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Foreword

In the 22 years since the 8th Edition Metals Handbook volume on machining was
published, material removal operations have undergone dynamic changes. The
mechanics of the cutting process are better understood, new cutting tool materials
have been developed, machine controls and computer-aided engineering have rapidly
advanced, and nontraditional machining methods continue to be refined. The difficult
challenges faced by industry have necessitated these developments. Requirements
for high-strength materials and the introduction of difficult-to-machine structural
ceramics, composites, and electronic components have placed new -and greater
demands on machining technology, and have also spurred continued research and
development in material removal techniques.

Volume 16 of the 9th Edition describes the evolution of machining technology
comprehensively, with great attention to detail and accuracy. In addition to provid-
ing valuable information on recent developments, the Handbook devotes exhaustive
coverage to more standard, traditional machining methods. This new Volume is also
the final step in the fulfillment of ASM’s commitment to provide the materials
science community with the nost authoritative information available on the pro-
cessing and fabrication of metals. Machining completes the coverage of metalwork-
ing technology in the 9th Edition, taking its place alongside Volume 6 (Welding,
Brazing, and Soldering), Volume 7 (Powder Metallurgy), Vclume 14 (Forming and
Forging), and Volume 15 (Casting).

This enormous undertaking was made possible by the combined efforts of many
(dedicated and selfless authors and reviewers, the ASM Handbook Committee, and
the ASM editorial staff. Special recognition is also due to Metcut Research
Associates Inc. and its president, William P. Koster, for permission to use tabulated
data published in Volumes 1 and 2 of the Machining Data Handbook (3rd Edition).
To all the men and women who contributed to the planning and preparation of this
Volume, we extend our sincere thanks.

Richard K. Pitler
President,
ASM INTERNATIONAL

Edward L. Langer
Managing Director,
ASM INTERNATIONAL
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Preface

Machining is one of the most important of the basic manufac-
turing processes. Almost every manufactured product contains
components that require machining, often to great precision. Yet
material removal operations are among the most expensive; in the
U.S. alone, more than $100 billion will be spent this year on
machining. These high costs put tremendous economic pressures
on production managers and engineers as they struggle to find ways

to increase productivity. Compounding their problems is the in-

creasing use of more difficult-to-machine materials, such as nickel-
base superalloys and titanium-base alloys in aerospace applica-
tions, structural ceramics, high-strength polymers, composites
(both metal-matrix and resin-matrix), and electronic materials.

The present Volume of Metals Handbook has been structured to
provide answers to the questions and challenges associated with
current machining technology. Following a general introduction to
machining processes, 9 major sections containing 78 articles cover
all aspects of material removal. Much of this material is new. In
fact, 30 articles in this Volume were not included in its 8th Edition
predecessor. Noteworthy are the articles that have been added to
describe the mechanics of the cutting pracess and advances in new
materials, new processes, new methods of machine control, and
computer-aided engineering.

The first Section of the Handbook reviews the fundamentals of
the machining process. Inchluded are articles describing the mechan-
ics of chip formation, the forces, stresses, and power at the cutti\ng
tool, the principles of tool wear and tool life, and the relationship
between cutting and grinding parameters and surface finish and
surface integrity. ’

In the following Section, extensive data are provided on the
applications, advantages and limitations, properties, tool geome-
tries, and typical operating parameters for seven classes of tool
materials: high-speed tool steels (both conventional wrought and
powder metallurgy), cast cobalt alloys, cemented carbides, cer-
mets, ceramics, and ultrahard tool materials (polycrystalline dia-
mond and cubic boron nitride). Recent developments in wear-
resistant coatings that are applied on high-speed steel, carbides,
and ceramics are also discussed.

The third Section focuses on cutting and grinding fluids—their
functions, selection criteria, and application. Coverage of proper
maintenance procedures (storage, handling, recycling, and dispos-
al) and the toxicology and biology associated with cutting and
grinding fluids is included.

The next Section contains 21 articles that summarize the process
capabilities, machines, cutting parameters and variables, and ap-
plications of traditional chip removal processes, such as turning,
drilling, and milling. Advanced tooling used in muitiple-operation
machining, proper tool fixturing, and tool condition .monitoring
systems are also discussed, along with computer numerical con-
trolled machining centers, flexible manufacturing systems, and
transfer machines.

