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SYNOPSIS 

A limitation of the creep feed grinding process has been workpiece burn. To 

achieve higher stock removal rates, continuous dressing has been applied 

throughout the grinding cycle. Significant increases in stock removal rate have 

been achieved but at a cost of much higher wheel usage. 

The object of this research work was to examine the dressing parameters and 

investigate alternative dressing cycles with the aim of finding conditions that yield 

lower wheel usage. A creep feed grinding rig was rebuilt to incorporate a CNC 

dressing mechanism which facilitates the execution of intermittent and pulse 

dressing cycles. 

An intermittent dressing cycle consists of a series of short dressing spell, the 

dresser being allowed to dwell on the grinding wheel between dressing spells. 

This technique did not show significant improvement on the wheel usage. 

However, pulse dressing whereby the wheel is kept sharp by a series of dressing 

pulses and in which the dwelling action is replaced by rapid retract of the dresser 

away from the grinding wheel and then advancing back to dressing position, 

resulted in a 2: 1 grinding ratio as compared with continuous dressing. This result 

was consistent for 3 selected table speeds. 

A mathematical model of the interaction of the diamond grits and the grinding 

wheel surface was developed and used to examine the relationship of diamond 

spacing on the dresser surface with dresser infeed rate and speed ratio and their 

influence on the surface roughness of the grinding wheel. The argument of the 

model was verified empirically using two diamond rollers with different diamond 

spacing: a hand set and a reverse plated. It was shown that the sharpness of the 

111 



grinding wheel increases with increasing diamond spacing. A reduction of wheel 

usage by 25% in continuous dressing was achieved by using the hand set dresser 

which had larger diamond spacing. The comparative performance of these two 

diamond rollers was also discussed. 

The performance of a water-based, a neat oil and a microemulsion cutting fluids 

was investigated under continuous and pulse dressing conditions. The 

microemulsion fluid showed superior performance over the other two coolants. A 

third method of reducing wheel usage was by using the microemulsion which 

combines both lubricating and cooling properties of oil and water. By applying 

pulse dressing and using microemulsion, a 4: 1 grinding ratio can be achieved as 

compared with continuous dressing with water-based coolant. 
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GLOSSARY OF TERMS 

Attritious wear: A form of wheel wear that results 

in the production of wear flats on 

individual grits in a grinding 

wheel. 

Difficult-to-grind: A workpiece material that gives 

rise to large amounts of rubbing 

and ploughing energies. 

Dressing depth: The amount of wheel dressed off 

the radius at each dressing pulse. 

Grinding Ratio: The ratio of volume of material 

removed from a workpiece to the 

volume of wheel lost in removing 

that material. 

MNIR (Maximum normal 
infeed rate): The feed rate of the wheel into 

the workpiece at the top of the 

arc of cut, measured in the 

direction normal to the wheel 

surface. 

Power flux: The power required for grinding 

per unit area of the contact zone 

between grinding wheel and 

workpiece 

Specific energy The amount of energy required to 

remove a unit volume of workpiece 

material. 
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Wear flat A flat worn on an individual 

grinding wheel grit as a result of 

rubbing in the contact zone 

between the wheel and the 

workpiece. 
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NOMENCLATURE 

ar pm/rev Infeed of diamond roller per 
revolution of the grinding wheel 

aropt pm/rev Optimum dresser infeed rate 

d pm Dressing depth per pulse 

dr mm Diameter of the diamond roller 

ds mm Diameter of the grinding wheel 

ecd J/mm3 Specific energy - continuous 
dressing 

epd J/mm3 Specific energy - pulse dressing 

Fn N Normal grinding force 

Ft N Tangential grinding force 

H pm Theoretical profile height 

Ld mm Diamond spacing 

Lm mm Meshing interval 

N Number of diamonds meshing behind 
one another in one meshing 
interval 

P kW Grinding power 

qr ratio of the surface speed of the 
dresser to wheel 

Ra pm Average roughness 

Rths Um Theoretical wheel surface 
roughness 

t sec Time 

Vr m/s Dresser surface speed 

Vs m/s Wheel surface speed 

Vw mm/min Workpiece feed rate - Table speed 

car rad/sec Dresser rotational speed 

Ws rad/sec Wheel rotational speed. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Creen Feed Grinding Process 

Creep feed grinding is a high stock removal abrasive 

machining process. The main differences when compared 

with conventional grinding are in the depth of cut and 

workpiece feed rate. Conventional grinding which is 

known as pendulum or reciprocating grinding is 

characterised by a low depth of cut, typically 2-2.514m, 

and a high feed rate, in the range 5-25 m/min. When 

conventional grinding is employed, a number of passes 

are normally required to remove the required amount of 

material. However with creep feed grinding, the stock 

can be removed in one pass. The depth of cut can be as 

high as 20 mm, but the workpiece feed rate is usually 

in the region 10-1000 mm/min. 

Creep feed grinding is relatively a new process as 

compared with other machining processes. It entered 

large-scale industrial production areas in the late 

1960's and early 1970's (1)*. The process has been 

mainly used in the aerospace industries particularly 

for the machining of turbine blades. It is suitable 

for this application because the material used for 

* Numbers in brackets refer to references which are listed at the end of the text. 
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turbine blades are made of nickel-based alloys which 

are classed as 'difficult-to-grind' materials. Turbine 

blades are normally manufactured by investment casting 

and large amounts of stock need to be removed from the 

root and the shroud (see Plate 1). Traditional methods 

are very time consuming and limited by the toughness of 

the material. 

Creep feed grinding has been applied to remove the 

stock in two passes and has even increased the accuracy 

of the form on the fir-tree root of the blade (1). 

This has lead to shorter machining time per part and a 

better finished product and, as a result, greater 

savings have been reported (2). 

Creep feed grinding has been successfully applied to 

other materials which are classed as 'easy-to-grind' 

materials. For instance, deep slots can be easily 

produced with high accuracy and speed as in the case of 

hydraulic and vane pump rotors (1). With short 

components, creep feed grinding can also be more 

effective than conventional methods. The creep feed 

grinding method has resulted in a considerable 

reduction in out-of-contact time which can reach a high 

proportion of total time (90%) in conventional grinding 

(3). 
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The main disadvantage with creep feed grinding is the 

initial cost of the machine.. Creep feed grinding 

machines are more expensive than conventional grinders 

because of the requirements for increased stiffness and 

higher flow rates of coolant. However this initial 

large cost can be often justified by the improved 

performance of the creep feed process in terms of 

higher metal removal rate, better surface finish and 

form retention. 

Along with the development of the creep feed grinding 

process, other aspects of grinding have been advanced. 

Grinding wheels are manufactured with induced porosity 

which helps the grinding coolant to be supplied to the 

dressing zone more efficiently (4). Cutting fluids 

have been developed that combine both cooling 

properties of water and lubricating properties of oil. 

On, the dressing side, diamond rollers are manufactured 

to reproduce the required form on the grinding wheel 

and it was the development of this type of dressing 

device which has helped towards the automation of the 

grinding process. 

1.2 Dressing of grinding wheels 

The efficiency of the grinding process depends strongly 

on the method of dressing the grinding wheel. This is 

more significant in creep feed grinding which has a 
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much longer arc of cut than conventional grinding. In 

creep feed grinding a wheel grit is in contact with the 

workpiece much longer and therefore more exposed to 

rubbing wear. With difficult-to-grind materials such 

as nickel-based alloys, the rubbing action is developed 

rapidly and the wheel becomes blunt, resulting in a 

very inefficient process. Therefore creep feed 

grinding of nickel-based alloys which is the subject of 

investigation in this research work requires a very 

efficient dressing operation. It is useful to outline 

the possible dressing techniques that are available at 

present. There are four methods of dressing wheels 

with aluminium oxide abrasive and using vitrified bonds 

(1) : 

a) Single point or multipoint diamond dresser. The parameters 

that determine the sharpness of the wheel with this 

method are: the depth removed from the wheel; the 

speed at which the diamond is moved across the wheel 

and the number of spark-out passes. Profiles can be 

produced on wheels with a single point dresser, but it 

requires special profiling equipment such as a hand- 

operated pantograph which uses an accurately produced 

template of five or ten times the size of the required 

profile or a CNC profiling system. 

b) Crush dressing. Crush dressing takes place by 

pressing a hard roller into contact with the grinding 
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wheel. The parameters which are of importance in crush 

dressing are the dressing depth and the number of 

crushing-out revolutions. To minimise the wear of the 

roller, dressing normally takes place at much lower 

wheel speeds. The infeed of the crusher is also 

limited due to inability to clear the debris produced 

between wheel and roller which can increase the 

crushing pressure (5). 

c) Diamond disc dressing. A disc dresser is more like a 

single point dresser, but with many more diamonds 

spread over the periphery of the disc. Its performance 

is similar to that of the single point dresser, with 

longer life since the wear is distributed over the 

surface of the disc. It can also be used to produce 

forms as in the case of a single point dresser. 

d) Diamond roller dressing. This is the most suitable type 

for high volume production and is used in this 

investigation. Description of various types used is 

given in detail in the next section. 

With conventional creep feed grinding and reciprocating 

grinding, the operation is normally stopped when the 

wheel is being dressed. In-process dressing, as the 

name implies, takes place while the grinding operation 

is in process. A sharp drop in grinding forces has 

been reported when a diamond roller was brought into 
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contact with the grinding wheel at a constant feedrate 

(6). This indicated that a large increase in grinding 

efficiency was possible if the grinding wheel was 

constantly kept sharp with a diamond roller throughout 

the grinding cycle. This can be achieved in two ways: 

by continuously dressing the wheel which has been 

successfully developed (7) and applied to the 

manufacturing. of turbine blades (8). However, 

continuous dressing is associated with much higher 

wheel usage. The second in-process dressing method is 

to apply a series of dressing cycles during the 

grinding operation. Intermittent dressing can maintain 

the sharpness of the grinding wheel without unnecessary 

dressing. 

At present most of the grinding operations on turbine 

blades manufacture by Rolls-Royce are carried out on 

two fully automated CNC grinding centres; one for the 

root of the blade and the other for operations on the 

shroud (Plate 1). A pair of grinding wheels which are 

continuously dressed are used to grind the fir-tree 

root in two passes (9). The first pass removes most of 

the stock and a back pass is applied with typically 

0.1 mm depth of cut to finish off the blade. 
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1.3 Diamond roller dressers 

The development of diamond roller dressers has been a 

decisive factor within the field of grinding wheel 

dressing tools. It has fulfilled the demands for 

constant quality mass production over a long period. 

Complicated profiles with tight forms and tolerances 

can be produced with the. aid of profiled diamond 

rollers. 

A diamond roller has a large number of diamonds spread 

over its surface, and as the diamond roller is fed into 

the grinding wheel, the diamonds interact with the 

grits on the grinding wheel, with both roller and wheel 

rotating. There are three types of rotary dressers in 

use at present (10) and their difference can give rise 

to some confusion. Their manufacturing processes and 

applications are described in this section with special 

interest in hand set and reverse plated diamond rollers 

which are the subject of investigation in this research 

work. 

a) Electro-metallic direct plated roller. This type of diamond 

roller is the least expensive and least robust of the 

three types. It consists of a steel body on to which a 

layer of diamond powder is plated, with plating 

material or bond normally being of nickel. The small 

size of diamonds tends to produce a blunt wheel. The 
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overall average life of this type of roller is 

approximately 1000 dressings, depending on the 

application. It is only suitable for low volume 

production and not of interest to this research work. 

b) Hand set sintered roller. This type is used in this 

project and is shown in Plate 7. As the name implies, 

with this type of diamond roller, diamonds of 

60 to 600/carat are set by hand on the inside of a 

graphite mould of the required form. The pattern of 

the diamond setting is usually defined by the customer. 

The mould is then filled with tungsten powder and 

infiltrated with a nickel alloy at a temperature of 

1,000°C. The roller is then machined so that the 

diamond surface is concentric to the bore. Hand set 

diamond rollers are used at Rolls-Royce in the 

manufacturing of turbine blades and they usually last 

up to 40,000 dressings (10). However, this type of 

roller needs to be refurbished after 5,000 dressings to 

ensure that the required form is maintained (11). This 

is normally carried out when excessive surface 

roughness or waviness appears on the workpiece or out 

of tolerance appears on the forms. Other disadvantages 

with hand set diamond rollers are in the manufacturing 

process. The mould shrinks during cooling in a not 

fully controllable way and the use of adhesive to keep 

the diamonds in position during the setting-in-mould 

operation also reduces dimensional accuracy (12). The 
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required tolerance can only be achieved by the finish 

grinding of the dresser. -Tight radii and narrow 

tolerances are not feasible with hand set diamond 

rollers. 

c) Reverse plated or electro formed diamond roller. This is the 

other type that is of interest to this research work 

and is shown in Plate S. To manufacture reverse plated 

dressers, a graphite mould similar to the hand set type 

is first made. Diamonds usually of the same size as 

for hand set ones are randomly sprayed on the mould. A 

nickel matrix is then built up over the diamonds by the 

plating process. `A stainless steel core is inserted 

and machined to bring the bore concentric with the 

diamond surface. The reverse plated diamond roller is 

cheaper and lasts up to 40,000 dressings. Refurbishing 

is not required and once signs of irregularities are 

seen on the workpiece, the diamond roller is then 

replaced. Tight radii and narrow tolerances can only 

be manufactured with reverse plated diamond rollers. 

1 .4 
Obiectives of the research work 

Investigation into the theory of continuous dressing 

carried out at the University of Bristol has shown the 

potential of this technique and the relationship 

between the dressing parameters and performance has 

been established (7). However, the high wheel usage 
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associated with continuous dressing has limited the 

process to certain applications. The principal aim of 

this research work is to reduce the amount of wheel 

usage by optimising the dressing parameters or applying 

the intermittent dressing technique. The investigation 

is directed in three routes as described below: 

a) Application of intermittent dressing. This idea can be better 

illustrated with the aid of Figure 1. The variation of 

specific energy with dresser infeed rate for 

conventional and continuous dress creep feed grinding 

is shown. The large difference between the two energy 

levels indicates that the wheel does not necessarily 

require constant dressing during the grinding cycle. 

The sharpness of the wheel may be maintained by a 

series of short dressing cycles. Dressing can take 

place when the specific energy rises towards the burn 

limit, at which point a sharp decrease can be followed. 

The dressing amount should be just enough to drop the 

grinding forces to the continuous dressing level, any 

more dressing after that point is unnecessary. This 

process of dressing and dwelling is continued 

throughout the grinding cycle. Intermittent dressing 

is investigated in two forms. The first technique is 

to dwell the dresser on the grinding wheel after each 

dressing operation. This is referred to as 

'intermittent dressing' in the following chapters. In 

the second dressing technique, the diamond roller is 
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rapidly retracted after each dressing operation and is 

referred to as 'pulse dressing! 

b) The second area of investigation is on dressing 

parameters under continuous dressing conditions. There 

are many factors that determine the sharpness of the 

grinding wheel after dressing with a diamond roller. 

The most important ones are: The rate of dresser 

infeed rate per revolution of grinding wheel; the ratio 

of the surface speed of the dresser to the surface 

speed of the wheel; diamond spacing; the type of 

diamond roller used and the amount of dwelling of hte 

dresser on the grinding wheel. 

Wheel usage is directly proportional to the dresser 

infeed rate and by minimising the required dresser 

infeed rate for satisfactory grinding, the amount of 

wheel dressed away will also be minimised. It has been 

shown that diamond spacing has a marked effect on the 

surface roughness of the cutting wheel surface of the 

grinding wheel (13). The relationship between dresser 

infeed rate and diamond spacing is studied by 

theoretical analysis and backed with experimental 

results with the aim of finding conditions that yield a 

lower dresser infeed rate. 

A number of researchers have shown that for stock 

removal purposes the optimum speed ratio is in the 
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region of +0.8(12), see Figure 2. Positive means that 

both dresser and wheel are moving in the same direction 

at the point of contact. However, it has also been 

reported that speed ratios near the crushing speed 

ratio of +1.0 have a detrimental effect on dresser life 

(1). It is one of the other aims of this research work 

to investigate the variation of speed ratio with 

diamond spacing with the aim of finding conditions that 

will yield a higher dresser life. 

Hand set and reverse plated diamond rollers are the two 

most widely used diamond rollers. It is intended to 

investigate their comparative performance under 

continuous dressing conditions, so that general 

guidelines can be drawn up for their use in the creep 

feed grinding of turbine blades. The rollers used have 

different diamond spacing, but were manufactured using 

similar stone size. They are used in the investigation 

of diamond spacing as described above. 

c) The third route to achieve, a reduction of wheel 

usage is to reduce the dresser infeed rate by using 

more advanced grinding fluids. Water-based and neat 

oil are the two most common types of cutting fluids 

used in industry. Water is preferred for its cooling 

properties and oil for its lubricating properties. 

Microemulsion is a recent development in the field of 

cutting fluids and is aimed at combining properties of 
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both water and oil. Various reports have shown 

different performances for -these grinding fluids. 

Rolls-Royce have developed a special water-based 

coolant for their creep feed operations (8). This type 

of coolant is therefore used in the investigation of 

intermittent dressing and dressing parameters as 

described in the above sections. Neat oil and 

microemulsion are used for investigation of their 

comparative performance under continuous dressing 

conditions with the aim of reducing the optimum dresser 

infeed rates from those used with water-based coolant. 

In summary, the aims of the project are as follows: 

1. Investigation of intermittent and pulse dressing. 

2. Investigation of dressing parameters. 

3. Comparison of hand set and reverse plated 

diamond rollers. 

4. Comparison of grinding fluids. 
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CHAPTER 2 

A SURVEY OF PREVIOUS WORK 

2.1 Creep feed limitations 

There are a number of limitations that can restrict the 

process of creep feed grinding. The most emphasised 

ones are: deterioration of surface finish, wheel wear 

and workpiece burn (1). 

In creep feed grinding of difficult-to-grind materials, 

it has been shown that the surface finish is 

insensitive to depth of cut, workpiece feed rate or 

dressing conditions (14). However, Liverton (15) 

showed that in creep rotation grinding of easy-to-grind 

materials, dressing conditions improved the surface 

finish considerably. When continuous dressing is 

employed to creep feed grind nickel-based alloys, the 

surface finish has been shown to deteriorate in 

comparison with conventional creep feed grinding (7). 

The deterioration increased with increasing dresser 

infeed rate. The reason for the poor surface finish is 

the continuously sharpened grits on the grinding wheel. 

It is, therefore, common practice to apply a light 

finishing cut to improve the final finish (8). The 

poor surface finish could also be due to weakened grits 

14 



which are not removed during the dressing process. 

This can cause long grooves to appear on the workpiece 

surface. It has been suggested that a high pressure 

jet be applied to the surface of the grinding wheel 

after dressing, so that any loose grits can be removed 

before entering the grinding zone (1). 

Wheel wear is considered in two parts: Radial and 

profile wear. The radial wear is the change in the 

average radius of the wheel and profile wear appears as 

a result of uneven wear of the wheel across the form. 

There are widely varying results for the difference in 

radial wheel wear between conventional and creep feed 

grinding (16,17). Some researchers have suggested that 

since higher rubbing forces are developed in creep feed 

grinding, the radial wheel wear should also be greater 

(15,3). These higher forces give rise to higher 

temperatures and higher radial wheel wear can be 

expected as a result of grits being exposed to higher 

temperatures (18,19). The number of impacts that occur 

between the grinding wheel and the workpiece has been 

shown to be significant on the radial wheel wear 

(20,18,3). The number of impacts is much higher in 

conventional grinding and has resulted in higher wheel 

wear (20,18). 
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Ohishi et al (21) have suggested that wheel wear is a 

function of grain depth of cut-(force per grain), grain 

path length (total cutting length per grain) and wheel 

speed. They showed that radial wear was smaller in 

creep feed grinding as compared with conventional 

grinding since grain depth of cut is smaller in creep 

feed grinding. 

Profile wear has been shown to be less in the creep 

feed region (22,23). In creep feed grinding, the main 

mode of wheel wear is attritious, that is wear occurs 

by the rubbing of wear flats on individual grits. This 

results in an even distribution of wear across the 

profile and can lead to good form retention. 

The most common limitation of the creep feed grinding 

process is thermal damage. Workpiece burn occurs when 

the rate at which heat is generated by the grinding 

process exceeds the capacity of the coolant to remove 

that heat. Because of the importance of burn 

restriction, it is intended to study this limitation in 

more detail. 

Workpiece burn is characterised by a series of 

depressions on the surface of the workpiece and in 

extreme cases by signs of discolouring in and around 

the ground section (see Plate 9). Shafto (14) carried 

out extensive research into the fundamental 
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relationships of the creep feed grinding process. He 

conducted grinding tests on nickel-based alloys with an 

aluminium oxide wheel and water-based coolant. He 

observed that burn occured in a succession of surges, 

during which the temperature rose rapidly from a 

steady-state temperature of around 130°C to around 

1,000°C and then returned to the steady-state 

conditions. The surges also corresponded to a rapid 

rise of the vertical grinding force. Similar 

observations were made by Hassell (24) when creep feed 

grinding of a hardened M42 tool steel with a silicon 

carbide wheel. However, research carried out in Japan 

has shown that burn can also be accompanied by a drop 

in vertical grinding force (25). The mechanism of heat 

transfer in boiler tubes has been used to explain the 

occurance of surges (14). At around 150°C the 

mechanism of boiling changes from a nucleate boiling to 

film boiling in which a vapour blanket forms over the 

surface. The heat transfer across this film is very 

difficult and temperature reaches 1, O00°C. Others have 

argued that the occurance of surges is due to sudden 

loading of the wheel and high temperatures are as a 

result of metal to metal contact that occurs in that 

situation (26). However, the return to steady-state is 

generally accepted to be due to the self sharpening of 

the wheel during the surge. 
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Various techniques have been used to measure the 

temperature in the workpiece (27,28). However, in many 

cases the temperatures sensed are not fully defined. 

The temperatures measured could be those of the mean 

temperature in the arc of cut, the bulk temperature of 

the workpiece, or the temperature beneath the grain. 

