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Increasing attention has been paid to the intermittent cutting process in modern
metal machining industry. Research has been done in this thesis to develop a system
model which can describe the intermittent turning process more precisely. In the
development of the system model, the intermittent turning process is mathematically
formulated and analyzed as a system associated with three periods, namely, the
impact, cutting, and noncutting periods. The main methodologies used in this
investigation are (1) applying modern control theory to perform dynamic cutting
analysis in the cutting and noncutting periods, (2) employing wave propagation
theory to study the impact force during the impact period, and (3) using numerical
simulation and finite element method to examine the impact process and its effect on
the machining performance. In this thesis, emphasis is focused on the effect of
impact on the tool motion and the effect of the workpiece damping on the machining

performance. The research results indicate that the impact between cutting tool and



workpiece at the every beginning of each cutting period is the main cause leading to
mechanical failures of tool during the intermittent machining. Laboratory experiments
have been conducted, and the obtained results show a general, good agreement with
the results predicted by the developed system model. An attempt has been made to

construct a stability boundary map, which could be useful in practical applications.
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NOMENCLATURE

A = system matrix of the system dynamic equations, 4 X 4

A = cross section area of the tool holder

a = exponent representing nonlinearity between force and cutting speed
B = input matrix of the system dynamic equation, 4 X 2

b = exponent representing nonlinearity between force and mass
c = exponent representing nonlinearity between force and K,
C1,2 = damping factor of the two principal modes

d = depth of cut, mm

E =modulus of elasticity for tension

F = cutting force

Fo = magnitude of the impact force

f = feed, mm/rev

G(jw) = open-loop transfer function in the complex domain
g1(s) = Laplace form of structural dynamics of mode 1

g,(s) = Laplace form of structural dynamics of mode 2

K, = material property coefficient function

kq,p = static stiffness of the two principal modes

k. = cutting stiffness

k, = gain factor related to cutting velocity variation
k, = gain factor related to penetration rate

1 = length of the tool holder

m = equivalent mass of toolpost structure

M = equivalent mass of impactor



M) = closed-loop transfer function in the complex domain
M(s) = closed-loop transfer function in the Laplace domain
N = spindle speed of a lathe

NUM = number of slots distributed along the circumference

P = transformation matrix, 4 X 4

p(t) = force function

QM = state vector in the eigenvector space, 4 X 1

q1.,  =displacement of the cutting tool in two principal directions
Q1,2 = velocity of the cutting tool in two principal directions

R = nose radius of an impactor

Sx,y,z = allowable strength properties of material in three orthogonal directions

T = time duration of one cycle of the intermittent cutting
to = time duration of impact period

u(t) = chip thickness

u; = deformation of the mass in the ith direction

u,(t) =normal chip thickness

u(t) = matrix form of input function, 2 X 1

v = cutting speed, m/sec

Viel = relative cutting speed between cutting tool and workpiece
w = width of cut

x(t) = state vector representing two principal modes, 4 X 1
y(t) = displacement of the tool in the normal direction

¥ res(t) = surface modulation produced in the previous revolution

z = deformation in z direction

Zo = maximum displacement of the tool in tangential direction



z(t) = displacement of the tool in the tangential direction

a = approach

o, = directional angle of the first principal mode

7} = overlap factor

\Y = Poisson's ratio

0 = directional angle of the dynamic cutting force component

= mass density

o = normal stress

O;; = normal stress in principal direction

Gjj = shear stress between i and j principal directions
G, = equivalent stress

o] =real part of the first eigenvalue

Oy = real part of the second eigenvalue

W12 = fundamental angular frequencies

®;1,;2 = low and upper limits of angular frequency bandwidth for stability

1 = constant in the calculation of impact force
€1,,  =damping ratio of the system respecting to cutting and noncuttiing
periods






CHAPTER 1
INTRODUCTION

The turning process is used widely in industry and has countless applications.
Traditionally, the process has been used to reduce the diameter of a cylindrical
workpiece, or to change a workpiece of non-circular to that of circular cross-section.
This is done by rotating the workpiece about the axis of the machine's spindle and
removing the workpiece material with the cutting tool which is fed in the axial

direction.

The ever increasing competition in product functionality has forced product
designer to seriously design the product components. The complexity of product
geometry has been significantly increased during the past decades. Nowadays it is
not uncommon to find holes, key-ways, slots, and other unique discontinuous
geometries (such as the skirt on a piston) that are located on the circumference of a
workpiece. Consequently, the use of the turning process has been extended to
machine the workpiece without continuous machining surfaces. Since the cutting tool
engages and leaves the workpiece alternatively, this type of turning processes is

called the intermittent turning process.

Many industries make use of the intermittent turning process. they range from
one as simple as the furniture industry to the auto industry, or to the high-tech
aerospace industry. The reasons for the increase of using intermittent turning

processes are mainly due to the following two factors:

First, new applications required for many new branches of industry, such as

"the space age industry"”, have risen considerably. The machine parts used in these



new branches not only have more specific quality and technology requirements, but
also require the geometries of machine parts which are more complex to perform

specific tasks.

Second, reduction of the chip product, consequently the reduction of machining
time, is another factor for the increasing significance of applying intermittent
machining although not many people have realized this implicit requirement. Today,
the casting and forging techniques have become so precise that the machine parts can
be shaped by a minima amount of cutting. As a result, some holes and slots or some
non-continuous surfaces are pre-made on the workpiece before the workpiece

undergoes machining.

In order to understand the mechanics of the intermittent turning process, or for
any metal cutting process for that matter, one must have an understanding of both
types of cutting, the continuous cutting and intermittent cutting. A major difference
between the two is the cutting force generated during machining. In the continuous
cutting process, the nominal cutting force is assumed to be a constant. In the
intermittent turning process, the cutting force varies with the occurrence of cutting

periods and non-cutting periods alternatively.

To have a deep understanding of the machining process , it is a common
practice to develop a process model. Usually, the material properties of the
workpiece, and the cutting conditions such as feed, spindle speed and the depth of
cut, are treated as inputs to the process model. The outputs are the interests of
machining performance, such as the cutting force and machined surface geometry.
By developing the process model, the design of a machining operation can be

improved by examining the input-output relations of the model rather than by a trial-



and-error method, which has been a traditional method used on the shop floor. On
the other hand, the performance of a new machining operation, (a new workpiece
material or new productivity constraints), can be maximized using the process model
without even machining an actual workpiece. For this reason, numerous research has
been done for the continuous turning process as well as the intermittent turning

process.

The primary research objective of this thesis work is to search for the cause and
origin of the phenomena observed during the intermittent cutting operation. In this
thesis, mechanistically based models are developed that are able to predict the effect
of various process variables on the performance measures of interests such as cutting
forces, tool breakages, and surface accuracy. In light of these objectives, the main
phases of this thesis work deal with modeling, analysis of system dynamics (finite

element analysis), simulation, and experimental verification.

