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Preface to the second edition

Six years after the appearance of the first edition a second edition of this book is
required because it appears to have met the requirements for a publication treating
the metallurgical aspects of metal cutting, which have been dealt with as secondary
features in previous books on this subject. The second edition contains new material
in two categories. The last six years have seen rapid development of new tool
materials, some of which were not mentioned in the first edition but are now in
commercial production. Significant changes in high speed steel and in cemented
carbide tools have also required extended discussion of these materials. Chapter 6 of
the first edition has been divided into chapters dealing with these two groups
separately. A new chapter covering ceramic and ultrahard tool materials has been

added.
New research aimed at improving understanding of the cutting process has

advanced our knowledge. Chapters 3, 4, 5, 9 and 10 have been extended and
amended to incorporate, and to discuss critically, the new research which has come to
my attention. I am grateful to many research students at the University of Birming-
ham and to Mr E. F. Smart of the Technical Staff for the important contributions
which they have made. I would particularly like to acknowledge the work of Dr Y.
Naerheim, Dr J. Wallbank, DrP. A. Dearnley, Dr J. L. Hau-Bracamonte and Dr R.
Milovic. I am indebted also to those readers and colleagues who have kindly written
to me indicating errors and omissions in the first edition and suggesting inclusion of
new material.

I hope the changes and additions made will improve the effectiveness of the book
in assisting those involved in metal cutting to advance this activity, which continues to
be of great industrial importance.

EM. Trent



Preface to the first edition

I have been fortunate in having many able and congenial colleagues during the
twenty-five years in which I have been actively interested in the subject of metal
cutting. Without their collaboration and the contributions which they have made in
skill and ideas this book would not have been written. I would like here to acknow-
ledge the part which they have played in developing understanding of the metal
cutting process.

My ideas on the subject were formulated during the years when I was employed by
Hard Metal Tools Ltd. of Coventry (now Wickman-Wimet Ltd.) in research and
development on cemented carbide tool materials. In the last eight years in the
Industrial Metallurgy Department at the University of Birmingham, work with a
group of technicians, staff and students has helped to develop these ideas further and
to broaden the subject matter. If for no other reason than the length of Chapter six,
on the subject of tool materials, the reader will hardly fail to notice the central
position in this picture of metal cutting which is occupied by the tool. This emphasis
must be attributed very largely to my personal involvement in metal cutting as a
metallurgist whose major interest has been in tool materials. However, it is not
inappropriate to look at metal cutting from this point of view.

In his book Man the Tool Maker, published by the British Museum, Kenneth P.
Oakley states the proposition ‘Human progress has gone step by step with the
discovery of better materials of which to make cutting tools, and the history of man is
therefore broadly divisible into the Stone Age, the Bronze Age, the Iron Age and the
Steel Age’. Certainly, in the last 100 years, since the alloy tool steels of Robert
Mushet, the accelerated development of new materials for cutting metals has made
the most important contribution to the vast increase in machining efficiency which
has characterised engineering industry in this period. This is because the ability of the
tool to withstand the stresses and temperatures involved has been the factor limiting
the speed of cutting and the forces and power which could be employed. Unfortu-
nately the key role played by tool materials has not been appreciated by industrial
and political leaders in the United Kingdom. Very important sectors of tool material
production have passed into the hands of large corporations controlled from outside
the country. This is in spite of the fact that in this relatively small, vital sector of
industry we have at present, as in the past, the technical and scientific expertise to
maintain a position of excellence at least equal to any in the world.

The metallurgical emphasis of this book is largely due to my time as a student at
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Sheffield University in the Metallurgy Department where two people in particular,
Dr Edwin Gregory and Mr G.A. de Belin were responsible for a very high level of
teaching in the techniques and interpretations of metallography. The most important
element in the evidence presented here comes from optical metallography. The field
of useful observation is being greatly extended by electron microscopy and by
instruments such as the microprobe analyser, but a high level of optical metallogra-
phy remains at the centre of such metallurgical investigations. Studies of the signific-
ant regions in metal cutting present many technical difficulties for the metallog-
rapher and I would like to pay tribute to the skill and painstaking work of many of my
colleagues, and in particular to Mr E.F. Smart, who has worked continuously in this
region for many years and has taken many of the photomicrographs presented here.
Dr P.K. Wright, Dr B. Dines and Dr R. Freeman at the University of Birmingham,
and many of the staff at Wickman-Wimet Laboratories, have contributed to the
metallurgical observations.

Ideasin a complex areasuch as metal cutting are shaped by innumerable contribu-
tions varying from major research projects to informal discussions. It is impossible to
make adequate reference to all the participants, but apart from colleagues already
mentioned, I would like to acknowledge in particular the contributions of Mr E.
Lardner, Dr D.R. Milner, and Professor G.W. Rowe. In this work I have had
available the resources of Wickman-Wimet Ltd. under the former Research Direc-
tor, Mr A_.E. Oliver, and of the Industrial Metallurgy Department at the University
of Birmingham under the late Professor E.C. Rollason and Professor D.V. Wilson.

Not all of my colleagues would agree with all the notions incorporated in this
picture of metal cutting. I accept responsibility for the general philosophy of the book
and for the detailed form in which it is presented. If the result is to help some of those
engaged in practice in machining to take more rational decisions because of better
understanding of what happens during metal cutting, or if further research in this
area is stimulated then I will consider that the effort of putting the book together has
been worthwhile.

My wife has contributed in innumerable ways to the writing of the book, but
especially by spending many hours carefully reading the typescript, correcting and
improving the presentation. I am very grateful to her for this assistance and for her
patience during the months that I have been preoccupied with this work.

E.M. Trent
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CHAPTER 1
Introduction

Subject matter

It would serve no useful purpose to attempt a precise definition of metal cutting. In
this book the term isintended to include operations in which a thin layer of metal, the
chip or swarf, is removed by a wedge-shaped tool from a larger body. There is no
hard and fast line separating chip-forming operations from others such as the
shearing of sheet metal, the punching of holes or the cropping of lengths from a bar.
These also can be considered as metal cutting, but the action of the tools and the
process of separation into two parts are so different from those encountered in
chip-forming operations, that the subject requires a different treatment and these
operations are not considered here.

There is a great similarity between the operations of cutting and grinding. Our
ancestors ground stone tools before metals were discovered and later used the same
process for sharpening metal tools and weapons. The grinding wheel does much the
same job as the file, which can be classified as a cutting tool, but has a much larger
number of cutting edges, randomly shaped and oriented. Each edge removes a much
smaller fragment of metal than is normal in cutting, and it is largely because of this
difference in size that conclusions drawn from investigations into metal cutting must
be applied with reservations to the operation of grinding.'-?

In the engineering industry, the term machining is used to cover chip-forming
operations, and a definition with this meaning appears in many dictionaries. Most
machining is carried out to shape metals and alloys, but the lathe was first used to turn
wood and bone, and today many plastic products also are machined. The term metal
cutting is used here because research has shown certain characteristic features of the
behaviour of metals during cutting which dominate the process, and without further
work, it is not possible to extend the principles described here to embrace the cutting
of other materials.

Historical
Before the middle of the 18th century the main material used in engineering

structures was wood. The lathe and a few other machine tools existed, mostly
contructed in wood and most commonly used for shaping wooden parts. The boring
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of cannon and the production of metal screws and small instrument parts were the
exceptions. It was the steam engine, with its requirement of large metal cylinders and
other parts of unprecedented dimensional accuracy, which led to the first major
developments in metal cutting.

The materials of which the first steam engines were constructed were not very
difficult to machine. Grey cast iron, wrought iron, brass and bronze were readily cut
using hardened carbon steel tools. The methods of heat treatment of tool steel had
been evolved by centuries of craftsmen, and reasonably reliable tools were available,
although rapid failure of the tools could be avoided only by cutting very slowly. It
required 27%2 working days to bore and face one of Watt’s large cylinders.?

At the inception of the steam engine, no machine tool industry existed — the whole
of this industry is the product of the last two hundred years. The century from 1760 to
1860 saw the establishment of enterprises devoted to the production of machine
tools. Maudslay, Whitworth, and Eli Whitney, among many other great engineers,
devoted their lives to perfecting the basic types of machine tools required for
generating, in metallic components, the cylindrical and flat surfaces, threads,
grooves, slots and holes of many shapes required by the developing industries.®* The
lathe, the planer, the shaper, the milling machine, drilling machines and power saws
were all developed into rigid machines capable, in the hands of good craftsmen, of
turning out large numbers of very accurate parts and structures of sizes and shapes
that had never before been contemplated. By 1860 the basic problems of how to
produce the necessary shapes in the existing materials had largely been solved. There
had been little change in the materials which had to be machined — cast iron, wrought
iron and a few copper based alloys. High carbon tool steel, hardened and tempered
by the blacksmith, still had to answer all the tooling requirements. The quality and
consistency of tool steels had been greatly improved by a century of experience with
the crucible steel process, but the limitations of carbon steel tools at their best were
becoming an obvious constraint on speeds of production.

From 1860 to the present day, the emphasis has shifted from development of the
basic machine tools and the know-how of production of the required shapes and
accuracy, to the problems of machining new metals and alloys and to the reduction of
machining costs. With the Bessemer and Open Hearth steel making processes, steel
rapidly replaced wrought iron as a major construction material. The tonnage of steel
soon vastly exceeded the earlier output of wrought iron and much of this had to be
machined. Alloy steels in particular proved more difficult to machine than wrought
iron, and cutting speeds had to be lowered even further to achieve a reasonable tool
life. Towards the end of the 19th century the costs of machining were becoming very
great in terms of manpower and capital investment. The incentive to reduce costs by
cutting faster and automating the cutting process became more intense, and, up to
the present time, continues to be the mainspring of the major developments in the
metal cutting field.

The technology of metal cutting has been improved by contributions from all the
branches of industry with an interest in machining. The replacement of carbon tool
steel by high speed steels and cemented carbides has allowed cutting speeds to be
increased by many times. Machine tool manufacturers have developed machines
capable of making full use of the new tool materials, while automatic machines,
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numerically controlled (NC) machines, often with computer control (CNC), and
transfer machines greatly increase the output per worker employed. Tool designers
and machinists have optimised the shapes of tools to give long tool life at high cutting
speed. Lubricant manufacturers have developed many new coolants and lubricants
to improve surface finish and permit increased rates of metal removal.

The producers of those metallic materials which have to be machined played a
double role. Many new alloys were developed to meet the increasingly severe
conditions of stress, temperature and corrosive atmosphere imposed by the require-
ments of our industrial civilisation. Some of these, like aluminium and magnesium,
are easy to machine, but others, like high-alloy steels and nickel-based alloys,
become more difficult to cut as their useful properties improve. On the other hand,
metal producers have responded to the demands of production engineers for metals
which can be cut faster. New heat treatments have been devised, and the introduction
of alloys like the free-machining steels and leaded brass has made great savings in
production costs.

Today metal-cutting is a very large segment indeed of our industry. The motor car
industry, electrical engineering, railways, shipbuilding, aircraft manufacture, pro-
duction of domestic equipment and the machine tool industry itself — all these have
large machine shops with many thousands of employees engaged in machining. In
1971 in the UK there were over 1 million machine tools, 85% of which were metal
cutting machines.® There are thus more than a million people directly engaged in
machining and others in subsidiary activities. The cost of metal cutting in the UK was
calculated in 1981 to be approximately £20 000 m.* In 1957 an estimate showed that
more than 15 million tons of metal were turned into swarf in the USA,® and in the
same year 100 million tons of steel were produced. This suggests that something like
10% of all the metal produced is turned into chips. Thus metal cutting is a very major
industrial activity, employing tens of millions of people throughout the world.
Computer control of machining operations is likely to reduce greatly the number of
machinists employed but, by reducing costs, it may further increase the amount of
metal cutting in engineering industry. The wastefulness of turning so much metal into
low grade scrap has directed attention to methods of reducing this loss. Much effort
has been devoted to the development of ways of shaping components in which metal
losses are reduced to a minimum - employing processes such as cold-forging,
precision casting and powder metallurgy — and some success has been achieved.
However, the weight of components cold forged from steel is about 30 thousand tons
in the UK (excluding fasteners), and the annual production of powder metaliurgy
products is of the order of 15 thousand tons. So far there are few signs that the
numbers of components machined or the money expended on machining are being
significantly reduced. In spite of its evident wastefulness, it is still the cheapest way to
make very many shapes and is likely to continue to be so for many years. The further
evolution of the technology of machining to higher standards of efficiency and
accuracy, and with less intolerable working conditions, is of great importance to
industry generally.

Progress in the technology of machining is achieved by the ingenuity and experi-
ment, the intuition, logical thought and dogged worrying of many thousands of
practitioners engaged in the many-sided arts of metal cutting. The worker operating
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the machine, the tool designer, the lubrication engineer, the metallurgist, are all
constantly probing to find answers to new problems created by the necessity to
machine novel materials, and by the incentives to reduce costs, by increasing rates of
metal removal, and to achieve greater precision or improved surface finish. However
competent they may be, there can be few craftsmen, technologists or scientists
engaged in this field who do not feel that they would be better able to solve their
problems if they had a deeper knowledge of what was happening at the cutting edge
of the tool.

It is what happens in a very small volume of metal around the cutting edge that
determines the performance of tools, the machinability of metals and alloys and the
qualities of the machined surface. During cutting, the interface between tool and
work material is largely inaccessible to observation, but indirect evidence concerning
stresses, temperatures, metal flow and interactions between tool and work material
has been contributed by many researches. This book will endeavour to summarise
the available knowledge concerning this region derived from published work, the
Author’s own research and that of many of his colleagues.
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CHAPTER 2
Metal cutting operations and terminology

Of all the processes used to shape metals, it is in machining that the conditions of
operation are most varied. Almost all metals and alloys are machined - hard or soft,
cast or wrought, ductile or brittle, with high or low melting point. Most shapes used in
the engineering world are sometimes produced by machining and, as regards size,
components from watch parts to pressure vessels more than 3 m (10 ft) in diameter
are shaped by cutting tools. Many different machining operations are used, involving
cutting speeds as high as 600 m min~! (2000 ft/min) or as low as a few centimetres
(inches) per minute, while cutting may be continuous for several hours or interrupted
in fractions of a second.

It is important that this great variability be appreciated. Some of the major
variables are, therefore, discussed and the more significant terms defined by describ-
ing briefly some of the more important metal cutting operations with their distinctive
features.

Turning

This basic operation is also the one most commonly employed in experimental work
on metal cutting. The work material is held in the chuck of a lathe and rotated. The
tool is held rigidly in a tool post and moved at a constant rate along the axis of the bar,
cutting away a layer of metal to form a cylinder or a surface of more complex profile.
This is shown diagrammatically in Figure 2.1.

The cutting speed (V) is the rate at which the uncut surface of the work passes the
cutting edge of the tool — usually expressed in units of ft/min or m min~"'. The feed (f)
is the distance moved by the tool in an axial direction at each revolution of the work,
Figure 2.1c. The depth of cut (w) is the thickness of metal removed from the bar,
measured in a radial direction, Figure 2.1b and ¢. The product of these three gives the
rate of metal removal, a parameter often used in measuring the efficiency of a cutting
operation.

V fw = rate of metal removal

The cutting speed and the feed are the two most important parameters which can
be adjusted by the operator to achieve optimum cutting conditions. The depth of cut
is often fixed by the initial size of the bar and the required size of the product. Cutting
speed is usually between 3 and 200 m min~’ (10 and 600 ft/min) but in exceptional
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{b)
Figure 2.1 Lathe turning

cases, may be as high as 3000 m min~"' (10 000 ft/min). The rotational speed (RPM)
of the spindle is usually constant during a single operation so that, when cutting a
complex form the cutting speed varies with the diameter being cut at any instant. At
the nose of the tool the speed is always lower than at the outer surface of the bar, but
the difference is usually small and the cutting speed is considered as constant along
the tool edge in turning. Recent computer-controlled machine tools have the capac-
ity to maintain a constant cutting speed, V, by varying the rotational speed as the
work-piece diameter changes. Feed may be as low as 0.012 S mm (0.000 S in) per
rev. and with very heavy cutting up to 2.5 mm (0.1 in) per rev. Depth of cut may vary
from nil over part of the cycle to over 25 mm (1 in). It is possible to remove metalat a
rate of more than 1600 cm?® (100 in®) per minute, but such a rate would be very
uncommon and 80-160 cm® (5-10 in®*) per minute would normally be considered as
rapid.

Figure 2.2 shows some of the main features of a turning tool. The surface of the
tool over which the chip flows is known as the rake face. The cutting edge is formed by
the intersection of the rake face with the clearance face or flank of the tool. The tool is
so designed and held in such a position that the clearance face does not rub against
the freshly cut metal surface. The clearance angle is variable but is often of the order
of 6-10°. The rake face is inclined at an angle to the axis of the bar of work material
and this angle can be adjusted to achieve optimum cutting performance for particular
tool materials, work materials and cutting conditions. The rake angle is measured
from a line parallel to the axis of rotation of the work-piece (Figure 2.2b). A positive
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Rake face

End
clearance
face

face
Cutting

Clearance
angle

(b)

Positive 1 Negative
rake angle a rake angle «
{c) (d)

Figure 2.2 Cutting tool terminology

rake angle is one where the rake face dips below the line, Figure 2.2¢, and early metal
cutting tools had large positive rake angles to give a cutting edge which was keen, but
easily damaged. Positive rake angles may be up to 30° but the greater robustness of
tools with smaller rake angle leads in many cases to the use of zero or negative rake
angle, Figure 2.2d. With a negative take angle of 5° or 6°, the included angle between
the rake and clearance faces may be 90°, and this has advantages.

The tool terminates in an end clearance face, Figure 2.2a, which also is inclined at
such an angle as to avoid rubbing against the freshly cut surface. The nose of the tool
is at the intersection of all three faces and may be sharp, but more frequently there is
a nose radius between the two clearance faces.

This very simplified description of the geometry of one form of turning tool is
intended to help the reader without practical experience of cutting to follow the
terms used later in the book. The design of tools involves an immense variety of
shapes and the full nomenclature and specifications are very complex."? It is difficult
to appreciate the action of many types of tool without actually observing or, prefer-
ably, using them. The performance of cutting tools is very dependent on their precise
shape. In most cases there are critical features or dimensions which must be accu-
rately formed for efficient cutting. These may be, for example, the clearance angles,
the nose radius and its blending into the faces, or the sharpness of the cutting edge.
The importance of precision in tool making, whether in the tool room of the user, or
in the factory of the tool maker, cannot be over estimated. This is an area where
excellence in craftsmanship is still of great value.

A number of other machining operations are discussed briefly, with the object of
demonstrating some characteristic differences and similarities in the cutting para-
meters.
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Boring

Essentially the conditions of boring of internal surfaces differ little from those of
turning, but this operation illustrates the importance of rigidity in machining. Par-
ticularly when a long cylinder with a small internal diameter is bored, the bar holding
the tool must be long and slender and cannot be as rigid as the thick, stocky tools and
tool post used for most turning. The tool tends to be deflected to a greater extent by
the cutting forces and to vibrate. Vibration may affect not only the dimensions of the
machined surface, but its roughness and the life of the cutting tools.

Drilling

In drilling, carried out on a lathe or a drilling machine, the tool most commonly used
is the familiar twist-drill. The ‘business end’ of a twist drill has two cutting edges. The
rake faces of the drill are formed by part of each of the flutes, Figure 2.3, the rake
angle being controlled by the helix angle of the drill. The chips slide up the flutes,
while the end faces must be ground at the correct angle to form the clearance face.

An essential feature of drilling is the variation in cutting speed along the cutting
edge. The speed is a maximum at the periphery, which generates the cylindrical
surface, and approaches zero near the centre-line of the drill, the web, Figure 2.3,
where the cutting edge is blended to a chisel shape. The rake angle also decreases
from the periphery, and at the chisel edge the cutting action is that of a tool with a
very large negative rake angle. The variations in speed and rake angle along the edge
are responsible for many aspects of drilling which are peculiar to this operation.
Drills are slender, highly stressed tools the flutes of which have to be carefully
designed to permit chip flow whilst maintaining adequate strength. The helix angles
and other features are adapted to the drilling of specific classes of material.

Helix
angle =rake angle

Clearance Figure 2.3 The twist drill

Facing

Turning, boring and drilling generate cylindrical or more complex surfaces of rota-
tion. Facing, also carried out on a lathe generates a flat surface, normal to the axis of
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rotation, by feeding the tool from the surface towards the centre or outward from the
centre. In facing, the depth of cut is measured in a direction parallel to the axis and
the feed in a radial direction. A characteristic of this operation is that the cutting
speed varies continuously, approaching zero towards the centre of the bar.

Forming and parting off

Surfaces of rotation of complex form may be generated by turning, but some shapes
may be formed more efficiently by use of a tool with a cutting edge of the required
profile, which is fed into the peripheral surface of the bar in a radial direction. Such
tools often have a long cutting edge. The part which touches the work-piece first cuts
forthe longest time and makes the deepest part of the form, while another part of the
tool is cutting for only a very short part of the cycle. Cutting forces, with such a long
edge, may be high and the feed is usually low.

Many short components, such as screws and bolts, are made from a length of bar,
the final operation being parting off, a thin tool being fed into the bar from the
periphery to the centre or to a central hole. The tool must be thin to avoid waste of
material, but it may have to penetrate to a depth of several centimetres. These
slender tools must not be further weakened by large clearance angles down the sides.
Both parting and forming tools have special difficulties associated with small clear-
ance angles, which result in rapid wear at localised positions.

Milling

Both grooves and flat surfaces — for example the faces of a car cylinder block — are
generated by milling. In this operation the cutting action is achieved by rotating the
tool, while the work is held on a table and the feed action is obtained by moving it
under the cutter, Figure 2.4. There is a very large number of different shapes of

&

Figure 2.4 Milling cutters
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milling cutter for different applications. Single toothed cutters are possible but
typical milling cutters have a number of teeth {cutting edges) which may vary from
three to over one hundred. The new surface is generated as each tooth cuts away an
arc-shaped segment, the thickness of which is the feed ortooth load. Feeds are usually
light, not often greater than 0.25 mm (0.01 in) per tooth, and frequently less then
0.025 mm (0.001 in) per tooth. However, because of the large number of teeth, the
rate of metal removal is often high. The feed often varies through the cutting part of
the cycle. In the orthodox milling operation shown in Figure 2.4a the feed on each
tooth 1s very small at first and reaches a maximum where the tooth breaks contact
with the work surface. If the cutter is designed to rotate in the opposite direction,
(Figure 2.4b) the feed is greatest at the point of initial contact.

An important feature of all milling operations is that the action of each cutting
edge is intermittent. Each tooth is cutting during less than half of a revolution of the
cutter, and sometimes for only a very small part of the cycle. Each edge is subjected
to periodic impacts as it makes contact with the work, is stressed and heated during
the cutting part of the cycle, followed by a period when it is unstressed and allowed to
cool. Frequently cutting times are a small fraction of a second and are repeated
several times a second, involving both thermal and mechanical fatigue of the tool.
The design of milling cutters is greatly influenced by the problem of getting rid of the
chips so that they do not interfere with the cutting action.

Milling is used also for the production of curved shapes, while end mills, which are
larger and more robust versions of the dentist’s drill, are employed in the production
of hollow shapes such as die cavities.

Shaping and planing

These are two other methods for generating flat surfaces and can also be used for
producing grooves and slots. In shaping, the tool has a reciprocating movement, the
cutting taking place on the forward stroke along the whole length of the surface being
generated, while the reverse stroke is made with the tool lifted clear, to avoid damage
to the tool or the work. The next stroke is made when the work has been moved by
the feed distance, which may be either horizontal or vertical. Planing is similar, but
the tool is stationary, and the cutting action is achieved by moving the work. The
reciprocating movement, involving periodic reversal of large weights, means that
cutting speeds are relatively slow, but fairly high rates of metal removal are achieved
by using high feed. The intermittent cutting involves severe impact loading of the
cutting edge at every stroke. The cutting times between interruptions are longer than
in milling but shorter than in most turning operations.

Broaching
Broaching is an operation in which a cutting tool with multiple transverse cutting

edges (a broach) is pulled or pushed over a surface or through a hole. Each successive
cutting edge removes a layer of metal, giving a steady approach to the required final
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shape. It is an operation designed to produce high-precision forms and the complex
tools are expensive. The shapes produced may be flat surfaces but more often are
holes of various forms or grooved components such as fir-tree roots in turbine discs,
or the teeth of gears. Cutting speeds and feeds are low in this operation and adequate
lubrication is essential.

The operations described are some of the more important ones employed in
shaping engineering components, but there are many others. Some of these, like
sawing, filing and tapping of threads, are familiar to all of us, but others such as
skiving, reaming or the hobbing of gears are the province of the specialist. Each of
these operations has its special characteristics and problems, as well as the features
which it has in common with the others.

There is one further variable which should be mentioned at this stage and thisis the
environment of the tool edge. Cutting is often carried out in air, but, in many
operations, the use of a fluid to cool the tool or the workpiece, and/or act as a
lubricant is essential to efficiency. The fluid is usually a liquid, based on water or a
mineral oil, but may be a gas such as CO-. The action of coolants/lubricants will be
considered in the last chapter, but the influence of the cutting lubricant, if any, should
never be neglected.

One object of this very brief discussion of cutting operations is to make a major
point which the reader should bear in mind in the subsequent chapters. In spite of the
complexity and diversity of machining in the hard world of the engineering industry,
an analysis is made in the next chapters of some of the more important features which
metal cutting operations have in common. The work on which this analysis is based
has, of necessity, been derived from a study of a limited number of cutting operations
— often the simplest — such as uninterrupted turning, and from investigations in
machining a limited range of work materials. The results of this analysis should not be
used uncritically, because, in the complex conditions of machine shops, there can be
relatively few statements which apply universally. In considering any problem of
metal cutting, the first questions to be asked should be — what is the machining
operation, and what are the specific features which are critical for this operation??
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CHAPTER 3

The essential features of metal cutting

The processes of cutting most familiar to us in everyday life are those in which very
soft bodies are severed by a tool such as a knife, in which the cutting edge is formed by
two faces meeting at a very small included angle. The wedge-shaped tool is forced
symmetrically into the body being cut, and often, at the same time, is moved parallel
with the edge, as when slicing bread. If the tool is sharp, the body may be cut cleanly,
with very little force, into two pieces which are gently forced apart by the faces of the
tool. A microtome will cut very thin layers from biological specimens with no
observable damage to the layer or to the newly-formed surface.

Metal cutting is not like this. Metals and alloys are too hard, so that no known tool
materials are strong enough to withstand the stresses which they impose on very
‘fine’ cutting edges. (Very low melting point metals, such as lead and tin, may be cut
in this way, but this is exceptional). If both faces forming the tool edge act to force
apart the two newly-formed surfaces, very high stresses are imposed, much heat is
generated, and both the tool and the work surfaces are damaged. These considera-
tions make it necessary for a metal-cutting tool to take the form of a large-angled
wedge, which is driven asymmetrically into the work material, to remove a thin layer
from a thicker body (Figure 3.1). The layer must be thin to enable the tool and work
to withstand the imposed stress and a clearance angle must be formed on the tool to
ensure that the clearance face does not make contact with the newly-formed work
surface. In spite of the diversity of machining operations, emphasised in Chapter 2,
these are features of all metal cutting operations and provide common ground from
which to commence an analysis of machining.

In practical machining, the included angle of the tool edge varies between 55° and
90°, so that the removed layer, the chip, is diverted through an angle of at least 60° as
it moves away from the work, across the rake face of the tool. In this process, the
whole volume of metal removed is plastically deformed, and thus a large amount of
energy is required to form the chip and to move it across the tool face. In the process,
two new surfaces are formed, the new surface of the work-piece (OA in Figure 3.1)
and the under surface of the chip (BC). The formation of new surfaces requires
energy, but in metal cutting, the theoretical minimum energy required to form the
new surfaces is an insignificant proportion of that required to deform plastically the
whole of the metal removed.

The main objective of machining is the shaping of the new work surface. It may
seem, therefore, that too much attention is paid in this book to the formation of the
chip, which is a waste product. But the consumption of energy occurs mainly in the

12
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Figure 3.1 Metal cutting diagram

formation and movement of the chip, and for this reason, the main economic and
practical problems concerned with rate of metal removal and tool performance, can
be understood only by studying the behaviour of the work material as it is formed
into the chip and moves over the tool. Knowledge of the process of chip formation is
required even for understanding the condition of machined surfaces.

The chip

The chip is enormously variable in shape and size in industrial machining operations;
Figure 3.2 shows some of the forms. The formation of all types of chip involves a
shearing of the work material in the region of a plane extending from the tool edge to
the position where the upper surface of the chip leaves the work surface (OD in
Figure 3.1). A very large amount of strain takes place in this region in a very short
interval of time, and not all metals and alloys can withstand this strain without
fracture. Grey cast iron chips, for example, are always fragmented, and the chips of
more ductile materials may be produced as segments, particularly at very low cutting
speed. This discontinuous chip is one of the principal classes of chip form, and has the
practical advantage that it is easily cleared from the cutting area. Under a majority of
cutting conditions, however, ductile metals and alloys do not fracture on the shear
plane and a continuous chip is produced, Figure 3.3. Continuous chips may adopt
many shapes — straight, tangled or with different types of helix. Often they have
considerable strength, and control of chip shape is one of the problems confronting
machinists and tool designers. Continuous and discontinuous chips are not two



14 The Essential Features of Metal Cutting

Figure 3.2 Chip shapes

sharply defined categories, and every shade of gradation between the two types can
be observed.

The longitudinal shape of continuous chips can be modified by mechanical means,
for example by grooves in the tool rake face, which curl the chip into a helix. The
cross section of the chips and their thickness are of great importance in the analysis of
metal cutting, and are considered later in some detail. For the purpose of studying
chip formation in relation to the basic principles of metal cutting, it is useful to start
with the simplest possible cutting conditions, consistent with maintaining the essen-
tial features common to these operations.

Techniques for study of chip formation

Before discussing chip shape, the experimental methods used for gathering the
information are described. The simplified conditions used in the first stages of
laboratory investigations are known as orthogonal cutting. In orthogonal cutting the
tool edge is straight, it is normal to the direction of cutting, and normal also to the
feed direction. On a lathe, these conditions are secured by using a tool with the
cutting edge horizontal, on the centre line, and at right angles to the axis of rotation of
the workpiece. If the workpiece is in the form of a tube, whose wall thickness is the
depth of cut, only the straight edge of the tool is used. In this method the cutting
speed is not quite constant along the cutting edge, being highest at the outside of the
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Figure 3.3 SEM photographs from three directions of a forming chip of
steel cut at 48 m min~' (150 ft/min) and 0.25 mm (0.01 in) per rev feed.
(Courtesy of B.W. Dines)

tube, but if the tube diameter is reasonably large this is of minor importance. In many
cases the work material is not available in tube form, and what is sometimes called
semi-orthogonal cutting conditions are used, in which the tool cuts a solid bar with a
constant depth of cut. In this case, conditions at the nose of the tool are different from
those at the outer surface of the bar. If a sharp-nosed tool is used this may result in
premature failure, so that it is more usual to have a small nose radius. To avoid too
great a departure from orthogonal conditions, the major part of the edge engaged in
cutting should be straight.

Strictly orthogonal cutting can be carried out on a planing or shaping machine, in
which the work material is in the form of a plate, the edge of which is machined. The
cutting action on a shaper is, however, intermittent, the time of continuous machin-
ing is very short, and speeds are limited. For most test purposes the lathe method is
more convenient.

The study of the formation of chips is difficult, because of the high speed at which it
takes place under industrial machining conditions, and the small scale of the
phenomena which are to be observed. High speed cine-photography at relatively low
magnification has been used. Early employment of this method was confined to study
of changes in external shape during chip formation. These observations may mislead
if interpreted as demonstrating the cutting action at the centre of the chip. This
limitation has been partly overcome by a method demonstrated by H.K. Tonshoff
and his colleagues.'! A polished and etched work material surface is held against a
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transparent silica plate and machined in such a way that the role of different phases in
the work material (e.g. graphite flakes in cast iron) can be observed during the
cutting process. With this method, the constraint of the silica plate provides condi-
tions more like those at the centre of the chip. There are still limitations on the
magnification at which observations can be made and on the range of cutting speeds.
Tabor and his colleagues? have studied the movement of the chip across the rake face
of transparent sapphire tools during cutting by observing the interface through the
tool. High speed cine-photography was again used. This method is confined to the
use of transparent tool materials and it cannot be assumed that the action at the
interface is the same as when machining with metallic tools.* High speed cine-
photography can give an impression of cutting action not achieved by other methods,
but a serious disadvantage is that live cine-projection is the only satisfactory way of
presenting the information gained.

No useful information about chip formation can be gained by studying the end of
the cutting path after cutting has been stopped in the normal way by disengaging the
feedand the drive to the work. By stopping the cutting action suddenly, however, it is
possible to retain many of the important details — to ‘freeze’ the action of cutting.
Several ‘quick-stop’ mechanisms have been devised for this purpose. One of the most
successful involves the use of a humane killer gun to propel a lathe toolaway from the
cutting position at very high speed in the direction in which the work materal is
moving.* Sometimes the chip adheres to the tool and separates from the bar, but
more usually the tool comes away more or less cleanly, leaving the chip attached to
the bar. A segment of the bar, with chip attached, can be cut out and examined in
detail at any required magnification. For external examination and photography, the
scanning electron microscope (SEM) is particularly valuable because of its great
depth of focus. Figure 3.3 shows an example of chip formation recorded in this way.

Much of the information in this book has been obtained by preparing metallog-
raphic sections through ‘quick-stop’ specimens to reveal the internal action of
cutting. Because any one specimen illustrates the cutting action at one instant of
time, several specimens must be prepared to distinguish those features which have
general significance from others which are peculiar to the instant at which cutting
stopped.

Chip shape

Even with orthogonal cutting, the cross section of the chip is not strictly rectangular.
Since itis constrained only by the rake face of the tool, the metal is free to move in all
other directions as it 1s formed into the chip. The chip tends to spread sideways, so
that the maximum width is somewhat greater than the original depth of cut. In cutting
a tube it can spread in both directions, but in turning a bar it can spread only outward.
The chip spread 1s small with harder alloys, but when cutting soft metals with a small
rake angle tool, a chip width more than one and one half times the depth of cut has
been observed. Usually the chip thickness is greatest near the middle, tapering off
somewhat towards the sides.

The upper surface of the chip 1s always rough, usually with minute corrugations or
steps, Figure 3.3a. Even with a strong, continuous chip, periodic cracks are often
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observed, breaking up the outer edge into a series of segments. A complete descrip-
tion of chip form would be very complex, but, for the purposes of analysis of stress
and strain in cutting, many details must be ignored and a much simplified model must
be assumed, even to deal with such an uncomplicated operation as lathe turning. The
making of these simplifications is justified in order to build up a valuable framework
of theory, provided it is borne in mind that real-life behaviour can be completely
accounted for only if the complexities, which were ignored in the first analysis, are
reintroduced.

An important simplification is to ignore both the irregular cross section of real
chips and the chip spread, and to assume a rectangular cross section, whose width is
the original depth of cut, and whose height is the measured mean thickness of the
chip. With these assumptions, the formation of chips is considered in terms of the
simplified diagram, Figure 3.1, an idealised section normal to the cutting edge of a
tool used in orthogonal cutting.

Chip formation

In practical tests, the mean chip thickness can be obtained by measuring the length,/,
and weight, W, of a piece of chip. The mean thickness ¢, is then

W

where p = density of work material (assumed unchanged during chip formation)
w = width of chip (depth of cut)

The mean chip thickness is a most important parameter. In practice the chip is
never thinner than the feed, which in orthogonal cutting, is equal to the undeformed
chip thickness, t, (Figure 3.1). Chip thickness is not constrained by the tooling, and,
with many ductile metals, the chip may be five times as thick as the feed, or even
more. The chip thickness ratio 7,/ is geometrically related to the tool rake angle, a,
and the shear plane angle ¢ (Figure 3.1). The latter is the angle formed between the
direction of movement of the workpiece OA (Figure 3.1) and the shear plane
represented by the line OD, from the tool edge to the position where the chip leaves
the work surface. For purposes of simple analysis the chip is assumed to form by
shear along the shear plane. In fact the shearing action takes place in a zone close to
this plane. The shear plane angle 1s determined from experimental values of ¢, and ¢,
using the relationship

(t,/t,) — sin «

cot ¢ = o (3.2)

and, where the rake angle, a, is 0°
cot ¢ = t,/r, (3.3)

The chip moves away with a velocity V. which is related to the cutting speed V and
the chip thickness ratio

V.= Vi, (3.4)
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If the chip thickness ratio is high, the shear plane angle is small and the chip moves
away slowly, while a large shear plane angle means a thin, high-velocity chip.

As any volume of metal, e.g. kimn (Figure 3.1) passes through the shear zone, it is
plastically deformed to a new shape —pgrs. The amount of plastic deformation (shear
strain, y) has been shown to be related to the shear plane angle ¢ and the rake angle a
by the equation®

COS

Y 7 in ¢cos (¢ — a) 3-5)

The meaning of ‘shear strain’, and of the units in which it is measured, is shown in
the inset diagram on the graph Figure 3.4. A unit displacement of one face of a unit
cube is a shear strain of 1 (y = 1). Figure 3.4 is a graph showing the relationship
between the shear strain in cutting and the shear plane angle for three values of the
rake angle. For any rake angle there is a minimum strain when the mean chip
thickness is equal to the feed (¢, = ¢,). For zero rake angle, this occurs at ¢ = 45°. The
change of shape of a unit cube after passing through the shear plane for different
values of the shear plane angle is shown in the lower diagram of Figure 3.4 for a tool
with a zero rake angle. The minimum strain at ¢ = 45° is apparent from the shape
change.

At zero rake angle the minimum shear strain is 2. The minimum strain becomes
less as the rake angle is increased, and if the rake angle could be made very large,
strain in chip formation could become very small. In practice the optimum rake angle
is determined by experience, too large an angle weakening the tool and leading to
fracture. Rake angles higher than 30° are seldom used and, in recent years, the
tendency has been to decrease the rake angle to make the tools more robust, to
enable harder but less tough tool materials to be used (Chapters 7 and 8). Thus, even
under the best cutting conditions, chip formation involves very severe plastic defor-
mation, resulting in considerable work-hardening and structural change. It is not
surprising that metals and alloys lacking in ductility are periodically fractured on the
shear plane.

The chip/tool interface

The formation of the chip by shearing action at the shear plane is the aspect of metal
cutting which has attracted most attention from those who have attempted analyses
of machining. Of at least equal importance for the understanding of machinability
and the performance of cutting tools is the movement of the chip and of the work
material across the faces and around the edge of the tool. In most analyses this has
been treated as a classical friction situation, in which ‘frictional forces’ tend to
restrain movement across the tool surface, and the forces have been considered in
terms of a coefficient of friction () between the tool and work materials. However,
detailed studies of the tool/work interface have shown that this approach isinapprop-
riate to most metal cutting conditions. It is necessary, at this stage, to explain why
classical friction concepts do not apply and to suggest a more suitable model for
analysing this situation.
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Figure 3.4 Strain on shear plane () vs shear plane angle (¢) for three
values of rake angle («)

The concept of coefficient of friction derives from the work of Amonton and
Coulomb who demonstrated that, in many common examples of the sliding of one
solid surface over another, the force (F) required to initiate or continue sliding is
proportional to the force (V) normal to the interface at which sliding is taking place

w = FIN (3.6)

This coefficient of friction () is dependent only on these forces and is independent
of the sliding area of the two surfaces. The work of Bowden and Tabor,® Archard and
many others, has demonstrated that this proportionality results from the fact that
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real solid surfaces are never completely flat on a molecular scale, and therefore make
contact only at the ‘tops of the hills’, while the ‘valleys’ are separated by a gap.

The frictional force is that required to separate or shear apart the areas in actual
contact at the tops of the hills. Under normal loading conditions for sliding, this real
contact area is very small, often less than one thousandth of the apparent area of
contact of the sliding surfaces. When the force acting normal to the surface is
increased, the area of contact at the tops of the hills is increased in proportion to the
load. The frictional force required to shear the contact areas, therefore, also
increases proportionately, so that the sliding force is directly proportional to the
normal force. Thus the concepts of stiding, friction, and a coefficient of friction are
adequate for many engineering situations where stresses between surfaces are small
compared with the yield stress of the materials.

When the normal force is increased to such an extent that the real area of contact is
a large proportion of the apparent contact area, it is no longer possible for the real
contact area to increase proportionately to the load. In the extreme case, where the
two surfaces are completely in contact, the real area of contact becomes independent
of the normal force, and the frictional force becomes that required to shear the
material across the whole interface. When two materials of different strength are in
contact, as in metal cutting, the force required to move one body over the other
becomes that required to shear the weaker of the two materials across the whole
area. This force is almost independent of the normal force, but is directly propor-
tional to apparent area of contact — a relationship directly opposed to that of classical
friction concepts.

It is, therefore, important to know what conditions exist at the interface between
tool and work material during cutting. This is a very difficult region to investigate.
Few significant observations can be made while cutting is in progress, and the
conditions existing must be inferred from studies of the interface after cutting has
stopped, and from measurements of stress and temperature. The conclusions pre-
sented here are deduced from studies, mainly by optical and electron microscopy, of

Figure 3.5 Section through cutting edge of cemented car-
bide tool after cutting steel at 84 m min™' (275 ft/min)’



Figure 3.6 Section through rake face of steel tool and adhering metal after
cutting iron at high speed. Etched in Nital. Electron micrograph of replica

Figure 3.7 Section through rake face of cemented carbide tool, after
cutting nickel-based alloys, with adhering work material’

Figure 3.8 Section parallel to rake face of cemented carbide tool through
the cutting edge, after cutting cast iron. White material is adhering cast
iron’

21
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Figure 3.9 As Figure 3.8, the tool being a steel cutting grade of carbide
with two carbide phases’

the interface between work-material and tool after use in a wide variety of cutting
conditions. Evidence comes from worn tools, from quick-stop sections and from
chips.

The most important conclusion from the observations is that contact between tool
and work surfaces is so nearly complete over a large part of the total area of the
interface, that sliding at the interface is impossible under most cutting condirions.” The
evidence for this statement is now reviewed.

When cutting is stopped by disengaging the feed and withdrawing the tool, layers
of the work material are commonly, but not always, observed on the worn tool
surfaces, and micro-sections through these surfaces can preserve details of the
interface. Special metallographic techniques are essential to prevent rounding of the
edge where the tool is in contact with a much softer, thin layer of work-material.

Figure 3.5 is a photomicrograph (X 1 500) of a section through the cutting edge of
a cemented carbide tool used to cut steel. The white area is the residual steel layer,
which is attached to the cutting edge (slightly rounded), the tool rake face (horizon-
tal) and down the worn flank. The two surfaces remained firmly attached during the
grinding and polishing of the metallographic section. Any gap larger than 0.1 pm (4
micro-inches) would be visible at the magnification in this photomicrograph, but no
such gap can be seen. It is unlikely that a gap exists since none of the lubricant used in
polishing oozed out afterwards. Figure 3.6 is an electron micrograph of a replica of a
section through a high speed steel tool at the rake surface, where the work material
(top) was adherent to the tool. The tool had been used for cutting a very low carbon
steel at high cutting speed (200 m min !, 600 ft/min). The steel adhering to the tool
had recrystallised and contact between the two surfaces is continuous, in spite of the
uneven surface of the tool, which would make sliding impossible.

Many investigations have shown the two surfaces to be interlocked, the adhering
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metal penetrating both major and minor irregularities in the tool surface. Figure 3.7
shows a nickel based alloy penetrating deeply into a crack on the rake face of a
carbide tool. When cutting grey castiron, much less adhesion might be expected than
when the work material is steel or a nickel based alloy, because of the lower cutting
forces, the segmented chips and the presence of graphite in the grey iron. However,
micro-sections demonstrate a similar extensive condition of seizure. Figure 3.8
shows a section, parallel to the rake face through the worn flank of a carbide tool used
to cut a flake graphite iron at 30 m min~' (100 ft/min). There is a crack through the
adhering work material, which may have formed during preparation of the polished
section. If there had been gaps at the interface, the crack would have formed there,
and the fact that it did not do so is evidence for the continuity and strength of the
bond between tool and work material. Figure 3.9 is a similar section through the
worn edge of a carbide tool containing titanium carbide, as well as tungsten carbide
and cobalt. Close contact can be observed between the adhering metal and all the
grains of both carbide phases present in the structure of this tool.

Naerheim® prepared thin foils through the interface of carbide tools with adherent
metal on the rake face of the tool after cutting steel at high speed. When examined by
transmission electron microscopy (TEM) at the highest possible magnification no
gaps were observed between the carbide and the adherentsteel. Any gaps must have
been smaller than 5 nm and there was no reason to believe that there were any gaps.
Similar TEM evidence for high speed steel tools cutting stainless steel has shown
continuity of structure across the interface.

The evidence of optical and electron microscopy demonstrates that the surfaces
Investigated are interlocked or bonded to such a degree that sliding, as normally
conceived between surfaces with only the high spots in contact, is not possible. Some
degree of metallic bonding is suggested by the frequently observed persistence of
contact through all the stages of grinding, lapping and polishing of sections. There is,
however, a considerable variation in the strength of bond generated, depending on

Figure 3.10 Section through high speed steel tool, with adher-
ing very low carbon steel chip, after quick-stop
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the tool and work materials and the conditions of cutting. In some cases grinding and
lapping causes the work material to break away with the separation occurring along
the interface or part of the interface. In other cases, the whole chip adheres to the
tool, even during a quick-stop while the tool is explosively propelled from the cutting
position. Figure 3.10 shows a section through a tool with adhering chip of a very low
carbon steel after a quick-stop. The bond between tool and chip was strong enough to
resist the high tensile stress imposed on this interface by the quick-stopping action.
The stress transmitted through this interface resulted in fracture through the chip
near the shear plane. A quick-stop may also result in a thin layer of work material
staying on the tool. Figure 3.11 shows such a layer on a tool used to cut a low carbon
steel. In this case the bond was so strong that separation during quick-stop took place
by a ductile tensile fracture within the chip, close to the tool surface. This tensile
fracture is seen in Figure 3.12 which shows part of the layer surface in Figure 3.11 at
high magnification.

Under the conditions demonstrated by these examples, the high strength of the
tool/work interface can have been achieved only by metallic bonding. Over the areas
of bonded contact the tool and work material have effectively become one piece of
metallic material. Under these conditions, the under surface of the chip and the new
machined surface on the workpiece must be generated by a process of fracture, which
may take place at the interface or within the work material at some distance from the
interface.

Solid phase welding is one of the oldest techniques known to craftsmen in metals
and, in recent years, considerable research into the mechanisms of solid phase
welding has been carried out to facilitate control of industrial operations such as roll

Figure 3.11 Scanning electron micrograph showing adher-
ing metal (steel) on rake face of tool after quick-stop
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Figure 3.12 Fracture surface on adhering metal in Figure 3.11

bonding, small tool welding and explosive welding.” Two factors which have been
shown to promote bonding are:

(1) Freedom from contaminants, such as greases, and minimal oxide films on the
surfaces.
(2) Plastic deformation of the surfaces.

In respect of these factors the conditions at the interface in metal cutting operations
are particularly favourable to metallic bonding. Work material surfaces are being
freshly generated and the clean metal flows across the tool surfaces without being
exposed to the atmosphere. During this action the work material is subjected to a
level of plastic strain much greater than that encountered in roll bonding. The tool
surface is initially contaminated by oxide films and sometimes by lubricants, but the
flow of clean metal across the tool surface is unidirectional and often continues for
long periods. Contaminants are swept away much more effectively than in processes
such as forming, forging or rolling. Thus, in metal cutting, conditions are especially
favourable for metallic bonding at the tool/work interface, and the observed bonding
should have been predicted.

Itis evidence of this character that has demonstrated the mechanically-interlocked
and/or metallic-bonded character of the todl-work interface as a normal feature of
metal cutting. Under these conditions the movement of the work material over the
tool surface cannot be adequately described using the terms *sliding” and ‘friction’ as
these are commonly understood. Coefficient of friction is not an appropriate concept
for dealing with the relationship between forces in metal cutting for two reasons:

(1) There can be no simple relationship between the forces normal to and parallel
to the tool surface.
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(2) The force parallel to the tool surface is not independent of the area of contact,
but cn the contrary, the area of contact between tool and work material is a very
important parameter in metal cutting.

The condition where the two surfaces are interlocked or bonded is referred to here as
conditions of seizure as opposed to conditions of sliding at the interface.