Although near net shape technology, including a greater use of
precision casting, powder metallurgy, and precision forging, has
lessened the need for some traditional machining operations, abrasive
machining is being employed to a greater extent than in the past. The

fifth Section of the Handbook examines the principles, equipment,
and applications of grinding, honing, and lapping as well as recent
developments in super-abrasives, used for precision grinding of diffi-
cult-to-machine and/or brittle materials.

The sixth Section looks at a variety of nontraditional machining
methods that do not produce chips or a lay pattern in the surface. .
Mechanical, electrical, thermal, and chemical nontraditional tech-
niques are described. Applications of these methods are empha-
sized, with practical examples involving nontraditional machining
of metals, ceramics, glasses, plastics, and electronic components.

‘The next Section describes high-speed and high removal rate
processes that have been developed to dramatically increase pro-
ductivitya The effects of high-speed processing on chip formation
and tool wear are discussed, along with materials that are being
machined using these processes. .

The eighth Section introduces the reader to two of the most
rapidly developing and important areas in machining technology:
machine controls and computer applications. Although the basic
configurations of many machine tools have not changed significant-
ly, the advent of numerical control and adaptive control has
substantially improved manufacturing productivity and workpiece
quality. Machine controls and the integration of CAD/CAM tech-
nology intoﬁmachine tools are described in articles written with the
engineer, not the softwhre expert, in mind.

The last Section of the Handbook covers specific machining
practices for 23 different metal systems, including all structural
alloy systems, and relates the latest information on such topics as
powder metals, metal-matrix composites, and honeycomb struc-
tures. Machining parameters (speeds, feeds, depth-of-cut, etc.) and
the influence of microstructure on machinability are described in
detail. Coverage includes difficult-to-machine acrospace alloys and
high-silicon cast aluminum alloys, as well as materials such as
beryllium and uranium that require special considerations during -
machining. Finally, an article on machinability test methods exam-
ines various types of tests used to study cutting tool and workpiece
machining characteristics. ,

Much of the credit for the content and organization of this
Handbook must be given to the Steering Com#ittee that worked
with the ASM staff during the early stages of the project. This group
includes Professor George E. Kane, Lehigh University; Dr.
William P. Koster, Metcut Research Associates Inc.; Dr. Ranga
Komanduri, National Science Foundation; Dr. Richard P. Lindsay,
Norton Company; Mr. Gary F. Benedict, Allied-Signal Aerospace
Company, Garrett Engine Division; and Mr. Michael E. Finn,
Stelco Inc. We are also indebted to the officers of the Society of
Carbide and Tool Engineers for their assistance in the planning of
the Volume. Finally, we'gratefully acknowledge the countless
hours of time and expertise loaned to the project by the nearly 200
authors and reviewers. Without the collective efforts of all these
individuals, the successful completion of this Handbook would not
have been possible. ;

The Editors
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Policy on
Units of Measure

By a resolution of its Board of Trustees, ASM INTERNATION-
AL has adopted the practice of publishing data in both metric and
customary U.S. units of measure. In preparing this Handbook, the
editors have attempted to present data in metric units based
primarily on Systéme International d’Unités (SI), with secondary
mention of the corresponding values in customary U.S. units. The

“decision to use SI as the primary system of units was based on the
aforementioned resolution of the Board of Trustees and the wide-
spread - use of metric units throughout the world.

For the most part, numerical engineering data in the text and in
tables are presented in Sl-based units with the customary U.S.
equivalents in parentheses (text) or adjoining columns (tables). For
example, pressure, stress, and strength are shown both in SI units,
which are pascals (Pa) with a suitable prefix, and in customary U.S.
units, which are pounds per square inch (psi). To save space, large
values of psi have been converted to kips per square inch (ksi),
where 1'ksi = 1000 psi. The metric ton (kg X 10%) has been shown
in megagrams (Mg). Some strictly scientific data are presented in SI
units only. .