This thesis is organized as follows. There are six chapters to the thesis.
Chapter 2 gives an overview of the relevant literature. There is fairly extensive
literature pertaining to the turning process because the turning process is considered
as the basis of most cutting operations. An attempt has been made to present a

comprehensive picture in order to put this thesis in proper perspective.

Chapter 3 describes the basic methodology used in this thesis. The intermittent
turning process is divided into three periods, namely impact period, cutting period
and non-cutting period. A two-degree-of-freedom model is used in this thesis to
describe the cutting and non-cutting periods. The impact period 1is treated as a
transient period between the cutting and non-cutting periods. The wave propagation

theory is applied in this thesis to describe the impact force and the relationship



between the impact force and the cutting speed, chip load, and the position of the

cutting tool.

In Chapter 4, the main focus is placed on model analysis of the intermittent
turning process. System stability analysis is performed in this chapter. The effect of
cutting speed, chap load and the intermittent frequency on system stability is studied

in this chapter.

Chapter 5 presents a study of using numerical method to simulate tool motion
both in the normal and tangential direction under some special conditions. The
surface finish of workpiece is studied based on the simulation results. The
experimental results and system performance indices are discussed in this chapter.
In addition, finite element method is employed to analyze the impact process. As the
most powerful method to deal with impact situation, the very complicated impact
situation is viewed as a static situation in a very short time duration. The strain and

stress distribution and variation in the impact period are expressed.

Chapter 6 summarizes the thesis and provides recommendations on the

continuing research in this field.



CHAPTER 2
LITERATURE REVIEW

A review of the literature pertaining to studies of the continuous and
intermittent turning processes can be divided into two basic areas. These two basic
areas are analyses for the prediction of the cutting force system and surface
topography, and analyses devoted to examining the dynamic characteristics of the
impact between the tool and workpiece, leading to the prediction and control of tool
breakages. The first area has been primarily devoted to the development of models,
based on fundamental relationships, which may be used to predict a wide variety of
process performance measures. These models, based on first principles are generally
referred to as being mechanistic due to their limited dependence on experimentally
obtained data. The second area of research has proven to be useful in predicting the

dynamic characteristics of the impact force for a given set of machining parameters.

2.1 Continuous Turning Process

The continuous turning process has served as one of the basic machining
processes in machining science. From the analytical and experimental studies, many
scientists have made the contributions to this area. Most of the efforts directed to the
continuous turning process were focused on describing the cutting tool chatter, which
has been classified into three main categories, i.e., forced vibration or chatter, self-

excited without regeneration chatter, and self-excited with regeneration chatter [26].

Generally, forced vibration is caused by an excitation force which has its origin
outside the cutting zone, such as from a vibrating base, or from rotational unbalance

in the workpiece being machined or in gears or shafts of the machine tool under



operation. The main characteristic of the forced vibration is that the predominant
frequency components of the forced vibration of the cutting tool are usually equal to
the frequency components of the excitation force. To avoid the forced vibration in
continuous machining processes, accurate balancing, mounting of vibration isolators

are some of the popular methods used in workshops.

The two types of self-excited chatter, namely, the chatter with and without
regeneration, have attracted many scientists. In the self-excited chatter, the excitation
force acts on the cutting tool, and the force affecting the motion of the cutting tool is
governed by the motion itself. The self-excited chatter with regeneration means that
the exciting force varies with magnitude of the overlap caused by the prior cutting
revolution. The self-excited chatter is a primary type of chatter encountered in
continuous cutting processes. In practice, it is the basic performance limitation of

cutting during a continuous cutting process.

Over the years, many mathematical models have been proposed to describe the
continuous cutting system [63]. Several system analysis techniques have been
developed to attack chatter problems. For example, in order to explain the occurrence
of system instability when cutting speed and depth of cut are increased during
machining, study on the system dynamics has been carried out by using the
developed system models and analysis techniques. Significant progress for modeling

development of the continuous turning process has been made in the following areas.

2.1.1 Machining System Modeling

Since the effects of these vibrations mentioned above are evidenced by poor

surface finish, accelerated tool wear, dimensional inaccuracies, and acoustic



pollution, much work has been done on investigation of the link between the cutting
process and the machine tool structure. During the past two decades, attempts have
been made to apply control theory which stemmed from electrical engineering to the
field of metal cutting research, especially in the study of turning machining operations
[26,27,28,31]. The basic assumptions which open the door of metal cutting research
to control theory were dealing with how to define the tool motion during machining.
Merritt first applied the control theory approach in this area [39]. He described the
system model by the loop gains under two assumptions: 1) the tool motion occurs
only in the direction of the uncut chip thickness; and 2) The dynamic characteristics of
the tool motion at every point along the width of cut are identical. The three dynamic
equations [39] ,which were used to develop a system model for the machining

operation, are

1. Dynamic chip load equation,
2. Dynamic cutting force equation, and
3. Dynamic machine tool structural equation(s).

Based on these three equations, a mathematical model was formulated to
describe the continuous machining process. The block diagram of a generalized

machining system model is shown in Fig. 2.1.

uo(s) u(t) ] F(t) y(©)
— | cutting | g tool .
process structure

+,

primary feedback path |e———

regenerative feedback path [

Fig.2.1 Turning Machining System



Since then, many researchers have done some significant work based on the
control approach. Nachtigal and Cook first demonstrated the applicability of an active
control scheme to a turning operation [24]. The designed controller during machining
actuated the tool tip for the purpose of quenching any relative motion between the
workpiece and the toolpost of a lathe, based on the detected cutting force signal.
Kline, Glaser, and Nachtigal also applied the same active control scheme to a boring
machining operation [17,27]. The designed controller in their work consisted of two
hydraulic chambers and a servovalve. Based on the detected force and torque
signals, the controller actuated the tool tip to compensate the tool displacement from
its dynamic equilibrium. The work reported in [63] treated the regenerative feedback
path in the Merritt's model as a second input. Such a modification in the system
modeling allowed a non-linear system model to be dealt with as a linear system. In
addition, a two degree-of-freedom system was used to perform analysis of the system
dynamics. The random excitation caused by nonhomogeneity of the workpiece
material hardness was also investigated in [63]. The block diagram shown in Fig.

2.2 is taken from [63].

+ u) [ cuting 13(9) tool y(®) -
/1_\»9 process ’ structure
_/ - primary feedback path

random excitation

Fig. 2.2 Turning Machining System with Random Excitation



These progresses made by the researchers enable the prediction of system
stability as well as the creation of the operation criteria for the continuous turning
process. Difficulties, however, are met when these models are used to deal with the

intermittent turning process.

