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PREFACE

Metal cutting is one of the most widely used manufacturing processes to pro-
duce the final shape of products, and its technology continues to advance in
parallel with developments in materials, computers, sensors, and actuators. A
blank is converted into a final product by cutting extra material away by turn-
ing, drilling, milling, broaching, boring, and grinding operations conducted on
computer numerically controlled (CNC) machine tools. The second edition of
this book helps students and engineers understand the scientific principles of
metal cutting technology and the practical application of engineering principles
to solving problems encountered in manufacturing shops. The book reflects the
author’s industrial and research experience, and his manufacturing engineer-
ing philosophy as well.

Engineers can learn best by being shown how to apply the fundamentals
of physics to actual machines and processes that they can feel and visual-
ize. Mathematics, physics, computers, algorithms, and instrumentation then
become useful integration tools in analyzing or designing machine tools and
machining processes.

Metal cutting operations take place between a cutting tool and workpiece
material mounted on a machine tool. The motion of the machine tool is con-
trolled by its CNC unit, and the numerically controlled (NC) commands to
CNC are generated on computer-aided design/computer-aided manufacturing
(CAD/CAM) systems. The productivity and accuracy of the metal removal oper-
ation depend on the preparation of NC programs, planning of machining pro-
cess parameters and cutting conditions, cutter geometry, work and tool mate-
rials, machine tool rigidity, and performance of the CNC unit. Manufacturing
engineers who are involved in machining and machine tool technology must be
familiar with each of these topics. It is equally important to link them and to be
able to apply them in an interdisciplinary fashion to solve machining problems.

The beginning chapters of this book provide detailed mathematical models
of metal cutting, milling, turning, and drilling operations. The macromechan-
ics of cutting, which is applicable to solving problems on the shop floor and
in machine tool design, is emphasized. Although required in work and tool
material design — the micromechanics of cutting — basic principles of machin-
ability, tool wear mechanisms, and chipping are briefly introduced to provide
a complete picture. The design of machine tools requires knowledge of struc-
tures, mechanics of solids, vibrations, and kinematics, subjects that are covered



in dedicated mechanical engineering texts. This text builds on that knowl-
edge, applying the principles of vibration and experimental modal analysis to
machine tools and metal cutting. Mathematical methods are simplified so that
they can be easily used to solve machining vibration problems. Chatter vibra-
tions in machining are treated in depth in this text because the problem is
experienced daily by practicing manufacturing engineers.

The last three chapters of the book are dedicated to programming, design,
and automation of CNC machine tools. Numerically controlled programming
and CAD/CAM technology are briefly covered, but with sufficient explanation
so that the reader can start programming and using CNC machine tools. The
selection of drive actuators, feedback sensors, modeling and analysis of feed
drives, the design of real-time trajectory generation and interpolation algo-
rithms, and CNC-oriented error analysis are presented in more detail than
can be found in other texts. Open CNC design philosophy and improvement of
accuracy and productivity by adding sensors and algorithms to CNC machine
tools are also covered.

Students learn best by dealing with real manufacturing problems. The con-
tents of this book are based on experimentally proven engineering principles
that are widely used in applied research laboratories and industry. The exam-
ples and problems presented in each chapter originate from the research and
industrial problems solved by the author and his graduate students. Interdis-
ciplinary problems are posed as industrial projects so that readers can apply
all the necessary techniques simultaneously. They solve the'basic metal cut-
ting mechanics problem first, followed by milling mechanics, static deflection of
end mills and corresponding surface-form error modeling, and vibration model
of the end mill and chatter stability. For example, the chain of knowledge is
exercised in solving problems associated with milling of an aircraft structure, a
project that originated from industry. Similarly, in another project, the reader
is guided step by step through the programming, real-time modeling, and con-
trol of a CNC machine tool. Because all the projects were tried in the author’s
laboratory, a number of teaching and research setups are provided in the book
to aid instructors.

The book is intended as a text for senior undergraduate and graduate stu-
dents and practicing manufacturing engineers who wish to learn the engineer-
ing principles of metal cutting, machine tool vibration, experimental modal
analysis, NC programming and CAD/CAM technology, CNC system design,
and sensor-based machining. The book can also be used by researchers who
wish to study metal cutting mechanics, machine tool vibrations, feed drive
design and control, and CNC and sensor-based machining.
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INTRODUCTION

The areas of machine tools, metal cutting, computer numerically controlled
(CNC), computer-aided manufacturing (CAM), and sensor-assisted machining
are quite wide, and each requires the academic and engineering experience to
appreciate a manufacturing operation that uses all of them in an integrated
fashion.