Salter (29) designed a new technique to measure the 

temperature. He used an expendable workpiece holder in 

which a pin type workpiece was held, with thermocouples 

embedded in them. It was shown that a limit existed 

related to the mean temperature of the workpiece 

surface which could be sustained without burning 

occurring. This temperature depended on workpiece 

material and the type of coolant used. 

On the mathematical modeling side, Jaeger's moving heat 

source theory (30) has been used to analyse workpiece 

temperatures (31). But Jaeger's model does not include 

any cooling effect. Ohishi et al (32) extended 

Jaeger's model to include the cooling effect of the 

cutting fluid and calculated the fraction of mechanical 

energy conducted as heat into the workpiece to be 

approximately 10%. Shafto (14) used the finite element 

technique to investigate temperature distribution in 

the workpiece and related experimentally measured 

temperature profiles to the 'real situation'. Others 

have suggested finite element and finite difference 

18 



technique as a means for in-process controlling of 

workpiece temperatures during grinding (33). 

Adaptive control of creep feed grinding process has 

been investigated by Ohishi et al (34). In their 

earlier work they showed that workpiece burn occurs at 

a critical power flux (35,25). They used this critical 

value in designing an adaptive control of workpiece 

slideway. A microcomputer was programmed to take in- 

process measurements of grinding forces and calculate 

the grinding power flux. This parameter was constantly 

compared against an input critical power flux and if 

this value was exceeded, a new workpiece slideway speed 

was adopted. They have shown that an increase of 10- 

40% in metal removal rate over conventional creep feed 

grinding can be achieved. They have argued that 

adaptive control could prove more economical than the 

continuous dressing method, since continuous dressing 

requires complex and expensive wheel head mechanism to 

compensate for the changing wheel diameter and has a 

high wheel usage. 

2.2 Wheel wear In grinding 

Prior to any discussion on wear of grinding wheels, it 

is advantageous to describe the basic mechanics of 

grinding. In general, grinding forces are made up of 

three components, each arising from separate actions 
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occurring within the grinding process. They are: 

rubbing, ploughing and chip formation (36,37). Rubbing 

occurs when the contact between wheel and workpiece is 

such that the grits slide over the workpiece surface 

without removing metal. Ploughing is defined as a 

process whereby an abrasive grit plastically ploughs a 

groove and throws up alongside small particles of 

highly distorted metal. This is an inefficient method 

of metal removal. Far more efficient is chip formation 

in which a true chip is formed ahead of the grit. It 

has been shown that, as the metal removal rate is 

increased in a grinding process, it undergoes a 

transition through the three phases of rubbing, 

ploughing and chip formation (37), as shown in 

Figure 3. Chip formation continues until the grits 

begin to wear. 

Wear can occur in two-forms: attritious or fracture 

wear. Attritious wear is the wearing of individual 

grits by rubbing against the workpiece surface (38,39). 

it results in the formation of flats on the grits 

parallel to the workpiece surface. Fracture wear 

occurs either as a result of an individual grit being 

fractured so that only part of the grit is removed or 

as a result of a bond fracture which results in the 

removal of a complete grit (40,41). 
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Malkin et al (38) have shown that attritious wear is 

governed by rubbing forces. They measured the area of 

flats and reported that both tangential and normal 

grinding forces increased with increasing wear flat 

area. Once attritious wear occurs, the grinding power 

is no longer consumed on formation of chips alone, but 

it will also be used in unproductive rubbing energy. 

At this stage, workpiece material welds onto the grits 

and builds up in successive layers causing loading 

patches to develop (42). These loading patches are 

seen as yet further flats on the active surface of the 

grinding wheel to enhance the rubbing energy. 

Malkin and Anderson (43) partitioned the energy input 

in the grinding process into separate components. They 

showed that the heat input to the workpiece was 

directly proportional to the wear flat area on the 

surface of the grinding wheel. In another report (31) 

they explained the occurance of workpiece burn by the 

development of attritious wear. They showed that by 

increasing the wear flat area, the amount of rubbing 

energy increased in proportion and added to'the cutting 

and ploughing energies. Therefore, the total amount of 

energy entering the workpiece as heat increases with 

increasing wear flat area. 

The effect of increasing wheel 

examined by Malkin et al (44). 

hardness has been 

They showed that the 
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wear flat area grew at a faster rate and burn occured 

earlier when harder wheels were used. The number of 

active grains were reported to be larger with harder 

wheels. They reported that burning resulted in a 

decrease in the number of active grains and suggested 

that burn increases the rate of fracture wear. 

Wear of grinding wheels is not the only reason which 

might cause a grinding wheel surface to deteriorate and 

result in workpiece burn. Unsuitable coolant and its 

poor application might equally reduce the grinding 

efficiency by creating rapid loading and clogging of 

the wheel. (Grinding coolants and their application 

are discussed in detail in Section 2.5 of this 

chapter). 

2.3 Mechanics of diamond roller dressing 

The working surface roughness of the wheel which 

effects the accuracy of the workpiece and efficiency of 

the grinding operation is determined by the dressing 

conditions and formation of diamonds (45). Numerous 

researches have been carried out to provide fundamental 

information for effectively utilizing diamond roller 

dressing (12,46,47). Some of the earliest work was 

conducted at Braunschweig Technical University in West 

Germany (47,46,45,13,12). Schmitt (45) performed a 

series of experiments with a randomly set reverse 
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plated diamond roller and showed that the working 

surface roughness of the wheel increased with diamond 

grit size. Although the initial cost of a diamond 

roller with larger grit size is higher, Schmitt argued 

that an increase in the life of the dresser as well as 

an increase in metal removal rate can be achieved. 

The most influential dressing conditions are the rate 

of infeed of diamond roller per revolution of grinding 

wheel and the ratio of surface speed of diamond roller 

to the surface speed of grinding wheel (qr). Meyer et 

al (12) have shown that the surface roughness of the 

workpiece is at its maximum when dressing takes place 

at qr = +1.0. Maximum surface roughness of the 

workpiece corresponds to maximum wheel sharpness. 

However, speed ratio of +1.0 is similar to crushing 

conditions and has been shown to be detrimental to 

dresser life (1,4,6). It has also been reported that 

speed ratio of -1.0 produces the best surface finish, 

but results in very poor grinding efficiency. It has, 

therefore, been suggested that for rough grinding where 

large stocks need to be removed a speed ratio of +0.8 

should be used with no dwelling of the dresser on the 

grinding wheel (zero spark out revolutions). For 

finish grinding a speed ratio of -0.8 with a few spark 

out revolutions has been suggested for good surface 

finish (12). Tests in this research work are carried 

out at speed ratios of ±0.8 and +0.4. 
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Recommendations made by Meyer -et al were only based on 

experimental results. Malkin and Murray (48,49) 

carried out a series of investigations to provide some 

explanation for Meyer's findings. They adopted a 

different arrangement for conducting their tests. 

Rotary dressing is generally performed by plunge 

infeeding of the diamond roller a certain radial depth 

into the wheel; but in Malkin's investigation, the 

infeeding of the dresser was accomplished by passing 

the diamond roller under a grinding wheel removing a 

radial depth from the wheel. They argued that since 

the radial depth and the infeed of the dresser are very 

small, the kinematic situation is the same in both 

cases. A scanning electron microscope was used to 

examine the grinding wheel after each dressing test and 

the result was that grain tips were flattened when fine 

dressing (low infeed rate) was used. With coarse 

dressing extreme fracture of grain tips was more 

dominant. These findings have been related to 

deformation and fracture of abrasive grains. When the 

diamond roller makes contact with the wheel it 

initially causes plastic deformation and if diamonds 

penetrate deep enough (as in the case of coarse 

dressing) fracture occurs resulting in a sharp cutting 

surface. The interference angle is defined as: 

6= tan-1 dresser infeed 
relative surface speed 
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Malkin et al- concluded that the dressing process is 

controlled by the magnitude- of interference angle 

between the-path of abrasive grains and the diamonds, 

with coarse dressing having a larger interference 

angle. The interference angle can be used to explain 

the findings of Meyer which were described earlier. 

Dressing with a speed ratio in the positive region, 

means that the relative surface speed is small, 

resulting in a larger interference angle and vice versa 

for speed ratios in the negative region (-0.4 to -0.8). 

The only mathematical modelling of the dressing process 

known to the author is that of Scheidemann (13). He 

has analysed the formation of the cutting surface of 

the grinding wheel by dressing with a diamond roller. 

Theoretical longitudinal and transverse surface 

roughness of the grinding wheel have been determined 

for variables such as speed ratio and diamond spacing. 

This model is the basis of the theoretical analysis of 

this research work and is studied in detail in 

Chapter 5. 

2.4 Continuous dress creep feed grinding 

Increasing the rate of stock removal has always been a 

prime objective in grinding research. Many researchers 

have used high wheel speeds as a means of reducing 

grinding forces (50,51,52). In creep feed grinding, 
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high wheel speeds have been shown to increase the 

rubbing energy resulting in a lower burn limit and 

lower stock removal rate (53). 

The efficiency of the grinding process has been 

reported to be at its maximum immediately after the 

dressing operation when the wheel is at its sharpest 

condition (54). Maintaining this state of sharpness by 

continuously dressing the wheel during the grinding 

cycle would result in greater stock removal rates. 

The idea of continuous dressing was explored when 

diamond rollers were first developed (55), but due to 

manufacturing problems associated with the required 

tolerances on diamond rollers, this investigation did 

not succeed. Along with the development of the creep 

feed grinding process, CNC systems and advanced 

manufacturing techniques, continuous dressing was once 

again the centre of attraction for high stock removal 

rate. 

All the dressing methods discussed in the previous 

chapter have been applied in the continuous mode (1). 

However, there are certain disadvantages in using 

single point dressers and crushing rollers in 

continuous dressing. The main problem with single 

point dressers is that the depth of cut changes across 

the width of the workpiece and the wheel develops 

26 



different sharpnesses as the tool is traversed across 

the width., Crushing rollers are normally used at lower 

wheel speeds, but if used in a continuous mode at full 

wheel speed, chatter can occur (56). Due to excessive 

wear on the crushing roller, form retention can also be 

a problem. 

The most suitable dressing tool for use in the 

continuous mode is a diamond roller. It makes contact 

across the entire width of the grinding wheel, has a 

good wear resistance and can be manufactured to 

reproduce complicated forms. Stuart (53) used a 

diamond roller together with a special mechanical 

arrangement for plunge feeding in creep feed grinding 

of nickel-based alloys. He showed that the specific 

energy was reduced rapidly by 70% when continuous 

dressing was applied during the grinding operation. 

Salmon (7) continued the work of Stuart and measured 

the area of wear flats by photographing the wheel 

surface through a microscope. He showed that the wear 

flat area remained low when the wheel was dressed 

continuously. He also showed that continuous dressing 

increased the stock removal rate in creep feed grinding 

of nimonic specimens by a factor of 25 as compared with 

conventional creep feed. 

However, the continuous dressing technique has not been 

so successful when applied to creep feed grinding of 
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easy-to-grind materials. The stock removal rate has 

been shown to increase only by a factor of 2.5 when 

bearing steels were creep feed ground (57). Therefore 

continuous dressing seems to be economical only on the 

difficult-to-grind materials, since significant 

reductions in grinding time must be achieved in order 

to compensate for the high wheel usage associated with 

continuous dressing. One way to increase the economic 

viability of continuous dressing is to increase the 

number of components ground in one pass. The need for 

halting the grinding operation to allow for dressing 

can be eliminated if continuous dressing is employed. 

It has been shown that when grinding of two workpieces 

in one pass continuous dressing increased the 

productivity by 260 per cent as compared with 

conventional creep feed grinding. When the number of 

components were increased to ten, the productivity was 

increased by 570 per cent compared with the 

conventional creep feed process with two workpieces. 

Combining the work of Stuart (53) and Salmon (7), the 

following remarks can be made. As soon as in-process 

dressing takes place, the grinding forces are reduced 

and if dressing is continued further the forces remain 

at the reduced levels. This means that once the forces 

have reached the continuously dressing levels, any 

further dressing would be disadvantageous. The forces 

can be allowed to rise to the burn limit levels before 
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another dressing cycle would be required. This way the 

amount of wheel usage can be reduced. The time elapse 

between two consecutive dressings and the amount of 

wheel usage required for each dressing operation 

determines the success of intermittent dressing. 

2.5 THE CUTTING FLUID 

2.5.1 Comparison of grinding coolants 

It is usually considered that cutting fluids used 

in machining processes perform two functions, 

namely cooling and lubricating. Grinding fluids 

have normally been divided into two categories, 

water-based fluids (including synthetics and 

soluble oil) and neat oils. Microemulsion is a 

relatively new product which is designed to. 

combine both cooling and lubricating properties. 

A number of studies have compared the use of oil 

and water as grinding coolants in conventional 

grinding (58,59,60). They have all shown that oil 

consistently gave a better performance than water, 

in terms of lower power consumption and longer 

wheel life. Mercier et al (61) have concluded 

that convective heat transfer coefficients in 

machining processes that would include 

conventional grinding are not large enough to have 
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any significant effect on workpiece temperature. 

This means that cooling properties are less 

important than lubricating properties in 

conventional grinding and would explain why neat 

oil has been always reported to perform better 

than water. 

In creep feed grinding, the depth of cut is much 

higher than conventional grinding and lower feed 

rates are used. It has been shown that cooling 

properties of water-based fluids are more 

significant in creep feed grinding (62). Hassel 

(24) carried out creep feed grinding of thread 

forms and has shown that oil produced superior 

results over water. Ye & Pearce (63) compared oil 

and water in creep feed grinding of nickel-based 

alloys. They used an induced porosity grinding 

wheel and have shown that higher vertical grinding 

forces were developed when oil was used, but the 

surface finish and wheel life were still better 

with oil. They carried out their experiments in 

batches of four and only dressed the wheel once 

for each group of specimens. Ye & Pearce 

concluded that oil produced lower specific energy 

when the wheel was sharp, but as the wheel's 

sharpness deteriorated, the cooling properties of 

water proved superior over the lubricating 

properties of oil. 
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The findings of Ye & Pearce suggest that if the 

wheel is kept sharp continuously throughout the 

grinding cycle, then oil should produce much lower 

grinding forces. Gibbs et al (64) compared oil 

and water under continuous dressing conditions. 

They creep feed ground nickel-based alloys and EN9 

workpieces. It has been shown that the specific 

energies obtained with a water-based coolant were 

considerably higher than oil. 

Microemulsions have been extensively investigated 

under conventional grinding of bearing steels by 

Torrance (65). The oil part of the microemulsion 

used in his tests consisted of a medicinal grade 

oil and extreme pressure additives which included 

sulphur and chlorine compounds. Addition of each 

additive was independently examined and it has 

been reported that a minimum of 5% concentration 

in water with both additives performed'as good as 

oil. Gibbs (65) used a microemulsion which 

contained both sulphur and chlorine additives with 

2% concentration under similar continuous dressing 

conditions described earlier (66). She showed 

that microemulsion performed better than water, 

but not as good as oil. The experiments carried 

out by Gibbs et al have been performed at a table 

speed of 100mm/min. Specific energies at higher 
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table speeds are much lower and the comparative 

performance of grinding coolants may yet be 

different. Therefore, comparison of coolants in 

this research work will be 'carried out at feed 

rates used at Rolls-Royce for creep feed grinding 

of turbine blades (600mm/min). 

A cutting fluid might prove superior under test 

conditions, but cause other problems when it is 

used in a real situation. Research at Rolls-Royce 

(8) has shown that problems such as foaming and 

excessive fungal growth occured during the 

development of creep feed grinding. They finally 

decided on a water-based coolant (diluted at 40: 1) 

which was also resistant to misting. This cutting 

fluid is also chosen with the same dilution ratio 

for the development of intermittent dressing in 

this research work. 

2.5.2 Coolant analication 

Once a coolant has been selected, its efficient 

supply to the grinding zone is just as important. 

There are many reports that suggest a layer of air 

is dragged around the periphery of the grinding 

wheel during the operation (67,68). High pressure 

jets have been used to break the air barrier 

(69,70). Some researchers have dressed helical 
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grooves on the grinding wheel (71,72) or parallel 

slots on the cutting surface (73) to force the 

fluid into the cutting zone. The high pressure 

jets have been shown to be more practical and in 

the development of continuous dressing at Rolls- 

Royce, it has been reported that high pressure 

jets (8bar) were required before and after the cut 

for efficient grinding (8). Powell (74) used a 

'pressurised shoe system' and has shown it to be a 

very efficient method of coolant supply. The shoe 

is made of an expendable material and is kept at 

intimate contact with the wheel creating a 

pressure chamber. This way the surface layer of 

porous grinding wheel can be filled with several 

millimeters of coolant which is subsequently 

ejected over the grinding arc. In his 

investigation, he observed that the cutting fluid 

warmed up as it moved around the arc of cut (75). 

He showed that a reduction in burn-out heat flux 

of over 30% for an inlet temperature rise from 

15°C to 50°C can be achieved. The coolant is also 

warmed up as it circulates round the system, 

picking up more heat along the arc of cut. 

Refrigeration of grinding coolant is now a 

standard feature in most of the advanced CNC creep 

feed grinding machines. 
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In this research work, the coolant shoe system is 

used to supply high pressure coolant into the 

grinding zone. This technique has been used in 

most of the previous researches at Bristol 

(7,15,53). Refrigeration of the cutting fluid is 

not carried out since the coolant is not 

continuously used. 

D 
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CHAPTER 3 

MACHINE TOOL TEST RIG 

The machine used throughout the research programme was 

a purpose-built creep-feed surface grinder. This had 

been designed and built primarily as a research tool to 

investigate the process of creep-feed grinding (14). 

The machine frame was designed for maximum stiffness 

using mild steel plates fabricated by welding. The 

structure was supported on three pillars which were 

cast into a concrete block to prevent any external 

vibrations reaching the main structure. 

To achieve the high stiffness required for creep-feed 

grinding, hydrostatic bearings were used in the wheel 

head assembly and all bearing surfaces which 

transmitted grinding forces. The spindle was supported 

by two six-pad journal bearings and was axially 

constrained by two annular thrust bearings. 

The creep-feed grinding rig was not immediately 

suitable for the research programme envisaged. 

Dressing facilities were not available and 

modifications to the transmission system, workpiece 

slideway, coolant system and complete rewiring of the 
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rig were required. Therefore, the test rig underwent 

major redesigning and rebuilding, details of which are 

described in the following sections. The general 

arrangement of the test rig used in this research work 

is shown in Figure 4 and Plate 2. 

3.1 The hydrostatic slidewav 

The slideway was supported by two sets of four 

hydrostatic pads. The two sets of hydrostatic pads 

were positioned so that the resultant grinding forces 

acted at the centreline of the slideway midway between 

them. The slideway which carried the dynamometer and 

the workpiece was driven via a lead screw locked into 

the slideway member by a hydraulically clamped taper. 

The lead screw nut was located axially by two opposing 

annular hydrostatic thrust bearings, and radially by 

the lead screw itself. The slideway was designed for 

feed rates of up to 100 mm/min. At higher feedrates, 

the oil film in the hydrostatic thrust bearing broke 

down and caused massive vibration of the slideway. To 

overcome this problem, the lead screw driving nut was 

stripped down and the hydrostatic thrust bearings were 

replaced by a set of thrust bearings running against 

thrust washers (Figure 5). The nut was in two parts, 

preloaded against one another by a stack of belville 

washers. To reassemble, the stiffness of the washers 
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was first measured, so that the required preload could 

be set by turning the free- part of the nut to a 

predetermined position and locking it there. 

The slideway was driven through a double diaphragm 

flexible coupling between the worm reduction gearbox 

and the leadscrew nut. Higher workpiece feed rates 

also caused the shearing of the diaphragms. To 

strengthen them, the aluminium diaphragms were replaced 

by two pairs of spring steel diaphragms which provided 

higher strength as well as the flexibility required to 

permit angular and axial movement. 

A 5kW hydraulic pack supplied oil to the hydrostatic 

bearings at a pressure of 70 bar. A pressure switch 

was fitted so that the main motor stopped when the oil 

pressure dropped below 40 bar. New oil of type Mobil 

fluid 62 and a 10µm filter were fitted in the system. 

Water was supplied to a heat exchanger so that the oil 

was kept cool after drainage from the hydrostatic 

bearings. 

3.2 The transmission system 

The wheel head and workpiece slideway were both driven 

by a 15kW squirrel cage induction motor. A motor of 

this power had been chosen to provide reasonably 
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constant wheel speed for typical variations in grinding 

power without the use of a feed back control system. 

The main gearbox transmitted power to both the wheel 

head and the slideway and was connected to the wheel 

head by a toothed belt. The pulleys for this belt were 

chosen such that the required speed was maintained 

within ±2%. The gearbox was connected to the slideway 

via two toothed belts, an electromagnetic clutch, a 

worm reduction gearbox and the flexible coupling. The 

two toothed belts and a selection of pulleys provided 

various feed rates for the workpiece slideway. 

There was a considerable amount of backlash in the main 

gearbox due to the loose mounting of the gears. The 

gearbox was dismantled and the mountings were modified 

for secure and smooth running of the gears. The 

electromagnetic clutch had suffered from slippage and 

it was found necessary to refurbish the magnetic and 

friction plates so the higher feed rates could be 

transferred to the slideway smoothly. The worm 

reduction gearbox was originally of 20: 1 ratio. This 

suited low feed rates in the range 10-100 mm/min. A 

new 5: 1 ratio and of the same type was installed to 

provide feed rates in the region 100-1,000 mm/min. 

Limit switches were fitted on the slideway table which 

were powered through the magnetic clutch. They were 
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connected in such a way that when either one of the 

switches was closed, the clutch disengaged, isolating 

power from the slideway (See Figure 6). A limit switch 

override was fitted to provide the initial move of the 

table away from the limit switch. The emergency switch 

was connected to the clutch power supply as well as the 

main motor. This was to ensure that once the main 

motor was shut down in an emergency, the clutch was 

also demagnetised, freeing the slideway since the 15KW 

motor took some time to stop after a power shut down. 