2.1.2 Models of Machine Tool Structures

The dynamic behavior of the machine tool is of great concern when strict
tolerances on surface characteristics must be met in the final product. For example,
the dynamic response of the cutting process in conjunction with the dynamic response
of the machine tool structure can result in instability. From a mechanical design point
of view, a tool consists of two parts, i.e., a tool holder and a tool insert. During
machining, the tool holder is fastened rigidly at one end and fitted with a cutting tool
at the free end. Therefore, the structural dynamics of a tool during machining can be
dealt with as a prismatic beam structure. A mathematical description based on
Timoshenko formulation to describe the transverse vibration through a partial

differential equation approach [50] is shown as follow:

D’y | Ay, -ty
m[ +C =

22 o ]+ EI 0

ot 2.1

with boundary and end conditions

y ??

S40,0=0 B2 (Lo =—F(
X 8x3
2
©,t) = 0 9—X(lt)=o
Y ox2 "’

where m=mass per unit length of the tool holder, c=damping factor, E=modules of

elasticity of the tool holder material, I=moment of inertia of the cross-section area,



y(x,t)=deflection of the tool holder at a point x along the axis, and F(t)= force acting

at the free end.

In general, the process of solving Eq. (2.1) identifies the natural frequency and

natural modes of the tool holder structure.

2 EI
W.=¢. _—
=50 oA 2.2)

where p is the material density; A is the cross-section area; &i are eigenvalues of the

transcendental characteristics equation.

h&ilcos&il=—1 i=12,...
cosh &l cos & 1=1 (2.3)
The Timoshenko' approach treats beam structures as continuous systems.
Using the infinite degrees of freedom method, the approach accurately describes the
dynamics of beam structures. However, due to the complexity of machining
systems, a discrete system modeling approach is usually used in the study of system

dynamics in the domain of machining science.

It has been observed that the fundamental mode of the tool holder structure
plays a predominant role in the dynamic behavior during machining. Past
experiences have shown that a two-degree-of-freedom model for the tool holder
structure provides a reasonable way to predict the tool motion during machining.
Using two-degree-of-freedom system models, the discrete system modeling approach
is capable of evaluating the tool motion in the both directions, normal and tangential
to the machined surface, and forms a basis for the simulation of the surface

topography of the workpiece.

10



In this thesis work, both continuous and discrete system modeling approach are
used. Taking the advantage of explicit, the tool motion during the cutting and non-
cutting period is evaluated using a discrete system model. For an accurate prediction,

the impact process is studied based on a continuous system model.

2.1.3 Cutting Force Models

The scientific basis for cutting mechanics has been the subject of many
investigations. It is a well-accepted fact that the cutting mechanics in any machining
operation where single-point tools are used is similar to the cutting mechanics in the
lathe machining operation. In the beginning stage of the cutting force study, it was
simply assumed that the cutting force was proportional to the instantaneous chip load
[31,49].

F=k, * A (2.4)
Where kg is proportionality coefficient, which is mainly a function of workpiece
material, tool geometry, and cutting conditions. There were numerous experimental
tests in the past to study the proportionality coefficient ky. In early 1960's,
Kronenberg [31] proposed that the cutting force be decomposed into three
components, i.€., components of the tangential cutting force, the radial force and the
feed force. It would be easy to obtain the measurements of these three components
during machining tests. Upon knowing the three force components, the resultant

cutting force can be evaluated by

— 2 2 2 _ 2 2
F= /p1+p2+p3 —kl*f*d /1+k2+k3 2.5)

where F=resultant force, pj=tangential force component=k;*f*d, p,=radial force

component=k,*p1, p3=feed force component=k3*p1, f=feed, d=depth of cut, and ky,

11



kj and k3 are three proportionality coefficients which are functions of the workpiece

material, tool geometry, and cutting conditions. These coefficients can be

experimentally determined [31].

A few examples are presented to outline the previous study in the area of cutting
dynamics. Hallam and Allasopp developed an integration method for the evaluation
of the chip load during machining. Afterward, they assumed that the cutting force
generated during machining be proportional to the chip load. In fact, they attempted
to establish a mechanistic link between the cutting force and the cutting parameters
such as the depth of cut, feed, and tool nose radius [20]. Although their work
provided much insight of cutting mechanics from the cutting geometrical point of
view, their derived mechanistic cutting force model did not fit over all the cutting

parameters.

Tobias, et al. [47,54], suggested that cutting force be a function of chip area as
well as a function of the penetration rate and the cutting speed variation.

F=kc u+kv vz+kp vy (2.6)
where ke, kv, and kp are proportionality coefficients, vzis the cutting velocity, vy is
the penetration rate, and u is the chip load. The suggestion about kp was confirmed
by Smith and Tobias [21] and later by Parker [6]. In order to determine the

coefficient of penetration rate, they proposed the following equation.

Cpkc
N

kp=- (2.7)

where N is the spindle speed selected, ke = cutting stiffness, and Cp = penetration

factor.
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Recognizing the effect of the part of tool vibration in the direction tangential to
the machined surface, researchers further introduced a new cutting force component
into the evaluation of the cutting force produced during machining [63]. This new
component is called "tangential cutting force component.” Consequently, the cutting
force equation is modified as follow.

F(t)=kc u+kv vz+kp vy +kt z (2.8)
where z is the displacement of the cutting tool in the tangential direction, and ktis the
proportionality coefficient describing the effect of the tangential displacement. A

method to determine the coefficient k, was proposed in [63].

2.2 Intermittent Turning Process

Since the need for intermittent turning process increases, people tried to imitate
research methods used in the area of continuous turning processes for the study of
intermittent turning processes. As mentioned above, the intermittent turning process
consists of cutting periods and non-cutting periods. It is reasonable to assume that all
the methods used for studying the continuous turning process can be applied to the
study of cutting dynamics during the cutting periods of an intermittent turning
process. However, questions arise such as "What is the effect of the impact
occurring at every beginning of the cutting period on tool motion? What is the
influence of the metal fatigue on the occurrence of tool breakage during the
intermittent turning process?”, and etc. Evidently, a new research area has been

established for studying the intermittent turning process.

Progress of the intermittent turning process research has been remarkable. The
dynamics of intermittent cutting were first investigated by Zorev (1963 and 1970),

Andreev (1974), Bhatia et al. (1979), and Tlusty and Ismail (1981 and 1983). they
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recognized the existence of thermal cracking, and mechanical fatigue during the
intermittent turning process.‘ Their research was focused on the determination of tool
life, mainly through experimentation. Analytical approaches to study the cutting
dynamics of the intermittent turning process became available in 1980s. Recognizing
the inadequacy of the time-invariant system parameters, Kapoor (1985) developed
and used a time-varying parameter model, based on Mathiew equation, to determine
the stability boundary conditions of the intermittent turning process. Stability charts
were constructed to aid in the proper selection of cutting parameters which maintain

stability of the machining process.