The generalisation concerning seizure at the tool/work interface having been
stated must now be qualified. The enormous variety of cutting conditions encoun-
tered in industrial practice has been discussed and there are some situations where
there is sliding contact at the tool surface. It has been demonstrated at very low
cutting speed (a few centimetres per minute) and at these speeds sliding is promoted
by the use of active lubricants. Sliding at the interface occurs, for example, near the
centre of a drill where the action of cutting becomes more of a forming operation.
Even under seizure conditions, it must be rare for the whole of the area of contact
between tool and work surfaces to be seized together. This is illustrated diagrammat-
ically in Figure 3.13 for a lathe cutting tool. Examination of used tools provides
positive evidence of seizure on the tool rake face close to the cutting edge, BECF in
Figure 3.13, the width BC being considerably greater than the feed. Beyond the edge
of this area there is frequently a region where visual evidence suggests that contact is
intermittent, EHDKFC in Figure 3.13. On the worn flank surface, BG, it is uncertain
to what extent seizure is continuous and complete, but Figures 3.5, 3.8 and 3.9 show
the sort of evidence demonstrating that seizure occurs on the flank surface also,
particularly close to the edge.

Much more research is required into the character of the interface, and into
movement within a region a small number of atom spacings from the interface under
a variety of cutting conditions. Work by Doyle, Horne, Tabor and Wright*** using
sapphire tools has demonstrated that sliding at the interface may sometimes occur
during cutting. Movement at the interface was reported to have been observed
through transparent tools and recorded using high speed cinematography. Wright?
concluded that sliding occurs when the interfacial bond is weak — particularly when
soft metals such as lead are cut with sapphire tools, or where tools contaminated with

Intermittent
contact

Seizure

Figure 3.13 Areas of seizure on cutting tool
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a few monolayers of organic substances are used for short time cutting. Conditions of
seizure are encouraged by high cutting speed and long cutting time where difference
in hardness between tool and work material is relatively small and bond strength
between them is high.

Chip flow under conditions of seizure

Since most published work on machining is based implicitly or explicitly on the
classical friction model of conditions at the tool/work interface, the evidence for
seizure requires reconsideration of almost all aspects of metal cutting theory. We are
accustomed to thinking of seizure as a condition in which relative movement ceases,
as when a bearing or a piston in a cylinder is seized. Movement stops because there is
insufficient force available to shear the metal at the seized junctions, and if greater
force is applied, the normal result is massive fracture at some other part of the
system. With metal cutting, however, it is necessary to accustom oneself to the
concepts of a system in which relative movement continues under conditions of
seizure. This is possible because the area of seizure is small, and sufficient force is
applied to shear the work material near the seized interface. Tool materials have high
yield stress to avoid destruction under the very severe stresses which seizure condi-
tions impose.

Under sliding conditions, relative movement can be considered to take place at a
surface which is the interface between the two bodies. Movement occurs at the
interface because the force required to shear the contact points is much smaller than
that required to shear either of the two bodies. Under seizure conditions it can no
longer be assumed that relative movement takes place at the interface, because the
force required to overcome the interlocking and bonding is normally higher than that
required to shear the adjacent metal. Relative motion under seizure involves shear-
ing in the weaker of the two bodies. This shear strain is not uniformly distributed
across the chip. The bulk of the chip, formed by shear along the shear plane - OD in
Figure 3.1 —is not further deformed but moves as a rigid body across the contact area
on the tool rake face. The shear strain resulting from seizure is confined to a thin
region which may lie immediately adjacent to the interface or at some distance from
it.

In sections through chips and in quick-stop sections, zones of intense shear strain
near the interface are normally observed, except under conditions where sliding
takes place. Figure 3.14 shows the sheared zone adjacent to the tool surface in the
case of steel being cut at high speed. The thickness of these zones is often of the order
of 25-50 pum (0.001-0.002 in), and strain within the regions is much more severe
than on the shear plane, so that normal structural features of the metal or alloy being
cut are greatly altered or completely transformed. Figure 3.15 shows, at high mag-
nification, the structure in this highly strained region. The pearlite areas, which are
elongated but unmistakeable in the body of the chip (Figure 3.14), are so severely
deformed in the highly strained region near the interface that they cannot be resolved
by optical microscopy. Examination of these regions by transmission electron mic-
roscopy (TEM) shows that the main feature of all alloys so far investigated is a



28

Figure 3.14 Section through quick-stop showing flow-zone in 0.1%C carbon
steel after cutting at high speed

Figure 3.15 Detail of Figure 3.14
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structure consisting of equi-axed grains of very small size (e.g. 0.1 to 1.0 wm). Figure
3.16 shows the structure near the interface of a low carbon steel chip cut with a high
speed steel tool. These structures are clearly the result of recovery or re-
crystallisation during the very short time when the material was strained and heated
as it passed over the contact area on the tool. This behaviour of the work material is,
in many ways, more like that of an extremely viscous liquid than that of a normal solid
metal. For this reason the term flow-zone is used to describe this region. As can be
seen from Figure 3.14, there is not a sharp line separating the flow-zone from the
body of the chip, but a gradual blending in. There is in fact a pattern of flow in the
work material around the cutting edge and across the tool faces, which is characteris-
tic of the metal or alloy being cut and the conditions of cutting. A pattern of flow and
a velocity gradient within the work material, approaching zero at the tool/work
interface, are the basis of the model for relative movement under conditions of
seizure, to replace the classical friction model of sliding conditions.

The built-up edge

Seizure at the interface does not always give rise to a flow-zone at the tool surface.
An alternative feature, commonly observed, is a built-up edge. When cutting many
alloys with more than one phase in their structures, strain hardened work material
accumulates, adhering around the cutting edge and on the rake face of the tool,

Figure 3.16 Transmission electron micrograph (TEM) of the
structure of the flow zone in 0.19% C steel machined at 70 m min ™'
(225 ft/min). (Courtesy of A. Shelbourn)
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displacing the chip from direct contact with the tool, as shown in Figure 3.17. The
built-up edge is not observed when cutting pure metals'® but occurs frequently under
industrial conditions. It can be formed with either a continuous or a discontinuous
chip — for example when cutting steel or cast iron. Most commonly it occurs at
intermediate cutting speeds — sliding may occur at extremely low speed, a built-up
edge at intermediate speed and a flow-zone at high speed. The actual speed range in
which a built-up edge exists depends on the alloy being machined and on the feed.
This is further discussed when considering the machinability of steel (Chapter 9).

The built-up edge is not a separate body of metal during the cutting operation.
Diagrammatically it should be depicted as in Figure 3.18. The new work surface is
being formed at A and the under surface of the chip at B, but between A and B the
built-up edge and the work material are one continuous body of metal, not separated

Figure 3.17 Section through quick-stop showing built-up
edge after cutting 0.15% C steel at low speed in air
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Figure 3.18 Form of built-up edge’

by free surfaces. The zone of intense and rapid shear strain has been transferred from
the tool surface to the top of the built-up edge. This illustrates the principle that,
under seizure conditions, relative movement does not necessarily take place
immediately adjacent to the interface.

The built-up edge is a dynamic structure, being constructed of successive layers
greatly hardened under extreme strain conditions. When cutting steel, for example,
many workers have shown the hardness of a built-up edge to be as high as 600 or 650
HYV, determined by micro-hardness tests. Wallbank'' studied the structures of the
built-up edges formed when cutting steel, using TEM. Figure 3.19 is a typical
micrograph showing the very fine elongated ferrite cell structure. The cementite was
so finely dispersed as to be very difficult to resolve and identify at the highest
magnification. The material of the built-up edge had thus been very severely strain
hardened, but the temperature had not increased to the stage where re-
crystallisation could take place. The built-up edge structures contrast strongly with
the equi-axed structures of the flow-zone (Figure 3.16), The strain-hardened work
material of the built-up edge can support the stress imposed by the cutting operation
and it functions as an extension to the cutting tool. The size of the built-up edge
cannot increase indefinitely, the resolved shear stresses increasing until part of the
structure is sheared off and carried away on the work surface or on the underside of
the chip as seen in Figure 3.17. In some cases the resolved stress on the built-up edge
becomes such as to cause the whole build-up to be sheared from the tool surface,
followed by the formation of a new build-up.

There is no hard and fast line between a built-up edge (Figure 3.17) and a
flow-zone (Figure 3.14). Seizure between tool and work material is a feature of both
situations and every shade of transitional form between the two can be observed. The
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Figure 3.19 TEM from built-up edge of 0.1% C Steel. (After Wall-
bank'!)

built-up edge occurs in many shapes and sizes and it is not always possible to be
certain whether or not it is present. In the transitional region, when the built-up edge
becomes very thin, some writers refer to it as a built-up layer.

Machined surfaces

In conventional language, surfaces formed by cutting are spoken of as different in
character from those formed by fracture. Figures 3.14 and 3.17 demonstrate that in
metal cutting the machined surfaces are, in fact, formed by fracture under shearing
stress. The new surface probably rarely originates precisely at the cutting edge of the
tool. Figure 3.17 shows that, in the presence of a built-up edge, the fracture forming
the new surface may have its origin above the tool edge. The microsections provide
evidence that this fracture results from the joining of micro-cracks formed in the
zone of plastic deformation at the top of the built-up edge. Wallbank'' has shown
that, when a flow-zone is present, the work material wraps itself around a sharp
cutting edge and the new surface is formed where the work material breaks contact
with the tool flank, a short distance below the edge. With ductile metals and alloys,
both sides of a shear fracture are plastically strained, so that some degree of plastic
strain is a feature of machined surfaces. The amount of strain and the depth below the
machined surface to which it extends, can vary greatly, depending on the material
being cut, the tool geometry, and the cutting conditions, including the presence or
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absence of a lubricant.'* The deformed layer on the machined surface can be thought
of as that part of the flow-pattern around the cutting edge which passes off with the
work material, so that an understanding of the flow-pattern, and the factors which
control it, is important in relation to the character of the machined surface. The
presence or absence of seizure on those parts of the tool surface where the new work
surface is generated can have a most important influence, as can the presence or
absence of a built-up edge and the use of sharp or worn tools. These factors influence
not only the plastic deformation, hardness and properties of the machined surface,
but also its roughness, its precise configuration and its appearance.
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CHAPTER 4
Forces in metal cutting

The forces acting on the tool are an important aspect of machining. For those
concerned with the manufacture of machine tools, a knowledge of the forces is
needed for estimation of power requirements and for design of structures adequately
rigid and free from vibration. The cutting forces vary with the tool angles, and
accurate measurement of forces is helpful in optimising tool design. Scientific
analysis of metal cutting also requires knowledge of the forces, and in the last eighty
years many dynamometers have been developed, capable of measuring tool forces
with considerable accuracy.

Detailed accounts of the construction of dynamometers for this work are available
in the technical literature."? All methods used are based on measurement of elastic
deflection of the tool under load. For a semi-orthogonal cutting operation in lathe
turning, the force components can be measured in three directions, Figure 4.1, and
the force relationships are relatively simple. The component of the force acting on
the rake face of the tool, normal to the cutting edge, in the direction YO is called here
the cutting force, F.. This is usually the largest of the three force components, and
acts in the direction of the cutting velocity. The force component acting on the tool in
the direction O X, parallel with the direction of feed, is referred to as the feed force,

Figure 4.1 Forces acting on cutting tool

34
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F;. The third component, acting in the direction OZ, tending to push the tool away
from the work in a radial direction, is the smallest of the force components in
semi-orthogonal cutting and, for purposes of analysis of cutting forces in simple
turning, it is usually ignored and not even measured.

The deflection of the tool under load was measured by dial gauges in the early
dynamometers. Being relatively insensitive, they could measure only rather large
movements and the tools had to be reduced in section to increase the deflection
under load. Reduced rigidity of the tool restricted the range of cutting conditions
which could be investigated. The performance of tool dynamometers has been
greatly improved by the introduction of wire strain-gauges, transducers or piezo-
electric crystals as sensors to measure deflection. More rigid tools can now be used
and fluctuations of forces over very small time intervals can be recorded. The forces
involved in machining are relatively low compared with those in other metal working
operations such as forging. Because the layer of metal being removed — the chip —is
thin, the forces to be measured are usually not greater than a few tens or hundreds of
kilograms.

Stress on the shear plane

Measurement of the forces and the chip thickness make it possible to explore the
stresses for simple, orthogonal cutting conditions. Where a continuous chip is formed
with no built-up edge, the work is sheared in a zone close to the shear plane (OD in
Figure 4.1 and, for the purposes of this simple analysis, it is assumed that shear takes
place on this plane to form the chip. The force acting on the shear plane, F;, is
calculated from the measured forces and the shear plane angle:

F; = F.cos ¢ — F;sin ¢ (4.1)
The shear stress &, required to form the chip is
k,= FJA, (4.2)

where A; = area of shear plane.

The force required to form the chip is dependent on the shear yield strength of the
work material under cutting conditions, and on the area of the shear plane. Many
calculations of shear yield strength in cutting have been made, using data from
dynamometers, and chip thickness measurements. In general the shear strength of
metals and alloys in cutting has been found to vary only slightly over a wide range of
cutting speeds and feeds and the values obtained are not greatly different from the
yield strengths of the same materials measured in laboratory tests at appropriate
amounts of strain. Table 4.1 shows the values of k, measured during cutting, for a
variety of metals and alloys.

Provided the shear plane area remains constant, the force required to form the
chip, being dependent on the shear yield strength of the metal, is increased by any
alloying or heat treatment which raises the yield strength. In practice, however, the
area of the shear plane is very variable, and it is this area which exerts the dominant
influence on the cutting force, often more than outweighing the effect of the shear
strength of the metal being cut.
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Table 4.1
Material Shear yield strength in cutting kg
(tonf/in?) (N mm~2)

Iron 24 370
0.13% C steel 31 480
Ni-Cr-V steel 45 690
Austenitic stainless steel 41 630
Nickel 27 420
Copper (annealed) 16 250
Copper (cold worked) 17 270
Brass (70/30) 24 370
Aluminium 6.3 97
Magnesium 8 125
Lead 2.3 36

In orthogonal cutting the area of the shear plane is geometrically related to the
undeformed chip thickness ¢, (the feed), to the chip width w (depth of cut) and to the
shear plane angle ¢.

tw

A= (4.3)

sin ¢

The forces increase in direct proportion to increments in the feed and depth of cut,
which are two of the major variables under the control of the machine tool operator.
The shear plane angle, however, is not directly under the control of the machinist,
and in practice it is found to vary greatly under different conditions of cutting, from a
maximum of approximately 45° to a minimum which may be 5° oreven less. Table 4.2
shows how the chip thickness, 1, the area of the shear plane, A,, and the shearing
force, F,, for a low carbon steel, vary with the shear plane angle for orthogonal
cutting at a feed of 0.5 mm/rev and a depth of cut of 4 mm.

Table 4.2

Shear plane Chip thickness t, Shear plane Shearing
angle ¢ area Aq force F

(mm) (mm?) (N)

45° 0.50 2.8 1340
35° 0.71 3.5 1 680
25° 1.07 4.7 2260
15° 1.85 7.7 3700
5° 5.75 23.0 11 000

Thus, when the shear plane angle is very small, the shearing force may be more
than five times that at the minimum where ¢ = 45°, under conditions where the shear
stress of the work material remains constant. It is important, therefore, to investigate
the factors which regulate the shear plane angle, if cutting forces are to be controlled
or even predicted. Much of the work done on analysis of machining has been devoted
to methods of predicting the shear plane angle.
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Forces in the flow-zone

Before dealing with the factors determining the shear plane angle, consideration
must be given to the other main region in which the forces arise — the rake face of the
tool. For the simple case where the rake angle is 0°, the feed force Fyis 2 measure of
the drag which the chip exerts as it flows away from the cutting edge across the rake
face. The origin of this resistance to chip flow is discussed in Chapter 3, where the
normal existence of conditions of seizure over a large part of the interface between
the under surface of the chip and the rake face of the tool is demonstrated. Although
there are areas where sliding occurs, at the periphery of the seized contact region, the
force to cause the chip to move over the tool surface is mainly that required to shear
the work material in the flow-zone across the area of seizure. Under most cutting
conditions, the contribution to the feed force made by friction in the non-seized areas
is probably relatively small. The feed force, F, can, therefore, be considered as the
product of the shear strength of the work material at this surface (k,) and the area of
seized contact on the rake face (4,).

F = Ak, (4.4)

While the feed force can be measured accurately, the same cannot be said for the
area of contact, which is usually ill-defined. Observation of this area during cutting is
not possible. When the tools are examined after use, worn areas, deposits of work
material as smears and small lumps, and discoloration due to oxidation or carbon-

Figure 4.2 Contact area on rake face of tool used to cut titanium
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isation of cutting oils are usually seen. The deposits may be on the worn areas, or in
adjacent regions and the limits of the worn areas are often difficult to observe. Many
of these effects are relatively slight and not easily visible on a ground tool surface. In
experimental work on these problems, therefore, the use of tools with polished rake
faces is strongly recommended, unless the quality of the tool surface is a parameter
being investigated. There is no universal method for arriving at an estimate of the
contact area, the problem being different with different work materials, tool materi-
als and cutting conditions. It is necessary to adopt a critical attitude to the criteria
defining the area of contact, and a variety of techniques may have tobe employedina
detailed study of the used tool.

It may be possible to dissolve chemically the adhering work material to expose the
worn tool surface for examination. This technique is used with carbide tools after
cutting steel or iron, but it cannot usually be applied with steel tools because reagents
effective in removing work material also attack the tool. Quick-stop tests, followed
by examination of the tool and the mating chip surfaces or sections through the tool
surfaces may be required. An example in Figure 4.2 shows the rake surface of a high
speed steel tool used to cut titanium. A quick-stop technique had been used and the
area of complete seizure is, in this-case, defined by the demarcation line AB which
encloses an area within which the adhering titanium shows a tensile fracture, where it
had separated through the under surface of the chip. Beyond this line small smears of
titanium indicate a region where contact had been occasional and short lived.

In orthogonal cutting the width of the contact region is usually equal to the depth
of cut, or only slightly greater, although with very soft metals there may be more
considerable chip spread. The length of contact (L in Figure 4.1) is always greater
than the undeformed chip thickness ¢,, and may be as much as ten times longer; it is
usually uneven along the chip width, and a mean value must be estimated. The
contact area is mainly controlled by the length of contact L. It is a most important
parameter, having a very large influence on cutting forces, on tool life and on many
aspects of machinability.

When an estimate can be made of the area of contact, A,, the mean shear strength
of the work material at the rake face k,, can be calculated, equation 4.4. It is doubtful
whether the values of k, are of much significance, partly because of the inaccuracies
in measurement of contact length, but also because of the extreme conditions of
shear strain, strain rate, temperature and temperature gradient which exist in this
region. The values of &, are not likely to be the same as those of the shear stress on
the shear plane, k,, and are usually lower, decreasing with increasing cutting speed.
The feed force Fyis increased by any changes in composition or structure of the work
material which increase k.. Alloying may either increase or reduce k,.

When the cutting tool is sharp, the forces related to strain on the shear plane and
movement of the chip across the rake face of the tool are the only forces which need
be considered. A force must arise also from pressure of the work material against a
small contact area on the clearance face just below the cutting edge. This force is
small enough to neglect as long as the tool remains sharp and the area of contact on
the clearance face is very small. If use in cutting results in a wear land on the tool
parallel to the cutting direction on the clearance face (for example, Figure 3.5), the
area of contact is increased. The forces arising from pressure of work material normal
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to this worn surface and movement of the work parallel to this surface may greatly
increase. The increment in force may be used to monitor wear on the tool. For the
purpose of a simple analysis of tool-force relationships in cutting, a sharp tool is
assumed and forces on the flank are neglected.

The shear plane angle and minimum energy theory

We can now return to the problem of the shear plane angle. The thickness of the chip
is not constrained by the tool, and the question is — what does determine whether
there is a thick chip with a small shear plane angle and high cutting force, or a thin
chip with large shear plane angle and minimum cutting force? In the last 40 years
there have been many attempts to answer this question and to devise equations which
will predict quantitatively the behaviour of work materials during cutting from a
knowledge of their properties. In the pioneer work of Merchant,* followed by Lee
and Shaffer,* Kobayashi and Thomsen® and others, a model of the cutting process
was used in which shear in chip formation was confined to the shear plane, and
movement of the chip over the tool was by classic sliding friction, defined by an
average friction angle, A. This approach did not produce equations from which
satisfactory predictions could be made of the influence of parameters, such as cutting
speed, on the behaviour of materials in machining. The inappropriate use of friction
relationships relevant only to sliding conditions was probably mainly responsible for
the weakness of this analysis. With this model the important area of contact between
tool and work is not regarded as significant and no attempt is made to measure or to
calculate it.

More recently other research workers, notably Hastings, Mathew and Oxley,*
have refined the analysis of cutting using more realistic models. Chip formation is
considered to take place by shear in a defined zone rather than on a plane and, more
importantly, the frictional conditions are described as shear within a layer of the chip
adjacent to the rake face of the tool. Within this layer ‘near-seizure’ conditions are
said to exist, with velocity in the work material approaching zero at the interface. To
make quantitative predictions from this model, attempts are made to use realistic
data for the stress/strain behaviour of the work material allowing for strain hardening
and the influence of high strain rates and temperature. This model is a considerable
advance. For example, the conditions in which a built-up edge will occur during the
cutting of steel can be predicted. There appear to be two major difficulties to its use
for quantitative prediction of behaviour in the region where a flow-zone is present at
the interface — i.e. in most high speed cutting operations.

Firstly, really adequate data on stress/strain relations are not available, particu-
larly for the amounts of strain, extreme strain rates, times and temperatures at which
material is deformed in the flow-zone at the chip/tool interface. Secondly, while the
importance of the contact area is recognised, estimations of this area rely on calcula-
tions of a mean contact length and the basis for this calculation seems to be inadequ-
ate. There appears to be no alternative to experimental measurement of this area
which, as has been indicated, presents serious difficulties.

It is not intended, therefore, to present here a method of making quantitative
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predictions of cutting behaviour from properties of the work material. Instead, a very
simple guide is offered to the understanding of certain important features observed
when cutting metals and alloys, based on consideration of the energy expended in
cutting. This treatment of the subject is a simplified version of the analysis proposed
by Rowe and Spick.” It is based on a model that assumes shear strain on the shear
plane to form the chip and shear strain in a thin layer of the work material adjacent to
the tool rake face. The major hypothesis is that, since it is not externally constrained,
the shear plane will adopt such a position that the total energy expended in the
system (energy on the shear plane plus energy on the rake face) is a minimum.
Consider first the rate of work done on the shear plane. It can be shown that

dw, .
where W, = work done on shear plane
V, = rate of strain on shear plane.

But

|4
o= cos ¢ (4.6)

where V = cutting speed.

For the simple conditions where the rake angle a = 0°, it has been shown that

LWk,
F = sin ¢ (4.7)
AW, nwk V
" dr sin@cos g (4.8)

Thus if all the cutting conditions are held constant, it is found that the rate of work
on the shear plane is proportional to 1/sin ¢ cos ¢, which has been shown to be the
amount of strain () on the shear plane (equation 3.5) where the rake angle (a) = 0°.
Curve [ in Figure 4.3 shows how the work done on the shear plane varies with the
shear plane angle, and this has, of course, the same shape as the curve for zero rake
angle in Figure 3.4, with a minimum at ¢ = 45°. Thus, if the feed force F; and the
work done on the rake face are so small that they can be neglected, the minimum
energy theory proposes that the shear plane angle would be 45°, with the chip
thickness 7, equal to the feed ¢,. Where the rake angle is higher than zero, the
minimum work is at a shear plane angle higher than 45°, but always ata value where .
= t,. In practice, the chip is sometimes approximately equal in thickness to the feed,
never thinner, but often much thicker.

To assess the total energy consumed, the work done on the rake face must also be
considered. Again, for the simple conditions where o = 0°:

dw,
dr

=FV, (4.9)
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Figure 4.3 Rate of work done vs shear plane angle
¢. (After Row and Spick”)

where W, = work done at the rake face
V. = velocity of chip
V.=V itan ¢

and, where there is no chip spread,

From equation 4.4
Ff =wlLk,

dw,

& =wlLk Vtan ¢
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(4.10)

(4.11)

(4.12)

Thus, if all cutting conditions are held constant, including L, the length of contact
on the rake face, the rate of doing work on the rake face is proportional to tan ¢.
From curve 2, Figure 4.3, dW,/dt is seen to increase with the shear plane angle and

becomes very large as ¢ approaches 90°.

The total rate of work done, dW/dr is represented by curve 3, which is a sum of
curves / and 2, Figure 4.3.In curve 3 the minimum work done occurs at a value of ¢
less than 45° and at an increased rate of work. Curve 2 is plotted for an arbitrary,
small value of L and of k,. The contact length L is one of the major variables in
cutting, and its influence can be demonstrated by plotting a series of curves for
different values of L. Curves 4 and 5 shows the total rate of work done for values of L
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four and eight times that of curve 3. This family of curves shows that, as the contact
length on the rake face of the tool increases, the minimum energy occurs at lower
values of the shear plane angle and the rate of work done increases greatly. A similar
reduction in ¢ would result from increases in the value of the yield stress, &,.

It has already been explained that, at low values of ¢, the chip is thick, the area of
the shear plane becomes larger, and, therefore the cutting force, F,, becomes
greater. Thus the consequence of increasing either the shear yield strength at the rake
face, or the contact area (length) is to raise not only the feed force Fy but also the cutting
force F.. The contact area on the tool rake in particular is seen to be a most
important region, controlling the mechanics of cutting, and becomes a point of focus
for research on machining. Not only the forces, but temperatures, tool wear rates,
and the machinability of work materials are closely associated with what happens in
this region which receives much attention in the rest of this book.

Forces in cutting metals and alloys

Cutting forces have been measured in research programmes on many metals and
alloys, and some of the major trends are now considered.®® When cutting many
metals of commercial purity the forces are found to be high; thisis true of iron, nickel,
copper and aluminium, among others. With these metals, the area of contact on the
rake face is found to be very large, the shear plane angle is small and the very thick,
strong chips move away atslow speed. For these reasons, pure metals are notoriously
difficult to machine.

The large contact area is probably associated with the high ductility of these pure
metals, but the reasons are not completely understood. That the high forces are
related to the large contact area can be simply demonstrated by cutting these
commercially pure metals with specially shaped tools on which the contact area is

7 7

Figure 4.4 (a) Normal tool; (b) tool with restricted contact
on rake face

{b)
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artificially restricted. This is shown diagrammatically in Figure 4.4. In Table 4.3 an
example is given of the forces, shear plane angle and chip thickness when cutting a
very low carbon steel (in fact, a commercially pure iron) at a speed of 91.5 m min™"
(300 ft/min) a feed of 0.25 mm (0.010 in)/rev feed and depth of cut of 1.25 mm (0.05
in). In the first column are the results for a normal tool, Figure 4.4a, and in the second
column those for a tool with contact length restricted to 0.56 mm (0.022 in), Figure
4.4b.

Table 4.3
Normal tool Tool with
restricted contact
Cutting force F, 1400N 670 N
315 Ibf 150 Ibf
Feed force F; 1310N 254 N
295 1bf 51 Ibf
Shear plane angle ¢ 8° 22°
Chip thickness ¢, 1.83 mm 0.66 mm
0.072 in 0.026 in

Reduction in forces by restriction of contact on the rake face may be a useful
technique in some conditions, but in many cases it is not practical because it weakens
the tool.

Not all pure metals form such large contact areas, with high forces. For example,
when cutting commercially pure magnesium, titanium and zirconium the forces and
contact areas are much smaller and the chips are thin.

It is common experience, when cutting most metals and alloys, that the chip
becomes thinner and forces decrease as the cutting speed is raised. Figure 4.5 shows
force/cutting speed curves for iron, copper and titanium at a feed of 0.25 mm rev™!
(0.010 in/rev) and a depth of cut of 1.25 mm (0.050 in). The decrease in both F, and
Fy with cutting speed is most marked in the low speed range. This drop in forces is
partly caused by a decrease in contact area and partly by a drop in shear strength (k,)
in the flow-zone as its temperature rises with increasing speed. This is discussed in
Chapter 5.

Alloying of a pure metal normally increases its yield strength, but often reduces the
tool forces, because the contact length on the rake face becomes shorter. For
example, Figure 4.6 shows force/cutting speed curves for iron and a medium carbon
steel, for copperand a 70/30 brass.® In each case the tool forces are lower for the alloy
than for the pure metal over the whole speed range, the difference being greatest at
low speeds. The kink in the curve for the carbon steel in the medium speed range
illustrates the effect of a built-up edge. With steels, a built-up edge forms at fairly low
speeds and disappears when the speed is raised. Where it is present the forces are
usually abnormally low because the built-up edge acts like a restricted contact tool,
effectively reducing contact on the rake face (Figure 3.17).

The tool forces are influenced also by tool geometry, the most important parame-
ter being the rake angle. Increase in the rake angle lowers both cutting force and feed
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Figure 4.5 Cutting force vs cutting speed for iron, titanium and copper.
(From data of Williams, Smart and Milner®)

force, Table 4.4, but reduces the strength of the tool edge and may lead to fracture.
The strongest tool edge is achieved with negative rake angle tools, and these are
frequently used for the harder grades of carbide and for ceramic tools which lack
toughness. The high forces make negative rake angle tools unsuitable for machining
slender shapes which may be deflected or distorted by the high stresses imposed on
them. Tool forces usually rise as the tool is worn, as the clearance angle is destroyed
and the area of contact on the clearance face is increased by flank wear. The forces
acting on the tool are one of the factors which must be taken into consideration in the
design of cutting tools —a very complex and important part of machining technology.
The tool material can also influence the tool forces. When one major type of tool
material is substituted for another, the forces may be altered considerably, even if the
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Figure 4.6 Cutting force vs cutting speed for iron, steel, copper and brass.
(From data of Williams, Smart and Milner®)

conditions of cutting and the tool geometry are kept constant. This is probably
caused mainly by changes in the area of seized contact.

Finally, the contact length and tool forces may be greatly influenced by cutting
lubricants. When cutting at very low speed the lubricant may act to prevent seizure
between tool and work and thus greatly reduce the forces. In the speed range used in
most machine shop operations it is not possible to prevent seizure near the edge, but
liquid or gaseous lubricants, by penetrating from the periphery, can restrict the area
of seizure to a small region. The action of lubricants is discussed in Chapter 10, butin
relation to forces, it is important to understand that they can act to reduce the seized
contact area, and thus the forces acting on the tool. They are most effective in doing
this at low cutting speeds and become largely ineffective in the high speed range.'’
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Stresses on the tool

With the complex tool configurations and cutting conditions of industrial machining
operations, accurate estimation of the localised stresses acting on the tool near the
cutting edge defies the analytical methods available. In fact cutting tools are rarely, if
ever, designed on the basis of stress calculations; trial and error methods and
accumulated experience form the basis for tool design. However, in trying to under-
stand the propertiesrequired of tool materials, it is useful to have some knowledge of
the general character of these stresses.
In a simple turning operation, two stresses of major importance act on the tool:

(1) The cutting force acting on a tool with asmall rake angle imposes a stress on the
rake face which is largely compressive in character. The mean value of this
stress is determined by dividing the cutting force, F,, by the contact area. Since
the contact area is usually not known accurately, there is considerable error in
estimation of the mean compressive stress, but the values can be very high when
cutting materials of high strength. Examples of estimated values for the mean
compressive stress are shown in Table 4.5 to give an idea of the stresses
involved. Unlike the cutting force, the compressive stress acting on the tool is
related to the shear strength of the work material. High forces when cutting a
pure metal are an indirect result of the large contact area, and the mean stress
on the tool is relatively low, compared to that imposed when cutting an alloy of
the metal.

(2) The feed force Fyimposes a shearing stress on the tool over the area of contact
on the rake face. The mean value of this stress is equal to the force Fy divided by
the contact area. Since F; is normally smaller than F. the shear stress is lower
than the compressive stress acting on the same area. Frequently the mean shear
stress is between 30% and 60% of the value of the mean compressive stress.

When a worn surface is generated on the clearance face of a tool (‘flank wear’)
both compressive and shear stresses act on this surface. Although the contactarea on
the flank is sometimes clearly defined, it is very difficult to arrive at values for the
forces acting on it, and there are no reliable estimates for the stress on the worn flank
surface.

Table 4.5
Work material Curting force Contact area Mean compressive
F. stress
(N) (1bf) (mm?) (in?) (N mm~?) (tonf/in?)
Iron 1070 240 3.1 0.004 8 340 22
Copper 4150 930 13.5 0.021 310 20
Titanium 455 102 0.77 0.0012 570 37
Steel
(medium carbon) 490 110 0.65 0.001 770 50
70/30 brass 500 111.5 12.2 0.019 420 27

Lead 323 72.5 22.5 0.035 14 0.9
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Other stresses acting on the body of the tool are related to the general construction
of the tool and to the rigid connection where the tool is fastened to the machine tool.
In a lathe, where the tool acts as a cantilever, there are bending stresses giving
tension on the upper surface between the contact area and the tool holder. In a twist
drill the stresses are mainly torsional. Tools must be strong enough and rigid enough
to resist fracture and to give minimum deflection under load. This is an important
area of tool design, but is not further discussed because stress is being considered
here in relation to tool life and chip formation.

Stress distribution

Since the maximum stress acting on any part of the tool/work interface is the most
critical stress determining the requirements for the tool material, it is essential to
know the distribution of the compressive and shear stresses. Both calculation and
experimental determination of stress distribution have been attempted.

To calculate stress distribution Zorev'! used a model (Figure 4.7) in which, in the
absence of a built-up edge, sticking or seizure occurs at the interface near the tool
edge and sliding takes place beyond the sticking region. The distribution of compres-
sive stress in Figure 4.7 is based on a simple hypothesis that this stress (o) at any
position must be represented by the expression:

o, =gx¥

Compressive
stress

CHIP

Shear stress

Stress ————

Seized region——me-S!dINg_pie  Chip breaks
region contact with

tool
TOOL

\

Figure 4.7 Model of stress distribution on tool during cutting. (After
Zorev'')
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Figure 4.8 Stress distribution in photo-elastic model tool
when cutting lead. (Courtesy of E. Amini)

where x = distance from the point B where the chip breaks contact with the tool
¢, y = constants

The essential feature is the gradient of compressive stress, with the maximum at the
cutting edge, falling to zero where the chip breaks contact with the tool. The shear
stress shows a lower maximum and a more uniform distribution across the surface.

The real situation at the tool/work interface is much more complex than that of the
simple models adopted for calculation, and experimental determination of stress
distribution is therefore of more interest. There has been rather little such experimen-
tal work but the results of three methods will be mentioned.

A photo-elastic method uses a tool made of a polymer such as PVC. Because of the
low strength of the polymer, and the rapid drop in strength with temperature, these
tools can be used for the cutting only of soft metals of low melting point such as lead
and tin, and the cutting speed must be kept low.

Figure 4.8 is a photograph of a photo-elastic tool taken with monochromatic light,
while cutting lead at 3.1 m min ' (10 ft/min) and a feed of 0.46 mm rev™' (0.018 5
in/rev).'? The dark and light bands are regions of equal strain within the tool and,
from these, the distribution of compressive and shear stress can be determined.
Figure 4.9 is an example of the type of stress distribution found.

A second method is to employ a split steel or carbide tool as shown diagrammati-
cally in Figure 4.10. The split is parallel to the cutting edge and the edge part of the
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Figure 4.9 Compressive stress on rake face calculated from
photo-elastic tool, as in Figure 4.8. (From data of E. Amini'?)

tool rake face (OC in Figure 4.10) is shorter than the contact length of the chip, OB.
The deflection of the outer part of the tool EOCD can be measured using wire strain
gauges or a piezo-electric sensor to determine the force acting on the part of the
contact area near the tool edge. Since the area corresponding to the length OC can be
measured, the stress acting upon it can be determined accurately. The length OC can
be varied from a practical minimum of about 0.12 mm (0.005 inch) to the full contact
length, and a series of measurements will give the stress distribution on the tool rake
face.

This method was described by Loladze in his book Wear of Cutting Tools'* in which
results are given for the distribution of compressive stress on the rake face of tools
used to cut several steels at different speeds, feeds and tool rake angles. In general,
the compressive stress was a maximum at or very near to the tool edge. Values for the
maximum stress varied from 900 MPa to 1600 MPa (60 to 100 tonf/in?) for different
steels. In each case the maximum stress near the tool edge was higher than the yield
strength of the work material by a factor greater than 2, so that a stress greater than
1100 MPa (75 tons/in?) is normal when cutting steel. The maximum stress is strongly
related to the yield stress of the work material; it seems to increase to a small extent
with cutting speed and feed, and decreases as the rake angle of the tool is increased.

In the split tool method of Kato et al.'* tools of two designs were used to measure
the distribution of both compressive stress and stress parallel to the tool rake face.
Figure 4.11 shows the results obtained when high speed steel tools were used to cut
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Figure 4.10 Split tool used for measurement of stress distribution

aluminium, copper and zinc at a speed of 50 m min~'. Table 4.6 gives the values for
the maximum compressive stress and compares these with the values of yield flow
stress of the same materials measured in compression at a natural strain of 0.2. The
maximum stress acting on the tool is commensurate with the yield stress of the work
material at a rather high level of plastic strain.

A third method to estimate distribution of compressive stress is by use of a series of
tools of different hardness levels and known yield strength. A tool with adequate
yield strength is not deformed plastically during cutting, but if the yield strength is too
low, the tool edge is permanently deformed downward. An estimate of the distribu-
tion of stress can be made by cutting the workpiece with a series of tools of decreasing
yield strength and measuring the permanent deformation of each edge. This method
was explored by Rowe and Wilcox'® at low cutting speeds to avoid any heating of the
tool which would alter its yield strength. The published results agree with the other
methods, indicating a maximum compressive strength near the tool edge. For use
over a wide range of speed, temperature measurement in the tool would be required
as well as knowledge of the variation of yield strength of the tool with temperature.
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Figure 4.11 Distribution of compressive stress on rake face of tools
used to cut three metals. (After Kato ez al.'*)

The very high normal stress levels account for the conditions of seizure on the rake
face, particularly near the cutting edge. Comparison can be made with the process of
friction welding, in which the joint is made by rotating one surface against another
under pressure. With steel, for example, complete welding can be accomplished
where the relative speed of the two surfaces is 16-50 m min~' (50-150 ft/min) and
the pressure is 45-75 N mm~? (3-5 tonf/in?). The stress on the rake face in cutting
steel may be five or ten times as high as this near the tool edge. Seizure between the
two surfaces is, therefore, a normal condition to be expected during cutting.

The existing knowledge of stress and stress distribution at the tool-work interface
is far too scanty to enable tools to be designed on the basis of the localised stresses

Table 4.6

Work Maximum compressive Compressive yield

material stress on tool stress at € = 0.2
(MPa) (MPa)

Aluminium 83 93

Copper 284 294

Zinc 245 304

*Data after Kato et al.'*
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encountered. Even for the simplest type of tooling only a few estimates have been
made, using a two-dimensional model, where the influence of a tool nose does not
have to be considered. However, the present level of knowledge is useful in relation
to analyses of tool wear and failure, the properties required of tool materials and the
influence of tool geometry on performance.
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CHAPTER 5
Heat in metal cutting

The power consumed in metal cutting is largely converted into heat near the cutting
edge of the tool, and many of the economic and technical problems of machining are
caused directly or indirectly by this heating action. The cost of machining is very
strongly dependent on the rate of metal removal, and may be reduced by increasing
the cutting speed and/or the feed rate, but there are limits to the speed and feed
above which the life of the tool is shortened excessively. This may not be a major
constraint when machining aluminium and magnesium and certain of their alloys, in
the cutting of which other problems, such as the ability to handle large quantities of
fast moving swarf, may limit the rate of metal removal. The bulk of cutting, however,
is carried out on steel and cast iron, and it is in the cutting of these, together with the
nickel-based alloys, that the most serious technical and economic problems occur.
With these higher melting point metals and alloys, the tools are heated to high
temperatures as metal removal rate increases, and above certain critical speeds, the
tools tend to collapse after a very short cutting time under the influence of stress and
temperature. That heat plays a part in machining was clearly recognised by 1907
when F. W. Taylor, in his paper ‘On the art of cutting metals’, surveyed the steps
which had led to the development of the new high speed steels.’ These, by their
ability to cut steel and iron with the tool running at a much higher temperature, raised
the permissible rates of metal removal by a factor of four. The limitations imposed by
cutting temperatures have been the spur to the tool materials development of the last
70 years. Problems remain however, and even with present day tool materials,
cutting speeds may be limited to 15 m min~' (50 ft/min) or less when cutting certain
creep resistant alloys.

It is, therefore, important to understand the factors which influence the generation
of heat, the flow of heat and the temperature distribution in the tool and work
material near the tool edge. This was clear to J. T. Nicolson who studied metal
cutting in Manchester about the year 1900. In The Engineer in 1904* he stated ‘There
is little doubt that when the laws of variation of the temperature of the shaving and
tool with different cutting angles, sizes and shapes of cut, and of the rate of abra-
sion . . . are definitely determined, it will be possible to indicate how a tool should be
ground in order to meet with the best efficiency . . . the various conditions to be found
in practice.” However, determination of temperatures and temperature distribution in
the vitally important region near the cutting edge is technically difficult, and progress
has been slow in the 80 years since the problem was clearly stated. Recent research is
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clarifying some of the principles, but the work done so far is only the beginning of the
fundamental survey that is required.

Heat in chip formation

The work done in (1) deforming the bar to form the chip and (2) moving the chip and
freshly cut work surface over the tool is nearly all converted into heat. Because of the
very large amount of plastic strain, it is unlikely that more than 1% of the work done
is stored as elastic energy, the remaining 99% going to heat the chip, the tool and the
work material.

Under most normal cutting conditions, the largest part of the work is done in
forming the chip at the shear plane. Boothroyd® proposed a method for calculating
the approximate mean temperature rise in the body of the chip from measurement of
tool forces, knowledge of the cutting parameters and data for the thermal properties
of the work material. The total heat generated, Q, in a cutting operation is the
product of the cutting force, F, and the cutting speed,V,divided by the mechanical
equivalent of heat, J, equation 5.1.

Q =F. VI (5.1)

Q is the sum of the heat generated on the shear plane, Q,, and the heat generated in
moving the chip over the tool, Q. If we consider the simple cases of sliding or of
seizure with a flow-zone, in the absence of a built-up edge, using a tool with zero rake
angle (a), Oy is the product of the feed force and the chip velocity divided by the
mechanical equivalent of heat, equation 5.2.

FfVtan ¢ (5.2)
J

f =

The heat generated on the shear plane, Q,, is therefore:
0 = 0-0

Vv
:7(FC—Fftan @) (5.3)

Most of the heat generated on the shear plane passes into the chip, but a propor-
tionis conducted into the work material. Theoretical calculations and experimentally
determined values show that this proportion () may be as high as 50% for very low
rates of metal removal and small shear plane angles, but for high rates of metal
removal (where temperature effects become a serious problem) it is of the order of
10-15%. To calculate the temperature rise in the chip the value of B should be
determined but, for a first approximation, a value of 0.1 or 0.15 is satisfactory.

The temperature rise in the body of the chip, T, is:-

T.= (1 -B)Q, (5.4)
pcV, W

where p = density of work material
¢ = specific heat of work material.
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From equations 5.3 and 5.4, we have

T. = (1 —B)(F.— Fitan ¢) (5.5)
Jpc uW

The cutting speed does notenter directly into equation 5.5. The temperature of the
body of the chip (in the absence of a built-up edge) is therefore not greatly influenced
by the cutting speed. The value of 3 decreases as the cutting speed is raised, and there
isan increase in temperature because less heat flows back into the work material, but
the chip body temperature tends to become constant at high speeds. Calculation of
chip body temperature to higher accuracy requires data for the variation with
temperature of the specific heat and thermal conductivity of the work material.

The most obvious indication of the temperature of steel chips is their colour. When
steel is machined at high speed without the use of a coolant, the chip is seen to change
colour, usually to a brown or blue, a few seconds after leaving the tool. These "temper
colours’ are caused by a thin layer of oxide on the steel surface and indicate a
temperature of the order of 250 to 350 °C. At very low speeds the chip does not
change colour, indicating a lower temperature, usually associated with a built-up
edge. Under very exceptional conditions, when cutting fully hardened steel or certain
nickel alloys at high speed, chips have been seen to leave the tool red hot - i.c. a
temperature over 650 °C: but in most operations when cutting steel the chip body
reaches a temperature in the range 200-350 °C.

The temperature of the chip can affect the performance of the tool only as long as
the chip remains in contact; the heat remaining in the chip after it breaks contact is
carried out of the system. Any small element of the body of the chip, after being
heated in passing through the shear zone, is not further deformed and heated as it
passes over the rake face, and the time required to pass over the area of contact is
very short. For example, at a cutting speed of 50 m min~' (150 ft/min), if the chip
thickness ratio is 2, the chip velocity is 25 m min~' (75 ft/min). If the contact on the
rake face (L) is 1 mm long, a small element of the chip will pass over this area in just
over 2 milliseconds. Very little of the heat can be lost from the chip body in this short
time interval by radiation or convection to the air, or by conduction into the tool.

In one investigation, the temperature of the top surface of the chip was measured
by a radiation pyrometer.* A low carbon steel was being cut under the following
conditions:

cutting speed 160 m min~' (500 ft/min)
feed 0.32 mm rev! (0.013 in/rev)
depth of cut 3 mm (0.125 in)

The temperature of the top surface of the chip was shown to be 335 °C and a very
small temperature increase, 2 °C, was recorded as it passed over the contact area on
the rake face.

Heat may also be lost from the body of the chip by conduction into the tool through
the contact area. It will be shown, however, that, under many conditions of cutting,
particularly at high rate of metal removal, the work done in overcoming the feed
force, F;, heats the flow-zone at the under surface of the chip to a temperature higher
than that of the body of the chip. Heat then tends to flow into the body of the chip



Figure 5.1 Metal flow around edge of tool used to cut very low carbon
steel (as Figure 3.14). (a) Using normal tool; (b) using tool with restricted
contact on rake face (see Figure 4.4)
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from the flow-zone, and no heat is lost from the body of the chip into the tool by
conduction.

The amount of heat conducted into the workpiece is often higher than that
calculated using the idealised model in which heat is generated on the shear plane
(OD in Figure 4.1). In reality the strain is not confined to a precise shear plane, but
takes place in a finite volume of metal, the shape of which varies with the material
being cut and the cutting conditions. Quick-stop sections provide evidence that the
strained region does not terminate at the cutting edge. Figure 3.15 shows the flow
around the edge of a tool used to cuta low carbon steel. Figure 5.1a shows the region
near the cutting edge when machining a commercially pure iron at 16 m min™* (50
ft/min) at a feed of 0.25 mm (.01 in) per rev. With both materials the deformed
region visibly extends into the work material at the cutting edge. Thus a zone of
strained and heated material remains on the new workpiece surface. In many
operations, such as turning, much of the metal heated during one revolution of the
workpiece is removed on the next revolution, and this portion of the heat is also fed
into the chip. However, some of the heat from the deformed layer of work material is
conducted back into the workpiece and goes to raise the temperature of the
machined part. It is sometimes necessary to remove this heat with a liquid coolant to
maintain dimensional accuracy.

The thickness of the deformed layer on the workpiece is very variable. For
example, Figure 5.1b shows a quick-stop section through the same work material as
Figure 5.1a but the cutting speed was 110 m min~' (350 ft/min) and the tool was
shaped to give reduced contact length. The visibly deformed zone at the work surface
below the cutting edge extends to a depth of not more than 20 um, (compared with
more than 100 wm in Figure 5.1a.) and heating of the surface must have been
correspondingly reduced. Low cutting speeds, low rake angles and other factors
which give a small shear plane angle, tend to increase the heat flow into the

Figure 5.2 Flow-zone at rake face of tool used to cut very low carbon steel
at high speed. Detail of Figure 3.10
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workpiece. Alloying and treatments which reduce the ductility of the work material,
will usually reduce the residual strain in the workpiece.

To sum up, most of the heat resulting from the work done on the shear plane to
form the chip remains in the chip and is carried away with it, while a small but
variable percentage is conducted into the workpiece and raises its temperature. This
part of the work done in cutting makes a relatively unimportant contribution to the
heating of the cutting tool.

Heat at the tool/work interface

The heat generated at the tool/work interface is of major importance in relation to
tool performance, and is particularly significant in limiting the rates of metal removal
when cutting iron, steel and other metals and alloys of high melting point. In most
publications the generation of heat in this region is treated on the basis of classical
friction theory; here the subject is reconsidered in the light of the evidence that
seizure is a normal condition at the tool/work interface. First it is necessary to discuss
in more detail the pattern of strain in the flow-zone, which constitutes the main heat
source raising the tool temperature.