To clarify some illustrations, only one set of units is presented an
artwork. References in the accompanying text to data in the
illustrations are presented in both Sl-based and customary U.S.
units. On graphs and charts, grids corresponding to SI-based units

- appear along the left and bottom edges. Where appropriate, corre-
sponding customary U.S. units appear along the top and right edges.

Data pertaining to a specification published by a specification-
writing group may be given in only the units used in that specifi-
cation or in dual units, depending on the nature of the data. For

example, the typical yield strength of aluminum sheet made to a’

vii

o

specification written in customary U.S. units would be presented in,
dual units, but the sheet thickness specified in that specification’
might be presented only in inches. )

Data obtained according to standardized test methods for which
the standard recommends a particular system of units are presented
in the units of that system. Wherever feasible, equivalent units are
also presented.

Conversions and rounding have been done in accordance with
ASTM Standard E 380, with attention given to the number of
significant digits in the original data. For example, an annealing
temperature of 1570 °F contains three significant digits. In this case,
the equivalent temperature would be given as 855 °C; the ekact
conversion to 854.44 °C would not be appropriate. For an invariant
physical phenomenon that occurs at a precise temperature (such as
the melting of pure silver), it would be appropriate to report the
temperature as 961.93 °C or 1763.5 °F. In some instances (especially
in tables and data compilations), temperature values in °C and °F
are alternatives rather than conversions. )

The policy on units of measure in this Handbook contains several
exceptions to strict conformance to ASTM E 380; in each instance,
the exception has
the Handbook. The most notable exception is the use of gicm*

rather than kg/m> as the unit of measure for density (mass per unit -

volume).

SI practice requires that only one virgule (diagonal) appear in
units formed by combination of sevesal basic units. Therefore, all of
the units preceding the virgule are in the numerator and’ all units
following the virgule are in the denominator of the expression; 8
parentheses are required to prevent ambiguity. o

1

been made in an effort to improve the clarity of -
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Introduction to Machining Processes

MACHINING is a term that covers a large
collection of manufacturing processes de-
signed to remove unwanted material, usually
in the form of chips, from a workpiece. Ma-
chining is used to convert castings, forgings,
or preformed blocks of metal into desired
shapes, with size and finish specified to fulfill
design requirements. Almost every manufac-
tured product has components that require
machining, often to great precision. There-
fore, this collection of processes is one of the
most important of the basic manufacturing
processes because of the value added to the
final product. By the same token, machining
processes are often the most expensive.

The majority of industrial applications of
machining are in metals. Although the metal
cutting process has resisted theoretical
analysis because of its complexity, the ap-
plication of these processes in the industrial
world is widespread.

Machining processes are performed on a
wide variety of machine tools. Figure 1
shows an example of a machine tool—a
dual-turret numerically controlled (NC)
lathe. Workpieces are held in workholding
devices, such as a three-jaw chuck. The
tools used to cut metal are in the turrets.
Other examples of basic machine tools are
milling machines, drill presses, grinders,
shapers, broaching machines, and saws.

Each of the basic machine tool types has
many different configurations. Lathes, for

J T. Black, Auburn University

example, may be engine lathes, turret
lathes, tracer lathes, or automatic-screw
machines. Lathes have followed the trend
of other machine tools, and NC lathes can
now be routinely purchased.

The primary chip formation processes are
listed below, with alternative versions in
parentheses. Each process is performed on
one or more of the basic machine tools. For
example, drilling can be performed on drill
presses, milling machmes lathes, and some
boring machines:

® Turning (bonng, facing, cutoff, taper
turning, form cutting, chamfering, recess-
ing, thread cutting)

@ Shaping (planing, vertical shaping)

e Milling (hobbing, generating, thread mill-
ing)

® Drilling (reaming, tapping, spot facing,
counterboring, countersinking)

@ Sawing (filing)

@ Abrasive machining (grinding,” honing,
lapping) ~

@ Broaching (internal and surface)

Processes can be combined into multiple-
capability machines, known as machining
centers. The machining center shown in
Fig. 2 is capable of performing the machin-
ing processes normally performed on a mill-
ing machine, drilling machine, and a boring
mill and is numerically controlled. The po-
sition and velocity of the tool with respect

N

to the work is under feedback control. Dif-
ferent tools can be automatically inserted
into the spindle as needed to do different
machining processes. The horizontal spin-
dle machine shown in Fig. 2 was one of the
first NC machining centers to be able to
change workpiece pallets.