3.3 Dressing mechanism 

The creep-feed grinding rig employed lacked the 

facility of diamond roller dressing. Although 

alternative test rigs with diamond roller dressing 

existed none was suitable for the intermittent dressing 

application. Therefore, it was decided to design and 

manufacture a special purpose dressing system with the 

following objectives in mind. 

a. linear movement of the dresser in the range 

25-30 mm. 

b. position and speed control of the dresser 

slideway 

c. speed control of the diamond roller 

d. programmable control facility for continuous, 

intermittent of pulse dressing 
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e. dressing forces measurement 

f. slideway speed in the. range 0.1-100 mm/min 

g. diamond roller speed in the range 

1,000-6,000 rpm in both directions 

h. suitable to the existing rig 

i. quick change over of the diamond roller. 

The ideal position for the dressing to take place was 

horizontally, on the right hand side of the grinding 

wheel. The rig was completely dismantled with only the 

wheel head and workpiece slideway in position. The 

dresser slideway and the diamond roller unit were first 

designed and then the coolant containment box was 

designed using 20mm steel plates to support the 

dressing mechanism (See Figure 4 and Plate 2). A new 

sealing arrangement was fitted to stop grinding fluid 

leaking into the hydrostatic bearings of the slideway. 

The details of various parts of the dressing mechanism 

are described in the following sections. 

3.3.1 Dresser slidewav 

A slideway was required to provide the radial 

infeed of the diamond roller dressing unit. The 

slideway's stroke was required to be 25-30 mm to 

cover a maximum dressing of 50 mm off the wheel's 

diameter. The sliding action was provided by four 

super precision, pre-loaded linear ball bearings 
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running on two hardened ground steel shafts. The 

motion was provided via a ball screw and its 

driving nut. A high class accuracy ball screw was 

selected which had a positioning error of 50µm 

over the screw length of 300mm with a 5mm pitch. 

The dressing nut was of single pre-loaded type 

with zero backlash on the ball screw. The dresser 

slideway is shown in Figure (7). 

To take up the forces, the driven end of the ball 

screw was mounted in a matched pair of angular 

contact bearings in back to back position. The 

free end was simply supported in a single deep- 

groove ball . bearing. Fluid proof bellows were 

made up to protect the sliding parts and the ball 

screw from grinding fluids. 

An AC servomotor was coupled directly to the ball 

screw of the slideway through a flexible coupling. 

The servomotor was part of a CNC system which 

provided programmable facilities for the control 

of the slideway. The slideway position was 

precisely controlled by means of an optical 

encoder and speed feed back was provided by a 

tachogenerator. The speed of the slideway could 

be varied from 0.1 to 1,000 mm/min and the 

position could be controlled to within a micron. 
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3.3.2 Diamond roller dressing unit 

Rigidity of the dressing equipment and exact 

running truth of the mandrel of the dressing 

roller influence the dressing conditions and the 

useful life of the dressing roller (12). With 

these factors in mind and the need for an easy 

change over of diamond rollers, a diamond roller 

dressing unit was designed which is shown in 

Figure (8) and Plate (7). 

The bearing housing was manufactured in two parts, 

split from the centreline of the diamond roller. 

In order to achieve concentricity, parallelism and 

precision fits, the two halves were first ground, 

dowelled and bolted together. All other machining 

operations were then carried on the unit as a 

single block. Super precision angular contact 

bearings of matched pairs were used in back to 

back position. V-ring seals were mounted on 

either side of the bearing chambers to protect the 

bearings from the ingress of debris and grinding 

fluid. Labyrinth seals were also used to provide 

additional protection for the bearings. 

Two diamond rollers were used throughout the 

experiments. One with an infiltrated metal bond 

system and handset diamonds. The diamonds used 
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for this roller were of the natural type and size 

160 stones per carat. -The other diamond roller 

used was of reverse electroplated bond system with 

randomly distributed diamonds. The diamonds used 

for this roller were of the synthetic type and 

size 40-50 grit size. 

Each diamond roller was provided with its own 

mandrel, bearings and seals so that quick 

replacement of the roller was achievable. 

3.3.3 Dresser drive 

Various options for the dresser drive such as 

AC/DC motors with electronic controllers and 

hydraulic variators were considered. The main 

problem with these systems was that their speed 

holding was not sufficient for this application. 

A large AC or DC motor with powers much more than 

required and without feedback could be selected, 

but it is by no means the ideal solution. The 

large grinding wheel inertia tends to accelerate 

the diamond roller during the dressing process and 

regenerative feedback control of the diamond 

roller dresser is required to provide good speed 

holding. An AC servomotor with a top speed of 

6,000 rpm was selected to 'power the dresser. 

Speed feedback was available by means of a 
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tachogenerator which ensured a constant rotational 

speed. 

It was one of the objectives of the research work 

to measure the dressing forces. Therefore, 

transfer of power to the diamond roller via belts 

or similar methods was not feasible, since 

external forces could be exerted on the dresser. 

The restriction of space behind the containment 

box made the task of mounting more difficult. The 

drive, therefore, consisted of a bearing housing 

coupled to the motor by a flexible coupling and a 

universal joint coupling bolted to the bearing 

housing spindle (See Plate 8). A coupling of this 

type was used to provide the misalignment that 

occured during the dressing process. It was slid 

over the dresser mandrel and was kept in position 

by means of a keyway. The motor being light and 

compact was flange mounted on the bearing housing 

and slots were machined on the bearing housing 

support so that the motor could be lined up with 

the dresser spindle after every few dressings. 

3.3.4 The CNC system 

The system selected was a dedicated type designed 

and developed by GL Rexroth Ltd (Indramat) for 

control of flexible machining systems. ' The CNC 
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package employed for the machine tool test rig 

used in this research -work, consisted of the 

following parts: 

a. Trans-01 microprocessor-based control 

b. MAC 92 servomotor to drive the dresser 

slideway 

c. MAC 72 servomotor to drive the diamond roller 

d. TVM power supply 

e. TDM 1 drive amplifier for the MAC 92 

f. TDM 2 drive amplifier for the MAC 72 

g. Transformers. 

The MAC servomotors are permanent excited 

synchronous motors with a special feedback unit 

which includes a brushless analogue tachogenerator 

for speed control and an absolute rotor position 

detection for the control amplifier. The MAC 92 

also included a shaft mounted optical incremental 

encoder for position control. 

The Trans-01 ' is a microprocessor-based 

programmable control and its function was to 

numerically control the dresser slideway. It was 

operated by its keyboard/display panel or by the 

manual switches. The slideway position was fed 

back to the Trans-01, but the speed control was 

through the drive amplifier. 
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The Indramat CNC system has a modular constuction. 

The TVM power supply is capable of supplying six 

TDM drives. But the Trans-01 can only control one 

axis, in this case the linear movement of the 

dressing unit (See Plate 4). The Trans required 

no auxiliary programming device, it was programmed 

by entering CNC commands in the programming mode. 

The control includes a memory which can store up 

to 128 programme blocks. Each block contains up 

to seven instructions which controlled various 

aspects of dresser positioning. They are: homing 

or position commands, feed rate or dwell time, 

auxiliary functions, BCD outputs, tool correction, 

block repeats and programme jumps. The BCD output 

were connected to four push button switches which 

allowed four different programmes to be operated. 

The Trans-01 continuously monitored all important 

functions of the system during the dressing 

operation. Two modes of operation were used by 

selecting the required option on the Trans 

keyboard. They were the set up operation or the 

automatic operation. 

The motor driving the diamond roller did not 

require programmable control facilities. The TDM 

drive and the tachogenerator feedback were 
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sufficient in maintaining a constant rotational 

speed. The speed was- varied by a ten turn 

potentiometer connected to the TDM drive amplifier 

(See Figure 9) . 

The required voltage into the system is 3 phase 

415V and two transformers were supplied to provide 

the 220V and 20V supply that were required in 

various parts of the system. The CNC system 

required various relays, fuse boxes, switches and 

contactors which were all wired in as described by 

the manufacturers (76). 

3.4 Coolant system 

A satisfactory supply of coolant to both grinding and 

dressing zones is one of the most important factors in 

creep feed grinding (1). It greatly effects the stock 

removal rate and the final surface finish of the 

workpiece (19). It was decided to follow previous 

researchers in this field and use the (coolant shoe( 

system. The shoe was made of wood and was kept in 

intimate contact with the grinding wheel. The shoe 

length was of dimensions calculated to ensure flood 

" conditions in the arc of cut (74). The pressure in the 

shoe was measured by a pressure gauge and controlled by 

a tap. A mechanism was designed to enable slow infeed 

of the coolant shoe into the grinding wheel until 
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complete contact was made. The cutting fluid was 

supplied to the dressing zone by a nozzle. It was 

clamped to a sliding plate which could be moved to 

position the nozzle directly at the dressing zone. 

Three types of cutting fluids were used in the research 

programme and they are as follows: 

a. C Imperial 22 DB from Cincinatti Milacron. 

This is a soluble oil and was diluted with tap 

water at 1: 40. This type of coolant is used at 

Rolls-Royce for creep feed grinding of turbine 

blades and is usually referred to as 'water-based 

coolant'. Therefore, it was decided to use this 

type of coolant in the investigation of 

intermittent and continuous dressing. 

b. Cutwe1182 from Esso. 

This is a microemulsion which contains a high 

concentration of oil and additives such as sulphur 

and chlorine. It was diluted with tap water at 

1: 20 which has been shown to be the optimum 

concentration in shallow cut grinding (64). This 

type of cutting fluid was only used at the highest 

selected workpiece feed rate of 582 mm/min. 

Continuous dressing conditions were employed to 

compare its performance against the type described 

above. 
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c. Dortan 33 produced by Esso. 

This is a neat oil and was used as 100% oil. This 

cutting fluid was also used at the same conditions 

described for type b. 

Two coolant tanks supplied the rig with either oil or 

water-based coolant. A selector switch was fitted so 

that only one tank could supply the test rig at a time. 

Water-based coolant was supplied by a 5kW impeller 

pump, positioned below the water level to avoid priming 

problems. It was capable of supplying coolant up to 

5 litre/sec at a pressure of 5 bar. The coolant supply 

was regulated by a pressure relief valve which allowed 

excess coolant to flow back into the tank. A similar 

arrangement was used for the supply of neat oil to the 

test rig. 

3.5 Grinding wheels and specimens 

The grinding wheel specification used for the major 

part of the project was manufactured by Carborundum 

Abrasives and was of specification RA80G40VCT7562. 

This is an induced porosity creep feed grinding wheel 

and is the type used at Rolls-Royce in the manufacture 

of turbine blades. The letter G is designated for the 

hardness of the wheel. Four other grades of wheels of 

the same type, but different hardnesses (2 grades 
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softer E&F and 2 grades harder H& I) were also used 

in pulse dressing experiments and dressing force 

measurements. The wheel was of 25 mm wide and 250 mm 

initial diameter. It was used until the diameter was 

dressed down to 200 mm. 

The workpiece material used throughout the research 

work was a nickel-based alloy known as 'C1023'. This 

material has been used in previous research work (7,14) 

and is widely used in the aerospace industry. The 

specimen width was restricted by the available power. 

They were all 11 mm wide and 70 mm long. After some 

experiments, the specimens were reground flat on 

conventional surface grinders so that they could be 

used again. The composition of C1023 is as follows: 

4% Aluminium, 10% Cobalt, 15% Chromium, 

8% Molybdenum, 3,5% Titanium, 0.5% other elements 

and the remainder Nickel. 
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CHAPTER 4 

INSTRUMENTATION 

The general arrangement of the test rig instrumentation 

is shown in Figure (10) and Plate (3). There were two 

principal force measuring systems - for grinding and 

dressing forces. The data was permanently recorded on 

discs by a microcomputer and a data capture unit. The 

details of each measurement and recording system are 

described in the following sections. 

4.1 Measurement of Grinding Forces 

4.1.1 Grinding forces dynamometer 

The dynamometer used for measurements of grinding 

forces is illustrated in Figure (11). it 

consisted of a workpiece mounting clamp supported 

by three It struts. The struts were notched at 

each end of the web so that they could carry very 

little bending moment, however they were 

sufficiently stiff in tension or compression. The 

description and design of this type of dynamometer 

is given by Sutherland (77). This type of 

dynamometer is cheaper than peizo-electric 
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dynamometers and has been used by previous 

researchers for the same purpose (7,14,53). 

Precision metal-foil strain gauges were used of 

the- type CEA'06'125UT'350 manufactured by Micro 

Measurement Ltd. This is a 2-element 900 'tee' 

rosette with large copper solder tabs. It has a 

completely encapsulated grid which suits this 

application. It is a self temperature 

compensation gauge and matched pairs were used on 

each strut to form the bridge: shown in 

Figure (11). By using matched pairs, it was 

ensured that the influence of bending moment was 

minimal. This type of dynamometer has been 

reported to suffer from the ingress of grinding 

fluid (7). Therefore, the following procedure was 

carefully followed to ensure that the dynamometer 

remained functional throughout the research work. 

First the struts were cleaned by special 

conditioner and then a neutraliser solution was 

applied. The gauges were bonded to the webs of 

the struts using a bonding solution 'known as 

'MBOND61'. The struts were cured in an oven at 

1200C for 4 hours. Once the bridge circuit was 

connected, a protective coating known as MCoatD 

was applied over the gauges. Next, a teflon sheet 

was placed over both sides of the webs and then 
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covered by a layer of MCoatF. Finally, a sheet of 

aluminium foil which was- part of the MCoatF kits 

was placed over the entire surface. The leads 

used for connection of the gauges to the amplifier 

were of a special oil proof type made from PTFE. 

The assembly of the struts in the dynamometer and 

the assembly of the dynamometer itself on the 

slideway bed were extremely awkward and a time 

consuming job. The above procedure was necessary 

to avoid repetition of the dismantling and 

assembling of the dynamometer. 

4.1.2 Strain QauQe amplifier 

A special purpose strain gauge amplifier was 

designed and developed for the dynamometer 

described in the previous section. The circuit 

diagram of the amplifier and its description is 

given in Appendix (1). The heart of the amplifier 

is a high performance, compact signal conditioning 

module of the type 2B31J supplied by Analog 

Devices. This module is specially designed for a 

high accuracy interface to strain gauge-type 

transducers. It consists of three basic sections: 

a high quality instrumentation amplifier, a three- 

pole low pass filter and an adjustable transducer 

excitation. Gain, filter cut off frequency 
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output, offset level and bridge excitation are all 

adjustable. The amplifier was connected to the 

strain gauges outside the grinding area. 

4.1.3 Calibration of the dvnamometer 

The space available inside the rig was restricted 

and loading of the dynamometer there was not 

feasible. The dynamometer, together with the 

strain gauge amplifier, was taken to a fatigue 

testing machine. A special stiff steel plate was 

bolted to the machine bed and the dynamometer was 

clamped on it. The calibration loads were applied 

to a dummy, workpiece clamped in position in the 

workpiece holder. The load was transferred to the 

workpiece via a hardened steel ball on a linkage 

located on the vertical line of each strut, so 

that purely vertical loads were applied. The 

strain gauges were connected to the amplifier and 

a X-Y plotter was connected to the loading machine 

and the amplifier. The dynamometer was held in 

horizontal position and the two vertical beams 

were loaded separately up to 400N. The 

dynamometer was turned through 900, clamped to an 

angle plate and the horizontal strut was 

calibrated by the same procedure. Calibration 

curves are shown in Figure 12. 
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4.2 Dressing Forces Measurement 

4.2.1 The load cells 

It was necessary to measure the dressing forces to 

help in the investigation of the mechanics of 

diamond roller dressing and in the design of 

intermittent dressing cycles. A dynamometer of 

the type used for grinding forces with four "I" 

struts was evaluated, but calculations showed that 

the required stiffness to sensitivity ratio was 

not achievable. 

The alternative was to use piezo-electric load 

cells manufactured by Kistler Instruments Ltd. 

The piezo-electric force measuring system 

principle differs fundamentally from a strain 

gauge system. When a force acts on a quartz 

element, a proportional electrical charge appears 

on the loaded surfaces. This means it is not 

necessary to measure actual deformation as it is 

in the case of strain gauges. With a piezo- 

electric system the measuring deflection amounts 

to no more than a few thousands of a millimeter at 

full load, where as with a strain gauge system the 

deflection can amount to several tenths of a 

millimeter (78). Thus quartz dynamometers are 

very stiff and have a high resonant frequency so 
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that rapid events can be measured satisfactorily 

as is required in the case of pulse dressing. 

One matched pair of load washers of the types 9067 

& 9068 were used for increased stiffness. The 

9067 is a three component force transducer with a 

natural frequency of more than 30KHz. The 

rigidity of each load cell is 700 N/µm in the X&Y 

directions and around 450N/µm in the Z axis. 

The general arrangement of the assembly of the 

load cells is shown in Figures (7,10). The load 

cells were sandwiched between two gauge steel 

plates, mounted between the diamond roller 

dressing unit and the dresser slideway. Only two 

of three components were used, Y-axis for normal 

dressing force and Z-axis for the tangential 

component. The two load cells were connected 

together in the Y and Z axes. Two leads were then 

supplied to the charge amplifiers from the two 

load cells. 

The required preload on the load washers were 

obtained by the following procedure: The Z axis 

was connected to a charge amplifier. The 

mechanical unit/V setting was set at 5 and the 

potentiometer was set at twice the sensitivity of 

the washers in the Z axis. The output from the 
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charge amplifier was connected to a voltmeter, 

every volt showed a preload of 10KN. The bolts on 

the gauge plates which held the cells together 

were tightened until 5 volts corresponding to 50KN 

was read on the voltmeter. 

The load cells are made water proof, but as they 

were being subjected to a high flow rate of 

grinding coolant, it was necessary to seal the 

cells between the gauge plates. However, this did 

not prove sufficient as sudden drift of the load 

cells occured half way through the experiments. 

The drift was due to leakage of moisture into the 

connections and the couplings. This is a typical 

problem with this type of load cell and the 

following procedure was taken to cure the problem. 

The load cells were dismantled and together with 

all the leads and couplings were placed in a 

temperature controlled oven at 700C for 24 hours. 

Once the oven was turned off, they were left 

inside to cool down for another several hours, as 

if they are taken out warm they can suck in air 

moisture and cause similar problems. Before 

reassembly heat shrink tubes were used to protect 

all connections and silicon rubber was also 

applied to seal all the gaps against leakage. 
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4.2.2 Charge amplifiers 

The function of a charge amplifier is to convert 

the charge yielded by the piezo-electric 

transducers into proportional electrical signals. 

Two charge amplifiers of the type 5007 

manufactured by Kistler Instruments were used for 

the Z and Y axes. The one connected to the 

combined Y axis of the load cells was set at 8.25 

pC/mechanical unit which is the sensitivity of the 

load cells in the Y direction. The other 

amplifier was set at 3.85 pC/mechanical unit for 

measurement in the z direction. 

A range of filters from 180KHz to 10Hz were 

available for the amplifiers. The lowest filters 

were used to cut down the noise and vibration 

transmitted by the dressing unit. The time 

constant switch can be set on three different 

modes: short, long or medium. This was selected 

for each test depending on the required scale and 

test duration. 
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4.3 Data acquisition system 

4.3.1 The hardware 

The arrangement of the data acquisition system is 

shown in Figure (10) and Plate (3). The hardware 

consisted of a data capture unit manufactured by 

Control Universal, a 64K BBC microcomputer with 

monitor, 3 inch disc drive and a dot matrix 

printer. 

The data capture unit has these features: 6502 

central processing unit, D/A and A/D conversions, 

serial interface, high resolution graphics, EPROM 

programming, RAM/ROM and on-board real time 

calendar clock. The heart of the unit is the Euro 

BEEB which is a 6502-based CPU and a single board 

computer. The processor runs at 1MHz and was 

connected to a BBC computer via the RS-423 port. 

The Euro BEEB was programmed via the BBC by the 

EPROM "*EURO" which was fitted in the BBC 

computer. 

The data capture unit is capable of reading up to 

15,000 samples per second and it has a battery 

back-up for the real-time clock and any RAMS on 

board. A switch is fitted inside which can select 

the maximum voltage reading between ±10 or ±5. 
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A junction box fitted with BNC and 4mm sockets was 

used to connect 3 channels of the strain gauge 

amplifier and two channels of the dresser charge 

amplifiers to the data capture unit. It was also 

used to connect a3 channel chart recorder to the 

strain gauge amplifier for comparison of grinding 

forces during the development of the data capture 

unit. 

4.3.2 The software 

A powerful software was required to start the 

sampling procedure, manipulate the recorded data 

and store the useful parts. This was written in 

Basic on the BBC microcomputer and is presented in 

Appendix (2). By typing *EURO on the BBC 

computer, the connection to the data capture unit 

was made. The keyboard was then used to 

communicate with the data capture unit only. The 

software written was an interactive programme. 

The operator is asked to select the number of 

channels to be recorded, the number of samples 

required for each channel, the duration of the 

test and a file name. After the completion of the 

test, the variation in grinding and dressing 

forces was plotted on the monitor and a hard copy 

of it was sent to the printer. By moving vertical 
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cursors, the unnecessary data was removed and then 

each graph was blown up separately to full monitor 

screen size. After selecting the number of points 

required to be recorded, the screen was divided to 

that selected division and the intersections of 

vertical division lines with each curve were 

recorded on a disc. A file was created which 

contained all the recorded channels. The data 

remained in the data capture unit, until it was 

over written by another test. 

4.4 Data analysis 

The raw test data were in the form of a data file on a 

disc which contained a selected number of points from 

the -outputs of strain gauge and charge amplifiers. 

Programmes were written to create access to the data 

files, calculate and print out grinding forces, metal 

removal rate, specific energy, power flux and G-ratio. 

The programme written for analysis of grinding forces 

was in two versions - for continuous and intermittent 

dressing operations. The description of these 

programmes with an output for a typical grinding test 

is given in Appendix (3). 
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4,5 Wheel and specimen measurements 

The diameter of the wheel was measured using a caliper 

and a vernier. This was only carried out when a new 

wheel was mounted. During the experiments the diameter 

was continuously worked out since the exact amount of 

wheel dressed away was apparent from the position 

reading of the Trans-01. 