Due to the increased machining speeds used on the shop floor, tool failure due
to sudden impact has posed a new challenge to the manufacturing community. In
addition, the frequent occurrence of sudden tool failure at high speed machining limits
experimental studies of the intermittent turning process. To reduce the high cost
associated with the tool insert replacement, recent advance reported in (Zhang, et al.,
1989) was to study the mechanism of premature tool failure through computer
simulation. Instead of carrying out actual cutting tests, tool motion during machining
was evaluated through simulation, based on a developed time-varying parameter
model. A failure criterion based on the concept of maximum overshoot was used to
predict the rate of tool breakage. As preliminary study, in order to make the problem
more distinct and handy, an assumption was set that the impact between the rotating
workpiece and the vibrating tool is mainly due to the dynamic chip load variation at
the start of every cutting period to allow a one-degree-of-freedom system to be
developed [63]. With this assumption, the nominal chip load during the machining
process can be represented by a rectangular wave function. The magnitude of the

wave force was determined by the nominal chip load. The pattern of the wave form
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was determined by the shape of the discontinuous geometries located on the

circumference of workpiece. The system model is shown in Fig. 2.3.

'

b oant

u(t) cutting F(t)> tool y(t) -
process structure
feedback <
mechanism

Fig. 2.3 Intermittent Turning Machining System
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CHAPTER 3
BASIC METHODOLOGY

This chapter outlines the basic methodology used in this thesis for modeling and

analyzing the intermittent turning process. There are two parts in this chapter.

The first part describes a modeling process to formulate the intermittent turning
process. A new model for describing the intermittent turning process is developed.
The model is a two-degree-of-freedom model based on the state-space approach in the
modern control theory. Different from the previous approaches, the approach
developed in this thesis treats the intermittent turning process as a process composing
with three periods; cutting period, non-cutting period and impact period. Although
the impact duration is a very short time period compared with the cutting period and
non-cutting period, its importance on the machining system performance should be
recognized, especially when the cutting speed is high. In this thesis, the impact
duration is treated as a transient period between the cutting period and non-cutting
period. The dynamic analysis of this transient process makes it possible to look into

the relationship between the impact force and the machining parameters.

The second part of this chapter presents the modeling procedure of the
intermittent turning process with emphasis on the formulation of the impact force
developed during machining. The Newton's law of impact is used to establish an
impact model to imitate the impact phenomenon observed during machining.
Theories of elastic-plastic deformation and wave propagation are used to model the

impact force and to estimate the time duration of the impact period.
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3.1 Formulation of the Intermittent Turning Process

Traditionally, a machining operation system is considered to be a dynamic
system. The machining system characterizes the process in which the generation of
the cutting force during machining causes tool vibratory motion, which produces

surface modulation.

Figures 3.1a and 3.1b present two typical models, which are represented by a
one-degree-of-freedom and a two-degree-of-freedom systems. A major difference
between these two models is determination of the tool motion in the direction normal
to the machined surface. In a two-degree-of-freedom system, this motion is
determined by the two shown modes, as opposed to this motion is determined solely
by the mode shown in Figs. 3.1a. Generally speaking, a two-degree-of-freedom

model is more acceptable for the study of machining system dynamics.

The block diagram shown in Fig. 3.2 is a general conceptual representation of
the machining system model. The block diagram shows that the machining system
model can be decomposed into two subsystems and a feedback mechanism. The two
subsystems are the cutting process and the structural dynamics of machine tool. The

feedback mechanism forms the link between the two subsystems.
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cutting tool

y(©)

T=1/(N*n)

d

————

' Z depth of
cutting
Intermittent Turning Process
uo(t)
_.[—-l_ u(t) cutting F(t) tool
1 process » structure
primary feedback path

Fig. 3.2 General Machining System and Block Diagram for

Intermittent Turning Process
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3.1.1 Basic Strategy and Assumptions

The mathematical representation of the system model developed in this thesis is
built on the previous work. However, significant modifications have been made to
characterize the feature of the intermittent turning process. Figure 3.2 presents the
strategy of modeling the intermittent turning process. The workpiece geometry
viewed in the cross section shows a hole located on the circumference. The
discontinuous chip load during machining is expressed by a pulse string, or a
rectangular wave form. The magnitude of the rectangular waves represents the
nominal chip load. Parameters, T1 and T2, represent the time durations of the cutting
and non-cutting periods. During the cutting period, the cutting force acts on the
cutting tool with an angle, denoted as 6 with respect to the Y direction, which is
normal to the machined workpiece surface as illustrated in Fig. 3.2. The random
excitation caused by the nonhomogeneous hardness distribution in the workpiece is
treated as a disturbance during the cutting period. The whole cutting tool is treated as
a lumped mass vibration system with two-degree-of-freedom. Parameters, k1 and
k2, ¢1.and c2, represent the static stiffness and the damping factors of the cutting tool
in the two principle directions. The positive direction of the Z axis is chosen to be
downward in accordance with the direction of cutting speed. In this way, it will be
easier to deal with the acceleration of the cutting tool in modeling the machining
system. In the formulation of the system model, the following assumptions are
made.

(1) The rigidity of the workpiece is assumed much greater then the rigidity of
the tool. Therefore, the static deflection of the workpiece subjected to the cutting force

is not accounted.
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(2) The mass distribution of tool is considered as lumped system in the cutting
and non-cutting periods. The tool mass is treated as a discrete lumped mass
positioning at the contact point between the tool and workpiece.

(3) All disturbance forces in the cutting period are of random nature with an
exception of the disturbance force due to the regenerative mechanism, which is dealt
with a feedback loop.

(4) The impact period is a transient process between the non-cutting period and
cutting period. The end conditions of a non-cutting period are the initial conditions
of the impact period immediately followed. The end conditions of the impact period

are the initial conditions of the cutting period immediately followed.
3.1.2 Dynamic Equations of Machine Tool Structure

Fig.3.3 is presents the configuration of modeling the machine tool structure.
As the assumptions made in section 3.1.1, the machine tool structure is treated as a
discrete lumped mass system with two-degree-of freedom, each of which displays
second-order dynamics. The following two dynamic equations of machine tool
structure are used for the model representation. The dynamic cutting force vector acts
on the cutting tool. The resulting tool motion is governed by the following system of

two second order differential equation

m,q, () +c,q,(0)+k,q(0=p,(q,9,9,9,)
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where q;(t) = displacement of mode 1
q;(t) = velocity of mode 1
qo(t) = displacement of mode 2
Jo(t) = velocity of mode 2
Note that the terms on the right sides of Eq. (3.1) represent the cutting force
acting on the machine tool structure. During the intermittent turning process, these
terms are time variant. When the cutting tool is engaged in cutting, the generated
cutting force is a function of the chip load and tool motion. These two terms drop to
zero when the tool is flying over the discontinuous geometries. Mathemaltically

speaking, these two terms are given by

Noncutting period: ~ py(t), po(t)=0

Cutting period: P1(V), p2(O=p1( 41> 41> 92, 42)> P2( 41, 41> 925 92)

The time duration of a cutting period can be determined by t1=T+(11/1) , where |
is the length of workpiece circumference between two slots, the 11 is the length of the
continuous surface being machined. The time duration of a non-cutting period is
given by t2=T+(12/1) , where 12 is the length of non-cutting surface of workpiece
between two continuous surface. In the case of continuous cutting, parameter T
represents the time need for one revolution of the workpiece during machining.
During an intermittent machining, the evaluation of parameter t1, t2and T should be
modified based on the characteristics of discontinuous geometries. In a special case of
symmetry, parameter T can be determined by T=1/(NUM*N) where NUM
represents number of slots which are uniformly distributed on the circumference
shown in Fig. 3.2, and N is revolutions per second. It should be pointed out that a

transient period exists between the noncutting period and the cutting period because
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of the impact between the cutting tool and the rotating workpiece. The effect of this
impact force certainly plays an important role in the determination of the machining
system performance. This effect should be included in the analysis of system
dynamics. However, the time duration of this impact is rather small, comparing with
the time durations of the cutting and noncutting periods. This thesis work will

present an analytical method to evaluate the impact time duration.

