convection reduces the overall amount of grinding 
energy that eventually remains in the workpiece. -1141, Z 

In creep feed grinding coolant plays a significant part in the heat transfer in 

the grinding arc. The amount of coolant supplied to a creep feed process can 
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typically be 20 times that supplied to a similar sized conventional process. 
Researchers have found for this reason that partition in creep feed grinding is 

significantly different from that of conventional grinds and. in particular, those 
determined under dry conditions [3]. 

The first assessment of cooling under creep feed conditions was made by 

Shafto [12]. At the shear zone the conditions in the creep feed arc are 

mechanically equivalent to the conditions in the conventional arc. Shafto assumed 
that the partition at the shear zone was similar to that measured for conventional 

conditions. He thus used an initial value of partition of 60 % (ie Malkins [0.61 

value discussed above) He then applied convective cooling to a value that gave 

agreement between temperature. and energies observed in an experimental grind. 
This occurred when a convective coefficient of the order 100,000 W/m2 was 
used. This value of convection was of such magnitude that only 2% of the 

original gfinding energy actually remained in the workpiece. This is significantly 
different from the partition value theoretically occurring at the shear zone and 
for this reason it is important to draw a clear. distinction between the two. For 

the purposes of this thesis the partition vAlue that is calculated from the heat 

that eventually remains in the workpiece is termed the 'overall! partition. The 

partition value that occurs at the shear zone hypothetically prior to anyý coolant 
influences is called the 'shear zone, partition. 

The 2% overall partition values measured by Shafto (12] were later 

confirmed by Salter [3] who developed tests specifically for the purpose. The 

methods he used were more clinical than those of Shafto because near one 
dimensional heat transfer conditions were used giving greater control over 
boundary conditions. The partition analyses in this investigation are based on the 
methods used by Salter and they are described in more detail in the following 

chapter. 

2.4.4. Overall or Shear Zone Partition? 

There is a marked difference in the value of shear zone and overall partition 
in creep feed grinding. An inspection of previous research shows that there are 
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inconsistencies in their use, which suggests that the significance has not been 

appreciated. 

To illustrate one of the inconsistencies, the conditions and conclusions 
discussed by Shafto are described in more detail. Under the theoretical 

conditions considered, Shafto 112] showed that the assumed 60% shear zone 
partition reduces to 2% because of the action of coolant. While it might be 
thought that the temperatures within the workpiece are defined by the 2% of 
heat partitioned to it, Shafto further showed that the theoretical temperatures at 
the grinding interface were almost completely defined by the convective 

coefficient of the coolant - variations in the 2% partition (by changing free 

workpiece boundary conditions) had little effect. Shafto concluded that grinding 
interface temperatures could be calculated from a simple expression involving 

only grinding energy and the convective coefficient of the coolant. This is a very 
important finding. The significance of it is that it implies that the temperature 

of the grinding interface can always be found irrespective of the state of 

workpiece heat transfer. Given that the maximum temperatures defining the 

success or failure of the process occur at the interface thafto's findings give a 

means of predicting the performance of a process. This further implies that for 

the purpose of predicting such success the need to determine the workpiece 
thermal conditions by a full finite element analysis would be superfluous . 

Although this conclusion of Shafto is reliant on the accuracy of applying 
Malkin"s [24] 60% dry conventional grinding shear zone partition value to creep 
feed grinding conditions that are far fromdry, they do suggest a very simple 

method of determining grinding interface temperatures. Despite this, further 

research has continued to use more complicated finite element analyses (Dawson 

[5], Salter [3], Ohishi [25]). Furthermore, the recent results of Salter suggest that 

there is little convective effect in overall partition and that the 2% value is a 
fixed value. This is clearly the opposite to that concluded by Shafto, nonetheless 
Salter does use some of Shafto's conclusions based on powerful convection. This 

is an iticonsistency which suggests a certain amount of contusion exists in the 

application of partition values. - 
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The question of whether to apply overall or shear zone partition is 

considered to be of significant importance to be discussed in more detail in the 

following chapter. The conclusion drawn here is that no great emphasis has as 

yet been made in identifying the difference, despite the implications on the 

complexity of model required. For the purposes of this investigation, it is 

important to establish whether or not a strong convective effect exists. This 

would establish whether the performance of heat transfer in the workpiece and 
influences such as material heat transfer properties and form shape, are 
important. 

2.5. Criterion of Burn 

While it has already been stated that burn in the workpiece is principally - 
caused by the presence of high temperatures or rapid thermal transients there is 

now evidence that one of the principal causes of either of these results from a 

characteristic of the coolant and not the material. Shafto (121 observed that at the 

onset of burn, temperatures in the grinding zone rose rapidly from comparatively 

moderate values under 100 T to a value exceeding 400 OC. He postulated that the 
instabilities were similar to a phenomenon observed in boilers caused by a 
change in the boiling regime on the boiler walls. 

Boiler heat transfer in its optimum state is an efficient means of heat 

transfer from a surface to a liquid. Optimum conditions occur in a boiling 

regime known as nucleate boiling where the formation of vapour bubbles not 

only absorbs a large amount of heat but is also thought to create turbulence that 

enhances the rate of transfer. Increases in surface temperature increase the rate 

of heat transfer. However, there is a limit to the process and nucleate boiling 

appears to become saturated. At this point the boiling mechanism is replaced by 

a less efficient mechanism known as film boiling where the creation of bubbles 

is replaced by the presence of a continuous film of vapour. Heat transfer across 
the vapour film has to be passed mainly by radiation and consequently required 

a high surface temperature. The onset of film boiling marks the transition from 
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comparatively low surface temperatures to those that may be in the region of 
1000 OC. 

Fig. 3 shows the equivalent boiling transfer characteristics for a heated 

element in stationary liquid. The transition from nucleate to film boiling occurs 
at, or just above, 100*C. The figure illustrates the magnitude of possible surface 
temperature changes at the transition. 

In Fig. 3 the heat transfer below 100 *C relies on natural convection. In 

grinding both forced convection and the scrubbing action of the wheel enhances 
the pre-boiling heat transfer such that there is no transition at the onset of 
nucleate boiling. Increased heat flow is associated with a steady increase in 

temperature until the burnout film boiling limit is met. 

In grinding Shafto applied these characteristics to the characteristics 
observed at the onset of grinding burn. This mechanism suggests that under 
successful grinding conditions, creep feed grinding will always operate in, or 
below, a nucleate b6iling regime and hence surface temperature will be well 
below a value causing any of the types of damage discussed in section 2.2. 
Should any temperatures above the film boiling threshold exist then the complete 
application of the characteristics of Fig. 3 imply that temperatures well above 
most material limits will instantaneously be created. This transitional mechanism 
means that there are no ill-defined fringes of grinding performance dependent 

on various material properties: Grinding is either safely below the film boiling 
limit or above it and burnt. 

When film boiling occurs in boilers, 'burn-out' is said to occur. The analysis 
of boiler burn-out is associated with both a critical temperature and a critical 
flux. The analysis of burn in creep feed grinding has also been studied on a 
critical flux basis. Powell [26] and Stuart [14] mounted electrically heated dummy 

workpieces near a grinding wheel to which coolant was supplied and noted the 

maximum flux the heating element could dissipate before failure. Salmon [17] 

and Salter [3] measured the grinding flux at burn. In all cases burn-out occurred 
at an average flux value near to 17 W/mm 2. This value has been used as a means 
of defining limits in surface grinding performance. 
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In form grinding, as described in Sections 2.3.6. and 2.3-7., the grinding flux 

varies considerably over the area of the grinding arc. The average grinding flux 

therefore can bear little relation to the possible local peaks in grinding flux 

caused by the change in the workpiece and grinding geometry. For this reason it 

is not possible to directly apply this average bum-out flux criterion to the 

prediction of form grinding performances. The most precise means of prediction 

of film boiling in form grinding would appear to be by the detection of 
temperatures above the film boiling threshold. 

An important observation in the analysis of grinding burn flux has been that 

the magnitude of the flux at burn varies with the length of the arc. Powell [26]; 
Salmon L17]. This has been attributed to the warming of the coolant in the 

grinding arc or the possibilities for greater rubbing energy in longer arcs. This 
factor is of significance to the grinding of forms since the arc length can vary 
considerably in one grind. 

It should be noted that currently, there is not unanimous agreement on the 
film boiling theory (Werner [27]). However, the extent of experimental evidence, 
in the research surveyed here, supporting the film boiling criterion of bum [12] 
[3] appears to outweigh Werner's single experimental result. For this reason, the 

emphasis in this research on the investigation of an applicable burn criterion was 
placed on film boiling criterion of burn. 

2.6. Thermal Analysls 

2.6.1. Introduction 

A large amount of previous research has been directed towards the 
determination of temperatures from the grinding energies (developed by the 
means discussed in the previous sections). These have been related with the 
presence of gri-ding abuse. The accuracy of the results has been restricted 

largely by the accuracy with w. hich the grinding energy can be specified. i- 
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Early thermal analyses of grinding were made 20-30 years before the 
development of creep feed grinding and hence results are in some cases only 

applicable to shallow cut grinding. Temperatures in grinding were initially 

identified as the temperatures of the individual chip cutting operations. [28]. 

Analytical models were used to calculate these temperatures but initial results 
indicated temperatures far higher than those which could be related to grinding 
abuse. More pertinent results came by considering the average conditions over 
the area of several grit cutting operations [15,29]. The resulting analytical 

modelling method is still largely in use for the modelling of shallow cut grinding 
to this day [30] [9]. 

Analytical models use a number of approximations in their formulation. One 

of these is that the workpiece can be approximated to a semi-infinite plane. This 

may be justified for shallow cut grinding on the grounds that the length of the 

grinding arc (and the penetration of the resulting thermal field) is usually small 
in comparison to that of the workpiece. In creep feed grinding, however, this is 

not usually the case and more flexible numerical methods, capable of including 
the irregular boundary conditions, are needed. This is particularly the case for 
form grinding where the grinding flux is non-uniform. 

The early analytical investigations are useful with respect to the current aims 
because they can give explicit expressions relating trends with parameters. They 

can also give an insight into the temperature distribution occurring on a grit to 

grit level and how these relate to the temperatures developed from the 

continuous grinding flux approximation. For the accurate assessment of 

conditions within a particular form grinding arc, 'numerical modelling is 

required. The most common numerical method used in the past is the finite 

element method. In this section the major analytical models used previously are 
identified with some of the principal risults. The existence of temperature peaks 

and the accuracy of a bulk material temperature criterion of burn is discussed. 

Finally the state of current F. E. modelling is described and the necessary 
developments required for the model envisaged for this investigation are 
identified. 
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2.6.2. Grit, Interface and Workplece Temperatures 

The model most commonly used for the determination of shallow cut 

grinding temperature was developed by Jaeger [4]. The model solves for the 

temperature field in a semi infinite plate resulting from the passage of a moving 
heat source of specified non dimensional length, speed and strength. Outwater 

and Shaw [281 used this model with their undeformed chip model and theoretical 

shear energy to determine a theoretical grit interface temperature in the region 

of 1600 *C. These temperatures agreed approximately with experimental results 
determined by monitoring the thermo-electric power generated between a silicon 

carbide wheel and a steel workpiece [28.29]. Outwater and Shaw [28] were 

careful to qualify their results by remarking that measurements registered the 

average of several grit cutting operations and that there may be effects due to 
friction. Nonetheless, both analytical and experimental results indicate 

temperatures around the grit near to the melting point of the materials ground. 
These high temperatures are not compatible with the temperatures associated 

with the prediction of grinding abuse. 

In order to determine theoretical temperatures that would relate to workpiece 
damage Des Ruisseaux & Zerkle [151 drew a distinction between the chip 
formation temperature, the mean temperature in the plane of the grinding arc 
and the mean temperature on the plane of the produced workpiece surface. The 

mean temperatures were calculated by use of the continuously distributed flux 
(this is convenient from the point of view of grinding energy measurement (see 

2.3.2. )). Des Ruisseaux and Zerkle suggested that the temperatures produced 

were moriz relevant to the temperatures experienced by the bulk of the material. 
They emphasized that the penetration depth of the intense thermal field 

surrounding the individual grit was shallow and short-lived. In practice the bulk 

workpiece temperature is the average effects of these fields, implying that the 

average flux/temperature calculation approximates actual conditions. 

A full survey of the thermal aspect of grinding presented '-., y Snoeys et al 
[30] reported good agreement of the solution of the Jaeger Model (based on the 

continuous flux) to the response of thermocouples mounted within the 

workpiece. These thermocouples were mounted at various depths below the 
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ground surface and their output confirmed the Des Ruisseaux suggestion of the 
shallow influence of peak temperatures. Snoeys et al determined that these 
temperatures reduced to a near even distribution at a depth of the order of 0.2 

mm from the ground surface. 

Recent research by Kopalinsky [31,32] has shown that the bulk temperature 

can be numerically generated from the grit cutting peak temperature determined 

using the Jaeger model - thus bridging the modelling distinction between 

continuous flux temperature calculations and grit to grit flux temperature 

calculations. This work further calculates the depth of influence of the grit 
temperatures to be of the order of 0.2 mm. 

The above analyses refer specifically to conventional grinding. Many of the 
temperatures determined and measured lie in a range that exceeds 1000 *C - 
(Many of the high temperatures resulting from high grit cutting temperatures). 
Temperatures recorded in creep feed grinding, as the bulk of the material, are 
much lower than these. Shafto and Salter determined that successful creep feed 

grinding temperatures were typically less than'100 T. 

A reason for the differing temperatures may be found in the magnitude of 
convective cooling specified. The effects of cooling on the original Jaeger model 
were analysed by Des Ruisseaux and Zerkle [33]. The model has been used in 

conventional grinding analyses using convective coefficients over the range 
specified in Des Ruisseaux analysis to the conclusion that the effects of 
convection are limited. Shafto, found agreement with experimental work was 
obtained only by using convective coefficients that were 20 to 50 times those 

considered by Des Ruisseaux. It has been mentioned that Shafto suggests that 
cooling in successful creep feed grinding is operating in a high efficiency boiling 

regime analagous to the nucleate boiling occurring in pool boiling. It is possible 
that this regime may be connected with the high coefficients measured. 

The theories put forward by Shafto [12] on boiling heat transfer in grinding 
' ý'4 

and the resulting film boiling qriterion of burn is based largely on measurements 

of bulk workpiece temperatures (from thermocouples within the workpiece). As 

stated above, these temperatures for creep feed grinding were comparatively low. 
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However, despite these low temperatures, since creep feed grinding is based on 
the same individual grit cutting mechanism as conventional grinding, it can be 

expected that, as indicated by conventional grinding research, there will be a 
highly irregular distribution of interface temperature in the grinding arc and that 
locally, these temperatures might be considerably higher than the film boiling 

temperature. This irregular distribution would not have been considered by 
Shafto continuous flux analysis and so the temperatures which Shafto uses to 

apply and derive a film boiling criterion is only an approximation to the actual 
conditions within the grinding interface. It can be expected, therefore, that the 
film boiling criterion, when applied to a continuous flýx analysis, may involve a 
measure of approximation to a real film boiling threshold of burn. 

An analytical thermal model of burn based on film boiling that includes 
local grit cutting temperatures has been developed by Clements [34]. This model 
determines the thermal field around a single grit and allows film boiling to exist 
locally. For successful grinding Clements suggests that the area of film boiling, 
determined on the grinding energy at the'grit, should not be allowed to extend 
beyond the length spanning two adjacent grits on the grinding wheel surface: a 
condition implying the continuous extension of film boiling between all grits. 

The modelling of film boiling in Clements' work is more clinical than that 
which uses continuous flux and average interface temperature. Consequently it 

should be a more accurate use of the film boiling criterion. However, the model 
is currently at a development stage and is considered too theoretical for the 
immediate aims of this investigation. Thus the film boiling criterion can, at this 
moment, only be applied to the calculated average interface temperature. 
However, where possible consideration should be made for the fact that this 
temperature is only a hypothetical indication of the irregular conditions within 
the interface. 

The use of the film boiling theory implies bulk workpiece temperatures in 

successful grinds lower than approximately 100 T. However, as indicated in 

section 2.5, this theory has not-been unanimously adopted and researchers have 

put forward thermal models that indicate other mechanisms which lead to 

reduced grinding temperatures. One such model has been presented by Peters and 

40 



Vansevenant [9). The Peters and Vansevenant model is based on the combination 

of Des Ruisseaux's thermal model and a parametric analysis of grinding forces 

based on experimental observation and chip cutting theory. The results of the 

model show that conventional and creep feed lie in two separate domains of heat 

transfer. The temperature response of conventional is dominated by transient 

effects indicative of the fastertable speeds. Thus, for a given metal removal 
rate, increasing depth of cut (and hence slower feed rates) allow greater time for 

thermal fields to develop and higher temperature to be generated. In contrast to 

this, creep feed grinding, at the same metal removal rate, is dominated by 

effects due to the size of the grinding arc. Although the feed rates are 

sufficiently slow to allow the full steady state thermal field to develop, the 

grinding energy is distributed over a larger area, and hence is of a lower density, 

to an extent that the resulting temperatures are not dissimilar to modelled 

conventional grinding temperatures. Thus under creep feed grinding conditions, 

unlike those of conventional grinding, increasing depths of cut at a given metal 

removal rate lead to lower grinding temperatures. 

2.6.3. Finite Element Models 

Analyses of creep feed grinding, particularly creep feed form grinding, 
indicate that grinding energy can be expected to vary considerably within the 

grinding ard. The possibility of intense local conditions leading to local burn 

cannot be overlooked and hence the modelling of burn in creep feed form 

grinding requires the specification complex distributions of grinding energy. 
Such a requirement is not possible analytically and many researchers have 

resorted to numerical techniques for thermal modelling. The most common of 

these techniques is the Finite Element (FE) method. 

The first two dimensional FE model of creep feed grinding was developed 

by Shafto [12]. This model was used to determine the partition fractions 

discussed in section 2.4. A three-dimensional model has been used by Ohishi [25] 

to determine temperatures in particular form grinding shapes. Ohishi analysed 

workpiece shapes that could be formed from right angled brick elements, such 
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as side wall and slot grinds. The analysis required for this investigation will need 
to model more complicated forms than these of Ohishi but his work shows that 
the basic concept of a FE compressor blade grinding model is feasible. 

The FE modelling of grinding is not a conventional application of standard 
commercial packages. One of the principal difficulties is concerned with the 

simulation of both the movement of the heat source and the removal of material. 
For this reason researchers have used purpose-built programs to model grinding 
and this has resulted in a number of simulation methods being developed. 

Shafto simulated metal removal by the use of a transient time-stepping FE 

analysis. At each time step the position of the wheel is calculated and a FE mesh 
fitted accordingly. By this. means the same number of elements are used 
throughout the analysis. An alternative method used by Ohishi [251 and Werner 
[26] involves the removal of elements. However, the method is less effective 
since the magnitude of the FE time step, the size of the element, and the speed 
of wheel traverse have to be related. 

The time stepping methods have an advantage in that they produce a 
complete history of grinding temperatures throughout the grind. Time-stepping 
finite element analyses are, however, inherently slow in producing solutions- 
because each time step (which may be one of approximately a total of one 
hundred [12]) is a complete FE analysis in itself. A method of overcoming this 
can be found in the techniques used by Dawson and Malkin [5]. This technique 

models a 'window' of material which is stationary relative to the grinding wheel. 
The window covers the grinding arc under the full arc of cut conditions which 
results in a model of fixed boundary conditions. The only movement occurs in 
the movement of material through the window. This movement can be modelled 
implicitly in the formulation of the fundamental equation which the FE model 
solves. The main advantage in the technique is that a time-stepping solution is 

no longer required and hence results are produced in a fraction of the time. The 
disadvantage in the methoe -*q that the result produced is the steady state field 
that would be developed assurning that the grinding operation has continued for 
sufficient time for no changes to be apparent. It is not clear from analyses of 
Dawson and Malkin what time is required for such conditions to be generated. 
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The finite element model of form grinding requires the use of a three- 

dimensional model. These models require extensive computer power. The 

combination of this with-a time-stepping analysis would probably be prohibitive. 
It would thus be preferable to adopt a modelling technique similar to that of 
Dawson. However, verification of the accuracy of the steady state solution 

produced may require the use of a time-stepping model. This verification could 
be performed on a two dimensional model. 

2.7. Peculiarities of Titanium Grinding 

The previous sections deal with the general mechanics and thermodynamics 

of grinding with particular reference to the special features of CD creep feed 

grinding. An extensive survey of literature revealed no published work on the 

creep feed grinding of Titanium alloy. Peculiarities in the general machining of 

conventional grinding of these alloys have been documented but the conclusions 
made have only limited application to the creep feed process. 

Three main factors caude titanium to have poor general mdchining 
characteristics [35]:. 

(1). High reactivity with oxygen, nitrogen and constituents of cutting 
tools. 

(2) Poor shear characteristics at the cutting interface which lead to 

comparatively high sliding velocities between the lead face of the 

wheel grit and the chip being cut, small grit chip contact areas and 
high contact pressures in the cutting zone. These all contribute to give 

comparatively high, and hense more abusive, cutting interface 

temperatures 
(3) Poor thermal conductivity. 

These general characteristics are reported to be worse in titanium in its alloyed 

state [36]. 

In conventional grinding these poor characteristics manifest themselves in the 

form of poor wheel wear, poor- surface integrity and bad surface finish (Tarasov 

[19]). Many of the researchers of titanium grinding have investigated closely the 

problem of wheel wear (Tarasov, Sayutin [37] Ranganathan [381). Tarasov, for 
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example, noted that under particularly bad conditions, the volume of wheel worn 

away was equal to the volume of titanium ground. In CD creep feed grinding 

such wear ratios are typical and the criterion of performance is not based heavily 

on this parameter. For this reason only a few conclusions relevant to this 

investigation can be drawn from the above works. 

One conclusion that may be applicable refers to the comparative 

performance of wheel types. With the notable exception of Tarasov [19] the 

majority of references surveyed [351, [371, [381 and [391 found that wear 

performance was better with silicon carbide wheels than with aluminium oxide. 
Kumaigi [39] found that temperatures were lower in grinds with Silicon carbide 

wheels. He also notes a number of possible reactions that could account for poor 
wear performance with either abrasive type. However, no strong conclusions 
from these reactions were drawn. This leads to the conclusion that no clear 

physical mechanism results in one particular abrasive type being clearly suitable 
for titanium grinding. Although the majority of researchers recommend silicon 

carbide for conventional grinding, it is possible that the peculiarities of creep 
feed grinding influence such a selection. 

Turley [401 studied the surface finish produced by the grinding of titanium 
and noted that the loading of the wheel and the subsequent smearing of 
previously cut material back onto the workpiece surface was the principal cause 
of poor surface integrity. Such conditions lead to high temperatures and surface 
cracking. Turley also noted that the loading aspect of titanium grinding was one 
of the causes of increased wheel wear. loading causes higher forces on 
individual grit and hence, greater tendency to cause premature grit bond fracture 

(fracture wear section 2.3.11). In CD creep feed grinding the loading of the 

wheel may be influenced by the interference of the dresser in the grit cutting 

cycle. Frost [41] noted that loading of materials other than titanium could be 

dramatically reduced by the addition of solid contact with the grinding wheel 
(extra to that of the workpiece). The dresser in the CD creep feed process is a 
form of extra solid contact and so deloading may be expected to occur. T"h.. j also 

means that some of the poor surface finish characteristics observed in 

conventional grinding may not be applicable to the CD creep feed process. 
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2.8. Conclusions and Alms of the Current Research 

In chapter 1 (1.3) a number of research aims were described on the 

empirical analysis of titanium grinding and the prediction of form grinding 
performance. This chapter puts these aims in context with the current 
understanding of grinding performance and it describes how the aims may be 

achieved in practice. Previous research has shown that the main limitation on the 

performance of grinding particularly creep feed grinding, is the possible creation 
of thermal damage in the workpiece. There have consequently been three main 
areas of grinding research. These areas are also the three main areas of research 
described in this thesis and they may be defined as: a) cutting / grinding energy, 
b) partition of energy in the grinding arc and c) thermal modelling of the 
workpiece. The principle conclusions from previous research in these areas and 
the means of applying them to the aims of this research are described below. 

a) Grinding Energy. 

The overall grinding energy required at the wheel spindle results from the 
discrete action cutting, ploughing and rubbing at each grit. For the purpose of 
analysing grinding burn the grinding energy is approximated to a continuous 
energy distribution. The overall grinding energy is proportional to the thickness 
of the chips cut by the individual grits which is related to the maximum normal 
infeed rate for a given wheel and wheel speed condition. The parameter used to 
define the efficiency of the overall cutting process is the specific energy (e), 

which is the energy required to remove unit volume of material. The local value 

of energy in the arc of cut is a linear function of the local chip thickness (and 

hence the local normal infeed rate Vd. The proportion of energy attributable to 

rubbing is a function of the wear flat area on the wheel grinding surface and 

this is controlled, in the continuous dress process, by the rate of dressing Vd* 

Grinding energy is influenced by the type of wheel used (the size of the grit, the 

type of abrasive and the hardness of the bond). The effect of form on grinding 

energy is only to cause local changes to the normal feed rate in the grinding arc 

and local dressing rates Vd acrbss the dresser width. The dependence of the local 

energy on the local feed rates remain unchanged. 
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No first principles quantitative analysis of the above parameters exists. In 

order to define the grindability of a material. direct relationship of the 

parameters are determined experimentally. The relationship between overall 

grinding energy and local energies has been 

defined and hence the local grinding energy for a section in an arbitrary form 

can be determined from the overall energy measured in simple plane grinds. 

For the purpose of this investigation, the grindability of titanium may be 

determined empirically by the dependence of grinding energy on the following 

five parameters. The maximum normal infeed rate VN, the normal dresser rate 
V, I, the wheel hardness, the grit size and the grit type. The information produced 

can be used as a database from which a suitable thermal model can draw realistic 
boundary conditions. 

b) Partition 

Not all of the grinding energy influences the workpiece temperature. Some 

of the energy is immediately removed with the chips cut i. e. there is a partition 
of energy at the shear zone of each of the chip cutting operations. The 

remaining energy enters the workpiece in the immediate vicinity of the shear 
zone but a large proportion of this, in creep feed grinding, is re-absorbed by the 
coolant present within the pores of the grinding wheel in the grinding arc. The 
fraction of energy that does find its way to the workpiece is termed here, the 
'overall' partition to the workpiece, to distinguish it from the 'shear zone' 
partition. Research suggests that shear zone partition is a function of chip 
thickness and wear flat area (and hence a function of VN and Vd)' When 

modelling grinding, the emphasis put on shear plane partition or overall 

partitioning as a specified boundary condition, causes a difference in the 

complexity of model required. 

The specification of partition, like grinding energy, cannot accurately be 

derived theoretically from first principles. This is especially true when coolant 

plays a significant part in heat'transfer. An aim of this investigation is to 

determine empirically the partitioning in the creep feed grinding of titanium. 
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The investigation also aims to determine the relative importance of shear and 

overall partition in the specification of an accurate model. 

c) Thermal Models of the Workpiece 

Theoretical analytical models have given an understanding of the factors 

affecting workpiece temperatures. However, they appear to have their greatest 

application in shallow cut grinding. For the purpose of a full creep feed form 

grinding model where there is an irregular flux distribution, numerical methods 

are required to determine workpiece temperatures. The most common nýmerical 

method used is the finite element method. The peculiarities of modelling 

grinding - the need to model metal removal - means that standard software 

packages cannot be directly applied and purpose written software has to be 

developed. 

Thus a further aim of this investigation is to develop a three-dimensional 

general finite element form grinding simulation. This will be used in 

combination with the experimental data collected on grinding energy and 
partition-to determine workpiece temperatures for arbitrary form grinds. This 

will then be transferred to Ex-Cell-O for use on an operational tool in the 

specification of optimum compressor blade grinding conditions. The criterion of 
burn used to determine the successf of a grinding operation will be based on the 
film boiling temperature criterion of burn. 

One important conclusion from past analytical thermal analyses, from the 

energy and partition information available, is that around the inilividual grits, 

workpiece temperatures can achieve temperatures close to the melting point of 

the material ground. However, the influence of these peaks is limited, and the 

temperature distribution at depths 100 to 200 prn below the surface is near to a 

continuous uniform distribution. For the purposes of this investigation, this 

continuous distribution is considered to extend to the surface of the material. 

The extrapolated interface temperature thus refers to the bulk temperatures 

within the material and hence care must-be taken in using this temperature as a 

reference for true conditions within the grinding arc. 
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3. THEORY 

3.1. Introduction 

The principal areas of research described in this thesis as defined in the 

preceding chapter are grinding energy, partition and thermal modelling. This 

chapter describes in detail the theories used or developed in these'areas. These 

are summarised as follows: 

1) Grinding energy. Derivation of local grinding flux expressions 

The empirical analysis of titanium's grinding characteristics can be made by 

noting the dependence of grinding energy in flat surface grinds on a number of 

parameters as described in section 2.8. These parameters include the maximum 

normal infeed rate and the dresser rate. However, for the purposes of predicting 

grinding temperatures, it is necessary to determine local grinding energies within 
the arc of cut. For this purpose expressions are here derived which relate local 

grinding energies based on local normal feed rates with the grinding energies 
determined empirically under full arc of cut conditions using maximum normal 
infeed rates and overall dresser rates. The expressions are derived with reference 
to chip cutting theory. 

2) Thermal Modelling 

2a) Finite Element Models. 

A Number of finite element models have been developed in this research. Two 

methods of accounting for the removal of material and the movement of the 

grinding wheel relative to the workpiece are compared using two dimensional 

simulations of grinding. An overall description of the three dimensional form 

grinding model is also preseLý, ýd. 
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2b) Approximate analytical models 

During the course of this research it became apparent that a number of 

simplifications in the thermal modelling of grinding may be applicable. An 

approximate analytical model has been developed for use in the analysis of creep 
feed form grinding performance. This model is based on existing analytical 

expressions of heat transfer derived for grinding operations other than creep 
feed grinding. The model derived has the advantage over the FE model in that it 

gives an immediate expression quantifying the relative sensitivity of temperatures 

to parameter variations and hence is useful for predicting the trends in grinding 
performance . 

3 Rartition 

3a) Workpiece Partition 

In either of the above thermal analyses it is necessary to have a measure of the 
fractional value of the total grinding energy that enters the workpiece. The 
inspection of previous research revealed that the method of specifying this 
fraction in the model has an influence on the resulting predicted thermal 
performance. These methods and their results are described here in more detail. 
Means of measuring the partition fraction are then described based on the 

analytical expression used in derivation of the approximate analytical model 
mentioned above. 

3b) Coolant Partition 

A common approximation used when modelling grinding is the specification of a 

constant coolant performance through the arc of cut. In practice such constant 
behaviour may not be achieved and this may lead to large changes in predicted 

performance. Models are described here which account for changing convective 

performance in the grinding arc and these are used,. to determine the theoretical 

effects on the overall convective performance of a grind. 
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3.2. Derivation of Local grinding flux expressions 

From the findings 6f Shafto [12] and Salter [3] it has been concluded that the 

grinding stress at any point in the form grinding arc is defined by the normal 
feed rate and the normal dresser rate for a given wheel speed/wheel type. Shafto 
found that the relationship between grinding stress and normal feed rate was 
linear. For easy-to-grind materials he went further to say that they were directly 

proportional. For hard-to-grind materials the directly proportional energy is 

supplemented by a constant stress attributed to ploughing. The power supplied at 
the wheel head for grinding is related to the torque and hence the tangential 

stress at the grinding interface. The relationship between this stress and the 

normal feed rate can be surnmarised as follows: 

at -m+ n-Vn 

where: 

(1) 

n is the cutting and rubbing component of grinding. 

ra is the ploughing component of stress 
(m is equal to zero for easy-to-grind materials). 

Note that from the survey of relevant literature (sect. 2.7) it can be concluded 
that titanium is a hard-to-grind material. From the above, by considering a small 
area aa within the grinding arc over which variations in stress are insignificant, 

the expressions for local power flux and specific energies. are developed. 

The local power PL absorbed in this area is given by : 

PL - at. c? a. r. w 

where 
r is the radius 6f the grinding wheel 

&J - Oplat I. 
p is the angular orientation of the wheel relative 

to the workpiece (see fig 1) 
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rearranging: 

PL - at. V,. aa 

where V. is the surface speed of the wheel. 

The local grinding flux %, (-P,, /aa) is given by: 

qL m or t'Vs 

The local metal removal rate, MRRL is by definition 

MRRL - c9a. V, 

(2) 

and so by definition the local specific energy e,, PL/MRRL 

eL ý Ot'vo/Vn 

from this an alternative expression for q,, is 

eVvn (4) 

also the expression for eL as a function of Vn from (3) and (1) 

eL - M/Vn +N (5) 

where M-V,. m and N-V,. n 

The values of M and N depend on the wheel condition and type. In 

conventional creep feed grinding the stresses increase continuously as a result of 
the gradual wear of the grinding wheel. In continuous dress creep feed grinding 
the wear of the wheel is controlled by rate of continuous dressing (Salmon [17]. 

Thus M and N are related to the dress rate. 
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Malkin (16] showed that the 'cutting' energy was made up of energy 

required to cut, and a rubbing component. The rubbing component was linearly 

dependent on the wear flat area (Aw). However, Salmon showed, by means of 

the continuous dress process, that for very sharp wheels, this linear relationship 

is modified considerably at low wear flat areas, (see Fig. 4). For the purposes of 

this investigation, which deals only with CD conditions, the relationship appears 

to be more dependent on the square root of the wear flat area (analogous to the 

linear dimensions of the wear flat). This is shown in Fig. 5 where Salmon's [17] 

results of grinding energy against wear flat area are re-displayed. From this the 

cutting and rubbing component of the above equations can be expressed. - 

N-N, + N'. -, IAW 

where: 
AW is the wear flat area. 
N, and N2' are constants: 

In the above expression N, relates to the pure cutting energy required and 
N. " the rubbing energy. Salmon [11] also determined the wear flat area for 

various dressing rates. These results can be expressed by noting that the wear flat 

area is approximately inversely proportional to the rate of dressing as shown in 

Fig. 6. 

Aw- k/Vd 

N-N, + N21VIVd 

where k and N. are constants which remain fixed only for a given wheel and 

material combination. 

There is no evidence to suggest how the ploughing component of grinding 

energy M varies with wheel conditions. However this energy can be significant. 
Observation of Shafto's results [12] show that it can contribute in the order of 
25% of the total grinding energy. Hence some provision must be included for it. 

. 
It is here postulated that the characteristics of forces related to ploughing are not 

greatly different from that of rubbing and hence it is assumed that ploughing 
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energy can be similarly related to the linear dimension of wear flats on the 
wheel. 

M- Mj'. Aw 

M- Mll*"d 

where Mi and Mi' are constants. 

The expressions for local grinding flux and local specific energy can now be 

related to both normal feed rates and dresser rates: 

From (4) and (5): 

qjý - (Ml/vVd) + V.,. (Nl + N2/-, /Vd) 

0 
eL. w (M, /(Vn. -/Vd)) + Vn + (N2/., /Vd) (7) 

Note that N, ideally defines the theoretical chip cutting specific energy which 
has to be related in previous research to the enthalpy change required to melt the 

material. This is thought to be the maximum energy dissipated in a chip by 

adiabatic shearing. 

It should be noted also that the above expressions are a necessary 
simplification of the true mechanics of the chip cutting process. Complexities not 
included are 

1) Transient wear within the CD creep feed process. 
Salter [3] noted that under constant CD conditions specific grinding 
energies did rise during grinding. This was attributed to increasing 

wear on the wheel (despite the use of continuous dressing) and was 
found to be proportional to the time a grit was active i. e. the number 
of wheel revolutions (and presumably, although it has not been stated, 
the arc length). This factor contributes an increase to the specific 
energy of 25% in approximately one minute of grinding. CD processes 
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now typically have Table feed rates ranging from - 160 to 1000, 

mm/min. Thus under slower feed rates this factor may be significant; 
however, its analysis was considered too complicated for inclusion in 

this investigation. 

2) Self dressing. 

This action has already been discussed in Section 2.3.11. The 

expressions above do not take this into account because it assumes that 
the periphery of the wheel can withstand an infinite grinding force. -In 

practice the bond strength of individual grits limits this force and the 
fracture wear process takes place. The analysis of fracture wear as a 
function of bond strength is also considered too complicated for the 
immediate aims of this investigation. 

The above constants M1, N, and N. all have to be determined for a given 
wheel workpiece pair by experiment. The above expressions refer to the local 

conditions required for the specification of boundary conditions in a thermal 

model. Particular values for eL can be determined at various V. and Vd directly 
from creep feed plunge tests. However, it is more convenient, both here and for 
future tests on other materials, to determine the coefficients by means of surface 
grinds. Total specific grinding energies (eT) for a complete arc of cut of a 
surface grind can be directly determined from the local expressions above as 
follows. Using the suffix 'T' to denote the total value of a parameter for the 
complete arc of cut and L to denote local values at an angle P through the 
grinding arc (0<8< j6m see fig 1) 

eT ma tT*V$/MRR T (by definition) 

where : 
om 

at (atL. V. ) dP 

0 
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opm 

MRR Tvn dp (per unit width) 

0 

Substituting : 

vn Ow Vf-, 6 -, (for small P) 

at -m+n. V, (1) 

and evaluating the integrals gives: 

tT m V.. (m. fi-m + l. n. Vf. pm') 

MRR Tm 
"Vf*OM2 

Using the maximum normal feed rate VN (where VN su V, -P. 
) gives: 

eT = 2M/VN +N, (8), ý! - 

which in its full form from (7) can be expressed: 

eT - 2M 11( , VN*VVd) + N, + N2/V(Vd 

M19 N, and N2 can now be determined from the empirical surface grinding 

characteristics of titanium for every wheel type and speed envisaged. This can 
be done by the best fit procedure detailed in Appendix 1. The results of the 

analysis lead to constants defining the general grinding characteristics of the 

material and these may be used as input, data for the form grinding model to be 

described in the, following section. 
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3.3. Thermal Modelling by Finite Element Techniques 

Introduction 

The principle aim of this investigation is to produce an accurate model for 

predicting form grinding temperatures for an arbitrary form shape. A secondary 

aim, deemed necessary in view of some of the conclusions drawn from the 
literature survey, is to assess the efficacy of using finite element methods for 

this model as it may be possible that simpler methods may exist, (as discussed in 
Section 2.4.3. ). 