The specimens were measured before and after grinding 

with a micrometer to calculate the exact depth of cut. 

The measurements were made to the nearest 0.01mm. 

Surface finish CLA values were measured using a Taylor 

Hobson Talysurf machine. The probe was traversed 

across the width of the specimen at various points and 

a mean value was worked out for the surface roughness. 

4.6 CNC programmes 

The list of parameters that were entered into the 

memory of the Trans-01 is listed in Appendix (4). 

Apart from position, speed and dwell time, all other 

information was stored in the parameter section and the 

trans-0l continuously monitored them for range error or 

similar problems. A key switch provided a write 

protect for programme and parameter entry/edit modes. 
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Three programmes were designed for continuous, 

intermittent and pulse dressing cycles. Each programme 

was assigned a separate block number so that any one 

programme could be called by selecting the correct BCD 

switch. These switches were separately programmed to 

accept the block line numbers of the dressing cycles. 

Programmes for BCD switches and a typical dressing 

programme are presented in Appendix (4). 

Although a direct coupling of the servomotor to the 

dresser slideway was made, a gearbox ratio of 10: 1 was 

entered in the parameter list. This was necessary to 

provide feed rates with one decimal point, since the 

Trans-01 was designed to accept feed rates with round 

numbers only. All speed and position entries were 

subsequently multiplied by a factor of 10. 
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CHAPTER 5 

THEORETICAL ANALYSIS 

5.1 Formation of the cutting surface of a grinding wheel 

Several factors influence the surface finish of a 

ground workpiece such as wheel speed, workpiece feed 

rate, depth of cut, grinding fluid and surface 

roughness of the cutting surface of the grinding wheel. 

However, formation of the cutting surface is dependent 

upon the type of dresser and the dressing conditions 

used. To understand and effectively utilize diamond 

rollers, the effect of dressing parameters (speed 

ratio, dresser infeed and diamond spacing) on the 

formation of the cutting surface of the grinding wheel 

is given a theoretical investigation in this chapter. 

The effect of dresser infeed rate and speed ratio in 

diamond roller dressing has been theoretically 

investigated by various researchers (79,80). The 

influence of diamond spacing has been considered by 

Schmitt (81) based on a theoretical profile height H, 

which is defined as: 

L d2 
H= 

dr iqr - 1ý2 
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Where Ld = diamond spacing (mm) 

dr = diameter of diamond roller (mm). 

This quantity reflects the influence of the speed ratio 

and diamond spacing upon the theoretical surface 

roughness. It is determined from the intersection of 

two consecutive diamond loci which follow one another 

during one revolution of the grinding wheel 

(Figure 13a). 

Scheidemann (13) applied the same principle and 

mathematically modeled the formation of the cutting 

surface of the grinding wheel after several rotations 

of the grinding wheel. His model has been extended for 

this theoretical investigation to determine the 

theoretical surface roughness of the grinding wheel for 

any given dressing conditions. 

5 .2 
Determination of the theoretical wheel's surface rouehness (Rths) 

Determination of the surface roughness of the grinding 

wheel cutting surface is considered in the longitudinal 

direction (ie peripheral direction). Once the surface 

profile has been determined in this direction, it can 

then be applied across the width of the grinding wheel 

to establish the surface roughness of the wheel. 
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The cutting action of diamond grits with the grinding 

wheel creates shallow indentations in the cutting 

surface. It is the way in which these indentations 

mesh that determines the wheel surface roughness. The 

theoretical size and shape of these indentations can be 

determined by considering the interaction of the wheel 

surface and the loci of the diamonds. However, the 

following assumptions need to be made for 

simplification: 

a Each diamond has a semi-circular 

profile, is mounted equidistant from the 

centre and equispaced around the roller 

periphery. 

b There is no lateral or radial vibration. 

c The diamond roller surface is round and 

aligned concentrically to its axis of 

rotation. 

d The diamond roller rotates at constant 

speed. 

Further, because the development of the surface profile 

is considered to take place over a small area of the 

wheel's periphery, it is assumed that the grinding 

wheel is of infinite diameter and hence flat in that 

small area. It is also assumed that the grinding wheel 

is homogenous. With these assumptions, the extraction 

of the diamond loci against the grinding wheel cutting 
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surface can be described as elongated and compressed 

cycloids. These curves can be algebraically stated by 

the following equations: 

X= Vs. t - 
dr 

(sin wrt) (1) 
2 

dr 
Y= (1-Cos wrt) 

2 
(Z) 

where: X refers to grinding wheel peripheral 
direction 

Y refers to grinding wheel radial direction 

Vs is the surface speed of the grinding wheel 
(m/s) 

wr refers to rotational speed of the diamond 
roller (rad/sec) 

combining equations 1 and 2: 

dr 
-Y 

Vs 2 
X=- arc cos [Y (dr - Y)] (3) 

Wr dr 

2 

But Vr Vr 
= = qr and Or 

vs dr 

2 

Equation 3 can be, therefore, simplified as: 

dr-Y 

X 
dr 

=qr. -. arc cos 
2 2 

(Y(dr. -Y)] (4) 
2 dr 

2 
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Equation 4 shows that the speed ratio has a direct 

effect on the shape of these curves. The minus sign in 

front of the square root indicates that both diamond 

roller and grinding wheel move in the same direction at 

the point of contact and the positive sign indicates 

opposite direction. Another parameter that could 

effect the curves is the diamond roller diameter, but 

it has been shown to be insignificant as compared with 

the effect of speed ratio (82). In most industrial 

applications and in all previous researches at Bristol 

(7,12,29) diamond rollers of 100-120 mm diameter have 

been used and for the purpose of this research work, 

diamond rollers of 100 mm diameter are used. 

The equations established so far, represent the shape 

of each curve that is produced on the surface of the 

grinding wheel. After the engagement of diamonds with 

the grinding wheel, these curves start to mesh and 

eventually form the new cutting surface from which the 

theoretical surface roughness is calculated. The 

meshing interval in the peripheral direction of the 

grinding wheel is derived from the cutting time between 

consecutive diamonds: 

The time between consecutive diamonds cutting is 

defined by: 
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tc= 
time per rev of roller 

no of diamonds on periphery of roller 

Ld 2ic Ld 
-x- _-- 
ýr. dr 

wr 
Vr 

longitudinal meshing interval, 

Ld Ld 
Lm Vs 

IqI 
(5) 

Vr r 

where Vr is the surface speed of the diamond roller 

(m/s) . 

However, after each revolution of the grinding wheel, 

the meshing position of the diamonds changes and is 

determined from the number of diamond grits (N) meshing 

behind one another on the cutting surface with. the 

interval Lm (meshing interval, Figure 13b).. 

ir. ds 

L,.,,, 

where ds is the diameter of the grinding 

wheel (mm) 

Meshing shift, Ls = JNýlm - r. ds (6) 
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After a certain number of grinding wheel revolutions, 

an unchanging profile is formed. From this profile the 

theoretical surface roughness is calculated as the 

difference between the highest and lowest points 

(Fig 13b). Manual calculation of the cycloidal 

intersections is not possible due to the inverse 

trigonometrical function in Equation 4. Therefore, a 

computer programme was written to calculate the meshing 

interval, the meshing shift and use linear 

interpolation to repeatedly calculate the cycloidal 

intersections until the unchanging profile conditions 

were met. The theoretical surface roughness of the 

grinding wheel was calculated for a number of dressing 

conditions. 

5.3 Influence of dresser Infeed rate and diamond snacine 

The number of grinding wheel revolutions before 

obtaining the unchanging profile is directly related to 

the theoretical surface roughness (Fig 13b), as it 

determines the lowest point on the grinding wheel 

surface. Longer meshing intervals result in higher 

grinding wheel revolutions before obtaining the 

unchanging profile and higher theoretical wheel surface 

roughness. Referring to Equation 5, an increase in 

diamond spacing leads to an increase in meshing 

interval and subsequently the theoretical wheel surface 

roughness. This is confirmed in Figure 14, which shows 
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the variation of theoretical surface roughness with 

dresser infeed rate for a number of diamond spacings. 

It can be seen that with increasing dresser infeed 

rate, the theoretical surface roughness increases. 

This influence is greater with dressers which have more 

widely spread diamond grits over their surface. 

Larger dresser infeeds lead to greater overlapping of 

the diamond loci which results in fewer wheel 

revolutions before reaching the unchanging profile. 

But this is less significant than the higher meshing 

depths achieved as a result of greater infeeds. This 

is illustrated in Figure 13b. After each wheel 

rotation, the curves are shifted in the longitudinal 

direction by an amount Ls and in the radial direction 

by the amount of dresser infeed rate (ar). 

It can be deduced from Figure 14, that both dresser 

infeed rate and diamond spacing have direct effect on 

the theoretical wheel surface roughness. However, 

dresser infeed rate is the parameter which has a direct 

effect on the wheel usage. , Therefore, by increasing 

the diamond spacing, the dresser infeed rate can be 

reduced while the theoretical, wheel surface roughness 

remains unchanged (see Figure 15). 

The two types of diamond roller used in this research 

work have different diamond distribution. Identical 
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experiments were carried out with both types of rollers 

to verify the above theoretical findings. The result 

is presented in the following chapter. 

5.4 Influence of speed ratio and diamond snacine 

The main objective of this theoretical analysis was to 

find conditions that result in reduced wheel usage in 

continuous dressing operations. Various reports have 

shown that dresser life is effected in the higher range 

of positive speed ratios (1,12). This analysis is an 

attempt to study the relation between speed ratio and 

diamond spacing and investigate dressing conditions in 

the lower region of positive speed ratios. 

The effect of speed ratio and diamond spacing on the 

theoretical wheel surface roughness is presented in 

Figure 16. It is shown that, the theoretical surface 

roughness is at its lowest value when dressing takes 

place at the speed ratio of -0.8. At this speed ratio 

the curves are broader (Equation 4) and the meshing 

interval is at its lowest value. This leads to the 

smaller number of wheel rotations before reaching the 

unchanging profile and smoother wheel surface. By 

decreasing the speed ratio from -0.8 to zero, the 

meshing interval increases, but little change occurs in 

the shape of the curve hence the small change in the 

theoretical wheel surface roughness. When dressing 
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takes place in the positive region (0 to +0.8), the 

shape of the curves are narrower and this has a greater 

influence on the surface roughness than the meshing 

interval. Figure 16 shows that the surface roughness 

increases with increasing positive speed ratios. These 

findings are consistent with the experimental results 

of Meyer (12) and Malkin (48,49) which were described 

in Chapter 2. 

The effect of diamond spacing on the theoretical 

surface roughness shown in Figure 16 is also consistent 

with that in Figure 14. For stock removal purposes the 

speed ratio of +0.8 is normally used since it produces 

a very rough cutting surface (12). It has been 

observed that speed ratios in this region reduce the 

dresser life (1). This theoretical investigation shows 

that the speed ratio can be decreased from +0.8 to, for 

example, +0.5, while the grinding wheel's surface can 

be kept just as sharp by increasing diamond spacing. 

This reduction of speed ratio could lead to an increase 

in dresser life. However, dresser life may be reduced 

by an increase in diamond spacing., With less diamonds, 

the work done per diamond is increased and the 

possibility of bond erosion between diamonds becomes 

greater. Experiments were carried out to verify this 

relation between speed ratio and diamond spacing and 

the result is presented in Chapter 6. Measurement of 

the dresser life is not carried out in this research 
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work, since large numbers of dressings are required to 

monitor the dresser life. The above theory can only be 

examined in actual production trials. 

0 
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CHAPTER 6 

EXPERIMENTAL METHOD AND RESULTS 

The experiments reported in this chapter fall into the 

following categories: 

1 Control tests to show the comparison of results 

obtained on the present test rig with those achieved by 

a previous researcher. 

2 Determination of the optimum dresser infeed rate 

in continuous dressing for a range of workpiece feed 

rates and at both extremes of speed ratio (±0.8). 

3 Investigation of intermittent dressing in creep 

feed grinding with the aim of finding a dressing cycle 

that results in reduced wheel usage 'as compared with 

continuous dressing. 

4 Pulse dressing in creep feed grinding. A second 

alternative to continuous dressing which is aimed to 

reduce wheel usage. 

5 Investigation of the relationship of dresser 

infeed rate and speed ratio with diamond spacing and 

their effect on specific energy. This is an attempt to 

75 



provide experimental support for the theoretical 

findings. - 

6 Investigation of dressing forces and their 

relationship with dresser infeed rate and speed ratio 

for a variety of grinding wheels. 

7 Comparison of the performances of three cutting 

fluids: water-based, neat oil and microemulsion. 

The general procedure of a creep feed grinding test is 

described in the first section of this chapter. This 

includes all rig settings, electronic and software 

requirements. The method and design of each dressing 

cycle together with the results are presented in the 

subsequent sections. The collective results of this 

research work are discussed in Chapter 7. 

6 .1 
General test Drocedure 

The main power supply to the control cabinet and the 

test rig was first switched on. The control cabinet 

contained the strain gauge amplifier, power amplifiers 

and the CNC system. The main motor, the hydraulic pack 

and the clutch power supply were directly wired into 

the main switch. The Trans-01 microprocessor and the 

coolant tanks had separate power supplies which were 

also switched on. All electronic equipment was 
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switched on at least an hour before the test so that 

steady state conditions were reached. The hydrostatic 

supply to the test rig was normally run for half an 

hour prior to. a test so that a steady hydrostatic 

pressure was established. 

Power to the dresser slideway servomotor was switched 

on and a homing command was given. Once the home 

position was established, the dresser was moved forward 

by the hand-jogging switches, until the diamond roller 

just touched the grinding wheel. This position was 

recorded from the trans-01 which'is referred to as the 

grinding wheel position. The dresser was held at this 

position and its drive mechanism was moved in line with 

the dresser mandrel. The wheel position was found 

every time the dresser was moved to the home position 

after a power shut down. This was necessary because 

the limit switch used for the home position did not 

find the same reference position consistently. As a 

result a different reference position was found after 

each homing operation. This was usually within ±0.5mm 

of its previous position. The grinding wheel diameter 

was measured and taking into account a pre-dressing 

cycle, it was fed into the rig setting programme. 

Other information such as dresser infeed rate, 

workpiece feed rate, speed ratio and specimen height 

were also entered into the computer. The computer then 

calculated the required packing height to give a 1.5mm 
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depth of cut, dresser slideway speed and pulley ratios 

for the wheel head and the workpiece feed. The wheel 

head pulley was selected to give a surface speed of 

30m/s for the grinding wheel. This was kept constant 

throughout the project to be consistent with grinding 

conditions at Rolls-Royce. 

The speed of the dresser was set by the potentiometer 

to give the required speed ratio. The programme for 

the dressing cycle was entered into the Trans-01 which 

included a pre-dressing cycle. The pre-dressing was to 

ensure that a constant cutting surface was maintained 

before each test. For the pre-dress, a dresser infeed 

rate of lpm/rev was used to dress 0.3-0.5mm off the 

grinding wheel radius. The correct BCD switch for the 

execution of the dressing programme was selected and 

the dresser was sent to a standby position 0.5mm away 

from the grinding wheel. 

The workpiece with the correct packing was mounted on 

the workpiece holder and was secured on the strain 

gauge dynamometer. The guard box was then closed and 

the charge amplifiers were set on test position. The 

data capture unit programme was run and the recording 

conditions were entered. The power to the grinding 

wheel and the diamond roller was switched on. The 

coolant supply was next turned on and the coolant 

pressure in the shoe was set at 1 bar. The rig was 
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left to run for a few minutes to reach steady state 

conditions. The dressing programme was executed and 

after the pre-dressing was completed, the sampling of 

the data was begun and the workpiece table feed was 

engaged. 

6 .2 Control tests for the test rig 

The object of these experiments was to verify the 

repeatibility of the results by the rebuilt test rig. 

This was also to ensure that the new CNC system and the 

dressing mechanism were functioning within the designed 

tolerances. Two series of tests were performed in 

accordance with - the general procedure described 

earlier. The tests were designed with relation to 

continuous dressing characteristics established by 

Salmon (7). 

In the first series of experiments, the maximum normal 

infeed rate (for definition, see glossary of terms), 

was kept constant at l0mm/min. The dresser infeed rate 

was set in each test in the range of 0.25-2.014m/rev. 

When a grinding wheel is continuously dressed during 

the grinding cycle, it becomes progressively smaller in 

diameter. As the workpiece is fed beneath the grinding 

wheel, a taper is ground onto the workpiece. 

commercial creep feed grinding machines have a 

wheelhead compensating mechanism which is very complex 
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and expensive, as it needs to be numerically controlled 

in conjunction with the dressing system. The test rig 

designed for this research work did not include such a 

facility. However, in analysis of the grinding forces, 

the computer programme takes into account the changing 

grinding wheel diameter and continuously calculates the 

new depth of cut and the correct metal removal rate. 

The result of the first control experiment is presented 

in Figure (17). The variation of specific energy 

against dresser infeed rate is compared against 

Salmon's result. The grinding and dressing conditions 

were kept identical and comparable results are 

achieved. There are many other variables in the 

grinding operation that can cause discrepancies in the 

results. For instance, the type of grinding wheel and 

diamond roller could effect the result. The grinding 

wheel used by Salmon was of specification WA60KV and 

the wheel used in this experiment was of specification 

RA80G4OVCT7562. The small difference in the results 

shown in Figure 17 could therefore be due to the 

difference in grinding wheels. As far as the data 

obtained from the test rig is concerned, the 

relationship obtained between specific energy and 

dresser infeed rate and its similarities with the 

result of Salmon satisfies the repeatibility of the 

results by the test rig. 
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A second series of control tests with opposite 

conditions to the above experiment were also carried 

out, again for comparison with the results obtained by 

Salmon. In this experiment, the dresser infeed rate 

was kept constant at 1.514m/rev and the maximum normal 

infeed rate was varied from 50-150mm/min. The 

comparison of results is shown in Figure 18. The 

relationship between the specific energy and maximum 

normal infeed rate is shown to be similar to the one 

obtained by Salmon. The difference between the 

specific energies is larger than the difference in the 

results of the first control experiment. Some of the 

disparity is again due to the difference in wheel 

specification. The grinding wheel speed was set by a 

selection of pulleys to within 5%. Therefore, a 

difference in the surface speed could be a source of 

error. Also, the grinding wheels used by Salmon were 

of diameters typically twice the diameters of wheels 

used in this work and could account for some of the 

difference in results. Another explanation for the 

difference in results can be given by the setting of 

the dresser infeed rate. on the rig used by Salmon, 

the dresser infeed rate was not infinitely variable and 

was set at >1.3µm/rev. On the present test rig, the 

CNC system controlling the dressing mechanism provided 

exactly the required feed rate and the control test was 

performed with a constant dresser infeed rate of 

1.5µm/rev. 
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6.3 Determination of optimum dresser infeed rate in continuous dressing 

A series of experiments were conducted under continuous 

dressing conditions to determine the optimum dresser 

infeed rate. The optimum dresser infeed rate is the 

minimum dresser infeed rate required before workpiece 

burn occurs. The determination of this parameter was 

required for two reasons:. firstly, the burn limit for 

a particular workpiece feed rate was required for 

designing intermittent and pulse dressing cycles. 

Secondly, the optimum dresser infeed rate was used to 

calculate the minimum amount of wheel usage and the 

optimum G-ratio for the continuous dressing method. 

The optimum G-ratio is the basis of the comparison 

between the continuous dressing technique and other 

dressing methods. 

Continuous dressing experiments were carried out at 

three table speeds, of 125,260 and 580 mm/min. 

Specific energy at 580 mm/min is much lower than at 

125 mm/min. Therefore, these three table speeds were 

selected so that a wide range of data was available for 

comparison with other dressing cycles. At each table 

speed, 'two series of tests were performed, one with a 

speed ratio of +0.8 which has been shown to be optimum 

for high stock removal purposes (12). The second batch 
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of tests were performed using a speed ratio of -0.8 

which produces better surface finish. 

In each table speed/speed ratio combination, continuous 

dress creep feed grinding tests were performed with a 

variety of dresser infeed rates. Specific energies at 

which burn occured were determined and the optimum 

dresser infeed rates were found. The results for all 

three table speeds and both speed ratios are shown in 

Figures 19 & 20. The limiting specific energy obtained 

at the workpiece feed rate of 125 mm/min is about four 

times higher than that at 582 mm/min (see Figure 21). 

In all six cases shown, the specific energy decreases 

with increasing dresser infeed rate until it levels out 

and any further increase in the dresser infeed rate 

becomes ineffective. Comparing the results of 

Figure 19 and 20, it is evident that higher specific 

energies are generally obtained when dressing took 

place at the speed ratio of -0.8. There are exceptions 

which are due to the presence of burn at which point 

the process changes. Similar forces are obtained when 

burn occurs and they are no longer dependent on the 

speed ratios. This is consistent with the findings of 

Malkin (49) and Meyer (12). As a result higher optimum 

dresser infeed rates are required when -continuous 

dressing is performed with the speed ratio of -0.8. 
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The surface finish deteriorated with increasing dresser 

infeed rate (see Figure 22). - At lower dresser infeed 

rates, the dressing action becomes similar to a 

dwelling action and a smooth cutting surface is 

produced which results in better surface finish. It is 

also shown in Figure 22 that the surface finish 

improves with increasing workpiece feed rate. It can, 

therefore, be suggested that at higher table speeds, 

the grinding wheel becomes blunt quickly and a smoother 

cutting surface produces better surface finish. 

6 .4 
Investigation of intermittent dressing 

Continuous dress creep feed grinding has shown that the 

specific energy can be reduced, allowing higher stock 

removal rates to take place. It has also incurred 

higher wheel usage which has limited its application to 

certain conditions. Intermittent dressing is aimed at 

reducing the amount of dressing at the same rates of 

stock removal achieved by the continuous dressing 

method. 