3.1.3 Dynamic Cutting Force Equation

The cutting force generated during machining is a main concern affecting
machining system performance such as surface finish and dimensional accuracy. The
generation of the cutting force is also affected by two major factors, i.e., the chip load
and tool motion. It has been said that the deeper we penetrated into this territory, the
more problems were found [31]. In this thesis work, the cutting force model
suggested by Tobias is used [47,54]. As stated in section 2.2, the cutting force is

assumed to consist of the following three components.

F(t)=Fi+F2+F3
=kau(t) +k z(t) +kpy(t) (3.2)
The first cutting force component is due to the uncut chip thickness u(t). The
proportionality coefficient can be evaluated by a product of the unit cutting force kg
and the width of cut, which is determined by the selected depth of cut and the tool

geometry. In most of cases, numerical values of the unit cutting force can be found

in machining handbooks.

The second cutting force component is due to the dynamic variation of cutting

speed z(t) [63]. The proportionality coefficient, kv, represents the effect of cutting
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speed variation on the cutting force variation. Numerical values of coefficient kv may
be experimentally identified from the relationship between the cutting force and

cutting speed.

The third cutting force component refers to the effect of the tool motion in the
direction normal to the machined surface, namely the penetration effect [1,47]. It has
been observed that this motion causes the variation of the cutting force generated
during machining. The proportionality coefficient, kp, can be found in literature

[47].

How to determine the second and the third cutting force components have been
studied by many researchers, and can been found in reference paper mentioned
above. The selection of cutting parameter for the first cutting force component is
much more different in the intermittent turning process than that in the continuous
turning process. It is the major object in this thesis to determine the parameters of the
first cutting force component which relate uncut chip load mentioned at previous

section.

3.1.4 Dynamic Uncut Chip Thickness Equation

Fig. 3.4 shows the normal uncut chip thickness u(t) which is made of from
three parts, i.e.,
u(t)=uo-y(t)+yres(t) (3.3)
The first part uo is called the normal uncut chip thickness, which is indeed
determined by the machine operator. The second part, y(t), is related to tool vibration
during machining. Assuming that no vibration is observed, then y(t) is set to zero.

When vibration starts, the tool moves away from its set position. Such a relative
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movement between the tool and workpiece changes the chip load immediately. From
mathematical modeling viewpoint, a negative feedback path exists between the tool
vibratory motion and the chip load. Because this feedback path always exists, it is
named as the primary feedback path. The third part, yrest(t), is related to the
regenerative mechanism, a phenomenon commonly observed during the machining
process. It is evident that the surface modulation, caused by tool vibration, produced
during the current revolution of the workpiece will be transmitted to the chip load cut
during the next revolution of the workpiece. From control theory, this part of chip
load is called time delayed chip load. Some researchers model this transmission as a
time delayed feedback path. The delayed time is equal to the time needed for one
revolution of the workpiece. However, difficulties can be easily accounted because
of the nonlinear nature of the time delay loop. A different approach was proposed in
[63] to replace the regenerative feedback path by a residual chip load concept. Such a
replacement maintains the linearity of the developed system model, facilitating the

dynamic analysis of the machining system. The residual chip load is mathematically

represented by
W S (2 - cos 2K in 2KT

AA (D) =p-Ww [a10+k§‘:1(a1k cos 1 t+bk sin =5 0]

or
o 2km . 2km

Vo) =pla,+ X[@, - cos=5=-t+b, -sin - 0)]

res 0" 2k T k T (3.4)
where

w=width of cut
a0,ak, bk=Fourier coefficients

pu=overlap factor  1>u>0
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! workpiece

Fig. 3.4 Chip Load Components in The Cutting Period

3.1.5 State Variable System Model Formulation

In order to effectively use the linear control theory to perform system analysis,
analysis techniques in the state space are applied to represent the model proposed in

this thesis. The state variables are selected as follows:

Xi(t)=displacement of mode 1 =q(t)

X2(t)=velocity of mode 1 = q;(t)

X3(t)=displacement of mode 2 =q,(t)

X4(t)=velocity of mode 2 = q,(t)

Substituting the state variables into equation (3.1), results is written in the

following four state equations.
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)'(l(t) =X (t)
< k

%0 == TX,0 = 57 %,(0 + %, (0.1,0x (O x O 5 o

)’(3(t)=x (t)
) c, k
X0 == X (1) = — (t)+ﬁp [x,(1),x,(1).x 5(1), %, (1)]

In the cutting period

and

P [X, (D, X,5(8),X ()% (1]

= kc[uo(t) —q cos 0 — q2sin ozl] . cos(oc1 +0))

1
+k,(q cos0 ~q sin o)) - sin (o, +6,)
+kp(qlcosoc1+qzs1n ) - cos(oc +6 )

=kdu®cos(a, +89) —qc;) a0, +k M4,V =4,V )]
+Kplapyy 4,0 (3.6)

Pl (1, X (1), % 5(1),x ,(1)]

=kc[u0(t) —q,cos —qzsin ocl] - sin (oc1 +0,)

1
+kv(qzcosocl—qlsln ocl) . cos(oc1 +0,)

+ kp(q cosay + q,sinay) - sin(o; + 0 ) (3.7)
=kdu(Ocos(a, +60) g0, = 0,05l +kyld, vy =4, vl
Fhpld Py + 4P o]

Arranging the four state equation in a matrix form and defining the output

variable, the following dynamic equations of the machining system in a matrix form

can be derived as follows.

x(t) = [Alx(t) + [Blu(t)
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y(t) = [C]x(t)

where

y(t) is the output variable, the displacement in the normal direction

z(t) is the velocity of cutting tool in the tangential direction

[A]l=
[ 0 0 0
“kimkeey, ey kppy —kevy, ke kyvor * KpPy
m m m m
0 0 1
—kly kpPyy —kyvp  mkykeyy kg kb,
i m m m m
)
=7 LY res(®
[ 0 0
chOS(OLI +0) kcsin(oc1+9v)
m m
[B] = 0 0
k sin (oc1+90) kccos((x1+ev)
L m m i
[C]= [ cos o, 0 sin o, O]
cuzcos(oc1+ec)- cos o, v11=cos((xl+ev)- cos o
012=cos(ocl+60)- sin o, v12=cos(oc1+9V)- sin o,
c21=s1n(oc1+6c)-cosoc1 v21=sin(oc1+9v)-cosoc1
c22=sm(oc1+9C)-smoc1 v22=sin(ozl+€)v)~ sin o