In order that these aims could be met, a finite element model was developed 
for this investigation. Because there were inconsistencies and differences in past 
methods of FE modelling, it was felt that these aims would be best met if the 

model developed would be capable of reproducing past two-dimensional 

modelling methods and be extendible to determine the three-dimensional effects 
of complex forms. By this means a model consistent with all past methods w6uld 
be identified. 

The model has to be capable of modelling the transient effects, of the, 
moving heat source and continuous metal removal and, as explained in Chapter 
2, this has to be achieved. by a purpose written model. However, the ultimate 
aim of the project is to supply Ex-Cell-O with a working tool and hence the 
model must be easy to use. Thus the finite element model for this investigation 
(a) must be capable of the complexities of analysis identified by previous 
research; (b) have a pre-processor for input of data by those unfamiliar with 
the finite element method, and (c) have a post processor capable of producing 
instantly recognisable results. 

It was felt that, to a large extent, the efficacy of FE techniques could be 
tested accurately by a two-dimensional model. This could also be used as a 
prototype for the final three-dimensional model. It also became apparent dui. -d 
the course of the investigation ýthat the size and complexity of the three- 
dimensional model in terms of computing time and memory made is somewhat 
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inconvenient for repetitive parametric analysis. A large amount of theoretical 

work has therefore been performed on a two-dimensional model. 

Although the complexities in modelling preclude the use of an off-the-shelf 
FE model, it was possible to use commercially available software of a more 
fundamental form. This software was the Finite Element subroutine library 

produced by the Numerical Algorithm Group [42]. These subroutines return such 
things as the 'shape function' values, matrix assembly vectors and element 
geometries and hence they require a knowledge of the finite element method for 
their operation. However, their use greatly reduces the amount of organisation 
and programming required for the final model. They allow, by their modular 
nature, the assembly of moderately complicated FE programs in an ordered 
fashion. 

The development of finite element programs using the NAG routines are 
described only briefly in this section. A complete description of the detailed 

assembly of the routines is described in the NAG manuals [42] and will not be 

repeated here. A description of the NAG routines used to produce a form 

grinding model, the inputs required, listings and flow diagram of the programs, 
are given in the additional report [43]. This report also details some of the 
subroutines written to cover the omissions and errors found in the subroutine 
library. 

The development described in this section falls into two distinct categories: 
the two-dimensional model and the three-dimensional model. The former covers 
the development of the two different techniques of modelling grinding as 
described by Shafto (121 and Dawson [5]. 
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3.3.2. Two dimensional methods of Finite Element Modelling of Grinding 

3.3.2.1. Transient Methods 

Transient heat conduction in a material may be expressed by the 
diffusion equation 

V2 T- 

where: 

T is temperature at any point 

ct is the thermal diffusivity of the material 

t is time 

This equation is solved in the NAG routines by the Galerkin technique. The 
time dimension of the equation is not solved by the finite element method but is 

solved by a time stepping finite difference method. This allows for the 

readjustment of boundaries at each time step to simulate metal removal. 

The overall method of transient grinding modelling using the above finite 

element/finite difference method can be summarised as follows. the workpiece is 
initially considered in its unground state with the wheel just in contact. A mesh 
is generated for the workpiece and the appropriate grinding flux and convective 
cooling boundary conditions are applied. A finite element solution of the thermal 
field resulting from the application of these conditions for a finite time, is 
determined and stored. The movement of the wheel in that finite time is then 
computed and the workpiece shape is recalculated. A new mesh is generated for 

this shape and the modified boundary conditions applied. A further finite 

element solution of the thermal field is developed for a finite time on this 

occasion using as the initial conditions the solution developed from the preceding 
step. The process is repeated to simulate the complete traverse of the wheel 
across the workpiece. 

The method of readjustment of the mesh at each time step is based on that 
used by Shafto [12]. This involves the relocation of a fixed number of nodes 
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within the instantaneous workpiece shape, thus leading to a fixed number of 

elements throughout the analysis. The alternative to this is the removal of 

specific elements at each time step, which is probably quicker in computing time 
but leads to complications due to the coupling of the element size with wheel 
traverse rate, and hence the time step length. 

A typical progression of solved thermal fields is shown for the two- 

dimensional model in Fig. 7. 

The input required for this and all two-dimensional models is set up in files 

prior to each run. These files include only basic data of workpiece overall 
dimensions, overall mesh density, material properties, coolant properties, and 
details of required output. 

The mesh is made of 4 node quadrilateral isoparametric elements which are 
concentrated at the face to be ground. The flux input in the grinding zone is 
determined for each element by the use of equation (6) section 3.1. The local 
normal feed rate is determined by the angular orientation of the element 
boundary and the traverse rate of the wheel. The partition values used in the 
model were variable and could be of a fixed 'overall' partition type by the 
specification of zero convective properties in the grinding arc, on a shear plane 
type by specifying non-zero convective properties. 

Outputs for the two-dimensional model are in the form of isothermal plots, 
nodal temperature printouts or graphs of temperature vs time for the theoretical 
outputs of thermocouples mounted at variable positions in the workpiece. 
Isothermal plots are produced at variable frequency through the analysis as 
shown in Fig. 7. 

3.3.2.2. Quasi Transient Method 

The above method of solving for grinding temperatures is time consuming 
because it involves a complete finite element analysis for each time step. A 

complete grind simulation involves typically 100 steps. The alternative method 
used by Dawson and Malkin [5] is to include a term accounting for the 
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movement of material relative to the heat source in the governing equations 

solved by the finite element model. This is done by replacing the diffusion 

equation by the convective diffusion equation 

V2 T- VaT/ax - (11) 

where the coordinate system xyz lies such that the workpiece, feed rate Vf is 

parallel to the x axis 

The solution of this equation, subject to the same boundary conditions and 
input details as described in the previous section, gives the steady state 

temperature distribution around the moving grinding arc. It thus produces the 

steady state solution of the transient model described in the previous section (and 

it is termed here the quasi transient solution). The advantage of this method is 
that the solution of the steady state field at full arc of cut, (which can be ' 

considered as the worst case) is produced in one finite element step. Thus it 

greatly reduces computing time. The disadlantage is that it consequently 

overlooks possible reductions in temperatures due to the transients. For example, 
it may be possible that 

* 
thý steady state solution is not achieved in grinds of 

higher feed rates. It is for this reason that both modelling methods were analysed 
to ensure any transient effects were accounted for. 

The solution of the above equation is dealt with by the finite element 

method in the same manner as the steady state solution of the diffusion equation, 

as detailed in the NAG manuals [42] except that an additional convective term is 
included in the formulation of the stiffness matrix, as detailed in [43]. However, 

the solution of the convective diffusion equation is not stable when the 

convective component is dominant [441 and it was found that no meaningful 

results could be found by a simple application of the NAG library routines. 

The instability in the finite element s,, -. tion of the convective diffusion 

equation has been documented by Hughes [44] and Zienkievicz [45] and methods 
for stabilising the analysis are put forward for the two-dimensional case. A 
detailed description of the stabilising method, known as upwinding, and its 
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development foý use in the three-dimensional model are described in 

Appendix 2. 

The upwinded finite element model was used to solve for the temperature 
field under full arc of cut conditions. 

3.3.3. Three Dimensional Finite element form grinding model. 

The two-dimensional (21)) models described above are all based on the same 
basic core of NAG routines, pre-processors and post- processors. Various 

modifications are made to the NAG routine analysis subroutine to suit the type 

of model required. The three dimensional model is býsed around a similar core 

of NAG. routines based on 8 node isoparametric brick elements. The pre- and 

post- processors, however, are greatly modified. 

The overall method of analysis of a typical compressor form grind is shown 
in Fig. 8. A typical section of the form is extracted and analysed in detail. The 

geometry of this form is input and a mesh -automatically generated. The grinding 
flux is applied to each arc element surface as illustrated from which the thermal 
field is generated. 

A complete listing and flow diagram of the form grinding model is given in 

Ref. 43. The inputs required for this are similar to those required for the two- 
dimensional model with the addition of details on the form profile. The input 
files are shown in App. 3. The profile is specified by a variable number of 

coordinates relative to the full form depth. A mesh is then automatically 

generated with elements now concentrated both to the ground face and to areas 

of high form angle. The latter concentration ensures greater uniformity of 

element surface area on the grinding interface. Confirmation of mesh geometries 

and inputs can be gained from inspection of isometric plots produced of the 

mesh and the distribution of the normal feed rate, the dresser rate, the local 

grinding flux and the local specific energy (Figs 9a, 9b). 

The thermal field solved for by the form grinding model is the quasi 

transient field i. e. the steady state solution developed from the solution of the 
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convective diffusion equation. This model therefore incorporated upwinding 

modifications to the basic NAG routine formulation of the finite element model. 

The solution time for a typical mesh, as shown in Fig. S., was approximately 20 

minutes on an ICL 2980. For this reason it was felt that a full time stepping 

model would be impractical since this would automatically increase the 

computing time by a factor of approximately 100. Thus conclusions on the 

applicability of the steady state solution to the transient condition is drawn from 

the experience of two-dimensional modelling alone. 

There was also found to be a limitation on the complexity of geometry 

analysable. This was due to the memory configuration of the ICL 2980 computer 

used. For fortran programs this computer only allows the use of two mega-bytes 

of virtual array size. This effectively limits the maximum number of degrees of 
freedom possible which results in a constraint on the possible fineness of mesh. 
The mesh shown in Fig. 8 is close to the maximum number of elements for this 

configuration. This constraint means that the analysis of a very complex form 

grind had to be analysed in sections as illustrated in Fig. 8. 

The post processor was designed, to give visual displays of the predicted 

grinding temperatures to allow quick interpretation of results when the model 

was to be used as a working tool. This processor developed isometric and two- 
dimensional sections of the thermal field determined from the nodal 
temperatures. The isometric plots show isotherms on visible workpiece surfaces 

on the workpiece geometry during the grinding and the workpiece geometry of 
the final ground part. Sections of the workpiece could be taken at any point in 

three orthogonal planes and the'results displayed in isothermal plots. Graphs 

could also be obtained of the theoretical output of thermocouples mounted 

within the workpiece: a feature designed for the research applications of the 

model. 
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3.4. Approximate Analytical Thermal Model 

Introduction 

In Chapter 2 it was noted that, with the complicated nature of both the 

workpieces geometry and the grinding flux. it was particularly necessary to 

analyse compressor blade workpiece thermal fields by means of finite element 

methods. However, a disadvantage of the use of numerical methods, such as FE, 

is that the solution produced is specific only to the particular conditions 

prescribed, and no general overview of the performance or characteristics of heat 

transfer in the grinding arc is given. In other words, the FE solution is capable 
of describing precisely what will happen given certain inputs, but it does not 
explicitly give an immediate understanding why. 

During the course of this research it became apparent that there were possible 
simplifications that could be made to the modelling of grinding temperatures 

similar to those put forward by Shafto [12]. It was clear, however, that the FE 

method was not easily capable of indicating what these simplifications were and 
by what means they were possible. In order to create a greater understanding of 
the characteristics of heat transfer in the creep feed grinding process, an 
approximate analytical expression was postulated which defined the effect of the 

principal factors affecting workpiece temperature. 

In this section the derivation of this expression is described with reference 
to both the analytical expressions produced by previous researchers and the 

results of the two-dimensional FE model described in the previous section. The 

expression is used in section 3.5 to describe the simplifications in modelling 
identified and to show how these simplifications can be verified by experimental 

means. 

3.4.2. The Postulated Approximate Analytical Grinding Model 

An approximate analytical model of grinding is put forward which deals 

with the steady state temperature field that Moves with the grinding wheel across 

the workpiece. It is assumed that the flux generated in the grinding arc is known 
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and is continuously distributed. It is also assumed that this flux is- absorbed by 

the coolant and the workpiece only. For the purpose of this approximate 

analysis, the grinding arc is considered as a whole and in two-dimensions. I It is 

subject to an average grinding flux q and a constant coolant performance 
defined by a constant coolant coefficient hc. The workpiece is considered as 
either semi infinite or of a finite size. The analysis derives an expression for the 

average surface temperature resulting from these conditions. The aim of the 

analysis is to isolate the principal factors that affect these temperatures so that 

characteristics of thermal performance are easily identifiable. 

The system under analysis here consists only of the grinding arc as a whole. 
It-is shown schematically in Fig. 10. This grinding system is in equilibrium if the 
energy entering it equals that leaving it. The equilibrium is considered here in 
terms of the total grinding flux ( qT ) over the total area of the arc of cut. The 
energy that influences the workpiece enters the system as the grinding flux and 
leaves via the coolant as a flux qc or the workpiece as a flux qw. Therefore, 

qc + qw qT 

The flux entering the coolant is here defined by a coolant heat transfer 
coefficient h. and the surface temperature of the grinding interface ATý. above 
the bulk coolant temperature (assumed here to be at ambient) 

qT - hc. &Tss +q w 

It is then Postulated that a similar transfer coefficient for the workpiece can also 
be defined, (hw). 

qT ' ATIs (he + h, ) 

Since the transfer coefficients appear in this expression independently, it is 
furthei ! astulated that the factors influencing the workpiece heat transfer can be 
similarly expressed by their own heat transfer coefficients. These factors are: 

a) The conduction through the workpiece to other cooler boundaries in 
the system (equal to zero for a semi infinite workpiece). 
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b) The heat effectively carried away from the grinding zone by mass 

transfer due to the movement of workpiece material past the grinding 

zone (advection). 

c) The heat lost by mass transfer across the grinding interface i. e. metal 

removal. 
NB: Factors such as increased kinetic energy of the chips formed and the 

surface energy, are negligible, as discussed in Chapter 2. 

The above are expressed quantitatively by coefficients h,,, h. and h.,, 

respectively. The above expressions can now be expanded 

AT.. (hff) (12) 

where 
heff , hc + hK + hs +hmr 

heff , (the effective heat transfer coefficient) 

In practice h. and h.. are not independent of hK since, for example, the 

advective losses rely on the conduction of heat through the workpiece. However, 

for the purpose of identifying characteristics, the following analysis shows that 
independent expressions can be determined for the coefficient h. and hmr from 

previous analytical studies where h. - 0. 

The determination and verification of expressions quantifying h. and hm, is 

made by initially analysing simple grinding conditions for which analytical 

solutions exist. These are then combined to form a complete expression for h, ff* 
The efficacy of such a combination is then determined by comparison with FE 

solutions produced by models in this and other research. 
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3.4.2. Creep Feed Plunge Grinding 

Under creep feed plunge grinding conditions the analysis of heat transfer is 

considerably simplified. Under these conditions there is no component of cross 
feed of workpiece material past the grinding interface (i. e. h. = 0) see Condition 

1, Fig. 11. The expression for the effective heat transfer coefficient h. reduced to 

haff , hK + hlnr + hc 

These conditions are similar to those experienced in abrasive cut-off for 

which analytic solutions of the interface temperatures exist [46,23]. The solution 

presented by Maris and Snoeys [231 shows that the grinding interface 

temperature theoretically rises asymptotically to a steady state value., &T. defined 

by the following 

AT" -q (h, + P. C -V T/ .pp 

where 
is the density of the materiai ground 

CP is the specific heat 

VP is the plunge feed rate of the grinding wheel into the workpiece and 
is thus equal to the V. used in this investigation. 

This expression gives credence to the expression given in equations (12) and 
(13) because it indicates the effective heat transfer coefficient under these 

conditions (the quotient of eq 14) is the independent sum of the coolant heat 

transfer coefficient and an additional factor (p. cp. V, ) the coefficient accounting 
for the loss of material across the grinding interface hmr, i. e. 

hmr " p. c p 
vn 

Note that under the conditions analysed by Maris and 'Iýnoeys the workpiece 

considered was semi infinite hence the heat conducted through the workpiece to 

other boundaries is zero, (i. e. hK m 0). 
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3.4.3. Pure Moving Heat Source 

An alternative simplified heat transfer condition that can be analysed is that 
of the pure moving heat source moving over a semi -infinite plane - see 
Condition 2, Fig. 11. Under these conditions there is no heat transfer due to 

material loss across the grinding interface (i. e. h,. = 0) and again there is no 
conduction through the workpiece to other boundaries (i. e. h. - 0). 

If the ideal case of no surface cooling is considered h. =0 then the problem 
reduces to that analysed by Jaeger [4] who derived an expression for the 

maximum steady state interface temperature AT. above ambient as follows: 

AT.. - 2ci 
9 cx. (4r. qf /(r. K. Vf) ref [15] 

where: 
Lý- IV. I/(x (a dimensionless heat source half length) 

I is the heat source half length (1-11c) 

Ic is the arc length I 

V is the velocity of the heat source and is thus 

equal to the table speed Vf used in this thesis 
K is the material conductivity 

The above expression can be re-written : 

AT. - (CIM. O, )IV(r. p. cp. K. Vf) 

where qm - 2. q 

Thus referring to equations (12) and (13) for the case where hmr --hc = hK W 0) 

heff , ha = /(7r. p. c P* 
K. Vf)/Oc 

The more practical case consists of a pure moving heat source with surface 
cooling. These conditions have been analysed analytically by Des Ruisseaux and 
Zerkle [33] and graphical solutions were produced for, among other things, the 
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theoretical maximum steady state temperatures rise above ambient AT. for a 

given non-dimensional convective coefficient H. No explicit expression for &T 
98 

is given in Des Ruisseaux's paper but comparison with the approximations 

derived here can be made by direct comparison of the graphical representation 

of the equations, Fig. 2. Note that Des Ruisseaux's data is represented in non- ý 
dimensional form using a non dimensional temperature rise (0). The equivalent 

non-dimensional form of equations (12), (13) where h,. = hK -0 and h. is as 
follows :- 

0- ((H/r) + (2V(r. Lh))-l) 

where : 

0- (7r. K. V f* A. T.. )/(2a. qT) 

H-2hc. a. K-l. Vfý-1 

Fig. 12 shows that the approximate solution under these conditions is close to that 

of Des Ruisseaux and Zerkle. 

3.4.4. Combined Conditions for the Complete Creep Feed Grinding Arc 

The above expressions for the various components of heat loss in a grind can 
now be combined to create the complete expression defining the approximate 
heat transfer performance in a creep feed grind. In the above, the geometry of 
the simplified situations were ideal in that one form of heat loss such as 

advection was not influenced by material loss across the grinding interface. This 

ideal situation in the grinding arc does not exist, and at the interface there is 

both a component of heat transfer by advection and a component by material 
loss across the interface. Thus it can be expected that there is a coupling 
between hmr and h,, However,, for the purpose of this analysis, which aims to 

show the contribution of the various parameters, it will be shown that, for the 
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range of conditions typical of current creep feed grinds, h and h can be 
a mr 

expressed independently and substituted directly into equation 13. 

The accuracy of this substitution is determined by use of the two- 
dimensional Finite Element model described in the previous section and by 

comparison with the results of Finite element model presented by Dawson and 
Malkin [5]. A complete description of the analysis using the current model is 

given in Appendix 4. By isolating the effects of the various parameters the 

analysis shows that h., is effectively linearly related to hc, ha and hmr. However, 

the analysis did show that, while h, ff is directly related to hc and h., it is not 
directly related to h. and a factor was introduced to give agreement between 

h., and the FE solution to within 5% for the range of conditions considered. It 

is suggested that poor agreement is made without this factor because of the 

coupling between h. and hmr as described above. 

The full forms for h, ff is thus 

heff , hc + V(r. p. c p 
K. Vf)/Oc + 0.8(p. cpV, ) +, hic (18) 

A comparison of the results produced by this expression and those produced by 

the FE solution is shown in Fig. 14. 

This comparison can also be made from the results of the FE solution produced 
by Malkin and Dawson with the use of the following non-dimensional form of 

eq (18). 

-2 
(, V(7r. L))- + (2sinO)/r 

where 0 is defined in [51 as the angle of inclination of the heat source to 
direction of movement ie. sino sv a fic. (Nb. P; 42ý) 

This comparison is shown in Fig. 15. 
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Both Figs 12 and 14 show that the trend in' heat transfer performance can , be 

explained by the influence of the separate factors of advection, coolant cooling 

and material loss across the interface and this trend can be quantified explicitly 
by equation 18. 

3.4.5. Heat Transfer due to Conductlon Alone 

In the above analyses, hypothetical situations are considered where there is 

no influence from boundaries outside the grinding arc. In practice, in creep feed 

grinding, the free surfaces of the workpiece can be subjected to the same flow 

of coolant as the grinding arc itself. Thus heat must be absorbed at these 

surfaces and this must influence grinding arc temperatures. 

By presenting a number of FE examples, it is possible to show qualitatively 
to what exient the influence of free surfaces affects the trends described above. 
The very arbitrary nature of the possible geometric pattern of 'heat flow to the 
free surfaces means that it 

* 
is not possible to generate from this a general 

approximate expression as above. However, it is possible to illustrate under what 
circumstances workpiece conduction to free surfaces should be considered. 

Two examples are presented here of the grinding of blocks of finite size - 
subjected to convective cooling on the free surface. The magnitude of the 

workpiece heat transfer due to conduction alone, characterised by h., is varied 
in each example by changing the physical dimensions of the block. The heat 

transfer characteristics of each are then determined by FE modelling for various 
feed rates in the same manner as Fig. 14. The magnitude of convective cooling 
applied is chosen to be representative of typical grinding conditions. Such 

conditions have been measured by Ohishi [251 at IX 104 W/M2. 

The details of the examples and the resulting heat transfer performance is 
shown in Fig. 15. The characteristics show that the free surface boundaries 
influen:, 'zý heat transfer in the workpiece at lower feed rates. The influence is 

reduced as feed rates are increased. Where the workpiece is small in comparison 
with the dimensions of the grinding arc, the range of feed rates over which this 
influence occurs can extend over the entire range of typical workpiece feed 
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rates, thus swampýng any of the trends described by advection and material loss 

as above. 

From these examples it can be seen that it is possible to determine the 

effective influence of conduction to other boundaries in comparison to other 

cooling effects, such as advection, by making an approximate calculation of h., 

This is done by determining the maximum temperature the grinding interface 

attains when subjected to an arbitrary heat flux without workpiece movement 

and with convection only on other than the grinding interface. h. is the ratio of 

the heat flux to the maximum temperature attained. In practice this can only be 

obtained easily by use of a finite element model which in part defeats part of 
the purpose of the analytical approximation. However, once known, it can then 
be used with this approximation to generate the trends for all grinding conditions 
and hence is of, particular use for research purposes. In particular it allows the 

assessment of whether any of the expressions derived by Jaeger [41, Des 

Ruisseaux and Zerkle [33] and Maris and Snoeys [23] are relevant to the 
determination of heat transfer performance under the particular conditions being 

examined. 0 

3.5. Partition 

Introduction 

One of the main problems in the thermal modelling of grinding is concerned 
with specification of the fraction of the total grinding energy that enters the 

workpiece - the partition fraction. This section makes a critical assessment of the 

partition values used in previous creep feed research. It also describes how the 

thermal characteristics of grinding can be used as an alternative form of 
partition measurement. 

In Chapter 2a distinction was made between the partition of energy 
occurring microscopically locally around the individual grits (termed the shear 

zone partition) and the partition occurring macroscopically between the total 
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grinding energy and the overall heat absorbed by the workpiece (termed the 

overall partition). From the analysis of past work it is suggested that some 

confusion exists in the use and application of these two types of partition. One 

of the aims of this section is to give a qualitative explanation of the significance 

of shear zone and overall partition. 

In the second part of this section, a method of measuring the shear zone 

partition in creep feed grinding is put forward based on the approximate 

analytical expression for grinding temperatures described in the previous section. 

3.5.2. Shear Zone and Overall Partition In Past work 

The physical interpretation of grinding energy partition is shown 

schematically in Fig. 2. This shows the "shear zone' partition process followed by 

a convective cooling partition process. The remaining energy entering the 

workpiece defines the 'overall' partition 

There have been two approaches to the application of partition in the 

analysis of grinding temperatures. One considers only the overall partition and a 
study is made of the thermal field in the workpiece required to drive that 
fraction of the total grinding energy through it. The other considers both the 

shear zone partition and the convection around it and determines the thermal 
fields required to drive the partitioned energy through both these components. 

It is tempting to consider that since the overall partition defines the heat 

that enters the workpiece, this is the important parameter defining grinding 
temperatures and hence that the shear zone partition is only an intermediate link 
between grinding energy and workpiece temperatures. This would lead to the 

conclusion that either of the above approaches would lead to the same solutions 
of temperatures. However, by studying the effects of including the shear zone 
partition, it is possible to illustrate that this partition fraction significantly alters 
the thermal response characteristics of the workpiece ! -varying grinding 
conditions. Such a study is made here with reference to the results of previous 
research. 
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Shafto [12] applied Malkin's [24] 60% dry grinding partition values to his FE 

grinding model to define the shear zone partition value. Thus at the interface he 

specifi 
, 
ed that 60% of the total grinding energy enters the workpiece. In creep 

feed grinding whore the grinding flux varies typically from 0-40 W/mm2, Shafto 

found that such a large amount of heat could not be absorbed by the workpiece 

alone without the presence of unrealistic temperatures. He thus applied a 
convective effect to the interface, and it is one of Shafto's major results that he 

found that a large convective coefficient, of the order of 100,000 W/mK, was 

required to relate modelled temperatures with experimentally determined values. 
The convective coefficient was of such magnitude that the heat theoretically 
flowing to the coolant from the workpiece surface, termed here the coolant 
partitioned energy, was approximately 25-30 times that flowing into the 

workpiece. 

The convective coefficient defines the unknown surface temperatures 

required to drive the coolant partitioned energy into the coolant. Thus if the 

coolant partition energy is known then (in modelling terms at least) the surface 
temperature would be defined and predictions of grinding burn could be made 
using the film boiling criterion of burn. In practice the precise amount of heat 

entering the coolant, like nearly all of the partition fractions, is not known. 

However, under the conditions described above for Shafto's model, a very good 

approximation for it can be made by noting two points: 

1) The shear zone partition fraction is fixed and thus providing the overall 
grinding energy is known, then so too is shear zone energy. 

2) Of the shear zone energy, that which enters the workpiece is considerably 
smaller than that which enters the coolant and for an approximate analysis the 
former can be considered to be insignificant. 

Thus from the above, the heat entering the coolant in Shafto's analysis is 

approximately a constantf 
' 
! action of the total grinding energy and by means of 

the convective coefficient, Shafto proposed an approximate expression for the 
local grinding interface temperature ATL 
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(20) 

where 
f shear zone partition fraction 

CIL - total grinding flux 

he = convective coefficient of the coolant 

The degree of approximation of this expression to the accurate FE solution 
is shown in Fig. 16. Here the interface temperatures produced by Shafto's FE 

analysis are directly compared with the solution produced by the approximation. 
The agreement between the two is close. The slightly lower temperatures 

produced by the FE solution are due to inclusion of the extra heat sink (the 

workpiece) but as stated, the effect is almost negligible. it is interesting to note 
that Shafto did not make the above comparison. 

Tho above expression is similar to the approximate expression described in 

the preceding section. However, this expression takes no account of workpiece 
heat transfer. This difference illustrates why the specification of shear zone 

partition, especially a very large one with a large convective coefficient, 

significantly affects heat transfer characteristics. That Shafto was able to specify 

an approximation that ignored workpiece heat transfer and yet gave good 

agreement to a finite element model suggests that factors which might adversely 

affect the flow of heat in the workpiece (factors important to this investigation, 

such as poor material conductivity or poor heat flow due to restrictive form 

shape) have a negligible effect under some conditions. It is of importance to this 

research to determine whether such conditions exist in practice. 

The argument presented above to explain Shafto's conclusions imply the 

presence of a strong convective effect. However, the strength of the argument 

relies on the accuracy of applying Malkins' dry shallow cut partition values to 

the conditions in the creep feed grinding process where the chip thicknesses are 

smaller and there are large quantities of coolant, both of which may affect shear 
zone partitioning. Furthermore, the grinding interface is not subjected to a' 
smoothly distributed temperature field as Shafto's model would suggest, but is 
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rather subjected to a distribution that is punctuated by numerous peaks around 

the individual wheel grits in the grinding arc. Analysis of previous research 

showed that typically a smoothly distributed thermal field is only attained 

approximately 200 jurn below the grinding interface. It could be argued that a 

more rigourous analysis than Shafto's would involve the determination of 

temperature at points in the system under analysis where they have more 

physical meaning (i. e. to the steady Aemperatures attained at depths below the 

surface). Under these circumstances, no convection would be present and 

partition might well be accurately modelled by a fixed value of overall partition. 

From the survey of past research, it appears that no further work has been 

invested in developing the approximating theories. of Shafto based on the 
dominance of convection. The analysis of creep feed grinding temperatures has 

continued with the extensive use of FE techniques implying that the flow of heat 

in the workpiece is deemed the significant factor. 

Indeed, Ohishi [25] and Salter [3] have used a fixed partition form in their 
FE models. Furthermore, Salter investigated partition in creep feed grinding by 

experimental techniques, and found under most circumstances no convective 

effect at all. 

Salter's work in particular suggests that the modelling of grinding should be 

approached from a fixed overall partition method since, unlike Shafto, 

experimental validation of the partition model was undertaken. However, there is 

one aspect of Salter's work which illustrates that there may be some 
inconsistency in the application of his partition model to his FEmodel. Salter 

makes use of a steady state FE model based on a conclusion of Shafto's that such 

an analysis gave comparable results to the transient model. However, as described 

above, such a conclusion is only valid under the particularly highly convective 

conditions analysed by Shafto since under these conditions workpiece heat 

transfer becomes insignificant (i. e. changes due to the use of a transient or 

steady state model are negligible). Under the conditions analysed by Salter with 

zero or low convection , workpiece heat transfer is not insignificant and 
transient and steady state solutions are not equal as illustrated by Fig. 17. Thus, 
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Salter includes what appears to be an inconsistency in the use of FE modelling 
by fixed partition methods. 

As an alternative to both Salter's and Shafto's methods, there is that used by 

Ohishi [25]. Ohishi used a convective coefficient in the order of IX 104 _IX 10 

W/m 2K similar to that used by Shafto [121. However, rather than include 

convection in his FE model, Ohishi has chosen to use the coefficient in an 

analytical expression which determines the amount the oyerall grinding flux 

would be reduced given such convective conditions. The reduced value of 

grinding flux is then used in the FE model to determine grinding temperatures. 

This reduced grinding flux is comparable to the overall partitioned flux of the 
form used'by Salter; however, in these circumstances, they are-not fixed since 
the analytical expression models the effects of coolant and workpiece movement. 
Nonetheless, it would appear, from this method, that effects of workpiece 

movement have been accounted for twice, both in the analytical expression and 
in the transient FE model suggesting again an inconsistency in the use of 

modelling and partition values. 

It is the apparent inconsistent application of convective coefficients shear 

plane partition and overall partition that leads to the conclusion that the 

significance of the parameters to modelling has not been fully investigated. The 
following analysis shows the theoretical effects of these parameters and also how 

these effects can be illustrated in grinding processes. 

3.5.3. The Quantitative Effects of Specifying Shear Plane Partition 

A quantitative analysis of the significance of shear and overall partition can 
be shown by the approximate analytical expression described in Section 3.3. In 

the derivation of the expression it was assumed that the grinding flux q,, 

entering the workpiece side of the grinding interface was known. The above 

shows that this is not the case and it must be assumed that some unknown 
fraction f -%, f the total grinding energy enters the workpiece (f being either a 

shear zone or overall partition fraction). From equation 4 the local grinding flux 

at a point is given by : 
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ql, = eL*Vn 

Thus the grinding flux that influences the workpiece qL9 is given by 

f. eL*V. 

The maximum grinding flux occurs at the point of maximum normal infeed 

qmax m f. eL'VN 

and from equation 12 the maximum grinding temperature above ambient AT.. is 

given by 

ATBO m f. e'VN/h,, ff (22) 

One of the principal parameters used in this investigation to quantify the heat 

transfer performance of a grind is defined here as the total heat transfer 

coefficient hT where 

hT- e'VN/Tmsx (23) 

and e, VN and Tmax are measured values. 

This coefficient is used because it defines the efficiency with which the grinding 

energy is absorbed. It is easily measured and is also closely related to the 

approximate expression of the effective heat transfer coefficient 

hT = heff/f (24) 

It is tempting to consider at this point that, since hff can be determined 

analytically and hT is an experimentally measurable parameter, the partition 
fraction f can be easily determined. However, as Shafto noted, not only is f 

unknown but also the heat transfer coefficient of the coolant h. is unknown (h. 

being a component of h, ff) and so neither is explicitly defined by the above 

equation. It is possible to show nonetheless that the magnitude of f and h. 
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4ý 

significantly alter the characteristics of the total heat transfer coefficient h T* 
This influence on the characteristics can be used to determine the values of h 

and f. 

expanding h., in 24: 

hT - (hc/f) + (ha + hmr + hK)/f 

Section 3 of this chapter showed that hs, hmr and h. can be calculated for a 

given grind, and that their sum results in a known function of table feed rate V,. 

h& + hmr + hK a h(Vf) 

Thus hT is a function of feed rate 

hT(Vf) - hc/f + h(Vj)/f (25) 

This shows that the rate at which the total heat transfer coefficient changes 
with feed rate, compared with the theoretical rate of change from h. ff, is 
directly related to the partition fraction f. It is because f defines the trend in 
heat transfer performance in grinding that its accurate specification is of 
importance. 

To illustrate the possible variety of predicting performance that can occur, 

given one experimental reading of heat transfer performance, consider the 

examples illustrated in Fig. 18. A heat transfer performance has been measured at 
a given table speed Vf, indicated by point A. If hK is measured as being low and 
a fixed overall partition model is used (i. e. hc equals zero), then from 25 above, 
the predicted heat transfer performance for grinds at other feed rates would be 

defined by a curve passing near the origin, as in Curve B, thus giving a marked 

change in heat transfer performance with table speed. Alternatively, if hK is 

measured as being low and a shear zone partition model with convection is used, 
then a curve C could be fitted such that, at the data A, the coolir. 2 Is 

attributable mainly to the convective term h. /f. Cooling characteristic curve C 

exhibits very little change with feed rate because h. /f is much greater than 
h(Vf)/f. It is also possible to consider the case when there is a large amount of 
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conduction to the unground boundaries of the workpiece. Under these 

circumstances h(V, ) may well display a 'flat' characteristic and for both the 

above examples the characteristic curve would be similar to the curve C 

illustmted. 

3.5.4. Methods of Measuring Partition 

3.5.4.1 Steady State Temperature Method 

One of the methods used in this invesiigation to measure the shear zone 

partition is based on the above theory that the change in heat transfer 

performance with feed rate is dependent on this value. By observing this change 

under experimental test conditions, partition values can be determined. 

Considerable simplification to the analysis can be made by considering the 

simplest grinding configuration. This occurs under plunge grinding conditions 

where hjK = h& = 0. Further simplification is achieved by insulating the 

workpiece to create the situation hK=0 (ie no conduction through the 

workpiece). Combining equations 24 and 14 gives 

(hjf) + (p. c X If) (26) 
pp 

This expression shows that theoretically the total heat transfer performance of a 
plunge grind is linearly dependent on the feed rate. From this dependence f, 

the shear zone partition can be determined. 

3.5.4.2 Transient Temperature Measurement Methqd 

Plunge grinding was also used by Salter [3] to determine partition fraction. 

However, Salter used a different method from that described above. This method 
has also been used in this investigation for comparative purposes and it is 

described as follows: Using the same experimental set up as above, the transient 

response of a thermocouple mounted within the workpiece is compared with that 

predicted theoretically by a numerical model. The heat flux required-as input to 

the numerical model to give a theoretical thermocouple response equal to that 

79 



observed in grinding is used to quantify the actual heat crossing the grinding 
interface. This value of heat flux is compared with the total heat flux supplied- 
to the grinding zone (as calculated from the spindle power absorbed) and the 

ratio of the two gives the partition fraction. 

The significant difference of this method from that described above is that 
it includes the transient response of the initial stages of the grind and hence the 
temperature 'field in the w. orkpiece is considerably more complex to analYse. The 
finite difference model of these grinding conditions developed by Salter was 
used in this investigation for consistency although the conditions modelled are 
equal to those for which an analytical solution has been presented by Maris and 
Snoeys [23]. 

The effect of different partition fractions and convective coefficients on the 
theoretical transient response of a grind is illustrated in Fig. 19. Two identical 

grinds with different partitions are considered both of which continue until near 
steady state conditions are attained (as given by 26). By suitable selection of 
convective coefficients the steady state temperatures attained by each grind can 
be made equal. However, the rate at which this, temperature is achieved is 
dependent on the magnitude of convection/partition used. This illustrates that 
the transient response of the grinding interface temperature can be used to 
determine partition fractions. 