For each of the basic machine tool types,
there are many different kinds of workhold-
ers, cuttmg tools, and cutting tool holders,
resulting in a rather formidable list of equip-
ment and processes. In this Volume, a
Section entitled ‘‘Fundamentals of the Ma-
chining Process”’ is presented first, with the
intent of putting these processes into per-
spective and helping the reader to under-
stand the problems associated with using
machining processes in the manufacture of

products.

Overview of Machining
Process Variables

-Metal cutting processes can be viewed as
consisting of independent (input) variables,
dependent - variables, and independent-
dependent interactions or relationships.
The engineer or machine tool operator has
direct control over the input variables and
can specify or select them when setting up
the machining process. Several input vari-
ables are described below. Figure 3 summa-
rizes the mput/output rdanonshnpsml 5

‘ated with metal cutting.

. Independent input Variables

Workpiece Material. The metallurgy and
chemistry of the workpiece can either be
specified or is already known. Quite often, a
material is selected for a particular applica-
tion chiefly because it machines well. Cast
iron and aluminum, for example, are known
to machine easily. Other metals, such as
stainless steel or titanium, are difficult to
machine. They often have large cutting
forces or poor surface finishes, which can
result in short cutting tool Jife, yet these
metals are selected to meet other functional
design criteria. Machining practice for spe-
cific workpiece materials are reviewed in
the Section ‘‘Machining of Specific Metals
and Alloys” in this Volume.
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Fig. 2

Numerically

Starting Geometry. The size and shape
of the workpiece may be dictated by pre-
ceding processes (casting, forging, forming,
and so forth) or may be selected from stan-
dard machiriing stock (for example, bar
#tock-for screw machines). Usually this
variable- directly influences the machining
Process of processes that are selected, as
well as the depths of cut.

Specific Machining Processes. The selec-
tion of machining processes required to
convert the raw material into a finished
product must be based on the geometry of
the part (siz¢.and shape, rotational or non-
rotational); th finishes and toler-
ances, and santity of the product to be
made. Machining processes can be grouped
into three broad ¢ategories. These include
Araditional chip formation processes, abra-
sive machining processes, and nontradition-
al’ Py

- Chip Formativk ;hécues. As described

Fearlier, there aré seven basic chip formation
; coteuld m milling, drill-
% um'il%bmddum, and abrasive ma-

and principles of

[;

ssociated -with each of _these

(with the exception of abrasive

?m, which is treated separately) are

‘described in the Section titled ‘“Traditional
ichining Processes’ in this Volume.

By which chips are formed by very small
“GUiting edges that are integral parts of abra-
Sive particles. The principles of abrasive
ihachining, the fundamental differences be-
o metal cutting and grinding, and the
gabtasives and equipment used for abrasive
#chining operations are described in the
3 ion **Grinding, Honing, and Lapping”’
in this Volume.

*  Nontraditional Machining Processes.
Machining processes that involve compres-

wmoMMinimmmMmdnanpbmaswdlaumingbok. Courtesy of
Kearney and Trecker Corporation

sion/shear chip formation have a number of
inherent disadvantages. These include:

@ High costs incurred with chip formation
(high energy output and chip removal,
disposal, and/or recycling).

® Heat buildup that often results in work-
piece distortion

® High forces that create problems in hold-
ing the workpiece and which can also
cause distortion

® Undesirable cold working and residual
stresses in the workpiece that often ne-
cessitate further processing to remove
the harmful effects

® Limitations as to the size and delicacy of
the workpiece

In order to avoid these: limitations, nontra-
ditional machining processes are increasing-
ly being used. Nontraditional methods usu-
ally do not produce chips or a lay pattern in
the surface and often involve new energy
modes ; (see the Section *‘‘Nontraditional
Machining Processes’ in this Volume).
Volumetric material removal rates, howev-
er, are much lower than with traditional
machining processes.