29




p“:cos(oc1 + Gp) - CoS O
P, = cos(oc1 + Gp) - sin a
Py = sin(oc1 + Gp) © COs O
Py = sin (oc1 +(-)p) - sin o

A block diagram of the machining system for the cutting period is shown in
Fig. 3.5. For the non-cutting period, the cutting force is zero, and its block diagram
is shown in Fig. 3.6. In addition to these two system models, a third model is also
used for the representation of the impact between the cutting tool and the rotating
workpiece at the beginning of every cutting period. The impact duration is treated as

a transient period because its time duration is so limited if compared with the time

durations of the cutting period and non-cutting period.

The new model processes two distinguishing feature. First, the impact can be
studied separately. Second, the model include all factors which would affect the

cutting tool motion in the intermittent turning process.
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3.2 Wave propagation theory

Conventionally, the impulsive force is replaced by an equivalent initial velocity
in analyzing system dynamics. Such a replacement is based on an assumption that
the impact duration is so small that the magnitude of the impulsive force is virtually
infinite. In the present work, the magnitude of the impulsive force is finite according
to the theory of colliding solids [70]. This indicates that it would not be valid to
simply replace the impulsive force by an equivalent initial velocity, implying the
elimination of the impact process, which is not appropriate. Therefore, estimating the

impact force and impact duration in the intermittent turning process is necessary.

The response of materials and structures to intense impulsive loading is quite
complex. In the process involving elastic-plastic flow, the force and the behavior of
the material varies dramatically. For conceptual clarity, the behavior of impacted
solids may roughly be divided into three regimes. For loading conditions that result
in stress below the yield point, materials behave elastically. The Hooke's law can be
applicable. As the intensity of the applied load is increased, the material is driven into
the plastic range. The behavior in plastic range involves large deformation heating,
and failure of the colliding solids through a variety of mechanism. With still further
increases in loading intensity, pressure is generated that exceeds the strength of the
colliding solids by several orders of magnitude, which, in effect, behave

hydrodynamically [70].

To use the wave propagation for studying the effect of the impact in the
intermittent turning process, the following assumptions are emphasized. 1) The
impact force is the dominant force with its magnitude significantly larger than other

cutting force, and the tool motion during the impact period is solely determined by the
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impulsive force; 2) the direction of the impulsive force is along the direction of the
cutting speed; 3) before the tool breakage, the deformation of the cutting tool mass is

in the elastic range, the material behaviors obey the linear principle.

3.2.1 Basic Formulation

Classical theory of elasticity provides the basis for wave analysis in elastic
solids. The equations of wave propagation are derived by a combination of three-
dimensional stress-strain relations, compatibility conditions, and the equations of
motion. Generally, the elastic solid is regarded as a linear spring with stress

proportional to strain, or

q q daq (3.9)

where © is stress, E is Young's modulus, € is strain, and q is the direction which the
force acts on. The displacement equations of motion in rectangular coordinate system

are expressed as

2
d Uy dA 2
p at2 —(7&+G)8—X+GV u,
2
o u
y _ dA 2
P at2 —-(;\,+G)—a‘)—,“+GV uy
2%

Z

oA 2
p 52 =(X+G)~9;+GV u,

(3.10)
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A and G are called the Lamé constants with A = ————: Uy, Uy,
[1+u][1-2u]

u, are the

deformations of the mass in the three directions; p is the density of the material; and U
is the Poisson's ratio. With suitable manipulation [33], Eq. (3.9) may be expressed in

the form which represents the standard form of the wave equation [18].

2

d"A 2
—= =(A+2G)V°A
P ot2
2
0°A 272 . A+2G
or —>=c¢ “V°A with ¢ =
a? D D P (3.11)

thus A is propagated with dilatational velocity cp.

The basic force equation for the impact is based on Hert's Law of contact
between two free bodies,

F = no? (3.12)
where F is the impact force, n is a function of parameters of the material property and
the radius of a spherical impactor. The term a, called the approach, represents the
maximum relative compression of the body [18]. Equation (3.12) describes the
impact force between a spherical impactor and an isotropic plane target. The impact

duration between these two bodies is

X
201 dx ,
=73 f(l_xsn)uz (3.13)
0
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where x=(0./a1). 1 is the maximum value of o, and v is the impact speed. With
different combinations of impactors and targets, the impact force and impact duration
are different. In the intermittent turning process, the impact between the workpiece
and the cutting tool is imitated as an impact between a free body and a cantilever
beam. In additional, a special model describing the impact force in the intermittent

turning process is proposed.

3.2.2 Impact Force

This specific characteristic of the intermittent cutting process is newly
introduced in this thesis. The necessity of introducing the impact force comes from a
phenomenon that intermittent cutting process is much easier to break cutting tools
than any kind of continuous cutting process. The phenomenon implies that the
impact force which occurs between the cutting tool and workpiece at every start of
cutting period, plays a very important role in tool breakage during the intermittent
cutting process. The impact force is associated with the the chip load, the material
property of the workpiece and the relative speed between the cutting tool and
workpiece at that instant. Although the rotational speed of workpiece is a constant
during machining, the relative speed between the cutting tool and workpiece varies
with respect to time. It is equal to the sum of two vectors, cutting speed and tool
velocity. The relative speed is determined by both the direction and magnitude of the
motion of cutting tool at the end of free-vibration period. Therefore, a unique
description of the dynamic cutting force produced during intermittent cutting requires
a functional relation between the cutting force and the relative speed between the

cutting tool and workpiece. A proportionality coefficient, or a gain factor, called ko
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are introduced. In this thesis, the magnitude of the impact force component is

assumed to be proportional to the relative speed which is described as
Fimpact=kovz(t)=ko(vo - Z(t)) (3.14)

where vo is the nominal cutting speed and acts on the tangential direction at the cutting
point, z(t) is the velocity of the cutting tool at the tangential direction, and ko is
defined as impact coefficient.

The reason for such an assumption can be derived from the principle of impact.
For a flexible, plate-type target, the surface pressure, area of contact and impact
duration will be functions of the parameters of the material property, the velocity of
impactor as well as beam bending stiffness and boundary conditions. From a view
point of energy balance in the system, it can be written as:

lm v 2 =f80Ma" Py d5p +f((:1 p.do

21 e (3.15)

where o is the deformation of the mass, and d is the displacement of the beam
(toolpost); the ppis the force causing the displacement of the beam; the pc is the force
causing the mass deformation of the cutting tool at the contact area. Here
F=pp=pc=Fosin&t, which is an identical force causing both the mass deformation and
beam displacement. The F=Fosin&t is based on the impact theory that the impact force

behaves like a sine wave pulse in most impact cases [70]. This is shown in Fig. 3.7.