The construction of an intermittent dressing cycle is 

illustrated in Figure 23B. As the name implies, the 

grinding wheel is dressed intermittently throughout the 

grinding cycle by short dressing spells. The diamond 

roller is dwelled on the grinding wheel between two 

consecutive dressing cycles. An intermittent dressing 
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test was set up in accordance with the general 

procedure and the dressing programme was designed by 

the following procedure. The time taken for the forces 

to reach the burn limit without any dressing was 

predicted from the trial tests. This was added to the 

time taken for the workpiece to reach the grinding 

wheel and is referred to as the 'delay time'. The 

initial commands to the dresser consisted of a move to 

the standby position. After the power to the dresser 

was switched on, it was moved to 0.1mm away from the 

grinding wheel. At this point, the dresser was held 

for the duration of the delay time. The workpiece 

table was engaged at the beginning of the delay time 

and the first dressing cycle was executed after the 

completion of the delay time. Depending on the table 

speed, the dresser was then dwelled for 1-2 seconds 

before another dressing cycle took place. 

From the measured values of grinding forces, the 

dressing cycles were varied until one which maintained 

the forces below the burn limit was found. The 

parameters that were varied included the dresser infeed 

rate at each dressing spell, the dwell time and the 

amount of dressing at each dressing spell. 

Intermittent dressing was first tried at the table 

speed of 125mm/min. It was noticed that the grinding 

forces dropped very sharply as soon as the dresser was 
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fed into the grinding wheel. However, the rise of the 

grinding forces during the- dwelling period WdS Vast 

(Figure 24). The G-ratio achieved for the intermittent 

dressing was not significantly higher than the G-ratio 

of the continuous dressing operation. 

At higher table speeds, more frequent dressing and 

dwell times of less than one second were required. 

Dwell times of less than one second were not 

programmable on the CNC system. Therefore, the course 

of search for an economical and efficient dressing 

method was diverted for two reasons: Firstly, due to 

the inability of the CNC system to accept fractional 

dwell times. Secondly, as pulse dressing experiments 

showed the dwelling of the diamond roller on the 

grinding wheel had a 'glazing' effect and produced a 

smooth and blunt cutting surface. 

6.5 Investigation of pulse dressing 

The limitations of intermittent dressing discussed in 

the previous section led to the development of pulse 

dressing. This technique uses a series of fast 

dressing pulses to maintain the sharpness of the 

grinding wheel throughout the grinding cycle. The 

design of a pulse dressing cycle is similar to an 

intermittent dressing cycle, except that in pulse 

dressing, the dresser is retracted back rapidly after 
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each dressing pulse. Depending on the workpiece feed 

rate, the dresser is then either held for one second or 

moved back to the dressing position (see Figure 23C). 

The variables in pulse dressing are: the dresser 

infeed rate at each pulse, the amount of dressing at 

each pulse referred to as 'dressing depth', retract 

speed, retract position and hold time. The retract 

speed and retract position are worked out in such a way 

that another dressing pulse occurs before the burn 

limit is reached. 

Pulse dress creep feed grinding experiments were 

carried out at all three selected table speeds and both 

speed ratios that were used for continuous dressing 

experiments. At each table speed/speed ratio 

combination, various tests were performed to find the 

optimum dresser infeed rate and dressing depth that 

yielded the minimum wheel usage. 

The variation of specific energy with dressing depth 

for all six table speed/speed ratio combinations is 

shown in Figures 25,26 & 27. The relationship is the 

same as the one for dresser infeed rate, specific 

energy is reduced with increasing dressing depth. The 

interesting point is that the difference between 

maximum and minimum specific energies reached during 

the grinding operation is nearly constant for all 
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dressing depths. The lowest dressing depth before burn 

is the optimum as it results in the lowest wheel usage. 

At the workpiece feed rate of 125mm/min, the rise of 

grinding forces were slow enough to allow for the 

dresser to be held for 1 sec between every two 

consecutive pulses. At higher table speeds the elapsed 

time between two dressing pulses was set by the retract 

speed and the retract position. Experiments on varying 

the dresser infeed rate showed that, for the grinding 

forces to stay below the burn limit, a dresser infeed 

rate of the order of 1.5-2 times the optimum infeed 

rate for continuous dressing was necessary. The 

success of high frequency pulse dressing was in the 

small amount of dressing depth required for each pulse. 

Dressing with a speed ratio of +0.8 only required 10- 

15pm to be dressed off the grinding wheel radius per 

pulse. This means that the diamond roller was only in 

contact with the grinding wheel over 8-9 revolutions of 

the wheel. This was sufficient as the observation of 

the grinding wheel cutting surface before a dressing 

pulse showed that deterioration of the abrasive grits 

was only superficial. 

Figure 28 shows a typical pulse dress creep feed 

grinding experiment as recorded by the data capture 

unit. The fall of the grinding forces corresponds to a 

rise in dressing forces. The variation of specific 
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energy during this experiment can be seen in Figure 29. 

Maximum and minimum specific- energies after reaching 

the full arc of cut remained almost constant throughout 

the test. Tables 1 and 2 show the optimum dressing 

conditions for continuous and pulse dressing for the 

speed ratio of +0.8. Similar conditions for the 

negative speed ratio are shown in Tables 3& 4. The 

wheel usage for pulse dressing is calculated from the 

number of dressing pulses and the dressing depth per 

pulse. 

VW(mm/min) aropt. (µm/rev) G-Ratio 

125 0.18 0.5 

260 0.5 0.33 

582 1.0 0.39 

Table 1: lowest dresser infeed rate before burn 
and corresponding G-Ratios in Continuous 
Dressing 
dresser: Hand-set 

Speed ratio = +0.8 

v, ar d RP RAF th G-ratio 

125 0.5 10 0.5 100 1 1.05 

260 1.0 10 0.4 100 0 0.72 

582 1.5 15 0.2 100 0 0.70 

Table 2: Optimum Pulse Dressing cycles for various 
work feed-rate 

ar: Dresser infeed rate (pm/rev) 

VW; Work feed rate (mm/min) 
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aropt: Optimum Dresser infeed for continuous Dressing 
(pm/rev) 

d: Amount of dressing per-pulse-dressing 
depth (µm) 

DRP: Dresser retract position (mm) 
RAF: Retract and advance feed rate of the dresser 

(mm/min) 
th: The time that the dresser is held back 

between Retract and Advance moves (sec) 

VW(mm/min) aropt(µm/rev) G-Ratio 

125 0.25 0.35 

260 0.5 0.32 
1582 1.5 0.26 

Table 3: Optimum Dressing conditions for 
continuous Dressing 
dresser: Hand set 

Speed ratio = -0.8 

VW ar d DRP RAF th G-Ratio 

125 1 20 0.5 100 1 0.4 

260 2 20 0.2 50 0 0.38 

582 3 20 0.2 100 0 0.46 

Table 4: Optimum Dressing cycles for 3 different 
work feed rates 

The G-ratios obtained with the pulse dressing method 

are twice as much as those resulting from continuous 

dressing (Figure 30). 

in other words, the wheel usage can be reduced by a 

factor of 2 if pulse dressing is used instead of 

continuous dressing. This was only achieved when 

dressing took place with a speed ratio of +0.8. 
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Pulse dressing with the speed ratio of -0.8 did not 

result in a significant reduction of wheel usage in the 

lower region of the table speed (see figure 31). 

However, at a workpiece feed rate of 582mm/min, the G- 

ratio was increased by 0.2 as compared with continuous 

dressing with the speed ratio of -0.8 (Tables 3& 4). 

It is normal practice to increase the grinding wheel's 

hardness by two grades when conventional creep feed is 

changed to continuous dress creep feed (11). The wheel 

used for the experiments described so far, was that of 

the specification used in continuous dress creep feed 

grinding operations. Pulse dressing can be said to be 

somewhere between conventional and continuous dress 

creep feed grinding. It was, therefore, decided to 

experiment with softer as well as harder grades of 

grinding wheels (specifications RA80 x 40VC40 where x 

is in the range E- I). With softer grinding wheels, 

burn did not occur as such, instead severe loss of form 

was observed. Due to extensive wear, a groove was 

formed on the surface of the grinding wheel. As a 

result only the first few pulses were effective and 

after the formation of the groove the dressing depth 

was not large enough to be effective. Harder grinding 

wheels than the G-grade did not show any improvement 

either, as the burn limit was slightly decreased. 
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The surface finish of the workpiece produced by the 

pulse dressing method is generally better than the one 

produced in continuous dressing operations (see figure 

32). This is because less dressing takes place in 

pulse dressing and the grinding wheel is not as sharp 

as a continuously dressed wheel. The surface finish in 

pulse dressing deteriorates with increasing dressing 

depth which has the same effect as the dresser infeed 

rate. Irregularities form on the workpiece surface due 

to the intermittent dressing of the grinding wheel. 

Therefore, a second finishing cut is necessary if pulse 

dressing is used which is also the case for continuous 

dressing. 

Metallurgical inspections were carried out on selected 

specimens from the continuous and pulse dressing 

experiments. For this purpose, sections of the ground 

surface were carefully cut and were mounted in plastic 

moulds. They were then etched after a series of 

polishing operations. Plate 10 shows the surface of a 

burnt workpiece which were magnified and photographed 

under a microscope. The characteristics of burn in 

this photograph was not observed on any of the pulse 

dressing workpieces and surface cracks were not found. 

The specimens examined are listed in the following 

table: 
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Specimen Continuous 
dress 

Pulse 
dress 

Burn ar d VW qr r 

No__ 2 - 582 +0.8 

2 � Yes 0.5 - 582 +0.8 

3 V No 1.5 1.5 582 +0.8 

4 -V/ No 1 10 260 +0.8 

5 � No 0.5 10 125 +0.8 

ar: dresser infeed rate (pm/rev) 

d: dressing depth (pm) 

Vw: workpiece feed rate (mm/min) 

qr: speed ratio 

Table 5: Grinding conditions for the metallurgically 
inspected specimens. 

6.6 Verification of theoretical results 

The overall aim of the research work was to reduce the 

amount of wheel usage which is associated with 

continuous dressing. In Section 6.5, it was shown that 

a reduction of wheel usage can be achieved by the pulse 

dressing technique. Wheel usage can also be minimised 

by optimising the dresser parameters. The theoretical 

modelling of the interaction of diamonds with the 

grinding wheel cutting surface showed the effect of the 

diamond spacing on the wheel surface roughness. The 

object of this section of experiments is to verify the 

theoretical results and identify conditions that result 

in a longer grinding wheel and dresser life. 
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6.6.1 Experiment on dresser infeed rate and diamond spacing 

To investigate the relationship between diamond 

spacing and dresser infeed rate and their 

influence on wheel usage, diamond rollers of 

different diamond distribution were required. In 

the continuous dressing experiments which were 

described in Section 6.3 of this chapter, a hand 

set diamond roller with a diamond spacing of 

approximately 2mm was used. The hand set 

experiments were repeated using a reverse plated 

diamond roller. There were two objectives in 

using a reverse plated dresser. Firstly, it had a 

very close diamond distribution (less than imm) 

which allowed the diamond spacing parameter to be 

investigated. Secondly, these two types of 

dressers are widely used in industry and a 

comparison of their performance could be carried 

out. The method of the experiment is the same as 

that described in Section 6.3. Experiments on all 

the table speeds were performed. It was found 

that the specific energies obtained with the 

reverse plated diamond roller were consistently 

higher than that for the hand set dresser -(see 

Figure 33). The effect of diamond rollers on 

normal and tangential grinding forces is shown in 

Figure 34. It is evident that the optimum dresser 

infeed rate required for the reverse plated 
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dresser is higher than those for the hand set 

type. This confirms the-theoretical finding that 

increasing diamond spacing increases the surface 

roughness of the cutting surface of the grinding 

wheel. Higher cutting surface roughness results 

in lower specific energy. As a result of a lower 

optimum dresser infeed rate with the hand set 

diamond roller, the wheel usage is reduced by 25%. 

6.6 .2 Experiment on speed ratio and diamond spacing 

The influence of the diamond spacing and the speed 

ratio on the surface roughness of the grinding 

wheel was also. analysed by the theoretical 

modelling of Chapter 5. It was shown that for a 

particular wheel surface roughness, speed ratio 

could be decreased by increasing the diamond 

spacing of the dresser. To investigate this 

effect, experiments were carried out at speed 

ratios of ±0.8 and +0.4. The experiments were 

performed using the two types of diamond rollers 

described in the previous section. 

Continuous dressing was employed and dresser 

infeed rates of 1 and 2µm/rev were used. It was 

found that the specific energies obtained with the 

reverse plated type were consistently higher than 

those with the hand set type (see Figure 35). 
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The relationship between specific energy and speed 

ratio is consistent for both dresser infeed rates 

(Figure 35 & 36). It can be seen that dressing in 

the negative region of speed ratio produces higher 

specific energies. The lowest specific energy was 

obtained when the speed ratio of +0.8 was used. 

The surface produced with the speed ratio of -0.8 

was better than that produced using positive speed 

ratios (see Figure 37). These findings are in 

accordance with the recommendations made by 

Meyer (12) . 

6.7 Investieation of dressing forces 

The measurement of dressing forces was performed in two 

directions: tangential and normal to the surface of the 

diamond roller. The object of measuring the dressing 

forces was to investigate the effect of the dressing 

action, particularly in pulse dressing. The dressing 

forces were compared against the fall and rise of 

grinding forces. 

Normal and tangential dressing forces were measured at 

various dresser infeed rates and speed ratios. They 

were also measured for a wide range of grinding wheels, 

from a soft grade (E) to a hard grade (I). The 

variation of dressing forces for the hand set diamond 
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roller is presented in Figures 38 and 39. They show 

that the normal dressing force is about 5 times higher 

than the tangential component. This is consistent for 

all types of grinding wheels and for both diamond 

rollers. The dressing forces increased with increasing 

grinding wheel's hardness. The reverse plated diamond 

roller produced higher dressing forces than the hand 

set type (Figures 40 & 41). This can be more clearly 

seen in Figures 42 & 43 which show the variation of 

dressing forces with speed ratio. Higher dressing 

forces were developed by the reverse plated dresser and 

it can be used to explain the occurrence of chatter 

which occured at dresser infeed rates higher than 

2µm/rev. It did not effect the results of this 

investigation since lower dresser infeed rates were 

used. When a reverse plated diamond roller is used to 

dress the grinding wheel, the cutting action becomes 

more like a rubbing action, resulting in higher forces 

and a large amount of vibration. By comparing the two 

diamond rollers shown in Plates 7 and 8, it can be seen 

that the reverse plated dresser has a much smoother 

surface. The diamond grits, being so close together, 

have less chance of biting into the grinding wheel 

surface and instead a rubbing action occurs. 

The dressing forces increase when the speed ratio is 

changed from negative to positive region. At the speed 

ratio of +0.8, normal dressing force is twice the 
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dressing force developed at the speed ratio of -0.8. 

The dressing forces reach their maximum value at the 

crushing speed ratio +1.0 (49) which shows one of the 

reasons that this speed ratio is detrimental to dresser 

life. 

6.8 Experiments on the effect of cutting fluids 

The objective in experimenting with different coolants 

was to examine the possibility of improving the burn 

limit by using neat oil or microemulsion as the 

coolant. By improving the burn limit, the optimum 

dresser infeed rate can be decreased or higher metal 

removal rates be obtained, resulting in lower wheel 

usage. 

Comparison of oil and microemulsion was performed under 

both continuous and pulse dressing conditions. 

6.8.1 Comparison of coolants under continuous dressing 

Continuous dressing experiments were carried out 

with identical conditions to those described in 

Section 6.3, but with oil or microemulsion as the 

coolant. Tests were performed at a workpiece feed 

rate of 582mm/min and a speed ratio of +0.8. This 

workpiece feed rate/speed ratio combination is a 

typical condition for creep feed grinding of 
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turbine blades. For every coolant experiment the 

burn limit and the optimum dresser infeed rate 

were determined. 

The variation of specific energy with dresser 

infeed rate for all three cutting fluids is 

presented in Figure 44. It is shown that the 

specific energy for the water-based coolant is the 

highest of all. It should also be noted that the 

power flux at burn is the highest for the water- 

based coolant. The water-based coolant requires 

the highest optimum dresser infeed rate and 

highest wheel usage. Comparing the performances 

of neat oil and microemulsion, it is seen that oil 

produces the lowest grinding forces and specific 

energy. However, burn occured at a lower dresser 

infeed rate for the microemulsion than the neat 

oil. Table 6 shows that the optimum dresser 

infeed rate for the neat oil is twice as much as 

the one for the microemulsion. This has also been 

shown by Torrance in conventional grinding (64). 

Figure 45 shows the comparison of surface finish 

of the workpieces produced with different 

coolants. The difference between the surface 

finishes is not significant. However neat oil, 

due to its superior lubricating qualities, is 

shown to have the best effect on the surface 
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finish. Microemulsion is relatively better than 

the water-based coolant -as it has a higher oil 

concentration. The difference in surface finish 

is greater at higher dresser infeed rates, where 

the grinding wheel is at its sharpest. 

6.8.2 Oil and microemulsion in Hulse dressing, 

Investigation of pulse dressing with the water- 

based coolant showed a significant reduction in 

wheel usage. On the other hand, microemulsion 

grinding fluid performed with higher efficiency 

than water and oil. Therefore, a series of tests 

was carried out to combine the effectiveness of 

pulse dressing and the superior properties of 

microemulsion. These tests were in accordance 

with those described in Section 6.5 of this 

chapter. 

Creep feed grinding was performed at the table 

speed of 582mm/min and the speed ratio was set at 

+0.8. Pulse dressing with the microemulsion 

required less dressing pulses as compared with 

pulse dressing with the water-based fluid. This 

was due to a lower dresser infeed rate used at 

each pulse. For the water-based case, the dresser 

infeed rate was limited to 1.5µm/rev for 

maintaining the burn limit. Due to the superior 
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properties of microemulsion the required dresser 

infeed rate was reduced to 1µm/rev. However, the 

dressing depth was maintained at 151im per pulse. 

As a result, the number of required pulses for the 

microemulsion fluid was reduced from 10 to 6 (see 

Table 7). This resulted in an increase of G-ratio 

by 71% as compared with pulse dressing with the 

water-based fluid. The use of neat oil in pulse 

dress creep feed grinding did not prove better 

than the microemulsion, but was better than the 

water-based type (see Table 7). In fact the 

performance of all three coolants in pulse 

dressing were similar to their performances in 

continuous dressing. 

By applying pulse dressing and using microemulsion 

as the coolant, the G-ratio is increased to 1.2 

from a value of 0.3 which is for continuous 

dressing with the water-based coolant. The latter 

case represents the conditions used at present to 

creep feed grind turbine blades. It is only in 

the case of pulse dressing with microemulsion that 

the amount of material removed is actually higher 

than the amount of wheel lost during the 

operation. The results presented for the 

microemulsion is with a reverse plated dresser, 

even better performance is expected when 

microemulsion is used with a hand set roller. 
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G-Ratio aropt 

Water-based 0.31 1.25 

Microemulsion 0.79 0.5 

Neat Oil 0.39 1.0 

Table 6: Optimum conditions for continuous 
dressing 

G-Ratio no of pulses d ar 

Water-based 0.63 11 15 1.5 
Microemulsion 1.2 6 15 1.0 

Neat Oil 0.95 8 15 1.25 

Table 7: Optimum conditions for pulse dressing 

Grinding conditions for both Tables 6&7: 
Speed ratio = +0.8 
Workpiece feed = 582mm/min 
dresser: Reverse plated 
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CHAPTER 7 

DISCUSSION 

In this chapter, the results achieved in this research 

work are discussed in light of the previous works of 

other authors. The important findings are focused on 

and the points relevant to the creep feed grinding 

process are outlined. 

7 .1 Pulse dress creen feed grinding 

The mechanics of conventional grinding described by 

Hahn (36) and the creep feed grinding mechanism theory 

by Salmon (7) provided the potential of pulse dressing 

in creep feed grinding. Before discussing the pulse 

dressing application, it is useful to examine the creep 

feed grinding mechanism. 

It has been shown that the mean power flux goes through 

three stages with increasing maximum normal infeed rate 

(see Figure 46). In the first stage, the grit depth of 

cut is small indicated by a small maximum normal infeed 

rate. At the beginning of this stage, the amount of 

rubbing is minimal assuming that the wheel was dressed 

before the start of the grinding operation. Referring 

to Figure 3, Hahn has argued that the grinding action 

is initially of a ploughing nature. With increasing 
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metal removal rate, a critical tensile stress is 

reached when fracture of the -plastic surface allows a 

build up of material in front of the cutting edge 

creating a shear zone ahead of the grit. This action 

allows the formation of chips to occur. During the 

first stage of the creep feed mechanism, cutting of the 

material is performed and at the same time, the rubbing 

action starts to increase with the degeneration of the 

cutting surface. 

With increasing maximum normal infeed rate, the creep 

feed grinding process enters its second stage. Rapid 

development of wear flats on the active grits occurs. 

The wear flats change the cutting mode to rubbing 

action and heat is generated. Shafto (14) has argued 

that this heat causes the transition of nucleate to 

film boiling to occur in the arc of cut and the 

temperature is suddenly, raised causing workpiece burn. 

At this point, workpiece burn is characterised by the 

fluctuation of the power flux and a change in the ratio 

of tangential to normal grinding forces. 

If the maximum normal infeed rate is increased further, 

the creep feed mechanism changes to the third stage. 

At this point, the wheel takes a self dressing action 

due to the high forces on the active grits which 

fracture and break away freely from the bond. During 

this stage, the wheel remains sharp but severe loss of 
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form develops on the workpiece. This stage only occurs 

with a weakly bonded grinding wheel. In this 

investigation a strong bonded grinding wheel of the 

type used for continuous dressing operations was used. 

Even at the highest table speed (582mm/min) the self 

dressing action was not observed. However, when a 

softer grade was used, workpiece damage was replaced by 

severe loss of form. 