Tool Materials. The three most common  thus, the

cutting tool materials currently in use for
production machining operations are high-
speed steel (HSS), both in

powder metallurgy (P/M) form;
and coated tools. Cubic boron
giﬁ:l)%m' s, and diamonds are also
ing, HSS is used for W—N@ﬂm,
for tools of complex design or for tools used

when cutting speeds are more modest. Car- -

bide and ceramic tool materials, which can
operate at faster cutting speeds, come in a
wide variety of grades and geometriés. Ti-
tanium nitride and titanium carbide coatings
for HSS and carbides are now common-

t and i
carbides;  -Ci
“work material and tool material can
“the difference between success and failure

place. Selection of a tool material that pro-
vides reliable service while fulfilling the
functional requirements is still an art. The
harder the tool material, the better it can
resist wear at faster cutting speeds. The
faster the cutting speed, the higher the
cutting temperature and the shorter the tool
life. Retention of hardness at elevated tem-
peratures as well as long tool life are desir-
able characteristics in cutting tools. See the
Section ““‘Cutting Tool Materials” in this
Volume for descriptions of the processing,
properties, and applications associated with
the aforementioned materials.

Cutting Parameters. For every machin-
ing operation, it is necessary to select a cut-
ting speed, a feed, and a depth of cut. Many
factors impinge on these decisions because all
of the dependent variables are influenced by
them. Proper selection of variables also de-
pends on the other input variables that have
been selected; that is, the total amount of
material to be removed, the workpiece and
tool materials, and the machining process or
processes. These need to be selected before
preliminary choices for speed, feed, and
depth of cut can be made.

Tool Geometry. Cuiting tools are usually
designed to accomplish specific operations,
and thus the tool geometry (angles) is se-
lected to accomplish specific machining
functions. Generally speaking, large rake
and clearance angles are preferred, but they
are possible only on HSS tools. Tools made
from carbides, ceramics, and other very
hard materials must be given small tool
angles, which keep the tool material in
compression during machining and thereby
avoid tensile failure and brittle fractures of
the tool. The greater the precision required
of the process, the better the geometry of
the cutting edge itself must be.

Workholding Devices. Workpieces are
located (held in specitic position with respect
to the tools) and clamped in workholding
devices in or on the machine tools. For every.
machine tool, there are many different kinds
of workholding devices, ranging from gener-
al-purpose vises to specifically designed jigs
and fixtures (see the article “‘Proper Fixtur-
ing” in this Volume). The workholding devic-
es are the key.to precision manufacturing;

Cutting Fluids. The selection of the right

ing fluid for a particular combination of
mean
in almost every production machining pro-
cess. Cutting fluids serve fo cool the work-

Piece, tool, and chips; reduce friction by
means of lubrication; carry the chips away

from the cutting region; help improve the

surface finish; and provide surface protec-
tion to the workpiece (a more complete
discussion may be found in the article

3
i



ﬁ Inputs to machining process

Fig. 3 imputioutput relationships in metol cutting (machining)

_ ‘“‘Metal Cutting and Grinding Fluids®’ in this
‘ Volume).

. Dependent Variables

- Dependent variables are determined by
the process based on the prior selection of
the input or independent variables. Thus,
the manufacturing engineer’'s control over
. these is usually indirect. The important de-
pendent variables arc cutting force and
power, size and properties of the finished
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product, surface finish, and tool wear and
tool failure.

Cutting Force and Power. To machine
metal at a specified speed, feed, and depth
of cut, with a specified lubricant, cutting
tool material, and geometry, generates cut-
ting forces and consumes power. A change
in any of the variables alters the forces, but
the change is indirect in that the engineer
does ot specify the forces, only the param-
cters that geserate those forces. Forces are