Therefore
1 2
F = 21Ve —k
o =KoV

fsMa"sin Etdd_ + fal sin Etdo
0 pto (3.16)
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where the & is a constant. It can be observed that the ko is also a function of the

relative velocity. This is because most of the cutting force parameters are the function

of cutting speed.

force N vi=1.5m d=.25mm f=.1mm m1=5.6kg m2=.7kg
180 T T T T T Y T

160
140
120
10
80
60
40
20

0

0 05 1 15 2 125 3 35 4 45
time=sec x19

Fig. 3.7 The Impact Force during the Impact Duration

In order to correctly predict the tool vibration instability or tool breakage, the
numerical value of ko should be properly determined. Based on the low velocity
impact theory, the relationship between the impact force and velocity in the impact

between a free fall and cantilever beam can be derived as follows:

F=Fo sinlt (3.17)

2
vmPALEGE - 0,”)
EF, = 2 5= kv,
(cm +pAL)E —pAL®,

(3.18)

and
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mPALEE” - 0 )

o~ 2 2

(cm +pAL)E —pALw, (3.19)
where m is the mass of the impactor; vo is the velocity of the impactor; A is the cross
section of the cantilever beam,or tool holder; p is the dentist of the beam; w1 is the
first mode of the beam; L is the length of the beam; & is a constant, which is function

of R, E, and v. R is the radius of spherical impactor, E is the Young's modulus, and

V is poisson's ratio of the both impactor and target. The  is determined by following

equation.
2 PAL .2 p 2
§5_ voKS [(m+ c )E ~ ¢ @,
3 2
~ 2 PAL 2[ £ - ?
A m() I (3.20)

The detailed derivation of Egs. (3.17), (3.18) and (3.20) is presented in Appendix A.
The v, is the impact speed which represents the relative velocity, v, between the
workpiece and cutting tool in the intermittent turning process. The problem rises here
that in the equation (3.1), the mass of an impactor is a free fall. In the intermittent
cutting process, the workpiece is clamped on the lathe. Thus, the equivalent mass
should be used to instant m. It is known that the nominal cutting force during a
continuous cutting process is a constant. If only the uncut chip load is considered, it

is assumed that uncut chip load is equal to the weight of the equivalent mass, i.e

W=m'g=k,A
187 s 3.21)
where kg is the unit cutting force in continuous cutting, which can be found in

machining hand books. Then the equivalent mass in Eq (3.18) can be written as
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1 g (3.22)
with this equivalency , the proportionality coefficient of the impact force, ko, is

presented as follow:

k,=C Va Mb K,¢ (3.23)

The theoretical formula, Eq. (3.18), is used to calculate the impulsive force by
substituting the equivalent mass, the material property and the area of the crosss
section of the tool holder. Based on the theoretical calculation, C, a, b, ¢ in Eq.
(3.23) are determined by the method of linear regression analysis. The reason for
this substitution is that Eq (3.18) is too complicated to be accepted in the practical
application. For example, the function to determine & is a ninth order polynomial as
shown in Eq. (3.20). Table 3.1 lists the calculated values based on a two-level
design of experimentation. Figure 3.8 shows the graphical representation of the two-

level design of experimentation.

k, = 3.217E-6 V04195 M0.0228 K ,0.8069

Vrelative My K2 a Tsec ko Fo=N
1.5m/s 5kg 8.4E8 44883 | 0.000070 | 63.3 95.0
3m/s 5kg 8.4E8 46500 | 0.000066 | 84.1 254
1.5m/s 9kg 1.0E9 45641 | 0.000069 | 73.5 110.3

3m/s 9kg 1.0E9 47500 | 0.000065 | 97.9 293.8

1.5m/s Skg 1.27E9 46859 | 0.000067 86.6 134.4

3m/s Skg 1.27E9 49093 | 0.000063 118.2 354.6

1.5m/s Okg 1.46E9 47714 | 0.000066 100.6 151.04

3m/s 9kg 1.46E9 50200 | 0.000062 | 131.9 395.92

Table 3.1 The Relation between the Impact Coefficient and Cutting Conditions
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Cutting speed

Fig. 3.8 Two - Level Design of Experimentation

The impact is a very complicated problem, the surface being machined
undergoes from an elasticity compliance to a plasticity deformation during the impact
period. The impact force and the strain and stress distribution in the cutting tool vary
dramatically in a very short time period. Therefore, it is difficult to describe and
calculate these variations theoretically. The above equation only represents the

maximum value of the impact force occurring on the contact point. For an entire
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stress and strain distribution history in the cutting tool during the impact period, finite

element method can be used for this complicated calculation.

3.2.3 Impact Duration

Since the impact process is treated as a separate process in this thesis, it is

necessary to estimate the impact duration. In fact, Eq. (3.17) has already formed a

T
basis for estimating the impact time duration. The period of a sine wave is t=_.

§

In the impact process, the maximum impact force occurs at the middle of the
impact duration. During the intermittent turning process, when the impact force gets
its maximum value, the process is considered to enter the cutting period. The reason
for this consideration is based on the finite element calculation (presented in Chapter
5), in which the meshes of the workpiece at the contact area show severe distortion
when the maximum stress reaches. Therefore, the impact duration for the intermittent
cutting process is half of that in the free body impact process. The time duration of

the impact for intermittent turning process can be described as

t, =
° 28 (3.24)

where £ is a constant as expressed in Eq. (3.20). The key element in the determination

of the impact duration is the material property K2, equivalent mass and the impact

speed. The effect of these parameters has been shown in Table 3.1.
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CHAPTER 4
SYSTEM STABILITY ANALYSIS

In this chapter, the system dynamics during the impact period is analyzed based
on the mathematical model developed in Chapter 3. In this chapter, a detailed impact
process is described, and the effect of the impact process on the performance of
intermittent turning process is studied. This study forms a basis for the establishment
of criterion to determine the occurrence of tool breakage during machining. The state
space approach is applied to define the boundary condition for the finite element
analysis. By correlating the distortion energy during the impact process to the cutting
speed and cutting area, a criterion to determine the stability boundary condition is
found. A map is constructed to direct the selection of cutting speed for avoiding tool

breakage under given cutting conditions.

4.1 System Response Analysis

The impact force dominates the characteristics of the transition from the impact
period to the cutting period. It is known that the instability of the intermittent turning
process is related to the impact force. Basically, there are two types of instability
phenomenon, which are tool breakage and chatter. While some attention is paid to
the chatter occurrence, more attention should be paid to the tool breakage. This is
because the occurrence of tool breakage seems more appearing during the impact
process. The occurrence of tool breakage is related to the cutting speed, chip load
and the maximum stress in the cutting tool. The relationship between the tool

breakage and the cutting parameters has to be studied. In addition, the system
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stability during the cutting period and noncutting period is studied within the stable

region of the impact period.