The thermal damage of the second stage and the loss of 

form from the third stage of the creep feed mechanism 

limit the process to the first stage only. In 

conventional creep feed grinding, . 
the maximum normal 

infeed rate is kept small enough to stop the occurrence 

of workpiece burn. Its maximum operating line is 

therefore just below the second stage. Salmon used the 

continuous dressing technique to inhibit the growth of 

wear flats. He has shown that the stock removal can be 

increased by 25 times as compared with conventional 

grinding. This significant increase in maximum normal 

infeed rate has been achieved without the occurrence of 

the second or third stages, but at a cost of much 

higher wheel usage. 

Pulse dressing is somewhere in between conventional and 

continuous dress creep feed grinding. Experiments 

described in Chapter 6 showed that it is not necessary 

to dress the wheel continuously. The wear flats can be 
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allowed to develop, but they can easily be removed by a 

short dressing pulse once the thermal limitation is 

approached. For a given maximum normal infeed rate or 

metal removal rate, in pulse dressing the power flux 

oscillates between the burn limit and the continuous 

dressing levels (see Figures l& 29). While in 

continuous dressing it remains constant throughout the 

grinding cycle. By applying pulse dressing instead of 

continuous dressing, similar increases in stock removal 

can be achieved but with half the amount of wheel usage 

(Figure 30). 

The surface finish obtained with the pulse dressing 

method is not acceptable and a finishing pass is 

required as is the case with continuous dressing 

operations. In pulse dressing, the grinding wheel has 

the effect of leaving different finishes on the 

workpiece which correspond to different wheel 

conditions. The surface finish normally consists of 

smooth patches separated by very narrow rough zones. 

The smooth patches are the result of undressed periods 

of the grinding wheel. However, this problem can 

easily be rectified by applying a light back pass 

without any dressing. Therefore the pulse dressing 

technique should be only used as a stock removal 

process. 
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Due to the high frequency pulse rates described in 

Chapter 6, the life of the diamond roll dresser may be 

reduced. However, this factor can only be monitored in 

actual production trials. The dresser life would have 

to be reduced by a factor of 2 for the reduction of 

wheel usage not to be worth while. It can also be 

argued that in pulse dressing, the dresser is actually 

used half as much as in continuous dressing and this 

increase in its working life could compensate for the 

high frequency factor. 

7.1.1 The Economics of pulse dressing 

There are two sources of savings that can result 

from the application of the pulse dressing 

technique. Firstly, there is a reduction of wheel 

usage by a factor of 2 with the water-based 

coolant. Secondly, as a result of longer wheel 

life, grinding wheel handling time will also be 

reduced. It can be said that if the consumable 

grinding wheel cost at Rolls-Royce was Eimillion a 

year, then with control and discipline, savings of 

£250,000 can be made (83). 

The cost of grinding wheels would be further 

halved if the microemulsion is used as the cutting 

fluid. However, it should be emphasised that the 

pulse dressing technique can not be implemented 
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until the right control technology has been 

acquired. Machine tool manufacturers are already 

being encouraged to build pulse dressing 

facilities into their control system (83). 

7.2 Optimisation of dressing parameters 

Theoretical and experimental investigations showed that 

diamond spacing of the dresser cutting surface greatly 

influences the effect of speed ratio and the dresser 

infeed rate on the working surface roughness of the 

grinding wheel. The effect of dresser infeed rate on 

the surface roughness of the wheel has been established 

by Schmitt(81). He showed that the grinding wheel 

sharpness increased by increasing dresser infeed rate. 

This effect was confirmed by Salmon under continuous 

dressing conditions. In this case, the specific energy 

was shown to decrease with increasing dresser infeed 

rate. The theoretical and experimental investigations 

reported in Chapters 5&6, confirm both Schmitt and 

Salmon's findings. The relationship between dresser 

infeed rate and the sharpness of the grinding wheel was 

taken further to incorporate the influence of diamond 

spacing. It was found that by increasing the diamond 

spacing the sharpness of the grinding wheel also 

increased. As a result, the necessary dresser infeed 

rate for satisfactory grinding can be reduced by 25% 

(for the table speed of 582mm/min), leading to a 
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reduction of wheel usage. There is a limit to how 

large the diamond spacing can-be set. If the spacing 

is too large, then it could leave parts of the grinding 

wheel undressed. Therefore, a compromise between the 

diamond spacing and the sharpness of the wheel is 

required. 

The effect of diamond spacing in terms of the exposed 

diamonds per unit area (N) has been investigated by 

Malkin & Murray (48). They have shown that both normal 

and tangential dressing forces increased with 

increasing N. This leads to the point that a dresser 

with smaller diamond spacing produces higher dressing 

forces. This finding was also confirmed by showing 

that the use of a reverse plated diamond roller 

resulted in higher dressing forces (Figures 42 & 43). 

Schmitt has also ascertained the effect of speed ratio 

on the working surface of the grinding wheel. He 

showed that the sharpness of the grinding wheel reaches 

its maximum when dressing takes place with a speed 

ratio of +1.0 which is similar to the crushing 

conditions. A second maximum also occurs at the speed 

ratio of zero which is similar to dressing with a 

stationary multipoint dresser. The speed ratio of +1.0 

is not recommended as it has a detrimental effect on 

dresser life. There are a number of explanations for 

this effect. Firstly, the dressing forces reach their 
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maximum at this speed ratio. Secondly, at this speed 

ratio the dresser and the wheel have the same surface 

speed and Pearce (84) has shown that the speed holding 

of the dresser is at its best in this condition. 

Therefore, a diamond grit could engage with the same 

part of the grinding wheel repeatedly at certain wheel 

diameters. As a result, dressing of some parts of the 

grinding wheel rely on the dresser bond which cause its 

rapid wear. Theoretically, this effect can happen at 

any speed ratio, but the speed holding at other speed 

ratios is not as good as that of +1.0. With larger 

dresser speed fluctuation, the diamond grits interact 

with the grinding wheel cutting surface at different 

positions. In most industrial applications the speed 

ratio of +0.8 is adopted for high stock removal 

operations. 

Experiments confirmed the relationship between specific 

energy and the speed ratio. It was shown that specific 

energy was reduced by increasing the speed ratio 

towards +1.0 (Figures 35 & 36). By increasing the 

diamond spacing, it was also shown that the specific 

energy can be reduced further. Therefore, for a 

particular specific energy or the surface roughness of 

the grinding wheel, the dressing efficiency of +0.8 can 

be achieved with a lower speed ratio and larger diamond 

spacing. This argument is presented for prolonging the 

dresser life by reducing the speed ratio further away 
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from +1.0. As discussed in Section 5.4 of Chapter 5, 

there are other factors that -could effect the dresser 

life and it requires dresser monitoring in production 

runs. 

7 .3 
Comparison of hand set and reverse plated dressers 

The comparison of diamond rollers discussed in the 

previous section was based on their diamond 

distribution only. As these two types of dressers are 

widely used in mass production of turbine blades, it is 

intended to discuss their comparative performance under 

continuous dressing conditions. 

Firstly, continuous dress creep feed grinding with a 

reverse plated dresser required higher dresser infeed 

rates for a satisfactory grinding. This leads to 

higher wheel usage by the reverse plated type. Higher 

optimum dresser infeed rate implies that a grinding 

wheel which is dressed by a reverse plated diamond 

roller is not as sharp as the one dressed by the hand 

set type. As a result, the surface finish produced 

when a reverse plated roller is used is superior (See 

Figure 47). 

Secondly, the amount of vibration produced by the 

reverse plated dresser is considerably higher. 

Figure 48 shows a continuous dressing test with a 
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reverse plated dresser which was recorded by the data 

capture unit. The grinding forces show a significant 

amount of vibration picked up by the strain gauge 

transducers. To compare it with the grinding forces 

produced when a hand set dresser was used, the top 

vertical grinding force was amplified to full monitor 

scale (Figure 49). Similar grinding force from a test 

which used a hand set roller, is magnified and shown in 

Figure 50. By comparison of these two grinding forces, 

the difference between the level of vibration can 

clearly be seen. The test shown in Figure 47 was for a 

dresser infeed rate of 1µm/rev. By increasing the 

dresser infeed rate, the level of vibration was also 

increased. Above 2µm/rev, a chattering noise could 

clearly be heard. In contrast, the hand set diamond 

roller performed very smoothly at all dresser infeed 

rates. 

Chatter was also characterised by a rise in dressing 

forces. As shown in Figure 42, the dressing forces 

developed by the reverse plated roller were higher. 

This is one of the main disadvantages of using a 

reverse plated diamond roller. Ideally, a small 

vertical dressing force is desirable in so far as it 

minimises machine deflections and tendency for 

regenerative chatter occurring during the dressing 

operation. Regenerative chatter causes lobing of the 

grinding wheel which could lead to form breakdown of 
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the wheel. This means that the form needs to be 

dressed on the wheel in the- finishing cut and as a 

result the wheel usage is increased. 

There are some economical disadvantages in using a hand 

set roller. After every few thousand dressings, the 

hand set dresser requires refurbishing of its cutting 

surface as waviness on the workpiece surface develops. 

This operation introduces an increase in dresser 

handling time. In the case of the reverse plated 

roller, refurbishing is not required and the dresser is 

normally kept on the machine until the end of its 

useful life. However, this economical factor must be 

compared against the savings that can be made on wheel 

usage reduction before a choice can be made. 

7 .4 
Comnarison of grinding fluids 

Water-based coolants are usually preferred for use in 

creep feed grinding operations because of their 

superior cooling abilities and environmental 

advantages. The experiments performed on oil and 

microemulsion showed interesting results. In the 

following sections oil and microemulsion are 

individually compared with the water-based coolant. 
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7.4.1 Water-based versus neat oil 

Identical continuous dress creep feed grinding 

tests with different coolants showed that much 

higher grinding forces were developed when the 

water-based coolant was used. The interesting 

point is that workpiece burn occured at similar 

dresser infeed rates. This leads to the fact that 

power flux at burn is smaller for oil than water. 

This difference in performance of coolants can be 

explained by the structure of the grinding wheel 

used. The induced porosity grinding wheel 

facilitates the transport of coolant into the 

cutting zone. Thus more heat can be removed 

efficiently by the water than oil. With a dense 

structure grinding wheel oil has been shown to 

perform better than water in terms of longer wheel 

life and lower power consumption (59,60). 

Pearce & Ye (63) made similar findings in 

conventional grinding with induced porosity 

wheels. They have shown that oil produced lower 

specific energy when the wheel was in a sharp 

condition and as the wheel started to wear, 

specific energies approached similar values as 

water. This leads to the fact that in continuous 

dressing where the wheel is constantly kept sharp, 

oil should produce lower forces throughout. This 
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has been confirmed by Gibbs & Howes (65) in the 

lower region of workpiece feed rate (100mm/min). 

The result reported in this work was achieved at 

the higher region of table speed (582mm/min). 

As for comparing the G-ratios, Table 7 shows that 

the optimum G-ratio obtained with the neat oil as 

the grinding coolant is 29% higher as compared 

with the water-based type. 

On the subject of surface finish, most of the 

previous work has shown that oil generally 

produces an improved surface (63,59) except one. 

Salter (29) compared oil and water under 

continuous dress creep feed cylindrical grinding 

of deep forms. He used an induced porosity 

grinding wheel and showed that water produced a 

better surface finish. The findings of this 

research work are consistent with the findings of 

Pearce & Ye. The main difference between Salter's 

investigation and this research work is that he 

used a much harder grinding wheel of specification 

WA100K26V. 

7.4.2 Water-based versus microemulsion 

Continuous dressing experiments with the 

microemulsion as the grinding coolant showed that 
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it was by far the most efficient cutting fluid. 

The specific energies were somewhere in between 

the ones for oil and water (Figure 44). This was 

as expected since microemulsion uses a much higher 

concentration of oil than the water-based coolant. 

It is also mixed with water unlike the neat oil. 

The important finding was that burn occured at a 

lower dresser infeed rate with microemulsion than 

the other two coolants. As a result the optimum 

G-ratio obtained for the microemulsion was 150% 

higher than that with the water-based coolant. It 

can also be seen from Figure 44 that microemulsion 

performed better than oil, even though higher 

specific energies were obtained. Gibbs (66) has 

performed similar experiments with these three 

types of coolant, but in the lower region of table 

speed and with a softer grade of grinding wheel 

(Specification WA60/80FP2V). She has also shown 

that the specific energies obtained for the 

microemulsion were between the values obtained for 

the neat oil and the water-based coolants. 

However, the optimum dresser infeed rate for the 

microemulsion was not shown to be better than that 

of neat oil. This difference in performance could 

be attributed to the difference in the 

concentration of microemulsion used, or the 

difference in dimensional conditions. The 

microemulsion used in this research work had a 
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concentration of 5% rather than 2% as in the above 

case. 

The superior performance of microemulsion is 

attributed to the following qualities: 

1 The oil concentration is high, therefore more 

oil is available for lubrication. 

2 It is also mixed with water at 1: 20, 

therefore water is still present for 

efficient cooling. 

3 It is thought that the oil droplets are very 

small and can penetrate the porous grinding 

wheel and travel to the cutting zone 

efficiently. 

4 It contains a high concentration of active 

agents which aids in wetting of the metal 

substrate by the oil fraction and so will 

bring the EP additives in close contact with 

the metal surface. 

The microemulsion used in this research work contained 

sulphur and chlorine compounds. With the hot 

temperatures present in the contact zone, the workpiece 

surface is rapidly coated with a sulphur or chlorine 

layer. The function of this layer is to inhibit the 

metal to metal contact which occurs between a loaded 

grinding wheel and the workpiece. 
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Selection of a grinding coolant is not only based on 

its performance in the grinding zone. Many other 

factors such as its effect on the machine operator, the 

machine tool parts and the workpiece as well as 

problems like foaming and misting are considered (8). 

Some industrial companies are cautious in using EP 

additives. In the case of turbine blades, sulphur 

agents are said to be harmful to the nickel-based 

alloys. 

However, the sulphur compounds used in the 

microemulsion is of the inactive type and does not 

effect nickel workpieces (85). The performance of the 

microemulsion without the EP additives was examined by 

Torrance (65) under conventional grinding. He showed 

that the efficiency of the microemulsion was reduced 

without both or one of the additives. The best 

performance was achieved by the microemulsion which 

included both sulphur and chlorine compounds. However, 

under creep feed grinding conditions, it is not clear 

whether the improved performance is due to the 

inclusion of EP additives or the microemulsion. 

Further experiments with a water-based fluid which has 

the same additives as the microemulsion are required to 

determine this factor. 
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CHAPTER 8 

CONCLUSIONS & RECOMMENDATIONS 

8.1 Conclusions 

The object of the research work has been to investigate 

the mechanics of in-process dressing as applied to the 

creep feed grinding process, in particular the machining 

of nickel-based alloys, in order to reduce the amount of 

wheel dressed away during these operations. Nickel-based 

alloys are used in the turbine of an aero engine. In 

order to achieve high stock removal rates for mass 

production, continuous dress creep feed grinding is 

performed on the root and shroud of the blades. This 

technique has been effective but it has also incurred 

higher wheel usage. 

The three following main areas were investigated and in 

each case the stock removal rates achieved by the 

continuous dressing method were maintained but with 

reduced wheel usage. 

1 The cause of thermal damage to the workpiece has been 

previously shown to be the development of wear flats on 

the active grits of the grinding wheel. By continuous 

dressing; the production of these flats is inhibited. In 

the first area of this investigation other dressing 

techniques were designed and experimented to allow the 
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flats to be developed to the point just below the burn 

limit. Before the onset of burn limit, a short dressing 

cycle is applied to remove the flats and repeat the 

process. This was performed in two ways; by intermittent 

or pulse dressing. With intermittent dressing, the 

diamond roller was allowed to dwell on the grinding wheel 

between two consecutive dressing spells. In pulse 

dressing, the grinding wheel was kept sharp by a series of 

dressing pulses. The former method did not show any 

improvement on the wheel usage, as dwelling had a blunting 

effect on the grinding wheel. Pulse dressing was 

successfully applied at a range of table speeds (100- 

600mm/min). It was shown that the amount of wheel lost to 

remove the same amount of material as in continuous 

dressing was reduced by 50%. 

2 The second area of investigation involved 

optimisation of dressing parameters in continuous dressing 

operations. Wheel usage is directly proportional to the 

infeed of the dresser per revolution of the grinding 

wheel. Mathematical modelling of the dressing process 

showed that the diamond spacing of the dressing device has 

also a direct influence on the sharpness of the grinding 

wheel. Experiments with a hand set (large diamond 

spacing) and a reverse plated (small spacing) diamond roll 

dresser verified the theoretical findings. It was shown 

that higher dresser infeed rates are required to avoid the 

burn limit when a reverse plated dresser is used. It can 
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be therefore concluded that the wheel usage is reduced by 

increasing the diamond spacing of the dresser. Larger 

diamond spacing can also be used to reduce the speed ratio 

possibly in order to prolong the dresser life. However, 

this area required further investigation on monitoring the 

dresser life. Identical tests on the two types of diamond 

roll dresser showed that not only does the reverse plated 

dresser produce a blunter cutting surface, but it is also 

prone to chatter which can lead to lobing of the grinding 

wheel. 

The third area of investigation was on the comparison of 

three cutting fluids; water-based (soluble oil), neat oil 

and microemulsion. Water-based is presently used in creep 

feed operations on turbine blades. All three coolants 

were used under identical continuous and pulse dressing 

conditions. It was shown that the microemulsion which 

combines both cooling and lubricating properties performed 

better than the other two coolants. By using the 

microemulsion in continuous dressing, the required dresser 

infeed rate can be reduced from lpm/rev to 0.5µm/rev as 

compared with the water-based coolant. If the pulse 

dressing technique is applied with the microemulsion as 

the coolant, the amount of wheel usage is reduced to 25% 

of that used by continuous dressing with the water-based 

coolant. 

121 



8.2 Recommendations for further work 

The design and application of the pulse dressing technique 

requires accurate prediction of the burn limit. The time 

between the fall and rise of the grinding forces from and 

to the burn limit needs to be manually calculated and fed 

into the dressing programme. This can be done more 

efficiently by the use of adaptive control. Up to date 

any attempt on the adaptive control of the grinding 

operation has been on controlling the workpiece feed rate. 

However, reducing the table speed, results in a reduction 

of stock removal rate. Further work can be carried out on 

controlling the dresser slideway speed. This way high 

stock removal rates can be achieved with minimum wheel 

usage. Adaptive control of dresser infeed can also be 

applied to industrial applications with relative ease. A 

load cell of the type used to measure the dressing forces 

in this research work, can be used to measure the grinding 

forces. These can be fed into a microcomputer to 

calculate the power flux. The power flux can then be 

continuously compared against an input limiting power 

flux. Before the burn limit is reached, a signal to the 

dresser slideway can generate a dressing pulse. 

one of the poor applications of the continuous dressing 

method is on creep feed grinding of easy-to-grind 

materials. In this case, a significant increase in stock 

removal rate is not achieved to justify the high wheel 
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usage. Pulse dressing could prove effective on this type 

of materials. Further work- is necessary to find the 

optimum dressing conditions. 

Creep feed grinding has also been used in cylindrical mode 

and again continuous dressing has shown the same 

disadvantage. Pulse dress creep rotation grinding can be 

investigated on both difficult-to-grind and easy-to-grind 

materials. A potential application could be on grinding 

of ball screw tracks. 

The working life of a diamond roller depends on many 

factors. The two important parameters are speed ratio and 

diamond spacing. Monitoring of the dresser cutting 

surface is required to investigate the influence of these 

parameters. Two hand set diamond roll dressers of the 

same diamond spacing can be monitored at speed ratios of 

say +0.8 and +0.4. To examine diamond spacing, two hand 

set rollers with different spacing could be used at the 

speed ratio of +0.8. 

on the coolant side, microemulsion has been shown to be 

very effective on nickel-based alloys. The combination of 

pulse dressing and microemulsion on easy-to-grind 

materials and in the cylindrical mode should prove most 

effective. Some industrial companies prefer coolants 

without the inclusion of EP additives. Microemulsion 

without the sulphur and chlorine compounds has not been 
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found to be as effective under shallow cut grinding 

conditions. Further experiments are required to examine 

the effectiveness of this type of microemulsion under 

creep feed grinding conditions. 

r+ 
i 
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APPENDIX 1 

STRAIN GAUGE AMPLIFIER 

The circuit diagram for the strain gauge amplifier is 

shown in Figure A1.1. There are 5 potentiometers that 

are used to adjust various aspects of the amplifier and 

they are for.: 

1 excitation adjustment for varying voltage to the 

strain gauge bridge. 

2 output offset adjustment to control the zero 

offset within ±15V. 

3 fine span adjustment for the amplifier gain with 

a range of ±20%. 

4 filter offset adjustment for controlling the zero 

offset in the filters. 

5 output offset adjustment for calibration of the 

amplifier 



Strain Gauge Amplifier Circuit Diagram Key 

Al Filter amplifier 
A2 Buffer 
A3 Instrumentation amplifier 

O/Pi Filtered output 
O/P2 Unfiltered output 

Resistances 
[Ohms] 

R1 
R2 
R3 
R4 
R5 
R6 
R7 
R8 
R9 
R10 
Rll 
R12 
R13 
R14 
R15 
R16 
R17 

220K 
360K 
68K 
20K (filter offset trimming potentiometer) 
1.05M 
27.6M 
11.6M 
20K 
24.9K 
50K 
12.2K 
10K (fine span adjustment potentiometer) 
16.2K 
100K (input offset trimming potentiometer) 
91 
120 (resistance of each arm of strain gauge) 
20K (bridge voltage adjustment 
potentiometer) 

Note: The integrated circuit (AD2B31J) is mounted on a 
printed circuit board (part no. AC1213) which 
contains all the adjustment potentiometers. Ri, 
R2, & R15 are set on test according to gain and 
filter cut off frequency required 
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FIGA1.1 
STRAIN GAUGE AMPLIFIER CIRCUIT DIAGRAM 

0/P1 0/P2 

ANALOG DEVICES 2 B31J R4 
1V 

Al 

RS R3 

R6 R2 

a-i R7 RI 

ý R17 ö ýL RS ý . , d A2 i d 
+15V 

151/ k 

{1 

+15V A3 

I/O CONNECTIONS: 

Strain gauge 
OV - gauge 

+5 0° auge INPUT 
5 -pin din socket R1 

R1 ov OUTPUT 
3-on 

0/P2 ° 0/P1 än 9oche f "_ 



APPENDIX 2 

SOFTWARE FOR THE DATA CAPTURE UNIT 

The programme is written in BASIC and runs on a BBC 

micro computer which is coupled to a Universal Control 

data capture unit. It is divided into-procedures for 

easy handling and better performance. The three main 

procedures are: Inputs, sample and display-data. The 

input procedure is designed for reading the filename, 

number of channels, duration of test and number of 

samples. The sample command is provided by the Euro 

Beeb and it starts the sampling procedure of the data 

capture unit. The display-data procedure is written to 

plot the variation of grinding and dressing forces on 

the monitor, expand them one by one, draw a required 

number of vertical lines, calculate the intersections 

of vertical lines with the plots and record the 

intersections on a hard disc. 