Figure 3.10 shows a quick-stop section through the tool/chip interface of a low
carbon steel cut by a 6° rake angle tool and Figure 5.2 shows part of this at a higher
magnification. The cutting speed was 153 m min~' (500 ft/min) and the chip thick-
nessratio was 4:1. The body of the chip was therefore moving over the rake face at 38
m min~' (125 ft/min), while, at the tool face, the two surfaces were not in relative
movement. Shear strain ('y) and the units in which it is measured are discussed briefly
in Chapter 3 and illustrated diagrammatically in Figure 3.4 inrelation to strain on the
shear plane. Values of 2 to 4 for y on the shear plane are commonly found, and in the
present example y was approximately 4. The flow-zone was, on the average, 0.075
mm (0.003 in) thick over most of the seized contact which was 1.5 mm (0.06 in) long.
The flow-zone material was therefore subjected to a mean shear strain of 20 as the
chip moved across the contact area, i.e. five times the strain on the shear plane. This
was not the total extent of strain in the flow-zone, however. Since the bottom of the
flow-zone remained anchored to the tool surface, the material in that part very close
to the tool surface continued to be subjected to strain indefinitely. Thus the amount
of strain in the flow-zone is very large. There is no certain knowledge as to the
distribution of strain throughout the flow-zone. The usual methods of measuring
strain such as making a grid on the surface and measuring its shape change after
deformation can be used to map the plastic strain at the shear plane, but cannot be
applied to the flow-zone because of its small size and the extremes of strain. ‘Natural
markers’, structural features such as grain boundaries and plastic inclusions, either
disappear in the flow-zone or are drawn out so nearly parallel to the tool surface that
their angle of inclination is too small to be measured in the part of the flow-zone near
the tool surface. The strain pattern observed in photo-micrographs of quick-stop
sections is usually such as would be expected from the rigidity of the chip body and
seizure at the interface (Figures 3.15, 5.1a and 5.2). Since this is a very unusual
condition, not covered in engineering treatment of the behaviour of solid materials, a
simple model is proposed which indicates some of the consequences of this condition.
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Chip body —»

Figure 5.3 Idealised model of flow-zone on rake face of tool

In Figure 5.3 a flow-zone is part of a chip, the body of which is moving away from
the cutting edge. It is seized to the tool rake face from the cutting edge O to the
position Y where the chip separates from the tool. (For clarity of the diagram the
flow-zone thickness relative to the contact length is exaggerated. The simplifying
assumptions are made that the flow-zone is of uniform thickness Og, that the chip
body is rigid and that the shear strain in the flow-zone is uniform from the tool
surface to the chip body/flow-zone interface.

Consider a unit body of work material, Oab X, at the cutting edge of the tool, each
side of which is equal to the flow-zone thickness. When the chip body moves across
the seized contact area, the upper surface of this body, ab moves toa’b’ to produce
the uniformly strained body Oa’b’X. The material at the centre line of the unit body
cd has been subjected to the same strain as the material ata’b’ but has moved only to
c'd’, half way along the seized length OY. The material ata’b’ continues to move at
the same rate after leaving the tool at position Y. When the material at ¢'d’ has
reached ¢"d" (over the position Y) it has been subjected to twice the shear strain asab
at a'b’. Correspondingly, the material at ef, where Oe is one-quarter of Oa, is
subjected to four times the strain when it reaches ¢”’f”’, compared toa'b’.

The amount of shear strain in the flow-zone is inversely proportional to the
distance from the tool rake face. Using this model, Table 5.1 gives an indication of
the shear strain across the flow-zone at the end of the seized contact, taking as an
example the cutting of steel at high speed (as Figure 5.2). Theoretically, the amount
of shear strain would become infinite at the tool surface if complete seizure persisted,
as in the ideal model. The surfaces of real tools, however, are never perfectly smooth
and the mean surface roughness is usually of the order of a few microns. Therefore
uniform laminar flow cannot be considered as persisting closer to the tool surface
than a few microns. In Table 5.1, the shear strain y over the contact length, the flow
zone being 80pm thick, is 20 at a distance of 80pm from the rake face, and 640 at a
distance of 2.5um. With this model, the rate of strain is constant and the time
required for any small element of work material to traverse the contact area becomes
longer as the tool surface is approached. At 80pm from the tool surface it was 1.6
milli-seconds (ms) and at a distance of 2.5um it was 51.2 ms.

Itis clear that the amounts of strain in the flow-zone are normally several orders of
magnitude greater than on the shear plane. The amounts of strain are far outside the
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range encountered in normal laboratory mechanical testing, where fracture occurs at
very much lower strains. The ability of metals and alloys to withstand such enormous
shear strains in the flow-zone without fracture, muct be attributed to the very high
compressive stresses in this region which inhibit the initiation of cracks, and cause the
re-welding of such small cracks as may be started or already existed in the work
material before machining. For example, the holes in highly porous powder metal
components are often completely sealed on the under surface of the chip and on the
machined surface where these areas have passed through the flow-zone. It has been
shown (Figures 4.9 and 4.11) that the compressive stress at the rake face decreases as
the chip moves away from the edge, and, when the compressive component of the
stress can no longer inhibit the formation of cracks, the chip separates from the tool,
its under surface being formed by fracture either at the tool surface or at points of
weakness within the flow-zone.

In real cutting operations the strain across the flow-zone is not so uniform as in the
simple model (Figure 5.3). It may be lower in the transition region between chip body
and flow-zone and there may be a dead metal region at the tool surface close to the
tool edge (Figures 3.15 and 5.1a). In general, however, the observed metallurgical
structure in the flow-zone are such as would result from the strain pattern of this
model. In particular the work material within one or two microns of the tool surface
becomes almost featureless at the highest magnifications, except for rigid inclusions
and for grain boundaries which must have resulted from recrystallisation after the
chip separated from the tool (Figure 3.6).

From Figure 5.3, the material in any part of the flow-zone is strained continuously
asit moves from the cutting edge to the position where it breaks contact with the tool
— for example ¢d — ¢'d’ — ¢"d". The flow zone material is therefore continuously
heated as it passes over the contact area, so that an increase in temperature can be
expected away from the tool edge. This is different from the body of the chip which is
heated only on the shear plane and not further heated as it passes over the contact
area.

Work materials commonly machined are strengthened by plastic deformation, the
yield flow stress usually conforming to the empirical relation 5.6.

O = g, e (56)

Table 5.1 Shear strain in flow-zone according to model in Figure 5.3. Example:- cutting
speed, 180 m min ! chip speed 60 m min ! flow zone thickness, 80jpm contact length, 1.6 mm.

Distance from Shear strain -y Time over Rate of strain
rake face over contact contact (s
(pm) length length
(ms)
80 20 1.6 1.25 x 10¢
40 40 3.2 1.25 x 104
20 80 6.4 1.25 x 10°
10 160 12.8 1.25 x 10°
5 320 25.6 1.25 x 10°
2.5 640 51.2 1.25 x 10¢
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where # is a strain hardening coefficient which increases with the strain rate. This
relationship clearly cannot hold for the extreme strain and strain rate conditions in
the flow-zone, since the flow strength would be so high that strain would be transfer-
red into the body of the chip where the yield stress is much lower. (This is what
happens with poly-phase alloys at low cutting speeds and results in the formation of a
built-up edge.) The yield stress in the flow-zone, where strains are of the order of 100
or greater and the strain rate is of the order of 10* s~' cannot be predicted by
extrapolating equation 5.6, which is usually obtained for amounts of strain up to 1. It
is known that, over certain limits, the yield stress is lowered by further increments of
strain and strain rate.® This can be explained by two factors:

(1) By adiabatic heating which raises the temperature to high values at which yield
stress is reduced.

(2) Bystructural changes in the workpiece, brought about by extreme strain as well
as by the temperature increase.

The typical structure in the flow-zone comprises very small (0.1 to lum) equi-axed
grains with few dislocations, as shown in electron micrographs (Figure 3.16).

The result of this weakening of the work material at extreme strain and strain rate
is concentration of strain into the thin flow-zone — an essential feature of the cutting
of so many metals and alloys where seizure is normal at the tool/work interface
during high speed cutting. The thickness of the flow-zone and the stress required to
cause flow are characteristic of the particular metal or alloy being machined. They
must depend on the temperatures achieved and the change in flow stress brought
about by the very high strains and strain rates. This is specific for each work material
and adequate data are not available for prediction of these stresses.

The concentration of strain in a narrow flow-zone in cutting is akin to phenomena
described for other metal-working processes. Cottrell® argues that ‘If the rate of
plastic flow is sufficiently high, there may not be time to conduct away the heat
produced from the plastic working and the temperature may rise sufficiently to
soften the deforming material. A plastic instability is then possible in which intense,
rapid flow becomes concentrated in the first zones to become seriously weakened by
this effect . . . This adiabatic softening effect (has been demonstrated) in the perfora-
tion of steel plates with a flat ended punch. Slow indentations produced widespread
plastic deformation with a large absorption of energy, but punching by impact
enabled the plate to be perforated easily along a thin surface of intense shear
deformation.’

The flow-zone in metal cutting is such a plastic instability, the result of adiabatic
softening. Instead of being a transient, short-lived phenomenon as in the punching of
plate, the rigid tool in metal cutting and the seizure at the interface constitute an
extremely effective mechanism for trapping the plastic instability at the tool surface
and prolonging its existence indefinitely, as long as cutting continues. Many of the
essential features of metal cutting depend of the way each work material behaves in
such plastic instabilities. Little is known of the behaviour of metals and alloys and
their constituent phases under these conditions but high speed metal cutting provides
a simple and very effective mechanism which can be used to study the influence of
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changes in composition and structure of metals and alloys when deformed in plastic
instabilities of this type.

The amount of heat generated at the tool/work interface can be estimated from
force and chip thickness measurements (equation 5.2). The temperature of the body
of the chip can be calculated from knowledge of heat generated on the shear plane
because there is little error in assuming an even distribution of strain across the shear
plane and neglecting heat loss during the short time interval involved. In the flow-
zone such simplified calculation of temperature is not possible for two reasons:

(1) Amounts of strain, temperature and flow-stress vary greatly within a flow-zone
(as implied in the model, Figure 5.3) and data from which to calculate them are
not available.

(2) Heat loss from the flow-zone into the tool and into the chip body are relatively
large and difficult to calculate. '

Many attempts have been made to calculate temperatures and temperature gra-
dients on the rake face of the tool, and progress has been made towards the
elimination of sources of error.”® Even for a two-dimensional section through a tool
used for orthogonal cutting, there must be considerable doubt about the accuracy of
the values of temperature calculated. Although quantitative estimates of tempera-
ture by calculation are uncertain, it is helpful in understanding many aspects of tool
life and machinability, to consider the general character of the flow-zone as a heat
source.

From the analysis based on the model in Figure 5.3 an increase in temperature in
the material in the flow-zone as it moves away from the cutting edge can be
predicted. The temperature increase depends on the amount of work done and on
the quantity of metal passing through the flow-zone. The thickness of the flow-zone
provides some measure of the latter, and the thinner the flow-zone the higher the
temperature would be for the same amount of work done. The thickness varies
considerably with the material being cut from more than 100 wm (0.004 in) to less
than 12 pm (0.0005 in). It tends to be thicker at low speeds, but does not vary greatly
with the feed. In general the flow-zone is very thin compared with the body of the
chip— commonly of the order of 5% of the chip thickness. Since the work done at the
tool rake face is frequently about 20% of the work done on the shear plane, much
higher temperatures are found in the flow-zone than in the chip body, particularly at
high cutting speed. There is very little knowledge at present of the influence of
factors such as work material, tool geometry, or tool material on the flow-zone
thickness, and this is an area in which research is required.

The temperature in the flow-zone is influenced also, by heat loss by conduction.
The heat is generated in a very thin layer of metal which has a large area of metallic
contact both with the body of the chip and with the tool. Since the temperature is
higher than that of the chip body, particularly in the region well back from the cutting
edge, the maximum temperature in the flow-zone is reduced by heat loss into the
chip. After the chip leaves the tool surface, that part of the flow-zone which passes off
on the under surface of the chip, cools very rapidly to the temperature of the chip
body, since cooling by metallic conduction is very efficient. The increase in tempera-
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ture of the chip body due to heat from the flow-zone is slight because of the relatively
large volume of the chip body.

The conditions of loss of heat from the flow-zone into the tool are different from
those at the flow-zone/chip body interface because heat flows continuously into the
same small volume of tool material. It has been demonstrated (Chapter 3) that the
bond at this interface is often completely metallic in character, and, where this is true,
the tool will be effectively at the same temperature as the flow-zone material at the
surface of contact. The tool acts as a heat sink into which heat flows from the
flow-zone and a stable temperature gradient is built up within the tool. The amount
of heat lost from the flow-zone into the tool depends on the thermal conductivity of
the tool, the tool shape, and any cooling method used to lower its temperature. The
heat flowing into the tool from the flow-zone raises its temperature and this is the most
important factor limiting the rate of metal removal when cutting the higher melting
point metals .

Heat flow at the tool clearance face

The flow-zone on the rake face is an important heat source because the chip is
relatively flexible and the compressive stress forces it into contact with the tool over a
long path. In some cases it is possible to reduce the heat generated by altering the
shape of the tool to restrict the length of contact, Figure 4.4. The same objective is
achieved on the clearance face of the tool by the clearance angle, Figure 2.2b, which
must be large enough to ensure that the freshly cut surface is separated from the tool
face and does not rub against it. The heat generated by deformation of the new
surface, Figure 5.1, is dissipated by conduction into the workpiece and has little
heating effect on the tool.

As mentioned in Chapter 3, Wallbank obtained evidence that, even with a sharp
tool, when cutting under conditions where a flow-zone is present, the work material
may be in contact with the clearance face for a distance of the order of 0.2mm below
the cutting edge of a tool with a conventional clearance angle of about 6°. The
workpiece is much more rigid than the chip and the feed force is too low to deflect it
to maintain contact with the clearance face for a length greater than this. This contact
length is too short for the generation of high temperatures in a flow-zone on the
clearance face, aslong as the tool remains sharp and the clearance angle islarge. With
certain types of tooling, for example form tools or parting-off tools, a large clearance
angle would seriously weaken the tool or make it too expensive, and clearance angles
aslow as 1° are employed. With such small clearance angles there is a risk of creating
a long contact path on the clearance face which becomes a third heat source, similar
in character to the flow-zone on the rake face. Even with normal clearance angles,
prolonged cutting results in ‘flank wear’, in which a new surface is generated on the
tool more or less parallel to the direction of cutting. The work material is often seized
to this ‘wear land’ as to the rake face of the tool, Figure 3.5, and when the worn
surface is long enough, the flow-zone in this region becomes a serious heat source.
Generation of high temperatures in this region is usually followed immediately by
collapse of the tool.
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Heat in the absence of a flow-zone

Tool temperatures where the heat source is a flow-zone in the work material seized
to the tool, have been considered at length because this condition commonly exists
where tool life is a problem. Two other conditions are discussed briefly, where the
flow-zone is absent from the tool/work interface.

Where a built-up edge is formed there is usually a zone of intense shear strain,
different in character and further from the tool surface, Figure 3.17. Itis confined to a
restricted region rather than spread out over the rake face. A different type of
temperature distribution in the tool can be expected, with lower temperatures, and
heat conducted into the tool only in a narrow region close to the tool edge. In most
cases, the built-up edge which is formed when cutting steels and other poly-phase
materials, disappears as the cutting speed is raised, and is replaced by a flow-zone of
the type which has been considered.

Where the conditions at the tool/work interface are those of sliding contact, the
mode of heat generation is very different. The shearing of very small, isolated
metallic junctions provides numerous very short-lived temperature surges at the
interface. This is likely to give rise to a very different temperature pattern at the
tool-work interface compared with that of the seized flow-zone. It seems probable
that the mean temperatures will be lower, because a much smaller amount of work is
required to shear the isolated junctions, but localised high temperatures could also
occur at any part of the interface. There is likely to be more even temperature
distribution over the contact area than under conditions of seizure. The direct effects
of heat generated at sliding contact surfaces would have to be taken into considera-
tion in a complete account of metal cutting. When considering the range of cutting
conditions under which problems of industrial machining arise, the effects of heat
from areas of sliding contact can probably be neglected without seriously distorting
the understanding of the machining process.

Methods of tool temperature measurement

The difficulty of calculating temperatures and temperature gradients near the cutting
edge, even for very simple cutting conditions, gives emphasis to the importance of
methods for measuring temperature. This has been an important objective of
research and some of the experimental methods explored are now discussed.

Tool/work thermocouple

The most extensively used method of tool temperature measurement employs the
tool and the work material as the two elements of a thermocouple.®'® The thermo-
electric e.m.f. generated between the tool and workpiece during cutting is measured
using a sensitive millivoltmeter. The hot junction is the contact area at the cutting
edge, while an electrical connection to a cold part of the tool forms one cold junction.
The tool is electrically insulated from the machine tool (usually a lathe). The
electrical connection forming the cold junction with the rotating workpiece is more
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difficult to make, and various methods have been adopted, a form of slip-ring often
being used. Care must be taken to avoid secondary e.m.f. sources such as may arise
with tipped tools, or short circuits which may occur if the swarf makes a second
contact with the tool, for example on a chip breaker. The e.m.f. can be measured and
recorded during cutting, and, to convert these readings to temperatures, the tool and
work materials, used as a thermocouple, must be calibrated against a standard couple
such as chromel-alumel. Each tool and work material used must be calibrated.
There are several sources of error in the use of this method. The tool and work
materials are not ideal elements of a thermo-couple — the e.m.f. tends to be low and
the shape of the e.m.f.-temperature curve to be far from a straight line. It is doubtful
whether the thermo-e.m.f. from a stationary couple, used in calibration, corresponds
exactly to that of the same couple during cutting when the work material is being
severely strained. The tool/work thermo-couple method has been used by many
workers to investigate specific areas of metal cutting — for example, to compare the
machinability of different work materials, the effectiveness of coolants and lubric-
ants or the performance of different tool materials. As an example, Kurimoto and
Barrow' cut a low-alloy engineering steel using a steel cutting grade of cemented
carbide tool over a range of speeds and feeds in air and using different cutting
lubricants. Figure 5.4 shows the temperature values determined plotted against
cutting speed for three different values of feed, and a comparison of cutting in air and
with water as a cutting fluid. The results, the mean of 3 to 12 measurements, are
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erial is a low alloy engineering steel and the tool is a cemented carbide.
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consistent. They indicate an increase in temperature with increments in speed and
feed, and a small lowering of temperature when water was used as a coolant.
Temperatures over 1000 °C are recorded for speeds of 120 m min~! (400 ft/min) and
over — conditions commonly used in machine shops. This method is useful in
demonstrating the influence of such variable parameters, but the significance to
attach to the numerical values for temperature which it provides is uncertain. It is
demonstrated later that there are very steep temperature gradients across the contact
area when machining steel at high speed, with temperature differences of 300 °C or
greater at different positions. It is uncertain whether the tool/work thermo-couple
measures the lowest temperature at the interface or a mean value. Itis unlikely that it
records the highest temperature in the contact area.

While this method has been used effectively to study the influence of parametersin
specific areas of machining, there does not seem to have been any attempt to
correlate the results to give a unified picture of interface temperature in relation to
speed, feed, tool design and cutting conditions for a wide range of work materials.

Errors arising from uncertain calibration of the thermocouple can be partially
eliminated by using two different tool materials to cut the same bar of work material,
simultaneously, under the same conditions.'? The e.m.f. between the two tools is
measured. If it can be assumed that the temperatures at the interfaces of the two tools
are the same, then the temperature can be determined from the measured e.m.f. by
calibration of a thermocouple of the two tool materials. Few results have been
reported using this method and, at best, a mean temperature at the contact area can
be determined.

Inserted thermocouples

Measurement of the distribution of temperature in the tool has been the objective of
much experimental work. A simple but very tedious method is to make a hole in the
tool and insert a thermocouple in a precisely determined position close to the cutting
edge.” This must be repeated many times with holes in different positions to map the
temperature gradients. The main error in this method arises because the temperature
gradients near the edge are very steep, and holes large enough to take the ther-
mocouple overlap a considerable range of temperature. If the hole is positioned very
precisely, this may be a satisfactory method for comparing the tool temperature
when cutting different alloys, but the method is not likely to be satisfactory for
determining temperature distribution.

Radiation methods

Several methods have been elaborated for measurement of radiation from the
heated areas of the tool. In some machining operations, the end clearance face is
accessible for observation, for example in planing a narrow plate. The end clearance
face may be photographed, using film sensitive to infra-red radiation. The heat-
image of the tool and chip on the film is scanned using a micro-photometer, and from
the intensity of the image the temperature gradient on the end face of the tool is
plotted.' The results show that the temperature on this face is at a maximum at the
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rake surface at some distance back from the cutting edge, while the temperature is
lower near the cutting edge itself. This method gives information only about the
temperature on exposed surfaces of the tool.

A more refined but difficult technique using radiant heat measurement involves
making holes, either in the work material or in the tool to act as windows through
which a small area (e.g. 0.2 mm dia.) on the rake surface of the tool can be viewed.*
The image of the hot spot is focussed onto a PbS photo-resistor which can be
calibrated to measure the temperature. By using tools with holes at different posi-
tions, a map can be constructed showing the temperature distribution on the rake
face. A few results using this method have been published showing temperatures
when cutting steel at high speeds using carbide tools. These show very high tempera-
tures (up to 1200 °C) and steep gradients with the highest temperature well back
from the cutting edge on the rake face. This method requires very exacting techni-
ques to achieve a single temperature gradient, and it has been used to estimate the
temperature on the flank of carbide tools used to cut steel.'

(a)

(b)

Figure 5.5 Section through tool used to cut medium carbon steel at
27 m min~' (90 ft/min) and 0.25 mm/rev feed. (a) Photomicrograph
showing micro-hardness indentations; (b) isotherms determined by
hardness measurements
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Changes in hardness and microstructure in steel tools

Much more information about temperature distribution near the cutting edge of
tools may be obtained by using the tool itself to monitor the temperature. The room
temperature hardness of hardened steel decreases after re-heating, and the loss in
hardness depends on the temperature and time of heating. Figure 6.2 shows the
hardness of a hardened carbon tool steel and a fully heat-treated high speed steelas a
function of the re-heat temperature. Carbon tool steels start to lose hardness when
re-heated to 250 °C and the hardness is greatly reduced after heating to 600 °C.
Fully heat-treated high-speed steel tools are not softened appreciably until 600 °C is
exceeded. Between 600 and about 850 °C the hardness falls rapidly, but it rises again
at still higher re-heat temperatures if the steel is rapidly cooled, as it is in the heat-
affected zone of the tools. By calibrating the hardness against the temperature and
time of heating a family of curves is obtained for any tool steel, so that, if the hardness
in any heat-affected region is measured and the time of heating is known, the
temperature to which it was heated can be determined.

This method has been used to estimate the temperature in critical parts of gas
turbines, piston engines and other structures where thermo-couples cannot be read-
ily employed. ‘Plugs’ of a calibrated tool steel are inserted and after use are removed
for hardness testing.'® For temperature measurement in cutting tools, clamped tool
tips are used and hardness tests are carried out after machining for a known time. The
heat-affected region occupies a few cubic millimeters near the cutting-edge. The tool
may be sectioned through the cutting edge, polished and a series of hardness tests
made to cover the heat-affected region (Figure 5.5a) or the rake surface may be
polished and tested. Since the heated area is small and temperature gradients may be
steep, the indentations must be closely-spaced, e.g. 0.1 mm apart. The indentations
must therefore be small and an accurate micro-hardness machine must be used. The
hardness tests in Figure 5.5a were made using a Vickers pyramidal diamond at 300
gms load. Using this method the temperature at any position can be estimated within
+ 25 °C within the temperature range where the tools are softened. Carbon steel
tools are useful for determining tool temperatures when cutting non-ferrous metals
of low melting point, such as copper and its alloys, but are of little use for temperature
estimation when cutting steel. High-speed steel tools have been used for determining
temperatures when cutting steel, nickel alloys, titanium alloys and other high melting
point materials.

Temperatures of about 600 °C are frequently observed when cutting steel with
high speed steel tools. Temperatures as low as this cannot be determined using a fully
heat-treated high-speed steel tool but, with tools tempered at a low temperature
after hardening (e.g. 400 °C), the hardness first increases up to 600 °C and then
decreases at higher temperatures, Micro-hardness measurements on tools heat
treated in this way can be used to estimate temperatures in the tool edge region which
are often about 500-650 °C.'” Figure 5.5b shows the temperature contours derived
from the hardness indentations in Figure 5.5a. In this example, a medium carbon
steel had been cutat 27 m min~! (90 ft/min). The maximum temperature on the rake
face was 700 °C at a position about 0.75 mm from the cutting edge.

The hardness decrease after heating hardened steel tools is the result of changesin
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(a)
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{b}

Figure 5.6 (a) Section through tool used to cut very low carbon steel at high
speed. Etched in Nital to show heat-affected region; (b) temperature contours
derived from structural changes in (a)'®

microstructure. The structural changes can be observed by optical and electron
microscopy. With carbon steels and some high speed steels these changes are usually
too gradual to permit positive identification of a structure characteristic of a narrow
temperature range, but Wright demonstrated that, with certain high speed steels
(e.g. cobalt containing steels such as M34 or M42), distinct modifications to structure
occur at approximately 50 °C intervals between 600 and 900 °C, which permits
measurement of temperature with an accuracy of * 25°C within the heat affected
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region.'® Figure 5.6a is a photomicrograph of an etched section through the cutting
edge of a Type M34 high-speed steel tool used to cuta very low carbon steel at 183 m
min ' (600 ft/min) at a feed rate of 0.25 mm/rev for a time of 30 s. The polished
section was etched in 2% Nital(a solution of HNO, in alcohol). The darkened area
forming a crescent below the rake face defines the volume of the tool heated above
650 °C during cutting. The structures within this region are shown at higher magnifi-
cation in Figure 5.7 with the temperature corresponding to each structure. The light
area in the centre of the heat-atfected region had been above 900 °C. The structure
became austenitic and this small volume of the tool was re-hardened when cutting
stopped and it cooled very rapidly to room temperature.

The tool rake surface can be re-polished after use and etched to determine
temperature distribution in three dimensions in the tool. Figure 5.8a shows the
structural changes just below the rake face of a tool used under the same conditions
of cutting. Figure 5.6a is thus a section along the line A-B in Figure 5.8a. Figures 5.6b
and 5.8b show the temperature contours derived from the structural changes.

The micro-hardness method is time consuming and requires very accurate hard-
ness measurement. The structural change method requires experience in interpreta-
tion of structures but, where it can be used, it is as accurate and much more rapid. In
conjunction with metallographic studies of the interface, important information can
be gained which is lost using micro-hardness alone. The main limitations of both
methods are that they can be used only within the cutting speed limitations of steel
tools and where relatively high temperatures are generated.

Commercial cemented carbide tools can be used at much higher cutting speeds.
When heated at temperatures up to their melting point (about 1300 °C) and cooled,
normal cobalt-bonded carbides do not undergo observable changes in hardness or
structure. Certain iron-bonded cemented carbides, however, do undergo structural
change at about 800 °C. Dearnley' has given metallographic evidence of a sharp
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Figure 5.8 (a) Rake face of tool used to cut very low
carbon steel at high speed, etched to show heat-affected
region; (b) temperature contours derived from structural
changes in (a)*°
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Figure 5.9 Temperature contours in tools used to cut very low carbon
steel at a feed of 0.25 mm (0.010 in) per rev, and at speeds shown for a
cutting time of 30 s*

structural change in the heat-affected regions of iron-bonded carbide tools, which can
be used as a temperature contour. This opens the possibility of temperature meas-
urements in tools used to cut high melting-point materials at much higher speeds.
Knowing the character of the heat source, it should be possible, starting from the
estimated temperature distribution at the tool rake face, to treat the subject as a
heat-flow problem and greatly extend the existing knowledge of temperature dis-
tribution near the edge of cutting tools.
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Figure 5.10 Temperature and stress distribution in tool used
to cut steel at high speed®

Measured temperature distribution in tools

Using the micro-hardness and metallographic methods, a number of investigations
of temperature distribution in cutting tools have been made.” Results of both
theoretical importance and practical interest have been demonstrated, although
insufficient work has been done to enable generalisations to be drawn valid for all
metal cutting. Temperature distribution in tools used to cut different work materials
is dealt with in relation to machinability in Chapter 9. Here, the effects of a number of
parameters are discussed on the basis of tests using two work materials — a very low
carbon steel (0.04% C) of high purity and high conductivity copper.

Figure 5.9 shows sections through tools used to cut the steel at a feed of 0.25 mm
(0.010in) per rev, at cutting speeds from 91 to 213 m min~' (300 to 700 ft/min) for a
cutting time of 30 s. The maximum temperature on the rake face of the tool rose as
the cutting speed increased, while the hot spot stayed in the same position. Even at the
maximum speed a cool zone (below 650 °C) extended for 0.2 mm from the edge,
while the maximum temperature, approximately 1000°C, is at a position just over 1
mm from the edge. This demonstrates the very high temperatures and very steep
temperature gradients which can be present in the tool at the rake face when
machining high meiting-point metals and alloys under conditions where the heat
source is a thin flow-zone on the under surface of the chip. As has already been
argued, where the flow-zone is metallurgically bonded to the tool surface, there is no
barrier to heat conduction, and the temperature at the rake surface of the tool is
essentially the same as that in the flow-zone at any position on the interface. The
temperature in the flow-zone cannot readily be estimated from structural changes in
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the work material because these are confused by the enormous strains to which it is
subjected, but both Loladze? and Hau-Bracamonte®* have given evidence that
austenite may be formed in the flow-zone when cutting steel - i.e. the temperature
may exceed 720 °C. Since the flow-zone is the heat source, the temperature in the
hottest position within this zone must be slightly higher than the highest temperature
in the tool, but the difference is probably small.

The cool edge of the tool is of great importance in permitting the tool to support
the compressive stress acting on the rake face. There is no experimental method by
which the stress distribution can be measured under the conditions used in these
tests, but the general character of stress distribution, with a maximum at the cutting
edge, has already been discussed (Figures 4.9 and 4.11). As shown diagrammatically
in Figure 5.10, the maximum compressive stress is supported by that part of the tool
which remains relatively cool under the conditions of these tests.

Heat must flow from the hot spot towards the cutting edge, but this region is cooled
by the continual feeding in of new work material. In this series of tests, when the
cutting speed was raised above 213 m min~' (700 ft/min), the heated zone
approached closer to the edge and the tool failed, the tool material near the edge
deforming and collapsing as it was weakened. As the tool deformed, Figure 5.11a,
the clearance angle near the edge was eliminated, and contact was established
between tool and work material down the flank, forming a new heat source, Figure
5.11b. Very high temperatures were quickly generated at the flank, the tool was
heated from both rake and flank surfaces and tool failure was sudden and catas-
trophic.

The wear on the clearance face of cutting tools often takes the form of a more or
less flat surface — the ‘flank wear land’ — over which the clearance angle is eliminated
(e.g. Figure 3.5). This can become a heat source causing catastrophic failure if it is
allowed to become too large, and it is often recommended that tools be re-ground or
replaced when the wear land on the tool reaches some maximum depth, e.g. 0.75 mm
or 1.5 mm (0.03 or 0.06 in).

Figure 5.11 Stages in tool failure. (a) High temperature region spreads to
cutting edge; (b) second high temperature region generated at worn clearance
face
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When cutting this low carbon steel, the temperature gradients were established
quickly. Figure 5.9 shows the gradients after 30 s cutting time and they were not
greatly different when cutting time wasreduced to 10s. Further experimental work is
required to determine temperatures after very short times, such as are encountered
in milling.

A few investigations have been made on the influence of feed on temperature
gradients. Figure 5.12 shows temperature maps in tools used to cut the same low
carbon steel at three different feeds — 0.125, 0.25, and 0.5 mm (0.005, 0.010, and
0.020 in) per rev. The maximum temperature increased as the feed was raised at any
cutting speed. The influence of both speed and feed on the temperature gradients is
summarised in Figure 5.13, in which the temperature on the rake face of the tool is
plotted against the distance from the cutting edge, for three different speeds at the
same feed and for three feeds at the same speed.

The main effect of increasing feed appears to be an increase in length of contact
between chip and tool, with extension of the heated area further from the edge and
deeper below the rake face, accompanied by an increase in the maximum tempera-
ture. The heat flow back toward the cutting edge was increased, and this back flow of
heat gradually raised the temperature of the edge, as the feed was increased. There
was, however, only a relatively small change in the distance from the edge to the
point of maximum temperature when the feed was doubled, and the temperature at
the edge was only slightly higher. The highly stressed region near the cutting edge
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Figure 5.13 Temperature distribution on rake face of tools
used to cut very low carbon steel at different speeds and
feeds®

must extend further from the edge as the feed is raised, and this, together with the
small increase in edge temperature, sets a limit to the maximum feed which can be
employed.

To understand tool behaviour, the temperature distribution in three dimensions
must be considered. This is illustrated by Figure 5.8 which shows the temperature
map of the rake face of a tool used to cut the same steel. The low temperature region
is seen to extend along the whole of the main cutting edge, including the nose radius.
Thelight area in the centre of the heated region (Figure 5.8a) is the part heated above
900 °C, while the sharply defined dark area extending from the end clearance face, is
a layer of work material filling a deformed hollow on the tool surface. The high
temperature region is displaced from the centre line of the chip towards the end
clearance face. This is because the tool acts as a heat sink into which heat is conducted
from the flow-zone. Higher temperatures are reached at the end clearance because
the heat sink is missing in this region. With the design of tool used for this test, the
only visible surface of the tool heated above red heat was thus at the end clearance
face just behind the nose radius. Tool failure had begun at this position because the
compressive stress was high where an unsupported edge was weakened by being
heated to nearly 900 °C.

Temperature distribution in tools is influenced by the geometry of the tool, for
example by the rake angle, by the angle between end and side clearance faces or by
the nose radius. An understanding of temperature distribution would make possible
more rational design of tools, and this is an area requiring investigation. While
present knowledge is inadequate for calculation of temperature gradients in the
flow-zone, when temperature distribution can be established experimentally for



78 Heat in Metal Cutting

300350°C____—

250-300 °C

200-250°C

(a)

400-450 °C

350-400°C

300-350° 250-300C

(b)
500-550°C

/

450-500°C

400-450 °C

350-400 °C

(c)

Figure 5.14 Temperature distribution in tools used to cut
high-conductivity copper at a feed of 0.22 mm/rev at (a) 120
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several sets of conditions, the data for tools of different shape and thermal conductiv-
ity could be treated mathematically as a heat flow problem.

The pattern of temperature which has been described for tools used to cut low
carbon steel — the cool edge and a high temperature region well back on the rake face
—occurs in tools after cutting at high speed for all steels so far tested, including carbon
and austenitic stainless steel. The presence of alloying elements has a very large
effect on the cutting speed required to produce any temperature. This temperature
pattern, however, is not a general characteristic of all metal cutting and temperature
distribution must be determined experimentally for each metal or alloy. For exam-
ple, Figure 5.14 shows temperature gradients when cutting high conductivity copper
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with carbon steel tools three cutting speeds. The tool geometry, feed and other
conditions were the same as those for cutting the low carbon steel. The tool tempera-
tures are much lower than when cutting steel, even ata speed as high as 530 m min™'
(1750 ft/min). Even at this speed the temperature gradient from the cutting edge in
the direction of chip flow is small. The temperature at the cutting edge was not
measurably lower that the highest temperature on the rake face. The characteristics
of temperature distribution in tools used to cut different metals are described in
Chapte: 9 where it is shown that this can have a fundamental influence on the limits
to the rate of metal removal.

Conclusions

A major objective of this chapter is to explain the role of heat in limiting the rate of
metal removal when cutting the higher melting point metals. In Chapter 4, experi-
mental evidence is given demonstrating that the forces acting on the tool decrease,
rather than increase, as the cutting speed is raised, and there is noreason to think that
the stresses on the tool increase with cutting speed. Temperatures at the tool/work
interface do, however, increase with cutting speed and it is this rise in temperature
which sets the ultimate limit to the practical cutting speed for higher melting point
metals and their alloys. The most important heat source responsible for raising the
temperature of the tool has been identified as the flow-zone where the chip is seized
to the rake face of the tool. The amount of heat required to raise the temperature of
the very thin flow-zone may represent only a small fraction of the total energy
expended in cutting, and the volume of metal heated in the flow-zone may vary
considerably. Therefore, there is no direct relationship between cutting forces or
power consumption and the temperature near the cutting edge.

Very high temperatures at the tool/work interface have been demonstrated. The
existence of temperatures over 1000 °C at the interface is not obvious to the observer
of the machining process, since the high temperature regions are completely con-
cealed, and it is rare to see any part of the tool even glowing red. The thermal assault
on the rolls and dies used in the hot working of steel appears much more severe, but
the tool materials used for these processes are quite inadequate for metal cutting. Itis
in order to achieve economic rates of metal removal by machining that the most
advanced and sophisticated alloys and materials have been developed as cutting
tools.
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CHAPTER 6
Cutting tool materials, steel

The development of tool materials for cutting applications has been accomplished
very largely by practical men. It has been of an evolutionary character and parallels
can be drawn with biological evolution. Millions of people are daily subjecting metal
cutting tools to a tremendous range of environments. The pressures of technological
change and economic competition have imposed demands of increasing severity. To
meet these requirements, new tool materials have been sought and a very large
number of different materials has been tried. The novel tool materials (correspond-
ing to genetic mutations) which have been proved by trials, are the products of the
persistent effort of thousands of craftsmen, inventors, technologists and scientists —
blacksmiths, engineers, metallurgists, chemists. The tool materials which have sur-
vived and are commercially available today, are those which have proved fittest to
satisfy the demands put upon them in terms of the life of the tool, the rate of metal
removal, the surface finish produced, the ability to give satisfactory performance in a
variety of applications, and the cost of tools made from them. The agents of this
‘natural selection’ are the machinists, foremen, tool room craftsmen, tooling special-
ists and buyers of the engineering factories, who effectively decide which of all the
potential tool materials shall survive.

To reconstruct the whole history of these materials is not possible because so many
of the unsuccessful ‘mutants’ have disappeared without trace or almost so. Patents
and the back numbers of engineering journals contain records of some of these. For
example The Engineer for April 13, 1883, records a discussion at the Institution of
Mechanical Engineers where Mr. W.F. Smith described experiments with chilled cast
iron tools, which had shown some success in competition with carbon steel. Fuller
accounts are available of the work which led to the development of those tool
materials which have been an evolutionary success. It is clear that these innovations
were made by people who had very little to guide them in the way of basic under-
standing of the conditions which tools were required to resist at the cutting edge. The
simplest concepts of the requirements such as that the tool material should be hard,
able to resist heat, and tough enough to withstand impact without fracture, were all
that was available to those engaged in this work. It is only in retrospect that a
reasoned, logical structure is beginning to emerge to explain the performance of
successful tool materials and the failure of other contenders. In this chapter the
performance of the main groups of present-day cutting tool materialsis discussed. As
far as possible the properties of the tool materials are related, on the one hand to
their composition and structure and, on the other, to their ability to resist the
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temperatures and stresses discussed in the previous chapters, and the interactions
with the work material which wear the tool. The objective is an improved under-
standing of the performance of existing tools in order to provide a more useful
framework of knowledge to guide the continuing evolution of tool materials and the
design of tools.

One consequence of this evolutionary form of development has been that the user
is confronted with an embarrassingly large number of tool materials from which to
select the most efficient for his applications.”> In 1972 in the UK 30 suppliers of high
speed steels offered a total of 205 different grades, while 49 suppliers of cemented
carbides offered 441 grades. A smell of the magical activities of the legendary
Wayland Smith lingers in such tool steel trade names as ‘Super Hydra’ or ‘Spear
Mermaid’. Many competing commercial alloys are essentially the same, but there is a
very large number of varieties which can be distinguished by their composition,
properties or performance as cutting tools. These varieties can be grouped into
‘species’ and groups of ‘species’ can be related to one another, the groups being the
‘genera’ of the cutting tool world.

In present-day machine shop practice, the vast majority of tools come from two of
these ‘genera’ — high speed steels and cemented carbides. The other main groups of
cutting tool materials are carbon (and lower alloy) steels, cast cobalt-based alloys,
ceramics and diamond. The procedure adopted here is to consider first, in this
chapter, tool steels and factors governing their performance. Cemented carbides are
then dealt with similarly in Chapter 7, and these two classes of tool material are used
to demonstrate general features of the behaviour of tools subjected to the stresses
and temperatures of cutting. Most of this discussion relates to the behaviour of tools
when cutting cast iron and steel, because these work materials have been much more
thoroughly explored than others, but, where relevant, the performance of tools when
cutting other materials 1s described. The present period is one in which tool materials
are being developed very rapidly. New developments in steel and carbide tools are
dealt with 1n this chapter and Chapter 7. Recent progress with ceramic type, diamond
and other tool materials is considered in Chapter 8.

Carbon steel tools

The only tool material for metal cutting from the beginning of the Industrial Revolu-
tion until the 1860s was carbon tool steel. This consists essentially of iron alloyed
with 0.8 to about 2% carbon, the other alloying elements present — manganese,
silicon, sulphur and phosphorus — being impurities or additions to facilitate steel-
making. Prolonged industrial experience was the guide to the selection of optimum
carbon content for particular cutting operations. Carbon tool steel is hardened by
heating to a temperature between 750 and 835 °C (‘cherry-red heat’) followed by
very rapid cooling to room temperature, usually by quenching in water. This opera-
tion was carried out by a skilled smith who was also responsible for shaping the tools.
A slowly cooled tool steel has a hardness of less than 200 HV (Vickers Hardness);
after quenching the hardness is increased to a maximum of 950 HV. If the quenching
temperature is raised above ‘cherry-red’ there is no further increase in hardness, but
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(a) {b)

Figure 6.1 Microstructures of hardened tool steel. (a) Carbon steel; (b) high
speed steel

the steel becomes more brittle — the tool edge fractures readily under impact. The
necessity for controlling hardening temperature to ensure full hardness, while avoid-
ing brittleness, was recognised from the earliest days of the use of steel and, before
temperature measurement by pyrometer was introduced about the year 1900, con-
trol was by the eye of the skilled smith.

The very great hardness increment is the result of a re-arrangement of the atoms to
produce a structure known as martensite. The characteristic ‘acicular’ (needle-like)
structure of martensite is revealed by optical microscopy (Figure 6.1a). Martensite is
hard because the layers of iron atoms are restrained from slipping over one another
by the dispersion among them of the smaller carbon atoms, in a formation which
forces the iron atoms out of their normal cubic space lattice and locks them into a
highly rigid but unstable structure. If re-heated (‘tempered’) at a temperature above
200 °C, however, the carbon atoms start to move from their unstable positions and
the steel passes through a gradual transformation, losing hardness but increasing in
ductility as the tempering time is prolonged or the temperature increased. In most
cases hardened tool steels are tempered at temperatures between 200 and 350 °C
before use to render them less sensitive to accidental damage. Figure 6.2 shows a
‘tempering curve’ for a carbon tool steel — the hardness at room temperature after
re-heating for 30 min at temperatures up to 600 °C. The tool relaxes to a more stable
condition and the high hardness can be restored only by again quenching from above
730 °C.

The main mechanical test applied to tool materials is the diamond indentation
hardness test, introduced in the 1920s. In use most tools are stressed mainly in
compression but, remarkably, very few data have been published on the behaviour of
tool materials under compressive stress. Figure 6.3 shows the stress vs plastic strain
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(a)
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Figure 6.4 Section through edge of carbon steel tool used to cut wrought iron at 3.3 m
min~' (10 ft/min). (a) Photomicrograph showing deformation of edge; (b) temperature
distribution

curves for a hardened 1%¢C steel at room temperature and at temperatures up to
400 °C. Cylindrical test pieces were step-loaded at increasing stress at each tempera-
ture, the permanent deformation being measured after each stress increment. At
room temperature the 0.2% proof stress was about 2300 MPa (150 tonf/in?) and
there was considerable strain hardening over the first few per cent of plastic strain to
values over 3000 MPa (200 tonf/in?}. There was a reduction in strength at 200 °C
and a greater reduction at higher temperatures so that at 400 °C the 0.2% proof
stress was below 800 MPa (50 tons/in®). Although strain hardening occurred at
400 °C, after 4% strain the yield stress was still below 1300 MPa (85 tonf/in?).



86 Cutting Tool Materials, Steel

The stress near the tool edge when cutting steel has been estimated to be of the
order of 1100 to 1600 MPa (75 to 100 tonf/ib?) or higher (page 50). The yield stress
of carbon steel tools would therefore be exceeded if the temperature rose above
about 350 °Cand deformation of the tool edge would be expected. Figure 6.4a shows
asection through the cutting edge of a carbon steel tool used to cut wrought iron at a
speed of only 3.3 m min~' (10 ft/min) ata feed of 0.5 mm/rev (0.020 in/rev) for 5 min.
Figure 6.4b shows the temperature contours in this tool estimated from micro-
hardness measurements. The cutting edge had reached approx 350 °C and had been
deformed plastically, the first step towards tool failure.

Carbon steel tools were used successfully for cutting copper at speeds as high as
110 m min~' (350 ft/min), but for cutting iron and steel speeds were normally kept to
about 5 or 7m min~* (16 to 22 ft/min) to ensure a reasonable tool life. At the end of
the last century, when the amount of machining was escalating with industrial
development, the very high costs resulting from the extremely low productivity of
machine tools operating at such very low speeds provided a major incentive to
develop improved tool materials. Steel had become the most important of materials
in engineering and the criterion of an improved tool material was its ability to cut
steel at high rate of metal removal. This remains largely true up to the present.

High speed steels

The earliest commercially successful attempt to improve cutting tools by use of
alloying elements was the ‘self-hardening’ tool steel of Robert Mushet, first made
public in 1868.% This contained about 6 to 10% tungsten and 1.2 to 2% manganese
and, later, 0.5 % chromium, with carbon contents of 1.2 to 2.5%. The most outstand-
ing property was that it could be hardened by cooling in air from the hardening
temperature and did not need to be quenched in water. Water quenching often
brought trouble through cracking, particularly with tools of large size and difficult
shape. The ‘self-hardening’ quality was mainly the result of the high manganese
content and the chromium, both of which greatly retard the rate of transformation
during cooling. The tools were also found to give a modest improvement in the speed
at which steel could be cut compared with carbon steel tools -~ for example, from 7 m
min ! to 10 m min~' (22 to 33 ft/min). This can be attributed mainly to the tungsten
which, after normal heat treatment, results in a significant increase in the yield stress
at elevated temperature. "R. Mushet’s Special Steel’, being more expensive, was
usually reserved by craftsmen, with conservative traditions, for cutting hard materi-
als or for difficult operations.

The hardening procedures had been ossified by centuries of experience of heat
treatment of carbon tool steels. Generations of blacksmiths, some very competent
and highly skilled, had established that tools were made brittle by hardening from
temperatures above ‘cherry-red heat’, and this constraint was, usually, applied to the
heat treatment of self-hardening alloy steels for more than 20 years after their
introduction. The story of how revolutionary changes in properties and performance
of alloy tool steels was accomplished by modifying the conventional heat treatment,
is told by Fred W. Taylor in his Presidential address in 1906 to the A.I.M.E. ‘On the
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Art of Cutting Metals’.* This outstanding paper deserves to be read as an historical
record of the steps by which the engineer, Taylor, and the metallurgist, Maunsel
White, developed the high speed steels, as part of what was probably the most
thorough and systematic programme of tests in the history of machining technology.
The composition was further developed on the basis of most extensive tool testing, to
make full use of the advantages conferred by the new heat treatment. By 1906 the
optimum composition was given as:

C - 067%
W - 1891%
Cr - 547%
Mn - 0.11%
vV - 029%
Fe - Balance

The optimum heat treatment consisted in heating to just below the solidus (the
temperature where liquid first appears in the structure — about 1250-1290 °C),
cooling in a bath of molten lead to 620 °C, and then to room temperature. This was
followed by a tempering treatment just below 600 °C. The tools treated in this way
were capable of machining steel at 30 m min~! (99 ft/min) under Taylor’s standard
test conditions. This was nearly four times as fast as when using the self-hardening
steels and six times the cutting speed for carbon steel tools.

At the Paris exhibition in 1900 the Taylor—-White tools made a dramatic impact by
cutting steel while ‘the point of the tool was visibly red hot’. High speed steel tools
revolutionised metal cutting practice, vastly increasing the productivity of machine
shops and requiring a complete revision of all aspects of machine tool construction. It
was estimated that in the first few years, engineering production in the USA had been
increased by $8000 m through the use of $20 m worth of high speed steel. High speed
steels of basically the same chemical composition and heat treated in basically the
same way as described by Taylor in 1906 are still, in the 1980s, one of the two main
types of tool material used for metal cutting. Many modifications to the basic
composition have been introduced by commercial producers. The steel making and
hot working procedures have been refined and the heat treatment has been made
much more precise. The numerous high speed steels commercially available have
been classified into a small number of standard types or grades according to chemical
composition. The British Standard Specification 4659: 1971 (akin to the United
States standard) lists typical analysis and hardness for 15 types of high speed steel
(Table 6.1).

Structure and compeosition

As can be seen from Table 6.1,° the room temperature hardness of high speed steels
is of the order of 850 HV - rather lower than that of many carbon tool steels. Figure
6.1b is a photomicrograph of the structure of one of the most commonly used types —
BM2. The bulk of the structure (the matrix) consists of martensite. The alloying
elements, tungsten, molybdenum and vanadium, tend to combine with carbon to
form very strongly bonded carbides with the compositions Fe,(W,Mo),C and V,C,
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and the former can be seen in the structure of Figure 6.1b as small, rounded, white
areas a few micrometres (microns) across. These micrometre-sized carbide particles
play an important part in the heat treatment. As the temperature is raised, the
carbide particles tend to be dissolved, the tungsten, molybdenum, vanadium and
carbon going into solution in the iron. The higher the temperature the more of these
elements go into solution but even up to the melting point some particles remain
intact, and their presence prevents the grains of steel from growing. It is for this
reason that high speed steel can be heated to temperatures as high as 1290 °C,
without becoming coarse grained and brittle.