3.6. Coolant Performance 

3.6.1. Introduction 

Coolant has been reported to absorb up to 98% of the heat produced on the 
creep feed grinding process [121. Any variation in its performance will cause a 
significant variation to the performance of a grind. Such variations in 

performance have been observed within the form grinding arc. This section 
describes a number of models developed with a view to predicting changes in 

coolant performance. 
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In all of the finite element and analytical models of grinding mentioned in 

this and previous chapters, including those of previous research, it has been 

assumed that the ability of the coolant to absorb heat is constant throughout the 

arc of cut. In conventional grinding where the coolant absorbs some 20% (Peters 

[9]) of the grinding energy, such an assumption would-not be inappropriate. Also 

the size of the grinding arc makes the investigation of any variation from this 

assumption very difficult. In creep feed grinding, however, the coolant has been 

shown to play a significant role in the thermal performance of the grind, 

absorbing, as stated, in the order of 90% of the grinding energy (Peters [9], Salter 

[3], Shafto [12]). A variation from the assumed constant performance may have 

a significant impact on predicted performance by thermal modelling. Since there 
is no restriction on experimentation due to the size of the grinding arc, it was 
felt. that, to ensure accurate modelling, the analysis of coolant performance could 

not be overlooked. 

To some extent the use of a constant heat transfer coefficient for the 

analysis of conventional grinding can be explained by. the fact that these analyses 

usually consider the entire grinding arc in one block. In effect, a black box 

analysis of the response of grinding arc, given a certain grinding flux and overall 

coolant performance, similar to that performed in Section 3.4. This, as has been 

shown, is useful for determining overall thermal characteristics bf grinding. In 

creep feed grinding, however, researchers have analysed the local variations 

within the grinding arc, yet they have used coefficients appropriate only to an 
overall analysis. Such an approach seems inconsistent. In this investigation, the 

criterion of burn used is based on the detection of local conditions within the 
form'grinding arc. This criterion can only bi accuiately applied if all of the 

variables, including that of coolant performance, are considered in terms of their 
local values. 

Powell [26] and Salmon [17] have shown that the coolant absorbs, on average, 
17 W/mm 2 when it is near to its peak performance. Using the film boiling 

criteria implies that this peak occurs near to 80 Deg. C above typical ambient 

conditions, giving a convective. coolant coefficient of approximately 200,000 

W/m2K. Under many practical situations of a supply of coolant playing over a 

surface it might be reasonable to expect only minor local variations to this value. 
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In grinding, however, the coolant traverses the area to be cooled (i. e. it is 

transported across the grinding arc in the grinding wheel). It cannot therefore be 

stated that the condition of the coolant that arrives at the downstream areas of 

the grinding arc is the same as that arriving at the top of the arc, (as the use of 

a constant coolant coefficient would imply). 

Previous researchers have observed that the grinding performance tends to 

deteriorate as the grinding arc is lengthened. In particular that the overall 

grinding flux that can be absorbed at the grinding interface is reduced with 
longer grinding arcs (Powell [261, Stuart (14] and Salmon 1171). An explanation 
for this has been that the coolant warms in its passage through the grinding arc 
and hence the longer the grinding arc the less capable the coolant is of cooling., 
Powell [26] and Stuart [14] observed, by the use of dummy electrically heated 

workpieces that over a short Imm arc length the coolant could absorb overall 
twice as much heat flux prior to a burnt-out condition as a 6mm arc length. In 
form grinding the arc length can vary significantly across the width of one grind 
alone. For example, in experiments used in this investigation, arc lengths varied 
from 10 to 76 mm in one form grind. It might be expected therefore that some 
variation in coolant performance in positions of various arc length might be 

expected. Thus if accurate modelling of form grinds is to be achieved, some 
method of accounting for this variation may be required in the analysis. This 

section describes some of the possible methods which can be used. The analysis 
that follows, models the flow of coolant past the grinding interface. The aim of 
the analyses is to determine expressions for the change in the convective 
coefficient of the coolant as a result of its gain in thermal energy as it Passes the 
hot interface. In order that a theoretical analysis can be made, a number of 
approximations have to be made. There are a variety of approximate situations 
which could be considered to be equally appropriate. For this reason a number 
of models are considered. 

3.6.2. Turbulent Boundary Layer Theory 

The first approximation considered is one where the coolant/wheel grit 

combination is replaced by an equivalent free stream of coolant alone flowing 

past the grinding interface at the same velocity as the wheel. Because of the 
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particularly arduous conditions within the real grinding zone, it is assumed that 

the conditions within the equivalent free stream would be turbulent. The change 
in convective performance of the coolant is then analysed by use of turbulent 
boundary layer theory. 

Turbulent boundary layer theory is based on analogies drawn between 

thermal boundary layer temperature profiles and turbulent boundary layer 

velocity profiles. Theoretical predictions of heat transfer performance are related 
to empirical observation of turbulent boundary layer velocity profiles. The 

application of this theory to coolant in the grinding interface thus implies the 

approximation that the grinding wheel does not influence the velocity of the 

coolant close to the workpiece. This approximation is clearly an over- 

simplification. However, it was felt that this analysis was the closest, and most 

appropriate, of standard analytical analyses to the particular conditions in the 

grinding zone. The accuracy of the application of this analysis to these 

conditions was assessed by direct comparison with experimental results. 

The theory used here is based on that by Kays j48]. An expression is 

presented by Kays relating the convective coefficient in an external turbulent 
boundary layer with free stream, velocity u at distance x from the leading edge 

of the heated boundary: 

SýJro*4 - 0.0295(Re 
x 
)-0.2 

where : 
stx - hx/(P. c p 

U) 

Pr - ju. cp/K 

Re - x. u. p/p 

(Stanton No. ) 

(Prandd No. ) 

(Reynolds No. ) 

(27) 

The above expression is reported to be in close agreement with experimental data 

for Prandtl No's in the range 0.5 to 10 which includes that of water (assumed to 
be close to that of the water-based coolant). Substituting appropriate values for 
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the properties of water in the above expression (see app. 5) reveals an expression 

for h, of the form 
x 

hx = 651.36 X, 0.2 (28) 

and average values hc over the length I of 

hc - (651.36/0.8) '0*2 

For the purposes of this investigation, approximations have to be made for the' 

influence- of the grinding wheel within the hypothetical 'free-stream' flow. It is 

here assumed that this influence will, among other things, change the effective 

properties of liquid in the equivalent free stream. Thus it is assumed that a 

method of applying turbulent boundary layer theory would be to present an 

expression displaying the trends of a turbulent boundary layer but having 

different overall magnitude: 

0.2 03 hx - kc. 'c- q- 

where : 
kc is a constant determined experimentally for the conditions 

peculiar to the transport of coolant through the grinding arc, and 
X/I,, (a non dimensional distance from the beginning of the grinding 

arc) 

This expression could then be used to specify the convective performance 

at a point in the form grinding arc where is the non-dimensional distance from 

the entry point of the coolant into the arc. In the climb grinding mode, where 
the wheel speed in the arc lies in the same direction as the workpiece motion 

relative to the wheel, (a mode now accepted for creep feed grinding), this 
distance is measured from the top of the arc of cut. 

In practice the direct application of the above expression to a, g--'3ding 

model leads to an error due to-the nature of the distribution of grinding energy 
in the grinding arc. In the climb grinding mode the coolant enters the arc at the 

point of maximum grinding energy after which the grinding energy diminishes 
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0 

and for an easy-to-grind material reduces to zerq at the base of the arc of cut. If 

the above expression is applied to the conditions at the base of the arc of cut 

where there is no grinding flux, the resulting ýredicted temperature difference 

between the grinding interface and the coolant would be zero, by definition. 

However, the coolant itself would have warmed in its passage through the arc 

and hence the reference coolant temperature is some unknown, thus giving an 

unknown interface temperature. This effect applies to some lesser extent, to all 

points on the arc of cut. 

A method of overcoming such an error, approximately, is given in App. 6 

where the underlying theory leading to equation is developed for the special case 

of a decreasing flux. For such an analysis to be possible it is necessary to specify 
the exact value of flux at a point. To enable this, a further approximation is 

made that the flux absorbed at a point is equal to the total grinding flux, (i. e. 
for the purposes of determining coolant performance the energy absorbed by the 

workpiece and grinding chips is negligible in comparison to the total grinding 

energy). This is considered a reasonable approximation for creep feed grinding 

where only about 2% of the grinding energy is absorbed by the workpiece. The 

resulting analysis gives an expression for the interface temperature above coolant 
inlet temperature 

AT a e'Vn"c 0.2(i-o. 88n)nO. 2 

NB. when q-1, AT *0 

m hx - kc*IC-0.2. (j_O. 88q)-1. q-0.2 (31) 

The result is again presented in a form that shows only the trend in the 

conditions. The conclusion drawn from this analysis is that the temperatures 
attained in the grinding interface are dependent on the arc length to an 
exponential rate of 0.2 even under reducing flux conditions. The actual 
magnitude of convection predicted by the equation reflects the magnitude of 
equivalent coolant wheel combination properties, and these can only be 

determined by experiment. The applicability of this analysis to grinding 

conditions will be determined by comparison with experimental results. 
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3.6.3. 'Solid' wheel/coolant approximation 

An alternative approximation of the physical conditions in the grinding 

wheel is to assume that the grinding wheel restricts the coolant from taking any 

other velocity other than that of the wheel. In other words, the wheel maintains 

a coolant velocity equal to the wheel speed at every point including that 
immediately adjacent to the workpiece material. In this case there is no boundary 

layer and the velocity profile is constant. The case can be considered as an upper 
bound, in which there is complete interference in the coolant flow from the 

wheel. This compares with the turbulent boundary layer analysis which may be 

considered as a lower bound where there is no interference to coolant flow from 

the wheel. A physical interpretation of the solid wheel model is to consider it as 
a macroscopic average effect of the individual heat transfer processes occurring 
in the individual pores between each cutting wheel grit. The coolant is restricted 
from flowing between adjacent pores by the physical interference of the wheel. 
In each pore a cellular flow pattern is created which allows for the realistic 
conditions of microscopic boundary layers to be generated on the boundaries of 
the cell, but leads to the macroscopic constraint of the coolant relative to the 
wheel. The flow conditions within each cell help to enhance the tran . sport of heat 
from the grinding interface into the body of the coolant and may be considered 
to be equivalent to the process leading to the enhanced eddy current diffusivity 

used in turbulent boundary layer theory. The solid wheel approximation of the 
approved conditions comes from the consideration of an equivalent solid material 
that has the same heat transfer properties normal to the surface as that generated 
by the cellular flow. Because these properties may be enhanced '(or perhaps 
retarded) they may bear only a tentative resemblance to the properties of water, 
the wheel, or an average of the two. The analysis can therefore again only be 

used to generate an expression from the trend in heat transfer performance. The 

magnitude of this performance (and the accuracy of the trend) will be 
determined by experiment. 

In the analysis of these conditions, two cases are considered. In the first of 
these a simplification is introduced which allows a comparatively simple 
analytical expression to be derived. Ideally, in the analysis of heat flow from the 
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hot interface to solid wheel passing it, there is a two dimensional flow of heat 

within the wheel. However, since the velocity of the wheel is high, it is possible 

that the flow of heat by conduction in the direction of wheel velocity is 

negligible in comparison to that due to mass transfer. The important flow of heat 

within the wheel is that flowing normal to surface, and the problem can thus be 

reduced to a one dimension analysis of heat flow in a thin section of wheel as it 

passes the grinding interface. In theoretical terms the section can be considered 

as a semi infinite perfectly insulated rod initially at ambient conditions subjected 

to a step input of flux that reduces linearly to zero (or near zero value). Under 

these conditions 

aTlat - malTlax, (32) 

where : 

x represents the distance away from the wheel - 
surface 

T is the temperature above ambient: AT -AT(x. t) 

t is the time from the instant the thin section of the wheel first 

enters the grinding arc. 

The above is subject to the initial conditions 

AT (x, O) -0 

and the boundary conditions 

-K. clT/clx(O, t) - f. e'Vn(lc-Vs't)/lc 0<t< IC/Vs (33) 

aT/ax(x, t) --o. 0 as x -. + oo (34) 

The first boundary condition again implies that the flux absorbed, by the 

coolant is negligibly different from the total value of grinding energy supplied to 

the interface. 
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Standard solutions exist for this problem. The partial solution presented here is 

taken from Ref. [49] and is of the form 

AT(x, t) - xl(., IK(Vir))j (11-2exp(-172). h(t - x2/(4(v7))) dr) (35) 

where 
h(t) is a function that defines the flux as a function of time t. 

h(t) - f. e-Vn*(lc-Vs*t)/lc (36) 

For the determination of the grinding interface temperature AT(O, t) is required. 
The above integral for x-0 is solved in appendix 7 to give 

AT(O, t) C_ 
(2 /3'Vs't/lc) (37) 

:. AT cx e. V. A.. (1 ýq (38) 

The maximum temperature occurs when t* 1/2*lc 

(i. e. one half of the way. through the grinding arc) the maximum temperature is 

ATss 
.4 

/3(f. e'Vn'vllc)/., /(K. p. c p . 1r. v, ) (39) 

The overall heat transfer coefficient hý 

hc - f. e. V, /AT., =3 /4. -/(K. P. c P. T. V8.1 
C-1) 

(40) 

This can be compared directly with the solution obtained by Jaeger for the case 
of a moving heat source over a semi infinite (solid) plane as given in Eqn. 16. 

The Jaeger solution includes effects for two dimensional heat transfer. 

The above result -.? ýrýws that the convective performance of the solid wheel 

approximation to the heat transfer conditions in the grinding arc is dependent on 
arc length to the power 0.5. This compares with the 0.2 value obtained with 
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boundary layer theory. The validity of either model was tested by making 

comparisons with experimental data 

3.6.4. 'Solid Wheel and Workplece Model 

One of the Principal approximations made in both of the above analyses is 

that the heat transfer to the workpiece does not influence the convective 

performance of the coolant. Experimental results (Salter [3] and Shafto 112)) 

indicate that approximately 2% of the grinding energy enters the bulk of the 

workpiece material in creep feed grinding and hence such an approximation does 

not seem unreasonable. However, Salter's work suggests that there is only a small 

convective effect on workpiece temperatures. Under these circumstances the heat 

transfer to the workpiece is comparable to that entering the coolant and it is no 
longer possible to define the amount of energy entering each for the assessment 

of the corresponding heat transfer performance. In this case it is thus necessary 
to consider both the workpiece and the coolant in the formulation of the 

problem. 

The cooling of the workpiece heat transfer and boundary layer heat transfer 
is beyond the scope of this investigation. However, it was noted that the existing 
Finite Element model could be easily extended to include both wheel and 

workpiece. Such a model leads to a solid wheel approximation of the 

wheel/coolant combination but includes the required coupling between heat 

transfer in coolant and workpiece. 

The Finite Element mesh for the combined wheel workpiece model is shown 
in Fig. 20 and Fig. 21. The formulation of the governing equations for this model 
is similar to those described in section 3.2.2.2. - see Eqn. 11. This in the 
workpiece heat transfer is governed by 

V2 T- Vf. aT/8x -0 (41) 

However, in the 'wheel' the material velocity has components in both x and y 
and overall magnitude V.. Therefore in the 'wheel' the workpiece heat transfer is 

governed by 
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V2T - Vcos(p). aT/ax + V. sin(P). nlay -0 (42) 

where P defines the position in the wheel as shown in Fig. l. The two and three 
dimensional versions of this model are shown in figs. 20 and 21 resp. Again the 

accuracy of these models was determined by direct comparison with experimental 
data. This model also shows the theoretical temperature distribution within the 

wheel ( Fig. 22). 
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4. EXPERIMENT PROCEDURE + EQUIPMENT 

4.1. Introductlon 

The experimental work described in this thesis may be split into three 

distinct sections: 
A) The experimental characterisation of the grinding of titanium. This was 

done mainly by noting the influence of various grinding parameters identified in 

section 2.8 on specific grinding energy, surface finish, and quality of the ground 

material. These characteristics were also required for the input data of all the 

grinding simulations used in this research. 
B) The characterisation of general heat transfer properties of creep feed 

grinding, particularly the partition of grinding energy to the workpiece and 

coolant. 
C) Form grinding tests for verification of theoretical and laboratory results. 

To ensure the direct relevance of the research results to their proposed 

commercial application, represeýtative form grinds were made at Ex-Cell-O on a 

commercial grinder using compressor blade materials supplied by Rolls Royce. 

This chapter describes the grinding equipment, instrumentation and procedures 

used to determine the experimental data. 

4.2. Laboratory Tests 

4.2.1. Equipment 

The cylindrical grinding machine used for the collection of grinding energy 

and partition data was a purpose-built research machine designed to investigate 

the use of creep feed grinding for cylindrical operations. A summary of the 

machine specification and operating procedures is presented here. Further details 

may be found in refs [13] and [3]. 

The overall layout of the rig is shown in plate 3. The wheel lies in a vertical 

plane and its overall position remains fixed. The workpiece and dresser are 
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mounted on slides which are diametrically opposed. The workpiece slide supports 

the headstock, tailstock, the workpiece rotation drive, and the drive train. 

The dresser slide supports only the dresser roll assembly and was used to 
continuously dress the wheel. The dresser used for all laboratory tests was a 

plane (i. e. flat profile) hand set diamond roll. The dresser motor was fixed to the 

machine base and coupling to the dresser spindle was achieved by a toothed belt 

which accommodated the change in coupling distance through the entire length 

of the dresser traverse. The wheel spindle motor was mounted on a separate base 

to isolate vibration and was coupled to the wheel spindle by Vee belts. All linear 

journal and thrust bearings were hydrostatic for reasons of machine stiffness. 
Two hydrostatic thrust bearings were replaced by rolling element bearings, 

however, be. cause they showed a tendency to close and seize. These bearings now 
use rolling element bearings. Workpiece and dresser slides were driven by DC 

servomotors connected to pre-loaded ballscrews. Closed loop feedback between 

the servomotors and the servodrives maintained control on ballscrew angular 

position. Workpiece rotation was controlled by a third servomotor and 

servodriver giving control of workpiece rotation speed. Control of all three 

servodrives was achieved by purpose -built CMOS logic circuits mounted in a 
control console as shown in plate 3. These circuits were designed for the purpose 
of controlling the three axes in the required manner to achieve continuous dress 

creep feed grinding of a rotation workpiece. Input of particular parameters to 
the CMOS logic is set by thumb wheels. 

The machine could be controlled to achieve creep feed grinding with CD 
during plunge only, rotation only or plunge rotation grinding while maintaining 

control of workpiece dimensions. To set up these conditions, initial and final 

workslide positions were input relative to slide reference position called the 
'home'. The workslide feed rate was specified to the nearest micron and the 
dressing rate was specified as a percentage of the workslide feed rate. The 
'input' workslide feed rate was the absolute feed rate of workslide only (i. e. that 

relative to the machine base). The true feed rate required for grinding was the 
feed rate relative to the wheel circumference, but this position was changing at a 
rate defined by the dresser. Consequently manual calculations had to be made to 

account for this coupling between specified slide feeds. Workpiece rotation was 
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controlled by a variable pot resistor which was calibrated manually to give 
workpiece rotation speed. Wheel and dresser rotation speeds were continuously 

variable. 

Coolant was supplied to the grinding by a shoe fitting over the wheel 

upstream of the arc of cut. Plate 4 shows a view of the workpiece and coolant 
shoe positions prior to a grind. Shoe coolant application has been found to be the 

most consistent method of coolant application. For the purposes of the rig it was 
found [3] that a minimum show pressure of 0.5 bar with water based coolants 

was sufficient to give optimal cooling conditions. Coolant was also supplied to 

the wheel dressing area by a nozzle mounted directly at the entry nip between 

the wheel and dresser. Its purpose was to aid cleaning of the dressing debris 
from the wheel. - The coolant used for laboratory tests was Castrol, Clearedge 

EP284. 

4.2.2. Instrumentation 

The instrumentation in, the laboratory equipment consisted of dynamometry 
for measuring grinding forces, thermometers for measuring workpiece 
temperatures and a micro-computer controlled data logging system for recording 
outputs. A schematic of the instrumentation system is shown in Fig. 23. The 

components in this system are described in detail below. 

4.2.2.1. Dynamometer 

Forces were measured in the creep rotation grinder by measuring the 
differential pressures across diametrically opposing hydrostatic pads in the main 

spindle journal bearing. The bearing has three such pairs of pads orientated 

symmetrically. Tappings from them are connected directly to three differential 

pressure transducers giving a 0-1 v output -for differential pressures of 0-7 bar. 

The outputs from these transducers were calibrated by applying known static 
loads to the extreme end of the wheel spindle. The actual load at the wheel was 
found during calibration by taking moments about the rear spindle journal 

bearing. Apparatus built by Salter [3] allowed calibrative, loads to be placed both 

horizontally and vertically with and without wheel rotation. These were used by 
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Salter to show that hydrodynamic effects caused by wheel rotation do not affect 

the output from the dynomometry for a given load. The outputs were connected 

via a 15 Hz low pass filter to a data capture unit described in section 4.2.2.3. 

4.2.2.2. Thermometry 

The theories described in chapter 3 relating'to heat transfer characteristics 

predict these characteristics from temperatures recorded under particular 

grinding conditions. Under most circumstances these temperatures need to be 

iecorded at, or near to, the grinding interface. Two of the main methods of 

making these measurements make use of thermocouples. One method involves the 

use of conventional thermocouples mounted within the workpiece. These are 

ground through during a test giving a recording of temperatures below and at 

the grinding interface. The other method involves the use of the grinding wheel 

to make one junction of the thermocouple. This can be done directly or 
indirectly. The direct method uses the wheel as one of the components of the 

thermocouple as described in Section 2.6.2. [Ref 28,29]. The thermoelectric emf 
is measured across the wheel and workpiece by a slipring arrangement and it 

clearly requires the use of wheels made of a conducting material such as silicon 

carbide . The indirect method of using the wheel to make a thermocouple makes 

use of the smearing action of the grinding process to make a junction between 

two otherwise insulated leads mounted on the workpiece. Both of these methods 

give continuous outputs of temperature at the grinding interface. The latter 

method however, is possibly more convenient as it does not require the use of a 

particular wheel type and gives a reading at a particular location in the interface 

rather than an average for the entire arc. These thermocouples have been termed 

grindable or eroding thermocouples [50][51] on both these and conventional 

thermocouples have been used in this investigation. In all cases type K 

thermocouples were used: that is, the dissimilar metal used to create a 
differential EMF at the lead ends were made of nickel chromium and nickel 
Aluminium. 

In the majority of the tests, thermocouples were used to measure the gradual 

change in workpiece tempqature as the grinding arc passed the point of 

measurement. In a number of tests, however, the thermocouples were used to 
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determine the transient response of the workpiece to a near step input in 

grinding flux. It was anticipated that this response could be comparable to the 

limitations of the thermocouple used so a brief study was made of the transient 

response characteristics of thermocouples. These characteristics have been of 

particular interest to previous researchers measuring shallow cut grinding 

temperatures where the grinding arc transverses the workpiece quickly and hence 

subjects any fixed point in the workpiece to an impulse like temperature 
distribution. In the analysis of response researchers have considered two factors 

involved: 

a) the time for the mass of the thermocouple junction to attain the 
temperature of the surroundings and 

'b) the response of the thermoelectric emf to the junction temperature. 
In clinical analyses of thermocouple response alone [52] and [53,54] the latter 

effect has been considered as effectively instantaneous in comparison to the 
former and hence can be considered negligible. The former effect has been 

studied with particular application to grinding by Nee and Tay (50]. They found 

that for eroding thermocouples of similar dimension used in this investigation, 

the response of the thermo-couples to step temperature input. was exponential 

with a time constant (time to reach 0.63 of the input value)of 3ms . 

The only experimentation on thermocbu6le response made in this 
investigation was to confirm the equivalence of response from leads of dissimilar 

length (leads of up to 5m length were used in some tests). Response 

characteristics were monitored by rapidly increasing the thermocouple in a pool 
of molten solder. The transients seen were similar to that seen in grinding tests 

and no variation was observed with lead length. 

For the grinding modes used in this investigation transienis measured were 
approximately 100 times slower than those measured by Nee and Tay [50] and it 

was thus concluded that thermocouple response characteristics were effectively 
negligible. 

Thermocouple outputs were recorded by a data capture unit (section 4.2.2-3). 
The measurements taken were made relative to ambient conditions. In most tests 
this was the only measurement required. 'For the absolute measurement of the 
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onset of burn, ambient temperatures were measured by a mercury in glass 
thermometer. It was felt that the use of an ice bucket reference junction was not 
justified since under most circumstances the onset of burn was determined from 

the interpolation of existing data. From the results presented here, this could 

only be determined to within +1-5 Deg. C. 

The thermocouple and data capture unit system was calibrated only to 

confirm that the emf measured at 0 and 100 Deg. C where consistent with the 

standard output from the nickel/constantium thermocouple chart and that they 

were not being unduly affected by the current drawn by the capture unit. For 

the purpose of the tests temperature measurements were made on the 

approximation that temperatures at the thermocouple were proportional to the 

emf produced at the end of the leads. This gave a theoretical error of 0.1% in the 
range 0-100 Deg. C and a 4% error at 1000 Deg. C. The magnitude of this error 
is considerably less than the variation found between successive tests at the same 
conditions in the respective ranges mentioned. 

4.2.2.3. ' Data logger and software 

Forces measurements on the initial tests of this investigation were recorded 
using a DC amplifier 4nd UV recorder. This system was replaced by a data 

capture unit to aid and increase the efficiency of laboratory testing. The system 
was selected on the principle that not only should it be capable of processing the 
output from the dynamometer but it should also be capable of capturing 
transients outputs from approximately nine thermocouples. Ideally the system was 
also to be portable for ease of transport to on-site industrial tests and should 
thus consist of the minimum number of components. While it was possible to 

obtain portable microcomputers with onboard analogue to digital converters, 

none of these were capable of triggering from the input signal alone at high 

sample rate. The system chosen used a separate data capture unit designed 

specifically for such triggering which, when initiated, was dedicated to the 
logging of information input to an internal differential DC amplifier and D/A 

converter. The unit was armed and de-loaded by commands sent from a BBC 

microcomputer which was then used to process and present the information in 

graphical form. The data capture unit had an internal DC amplifier with 10 
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software programmable gains giving (at highest amplification) an input range on 
thermocouples input equivalent to 250 Deg. C and, (at the amplification used 
for force logging), a range equivalent to 1240N. The D/A converter gave a 

resolution of 0.05% on these signals. The system is shown in Plate 5. 

The software written for this system is documented in detail in a separate 
report [55]. Briefly four main programs were written, two to capture, process, 
save and print information from dynamometry and thermocouples and two more 
to recall saved information from disc. The programs were written so that 

parameters such as the trigger level, pretrigger interval, sample interval, amplifier 
gain, total sample time and number of channels, could all be easily modified 
prior to each test. The program'also requested a list of test conditions so that 
consistent records were available for future inspection. The type of processing 
made on the data depended on the program type. The force data capture 
program converts the, three pressure transducer outputs into the respective 

vertical forces, horizontal forces and specific energy with the option of a 

software filter. The thermocouple data capture program linearly converts the 
input to. a temperature measurement. These are then displayed in the graphical 
form (as illustrated in Fig. 23) and this can, if required, be saved to disc and/or 

printed. 

4.2.3. Specimen Design and Experimental procedure 

A number of different specimens were used for Laboratory testing. The 
various types and their functions are : 

1) Cylindrical : For the determination of grinding energy characteristics, 
2) Pin : For the determination of partition data, 
3) Warm up : To assess the change (if any) in convective performance 

with arc length. 
This section describes the various specimen types and the respective test 

procedures used in detail. All specimen types were made from both the 
representative titanium alloy and a control material. 
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4.2.3.1. Material 

The titanium alloy used in this investigation was a 6AL-4V titanium alloy 

supplied by Rolls-Royce or obtained directly for IMI (specification IMI318). 

This alloy is commonly used in compressor blade manufacture and is thus the 

material Ex-Cell-O grinders will be expected to machine successfully if they are 
to be supplied for compressor blade manufacture. Its principal constituents other 
than titanium are aluminium (6%) and Vanadium (4%). A summary of the 

material properties is given in Appendix 9 and full details may be found in 

Ref. 6. 

The control material, against which grinding characteristics are compared, 

was an EN9 steel. This is a material used by previous researchers [3,131 and is 
known to be 'easy- to -grind'. Its principal use as a grinding control was to ensure: 

a) that results from new grinding procedures were compatible with 
existing results, and 

b) that any inconsistencies found during the development in the 
6 procedure could not be confuýed with peculiarities attributable 
to titanium grinding. 

A summary of the material's properties is given in Appendix 9 or in more 
detail in Ref [56]. 

4.2.3.2. Cylindrical Tests 

Cylindrical tests were made for the determination of general grinding energy 
characteristics using plane cylindrical grinding. The decision to use this method 
of grinding was based mainly on the availability of machines within the 
laboratory. Although cylindrical grind affects the length of arc use, it can be 

shown that the results are directly applicable to surface grinds by observation of 
the derivation of equation 9 in section 3.2. The expressions for specific energy 
described are applicable to all grinds with a triangular distribution of normal 
feed rate in the arc of cut (such as cylindrical and surface grinds) and are all 
independent of are length. The accuracy of this theory is discussed in Chapter 5. 
The plane cylindrical specimens used for these tests are shown in Plate 6. 
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The procedure used for each test was as follows: Prior to each test a small 
program was run to determine the feed rate required to give the desired 

continuous drive feed rates. Feed positions were specified relative to the 

workslide reference home positions. The position of this, relative to the wheel 

surface, was determined by jogging the workpiece flush with wheel and noting 
the displayed workslide position on the control console. The workpiece was then 
CD plunge ground to full depth without workpiece rotation, at 2., Um rev dressing 

and 10mm/min plunge feed rate. The dressing rate was then adjusted to that 

required for the tests and the wheel allowed to dress without cutting to remove 
0.3mm of the wheel radius. The data capture unit was then operated, the shoe 
repositioned on the wheel and the workpiece rotated at full depth of cut. A 

grind was allowed to continue for 10 secs. giving consistency of active grit life 
(Active grit life was found by. Salter [3) to be the parameters which accounts for 

any change in grinding energy under continuous dress conditions). The 

workpiece rotation was then stopped and the wheel allowed to dress to remove 
0.2mm of the wheel radius before repeating the grinding procedure. By this 

means up to eight grinds were achieved in any one test at a given dress rate. 

Following a test, the raw data collected ftom the data capture unit was 
displayed on the VDU. Because the dynomometry measured forces acting on the 

wheel, changes in shoe position register on the output trace. These changes not 
only occurred when the shoe was manually repositioned, but also throughout the 

grind due to the change in wheel radius. Points of zero grinding force either side 
of all of the above grinds had therefore to be identified on the raw data trace 
prior to processing and this was done manually by moving a cursor. The software 
then linearly interpolated between these two zeros to determine the relative 
deflection of a trace at a given time. The rotation speed was then input and the 

procedure repeated for all the grinds monitored. Specific energy vertical force, 
horizontal force, graphs were then automatically produced sequentially on the 

screen for each test. These were also reproduced on paper and saved on disc. 
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4.2.3.3. Pin specimens 

The 'pin' specimens were cylindrical workpieces with diameter just less than 

the width of the wheel. They were plunge ground down the length of the 

cylinder. Thermocouples were mounted centrally along the length of the 

specimens and these were thus ground through during the grinding operation to 

give a reading of the interface grinding temperature. To reproduce near one 
dimension heat flow conditions, the sides of the workpieces were thermally 
insulated down their sides. The design of these specimens is shown in Fig. 24. it 
is based on the design developed by Salter [3] with the following modifications: 

1) Three thermocouples (or one eroding thermocouple) mounted 
down the length of the specimen to ascertain whether an 
assymptotic interface temperature was achieved and if so, what 
value (for reasons described in section 3.5.4) 

2) Split specimens to allow thermocouples to be spot welded to the sides 
of a central bore (for reasons described below). 

3) Large overall pin dimensions to decrease the relative influence of the 
larger central bore required to take the extra thermocouples. 

4) Constant cross sectional area of insulation across the face of grind to 
ensure that the means by which the coolant arrives at the workpiece 
does not change during a grind. 

Conventional thermocouples were used to measure temperatures within 
specimens. Two practical considerations limited the accuracy with which point 
temperatures could be measured by this type of thermocouple. One was the 
method and accuracy by which a thermocouple couldn be located at the desired 

point. The other was the method by which good contact between it and the 

material could be made. 

One of the most accurate methods of achieving both accurate location and 
good contact was deemed to be the method used by Shafto, [121 and Wernen [27]. 
This method was reproduced in this research by the following procedure. The 

workpiece was sectioned in a length-wise plane of symmetry perpendicular to 
the ground surface. Thermocouple leads were then W. up grooves machined in 
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one side of the workpiece material and spot-welded to it at the top of the groove 

which was at a predetermined distance from ground surface. The two workpiece 
halves were bolted together, silicon rubber being used to seal the joint from 

coolant. Although this manufacturing method created a discontinuity in the 

workpiece material, the flow of heat was not disrupted (when grinding plane 

surfaces), because the discontinuity lies on a plane of symmetry of the predicted 
thermal field. A view of the thermocouple in position on a pin specimen section 
prior to assembly is shown in plate 7a. 

The eroding thermocouple used in this investigation was manufactured by 

the Nanmac Corporation. This thermocouple had a tubular construction. The 

outside of the tube was made of a stainless steel shield surrounding a mica 
insulation. The core of the thermocouple was made of the two dissimilar metals. 
Each occuped half of the core, and were insulated from each other by a thin 

micra divide. At one end of the thermocouple the tube was machined square 

revealing the bare end of the core-materials. This machining process caused small 

amounts of one of these materials to be smeared across the mica devide, creaýing 

electrical contact with the, other core material. 'By this means a thermocouple was 

created at the extreme end of the tube. The thermo electric EMF was measured 

at the other end of the tube. Further machining of the bare end only served to 

continue the recreation of a new couple between the materials (hence the 

thermocouple's name). This thermocouple was used for grinding exp6riments by 

Cosmano et al [5 1 ]. It was used. in this investigation to monitor pin grinding 
temperatures. In particular it was used to monitor the transients in these 

temperatures and also to make comparisons between grit cutting temperatures 

and bulk material temperatures measured by the conventional thermocouples. The 

method of mounting the eroding thermocouple is shown in plate 7b. 

The procedure for all pin grinding tests was to first grind blank cylindrical 

specimens to determine the specific grinding energy under the given grinding 

conditions. The blank specimen was then removed and replaced with a specimen 

with thermocouples mounted. The first 3mm of the specimen was then removed 
by an initial grinding operation the sole purpose of which was to ensure 

uniformity of workpiece and insulation surface with that of the grinding wheel. 
The plunge test was then performed until all thermocouples had been ground 
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through (or in the case of the eroding thermocouple until a steady interface 

temperature was established). - 

4.2.3.4. Warm-up Tests 

The purpose of these tests was to measure any change in interface 

temperature along the length of a ground surface subjected to a constant overall 

grinding flux. This would show the trends in changing coolant performance as 
described in section 3.5. Constant grinding flux conditions were achieved by 

using plunge grinding conditions where, theoretically, there was a constant chip 
thickness throughout the entire arc length. Any change in interface temperature 

along this length could thus be attributed solely to the warming of the coolant 
along this length giving a corresponding change in convective performance. 
Warm-up specimen design and tests were based largely on that used for the 
standard pin specimens. However, the warm-up specimens were designed to 
present a rectangular grinding surface to the grinding wheel (the length of the 
rectangle being in the direction 

' 
of wheel rotation). A schematic of the specimens 

-and the mode of grinding is shown in Fig. 25. Conventional thermocoupies were 
used and the method of mounting was by the sectioning and spot welding 
method described above. Temperatures were measured at various lengths along 
the grind and at various depths below theý original workpiece surface as shown in 
Fig. 25. The specimens were then plunge ground using the procedure used for 
9pin tests' described above. 

4.3. Grinding tests on a Commercial Form Grinder 

4.3.1. Equipment 

The commercial machine used to make form grinds was an Ex-Cell-O radial 
form grinder used in a linear mode to produce linear form grinds. The machine 
was designed to produce radial forms typical in nozzle guide vane manufacture. 
The workpiece was normally mounted on a face plate and rotated through an arc 
during a creep feed cut. However, one of the machine's features was its ability 
to produce radial grinds with an infinitely variable range of arc radii. This was 
achieved by mounting the face plate centre on the slideway of the orthogonal 
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axes, which by means of CNC, were used to traverse this centre through the 
theoretical arc of the described radii (within the bounds of axis traverse). For 

the purposes of this investigation one of these orthogonal axis was used to 

produce the linear grinds. 

The machine used, is shown in plate 8. It consisted of a vertical rotating 
face plate mounted on two orthogonal axis (as described above) and these were 
mounted on a horizontally rotating table. The grinding wheel and main spindle 

motor were mounted on two further horizontal orthogonal axes. The final 
dressing axis was mounted on the wheel slide. The whole assembly was enclosed 
in a coolant guard as shown. All seven of the above axis were controlled by 
CNC, allowing complete control of axis movements by software. Wheel and 
dresser speeds were similarly controlled. 

The main differences in the grinding process used at Ex-Cell-O and that 

used in the laboratory at Bristol were (a) the mode of grinding; (b) the coolant 
supply system and (c) the dresser type. The effect of each are discussed as 
follows: 

(a) Grinding Mode: Laboratory grinds were cylindrical not surface as used 
at Ex-Cell-O. Specific energy values are directly applicable for reasons 
discussed in section 4.2.3.2. 