important im thet they influence the deflec-

Cutting tool parameters
— Tool design geometry ¢
* Tool angles
¢ Nose radius
« Edge radius
Material
* Hardness
« Finish
« Coating
P
i
Workplece parameters MACHINING Measurements
Moetal type Orthogonal (two-force) model Chip dimensions
» Single crystal o Macroindustrial studies . * Optical |
* Polycrystal performed on plates and tubes . SEM
* Stacking fauit energy * Microstudies carried out in R Shear direction, ¢
Crystallography microscopes using high-speed i Cutting forces
Purity photography Power
Temperature : Oblique {three-force) model . Surface finish R
Predeformation (work « Single-point cutting Tool wear, fallures
hardening prior to ¢ * Multiple-edge tools Detiections
machining) . Temperatures
Vibrations
Part size
Cutting pqr'umlm Experimentai design Determinstions
Depth of cut Selection of levels and Dynamic shear stress, r
Speed number of input Chip ratios, ¢
Feed . varisbles Shess. tront direations, ¢
Environment ’ Veiogities fchip, shedr, and o on)
* Oxygen Friction oefficlents, s o
» Lubricants Straine, v~ .
Strain rates, 7
Signiticance of varisties
Interaction of variables

—._—_—_9 Outputs from machining process

tions in the tools, the workpicces, and the
workholders, which in'turn affect the final
part size. Forces also play a rofl in chatter
and vibration phenomena Common in ma-
chining. Obviously, the manaficturiag en-‘
gineer would like to be able tv predict forces *
(and power) so that he can safely spocify the
equipment for a manbfacturing operstion,
including the machine tool. cutt ’ 'mol,and,‘
workholding devices. The basic concepts’
associated with the modeling and under-
standing of cutting forces and power are
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explained in the afticle ‘‘Forces, Power,
and Stresses in Machining’’ in this Volume.
Size and Properties of the Finished
Product. Ultimately, the objective of ma-
chining is to obtain a machined surface of
desired size and geometry with the desired
mechanical properties. Because machining
is a localized, plastic deformation process,
every machined surface will have some
residual deformation (stresses) left in it.
These residual stresses are usually tensile in
nature and can interact with surface flaws to
produce part failure from fatigue or to cause
corrosion. In addition, every process has
some inherent process variability (varia-
tions about average size) that changes with
almost all of the input variables. Thus, the
manufacturing engineer must try to select
the proper levels of input variables to pro-
duce a product that is within the tolerance
specified by the designer and has satisfac-
tory surface propertiés.. ’
Surface Finish. The final finish on a ma-
chined surface is a function of tool geome-
try, tool material, workpiece material, ma-
chining process, speed, feed, depth of cut,
and cutting fluid. Surface finish is also re-
lated to the process variability. Rough sur-
faces have more- variability than smooth
strfaces. Often it is necessary to specify

,.multiple cuts, that is, roughing and finish

-

cuts, to achieve the desired surface finish,
or it may be necessary to specify multiple
processes, such as following turning with
cylindrical grinding, in order to obtain the
desired finish. The effect of various machin-
ing processes on surface finish and on the
properties of the final products are de-
scribed in the article “Surface Finish and
Surface Integrity” in this Volume.

Tool Wear and Tool Failure. The plastic
deformation and friction inherent in ma-
chining generate considerable heat, which
raises the temperature of the tool and low-
ers its wear resistance. The problem is
subtle, but significant. As the tool wears, it
changes in both geometry and size. A dull
cutting edge and change in .geometry can
result in increased cutting forces that in turn
increase deflections in the workpiece and
may create a chatter condition. The in-
creased power consumption causes in-
cfeased heat generation in the operation,
which accelerates the wear rate. The
change in the size of the tool changes the
size of the workpiece. Again,«the engineer
has only indirect control over these vari-
ables. He can select slow speeds, which
produce less heat and lower wear rates, but
which decrease the prodiiction rates be-
cause the metal removal rate is decreased.
Alternatively, the feed or depth of cut can
e increaseii to maintain the metal removal
‘fate while reducing the speed. Increasing
either the feed or depth of cut directly

the cutting forces. Therefore,
while tool life may be gained, some preci-
sion may be lost due to increased deflection

and chatter. Wear mechanisms, determina-
tion of modes of tool failure, and tool life
testing are examined in the article **Tool
Wear and Tool Life” in this Volume.