These carbide particles are harder than the martensitic matrix in which they are
held; typical figures are

Fe,W,C - 1150 HV
V,.C, - 2000 HV

However, they constitute only about 10 to 15% by volume of the structure and have
a minor influence on the properties and performance of the tools. The vital role in
producing the outstanding behaviour of high speed steel is played by carbide parti-
cles formed, after hardening, during the tempering operation. These particles are
much too small to be observed by optical microscopy, being only about one
thousandth of the size of those visible in Figure 6.1b. Figure 6.2 shows a typical
tempering curve for a high speed steel. At first, as with carbon steel, the hardness
begins to drop, but over 400 °C it begins to rise again and, after tempering between
500 °C and 600 °C, hardness is often higher than before tempering. With further
increase in tempering temperature the hardness falls off rapidly. The secondary
hardening after tempering at about 560 °C is caused by the formation within the
martensite of the extremely small particles of carbide. Much of the tungsten, molyb-
denum and vanadium taken into solution in the iron during the high temperature
treatment before hardening is retained in solution during cooling to room tempera-
ture. On re-heating to 400-600 °C they come out of solution and precipitate
throughout the structure in the form of extremely numerous carbide particles less
than 0.01 wm across. Up to 560 °C the particles remain stable for many hours and
harden the steel by blocking the dislocations which facilitate slip between the layers
of iron atoms. (This is the process known as precipitation-hardening. High speed
steels were probably the first commercial precipitation-hardened alloys, preceding
‘duralumin’ by more than 10 years.) At higher temperatures, however, particularly
above 650 °C, the particles coarsen rapidly and lose their capacity for hardening the
steel matrix. The hardness can then be restored only by repeating the whole heat
treatment cycle.

It is only in recent years that the structural changes responsible for secondary
hardening in high speed steel have been understood. It was not until sophisticated
techniques had been developed with the electron microscope that the vital changes
could be observed and there is still controversy over the precise composition and
structure of the fine particles.®

The useful properties of all grades of high speed steel depend on the development
within them of the precipitation-strengthened martensitic structure as a result of high
temperature hardening, followed by tempering in the region of 520-570 °C. All of
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them are softened by prolonged heating to higher temperatures, and no development
up to the present has greatly raised the temperature range within which the hardness
is retained. A few of these grades, notably BM2 and BT1, are produced in large
quantities as general purpose tools, while the others answer the requirements of
particular cutting applications. A summary of the role of each of the alloying
elements gives a guide to the type of applications for which the different grades are
suited.

Tungsten and molybdenum

In the first high speed steels, tungsten was the essential metallic element upon which
the secondary hardening was based, but molybdenum performs the same functions
and can be substituted for it. Equal numbers of atoms of the two elements are
required to produce the same properties, and since the atomic weight of molyb-
denum is approximately half that of tungsten, the percentage of molybdenum in a
BM steel is usually about half that of tungsten in the equivalent BT steel. The heat
treatment of molybdenum-containing alloys presents rather more difficulties, but
the problems have been overcome, and the molybdenum steels are now the most
commonly used of the high speed steels. There is evidence that they are tougher, and
their cost is usually considerably lower.

Carbon

Sufficient carbon must be present to satisfy the bonding of the strongly carbide-
forming elements (vanadium, tungsten and molybdenum). An additional percentage
of carbon is required, which goes into solution at high temperature and is essential for
the martensitic hardening of the matrix. Precise control of the carbon content is very
important. The highest carbon contents are in those alloys containing large percen-
tages of vanadium.

Chromium

The alloys all contain 4-5% chromium, the main function of which is to provide
hardenability so that even those tools of large cross-section may be cooled relatively
slowly and still form a hard, martensitic structure throughout.

Vanadium

All the grades contain some vanadium. In amounts up to 1 %, its main function is to
reinforce the secondary hardening, and possibly to help to control grain growth. A
small volume of hard particles of V,C; of microscopic size is formed, and these are
the hardest constituents of the alloy. When the steels contain as high as 5% V, there
are many more of these hard particles, occupying as much as 8% by volume of the
structure, and these play a significant role in resisting wear, particularly when cutting
abrasive materials.
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Cobalt

Cobalt is present in a number of the alloys in amounts between 5 and 12%. The
cobalt raises the temperature at which the hardness of the fully hardened steel starts
to fall, and, although the increase in useful temperature is relatively small, the
performance of tools under particular conditions may be greatly improved. The
cobalt appears to act by restricting the growth of the precipitated carbide particles,
while not itself forming a carbide.

Properties

Hardness at room temperature is much the most commonly measured property of
tool materials. In the UK the Vickers diamond pyramid indentation hardness test
(HV) isused, and can conveniently be carried out on pieces of many shapes and sizes.
Itis an effective quality control test and useful as a first indication of the properties of
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tool steel. The tempering curves for BM2 and carbon steel (Figure 6.2) and the
hardness data in Table 6.1 are the results of tests at room temperature. Hot hardness
tests carried out at elevated temperatures, could be of more direct significance for
cutting tool performance, but the test procedure is more difficult and the results are
less reliable. The dashed line in Figure 6.2 shows the results of one set of hardness
tests on fully heat treated BM2 made at the temperature indicated on the graph.
There is a continuous fall in hardness with increasing temperature, with no peak at
550 °C, and although the hardness is dropping rapidly, it is still nearly 600 HV at this
temperature. Figure 6.5 shows the hot hardness of six high speed steels with
different room temperature hardness, at temperatures up to 550 °C. The results
show that, for a range of high speed steels, room temperature hardness provides an
indication of hot hardness also. This relationship is true only for materials within the
range of the high speed steels.

When tested in compression an elastic limit is observed (Figure 6.6).® Young’s
modulus is only slightly higher than that of most engineering steels and varies little
with heat treatment. Plastic deformation above the elastic limit is accompanied by
strain hardening, as shown in Figure 6.6.

The compressive strength of fully heat treated high speed steels is of direct
relevance to their performance as cutting tools. Figure 6.7 shows the compressive
stress vs plastic strain curves for fully heat-treated M2 at room temperature and up to
600 °C. These curves were obtained by step-loading cylindrical specimens and can be
compared with these for a 1% C steel (Figure 6.3). At room temperature both the
0.2% yield stress of nearly 3000 N mm~ (195 tonf/in?) and the rate of strain
hardening are greater with high speed steel. At 2% strain the yield stress is over 4000
N mm~ (260 tonf/in?). It is at elevated temperatures that the advantage of high
speed steel over carbon steel is critical. At 400 °C the 0.2 % yield stress of M2 is over
2000 N mm~2 (130 tonf/in?), while with 1% C steel it was less than 800 N mm~2 (50
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Figure 6.6 Compression test on type BT1 high speed steel, fully heat treated”
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Figure 6.7 Compressive strain vs plastic stress for fully heat-treated M2 at
various temperatures

tonf/in?). Even at 600 °C the 0.2% yield stress is 1800 N mm~2 (115 tonf/in?) and
after 3% strain the yield stress is 2500 N mm~2 (160 tonf/in?). Thus, even at 600 °C
the strength of M2 high speed steel is high enough to withstand the stress of the order
of 1500 N mm~ (100 tonf/in?) which has been demonstrated at the edge of tools
when cutting steel. A temperature of 600 °C at the cutting edge during the machining
of steel has been observed at relatively low cutting speeds (Figure 5.9) and at the tool
edge this temperature rises only slowly as the cutting speed increases.

The characteristic stress and temperature and their distribution in tools used to cut
steel is such that cutting speeds of the order of 30-50 m min~' (100to 150 ft/min) can
be employed when machining with high speed steels tools, without failure through
plastic deformation of the cutting edge. In the early days of high speed steels these
were said to possess the quality of ‘red hardness’ by which was meant the ability to cut
steel at speeds where the cutting edge was visibly red hot—i.e. over 600 °C. Since that
time the efforts to strengthen further these precipitation-hardened martensitic tool
steels, by modification of the composition and heat treatment, has resulted in some
increase in the yield stress at 600 °C. The further increase in hot strength achieved by
alloying is real but relatively modest after 75 years of research, and it seems unlikely
that major improvements in respect of this property, fundamental to metal cutting,
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can be accomplished without a basic change in the structures which control the
strength of these steels.

Figure 6.8 shows a comparison between the compressive strengths of high speed
steel and other tool materials at a higher temperature range and a lower stress level.’
The property measured is the proof stress after 5% reduction in length. A 5% proof
stress of 770 N mm~2 (50 tons/in?) is supported up to 740 °C by high speed steel,
compared with 480 °C for carbon tool steel and 1000 °C for a cemented carbide.

Other mechanical properties of a number of high speed steels are given in Table
6.2. These are for steels in the fully heat treated condition as recommended by
manufacturers for general use as cutting tools. The properties are very dependent on
heat treatment and Table 6.3 shows how the properties of BM2 high speed steel vary
with the hardening temperature and with the tempering temperature.

Tensile tests are not normally carried out on tool steels and the bend test is
commonly used, the reported value of strength being the maximum tensile stress at
the bar surface before fracture. The strength is very high, typical values being in the
range 4-5 GPa (260-320 tonf/in?).

The most important quality of a tool material for which a measure is being sought is
usually called ‘toughness’. In the context of cutting tool materials toughness means
the ability of the tool to continue cutting under difficult conditions for long periods
without fracture. When cutting is interrupted ~ for example, when turning a slotted
bar or an irregular shaped casting or forging, or when milling — the tool edge is
subjected to impact stresses as well as mechanical and thermal fatigue stresses which
may result in local fracture and chipping of the edge. Nosingle test has been generally
accepted as an overall measure of toughness in tool materials. The breaking stressin
the bend test is proposed as one such measure. Impact tests (Charpy or Izod, using
test pieces either unnotched or with a C-notch) place the grades and heat treatments
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Table 6.2 Typical values of mechanical properties of high speed steels heat-treated for general
use as cutting tools

Grade Transverse Fracture Izod Hardness
rupture toughness, impact (HV)
stress Kic strength

(un-notched)
(GPa) (tonf/in?) (MNm~2)  (ftlbs)

Tl 4.6 300 18 15 835

M1 4.8 310 18 24 835

M2 4.8 310 17 25 850

T6 3.0 195 16 9 880

M15 4.0 260 15 13 880

M42 3.4 220 10 13 910

Table 6.3 Influence of heat treatment on mechanical properties of BM2 high speed steel
(typical values)

Heat treatment Transverse Fracture  Izod Hardness
temperature rupture stress toughness, impact
°C) Kic strength
(un-notched)
Hardening Tempering (GPa) (tonf/in*) (MN m"3/2) (ft lbs) (HV)
1050 560 4.6 300 19.2 42 660
1150 560 4.7 305 18.6 30 785
1200 560 4.5 290 16.2 27 846
1220 560 4.0 260 16.6 25 850
1250 560 3.8 250 15.1 20 870
1220 450 3.3 210 18.0 28 800
1220 500 3.8 250 18.0 26 820
1220 560 4.6 300 16.6 25 850
1220 600 4.7 305 17.4 30 770
1220 650 3.8 250 18.7 40 600

in the same order as bend tests. In bend tests the tool steel specimens show plastic
deformation before fracture. The amount of plastic deformation is an indication of
the ability to absorb energy before fracture and may, therefore, be related to the
probability of tool failure, at least in some conditions of service.

Fracture toughness tests carried out by a number of research organisations are in
reasonable agreement on the values of the K, parameter for high speed steels. There
is some scatter in test results but, in general, the fracture toughness values place the
different grades of steel and the different heat treatments in the same order as does
the bend test.'*!¢

Apart from chemical composition and heat treatment a further factor with major
influence on toughness as experienced in the machine shop is the homogeneity and
isotropy of the steel. In high speed steel produced by conventional melting, ingot
casting and hot working, the carbide particles are never uniformly dispersed. After
casting they are arranged in clusters which are drawn out into lines of closely spaced
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carbide particles during hot working. In rolled products the lines are parallel to the
rolling direction. The greater the reduction of section in hot working the more
homogeneous is the product so that small drills, for example, are reasonably uniform,
but the inhomogeneity is very pronounced in tools of large section. In this respect the
quality varies with the steel making and processing practice of different producers
and can be assessed by comparing the metallographic structures of longitudinal
sections with standard micrographs (e.g. in British Standard Specification
4569:1971%)

In bend tests the strength in the transverse direction (i.e. when fracture takes place
in a direction normal to the lines of carbide) is higher than in the longitudinal
direction and the difference is greater the more the segregation.'®'' This is in
agreement with practical experience. In milling cutters, for example, edge fracture is
more frequent when the cutting edge is parallel to the direction of the lines of
carbide. The fracture toughness test, however, shows little difference between the
transverse and longitudinal directions, even in severely segregated steel.'® Fracture
toughness values are more fundamental then strength determined by bend or impact
tests, since they measure a ‘material property’ and are independent of the size and
shape of the test specimen. For measuring the quality of ‘toughness’ in tool materials
and predicting tool performance in relation to toughness, however, bend or impact
tests seem superior to fracture toughness tests. More research is urgently required to
establish a test or tests which can be internationally recognised as standard for
measuring toughness in tool materials.

One of the main areas in which the experience of the specialist is valuable is in
selection of the optimum grade and heat treatment to secure maximum tool life and
metal removal rate for each particular application. Inadequate toughness will lead to
fracture of the tool, giving a short and erratic tool life. The other factors controlling
tool life with high speed steel tools are now considered.

Tool life

For satisfactory performance the shape of the cutting tool edge must be accurately
controlled and is much more critical in some applications than in others. Much skill is
required to evolve and specify the optimum tool geometry for many operations, to
grind the tools to the necessary accuracy and to inspect the tools before use. This is
not merely a question of measuring angles and profiles on a macro-scale, but also of
inspecting and controlling the shape of the edge on a very fine scale, within a few
tenths of a millimetre of the edge, involving such features as burrs, chips or rounding
of the edge.

In almost all industrial machining operations the action of cutting gradually
changes the shape of the tool edge so that in time the tool ceases to cut efficiently, or
fails completely. The criterion for the end of tool life is very varied — the tool may be
reground or replaced when it fails and ceases to cut; when the temperature begins to
rise and fumes are generated; when the operation becomes excessively noisy or
vibration becomes severe; when dimensions or surface finish of the workpiece
change or when the tool shape has changed by some specified amount. Often the skill
of the operator is required to detect symptoms of the end of tool life, to avoid the
damage caused by total tool failure.
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The change of shape of the tool edge is very small and can rarely be observed
adequately with the naked eye. The skilled tool setter with a watchmaker’s lens can
see a significant glint from a worn surface, but a binocular microscope with a
magnification of at least X 30 is needed even for preliminary diagnosis of the
character of tool wear in most cases. The worn surfaces of tools are usually covered
by layers of the work material which partially or completely conceal them. To study
the wear of high speed tools it has been necessary to prepare metallographic sections
through the worn surfaces, usually either normal to the cutting edge or parallel with
the rake face. The details which reveal the character of the wear process are at the
worn surface or the interface between tool and adhering work material, and the
essential features are obscured by rounding of the edge of the polished section unless
special metallographic methods are adopted. Sections shown here were mostly
prepared by:

(1) Mounting the tool in a cold setting resin in vacuum.

(2) Carefully grinding the tool to the required section, using much coolant.

(3) Lapping on metal plates with diamond dust.

(4) Polishing on a vibratory polishing machine using a nylon cloth with one micron
diamond dust.

Observations have shown that the shape of the tool edge may be changed by plastic
deformation as well as by wear. The distinction is that a wear process always involves
some loss of material from the tool surface, though it may also include plastic
deformation locally, so that there is no sharp line separating the two. The use of the
term wear is, in the minds of many people, synonymous with abrasion — the removal
of small fragments when a hard body slides over a softer surface, typified by the
action of an abrasive grit in a bearing. There are, however, other processes of wear
between metallic surfaces, and a mechanism of metal-trans fer is frequently described
in the literature. This term is used for an action in which very small amounts of metal,
often only a relatively small number of atoms, are transferred from one surface to the
other, when the surfaces are in sliding contact, the transfer taking place at very small
areas of actual metallic bonding. Both of these mechanisms may cause wear on
cutting tools, but they are essentially processes taking place at sliding surfaces. There
are parts of the tool surface and conditions of cutting, where the work material slides

Figure 6.9 Cratering wear in relation to
temperature contours
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Figure 6.10 Section through rake face of tool. As Figure 5.6, back of crater in
high speed steel tool after cutting iron'?

over the tool as in the classical friction model, but, as argued in Chapter 3, it is
characteristic of most industrial metal cutting operations that the two surfaces are
seized together over a large part of the contact area, and under conditions of seizure
there is no sliding at the interface. Wear under conditions of seizure has not been
studied extensively, and investigations of cutting tool wear are in an uncharted area
of tribology. The wear and deformation processes which have been observed to
change the shape of high speed steel tools when cutting steel and other high meiting
point metals are now considered.'?

Figure 6.11 Crater in high speed steel tool used to cut
austenitic stainless steel. Etched to show heat-affected reg-
ion below crater filled with work material. (After Wright
and Trent'?)
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Superficial plastic deformation by shear at high temperature

When cutting steel and other high melting-point materials at high rates of speed and
feed, a characteristic form of wear is the formation of a crater, a hollow in the rake
face some distance behind the cutting edge, shown diagrammatically in Figure 6.9.
The crater is located at the hottest part of the rake surface, as demonstrated by the
method of temperature estimation described in Chapter $ and illustrated in Figure
5.6. In Figure 5.6a the beginnings of the formation of a crater can be observed. The
small ridge just beyond the hottest part on the rake face consists of tool material
sheared from the hottest region and piled up behind. This is shown at higher
magnification in Figure 6.10. In this case the work material was a very low carbon
steel, the cutting speed was 183 m min~' (600 ft/min), and the cutting time was 30s.
The maximum temperature at the hottest position was approximately 950 °C.

The steel chip was strongly bonded to the rake face, and this metallographic
evidence demonstrates that the stress required to shear the low carbon steel in the
flow-zone, at a strain rate of at least 10* s, was high enough to shear the high speed
steel where the temperature was about 950 °C. Shear tests on the tool steel used in
this investigation gave a shear strength of 100 MPa (9 tonf/in?) at 950 °C at a strain
rate of 0.16 s™'. It is unexpected to find that nearly pure iron can exert a stress high
enough to shear high speed steel. This is possible because:

(1) The yield stress of high speed steel is greatly lowered at high temperature.

(2) The rate of strain of the low carbon steel in the flow-zone is very high, while the
rate of strain in the high speed steel, although it cannot be estimated, can be
lower by several orders of magnitude.

Figure 6.12 End of crater after cutting austenitic stainless steel. (After Wright
and Trent'?)
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Figure 6.13 Shearing of high speed steel tool at cutting edge after cutting
nickel-based alloy. (After Wright and Trent'?)

In both materials the yield stress increases with the strain rate.

This wear mechanism has been observed on tools used to cut many steels. Figures
6.11 and 6.12 show cratering of high speed steel tools used to cut austenitic stainless
steel. The shearing away of successive layers of tool steel is particularly well seen in
Figure 6.12 at the rear end of the crater. It occurs also when cutting titanium and its
alloys, and nickel and its alloys. When cutting the stronger alloys it occurs at much
lower cutting speeds than when cutting the commercially pure metals. Thisis because
the shear stress is higher and the tool is therefore sheared at lower interface tempera-
tures. However, it always occurs at the regions of highest temperature at the tool-
work interface, and when cutting nickel alloys, it has been observed at the cutting
edge (Figure 6.13). It also occurs on a tool flank when the tool is severely worn with
accompanying high temperatures.

This is a rapid-acting wear mechanism, forming deep craters which weaken the
cutting edge so that the tool may be fractured. This wear mechanism may not be
frequently observed under industrial cutting conditions, but it is a form of wear which
sets a limit on the speed and feed which can be used when cutting the higher melting
point metals with high speed steel tools. It is unlikely that this wear mechanism will
be observed when cutting copper-based or aluminium-based alloys with high speed
steel tools, since, with these lower melting point materials, both the temperatures
generated and the shear yield stresses are very much lower. It has, however, been
seen on the severely worn flank of a carbon steel tool used to cut 70/30 brass at 240 m
min~' (800 ft/min), where a temperature over 730 °C was generated.
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Figure 6.14 Deformation of cutting edge of tool used to cut cast iron. {After
Wright and Trent'?)

Figure 6.15 Deformed edge of high speed steel tool, showing localised shear
bands

Plastic deformation under compressive stress

Deformation of the tool edge has been discussed in dealing with the properties of tool
steels. This usually takes a form such as that shown in Figure 6.14. In itself
deformation is not a wear process since no material is removed from the tool, but
forces and temperature may be increased locally and so the flow pattern in the work
material is modified. These more severe conditions bring into play or accelerate wear
processes which reduce tool life. Deformation is not usually uniform along the tool
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edge. Plastic deformation often starts at the nose of a tool with a sharp nose ora small
nose radius. Once started, a chain reaction of increased local stress and temperature
may result in very sudden failure of high-speed steel tools. Sudden failure initiated by
plastic deformation may be difficult to distinguish from brittle failure resulting from
lack of toughness in the tool material. It may be necessary to examine tools after
cutting for a very short time to observe the initial stages of plastic deformation.
Where failure is initiated in this way, a larger nose radius, where this is possible, often
prolongs tool life or permits higher cutting speed.

At the higher cutting speeds employed with high speed steel tools and the resulting
higher tool edge temperatures, catastrophic failure occurs after a smaller amount of
plastic deformation than with carbon steel tools (Figure 6.4). Strain is often not
uniform within the strained region but is concentrated in localised shear bands
(Figure 6.15) and distinct blocks of tool material may be sheared away. Deformation
of the tool edge, together with the previously discussed shearing away of the tool
surface, are two mechanisms which often set a limit to the speed and feed which can
be used.

Tools are more likely to be damaged by deformation when the hardness of the
work material is high and it is this mechanism which limits the maximum workpiece
hardness which can be machined with high speed steel tools, even at very low speed
where temperature rise is not important. An upper limit of 350 HV is often consi-
dered as the highest hardness at which practical machining operations using high
speed steel tools, can be carried out on steels, though steel as hard as 450 HV may be
cut at very low speed.

Diffusion wear

Metallographic evidence has been given to show that conditions exist during cutting
where diffusion across the tool/work interface is probable. There is metal to metal

Figure 6.16 Section through rake face of high speed steel
tool after cutting steel. Interface characteristic of diffusion
wear. (After Wright and Trent'?)
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Figure 6.17 Section through rake face of high speed steel tool after cutting
austenitic stainless steel

contact and temperatures of 700 °C to 900 °C are high enough for appreciable
diffusion to take place. Thus tools may be worn by metal and carbon atoms from the
tool diffusing into, and being carried away by, the stream of work material flowing
over its surface, and by atoms of the work material diffusing into or reacting with the
surface layers of the tool to alter and weaken the surface. Rates of diffusion increase
rapidly with temperature, the rate typically doubling for an increment of the order of
20 °C. There is strong evidence that wear by diffusion and interaction does, in fact,
occur in the high temperature regions of the seized interface when cutting steel and
other high melting point alloys at high speed.

The rapid form of cratering caused by superficial plastic deformation has been
described and there is clear evidence in that process of deformation of grain bound-
aries and other features in the direction of chip flow. At somewhat lower cutting
speeds, craters form more slowly and there is no evidence of plastic deformation of
the tool. Figure 6.16 is a section through such a worn surface with a thin layer of the
work material (steel) seized to the tool. The wear is of a very smooth type and no
plastic deformation is observed, the grain boundaries of the tool steel being unde-
formed up to the surface. The carbide particles were not worn at all, or worn much
more slowly, undermined and eventually carried away. Diffusion wear is a sort of
chemical attack on the tool surface, like etching, and is dependent on the solubility of
the different phases of the tool material in the metal flowing over the surface, rather
than on the hardness of these phases. The carbide particles are more resistant
because of their lower solubility in the steel work material, whereas there are no
solubility barriers to the diffusion of iron atoms from the tool steel into a steel work
material.

Diffusion wear is well illustrated in sections through tools used to cut austenitic
stainless steel. Figure 6.17 is a section through the rake face with adhering stainless



104 Cutting Tool Materials, Steel

Figure 6.18 Section through rake face of high speed steel tool after cutting low
alloy engineering steel

steel after cutting at 23 m min~' (75 ft/min). At this position, near where the chip left
the tool, the temperature was approximately 750 °C during cutting. The grain
boundaries are undeformed up to the interface. Diffusion of alloying elements from
the tool into the flow-zone had caused structural modification, which shows up as a
stream of dark etching particles, too small to be identified by optical microscopy.
These are being carried away with the chip flowing from left to right.

That diffusion may also alter the composition of the tool at the interface is shown in
Figure 6.18. The work material adhering to the rake surface in this case was a low
alloy engineering steel. The cutting speed was 18 m min~' (60 ft/min) and the cutting
time was 38 minutes. The temperature was estimated as 750 °C. at this position, near
the end of the crater on the rake face. Between the tool and the chip is a layer about 2
wm thick with an unresolved structure. There was no deformation of the grain
boundaries below the layer, but the layer itself was flowing in the direction of chip
movement, carrying away tool material. In this case an interaction between tool and
work material resulted in structural change in the matrix of the tool steel to form a
layer which was more easily deformed at 750 °C than the tool itself.

The diffusion wear process is one which has not been seriously considered as a
cause of wear, except in relation to metal cutting. The rate of diffusion wear is very
dependent on the metallurgical relationship between tool and work material and this
is important when cutting different metais such as titanium or copper. It is of more
significance for cemented carbide tools than for high speed steel and is considered
again in relation to them.

With high speed steel tools used in the usual cutting speed range, rates of wear by
diffusion are relatively slow because the interface temperatures are relatively low. At
higher speeds and higher temperatures, diffusion is accelerated, but diffusion wear is
masked by the plastic deformation which is a much more rapid wear mechanism.
Diffusion and interaction account for the formation of craters at speeds below those



Cutting Tool Materials, Steel 105

at which plastic deformation begins, and this is probably the most important wear
process responsible for flank wear in the higher speed range. Wear by diffusion
depends both on high temperatures, and also on a rapid flow rate in the work
material very close to the seized surface, to carry away the tool metal atoms. On the
rake face, very close to the cutting edge, there is usually a dead metal region, or one
where the work material close to the tool surface flows slowly (Figure 5.1a), and this,
together with the lower temperature, accounts for the lack of wear at this position.
The rate of flow past the flank surface is, however, very high when cutting at high
speeds, and wear by diffusion can take place on the flank, although the temperature
is very much the same as on the adjacent unworn rake face.

Attrition wear

At relatively low cutting speed, temperatures are low, and wear based on plastic
shear or diffusion does not occur. The flow of metal past the cutting edge is more
irregular, less stream-lined or laminar, a built-up edge may be formed and contact

Figure 6.19 Section through cutting edge of high speed
steel tool after cutting steel at relatively low speed, showing
attrition wear. (After Wright and Trent'?)
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Figure 6.20 Detail of Figure 6.19
(After Wright and Trent'?)

with the tool may be less continuous. Under these conditions larger fragments, of
microscopic size, may be torn intermittently from the tool surface, and this mechan-
ism is called attrition. Figures 6.19 and 6.20 show a section through the cutting edge
of a high speed steel tool after cutting a medium carbon steel for 30 minutes at 30 m
min~!' (100 ft/min). A built-up edge remained when the tool was disengaged. The
tool edge had been ‘nibbled’ away over a considerable period of time. Fragments of
grains had been pulled away, with some tendency to fracture along the grain bound-
aries, Figure 6.20, leaving a very uneven worn surface. The tool and work materials
are strongly bonded together over the whole of the torn surface. Although relatively
large fragments were removed, this must have happened infrequently once a stable
configuration had been reached, because the tool had been cutting for a long time.

In continuous cutting operations using high speed steel tools, attrition is usually a
slow form of wear, but more rapid destruction of the tool edge occurs in operations
involving interruptions of cut, or where vibration is severe due to lack of rigidity in
the machine tool or very uneven work surfaces. Attrition is not accelerated by high
temperatures, and tends to disappear at high cutting speed as the flow becomes
laminar. This is a form of wear which can be detected and studied only in metallog-
raphic sections. Adhering metal often completely conceals the worn surface and,
under these conditions, visual measurements of wear on the untreated tool may be
misleading.

Abrasive wear

Abrasive wear of high speed steel tools requires the presence in the work material of
particles harder than the martensitic matrix of the tool. Hard carbides, oxides and
nitrides are present in many steels, in cast iron and in nickel-based alloys, but there is
little direct experimental evidence to indicate whether abrasion by these particles
does play an important role in the wear of tools. Some evidence of abrasion of rake
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and flank surfaces by Ti (C,N) particles is seen in sections through tools used to cut
austenitic stainless steel stabilised with titanium. Figure 6.271 shows a Ti(C,N)
particle which had ploughed a groove in the rake face of the tool as it moved from left
to right, eventually remaining partially embedded in the tool surface. In this experi-
ment a corresponding steel without the hard particles showed only slightly less wear
when cut under the same conditions. It seems doubtful whether, under conditions of
seizure, small, isolated hard particles in the work material make an important
contribution to wear. Figure 6.21 suggests that they may be quickly stopped, and
partially embedded in the tool surface where they would act like microscopic carbide
particles in the tool structure. It is possible, however, that the reverse process takes
place — that carbide particles in the tool steel, undermined by diffusion wear, can be
detached from the tool and dragged along its surface, ploughing grooves.

Abrasion is intuitively considered as a major cause of wear and the literature on
the subject often describes tool wear in general as abrasive, but this is an area that
requires further investigation for normal conditions of cutting. Where the work
material contains greater concentrations of hard particles, such as pockets of sand on
the surface of castings, rapid wear by abrasion undoubtedly occurs. In such concent-
rations the action is like that of a grinding wheel, and the surfaces of castings are
treated to remove abrasive material in order to improve tool life. Under conditions of
sliding at the interface, or where seizure is intermittent, abrasion may play a much
more important role than under complete seizure.

Figure 6.21 Section through rake face of high speed steel
tool after cutting austenitic stainless steel containing
titanium. Abrasive action by Ti(C,N) particle. (After
Wright and Trent'?)



108 Cutting Tool Materials, Steel

Wear under sliding conditions

At those parts of the interface where sliding occurs, either continuously or intermit-
tently, other wear mechanisms can come into play and, under suitable conditions, can
cause accelerated wear in these regions. The parts of the surface particularly affected
are those shown as areas of intermittent contact in Figure 3.13. The most frequently
affected are those marked E, H and F in Figure 3.13, on the rake and clearance faces.
Greatly accelerated wear on the rake face at the position EH, and down the flank
from E where the original work surface crossed the cutting edge, is shown in Figure
6.22. The wear mechanisms operating in these sliding regions are probably those
which occur under more normal engineering conditions at sliding surfaces, involving
both abrasion and metal transfer, and greatly influenced by chemical interactions
with the surrounding atmosphere. Thisis further discussed in relation to the action of
cutting lubricants in Chapter 10.

Figure 6.23 summarises the discussion of the wear and deformation processes
which have been shown to change the shape of the tool, and to affect tool life when
cutting steel, castiron, and other high temperature metals and alloys, with high speed
steel tools. The relative importance of these processes depends on many factors—the
work material, the machining operation, cutting conditions, tool geometry, and use
of lubricants. In general the first three processes are important at high rates of metal
removal where temperatures are high, and their action is accelerated as cutting speed
increases. It is these processes which set the upper limit to the rate of metal removal.
Atlower speeds, tool life is more often terminated by one of the last three — abrasion,
attrition or a sliding wear process — or by fracture. Under unfavourable conditions
the action of any one of these processes can lead to rapid destruction of the tool edge,
and it is important to understand the wear or deformation process involved in order
to take correct remedial action.

Tool-life testing

Most data from tool-life testing have been compiled by carrying out simple lathe-
turning tests in continuous cutting, using tools with a standard geometry, and
measuring the width of the flank wear land and sometimes the dimensions of any

Figure 6.22 (a) Rake surface and (b) flank of high speed steel tool used to cut
steel, showing built-up edge and sliding wear at position E. (Wright)



!!!qushc shear at
\hngh temperature

Deformation
under

compressive
\ stress

e

%

\Duffusnon wear

~

Attrition wear

Abrasive wear

Sliding
wear
processes

Figure 6.23 Wear mechanisms on high speed steel

tools

]

//////

/VB mean flank wear

Cutting Tool Materials, Steel

//KT maximum crater depth

KM, distance of centre of
crater from tool edge

Figure 6.24 Conventional tool wear measurements

109

crater formed on the rake face (Figure 6.24). Steel and cast iron have been the work
materials in the majority of reported tests. The results of one such test programme,
cutting steel with high speed tools over a wide range of speed and three feed rates is
given by Opitz and Konig'* and one set of results is summarised in Figure 6.25. For
crater wear the results are simple, the wear rate being very low up to a critical speed,
above which cratering increased rapidly. This critical speed is lowered as the feed is
increased. For flank wear also the wear rate increases rapidly at about the same speed
and feed as for cratering. It is in this region that the temperature-dependent wear
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mechanisms control tool life. Below this critical speed range, flank wear rate does not
continue low, but often increases to a high value as attrition and other wear mechan-
isms not dependent on temperature become dominant.

Very high standards of systematic tool testing were set by F.W. Taylor in the work
which culminated in the development of high speed steel. The variables of cutting
speed, feed, depth of cut, tool geometry and lubricants, as well as tool material and
heat treatment were studied and the results presented as mathematical relationships
for tool life as a function of all these parameters. These tests were all carried out by
lathe turning of very large steel billets using single point tools. Such elaborate tests
have been too expensive in time and manpower to be repeated frequently, and it has
become customary to use standardised conditions, with cutting speed and feed as the
only variables. The results are presented using what is called Taylor’s equation, which
is Taylor’s original relationship reduced to its simplest form:

VI =C (6.1)
or

logV =logC-nlogT 6.2)
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where V = cutting speed, T = cutting time to produce a standard amount of flank
wear (e.g.0.75 mm, 0.030 in) and C and n are constants for the material or conditions
used.

Figure 6.26 shows the results of one set of tests in which the time to produce a
standard amount of flank wear is plotted on a linear scale and on a logarithmic scale
against the cutting speed.'* In spite of considerable scatter in individual test meas-
urements, the results often fall reasonably well on a straight line on the log/log
graphs. From these curves the cutting speed can be read off for a tool life of, for
example, 60 minutes (V 60) or 30 minutes (V 30) and work materials are sometimes
assessed by these numbers. Pronounced and significant differences are demonstrated
in Figure 6.26 between the different steels machined and such graphs are often pre-
sented as an evaluation of ‘machinability’. They should be considered rather as
showing one aspect of machinability or of tool performance — i.e. the tool life for a
given tool and work material and tool geometry when cutting in the high speed range.

The ‘Taylor curves’ are valid for those conditions in the high speed range where
tool life is controlled by the temperature-dependent wear processes involving
deformation and diffusion. It could be implied from Figure 6.26 that, if cutting speed
were reduced to still lower values, the tool life would become effectively infinite — the
tools would never wear out. Such extrapolations to lower cutting speeds are not valid.
As shown in Figure 6.25, the rate of flank wear may increase again at lower speeds
because other wear mechanisms come into play. In many practical operations it is not
possible to use high cutting speeds - for example along the cutting edge of a drill,
when turning or forming small diameters, or when broaching, planing or shaping. For
many operations the ‘Taylor curves’ are therefore not suitable for predicting tool life.
Itis, therefore, relatively easy to predict from laboratory tool tests the upper limit to
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Figure 6.26 ‘Taylor’ tool-life curves. Metal removed and cutting
time to produce a 0.060 in (1.5 mm) wear land on a high speed steel
tool (18-4-1) vs cutting time for five annealed steels. Tool angles in
degrees: back rake, 0; side rake, 15; side cutting edge angle, 0; end
cutting edge angle, 5; relief, 5. Nose radius, 0.005 in (0.13 mm); feed,
0.009 in/rev (0.23 mm rev™'); depth of cut, 0.062 in (1.57 mm).'* (By
permission from Metals Handbook, 1st Supplement, Copyright
American Society for Metals, 1954)
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the speed and feed which can be employed with a given tool and work material.
Below this upper limit it is much more difficult to predict the life of tools or the
optimum speed and feed, but this information is often urgently required for planning
and operation in engineering workshops. Even for continuous turning operations
with single point tools the number of machine shop parameters is very high and tool
life may be very greatly influenced by tool rake and clearance angles, approach angle,
nose radius, cutting lubricant, etc. When machining operations require tools of more
complex shapes as in milling, drilling, tapping, or parting off, prediction of the tool
life/cutting speed and feed relationships is much more difficult.

Adequate recording of industrial experience is essential. Books of data and data
banks are available to suggest to users starting points for determining optimum
cutting conditions for maximum metal removal efficiency for particular types of
operation. These must often be supplemented by tool life tests under the user’s actual
conditions of machining. Such tests are apt to be expensive in material and man-
power, not least because of the large scatter in individual test results. This work
involves very careful measurement of the very small amounts of wear, the use of a
microscope being essential. Judgment is required by the investigator or what is
significant and what can safely be ignored since tool wear is seldom as even and
clearly defined as is implied by simple models such as that in Figure 6.24.

A recent method for speeding tool life tests for a wide range of operations is the use
of tools the wearing surfaces of which have been made lightly radio-active.’® In one
investigation, a small volume on the flank of tools at the cutting edge was made
radio-active by exposing the surface to a beam of positively charged particles from a
cyclotron, the particles usually being protons or helium-3 nuclei. As the irradiated
material at the tool edge is worn away, the total amount of radiation from the tool is
reduced and the loss of material from the tool can be accurately determined by
measuring the loss of radio-activity. This measurement can be automated, so this
presents one possible method of facilitating the type of tool testing required by users
for optimising cutting efficiency, or even for in-process monitoring of wear on
individual tools. The very low levels of radio-activity of these tools make them safe to
handle, being well below the limits set for use in industrial environment.

Quantitative determination of the amount of wear should be accompanied by
intelligent investigation of the causes of wear. Worn tools are metallurgical failures
and should be treated as such.

Conditions of use

An extremely wide range of sizes and shapes of high speed steel tools is in use today.
Many of these are in the form of solid tools, consisting entirely of high speed steel,
which are shaped by machining close to the final size when the steel is in the annealed
condition. After hardening, the final dimensions are achieved by grinding and this
operation requires much skill and experience. There is a considerable difference in
the difficulty of grinding between one grade and another, the high vanadium grades
causing most problems, with very high rates of grinding wheel wear.

In some cases the high speed steel is in the form of an insert which is clamped,
brazed or welded to the main body of the tool, which is made of a cheaper carbon or
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low alloy steel. This is a tendency which is increasing, and recent developments
include drills where the high speed steel cutting end is friction welded to a carbon
steel shank, and band saws in which a narrow band of high speed steel, with teeth, is
electron-beam welded to a low alloy steel band. Most steel tools are designed to be
reground when worn, so that each tool edge may be reprepared for use many times.
The ‘throw-away’ tool tip, commonly used in carbide tooling, has only recently
become a serious commercial tooling type in high speed steel. For reasons connected
with recent developments in steel production and tool manufacture, the high speed
steel indexable insert, mechanically clamped into a tool holder, is now being more
widely used, a trend which seems likely to develop in the future.

Further development

Two innovations in high speed steels seem likely to find a permanent place in the
battery of cutting tool materials:

(1) Tool steel manufacture by powder metallurgy processing.
(2) Wear resistant coatings on tools produced by chemical vapour deposition
(CVD)

Powder metal high speed steel

A number of different routes have now been explored and developed commercially
for the production of high speed steel by powder metallurgy. All of these start with
powder produced by atomisation, a stream of molten steel being broken into droplets
by jets of gas or water. The particles, usually about 50 to 500 pm across, solidify
within a fraction of a second or a few seconds and therefore have a very fine-grained
structure. The carbide particles are much smaller and more evenly dispersed than in
ingots, where rates of cooling are thousands of times slower. The powder can be
consolidated by a number of different processes. The highest quality is produced by
sealing powder, which has been atomised in an inert atmosphere, into evacuated
steel canisters which are heated to a temperature of the order of 1150 °C and
subjected to isostatic pressure up to 1500 bar (10 tonf/in?}. This process is carried out
in highly engineered and expensive hot isostatic pressing units (HIP). Billets up to
0.7 m diameter and 1.5 m long are produced in this way with only very slight residual
porosity. Hot rolling or forging to the required size eliminates any remaining pores
and the product has a very uniform distribution of carbide particles. In a variant of
this process high speed steel powder, sealed into canisters, can be consolidated by hot
extrusion. Tools are made from the billets by conventional methods.

An alternative powder metal route starts with water-atomised powder. The car-
bon content can be adjusted by blending carbon with the steel powder. The blended
powder is consolidated in dies under high pressure to produce small tools or blanks
from which tools can be made. The cold-pressed compacts, which are very weak and
of high porosity, are consolidated by sintering. This operation is carried outin vacuo
or in a protective atmosphere at a temperature very close to the solidus temperature
(where a liquid phase first appears in the structure ). The sintering temperature must
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be controlled with extreme accuracy and the heating cycle is critical if a uniform,
fine-grained structure is to be produced, with well-dispersed carbide particles and
almost free from porosity. It is doubtful whether the cold pressed and sintered tools
can achizve the freedom from porosity of the isostatically hot pressed material, but
performance in many industrial applications is satisfactory. Sintered tools of a variety
of shapes can be made to good dimensional accuracy, eliminating many shaping
operations required to produce the same tools from bars. For production of large
numbers of identical tips this process has considerable economic advantage and it is
ideal for production of the small ‘throw-away’ tool tips.

Powder metal high speed steels have certain major advantages which should
ensure their continued development on a commercial scale. The superior structures,
free from segregation, ensure good and nearly uniform mechanical properties in all
directions. This is particularly important for tools of large size which are likely to be
of inferior quality when made by conventional processing. The advantage is likely to
be a lower incidence of premature failure rather than a reduction in rate of wear. The
economic potential of the cold-pressed and sintered tools may be fully realised only
as the techniques of using clamped-tip high-speed steel tools are more fully
developed.

In the long run, a more important advantage of powder processing may be the
ability to produce steels with higher alloy contents, containing more carbides and
other hard phases than can be incorporated in steel made by ingot casting and hot
working. Already there are commercial powder metal steels containing up to 10% V,
which are stated to give superior performance when cutting certain difficult materi-
als. Time will be required for such products to achieve commercial success but there
is much scope for development.

Coated steel tools

The concept of improving performance by forming hard layers on the working
surfaces of tools to reduce friction or wear is not a new one. Many treatments to form
such layers have been patented and used in industrial applications. Two examples are
the formation of blue oxide film on tool surfaces by heating in a steam atmosphere,
and treatment of tools in salt baths to introduce highlevels of carbon, nitrogen and/or
sulphur into the wearing surfaces. Many users have found advantage in these surface
treatments to prolong tool life or to reduce pick-up of work material on the tool
surfaces. They have been used more frequently for forming tools rather than cutting
tools and there have been few studies of the mechanism by which advantages are
achieved.

Recently, development of the process of chemical vapour deposition (CVD) has
resulted in the commercial availability of high speed steel cutting tools coated with
thin layers of refractory metal carbide or nitride. Although first proposed for the
coating of steel, large scale commercial development of the CVD process was for
coatings on carbide tools and the process of deposition is described in relation to
these (page 154). CVD layers on steel tools are usually less than 10pm in thickness.
Specialised equipment is required in which deposition takes place at temperatures in
the range 850-1050 °C. Coated high speed steel tools must, therefore, be hardened
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and tempered after coating and special precautions are taken to preserve the very
thin coating intact.

Titanium carbide (TiC) and nitride (TiN), hafnium nitride (HfN) and alumina
have been proposed as coatings and, of these, TiN has probably the most to com-
mend it. TiN is a cubic compound, isomorphous with the better known TiC. It is not
as hard as TiC, measured by indentation hardness test, but is its equal or superior in
terms of wear resistance in many cutting operations. The bright gold colour of TiN
has the advantage of allowing coated tools to be easily identified. TiC-coated tools
cannot readily be distinguished from uncoated tools.

Figure 6.27 shows a section through a coating on high speed steel. Both laboratory
tests and machine-shop experience have demonstrated considerable advantages for
cutting cast iron and most types of steel. The rate of wear is reduced so that tool life
may be extended up to 300 or 400% of the life of uncoated tools under the same
cutting conditions. Alternatively, a reasonable tool life can often be maintained
when the cutting speed is increased by 25% or more over that used for uncoated
tools. There is evidence that, when cutting steel at relatively low speed, the built-up
edge is either absent or is very much smaller with TiN coated tools. An advantage
claimed for coated tools is that the surface finish may be greatly improved by
elimination of the built-up edge.

Laboratory tests have demonstrated that, during high speed cutting of steel,
seizure occurs even between coated tools and the work material. The flow-zone at
the interface is still the heat source and there is usually only a small reduction of the
maximum temperature at the interface. When the high speed steel beneath the
coating is heated to high temperature, its strength is greatly reduced, it is plastically
deformed and the coating is broken up. Figure 6.28 illustrates the break-up of a
coating where the substrate had been deformed - the adhesion of lengths of the
coating in spite of very severe deformation of the steel demonstrates the very strong

Figure 6.27 Section through CVD coating on high speed steel tool
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adhesion of a CVD coating. The coating could resist wear at very high cutting speeds
but the use of high speed steel as a substrate limits the use of these tools when cutting
steel to speeds not very much higher than those employed with uncoated tools.

In general the re-grinding of coated tools is not possible and the throw-away
indexable tool tip with several cutting edges is of great advantage. With these,
increased efficiency comes not only from the longer tool life and increased metal
removal rates, but from reduced tool-changing time. In special cases CVD coatings
can be applied to tools which are reground — for example, certain types of drills or
form tools where part of the advantage of the coating is retained if only one surface,
usually the clearance face, is ground, leaving the coating on the rake face—e.g. in the
flutes of drills. CVD coating of high speed steel is an important addition to the range
of tool materials available and more development can be expected.

Summing-up on high speed steel tools

High speed steel tools make possible the cutting of steel and other high melting-point
materials at much higher rates of metal removal than can be achieved with carbon
steel tools. This improved performance is made possible by their retention of
hardness and compressive strength to higher temperatures. These properties are the
result of precipitation hardening within the martensitic structure of these tools steels
after a high temperature heat treatment. The correctly heat-treated steels have
adequate toughness to resist fracture in machine shop conditions, and it is the
combination of high-temperature strength and toughness which has made this class
of tool material one of the successful survivors in the evolution of cutting tool
materials. The loss of strength and permanent changes in structure of high speed steel
when heated above 600 °C, limit the rate of metal removal when cutting higher
melting-point metals and alloys.

References

‘Tool Steel Feature’, Iron & Steel, Special Issue, (1968)

BROOKES, K.J.A., World Directory and Handbook of Hard Metals, Engineers Digest (1975)
OSBORN, F.M., The Story of the Mushets, Nelson (1952)

TAYLOR, F.W., Trans. A.S.M.E., 28, 31 (1907)

British Standard 4659: 1971

MUKHERIJEE, T., I.5.I. Publication, 126, 80 (1970)

KIRK,F.A.,CHILD,H.C., LOWE,E.M.and WILLIAMS, T.J.,1.8.l. Publication, 126,67 (1970)
WEAVER, C., Unpublished work

TRENT, E.M,, Proc. Int. Conf. M.T.D.R., Manchester, 1967, 629 (1968)

e

10. HELLMAN, P. and WISELL, H., Bulletin du Cercle d’Etudes des Metaux, p. 483 (Nov. 1975)
11. EKELUND, S., Fagersta High Speed Steel Symposium, p. 3 (1981)

12.  WRIGHT, P.K. and TRENT, EM., Metals Technology, 1, 13 (1974)

13. OPITZ, H. and KONIG, W., I.S.1. Publication, 126, 6 (1970)

14. ‘Ed. Supplement’, A.S.M. Handbook (1948), also Metal Progress, 15 July, 141, (1954)

15. AMINI, E. and WINTERTON, R.H.S., Proc. Inst. Mech. Eng., 195 (21), 241 (1981)

16. HORTON, S.A. and CHILD, H.C., Metals Technol., 10, 245 (1983)



Chapter 7
Cutting tool materials, carbides

Cemented carbides

Many substances harder than quenched tool steel have been known from ancient
times. Diamond, corundum and quartzite, among many others, were natural materi-
als used to grind metals. These could be used in the form of loose abrasive or as
grinding wheels, but were unsuitable as metal-cutting tools because of inadequate
toughness. The introduction of the electric furnace in the last century, led to the
production of new hard substances at the very high temperatures made available.
The American chemist Acheson produced silicon carbide in 1891 in an electric arc
between carbon electrodes. This is used loose as an abrasive and, when bonded with
porcelain, is very important as a grinding wheel material, but is not tough enough for
cutting tools.