(b) The coolant supply system used in all commercial machines is by means of 
nozzles and there may be several of these for each wheel. The Ex-Cell-O radial 
form grinder had four nozzles per wheel. One main nozzle was pointed at the 

workpiece grinding wheel nip (see plate 9) and one pointing at the wheel 
workpiece 'exit' (at the bottom of the arc of cut). One minor nozzle was pointed 
directly at the wheel dresser nip and another pointed perpendicular to the wheel 
surface just after the dresser to ensure wheel cleansing. The results of Powell 
[26] show that provided coolant is supplied at the correct velocity to the wheel at 

sufficient rate the nozzle coolant supply method produces indistinguishable 

results from that of a coolant shoe also operating at an optimum. The nozzles of 
the Ex-Cell-0 machine were supplied with coolant at 9 bar and their sizes were 
such that there was a coolant velocity of 30 m/s. These specifications were 
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considered sufficient to meet those recommended by Powell. Thus no difference 
in grinding performance to that seen at Bristol was anticipated due to the 
different method of coolant application. 

(c) Two dresser were used at Ex-Cell-O. Flat grinds were made using a 
unformed dresser already used in Ex-Cell-O grinding trials. The dresser used to 
produce the forms on the grinding wheel at Ex-Cell-O was donated by Diamant 
Bort. This dresser was made specifically for the purpose of these tests with face 

angles at 40% 60* and 80* positioned regularly as shown in plate 10. Both dressers 

were of a reverse plated type which is a type popular in industry because it is 

cheaper than hand set dressers and offers a comparable service life expectancy. 
Recent research by Rezaei 156] however, has shown that the use of reverse plated 
dressers, instead of hand set dressers, decrease the efficiency of the process, thus 
causing higher specific energies for given dressing rates. It was thus necessary to 
take account of the increased grinding energies by determining the characteristic 
grinding energy curves of the Ex-Cell-O grinding set-up. 

4.3.2. Specimen Design 

All specimens ground on the form grinder were of one overall shape for 

each material ground. Four main varieties of forms were ground. These were 
chosen to be both representative of blade forms and to have constant form angles 
over limited sections of the grind for ease of analysis. These forms consisted of a 
plane grind (i. e. normal flat surface grind), grinds at 800 face angle, grinds of 
combined 40* and 60* face angle and grinds of a combined 40", 60" and 80" face 

angle. The overall dimensions of the workpiece and the orientation of the grinds 
is illustrated in Plate 11. 

Over 80 specimens were ground on the form grinder and each specimen was 
mounted with thermocouples. The positioning of these thermocouples was made 
such that temperatures were measured at (and just below) point of 5mm depth 

on the form grind types (with the exception of the combined 40*/60"/800 

grind. I 
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A number of plane surface ground specimens had thermocouples positioned 
by the sectioning and spot welding method described in section 4.2.3.3. However, 

the identification of an adiabatic boundary for sectioning in form grind 
specimens was not possible and for these specimens it was necessary to find an 
alternative method of mounting thermocouples. The method used was'similar to 
that used by Salter [3] where the thermocouple was fed up a hole machined from 
the rear of the workpiece towards the surface to be ground. The thermocouple 

was held at the top of this hole by a wooden splint forced into the remaining 
gap. The lead and splint were then clamped in position by a retaining clip across 
the face of the hole. 

One of the benefits of the sectioning and spot welding method described 

earlier was that good thermal contact between the thermocouple and workpiece 
was ensured by the welding process. Such good contact could not be ensured in 

the non-sectioned workpieces. One method used to check the thermal contact for 

these specimens was by measuring the electrical resistance across the two. In 

general this was found to be less than 0.01 ohms. Any deviation from this was 
seen as an indication of poor contact and the mounting operation was repeated. 
To ensure that this method of mounting thermocouple was as effective as that 

used in sectioned workpieces both types were used in a number of surface 
grinding test. The output from each was found to be indistinguishable. 

4.3.4. Procedures, 

Specimens were mounted in a purpose-built fixture as shown in plate 9. For 

each form grind type the coolant nozzles shown were manually positioned. Each 

specimen was ground once, the temperature logged and the armature current 
noted. In certain circumstances the specific grinding energy of individual faces 

of the form was required. This was achieved by making further grinds on the 

already ground specimens. These subsequent grinds were made with a combined 
infeed and transverse displacement of the workpiece, as shown in Fig. 26, giving 
a constant depth of cut on one face alone. 
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S. RESULTS 

5.1 Grinding Energy 

5.1.1 Introduction 

. Titanium is reported to be difficult to grind under conventional conditions 

because of its chemical affinity with grinding wheel materials, low stiffness'and 

low thermal conductivity 1351. In the following section, the specific grinding 

energy characteristic of an example compressor blade titanium alloy, IMI 318 is 

determined under continuous dress conditions and this is compared with the 

characteristics of a typical easy-to-grind material: EN9 steel. The influence of 

wheel speed and wheel hardness are also presented. The aim of this section is to 

display qualitatively the comparative characteristics of IMI 318. Numerical values 

quantifying these characteristics by the manner presented in Section 3.2 are also 
derived for use in the subsequent numerical thermal analyses. 

5.1.2 General Characteristics 

The values presented in the analysis are based on, the direct outputs 

produced by the data capture unit immediately after the relevant grinds were 
taken. These outputs are of the form shown in Fig. 24. This shows an example 

plot of the specific energy required in the grinding of the titanium alloy used 

with a silicon carbide wheel. Salter [3] concluded that, under continuous dress 

conditions, there was some variation in the grinding performance of a CD wheel 
during the cut indicating that continuous dress does not necessarily maintain the 

wheel in a constant state of sharpness during its cut. The variation was found to 
be a function of the active time of cutting wheel grit and hence the overall time 

of a grind. Typically, the specific energy would rise by 20% in 40 seconds of a 

grind with conditions similar to those in this investigation. The above 

characteristic was not investigated in this research: however, the effects were 

monitored. la all cases, for test durations in the range of 2 tL' :0 seconds any 

such variation could not be distinguished from the overall variation observed in a 

single test, as indicated in Fig. 24. Such variation was found to be of the order 
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of ± 7%. Variation of this type was attributed to flexibility in the drive system 

giving inconsistencies in feed rate. 

5.1.3 Hard Wheel Dressing Characteristics 

Outputs of the above form were used to produce the general characteristic 

curves of IMI 318 grinding in Figs. 28 and 29 and for those of the easy-to-grind 
EN9 in Figs. 30 and 31. Because of the unknown influence of self-dressing in 

the grinding arc when using soft wheels, the wheels used for the thermal analysis 
in this investigation were hard ; wheels. This ensured that the natural wear 

mechanism in the grinding process was one of attritious wear which would not 

compete in terms of wear rate with that imposed by the dresser rate set. Fig. 28 

shows the characteristic specific energy versus dressing rate curve for IMI 318 

with a hard wheel(GC60I. L26V) at 30 m/s wheel speed. These characteristics are 

similar to those found by Salmon [17] on the continuous dress creep feed 

grinding characteristics of the nickel alloy turbine blade material (i. e. the 

material currently, ground on Ex-Cell-O machines). These results thus indicate 

that, under continuous dress conditions, the titanium alloy IMI 318 grinds as a 

normal"hard-to- grind" material. These characteristics may be summarised as 
follows. Higher dressing values lead to sharper wheels and hence reduced cutting 

energies. At high dressing rates the wheel approaches asymptotically a minimum 

value beyond which no improvement appears to be made. Parrott[l] suggests that 

such optimum conditions are always obtained when using a dressing rate of 1.5 

pm/rev. The results using the above combination suggest that this is not the case 

and hence minimum specific energies are not achieved until dressing rates of the 

order of 3 pm/rev are attained. 

5.1.4 Soft Wheel 

In practice, such a hard wheel as that described above would not be used in 

commercial operations. This is because, as stated in Section 2.3.11. it has been 

found that there isian optimum wheel hardness leading to optimum conditions 
for specific energy and form holding. In order that the range in grinding energy 
for the range of possible wheel hardnesses could be assessed, a soft grinding 

wheel (GC60IG23V) was also used in the grinding energy tests. The grinding 
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energy characteristics using this wheel at 30 m/s surface speed is shown in Fig. 

32. Here, it can be seen that the minimum specific energy is approached at 
dresser rates nearer to the 1.5 jum/rev value noted by Parrottli I The overall 

characteristics are similar to those found with the harder wheel but the values of 

specific energy are generally lower. 

5.1.5 Feed Rate Dependency 

Fig. 29 shows the change in titanium specific grinding energy with feed rate 

at various dress rates for the hard silicon wheel. The results shown are in 

agreement with Shafto's [12] findings for "hard-to-grind" materials (as explained 
in Section 2.3.4). At lower feed rates there is an increase in the specific grinding 

energy. As Shafto stated, -this may be explained by the presence of ploughing 

which absorbs'a certain fraction of grinding energy. As feed rates are reduced, 
the amount of cutting is reduced and this ploughing fraction becomes more 

significant, hence reducing grinding efficiency. It was also noted that the 

characteristic became more apparent at lower wheel sharpness which substantiates 
the assumption made in Section 3.2 that ploughing energy is a function of wear 
flat area. 

These results may be compared with those found for the EN9 material under 
changing feed rates, as shown in Fig. 31. EN9 is known to be an easY-to-grind 

material and hence it displays a constant specific energy characteristic with feed 

rate indicating the absence of ploughing energy (Shafto [12], Section 2.3.4). 

The characteristics shown in Fig. 29 indicate that the change in specific 

energy with feed rate for the titanium alloy is comparatively small. In form 

grinding low normal feed rates may occur as a result of a high form angle: 
hence, the factor should not be disregarded. However, apart from this effect, 

under most circumstances it would be expected that the process would be 

operated with higher feed rates when the specific energy shows little dependence 

on the rate used. 

The results show that at a given dress rate, workpiece feed rates can be 

increased until burn is encountered and that this occurs earlier for lower dressing 
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rates. For this wheel, therefore, the limit to the process is burn. However, when 
grinding with the softer G grade wheel, it was found (as Salmon found [17)) that 
burn could not be created. At previously abusive conditions for the hard wheel, 
the soft wheel self-dressed. Under these conditions the wheel is maintained in a 
state of sharpness exceeding that which the dressing rate set on the grinding 
machine suggests and burn is avoided. However, the resulting surface of the part 
ground was irregular indicating uneven wear across the wheel. For the purposes 
of grinding titanium optimally with silicon carbide wheels, it would be necessary 
to choose a grade of wheel that lies between the extremes of wheels presented 
above. It is not possible to make a general recommendation here from these 
results because it would be desirous to choose a wheel which allowed for some 
self-dressing to occur and this factor is likely to be a function of the particular 
grinding arc conditions present. For example: if the self-dressing process is 

caused by the fracture wear mechanism postulated by Hahn, then the time at 
which a grit bond fracture occurs is dependent on the forces on the grit and the 
time for an attritious wear flat to appear on it. This implies that fracture wear is 
dependent on the grits active grinding life and hence, among other things, the 
arc length. The arc length used in the above tests is comparatively small (16 

mm). The use of longer a7rc lengths, such as the 70 mm arc lengths described 
later in the thesis,. may display a greater sensitivity to the self-dressing 
mechanism. Although the full characterisation of self-dressing was considered to 
be beyond the scope of this research, the above information shows the range of 
grinding energies that may be expected for the range of applicable grinding 
wheel hardnesses. 

5.1.6 Wheel Speed 

Tests were also performed to assess the effect of wheel speed on titanium 
IM1318 grinding energy. These were carried out on the hard and soft silicon 
carbide wheels mentioned above, for speeds commonly used in industry. 

Commercial creep feed grinding machines usually have an infinitely variable 
wheel speed. Practical considerations, however, limit therange of speeds that can 
be used while grinding. One of the factors limiting the slowest speed is the need 
to avoid the possibilities of a stall in the main spindle motor. Hence, unless extra 
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gearing is provided, commercial operations commonly use low wheel surface 

speeds of 20 m/s. The upper wheel speed is limited generally by the general 
limit on wheel speed to prevent wheel rupture. This is specified by the 

manufacturer at 30 ffVs. The aim of these tests was to assess what variation, if 

any, might be expected in grinding energy for the purpose of specifying 

optimum conditions. Results for the hard wheel, Figs. 33 and 34, show that, 

within the accuracy of the experiment, no discernible change could be seen in 

the specific grinding energy for wheel speeds in the range of 20-30 m/s. This is' 

consistent with the micro-milling "uncut-chip" analysis discussed in Section 

2.3.13. That is, although individual grits theoretically produce smaller chips at 
higher wheel speeds. these are produced at a proportionally greater rate and the 

overall energy required remains theoretically independent of wheel speed. This 

may be concluded for the hard L grade wheel: however, for the softer G grade 
wheel, the results show (Figs. 35 and 36) that for low dresser rates, of tfie order 
0.5 m/rev, specific energies are reduced by approximately 20% using lower 

wheel speeds. This variation is attributed to the increased individual grit forces 

at lower wheel speeds which, in this softly bonded wheel, causes noticeable 
premature fracture wear (self-dressing) of the wheel. This effect is increased by 
feed rate. 

While the above indicates only a small change in specific energy with wheel 
speed, it was noted that for the harder wheel there was a definite tendency for 

the specimens ground at slower wheel speeds to burn at low infeed rates. This is 

consistent with the result of Stuart [141 who found burn-out flux was a function 

of wheel speed to the power 0.4. Burn-out flux and its use in the prediction of 
burn is dealt with in more detail in Chapter 6. For the softer wheels, burn was 
not the limit of the process performance, as self-dressing usually took effect 
before burn was encountered. 

The above suggests that there is little advantage in using reduced wheel 
speed to improve grinding performance because the overall grinding energy 

generally remains unchanged but tL --ooling ability is reduced. The effect of 
wheel speed may only be apparent on softer wheels where self- dressing can be 
increased by reducing wheel speed. However, self-dressing is sensitive to the 

particular grinding conditions present in individual processes and, hence, no 
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general recommendations can be made on its use, or the use of wheel speed to 

control it. It is felt that self-dressing could be a useful means of improving the 

performance of continuous dress C. F. G. but, as yet, the understanding of its 

nature is qualitative. For the derivation of grinding performance, its action 'is too 

complex for it to be accurately quantified in this investigation. 

5.1.7 The Reverse Plated Form Dresser 

Characteristics of the reverse plated dresser are presented in Fig. 37 for the 

titanium alloy and Fig. 38 for EN9. The results were collected on the radial form 

grinder at Ex-Cell-O. The dresser shows a poorer performance than shown by 

the hand-set dresser used at Bristol University. The main difference being a 
definite increase in the minimum specific energy attainable at high dressing 

rates. This would appear to confirm Rezaei's results [57] on the comparative 

performance of hand-set and reverse plated dressers. 

Results from surface grinds using a plane (unformed) reverse plated dresser 

used on the radial form grinder also displayed the same characteristics as that of 

the formed dresser, as shown in Figs. 39,40 and 41. 

Both results for the titanium alloy and the EN9 steel suggest that grinding 

energies at Ex-Cell-O at a given dressing rate were increased by a fixed amount 
in the order of 10 j/mm3 rather than-as an overall percentage. This results in 

there being a greater percentage change in specific energies between Ex-Cell-O 

and the creep rotation results at larger dresser rates where specific energies are 
lower. 

5.1.8 Best Fit Analysers 

A least squares best fit analysis was made of the experimental grinding 

energy data so that they could be characterised numerically for later use in the 

thermal models. The method used for this analysis is described in detail in 

Section 3.1 and Appendix 1. The results of this analysis are shown graphically in 

Fig. 29 for the GC60IL23V wheel at 30 m/s (the parameters are used in the 

thermal tests described later). A similar least squares analysis of the Ex-Cell-O 
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result was found to be unsatisfactory because of the comparatively small, 

number of results. The analysis was very sensitive to the minor changes in input 

values which could result in a predicted trend quite unlike those observed at 

Bristol. For this reason, it was necessary to use a revised close fit analysis which 

assumed that there was a similar trend in observed specific energies as that 

found in the laboratory. This gave results as shown in Fig. 39, giving a 

maximum error on thiD observed results of 29% and an overall increase in the 

minimum specific energy of 13 j/mm3 over that observed at Bristol. 

The least squares curve, shown graphically in Fig. 39, is used to supply the 
input grinding energies in the thermal analyses of grinding at Ex-Cell-O 

(Section 5.4). Its accuracy relies on the accuracy of recording grinding energy 
from an armature current reading (see Section 4.3.4) calculated to be of the order 

of ± 14%. The overall accuracy also relies on the validity of applying the trend 

observed at Bristol to that at Ex-Cell-O even though, as suggested above. the 
increased arc lengths have influenced grit cutting performance through the arc. 

5.2 Thermal Characteristics of Creep Feed Grinding 

5.2.1 Introduction 

The following section describes the results of tests made. in the laboratory to 
determine thermal characteristics of creep feed grinding. The characteristics 
include partition fractions and coolant convective coefficients. These were 
determined by means of the pin tests described in Sections 4.2.3.3 and 3.5.4. 

5.2.2 Pin Grinding Energies 

Prior to the analysis of thermocouple data from pin grinding tests, it was 

necessary to confirm that the grinding energy created under plunge grinding 

configurations was not significantly different from that created under 

conventional grinding conditions. 

Results presented in Fig. 42 and Fig. 43 show a comparison of the specific 

energies obtained under pin and conventional creep feed grinding modes for 
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EN9 and the titanium alloy respectively. Pin grinds burn at lower feed rates than 

conventional grinds and hence the results are only presented for a limited range of the 
feed rate presented in Fig. 3 1. 

For EN9, the specific energies shown are directly comparable. This is to be 

expected for a material that shows no ploughing characteristics (see Section 2.3.4). 

However, for titanium, there was a deviation consistent with the presence of 

ploughing, as displayed in the grinding energy characteristic described above. The 

thickness of chips cut in pin grinding theoretically have a constant value along the 

length of the cut as does the magnitude of ploughing ene*rgy. Thus the proportion of 

cutting energy to ploughing energy is constant along this length. However in surface 
grinds the ploughing energy remains constant but the chip thickness, and hence 

cutting energy, reduces to zero through the arc length . Thus given a surface grind 

and a pin grind of equal maximum normal feed rate (which is related to the maximum 

chip thickness) the proportion of usefull cutting to underlying ploughing will be more 
for the pin test than for the surface grind. This is reflected in the grinding 

efficiencies (specific grinding energies) measured. 

Since there was no other deviation in grinding energy other than that expected 
from the presence of ploughing, it was thus concluded that pin grinding could be used 

as a valid simulation of full creep feed surface grinding conditions with titanium 

alloys. 

5.2.3 Steady State Pin Grinding Temperatures (Nucleate Boiling) 

Typical outputs from the three thermocouptes mounted down the length of a pin 

specimen are illustrated in Fig. 44. This; shows that at the start of grinding all 

thermocouples respond to the grinding flux. The thermocouple nearest the grinding 
interface is shown by the trace that rises quickest. Thermocouples farthest from the 
interface rise at a slower rate. 

The traces rise steadily until the thermocouple is ground through, at which point 

the thermocouple circuit is broken and the data capture unit records noise only. The 

point at which this occurs indicates the interface temperature which, in the illustrated 

test result, is interpreted as occurring at 77 ± 2,80 ±I and 79 ±3 deg C for the 
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respective thermocouples. The positions of the thermocouple relative to the initial 

surface are shown in the adjacent test information as being 0.5,3.5 and 8.5 mm 

respectively. The traces show that the grinding interface temperature after 8.5 mm of 

the pin has been removed is very little different from that after 0.5 mrn has been 

removed. By drawing a smooth curve through the interface temperatures illustrated, 

the asymptotic steady state (SS) temperature is approximated. It can be seen that this 

temperature appears (to within the accuracy of the experiment) to be achieved -well 
before the end of the tests. For the test illustrated, the SS temperature is assumed to 

be 80 :t2 deg C above ambient. 

, That these tests do achieve an asymptotic temperature is verification of the 

overall method of modelling the grinding interface as a continuous flux subjected to 

continuous convective cooling. Had an asymptotic tomperature rise not have been 

achieved, then the application of the abdve model and the solution put forward by 

Maris and Snoeys to the plunge grinding process would have been proved 
inappropriate. 

The results of numerous tests of this nature are presented in Fig. 45 for EN9 and 
Fig. 46 for the titanium alloy. Both materials presented the same kind of response to 

the grinding conditions, illustrating that the same partition process was common to 
both. Both Fig. 45 and Fig. 46 show that there is a steady increase in temperature 

with feed rate at a given wheel sharpness (dresser infeed rate). The rate of this 

temperature increase with feed is defined by the dresser infeed rate and hence the 

grinding efficiency. 

For an analysis of the cooling performance of each EN9 grind the total heat 

transfer coefficient (described in Section 3.5) of each grind is shown against the 

respective feed rate in Fig. 47. In Chapter 3, it was shown that this factor would 
theoretically be influenced by the cooling due to the mass transfer of material across 
the grinding interfaces and that this characteristic could be used to quantify the size 
of the shear plane partition. Using Equation 26 and the material properties of the 

kpiece ground, theoretical characteristics at representative values of partitioning 
have been shown. The charactexistics shown in Fig. 47 indicate that, in practice, the 
feed rate of the grind has little influence on the total grinding heat transfer 

coefficient, thus indicating that cooling, due to the coolant alone, is far greater than 
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that attributable to mass transfer (or ablation). By applying Equation 26 from Section 

3.5 representative values of the shear plane partition, f, and the coolant convective 
heat transfer coefficient, h. can be determined. The range of possible values for f 

and h have been indicated on Fig. 47. The results suggest that shear plane partition 

values of the order of 0.05 to 0.1 are applicable. This was considerably less than the 

0.6 value measured by Malkin for dry grinding, as might be expected with a process 

where a large amounts of coolant are used. However, the results also indicate that the 

test method itself becomes increasingly insensitive to changes in the values of f and h 

as f is increased. Thus, while it may be possible to predict, with confidence, the 

minimum, value of f as 0.05, it may be possible that values of f in excess of 0.1 may 

exist. 

Originally, at the outset of the research, one of the aims of this investigation had 

been to determine the range of partitions for various cutting conditions (see Section 

2.4.1). The result presented above did not show a significant difference in partition 
fractions at various dresser infeed rates (a measure of wear flat area) or feed rates 
(the equivalent measure of chip thickness). To some extent, these vaýiations may be 

said to be beyond the sensitivity of the test method. However, by the same argument, 
it may also be said that temperatures measured in these grinding processes were not 

significantly sensitive to the chip cutting conditions. Hence, for the purposes of 

predicting these temperatures under typical CD creep feed grinding conditions, ' one 

approximation that can be made is that partition values can be assumed to be 
independent of the wear flat areas and chip thicknesses. 

The relative influence of cooling by mass transfer on the total convective 
coefficient of the titanium alloy is less than that determined for EN9, as shown in 

Fig. 48. This is partly because the feed rate for the titanium alloy had necessarily to 

be lower to avoid burn but, also, because the product of the materials specific heat 

capacity and density (the factor quantifying mass transfer heat lbss) is less than that 

of EN9. Thus, for the titanium alloy, the heat transfer performance in grinding is 

governed more by the convective performance of the coolant than that observed for 

EN9. For this reason, the pin test method is less sensitive in determining partition 
fractions in the titanium alloy than that observed on the tests on EN9. Hence, the 

results presented in Fig. 48 suggest only that the shear plane partition fraction can 
take any value on the range 0.05 to 1.0. 
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For the purpose of modelling, it is assumed that shear plane partition in 

titanium is comparable to that of EN9 under creep feed grinding conditions. A 

value of shear plane partition in the order 0.07 is approximated for both 

materials. This gives a corresponding value of convection heat transfer 

coefficient on the workpiece for both EN9 and IMI 318 as 10,500 W/m2K. 

Using this value, approximations of the relative magnitude of workpiece 
heat transfer to that entering the coolant can be made. Analysis of the thermal 

gradient down the length of the pin (calculated from the thermocouple output 
illustrated in Fig. 44) allows approximate calculations of the heat flux flowing 
into it. For EN9 at 40 mm (Fig. 44) the thermal gradient normal to the grinding 
interface is of the order of 15 K/mm which, given the material thermal 

conductivity of 40 w/mK, suggests the magnitude of workpiece heat transfer is 
600 kW/m2 at the interface. The above partitioning analysis suggests that the 
heat transfer coefficient of the coolant is of the order of 10 kW/m2 K or 
greater. Thus, with grinding interface temperatures of 75 deg C, the heat flux to 
the coolant is of the order'of 750 kW/m2 . This indicates that for EN9 the heat 

entering the workpiece can, at maximum, be comparable to that entering the 
coolant. 

An equivalent analysis of typical heat flow in a titanium pin test was also 
made. Fig. 49 shows approximate thermal gradients of 20 k/mm at the grinding 
interface. titanium has a conductivity of 8 W/mK for this temperature range: 
hence, the heat flowing into the titanium pin is of the order of 160 kW/m2 at 
maximum. This is one quarter that entering the coolant. 

The relative percentage heat flows are indicated graphically in Fig. 47. This 

shows that as higher theoretical shear plane partitions are applied, the percentage 
of heat flowing to the workpiece becomes increasingly less significant. 

An important conclusion drawn from the above result concerns the effects of 
poor workpiece heat transfer. Under the worst .. Pnditions it might be Possible 
that th6 heat transfer within the workpiece was restricted or even completely 
reduced to zero. Under these conditions the coolant would have td absorb the 
excess heat not otherwise absorbed. Since the amount of this excess is 0.25 of that 
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already entering the coolant, it can be concluded -that the maximum increase in 

surface temperature required to drive the heat through the coolant would only be 

25% of that already present. It can thus be concluded that the maximum possible 

error in a calculated surface temperature due to a change in titanium workpiece 
heat transfer characteristics (such as that imposed by restrictive forms or 
adiabatic boundaries in symmetric twin wheel grinds) would be 25%. 

To assess the effect of differing workpiece heat transfer conditions, further 

pin tests were made with differing boundary conditions. A number of pins were 
ground without insulation, thus allowing full convective cooling of the pin 
specimen walls from the coolant. The heat transfer performance of these grinds 
compared with those of insulated workpieces is shown in Fig. 50. The cooled 
workpieces show a 30% increase in cooling performance. In theory, this increase 
in performance is characterised by the presence of hK in Eqn, 13. Since this 
increased performance offers only a fractional improvement, it may be 

concluded that the hK is only a fraction of the cooling performance provided by 

the convective cooling occurring in the grinding arc. 
0 

Further tests were also performed where pin grinds were allowed to continue 
until the entire pin was ground away. For these tests, the workpiece was fully 
insulated and thermocouples were placed both within the 'pin' and at its end (i. e. 
on the surface which is ground through in the final stages of the test). During 
the later stages of the test the insulation at the end of the pin restricts the 
amount of heat that can be absorbed from the grinding interface in the direction 

of the workpiece. In the limit as the workpiece is just about to be fully 

consumed, this heat flow is theoretically zero. Thus, the temperature indicated 
by the thermocouple at the end of the pin, as it is ground through, gives an 
indication of heat transfer at the grinding interface under the worst case - when 
there are very poor workpiece heat transfer conditions. Fig. 51 shows a typical 

result from these tests. The thermocouple mounted at the end of the pin 
recorded an approximate 25% increase in temperature above that recorded by the 
thermocouple within the bulk of the pin. 

Since this 25% increase registers the amount of extra heat that is being 

absorbed by the coolant when none is absorbed by the workpiece, it may thus be 
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concluded that, of the total heat partitioned to the workpiece in the shear zone, 

that absorbed by the bulk workpiece material is approximately 25% of that 

absorbed by the coolant. This again suggests that heat transfer to the coolant 

rather than heat transfer to the workpiece plays the more significant role in 

determining workpiece temperatures. 

5.2.4 Steady State Interface Temperatures above Burn 

The purpose of grinding above burn was: (a) to assess whether there was the 
instability in temperatures at the burn boundary, as suggested by the film boiling 

theory-, (b) if this instability was displayed, to assess whether the temperatures 

resulting from film boiling are so large that they immediately lead to damage of 
the workpiece; and (c) to assess partitioning values during film boiling with a 

view to the possibility of specifying gentle grinding conditions above the film 

boiling limit. 

A summary of all the pin grinding results is given in Fig. 52. This shows the 

steady state grinding interface temperatures achieved in all tests whether 

successful or burnt. The temperatures increase approximately linearly with infeed 

rate for a given dresser rate. At all dresser rates, however, there is a marked 
change in the dependence of the observed temperature with f6ed rate. This is 

consistent with the theory that at some threshold there is a large change in 

cooling performance. That this large change occurs very near to the saturated 
temperature of water suggests that the film boiling or 'burn-oue theory would be 

an appropriate mechanism describing this change. Fig. 52 shows that irrespective 

of the plunge feed rate or the dressing rate, the threshold temperature does not 
vary. The temperatures shown are temperatures above ambient. Salmon [17] 
found that the 'burn-oue phenomena was dependent on absolute temperatures. In 

the tests described here the temperature of the coolant was 22 ;t3 deg C. Hence, 
it can be concluded that under any form grinding conditions a general criterion 
for avoiding 'burn-out' could be made by avoiding absolute temperatures of 
approximately 120 deg C. 

It was found that, when grinding at feed rates above that thought to cause 
film boiling, temperatures in titanium specimens were generally above that 
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recordable by the K thermocouple type used (approx. 1200 deg Q. For only a 

small range of feed rates was it possible to create conditions resulting in 

temperatures both below this limit and above the film boiling threshold. The 

plunge feed rate at the film boiling threshold was 26-27 mm/min. At 28 mm/min 

temperatures of 400 deg C were recorded, which were quickly increased to the 

thermocouple limit by 34 mm/min. The temperatures in this region were found to 
be very sensitive to the feed rates used. For lower dressing rate and hence high 

specific energies the film boiling threshold was achieved at lower infeed rates and 

any attempts to measure temperatures above, the feed rate resulted in saturation of 

thermocouple output. However, when grinding EN9, which has a lower specific 

energy than titanium, the feed rate at which film boiling was achieved was 

considerably greater than that of titanium. There was also a correspondingly larger 

range of feed rates above which recordable temperatures. above the film boiling 

temperature existed. For this reason, EN9 was used to analyse film boiling 

partitioning. 

The. results of these film boiling partition tests are shown in Fig. 53. These 

results suggest initially that there is a significant influence of feed rate on the 

cooling performance of a particular grind (measured here again by the total 

coefficient of heat transfer). However, from the combined results of nucleate and 
film boiling partition data shown in Fig. 54, it can be seen that the absolute effect 

of feed rate on total coefficient of heat transfer is approximately equal for each 

case. The results suggest that conditions below burn are more erratic than those 

above it. Because the trend shown for post-burn cooling performance is clear, it is 

possible to determine, by use of Eqn 26, a shear plane partition value of 22% to 

within ± 5% and a convective coefficient of 4400 W/m2K. Any comparison of 

these figures with those calculated for nucleate boiling conditions must be tentative 
because of the limited confidence in the sensitivity of the test under pre-burn 

conditions. However, these results suggest that not only is there a decrease in the 

convective coefficient with film boiling but also an increase in shear plane 

partitioning value. 

The results also show that there is. scope for C. D. creep feed grinding above 
the film boiling limit but this is more feasible with materials which have low 

specific energies of the order of 20-30 J/mm3 . 
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5.2.5 Eroding Thermocouple 

As discussed, the sensitivity of pin tests in determining shear plane partition 

value is limited because of the dominance of convective cooling. The alternative 

method investigated was by means of an eroding thermocouple to monitor 

continuously the interface temperature at the beginning of a plunge grind. Prior 

to the operation of these tests, it was necessary to assess whether the outputs 

produced by these thermocouples could be related to the bulk material 

temperatures recorded by discrete thermocouples mounted within the workpiece 

material, as described in the preceding section. As explained in Chapter 2, the 

grinding interface has, in practice, a highly irregular temperature distribution 

which results from heat generated in the discrete chip cutting actions at 
individual wheel grits. The temperature around these grits may be in the order 
of the melting temperature of the material. However, as also explained, the 
temperature that appears to indicate workpiece thermal damage is that of the 
bulk material. Thus, it is important that temperatures measured for the purposes. 
of predicting thermal damage (as in these pin tests) are those consistent with the 
bulk material temperatures raýher than those of the chip cutting operations. 

In the previous section, the temperatures recorded as interface temperatures 

using discrete thermocouples were consistent with the temperatures recýrded with 
the bulk of the pin specimens. In practice, it is unlikely that the chip cutting 
temperatures could be recorded by this type of thermocouple. However, it was 
thought possible that quite the reverse might occur with the eroding 
thermocouple: that is, that the signal produced would be too dominated by chip 
cutting temperatures for any useful data to be measured. For this reason, the 

value of the eroding thermocouple output was first assessed by making direct 

comparison with the outputs collected from the standard thermocouples. Such a 
comparison is shown in Fig. 55. The raw data collected from the eroding 
thermocouple was noisy. It is not known whether this was due to the chip 
cw, Ang operations or to electrical noise transmitted through the machine. 
However, since this noise was not evident in tests with standard thermocouples, 
it was assumed that it was mainly due to the superimposed chip cutting 
temperatures. A software filter was used based largely on the averaging of a 
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number of consecutive data samples. To some extent, the thermocouple would 
itself filter out some of the extreme peaks of the chip cutting temperatures. This 

is because the dimensions of the thermocouple are considerably longer than the 

chip thickness. Even if a chip cutting operation were to be coincided with the, 

thermocouple, large areas of the cooler surrounding material would also be 

included in the temperature measurement. The signal produced after filtering 

was found to be consistent with that produced by standard thermocouples. Using 

a large number of signals in the filter, process resulted in a smoother signal but 

gave a loss of definition over possible transients. It was concluded from these 

that the signal produced by averaging the raw data collected from the eroding 

thermocouples could be interpreted in the same manner as those collected from 

standard thermocouples. Hence, it was possible to make general conclusions about 

the heat transfer characteristics pertinent to bulk material temperatures. 

Following this, a numerical analysis was made of the initial transient stages 

of the grind to determine shear plane partitioning. The result of such an analysis 
is shown in Figs. 56 and 5.7. This appears to show again that only limited 

conclusions about the values of partitioning occurrin g can be made. It can be 

seen that the shear plane fraction has a value greater than 0.05 but the actual 

value above this is not discernible. Similar conclusions were drawn from three 

other tests. Despite the apparent inconclusiveness of this result, it should be 

recalled that in Section 5.2.3 it was shown that even with shear plane values of 
0.07 this was sufficient to cause conditions where the majority of heat transfer at 
the grinding interface was dictated by the heat transfer characteristic of the 

coolant rather than conduction conditions of the workpiece. 

5.3 Local Convective Coefficient, 

Tests to show by how much the performance of cooling varies through the 

arc of cut are shown in Fig., 58. This shows the variation in temperatures along 
the length of a long arc of cut of a plunge grind. Each of the temperatures 

plotted represent the asymptotic SS value achieved at the grinding interface, as,; -, ý 

measured by the method described for the pin grinding tests, Fig. 44. Because 

the grind was a plunge grind, there was no variation in grinding energy along 
the length of the pin, nor any variation in cooling due to mass transfer across 
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the grinding interface. There was 
' 
also ideally negligible conduction from the 

sides of pin which wets insulated. Thus, any variation in temperature along the 

length of the arc of cut was due to the variation in the ability of the coolant to 

absorb heat along that length. Chapter 3, Section 3.6, presented two possible 

theories which could represent the changing performance of coolant through the 

grinding arc. The theories result in there being an exponential change in 

temperature along the length of a grind, the value of the exponent taking two 
different values for each theory. The solid wheel/coolant approximation resulted 
in a temperature variation dependent on position through the arc length (q) to 

the power 0.5, whereas direct application of boundary layer theory suggests an 

exponential coefficient of 0.2. 

The results presented in Fig. 58 show temperature variations dependent on 

17 
0.19 
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andi7o. 26 for three different feed rates. This suggests that the 
boundary layer theory represents more closely the actual situation found in 

grinding (i. e. suggesting 

AT/(f. e. V, ) - Kc. Ico-2. j7 
0.2 

The, magnitude of the constant defining the actual magnitude of exponentially 
distributed temperatures is dependent on the material properties of the 

wheel/coolant pair, the arc length and the wheel speed. The wheel/coolant 

properties will be largely unknown (for example, the conductivity of the water 

will be enhanced by turbulence in the arc of cut). These equivalent properties 
have thus to be determined from the experimental results. To do this, the 

results gathered from the above pin test may be used. Before calculating the 

equivalent properties, a number of the underlying simplifications made in the 
derivation of theories for both the pin tests and the convective coefficient 
distribution tests have to be reappraised in order to assess the accuracy of the 

conclusions drawn. The theory for analysing pin test data was made using the 

assumption that the heat transfer conditions in the test were one-dimensional. 
The above results alone show that this cannot h&.. been the case since there is a 
variation in the temperatures both down the pin and across the grinding surface. 
In practice, the pin tests recorded local partition values at the point of the 

thermocouple within the length of the arc of cut. It must be assumed that, had 
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the thermocouple been positioned differently, other convective coefficients 

would have been measured. Similarly, in the derivation of the convective 

coefficient distribution, it was assumed that the flux entering the coolant 

remained constant along the length of the grinding arc. This will be the case in 

the constant chip thickness conditions of plunge grinding provided the heat 

entering the workpiece does not vary significantly along that length. In practice, 

since there was a variation in temperature along the arc length, then it is 

probable that there would also have been a similar variation in temperature 

gradient, and hence flux, into the workpiece. This would mean that there was 

some error in assuming a constant flux input to the coolant. 

