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Abstract

This thesis proposes a new three-dimensional cutting process model.
The basic features and improvements over previously developed models
include: (1) cutting force calculations based on the concept of equivalent
orthogonal cutting process (EOC), which converts the modeling of three
dimensional cutting process into the modeling of orthogonal cutting processes.
In the model , both cutting force coefficient and chip load are considered as
functions of cutting conditions, tool geometry, and machine-tool structural
vibrations. (2) microstructure hardness variation of workpiece material has
been taken into consideration. (3) the regenerative mechanism and mode
coupling effect in machining are included. The structural dynamics equations,
which include five vibration modes, are in the form of a set of simultaneous
differential equations. The forth-order Runge-Kutta method is applied to solve
these equations numerically.

Based on the proposed model, systematic simulation of tumming

processes has been conducted. The simulation results show the relation

Xiv



between the cutting force and surface finish (output of the process) and the
feed, spindle speed, depth of cut, nose radius, rake and lead angles (the input
parameters of the process).

The simulgtion results of surface finish and cutting force are verified
experimentally. The simulated surface finish and cutting force are in agreement

with the experimental results.
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A three dimensional cutting process chip load

equivalent orthogonal chip load

or

b cutting width
C cutting force ratio
C, Three dimensional cutting process lead angle
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CEL cutting edge length
d, nominal depth of cut
ECT equivalent chip thickness
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NOMENCLATURE

A three dimensional cutting process chip load
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F,,F, F, ploughing force
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i inclination angle
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Abstract

This thesis proposes a new three-dimensional cutting process model.
The basic features and improvements over previously developed models
include: (1) cutting force calculations based on the concept of equivalent
orthogonal cutting process (EOC), which converts the modeling of three
dimensional cutting process into the modeling of orthogonal cutting processes.
In the model , both cutting force coefficient and chip load are considered as
functions of cutting conditions, tool geometry, and machine-tool structural
vibrations. (2) microstructure hardness variation of workpiece material has
been taken into consideration. (3) the regenerative mechanism and mode
coupling effect in machining are included. The structural dynamics equations,
which include five vibration modes, are in the form of a set of simultaneous
differential equations. The forth-order Runge-Kutta method is applied to solve
these equations numerically.

Based on the proposed model, systematic simulation of tumming

processes has been conducted. The simulation results show the relation

Xiv



between the cutting force and surface finish (output of the process) and the
feed, spindle speed, depth of cut, nose radius, rake and lead angles (the input
parameters of the process).

The simulgtion results of surface finish and cutting force are verified
experimentally. The simulated surface finish and cutting force are in agreement

with the experimental results.
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CHAPTER 1

INTRODUCTION

The study of turning process has lasted more than a century, but it still
attracts a large amount of research effort. This is because turning is not only
the most frequently used machining operation in the modemn manufacturing
industry, but also because it is a typical single-point machining operation.
Other machining operations, such as milling, drilling and boring are multiple—
point machining operations that can be investigated based on the contributions
of single-point machining operations. Thus the study of turning can contribute
greatly to the knowledge of metal cutting principles and machining practice.

However, turning is a complex process, it involves friction, plastic flow
and fracture of materials under more extreme conditions than those normally
found in other manufacturing processes, such as stamping and drawing. As a
result, high temperature and high strain rate are characteristics of turning
process.

It is important to understand how the process * inputs” such as cutting

conditions (depth of cut, feed, cutting speéd), tool geometry (nose radius, rake



angle, relief angle, lead angle, etc.) affect the process behavior “ output”, such
as cutting stability, tool wear, surface finish, cutting force, and cutting power,
The understanding will enable engineers to optimize cutting operations, which
is the motivation in developing models to describe the input-output relationship
of cutting process.

Due to great advances in computers, simulation has become a powerful
tool in studying machining process. Simulation has a number of advantages
over analytical and traditional éxpeﬁmental methods: it can run without
expensive experimental setup, requires much less cutting tests, and more
importantly it can reveal detailed information and mechanisms in metal cutting
processes, such as the basic non-linearity in chatter vibration [Tlusty and
Ismail, 1981].

In this thesis, modeling of cutting forces is first investigated. It is
known that dimensional accuracy, surface finish, and productivity are the three
major requirements in turning, especially in finish turning. They 5re all
affected by vibration, which is a function of system dynamic characteristics
and cutting forces. Poor dynamic characteristics and large cutting forces can
induce excessive vibration or chatter, which would result in poor surface finish,
early cutting failure, and noise. Vibration in cutting process involves very
complex mechanisms and is difficultto control. Vibration during turning can
be classified into two categoties: forced vibration and self-excited vibration.
One kind of forced vibration may be caused by excitation forces outside the
cutting zone, such as from a vibrating base, or from the unbalanced workpiece.

Another kind of forced vibration may be initiated by the cutting process, such



as the interrupted cutting. The characteristic of forced vibration is that the
predominant vibration frequency component coincidés with the excitation
force.