Many scientists, engineers and inventors in this period explored the use of the
electric furnace with the aim of producing synthetic diamonds. In this they were not
successful, but Henri Moissan at the Sorbonne made many new carbides, borides and
silicides — all very hard materials with high melting-points. Among these was tung-
sten carbide which was found to be exceptionally hard and had many metallic
characteristics. It did not attract much attention at the time, but there were some
attempts to prepare it in a form suitable for use as a cutting tool or drawing die. There
are, in fact, two carbides of tungsten — WC which decomposes at 2600 °C, and W,C
which melts at 2750 °C. Both are very hard and there is a eutectic alloy at an
intermediate composition and a lower melting point (2525 °C). This can be melted
and cast with difficulty, and ground to shape using diamond grinding wheels, but the
castings are coarse in structure, with many flaws. They fracture easily and proved to
be unsatisfactory for cutting tools and dies.

In the early 1900s the work of Coolidge led to the manufacture of lamp filaments
from tungsten, starting with tungsten powder with a grain size of a few micrometres
(microns). The use of the powder route of manufacture eventually solved the
problem of how to make use of the hardness and wear resistant qualities of tungsten
carbide. In the early 1920s Schroter, working in the laboratories of Osram in
Germany, heated tungsten powder with carbon to produce the carbide WC in
powder form, with a grain size of a few micrometres (microns)’-? This was thoroughly
mixed with a small percentage of a metal of the iron group - iron, nickel or cobalt —
also in the form of a fine powder. The mixed powders were pressed into compacts
which were sintered by heating in hydrogen to above 1300 °C. The product was

118



Cutting Tool Materials, Carbides 119

completely consolidated by the sintering process and consisted of fine grains of WC
bonded or ‘cemented’ together by a tougher metal. Cobalt metal was soon found to
be the most efficient metal for bonding. These cemented carbides have a unique
combination of properties which has led to their development into the second major
genus of cutting tool materials in use today.

Structure and properties

Tungsten carbide is one of a group of compounds — the carbides, nitrides, borides and
silicides of transition elements of Groups 1V, V and VI of the Periodic Table.>* Of
these, the carbides are important as tool materials, and the dominant role has been
played by the mono-carbide of tungsten, WC. Table 7.1 gives the melting point and
room temperature hardness of some of the carbides. All the values are very high
compared with those of steel. The carbides of tungsten and molybdenum have
hexagonal structures, while the others of major importance are cubic. These rigid
and strongly bonded compounds undergo no major structural changes up to their
melting points, and their properties are therefore stable and unaltered by heat
treatment, unlike steels which can be softened by annealing and hardened by rapid
cooling.

These carbides are strongly metallic in character, having good electrical and
thermal conductivities and a metallic appearance. Although they have only slight
ability to deform plastically without fracture at room temperature, the electron
microscope has shown that they are deformed by the same mechanism as are metals—
by movement of dislocations. They are sometimes included in the category of
ceramics, and the cemented carbides have been referred to as ‘cermets’, implying a
combination of ceramic and metal, but this term seems quite inappropriate, since the
carbides are much closer in character to metals than to ceramics.

Figure 7.1 shows the hardness of four of the more important carbides measured at
temperatures from 15 °C to over 1000 °C.>¢ All are much harder than steel, and for
comparison, the room temperature hardness of diamond on the same scale
is 6000-8000 HV. The hardness of the carbides drops rapidly with increasing tempera-
tures, but they remain much harder than steel under almost all conditions. The very

Table 7.1
Melting point Diamond indentation
(°C) hardness
(HV)
Tic 3200 3200
V.C, 2 800 2500
NbC 3500 2 400
TaC 3900 1 800
wWC 2750 2100
decomposes

Note. There are large differences in reported values for all of the carbides. The values given here are
representative.
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Figure 7.1 Hot hardness tests on mono carbides of four transi-
tion elements (After Atkins and Tabor"; Miyoshi and Hara®)

Figure 7.2 Structure of a cemented carbide (WC-Co) of coarse grain size



121

00rl 81 yard 005 € 891 009 ¢ 0911 !
8re 8¢C 6L1 0LL T 0or 1 Lo SI

09z 000 ¥ 6L1 0LLT oIct o'y
SLvl £l 0'8¢ 8&¢ 092 000 ¥ G¢S1 00F T oty 1 1 6

81 00g T 091 L0

S6'FI o1 Loy 0t9 SLT 0sc |rI 00€ ¢ SLS 1 1
§6¢ 0SS ¥ €l 0SL T 0081 Lo 9

8 078 1 A
9 0001 020 ¢ L0t

(01 x

(5 NIAD Alguor) (ed D) Guiguor)  (ed W) (uiguol)  (ed W) ()
dn1aps8 oY ssauySno; SHppOU yi8uas y1Suaays aamdnt (0 AH) oxs upsd o
nfads A4NJIDA] s 8unog 24188244107 ISLPASUDLT SSAUPDE M UDSW O

sAoqIe 00-OMm Jo sanaadold 7oL d[qel



122  Cutting Tool Materials, Carbides

high hardness, and the stability of the properties when subjected to a wide range of
thermal treatments, are favourable to the use of carbides in cutting tools.

In cemented carbide alloys, the carbide particles constitute about 55-92% by
voiume of the structure, and those alloys used for metal cutting normally contain at
least 80% carbide by volume. Figure 7.2 shows the structure of one alloy, the angular
grey particles being WC and the white areas cobalt metal. In high speed steels the
hard carbide particles of microscopic size constitute only 10-15% by volume of the
heat-treated steel (Figure 6.1b), and play a minor role in the performance of these
alloys as cutting tools, but in the cemented carbides they are the decisive con-
stituents. The powder metal production process makes it possible to control accu-
rately both the composition of the alloy and the size of the carbide grains.

Tungsten carbide—cobalt alloys

This group, technologically the most important, is considered first. These are avail-
able commercially with cobalt contents between 4% and 30% by weight —those with
cobalt contents between 4% and 12% being commonly used for metal cutting — and
with carbide grains varying in size between 0.5 pm and 10 pm across. The perfor-
mance of carbide cutting tools is very dependent upon the composition and grain size
and also upon the general quality of the product. The structure of tungsten carbide-
cobalt alloys should show two phases only — the carbide WC and cobalt metal (Figure
7.2). The carbon content must be controlled within very narrow limits. The presence
of either free carbon (too high a carbon content) or ‘eta phase’ (a carbide with the
composition Co;W,C, the presence of which denotes too low a carbon content)
results in reduction of strength and performance as a cutting tool. The structures
should be very sound showing very few holes or non-metallic inclusions.

Table 7.2 gives properties of a range of WC—-Co alloys in relation to their composi-
tion and grain size, and Figure 7.3 shows graphically the influence of cobalt content
on some of the properties. Both hardness and compressive strength are highest with
alloys of low cobalt content and decrease continuously as the cobalt content is
raised.” For any composition the hardness is higher the finer the grain size and over
the whole range of compositions used for cutting, the cemented carbides are much
harder than the hardest steel. As with high speed steels, the tensile strength is seldom
measured, and the breaking strength in a bend test or ‘transverse rupture strength’ is
often used as a measure of the ability to resist fracture in service. Figure 7.3 shows
that the transverse rupture strength varies inversely with the hardness, and is highest
for the high cobalt alloys with coarse grain size.

In tensile or bend tests, fracture occurs with no measurable plastic deformation,
and cemented carbides are, therefore, often characterised as ‘brittle’ materials in the
same category as glass and ceramics. This is not justified because, under conditions
where the stress is largely compressive, cemented carbides are capable of consider-
able plastic deformation before failure. Figure 7.4 shows stress—strain curves for two
cemented carbide alloys in compression, in comparison with high speed steel. The
cemented carbide has much higher Young’s modulus (E), and higher yield stress than
the steel. Above the yield stress, the curve departs gradually from linearity, and
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Figure 7.5 Ball indentations in surface of cemented carbide,
revealed by optical interferometry

Figure 7.6  Structure of medium—fine grained alloy of WC with 6% Co
(Wimet N°)

plastic deformation occurs accompanied by strain hardening, raising still further the
yield stress. The amount of plastic deformation before fracture increases with the
cobalt content.®® The ability to yield plastically before failure can also be demons-
trated by making indentationsin a polished surface. Indentationsin a carbidesurface,
made with a carbide ball, are shown in Figure 7.5, the contours of the impressions
being demonstrated by optical interferometry. Indentations to a measurable depth
can be made before a peripheral crack appears, and the higher the cobalt content the
deeper the indentation before cracking. Itis this combination of properties — the high
hardness and strength, together with the ability to deform plastically before failure
under compressive stress — which makes cemented carbides based on WC so well
adapted for use as tool materials in the engineering industry.
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There is no generally accepted test for toughness of cemented carbides and the
terms toughness and brittleness have to be used in a qualitative way. This is unfortu-
nate because it is on the basis of toughness that the selection of the optimum tool
material must often be made. Fracture toughness tests on cemented carbide have
now been reported from a number of laboratories and there is reasonably good
agreement on the values of K;c. Table 7.2 shows that K,¢ values for WC-Co alloys
increase with cobalt content, varying from 10 MN m~*" fora 6% Co alloy to 18 MN
m 32 for a 15% Co alloy. Considering the scatter in individual test results, this is a
relatively small difference, while in practice, there is a very large difference between
the performances of 15% Co and 6% Co alloys subjected to applications with
severe impact. This may be because the test measures the energy required to
propagate a crack under tensile stress, while in many practical applications perfor-
mance depends on the energy required to initiate a crack under localised compres-
sive stress. A satisfactory control test must be more discriminating than the practical
application. More research should be directed towards understanding the quality of
toughness of cemented carbides as observed in practice and towards developing
adequate tests for its measurement. Frequently the best tool material for a particular
application is the hardest which has adequate toughness to resist fracture. In practice
the solution to this problem has been achieved by the ‘natural selection’ process of
industrial experience. Just as, for high speed steels, a general purpose grade, BM2,
has become established for general machining work, so with the WC-Co alloys, a
grade containing 6% Co and a grain size near 2 wm, Figure 7.6 has become
acknowledged as the grade for the majority of applications for which this range of
alloys is suitable, and this grade is made in much larger quantities than the others. If
this grade proves too prone to fracture in a particular application, a grade with a
higher cobalt content is tried, while, if increased wear resistance is needed, one with a
finer grain size or lower cobalt content is recommended.

Trial by industrial experience is a very prolonged and expensive way of establish-
ing differences in toughness. It is difficult for the user to assess the claims of
competing suppliers regarding the qualities of their carbide grades. There is at
present no British Standard Specification for cemented carbides. The user must rely
on classifications such as that of the International Organisation for Standardisation
(ISO),°(Table 7.3) in which the performance as cutting tools is related to the relative
toughness and hardness of the different WC-Co alloys, arranged in a series from K01
to K40. It is the responsibility of the individual manufacturer to decide in which
category each of his grades shall be placed.

Both hardness and compressive strength of cemented carbides decrease as the
temperature is raised (Figures 7.7 and 6.8). The comparison of compressive strength
at elevated temperatures with that of high speed steel'! (Figure 6.8) shows that a
WC-Co alloy with 6% Co withstands a stress of 750 MPa (50 tonf/in?) at 1000 °C,
while the corresponding temperature for high speed steel 1s 750 °C. With cemented
carbides the temperature at which this stress can be supported drops if the cobalt
content is raised or the carbide grain size is increased.!?

The coefficient of thermal expansion is low — about half that of most steels.
Thermal conductivity is relatively high: a 6% Co-94% WC alloy has a thermal
conductivity, of 80 W/m °C compared with 31 W/m °C for high speed steel. Oxidation
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Figure 7.7 Hot hardness of cemented carbides compared
with high speed steel

resistance at elevated temperatures is poor, oxidation in air becomes rapid over 600
°C and at 900 °C is very rapid indeed. Fortunately this rarely becomes a serious
problem with cutting tools because the surfaces at high temperature are usually
protected from oxidation (see Chapter 10).

Performance of tungsten carbide~cobalt tools

Cemented tungsten carbide tools were introduced into machine shops in the early
1930s and inaugurated a revolution in productive capacity of machine tools as great
at that which followed the introduction of high speed steels. Over a period of years
the necessary adaptations have been made to tool geometry, machine tool construc-
tion, methods of operation and attitude of mind of the machinists, which enable the
tools to be used efficiently. When premature fracture was avoided, the carbide tools
could be used to cut many metals and alloys at much higher speed and with much
longer tool life. There are limits to the rate of metal removal at which there is a
reasonable tool life. As with high speed steel tools, the shape of the edge gradually
changes with continued use until the tool no longer cuts efficiently. The mechanisms
and processes which change the shape of the edge of tungsten carbide — cobalt tools
when cutting cast iron, steel and other high melting-point alloys are now considered,
looking first at those which set the limits to the rate of metal removal."

As with high speed steel tools, the work material is seized to the tool over much of
the worn rake and flank surfaces when cutting cast iron and most steels at medium
and high cutting speeds. A flow-zone or built-up edge is formed at the interface, of
the same character as described for steel tools.
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Figure 7.8 Cracks across the nose of cemented carbide tool
deformed during cutting'*

Figure 7.9 Deformation on clearance face of cemented carbide
tool, after cutting at high speed and feed, revealed by optical
interferometry!?

Plastic deformation under compressive stress

The rate of metal removal. as cutting speed or feed are raised, is often limited by
deformation of the tool under compressive stress on the rake face. Carbide tools can
withstand only limited deformation, even at elevated temperature, and cracks form
which lead to sudden fracture. Figure 7.8 showssuch a crack in the rake face of a tool,
this surface being stressed in tension as the edge is depressed.”* Failure due to
deformation is more probable at high feed rates, and when cutting materials of high
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Figure 7.10 Crater onrake face of WC-Co alloy too! after cutting
steel at high speed and feed
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Figure 7.11 Temperature distribution in cemented carbide tool
used to cut 0.4% C steel at 183 m min~! (600 ft/min). Estimated
from structural change in iron bonded carbide tool. (After Dearn-

leyls)

hardness. Carbide grades with low cobalt content can be used to higher speed and
feed rate because of increased resistance to deformation.

Deformation can be detected at an early stage in a laboratory tool test by lapping
the clearance face optically flat before the test, and observing this face after the test
using optical interferometry. Any deformation in the form of a bulge on the clear-
ance face can be observed and measured as a contour map formed by the interference
pattern. Figure 7.9 shows the interference fringe pattern on the clearance face of a
carbide tool used to cut steel at high speed and feed. The maximum deformation is
seen to be at the nose, and this is a common feature when cutting steel and iron. A
tool with a sharp nose, or a very small nose radius, starts to deform at the nose and
fails, for this reason, at much lower speed than when a large nose radius is used. In
many cutting operations the precise form of the nose radius may be critical for the
performance of the tool.
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Figure 7.12 Section through crater surface in WC-Co tool and adhering
steel, showing interface characteristics of diffusion wear

Figure 7.13 Section through interface of WC—Co bullet
core embedded in steel plate
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The ability of tungsten carbide—cobalt tools to resist deformation at high tempera-
tures is the most important property permitting higher rates of metal removal
compared with steel tools.

Diffusion wear

When cutting steel at high speed and feed, a crater is formed on the rake face of
tungsten carbide-cobalt tools, with an unworn flat at the tool edge (Figure 7.10).
Measurement of temperature in carbide tools (using iron-bonded carbide)'* shows
the same general pattern of temperature contours as with high speed steel tools
(Figure 7.11). This was predictable since the heat source is of the same character—a
thin flow-zone in metallic contact with the rake face of the tool. The crater is in the
same position as on high speed steel tools, the deeply worn crater being associated
with the high temperature regions, and the unworn flat with the low temperatures
near the edge. Sections through the crater in WC-Co tools show no evidence of
plastic deformation by shear in the tool material, to correspond with that observed
with high speed steel tools (Figures 6.10 and 6.12). The carbide grains are smoothly
worn through (Figure 7.12) with little or no evidence that any particles large enough
to be seen under the light microscope are broken away from the tool surface.
There is strong evidence that the wear process in cratering of WC-Co tools is one
in which the metal and carbon atoms of the tool diffuse into the work material seized
to the surface and are carried away in the chip. An extreme example of this sort of

Figure 7.14 Worn crater surface in WC-Co tool after
cutting steel at high speed. Very smooth surface with ridge
characteristic of diffusion wear
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Figure 7.15 Worn crater surface on WC-Co tool, showing large
WC grain ‘etched by action of the hot steel at the interface'

process was observed when studying sections through WC-Co bullet cores embed-
ded in steel plates. These showed a layer in which WC and Co were dissolved in the
steel which had been melted at the interface.'® Figure 7.13 shows such a section with
steel at the top, the cemented carbide at the bottom, and the white , fused layer in
between containing partially dissolved, rounded WC grains. The melting point of a
eutectic between WC and cobalt or WC and iron is about 1300 °C and this tempera-
ture had been reached in the thin layer at the interface. In this case, the speed on
impact exceeded 1000 m s™! and a very large amount of energy had been converted
into heat in a very short interval of time. In a paper published in 1952'7 the author
suggested that the cratering of WC—Co tools when cutting steel was also the result of
fusion at the interface at a temperature of 1300 °C. With cutting tools, however, the
speeds involved are more than 100 times lower than in the case of the bullet core.
Evidence of temperature deduced from observations of worn high speed steel
(Figure 5.9) and iron-bonded carbide tools (Figure 7.11) suggest that the maximum
sustained temperatures at the interface, for conditions where cratering of WC—Co
carbide tools occurs, are in the range 850° to 1150° or 1200 °C. While these
temperatures are too low for fusion, they are high enough to allow considerable
diffusion to take place in the solid state, and the characteristics of the observed
surfaces are consistent with a wear process based on solid phase diffusion.

Worn carbide tools can be treated in HCI or other mineral acids to remove
adhering steel or iron so that the worn areas of the tool surface can be studied in
detail. While the acids dissolve the cobalt binder to some extent they do not attack
the carbides, and wear on carbide tools can thus be examined by a method not
possible for high speed steel tools. Figures 7.14 and 7.15 show the worn crater
surfaces of WC-Co alloy tools after cutting steel. The carbide grains are mostly
smoothly worn through, but sometimes have an etched appearance, as in the large
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Figure 7.16 ‘Machining chart’ for WC + 6% Co tool
cutting 0.4% steel with hardness 200 HV'*

grainin Figure 7.15 in which steps etched in the surface are parallel to one of the main
crystallographic directions. Smooth ridges are often seen on the surface, originating
from large WC grains and running in the direction of chip flow, asin Figure 7.14. The
smooth polished surfaces are characteristic of areas where the work material flows
rapidly immediately adjacent to the surface, while the etched appearance is seen
where the temperature is high enough but the flow is less rapid or there is a stagnent
layer at the interface.

Cratering wear showing these features occurs only at relatively high rates of metal
removal. This and other features of wear on cemented carbide tools can be conve-
niently summarised by ‘machining charts’ such as Figure 7.16.'* The coordinates on
the chart are the cutting speed and feed plotted on a logarithmic scale, and the
diagonal dashed lines are lines of equal rate of metal removal. On each chart are
plotted the occurrence of the main wear features for one combination of tool and
work material using a standard tool geometry. Two lines in Figure 7.16 show the
conditions under which cratering wear was first detected, and the conditions under
which it became so severe as to cause tool failure within a few minutes of cutting.
Figure 7.16 is for a WC-6% Co tool when cutting a medium carbon steel. The
occurence of crater wear by diffusion is a function of both cutting speed and feed and
an approximately straight line relationship is found to exist over a wide range of
cutting conditions. For example the limit to cutting speed caused by rapid cratering



Cutting Tool Materials, Carbides 135

was 90 m min~' (300 ft/min) at a feed of 0.25 mm rev™' (0.01 in/rev), while the
critical speed is reduced to 35 m min~' (120 ft/min) at a feed of 0.75 mmrev~"' (0.030
in/rev). These charts and the figures for maximum cutting speeds illustrate the
importance of the cratering-diffusion wear in limiting the rates of metal removal
when using WC-Co alloys to cut steel. The maximum rates of metal removal are not
much higher than those when using high speed steel tools, and for thisreason WC-Co
alloys are not often used for cutting carbon and low alloy steel. They are recom-
mended mainly for cutting cast iron and non-ferrous metals, although they can be
used to advantage to give longer tool life when cutting steel at relatively low speeds.

Since this mechanism of wear is of such importance with carbide cutting tools, it is
worth considering in more detail.’® It is referred to here as ‘diffusion wear’ because
the observed features of the worn tool surface and the interface are consistent with a
diffusion wear hypothesis. It is a hypothesis because there is little direct evidence that
loss of material from the tool surface to form the crater takes place by migration of
individual atoms into the work material flowing over the surface. There is some
electron-analytical evidence of increased concentration of tungsten and cobalt atoms
in the flow zone within one or two micrometres of the interface,'® but this evidence is
too slight to form the main support for diffusion wear theory. Convincing evidence of
this type is unlikely to be found because concentrations of metallic elements from the
tool in the flow-zone as close as 2 wm from the interface are likely to be very low
because they are so rapidly swept away (see Figure 5.3 and discussion on flow-zone,
page 60).

With high speed steel tools, structural changes observed in layers several mic-
rometres in thickness at the interface are definite evidence for wear involving
diffusion and interaction on an atomic scale (Figures 6.16 and 6.17). With cemented
carbide tools there is no direct evidence of structural change. Transmission electron
microscopy of the seized interface between WC-Co tools and steel bonded to the
interface has shown only WC grains in contact with ferrite, at magnifications such
that modified layers thicker than 5 nm would have been detected.

It has been suggested that it is the rate of solution — i.e. the rate at which atoms
leave the tool surface - rather than the rate at which they diffuse through the work
material, which determines the wear rate,'” and that this should be styled a ‘solution
wear mechanism. This term over-simplifies a complex process. It suggests that the
rate of wear is dependent only on the composition of tool and work materials and
could be calculated from thermo-chemical consideration of the bonding of the
carbides in the tool material. The evidence presented'® demonstrates that the bond-
ing energy is a major factor, but atoms leaving the tool surface must have to migrate
to distances of 1 wm or greater before they are swept away because of unevenness in
the tool surface and in the work-material flow very close to the interface. Such
migration would be controlled by diffusion across thousands of atom spacings.
Diffusion wear seems a more appropriate term.

While the diffusion wear hypothesis can be asserted with confidence, it is impor-
tant not to over-simplify a process of great complexity. Rates of diffusion determined
from static diffusion couples cannot be used by themselves to predict rates of tool
wear because conditions at the tool/work interface are very different from the static
conditions in the tests. The flow of work material carries away tool atoms taken into
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Figure 7.17 Flank wear vs time for increasing cutting speeds
when cutting steel with WC-Co tools where wear is mainly by
diffusion’?

solution, greatly restricting the build-up of a concentration gradient. More impor-
tant, the work material in the flow-zone has a very high concentration of dislocations
and is undergoing dynamic recovery and recrystallisation. Rates of diffusion and
solution mustincrease greatly in such structures, as Loladze?® has pointed out, but no
experimental data exist for these conditions. There is also evidence of a much higher
concentration of dislocations in carbide grains at the interface than in the body of the
tool.”” These could accelerate the loss of metal and carbon atoms from surfaces
subjected to high shear stress. Mechanical removal of discrete particles of tool
material, too small to be observed by electron microscopy — with sizes less than about
5 nm — may also occur in the complex wear process which is called here ‘diffusion
wear’.

There must be some solubility for diffusion to take place at all. It has been shown
that 7% of WC can be dissolved in iron at 1250 °C. The rate of diffusion wear
depends on what is sometimes called the ‘compatibility’ of the materials; large
differences in diffusion wear rate occur with different tool and work materials. The
rate of wear is more dependent on the chemical properties than on the mechanical
strength or hardness of the tool, provided the tool is strong enough to withstand the
imposed stresses. It is for this reason that the higher hardness of cemented carbides
with fine grain size is not reflected in improved resistance to diffusion wear. In fact
coarse-grained alloys are rather more resistant than fine-grained ones of the same
composition, but the difference is small.

The rate of diffusion wear depends on the rate at which atoms from the tool
dissolve and diffuse into the work material and consideration is now given to the
question — ‘which atoms from the tool material are most important?’ In the case of
high speed steels, the iron atoms from the matrix diffuse into the work until the
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isolated carbide particles, which remain practically intact, are undermined and
carried away bodily. With cemented carbide tools also, the most rapid diffusion is by
the cobalt atoms of the carbide bond, and the iron atoms of the work material. The
carbide grains, however, are not undermined and carried away for two reasons. First,
because the carbide particles are not isolated, but constitute most of the volume of
the cemented carbide. supporting each other in a rigid framework. Second,
because, as cobalt atoms diffuse out of the tool, so iron atoms diffuse in, and iron is
almost as efficient in *‘cementing’ the carbide as is cobalt.

Carbon atoms are small and diffuse rapidly through iron, but those in the tool are
strongly bonded to the tungsten and are not free to move away by themselves. Itis the
rate of diffusion of tungsten and carbon atoms together into the work material which
controls the rate of diffusion wear. This depends not only on the temperature, but
also on the rate at which they are swept away - i.e. on the rate of flow of the work
material very close to the tool surface — at distances of 0.001-1 wm. Just as the rate of
evaporation of water is very slow in stagnant air, so the rate of diffusion wear from
the tool is low where the work material is stationary at, and close to, the tool surface.
At the flank of the tool. the rate of flow of the work material close to the tool surface
is very high (Figure 5.1a). and diffusion may be responsible for a high rate of flank
wear even when the adjacent rake face surface is practically unworn. In Figure 3.5
the carbide grains on the flank can be seen to be smoothly worn through. Under

Feed, mm rev!

0.05 0.08 0150.20.25 050 07510
Y —— — —
1000 = ' ek : 300
700( 4200
Cratering ™~ »
500} ' sgtor@‘\ N 4150
. deformation
£ 3001 190 ¢
b £
5 200F {60 £
£ 3
a Deformati -
eformation
2 s!crt\s ®
£ 100 2
E q25 £
© 70 420 3
50+ 15
30 49
201 ds
10 L s 1 o L I 3
0.001 0002 0003 0005 0.007 0.010 0020 0.030 0050

Feed, in/rev

Figure 7.18 Machining chart’ for WC + 6% Co tool
cutting pearlitic flake graphite cast iron'



138 Cutting Tool Materials, Carbides

conditions of seizure, the smooth wearing through of carbide grains can be regarded
as a good indication that a diffusion wear process is involved.

When cutting at relatively high speeds where the flank wear is based on diffusion,
the wear rate increases rapidly as the cutting speed is increased. Figure 7.17 shows a
typical family of curves of flank wear against cutting time for cutting steel with
carbide tools in the higher range of cutting speeds. In the WC-Co alloys, the
percentage of cobalt influences the rate of wear by diffusion, the flank wear rate
rising with increasing cobalt content, but, within the range of grades commonly used
for cutting, the differences in wear rate are not very great provided the tools do not
become deformed.

Attrition wear

As with high-speed tools, when cutting at relatively low speeds, where temperature is
not high enough for wear based on diffusion or deformation to be significant,
attrition takes over as the dominant wear process. The condition for this is a'less
laminar and more intermittent flow of the work material past the cutting edge, of
which the most obvious indication is the formation of a built-up edge. Figure 7.16 is
typical of the charts for many steels, in that it shows the presence of a built-up edge at
relatively low rates of metal removal, dependent on both cutting speed and feed rate.
It is below the built-up edge line on the chart that wear is largely controlled by
attrition.

During cutting, the built-up edge is continually changing, work material being
built on to it and fragments sheared away (Figure 3.17). If only the outer layers are
sheared, while the part of the built-up edge adjacent to the tool remains adherent and
unchanged, the tool continues to cut for long periods of time without wear. For
example, under some conditions when cutting cast iron, the built-up edge persists on

Figure 7.19 Edge chipping of carbide tool after cutting steel at low
speed, with a built-up edge
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Figure 7.20 Section through flank wear and
adhering metal on WC-Co tool used for cut-
ting steel at low speed, showing attrition wear'?

WC-Co tools to relatively high cutting speeds and feed, as shown on the chart,
Figure 7.18. With grey cast iron the built-up edge is infrequently broken away and
tool life may be very long. It is for this reason that WC-Co alloy tools are commonly
used for cutting cast iron, and the recommended speeds are those where a built-up
edge is formed. The wear rate is low but is of the attrition type, whole grains or
fragments of carbide grains being broken away leaving the sort of worn surface
shown in the sections Figures 3.8 and 3.9.

When cutting steel, however, under conditions where a built-up edge is formed,
the edge of a WC-Co alloy tool may be rapidly destroyed by attrition. As with
high-speed steel tools, fragments of the tool material of microscopic size are torn
from the tool edge, but whereas this is a slow wear mechanism with steel tools, it may
cause rapid wear on carbide tools. If the built-up edge is firmly bonded to the tool and
is broken away as a whole, as frequently happens where cutting is interrupted,
relatively large fragments of the tool edge may be torn away as shown in Figure 7.19.
Where the machine tool lacks rigidity, or the work piece is slender and chatter and
vibration occur, the metal flow past the tool may be very uneven and smaller
fragments of the tool are removed. Figure 7.20 shows WC grains being broken up
and carried away in the stream of steel flowing over the worn flank of a WC-Co tool
used to cut steel at low speed and feed.

Fragments are broken away because localised tensile stresses are imposed by the
unevenly flowing metal. Steel tools are stronger in tension with greater ductility and
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Figure 7.21 Worn flank of cemented carbide tool, adhering steel removed
in acid. Surface shows evidence of both diffusion and attrition wear
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Figure 7.22  Flank wear on WC-Co tools showing influence of carbide
grain size when cutting cast iron under conditions of attrition wear

toughness and for this reason have greater resistance to attrition wear. Thisis one of
the main reasons why high-speed steel tools are employed, and will continue to be
used, for many machining operations at low cutting speeds. Worn surfaces produced
by attrition are very rough compared with the almost polished surfaces resulting from
diffusion wear. There is, however, no sharp dividing line between the two forms of
wear, both operating simultaneously, so that worn surfaces, when adhering metal has
been dissolved, often show some grains smoothly worn and others torn away, Figure
7.21.
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content when cutting cast iron under conditions of attrition wear

0025}
3
o N
= 0020 r \\LLK\\ [“\'\Y\\ i 05
< ("‘\0’ s \66“ | Nl
: 2O e
s m
2 0015+ '/)(3@ g
X
5 "/61 m min! (200 £t/ min)
L 0010} {055
0005 |

5 10
Cutting time,min

Figure 7.24 Flank wear vs time for increasing cutting
speeds when cutting with WC-Co tools where wear is by
attrition — compare Figure 7.17"

The rate of wear by attrition is not directly related to the hardness of the tool. With
WC-Co tools, the most important factor is the grain size, fine-grained alloys being
much more resistant than coarse-grained ones. Figure 7.22 shows the rates of wear of
a series of tools all containing 6% cobalt when cutting cast iron in laboratory tests
under conditions of attrition wear. The hardness figures are a measure of the grain
size of the carbide, the highest hardness representing the finest grain size of less than
1 pm. By comparison the cobalt content has a relatively minor influence on the rate
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of attrition wear. Figure 7.23 shows the small difference in rates of wear of carbide
tools with 5.5-20% cobalt, all of the same grain size with large differences in
hardness. Consistent performance under these conditions depends on the ability of
the manufacturer to produce fine-grained alloys with close control of the grain size.
Some manufacturers now produce ultra-fine grained grades (e.g. 0.6 wm) for resis-
tance to attrition wear.

Since the metal flow around the tool edge tends to become more laminar as the
cutting speed is increased, the rate of wear by attrition may increase if the cutting
speed is reduced. Figure 7.24 shows a family of curves for the flank wear rate when
cutting cast iron under mainly attrition wear conditions and should be compared with
Figure 7.17 for diffusion wear. To improve tool life where attrition is dominant,
attention should be paid to reducing vibration, increasing rigidity and providing
adequate clearance angles on the tools.

Abrasive wear

Because of the high hardness of tungsten carbide, abrasive wear is much less likely to
be a significant wear process with cemented carbides than with high speed steel.
There is little positive evidence of abrasion except under conditions where very large
amounts of abrasive material are present, as with sand on the surface of castings. The
wear of tools used to cut chilled iron rolls, where much cementite and other carbides
are present, may be by abrasion, but most of the carbides, even in alloy cast iron, are
less hard than WC and detailed studies of the wear mechanism in this case have not
been reported. It seems very unlikely that isolated small particles of hard carbide or
of alumina in the work material can be effective in eroding the cobalt from between
the carbide grains under conditions of seizure. Where sliding conditions exist at the
interface there is a greater probability of significant abrasive wear. Worn surfaces
sometimes show sharp grooves which suggest abrasive action. The abrasion could
result from fragments of carbide grains or whole grains, broken from the tool surface,
being dropped across it, ploughing grooves and removing tool material. To resist
abrasive wear, a low percentage of cobalt in the cemented carbide is the most
essential feature, and fine grain size also is beneficial.

Fracture

Erratic tool life is often caused by fracture before the tool is much worn. The
importance of toughness in grade selection, and the improvement in this property
which results from increased cobalt content or grain size have already been discus-
sed. Considerable care is necessary in diagnosing the cause of fracture to decide on
the correct remedial action.

It is rare for fracture on a part of the tool edge to occur while it is engaged in
continuous cutting. More frequently the tool factures on starting the cut, particularly
if the tool edge comes up against a shoulder so that the full feed is engaged suddenly.
Interrupted cutting and operations such as milling are particularly severe and may
involve fracture due to mechanical fatigue. A frequent cause of fracture on the part
of the edge notengaged in cutting is impact by the swarf curling back onto the edge or
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Figure 7.25 Thermal fatigue cracks in cemented carbide tool after inter-
rupted cutting of steel

entangling the tool. This is particularly damaging if the depth of cut is uneven, as
when turning large forgings or castings.

Fracture may be initiated also by deformation of the tool, followed by crack
formation, (Figure 7.8), the mechanical fracture being only the final step in tool
failure. This case emphasises the importance of correct diagnosis, since the action to
prevent failure in this case would include the use of a carbide with higher hardness, to
prevent the initial plastic deformation, but less toughness. Prevention of fracture is
rarely a problem which can be solved by changes in the carbide grade alone, and
more often involves also the tool geometry and the cutting conditions.

Thermal fatigue

Where cutting is interrupted very frequently, as in milling, numerous short cracks are
often observed in the tool, running at right angles to the cutting edge, Figure 7.25.
These cracks are caused by the alternating expansion and contraction of the surface
layers of the tool as they are heated during cutting, and cooled by conduction into the
body of the tool during the intervals between cuts. The cracks are usually initiated at
the hottest position on the rake face, some distance from the edge, then spread across
the edge and down the flank. Carbide milling cutter teeth frequently show many such
cracks after use, but they seem to make relatively little difference to the life of the
tool in most cases. If cracks become very numerous, they may join and cause small
fragments of the tool edge to break away. Also they may act as stress-raisers through
which fracture can be initiated from other causes. Many carbide manufacturers have
therefore selected the compositions and structures least sensitive to thermal fatigue
as the basis for grades recommended for milling.

Wear under sliding conditions

Accelerated wear often occurs at those positions at the tool work interface where
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Figure 7.26  Sliding wear under edges of chip on rake face of carbide
tool used for cutting steel

sliding occurs, as with high speed steel tools (see page 108). A pronounced example
in the case of a WC-Co tool used to cut steel in air is shown in Figure 7.26, the deep
grooves are at the positions where the edges of the swarf slid over the rake face of the
tool. While abrasion may account for some wear under sliding conditions, the main
wear mechanism in the sliding regions at the periphery of the contact area involves
reactions with the atmosphere, and is discussed further in Chapter 10 in relation to
cutting lubricants. [t is of interest in showing that sliding may cause much more rapid
wear than scizure under the same cutting conditions, and the elimination of seizure
is, therefore. not a desirable objective in many cutting tool operations. The rate of
wear in the sliding areas is mainly controlled by a chemical interaction and depends
more on the composition of the tool material than on its hardness or other mechani-
cal properties.

These mechanisms and processes appear to be the main ways in which carbide tools
are worn or change shape so that they no longer cut efficiently. Many of the
mechanisms are the same as with high speed steel tools and, in summing up, Figure
6.23 can be referred to. Mechanism / is not normally observed. Mechanisms 2 and 3,
based on deformation and diffusion, are temperature dependentand come into play
at high cutting speeds, limiting the rate of metal removal which can be achieved.
Mcchanism 4, attrition wear, is not temperature dependent, and is most destructive
of the tools in the low cutting speed range, where high speed steels often give equal or
superior performance. Mechanism 5, abrasion, is probably a minor cause of wear, of
less significance than on steel tools. Sliding wear processes, mechanism 6, may be
importantas with steel tools and occur at the same positions on the tool. In addition
carbide cutting edges are more sensitive to failure by fracture, and thermal fatigue



Cutting Tool Materials, Carbides 145

Table 7.4 Properties of some steel cutting grades of cemented carbide

Composition Mean  Hardness Transverse Young's Specific
grain rupture modulus gravity
size strength

Co% TiC% TaC%  (pm) (HV 30) (GPa) (tonfsiin?) (GPa) (tonf/inz)

1 x 10
9 5 - 2.6 1475 1 890 122 566 36.6 13.35
9 9 12 3.0 1450 1 930 125 510 33.0 12.15
10 19 15 3.0 1525 1410 91.5 455 294 10.30
5 16 - 2.5 1 700 1230 80 537 348 11.40

may cause cracking which shortens tool life. The correct diagnosis of factors control-
ling tool life in practical machining operations is of major importance, both for the
practical man in selection of the optimum tool material, tool design or cutting
conditions, and for the research worker engaged in developing new toot alloys, tool
shapes or lubricants.

Tungsten—titanium—tantalum carbide alloys bonded with cobalt

The tungsten carbide—cobalt tools developed in the late 1920s proved very successful
for cutting cast iron and non-ferrous metals, at much higher speeds than is possible
with high speed steel tools, but they were less successful for cutting steel. This was
because of the cratering-diffusion type of wear which caused the tools to fail rapidly
at speeds not much higher than those used with high speed steel. The success of
tungsten carbide when cutting cast iron encouraged research and development in
cemented carbides. Much effort was put into investigating carbides of the other
transition elements (Table 7.1).

The most successful of these have been titanium carbide (TiC), tantalum carbide
(TaC), and niobium carbide (NbC). All of these can be bonded by nickel or cobalt,
using a powder metallurgy technology similar to that developed for the WC-Co
alloys. In spite of all the effort put into their development, none of these has so far
been as successful as the WC-Co alloys in combining the properties required for a
wide range of engineering applications. In particular, the other cemented carbides
lack the toughness which enables the tools based on WC to be used, not only for
heavy machining operations, but also for rock drills, coal picks and a wide range of
wear resistant applications. Two of these carbides, however, have come to play a very
important role as constituents in commercial cutting tool alloys.

In the early 1930s tools based on TaC and bonded with nickel were marketed in
USA under the name of ‘Ramet’ and were used for cutting steel because they were
more resistant to cratering wear than the WC-Co compositions. Alloys based on TaC
never became a major class of tool material, but they did indicate the direction for
developement of carbide tool materials for cutting steel, i.e. the inclusion in the
WC-Co alloys of proportions of one or more of the cubic carbides — TiC, TaC or
NbC. In the early years of their development, tools made from these alloys were
often more porous than those of WC-Co, but as a result of the research and
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Figure 7.27 Structure of steel cutting grade of carbide containing WC,
TiC, TaC and Co

development work by Dr. P. Schwarzkopf? and many others, the technology of
production is now fully mastered, and their general quality is very high. They are
generally known as the steel cutting grades of carbide, and all major manufacturers of
cemented carbides produce two main classes of cutting tool materials — the WC-Co
alloys (often called the straight grades) for cutting cast iron and non-ferrous metals,
and the WC-TiC-TaC-Co alloys for cutting steels.

Structure and properties

The compositions and some properties of representative steel cutting grades of
carbide are given in Table 7.4. Alloys containing from 4 to 60% TiC and up to 20%
TaC by weight are commercially available, but those with more than about 20% TiC
are made and sold in very small quantities for specialised applications. The propor-
tions of cobalt and the grain size of the carbides are in the same range as for WC-Co
alloys. Micro-examination shows that, in the structures of alloys containing up to
about 25% TiC, two carbide phases are present instead of one, Figure 7.27. Both
angular blue-grey grains of WC and rounded grains of the cubic carbides, which
appear yellow-brown by comparison, are present. In alloys with more than 25% by
weight of TiC, no WC grains can be detected, and, at lower TiC contents, it is obvious
that the proportion of the cubic carbides is much greater than could be accounted for
by the relatively small percentage by weight of TiC present. The explanation lies in
the fact that WC can be taken into solid solution in TiC in large amounts (up to 70%
by weight of WC can be dissolved in TiC) while TiC and TaC are both completely
insoluble in WC. TiC and TaC have the same type of cubic structure and are
completely soluble in one another.* The rounded grains seen in the structure of these
alloys are, therefore, grains of carbide with a cubic crystal structure, in which there
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are atoms of the metalsTi,Ta and W, and one carbon atom for each metal atom. The
cubic phase in these alloys was first shown to be a solid solution in Germany, where
the word Mischkristalle is the term for a solid solution, and those engaged in
cemented carbide technology refer to it as the mixed crystal phase.

Table 7.4 shows that the hardness of the steel cutting grades is in the same range as
that of the WC-Co alloys of the same cobalt content and grain size (Table 7.2).
Increasing the Ti, Ta content reduces the transverse rupture strength, and practical
experience in industry confirms that the toughness is reduced. For this reason the
most popular alloys for cutting tools contain relatively small amounts of TiC/TaC.
TiC is much cheaper than TaC, titanium being plentiful and tantalum being a rare
metal, but TaC is considered to cause less reduction in toughness and to increase the
high temperature strength. Most present day steel cutting grades contain some TaC.
The addition of the cubic carbides lowers the thermal conductivity, which is high for
WC-Co alloys. The conductivity of an alloy with 15% TiC is approximately the same
as that of high speed steel, and only about half of that for the corresponding WC-Co
atloy.

Performance of WC-TiC-TaC-Co alloy tools

The steel cutting grades of carbide have two major advantages. The hardness and
compressive strength at high temperature are higher than those of WC-Co alloys
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(Figure 6.8). When cutting steel they are much more resistant to wear based on
diffusion which causes cratering and rapid flank wear on WC-Co alloy tools. The
steel cutting grades can be used at speeds often three times as high as the tungsten
carbide ‘straight grades’, asis shown by comparing the machining chartin Figure 7.28
for a tool containing 15% TiC with that in Figure 7.16 fora WC-Co tool cutting the
same steel. Rapid cratering occurred at 90 m min ' (300 ft/min) at a feed 0f 0.25 mm
(0.010 in) per rev on the WC-Co tool and at 270 m min~' (900 ft/min) on the tool
with 15% TiC. The higher the proportion of cubic carbides in the structure, the
higher is the permissible speed when cutting steel, but even 5% of TiC has a very
large effect. Not only cratering, but also flank wear is reduced when cutting steel in

Figure 7.29 (a) Crater on rake face of WC—Co tool after cutting steel at high
speed; (b) crater on rake face of WC-TiC-Co tool atter cutting under the same
conditions for five times as long

Figure 7.30 Scanning electron micrograph of crater surface of WC-
TiC-TaC-Co tool
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Figure 7.31 Photomicrograph of crater surface of WC-TiC-Co tool
showing “etching’, diffusion attach on WC grains'?

the higher cutting speed range. Metal removal rate when cutting steel with these
alloys is limited not by the ability of the tool to resist cratering but by its ability to
resist deformation or by toorapid flank wear. The choice of grade for any application
depends on achieving the correct balance in the tool material between toughness and
resistance to flank wear and deformation.

With WC-Co alloys there are two major variables — cobalt content and grain size.
The number of parameters which influence the properties and performance of the
steel cutting carbide grades is much larger. Not only are there two other constituents
— TiC and TaC - but the grain size of the two carbide phases can be varied
independently and the quality and performance of the product is more greatly
influenced by variables in the production of the carbides, the sintering and other
operations. A very large number of commercial steel-cutting grades is available, each
claiming distinctive virtues for a range of applications, and no system of standardisa-
tion completely satisfactory to the user, has becen evolved. The ISO system
(Table 7.3) is a classification which arranges the grades according to application. In
each of three main series they are placed in order of the severity of the machining
operation. The P series are specifically steel — cutting grades, the K series are for
cutting cast iron and non-ferrous metals, while the M series may be used for a wide
range of applications in both areas. Within each series the number increases in order
of decreasing hardness and increasing toughness. The description of the matenal and
the working conditions guides the user to an initial choice of grade for a particular
application. For example, for turning steel castings at medium cutting speed a P 20
carbide might be selected. If tool failures due to fracture were frequent a P 30 grade
would be tried, or, if tool life was short because of rapid wear, a P 10 grade should
give longer life. It is the responsibility of the manufacturers to decide what SO rating



150 Cutting Tool Materials, Carbides

should be given to each of their grades and there are considerable differences in
composition, structure and properties between grades offered by different manufac-
turers in any category. It is, therefore, always worthwhile for the user to compare
grades supplied by different manufacturers. The steel-cutting grades are used regu-
larly for machining steel at speeds in the range 60 to 170 m min~' (200-600 ft/min) at
feeds up to 1 mm (0.040 in) per rev.

The process by which the cubic carbides function to reduce wear rate can be
domonstrated by metallography. Figure 7.29a is the crater on the rake face of a
WC-Co alloy tool after cutting a medium carbon steel at 61 m min~! (200 ft/min) and
0.5mm (0.0201n) per rev feed for 30 s, while Figure 7.29b is the rake surface of a tool
with 15% TiC used for cutting under the same conditions for 2.5 min. Micro-
examination of the worn surface shows that the cubic ‘mixed crystal’ grains are worn
at a very much slower rate than the WC grains, and are left protruding from the
surface to a height as great as 4 micrometres. Figure 7.30 is a scanning electron
microscope picture of such a worn surface after cleaning by removal of the adhering
steel in acid. Figure 7.31 1s an optical microscope picture of a worn crater surface. The
surface of the worn WC grains is characteristic of chemical attack (diffusion) rather
than mechanical abrasion. The mixed crystal’ grains also are worn by diffusion butat a
very much slower rate at the same temperature. If cutting is continued, the mixed
crystal grains may be undermined and carried away bodily in the under surface of the
chips. Cratering 1s therefore observed on tools of the steel cutting grades of carbide
after cutting steel at high speed, butat a much slower rate than on WC-Co alloy tools.

The introduction of the steel cutting grades of carbide completed a phase in the
development of machine shop practice which was initiated by the WC-Co alloys.
Their importance lies in the fact that such a very large proportion of the total activity
of metal cutting is concerned with the machining of steel. The basic development of
the steel cutting carbides had been accomplished by the late 1930s, and they played a
large role in production on both sides in the Second World War. Productivity of
machine tools was increased often by a factor of several times and a complete
revolution in machine tool design was required of importance equal to that which
followed the introduction of high speed steel 40 years earlier. Development of the
steel cutting grades of carbide has continued, and tool tips of very high quality and
uniform structure are available giving very consistent performance. Minor modifica-
tions to composition and structure were introduced to give improvements for particu-
lar applications such as milling, but until the 1970s no major new line of development
had achieved outstanding success.

Development of the steel cutting grades was the result of intelligent experimenta-
tion and empirical testing. Explanation of their performance, in terms of a deeper
understanding of the wear processes during cutting, has followed much later and is
still continuing. Details of the mechanism of diffusion wear are still a subject of
research, but knowledge of the main features of this wear process can form one of the
useful guide lines for those involved in tool development and application. The very
large improvement in tool performance achieved by the introduction of the cubic
carbides results from the low rate at which they diffuse into (dissolve in) the hot steel
moving over the tool surface. The improvement is specific to the cutting of steel at
high rates of metal removal. If either the temperature at the tool-work interface is too
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low, or work material other than steel or iron are machined, the advantages gained by
using the steel cutting grades disappear and tool performance is often better when
using one of the WC-Co grades. When machining steel at speeds and feeds in the
region of the built-up edge line (Figures 7.16 and 7.28) or below, the usual wear
mechanism is attrition, and the steel cutting grades are more rapidly worn by attrition
than are the WC-Co grades, the cubic carbides being more readily broken up than
WC. For this reason WC-Co alloys are commonly used when machining steel where
high speeds are impossible, for example on multi-spindle automatic machines fed with
small diameter bars.

Titanium is a high melting point metal and high temperatures are generated at the
tool-work interface during cutting, but WC diffuses less rapidly thanTiC from the
tool surface into titanium. The difference is not so great as the reverse effect in steel
cutting, but as a consequence, the steel cutting grades have less resistance of diffusion
wear when cutting titanium and its alloys,?' and the WC-Co alloys are always used
for this purpose.