To assess the magnitude of the errors caused by the above assumptions in 

the heat transfer theory, the following analysis is made. The magnitude of the 

variation in heat entering the pin workpiece material along the arc length can be 

assessed by analysing the thermal gradient at the various sections in the 

workpiece in which the thermocouples lay. The difference in these gradients at 
15 mm/min was found to be of the order of 10 K/mm which (given the average 

conductivity of titanium over this temperature range) leads *to a change in flux 

absorbed by the workpiece of 60,000 W/m2. The overall magnitude of the flux 

transferred to the coolant (using the heat transfer coefficient determined in the 

pin tests as 10 000 W/M2 K or greater) was in excess of 500 000 W/m2. These 

errors in approximation of constant heat flux to the coolant might be expected to 

cause an error of 10% or less in the resulting derived temperatures. Analysis of 
the temperature gradient along the length of the workpiece which might also 
disrupt temperature distribution predicted by the constant coolant flux 

approximation shows that within the range of the thermocouples, these were not 

greater than 2.5 K/mm at 15 mm/min plunge feed. This gives, by the argument 

above, a further possible 2.5% maximum error in the analysis. 

Bearing the above errors in mind, the equivalent coolant properties may be 

calculated using Eqn 29 by the following procedure. The coolant heat transfer 

exponent q is approximated at n-0.2. The length of the pin grinding arc was 
Ic = 20 mrn and temperature measurements were made at a point half way 
through this length, i. e. q-0.5. Under these geometric conditions h. was 
calculated to be 10,000 W/m2 K (at f --: 0.07) 
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. 0. Kc - hc (Ic. il)0.2 

- 3891 WMO*2/m2K 

It should be noted that, in the above analysis, it has been possible to take 

advantage of what appears to be a convenient conclusion from the heat transfer 

analysis. The conclusion is that heat transfer in the workpiece in a location both 

normal and tangential to the grinding surface is significantly smaller than that 

calculated to be transferred to the coolant. This conclusion was found to be 

particularly significant when interpreting the results of the finite element 

analysis of form grinds discussed in the following section. 

5.4 Three- Dimensional Finite Element Modelling of Form Grinding 

5.4.1 Introduction 

In the introduction to this thesis it was explained that the envisaged means 
of accurately predicting the performance of form grinds was by means of a 
three-dimensional finite element model. This would allow the calculation Of 
temperature in workpieces of complex shape subject to a complex distribution of 
grinding energy. In Chapter 2, the method of forming such a model was 

ascertained by making reference to previous two- dimensional models. However, 
it was also noted by Shafto [12] that there existed simpler methods of predicting 

grinding temperatures provided particular partition conditions existed. In this 

section, an assessment is made of the efficacy of the finite element modelling of 
grinding in the light of the partition data described in the previous chapter. 

In Chapter 3, it was also noted that previous researchers had made the 

approximation of a constant coolant convective coefficient. Again, in the light of 
the above partition data, an assessment is made of the effect of this 

approximation in the accurate prediction of grinding temperatures. 
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The conclusions drawn in this section are used to select a suitable model for 

the analysis of form grinding. The detailed comparison of predicted and actual 
form grinding temperatures measured during form grinding at Ex-Cell-O is 

made in the section following this. 

5.4.2 Predicted Thermal Field 

The predicted thermal fields in the grinding of three of the form grinds 

made at Ex-Cell-O are shown in Fig. 59. This shows the isometric view of a 
section of a complete form grind (as illustrated schematically in Fig. 8) with 
isotherms on the visible surfaces. The boundary conditions applied to this model 
may be summarised as follows: 

(1) The grinding flux over the grinding zone was applied according to the 

normal feed rate and normal dresser rate using Equation (6) and the values 
determined for M, N and N in Section 5.1.9. The normal feed rates were 
determined from the direction of the normal from the surface of each element. 41 

(2) A partition fraction of 0.07 was applied over all the grinding interface. 

(3) On the unground faces of the workpiece a convective coefficient of 10 
2 KW/m K was applied as determined by Ohishi [25]. Convection has also been 

applied to the side walls of the workpiece here to simulate the experimental form 
grinding conditions. 

(4) Local heat transfer coefficient of h., - kxn where n lies in the range 0.2 - 
0.5. 

The feed rates applied to this model and the resulting local feed rates caused 
by the geometry of the particular grind are shown in Fig. 9b. This data is used 
to calculate the local specific energies and local grinding fluxes which are input 

to the FE analysis. Fig. 9a shows the large range of grinding conditions which 
can be present in a typical continuous dress creep feed form grind. Two factors 

contribute to the large range in conditions: (a) the range in feed rates; and (b) 

the existence of variable dresser rates in range 0.4 - 1.0 um/rev. The latter 
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factor is important in the grinding of a hard to grind material because it is at the 
lower rates that specific grinding energy is most sensitive to the dressing rate 

used. These low rates occur where there is a high form angle. Purely from a 
visual inspection of a proposed grind many likely problem areas can be 

anticipated. For example, the coincidence of a high form angle with a deep 

section of the form (such as that occurring at the deepest point of the steeply 

angled face of the grind shown in Fig. 9) would lead consequently to local 

conditions of low efficiency grinding under high local feed rates and, hence, 

possibly to high temperatures. In practice, as Fig. 9b shows, the calculated high 

grinding flux does not occur on the steep face in the form. In this case, the 
increase in specific energy with the decreasing dresser rate does not exceed the 
effects associated with the decrease in normal feed rate in this area. 

The temperatures predicted for the grinding conditions defined in Fig. 9a 

and 9b are shown in Fig. 60. This shows that there is a high correlation between 

temperature and input flux, as might be anticipated. in practice, -it was found 

that local predicted temperatures were very largely directly related to the local 
input flux. This result can, to some extent, be anticipated from the conclusions 
drawn from the partition analyses. In these analyses, it was noted that, even at 
comparatively low partition levels of f-0.07, the quality of heat flowing into a 
titanium the workpiece from the grinding surface was only approximately 25% 

of that absorbed by the coolant. Thus, predicted temperatures are heavily 
dictated by the convective coefficients which, by definition, gives the constant 
of proportion between the input flux and the resulting temperature. 

As described in Chapter 2 (Section 3.5.2), the strong dependence of 
predicted temperatures on the convective coefficient can be seen in the results of 
Shafto's work [12]. It can now be seen that even under smaller partition values 
which have been measured in this research, this dependence still exists. 
Furthermore, it appears that this dependence is not significantly altered by the 
presence of the complex geometries likely to be experienced in form grinding. 
To illustrate this point nAvre clearly, the temperatures predicted by the finite 

element model have also been calculated using the approximation, as Shafto did, 
that most of the grinding energy enters the coolant. By this approximation, 
temperatures at any point are defined by the local value of h., -the convective 
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coefficient (where h. - hc*x-0.2) and the local grinding flux. The convective 

coefficient has also been modified by the inclusion of hmr and ha (as in Eqn. 18 

) to take account of the effects of workpiece movement. A comparison of the 

temperatures predicted by this method and the full finite element model is also 

shown in Fig. 60. It can be seen that there is close agreement between the two 

predicted thermal fields and hence that the approximate method is a valid 

method of determining form grinding interface temperatures. 

In practice, there will be errors in the approximate method of calculating 

temperatures due to the omission of workpiece heat transfer. To some extent, 
these errors can be minimised by including in the approximation the modified 

version of the convective coefficient presented in Eqn 18. This coefficient hg 

includes approximately the effect of workpiece movement and metal removal on 

a local basis. Thus, the approximation can be made to include a number of 
features that the FE model simulates. The factor in h,, (Eqn 181 that cannot be 

included is h,. This factor defines the static heat transfer coefficient of the 

workpiece and because of its irregular shape this is where the FE model cannot 
be bettered or even approached. 

It is useful to have an overall understanding of the magnitude of the static 
heat transfer coefficient of a typical workpiece to appreciate the significance of 

the workpiece heat transfer. This understanding may be gleaned from the 
information given in Fig. 15, as described in Section 3.4.6, and the partition data 

now measured. The figure shows that the static heat transfer coefficient hK , of 

a workpiece, at-Vf -0 and hc - 0, is of the order of 10,000 W/m2K for a steel 

workpiece or 2000 W/m2K for a titanium alloy workpiece. This should be 

compared with the heat transfer coefficient of the coolant determined to be of 

the order of 10,000 W/m2K. Thus, as also concluded in the partition analyses 
heat transferred to the coolant from the grinding interface is four times that 
likely to be transferred to the. bulk of titanium workpieces but will be 

comparable to that transferred to the bulk of the steel workpieces. It is 

emphasised that these values are conservative because it-was only possible to 

measure the lower bound on the value of the coolant convective coefficient. It is 

possible that workpiece heat transfer plays a less significant role than that 

suggested by the above figures. Nonetheless, from the results presented here, it 
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appears that, in practice, the justification of the use of the approximate 

approach to the calculation of form grinding temperatures is only possible for 

titanium workpieces. 

Although there may be errors in the approximate thermal analysis resulting 
from the failure to account for workpiece heat transfer, there is a further 

significant factor which, to some extent, masks these effors. This factor is the 

accuracy of the specified local heat transfer coefficient. In Section 3.6, a 
theoretical analysis was made of the effects of including 'warm up' of the 

coolant in its passage through the arc of cut. It is now possible to assess the 
significance of these effects given the experimental data on partition. The 

predicted thermal field described above used the general expression for 

convection of the form : 

oc x-0-2. 

In the presence of a known linearly 4ecreasing flux of the form : 

q oc (I c-x) 

This results in a temperature distribution of the form: 

AT cc (Ic - X). xO. 
2 

L 

Section 3.6 described how, by taking account of warm up, this expression is 

modified to the following: 

AT, - k (1_0.88n). 170.2 

The difference in the maximum temperatures predicted in the above two 
expressions is of the order 2.5% with an error in position of the order 12%. 
When using the solid wheel model (where ha x-0.5) the respective errors are 8%- 
and 33%. It may be expected that the actual errors are somewhere between these 
values. Further to this, the value of the exponent used for the coolant coefficient 
has only been identified to within an accuracy of the order + 20%. Hence, for 
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the modelling of titanium alone, there are errors in the specification of coolant 

performance that are comparable to the error in overlooking the static heat 

transfer coefficient of the workpiece. 

The conclusion drawn here from the inspection of these errors, and the 
results of the approximate expression for grinding temperatures, is that it is 

questionable whether the FE analysis of titanium grinding for the prediction of 
burnIs justified. Given that a large amount of computing power is required for 

these analyses, it has been shown that this power is invested in the analysis of 

only one of the passages of heat in the'grinding process. Furthermore, it has 

been shown that the FE model is not capable of accurately modelling some 
factors in grinding heat transfer which, it can be argued, have equal significance 
to those factors that are. This conclusion'is made for the analysis of titanium 

grinding in particular, based on the value of partition determined in the 

laboratory. Since these values could only be determined as a lower bound, it is 

plausible that the conclusion could also be drawn for the modelling of all 

grinding. 

In the following section, the heat transfer performance of form grinding is 

analysed. In accordance with the conclusions of this section this is done using the 

approximate expression for heat transfer. The efficacy of using this expression 
for both titanium and steel form grinding is discussed. 

5.5 The Thermal Performance of Creep Feed Surface Grinds: 

Plane and Formed 

5.5.1 Introduction 

One of the overall aims of this research was to provide conclusions relevant 
to the application of creep feed grinding to the manufacture of titanium 
compressor blades on a commercial basis. The following section describes the 
results of form grinds made on a commercial form grinder. The results indicate 

the applicability of the laboratbry conclusions on thermal modelling to 
commercial form grinding conditions. 
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5.5.2 Plane Surface Grinding Temperature 

A typical output of temperatures recorded on a surface grind is shown in 

Fig. 61. The traces show the output from three thermocouples mounted at one, 

three and six millimetres below the initial surface of the workpiece. The depth 

of cut taken in the grind was 5 mm at the point of temperature measurement 

and, hence, during the process, two of the thermocouples are ground through 

giving the interface temperatures at two points along the length of the arc. The 

thermocouples are positioned so that the couple at 6 mm, depth registered the 

grinding temperature first followed, in order, by those at 3 and I mm depth 

respectively. The maximum temperature recorded in each surface grind was from 

that positioned 3 mm below the surface, as indicated here: this corresponds to 

the interface temperature at a point 3/5ths of the arc length from the top of the 

arc of cut. 

The output shows that, when using the Ex-Cell-O machine, the 
instrumentation gave a noisier output than that obtained in the laboratory. This 

was thought to result from the increased amount and power of electrical 

equipment on the Ex-Cell-O machine. Despite attempts to provide heavy 

earthing of the workpiece and lead shields, this noise could not be reduced 
beyond a range of ±5 deg C. 

The results of the maximum recorded interface temperature for various feed 

rates and dresser rates are presented in Figs. 62 and 63 for Ti and En9 

respectively. These results show, as expected, the more inefficient the cutting 

process (resulting from low dressing rates), the greater'the rise in grinding 

temperature for increased feed rate. They show, however, that irrespective of 
grinding efficiency the temperature rise will always be continuous until 
temperatures in the order of 100 Deg. C above ambient are achieved beyond 

which there is a sharp discontinuity in recorded temperatures in most cases 

coincident with visible burn marks on the workpiece. (The arrows on Figs. 62 

und 63 show the feed rates at which temperatures in excess of 250 deg C were 

recorded. ) This discontinuity in temperature rise is again consistent with a film 
boiling threshold theory, as &scribed above and will be termed the film boiling 

threshold from here on. The results suggest that this threshold occurred with 
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EN9 at slightly lower temperatures than that of the titanium alloy. The threshold 

for IMI 318 appears to be in the order of 100- 110 deg C above ambient and that 

EN9 appear to be in the range 80 - 95 deg C above ambient. It was also noticed 

that when grinding near or in this range, a grind was, more likely to be 

successful when higher dressing rates were used. This suggests that low dress rate 

reduces the film boiling threshold. A suggested reason for this is that at low 

dressing rates there may be a slightly higher density of active grits. This, coupled 

with the Clements model of film boiling [34], implies that lower peak grit 

temperatures would be required to create a film boiling region that spanned 

successive grits, consequently leading to lower bulk temperatures at burn. 

5.5.3 Form Surface Grinding Temperatures 

The surface grinding temperatures measured illustrated the dependence of 
temperature rise, with feed rates on the grinding efficiency (the latter being 

dictated largely by dresser rate). By expressing the temperature rise as a 
temperature rise per unit specific grinding energy input, the characteristics at all 
dressing rates may be shown-together. This parameter has been used to show the 

relationship of all surface and form grinding results (Figs. 64 and 65). 

Both Figs. ý 64 and 65 show the temperature rise per unit specific energy 

against the maximum normal infeed rate which, for the form grinds, is 

determined normal to the form surface at the time of temperature measurement. 
The results show the independence of temperature rise with form angle for most 
form angles. For form angles of 0* , 40* and 60* no trend can be discerned, 

which suggests that form angle does not influence the relationship between an 
interface temperature and the normal feed rate and specific energy. However, it 

can be seen from these results that the temperature rise for form angles of 80* 

do appear to give consistently higher values for all feed rates. This is shown 

more clearly in Fig. 66. The suggested reason for these higher values is that 

angle of the form is approaching the limit for which the CD normal dresser feed 

rate theory is valid. The limiting form angle practicable is 90% With this angle 

the dresser cannot have a normal feed rate and hence continuous dressing cannot 

occur and the theories presented in this thesis do not apply. It is suggested that 
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some of the conditions occuring on a 90' face may well be influencing the 

performance of the 800 form grinds investigated here. 

5.5.4 Total Heat Transfer Coefflclent and Surface 

Grinding Shear Plane Partition 

5.5.4.1 Introduction 

To assess the overall performance of cooling in a grind, the total heat 

transfer coefficient is calculated for each grind and is plotted against the 

respective table speed, Figs. 67 and 68. The total heat transfer coefficient, as 

explained in Section 3.5.3 (Eqn 23), shows the efficiency with which grinding 

energy is absorbed and is closely related to the approximate method of predicting 

grinding temperatures found to give comparable results to that of the finite 

element model. The total heat transfer coefficient was shown to be theoretically 

depende4t on -four principal components: convective c9olant mass transfer across 

the grinding interface, transient effects of heat source movement (advection) and 

workpiece conduction. Temperatures have also been shown to be dependent on 

the 'warm-up' effect on the coolant. In this section the influence these effects 
have on surface grinds IS described. From this, it is shown how comparison can 
be made between the pin grinding thermal performance and surface grinding , 

thermal performance, and this thus leads to a general understanding' of some of 
the principal factors affecting the thermal performance of all creep feed 

grinding processes. 

5.5.4.2 Flux Distribution 

0 Prior to a detailed analysis of the factors influencing heat trunsfer 

performance, it should first be noted that any direct comparison made between, ý. ý 
the performance of pin tests and surface grinds is complicated by the difference' 

in flux distribution occurring in the two proct. 3ses. Pin grinding has a constant 

distribution of flux across the grinding interface whereas surface grinding has a 
triangular distribution. This thus means that, in the pin test heat, transfer 

coefficient, the factor (e-Vn) defines precisely the local grinding flux at any 
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point and particularly the point of temperature measurement. This is not the case 
for the surface grinding coefficient, where the factor e'VN defines only the 

maximum flux. The local flux, again particularly at the point of temperature 

measurement, is here a function the distance along the grinding arc. For this 

reason, temperatures in surface grinds, when expressed as a function of the 
factor eV will always appear less than those found in pin grinds and, hence, the 
heat transfer performance will appear higher. This can be seen by direct 

comparison of Figs. 47 and 67 or Figs. 48 and 68. The effect is accounted for in 

the local convective coefficient, as discussed in Section 3.6. As will be seen in 

the following section, the differences in workpiece movement also causes 
differences in heat transfer performance. 

5.5.4.3 Workplece Movement 

In Section 5.2.3, the effect of workpiece movement on the thermal 

performance of a grind was used to estimate the value of shear plane partitioning 

-occurring at the grinding interface. The, same method may also be applied to 

analyse the thermal performance of surface grinds. In Figs. 67 and'68 the total 
heat transfer performances of the grinds are plotted as a function of feed rate. 
The large scatter is attributed both to the error 
due to noise (giving a range of up to ± 15%) for lower recorded temperatures 

and the inaccuracies in measured grinding power (also giving errors of up to 
15%). 

Ideally, it would be possible to determine a unique relationship from this 
data but, as can be seen (as was found in the pin tests), quite a wide range of 
theoretical curves can be fitted, giving only a lower bound to the value of f, the 

shear plane partition 

Pin tests (Section 5.2.3) showed that values of f were difficult to define 

because coolant dominated the heat transfer in the grinding interface: however, 

the results gathered could be modelled analytically by partition fractions in the 

range 5% to 10%. The effects of these values in surface grinding heat transfer 

are shown by the curves drawn in Figs. 67 and 68. Comparison of the results for 

EN9 and titanium show again, as observed in pin grinding tests and as predicted 
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by theory that, at a given partition fraction, the overall heat transfer 

performance of a grind on EN9 is affected more by feed rate than titanium. 
This, as explained, is because of the reduced range of feed rates giving 

successful grinds for titanium and also because of the thermal properties of 
titanium making workpiece heat transfer less significant. 

Observations of the trend in changing cooling performance show that, very 
generally, there is, for titanium, very little variation observable (and no variation 

was found to be resolvable from the accuracy of the data gathered). The total 

variation over all the tests presented here was ± 20% of the total. The maximum 
theoretical variation attributable to workpiece movement over the feed rates 
tested was :k 15%. This variation is further reduced when it is noted that a large 

proportion of the change occurs -at low feed rates. Thus, in defining an overall 
coolant performance the change in the theoretical value over the typical range of 
feed rates of creep feed grinding will lie in the range :t 10%. Thus, this confirms 
the conclusions from the pin tests, that the heat transfer in titanium workpieces 
has either a negligible influence on the grinding interface temperature or one 
that is less than that resolvable under the experimental conditions. It should be 

noted, however, that for EN9 workpiece movement does have an apparent effect 
on heat transfer performance. This thus again gives a source of difference in the 
value of this parformance when comparing surface and pin grinding results. 

5.5.4.4 Workplece Conduction and the Effect of Form 

Past results have shown that the grinding energy is independent on the form 

angle provided feed rates are expressed normal to the face of the grind. Thus, 

any effective change in grinding temperatures due to a change in face angle at 
given normal feed rates of workpiece and dresser, can be attributed only to the 

way in which the energy is absorbed and, in particular, to the restriction to the 

passage of heat away from the ground surface into the workpiece. Chapter 3 

showed that the effect of workpiece conduction could be quantified by a heat 

transfer coefficient that allowed easy comparison with-transfer coefficients due 

to convection and workpiece movement. The analysis also showed that, unlike 
other coefficients, the conduction coefficient was not independent of other 
terms. It was found (Section 3.4.6) that conduction had a decreasing effect as 
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advection and mass transfer takes effect. An approximate method of calculating 
the workpiece transfer coefficient was achieved by applying an arbitrary 

grinding flux to a finite element model of the particular workpiece geometry 

with no movement and representative convective cooling applied to the unground 
faces of the workpiece alone. The ratio of value the applied grinding flux to the 

resulting calculated maximum temperature gives the order of the convective 
coefficient. The results of this analysis for the plane surface grinding geometries 
showed hK to be 2.34 KW/m2K. The equivalent for EN9 was found to be 11.6 

KW/nfK. Comparing these figures with the convective coefficient determined 

above, it can be seen that for titanium workpieces conduction accounts for less 

than 20% of the heat transfer from the grinding interface at the most. This 

confirms the pin grinding result where it was found that under particularly poor 
thermal conditions- (where heat is prevented from travelling through the 

workpiece) then grinding temperatures rise by a factor of approximately 25% 

above that with workpiece conduction. Similar conclusions about the thermal 

characteristics of EN9 specimens cannot be made. however, since the above 
coefficient is comparable to the convective coefficient. This is a similar result to 
that found in Section 5.2.3. The thermal conditions within the workpieces tested 
in this investigation were comparatively good in that the grinding interface had 

two adjacent cooled surfaces and a further cooled face directly opposite the 

grinding interface on the back surface of the workpiece. Thus, any estimation of 

grinding performance based on these results may be 20% above that which might 
be obtained in particularly bad conditions. (Such bad conditions would be the 
twin wheel grind of a thin section implying no sideway conduction and an 
adiabatic face on opposite faces of the workpiece to the grinding arc. ) This 
factor is likely to be reduced at higher feed rates where advection and material 
transfer across the grinding interface becomes more dominant. 

A comparison of total coefficient of heat transfer for various face angles 
was made by plotting the range of all coefficients recorded against the form 

angle of each case (Fig. 66). The results show that for form angles in the range 
0-60 degrees there was no discernible effect of form on heat transfer I 
performance, as predicted by the above. However, for the test on an 80 deg 
form angle the heat transfer performance was greatly reduced - confirmation of 
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the consistently higher temperature noted above. The conclusion based on the 

results presented in Fig. 66 are thus only valid in the range of form angles 0-60. 

5.5.4.5 Local Heat Transfer Coefficients In Surface Grinds 

From results of warm-up tests, presented in Section 5.2.3, it was concluded 
that under constant flux conditions there was a change in coolant performance in 
its passage through the grinding arc and this could be predicted theoretically by 

the application of boundary. layer theory. It can be anticipated that there will be 

a similar change in coolant performance in surface grinding. In this process the 

conditions are such that the coolant experiences a decreasing grinding flux in its 

passage through the grinding arc. The assessment of the performance of the 

coolant is thus complicated by the fact that changes in this performance have to 
be distinguished from the general changes in thermal conditions resulting from 

this decreasing flux. This change is accounted for by use of the theory described 
in Section 3.6.2. 

The theoretical analysis of local convective performance showed, both for 

the turbulent boundary layer analysis and the solid coolant/wheel analysis, that 
surface temperatures may be defined by a function made of three factors. These 
factors are: 
(a) A function of q showing the distribution of temperatures through the arc. 

The nature of the function is dependent on whether a plunge or surface 
grinding operation is modelled. 

(b) An arc length component defining the overall dependence of coolant 

performance on arc length. 

(c) A constant Kc defining the properties of the coolant/wheel combination. 

Although the coolant conditions in the surface grinds will theoretically be 

substantially different from those of the pin grinds, direct comparison of coolant 
performance across grinding types is possible by comparison of the calculated 
constants Kc . As in- the pin grinding test, Kc is assessed by determining first 

the fraction of the total heat tiansfer coefficient attributable to convection alone 
(as distinguished from that resulting from workpiece movement and conduction). 
The value determined may thus be used directly in Eqn (31). 
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The value of heat transfer coefficient, due to coolant convection, may be 

calculated from the curves shown in Figs. 67 and 68. The curves do not take 

account of workpiece conduction and, further to this, the intercept value at Vf 

0 defines the theoretical cooling performance when there is no workpiece 

movement. The intercept value thus defines the cooling due to convection alone. 
As Equation 25 shows, the actual convective coefficient influencing the 

workpiece bulk temperatures is a proportion of that defined by the total heat 

transfer coeffipient shown in Figs. 67 and 68, where the constant of 

proportionality is the theoretical shear plane partition value: 

eqn. 25 a hc - hT. *f @ Vf -0 

Thus, for the respective partition values used in the example curves, the 

convective coefficients are calculated to be 27.0 KW/m2 K at f-0.1 and 12.0 

KW/m2K at f-0.05 for Ti and 27.0 KW/m2K and 9.0 KW/m2K respectively 
foT EN9. For the purposes of further analysis, a partition value of 0.07 will be 

chosen giving an equivalent convective coefficient of 18,000 W/m 2K. This value 
is thus the local value of convective coefficient relevant to the point of 
temperature measurement. For all results shown in Figs. 67 and 68, temperatures 

were measured at a point 3/5ths along a 50 mm arc length for both formed and 
flat surface grinds. 

The properties of coolant/wheel combination, Kc , for the surface grinds 
may thus be calculated 

Kc = ICO. 2 
-17 

0.2. (l-O. 88j7). hc 

as stated: 
Ic - 50.0 mm 
q-0.6 
hc . 18,000 W/m2K K 

.,. k- 4213 WMO. 2/m2K 
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This value may thus be compared with the value of 3981 WmO. 2 /m2K 

determined by the pin grinding tests. 

Comparisons may also be made of the exponent value defining the 

distribution of temperatures in the grinding arc. Fig. 61 showed temperatures 

measured in three positions through the arc of cut. The results present in the 

preceding sections of Section 5.4 refer to temperatures measured 3/5ths along the 

length of the arc (q -3/5ths). Fig. 69 shows the temperature rise per unit specific 

energy for interface temperatures 1/5th along the length of the arc of cut. (This 

can be compared with that for q- 3/5ths; in Fig. 64. ) To compare the results of 

all interface temperatures on j7 -1/5th to that at tj - 3/5ths, the temperature rise 

per unit total grinding flux T/eV is determined for each grind at each of the 

thermocduple positions (Fig. 70). By this means the nature of the temperature 

distribution function in q can be analysed. 

Fig. 70 shows, in a solid line, the theoretical distribution which would occur 
if the conclusions on the change in convective performance derived from the pin 

grinding tests were applied to surface grinding conditions. This curve suggests 
that temperatures at thi top of the arc of cut (q < 0-5) would theoretically be 

higher than those at the bottom of the arc of cut (q > 0.5). The thermocouple 

readings, however, suggest that temperatures in surface grinding are on average 
higher at the bottom of the arc than at the top. This is more consistent with the 

solid wheel approximation where : 
T cc (1_2 /317M 0.5 

(shown for reference in Fig. 70 at an arbitrary magnitude by the dashed line-. ) 

5.6 Surface Roughness 

Measurements were made of the surface roughness of all form ground 

workpieces, as shown in Fig. 71. These confirmed the results of Salter [3] that 

surface roughness was dependent on the state of wheel sharpness which, under 
form grinding conditions, is defined locally by the local dresser infeed rate. No 

additional influence of form angle was observed for all angles tested (0", 40% 60" 

and 800). 
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5.7 Metallographic Inspection 

5.7.1 Introduction 

The microstructure of the surface of a number of workpieces was studied to 

assess the quality of the grinds made. The purpose of this inspection was to 

determine whether any visible change in the microstructure had occurred as a 
result of grinding. No attempt has been made to investigate whether, in the case 

of change, these changes were significant in terms of the performance of the 

material. Hence, a successful grind is deemed here to be one that makes no 
changes, rather than marginal changes, to the material structure. The 

microstructure has been studied in titanium specimens only. 

5.7.2 Pin Specimens 

It was felt that the most reliable information about grinding temperatures 
and the resulting microstructure would be obtained from the pin grinding tests. 
The reasons for this are: 

(a) The thermocouple readings did not suffer from noise. 

(b) The temperatures recorded were confirmed by three thermocouple 

readings. 

(c) Feed rates were less than those of surface grinds and, hence, there were 
likely to be less inaccuracies due to any inability to capture transients. 

Without metallographic inspection, a pin grind was deemed to be successful 
if there were no visible signs of burn on the ground surface and the recorded 
grinding temperatures were below that recognized as the film boiling threshold. 
A Laboratory examination was made of the material of two such grinds, where 
temperatures of 60 and 90 deg'C above'ambient had been recorded at the 

grinding interface. These specimens were sectioned in a plane normal to the 

ground surface and the structures adjacent to this surface in the area 
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surrounding the location of the thermocouple are shown for each specimen in 

Plate 12. IMI 318 in its annealed state is a two- phase alloy (each phase being 

termed alpha and beta respectively). Plate 12 shows clearly the undamaged form 

of the structure and it should be noted that this regular granular form is 

maintained in all areas including those at the very edge of the ground surface. 

Grinds that were considered likely to be unsuccessful, again without 

metalographic inspection, were those where temperatures above the film boiling 

threshold had been recorded. If such temperatures were recorded, then, in most 

cases, unless great care was taken, these temperatures would be close or above 
that recordable by the thermocouple type, i. e. in excess of 1000 deg C (as 

described in Section 5.2.4). Two grinds were made, however, where temperatures 

of 400 and 715 deg C were recorded. The structure of the remaining workpieces 

was examined, as shown in Plate 13. Although temperatures in excess of the 
boiling limit had been achieved, the temperatures were not in excess of the 

temperatures reported in Ref. [6] to cause structural damage to the material. 
Observation of the structure shown in Plate 13 confirms this. Again, as in Plate 

12, the regular granular form is maintained in all areas, including the very edge 
of the ground surface. However, the material that experienced the higher 

temperature shows some definite signs of local material flow at the surface, 

possibly due to thermal softening. This flow is evident, to some extent, at the 
lower temperature. This result thus suggests that it is possible to grind above the 
film boiling limit without significantly damaging the structure. However, since 
the range of feeds for which this is possible is so limited, there is only a small 
fraction of performance lost by not taking advantage of it. Hence, the film 

boiling criterion of burn remains valid for the purposes of finding optimum 

conditions in the grinding of titanium IMI 318. 

- To illustrate the limited size of the range of successful feed above burn, the 

structure of a specimen ground at a rate of 15% above that causing film boiling 

is shown in Plate 14. This clearly shows the changes abusive grinding can cause. 
The diagram shows the structure at the surface and at two points approximately 
1.5 and 3 mm below it. The stiucture at the surface is completely martensitic 
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with flow. At 1.5 mm. below this the material showed the alpha and beta 

structure but there is evidence of reabsorbed beta. At 3 mm depth, the material 
is undamaged. 

5.7.3 Surface Grinds 

Metallographic analysis of the structure of surface ground specimens was 

made to confirm that the overall trend of structure vs observed grinding 

temperature, as seen in Section 3.7.2 above, was also applicable to surface 

grinding operations. Specimens were again sectioned in a plane normal to the 

ground surface (across the width) and the structure analysed in areas close to the 

thermocouple position. The undamaged structure of IMI 318 in its annealed state 
is again shown in Plate 15 taken from a specimen ground below the film boiling 

limit. It should be noted th at the orientation of the grains shown in this plate is 

perpendicular to that of the pin grinding specimens (Plate 12). The shape of the 

grains within all the specimens have their origins in the forming process of the 

bar stock from which they were made. The pin specimens were manufactured. 

such that the grinding surface was normal to the axis of the original bar, 

whereas the grinding surface of the surface ground specimens lay in a plane 

parallel to this axis. From this and observation of the grain shape, shown in 

Plates 12 and 15, it may be concluded that the grains have their length in the 

direction of the length of the bar (as might be expected). Plate 15 thus shows a 

cross section of grains shown lengthwise in Plate 12. 

It should also be noted that the plane of view in Plate 12 is parallel to the 

cutting path of -the wheel grits, whereas that shown for all surface grinds is 

normal to this path. Thus, the surface illustrated in the surface grind 

mircrostructure illustrates the true surface roughness resulting from these grinds. 
Plate 15 shows an example of the roughness resulting from 2 14m/rev dressing 

rate (approx. 2.3 RA, see Section 5.6). 

Plate 16 illustrates the structure from an area where a temperature in excess 
of 225 deg C was recorded in a surface grind. Although this temperature is 

above the film boiling threshold, the structure shown is undamaged. It may be 

concluded that, in the surface grinding of IMI 318, as was observed with the pin 
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grinding specimens, there is an operating band where the film boiling threshold 
is being exceeded but successful grinds are being made. 

Finally, in Plate 17, a series of plates shows the extent and depth of damage 

resulting from an abusive surface grind. Recorded temperatures were above 1000 
deg C and there were obvious signs of burn, both from the large amount of 
sparks created during the grind and the large burn marks around and on the 

ground surface. Damage extends to 2-3 mm below the ground surface. Thus, 

once damage has been created, it is clear that, if it was anticipated that the 
material could be cleared up by further non-abusive grinds, this would only be 
possible by the removal of a large amount of stock. * 

5.7.4 Detection of Damage by Visual Inspection 

In general, unsuccessful grinds on IMI 318 were usually accompanied by a 
display of white sparks sometimes extending 20-30 cm beyond the grinding arc. 
The resulting specimen also showed a range of burn mark colours. The most 
clear marks were shown on the unground surfaces adjacent to the grinding 

surface and these were of colours ranging from a straw colour to a deep blue. 
The marks shown on the ground surface also had the same range of colours but 
it was noticeable that these marks were usually several shades lighter than those 
displayed on the adjacent faces. This was probably due to the subsequent 
Ocleaning' of a burn surface in later sections of the grinding arc. The discrepancy 
between displayed marks on ground and unground surfaces could be as large as a 
definite blue on one and no shading at all on the ground surface. This was 
noticeable both for the titanium alloy and the EN9 steel. This is an- important 

point as it is thus possible that the quality of a grind could be given a different 

assessment from the independent inspection of each surface. 

From the results of laboratory tests of the material structure at the grinding 
interface, it was found that a martensitic structure could be created when there 

were no visible burn marks appearing on tne final ground surface. It was thus 

clear that visual inspection of this surface was not a reliable indication of 
grinding abuse. 
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When flat surface grinds are made, the grinding conditions adjacent to the 

edge of workpiece are equal to those at the centre of the workpiece. Thus, no 

visible signs of burn on the side of the workpiece generally gives an accurate 

assessment of 'no-burn' conditions at the centre of the grinding surface. 
However, in form grinding, conditions at the edge of the grind can sometimes 
bear very little relation to those occurring at the centre of grind, particularly 

where complex fir tree forms are ground. Thus, the absence of burn marks on 

surfaces adjacent to the grinding surface does not necessarily indicate the 

absence of burn in the grind. It must be 
, 
further concluded, for the form 

grinding, that the visual inspection of the workpiece surface surrounding the 

grind is also not a reliable method of detecting grinding abuse. 

From the above, it would appear that the detection of grinding abuse in the 
form grinding of titanium by visual inspection alone is not reliable wherever the 
inspection is made. This has been found to be the case for other materials and, 
to over come this, other inspection methods have been used. A method used for 

steels reported in Ref. [59finvolves the etching of the ground surface. It is also 

reported, (Ref. [60])that this etch method is currently used in the manufacture 
of turbine blades made of nimonic. In this case, for complete reliability, every 
part ground is etch inspected. The results of this research indicated that a similar 
100% etch inspection of parts ground would also have to be made. As yet, 
however, a satisfactory method of achieving this with titanium has not been 

found [Ref. 60] and it would thus appear that this factor may well be critical in 

the application of the process to the reliable manufacture of titanium compressor 
blades. 

5.8 Grinding Titanium Alloy with White Oxide Wheels 

Only a limited number of tests were made on the grinding of titanium alloy 

with a white oxide wheel, principally because of the consistently poor 
performance displayed. The dressing characteristic shown in Fig. 72 showed 

many of the advantages of the soft silicon carbide wheel with optimum specific 

energies'being achieved at coniparatively low dressing rates (approx. 1.5pm/rev). 

It was thus anticipated that the feed rate at which burn or wheel l3reakdown 

would be encountered, would be equivalent to those indicated in Figs. 29 and 33. 
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However, as indicated in Fig. 73, burn was encountered at far lower feed rates 

than those achieved with either the soft or hard silicon wheel. This indicates 

that, under the same grinding flux conditions, higher grinding temperatures are 
being achieved with a white oxide wheel than with a silicon carbide wheel, 

which consequently suggests that the partition fractions for each wheel are 
different. While it might have proved enlightening to confirm this conclusion 

with a pin test analysis, such an investigation was not considered pressing, and 

such tests were not successfully, completed in the research time. It is suggested 
that the poor performance displayed by the white oxide wheels may result from 

a chemical affinity between the aluminium content of the wheel and workpiece. 
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6. DISCUSSION 

6.1 Introduction 

In this Chapter, experimental and theoretical results are combined with the 
findings of previous research to make recommendations and conclusions on the use 

of CD creep feed grinding in the manufacture of titanium alloy compressor 
bladess. This is done initially by a qualitative appraisal of the general grinding 

characteristics observed. There then follows a quantitative and qualitative analysis 

on particular aspects of these characteristics with the main aim of forming a 

recommended method of predicting CD creep feed form grinding performance. 
This is done first by an analysis of the data on grinding energy, film boiling burn 

criterion, partition and convective coefficients. The thermal models which can be 

used to assess the performance of a given grind from this data are then appraised. 
In the final section of this Chapter, a method of optimising form grinding 

performance is described which, although based on the thermal model developed in 

this investigation, does not require the calculation of workpiece temperature. This 

model couples both flux and film boiling burn criterion and is considered 
convenient to use. Comments on the consistency of the results with existing 
findings are made in parallel. 