An EPROM was fitted into the BBC which provided dumping 

of graphics onto a dot matrix printer by the command * 

GIMAGE EPS. A typical test which shows three grinding 

force components and two dressing force components can 

be seen in Figure A2.1. The expanded grinding forces 

which are divided into 100 divisions with the 

calculated intersections are shown in Figure A2.2 
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Figure A2.1 A typical test recorded by the 
data capture unit 
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1000 MODE 7 
1010 
1020 PROCInputs 
1030 
1040 PROCSample 
1050 
1060 MODE 0 
1070 
1080 PROCDisplay Data 
1090 
1100 PROCMenu 
1110 
1120 MODE 7 
1130 
1140 
1150 END 
1160 
1170 
1180 DEF PROCInputs 
1190 
1200 *FX12,8 
1210 CLS 
1220 PRINT TAB(lO, 6); CHR$(141); CHR$(136); "DATA CAPTURE" 
1230 PRINT TAB(10,7); CHR$(141); CHR$(136); "DATA CAPTURE" 
1240 PRINT TAB(11,8); " " 
1250 PRINT TAB(5,14); "By Meh i Rezaei & Andrew Harrison" 
1260 TIME =0 
1270 REPEAT: 90UND1, -15, TIME, I: UNTIL TIME > 250 OR INKEY$(1) 
1280 PROCGet Filename 
1290 REPEAT : CLS 
1300 INPUT TAB(2,5); "How many Channels (3 or 5) " ; No of Channels% 
1310 UNTIL No_of_Channels% =3 OR"No of Channels% =5 1320 REPEAT 
1330 INPUT TAB(2,9); "Duration of Test (Seconds) "; Duration% 
1340 UNTIL Duration% >0 AND Duration% < 1000 
1350 
1360 PROCHow Many Sanples 
1370 PRINT TAB(l, 16); "Press the Space Bar to start saztpling. " 
1380 REPEAT: UNTIL INKEY$(1)=" 
1390 CLS 
1400 PRINT TAB(3,9); CHR$(141); "Sampling" 
1410 PRINT TAB(3,10); CHR$(141); "Sanrling" 
1420 ENDPRDC 
1430 
1440 DEF PROCGet_Filename 
1450 
1460 REPEAT : CLS 
1470 PRINT TAB(3,6); "Type in a Filename : -" 
1480 INPUT TAB(3,8); "5 characters or less "; A$ 
1490 UNTIL LEN(A$) <6 AND A$ <> 
1500 Filename$ = A$ : CLS 
1510 
1520 ENDPROC 
1530 
1540 DEF PROCHow_Many_Samples 
1550 
1560 REPEAT : CLS 



1570 Max Sanples% = Duration% * 1E6 / 1100 
1580 MS% = 15000 / No of Channels% 
1590 IF Max Samples% > MS% THEN Max Sanples% = MS% 
1600 PRINT TAB(2,9); "How many Samples per Channel" ""M-Sample"; 
1610 M Sample=(<"; Max Samples%; ") 
1620 INPUT Sanples% 
1630 UNTIL Samples% < Max Samples% AND Samnles% > 50 
1640 
1650 Sample Rate% = IE6 * Duration% / Samples% 
1660 Sanples% = Samples% * No_ofChannels% 
1670 
1680 ENDPEOC 
1690 
1700 DEF PROCSample 
1710 SAMPLE Samples%, Sample Rate , &08000,0 M No of Channels%-1 
1720 S% = TIME : REPEAT : UNTIL TIME > S% + Duration% * 100 
1730 
1740 ENDPROC 
1750 
1760 DEF PROCDisplay Data 
1770 
1780 PROCCalculate FSDs 
1790 
1800 PROCSet_up Screen 
1810 
1820 PROCP1ot_Data 
1830 
1840 ENDPROC 
1850 
1860 DEF PROCCalculateFSDS 
1870 
1880 Limit% = Samples% / No of Channels% 
1890 DIM MinF%(NO of C'hannels%), MaxF%(No_ofChannels%) 
1900 FOR N% =17 No of Channels% 
1910 Min% = 65536 : Max% =0 
1920 Zero Force% = SAMPLE 1, (N%-1) 
1930 FOR M% =1 TO Limit% 
1940 P% = SAMPLE M%, (N%-1) - Zero Force% 
1950 IF P% < Min% THEN Min% = P% 
1960 IF P% > Max% THEN Max% = P% 
1970 PRINT".. "; 
1980 NEXT M% 
1990 MinF%(N%) = Min% 
2000 MaxF%(N%) = Max% 
2010 PRINT 
2020 NEXT N% 
2030 
2040 Min% = MinF%(1) : Max% = MaxF%(1) 
2050 IF MinF%(2) < Min% THEN Min% = MinF%(2) 
2060 IF MaxF%(2) > Max% THEN Max% = MaxF%(2) 
2070 IF MinF%(3) < Min% THEN Min% = MinF%(3) 
2080 IF MaxF%(3) > Max% THEN Max% = MaxF%(3) 
2090 Grind FSD% = Max% - Min% 
2100 GMax$ = Max% : GMin% = Min% 
2110 GV = (10 * Grind FSD%) / 65536 
2120 IF No of thannelS% <4 THEN 2180 



2130 IF MinF%(4) < MinF%(5) THEN DMin% = MinF%(4) ELSE DMin% = MinF%(5) 
2140 IF MaxF%(4) > MaxF%(5) THEN DMax% = MaxF%(4) ELSE DMax% = MaxF%(5) 
2150 Dress FSD% = DMax% - DMin% 
2160 DV = T10 * Dress_FSD%) / 65536 
2170 
2180 CLS 
2190 
2200 ENDPROC 
2210 
2220 DEF PROCSet_up Screen 
2230 
2240 VDU5 
2250 MOVE 300,1000 
2260 PRINT "Grinding Forces : FSD "; GV; 
2270 IF No of Channels% <4 THEN 2310 
2280 MOVE 'j00,420 
2290 PRINT "Dressing Forces : FSD "; DV 
2300 
2310 RESTORE 2430 
2320 READ X Origin%, X Scale%, Y Scale% 
2330 FOR N%7= 1 TO No_of Channels% 
2340 READ Y% 
2350 MOVE X Origin%, Y% - Y_Scale% - 10 
2360 PLOT 17, X_ Scale%, 0 
2370 NEXT N% 
2380 
2390 ENDPROC 
2400 
2410 
2420 
2430 DATA 100,1100,160,996,820,636,394,220 
2440 Voltage = 20 * Average / 65536 
2450 DEF PROCPlot_Data 
2460 
2470 RESTORE 2430 
2480 READ X Origin%, X Scale%, Y Scale% 
2490 Readings% = Limit% 
2500 FSD% = Grind FSD% 
2510 
2520 FOR N% =0 TO No of Channels% -1 
2530 IF N% >2 THEN FS-D%7= Dress_FSD% 
2540 READ Y Origin% 
2550 ChanneT% = N% : Start% =1 
2560 PROCPlot a Graph 
2570 NEXT N% 
2580 
2590 ENDPROC 
2600 
2610 DEF PROCPlot-a Graph 
2620 
2630 FSD% = Grind FSD% : IF Channel% >2 THEN FSD% = Dress_FSD% 
2640 X Mult =X Scale% / Readings% 
2650 M-ax% = GMax% : IF Channel% >2 THEN Max% = DMax% 
2660 Y Mult =Y Scale% / FSD% 
2670 Zero Force$ = SAMPLE 1, Channel% 



2680 MOVE X Origin%, Y Origin% -Y Mult * (next line) 
2685 next line=Max% - SAMPLE Start%, Channel% + Zero_Force% 
2690 FOR P% = Start% To Start% + Readings% -1 
2700 Q% = SAMPLE P%, Channel% - Zero Force% 
2710 A% =Y Origin% -Y Mult * (Max_% - Q%) 
2720 B% =X Origin% + XMult * (P% - Start %) 
2730 DRAW B$, A% 
2740 NEXT P% 
2750 
2760 ENDPROC 
2770 
2780 DEF PROCMenu 
2790 PROCSelect Start and Stop 
2800 PROCHow_Many_Divisions 
2810 
2820 pROCCalculate Intersections 
2830 
2840 PROCMake_Master_File 
2850 
2860 ENDPROC 
2870 
2880 
2890 DEF PROCSelect Start and Stop 
2900 X% =X Origin% +2 
2910 Y% = 1U26 :Y Scale% = 980 
2920 PROC1ove Line 
2930 X_Start% = Line% 
2940 
2950 X% =X Origin% +X Scale% 
2960 PROGIove Line 
2970 X Stop% = Line% 
2980 ENDPROC 
2990 
3000 
3010 DEF PROCMove_Line 
3020 MOVE X%, Y% 
3030 PLOT 21, X%, Y% - Y_Scale% 
3040 
3050 D% =0 
3060 A$ = GET$ 
3070 IF A$ _ "K" THEN D% =6 
3080 IF A$ _ "J" THEN D% _ -6 
3090 PROCDraw Line 
3100 IF A$ <> "S" THEN 3050 
3110 
3120 Line% _ (X% - Xorigin%) / X_Mult 
3130 
3140 ENDPROC 
3150 
3160 
3170 DEF PROCDraw Line 
3180 
3190 MOVE X%, Y% : PLOT 22, X%, Y% - Y_Scale% 
3200 X% = X% + D% 
3210 MOVE X%, Y% 
3220 PLOT 21, X%, Y% -Y Scale% 
3230 
3240 ENDPROC `f 
3250 
3260 DEF PROCHow Many_Divisions 
3270 



3910 ENDPROC 
3920 
3930 
3940 DEF PROCPlot_Cross 
3950 
3960 MOVE X%+Cross Length%, Y%-Cross Length% 
3970 DRAW X%-Cross Length%, Y%+Cross Length% 
3980 MOVE X%-Cross Length%, Y%-Cross Length% 
3990 DRAW X%+Cross_Length%, Y%+Cross Length% 
4000 
4010 
4020 ENDPROC 
4030 
4040 DEF PROCExpand 
4050 
4060 CLS 
4070 PROCPlot a Graph 
4080 
4090 PROCLines 
4100 
4110 ENDPROC 
4120 
4130 DEF PROCPinpoint 
4140 
4150 Points(1) =0 
4160 Readings% =X Stop% -X Start% 
4170 Sample Size% = INT( Readings% / (4 * Divisions%)) +2 
4180 X% =X Origin% : Y% =Y origin% -Y Milt * (next line) 
4190 next line=Max% + SAMPLE 1, Channel% - SAMPLE Start%, Channel% 
4200 PROCPlot Cross 
4210 FOR N% =71 TO Divisions% 
4220 Sum =0 
4230 IF N% = Divisions% THEN Sample Size% =0 
4240 Go% =X Start% +( N% * Readings) / Divisions% - Sample Size% 
4250 FOR M% = Go% 10 GO% +2* SampleSize% 
4260 Sum = Sum + SAMPLE M%, Channel% 
4270 NEXT M% 
4280 
4290 Average = Sum / (Sample Size% *2+ 1) - SAMPLE 1, Channel% 
4300 Voltage = 10 * Average 7 65536 
4310 X% = X_Origin% + N% * Width 
4320 Y% =Y origin% - Y_Mult *( Max% - Average) 
4330 PROCPlot Cross 
4340 Points(N$ + 1) = voltage 
4350 NEXT N% 
4360 
4370 ENDPROC 
4380 
4390 DEF PROCStore voltages 
4400 
4410 Store = OPENOUT(Filename$ + STR$(Channe1%)) 
4420 
4430 FOR N% =1 TO Divisions% +1 
4440 PRINT# Store, Points(N%) 
4450 NEXT N% 
4460 
4470 CLOSE# Store 
4480 



4490 MOVE 200,40 
4500 PRINT "Press the Space Bar to Continue. "; 
4510 REPEAT : UNTIL INKEY$(1) 
4520 
4530 ENDPROC 
4540 
4550 DEF PROCMakeMaster_File 
4560 
4570 Store = OPENOUT(Filename$) 
4580 
4590 PRINT# Store, Divisions% 
4600 PRINT# Store, Diiration% * Readings% / (Limit% * (Divisions% - 1)) 
4610 PRINT# Store, No of Channels% 
4620 CLOSE# Store 
4630 
4640 ENDPROC 
4650 

> 



APPENDIX 3 

ANALYSIS OF TEST DATA 

A computer programme was written to read the data 

recorded by the programme in Appendix 2 and analyse the 

results. The programme included in this appendix is 

for a test with- continuous dressing. It was slightly 

modified to suit the intermittent or pulse dressing 

tests. The difference is that in continuous dressing, 

the change in diameter of the grinding wheel is worked 

out from the dresser infeed rate, but in intermittent 

or pulse dressing the amount of wheel usage is the 

number of pulses multiplied by the dressing depth. 

Calculation of grinding power, tangential and normal 

grinding forces, metal removal rate, specific energy, 

power flux and G ratio are all made with reference to 

Figure A3.1. 

Input nara ers 

Wheel diameter (mm) : DG, RG=DG/2 

Work feed rate (mm/min) : WF 

Dresser feed rate (pm/rev): DF 

in the case of pulse dressing Dressing depth(pm) 

and number of pulses 



Wheel head pulley ratio 

Filename 

Set parameters 

: PR 

Filename $ 

Depth of cut DC = 1.5 

Width of cut (mm) WC=llmm 

Speed ratio Q=0.8 

Wheel surface speed VG=30m/sec 

Main gearbox ratio 2.2 

Main motor speed 1,500rpm 

Radicon gearbox 5.1 

Lead screw pitch (workpiece slideway) 2mm 

Pulley ratio for the 3" belt 1 

Calculation of 2rindine Dower 

Torque =F3x175-F1x (20+B) +F2 x (98 -B) 

where B= WF xT- Dl 
60 

T= time step 

and Dl = Distance that. workpiece must travel before 

full arc of cut 

[(RG)2 - (RG - DC)2J 

Power = (Torque/1,000) x WG x 2x/60 



Calculation of tangential and normal forces 

Tangential grinding force = Torque/wheel radius 

where Radius is continuously decreasing and is 

R3= Initial radius(R2)-DF *T 
60 

Normal grinding force = [RF2 - TF2] 

where Rf = Resultant force = [(Fl + F2) 2+ ]F 32]ß 

Calculation of metal removal rate and specific enerey 

Metal removal rate = WF x WC x Actual depth of cut 

Actual depth of cut = R3 - R2- Dc 

Cos ß 

where ß= tan-1 DF 
WF 

Specific energy = power 
metal removal 

where DC is set death of cut 
ADC is actual depth of cut 

4 



Calculation of Hower flux and G-ratio 

Area of arc of contact = R3 X WC x (a - ß) 

a= tan-1 
[(R22 

- (R2 - DC)2]] 

R2 -. DC 

power flux = power 
area of arc of contact 

G-ratio = volume of material removed 
volume of wheel lost 

Results from a typical test is included in this 

appendix and. the data from the calculation of specific 

energy is used to plot its variation during the test. 

The plot is shown in Figure A3.2. 



FIGA3.1 ANALYSIS OF GRINDING FORCES 



1000 REM Continuous Dressing Program 
1010 REM 
1020 
1030 MODE? 
1040 PROCInputs 
1050 PROCSettings 
1060 PROCRead Data 
1070 PROCGrinding_Forces 
1080 PROCTorque_Power 
1090 PROCTangential Normal Forces 
1100 PROCMRR SEnergy 
1110 PROCG Ratio PowerFlux 
1120 PROCCälculate Mean 
1130 PROCStore Data 
1140 CHAIN "Plotter" 
1150 END 
1160 
1170 REM 
1180 DEF PROCInputs 
1190 PRINT TAB(9,1); CHR$(141); "RIG SETTINGS* 
1200 PRINT TAB(9,2); CHR$(141); "RIG SETTINGS" 
1210 PRINT TAB(9,3); "**************" 
1220 INPUT TAB(2,8); "Enter wheel dia in mm "; DG 
1230 INPUT TAB(2,12); "Enter dresser feed in micro M/Rev "; DI 
1240 INPUT TAB(2,16); "Enter wheel head pulley ratio "; PR 
1250 INPUT TAB(2,20); "Enter Data filename "; Filename$ 
1260 WC=ll 
1270 WF=582 
1280 DC = 1.5 
1290 LG=55 
1300 DX=12 
1310 ENDPROC 
1320 
1330 REM 
1340 DEF PROCSettings 
1350 WG =1450*PR 
1360 REM VG=Wheel Surface Speed. M/s 
1370 VD=24 
1380 WD=VD*60/(3.14*0.1) 
1390 VG=WG*3.14159*DG/60000 
1400 Q=VD/VG 
1410 REM Q=Speed Ratio 
1420 DR=100 
1430 GR =5 
1440 REM radicon gear box ratio 

1450 REM DR=Dresser Dia. mm 
1460 SL=75 
1470 REM Specimen Length is 75mm 
1480 @%=&0002020A 
1490RG=DG/2 
1500 NR=2*WF*SQR(DC/DG) 
1510 PRINT TAB(2,2); "MNIR="; NR 
1520 PRINT TAB(2,4); "Wheel Speed (RPM) ="; WG 
1530 VD=Q*VG 
1540 REM Dresser Dia. is 100mm 
1550 PRINT TAB(2,6); "Dresser Surface Speed ="; VD 
1560 PRINT TAB(2,8); "Dresser Speed (RPM) ="; WD 
1570 TG=(80/WF)*60 
1580 REM Total Movement of the table is 80mm 



1590 PRINT TAB(2,10); "Speed ratio= "; Q 
1600 PRINT TAB(2,12); "Total operation time ="; TG 
1610DF=DI*WG/1000 
1620 PRINT TAB(2,14); "Dresser Feed Rate in mm/min ="; DF 
1630TM=80/WF 
1640 AW=7*DF/60 
1650 PRINT TAB(2,16); "Amount of wheel to be dressed ="; AW 
1660 REM Main motor runs at 1500 RPM 
1670 REM Main gear box reduction is 2.2 
1680 PC=1500/2.2 
1690 REM Lead screw pitch is 2.032 mm 
1700 PF=WF*GR/2.032 
1710 PRINT TAB(2124); "Press the space bar to continue" 
1720 REPEAT: UNTIL INKEY$(1)=" 
1730 CLS 
1740 ENDPROC 
1750 
1760 REM 
1770 
1780 DEF PROCRead Data 
1790 PRINT TAB(9,7); CHR$(141); "ANALYSIS OF RESULTS" 
1800 PRINT TAB(9,3); CHR$(141); "ANALYSIS OF RESULTS" 
1810 PRINT TAB(9,4); " " 
1820 REM Reading the data 
1830 CH = OPENIN (Filename$) 
1840 
1850 INPUT#CH, Divisions% 
1860 INPUT#CH, Time Step 
1870 INPUT#CH, No_of_Channels% 
1880 CLOSE#CH 
1890 DIM N(Divisions%+1, No of_Channels%) 
1900 DIM F(Divisions%+1, No of Channels%) 
1910 DIM Q(Divisions%+1), TTDivisions%+1) 
1920 FOR N% =1 TO 3 
1930 F$ = Filename$ + STR$(N%-1) 
1940 CH = OPENIN(F$) 
1950 FOR M% =1 TO Divisions% +1 
1960 INPUT#CH, N(M%, N%) 
1970 NEXT M% 
1980 CLOSE#CH 
1990 NEXT N% 
2000 CLS 
2010 PRINT" DATA 
2020 PRINT" 
2030 PRINT 
2040 Z% = Divisions% +1 
2050 Z= Z% 
2060 T=Time Step 
2070 FOR I=T TO Z 
2080 N(I, 1)=-N(I, 1) 
2090 N(I, 2)=-N(I, 2) 
2100 N(I, 3)=-N(I, 3) 
2110 PRINT N(I, 1), N(I, 2), N(I, 3) 
2120 NEXT I 
2130 PRINT TAB(2,24); "Press space bar to 
2140 REPEAT: UNTIL INKEY$(1)=" 
2150 CLS 
2160 ENDPROC 
2170 
2180 REM 

continue" 



2190 
2200 
2210 
2220 
2230 
2240 
2250 
2260 
2270 
2280 
2290 
2300 
2310 
2320 
2330 
2340 
2350 
2360 
2370 
2380 
2390 
2400 
2410 
2420 
2430 
2440 
2450 
2460 
2470 
2480 
2490 
2500 
2510 
2520 
2530 
2540 
2550 
2560 
2570 
2580 
2590 
2600 
2610 
2620 
2630 
2640 
2650 
2660 
2670 
2680 
2690 
2700 
2710 
2720 
2730 
2740 
2750 
2760 
2770 

DEF PROCGrinding_Forces 

PROCGet Mins 

PROCGet Ends and Gradients 

PROCV01ts_to_Forces 

PROCPrint Forces 

ENDPROC 

DEF PROCPrint Forces 

CLS 
PRINT TAB(7,2); "FORCES (N)" 
PRINT TAB(7,3); " 
PRINT TAB(1,4); " Fl F2 
FOR I% = Go% TO End% 
PRINT F(I%, 1), F(I%, 2), F(I%, 3), Q(I%) 
NEXT I% 
PRINT TAB(2,24); "Press space bar to 
REPEAT: UNTIL INKEY$(1)=" 
CLS 
ENDPROC 