The cubic carbides also have no advantage in terms of wear resistance at those
parts of the tool where sliding takes place at the interface. Comparison of the
performance of the cemented tungsten carbides with and without the addition of the
cubic carbides demonstrates very well that wear rate is very dependent on the type of
wear process or mechanism involved. Thus wear resistance is not a unique property of
a tool material which can be determined by one simple laboratory test, or correlated
with one simple property such as hardness. Correct diagnosis of the controlling wear
mechanism for a particular operation can often be the starting point in selecting the
optimum tool material.

Techniques of using cemented carbides for cutting

Steel tools are normally made in one piece, but from their earliest days cemented
carbides were made in the form of tool tips — small inserts which were brazed into a

Figure 7.32 ‘Throwaway’ tool tips of cemented carbide
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seat formed in a steel shank. Except for very small tools it is uneconomic to make the
whole tool of cemented carbide (which typically costs 20 times as much as high speed
steel, weight for weight) and there is normally no advantage in terms of performance.
A brazed carbide tool is used until it no longer cuts efficiently and is then reground.
Most grinding of carbide tools requires the use of bonded diamond grinding wheels,
more skill is required and the cost is greater than for grinding high speed steel tools.

Because cemented carbides are less tough than high speed steel, the tool edge must
be more robust. With steel tools the rake angle may be as high as 30°, so that the tool
is a wedge with an included angle as small as 50° (Figure 2.2). The rake angle of
carbide tools is seldom greater than +10° and is often negative (Figure 2.2d). A tool
with an included angle of 90° set at a negative rake angle of —5° is particularly useful
for conditions of severe interruption of cut, or when machining castings or forgings
with rough surfaces. The common use of tools with low positive rake, or negative
rake angles made possible the concept of throw-away tool tips. These are small tablets
of carbide, which are usually square or triangular in plan, though other shapes may be
used (Figure 7.32). Each tip has a number of cutting edges — positive rake, triangular
tips have three cutting edges, while on a negative rake square tip, 8 cutting edges can
be used. In use the tips are mechanically clamped to the tool shank using one of a
number of different methods. When a cutting edge is worn so that the tool no longer
cuts efficiently, the tip is unclamped and rotated to an unused corner, and this is
repeated until all the cutting edges are worn and then the tip is discarded rather than
reground. Used in this way the tips are called indexable inserts. Very little of the tool
material is worn off when the tool tip is thrown away, but, in spite of this, in many
operations very considerable economies are achieved compared with the use of
brazed tools which are reground. The high cost of regrinding is eliminated, the time
required to change the tool is greatly reduced, and the cost of brazing is avoided.
There is, however, only a limited range of operations for which throw-away tips are
suitable, and brazed tools continue to be produced, although in decreasing numbers.

The powder metallurgy process is well adapted to mass production of carbide tool
tips. These are made by pressing on automatic presses, followed by a sintering
operation, which produces tips of high dimensional accuracy, so that little grinding is
required. The introduction of throw-away tooling has made possible important new
lines of development in tool shapes and materials. The tool edges can be given
considerable protection against chipping caused by mechanical impact by slightly
rounding the sharpened edge. Many manufacturers supply edge-honed tips, on the
cutting edges of which there is a small radius, usually about 25 to 50 um
(0.001-0.002 in). Such tips can give much more consistent performance in many
applications, without the rate of wear being increased. Tips are also made with
grooves formed in the rake face close to the edge which curl the chips into shapes
which can be readily cleared from around the tool. Clearance of chips from the
cutting area is of increasing importance for efficiency of machining operations on
automated machine tools. The ability to cut for long periods without stopping to clear
chips can have a large effect on machining costs. Carbide tool manufacturers have
put great effort into designing chip grooves of optimum shape for operation in wide
ranges of speed, feed, depth of cut and work material. A large number of patents
cover these edge shapes.
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The most important aspect of throw-away tool tips is the possibility which they
open up of new lines of development in tool materials. The new paths of tool material
evolution are made possible because:

(1) A brazing operation is avoided
(2) Only the surface material near the edge need be highly resistant to wear, while
the body of the tool tip can be made of a tougher material.

Continued development of cemented carbides
TiC-based tools

Those steel cutting grades of carbide which contain large percentages of TiC are
difficult to braze and were unpopular for this reason when brazed tools were the
norm. With throw-away tool tips, alloys with higher proportions of TiC could more
readily be used and consideration was given to tools based on TiC instead of WC,
because of its resistance to diffusion wear in steel cutting.

Of all the cubic carbides, TiC has the most obvious potential. Titanium is a
plentiful element in the earth’s crust, the oxide TiO, is commercially available in
purified form, and TiC can be readily made by heating the oxide with carbon at
temperatures about 2000 °C. Cemented TiC alloys can be made by a powder
metallurgy process differing only in detail from that used for the production of the
WC-based alloys. The most useful bonding metal has been nickel and usually the
alloys for cutting contain 10-20% Ni. The difficult problems of producing a fine-
grained alloy of consistently high quality, free from porosity, have largely been
overcome.?? The addition of about 10% molybdenum carbide (Mo,C) is often made

Figure 7.33 CVD coating on cemented carbide tool. Multiple layer coating:
titanium nitride outer, titanium carbonitride middle and titanium carbide inner
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to facilitate sintering to a good quality. Some commercial suppliers now include a
TiC-based grade in their catalogues.*

The TiC-based carbides have hardness in the same range as that of the conven-
tional cemented carbides. Experience, both in laboratory tests and in many industrial
applications, shows that the TiC-based tools have lower rates of wear when cutting
steel at high speed, and can be used to higher cutting speeds than the conventional
steel cutting grades of carbide. The advantage in terms of increased metal removal
rate, however, in changing from conventional steel cutting grades to TiC-based
carbides Is not so great as that which was achieved when changing from WC-Co
alloys to the steel cutting grades. The TiC-based tools appear to lack the reliability
and consistency of performance of the conventional cemented carbides and
operators do not have confidence in their ability to apply them to a wide range of
applications without trouble. In spite of their clear advantage in terms of lower wear
rate, they have not yet accounted for more than a very small percentage of the tools in
commercial use. There is probably a lack of toughness in the alloys so far made. This
aspect of tool materials needs further study, because, with the relative shortage of
tungsten supplies, a substitute for the WC-based alloys will eventually be required,
and those based on TiC seem the most likely candidates so far.

Coated tools

To take advantage of the new degree of freedom afforded by throw-away tool tips,
laminated tools were made in which the rake faces were coated with a thin layer,
about 0.25 mm (0.010 in) thick, of a steel cutting grade of carbide, while the main
body of the tip consisted of a tough grade of WC-Co composition with high thermal
conductivity. Production of such composite bodies by powder metallurgy techniques
is possible using automatic presses. When using these laminated tips, reduced rates of
wear are achieved compared with conventional cemented carbides, and increased
cutting speeds are possible when cutting both steel and cast iron. One firm marketed
these laminated tools in the UK.*

Further development of laminated tools has been superseded by the coating of
conventional carbide tool tips with a very thin layer of a hard substance by chemical
vapour deposition (CVD coatings on high speed steel tools have already been
discussed, page 114).>* Commercial development of CVD coatings on cemented
carbide tools began in the early 1970s. Very thin layers, usually 10 pum thick or less
are strongly bonded to all the surfaces of the tool tips (Figure 7.33). Coatings at
present available consist of titanium carbide (TiC), titanium nitride (TiN), titanium
carbonitride (Ti(C,N)), hafnium nitride (HfN) or alumina (A1,0;). The deposition
process Is carried out by heating the tools in a sealed chamber in a current of
hydrogen gas (at atmospheric or reduced pressure) to which volatile compounds are
added to supply the metal and non-metal constituents of the coatings. For example,
to produce coatings of TiC, titanium tetrachloride (TiC14) vapour is used to provide
the Ti atoms, and methane (CH, may be used to supply the carbon atoms for the
coating. The temperature is in the region of 800-1050 °C and the heating cycle lasts
several hours. Optimisation of the process parameters makes possible consistent
deposition of layers of uniform thickness, strongly adherent to the carbide substrate,
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Figure 7.34 Tool wear vs time for coated and uncoated cemented
carbide tool tips. (1) Uncoated steel cutting grade; (2) coated WC-Co
alloy and (3) coated steel cutting grade

with uniform structure and wear-resistant properties. The grain size of the coatings is
very fine, usually equi-axed grains with a diameter of a few tenths of a micrometre.
TiN coatings are sometimes columnar with the axis normal to the coated surface.
Most commercial cemented carbide manufacturers supply coated tools, and, since
the early 1970s, these have become more varied and sophisticated as competing
companies have endeavoured to improve the performance. Early coatings were TiC,
which is grey in colour. Since very thin coatings do not conceal the grinding or lapping
marks, it is difficult or impossible by inspection to be certain whether a tool is coated
with TiC. TiN coatings are golden in colour, while various shades are produced by
coating with layers consisting of the solid solution Ti(C,N). Thin coatings of A1,0,
are less easy to observe than TiC, but are electrically insulating while the carbide and
nitride layers are good electrical conductors. Many commercial coatings now consist
of several layers, often one or two micrometres in thickness or even less, of nitride,
carbide and alumina (Figure 7.33). One recently advertised coating claims to contain
12 layers?® including a layer or layers of A1,0, with implanted nitrogen ions.
The substrate cemented carbide on which the coating is deposited is usually a fairly
tough steel-cutting grade, and may be varied for use in different applications.
Because of their extreme thinness it has not been possible to carry out hardness or
other significant mechanical tests on the layers. The coefficient of thermal expansion
of the coatings is generally higher than that of the substrate. Cooling from the coating
temperature therefore introduces tensile stresses into the layers and polishing of
coating surfaces generally reveals a network of very fine cracks. These penetrate no
deeper that the coating, but transverse rupture tests show a drop in strength com-
pared with un-coated carbide.?” There 1s no evidence that this influences the perfor-
mance of clamped-tip tools, the main type of tooling for which coated tools are used.
A large proportion of indexable inserts for cutting iron and steel is now coated.
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The success of coatings is based on their proven ability to extend tool life by a factor
of 2 or 3 by reducing the rate of wear in high speed turning of cast iron and steel.
Many users consider that more important economies are made by increasing cutting
speed by 25 to 50% without reduction in tool life. Figure 7.34 is a typical set of
laboratory test results comparing the rate of flank wear on coated and uncoated
carbide tools. Coated tools cannot be universally applied even in turning; operations
involving severe interruptions of cut may fracture and flake away the coatings.
Improvement in the bonding of coating to substrate has made them more suitable for
milling operations.

Research has indicated that the wear resistant qualities of TiC,TiN and alumina
coatings are mainly because of their high resistance to diffusion wear on the parts of
the tool surface where seizure occurs.”® Evidence from quick-stops demonstrates
that the coatings do not prevent seizure when cutting steel at high speed (though they
may eliminate the built-up edge at low speed). The heat source raising the tool
temperature is still a flow-zone and the temperatures appear to be only slightly lower
with coated than with uncoated tools. For this reason the rate of metal removal,
particularly when cutting high strength materials, is limited by the ability of the
substrate to withstand the stress and temperature at the cutting edge.

There are differences between the different coatings in respect of their resistance
to flank and crater wear. Most reported results on steel cutting suggest that TiN is
more resistant than TiC to crater wear and that TiC is more resistant to flank wear.
The crater and flank wear rates of alumina-coated tools appear to be not greatly
different from those of carbide and nitride coated tools. There is evidence that the
crater wear of alumina coatings is caused by superficial plastic deformation, rather
than by a diffusion mechanism.'* The greatest difference in wear rate is reported to
be that in the notch at the outer edge of the chip (Figures 6.22 and 6.23/6) where
sliding rather than seizure occurs. Wear at this position was minimal with alumina
coatings. TiN coatings were nearly as good as alumina, but notch wear on TiC
coatings was very much greater and not greatly different from that on uncoated tools.
It is clear that there is a place for more than one type of coating, although multi-layer
coatings may provide a type of tool which will cope well with most operations.

These very thin coatings on cemented carbide substrates may be worn-through
locally at the positions of most rapid wear, such as the centre of the crater or on the
flank just below the edge, but the coating will continue to be effective in reducing the
rate of wear as long as it remains intact at the cutting edge.'*?*

There is much scope for further development of coated tools. Coatings may be
found for cutting materials other than iron and steel and, in parallel with modified
tool design, the range of operations for coated tools is likely to be extended. Further
developments in the process of coating may result in improvements. A number of
physical vapour deposition (PVD) methods are being explored.?**° In these, the
surfaces to be coated are first cleaned by bombardment with inert gas ions in a low
pressure chamber. The pressure in the chamber is reduced, metal atoms for the
coating are evaporated into the chamber, ionised and attracted by high voltage to the
tool surface in the presence of a low pressure gas which contains nitrogen or carbon
atoms. Adherent coatings can be formed on the tool at temperatures of 500 °C or
lower. The lower deposition temperature results in lower residual stress in the
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coatings compared with CVD. This may be advantageous, although the residual
stress and stress-cracking in CVD coatings does not appear to affect significantly
their performance in cutting applications. PVD coatings produced so far have been
less strongly adherent to the substrate than CVD coatings. This disadvantage may be
eliminated and the potential of PVD for development of new coatings should not be
ignored.
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CHAPTER 8

Cutting tool materials, ceramic and ultrahard

Ceramic tools

Refractory oxides have been among the many substances of high hardness and
melting point investigated as potential cutting tool materials. Until the 1980s the
only one of these ceramics to be successfully applied in industrial cutting operations
was aluminium oxide, experiments with which started before the Second World War.
Throw-away tool tips consisting basically of Al,O, (alumina) have been available
commercially for more than 30 years, and have been used in many countries for
machining steel and cast iron.’

The successful tool materials consist of fine-grained (less than S wm) Al,Os of high
relative density, i.e. containing less than 2% porosity. Several different methods
have been used to make tool tips which combine these two essential structural
features, including:

(1) Pressing and sintering of individual tips by a process similar to that used for
cemented carbides.

(2) Hot pressing of large cylinders of alumina in graphite moulds, the tool tips
being cut from the cylinders with diamond slitting wheels.

The possibility of ‘cementing’ alumina particles together with a metal bond, using a
process similar to the bonding of carbide by cobalt, has been explored, but no
satisfactory metal bond has been found. However, many additions, e.g. MgO and
T10O, have been made to promote densification and retain fine grain size. The basic
raw material, alumina, is cheap and plentiful, but the processing is expensive and the
tool tips are therefore not cheap compared with cemented carbides.

The room temperature hardness of alumina tools is in the same range as that of the
cemented carbides, 1550-1700 HV. The room temperature compressive strength is
reported to be ca. 2750 MPa (180 tonf/in?). Their major advantages are:

(1) Retention of hardness and compressive strength to higher temperatures than
with carbides.

(2) Much lower solubility in steel than any carbide — they are practically inert to
steel up to its melting point.

To offset these advantages, their toughness and strength in tension are much lower.
Unfortunately, no test method exists by which the toughness of this class of materials
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can be compared quantitatively with that of carbides. The transverse rupture
strength is an inadequate guide to toughness but values reported range from
390-780 MPa (25-50 tonf/in?), about one third that of cemented carbides. The
reported values of the fracture toughness parameter K¢ for alumina tool materials
are in the range 1.75 to 2.5 N mm~*2 This is also much lower than those for cemented
carbide (Table 7.2). Alumina is non-metallic in character, with an ionic rather than a
metallic bond, and, consequently, is an electrical insulator with poor thermal conduc-
tivity. It is a true ceramic, the pure alumina being white, translucent and looking like
porcelain to which it is akin. Its lack of toughness is therefore not surprising and it is
unexpected to find that there are conditions where it can withstand the rapid
fluctuation of temperature and stress involved in cutting operations.

Alumina tools can be used to cut steel at speeds much higher than can be used with
conventional cemented carbides or TiC-based alloys. Negative rake throw-away tool
tips are nearly always used, and it is not difficult to demonstrate that cutting speeds of
600-750 m min~' (2000-2500 ft/min) can be sustained, at a feed of 0.25 mm (0.010
in) per rev, for long periods without excessive wear when cutting cast iron and many
steels. Tools used at high speed show flank wear and a type of cratering starting close
to the cutting edge. There is evidence to demonstrate that wear under conditions
where the interface temperature is high is caused by very superficial plastic deforma-
tion and flow of a very thin layer on the tool, rather than by diffusion into the work
material.* Transmission electron micrographs (TEM) show a high concentration of
dislocations just below the worn surface, while the body of the tool is practically free
from dislocations.’ Gradual failure involving flaking of thin fragments from the rake
orclearance face is sometimes observed. It seems to be an advantage of alumina tools
that such fractures do not alwayslead to sudden and massive failure of the whole tool
edge with major damage to the workpiece, such as would occur after fracture of the
edge of carbide tools.

The potential speeds with alumina tools, which are three to four times higher than
those normally used with carbide tools, represent an increase in metal removal rate
as great as that achieved by high speed steel and by cemented carbides at their
inception. However, in spite of the efforts of dedicated enthusiasts to introduce these
tools on a large scale, the numbers in use are only a very small percentage of the
carbide tool applications. Their main continuous usage is in cutting grey cast iron
where a very good surface finish is required. On clutch facings and brakes for cars
they are being used at speeds up to 600 m min~’ (2000 ft/min) to give a surface finish
good enough to eliminate a subsequent grinding operation.

Itis difficult to find out why alumina tools have not come into more widespread use
during the last 30 years. There are several cases where concentrated efforts have
resulted in ceramic tools being used on numerous operations in individual factories
for cutting both steel and cast iron. In the long run, however, their use has been
discontinued except for isolated operations, mainly on cast iron. The most likely
explanation is that inadequate toughness leads to unreliable performance under
machine shop conditions, and that continuous attention to every detail of the
operations isrequired to prevent premature tool failure. The interruption to produc-
tion and damage to components caused by occasional failure, could more than off-set
the economies gained by peak performance. The enormous economies which
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resulted from the introduction of high speed steel and cemented carbides naturally
whet the appetite for a further round of speed increases on the same scale. However,
there seems to be less potential advantage to be gained by increasing cutting speeds
beyond those achieved by cemented carbides, for two reasons. The first is that, when
cutting speeds are high, e.g. 200 m min~' (600 ft/min), the time required to load and
unload the work in the machine may be quite a large proportion of the cycle time, and
further increases in cutting speed do not achieve a proportional reduction in total
machining time. The second reason is that, at very high speeds, certain difficulties
become accentuated — for example the chips coming off at very high speed are
difficult to clear and may be a hazard to the operator. The chips are less of a problem
when cutting cast iron because they do not form a continuous ribbon, and this is one
reason for the successful application of ceramic tools to cast iron.

(r )

Figure 8.1 Edge chamfer. Commonly used on
ceramic steels: C, 0.08-0.5 mm; B, 10 to 30°
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In the 1980s producers of alumina tools are making new efforts to improve the
performance by modifying the composition. Alumina containing up to 30% TiC is
being produced by hot pressing and marketed as a grade of alumina of improved
toughness, suitable for turning and milling operations on cast iron and for continuous
machining of steel. One firm is producing tools containing up to 20% ZrO,, recom-
mended for cutting steel. Parallel with these composition changes a steady develop-
ment has taken place in adaptation of the tool edge shape to machining of different
work materials and different cutting conditions. A commonly used edge shape is as
shown in Figure 8. 1. A chamfer, C, has a width usually about0.75 times the feed atan
angle B to the rake face (of between 10° and 30° depending on the work material and
the severity of the operation). The edge itself may also have a honed radius, while
the tool tip is presented to the work with a —5° rake angle. Tools with this type of
edge-configuration are less susceptible to premature failure and are now being used
in a wider range of operations and for cutting other work materials. As well as grey
and chill cast iron, steels with hardness up to 500 HV, martensitic stainless steels,
plastics and carbon are being machined. Further progress can be expected, but it is
unlikely that alumina tools will replace carbide tools in their major applications in the
foreseeable future.

Sialon

A group of ceramics known as ‘sialons’ has been intensively investigated because of
their outstanding properties as high strength refractory materials. Since 1976 their
use as cutting tools has been explored and they have been very successful in several
applications. Major tool manufacturers are producing sialon tool tips and at least one
is marketing these as a cutting tool grade.

Sialons (Si~Al-O-N) are silicon nitride-based materials with aluminium and
oxygen additions. Silicon nitride (Si,N,) has useful properties, including high hard-
ness (ca. 2000 HV), bend strength better than that of alumina {ca. 900 MPa) and a
low coefficient of thermal expansion (3.2 X 107¢), giving good resistance to thermal
shock. It has been tried as a cutting tool material but has not been used industrially,
partly because it can be produced in high-density form only by hot pressing, so that
the cost of accurately shaped tools is very high. Research on sialons has demons-
trated that tool inserts can be produced by a process similar to that used for cemented
carbide.

One manufacturer has stated* that the starting materials may be Si;N,, aluminium
nitride (AIN) and alumina together with an ‘alloying’ addition of several per cent of
yttria (Y,O,). These are milled together, dried, pressed to shape and sintered at a
temperature of the order of 1800 °C. The production processes are the subject of
patents. In this case the production of consistent material of optimum properties for
use as tools depends on very careful balancing of the composition. The oxide,
yttria, reacts to form a silicate which is liquid at the sintering temperature. The liquid
phase formed is the key to the achievement of nearly full density (98%) in a single
sintering operation. During coding after sintering the liquid solidifies as a glassy phase
bonding together the 8 silicon nitride-based crystals. These hexagonal crystals are of
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Figure 8.2 TEM showing structure of as-sintered sialon with yttria addition: g~
Si;—N,--based phase containing substituted A1 and 0; g, glassy phase. (Courtesy
of Lucas Industries)

fine grain size* (Figure 8.2),about 1 pm. In this form the high temperature strength is
lower than that of hot pressed silicon nitride, but an annealing treatment at about
1400 °C precipitates fine crystals of yttrium—aluminium garnet, ‘YAG’
(3Y,0,.5A1,0,), 1in the glassy phase. This heat treatment raises the high temperature
strength to a value close to that of fully dense silicon nitride. Table 8.1 gives the
properties, published by Lucas Industries, for their product in comparison with
comparable refractory materials.®

Evaluation of the potential of sialons as cutting tool materials is in its early stages,
but results of extended industrial experience indicate that they are likely to achieve
considerably wider application than ceramic tools based on alumina. Both laboratory
tests and industrial experience demonstrate that sialons are considerably tougher
than alumina, as rated by machining behaviour. In interrupted cut tests, such as
turning slotted bars, sialon tools can be used at higher feeds and speeds without
fracture. As with alumina ceramics, sialon tools are normally used with negative rake
and often with similar chamfers at the edge (Figure 8.1). Industrial usage reported so
far has been largely in machining ferrous materials. Successful use has been reported
onroughing cuts and in operations involving rough surfaces and interruptions such as
holes. Grey cast iron can be machined at speeds of 600 m min~*! (2000 ft/min) with a
feed of 0.25 m/rev. Milling cutters tipped with sialon inserts are being used for cutting
cast iron. Steel hardened to 550 HV has been cut successfully at 60 m min~' (200
ft/min) with a feed of 0.12 mm/rev.

In the machining of aerospace alloys, nickel-based gas turbine discs are being
faced using sialon tips at 180 to 300 m min~! (600-1000 ft/min) at a feed of 0.2
mm/rev, whereas carbide tools can be used at only 60 m min~' (200 ft/min). Use in
this application is significant for the confidence placed in the reliability of the tool,
since tool failure could result in scrapping of very costly components.
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Practical reports indicate that sialons have sufficient toughness to predict that,
when they are fully operational, they will be employed in a wider range of applica-
tions than the small area now common with alumina tools. Mechanical tests on
sialons are in agreement with this (Table §.1), although differences between the
values for alumina and sialon are not very emphatic. Further advantages of sialon are
the higher thermal conductivity and lower coefficient of expansion, which would
provide increased resistance to thermal shock and thermal fatigue compared with
alumina. The considerably lower toughness of sialon compared with cemented
carbide is demonstrated in the mechanical tests.

Atpresent (1983) the cost of sialon tools is greater than that of cemented carbides
and the extra cost must be justified by increased efficiency. In some cases the savings,
largely due to increased cutting speed, are so large as to make the tool costs
insignificant, while in many cases the savings are marginal. The cost of sialons is likely
to be reduced when they are produced in larger quantities.

Both crater and flank wear are observed on sialon tools but little evidence of the
mechanism of wear has so far been published. In one research programme on cutting
of a nickel-based alloy the limit to rate of metal removal was reached when the tool
edge deformed and fractured. Wear by attrition at low speed and by diffusion and
interaction at high speed were observed and also a type of notch wear, where the
outer edge of the chip crossed the tool edge.® The high resistance to interaction with
metals at high temperatures is shown by the very low rate of attack when immersed in
molten metals. Their inertness combined with high strength at high temperature are
probably the main properties responsible for the ability to cut very hard materials at
high speed. Chipping of the tool edge is more common than with cemented carbide,
but chipped tools often continue to cut without catastrophic results. Much further
study of the wear and fracture of sialon tools is required.

Improvements in rigidity of machine tools and in tool design can be expected to
enable sialon tools to be used in a wider range of operations. Compared with
alumina, one of the main potential advantages of sialons is that they are complex
ceramic ‘alloys’. There are numerous variations in composition and heat treatment
which can be introduced to modify their structure and properties for specific cutting
operations. The composition and production methods mentioned here are the result
of one approach to the development of sialons.” Other lines of development being
explored include the incorporation of 30% titanium carbide into sialon.®

Diamond

The hardest of all materials, diamond, has long been employed as a cutting tool
although its high cost has restricted use to operations where other tool materials
cannot perform effectively. Diamond tools show a much lower rate of wear and
longer tool life than carbides or oxides under conditions where abrasion is the
dominant wear mechanism because of their very high hardness.

The extreme hardness of diamond is related to its crystal structure. This consists of
two interpenetrating, face-centred cubic lattices arranged so that each carbon atom
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has four near neighbours to which it is attracted by co-valent bonds.” Diamond
crystals are very anisotropic. The hardness and resistance to abrasive wear of any
surface are very dependent on the orientation of this surface to the crystal lattice.
Hardness measurement is difficult because the indentors must also be diamond but,
using Knoop indentors, values for hardness have been shown to vary between 56 and
102 GPa (equivalent to approx 6000 to 10 000 HV) in different crystallographic
directions. This compares with maximum values of about 1800 HV for cemented
carbide or alumina. On different faces the rate of abrasive wear can vary by as much
as 1:80.%°

Single crystal, natural diamonds have been used in many industrial applications,
for example as dies for drawing fine wire. For cutting operations large natural
diamonds are used as single point tools in specialist fields. The optimum orientation
is selected and they are lapped to the required shape and mounted in tool holders.
The tool edges can be prepared to quite exceptional accuracy of form and edge
perfection and are capable of producing surfaces of extremely high accuracy and
finish. They are used for this purpose in production of optical instruments and gold
jewellery. Diamonds are deficient in toughness —sharp edges are easily chipped —and
this limits the range of operations in which they are used.

Since the early 1960s synthetic diamonds have been produced by heating graphitic
carbon with a catalyst at temperatures over 1500 °C and at ultra-high pressures. The
resultant diamonds are small — usually a few tenths of a millimetre — and a range of
particle shapes can be produced. In many industrial applications the synthetic
diamond grit has replaced natural diamond and it is used very extensively, bonded
with metal or polymers, to form grinding wheels. Synthetic diamonds are not made in
sizes large enough to make single point tools, but techniques have been developed of
consolidating fine diamond powder into blocks of useful size.!* The consolidationis a
hot-pressing operation carried out at ultra-high pressures within the equipment, as
employed for synthetic diamond production. A metallic bond is formed and com-
plete densification is achieved. The commercially available tool tips are in the form of
laminated bodies. A layer of consolidated diamond, usually 0.5 to 1 mm thick, is
bonded to a cemented carbide substrate to form a tool tip usually about 3 mm thick.
The composite tools can be clamped or brazed to shanks, ground, lapped and
polished. They can be reground when worn, the grinding taking longer than with
carbide tools. The tools are expensive, costing typically 20 to 30 times the equivalent
carbide tool.

These polycrystalline diamond tools are aggregates of randomly oriented diamond
particles, which behave as an isotropic material in many applications. It is not
possible to achieve as extreme a perfection of cutting edge as with natural diamond,
but their behaviour in cutting operations demonstrates that the edges are less
sensitive to accidental damage, while maintaining exceptional resistance to wear. Itis
their ability to maintain an accurate cutting edge for very long periods of time which
has made them successful competitors in specific areas of machining.

Polycrystalline diamond tools are recommended for machining aluminium alloys.
For hyper-eutectic aluminium-silicon alloys they are particularly useful because
carbide tools are very rapidly worn at speeds over 100-150 m min~' (300-450
ft/min), while a very long tool life can be obtained with diamond tools at speeds over
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500 m min~' (1500 ft/min). They are now being used for milling, turning, boring,
threading and other operations in the mass production of many aluminium alloys
because the very long tool life without regrinding can reduce costs. They are also
used for machining copper and copper alloys — copper commutators are an example.
Cemented carbides in the soft (pre-sintered) condition are machined with diamond
tools and even fully sintered carbide tools of the softer (higher cobalt) grades are
regularly machined.

Publications concerning polycrystalline diamond tools have been largely limited to
the products of two main producers — General Electric Co., USA, who market
‘Compax’® tools and De Beers Industrial Diamond Division who produce *Syn-
dite ®. The former give room temperature hardness values for *Compax’ in the range
6500-8000 HV (64-78 GPa) while typical values for *Syndite’ are given as
4400-4700 HV (43-46 GPa). In view of the lack of standardisation of hardness
testing for these materials this does not suggest any significant difference in hardness
between the two products. The hardness is somewhat lower than that of single crystal
natural diamond but much higher that that of other tool materials. High temperature
hardness tests have shown that, as with other hard materials, the hardness of both
single crystal and polycrystalline diamond decreases as the temperature increases.
Figure 8.3 shows data presented by Brookes® compared with values for cemented
carbide and alumina. The high temperature hardness, also, of diamond is much
higher than that of other tool materials. The thermal conductivity of diamond is very
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high — 665 W/m °C for natural diamond and 560 W/m °C for the polycrystalline
‘Syndite’ (compare 400W/m °C for copper).

In spite of their high strength and hardness at high temperature diamonds are not
used for high speed machining of steel because tool wear is very rapid. The tools are
smoothly worn by a mechanism which appears to involve transformation of diamond
to a graphitic form and/or interaction between diamond and iron or the atmosphere.
Diamond is not the stable form of carbon at atmospheric pressure, but does not
revert to the graphitic form in the absence of air at temperatures below 1500 °C. In
contact with iron, however, graphitisation begins just over 730 °C '* and oxygen
begins to etch a diamond surface at about 830 °C. Diamond tools are rapidly worn
when cutting nickel also and generally they have not been recommended for machin-
ing high melting point metals and alloys where high temperatures are generated at
the interface.

Cubic boron nitride

The synthesis of diamond was made possible by the engineering development of
ultra-high pressure processing units in which temperatures and pressures of the order
of 1500 °C and 8 GPa could be maintained for a sufficient time to transform carbon
into the diamond structure and to grow diamond crystals of usable size. These
processing units also made possible the transformation of another substance — boron
nitride — from a hexagonal form to a structure akin to diamond. Cubic boron nitride is
not found in nature and it was theoretical considerations which led to the creation of
this new substance. Like diamond, cubic boron nitride (BN) consists of two inter-
penetrating face-centred cubic lattices, but one of the face-centred sets consists of
boron atoms and the other of nitrogen atoms. Like diamond this is a very rigid
structure, but in this case not all the bonds between neighbouring atoms are covalent.
It has been stated that 25 % of the bonding is ionic.” The resultant cubic boron nitride
is the next hardest substance to diamond and has many similar, but not identical,
properties. The hardness varies with the orientation of the test surface relative to the
crystal lattice — between 40 and 55 GPa (4000 and 5500 HV). It is thus much harder
than any of the metallic carbides (Table 7.1).

As with diamond, cubic boron nitride particles can be consolidated in ultra-high
pressure equipment.!’ A small percentage of metal is blended with the boron nitride
to achieve full density. At present (1983) the two main commercially available
products are ‘BZN’® (GEC) and ‘Amborite’® (De Beers) and these appear to be
somewhat different in character. ‘BZN’ is produced as a laminated tool tip, like the
diamond ‘Compax’ tips, with a layer of consolidated cubic boron nitride about 0.5
mm thick on a cemented tungsten carbide/cobalt substrate. ‘ Amborite’ is produced
as tool tips consisting entirely of consolidated cubic boron nitride. In both cases the
properties and performance as cutting tools depend on the rigid polycrystalline
boron nitride; the small percentage of added metal only plays a minorrole. The metal
additive may affect the properties of the togl through its action during sintering,
which must influence the structure of the product. Considerable progress with these
materials can be expected since they are in the early stages of development. The
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process of production is expensive and, as with diamond, tool tips cost in the region of
20 to 30 times the price of cemented carbide tools.

The room temperature hardness of the polycrystalline cubic boron nitride is given
by the producers as; ‘BZN’ 35 GPa (3500 kg mm 2 or HV) and * Amborite’ 40.5 GPa
(4000 HV). As with the hardness of diamond there is likely to be considerable
difference in the values measured by different laboratories and these differences are
probably not significant. To show the influence of temperature on hardness the
values given by Brookes® for both diamond and cubic boron nitride in single crystal
form and as polycrystalline aggregates — *Syndite’ and *Amborite’ — are shown in the
graph, Figure 8.3. All values were obtained with a Knoop indentor ata load of 1 kg.
As with diamond the hardness of cubic boron nitride decreases with increments in
temperature, but its hardness remains higher than other tool materials over the
whole temperature range. The thermal conductivity of * Amborite’ is given as 100 to
135 W/m °C. A major advantage of cubic boron nitride compared with diamond is its
greater stability at high temperaturesin air or in contact with iron and other metals. It
is stable in air for long periods at temperatures over 1000 °C and its behaviour as a
cutting tool for machining steel at high speed suggests that it does not react rapidly
with steel at considerably higher temperatures.

Polycrystalline cubic boron nitride tools are in an early stage of their evaluation for
industrial machining operations. Both industrial trials and laboratory tests, however,
indicate that there will be a demand for these materials for specific operations where
their superior performance makes them economic in spite of the high cost. In
particular, they can be used for cutting both steel and cast iron at high speeds without
the rapid wear which prevents the use of diamond.

Steels of low hardness and grey cast iron can be machined with very long tool life,
but the economics of this type of application are doubtful. The greatest potential for
cubic boron nitride tools appears to be in machining hardened steel and chilled cast
iron. Hardened steel rolls (60-68 RC) can be machined atspeeds of 45 to 60 m min ™!
(150 to 200 ft/min) and feeds 0of 0.2 to 0.4 mm/rev. Chilled castiron rolls are reported
as being machined in the same range of speed and feed. The rate of metal removal is
several times greater than that possible with cemented carbide tools. Tool life is long
so that rolls may often be machined to a dimensional tolerance and surface finish
which avoid the necessity for a grinding operation. Hardened tool steels, including
high speed steel, can be machined in this same speed and feed range. Their ability to
cut such hard materials at high speeds is due to the retention of strength to higher
temperatures than other tool materials, combined with excellent abrasion resistance
and resistance to reaction with the ferrous work materials. These polycrystalline
boron nitride tools have very good toughness. Usually they are used with negative
rake and with chamfers on the edge similar to those on ceramic tools. (Figure 8.1).
With the correct geometry they can be employed for taking interrupted cuts on
hardened steel — for example, turning bars with slots or holes, or in use as milling
cutters.

No observations of deformation of the tool edge have been reported. The wear
takes the form of flank and crater wear, the crater starting at or very close to the edge
(Figure 8.4). Detailed analysis of the mechanisms of wear have not been reported
and research in this area would be justified. There are probably differences in
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Figure 8.4 SEM showing flank and crater wear on chamfered edge of polycrystal-
line cubic boron nitride tool after cutting hardened tool steel (650 HV) at 75 m
min"' (250 ft/min). (Courtesy of de Beers Industrial Diamond Division Ltd)

machining behaviour of competitive commercial materials, for which somewhat
different recommendations are made. It is uncertain how successful they are in
machining the highly creep resistant aerospace nickel-based alloys, in which they
compete with sialons in particular. It seems certain that there are other special fields
in which polycrystalline cubic boron nitride tools will play an important part as one of
the types of tool materials.

The developments in consolidated, ultra-hard polycrystalline tools described here
relate to the products of two companies which have been available for test and for
industrial use in Britain. The properties and performance of these tools have been
reported in some detail. Similar tools have been produced in the USSR and in Japan,
but few of these tools have been available in the UK and less is known of their
properties and performance. One different trend in the Japanese development is the
reported production of cubic boron nitride tools bonded with a special ceramicrather
than a metal.'* The reports of this material show that the properties are similar to
those of the cubic boron nitride composites already discussed and suggest that the
performance of cutting tools when machining hardened steel is similar also.

The development of polycrystalline diamond and cubic boron nitride tools in the
USSR was described at an international seminar at the Institute of Super-hard
Materials in Kiev in 1981." Since 1973 considerable effort has been devoted to the
production methods, to the properties and to the design and performance of this class
of tool. The brief reports of the papers presented at the seminar suggest that this
intensive work has produced tools similar in characteristics to those of other produc-
ers and that their use is being extended to cutting a very wide range of materials. The
competitive work now being carried out in at least four centres in the world suggests
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that there is much scope for future development of ultra-hard cutting tools. There are
many potential lines of progress which remain to be explored. The cost of these tools,
however, seems certain to remain very high for the foreseeable future.

General survey

At the beginning of Chapter 6 the evolutionary character of the development of tool
materials was emphasised. The evolutionary progress is demonstrated by stating the
speeds commonly used industrially for cutting steel with different classes of tool
material:

Tool Material Cutting speed

(m min™") (ft/min)
Carbon steel 5 16
High speed steel 30 100
Cemented carbide 150 500
Ceramic 600 2000

This is dramatic but suggests much too simple a development. One might suppose
that a more efficient tool material would quickly eliminate a less efficient one.
However, because of the enormous variety of metal cutting conditions a range of tool
materials remains and will continue to be used. It has been an objective of these
chapters to offer some explanation for the continuing demand for a variety of tool
materials.

Tool life is determined by a number of different mechanisms which change the
shape of the tool edge until it no longer cuts efficiently. There is no simple relation-
ship between tool performance and some property of the tool material such as
hardness or wear resistance. ‘Wear resistance’ is not a unique property of a tool
material, but is a complex interaction between tool and work materials very depen-
dent on the cutting conditions. The subject of tool performance is bound to be
complex, but some of the ways in which the behaviour of the two major classes of tool
material are related to their structure, properties and composition, have been
described, with the objective of giving a guide to the selection of tool materials and
their further development.
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Chapter 9
Machinability

The term machinability , which is used in innumerable books, papers and discussions,
may be taken to imply that there is a property or quality of a material which can be
clearly defined and measured as an indication of the ease or difficulty with which it
can be machined. In fact there is no clear cut unambiguous meaning to this term. To
the active practitioner in machining, engaged in a particular set of operations, the
meaning of the term is clear, and for him, machinability of a work material can often
be measured in terms of the numbers of components produced per hour, the cost of
machining the component, or the quality of the finish on a critical surface.

Problems arise because there are so many practitioners carrying out such a variety
of operations, with different criteria of machinability. A material may have good
machinability by one criterion, but poor machinability by another, or when a differ-
ent type of operation is being carried out, or when conditions of cutting or the tool
material are changed.

To deal with this complex situation, the approach adopted in this chapter is to
discuss the behaviour of a number of the main classes of metals and alloys during
machining, and to offer explanations of this behaviour in terms of their composition,
structure, heat treatment and properties. The machinability of a material may be
assessed by one or more of the following criteria:

(1) Tool life. The amount of material removed by a tool, under standardised
cutting conditions, before the tool performance becomes unacceptable or the
tool is worn by a standard amount.

(2) Limiting rate of metal removal. The maximum rate at which the material can
be machined for a standard short tool life.

(3) Cutting forces.  The forces acting on the tool (measured by dynamometer,
under specified conditions) or the power consumption.

(4) Surface finish. Thesurface finish achieved under specified cutting conditions.

(5) Chip shape. The chip shape as it influences the clearance of the chips from
around the tool, under standardised cutting conditions.

As far as possible, all these criteria of machinability are taken into consideration

when discussing each class or work material. The metals and alloys with the best
machinability are discussed first.

172
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Magnesium

Of the metals in common engineering use, magnesium is the easiest to machine — the
‘best buy’ for machinability, scoring top marks by almost all the criteria. Rates of tool
wear are very low because magnesium does not alloy with steel, and the metal and its
alloys have a low melting point (m.p. of Mg is 650 °C), so that temperatures at the
tool-work interface are low even at very high cutting speed and feed rate. Turning
speeds may be up to 1 350 m min~' (4000 ft/min) in roughing cuts, and finishing cuts
can be faster with good tool life. Magnesium alloys behave, in this respect, much like
the pure metal.

The tool forces when cutting magnesium are very low compared with those when
cutting other pure metals, and they remain almost constant over a very wide range of
cutting speeds,' Figure 9.1. Both the cutting force (F.) and the feed force (F)) are low
and the power consumption is considerably lower than that when cutting other
metals under the same conditions. The low tool forces are associated with the low
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shear yield strength of magnesium, and, more important, with the small area of
contact with the rake face of the tool over a wide range of cutting speeds and rake
angles. This ensures that the shear plane angle is high and the chips thin - only slightly
thicker than the feed.

Steel or carbide tools can be used and the surface finish produced is good at low
and high cutting speeds. The chips formed are deeply segmented and easily broken
into short lengths, so that chip disposal is not difficult even when cutting at very high
speed. The hexagonal structure of magnesium is probably mainly responsible for the
low ductility which leads to the fragile segmented chips and the short contact length
on the tool rake face. The worst feature of the machinability of magnesium is the ease
with which fine swarf can be ignited and the fire risk which this involves.

Aluminium

Alloys of aluminium in general also rate highly in the machinability table by most of
the criteria. As with magnesium, the melting points of aluminium (659 °C) and its
alloys are low and the temperatures generated during cutting are never high enough
to be damaging to the heat-treated structures of high speed steel tools. Good tool life
can be attained when cutting many aluminium alloys up to speeds of 600 m min~"
(2000 ft/min) when using carbide tools and 300 m min~' (1000 ft/min) with tools of
high speed steel. Speeds as high as 4500 m min~' (15 000 ft/min) have been used for
special purposes.

Wear on the tool takes the form of flank wear, but no detailed study of the wear
mechanism has been reported. High tool wear rates become a serious problem with
only a few aluminium alloys. In aluminium-silicon castings containing 17-23% Si,
where the silicon content is above the eutectic composition, the structures contain
large grains of silicon, up to 70 wm across, in addition to the finely dispersed silicon of
the eutectic structure. The large silicon crystals greatly increase the wear rate, even
when using carbide tools.? The eutectic alloys, containing 11-14% Si can be
machined at 300-450 m min~' (1000-1500 ft/min) with good carbide tool life, but
the presence of large silicon grains may reduce the permissible speed to only 100 m
min ' (300 ft/min). The drastic effect of large silicon particles is the result of the
highstress and temperature which these impose on the cutting edge. Figure 9.2 shows
asection through the worn cutting edge of a carbide tool after cuttinga 19% Si alloy .
The layer of silicon (dark grey) attached to the worn surface demonstrates the action
of the large silicon crystals which cause an attrition type of wear. The silicon particles
have a high melting point (1420 °C) and high hardness (> 400 HV). This action
demonstrates that the wear of tools depends not only on the phases present in the
work material, but also on their size and distribution. Fine silicon particles in the
eutectic may pass the cutting edge without severe damage to the tool. The machining
of hypereutectic Al-Si alloys is one of the most important applications for polycrys-
talline diamond tools. Most engine manufacturers now use these tools for machining
pistons and other components cast from high silicon alloys. Turning, boring and
milling operations are carried out at much higher speed with longer tool life and
improved surface finish. Pistons have been turned at speeds from 300 to 1000 m
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Figure 9.2 Section through cutting edge of
cemented carbide tool used to cut 19% Si-Al
alloy at 122 m min~' (400 ft/min)®

min~' (1000 to 3000 ft/min), and at feed of 0.125 m/rev (0.005 in/rev) with tool edge
life of the order of 100000 components. These diamond tools have proved so
advantageous for cutting the hypereutectic alloys that they are used for turning and
milling other aluminium alloys where carbide tools give reasonable tool life. Where
polycrystalline diamond tools can be kept in use for months this gives economies in
spite of the high tool cost.

In general, tool forces when cutting aluminiumalloys are low, and tend to decrease
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slightly as the cutting speed 1s raised, Figure 9.1. High forces occur, however, when
cutting commercially pure aluminium particularly at low speeds. In this respect
aluminium behaves differently from magnesium, but in a similar way to many other
pure metals. The area of contact on the rake face of the tool i1s very large, and, as
explained in Chapter 4, this leads to a high feed force (£}), low shear plane angle, and
very thick chips, with consequent high cutting force (#,) and high power consump-
tion. The effect on pure aluminium of most alloying additions or of cold working, is to
reduce the tool forces, particularly at low cutting speed. In general most aluminium
alloys, both castand wrought, are easier to machine than pure aluminium, in spite of
its low shear strength.

A built-up edge is not present when cutting commercialiy pure aluminium, but the
surface finish tends to be poor except at very high cutting speed. Most aluminium
alloys have structures containing more than one phase, and with these a built-up
edge is formed at low cutting speeds, Figure 9.3. At higher speeds, e.g. above 60-90
m min ' (200-300 ft/min), the built-up edge may not occur. Tool forces are low
where a built-up edge is present, and the chip is thin, but the surface finish tends to be
poor. The built-up edge may be reduced or eliminated by use of diamond tools.

One of the main machinability problems with aluminium is in controlling the chips.
Extensive plastic deformation before fracture occurs more readily with aluminium,
which has a face-centred cubic structure, than with the hexagonal magnesium. When
cutting aluminium and some of its alloys, the chips are continuous, rather thick,
strong and not readily broken. The actual form of the swarf varies greatly, but it may
entangle the tooling and require interruption of operation to clear the chips. In drills,
taps and cutters of many types, it may clog the flutes or spaces between the teeth, so
that modified designs of tools are often required for cutting aluminium. The cutting
action can be improved by modifications to rake and approach angles, or the

Figure 9.3 Built-up edge when cutting Dural at 38 m min ' (125 ft/min)
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introduction of chip breakers or curlers which deflect the chips into a tight spiral.
Another approach is to modify the composition of the alloys to produce chips which
are fragmented or more easily broken. The standard aluminium specifications now
include ‘free machining’ alloys containing additions of lead, lead and bismuth, or tin
and antimony in proportions up to about 0.5%. How these additions function is not
certain, but the chips are more readily broken into small segments. These low melting
point metals do not go into solid solution in aluminium, and are present in the
structure as dispersed fine globules. They may act to reduce the ductility of the
aluminium as it passes through the shear plane to form the chip. The main purpose of
‘free-cutting’ additives in aluminium and its alloys is improvement in the chip form
rather than better tool life or an increase in the metal removal rate.

The excellent machinability of aluminium alloys in general makes them ideal work
materials to be shaped in automated machine tools. Completely automatic produc-
tion of certain classes of shapes can be introduced with confidence because long tool
life and consistent performance can be guaranteed even at high rates of metal
removal and when a great variety of operations is involved, such as turning, milling,
drilling, tapping and reaming. Attempts to use the automated methods on other
classes of work material have not been so successful.

Copper

Copper is another highly ductile metal with a face-centred cubic structure, like
aluminium, but it has a higher melting point (1083 °C). In general, copper-based
alloys also have good machinability and for the same reason as with aluminium
alloys.* Although the melting point is higher, it is not high enough for the tempera-
tures generated by shear in the flow-zone to have a very serious effect on the life or
performance of cutting tools. Both high speed steel and cemented carbide tools are
employed. Good tool life is obtained, the wear on the tools being in the form of flank
wear or cratering or both, but detailed studies of the wear mechanisms have not been
reported. Even with carbon tool steels quite high cutting speeds are possible, and
before the introduction of high speed steel, speeds as high as 100 m min™' (350
ft/min) were recommended when cutting copper.

The most important field of machining operations on copper-based alloys is in the
mass production of electrical and other fittings using high speed automatic machines.
These are mostly very high speed lathes, but fed with brass wire of relatively small
diameter, so that the maximum cutting speed is limited to 140-220 m min™!
(450-700 ft/min), although the tooling is capable of good performance at much
higher speeds if required.