Although it is impossible to be an expert in all these subjects, a manufac-
turing engineer must be familiar with the engineering fundamentals for the
precision and economical manufacturing of a part. This book emphasizes only
the fundamentals of metal cutting mechanics, machine tool vibrations, feed
drive design and control, CNC design principles, sensor-assisted machining,
and the technology of programming CNC machines. The book is based on more
- than 120 journal articles and more than 60 research theses that reflect the
engineering, reseérch, and teaching experience of the author.

The book is organized as follows.

Chapter Two covers the fundamentals of metal cutting mechanics. The
mechanics of two-dimensional orthogonal cutting is introduced first. The laws
of fundamental chip formation and friction between the rake and flank faces
of a tool during cutting are explained. The relationships among the workpiece
material properties, tool geometry, and cutting conditions are presented. Iden-
tification of the shear angle, the average friction coefficient between the tool’s
rake face and moving chip, and the yield shear stress during machining is
explained. The oblique geometry of practical cutting tools used in machining
is introduced. The mechanics of oblique cutting for three-dimensional prac-
tical tools are explained, and methods in predicting the cutting forces in all
directions are presented with the use of the laws of oblique cutting mechanics.
The mechanics of turning, milling, and drilling, which constitute the majority
of machining operations in the manufacturing industry, are presented. Algo-
rithms for predicting the milling forces in three Cartesian coordinates are
derived and illustrated with sample experimental results. Efficient force pre-
diction algorithms for widely used helical end mills are presented. The chapter
also briefly discusses the modes and causes of tool wear and breakage, that are
important in evaluating the machinability of parts.

Chapter Three deals with static deformations and vibrations during machin-
ing. The static deformations occur because of the elastic deflections of both
parts and machine during machining. When the static deformation is beyond
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the tolerance limit, the part is scrapped. Sample formulations are provided to
predict the magnitude and location of static deformations in bar turning and
end milling. The methods can be extrapolated to other machining operations
such as grinding and drilling. One of the most common problems in machin-
ing originates from dynamic deformations (i.e., relative structural vibrations
between the tool and workpiece). The most common vibrations are due to self-
excited chatter vibrations, which grow until the tool jumps out of the cutting
zone or breaks because of the exponentially growing dynamic displacements
between the tool and workpiece. To understand the machine tool vibrations,
the fundamental principles of single — and multi—degree-of-freedom vibration
theory are summarized first. Because the machine tool chatter is mainly inves-
tigated by analyzing experimental data, the fundamentals of the experimental
modal analysis techniques are presented. The modal analysis technique allows
the engineer to represent a complex machine tool or workpiece structure by
a set of commonly used mathematical expressions that engineers can under-
stand. The technique not only allows one to analyze the chatter vibrations,
but it gives a clear message to the machine tool engineer about the structural
source of the vibrations during machining, which leads to the improved design.

Chapter Four presents the theory of chatter vibrations in both orthogonal
and oblique machining operations both in the frequency and discrete time
domain. The mathematical model of regenerative vibrations, which occur in
subsequent tool passes during machining, is presented. The,methods of deter-
mining chatter vibration—free axial depths of cuts and spindle speeds in orthog-
onal cutting operations are presented with and without process damping. Math-
ematical models of predicting chatter stability in turning, drilling, and milling
operations are introduced. The techniques are explained with the aid of results
obtained from simulation and machining tests. The engineer is presented with
methods that increase the machining productivity by avoiding chatter vibra-
tions.

Chapter Five introduces the CNC technology and its principles of operation
and programming. First, standard NC commands accepted by all CNC machine
tools are summarized. These include the format of an NC code accepted by the
CNC of the machine tool, motion commands such as linear and circular con-
touring along a tool path, miscellaneous commands such as spindle and coolant
control, and automatic cycles. Later, the introductory principles of CAM are
presented. NC programs generated by CAM systems are processed by CNC
units that generate position commands to each drive based on trajectory gen-
eration and real-time interpolation algorithms. The mathematical details of
generating smooth trajectory with velocity, acceleration, and jerk limits of the
machine are covered. Real-time interpolation of linear, circular, and splined
paths are presented with examples.