Relations Between Input.
Variables and Process Behavior

Understanding the connections between
input variables and process behavior is im-
portant knowledge for the manufacturing
engineer. Unfortunately, this knowledge is
difficult to obtain. Machining is a unique
plastic deformation process in that it is
constrained only by the cutting tool and
operates at very large strains and very high
strain rates. The tremendous variety in the
input variables results in an almost infinite
number of different machining combina-
tions. Basically, there are three ways to
deal with such a complex situation.

Experience requires long-term exposure,
because knowledge is basically gained by
trial and error, with successful combina-
tions transferred to other, “similar’’ situa-
tions. This activity goes on in manufac-
turing every time a new material is
introduced into the production facility. It
took years for industry to learn how to
machine titanium. Unfortunately, the
knowledge gained through one process may
not transfer well to another even though
their input variables appear very similar.

Experiments. Machining experiments are
expensive, time consuming, and difficult to
carry out. Tool life experiments, for exam-
ple, are quite commonly done, yet tool life
data for most workpiece/tool material com-
binations are not available. Even when lab-
oratory data have been published, the re-
sults are not necessarily- transferable to the
particular machine tools and cutting tools
on the shop floor. Tool life equations are
empirically developed from turning experi-
ments in which all input variables except
cutting speed are kept constant. The exper-
imental arrangement may limit the mode of
tool failure to wear. Such results are of little
value on the shop floor, where tools can and
do fail from causes other than wear.

Theories. There have been many attempts
to build mathematical models of the metal
cutting process. Many of the theories are
extensions of the mechanics presented in
the following Section, ‘‘Fundamentals of
the Machining Process.”’ These theories try
to predict the direction of the shearing pro-
cess of metal cutting. These models range
from crude, first-order approximation to
complex, computer-based models using fi-
nite-element analysis. Recently, some mod-
est successes have been reported in the
literature in which accurate predictions of
cutting forces and tool wear were made for
certain materials. Clearly such’ efforts are
extremely helpful in understanding how the
process behaves. However, the theory of
plastic deformation of metals (dislocation
theory) has not yet been able to predict

values for shear stresses and tool/chip inter-
face from the metallurgy and deformation
history of the material. Therefore, it has
been necessary to devise two independent
experiments to determine the shear strength
(t;) of the metal at large strains and high
strain rates and the sliding friction situation
at the interface between the tool and chip
(see the article *‘Mechanics of Chip Forma-
tion™” in this Volume).

Feture Tronds

The metal cutting process will continue to
evolve, with improvements in cutting tool
materials and machine tools leading the
evolution. More refined coatings on cutting

tools will improve tool life and reliability, as

will more robust, rigid machine tools. The
challenge for machining will involve dealing
with the new types of materials that will
need to be machined, including aluminum
and titanium alloys, alloy steels, and super-
alloys. These materials, because of im-
proved processing techniques, are becom-
ing stronger and harder and therefore more
difficult to machine. The objective should
be to deSign and build cutting tools that
have less variability in their tool lives rather
than longer tool lives. The increasing use of
structural ceramics, high-strength poly-
mers, composites, and electronic materials
will also necessitate the use of nontradition-
al methods of machining. In addition, grind-
ing will be employed to a greater extent than
in the past, with greater attention to creep
feed grinding and the use of superabrasives
(diamond and cubic boron nitride).

As the cutting tools improve, the machine
tools will become smarter, with on-board
computers providing intelligent algorithms
interacting with sensory data from the pro-
cess. Programmable machine tools, if
equipped with the proper sensors, are capa-
ble of carrying out measurements of the
product as it is being produced. These prod-
uct data will be fed back to the control
program, which is then modified to improve
the product or corrected for errors, Thus,
the machine will be able to make the adjust-
ments necessary to prevent defective prod-
ucts from being produced. The goal of such
control programs should be improved qual-
ity (designed not to make a defect), rather
than optimum speed or lowest cost. Ad-
vancements in computer-aided machining
processes are discussed in the Section ‘““Ma-
chine Controls and Computer Applications
in Machining” in this Volume.

Another area in which significant ad-
vances will be made is the design of
workholders that are capable of holding
various parts without any downtime for
setups. Included in this search for flexible
fixtures will be workholding devices -that
can be changed over by a robot—the same
robot used to load or unload parts from the
machine.
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