A built-up edge does not occur when cutting high-conductivity copper. There is a
flow-zone at the tool work interface over a wide range of cutting speed. The tool
forces are very high, particularly at low cutting speed, Figure 9.4 and, as with
aluminium, this is essentially due to the large contact area on the rake face, resulting
in a small shear plane angle and thick chips. For this reason, high conductivity copper
is regarded as one of the most difficult materials to machine. In drilling deep holes,
for example, the forces are often high enough to fracture the drill. Additional
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Figure 9.4 Tool forces vs cutting speed — copper and brass. (From data
of Williams, Smart and Milner')

problems in the machining of pure copper are poor surface finish, particularly at low
speeds, and the high strength of the tangled coils of continuous chips which are
difficult to clear.

The machining qualities of copper are somewhat better after cold working and are
greatly improved by alloying. Figure 9.4 shows the reduction in cutting force (F,) as a
result of cold working, which reduced the contact area, giving a larger shear plane
angle and a thinner chip. The tool forces are lower for the 70/30 brass, which is
single-phased, but there is a greater reduction when cutting the two-phased 60/40
brasses, the forces being low over the whole speed range, with thin chips and small
areas of contact on the tool rake face. The forces are lowest in alloys of high zinc
content where the proportion of the 8 phase is greater. The low tool forces and power
consumption with the a—f brasses, together with low rates of tool wear, are a major
reason for classifying them as of high machinability.

Chapter 5 emphasises that the temperatures generated in tools are a major
influence on the rate of tool wear and on the limit of the rate of metal removal.
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Temperatures at the tool work interface vary with the composition of the work
material. Throughout this chapter the metals and alloys discussed are compared in
terms of the temperatures generated. This has not yet been investigated in the depth
required for a conclusive survey, but significant relationships have emerged. Temp-
erature distribution at the tool/work interface was determined by changes in
microhardness or microstructure in the heat affected regions of carbon and high
speed steel tools (Chapter 5, pages 69-75). For comparison of different work
materials a standard tool geometry was adopted (+ 6° top rake being the most
essential feature). The feed and depth of cut were constant at 0.25 mm and 1.25 mm,
respectively, and cutting time was generally 1 min; no coolant was used. Tempera-
tures were determined as a function of cutting speed, the accuracy of temperature
measurement being about = 25°C. The parameter used as the criterion was the
maximum temperature observed at any position on the interface. Figure 5.14 shows
the temperature distribution in tools used to cut high conductivity copper at three
speeds.

Figure 9.5 shows the maximum interface temperature for copper and a number of
1ts alloys as a function of cutting speed. For convenience the speed is plotted on a
logarithmic basis. With high conductivity copper the maximum temperature was
300 °C at a cutting speed of 70 m min~’ (230 ft/min), rising to 560 °C at 700 m min !
(2300 ft/min). The effect of alloying with zinc was to raise the temperature for any
speed. Temperatures were higher for 70/30 brass than for 60/40 brass, particularly at
speeds over 200 m min~' (650 ft/min) and reached 800 °C at 700 m min~' (2300
ft/min). With copper and 60/40 brass the temperature was nearly uniform (within =
25 °C) over the contact area, but with 70/30 brass there was a higher temperature
region about 1 mm from the tool edge as when cutting steel. With copper and brass
the heat source is a flow-zone as shown for 60/40 brass in Figure 9.6a.

Thus, with copper and brass very high speeds can be used when cutting with high
speed steel tools. It is probably only with 70/30 brass that high temperatures, and
consequent high wear rates, limit the rate of metal removal with these tools. With
copper and brass a more important limitation on speed is the problem of clearing the
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Figure 9.5 Maximum interface temperature vs cutting speed
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Figure 9.6 Quick-stop (a) Continuous chip with flow-zone after cutting 60/40 brass
at 120 m min ' (400 ft/min); (b) segmented chip without flow-zone after cutting
leaded 60/40 brass at 120 m min ' (400 ft/min)
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continuous chips from the working area. This problem is most acute with automatic
tooling. To deal with it ‘free-machining brass’ is made by addition of lead in the
proportion of 2 to 3%, and some higher.* This is soluble in molten brass but is
rejected during solidification, precipitating particles usually between 1 and 10 mic-
rometres (microns) in diameter, which should be uniformly dispersed to achieve
good machinability. When machining leaded brass, thin chips are produced, not
much thicker than the feed, and these are fragmented into very short lengths which
are readily disposable, while the tool wear rate also is reduced. Free machining brass
can be cut for long periods on automatic machines without requiring shut-down to
replace tools or to clear swarf. Many small parts are economically made from
free-machining brass because of the low machining costs and in spite of the high price
of copper. The addition of lead greatly reduces tool forces (Figure 9.7), which
become almost independent of cutting speed. No definite flow-zone is formed on the
rake face of the tool. The absence of a flow-zone, the greatly reduced strain in chip
formation and the segmented chips which result from the addition of lead can be seen
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by comparing Figures 9.6a and 9.6b. With the segmented chips the contact area on
the tool rake face is reduced. Lower ductility of the brass as a result of lead addition
may be partly responsible for segmentation of the chips, but the major cause both for
segmented chips and for reduction in tool forces is the action of lead at the tool/work
interface. Seizure between the brass and the tool seems largely to be eliminated by
lead which is concentrated at the interface. Figure 9.8 shows the contact area on the
rake face of a high speed steel tool after a quick-stop during cutting a leaded brass at
180 m min~! (600 ft/min). A concentration of lead can be seen, which had been
molten during cutting and had wetted the steel tool. Confirmation of this action
comes from observations of monatomic layers of lead on the under surface of leaded
brass chips, with thicker layers, in striations, in the cutting direction.® This concentra-
tion of lead at the interface reduces the tool forces and facilitates chip fracture by
reducing the compressive stress acting on the shear plane.

Another result of the action of lead is a large reduction in the energy of cutting
both on the shear plane and at the tool/work interface. This results in a considerable
reduction of tool temperature, as can be seen from Figure 9.5. The effect of lead
addition to 60/40 brass is to reduce the tool temperatures below those for high
conductivity copper. The lower temperature may reduce tool wear, but the action of
molten lead at the interface may accelerate wear and so more than counteract the
benefit of the lower temperature in respect of wear. The main advantages are the
elimination of chip control problems and the reduction in tool forces.

Additions are made also to high conductivity copper to improve its machinability.
Additives have to be confined to those which do not appreciably reduce electrical
conductivity or cause fracture during hot working. About 0.3% sulphur is usually
added, forming plastic non-metallic inclusions of Cu,S and reducing the electrical

Figure 9.8 Lead on rake contact area of high speed steel. Quick-stop after
cutting leaded brass at 180 m min™’
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conductivity to about 98 % of that of standard high conductivity copper. The effect is
to reduce greatly the tool forces, particularly at low speeds, Figure 9.7, and to
produce thin chips which curl and fracture readily. The surface finish is greatly
improved. The action of Cu,S can probably be attributed to reduction of seizure
between copper and tool at the rake face. The sulphide particles are plastically
deformed in chip formation and very thin layers of sulphide are observed on the
contact area after quick-stops. The flow-zone, normally present after cutting high
conductivity copper, is eliminated. The essential features of Cu,S as a free-machining
phase are its plasticity during deformation in cutting and its strong adhesion to the
tool surface, which prevents it being swept away. One result of the sulphur addition is
a large reduction in tool temperature up to very high cutting speed (Figure 9.5), the
temperatures being even lower than those when cutting leaded brass.

All the two-phase alloys, including the free-cutting copper and the a—@3 brasses
tend to form a built-up edge at low cutting speeds. This tends to disappear as the
cutting speed is raised, e.g. over 30 m min~' (100 ft/min), although a small built-up
edge has been reported when cutting copper up to 600 m min~' (2 000 ft/min).

Iron and steel

It is in the cutting of iron, steel and other high melting-point metals and alloys that
the problems of machinability become of major importance in the economics of
engineering production. With these higher melting-point metals the heat generated
in cutting becomes a controlling factor, imposing constraints on the rate of metal
removal and the tool performance, and hence on machining costs.

Iron

Commercially pure iron, like copper and aluminium, is in general a material of poor
machinability. At room temperature the structure is body-centred cubic (« iron),
transforming to face-centred cubic (v iron) at just over 900 °C, and in both conditions
it has relatively low shear strength but high ductility. The tool forces are higher than
for copper (Figure 4.5), particularly at low cutting speed, but decrease rapidly as the
speed is raised. The high tool forces are associated with a large contact area on the
rake face of the tool, and thick chips. No built-up edge is observed at any speed, and
quick-stops show a flow-zone about 25-50 wm (0.001-0.002 in) thick seized to the
rake surface of the tool (Figure 3.10, 5.2), which is the main heat source raising the
temperature of the tool.

In discussing temperature distribution in cutting tools in Chapter 5, the problem is
considered in relation to the cutting of a very low carbon steel, which is in effect a
commercially pure iron. Figures 5.9, 5.12 and 5.8 demonstrate the temperature
pattern characteristic of tools used to cut this material, and this pattern is very
important in relation to the machinability of iron and of steel. The upper limit of the
rates of metal removal, using high speed steel and carbide tools, is determined by tool
wear and deformation mechanisms controlled by these temperatures.

In general this same type of temperature pattern occurs in tools used to cut carbon
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and alloy steels, including austenitic stainless steels. A high temperature is generated
on the rake face well back from the cutting edge, leaving a low temperature region
near the edge. The temperature increases as cutting speed and feed are raised.

Steel

The alloying elements added to iron to produce steel and to increase its strength
(carbon, manganese, chromium, etc.) influence both the stresses acting on the tool
and the temperatures generated. As with copper and aluminium, the effect of
alloying additions to iron is often to reduce the tool forces as compared with pure iron
(Figure 4.6). The stress required to shear the metal on the shear plane to form the
chip is greater when cutting steel, but the chip is thinner, the shear plane angle is
larger and the area of the shear plane is much smaller than when cutting iron. We
know that the cutting force is reduced by the addition of alloying elements, but how
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Figure 9.9 Conditions of deformation of cemented carbide tools when
cutting steels of different hardness®
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this affects the compressive stress acting on the rake face of the tool has not been
investigated. The evidence reviewed in Chapter 4 (Figures 4.9 and 4.11) demons-
trates that stress is normally at a maximum near the edge. Numerical values of this
stress when cutting steel, and how it is affected by alloying additions have not been
determined.

The yield stress of steels is determined by both composition and heat treatment.
When steels are heat treated to high strength and hardness, the compressive stress
which they impose on tools during cutting may become high enough to deform the
cutting edge (Figure 6.14) and destroy the tool. Using high speed tools, the machin-
ing of steels with hardness higher than 300 HV becomes very difficult, even at low
speeds where the tool is not greatly weakened by heat. Cemented carbide tools can
be used to cut steels with higher hardness, but tool life becomes very short and
permissible cutting speeds very low when the hardness exceeds S00 HV. Figure 9.9
shows the speeds and feeds at which carbide tools were found to deform severely
when cutting steels of different hardness, using a standard tool geometry. For cutting
fully hardened steel, the tool materials must retain their yield strength to higher
temperatures. Ceramic tools (sialons in particular) can be used to machine steel
hardened to 600 to 650 HV. Higher rates of metal removal and longer tool life can be
achieved with cubic boron nitride tools (see Chapter 8). Because they are less tough
than cemented carbides the range of operations on which they can be used is
restricted and tool costs are very high.

A very high percentage of all cutting operations on steel is carried out using high
speed steel or cemented carbide tools. Guidance for selecting the optimum speed and
feed for a particular cutting operation involves many factors, but nominal cutting
speeds and feeds for machining different steels are often proposed by tool manufac-
turers and in books and papers on metal cutting.” Most commonly these relate the
nominal cutting speed to the hardness of the steel. Table 9.1 gives typical recom-
mended cutting speeds for high speed steel and cemented carbide single point tools
used for turning operations. Such recommendations can be only a starting point for
trials in practical machining operations, but Table 9.1 is included here to give some
idea of the range of speeds used in machining carbon and low alloy steels of different
strength and hardness.

To permit higher metal removal rates using high speed steel or cemented carbide
tools, steel work-materials are heat treated to reduce the hardness to a minimum.
The heat treatment for medium or high carbon steel often consists of annealing just
below the transformation temperature (about 700 °C) to ‘spheroidise’ the cementite
~ the form in which it hasleast strengthening effect, Figure 9.10. For some operations
a coarse pearlite structure is preferred, a structure obtained by a full annealing
treatment in which the steel is slowly cooled from above the transformation tempera-
ture. In the machining of low carbon steel containing much pro-eutectoid ferrite,
slow cooling from the annealing temperature is required to ensure that the carbon is
not present in solution in the ferrite or as very finely dispersed particles which can be
redissolved during the cutting process.® When machining low carbon steels with high
speed steel tools failure by deformation of the tool edge occurs at much lower speed
when heat treatment is incorrect and carbon is available to strengthen the ferrite and
increase its rate of strain hardening.’
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Figure 9.10 Structure of spheroidised steel

Thus, the rate of metal removal when cutting steel with conventional tool materials
may be limited by the high stress imposed at the tool edge. The yield stress of the
work material and its rate of strain hardening are factors in its machinability.

Of equal or greater importance however, is the influence of the alloying elements
in the work material on the temperatures and temperature gradients generated in the
tools. These cannot at present be predicted from the mechanical properties because
of the extreme conditions of strain and strain rate in the flow-zone, which is the heat
source. Thisis discussed in Chapter S. Experimental study of the influence of alloying
elements on the temperatures in the tools is a more effective way of investigating this
aspect of machinability. The few such studies carried out so far, show that the
introduction into iron of strengthening alloying elements has two main effects on the
temperatures in tools when cutting in the high speed range:

(1) The same characteristic temperature gradient is maintained.
(2) A lower cutting speed is required to generate the same temperature.

Figure 9.11 shows an etched section through a high speed steel tool used to cut a
0.4%C steel at 61 m min~' (200 ft/min) at a feed of 0.25 mm/rev.'® The temperature
gradient is similar in character to that when cutting the very low carbon steel (Figure
5.6). The highest temperature, 850-900 °C occurs at more than 1 mm from the tool
edge, while, at the edge the temperature was below 600 °C. With the 0.04 %C steel
this temperature was not reached until the speed exceeded 152 m min~! (500 ft/min).
A crater is formed by shearing of the surface layers of the tool, but at a much lower
speed than when cutting the 0.4%¢C steel, and at a lower temperature because the
higher carbon steel imposes a higher shearing stress on the heated area of the tool.
Figure 9.12 compares the observed maximum temperatures on the rake face of
high speed steel tools used to cut a range of steels and other high melting point metals
and alloys. The values for copper cut with carbon steel tools at speeds of up to 300 m
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Figure 9.11 Temperature distribution in high speed steel used for cutting
0.4% C steel at 61 m min"' (200 ft/min). (After Dines'?)
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Figure 9.12 Maximum interface temperature vs cutting speed

min ' (900 ft/min) are also included. This graph should be compared with Figure 9.5,
which contains comparable data for tools used to cut copper-based alloys. In the
limited range of steels tested the slopes of the lines are similar but not identical.
Increasing the carbon content in the steel lowers the cutting speed required to
achieve any temperature above 650 °C. The addition of other alloying elements (Cr,
Ni, Mo), as in low-alloy engineering steel and the two stainless steels tested, also
results in higher temperatures for a given cutting speed. In this test series the lowest
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Figure 9.13 Machining chart’ for steel cutting grade of carbide used for
cutting Ni-Cr-Mo steel — Hardness 258 HV

speed required to reach a temperature of 800 °C was 24 m min~' (80 ft/min) when
cutting a molybdenum containing austenitic stainless steel, compared with 131 m
min~' (430 ft/min) for the lowest carbon steel.

Cratering wear, when it was observed, was always in the heat-affected region on
the tool rake face. The lowest temperature at which it occurred was generally about
700 °C and at this temperature wear was by a diffusion/interaction mechanism
(Figure 6.18). Wear by a superficial shearing mechanism occurred only when the
temperature reached 800 °C or higher, depending on the strength of the work
material. Placing the steel work-materials in order of the temperatures which they
generate in the tools indicates the relative maximum cutting speed which can be used.
Knowledge of precise temperatures at and very close to the cutting edge would
provide a more useful criterion for this aspect of machinability of steels and research
to provide this information would be valuable.
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Built-up edge

At lower cutting speeds, when machining steels containing more than about 0.08%
carbon, and therefore having an appreciable amount of pearlite in the structure, a
built-up edge is formed which has a major influence on all aspects of machinability
(Figure 3.17). As cutting speed is increased, a limit is reached above which a built-up
edge is not formed. This limit is dependent also on the feed, and the conditions under
which a built-up edge is formed are shown for two steels in the machining charts,
Figures 7.28 and 9.13, for one standard tool geometry, the tool material being a steel
cutting grade of cemented carbide. The influence of cutting speed on the built-up
edge can be demonstrated simply by taking a facing cut on a lathe on a bar of steel
rotating at a constant spindle speed. If the cut is started from a small hole in the centre
and the tool is fed outward, a built-up edge will be present at first, but the cutting
speed continuously increases, and at a critical speed, the shape of the chip changes
and the surface finish improves as the built-up edge disappears. There are also
conditions at very low rates of metal removal where a built-up edge is absent, but
when machining steel with normal, low sulphur content, using high speed steel or
cemented carbide tools, this is usually below 1 m min~! (3 ft/min). Practical experi-
ence suggests that there are conditions where the built-up edge is much smaller oris
eliminated when cutting in a normal speed range using CVD-coated cemented
carbide tools, ceramic tools or cubic boron nitride tools.

The built-up edge, which is formed on both high speed steel and cemented carbide
tools, consists of steel, greatly strengthened by extremely severe strain, the pearlite
being much broken up and dispersed in the matrix (Figures 3.17 and 3.19). Hardness
as high as 600/700 HV has been measured on a built-up edge, which is considerably
harder than steel wire of the highest tensile strength. The built-up edge can therefore
withstand the compressive and shearing stresses imposed by the cutting action. When

Figure 9.14 Transition from built-up edge to
flow-zone with increasing cutting speed"’
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the cutting speed is raised, temperatures are generated at which the dispersed
pearlite can no longer prevent recovery or recrystallisation and the structure is
weakened until it can no longer withstand these stresses. The built-up edge then
collapses and is replaced by a flow-zone. The transition can be pictured diagrammat-
ically as in Figure 9.14."

In effect the built-up edge alters the geometry of the tool. As Figure 3.17 shows, it
lifts the chip up off the rake face, so that the contact area to be sheared is much
smaller than in the absence of a built-up edge. This results in a large reduction in the
forces acting on the tool as can be seen in Figure 4.6. Power consumption is reduced
and tool temperatures are relatively low. Fragments of the built-up edge are con-
stantly being broken away and replaced (Figure 3.17) but usually the fragments are
relatively small. Tool life may be rather erratic. While the built-up edge may take
over the functions of the tool cutting edge, so that the tools may be practically
unworn for long periods of time, if intermittent contact with the tool edge occurs this
leads to attrition wear. As shown in Chapter 6, high speed steel tools are generally
used under these conditions, because they often give much longer and more consis-
tent tool life than cemented carbides.

Fragments of the built-up edge which break away on the newly formed work
surface (Figure 3.17) leave this very rough, and better surface finish is usually
produced by cutting at speeds and feeds above the built-up edge line on the machin-
ing charts, using carbide tools. From the criterion of long and consistent tool life the
steel-cutting grades of cemented carbide are employed most efficiently using condi-
tions above the built-up edge line. There is a wide range of speed and feed where
steel may be machined successfully with these tools. Continuous chips are generally
produced, which are often strong and not easily broken. The form of the chip
depends not only on the composition and structure of the steel, but also on the speed,
feed and depth of cut. It is important, particularly on automatic machines, that chips
should be of a form easily cleared from the cutting area. Manufacturers of indexable
carbide inserts have put much effort into designing ‘chip breakers’ — grooves in the
rake face behind the cutting edge — which curl or break the chips over a wide range of
cutting conditions.

Free-cutting steels

The economic incentive to achieve higher rates of metal removal and longer tool life,
has led to the development of the free-cutting range of steels, the main feature of

Table 9.2 Typical compositions of free-cutting steels

Percentage by weight

Steel type C Mn S P

Low carbon 0.15 1.1 0.2 -0.3 0.07 max
0.15 1.3 0.3 -0.6 0.07 max

‘28 carbon’ 0.28 1.3 0.12-0.2 0.06 max

*36 carbon’ 0.36 1.2 0.12-0.2 0.06 max

‘44 carbon’ 0.44 1.2 0.12-0.2 0.06 max
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Figure 9.15 SEM of leaded free-cutting steel, showing MnS inclusions (dark) and
Pb inclusions (white). (After Milovic'®)

which is high sulphur content, but which are improved for certain purposes by the
addition of lead. Tellurium has been added to steel as a replacement for sulphur and
evidence has been given of improved machining qualities. It has certain toxic proper-
ties, however, which involve a hazard for steel makers and the use of tellurium steels
is unlikely to become widespread. Typical free-cutting steel compositions are given
in Table 9.2. The manganese content of these steels must be high enough to ensure
that all the sulphur is present in the form of manganese sulphide (MnS), and steel
makers pay attention not only to the amount but also to the distribution of this
constituent in the steel structure. Figure 9.15 shows the MnS in a typical free-cutting
steel. Control of the MnS particle shape, size and distribution is achieved during the
steel making. It is influenced both by deoxidation of the molten steel before casting
the ingots and by the hot rolling practice. Lead additions are, usually, about 0.2-0.3
per cent. It is insoluble in molten steel, or nearly so, and good distribution is difficult
to achieve. In order to disperse the lead in the form of fine particles throughout the
steel, it is added in the form of shot to the steel as this is tapped from the ladle into the
ingots moulds. When lead is added to high sulphur steels it is usually found attached
to the MnS particles, often as a tail at each end (Figure 9.15).

Free machining varieties of a wide range of engineering steels are produced,
including medium carbon, leaded steel and high sulphur, high speed steel. Those
produced in the largest quantity are the low-carbon, plain carbon steels. The cost of a
free-cutting steel is higher than that of the corresponding steel of low sulphur
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Figure 9.16 Deformation of MnS inclusions on the shear plane when
cutting free-cutting steel

Figure 9.17 Deformation of MnS inclusions in the flow-zone of free-cutting
steel chip. (After Dines!'?)
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content, and this must be justified by reduction in machining cost. An increase in
speed from 20 to 100 per cent over that used for the steel of low sulphur content (see
Table 9.1) has often been demonstrated.'?

The free-cutting steels are used extensively for mass production of parts on
automatic machine tools, because they permit the use of higher cutting speeds, give
longer tool life, good surface finish, lower tool forces and power consumption, and
produce chips which can be more readily handled. '*'*'* Above all they are used
because they can be relied on to perform more consistently than the non free-cutting
steels in a wide variety of operations without interruption to the automatic machine
cycle. In spite of extensive investigations into the mechanisms by which MnS acts to
improve machinability, the explanations are still incomplete.

MnS particles dispersed in steel are plastically deformed when the steel is sub-
jected to metal working processes. Those in Figure 9.15 had been elongated during
hot rolling of the bar from the ingot. In this respect they behave differently from
many carbide and oxide particles which rigidly maintain their shape or are fractured
while the steel matrix flows around them. There have been laboratory studies ofithe
deformation of MnS particles, the extent of which depends on the amount of strain
and the temperature.'® Micro-examination of quick-stop sections shows that, on the
shear plane, the sulphides are elongated in the direction of the shear plane (Figure
9.16). In a built-up edge or in the flow-zone adjacent to the tool surface, the

Figure 9.18 SEM of MnS in flow-zone of chip after etching deeply in
HNO,. (After Dines')
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Figure 9.21 *Machining chart’ for steel-cutting grade of carbide used
for cutting a low carbon free-cutting steel

elongation is very much greater. Figure 9.7 shows sulphide particles so drawn outin
the flow-zone that their thickness is on the limits of resolution if the optical micro-
scope, and some may be too thin to be seen, i.e. less than 0.1 um. In the flow-zone on
the under surface of free-cutting steel chips a very high concentration of these thin
ribbons of sulphide can be seen in scanning electron microscope pictures after
etching in nitric acid (Figure 9.18).'° It is possible that, in this form, they may provide
surfaces of easy flow where work done in shear is less than in the body of the metal.

The contact length on the rake face of the tool is shortened by the presence of
MnS.'? Separation of the chip from the tool to which it is bonded, requires fracture,
and the weak interfaces between the sulphide ribbons and the steel form nuclei for
this fracture. The shorter contact length results in thinner chips and lower tool forces,
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Figure 9.22 (a) Sulphides on rake face of steel-cutting grade carbide tool
after free-cutting steel at high speed; (b) sulphur print of the same tool'!

(particularly at low cutting speeds), and lower power consumption (Figures 9.19'
and 9.20)."”

After cutting, layers of MnS are often found covering parts of the tool surface.
When using the steel cutting grades of carbide tool, sulphide is found covering the
contact area on the tool rake face. This may prevent almost entirely the formation of
a built-up edge at low cutting speed (see machining chart, Figure 9.21), and at high
speed MnS seems to act as a lubricating layer interposed between tool and work
material on the rake face. The presence of the sulphide layers can be investigated by
electron probe analysis, but are readily demonstrated by sulphur prints of the tool
rake surface. Figures 9.22a and b show a photomicrograph of the contact area on the
rake surface of a steel cutting grade of carbide tool after cutting a free-cutting steel,
and the sulphur print of this region, which shows a high concentration of sulphide
over the whole contact area. The mechanism by which the MnS particles are depo-
sited on the tool surface is not certain, but it has been suggested that they are
extruded onto the tool surface from their ‘sockets’ in the steel, like tooth paste from
a tube.

When using high speed steel tools or cemented carbides of the WC-Co class for
machining free-cutting steels, the sulphides are not found on the contact area of the
tool face, except at very low cutting speeds, although they often cover areas of the
tool beyond the contact region. It is only when using the steel cutting carbide grades,
or tools coated with TiC or TiN, that formation of a large built-up edge is prevented.
The retention of a sulphide layer at the interface with these classes of tool is most
probably the result of a bond formed between the MnS and the cubic carbides of the
tool material, strong enough to keep it anchored to the tool surface, resisting the flow
stress imposed by the chip. To be effective, enough sulphide must be present in the
work material to replace the part of the sulphide being carried away on the under
surface of the chip.'
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A built-up edge is formed when high sulphur steels are machined at relatively low
speeds with high speed steel and WC-Co tools, and this may persist to higher speeds
than when cutting normal low sulphur steels. Although a large built-up edge is not
observed on steel cutting grades of carbide tool when cutting high sulphur steels, a
very small built-up cap wraps itself around the tool edge and is present even at high
speeds'®'? (Figure 9.23). This is either commensurate in size with the feed or smaller,
and beyond it the chip flows over the tool surface with much sulphide at the interface.
This small build-up may be an important part of the mechanism by which sulphides
are continuously deposited on the rake surface. It does not cause the deterioration in
surface finish which accompanies a large built-up edge but, by restricting the rate of
flow at the tool edge, it appears to be responsible for a reduction in the rate of flank
wear. Milovic?® has shown that the rake face temperature is lower when cutting a high
sulphur steel compared with the corresponding steel of low sulphur content.

The role of lead in the machining process has been less studied that that of sulphur.
Lead is used as additions of about 0.25% to both high sulphur steel and steel of
normal sulphur content and permits still higher cutting speeds, gives both better
surface finish and better control of chips without serious detriment to the mechanical
properties of the steel. The percentage of lead in steel is about one tenth that in
free-machining brass and there is less direct evidence concerning the mechanism by
which it enhances free-machining properties. Discontinuous chips, a feature of

Figure 9.23 Small built-up‘cap’ at edge of steel-cutting grade of carbide
tool. Quick-stop after cutting high sulphur steel at 63 m min~'. (After
Milovic'?)
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Figure 9.24 Deep groovesinrake face of WC-Co tool after cutting high-sulphur
leaded steel at 46 m min~' for 10 min. (After Milovic'®)
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Figure 9.25 Influence of sulphur in steel on the rate of flank wear.
(Courtesy of Naylor, Llewellyn and Kean,?? British Steel Corpora-
tion. Swindon Laboratories)

leaded brass, are not formed. Examination of quick-stopped tools shows local
deposits of lead on the contact area or nearby, but not the high concentration
observed with leaded brass (Figure 9.8). One investigation of the under surface of
chips from leaded free-cutting steel, using Auger electron spectroscopy, showed a
uniform layer, about one atom thick, of lead, together with high concentration of
sulphur.?!

At high cutting speed, sections through quick-stops often show a secondary shear
zone with flow retarded at the under surface of the forming chip, but without a
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Figure 9.26 Variability of flank wear rate on carbon steels of the same
specification. (Courtesy of Naylor, Llewellyn and Kean,?? British Steel Corpo-
ration, Swindon Laboratories)

definite flow-zone. The tool rake face temperatures are often considerably lower
than when cutting the corresponding lead free steels. These observations suggest
that, under some cutting conditions, lead at the interface prevents complete seizure
between the steel work-material and the tool. This effect depends on the tool
material.

The reduction of seizure, allowing sliding at the interface, may result in an
acceleration of wear despite the lower interface temperatures. With high speed steel
tools or WC-Co tools, when cutting leaded steel the rake face of the tool may be
rapidly worn. Deep, “horseshoe-shaped, localised craters are often observed,?° start-
ing at or very close to the tool edge, and these may be accompanied by localised flank
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wear. The horseshoe configuration is not observed with carbide tools, but craters
starting at or near the edge may develop rapidly in WC-Co tools (Figure 9.24)."* This
rapid damage to the tool is most common at low or medium cutting speed and may
disappear if the speed is raised. Some CVD coated tools appear to be very resistant to
this form of wear.

The particles of lead in steel are plastically deformed during machining. This is
seen clearly where it is associated with MnS inclusions. The action of lead as a
free-cutting additive is very complex. Because it is incompletely understood, the
value of leaded steel as a solution to particular production problems has to be
investigated for each case.

Variable machinability of non frec-cutting steel

High sulphur content in steel promotes machinability, but very low sulphur con-
tent makes machining more difficult. The rates of flank wear increase with decreas-
ing sulphur content, Figure 9.25, as has been demonstrated in a variety of tests,?? and
steels which have been cleaned of non-metallic inclusions by electro-slag remelting
(ESR) are reported to be more difficult to machine. In some cases small amounts of
sulphur have been re-introduced into these steels, e.g. 0.015%S, to reduce costs of
machining.

When machining non free-cutting steels the tool wear rates, and the permissible
rates of metal removal, are found to vary widely for different consignments of steel
conforming to the same standard specification.?? Figure 9.26 shows flank wear rate vs
cutting speed curves for bars of a medium carbon steel from different heats. The
differences may be very large, and pose severe problems in the engineering industry
for those involved in planning machining, particularly on transfer lines and highly

Figure 9.27 Silicate layer on rake face of steel cutting grade of
carbide used to cut steel at high speed
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Figure 9.28 Section through silicate layer on rake face of tool"!

automated operations. Not all the causes of the different behaviour have been
determined. With low carbon steels the very large differences in life of high speed
steel tools caused by interstitial carbon and nitrogen in the ferrite have already been
discussed (page 186). When cutting steel with cemented carbide tools at higher
speeds, major variability in tool life must be attributed to non-metallic inclusions
which behave plastically during machining in a similar way to MnS.'"'22* Most oxides
in steel are present as inclusions which are undeformed during machining, even in
the flow-zone, but certain inclusions, particularly calcium aluminium silicates, are
drawn out long and thin. When using the steel cutting grades of carbide tools, they
attach themselves, like MnS, to the contact area on the tool rake face to form a
glassy barrier between tool and work material. Figure 9.27 shows such a layer on the
rake face and Figure 9.28 shows a section through a rather thick silicate layer. With
steels containing such inclusions, the rates of flank and crater wear, in high speed
machining with steel cutting grades of carbide tool, are much lower and the permiss-
ible cutting speeds much higher.'?

This is a good example of how ‘specific’ machinability can be. Because these
inclusions behave in a plastic manner in the extreme conditions of the flow-zone, and
become attached to some constituent of the steel-cutting grades of carbide when
cutting at high speed, the performance of the tools is greatly increased in operations
of economic importance for the engineering industry. Apart from increased rate of
metal removal and longer tool life, surface finish may be improved and chip shape
altered beneficially. The same work materials, however, may show no improvement
in machinability when cutting with a WC-Co grade of carbide, or with high speed
steel tools, nor at low cutting speeds where a built-up edge is formed with any class of
tool material. Machinability is nota property ofa material, but a mode ofbehaviour of
the material during cuiting, and assessments of machinability should, therefore, specify
the general conditions of cutiing for which they have validity.

The oxides and silicates present as inclusions in a steel are mainly the result of the
deoxidation practice in the final stages of steel making, which varies considerably in
different steel works and for production of steels for different purposes.'? This
accounts for much of the variability in machining quality of carbon and low alloy
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steels. If widespread use could be made of the deoxidation practice employed in
making those steels, at present available, which contain inclusions conferring good
machinability, this would be a great advantage to machinists in terms of consistently
high rates of metal removal in high speed cutting. Steels deoxidised with large
amounts of aluminium are known to give short tool life. This may be due to the
presence of abrasive A1,0, particles in the steel, but it seems more likely that the
cause is the absence of beneficial plastic inclusions in steels de-oxidised in this way.
Deliberate attempts have been made to devise a de-oxidation practice which pro-
duces inclusions of an optimum character for machining. It is suggested that they are
effective with an optimum degree of plasticity and cease to function at their melting
point. The *specially deoxidised’ steels usually contain calcium aluminium silicates
and Opitz and Konig** give results which show a typical composition of 55% CaO,
30% Al,Os, 15% SiO; and a melting point of 1380 °C. However, good machinability
is rarely the major quality required of a steel, and deoxidation practice has to be
designed to ensure correct response to heat treatment and the optimum properties in
the final product, and these qualities may demand other types of inclusion. Whether
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or not the *special deoxidation’ practice can be generally adopted, it is certain that
there is scope for adjustment of steel making practice to produce steels capable of
more consistent performance during machining at high rates of metal removal,
without resorting to the addition of large percentages of sulphur.

Austenitic stainless steel

Austenitic stainless steels are generally regarded as more difficult to machine than
carbon or low alloy steels. They bond very strongly to the tool during cutting, and this
bonding is more obvious than when cutting other steels because the chips more often
remain stuck to the tool after cutting. When the chip is broken away it may bring with
it a fragment of the tool, particularly when cutting with cemented carbides, giving
poor and erratic tool performance.

The tool forces are not greatly different from those when cutting normalised
medium carbon steel (Figure 9.29). The temperature pattern imposed on the tool is
of the same general character as when cutting other steels, with a cool region at the
cutting edge (Figure 6.11). With an 18 % Cr, 8 % Ni alloy the tool temperature at any
speed is rather higher than when cutting a medium carbon steel (Figure 9.12). Since
the carbon content of 18-8 stainless steel is very low, the higher temperature must be
attributed to the strengthening effect of nickel and chromium, thus raising the
temperature in the flow-zone. With austenitic stainless steel containing 3% Mo,
having higher strength at elevated temperature, the tool temperatures are higher still
(Figure 9.12). A built-up edge is formed in a cutting speed range somewhat lower
than with carbon steels, and has rather a different character, being more like an
enlarged flow-zone (Figure 9.30). Cratering of high speed steel tools occurs in the
high temperature region on the rake face by diffusion and by superficial shear. At
interface temperatures over 700 °C wear by diffusion occurs (Figure 6.17) and at 800

Figure 930 Section through built-up edge on tool used to cut austenitic
stainless steel. (Courtesy of A.K. Wright)
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Figure 9.31 ‘Machining chart’ for steel cutting grade of carbide used for
cutting austenitic stainless steel

°C it becomes rapid. At 800 °C and above wear by superficial plastic deformation
may be the dominant wear mechanism in cratering (Figure 6.12). Cratering by the
hot shearing mechanism occurs at speeds lower than those for medium carbon steels
(Figures 6.11 and 6.12). The relatively high temperatures generated restrict the rates
of metal removal and, at a feed of 0.25 mm (0.01 in) per rev, cutting speeds with high
speed steel tools are generally lower than 25-30 m min~' (80-100 ft/min). Flank
wear when cutting austenitic stainless steels is characteristically very smooth and
even, with high speed steel or with carbide tools, and increases regularly as cutting
speed is raised. The range of cutting speed and feed for a steel cutting carbide are
shown in the machining chart, Figure 9.31. There is evidence that the rate of crater
wear when cutting austenitic stainless steel with WC-Co grades of cemented carbide
becomes very slow after the first short time of cutting, possibly due to intermediate
phases formed at the interface. WC—Co alloys are frequently used to cut these steels.
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Austenitic stainless steels are strongly work-hardening, and particular problems
arise when cutting into a severely work-hardened surface, such as that left by a
previous machining operation with a badly worn tool. The use of sharp tools and a
reasonably high feed rate are two recommendations for prevention of damage to
tools caused by this work-hardening.

Free-cutting austenitic stainless steels are available to increase tool life and metal
removal rates and to facilitate difficult machining operations. These have high
sulphur contents, and, as with the free-cutting ferritic steels, their improved
machinability is associated with the plastic behaviour of the sulphides in the flow-
zone. The use of free-cutting stainless steels is restricted, because the introduction of
large numbers of sulphide inclusions reduces corrosion resistance under some condi-
tions. An alternative free-cutting additive is selenium, which forms selenide particles
which behave like sulphides during machining. Selenides are advocated because they
are said to be less harmful to corrosion resistance.

Cast iron

Flake graphite cast irons are considered to have very good machining qualities. A
major reason for the continued large-scale use of cast iron in engineering is not only
the low cost of the material and the casting process, but also the good economics of
machining the finished component. By nearly all the criteria it has good machinabil-
ity — low rates of tool wear, high rates of metal removal, relatively low tool forces and
power consumption. The surface of the machined cast iron is rather matt in charac-
ter, but ideal for many sliding interfaces. The chips are produced as very small
fragments which can readily be cleared from the cutting area even when machining at
very high speeds. It is a somewhat dirty and dusty operation, throwing a fine spray of
graphite into the air, so that some protection for the operators may be required.
As when cutting other materials, there is a great difference between the behaviour
of castiron when sheared on the shear plane and at the tool work interface. The most
important characteristic is that fracture on the shear plane occurs at very frequent
intervals, initiated by the graphite flakes, so that the chip is composed of very small
fragments a few millimetres in length. Because the chips are not continuous, the
length of contact on the rake face is very short, the chips are thin and the cutting force

Table 9.3 Cutting forces — pearlitic, flake-graphite cast iron*

Cutting speed Cast iron _ Mild steel
Fe Ft Fe F
m min™! (ft/min) (N)  (Ibf) (N) (1bf) N) (1bf) (N)  (1bf)
30 100 222 50 232 52 520 115 356 80
61 200 245 55 285 64 490 110 364 82
91 300 245 55 320 72 445 100 325 75
122 400 267 60 338 76 422 95 313 70

*Feed: 0.16 mm rev™' (0.0063 in/rev)
Depth of cut: 1.25 mm (0.05 in)
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Table 9.4 Typical maximum turning speeds for flake graphite cast iron.

High speed steel tools  Cemented carbide (WC-Co) Ceramic (alumina or sialon)

Hardness Feed, 0.5 mm/rev. tools. Feed, 0.5 mm/rev. tools. Feed, 0.25 mm/rev.
(BHN) (m min~') (ft/min) (m min~')  (ft/min) (m min~') (ft/min)
115-200 40 130 120 400 450 1500
150-200 25 80 90 300 400 1300
200-250 20 65 70 230 250 900
250-300 12 40 55 180 180 600

and power consumption are low. The cutting force islow also because graphite flakes
are very weak and may be relatively large so that one flake may extend an appreci-
able way across the shear plane. Table 9.3 shows values for the cutting force (Fe)for a
typical pearlitic iron in comparison with steels under one set of cutting conditions.
This aspect of machinability is influenced by the grade and composition of the cast
iron. Low strength irons, the structure of which consists mainly of ferrite and
graphite, are the most machinable, permitting the highest rates of metal removal.
Permissible speeds and feeds are somewhat lower for pearlitic irons, and decrease as
the strength and hardness are raised. As with steel there are extensive published data
for cutting speeds when machining grey cast iron with high speed steel and cemented
carbide {WC-Co) tools** and, more recently, some data for ceramic tools. These data
can be considered only as guide lines but, for comparison with Table 9.1, Table 9.4
shows typical recommendations for turning grey cast irons classified according to
their hardness, when using the three classes of tool material.

The use of ceramic (alumina and sialon) tools for machining castiron has increased
greatly in recent years, mainly in mass production turning, boring and milling
operations. In major motor car factories most cast iron brake drums, clutch faces and
flywheels are being machined with ceramic tools. The excellent surface finish
achieved often eliminates a grinding operation. Because the chips are fragmented,
very high cutting speeds can be used without severe problems of chip control. The
highly alloyed irons and chilled irons, with very little graphite and containing large
amounts of iron carbide {Fe,C) and other metal carbides, become very difficult to
machine. Chilled iron rolls may be machined only at speeds of the order of 3-10 m
min~' (10-30 ft/min) with cemented carbide tools. Much higher speeds can be used
with ceramic or cubic boron nitride tools. Alumina tools are recommended for use on
chilled cast iron of hardness 60 Shore (430HV) at about 50 m min™' (150 ft/min).
Turning operations are being carried out with cubic boron nitride tools on chilled
iron with hardness 55-58 RC (600-650 HV) at about 80 m min~' (240 ft/min) at
feeds up to 0.4 mm/rev.

The majority of engineering castirons are of the ferritic or pearlitic types, and their
behaviour on the shear plane during cutting can be predicted quite well from their
strength and lack of ductility as measured in standard laboratory tests. Their
behaviour at the tool/work interface is, however, less ‘conventional’. Graphite might
be expected to act as a lubricant and to inhibit seizure at the tool/work interface, but
there is no evidence that it acts in this way. When cutting with carbide or high speed
steel tools a built-up edge is formed which persists to higher cutting speeds than with
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Figure 9.32  Section through built-up edge on carbide tool used to
cut pearlitic flake-graphite cast iron

steels. Figure 7.18 is a machining chart for a pearlitic iron cut with a WC-Co tool,
showing the region in which the built-up edge persists. The built-up edge changes
shape as speeds and feeds are raised, and eventually disappears and a form of
cratering appears on the tool. Figure 9.32 shows a section through a built-up edge
seized to the rake face and to the worn flank. This consists of fine fragments of the
metallic parts of the cast iron structure, extremely severely plastically strained and
welded together, the cementite and other constituents usually being so highly dis-
persed that they cannot be resolved with an optical microscope. No graphite is
identified in the built-up edge — the top part of Figure 3.8 shows the structure
observedin a polished but unetched section. Graphite is probably present, broken up
into very thin, fragmented layers, since a black deposit is formed when the built-up
edge is dissolved in acid.

Thus, under the compressive stress and conditions of strain at the tool surface,
flake graphite ferritic and pearlitic cast irons behave as plastic materials. The feed
force (Fy) is thus often higher than the cutting force (F,) as shown in Table 9.3, and
nearer to the value of F;when cutting steel. It is normal practice when machining with
either high speed steel or cemented carbide tools, to cut cast iron under conditions
where a built-up edge is formed, and very good tool life can be achieved. With a
discontinuous chip, the built-up edge is more stable and is less frequently detached
from the tool even when an interrupted .cut is involved. The wear is by attrition
(Figures 3.8 and 3.9) and the longest tool life is achieved with tungsten carbide-
cobalt tools of fine grain size (Figure 7.22). At higher rates of metal removal the
built-up edge disappears, and, to resist cratering and diffusion wear on the flank, a
fine grained steel-cutting grade of carbide tool can be used, containing small amounts
of TiC and TaC. CVD - coated tools give low wear rates and permit the use of higher
cutting speeds.

Investigations so far suggest that the temperature distribution in tools used to cut
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castiron is different from that when cutting steel. In the absence of a continuous chip,
the highest temperatures are observed in the region of the cutting edge. With high
compressive stress and high temperature at the edge, the upper limit to the rate of
metal removal occurs when the tools are deformed at the edge, see machining chart,
Figure 7.18.

Spheroidal graphite (SG) irons have better mechanical properties than flake
graphite irons, and in recent years have replaced them in many applications. In the
SG irons the graphite is present as small spheres instead of flakes, but during cutting
they behave in a very similar way to the flake graphite irons, and can generally be
machined using very similar techniques. The graphite spheres act to weaken the
material in the shear plane and initiate fracture, but are rather less effective in this
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Figure 9.34 (a) Section through high speed steel tools used to cut commercially

pure nickel, etched to show temperature distribution; (b) temperature contours
derived from (a)*®

respect than flake graphite. The chips are formed in rather longer segments, but
these are weak, easily broken and much nearer in character to flake graphite iron,
than to steel chips. One problem which is sometimes encountered is that, with ferritic
SG iron, the flow-zone material is extremely ductile and may cling to the clearance
face of the tool when cutting at high speeds, causing very high tool forces, high
temperatures and poor surface finish. This problem can be largely overcome by using
high clearance angles on the tools.
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Nickel and nickel alloys

Although nickel has a lower melting point (1452 °C) than iron (1535 °C), the metal
and its alloys are, in general, more difficult to machine than iron and steel. Nickel is a
very ductile metal with a face-centred cubic structure and, unlike iron, it does not
undergo transformations in its basic crystal structure up to its melting point. Com-
mercially pure nickel has poor machinability on the basis of almost all the criteria.
Tool life tends to be short and the maximum permissible rate of metal removal is low,
the tools failing by rapid flank wear and deformation of the cutting edge at relatively
low cutting speeds. A recommended cutting speed is 50 m min~' (150 ft/min) with
high speed steel tools when turning at a feed rate of 0.4 mm (0.015 in) per rev. Tool
forces are higher than when cutting commercially pure iron (Figure 9.33), the contact
area on the rake face being very large, with a small shear plane angle and very thick
chips. As with iron and other pure metals, no built-up edge is formed, and the tool
forces decrease steadily as the cutting speed is raised, the contact area becoming
smaller and the chip thinner, but over the whole speed range the forces are relatively
high.

The most important aspect of the behaviour of commercially pure nickel during
cutting, which leads to high rates of tool wear and low rate of metal removal, appears
to be the high temperatures generated in the flow-zone, and a characteristic adverse
distribution of temperature in the tools, which is very different from that when
cutting iron and steel.?® Figure 9.34a shows an etched section through a high speed
steel tool used to cut commercially pure nickel at 45 m min~' (150 ft/min) at a feed of
0.25 mm (0.010 in) per rev feed. During manual disengagement of the tool, separa-
tion took place along the shear plane, leaving the chip very strongly bonded to the

B850 - 700 °C
(a) {(b)

Figure 9.35 (a) Rake face of tool used to cut nickel, etched to show temperature
distribution; (b) temperature contour derived from (a)*®
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tool. The flow-zone, which is the heat source, is very clearly delineated adjacent to
the tool rake face. The derived temperature gradient from this tool is shown in Figure
9.34b. Figures 9.34a and b should be compared with Figures 5.6a and b to contrast
the characteristic temperature distributions in tools used to cut nickel and iron.
There are two major differences:

(1) Temperatures over 650 °C appear at much lower speeds when cutting nickel.
(2) The cool region at the tool edge is not present when cutting nickel.

The difference in temperature distribution is seen also if the rake surfaces of tools
used to cut nickel and iron are compared (Figures 9.35 and 5.8). Temperature is seen
to be high along the main cutting edge when cutting nickel, but not on the end
clearance face, a location where very high temperature led to deformation of the tool
used for cutting iron. Consequently, tools used for cutting commercially pure nickel
tend to be deformed along the main cutting edge, where both compressive stress and
temperature are high even at relatively low cutting speeds. Once the tool edge has
deformed and a wear land has been started, a new heat source develops at the flank
wear land and may result in rapid collapse of the tool.

Cemented carbide tools, with their higher compressive strength at high tempera-
ture, can be used for cutting nickel and its alloys at much higher speeds than high
speed steel tools. Carbide tools wear mainly on the flank by a diffusion or deforma-
tion mechanism, cratering not being a major problem. Cemented carbide tools are
not, however, generally recommended for cutting commercially pure nickel, since
the very strong bonding of the nickel chips to the tool surface often leads to damage
to the tool when the chips are removed.