Self-excited vibration in turning may take two forms. The first form is
regenerative effect [Hahn, 1954]. This is due to the fact that vibratioﬂ in
previous revolution leaves behind an undulation of workpiece surface. This
undulation causes the changes of cutting conditions, which brings about the
vartation of cutting force. The variation of cutting force keeps the vibration
maintained or amplified, which in turn leaves behind surface undulation for
cutting in the subsequent revolution, and so forth. The second form is the effect
of mode coupling {Tlusty and quaoek, 1963], whereby tﬁ_e variation of cutting
condition in one direction may induce cutting force change as well as vibration
in the perpendicular direction.

Generally speaking, turningisa three-dim‘ensional cutting process, i.e.
the cutting edge involved in cutting is not a straight edge, instead, the tool nose
radius takes a substantial part of cutting load. This is particularly true in finish
turning, where both feed and depth of cut are small. There are two problems
with the current three dimensional cutting process models. These problems are

(a) The assumption that cutting force coefficient is a constant, which
results in two shortcomings:

(1) The number of cutting tests required to calibrate a model is enormous, due
to the combinations of cutting conditions.
(2) The omission of cutting force variation caused by the variation of cutting

force coefficient.



(b) Chip load is oversimplified as the product of depth of cut and féed,
which neglects the effect of tool nose radius. In order to overcome the above
mentioned shortcomings, the proposed model has rriade the following
improvements:

(1)  The cutting force coefficient is calculated based on the principles of
cutting mechanics, which can include different cvtting conditions and
effect of machine-tool vibration in cutting processss. This is done with
the aid of the concept of Equivalent Orthogonal Cutting process (EOC)
which converts a three dimensional cutting process into its equivﬁlent
orthogonal cutting process.

(2)  Chip load is accurately calculated, which accommodates the effect of
tool nose radius and machine — tool vibration.

(3}  Workpiece microstructure hardness is taken into consideration. The
effect of microstructure hardness variation in the light cutting
conditions can be severe.

Another major concern of the thesis is the generation mechanisms of
surface finish. It is known that there are f'our effects that can contribute to
surface finish [Shaw, 1984]. The first one is the feed mark of tool tip, which
reproduces tbol tip on the machined surface as a series of arcs equally spaced
with the center points all in the same {‘evel. The second is the effect of
minimum undeformed chip thickness, which causes a small portion of
workpiece material left behind, which should be temoved by cutting. The third
is the effect of vibration. The fourth is the effect of side flow, which is

basically a workpiece material property. The effect of side flow tends to make



surface roughness larger. All the effects listed above are considered in this
thesis, except the effect of side flow. This is due to the fact that the effect of

side flow is small compared to other effects under normal cutting conditions.

The main objectives of the research include:

(1)  The development of new comprehensive computer simulation model,
that is capable of simulating cutting force, vibration, and surface finish
with a higher accuracy and less cutting tests calibration.

(2)  Through computer simulation, study of the surface finish generation
process under different cutting conditions and too! geometry.

(3) Investigation of thf: relationship of cutting force and surface finish with
cutting condition-: and tool geometry.

The tiesis is organiied into six chapters. Chépter 2 reviews the models
of metal cutting processes and discusses thé mechanisms of machined surface
finish. Ckapter 3 describes the proposed simulation model in detail.- Chapter 4
presents the simulatfon results, and experimental verification. Chapter 5
presents a discussion for the res_ults. Chapter 6 summarizes the proposed model

and the simulation results, and discusses future work.



- CHAPTER 2

LITERATURE REVIEW

For years, researchers in the area of metal cutting have attempted to _
develop models of cutting processes that describe the mechanisms involved and
predict the important behaviors in the process without requiring a large amount of
cutting tests. Various models have been developed for this purpose. In this chapter,
previous publications relating to the theoretical models are reviewed. The
reviewed topics are organized as follows:

(1)Static cutting force models
(2)Dynamic cutting process models
{(3) Surface -finish mechanisms

(4) Computer simulation of surface generation.



2.1 STATIC CUTTING FORCE MODELS:

Static cutting force models deal with situations where machine-tool
vibration can be omitted. They can be divided into three groups: three dimensional
cutting force models, oblique cutting force models, and orthogonal cutting force
models. Three-dimensional cutting process is the general form of cutting process,
where the cutting edge is a curved edge with cutting velocity inclined to it.
Oblique cutting is the case when cutting edge is a straight line with cutting
velocity inclined to it. Orthogonal cutting is the case when cutting edge isa
straight line with cutting velocity perpendicular to it [Shaw, 1984]. In this section,

orthogonal cutting and three dimensional cutting force models will be discussed.

2.1.1 O1thogonal Cutting Force Models

Orthogonal cutting process modeling forms the foundation of all meta]
cutting modeling. Although it has taken an inordinate amount of research effort,
models that can accurately predict cutting behaviors, like cutting force,
temperature, vibration, etc, have not yet been developed. Below some

representative works will be briefly reviewed.

2.1.1.1 i.ZerchLast’s Model

An early and still the most frequently used work in orthogonal cutting force

modeling is that of Merchant [1945]. In this model, the relationships among


http://www.tcpdf.org