6.2 The CD Creep Feed Grinding of 6AL4V Titanium Alloy IMI 318 

The results of this investigation have shown that the compressor blade titanium 

alloy IMI 318 CD creep feed grinds with a silicon carbide wheel in a similar 

manner to most hard-to-grind material already being successfully ground by the 
process. The characteristics of the materials specific grinding energy were found to 
be comparable to that of the nickel alloys ground by Salmon [17] and Parrot [1], as 

was the characteristic of surface roughness vs applied dress rate. Metalographic 

analysis also showed that when ground under conditions currently considered to be 

non-abusive, the integrity of material was not impaired. 

Although metallographic analysis confirmed the success of the grinding of IMI 

318, in which non-film boiling temperatures had occurred, it has been shown that 

only by the direct measurement of these grinding temperatures was it possible to 
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guarantee the performance of the grind at the time of grinding. The use of visual 
inspection to assess the performance of a grind on IMI 318 was not found to be 

satisfactory. Hence, where grinding temperatures are not being recorded, the 

reliable detection of grinding abuse requires the use of an etch inspection of the 

materials structure. 

Many of the problems reported to occur [19,35,36, ] when grinding titanium or 
titanium alloys by conventional methods appear to have been either overcome, or at 
least put under control, by the CD creep feed process. The principal problems were 
reported to be re-depoSition of grinding chip material on the ground surface and 
high G ratios. It is thought that re-deposition of the ground material is prevented 
by the interference of the dresser on the wheel surface prior to its re-entry into 

the grinding zone (ie the dresser may act as a de-loader in the same manner as the 
de-loader discussed by Frost [411). Freed from this limitation, the titanium alloy 
gives the same creep feed grinding characteristics as other comparable materials. If 

an analysis is made of the G ratios occurring in the grinds made in this 
investigati'on, however, it becomes apparent that the improved grinding 

performance gained by the use of CD creep feed grinding has, in practice, been 

made at the expense of wheel wear. The titanium grinding G ratios reported to be 

poor by Tarasov [Ref. 19], were of the order of 2-3 (a 'good' ratio being 

considered to be 10-15). However, a typical G ratio occurring in a normal CD 

creep feed process is only of the order 0.5 to 1.0 (Rezaei [57]). In this 
investigation, G ratios of 0.3 to 0.5 were achieved in the form grinds. Clearly, 

what was considered less than ideal in preceding conventional processe's is 

considered greater than average for the CD creep feed process. It is partly this 
discrepancy in accepted values that allows the CD creep feed grinding of titanium 
to be deemed satisfactory. The advantage of the CD creep feed process is that the 

wheel wear that does occur is precisely controlled. 

The results of grinding titanium alloy with white oxide wheels have been 
found to be less than satisfactory. Although the material appears to have similar 

specifiv energy characteristics with this wheel as those found with the silicon 

wheel, it has been found that burn occurs earlier. A full explanation for this 
inferior performance cannot be given from the information gathered within the 

period of this investigation. Although this explanation forms a part of the overall 
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understanding of titanium grinding, it was felt that it was not essential for the 

particular aims of this investigation. Should this explanation be required then the 

suggested course for further research would be to analyse the partition levels 

occuring using white oxide wheels for comparison with that occuring with silicon 

wheels. If the reasons for the inferior performance using white oxide are purely 
thermodynamic and the same film boiling limitations are being met then the 

grinding results gathered so far suggest that for a given energy input higher 

temperatures are being attained. A possible mechanism for this characteristic would 
be the presence of a higher shear plane partition fraction. The absense of higher 

partition fractions may indicate that other factors such as loading are limiting the 

process performance. 

Although the reasons are not fully known, it is concluded here that white 

oxide wheels should not be used for the continuous dress creep feed grinding of a 
60/40 titanium alloy such as IMI 318. 

6.3. Calculating the Performance of Creep Feed Form Grinding 
41 

The grinding characteristics of the titanium alloy IMI 318 are very similar to 

that of the difficult- to- grind materials currently ground on Ex- Cell-O machines. 
Thus, it can be anticipated that the application of the continuous dress creep feed 

grinding procedures, currently used in turbine blade manufacture, to the 

manufacture of titanium alloy compressor blades is technically possible 
immediately. However, a recommendation to make such an application cannot be 

made without regard to economic factors. As discussed in Chapter 1, a complete 

economic justification depends on particular details of available alternatives: details 

that are beyond the scope of this research. The aim of this section is to illustrate 

how the data and conclusions drawn from this research can be used to make a 
general means of predicting the performance of the process under most typical 

grinding conditions. This can then be used by those with the required knowledge 

of the alternatives to make a more accurate assessment of the relative merits of the 

process. 
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6.3.1 Titanium Alloy Grinding Energy 

The results show that titaniues grinding energy can be quantified by an 

expression indicating that titanium has a component of ploughing energy at low 
feed rates, as observed by Shafto [12] on Nimonics. However, the results also 
suggest that these characteristics are not prevalent at higher feed rates where burn 
is to be predicted. The overall characteristics of titanium grinding analysed appear 
to be dependent, to as much as 20%, on the local machine conditions. This is most 
likely to be a function of the dresser performance as put forward by Rezaei [57]. 
Nonetheless, it may be necessary to relax the tolerance to which the burn criterion 
may be specified if all possible conditions are to be anticipated. The expression for 

titanium grinding energies on the Ex-Cell-O 820 machine using the Diamant Boart 

reverse plated dresser on an L grade wheel was found to be: 

e-2. (85)/(VN'výVd) + 17 + 33//Vd (43) 
3 

where e- spe; ific -grinding energy (J/mm 

VN Maximum normal infeed rate (mm/min) 

Vd Dressing rate (um/rev) 

The grinding energy defined by this expression may be considered as the worst 
case as it would be expected that a softer grade wheel would be used in practice 
leading to reduced grinding energy. Possibly the most efficient grinding energies 
that could be anticipated would be those achieved with the soft g grade wheel as 
shown in fig 32. 

Equations 43 and and the characteristic shown in fig 32 effectively give an 

upper and lower bound on the performance that can be anticipated in the CD 

creep feed grinding of the titanium alloy. Fine tuning of that performance, as yet, 

still remains a process of trial and error on the shop floor and is largely dependent 

on attempts to use the softest grade wheel for the lowest specific energy without 

risking loss of form through severe self-dressing. 

The effect of wheel speed on these characteristics appears to be minimal and 

only apparent on the softer grade wheels. The use of this parameter to fine tune 
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the process is questionable since, although'there may be a reduction in specific 

energy with reduced wheel speed, there is a comparable reduction in cooling 

performance leading to premature burn. 

6.3.2 The Threshold Defining the Onset of Material Damage 

Tests showed that under surface and plunge grinding conditions there was a 
large change in cooling performance unless the interface temperatures attained 80- 

100 deg C above ambient. This supports the theory of the presence of a film 

boiling mechanism, as put forward for Shafto [12]. The current research indicates 

that the total convective performance of cooling in grinding is reduced by a factor 

of seven at this threshold which can result in a change in typical surface grinding 
temperatures from 80-90 deg C above ambient to 400 - 700 deg C above ambient. 

From this, it may be possible to explain the apparent discrepancy between 

typical creep feed grinding temperatures reported by Werner [271 and Peters [91 

and those measured in this investigation and the investigations of Shafto [121 and 
Salter [3]. Peters [9] has put forward an argument indicating how grinding 
temperatures below 1000 deg C may be obtained in both creep feed and 
conventional grinding using a cooling model extended from the range of 

conventional grinding. As explained in Section 2.2, within this model different 

mechanisms are thought to be in operation in each grinding mode helping to 

reduce grinding temperatures. From this model Peters derived creep feed grinding 
temperatures of 400-500 deg C. This apparently confirmed temperatures measured 
by Werner but disagreed markedly with those obtained by Shafto [12] and Salter 

[3]. The results presented in this investigation suggest that temperatures of the 

order of 400-500 deg C may be obtained in a creep feed grind (particularly for 

EN9 grinding) but that these temperatures are only consistent with presence of 
film boiling. This implies that the cooling performance Peters thought typical of 

conventional grinding was of a value suggesting also the presence of film boiling. 

There may well be a wider occurrence of film boiling in conventional grinding 
than in creep feed grinding be6ause, as Peters [9] observes, the grinding energy in 

conventional grinding operates over a small area and results in a more intense 

grinding flux. This thus consequently leads to a greater possibility of burn-out and 
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film boiling. However, as noted by Des Ruisseaux and Zerkle [151, since the 

thermal performance of conventional grinding is dictated more heavily by the 

transient nature of the heat source and the thermal inertia of the workpiece, the 

presence of an inferior cooling mechanism in the coolant does not have such a 

critical bearing on the resulting grinding temperatures. 

It is suggested, thus, that further to the various mechanisms indicated by 

Peters leading to reduced grinding temperature, there is the additional presence of 
the nucleate boiling regime which leads to temperatures below 100 deg C where 
Peters and Werner had reported those above 400 deg C. 

With both EN9 and the titanium alloy, it was possible to grind in the film 

boiling regime and not damage the material structure. Thus, the onset in film 

boiling does not strictly coincide with the onset of material damage or grinding 

abuse. However, with the grinding of titanium alloy, the results show that the 

range of feed rates which can be successfully used above the film boiling threshold 

are limited. Furthermore, the value of taking advantage of this Tange of feeds is 

questionable', since there is a greater risk of incurring material damage under these 

conditions. Hence, it is concluded that the film boiling criterion of burn remains a 
convenient definition of the onset of material damage when grinding titanium 

alloy. 

6.3.3 Partition 

The analysis of previous work on thermal modelling indicated that there was a 
certain amount of inconsistency in the method of specifying partition values in 

creep feed grinding. Notable differences come from the use of shear zone partition 
(or equivalent, Shafto [12]) or a fixed partition value (Salter [3] and Ohishi 125% In 

the analysis of grinding theory. it was illustrated (Fig. 18) that the use of the other 

resulted in a marked difference in the predicted thermal performance. The results 
of this investigation indicate that the partition mechanism which is consistent with 
the trends observed is that of the shear zone mechanism coupled with a convective 
boundary condition. 
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The partition result of this investigation differ significantly from those of 
Satter evan though the same 'pin' test method was used. Salter argued that a fixed 

partition model must be operating, in his pin tests because no steady-state grinding 
interface temperature conditions-were achieved. The results of this investigation 

indicate that a steady- state condition is achieved. Consequently, the fixed partition 

model is not consistent with the characteristics indicated by pin tests. 

Further support for a non-fixed partition model comes from the surface 

grinding results, particularly those of the titanium grinds. The results show that the 

heat transfer performance of form grinds depend heavily on the presence of a 

convective coefficient. The convective coefficient was observed to be far larger 

than that which could be explained by conduction through the workpiece (i. e. the 

equivalent h. ), not only because otherwise there would have been a marked 
difference in the observed coefficient of the titanium alloy and the EN9 steel, but 

also because the value obtained was not consistent with the conductive properties 
of titanium. 

It should be noted, however, that although there is a discrepancy in the model 
derived from the pin test results, the overall partition values obtained in this 
investigation are consistent with those found in the investigations of Salter [31 and 
Shafto [12]. The important conclusion here is that overall partition (as defined in 

Section 2.4.2) is not fixed but is a complex function of interface temperature, 

metal removal rate and workpiece feed rate. More accurate means of determining 

the overall partition value are achieved by the use of the shear plane partition and 
a strong convective coefficient in a suitable thermal model. 

The partition information determined both below and above the film boiling 
threshold indicates partition values much lower than that indicated by classic 
partition analyses of Outwater and Shaw [28] and Malkin [24]. While the methods 
used in this investigation were found to have only a limited resolution (a resolution 
on partition of the order of ± 0.15 in EN9), it was apparent from the EN9 tests 
that shear plane partition values above and below the film boiling threshold were 
of the order of 0.2 and 0.07 respectively. 
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It is possible. that the difference in the partition values of this investigation 

and those found in the work of Outwater, Shaw and Malkin may result from 

effects of coolant acting in the vicinity of the chip grit interface. The analyses of 
Outwater, Shaw and Malkin are based on dry conditions occurring around the shear 

zone of the individual chip cutting operations. It was initially thought in this 
investigation that the effects of coolant in this area would be negligible, as it is 

suggested by Clements [341 that local film boiling would exist in this area. Thus, it 

was thought possible to clearly define the area of influence of the coolant to be 

constrained only to the energy subsequent to the shear plane partition process. 
Results suggest, however, that this is perhaps too great an approximation and the 
influence of coolant cannot be separated from partitioning. Similarly, a precise 
definition of where the convective coefficient (determined experimentally) actually 
ceases to act on the workpiece and starts acting on the shear partition is not 

possible. Thus, while the model presented here to quantify creep grinding heat 

transfer may give a simulation of the heat transfer performance of the grind, it 

may be only a loose approximation of the physical conditions acting around the 

chip grit interface. 

The partition values determined above burn are also lower than predicted by 

most researchers on conventional grinding. It was suggested above that the 

conditions above film boiling may be similar to the conditions Peters [9] put 
forward for the combined creep feed and conventional thermal analysis. Although 

the temperatures in the respective analyses are similar, the partition values indicate 

a significant difference. The result suggests that, even under film boiling 

conditions, not only is there a significant convective effect (i. e. the workpiece does 

not respond as if it were ground dry) but that the presence of coolant around the 

chip shear zone still significantly influences the partition of energy to the 

workpiece. 

For the purposes of modelling and the prediction of grinding performance, it 

was found that a shear plane partition value of 0.07 could be used for both EN9 

and titawurn. 

152 



6.3.4 Convective Performance and Local Convective Coefficient 

The convective coefficients calculated in this investigation are designed 

specificaliy for the use of the models developed within it. For this reason, the 

reader should be aware that the coefficient may be only loosely related to the 

coefficients which define precisely the amount of energy absorbed by the coolant. 
This is because the convective coefficients determined in the results section refer 
only to the value of convection appearing to occur on the energy transferred to the 

workpiece alone. The energy absorbed by the coolant from the grinding wheel on 
the chips cut in the grinding arc have not been included. Thus, the coefficients 
derived are likely to be less (probably considerable) than those actually relevant to 
the overall energy absorbed by the coolant. 

The results indicated that the value of convection determined from any test is 

very closely related to the shear plane partition value thought to be present. Since 

these partition values could not be precisely identified, the associated convective 

coefficients are thus also estimates. However, it should be noted that for the 

purposes of accurate modelling precise consistency should be maintained between 

the estimated shear plane partition value and the convective coefficient used with 
it. 

For partition levels of 7%, a convective coefficient of 10.5 KW/m2K was 
found in the pin tests of this investigation. However, one of the principal results 

on the convective heat transfer performance of this investigation is that there is a 

variation of heat transfer performance along the arc length. Hence, for the 

conditions present in the pin test, the 10.5 KW/m2K value mentioned above is the 

local value of convection occurring 10 mm into the arc of cut. Furthermore, 

theoretical analysis of the local convective coefficient indicates that there is a 

different distribution in plunge and surface grinding convective coefficients. 
Hence, the above value is, in practice, a local value only applicable to the plunge 

grinding mode. 

One of the principal conclusions on the modelling of temperatures in this 
investigation, in relation to previous research, is concerned with the changes in 

coolant performance through the arc of cut. Powell [261 and Stuart [141 noted that 
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the overall cooling performance in a grind was affected by arc ý length. One of the 
factors to which they attributed the change in performance was the warming of 

coolant in the grinding arc. The results of the present investigation have shown 
that changes in cooling performance in the grinding arc are consistent with a 

coolant warming characteristic. Such a characteristic in the arc of a pin grind with 
constant grinding flux had significant increases in temperature along the length of 
the arc. Thus, in agreement with the results of Powell and Stuart, the longer the 

arc of cut, the more probable it is that the film boiling temperature (and hence 
burn) will be achieved. 

Despite indications of changing coolant performance through the arc of cut, a 
survey of literature did not reveal any numerical or analytical methods developed 

to take account of its effect. In most of the major works on the modelling of 
grinding temperature, e. g. Shafto [12], Ohishi [25], Malkin [241, Ruisseaux and 
Zerkle [331, assume that the coolant performance remains constant along the length 

of the arc of cut for any length of cut. Only Ohishi acknowledges that coolant 
affects the distribption of heat source strength. However, Ohishi only takes this' 
into account by changing the applied triangular flux distribution to 

, an estimated 
rectangular distribution: no effect on the overall change of coolant performance 
with varying arc lengths is modelled. 

It is possible that one of the reasons for the lack of inclusion of changing 
coolant performance in the grinding arc of grinding models is because the full 

significance of convective cooling in creep feed grinding has not been appreciated. 
As stated above, early thermal analysis of conventional grinding by Ruisseaux and 
Zerkle revealed that convective cooling had only a small influence on grinding 
temperatures, being only 5-10% less than those obtained when dry grinding. 
Experimental work similarly only showed a comparatively small influence of 
coolant in grinding temperatures. Thus, the experience of research on conventional 
grinding suggested that cooling was not particularly significant and, hence, the full 

modelling of every characteristic of the coolant was not particularly important. 

With the introduction of creep feed grinding, it is clear that initial research, 
e. g. Shafto [12], would also follow this course. However, the application of 
analytical analyses designed for convection grinding to creep feed grind did show 
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that convection reduces temperature by as much as 90% (Ohishi 125]). Also, the 
experimental work of Shafto [12], Powell [26] and Stuart [14] show that convective 
cooling plays a major role in creep feed grinding. This is now reconfirmed by the 

results of this investigation. 

The author believes that the significance of cooling in creep feed grinding is 

not adequately reflected in the emphasis of current research on thermal modelling. 
It is thus' recommended that there should be a large change in this emphasis in 

future research. This emphasis should change from one directed mainly at the 

workpiece (believed to be largely a legacy of conventional grinding) to one directed 

mainly at the coolant. 

In recognition of the significance of coolant performance and the changes that 

can occur within it, two models have been presented which indicate how local 

convective performance may be predicted. Results suggest that the two cases 
represented by the models (that of free flowing coolant: classic boundary layer 

analysis or that of fully constrained coolant: solid wheel model) represent, also, an 

upper and lower bound on the trend that may be exppcted in the change of coolant 
performance with distance through the are length. Thus, it is suggested that the 
function for the local convective performance is of the following form: 

h- Kc. (Ic. n)m 

where -0.2 >m> -0.5 

Experimental resulis indicate that Kc is of the order of 4000 WmO. 2/m2K when m 

-0.2. 

A further 3D FE model has also been presented which shows how coupling 
between workpiece and coolant temperatures may be achieved for the case where 
m-0.5. It is suggested that this coupling is only required when the heat flowing to 
the coolant is comparable to that flowing into the workpiece. Hence, this effect 
may well be required for the atcurate prediction of steel grinding temperatures. 

I 
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6.3.5 Thermal ModellIng 

At the outset of this research, in continuation of the current trend in thermal 

analysis, it was anticipated that the accurate prediction of form grinding 
temperatures would be possible by the use of a 3D FE form grinding simulation. 
This form of model would be capable of calculating the effects of the irregular 

geometry and grinding flux of the grinding interface. The models developed as 
part of this investigation indicate how the convective diffusion model usedby 
Dawson [51 can be used in three dimensions with the addition of upwinding to 

successfully calculate form grinding temperature under a given set of boundary 

conditions. Further to this, by comparing the results of a transient stepping model 
(as used by Shafto [12]) and those of a steady-state convective diffusion model, it 
has been illustrated that the steady-state solution is a valid solution throughout 

most of the grinding process. It is also the most efficient method of calculating 
maximum temperatures since these temperatures are calculated (typically) in 1/20th 

of the computing time of the transient model. 

Also, at the ou 
I tset of this research, it was noted that grinding interface 

temperatures could, under certain partition conditions, be predicted by a simplified 
expression derived by Shafto [12] using a convective coefficient. However, 

although this simple model agreed well with a finite element solution, it was not 
known whether the partition values used in the derivation of this approximation 

actually existed. This research suggests that partition values are, in practice, less 

than those suggested in this approximation. Nonetheless, this research also shows 
that there are circumstances which make the temperatures predicted by the 

approximation, an estimate of the true grinding temperatures which is as valid as 
those predicted by the finite element solution. These circumstances are discussed in 

more detail below. 

The values of shear plane partition suggested by the research are of the order 
of 0.05to 0.2 (derived principally from the results of EN9 grinding). As observed, 
this is less than the value Shafto applied in his approximation of grinding (0.6), a 
value which indirectly also implied a large convective effect. However, the results 
of this research still suggest, despite the lower partition values, that coolant and the 
convective coefficient are significant in the definition of grinding temperatures. 
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This is particularly the case when the workpiece is made of a poorly conductive 

material such as titanium. In these circumstances, the heat absorbed by the coolant 
from the grinding interface (i. e. subsequent to the shear plane partition) can be 

four times that absorbed by the workpiece. In these circumstances, also, local 

variation in the heat transfer characteristics of the workpiece, such as might be 

anticipated by the presence of form have a less significant impact on temperatures 
which are otherwise still defined by the convective coefficient of the coolant. 
Thus, as found in this investigation, the temperature distribution in a titanium 
form grinding process may be estimated by the use of an approximate thermal 

model using a convective coefficient alone, and the results produced are in close 
agreement with the solution of the full 3D finite element simulation. 

It should be noted that it is not possible to say that such an agreement between 

approximation and finite element model of Titanium grinding would always be 

obtained. The following gives an example of a case where a discrepancy between 

the models would be created. Assuming that convection is also taking place on the 
free boundaries of the workpiece, the heat that does enter the workpiece from the 

grinding interface follows a conductive path through the workpiece to these 
boundaries. For the workpiece dimensions used with this investigation, dimensions 

typical of a blade grinding operation, titanium acts in an insulating manner to the 
transfer of heat to these boundaries. However, with very narrow sections, it is 

possible that the workpiece could offer considerably less thermal resistance to the 
flow of heat and there would be a consequent improvement in grinding heat 

transfer. Such an improvement would only be indicated by the use of a full finite 

element model rather than the approximation alone, although it may be possible to 

make a crude estimation of its value. Nonetheless, it may be concluded that this 

approximation does give the worst case and may be considered as the model giving 
the upper bound on workpiece temperatures. 

The investigation has shown that one of the main factors limiting the accuracy 

of the finite element solution is the presence of a variable convective coefficient. 
As yet, no model has been shown to accurately characterize this variation. For this 

reason, it is not possible, to apply the boundary conditions to the finite element 

model to the degree of accuracy that the accuracy of the modelling method 
demands. Because this boundary condition has been shown to be the most 
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significant factor in the cooling of the workpiece, this thus means that the 

accuracy of a solution produced by a finite element model is'limited almost totally 

to the same accuracy to which this boundary condition can be specified. Hence, it 
is argued that the approximate solution given in týis investigation, dominated by 

the same boundary condition, is of comparable accuracy. 

The majority of the results analysed in this investigation have been analysed 

using the approximate method. Any inaccuracy that might have been attributed to 
the lack of accurate modelling of the workpiece (by finite element methods, or the 
like) have not been discernible from general experimental error. This thus appears 
to confirm that it is questionable whether the use of finite element for the 
determination of grinding interface temperatures is justified at this stage in the 

research of creep feed grinding. 

Initially, at the early stage of this investigation, existing analytical models of 
grinding by Jaeger [4] and Maris and Snoeys [23] were studied and used to develop 

expressions defining the principal factors affecting grinding heat transfer. The 

theory showed (Section 3.4) that these expressions could, with the exception of 
workpiece conduction, be used independently to give a convenient method of 
quantifying the factors affecting grinding heat transfer. This was confirmed by 
direct comparison with the results of Des Ruisseaux and Zerkle [15], Dawson and 
Malkin [5], and the finite element model of this investigation. Thus, if necessary, it 
is possible to improve the accuracy of the approximate model suggested by Shafto 
[121 by the inclusion of these expressions. The improved version was used in the 
analysis of the results of this investigation. I 

Since the expressions derived in the expanded approximate analytical model of 
this investigation are independent, it is possible to include or discard terms as the 

significance of each is determined. For example, the metal removal term hmr in 

the grinding of titanium was found to be almost negligible in comparison to the 

overall heat transfer performance. In addition, methods have been shown which 
indicate how it is po3sible to establish whether tfie conduction in the workpiece is 

significant in reducing the accilracy of the approximation. Thus, it is felt that there 
are many advantages in the use of the approximate expression in calculating 
grinding interface temperatures over the use of the finite element technique. 
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Apart from Shafto, the other notable researcher who recognized the 

significance of convection in the modelling of creep feed grinding was Ohishi [25]. 

However, as explained above, Ohishi did not apply a true convective boundary to 

his finite element grinding model but used a factor which determined the reduction 

of all dry grinding 'temperatures due to the presence of coolant. Thus, the 
distribution of temperature within the arc predicted by such a model will bear a 

strong relation to the distribution under dry grinding conditions. The results 

presented here indicate that the distribution of temperatures without a coolant 
influence is different from that under wet conditions. Thus, the position and 

magnitude of maximum temperatures calculated by Ohishi's non-convective 
boundary condition may well be different from those within the grinding arc. The 

resulting identification of burn, which Ohishi also made by using a similar boiling 

criterion to that used in this investigation, may also be different to actual burn 

conditions. Furth6rmore, the results presented here show that the trend in grinding 
temperatures with feed rates when modelling by analytical and numerical 
techniques is very dependent on convection at the grinding interface. The effect of 

convection observed in this investigation is not the effect of a mechanism that 

operates in series with the mechanism of workpiece heat flow (as implied by 

Ohishi) but is rather the effect of these mechanisms operating in parallel. When 

considered in these terms, it can be seen that the characteristics of the overall 

performance of a cooling in a grind presented here is different from that suggested 
by Ohishi. 

It is concluded that for the adequate and convenient prediction of form 

grinding temperatures the approximate analytical expression developed in this 
investigation may be used. Thus, for any grinding condition, estimates of the 

temperature resulting may be made and this may be compared with the film 

boiling threshold to determine whether there is a risk of burn. In the following 

section, an alternative method optimising grinding conditions is described that does 

not require the explicit calculation of temperatures. 
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6.4 A Simplified Method of Estimating Optimum Form Grinding Conditions 

It has been concluded above that an adequate means of predicting the 
temperature within a form grinding arc is by the means of the approximate 

analytical expression detailed in Section 3.4. This expression is of the following 

form 

AT - f. e-Vn /heff 

where heff - he + V(, x. p cpK. Vf) + 0.8. (p. c P*Vn) + hK 

i, Thus, to determine whether non-abusive grinds are likely to occur in a grind, 

sample calculations may be made over the entire grinding arc to establish the 

temperature distribution present and to determine whether this distribution exceeds 
the film boiling criterion. The above may be expressed as a criterion: 

AT - f. e-Vn/h < ATfb (over A) (45) 

where Tfb is the film boiling temperature threshold above 

ambient and 
A is the entire area of the grinding arc. 

Alternatively, this may be rearranged so: 

e-Vn < &Tfb. h/f (over A) (46) 

In this form the criterion becomes a criterion on the local flux (e-Vn)* 

Further to this, it is known that the h achieves a maximum value in the 
grinding arc at a point defined by the function hc. 
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hc - Kc*lcm. nm. (I-ai7) 

where a and m are constants determined by experiment 

Now: 
ahcla, 7 -o@ t7 - (m/a). (I-m)-l 

Hence, if the above criterion is broken, then it will be broken at the point in the 

arc of cut where q- (m/a). (I-m)-l and the criterion may thus be simplified to 

e-Vn < ATfb. h/f (along j) (47) 

where -1 is the line Yj - (m/a). (I-m)-l traversing the grinding arc. 

Also, since V. w 17*VN, this may further be simplified to 

e*VN < k. ATfb. h/f @ v7 - (m/a). (I+m)-l 

The factor eVN is the maximum flux occurring at the top of the arc of cut. The 

above expression relates this maximum flux with the film boiling threshold to 

define a limit on the range of values it can take if burn is to be avoided. Note that 

, any variation in this limit is caused by the variation in the value 

h@ ii - (m/a). (1+m)' 

due to varying conditions in the grind. These sources of variation are all defined 

by the factors defined in heff 

A flux criterion of burn of the form described above has been observed 

experimentally by previous researchers (see section 2.5). Shafto [121, Salmon [17], 

Stuart [14], Powell [26] and Ohishi [8] noted that burn in plane surface grinding did 

appear to occur at the same value of maximum flux. This investigation suggests 
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why this is the case. It has already been observed that heff, the effective 

convective performance of a grind, is dominated by the cooling performance of the 

coolant in the grinding arc characterised by hc. This performance remains 

approximately constant for all creep feed grinding processes, hence, confirming the 

apparent consistency of the burn-out flux. 

The dependency of the above burn flux criterion on coolant convection gives a 
possible reason why this criterion is not convenient for use in defining 

conventional grinding performance. In this process coolant convection has been 

shown [33] not to be dominant and the burn flux criterion would thus be 
dependent on other factors characterised by ha and hmr, factors which vary 
considerably from grind to grind according to the feeds and speeds used. Also, as 
suggested above, it may be possible that conventional grinding operates normally 
under film boiling conditions. 

Further results supporting the dominance of h. in heff in the above burn 

expression are taken, for example, from the work of Salmon [17]. Salmon noted 
that the burn-out flux was approximately equal for both steel and nickel alloys, 
despite the difference in heat transfer properties of the materials. As observed, hK' 

characterising the workpiece conductive performance, is significantly less than the 
hC terms determined in this investigation. 

Further confirmation of this can be seen in the results of experiments on burn 
flux, by Powell [26] and Stuart [141, using electrically heated dummy workpieces. 
In these non-grinding experiments on coolant performance, the dummy workpiece 

was mounted close to the rotating grinding wheel to which coolant was supplied. 
The performance of the coolant was monitored by noting the maximum flux that 

could be absorbed from an electrical element in the wheel workpiece interface 
before the element 'burnt out', at which point it was assumed that film boiling had 

occurred. The experiments tested only the burn-out flux for a condition when all 
the heat was absorbed by the coolant. However, the burn-out flux values measured 
were very close to those measured under real grinding conditions where'the 
grinding flux has an alternative flow path through the workpiece. This thus 
indicates further that, irrespective of the quality of heat transfer, characteristics of 
the workpiece. whether it be a steel blade or an insulated dummy workpiece, the 
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burn-out flux and hence the temperature within the workpiece are largely related 
to the performance of heat transfer of the coolant. 

It may be possible that the maximum flux that the coolant can absorb is 
defined not only from the grinding flux partitioned to the workpiece but also the 
flux absorbed from that not partitioned to the workpiece. This would indicate that 

the flux criteria would be based on the much higher value of flux absorbed in total 

within the grinding arc. In these circumstances, the 24% of heat transferred to the 

workpiece becomes effectively insignificant irrespective of all workpiece 
conditions. 

The one variable that is present in the above expression for the convective 
coefficient hc that does vary significantly in creep feed grinding is the arc length 

Ic. The results of this investigation have shown that the maximum temperajure 

achieved in a grind will be dependent on the length of the grinding arc. Since hc is 

the dominant function in'the burn flux criterion, it follows that the arc length 

variable is the dominant variable in the burn flux criterion. 

It should be noted that the significant conclusion reached in the investigation 

concerns the conditions for which the burn flux criterion is valid. Previously, the 
burn flux criterion had only been applied on a simple flat surface grind on a 

macro scale across the entire width of the grind. The above expression indicates 

that the origins of the burn flux criterion lie in the temperature function which 
has been shown to be valid for the local temperatures predicted in form grinding 
operations. It thus follows that the burn flux criterion must also be valid for the 
local conditions within a form grinding arc. 

It is necessary to apply the burn flux criterion in form grinding on a local 

basis for the following reason. In form grinding there can be a considerable 
variation in the length of the arc of cut across the width of the wheel. For 

example, in this investigation arc lengths ranging from 10 to 76 mm existed in one 

grind alone. As explained, this variable leads to a significant variation in the value 

of limiting burn flux. Thus, the burn flux limit applied at a particular section of 
the grinding arc must be consistent with the local arc length at that section. 
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One method of determining the relation between burn flux and arc length 

would be through the measurement and theory on the relation between coolant 

performance and distance moved through the grinding arc, hence giving an 

expression for hce Such a relation could not be accurately defined in -this 
investigation. However, experimental measurements of the change in burn flux 

with arc length have been made by Salmon [14]. These results are presented in Fig. 
74. The theoretical analysis suggested that the change in coolant performance is 

exponentially dependent on arc length. This confirms Salmon's results which show 
that the value of this exponent lies in the range 0.25-0.3. This is in close agreement 
with the plunge grinding 'warm-up' tests (q - 0.2-0.26) which were, themselves, 

consistent with turbulent boundary layer analysis of coolant performance. Fig. 74 

also shows the burn-out flux obtained for various arc lengths in grinds in this 
investigation. These show that these fluxes were generally lower than those found 
by Salmon but the overall trend is the same. 

6 

The results can now be applied to define the burn flux criterion for form 

grinds. 

In Equation 47 the factors '&Tfb and f remain constant for all processes: hence, 

the burn flux criterion can be written 

e-VN < k. heff @q- (m/a). (I-m)-l (48) 

In its simplest form, heff is mainly dependent on h. which is itself dependent 

on the arc length. Thus, the crudest form of the burn flux criterion can be written 

e-VN < k. lCm (49) 

Relating this to the above results of Salmon gives appropriate values of the 

constants k and rn of 87.1 Wml,. -O. 28/mm2 and 0.28 respectively. The results of 
this investigation suggest k Pd 68.3 Wmm-0.28/mm2 
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In certain circumstances it may be deemed necessary to provide a more 
accurate representation of the burn flux criterion by inclusion of such factors 

defined within the full expression for heff. For example, the effects of workpiece 

movement in a workpiece having highly conductive properties may be included by 

appending the heff term to the crude model defined above. 

Analysis of grinds made with a constant arc length of 16 mm, as shown in 

Figs. 75 and 76, did indicate that there appeared to be a slight change in burn-out 
flux with changing grinding conditions. Although it is possible that increases in 
feed rate have increased the burn flux, as would be expected from the 
characteristics of heff, it is also possible that the dressing rate used, and hence the 
condition of the wheel, may also influence burn-out flux. 

For the case of titanium grinding, it has been found that such factors as 

workpiece movement and the heat transfer effect of mass transfer from the 

grinding interface do not significantly affect the predicted heat transfer 

performance of the grind. For this reason, the simple burn flux expression above is 

appropriate. - 

The prediction of optimum titanium form grinding conditionsfor any form is 

achieved by applying the flux criterion expression locally across the width of the 
form. This is achieved by calculating the value of e, Vn and Ic at intervals across 
this width using an initial estimate of the ideal conditions. At each location the 

conditions are checked to ascertain whether the criterion is satisfied. If, at any 
point, the criterion is not met, then the grind must be deemed unsuccessful. A 

revised estimate of the maximum feed rate possible is achieved by reducing, or 
increasing, the initial estimate by a factor proportional to the amount the maximum 
local flux exceeded or fell short of the maximum local burn flux threshold. 
Because of the non-linear nature of the function defining the specific energy, this 

re-estimation procedure must be repeated iteratively to obtain an accurate solution. 

A short BASIC program that performs the iterative procedure for determining 

the maximum feed rate for a form grind is given in Appendix 10. This program 
produces results that are consistent with the results presented in the previous 
chapter. It thus surnarises the conclusions from this investigation. The program has 
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also been used to determine the optimum conditions for the multi-angle form 

shown in Fig. 9 and Plate 11. The input and output of the program for this form is 

also given in Appendix 10. The predicted maximum feed rate at 1.2 m rev dressing 

rate is 60 mm/min. This result has been compared with the results of temperatures 

actually recorded during the grinding of the form at Ex-Cell-O (see Fig. 77). The 

temperatures were recorded at the position where burn was predicted to occur and 
they suggest that burn occurred, in practice, at feeds between 45-55 mm/min. This 

was confirmed by metallographic analysis. Thus, it appears that the program is 

optimistic in this case. It is suggested that the discrepancy results from two factors. 

The first is the presence of an 80 degree face angle leading to increased grinding 
temperatures, as discussed in Section 5.5.4.4. The second is the presence of an arc 
length which requires the extrapolation of burn results from those gathered in the 
body of the investigation. 

The above program estimates the maximum feed rate possible for a range of 
dressing rates. It also calculates the minimum wheel usage at each dress rate 
assuming that the dressing of the wheel starts when the wheel first touches the part 
and finishes as the wheel finishes grinding. By this means, it is possible to select 
the optimum feed rate and associated wheel usage from a variety of prevailing 
economic conditions. This program thus provides a general method of optimising 
the continuous dress creep feed form grinding of titanium alloys. It may also be 

used with other materials. 