The addition of alloying elements to nickel affects its machining qualities in ways
similar to those discussed for iron and steel. Even when the alloying additions result
in considerable strengthening of the nickel, the cutting forces are often reduced
because the contact length on the rake face is smaller, the shear plane angle is larger
and the chip thinner. The evidence so far on temperature distribution in tools used to
cut the alloys of nickel has shown a temperature pattern similar in character to thatin
tools used to cut steel and unlike that when cutting commercially pure nickel. For
example, Figure 9.36 shows the isotherms in a high speed steel tool used to cut a
nickel-based alloy containing 19.5% chromium and 0.4 % titaniumat 23 m min ' (75
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Figure 9.36 Temperature distribution in high speed steel tool used to
cut Ni-Cr-Ti alloy at 23 m min™' (75 ft/min)
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Figure 9.37 Built-up edge when cutting creep-resistant
two-phased nickel alloy, quick-stop

ft/min) at a feed of 0.25 mm/rev. The relatively cool cutting edge and the high
temperature region about 1 mm from the tool edge are similar to the features
observed when cutting steel. Figure 9.12 shows the maximum temperature vs cutting
speed curve for the above alloy and for commercially pure nickel. The speed required
to generate a temperature of 800 °C, under the standard conditions, was 21 m min ™'
(70 ft/min) for the alloy and 52 m min~' (170 ft/min) for commercially pure nickel.
The example given above is for one of the least creep-resistant nickel based alloys.
The highly creep resistant alloys used in the aero-space industry, are some of the
most difficult materials to machine. These alloys are strengthened by a finely dis-
persed second phase, as well as by solid solution hardening. A built-up edge is
formed when cutting these two-phased alloys at low cutting speeds (Figure 9.37). As
the speed is raised the built-up edge disappears but very high temperatures are
generated even at relatively low speeds in the flow-zone at the tool/work interface.
The temperatures are often high enough to take into solution the dispersed second
phase in the nickel alloy, and may be well over 1000 °C. Because these creep-
resistant alloys are metallurgically designed to retain high strength at elevated
temperatures, the stresses in the flow-zone are very high. The result is a destruction
of the cutting edge under the action of shear and compressive stresses acting at high
temperature. Figure 6.13 is a section through the cutting edge of a high speed steel
tool used to cut one such wrought alloy at 10 m min~—' (30 ft/min) and shows the tool
material being sheared away. For many operations high speed steel must be used —
for example, for drilling and tapping small holes, for broaching and for most milling
operations. Cemented carbides, usually WC-Co alloys of medium to fine grain size,
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are used for turning, facing, boring and sometimes in milling operations and for
drilling large holes. Where they can be used carbide tools are more efficient because
of the higher speeds and longer tool life. It is rare to find carbide tools operating at a
speed as high as 60 m min~' (200 ft/min.). The steel-cutting grades of carbide are
usually worn more rapidly than the WC-Co grades and coated carbides have not
been found to offer any advantages. When cutting the most advanced of the ‘aero-
space alloys’, however, the inadequacy of cemented carbide tools becomes apparent.
The tearing apart of a carbide tool used to cut one of the most creep-resistant cast
nickel-based alloys is shown in Figure 9.38, the cutting speed in this case being only
16 m min~' (50 ft/min).

The cost of machining the nickel-based aero-space alloys is very high because
metal removal rates are limited by the ability of conventional tool materials to
withstand the temperatures and stresses generated. Much effort is now being put into
employing ceramic and cubic boron nitride tools to increase the efficiency of these
operations. Using both alumina and sialon tools, cutting speeds up to 250 m min™!
(800 ft/min) have been employed for the machining of nickel-based gas turbine discs.
Similar conditions have been reported when using cubic boron nitride tools. Because
their toughness is greater than that of alumina and their cost is much lower than that
of cubic boron nitride, sialon tools may become the most important for turning,
facing and boring operations where high speeds can be employed. This development
isin its early stages and much effort has to be put into the machine tools, tooling and
the details of the operation to achieve success.

A method of hot-machining has been proposed and used for certain operations,
the material to be machined being rapidly heated, usually by a plasma torch, as it
approaches the cutting tool. Under the right conditions, the use of ceramic tools for
cutting these creep-resistant alloys is possible at several times the rate with carbide
tools. The range of shapes and applications where this method can be applied is
limited.

Titanium and titanium alloys

Titanium and its alloys are generally regarded as having rather poor machinability.
The melting point of Ti is 1668 °C, and it is a ductile metal with a close-packed
hexagonal structure at room temperature, changing to body-centred cubic at 882 °C.
The commercially pure metal is available in a range of grades depending on the
proportion of the elements carbon, nitrogen and oxygen, the hardness and strength
increasing and the ductility decreasing as the content of these elements is raised.

The machining characteristics of titanium are different in several respects from
those of the other pure rietals so far considered, and by several of the criteria, it
cannot be said to have poor machinability. Tool life is terminated by flank wear
and/or deformation of the tool, and the rates of metal removal for a reasonable tool
life are lower than when cutting iron. The tool forces and power consumption,
however, are much lower than when cutting iron, nickel or even copper, especially in
the low-speed range, as shown in Figure 9.33. These low tool forces are associated
with a much smaller contact area on the rake face of the tool than when cutting any of
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Figure 9.39 Section through forming titanium alloy chip, quick-stop.
(After Freeman™),

the other metals discussed except magnesium. Because of the small contact area, the
shear plane angle is large and the chips are thin, often not much thicker than the feed.
The chips are continuous but are typically segmented, and, with titanium alloys, the
segmentation becomes very marked, narrow bands of intensely sheared metal being
separated by broader zones only lightly sheared (Figure 9.39). No built-up edge is
formed when cutting commercially pure titanium, and the flow zone at the rake face
tends to be very thin — usually less than 12 wm (0.0005 in) and often much thinner
than this. Over the contact area titanium is very strongly bonded to high speed steel
or carbide tools. During a quick-stop either the chip remains bonded to the tool or a
layer of titanium is left bonded to the tool, the chip having separated from the tool by
ductile fracture within the chip, rather than at the interface. During normal disen-
gagement of the tool the chip frequently remains attached.

The main problems of machining titanium are that the tool life is short and
permissible rates of metal removal are low, in spite of the low tool forces. Itis the high
temperatures and unfavourable temperature distribution in tools used to cut
titanium which are responsible for this.?* The temperatures in the flow-zone are
higher than when cutting iron at the same speed, for example the maximum tempera-
ture on the rake face of a tool was 900 °C after cutting a commercially pure titanium
at 91 m min~' (300 ft/min) and 650 °C after cutting iron at this speed under the
standard cutting conditions. The maximum temperature vs cutting speed relation-
ship when cutting a commercially pure titanium with low carbon and nitrogen
content is shown in Figure 9.12. Temperature gradients in tools used to cut titanium
are shown in Figure 9.40 and should be compared with those for cutting iron (Figure
5.6) and nickel (Figure 9.34). The temperature distribution is more like that when
cutting iron, but the cool zone close to the edge is very narrow, and the high
temperature region is much closer to the tool edge. The centre of the high tempera-
ture region is usually about 0.5 mm from the tool edge. The total contact length is
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Figure 9.40 (a) Section through high speed steel tools used to cut
commercially pure titanium, etched to show temperature distribu-
tion; (b) temperature contours derived from (a)

very short and the heated region does not extend far along the rake face. Thus,
although the tool forces are low, the stress on the rake face is high, and a highly
stressed region near the tool edge is at a high temperature. This leads to deformation
of the tool edge and rapid failure, with the formation of a new heat source on the
deformed and worn flank. Frequently failure is initiated at the nose radius of the tool.

The temperature gradients in tools used to cut titanium alloys are similar in
character to those found when cutting the commercially pure metal* and different
from those when cutting steels or nickel-based alloys. In general, the effect of
alloying additions is to raise the temperature for any set of cutting conditions, and
therefore, to reduce the permissible cutting speed. When cutting commercially pure
titanium, the influence of increasing amounts of the interstitial impurity elements,
carbon, nitrogen and oxygen, is very pronounced. In one series of experiments’ an
increase in oxygen content for 0.13% to 0.20% reduced the cutting speed required to
produce a temperature of 900 °C, in the tool from 91 m min~' (300 ft/min) to 53 m
min~' (175 ft/min).
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With alloys containing a second phase, the temperature increase for any cutting
speed is much more marked. Under the standard test conditions, tools used to cut an
alloy containing 6% A1l and 4% V were heated on the rake face to over 900 °C at a
cutting speed of 19 m min~' (60 ft/min). The tool temperature vs cutting speed
relationship for this alloy is shown in Figure 9.12. When cutting a commercial alloy
with 11% Sn, 2.25% A1 and 4% Mo, high speed steel tools failed due to stress and
temperature after cutting for only 30 s at a speed of 12 m min~' (40 ft/min). In failure
of high speed steel tools not only is the edge deformed downward under compressive
stress, but the heated high speed steel is sheared away to form a crater on the rake
face, as was observed when cutting steel.

Apart from deformation, diffusion wear seems to be the main process, responsible
for the wear both of high speed steel and of carbide tools when cutting titanium
alloys. With cemented carbide tools, longer life is achieved with the use of the
WC-Co alloys than with the steel-cutting grades containing TiC and TaC. The
introduction of TiC, which is so strikingly successful in combating diffusion wear
when cutting steel, has an adverse effect in relation to diffusion wear when machining
titanium and its alloys. There is evidence that the cubic carbide grains containing TiC
are lost more rapidly by diffusion into titanium flowing over the tool surface than are
the WC grains.?* Resistance to diffusion wear and resistance to deformation at high
temperatures make the WC—Co grades of carbide useful for cutting titanium alloys.
Even with these, the cutting speeds which can be used for machining the more
creep-resistant alloys are low, e.g., 30 m min~' (100 ft/min). The strong adhesion of
the chip to the tool may cause problems when the machining operation involves
interrupted cuts or other conditions which lead to the breaking away of the adherent
chip, removing fragments of the tool edge and so causing inconsistent tool life. In
the machining of titanium alloys no major advantages have been reported as a result
of using ceramic or ultrahard tool materials.

Zirconium

Itis of interest that the machining behaviour of commercially pure zirconium is very
similar indeed to that of titanium. The contact area on the rake face of the tool is
short, the shear plane angle high and the chips are thin. The same sort of temperature
pattern is imposed on the tool as when cutting titanium, and these are the only two
high melting-point metals investigated so far for which the temperature gradients in
the cutting tools are similar in character. The very close similarity of these two metals
In structure and properties is paralleled by their machining qualities. There is some
hazard in machining zirconium because fine swarf may ignite and precautions
specified by the material suppliers should be observed.

General observations on machinability

In this chapter the machining qualities of some of the more commonly used metals
and alloys have been described and discussed. It is clear that machining behaviour is
complex, not easily described within a short compass and it cannot meaningfully be
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evaluated by a single measurement. Useful ad hoc tests can be specified for predic-
tion of tool life, rates of metal removal or power consumption under particular sets of
operating conditions, but these cannot be regarded as evaluations of machinability,
valid for the whole range of operations encountered industrially. The results of such
tests should always be accompanied by a statement of the machining operation used
and the critical test conditions. Progress can be made towards a more basic under-
standing of the machining qualities of metals and alloys by studying their behaviour
during machining, investigating both the changes that take place in the material as it
passes through the primary shear plane, and the very different changes in the
secondary shear zone at the tool-work interface. The former can, to some extent, be
directly related to properties measured by standard laboratory mechanical tests, but
behaviour in the secondary shear zone can be investigated only by observations of
the machining process, since it cannot readily be simulated by model tests.

It is with the higher melting-point metals and alloys that difficult problems most
frequently arise in industrial machining practice, and, for these materials, the temp-
erature and temperature distribution in the secondary shear zone (the flow-zone)
play an important role in almost every aspect of machinability. The evidence of
laboratory experiments shows that each of the major metals imposes on the tools a
characteristic temperature pattern which differs greatly for different metals. The
reason why a particular temperature pattern is associated with a particular metal is an
interesting subject for research. Fortunately for industrial practice, the temperature
pattern associated with iron and steel is favourable for high rates of metal removal.
The temperature distribution is probably associated with the characteristic pattern of
flow adopted by the metal as it flows around the cutting edge and over the tool
surfaces, since the temperature is dependent on the energy expended in deforming
the metal in the flow-zone, and the quantity of material flowing through this zone.
Much study of flow patterns will be required before a satisfactory explanation can be
given. Alloying elements which increase the strength also raise the flow-zone temp-
erature for any cutting speed and, in this way, reduce the maximum rate of metal
removal when cutting high melting-point alloys. ‘Free-cutting’ alloying additives
such as sulphur and lead may lower the interface temperature by reducing the energy
expended in the flow-zone, but their action is complex and not yet fully understood.
This is a most difficult region to study because of the small size and inaccessibility of
the critical volume of metal, but a better understanding of behaviour in the flow-zone
is an essential prerequisite for comprehension of machinability. These investigations
have also theoretical interest in relation to the behaviour of materials subjected to
extreme conditions of strain and strain rate.

Improved appreciation of machinability also requires an understanding of the
interactions of tool and work material at the interface. Rates of tool wear can be
reliably predicted and controlled only when our understanding of bonding, diffusion
and interaction at the interface has improved. This is particularly important with the
introduction of new and expensive tool materials. It is also required for rational
development of free-machining work materials. The concentration of useful phases
at the tool/work interface is very dependent on strong bonding between these phases
and the tool and on their plastic behaviour under the extreme conditions of stress,
temperature and strain at the interface.
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Chapter 10

Coolants and lubricants

A tour of most machine shops will demonstrate that some cutting operations are
carried out dry, but in many other cases, a flood of liquid is directed over the tool, to
actas a coolant and/or a lubricant. These cutting fluids perform a very important role
and many operations cannot be efficiently carried out without the correct type of
fluid.! They are used for a number of objectives:

(1) To prevent the tool, workpiece and machine from overheating.
(2) To increase tool life.

(3) To improve surface finish.

(4) To help clear the swarf from the cutting area.

Many machine tools are fitted with a system for handling the cutting fluids -
circulating pumps, piping and jets for directing the fluids to the tool, and filters for
clearing the used fluid.

A very large number of cutting fluids is available commercially from which the
machinist selects the one most suitable for a particular application. With very little
guidance from theory, both the development of cutting fluids and their selection
depend on a vast amount of empirical testing. A successful fluid must not only
improve the cutting process in one of the ways specified, but must also satisfy a
number of other requirements. It must not be toxic or offensive to the operator; it
must not be harmful to the lubricating system of the machine tool; it should not
promote corrosion or discoloration of the work material, and should preferably
afford some corrosion protection to the freshly cut metal surface; it should not be a
fire hazard, and it should be as cheap as possible.

There are two major groups of cutting fluid — the water-based or water miscible
fluids and the neat cutting oils. As coolants, the water-based fluids are much more
effective. They consist of an emulsion, usually a mineral oil, in water in proportion
between 1 : 10and 1 : 60 of oil to water. In addition to the mineral oil they contain an
emulsifier and sometimes inhibitors of corrosion and of the growth of bacteria and
fungi. To increase the lubricating properties animal or vegetable fats and oils may be
introduced, as may ‘extreme pressure’ lubricating substances containing chlorine
and/or sulphur. Recently ‘synthetic fluids’ have been developed to complement the
emulsions. These are oil-less organic chemicals which may contain surface-active
molecules or chlorine additives.

Neat cutting oils are usually mineral oils supplied in a range of viscosities suitable
for different applications. Like the water-based emulsions, the lubricating properties
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can by improved by addition of fatty oils, chlorine and sulphur. Chlorine is usually
added as chlorinated paraffins. Sulphur may be added to mineral oil as elemental
sulphur and this is known as ‘active sulphur’ because it may be responsible for
staining the machined work material, particularly if this is a copper-based alloy.
Sulphur may also be introduced as sulphurised fat, where the sulphur is strongly
bonded and not readily released. This avoids the staining problem.

Selection of the optimum cutting fluid from all the commercially available gradesis
a difficult problem, but one which may be very important in many practical machin-
ing operations. The choice is influenced by many parameters including the work
material, the cutting conditions and the machining operation involved. The latter is
of particular importance. Table 10.1, prepared at the Machine Tool Industry
Research Association,? gives a guide to the selection of cutting fluids for a number of
work materials and a range of machining operations.

There are many applications where cutting is carried out in air with no advantage
being found in the use of a cutting fluid. For example, many turning and facing
operations using carbide or ceramic tools are carried out dry, the cost of a fluid being
avoided. Very many operations on cast iron require no cutting fluid. Single point
turning, planing and shaping, and drilling of shallow holes are among the operations
where simple water-based coolants may be the only fluids required. Lubricating
requirements are most exacting with difficult operations such as broaching, lapping,
thread cutting, reaming, trepanning of deep holes, and the hobbing of gears. For such
operations workshop trials must be the criterion for the optimum cutting fluid. Many
laboratory tests on operations such as drilling, tapping and reaming have been
carried out under controlled conditions to determine the effect of lubricants.
Although, like all machining operations, there is much scatter in individual tool life
test results, the use of the correct lubricating additives to a cutting oil has been shown
to give advantages in tool performance well outside any possible error in measure-
ment.’

It is not proposed to discuss here the details of the application of each of these
types of cutting fluid, but to consider the action of cooling and of lubrication in the

‘light of experimental evidence from laboratory tests, and of knowledge of the
conditions existing at the tool-work interface presented in the previous chapters.

Coolants

It is in connection with the machining of steel and other high melting-point metals
that the use of coolants becomes essential. Their use is most important when cutting
with steel tools, but they are often employed also with carbide tooling. An example of
a situation where coolants must be used is on automatic lathes where several tools are
used simultaneously or in quick succession to fabricate relatively small components.

In Chapter 5 the two main sources of heat in a cutting operation are discussed - on
the primary shear plane and at the tool-work interface (especially in the flow-zone on
the tool rake face). The work done in shearing the work material in these two regions
is converted into heat, while the work done by sliding friction makes a minor
contribution to the heating under most cutting conditions. Coolants cannot prevent
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Figure 10.1 (a) Section through high speed steel tool
after cutting iron in air at 183 m min~' (600 ft/min),
etched to show temperature distribution; (b) as (a) for
tool flooded with coolant over rake face; (c) as (a) with jet
of coolant directed at end clearance face*
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Figure 10.2 (a) Temperature contours derived from Figure
10.1a (b) temperature contours derived from Figure 10.1b; (¢)
temperature contours derived from Figure 10.1c*
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Figure 10.3 (a) Temperature contours on rake face of tool used to cut iron in air,
conditions as Figure 10.1a; (b) temperature contours on rake face of tool, condition as
Figure 10.1b; (c) Temperature contours on rake face of tool, conditions as Figure 10.1¢*
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the heat being generated, and do not have direct access to the zones which are the
heat sources. Heat generated in the primary shear zone is mostly carried away in the
chip and a minor proportion is conducted into the workpiece. Water-based coolants
act efficiently to reduce the temperature both of the work-piece and of the chip after
it has left the tool. The cooling of the chip is of minor importance, but maintaining
low temperature in the workpiece may be essential for dimensional accuracy.

The removal of heat generated in the primary shear zone can have little effect on
the life or performance of the cutting tools. As has been demonstrated, the heat
generated at and near the tool/work interface is of much greater significance,
particularly under high cutting speed conditions where the heat source is a thin
flow-zone seized to the tool. The coolant cannot act directly on the thin zone which is
the heat source but only by removing heat from those surfaces of the chip, the
workpiece, and the tool which are accessible to the coolant and as near as possible to
the heat source. Removal of heat by conduction through the chip and through the
body of the workpiece is likely to have relatively little effect on the temperature at
the tool/work interface, since both chip and workpiece are constantly moving away
from the contact area allowing very little time for heat to be conducted from the
source. For example, when cutting at 30 m min~' (100 ft/min) the time required for
the chip to pass over the region of contact with the tool is of the order of 0.005 s.

The tool is the only stationary part of the system. It is the tool which is damaged by
the high temperatures and, therefore, in most cases, cooling is most effective through
the tool. The tool is cooled most efficiently by directing the coolant towards those
accessible surfaces of the tool which are at the highest temperatures, since these are
surfaces from which heat is most rapidly removed, and the parts of the tool most
likely to suffer damage. Knowledge of temperature distribution in the tool can,
therefore, be of assistance in a rational approach to coolant application. This is
illustrated by experimental evidence from laboratory cutting tests on tools used to
cut a very low carbon steel and commercially pure nickel.*

Figure 10.1 shows section through the cutting edge of high speed steel tools used to
cutthe very low carbon steel at high speed: a dry, bflooded over the chip and tool rake
face by a water-based oil-emulsion, and ¢ with a jet of the coolant directed towards
the end clearance face of the tool. The tools were sectioned and etched to show the
temperature gradients in the tool by the method described in Chapter 5. Figure 10.2
shows the temperature contours derived from the structures in Figure 10.1. Figure
10.3 shows the temperature contours on the rake faces of tools used for cutting under
the same conditions as those in Figure 10.2. These illustrate a number of important
features relevant to the action of coolants.

First, the coolant application was unable to prevent high temperatures at the
tool/work interface, since heat continues to be generated in the flow-zone which is
inaccessible to direct action by the coolant. Temperatures over 900 °C were gener-
ated at the hottest part of the rake face of the tool whether cutting dry, flooded with
coolant, or with a jet directed at the end clearance face.

Second, the action of the coolant reduced the volume of the tool material which
was seriously affected by overheating. A jet directed to the end clearance face
(Figure 10.3c) was much more effective in this respect than flooding over the rake
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Figure 10.4 (a) Section through high speed steel tool used to
cut nickel in air at 46 m min~* (150 ft/min), etched to show
temperature distribution; (b) as (a) with jet of coolant on side
clearance face*

face. The temperature gradients within the tool were much steeper when coolant was
used.

Third, the damage to the end clearance face caused by deformation of the tool
when cutting dry (Figure 10.3a) or when flooded by coolant from on top, (Figure
10.3b) was prevented when the temperature of the end clearance face was reduced
by a coolant jet. The wider cool zone at the cutting edge in this tool suggests that the
rate of flank wear by diffusion would also be reduced by this method of cooling.

The cool zone at the cutting edge, which is a feature of tools used to cut steel, is
absent when cutting commercially pure nickel, as demonstrated in Chapter 9. The
high temperature at the main cutting edge leads to wear at this edge and failure by
deformation. When cutting nickel, therefore, the coolant was found to be very
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Figure 10.5 (a) Temperature contours derived from Figure 10.4a;
(b) temperature contours derived from Figure 10.4b*

effective when directed as a jet on to the clearance face below the main cutting edge.
Figure 10.4a shows a section through a tool used to cut commercially pure nickel dry,
while Figure 10.4b shows the corresponding tool after cutting with a jet of coolant on
the clearance face. The corresponding temperature gradients are shown in Figure
10.5. These reveal the considerable reduction in temperature and wear near the tool
edge, achieved by a coolant directed to the correct part of the tool.

Coolants are most likely to be effective in prolonging tool life or permitting a
higher rate of metal removal where deformation of the cutting edge is responsible for
initiating tool wear and failure (Figures 6.4 and 6.14). ‘Suds cooling’ was first found
to permit higher cutting speed in the nineteenth century when carbon steel tools were
the only tool material. Rates of metal removal were very low because of the rapid
drop in yield strength of the tool above 250 °C, resulting in rapid failure by deforma-
tion of the tool edge. A plentiful supply of water flooded over the tool at the low
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speeds employed was successful in cooling the tool edge sufficiently to permit a
significantly higher cutting speed.®

With high speed steel and cemented carbide tools, used at much higher speeds,
wear mechanisms other than tool edge deformation are more often responsible for
tool wear and failure, but coolants still have a significant effect. Flooding over the
forming chip requires larger amounts of coolant, to be effective, and many machine
tools are equipped with pumps to direct 12 to 25 litres per minute to the cutting area.

Experimental work, using a tool/work thermocouple method of estimating the tool
temperature when machining steel, also demonstrates the reduction in temperature
achieved by use of water-based coolants. Although the precise significance of temp-
eratures determined from the e.m.f. values of tool/work thermocouples is not clear,
they probably record the temperature near the cutting edge (see page 65). Kurimoto
and Barrow have shown that when machining steel with both high speed steel® and
cemented carbide tools,” the measured temperature was lower when using a water-
based coolant than when cutting dry, over the whole cutting speed range. Figure 5.4
shows results from data presented for a steel-cutting grade of cemented carbide tool
and Figure 10.6 from tests using high speed steel tools. Coolant was flooded over the
rake face of the tools. The measured reductions in temperature were real and
consistent and in each case the effectiveness of the coolants decreased as the cutting
speed was raised. Water had the greatest cooling power, an emulsion of 1 : 15 lubricant
In water gave measurably higher temperatures, and the temperature reduc-
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Figure 10.6 Tool temperature (tool/work thermocouple). Influ-
ence of cutting fluid when the work material is a low alloy engineer-
ing steel, feed 0.2 mm/rev. (Data from Kurimoto and Barrow®)
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tion using neat oil was small compared with cutting in air. Flooding over the rake face
of the tool and the forming chip is not always the most efficient method of applying
the cutting fluid because the coolant so supplied does not necessarily penetrate to the
clearance faces of the tool from which heat is most effectively extracted. A much
smaller amount of coolant directed accurately at the hot spots might be more
effective, although more expensive to engineer. A ‘mist coolant’ spray so directed
has been used commercially to solve difficult problems, as in the cutting of nickel-
based alloys. Another method which is also very effective and clean is the use of CO,
asacoolant. CO, at high pressure is supplied through a hole in the tool and allowed to
emerge from small channels under the tool tip as close as possible to the cutting edge.
The expansion of the CO, lowers the temperature, and the tool close to the jet is kept
below 0 °C. Improvements in tool life using this method have been confirmed but
both CO; cooling and mist cooling are expensive to apply and have not been widely
adopted in machine shop practice.

Lubricants

The term lubrication in relation to cutting fluids is used here to describe action by the
fluid at the interface which reduces the tool forces and amount of heat generated, or
improves surface finish and modifies the flow pattern around the cutting edge. A
major objective of the use of lubricants is to improve the life of cutting tools but
under some circumstances they cause an increase in the rate of wear.

Throughout the discussion of all aspects of metal cutting in this book, emphasis has
been placed on the conditions of seizure at the tool/work interface. This emphasis has
been necessary to secure proper appreciation of the most important problems of
metal cutting, and also as a corrective to the framework of ideas conventionally used
to treat the subject. This either entirely ignores, or greatly underestimates, the
importance of this essential feature which distinguishes metal cutting from other
metal working processes. Under conditions of seizure, however, lubricants appar-
ently have norole to play, since the two surfaces are not in relative motion and, when
metallurgically bonded, there is no possibility of access to the interface by an external
lubricant whether solid, liquid or gaseous.

To understand the very important action of cutting lubricants, the emphasis must
now be shifted to consideration of those areas of the tool/work interface which are
not seized, and of those conditions of cutting where seizure is reduced to a minimum
or eliminated. Seizure may be avoided when the cutting speed is very low, as near the
centre of a twist drill, or when cutting times are very short, as in the multi-toothed
hobs used for gear-cutting, or when the feed and depth of cut are very small, so that
no position on the interface is more than a few tenths of a millimetre from the
periphery of the contact area. Under such conditions metal to metal contact may be
very localised, and the tool and work surfaces may be largely separated by a very thin
layer of the lubricant which acts to restrict the enlargement of the areas of contact. In
other words, what are known as boundary lubrication’ conditions may exist, where a
good lubricant, especially one with the extreme pressure additives chlorine and
sulphur, will reduce cutting forces, reduce heat generation, and greatly improve
surface finish.
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Figure 10.7 Section through steel chip near outer edge showing slip-stick
action at inerface in sliding wear region

Figure 10.8 Section through same steel chip as Figure 10.7,0.5 mm from
outer edge showing flow-zone characteristic of seizure at interface
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Under conditions of cutting where seizure takes place, there is a peripheral zone
around the seized area where contact is partial and intermittent. This is shown
diagrammatically in Figure 3.13 for asimple turning tool, operating under conditions
of seizure but without a built-up edge. In the peripheral region, the compressive
stress forcing the two surface together is lower than in the region of seizure. The
action of lubricants in this peripheral region, and the character of effective lubrica-
tion are shown in experiments on metal cutting in controlled atmosphere carried out
by Rowe and others.®*

When cutting iron, steel, aluminium or copper in a good vacuum (107> mbar) or in
dry nitrogen, both the cutting force (F.) and the feed force (F;) were much higher
than when cutting in air. The chip remained seized to the tool over a longer path and
was much thicker. The admission into the vacuum chamber of oxygen, even ata very
low pressure, resulted in reduction of the contact area and tool forces to those found
when cutting in air. The oxygen in air surrounding the tool under normal cutting
conditions acts to restrict the spreading of small areas of metallic contact in the
peripheral region into large scale seizure. Unless the cutting speed is very low or the
feed and depth of cut are very small, oxygen in the surrounding atmosphere cannot
completely prevent seizure in the region near the cutting edge, but it can restrict the
area of seizure. The freshly generated metal surfaces on the underside of the chip and
on the workpiece are very active chemically and are readily re-welded to the tool
even after initial separation. The role of oxygen in air or chlorine and sulphur in the
lubricants is to combine with the new metal surfaces and reduce their activity and
their affinity for the tool.

While the freshly generated surface of the work material is very clean and chemi-
cally active, the surface of steel or carbide tools, before cutting starts, is contaminated
with oxide, with adsorbed organic layers and other substances. The strength of the
bond formed between tool and work material must depend on the cleanliness of the
tool surface. The unidirectional flow of work material across the tool surface tends to
remove contaminated layers, but this action requires a finite time. This process has
not been studied systematically and the times are likely to vary greatly with the tool,
work material and cutting conditions. In many cases a strongly bonded interface is
established very rapidly. However, in interrupted cutting operations, such as milling,
where continuous contact times are often much shorter than one second, the area of
bonding may be considerably reduced or eliminated by the periodic exposure of the
tool surface to the action of air and active lubricants, particularly extreme pressure
lubricants used with sulphur and chlorine additives.

Thus air itself acts to some extent as a cutting lubricant, and if cutting were carried
out in space, problems of high cutting forces and extensive seizure would be encoun-
tered. The action of air modifies the flow of the chip at its outer edge when cutting
steel. In this region, oxygen from the air can penetrate some distance from the chip
edge and act to prevent seizure locally, i.e., at the position H—£ in the diagram, Figure 3.13.
Figure 3.3 shows scanning electron micrographs of a steel chip cut at 49
m min~' (150 ft/min) - note the segmented character of the outer edge. Sections
through this outer edge show a typical ‘slip-stick’ action, Figure 10.7. The steel first
sticks to the tool, but the presence of oxygen in this region restricts the bonding
between tool and work material to small localised areas, the feed force becomes
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Oxidation
Rake face

Oxidation

Flank

Figure 10.9 Occurrence of oxide films on
tools used to cut steel at high speed'

strong enough to break the local bonds, and a segment of the chip slides away across
the tool surface. The process is repeated, successive segments first sticking and then
sliding away to form the segmented outer edge of the chip. Oxygen is able to
penetrate for only a short distance from the outer edge of the chip at this cutting
speed, e.g., 0.25 mm (0.010 in) and, further inside the chip, seizure is continuous.
Figure 10.8 is a section through the same chip at a distance of 0.50 mm (0.020 in)
from the edge and shows a flow pattern typical of seizure. Deep grooves are often
worn in the tool at the positions where the chip edge moves over the tool with this
slip-stick action (Figures 6.22 and 7.26). This ‘grooving’ or ‘notching’ wear is
associated with chemical interaction between the tool and/or work material surfaces
and atmospheric oxygen. The rate of grooving wear is strongly influenced by jets of
gas directed at this position. When cutting steel with high speed steel or cemented
carbide tools, wear at this position is greatly accelerated by a jet of oxygen and
retarded or eliminated by jets of nitrogen or argon. This same effectis observed when
cutting with a CVD-coated tool where the coating is TiC, but there is usually no
grooving on tools coated with alumina, as long as this coating remains intact, and it is
greatly reduced with TiN coated tools.®

Air contains 80% nitrogen and only 20% oxygen, and the nitrogen plays an
important role in reducing oxidation of the tool when cutting steel and other metals
at high speeds. This can be demonstrated by a simple experiment.'' On those surfaces
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Figure 10.10 Photomicrograph of clearance face of  Figure 10.11 As Figure 10.10 but
carbide tool used to cut steel at high speeds in air" with jet of oxygen directed at clear-
ance face'’

of the tool which exceed 400 °C during cutting, coloured oxide films are formed - the
familiar ‘temper colours’. If tools used for high speed cutting of steel are closely
examined, two areas of the surface are seen to be completely free from the oxide
films even though they were at high temperature during cutting. These regions,
marked X in Figure 10.9, are on the clearance face just below the flank wear land,
and on the rake face just beyond the worn area. The freedom from oxide films is not
because these areas were cold during cutting — they were in fact closer to the heat
source, and at a higher temperature than the adjacent oxidised surfaces. The expla-
nation is that, during cutting, these parts of the tool surface form one face of a very
fine crevice (the region just below G in Figure 3.13 on the clearance face, and just
beyond C-D on the rake face). The opposing face of this crevice is a freshly
generated metal surface at high temperature, which combines with and eliminates all
the oxygen available in this narrow space, leaving a pocket of nitrogen which acts to
protect the tool surface from oxidation. Further down the clearance face and at the
edges of the swarf more oxygen has access and the tool is coated with oxide films,
although the temperature is lower. This is shown diagrammatically in Figure 10.9 and
Figure 10.10 is a photomicrograph of the clearance face of a carbide tool used to cut
steel at high speed. The protective action of atmospheric nitrogen is eliminated if a
jet of oxygen is directed into the clearance crevice. The tool is then very heavily
oxidised in the region which was previously free from oxide films—-compare Figure
10.11 with 10.9. Thus the oxygen of the air acts as a ‘lubricant’, reducing the area of
seizure, while the nitrogen of the air modifies this action and largely prevents a
serious problem of oxidation of the tools when cutting high melting-point metals at
high speed, since carbide tools are oxidised very rapidly when exposed to air at
temperatures of the order of 900 °C.

The active elements in extreme pressure lubricants operate in a similar manner to
oxygen, but may be more effective. Chlorine is considered to form chlorides by
reaction with both tool and work materials. The chloride formed acts effectively only
below the temperature at which it decomposes — about 350 °C. Sulphides, formed by
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Figure 10.12 Influence of CCl.+ and water as lubricants
ontool forces in relation to cutting speed. (After Rowe
and Smart®)

reaction at the interface, are effective up to about 750 °C. Sulphur additives should
be the more effective at high speeds and feed. Although the cutting fluids are applied
as liquids, in most cases they must act in the gaseous state at the interface because of
the high temperature in this region. A flood of lubricant may be more effective than
air because it eliminates the protective pockets of nitrogen and allows penetration of
the active elements into the interfacial crevice, thus further restricting the area of
seizure. In this sense water acts as a lubricant as well as a coolant, penetrating
between the tool and work surfaces and oxidising them to restrict seizure.

One of the most effective cutting lubricants is carbon tetrachloride (CCl1,),
although this would not be considered as a lubricant at all under most sliding contact
situations. Because of its toxic effects, CC1, cannot be used in industrial cutting.
Figure 10.12 shows the influence of CCl, and water on the tool forces when
machining steel over a range of cutting speeds.'? Because of their action in reducing
contact area, active lubricants effectively reduce the tool forces. They are most
efficient at low cutting speeds and have a relatively small effect at speeds over 30 m
min~' (100 ft/min). By reducing forces, power consumption is reduced and tempera-
tures may be lowered.

Improved surface finish is a major objective of cutting lubricants. In this respect
they are particularly effective at rather low cutting speeds and feed rates in the
presence of a built-up edge. As an example, Figure 10.13 shows the surface finish
traces made using a ‘Talysurf’ on turned low carbon steel surfaces produced by
cutting at 8 m min~' (25 ft/min) at a feed of 0.2 mm (0.008 in) per rev. both dry and
using CC1, as a cutting fluid. The very great improvement in surface finish is caused
by reduction in size of the built-up edge. Often, when cutting in air under such
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Figure 10.13 *Talysurf traces of steel surfaces cut dry and with CC1,
as cutting lubricant

conditions, the built-up edge is very large compared with the feed, as shown diag-
rammatically in Figure 10.14a and in the photomicrograph Figure 3.17. Soluble oils
may act to reduce the built-up edge to a size commensurate with the feed, Figure
10.14b. Experiments have shown that the same result can be achieved by the use of
distilled water or of a jet of oxygen gas. This suggests that the stability of a large
built-up edge, which consists of many layers of work material (Figure 3.17), is at least
partially dependent on a protective pocket of nitrogen when cutting in air. When air
isreplaced by oxygen, water vapour, or some chemically active gas, which combines
with fresh metal surfaces, adhesion is reduced between the layers of which the
built-up edge is composed, and the stable built-up edge is much smaller.

Even when the built-up edge is not greatly changed by the lubricant, the surface
finish is often improved by reduction in size of the fragments sheared from the
built-up edge and remaining on the work surface. This appears to be achieved by the
action of the active lubricant vapour on the path of the fracture which forms the new
surface when a built-up edge is present. Compare Figure 3.17 (cutting in air) with
Figure 10.15 (cutting with a chlorinated mineral oil).

The influence of active lubricants (including water) on the rate of tool wear is very
complex. In some conditions the rate of wear may be unaffected by the lubricating (as
opposed to cooling) action of cutting fluids, but in other cutting conditions it may be
greatly decreased or increased. There has been far too little study of the mechanisms
by which the lubricants affect tool wear, and few general rules can be stated. Three
examples are given to illustrate some effects of water-based lubricants:

(1) When cutting steels at low speed and feed using earbide tools, the active
lubricants which reduced the size of the built-up edge, also increased the rate of
wear and changed its character.!” The rate of flank wear was much increased
and a shallow groove or crater was formed close to the cutting edge, as shown
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(b)

Figure 10.14 (a) Built-up edge when cutting
dry; (b) built-up edge when cutting with soluble
oil lubricant'

(2

diagrammatically in Figure 10.14b. Figure 10.16 shows the rake face wear on
four tools after cutting @ in air, b with a mineral oil, ¢ with distilled water, and d
with a jet of oxygen. The accelerated wear on the two latter tools appears to be
the result of interaction of the tool and work materials with an active gas or
liquid environment, while the mineral oil did not reduce the built-up edge, but
did slightly decrease the small amount of wear on the rake face. A large increase
in wear rate has been observed also when a soluble oil cutting fluid was used
during cutting of cast iron with carbide tools at medium and low speeds in the
presence of a built-up edge.

In continuous turning of steel with high speed steel tools the rate of flank wear
may be greatly increased by use of water or a water-based cutting fluid when
compared with dry cutting. This has been observed by a number of research
workers.*'*'* Under some test conditions the rate of flank wear was acceler-
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Figure 10.15 Section through quick-stop showing built-up
edge after cutting 0.15% C steel at low speed using chlori-
nated mineral oil lubricant

(3)

ated by a factor of five or more® when water was used, compared with dry
cutting. This particularly occurred at low feed, and despite the fact that tool
temperatures were lowered by the use of water. Water-based emulsions accel-
erated the flank wear less than water. There is evidence to demonstrate that the
water, by its action at the interface, modifies the flow close to the tool edge and
changes the mechanism of tool wear."”

Konig and Diederich'® demonstrated that water-based cutting fluids can
greatly reduce the rate of cratering wear when cutting steel deoxidised with
aluminium at high cutting speed using a steel-cutting grade of cemented car-
bide. Penetration of the fluid or its vapours into the rear end of the contact area
on the rake face promoted the formation of relatively thick protective layers of
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Figure 10.16 Wear on rake face of carbide tools when cutting steel at 30
m min~! (100 ft/min) at low speed." (a) In air; (b) with mineral oil
lubricant; (c¢) with water lubricant; (d) with jet of oxygen directed under
chip in rake face

oxide at the interface. Protective layers were also formed when an oxygen jet
was directed at the tool.

Understanding of the action of coolants and lubricants in metal cutting is still at a
rather primitive level. The conditions are very complex, and practical men will wisely
continue to rely on practical tests in development and selection of cutting fluids. The
concepts and principles evolved for understanding the action of lubricants in other
engineering applications are of rather little value in guiding the selection and
development of cutting fluids. Tool wear in particular is greatly influenced by the
environment in a number of ways which are specific to the complex conditions which
arise in various cutting operations. Even the simple concepts evolved so far from
studies in depth of real machining operations, and outlined here, may be of assistance
in solving some problems. Much more work of this character is required for a rational
treatment of the subject as a whole.
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Abrasion wear, 106, 109, 142, 164
Alumina,
tools, 158-161, 163, 207
inclusions in steel, 203
CVD coatings, 154-156
Aluminium and its alloys,
machinability, 165, 174-177
free-machining additives, 177
tool forces, 173
Attrition wear, 105, 109, 138-142, 151, 174,
208
Austenitic stainless steel,
machinability, 99, 100, 103, 107, 203-206,
tool forces, 203

Brass,
free-machining, 180-182
machinability, 175, 183
tool forces, 45,47, 181

Built-up edge,
Aluminium alloys, 176
brass, 183
cast iron, 138, 140, 205, 207, 208
effects of lubricant on, 236-239
effects of cutting speed on, 43, 137-139
formation of, 29-32, 65, 138
nickel-based alloys, 213
steel, 43, 105, 138-140, 151, 190, 196, 198,

203,204

Carbides,
hardness, 119
in high speed steel, 83, 87-90
melting point, 119
Carbon tetrachloride, 236
Carbon steel tools, 82-86, 177
Cast iron,

machinability, 137, 140, 141, 159, 162, 168,

206-210
tool forces, 206
Cemented carbides,
classification, 126, 127, 149

compositions, 122, 145,153
CVD coated tips, 154-157
grain size, 121-123, 140-142, 145, 146, 208
machining charts, 134, 137, 147, 189, 196,
205
properties, 94, 119-128, 145-147
structure, 119-125, 138-141, 146, 147
TiC-Ni alloys, 153, 154
WC—Co alloys, 122-145
WC-TiC-TaC-Co alloys, 145-151
wear mechanisms, 128-145, 147-151,
213-215
Ceramic tools, 158-164, 207, 215
Chip formation,
forms of chip, 13, 14, 15, 17, 30, 31
methods of observation, 14-16
thickness, 16, 17,43,174,176, 177,
181-183,211, 216
Chromium in high speed steel, 90
Cobalt,
in cemented carbides, 120-128, 137, 141,
142, 145-147
in high speed steels, 90
Compressive strength of tool materials,
carbon steel, 84-86
cemented carbides, 94, 121-124, 146
elevated temperature, 84-86, 93, 94
high speed steel, 92-94
room temperature, 84, 92, 93,121-123
Contact area on tool rake face,
alloying elements, influence of, 196, 206, 212
cutting pure metals, 42,47, 176,177, 183,
211,215
definition, 37, 39
lubricants, 45, 233-236
measurement, 37-39
Coolants, 11, 222-231
Copper,
free-cutting additives, 181-183
machinability, 177-183
tool forces, 42-45,47, 52,177-182
Cratering,
in carbide tools, 130-138, 147-151, 156, 208
in high speed steel tools, 99, 100, 102-105,
108-110, 189, 204
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Cratering (Cont) Grain size,
influence of speed and feed, 134, 137, 147, in cemented carbides, 122-128, 140-142,
189, 196, 205 146
influence of titanium carbide in tool, in ceramic tools, 158, 162
145-151, 208 in high speed steel, 89

Cubic boron nitride, 167-170
Cutting force,

definition, 34 Hardnfess,
influence of alloying elements, 175, 178, 181, carbides, 119
195, 196,207 cemented carbides, 120~124, 141, 145, 166
influence of cutting speed, 43-45, 173, 178, ceramic tools, 163, 165
181, 195,209 cubic boron nitride, 166
measurement, 35 diamond, 165, 166-168
relation to shear plane angle, 39-42 hot hardness, 84,‘91, 92,120
when cutting different metals, 44, 45, 173, steel work-materials, 102, 184-186
178, 181, 195,209 tool steels, 82-85, 87-91, 95

Heat treatment,
steel work-materials, 184-186

Deformation of tools, tool steels, 82, 83, 84-90, 95
carbon steel tools, 85, 86 High speed steel tools, 86-117
cemented carbide tools, 129-132, 143, 184, heat treatment, 86-90

189,205 powder metallurgy, 113, 114
high speed steel tools, 99-102, 109, 115, properties, 91-96
211,217,228 specifications, 88

Deoxidation of steel, 201-204 structure, 69—73, 87-90

Diamond tools, 164-167, 174-175 tool-life {ests, 168—1 12
polycrystalline, 165-167 wear mechanisms, 96-108

lefUSl_on wear, Hot machining, 215
carbide tools, 130~138, 147-151, 156,218
high speed steel tools, 102-105, 109

Discontinuous chip, 13, 180-182, 206-210 Indexable tool inserts, 113, 151-153

Iron,

machinability, 183, 184

Feed f ,
egefir?irticzn 34 tool forces, 42-47
different metals, 44-46, 178, 181, 195, 203, tool temperatures, 69-77
206, 209
influence of cutting speed, 43-45 Lead,

inflence of tool geometry, 42-44
relation to contact area, 37-39, 42-46

Fegdf,_ iti 5 in free-machining brass, 179-182
cinition, in free-machining steel, 198-201

influence on tool forces, 36 Lubricants, 11, 32, 45, 221-223, 231-240
influence on tool temperature, 76

relation to tool wear, 134, 137, 147, 189,

cutting forces and stress, 47-50
in free-machining aluminium, 177

196, 209 Machinability, 172-220
Flank wear, aluminium, 174-177
influence of cutting speed, 108-113, 136, cast iron, 206-210
138-142 copper and brass, 177-183
in tool testing, 108-113, 199, 200 criteria of, 108-112, 172, 202
wear mechanisms, 75, 85, 105-112, iron and steel, 108—112, 183-206
138-142, 148, 156, 164, 169, 204, magnesium, 173, 174
231-236 nickel, 211-215
Flow-zone, titanium, 215-218
definition, 28, 29 zirconium, 218
as heat source, 59-64, 74-79,211-213 Magnesium,
thickness of, 27, 57-64,211, 212,216 machinability, 173, 174
shear strain in, 59-64, 194-196 tool forces, 173
Fracture of tools, 43, 44, 94-96, 101, 102, 125, Manganese sulphide,
129, 142, 159-161, 163 in free machining steel, 191-201, 206
Friction, Molybdenum,
at tool/work interface, 19-27, 39 in high speed steel, 88, 90

coefficient of, 19 in TiC-Ni alloys, 153



Negative rake angle, 7, 44, 152, 161, 168
Nickel,
machinability, 100, 162, 169, 211-215
in TiC-Ni alloys, 153, 154
tool forces, 42, 209
Niobium carbide, 119, 145
Non-metallic inclusions,

influence on tool wear, 106, 107, 142, 174,

191-198, 201-204

Orthogonal cutting, 14, 15, 35
Oxidation of tools, 125, 128, 167, 168,
233-235

Pattern of flow, 29, 57, 59-64, 105, 106,
138-142,219

Quick-stop,
method, 16
results, 15, 23-25, 28, 30, 37, 57, 58, 176,
180, 182, 198, 213, 216, 239

Seizure at tool/work interface,
influence of lubricants, 45, 231-240
occurrence, 21-27, 59, 65, 156, 200, 207,
211,216
wear under conditions of, 98-107, 109,
128-142,147-151
Shear plane,
definition, 17
force on, 32
stress on, 33
Shear plane angle,
definition, 17
measurement, 17, 18
relation to chip thickness, 36
relation to tool forces, 33-42
Shear strain,
in built-up edge, 29-32
in cratering, 98-100
in flow-zone, 27, 59-64
in relation to shear plane angle, 18, 19
Shear stress on tool, 47, 48, 50, 98-100
Sialon, 161-164
Silicates,
effect on machinability of steel, 201-204
Silicon,
in aluminium alloys, 165, 166, 174-177
Sliding wear,
lubricants in regions of, 231-240
occurrence at tool/work interface, 26, 65,
108, 109, [43-145
Steel as work-material,
de-oxidation, 201-204
free-machining, 191-201
heat treatment, 184-186
machinability, 184-206
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Stresses on tools, 47-53, 83-86, 99-102, 129,
132,211-217

Surface finish, 32, 33, 165, 172, 194, 221, 236,
238

Tantalum carbide, 119, 145-151
Tellerium,
in free-machining steel, 192
Thermal expansion, 125, 163
Thermal fatigue, 143
Titanium and its alloys,
machinability, 37, 151, 215-218
tool forces, 44, 47,209, 215
Titanium carbide,
coatings on tools, 154-157
in cemented carbide, 145-151
inclusions in steel, 107
properties, 119
TiC-Ni alloys, 153, 154
Titanium nitride, 153-157
Tool angles,
definitions, 6, 7
rake angle, 6, 7, 18, 43-46, 129, 130,
159-161
clearance angle, 6, 7, 64, 210
Tool life,
criteria, 96, 172
tests, 108-112
Tool temperatures,
copper and brass, 179, 182
cutting iron and steel, 66, 68-77, 188,
222-231
cutting nickel, 210-212
cutting titanium, 217, 218
distribution of, 68-78, 85, 210-212, 217
heat sources, S5-65
influence of coolants, 222-231
methods of measuring, 65-74
Toughness of tool materials, 94-96, 121-127,
142, 143, 145, 153, 154, 155, 159, 162,
163,165, 168
Transverse rupture strength,
cemented carbide, 121, 122, 145, 147
ceramics, 163
high spced steel, 94, 95
Tungsten in high speed steel, 88-90
Tungsten carbide (WC),
grain size, 122-128
properties, 119, 121-128
WC-Co alloys, 122-145

Vanadium in high speed steel, 87-90

Young’s modulus,
high speed steel, 92
cemented carbide, 121
ceramic, 163

Zirconium,
machinability, 218