Engineers who know how to use and program CNC machine tools must
familiarize themselves with the design and internal operational principles of
CNC. Chapter Six describes the fundamentals of CNC design, starting with the
selection of drive motors and servoamplifiers. Mathematical modeling of feed
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servodrives is presented in detail. The transfer functions of mechanical drive
inertia and friction, servomotor, amplifier, and velocity and position feedback
sensors are explained with their practical interpretations. The transformation
of continuous-time domain models of the physical system into discrete computer
time domain models is explained. Design and tuning procedures for the digital
control of feed drives are presented with real-life examples. Advanced control
techniques for precision tracking and active vibration damping of feed drives
are presented. The chapter is complemented with the design of electrohydraulic
machine tool drives to show that the CNC design principles are general and
can be applied to any mechanical system regardless of the actuators.

The recent trend in machining is to add intelligence to the machine tools
and CNC, as discussed in Chapter Seven. Sensors that can measure the forces,
vibrations, temperature, and sound during machining are installed on the
machine tools. Mathematical models that correlate the relationship between
the measured sensor signals and the state of machining are formed. The mathe-
matical models are coded into real-time algorithms that monitor the machining
process and send commands to CNC for corrective actions. The chapter includes
simple but fundamental machining process control algorithms along with their
theoretical foundations. Adaptive control of cutting forces, in-process monitor-
ing of tool failure, and chatter detection algorithms are presented with their
experimental validation and engineering application.

Sample problem sets are included at the end of each chapter. The problems
mostly originatéd from the actual design, application, and experiments con-
ducted at the author’s manufacturing automation research laboratory; hence,
they are designed to give a realistic feeling for engineering students. Because
the book contains multiple engineering disciplines applied to machine tool
engineering problems in an integrated fashion, most of the basic mechanical
engineering concepts are assumed to be understood by the readers. However,
the basic principles of Laplace and z transforms, as well as least squares —
based identification techniques, are provided in the appendix.

The advanced mathematical models developed in the author’s laboratory are
simplified to teach the basic principles of metal cutting mechanics, machine tool
vibrations, and control in this second edition of the book. The details of the full
mathematical models are published in the research theses of graduate stu-
dents and journal articles supervised by the author. The advanced algorithms
are also packaged in CUTPRO (© Advanced Machining Process Simulation
Software [66], which is licensed to research centers and machining industry
worldwide.



MECHANICS OF METAL CUTTING

2.1 INTRODUCTION

The final shapes of most mechanical parts are obtained by machining oper-
ations. Bulk deformation processes, such as forging and rolling, and casting
processes are mostly followed by a series of metal-removing operations to
achieve parts with desired shapes, dimensions, and surface finish quality. The
machining operations can be classified under two major categories: cutting and
grinding processes. The cutting operations are used to remove material from
the blank. The subsequent grinding operations provide a good surface finish
and precision dimensions to the part. The most common cutting operations
are turning, milling, and drilling followed by special operations such as bor-
ing, broaching, hobing, shaping, and form cutting. However, all metal cutting
operations share the same principles of mechanics, but their geometry and
kinematics may differ from each other. The mechanics of cutting and the spe-
cific analysis for a variety of machining operations and tool geometries are not
widely covered in this text. Instead, a brief introduction to the fundamentals of
cutting mechanics and a comprehensive discussion of the mechanics of milling
operations are presented. Readers are referred to established metal cutting
texts authored by Armarego and Brown [25],- Shaw [96], and Oxley [83] for
detailed treatment of the machining processes.

2.2 MECHANICS OF ORTHOGONAL CUTTING

Although the most common cutting operations are three-dimensional and geo-
metrically complex, the simple case of two-dimensional orthogonal cutting is
used to explain the general mechanics of metal removal. In orthogonal cut-
ting, the material is removed by a cutting edge that is perpendicular to the
direction of relative tool-workpiece motion. The mechanics of more complex
three-dimensional oblique cutting operations are usually evaluated by geomet-
rical and kinematic transformation models applied to the orthogonal cutting
process. Schematic representations of orthogonal and oblique cutting processes
are shown in Figure 2.1. The orthogonal cutting resembles a shaping process
with a straight tool whose cutting edge is perpendicular to the cutting velocity
(V). Ametal chip with a width of cut (b) and depth of cut (k) is sheared away from
the workpiece. In orthogonal cutting, the cutting is assumed to be uniform along
the cutting edge; therefore, it is a two-dimensional plane strain deformation