It should be noted that the program is designed for use as a proposal tool for 

the purpose of removing the need for extensive trial and error grinds. However, 

this program is not designed to replace the need for all grinding trials, and final 

confirmatory grinds will always be required before any firm recommendations for 

a particular set of grinding conditions can be made. Furthermore, it is reiterated 
that any justification of the success of a grind should be supported by 

metallographic evidence of an undamaged material structure throughout the width 
of the form. 
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6.5 Limitation In the Prediction of Burn by the Local Burn Flux Criterion 

The analysis is based, as stated above, on observed performance of coolant 
under particular surface grinding conditions. The above criterion of burn assumes 
that there is negligible transverse conduction of heat in the coolant across the 

wheel in the time the coolant passes through the arc. At 30 m/s wheel speed, this 
time is in the order of I ms and, hence, it can be assumed that such an 
approximation is reasonable when conditions do not change sharply across the 

width of a form. However, under certain conditions where there are sharp radii the 
theoretical local grinding energy can alter significantly in the space of a tenth of a 
millimetre. Under these conditions the flux at burn may. be significantly altered by 

conditions in the locality. The analysis of these conditions are largely dependent on 
a greater knowledge of the coolant mechanics and is thus a subject of the further 

research discussed above. However, as the local condition of investigation 

approaches the dimension of the wheel grit spacing, the underlying approximation 
of the discrete chip cutting action to a uniform flux becomes questionable. Hence, 
thb analysis of these conditions may be beyond the scope of current research. 

6.6 Parallel Developments In Relevant Grinding Research 

Since the completion of the investigation described in this thesis a number of 

publications have appeared describing research made into both the modelling of 

grinding performance and the improvement of titanium alloy grinding. In the 
following section this research is appraised with respect to the results discussed 

above. - 

6.6.1 Grinding Models 

Two recent publications on thermal modelling have applied moving heat transfer 

models to the wheel and workpiece in manners similar to that presented in this 

thesis. A simple model by Layine (61] has general applications to all areas of 

grinding. A model developed by Rowe et al (62] is directed particularly at a 

shallow cut grinding process but is of interest here because of the similarity 
between the critical grinding energy expression derived and the critical flux 
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expression used in this thesis. In practice close inspection of the models reveals 
both similarities and differences in approach as described below. 

In the work of Lavine [61] a one dimensional model of the wheel is derived giving 
a simple expression for the wheel's cooling capabilities. The wheel is considered 
to be a composite structure of abrasive grits and coolant, the latter being totally 

constrained by the former. Thus in terms of the equations derived, this model is 

exactly equivalent to the solid wheel model derived in this thesis. However Lavine 
has attempted to determine actual composite wheel properties from the volume 
fractions of the two 'wheel' components. By this means Lavine obtained a value 
of convective heat transfer coefficient for creep feed grinding of the order 
2.5E5 W/m2K which is in close agreement with existing experimental data and the 
data presented in this thesis (fig 67,68). In this investigation no attempt has been 

made to determine the wheel properties analytically as it was assumed the 
turbulence in the grinding zone would make such an analysis impracticable. 

Lavine's results suggest that this is not the case, although Lavine does note poorer 
agreement with the modelled composite 'oil' wheel. 

Rowe [62] also develops an analytical thermal grinding model that considers wheel 
and workpiece, cooling. The model is developed-for a particular shallow cut 
grinding process and includes terms for chip (material) loss and convective cooling 
in the grinding interface. The expression derived is used to determine a critical 
grinding energy at which threshold burn temperatures will be created. Close 

agreement with experimental results was found. The methodology behind the 
model and its development into a grinding optimisation function, is similar to that 
of the model described in this thesis. That such models have been shown to help 

optimisation across such a wide range of processes gives credence to- the modelling 
method. Furthermore, in this investigation it has been shown that such a function 

can be used in a local manner to account for the variations expected within the 
creep feed form grinding arc. 

It is of interest to note that within the modelling similarities described above, 
there are some fundamental differences in the approach to the thermal modelling 
of grinding. Much of these differences stem from the complexity attempted in the 
modelling of the grinding process. These complexities may feature in either the 
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modelling of the chip cutting action, the bulk cooling of the workpiece in the 

grinding arc or both. In an effort to describe the major differences in the 

conceptual modelling used it is perhaps useful to reiterate the concepts used in 

this thesis for the modelling of both the chip cutting operations and the bulk 

cooling process. 

The model presented in this thesis is based on the continuous flux distribution 

method in order to reproduce bulk temperatures which can be related to material 
damage. In recognition of the fact that not all the energy at the chip cutting 

process goes onto the workpiece a partition mechanism at the interface has been 

modelled. The amount of partitioning of energy attempts implicitly to reflect the 

microscopic partition of energy at the discrete chip cutting operations and covers 
features such as the energy absorbed by the the grinding chip, the wheel grit, the 

workpiece and the coolant. These are all features considered too small to model on 

an individual basis. Subsequent to this process the energy imparted to all zones 

except the workpiece are ignored. The workpiece is then subject to bulk cooling 

processes which influence the bulk temperature of the workpiece. These processes 

are included explicitly in the analytical expression heff and include convective 
cooling (again), advective effects and material removal at bulk woripiece 
temperatures. 

When bulk temperatures are required most published grinding* models can be 

related to the modelling method described above(except perhaps with the notable 
exception of Kopalinsky [31.32]). However models do tend to vary considerably in 

the number of features included. 

The model presented in this thesis is one that deals mainly with factors affecting 
the bulk cooling of the workpiece. These features have been analysed because of 
the particular interest of this thesis in investigating the efficacy of modelling bulk 

cooling by the finite element method. An attempt has been made to measure the 

chip cutting factors by the shear plane partition experiments but variations which 

might warrant the development of an additional chip cutting partition model could 
be not be detected within the sensitivity of the test. 

In contrast to this, much of the features included in Rowe's model [62] may be 
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thought of as features pertaining to the chip cutting operation, ie the partition of 

energy to the wheel, the chip and the coolant. However the model also includes 

terms which can also be considered to cover the bulk cooling of the workpiece. 

This modelling does not require some of the complications necessary in the 

modelling of creep feed grinding and is achieved by use of the Jaeger model alone. 

Thus Rowe's model includes explicitly terms that cover both the chip cutting 

operations and the bulk cooling effects. 

The model of Lavine is significantly different from the above. It is termed "a 

simple model" and the major simplification it makes is in applying what can be 

considered as bulk cooling effects directly to the total grinding energy irrespective 

of local effects at the chip cutting zones. In terms of the modelling methods used 
in this thesis it is equivalent to the presence of a 100% shear plane partition 
fraction (ie very high). As explained in section 3.5.2 this has a significant effect 

on the predicted trend of grinding performance with feed rate since the advective 

effects of workpiece movement would have little influence on cooling 

performance. 
, 
The grinding tests of this investigation on EN9 suggest that this is 

not always the case. 

However, the simple modelling concept used by Lavine [611 does raise questions 

about the implications of the complete segregating of chip cutting and bulk cooling 
factors as described above. For example on immediate inspection of this method 
there is the apparent anomaly of the duplication of convective cooling. 
Furthermore, on a more fundamental level, it may be suggested that much, if not 

all, of the chip cutting partitioned energy that is ignored in the model would in 

practice be almost instantaneously reabsorbed by the coolant. It seems reasonable to 

suggest therefore that the bulk cooling performance of that coolant would be 

influenced by all partitions at the chip cutting zone, ie implying conceptually an 

eventual near 100% partition of energy to the coolant as implied by Lavine. 

Possibly the only method of overcoming the apparent inconsistency in segregating 

chip cutting and bulk thermal effects is by use of a model incorporating explicit 

modelling of chip grit interaction in the manner suggested by Kopalinsky [31,32]. 

However if there should be a need for finite element modelling, for example to 

model geometric complexities of workpiece heat transfer, this and Kopalinsky's 
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modelling method would be difficult to combine. 

One of the important applications of Lavine's model is to show how the 

performance of heat transfer in shallow cut and creep feed grinding can be 

explained by the same model. Lavine's simple modelling method is applied to both 

the wheel and workpiece to give an expression for the proportion of heat absorbed 
by each. This may be equated with the overall partition fraction concept used in 

this thesis. Lavine then shows that this function can be used to quantify the range 

of partion fractions experienced across the, range of shallow cut and creep feed 

processes and these agree well with the published data. 

It may be remembered that reference was made earlier to Peters [9] who also 
developed a model which attempted to tie creep feed and shallow cut process in 

one model. The Peters' model suggests the presence of substantial transient effects 
in the shallow cut process which help to reduce shallow cut temperatures. No 

reference has been made to these effects by Lavine. Also the creep feed grinding 

results of this and other researchers have noted the two regimes of convective 

performance consistent with the film boiling phenomena. This phenomena has been 

observed in shallow cut grinding [63] although the significance to grinding 
performance may not be so great and it is possible that shallow cut processes 

operate in a film boiling mode see section 6.3.2. To the authors knowledge, the 

effects of film boiling have'not been included in models that tie creep and shallow 
cut grinding process. 

The above discussion of chip cutting and bulk cooling factors suggests just one 
area where there can be a varietý of features which retearcherS may or may not 
need to model to reproduce the thermal characteristics of a grinding process. 
Within the models spanning creep feed and shallow cut processes there also appears 
to be a similar variety of features thought to be significant in describing thermal 

characteristics of the two types of process. An alternative method of modelling 
both the creep feed and the shallow cut processes is offered by the finite element 

method. By using the convective diffusion model such as that developed in this 
investigation, or that describea by Dawson[5], the significant features implied in 

the model of Peters and Lavine could be analysed in detail. It is suggested that 

this would be a suitable field for further work relevant to all areas of grinding. 
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6.6.2 Titanium Alloy Grinding 

Recent work has been published by Duwell [64] on the use of chemical additives 
to improve the grinding of titanium alloys. Much of the previous research in this 

area has been directed at the belt grinding process with particular attention to the 

selection of a coating material to improve belt life. The recent research by Duwell 
however also reports improvements when using soluble additives in the coolant. It 

would thus seem possible that the benefits described may also be applicable to 

grinding by bonded wheels. It has been noted by Duwell that the conventional 
'ep' additives sulphur and chlorine used in commercial soluble oil coolants do not 
appear to enhance greatly the titanium alloy grinding process. However significant 
improvements were noted. with the ýse of phosphate salt solutions 
K3PO4/NaH2PO4. Typically belt life was reported to improve by a factor of 10 

with this additive. Since the specific grinding energies and partition fractions for 

titanium CD creep feed grinding have not been found to be significantly higher 

than that of other materials it is unlikely that the process would see quite the scale 
of improvement reported for belt grinding. However, the size of the reported 
benefits by Duwell for such grinding does suggest that the possibilities for some 
small improvement in CD creep feed grinding should not be overlooked and hence 

this may well be a rewarding area for further research. 
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7. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK 

General Grinding Characteristics 

The 4% vanadium 6% aluminium titanium alloy (IMI 318) used in this 
investigation was found to continuous dress creep feed grind with the same 
characteristics as other hard-to-grind materials already being machined in the 
aerospace industry by the process. The results presented in this thesis show the 

specific energy characteristics of the material for a range of operating conditions. 

There have been two main problems reported with the conventional grinding 
of titanium and titanium alloys: 
a) The redeposition of ground material on the ground surface, and 
b) High wheel wear rates. 
With continuous dress creep feed grinding there were no indications of any 
redeposited material. The reason suggested for this is that the continuous contact of 
the dresser on the wheel in the CD process interferes advantageously in the 

redeposition process. *The dressing process also helps to alleviate some of the 

problems associated with high wheel wear. Although typical G ratios of the CD 

creep feed grinds of this investigation were equal, if not greater than those 

previously thought poor under conventional conditions. These iatios were not 

untypical of those obtained currently in commercial CD creep feed operations. The 

advantage of the CD process is that the wear process is imposed by the dressing rate. 
Thus, unlike that occurring in conventional grinding, it is precisely controlled and 
the accuracy of the ground surface can be maintained. 

The success of grinds made have been confirmed by microscopic 
metallurgical analysis of the ground part. However, these analyses also indicated 

that when material damage was present, this could occur when the part appeared 
outwardly undamaged. Thus, visual inspection of the ground part cannot be used 
as a reliable method of detecting material damage in this material. There have been 

no reports found of an alternative non-destructive and cheap method of detecting 

grinding abuse for this material (for example a surface etchant [59]). It follows that 
this may be the one factor limiting the direct application of the process to 
production, and it is recommended that this be a key area for further work. 
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7.2. Form Grinding Performance 

The prediction of the CD form grinding performance, for the purpose of 
assessing the efficacy of applying the process to titanium alloy blade grinding 

manufacture, consumed the major part of this investigations research effort. A 
three-dimensional finite element thermal form grinding simulation has been written 
which incorporates the convective diffusion modelling methods developed by 

Dawson and Malkin [5) and the methods of specifying local grinding conditions 
verified by Shafto [12] and Salter 13]. Data on the value of grinding energy and the 
level of convection to apply to this model have been determined by laboratory 

gTinding trials for a range of grinding conditions considered to cover most of these 
already used in blade manufacture. 

Existing simulations indicated various methods of specifying boundary 

conditions in the grinding interface. This investigation has placed an emphasis on 
establishing the correct method of specifying these conditions. Theoretical and 
experimental results have indicated that greater accuracy in modelling is achieved by 
the application in the grinding interface of both a fractional value of the total 
grinding energy (defined as the shear zone partitioned fraction of energy) and a 
convective coefficient. 

Furthermore although it was only possible to determine experimentally a 
lower bound on the shear zone partition fraction and convective coefficient, it was 
shown that even at these lower bound levels, convective heat transfer dominated the 
heat transfer prQcesses in the grinding Arc of titanium alloy workpieces. From this 
it was also shown that an approximate analytical function that estimates grinding 
interface temperatures by means of the convective coefficient alone was valid for 

modelling titanium alloy form grinding. This approximation, which was first 

suggested by Shafto [12], has been shown in this investigation to give close 

agreement with the solution of the full three dimensional finite element simulation 
(subject to the current understanding of the grinding interface boundary conditions). 
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Existing research has shown that there is a well defined distribution of local 

grinding energy within the creep feed form grinding arc. It has also been suggested 
[3] that from this, the local temperature distribution within the arc can be 

calculated. However, this investigation has indicated that the set of local variables 
required to accurately calculate local temperatures should also include the local heat 

transfer coefficient, a factor previously overlooked. This is particularly the case 

given the acknowledged [12], [3], [26] significance of coolant in the overall heat 

transfer performance of the creep feed process. 

Two theories have been presented in this thesis giving a function defining 

the magnitude of coolant convection with distance along the length of the arc (the 

parameter influencing this effect known to be of most significance to the form 

grinding process). One theory uses standard boundary layer theory and considers 
the coolant to be under free stream conditions. The other considers the coolant to 

be a solid object, effectively simulating the situation of total constraint of the 
coolant within the pores of the grinding wheel. The two conditions are thought to 
represent the extremes between which the actual condition exists. The solutions 
derived for these conditions are-thus an upper and I; wer bound on the precise 
solution for the, actual conditions in the grinding arc. 

The observed trend in convective, performance under creep plunge grinding 

conditions was found to be close to that predicted by the boundary layer analysis. 
This was also found to be consistent with existing experimental data on the overall 
change in convective performance with changing arc length. However, an extension 
of boundary layer theory made to account for the particular conditions occurring in 

a surface grinding arc was not found to give the same level of agreement. Under 

these conditions, local temperatures appeared to follow a trend more consistent with 
that predicted by the solid wheel/coolant model. 

The lack of agreement between the theory on local convective performance 
and that observed in surface grinds meant that it was not possible to make a precise 

specification of local convective boundary conditions to apply to either the finite 

element grinding model or the approximate analytical model. This thus brought 
into question the initial tenet of this investigation (and the one that appears to 

underlie much of current research on grinding): that is, for reason of superior 
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accuracy. the preferred method of calculating creep feed grinding temperatures is by 

the finite element method. Under the present understanding of the boundary 

conditions the accuracy of a finite element model of creep feed grinding is limited 

to almost the same extent as an approximate analytical alternative, by the accuracy 

of the local convective coefficient applied. For the purposes of this investigation, 

which required only interface grinding temperatures, a preference was given to the 

approximate model on the grounds of its convenience and the need for an almost 

negligible amount of computing power. 

The understanding of the local convective performance in creep feed 

grinding is the weak link in the accurate determination of local grinding 

temperatures. It is thus recommended that this should be an area for further work. 
Greater understanding could be gained from more detailed experimental data on the 

trend in g rinding temperatures along the length of the grinding interface. Such 

data could then be used to reappraise the theories presented in this thesis. 

It has been shown (4] that thq rate of movement of a moving heat source 

effects the magnitude of the resulting temperature field created. Further effects 

are caused when the heat source is enclined to the direction of movement [5]. in 

this investigation these effects have been expressed in terms of equivalent heat 

transfer coefficients and, by means of finite eldment methods, it has been shown 
that the individual equivalent transfer coefficients for each effect, together with the 

coolant coefficient, can be superposed to give an overall effective coefficient for all 
the set of conditions present. By this means the effects of workpiece movement 

were included in the approximate function for determining grinding temperatures 

discussed above. 

The equivalent heat transfer coefficients were also used to give a convenient 

method of calculating the relative cooling effects of workpiece movement in the 

overall heat transfer performance of grinds. It was found that for titanium alloy, 

under CD creep feed conditions these effects were negligible in comparison to the 

level of coolant convection presen,. 
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Laboratory experiments were also performed to establish the nature of burn 

and non-burn conditi6ns. These tests indicated that there were two distinct levels 

of convective performance and under most circumstances, the presence of abusive 
('burn') and non-abusive ('non-burn') conditions could be associated directly with 
the level of convection present. Of all the parameters monitored in this 
investigation, the parameter defining the threshold at which a new level of 
convective performance was triggered was found to be the workpiece interface 

temperature alone. This result is consistent with the nucleate/film boiling threshold 

theories put forward by Shafto [12]. Nonetheless it has been shown that it is 

possible to grind above the nucleate/film boiling threshold and obtain grinding 
temperatures that are lower than that creating material damage. However, the 

results also suggest that for IMI 318 the range of feed rates between the onset of 
film boiling and the onset of material damage is small in comparison to those below 

the film boiling threshold. Hence it may be concluded that the film boiling threshold 

may be used as a convenient threshold indicating the imminent onset of material 
damage. 

Finally, it has been illistrated that similarities exist between the film boiling 

criterion of burn and an alternative flux criteria of burn used by previous 

researchers. It has been shown that the application of this burn flux criteria on a 
local basis to all, points in the grihding arc is consistent with the process that would 
be used in the application of this investigations's approximate thermal model to 

detect film boiling temperatures. On the basis of convenience, it is recommended 
that this flux criteria of burn be used to determine optimum form grinding 
conditions. A short basic program has been presented illustrating how this may be 

achieved in practice. 
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APPENDIX 1 

"Best fit" analysis of experimental data for specific energy 

The postulated expression for specific energy and as a function of the dressing 

rate Vd and feed rate Vn 's : 

e. 
2M, 

+N+N2 Al. 

. /--. -? 
.V 

-Vd 
F vcl n 

To determine the values MI. NI and N2 for a given material/wheei grade 
combination a number of experiments are performed. The specific energy is 

measured for a number of plane surface grinds under full are of cut conditions 
for a large range of Vd and Vn* In the following analyses the notation adopted 
is as follows. Given that M data points have been collected, then if 

em - the measured value of specific energy at 
Vn " Vnm and Vd w Vdm for m-1 to M, and 
the theoretical value according to eqn. Al 

above at the conditions Vn ' Ynm, 

Then the error between'the theoretical and experimental value for e is 

err-or - e. - e; 

The best fit values for MI. N, and N2 are determined here by determining the 
minimum of the sums of the square of the above error for all data points. 

(em7 e" ) m 
s will be at a minimum when: 

ds ds ds 0 dm dN 

where 
ds m 2M1 N, + 

N2 
2em-+ 

ýVA VfV A 

m I Vnm 

ds m 2M, N1+N2 
21 em-+ 

YrV-dmVnm M-1 
rv 

ds m 2M1 NN 
dN 2-1 e 1+ 2 

2 M-1 mF 
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The above can be expressed in matrix form 

[S] ke 

where 

IS] -I 

hence 

(2(1 
2) v 

m 
Vn 

m 
'Vd* n 

2 

Vdm- V% 

2 

Vdm V% FVdm 

J (M 1, Nj. % N2 

eTem 
le 

m 
TrVý - Vnm 

(A2) 

Vd - Vn 
mm 

rVdml 

11 
Vdm 

e m 
vclý 

(A3) 

For this investigation, a small program was written which evaluated the above 

equation A3. The matrix [S] was inverted by use of the NAG general purpose 

algorithm subroutine FOIAAF. The implementation of this theory is achieved in 

the grinding simulation by additional subroutines. The description of these 

routines is given in [43]. 
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APPENDIX 2 

S 

Upwinded Finite Elements In Three Dimensions I 

The procedure for solving the diffusion equation in the programs used in this 
investigation and those of NAG FE library [41] is by the Galerkin weighted 

residual method. The governing equation for the field 0 over an area 0 is 

KV20 =0 

subject to the boundary conditions of the form 

0 on the boundary r 

(where 0- AT according to the nomenclature of the main text) - 
The exact solution for ý is approximated by a system of linear or polynomial 
functions each covering small zones (elements) of the area of analysis r). The 

approximation describes the field within these elements as a function of descrete 

point (or nodal) values on the element boundaries: 

0-E Ni. aj 

I where 
Ni are 'shape' functions which assume unit value at the node i and zero 

for all others, and 

ai is the approximated value for the field at node i 

The weighted residual method makes a statement that is equivalent to governing 
differential equations: 

fýKV2ý 
dil + fý dT 

0 

ýT 

whereW iq a weighting function 
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I substituting the approximation gives 

f 
(WK72Niai) dn + IIT*WfNiai) dT 

The system of equation can be simplified by using the shape functions for the 

weighting functions and by reducing the second derivative by applying Green's 

Theorem. 

VNi KVN i ai dSl 
f 

Nifai dT 

It 

This is a summary of the theory underlying the NAG method [42] of solving 
field problems. 

The convective diffusion equation is of the form 

KV2ý - VOC 
p 

Vý =0 

which by a standard application of the above method would be expanded to the 
finite element form 

(V NV Ni VNia dn Ni fa 
i 

dT -0 

However, the convective term introduces. an instability into the methodas 
documented by [43] and [441, where the solved nodal values oscillate about the 

exact solution. This can be overcome by using upwinded weighting functions 

which effectively give a bias in the integration of residuals in the direction of 
the flow. For the one dimensional case (Fig. Al) expressions for these functions 

are given in [43] 

+ aF(E) 
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where 
a- 1-2/Y >Z-0 
ol 0.0 
y VNK 

Value of t at ih no4c 

This can be rewritten 

li(Cý - -14 (1 -C C) [2 
+ 3aCi(l- C 0). 4 

These are expanded for the 3D case (Fig. A2) where 

N(CT, ý! --. 
I( 

1- tE)(f- nj n) ( ý- ;j0 

u M17,10 -1 (1+t 0 (1+Tl n) (1-; ;) 2+3a t (1-t o) 
1 64 111 ij i 

[2 
+3a rl (1-n n) 

(2 
+ 3a ij ýi (1-C 

i yii) 

a ij -1- 2/Y i yj vihij 

hij length of adjacent side to ith node 

in jth direction -as indicated by fig A2 

vi- component of V, #in jth direction 

The implementation of this theory is achieved in the grinding simulation by 

additional subroutines. The description of these routines is given in [43]. 
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APPENDIX 3 

Three dimensional form grinding simulation control Variables 
I 

A3.1 Material Properties Input file 

0123456789 012345673901234567rä9nIg'. 34567P. 9(112'9456739n123456739C123455789312345678 

---------- --------- 
3 --------- 

4 
--------- -------- 

1 -------- 
Ti CREVERSE PLATED DRESS) 

-------------- ----------------------- 

nATERIEL 

---------- 

PROPERTIES 

-------------- -- ------- ------ 

materiet : I. 11 1118 

#(J/m**3)n(nO/slrt(Vti))+ nn : I. n Cnl+Cn2ls, irt(Vd)))*Vn nl : 1.0 
n2 3.0 

(additionat variabLes) do 3. n dl 3.0 
112 0.3 

burn tenp 130ADO 
burn normat feed threshhotd M/s 1.66D-3 
norm partition 3.6DO 
norm convection (w/m**", ) 6. nD0 burn part. 3.60DO 
burn convect. Cw/m**2) 3.000 

110. (IF IIIAT PROP 3 

MIPERATURE CONDUCTIVITY M SPECIFIC HEAT CCP) DENSITY 
SC W/11**2 

----------- ---------------------- 

J/KG 

--------------------- - 

KG/Mk*3 

------- m--- 

o. 000 6. ODn 60% n Dn 4400.0 
lno. 0D0 10. ODn 4003.000 1000.0 
4no. ODO 13. ODO 

--------- - ---------------------- ---- - --- 

700.0Dn 

- 

4400.0 

A3.2 Coolant properties file (for coolant outside grinding arc only) 

2 14 569014. 34567 81 r) 125 4567S9014569 f) 145673901 
--------------------------------------------- 

COOLA11T PROPERTIES 

------------ 
N'). OF PROPS 3 

TUIPERATURE COIIVECTIVC IICAT 
TRAPISFER COEFICIVIT 

WATTS/11**7 IC 
--------------- --------------------------- 

101.000 n. lD4 
211. r)DO O. ID4 

100n. no 0 D. ID4 
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A3.3 Process details and form shape input file 

12"ä456". t". 9012'j456? 39(11 2'o4ý6'. 1817(1123456789012345673)012"i45678701234567890 
-------------------------- -------------------------- ---------------- 

PROCESS DETAILS TFSTTIDI 

------------------------------------------------------------ --------- 
TEST 110.130 an. " 6 
LEfJGTll (fl) Inn. 0D-3 
WIDT11 11 2n. oo-3 
11CIralIT (3) 25. nD-3 
C/L POSITIOll 10. OD-3 
DEPTH nF CUT M) 4. OD-3 
WIIEEL RADIUS (11) 25O. OD-3 
FEED RATE VI/S): 1.41660-3 
DRESS RATE UPI/S: 1.0 
WIIEEL SPEED (II/S). * 30.0on 
VIDIENT TErlPC'C) : 1, ). nDO 
No. PROFILE pts : 2r) 

n. 9D-3 

3 2.6D-3 
4 3.4D-3 
5 4.2D-3 
6 S. ID-3 
7 5.9D-3 

7.6D-3 
in 7.90-3 
11 6. DD-3 
I, MD-? a 

14 I. 5D-3 
is 0.2D-3 
16 1.9D-3 
17 

. 
7). 7D-3 

1-11,5.0-3 
In 7.1D-3 
2n A. 0D-3 

---------------------- m ------------ ------------------ 

A3.4 Thermocouple position input file 

0123456,139012345673901,131,56789ni2345678901,13456799nl2345673*701234557890 
--------------------------------------------------------------------- 

THERMOCOUPLE INFORIATIOU (TEST TYPE A) 

----------- - -- - ------------- m ----------- - -- --------- 

number of thermocouptes 3 
x coordinate y. cooordinate z coordinate 

----------------------------------------------------- 40. OD-3 10. OD-3 19. OD-3 
snoo-3 10.0DO 22. nD-3 
60. OD-3 10. OD-3 MOO 

----------- - ------------- ------------ - ----- 
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A3.6 . 
Program Input/Output control file 

JOO(CLASSxCpPRIO. IITYx2) 
DELETE(FILE=IIIOUTFILE) 
CREATE(FILExINOUTFILE) 

01 1134567890123456739012:; 4S6789nl234567C9(11 23456789M 234567.19M234557893 

----------- --- ------------------------------------------ - ------------ 

INPUT and OUTPUT control file 

------------------------------------- --------------- ----- - ------------ 
IIIrUTS: 

data file names on 1) material TIRPLATE-15 
2) coolant : COOL30 
3) process : TC3TTID1 
4) mesh : !I CS11030 11135 
5) thermocouples : TCA 

OUTPUTS: 
flo. of mesh plots 1 

view positions 2 i 3 

110. of Local feed plots I 
view positions 1 2 3 

t1o. "of Local specific energy ptots 1 
view positions I 3 

No. of thermal plots 2 
view positions 1 3 

110. of effective temp zone plots 
view positions 1 2 

110. of nodal temp. prints I 
110. of thermal sections I 

view positions 1 2 3 
section positions(per cent) 53 50 50 

110. of thermocouple temp plots 
- 

1ý 

------------------------------------- --------------- - ----- ------------- 
SAVECIIIOUTFILE) 
DELETE(FILE=TESTTIDlnESULT) 
FO, ITRA! 1"7(SOtJRCC=PqOFOjSRCEPOOJCCTaPROFO'jonj*OPT=61) 
COLLECTCFRO'I=PROFO'jO3JoTOxPRCF0303JCPPROGRA: Iur'ROF03) 
ASSIGII(GINO) 
FORTIOCIIXEDuYES) 
USECU! llTa2OpFlLE*TESTTIDlRESt)LT) 
RU'I(PRnG=PROF03, oOnjxp., ZIF03013JC) 
SAVE(TESTTI01RESULT) 

A3.5 Mesh density Input file 

1214567.3 901 23456789f)l 2345 6731901 2P45678901 234567-1901234567-17012345673901234 
------------------------------------------------------------------------ 

11ES11 DETAILS 
----------------------------------------- ----------------------------- 

110 OF ELEMENTS X 20 
y5 
Z5 

PROGRAM STATUS I 
--------------------------------------------------------- ------------- 
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APPENDIX 4 

A4 Comparison between approximate heat transfer performance expression 

and finite element results 

The purpose of this appendix is to show comparison between the heat transfer 

performance predicted by the hypothetical approximate expression h eff (eqn. 18) 

and that predicted by finite element (F. E. ) methods. Prior to this comparison a 
description is made of the following: 

a) how the 'effective heat transfer performance' is calculated from F. E. 

results 
b) how the output of the F. E. model is verified by use of existing 

expression for heat transfer performance. 

A4.1 Determining the heat transfer performance by Finitq Element techniques 

The heat transfer performance of a moving heat source is defined such that it 

reflects the ability of the conditions to absorb heat for a given rise in 

temperature in the affected material. In creep feed grinding the flux is usually 

triangularly distributed over the grinding arc, having a peak value qmax at the 

top of the arc of cut. The effective heat transfer performance heff of grinding 

conditions is defined, here, as the value of peak flux that can be absorbed per 
degree Celsius rise in the maximum resulting temperature in the ground material. 
Thus, to determine this performance by finite element method, the particular 

conditions 1c, Vf, a, K and a are simulated and a triangular flux of peak value 

q is applied. h 
max eff 

is then calculated from qmax and the maximum resulting 

nodal temperature Tmax* : hog w qma: x / T.,.. 

A4.2 Verification of the finite element output 

The heat transfer performance of certain moving heat source conditions have 

already been solved by previous researchers using analytical techniques. These 

solutions have been used to verify the output from the finite element model. 
The particular conditions for which a solution exists are of a sliding, evenly 
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distributed, heat source (see Fig. 11, case 2). Jaeger [ 4, ) has shown that under 

these conditions the maximum temperature can be determined given the source 
length Ic, the steady source velocity (Vf), the source strength (CO and the 

material properties (a, K). ) 

71 KV AT V 
(1c/ 

f (41YL)4 where L- ýz 
2qcx 2a 

Thus 

h 7rKpcyt(lc 
eff T 

The finite element solution heff for these conditions is shown in Fig. A3. This 

shows a near one to one relation between the analytical and finite element 
solutions from which it is concluded that the model satisfactorily simulates 
moving heat source conditions. 

N. B. That for the above a square distribution of flux is applied. It is interesting 

to note that under the same conditions with a triangular flux, peak value qmax, 
the heat transfer performance is doubled, suggesting that q in the above 
equations can be replaced by qmax/2, the average source strength (see Fig. A3). 
Thus, when heff is calculated as a function of qmax then: 

h 
eff =i irKpcpVt (lc-l ) (16) 

A4.3 The heat transfer performance of realistic grinding conditions 

The flat heat source described above is an approximation of the geometric 
conditions existing in the grinding arc. A more realistic model includes the 

effects of the true geometry of this arc : its curvature and its inclination to the 
direction of motion. The finite element model has been used to analyse realistic 
grinding conditions and the results have been compared with approximate 
expression heff (eqn. 16). In particular, an analysis has been made of the 

combination of the particular effects thought to influence heat transfer 
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performance as included in heff. These effects are metal removal (hmd, sliding 
ha, cooling h. and pure conduction hk. The postulated form of heff is 

bef fý hc + hmr +ha+ hK 

The individual factors have been discussed in Section 3.4 

Apart from the component hk (as discussed in Section 3.4) it is suggested that, in 

the combination of the factors, the effects can be accounted for independently, 

as implied in the above equation. This independence is here analysed and a 
study is made to check that the individual terms remain, as a result of the 

combination, approximately of the same form. This analysis is performed by 

noting the difference in heat transfer performance (predicted by F. E. techniques) 

when one effect is superimposed on another under otherwise identical conditions. 

A4.3.1 The superimposition of a depth of cut on sliding heat source 

The effects of superimposing metal removal on the heat transfer performance of 
a-sliding heat source has been analysed using the finite element analysis by 

considering conditions of constant arc length (1c), source strength (qmax), and 
table feed (Vf) with variable depth of cut and zero convective cooling. The 

effect of increased depth of cut is included implicitly in heff in the normal feed 

rate term VN. However, since VN 'a Vf sin#, the independent variable used to 
define a depth of cut is P, the grinding arc angle. (N. B. It can be shown that 
this angle is equal to twice the inclination angle ý used by Dawson [21]). 

The influence of the arc angle and hence the depth of cut on heat transfer for a 
moving heat source of given length and strength is shown in Fig. M. This 

shows that heat transfer performance is increased (for the range of values 
considered) with the increased depth of cut. The increase in performance above 
that attributable to pure sliding has also been plotted in Fig. A4 where 

Ah -h ? c071 
eff Pce 
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It can be seen that, for the case hc - 0, Ah is equivalent to hmr, Figs. A4 and 
A5 show that for the range of conditions chosen this is approximately a linear 

function of PpCp and Vf from which it is concluded that for grinding analysis 

the influence of metal removal on heat transfer can be superimposed on that due 

to the sliding heat source effects alone. Fig. AS shows that the increased heat 

transfer performance is slightly less than that given by the product pCP Vf P 

and hence factor of 0.8 is introduced giving closer agreement. [The need for 
this factor reflects the fact that the actual conditions which heff is 

approximating are not entirely independent. as might be expected. ] For the 

purpose of an approximation giving agreement to with ±5% of the finite element 
solution of a sliding heat source with metal removal the heat transfer 

performance can be written thus 

h+h 
a mr 

C? -RTr tL vt 

h 
mr - 0.8 PC PVN 

A4.3.2 The superposition of convective cooling on sliding heat transfer 

The effect of convective cooling on sliding heat transfer has been discussed in 

section 3.4.4 with respect to the results of Des Ruisseux and Zerkle [15]. This 

showed that for a pure sliding heat source the increase in heat transfer- 

performance caused by convection is equal to the value of convective coefficient 
of the applied cooling. Fig. 13 shows that this is also the case when the 
conditions include a component of metal removal (increasing P). 

A4.5 Conclusions 

The conclusion drawn from the results displayed in Figs. A3, A4 and 13 is that 
the heat transfer performance of the grinding of a semi infinite plate as 
predicted by a two dimensional FE simulation can be approximated to within 
: t5% by the following expression 

q max hh+ VPC Kwl V+0.8 pC V 
eff T 

max 
cpcfp 
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APPENDIX 5 

Convective coefficient of a turbulent external boundary layer 

An expression is presented by Kays [48] describing the convective performance 

of a fully developed turbulent boundary layer over a semi-infinite plane with 

unheated starting length as follows: 

0.4 -0.2 st (Pr) 0.0295 Re 
x 

(A 

where 

st 
xý 

lix/p 
- CP. V Pr PLCR Re,, - xvp 

K ji 

hx - convective coefficient at distance x from the leading edge of the heated 
section I 

P- density of the fluid 

CP- specific heat of the fluid 

u- free stream velocity 
P= viscosity 
V- fluid velocity considered here as 30 m/s 

From [581 the following values are determined for the properties of water at 
50*C. (These are used to give an approximate value for the convective 
coefficient h of the coolant, deemed to have similar properties) 

P- 988 Kg/m 

- 544 x 10 Kg/ms '4 

K- 643 xI d'KW/mK 

C-4.182 KJ/Kg K 

The above may be used in eqn. A5.1 to give hx = 65-1.36 x-0.2 KW/m2K. 
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To determine the overall or average value of convection hC over the length 

0<x<x: 
I 
X1, 

he M1hd xxx 

10 
Xi 

K [xo. 80 
0.8x 

K -0.2 
0.9 xi, 

where K- 65-136 in" KW/mly- 
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APPENDIX 6 

Turbulent boundary layer analysis of Temperatures on a cooled surface, subject 

to a decreasing flux 

An analysis of turbulent boundary conditions, with arbitrary specified fluxhas 

been made by Kays [48]. The conditions considered by Kays is of a turbulent 

boundary layer that originates at the leading edge of a semi infinite plate. The 

flux entering the fluid is a known function q(x) of the distance x from the 

leading edge. An expression is derived for the resulting surface temperature 

distribution AT(x) above that of the free stream 

AT W=3.323 Pr-o . 6' Re -0.8 1 
K8x 

where Ix 
q& dE 

x 
0 

Pr - Prandtle No. 

Rex - Reinolds No. 

This expression is used, subject to the approximations discussed in section 3.6.2 

to determine the temperature along the length of the grinding arc where the semi 
infinite plane is considered to be the workpiece the turbulent fluid represents the 
coolant in the wheel and the leading edge of the surface represents the top of 
the are of cut. Under normal surface grinding conditions the coolant would 
experience a decreasing flux in its passage past the grinding interface. This flux 

qL is a linear function of the normal feed rate (Shafto [121) which for most 
conditions, other than very large grinding arcs, is approximately linear in arc 
angle and hence x, the distance along the grinding arc. The approximation made 
for this analysis is that the flux entering the coolant is negligibly different from 

all the grinding energy 

+q (x) Zq (x) Z Ax +B 
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where A and B represent the grinding energy characteristics. 