REM ----------------------------- 

F3(HOR) H/V" 

continue" 

DEF PROCTorque_Power 
REM 
@%=&0002020A 
DIM TR(Divisions% +1), RF(Divisions% +1) 
DIM T1(Divisions% +1), P(Divisions% +1) 
DIM R3(Divisions% +1), TF(Divisions% +1) 
DIM NF(Divisions% +1), FR(Divisions% +1) 
DIM MRR(Divisions% +1), S(Divisions% +1), PF(Divisions% +1) 
DIM B(200) 
FOR I% = Go% TO End% -5 
TX=DX/WF 
RLOST=TX*DF 
R2=RG-RLOST 
D1=SQR(R2*R2-(R2-DC)*(R2-DC)) 
B(I%)=(WF/60)*(I%_GO%)*T-D1 
IF B(I%) <0 GOTO 2690 
RF(I%)=SQR(ABS(T(I%)*T(I%)+F(I%, 3)*F(I%, 3))) 
TR(I%)=F(I%, 3)*175-F(I%, 1)*(20+B(I%))+F(I%, 2)*(98-B(I%)) 
T1(I%)=TR(I%)*0.001 
P(I%)=T1(I%)*WG*2*3.14159/60 
NEXT I% 
PRINT TAB(1,3); " TORQUE POWER" 
PRINT TAB(1,4); " " 
FOR I%=Go% TO End% 
IF B(I%) <0 GOTO 2750 
PRINT T1(I%), P(I%) 
NEXT I% 
PRINT TAB(2,24); "Press space bar to continue" 
REPEAT: UNTIL INKEY$(1)=" " 



2780 CLS 
2790 ENDPROC 
2800 
2810 REM ----------------------------- 
2820 
2830 DEF PROCTangential_Normal Forces 
2840 REM 
2850 FOR I%=Go% TO End% ". 
2860 R3(I%)=R2-(DF/60)*T*(I%-(Go%-1)) 
2870 TF(I%)=TR(I%)/R3(I%) 
2880 IF RF(I%)=0. GOTO 2920 
2890 IF RF. (I%) < TF(I%) GOTO 2920 
2900 NF(I%)=SQR(RF(I%)*RF(I%)-TF(I%)*TF(I%)) 
2910 FR(I%)=TF(I%)/NF(I%) 
2920 NEXT I% 
2930 PRINT 
2940 PRINT TAB(1,2); " TF NF FR" 
2950-PRINT TAB(1,3); " 
2960 FOR I% =Go% TO Ei 
2970 IF B(I%) <0 GOTO 2990 
2980 PRINT TF(I%), NF(I%), FR(I%) 
2990 NEXT I% 
3000 PRINT TAB(2124); "Press space bar to continue" 
3010 REPEAT: UNTIL INKEY$(1)=" 
3020 CLS 
3030 ENDPROC 
3040 
3050 REM ---------------------------- 
3060 
3070 DEF PROCMRR_SEnergy 
3080 
3090 FOR I% = Go% TO End% 
3100 BE=ATN(DF/WF) 
3110 X=(R2-DC)/COS(BE) 
3120 ADC=R3(I%)-X 
3130 MRR(I%)=WF*WC*ADC 
3140 S(I%)=60*P(I%)/MRR(I%) 
3150 NEXT I% 
3160 PRINT 
3170 PRINT TAB(1,2); " S. ENERGY MRR " 
3180 PRINT TAB (1,3) ;" 

_ý"_ _ w. _ _ ý_ ^" 3190 FOR I%=Go% TO End$- 
3200 IF B(I%) <0 GOTO 3220 
3210 PRINT S(I%), MRR(I%) 
3220 NEXT I% 
3230 PRINT TAB(2,24); "Press space bar to continue" 
3240 REPEAT: UNTIL INKEY$(1)=" " 
3250 CLS 
3260 ENDPROC 
3270 
3280 REM ------------------------------ 
3290 DEF PROCG Ratio 

_PowerFlux 3300 FOR I%=Go% TO End% 
3310 A3=ATN(SQR(R2*R2-(R2-DC)*(R2-DC))/(R2-DC)) 
3320 AAC=WC*R3(I%)*(A3-BE) 
3330 PF(I%)=P(I%)/AAC 
3340 NEXT I% 
3350 REM CALCULATION OF G RATIO 
3360 RL=LG*DF/WF 
3370 WL=WC*3.14159*(R2*R2-(R2-AW)*(R2-AW)) 
3380 L1=LG*SIN(BE) 



3390 L2=LG*COS(BE) 
3400 FDC=DC-RLOST 
3410 REM TOTAL MATERIAL REMOVED 
3420 TMR=(0.5*AW+(DC-AW))*L2*WC 
3430 G=TMR/WL 
3440 ENDPROC 
3450 
3460 REM 
3470 --ý--------- _-__ 
3480 DEF PROCStore Data 
3490 *DELETE Points 
3500 CH=OPENOUT('"Points") 
3510 PRINT#CH, Z% 
3520 FOR N% =1 TO Z% 
3530 PRINT#CH, T*(N%_1), S(N%) 
3540 NEXT N% 
3550 PRINT#CH, "S. ENERGY", "TIME" 
3560 CLOSE#CH 
3570 ENDPROC 
3580 
3590 REM 
3600 
3610 DEF PROCCalculate Mean 
3620 C=0 
3630 MPF=O 
3640 MS=O 
3650 MTF=O 
3660 MNF=O 
3670 FOR I% = Go% TO End% -5 3680 IF B(I%)<0 GOTO 3740 
3690 C=C+1 
3700 MPF=MPF+PF(I%) 
3710 MS=MS+S(I%) 
3720 MTF=MTF+TF(I%) 
3730 MNF=MNF+NF(I%) 
3740 NEXT I% 
3750 MPF=MPF/C 
3760 MS=MS/C 
3770 MTF=MTF/C 
3780 MNF=MNF/C 
3790 CLS 
3800 PRINT TAB(2,2); "Mean power flux="; MPF 
3810 PRINT TAB(2,4); "Mean Specific Energy="; MS 
3820 PRINT TAB(2,6); "Mean Tangential Force="; MTF 
3830 PRINT TAB(2,8); "Mean Normal Force="; MNF 
3840 PRINT TAB(2,10); "G Ratio="; G 
3850 PRINT TAB(2124); "Press space bar to continue" 
3860 PRINT TAB(2,12); "Total material removed="; TMR 
3870 REPEAT: UNTIL INKEY$(1)=" 
3880 ENDPROC 
3890 
3900 REM 
3910 
3920 DEF PROCGet Mins 
3930 DIM Start(3), Stop(3), First%(3), Last%(3) 
3940 Go% =1: End% = INT(Z/2) 
3950 FOR J% =1 TO 3 
3960 PROCMiriimum 

"'r 3970 Start(J%) = Min 
3980 First%(J%) = I_Min% 
3990 NEXT J% 



. a. 

4000 
4010 
4020 
4030 
4040 
4050 
4060 
4070 
4080 
4090 
4100 
4110 
4120 
4130 
4140 
4150 
4160 
4170 
4180 
4190 
4200 
4210 
4220 
4230 
4240 
4250 
4260 
4270 
4280 
4290 
4300 
4310 
4320 ; 
4330 
4340 ( 
4350 1 
4360 
4370 
4380 t 
4390 C 
4400 ] 

Go% =Z- INT(Z/4) : End% =Z 
FORJ%=1TO3 
PROCMin itr, urr, 
Stop(J%) = Min 
Last%(J%) = I_Min% 
NEXT J% 
ENDPROC 

RE4 

DEF PROCMinimum 
Min = 100 
FOR I% = Go% T0 
M= N(I%, J%) 
IF M< Min THEN 
NEXT I% 
ENDPROC 

End% 

Min =M: I Min% = I% 

REM 

DEF PROOGet Ends and Gradients 
DIM Gradient(3) 
FOR J% =1 TO 3 
Gradient(J%) = (Stop()%)-Start(J$))/(last%(J%)-First%(J%)-1) 
Offset = Start(J%) - Gradient(J%) * First%(J%) 
I% = First%(J%) : End% = Last%(J%) 
REPEAT 
I%= I%+1 
M= N(I%, J%) - Gradient(]%)*I% - Offset 
UNTIL I% = End% OR M<0 
IF I% = End% THEN 4380 
IF I%/(First%(J%)+Last%(J%)) > 0.5 THEN 4350 
First%(J%) = I% 
Start(J%) = N(I%, J%) 
SO'IO 4230 
Last%(J%) = I% 
Stop(J%) = N(I%, J%) 
)OTO 4230 
1EXT J% 
, o% = First%(1) 
[F First%(2) > Go% THEN Go% = First%(2) 

4410 IF First%(3) > Go% THEN Go% = First%(3) 
4420 Go% = Go% +1 
4430 Did% = Last%(1) 
4440 IF Last%(2) < End% 
4450 IF Last%(3) < End% 
4460 End% = End% -1 
4470 ENDPROC 

THEN End% = Last%(2) 
THEN End% = Last%(3) 

4480 
4490 REM 
4500 
4510 DEF PROCVo1ts to Forces 
4520 FOR I% = Go% TO f]nd% 
4530 F(I%, 1)=(N(I%, 1)-Gradient(1)*(I%-First%(1))-Start(1))*145.8 
4540 F(I%, 2)=(N(I%, 2)-Gradient(2)*(I%-First%(2))-Start(2))*153.5 
4550 F(I%, 3)=(N(I%, 3)-Gradient(3)*(I%-First%(3))-Start(3))*100 
4560 T(I%)=F(I%, 1)+F(i%, 2) 
4570 Q(I%)=F(I%, 3)/T(I%) 
4580 NEXT 1% 
4590 ENDPROC 



RIG SETTINGS 

RIG SETTINGS 

Enter wheel dia in mm ? 248 
Enter dresser feed in Micro M/Rev ?. 5 
Enter wheel head pulley ratio ? 1.53 
Enter Data filename ? 4CD5 
MNIR=90.53 
Wheel Speed (RPM) =218.50 
Dresser Surface Speed =24.00 
Dresser speed (RPM) =4585.99 
Speed ratio= 0.83 
Total operation time =8.25 
Dresser Feed Rote in mm/min =1.11 
Amount of wheel to be dressed =0.13 
Press the space bar to continue 



Readings from the strain gauge amplifier (volts) 

ANALYSIS CAF RESULTS 

------------------- DATA 

PrPs 

0.00 0.00 0.00 
0.06 0.07 -0.06 
0.08 0.07 -0.07 
0.19 0.08 -0.04 
0.41 0.11 0.02 
0.68 0.15 0.09 
0.97 0.21 0.18 
1.25 0.28 0.26 

1.50 0.33 0; 3. 
1.68 0.39 0.38 
1.92 0.44 0.43 
2.16 0.51 0.49 
2.34 0.57 0.52 
2.53 0.66 0.61 
2.65 0.71 0.64 
2.79 0.78 0.68 
2.93 0.85 0.75 
2.97 0.90 0.75 
2.99 0.95 0.79 
2.99 1.00 0.80 
2.97 1.05 0.80 
2.98 1.11 0.81 
2.89 1.14 0.79 
'. 89 1.21 0.80 

2.93 1.28 0.80, 
, 2.83 1.30 0.79 

2.77 1.34 0.78 
2.74 1.39 0.79 
2.64 1.41 0.77 
:. 63 1.47 0.77 

2.57 1.51 0.76 
2.52 1.52 0.73 
2.54 1.58 0.70 

2.45 1.63 0.74 
2.37 1.64 0.73 
2.34 1.69 0.73 
2.24 1.68 0.72 
2.26 1.77 0.73 
2.25 . 1.84 0.73 
2.20 1.89 0.72 
2.18 1.95 0.73 
2.13 1.98 0.72 
2.08 2.02 0.71 
2.08 2.09 0.71 
2.00 2.10 0.70 
1.97 2.14 0.69 
1.95 - 2.20 0.68 
1.38 1.50 0.43 
0.28 0.19 -0.12, 
0.17 0.08 -0.19 
0.17 0.07 -0.19 
space bar to cont inue 



FORCES (N) 

F1 F2 F3(HOR) H/V 
25.65 11.59 2.71 0.07 
57.49 16.15 9.46 0.13 
96.09 22.10 16.52 0.14 

137.70 31.53 25.89 0.15 
179.05 40.79 33.83 0.15 
213.99 48.83 40.51 0.15 
240.69 57.25 46.91 0.16 
275.48 65.98 52.37 0.15 
309.66 76.64 58.39 0.15 
334.43 84.68 61.10 0.15 
362.36 98.07 70.57 0.15 
379.50 106.75 73.91 0.15 
398.73 116.24 77.97 0.15 
419.43 127.54 85.35 0.16 
424.27 135.15 86.07 0.15 
427.23 141.80 90.14 0.16 
426.52 149.89 90.96 0.16 
422.62 156.80 91.29 0.16 
423.28 166.28 92.74 0.16 
410.02 170.79 91.61 0.16 
409.98 180.75 92.26 0.16 
414.51 191.31 92.91 0.15 
400.73 194.74 91.74 0.15 
390.67 200.48 . 91.17 0.15 
385.55 208.30 92.59 0.16 
370.20 210.61 90.66 0.16 
369.03 219.35 91.44 0.16 
359.99 225.24 90.28 0.15 
351.35 227.39 87.44 0.15 
354.92 235.43 85.02 0.14 
340.28 243.68 89.26 0.15 
327.88 244.71 88.44 0.15 
324.28 251.57 88.71 0.15 
308.52 250.29 87.61 0.16 
311.27 264.00 - 89.10 0.15 
309.30- 275.31 89.39 0.15 
301.68 282.38 89.07 0.15 
297.77 290.63 89.82 0.15 
289.69 296.16 89.14 0.15 
282.83 301.57 88.74 0.15 
281.37 311.38 . 89.01 0.15 
270.03 313.53 88.16 0.15 
264.09 319.10 86.89 0.15 
261.10 327.67 86.52 0.15 
178.07 219.81 62.20 0.16 

17.28 19.48 6.56 0.18 
Press space bar to cont inue 



TF NF FR 

----------- 159.40 ------------ 543.09 ------- 0.29 
163.57 552.41 0.30 
164.73 559.81 0.29 
164.78 562.94 0.29 
167.30 572.89 0.29 
165.33 564.27 0.29 
166.99 574.10 0.29 
167.74 589.50 0.28 
165.22 579.41 0.29 
164.37 575.11 0.29 
166.49 577.50 0.29 
163.06 564.77 0.29 
163.78 572.48 0.29 
162.15 569.52 0.28 
155.73 564.21 0.28 
149.69 577.35 0.26 
159.14 568.91 0.28 
156.46 557.85 0.28 
155.80 561.42 0.28 
152.99 544.55 0.28 
155.57 560.96 0.28 
156.65 570.28 0.27 
156.63 569.67 0.27 
157.22 574.08 0.27 
156.07 571.67 0.27 
154.77 570.48 0.27 
154.19 579.22 0.27 

0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 
0.00 0.00 0.00 

Press space bar to cont inue 
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20.27 
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20.42 
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20.79 
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i 
20.29 

20.09 
19.30 
18.55 
19.72 
19.38 
19.30 
18.95 
19.27 
19.41 
19. -40 
19.48 
19.33 
19.17 
19.10 

0.00 
0.00 
0.00 
0.00 
0.00 

Press space 

4589.67 
4709.64 
4742.98 
4744.13 
4816.60 
4759.88 
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4756.31 
4731.84 
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4693.96 
4714.42 
4667.66 
4482.76 
4309.79 
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4477.56 
4508.47 
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4524.77 
4491.38 
4453.90 
4437.29 

0.00 
0.00 
0.00 
0.00 
0.00 

bar to continue 
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29.46 9348.60 
30.28 9331.82 
: 30.55 9314.96 
30.61 9298.10 
31.14 Q201.24 
30.83 9264.38 
; 31.19 9247.52 
31.39 9230.66 
30.97 9213.80 
30.87 9196.94 
31.33 9180.08 
30.74 9163.22 
30.93 9146.36 
30.68 9129.50 
29.52 9112.64 
28.42 9095.78 
30.27 9078.92 
29.82 9062.06 
29.75 9045.20 
29.26 9028.34 
29.81 9011.48 
30.07 8994.62 
30.13 8977.76 
30.30 8960.90 
30.13 8944.04 
29.93 8927.18 
29.88 8910.32 

0.00 8893.46 
0.00 8876.60 
0.00 8859.74 
0.00 8842.88 
0.00 8826.02 

Press space bar to continue 

Mean power flux=22.00 
Mean Specific Energy=30.31 
Mean Tangential Force=160.22 
Mean Normal Force=567.72 
G_Ratio=0.78 
Press space bar to continue 
Total material removed=868.35 
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APPENDIX 4 

CNC SOFTWARE 

A4.1 Trans-01 parameters 

The parameters can only be entered or edited by the 

parameter key switch. Line feed is used to view the 

next parameter and 'enter is used to' reverse the 

parameter readings. The first five and the last three 

parameters were not used in this work. The following 

is a typical list of parameters that were used in 

programming continuous, intermittent or pulse dressing 

cycles. Note that the gear box ratio is entered as 

1: 10, although there was no gearing ratio, but this was 

used to provide feed rates with one decimal point. The 

CNC System is designed to accept only round numbers for 

dresser feedrate. Therefore, all speeds and positions 

should be divided by 10 to show the real values. 

P00 Trans-Number 1 
P01 Trans-group No 1 
P02 Serial cycle input 00000 
P03 Serial ACKN inputs 00000 
P04 Serial conditions 0 
P05 Units (0=mm, l=inch) 0 

P06 encoder cycles/rev 625 
P07 ball screw lead 5 
P08 gearbox rev in 1 
P09 gearbox rev out 10 

P10 + Travel limit 250 

P11 - Travel limit -10 
P12 Reference position 0.0 
P13 Motor rpm/10 volts 4000 

P14 KV-factor 5.0 

P15 Homing speed 1000 (mm. min) 

hL 



P16 Rapid speed 1000 
P17 Jogging speed 1000 
P18 Jogging rapid 1000 
P19 Ramp 8000 
P20 Max feed rate 1 
P21 Retract 0.0 
P22 Direction polarity 1 
P23 Homing speed 1 
P24 Jogging direction 0 
P25 Max feed rate for G5 10 
P26 % Torque to pos stop 1 
P27 % Torque at pos stop 1 
P28 Aux output EM stop - 
P29 Aux output IM stop - 
P30 Nom current (A) 30 
P31 Max No-thrust-current 1 
P32 Spindle direction .0 
P33 Spindle rpm/10 volts 10 
P34 Operation mode 1 01000000 

A4.2 CNC Drogrammes 

The programmes used by the Trans read the parameters 

listed above. The only new information required for 

each programme was the dresser feed rate and the 

positions. These were entered once the position of the 

dresser, just before touching the grinding wheel, was 

found by manual jogging. Four different programmes 

were written and they were for BCD switches, 

continuous, intermittent and pulse dressing operations. 

These are included in this appendix. 
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Figure 1 Illustration of pulse dressinrj 
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Figure 3 Transition of grinding forces during a grinding operation 
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FIG 8 DIAMOND ROLLER BEARING HOUSING 
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-0.2 to -1.0. In contrast, it increases as the speed ratio is 
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Figure 13a Illustration of theoretical profile height 



LS MESHING SHIFT 
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After each rotation of the grinding wheel, the profile is shifted by ar 
and L until the unchanging, profile is reached. The unchanginct profile 
is whin the profile of first diamond grits meshes with the profile of the 
second diamond grit at a point below the Point A. The unchanging profile 
determines the lowest point on the surface. 

Figure 13b Profiles of diamond grits on the grinding wheel surface 
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Figure 28 A pulse dressing test as recorded by the data 

capture unit. 
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roller in continuouse 



, _,. 
STARTOF GRINDING 

U, 
m 

i'1 
1 

. It 

1 

pý 

i 
I1 

y j11 ý; 

Figure 49 The 
full 
when 

1VOLT =145N 

top grinding force shown in Figure 48 is magnified to 
mnitor scale. Note the aimunt, of, vibration present 
the reverse plated dresser is used 

ENO 

r 
1 

r(1jI loll ý 



::: 
:;: :;:: i% : i: ::: :: sic:: iiis::: ci: i :: i: i: i": s'::: c::: :::: ': ':: i: c:::: ': ' 

6 
N! 

10 

How Kant' Divisions ? 188 Change Divisions (YIN)? 

Figure 50 Grinding force recorded 
ro 

when ccalontinuOu 
onditiyndressed 

with a handset diamond 
Figure 49 



I 

PLATE 1 An aero engine turbine blade 

The aerofoil remains in the as cast condition. The shroud and 
the fir-tree root are creep feed ground. Continuous dressing 
is used to remove most of stock and a light back pass produces 
the final finish. 
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PLATE 5 Close up view of grinding and dressing zones 

The grinding dynamometer, workpiece in its holder, coolant 
shoe, dresser dynamometer and the dresser slideway servomotor 
with its feed back cables can be seen. 



PLATE 6 Dresser drive mechanism 

The universal joint coupling, bearing housing on a sliding 
platform and the MAC72 servomotor can be seen. The coolant 
return pipe is also shown. 
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PLATE 7 Handset diamond roller 

The diamond roller is provided with its mandrel, angular 
contact bearings and seals. Note the formation of diamonds on 
its surface for comparison with Plate 8. 
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PLATE 8 Reverse plate diamond roller and the 
bearing housing 

The housing is split from the centre line of the roller to 
assist a quick change over of the dresser. The cutting surface 
is very smooth and diamonds are closely packed. 
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PLATE 9 Workpiece burn 

A thermally damaged workpiece is shown against a sound 
specimen. 
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PLATE 10 Microscopic structure of a burnt workpiece 

From top to bottom, the black areas are reduced , with thermal 
damage at the top part. 
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