Thus 8 

I=r 
ll-(E/X) If 

0) AE -B dE 

which, by using the substitution 
9 

U-1- lc/x ) 10 
can be expressed 

10 
-8/9 

10 

u A: k (1-u) Sr lox -8 /9 10 
T- (1-u) ý+uB 

T- x (1-U) 9 du 

1OAx 211+ 1OBx 12 

99 

where u-8/9 (1-u) 
11 /9 du 

0 

1- 8/, 1/9 
IýjU9 (1-U) du 

0 

The integrals 11 and 12 are known as beta functions and their values have been 

taken from the tables in ref [48]. 

(1,20) 
99 

I. ß (1 10) 99 

I-8.86 Ax 2+9.82 
Bx 

199 



If the material being ground is an easy-to-grind material, then from the 
expressions given in section 3.2 

e. V 
n(x) 

and for small arcs 

/LC, 

0'9gL. 
(x) - -x e. VN + e. VN 

lc 

A 
e'v NBae. V 

1c 

substituting into the original. equations feads to 
3.323 .6 -0.8 AT W- (Pr-O ) Re 

x eVN (9.82 - 8.862L ]x K 1c 

-0-2 -0-2 AT(x) kevt, 
'( 

1- 8*86n) 
n 1C 

where :009.82 

q X/Ic 
ka constant which may be determined from the fluid properties given 

in App. 5. 

3.323 (2 c Pl 
A. a 

k- --ýi0.6[ j9.82) 
KK 
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APPENDIX 7 

Solution of ID heat condition Integral 

Co 

AT (x., t) -x 
K7ir 

x ý-ra 

where 

-n2 h- 2E! ) dn 
e6 

(t 
4anZ n2 

h(t) - flux at x-0 at time t and is of the form: h(t) -a- b(t) 

T12 2 
, ff 

AT (x, 0 xv- a-b t-x dn 
2 

x 4an2]] 11 
27a-t 

CO Go 

x *(a-b t: e-T12 - r, 2 bx2 dn +e- dn 
TIT 

j 

4an4 
xx 

2 Y=at= 2ýa=t- 

Integrating the second integral by parts 
CO 

x 

(a-b t) e-11 + 2T, -3 -nj'o 2bx - T1 dri bx -ee 
T12 3 (4a )13 kin2 

xxx 
2; Fat- 27aýt- 27a: t- 

bX3 A(a t 
-- 3X34a KV7r 

Integrating by parts 

2bt; 
'ra 

_x 
2. 

3(/7-r )K *- 4at: 

dn 

x2 (» 
4 ctt x1 Lbx2 112 + (a-b t--e dri 

KriT 3(4 2 

t 

ax - bt - 2bx3) 
__T, 

2 
co Co 

+I 12a e 2e dn 

K Air TI 

x 

Ix 

ýx 
- btx - 2bx3 

-X2 p 
Z"Lt 

12 
At tx 

j 2, /at 
e4at 

ax - btx -P6bx3,61 2erfc 
[2Y 

a-t) 
K /7-r 

-2c cxIK F7r 
j 

x2 
2bt /a. e -4 -at 

3rirK 
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X2 
x2)e 

4141"a-d 
qx *(a 

- bt - bx2)erfc 2bt + 
2/3 bt -1 

h- 
Y- 2Tc-it 3aX K/7ir 

I 

c2 -x 
2rat -t1 

et) 
a-t bx2 e W-a t 2x (a-bt-. 'b-x2) erfc - a- 

ib 
e x2 

/. 
-X1 K71-r 3 3KrircL 2 Yra t 

T (Ot') 2 Yra t '(a bt) 
K A7 13 

The flux h(t) represents the flux experienced in a section of the wheel at the 

wheel workpiece interface at time t from the time that section first enters the 

grinding arc. This can be represented in terms of the distance y from the top of 

the arc of cut and the wheel velocity Vs. 

Y/vs 

The flux distribution is expressed at in App. 6. 

h(t) - eV N-. 
Y/ 

lc* ev N 

w e. V N- 
eV,, 

' ic 
vst 

e. V 

eY N Vs 

st eY 2s T(o, t) 
27cLt 

*N 
K7, -ff 3 lc 

201 



APPENDIX 8 

Modifications and Repairs to the Creep Rotation Cylindrical Grinder 

Two problems experienceed in this use of the experimental rig are reported here 

for the benefit of future users. 

9.1 Workslide Thrust Bearing 

It was found that the workslide hydrostatic thrust bearing locating the workslide 
ballscrew axially with the machine base was prone to seizure. This bearing 

consists of a disc fixed rigidly to the ballscrew and a bearing housing fixed to 
the base. The disc has annular pads on each side to which high pressure oil is 

supplied from the opposing faces on the housing. By this means axial constraint 

alone is achieved. The clearance between the housing and disc is necessarily 
small to provide the resistance to and flow creating, in part, the oil bearing. The 

creation of equal clearance around the annular pad requires precise alignment of 
disc and- housing. However, on dismantling the bearing, clearly visible score 
marks on the housing were found, indicating that this clearance had been lost. 
The principal failing of this type of bearing is that it is not inherently stable. 
The entire bearing surface is supported by one single pad. Should one area lose 

clearance due to loading, there can be no local supply of increased pressure to 

counter the situation. Ideally, providing the assembly is rigid and location 

accurate, such a situation should not arise. However, in view of both the above 
evidence and similar experience gained from other researchers, it was decided to 

replace the unit with a rolling ball bearing. 

For modifications to be made without removal of wheel ground wheel spindle 
and bearing, it was necessary to cut an access port through the wheel guard. 
The existing bearing housing was used for the housing of thrust plate. Roller 
bearings were mounted on the ballscrew on opposing sides of the thrust plate and 
loaded to 1.2 KN. 

202 



8.2 CMOS Control Logic 

During the course of this research the axis numeric control boards became 

increasingly unreliable. The problems encountered were limited mainly to the 
CMOS 'Mother' control logic boards and the circuitry interfacing this with the 

servodrivers known as the syndeers. The syndeers convert the digital signals 
from the CMOS logic to the analogue signals required for the control of the 

servodriver and servomotors. Most control failures were due to the failure of 
individual CMOS ICs and this could usually be identified on the 'mother' board 
from the circuit diagrams and the symptoms of the failure. However, problems 
associated with the syndeers were usually more complex (with the exception of 
two particularly sensitive ICs. ) 

The problems were attributed to spikes on the supply voltage possibly appearing 
when turning on other heavy load equipment in the lab. However, the 

randomness of the failures made identification of the true causes almost 
impossible. The situation was not aided by the lack of manufacturer's help who 
had temporarily gone out of business. They have since returned with a new 
modified product but they have no records of the system installed in the creep 
rotative grinder. In cases of extreme difficulty, it was necessary to call the 
original service engineer present at the commissioning of the machine. 
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APPENDIX 9 

Material properties/specifications 

Titanium (IMI 318) 

Chemical Composition 

Al v Fe H2 

5.5 3.5 >0.3 >0.0125 

Temperature C 100 300 600 

cp (J/KgK) 625 670 
. 
70-0-7 

K (W/mK) 7.5 S. G 4.42 20 *C 

B. EN9 
0- 

Chemical Composition % 

C Si Mn SP 

0.58 0.28 0.65 0.038 0.027 

0 Temperature 200 300 60 

Cp (J/KgC) 493 533 615 

K (W/jnK ) 41.8 39.7 1 33.41 S. G. 7.83 @ 20 *C 
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APPENDIX 10 

Form-Grinding Optimisation Program 

A10.1 Listing 

1000 CLSsPRINT Form Grinding OPTImisation Program 
100L PRINT 
1002 PRINT This program estimates the maximum table feed rates 
1003 PRINT and the associated wheal usage per part of a form trindin&" 
1004 PRINT operation. This is done for a range of dressser food rates" 
1005 PRINT so that the optimum condition can be selected. The program" 
1006 PRINT requires input defining the specific energy characteristic 
1007 PRINT of the material. the wheel radius. the length of the part. 
1008 PRINT coordinates dofining the profile and details of the stock to,, 
1009 PRINT be removed. For further information consult *Th* Continuous" 
1010 PRINT Dress creep Feed Form Grinding of Titanium Alloys 919 
1011 PRINT submitted for the award of Phd.. Bristol University 1989. 
1013 
1020 PiOCsot-constants 
1040 PROCdimension-array 
1060 PROCinput-dat& 
1070 FROCprint-input_data 
1072 PRINT" ": PRINT" "sINPUT " Is this correct ": INPUT 
1074 IF &$ <> "Y" AND as <> 'IN" THEN 2280 
1076 IF &$ <> "Y" THEN PRINT "Sorry I Try again 1": STOP 
1080 PROCmash-form_profile: CLS 
1100 step_dressraten(max-dr*ssrate-min_dressrate)/num-results 
1120 FOR this-result-I TO num-r*sults 
1125 REPEAT 
1140 dress-rnte(this-result)-min_dressr&t*+(this_r*sult-l)*steP-drestrato 
11.60 111331-1*611! n-0.0 : RZM rG24t max-leadin fcr thie_r*ault 
1180 max-flux-ratlono. 0 
1200 FOR location a2 To (num_locations-1) 
1220 PROCzet-local-conditions 
1240 flux-ratiomloc&l-flux/loc&l-burn-flux 
1260 IF flux-ratio < max-ilux-r&tio GOTO 1280 
1264 max-flux-ratio aflux_ratio 
1268 x-burn(this-r*sult) -x-mesh(location) 
1280 Ilf local-leadin > m&x-le&din THEN m&x-le*din 1oc&1-le&din 
1290 NEXT location 
1295 PRINT TAB(10,10)"Lookina for convergence 
1296 PRINT TAB(10.11)"on result No : ". this_r*sult ". m&x_flux_r&tjo 
1302 feed-extim&teofeod_estim&te/max-flux_ratlo 
1305 UNTIL ABS(max-flux-ratic-l)<0.05 
1320 max-feed(this-r*sult)-feed-estimate 
1340 PROCcet-wheal;,. ussee 
136o NEXTthis-result 
1370 PROCprint-r*sults 
1378 END 
1380 
1100 DEFPROCset-constants 
1420 num_resultss20 
1440 num-locations-100 
1460 food-estimateal. 0 
1480 min-dr*ssr&tes2.0 
1500 max_dressrate-5.0 
1510 burn-constant-87-13 
1520 ENDPROC 
1540 
1560 DEFPROCdimension-array 
1580 DIM max-fe*d(num_r*sults). dress_rate(num_results). whe*l-loss(num_regults) 
1590 DIM X-inPut(LOO). Y-input(100). doc-input(100). wh*el_us&Ze(num-r*xults) 
1600 DIM x_m*sh(num_locations).. v-m*sh(num-locations). doc_mesh(num_locations) 
1610 DIM x_burn(num-results) 
1620 ENDFROC 
164o 
166o DEFFROCinDut-data 
1700 PRINT" ": PRINT "Enter the No. of key locations definint form profile. 11 

203 



1710 PRINT "There should be At least two points civine the and 
1712 PRINT "Iocataions of the profile plus at least three extra 
1713 INPUT "*Quallv spaced around every are within it. ". num-points-input 
1740 PRINT" ": PRINT "Enter the coordinates of these key locations 
1760 PRINT "These should be specified in mm in an x-y carttaian 
1780 PRINT "coordinate system in which the x coordinate lies 
1800 PRINT "Parallel to the axis of the grinding wheel and the V *Ve 
1810 PRINT "direction is such that an *increase in y implies the profile" 
1820 PRINT "approaches the wheal axis. " 
1840 FOR thix_point -I TO num_points_input 
1860 PRINT" 'IsPPINT "Enter coordinates of point No. IlithLs_point. 
1980 INPUT TAB(40): " xa "x-input(týis-point) 
1890 INPUT TAB(40)j" v-". v_input(this-point) 
1900 PRINT " Enter 'th* depth of stock at this location (mm)" 
1920 INPUT TAB(40); "doc a "doe-input(this-, point) 
1940 NEXT this-point 
1960 ; ýRINV' ": PRINT "Enter the constants MI . 141 S 42 giving the materials 
1980 PRINT "grinding energy characteristic for tr. e proposed wheal Spec. 
1990 PRINT "The units and values of theme constants should be such that 
1993 PRINT "the specific energy in J/mm^3 in defined bY the following 
1995 PRINT "function :a- Ml/(Vn. (Vd'O. 5)) ý N1 * N2/(Vd'O. 5) " 
1997 PRINT "where Vd is the continuous dross rate and Vn is the Maximum 
1998 PRINT "normal Infe*d rato. "tPRINT" 
2000 INPUT TAB(tO); " MI - I'Ml. TAB(1L0); " Nl - "NI. TAB(40); " N2 It "N2 
2020 PRINT" ": INPUT "Enter the wheel radius (mm)'I: TAB(46)wh**I. r&d 
2040 ". c. F. TNT "rnter the maximum length of 
ZC50 Z'NPUT "the f1rial ground surface (mm) : ",, -. AB(45); art-l*nzth 
2070 PRINT" ": 1.14PUT "Enter the wheel speed (m/s) *0: TAB(46)whmej_spesd 
2072 _7: 1D? F. UC 
2076 0---FPROCprint_4. nput_data 
2080 CLS : PRINT "FORM GRINDING OPTIMISER'9 : PRINT 'I 
2100 PRINT The data you have en'ter*d is as follows : "sPRIUT" 
2120 PRINT The form profile Is defined be the foiling locations 
214LO PRINT 90 xV doe" 
2160 FOR Point-I TO num_points_input 
2180 PRINT X-input(point); TAB(21). v_input(point); TAB(33)doe-input(Point) 
2200 NEXT Point: PRINT" " 
2220 PRINT "the constants defining the grinding anortY characteristics arlez" 
2240 PRINT "MI It "; MI. " NI - "IN11" N2 - "; NZ 1PRINT" 
2250 PRINT "The wheel radius in "wheel-rad 
2260 PRINT "The length of the part is "part_l*ngth 
2270 PRINT "The wheal speed is "wheel-s; **d 
2340 ENDPROC 
2350 
2360 DEFPPOCmesh-form-profile 
2370 FOR Point-num It I TO num_locations 
2375 ratio-(point_num-l)/(num_locations-1) 
2380 x-mesh(point-num)-ratio*x-input(num-Points-input)*(I-ratio)*X-inPut(l) 
2390 REM scan through input points to find tho two points lying either 
2395 REM side of the current mash point 
2400 input. pointul 
2410 REPEAT input-PointainPut-Point*l 
2420 UNTIL x-input(input_point) >- x_mesh(point-num) 
2430 x_difference - x-input(input_. point)-x_input(input_point-1) 
2440 ratio - (x-m*xhCP0int-num) -. x_input(input_point-1))/ x_difference 
21L50 Y-mosh(point-num)oratio*. v_input(InPut-point) 
2460 Y-mesh(point-num)-Y-mesh(Point_num)-(I-ratio)*Y-inPut(input-Point-1) 
2463 doc-niesh(point-nuin) a ratio * doe-input(input_Point) 
2465 doe-mesh(point-num)-doc_mesh(point_num)q- 

I (1-ratio)*doc-input(Input_point-1) 
2470 NEXT Point-num 
2480 ENDPROC 
2490 
2500 DEFPROCzet-local-C4ýndltions 
2510 dy - v-niesh(location-j) y-mesh(Ioc&tiQn-I) 
2520 dx a x-mosh(location-ol) X-mesh(location-1) 
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2560 form_ancle - ATN(dy/dx) 
2570 local_dress_r&te a drexs_r&te(this-r*sult)*COS(form_angle) 
259P are-&nzle - ACSC(whe*l_rad - doc_m*sh(location)) / wheel-rad) 
2600 m&x_norm&l_infeed - feed_estim&to * SIN(&rc-&nzl*) *COS(form_angle) 
2620 are-loneth - arc_&nZle * wheel-rad 
2625 Vn - m&x-normal-infeed*60.08 REM In mm/min t 
2627 Vd w 1OC&I-dress_r&te 
2630 specific-tnerzy = (2 * MI / (Vn * SQR(Vd))) + N1 -CN2 (SQR(Vd))) 
2640 local-flux - specific-enorav * max-normal-infeed 
2650 local-burn-flux - burn-constant *( arc_length ^ -0.28 
2655 loc&l-leadin - wheel-r&d * SIN(&rc-ancle) 
2660 ENDPROC 
2670 
2680 DEFPF0Czet_wh*el_us&X* 
2690 min-zrind-time a(max_l*adin * part_lencth)/m&x-f*ed(this-result) 
2695 Vzowhool-speed *1000.0 : REM in mm/x 1 
2700 wheal-rovs -( Va * min-trind-time) / (2 * PI * wheol-r&d) 
2705 Vd-dress-rate(this-result)/1000 : REM in mm 1 
2710 wheel-UsaZe(%his-r*zul%) - Vd * wheel-revs 
2720 ENDPROC 
2730 
2780 DEYPROCprint-results 
2785 CLS : PROCprint-input_dat& 
2790 PRINT " "tPRINT "'The maximum table food rates and minimum wheel" 
2800 PRINT "us&ze for various dresser rates are as follows all 
2810 PF. INT PRINT 11 Dross rate table feed rate wheel usaae burn" 
2820 PRINT um/rev mm/min mm off radius coordinate" 
2830 PRINT" ": FOR n-I To num_results 
2840 PRINT dr*ss-r&te(n): TAB(20)tmax-foed(n)*60; TAB(36); wheel_usaze(n)I 

TAB(52); x-burn(n) 
2850 NEXT n 
2860 ENDPROC 

A10.2 Example Run 

FOLM GKIND1.1, G 0, "-T:, N: 5FP. 

The data vou have tntor*d is &3 followi t 

The form profile is defined be the follin2 locations 

0 
4-3 
5. LL 2 
6.2 9.6 2.4 

8 0.9 11.1 
8.4 0.3 11.7 
8.8 0.1 11.9 
9.3 0. LL 11.6 

16.5 9.5 2.5 

the constantis defin-InX the crinding enerZy Ch&rlCtGrl3%iC2 are: MI 0 88 NI a 17 N2 - 33 

The wheel radius is 150 
The lonath Of the part in 100 
The wheel speed is 30 

207 



r-. 

The maximum table food rates and minimum wheel 
usage for Various dresser rates are as follows t 

Dress rate table food rate wheel usage 
um/rov mm/min tam off radius 

0.25 29-097527 2.60115329 
0.4875 40-8764224 3-61063642 

0.725 IL9.086137 4.17153167 
0.9625 55-5803505 5.24277806 

1.2 60.3116539 5.97415446 
1.4375 65.199622 6.67490044 

1.675 68-5991031 7.39227959 
1.9125 714192937 9.0474251 

2.15 71-957774Z 8. V! 252132 
2.3875 77-6U714 9.33443112 

2.625 30-1509008 9.91523233 
2.8625 82.4075141 10.5L62451 

3.1 84.48645 11-1085314 
3.3375 86.4127662 11.6929847 

3.575 88.2065172 12.2703624 
3.8125 89.884021 12.8413114 

4.05 91.4587438 13-406383", 
IL. 2875 92.941935 -13-9660772 

4.525 94-3430927 14.5207982 
IL-7625 95-6703116 15-0709219 

burn 
coordinate 

8.93333333 
8-83333333 
8.83333333 
8-83333333 
8.83333333. 
8.83333333 
8-33333333 
3.83333333 
3. n3233333 
S. S332323Z 
S-S3333333 
8.33333333 
3-83333333 
3. Z3333333 
3-83333333 
8.83333333 
8.83333333 
8.83333333 
8.83333333 
a-83333333 
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THE PLATES 
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Plate At A pin specimen with conventional 

thermocouples spot welded in positio, 'i 

20 

Plate 7b The eroding thermocouple located in 
the alternative pin specimen design 
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Ptate 11 Form grind specimens before (top) 

and after grinding. 
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Grinding Energy 

Fig. 2 Priptition Schematic 

Grinding energy is distributed 

in three main areas. Only ci small 
fraction is absorbed by theworkpiece. 

hIlk 



Fig 3 

1000 

Soo 

Nuc [ecife Boili ' g 
Film Boiling 

Unstable 

ccnditions 

100 200 1000 

SLirfclce Tempercifure 
Deg C 

Fig 3 Fitm Rolting 
Typical Poo[ Boiling Curve For Water 

When nuctecife boiling becomes scifurcifed 
film boiling occurs with a Icirge chcinge 

temperature 



Fig. 4 

Wheet . WA60KV 

Matericil: MAPM002 

MNIR :8 mm/min 

300 0 
0 

0067 

ai a 12 4 C: 

LLJ 200 
0164 

5 
Cu 
Cl 0 Creep Feed Grinding 

V) I (No in-process dressing) 

Continu ous Dress 
- 100 

Creep F eed Grinding 
/CIO 

63 

1 095 
1 4b 

0-5 1.0 1.5 20 
M10 Percentage Wecir Flat Areci 

w 

Flg-4 Wear Flat Characteristics 
At low wear Rat areas grinding energy 
devicites from the linear retationship 
found by Malkin [ 161 ( Data from Scitmon [171) 
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Transient Time stepping Model 
80steps : run fime-50 mins (cpu) 

-Thmperah"s 
Dag. C 

a=3 mm 
22 x101 J/mý 

0.0 

Vi -lSoo mm/min 

Stecidy State Convec hve Diffusion Molet (Upwinded) 

1 Step : rur hme-2-9 min (cpu) 

ci =3 mm 

e- 22 - 10" j/rrý 
f- 0-02 

0-0 

1SOO mrn/min 

Fig 7 Modelting Methods 
The convective diffusion cincilysis gIV2S 
identical results to the transient 
analysis in a fraction of the 

computing fime 



Fig. 8 

FiniteE 

represei 

section 

1-1 

r-; Fig. 8 mulation Schematic 

A typicat section of ci btacle grinding 

operation is extracted and analysed 
in detail by thý finite element modetl 



Fig. 9a 

e, Loccit Specific Energy I( Fý%'Jrlmd BoOpt 
J/mmj (Xr KL 01r Oon 

INPUTS; 
TI Rý- ý 

100-120 
80-100 

60-80 
40-60 
20-40 

15 - '20 
10 -i5 
5-io 
0-ý 

Fig. 9a Grinding Conditions 
Locat grinding conditions can vGry 

considercitity within a singte form grind-I 
The FE. modet cillows these to be seen. 

FE F., m ; riný1 -oOPL 

EX-CHL-1) 9�rNýl, ýn 
IWOS: 

Loccit Grinding Rux 
W/mm' 



Fig 9b 
0 

NormGl Inf eed 
mm/min 

20-25 
15-20 
10-15 
5-10 
0-s 

FE Fc--j gr; nd odpý 
EX-CELL-O Fj-sdon 
IWVTS: 
T! I. ZFR_kTEr,! 

TESTT! Di 

FE- Foi grind -iodeý 
EX-CELL-J lursdon 
IWUTS; 

9135 

ress rci 
ev 

Fig. 9b Grinding Conditions 

Loco. If eed ro, te conditions output 
f rom grinding simutation. 



lg. 10 

(I 

Fig 10 Black Box Schematic 

of grinding heat transfer 
The approximate anatysis of grinding 

is bGsed on the overcitt input& outputs 
I-I 

e 



Fig 11 
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Fig 13 
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Fig 13 Model Comparison 2 

Comparison between cipproximate and 
Finite element models 



Fig. 14 
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eI 
MalkIn 

0=0 

0=7112 
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Fig 15 

c 

b= 40 

1- 2 5 

5/b = 0-25 
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Fig 16 

Finite Element Solution from Sh. Gf to [ 12 1 

h -100 000 Vn' K 

q. f ý(Ol 61-8 8 4-10' W/m 

ISOTHERMAL TEMPERATURES 
DEGREES CELSIUS 

so 
40 60 

78 
27.1 285 3bQ-__ 50,8 59-0 82.9 

V- 30 rqs . 
V, -O 187 m m/s f. 0 6 

9 
V, - norm(il fppd rute (rnm/�) 

100 1-. 

44 
027 5 .s 30 ý 22 2 

781 74 258 2; 0 --6 73 

3.5 61.0 55.7 4 75--119 28 fi 22 5 

q 

Interface temperatures 

1+T(q) 

120 

100 

80 

60 

40 

20 

(1pprOXIMCIt'10n '-T(q)-f, q(l)/h 

where: q(q). V(016+BbV, ý0' 

V,. - V,. si 
h, V,, Vt, f (is cibovp 

Fig 16 Model Simptification 
Large convective coefficients cillow 
simple but accurate expressions for 

the in terf cice temperciture to be mcid 

1 



Fig. 17 

Mesh and boundary condilions 

h: hx-' VVI- q-9.2-10 1 (1 - rZ) 
-eV. o e-22.10'4d 

Qý0 V-25 mmimin 

0106 m 

f-0-07 h, -1800 

25 50 75 loo 125 150 2S 

Steady State V, -0 

50 7S 100 125 

Tran s ie nf Vf-100 mm/min 
25 

Fig. 1 7 Cross Feed Eff ects 
Steady state and transient FE 

analysis do not give identical results 
when low convective coeffients cire 

specified 



Fig. 18 

0.5 

0-4 

0-3 

0-2 

0.1 

Lh 0-16 Wlrnr6K 

ff 

m 

-0-6 

h-0-01 V//rnr6K 

f-0.1 

2 
(Feed rcife) (Tfo C, K IC-') 

10 4 W/ mK 

Fig 18 Partition Eff ects 
The vatue of shear zone partition chcinges 

the thermcit charcicteristics of ginding 



Fig 19 

Ptunge feed rate 
Specific Energy 
Material 

10 mm/min 
30 j/MM3 

Titanium Alloy IMI 318 
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h=S8OOO W 
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Fig. 19 "lunge Grind Transients 
The transient response of the plunge 

grind interface temperature is a function 

of the shear zone partition frciction. ( f 
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Fig 20 Coolant Model 
The cootant and workpiece may be 

modeled together by means of 
the convective diffusion mode t. 



F ig 21 

Fig 21 The three 

dimensional combined 
Workpiece and Coolant model 
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Fig 22 Grinding Wheel Tempericitur 
Theoretical penetration of grinding 
temperatures into the wheel cis predicted 
by the solid wheel coolant FE model. 

Fig 22 



Fig 23 
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rinding Wheel 

Hyd rostat ic 
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Fig 23 Instrumentation 
Schemdtic sýowing the sytem used 
to record grinding forces and 

I temperatures 

Thermocouple 

Low pass fitter 

micro - 

computer 

vou 



Fig 24 

Ata - %milt 

I-- 

KOH 

1 
11 Fig 24 Data logger Output 

Signals from Me dynomomefer U Fe 

processed immediately affer a test 

and presented with grinding d4fcl 



FIG 25 

C; -4- m r% 

Titctniu 
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Grindi 
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Fig 25 -. 1 Specimen 
Expanded view showing general. con- 

struction of sindano Insulated pin 
specimen with three thermocouples 

tý21 



Fig 26 

c; -A- 

Fig 26 Warm-up Specimens 
Regularly spaced thermocouQ[es 

mo. nitor the change in convective 

cooting through the arc of cut. 



First pass creates 

required initiat 

shape for the 

second pass 

Second pass in 

which grinding 

energies are 
measured. There is 
approximatety cl 

con stan tdoc 

accross the width 

of the grind. 

Fig 27 Measuring Face 
Grinding Energy. 

Two passes are used to make a 
measurement of the grinding energy 

on one face atone. 



Fig 28 

Machine Cylindrical CFG (Cylindrical mode) 

Dresser Hand Set Fiat form (rate as spec) 

Coolant Water based 40 1 Shoe appli(ation 0 

Wheel GC 601 L2 3V 30 M/s 

Feed (as Spec) 

doc 3 mm 

Material ti "Cini LM IMI 318 

100 

80 

Feed rcite MNIR 
mm/min 

13- 
20 

30 
40 
60 

0 80 

E 
C- 
cu 60 
r- LLJ 

E 
F 

40 

U 
20 

\7ýý 

Model M, - 52; N, -1 ; N. -4S)j 

123 

Vd Dresser Feed Rate 
p m/r ev 

4 

Specific Energy : TitanIL1111 fig 28 

General characteristic of the continuous 
dress creep feed grinding of a standard 
titanium compressor b(cide alloy : IMI 318 

f 



Fig 29 

41 

Machine - Cylindricai CFG Cylindrical. mode) tab. 
Oress2r - Hand Set Rat form 

Coolan f- Water based 401 Shoe application 0.5 bar 
Wheel - GC601 L? 3V 30 fn/s 
Feed . (as spec) 

doc. 3mm 

Material - 
ri rani um IMI 318 

100 

80 
umýey 

(Model M, -52ýN, -l ;N -45 

25 50 75 100 
VN Max. Norm. feed rate 

mm/min 

Specific Energy Jitanium fig. 29 

IMI 318 Titanium grinding characteristic cont. 
Specific energy at a given dressing rate is 
largety independent of feed rate. 



Fig 30 

Mcichine Cylindricat CFG Cytirdricaý. made) lob 

Oresser Hand Set Not form 

Cookint WcfPr based 40: 1 Shco appliccitton 0S UIr 

Wheel WA602F, )4V 30 my's 
Feed (as Spec) 

doc-3 mm 

Mr-ferict - steet EN9 

V Feed rate MNIR 
50 mm min 

31 

40 
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30 -. :3-. 0 -- --- 
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LLJ ̀ = 20 uE 

Ca. 

10 

Model M. -Ij Ný-125, N, -12) 

2 

Dresser feed rate 
um/rev 

3 

Sp. ecific Energy EN9 Fig 30 
General grinding characteristic of EN9 
Steel : an ecisy-to-grind mciferiat 



Fig 31 
0 

Muchine Cytindricat CFG Cytirdricct, mode) tab 

Dresser Hcnd Set Flat form 

Coolant Wctpr based 40: 1 Shop apl-ýIcation 05 tar 

Wheel WA602F24V 30 M/S 

Feed (CS Spec) 
doc. 3 mm 
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Fig. 31 Sý, alfic Energy EN9 
The general grinding characteristics of 
EN9 (continued from fig. 30) 

>% 
30 
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u cu rl Un 
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Fig 32 

Machine Cylindrical CFG Cylindrical. made) lob 

Dresser Hand SO Fiat form 

Coolant Watpr based 40.1 Sho@ app[lcat, on 05 bor 

Wheet GC60la? 3V 30 M/S 

Feed (as spec) 

doc. 3mm 

Mcferial f; ram um 1111 318 

100 T, feed rate 13 
11 

1, 
mm/min 20 

80 

CD 
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Fig 32 Specif ic Energy of 
Titanium using ci Soft Wheel 

Softer wheels improve cutting efficiency I 

but at the risk of excesive wheel breakdown 



Fig 33 

Machine Cytindrical CFG Cylindrical. model tab. 
Dresser Hand Set Flat form (Vj - 1-0, um/rev) 
Cootant Water based 40: 1 Shoe application 0-5 bar 

Wheel GC 601 L? 3v 30 M/S 

Feed (as Spec) 

doc 3mm 

Materict -h ram um IMI 318 

Wheel Speed 

75 M/S 
0 30 

25 

20 

c" .01 
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Fig 33 Wheel Speed: Hard Whee [ 
With hard wheels wheel speed has little 

effect on grinding efficiency but burn 

occurs more easity with tower speeds. 



Fig 34 

125 

100 

Machine Cy[Indrical CFG (Cylind, icat. mode) tab 
Dresser Hand Set , Flat form , 

Vj-O 3 p-/r,! v 
CO()[(If)t Wcte-r based 40 1 Sho, - c-, pllcution 0j 

Wheet GC 601 L? 3V 30 m/S 
Feed (as spec) 

dcc3 mm 

McIfericil I"C: nI UM 
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Fig 34 Wheel speed -- Hard wheel 
Showing the same characteristic cis shown 

in fig 33 for ci lower dresser rate, 



Fig 35 

Machine CyUndrical CFG (Cy6ndricat. mode) tab 
Dresser Hand Set Fiat form 
Coolant Water based 40: 1 ShOP c*icchon 05 bar 
Wheel GC6O1G? 3V 30 M/s 
Feed (as sp2c) 

doc 3mm 

Material -h tani um IMI 318 

0 
75 

Vd 
- OJ27- pm/r 
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>-I 
so 

c ui JE u 

Li Wheel 
(31 - 
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30 
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V,, Feed Rate MNIR 
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Fig 35 Wheel speed & Soft wheels' 
With soft wheels the fracture wear mechan- 
ism becomes significant. Lower wheel speed 

increases the wheels tendency to self 

dress reducing specific grinding energies. 



Fig 36 

Machine Cylindricat CFG (Cy[jndrica(. mde) w) 

Dresser Hand Set Rat form 

Coolant Water based 40 1 Shop cppkut, on 05 

Wheel GC601 L? ', 'V 30 M/s 

Feed (as sp2c) 

doc 3mm 

Mratericil ti rani um IMI 318 
I 

I Vý1'5 ullev 
45 
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Fig 36. Wheel speed g, Soft wheels 
, 
At higher dress rates the self dress 

tendency of the wheel is masked by the 

the imposed dress rate. 
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Fig 37 Specfic Energy 
Grinds at Ex Celt 0 had, high er specific 

grinding energies than those 

made in the laboratory. 
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Fig 38 Specific Energy EN9 
The grinding energy performance 

charac teristic of EN9 grinding cif 
Ex-Cell. -O 
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Fig 41 Specif ic Energy EN9 
Perf ormance dato, from 'grinds made cit 
Ex Cell 0 (f tat surf cice grind s) 
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Fig 42 Ptunge Grinding Energy 
A comparison of EN9 ptunge and cyhndricuý 

grinding efficiencies. 
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Fig 43 Plunge Grinding Energy 
A comparison of IM 318 plunge & cylindrical 

grinding efficiency. Rubbing energies are 
significant cit the lower feed rates 

used in plunge grinds. 
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Fig 45 Stecidy State pin 

75 

Grinding Temperatures 
Summary of EN9 pin grinding results 

below the film boiling threshold. 
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Fig 46 Steady State Pin 
Grinding Tempe rcit ures 

Summary of IM1 318 pin grind i ng r, ý, su ý ts 

below the film boiling threshoýd 
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Fig 47: Pin Grinding 
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Fig 50 A Comparison of heat 
transfer performance when 
there is a poor and good 
conductive path in the workpiece 
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F ig 51 Plunge G6ndinq Temps 

Fig 51 

- "j. 

By recording tempercilures cif the base 

of pin specimens cis the entire pin 

was ground ciway the effect of the 

absense of a concluclive path through 

the workoiece was, assessed 



Fig 52 



Fig 53 

M cichine Cylindrical CFG ( p[unge . made) 

Dresser Hand Set Flat form 

Cootant Water based 40 1 Shoe application 05 bar 

Whe2l WA602F24V 30 m/s 

F2ed (as spec) 

doc NA 

Mr-tericl Steel EN9 

0 
0-06 

Ne' 
E 

0-04 

002 

0 

f-pc h 0-22 ýýd V, 

h, -M-400 W/eK 

Vo Oress rate 
`/rev 

0 2-0 

1.0 

O-S 

so 100 150 200 

V, Ptunge Feed Rate 
rn m Im in 

Fig 53 Pin grinding partition 
analysis of conditions above 
the film boiling threshold. 
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Fig 54 A comparison of 

grinding heat transfer perform- 
ance above and below the 
film boiling threshold. 
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Fig 55 A cnmparison of the 
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Fig 57 

Pin Grinding Transients (2) 
(see fiq 56) 
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Fig 58 Coolant P Warm-up I 
Su bjec t ed to a con st an ff[ux the cootant 
warms in 'its passage through the grindinq 
and it consequently loses some of Js 

ability to coot. 
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Fig 59 Grinding Simulcition 
Ex amp te outputs of the predicted 

thermal field during form grinds 

simitcIr to those made on the 

Ex Cell 0 qrinder 

Face cingte 
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Fig 62 Grinding Temperatures 
Temperatures shown (ire , those measured 
above ambient in the grinding arc of 
IMI 318 surface grind s made on an 

Ex-Cett-O form grinder. 
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Fig 63 EN9 Surface Grinding 
Temperatures 
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Fig. 64 -Tempera ture rise per 
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The dependence of grinding temps on grinding 
efficiency is removed to show the their 

general -trend as a function of feed rate 
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Fig 65 Temperature Rise per 
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Fig 66 Grinding hecit Transfer 

Performance Vs Form Angle. 
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Fig 67 Grinding Hecit Transfer 
Perfdrmance Vs Table Speed 
'Higher table speeds allow more grinding 
flux to be absorbed per unit temperature 

rise. 
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Fig 6ý 
, 
IMI 318 Grinding Heat 

Transf er Performance 
For the Titanium alloy there was no clear 
trend in" h,,,, as a function of table speed. 
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Mcchind EX-CELL-O 820 Radial Form Grinder 
Dresser Reverse plated various rates, 
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Fig 69 Temperature Rise per 
Unit Specific Energy : V/5 

Shows the same characteristic as that shown 
in fig 64 but temps at a different position 

in the grinding arc. 
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Fig. 71 Surface Roughness 
Surfac6 roughness values were dependent 

on the normal dressing rate but largely 

independent of form angle. 

IhL 
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Fig 72 General Grinding 
Characteristic of IMI 318 

using a White Oxide Wheel. 
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Burn-out Flux: Titanium fig75 
Burn in flat surface grinding occurs at a near 
constant value of total grinding flux irre- 
spective of dresser & workpiece feed rates. 
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Fig 76 Burn out Flux EN9 
The near. constant value of burn out flux 

in EN9 grinding is close to that found for 

IMI 318 despite the large difference in 
thermal oroperties of each material 
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