4.1.1 Transient Process Analysis

The calculation of the stress and strain in the cutting tool is complicated. The
calculation can be simplified if only the maximum stresses need to be calculated. This
is because the maximum stresses occur along the z direction and depend on the impact
force according to the impact theory [70]. It can be assumed that the cutting speed and
cutting load are in the stable region for the impact period if the maximum deformation in
the contact area of the cutting tool is within the elastic range. In other words, the
maximum stress in the cutting tool can be assumed to be less than the maximum
allowed stress. Under this assumption, the relationships between the maximum

stresses and cutting parameters are derived.

During the impact process, the total applied force, F, must equal the total resisting

force supplied by the vertical component of the pressure within the contact area, i.e.,

F =j Jqudy. (4.1)

where q is the pressure in the z direction. if the contact area is (f ¢ d), the impact force

F is equal to q*(f +d), and maximum force F is equal to qo*(f *d). The q is the

maximum pressure. The principal stress values can be expressed in terms of q, [44].

0, =0y = ((1+ Vi ot (D) ~ 1+ — g, ()
2(1 + ——2-)
a 4.2)
6= —5gy (1)
1+%)
a 4.3)
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where

F

(8]

% =T

The equations for the stress and strain state become more complicated when stress
states off the z axis are to be determined, because in this case, the x and y coordinates
must also be included. For the failure criteria, only the maximum stresses on the z
direction are needed. The location of the maximum tensile, compressive and shear
stresses in the target or in the cutting tool during the impact period is shown in Fig. 4.1

where a is radius of the circular area during the contact.

<p

l Maximum
! tensile
stress
qi
=~().5a
Maximum
compressives
Sress
Target Maximum

shear stress

Fig. 4.1 Locations of Maximum Tensile, Compressive, and Shear Stresses

in an Elasticity Space under Surface Loading
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In the wave propagation theory, the failure of the tool material is based on the
distortion energy theory. The conditions for failure is that 6e > 1 [70]

2 2 2 2 2 2
Oi1 9» 033 G, Op3 On

G = + + + + +
P R T R N N
11 2 °33 P12 13 23

2 2
c.] P ((l+2v21—v23)E1+(1+2v12—vl3)E2
_( 2 )( 2 )

1
1 S22 2
I {2 +v12+v13)(2+v21+v23)E1E2}
2 2 r

O, Ox (1 +2’,v31 - v32)E1+ a+ 2\113 _V12)E3
—'( b) )( 2) 1
:

+v2332)E1E2}

B @ +v,+v Q2 +v

02 02
— (=3

L 31

(1+2v23—v21)E3+(1+ 2\132—\)31)E2
1
2B @4y, +v )2 +v31+v32)E12E3}2

4.4)

where Oe is an equivalent stress as defined above, oj; are principal stress in the impact-
induced direction and oj; are shear stresses, S's are the allowable stresses associated
with the three orthogonal directions, E's is the Young's moduli, and v's is Poisson's
ratios associated with directions 1, 2, and 3. In the present study, the maximum value

is only considered since the occurrence of tool breakage is concerned.

In general, cutting tool materials are considered to be homogeneous. Therefore,
Young's modulus E's and Poisson's ratio V's are same in the cutting tool, S, Sy and

Gii-Gj
2

S, are equal to each other, and Gij = . At the contact area of the tool surface as

shown in Fig. 4.1, 0y = 071, Oy = G5y, and G, = 033. Substituting Eqgs. (4.2) and (4.3)

into Eq. (4.4). the condition for failure, Eq. (4.4), can be rewritten as follow:
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2 2 2 2 2 2

o o (6,-0.) o Y c 1+2
O =2t Ly X F (XY o (d+2v)
§2 g2 ) 271152 2L a+wv
x S Sxz x [ Oy z (4.5)

Let ox = oy = aFg, and 67 = bF,,, and substitute Egs. (4.1-4.3) into Eq. (4.5),

the following equation can be obtained:

2
E a+b)2F, 2 4
G, = (22 + b))% 44 5 ) 0 —[a2- 2b"12F,
Sx Sxy Sx (4.6)

It can be seen from Eq. (4.6) that the equivalent stress oe is the function of the impact

force. The cutting tool breaks from contact area where z equals to zero, at z=0,

-1/2
a—(uf (/1 ) and b—f1 g It is noted that the impact force, F,,, is function of the cutting

speed and chip load. With the requirement of o<1, the Eq. (4.6) represents the
relationship between the failure condition and cutting parameters. In Fig. 4.2, the
impact force is plotted versus cutting speed under certain chip loads, and the stable
boundary line is determined by the Eq. (4.6). In this figure, f=.0001 represents that
both feed and cutting depth are equal to .0001m. For this map, ke =900,000 * d is

assumed and the material of cutting tool is assumed to be tool steel.
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workpiece material is steel 4130 F=

f=feed, d=f /7 2000
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cutting speed v=m/s

Fig. 4.2 Impact Force under Different Cutting Speeds and Chip Loads
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4.1.2 Cutting Period Analysis

Since the time-varying parameter method is applied in the system analysis, the
system can be considered as a continuous cutting process during the cutting period.
Therefore, it is possible to apply the methods used in the continuous turning process
to the cutting period of the intermitting turning process for stability analysis. In the
cutting period, there are two kinds of instability form, system instability and
regenerative instability. The system instability with out overlap cutting is caused by
the variation of the system parameter, and the regenerative instability is caused by the

regenerative mechanism as presented in Chapter 3.

Under non-overlapping cutting conditions, the input to the system model of the
cutting period is the normal chip thickness. The system response in an analytical form
can be obtained by a linear transformation x(t)=[p]Q(t) [63]. As a result, the system

dynamic equations Eq. 3.8, can be decoupled in its eigenvector space.

Q) = [pI M [AT[PIQ® + [pT ' (B [u] = MIQ(®) + BT [ul (47,

where i
-0, O 0 0
M ——u)nl —01 0 0
M —
0 0 -0, O,
| 0 0 -0, —0,] (4.8)

Note that (- 67 and ®; ) and (- 6, and ®,) are the real and imaginary parts of the
eigenvalues of the system matrix [A] and the associated eigenvectors form the
transformation matrix [p]. For the system stability boundary conditions, the Routh -
Hurwitz criteria should be met, that the real parts of the eigenvalues of the system

matrix should be negative. It is known that the elements contained in the matrix [M]
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are functions of the cutting force parameters, k,, k,,, and k, as discussed in Chapter 3.

The relationships between the cutting force parameters are expressed as follows:

, 0.117 xk
P N 4.9)
120 N < 500 rpm
k,= 60 500rpm < N £ 1000 rpm
0 1000rpm < N

where k. and N are selected cutting parameters. When k_ and N get the critical value,

the system will become instable. Therefore, the stability boundary for the cutting

period without overlapping can be obtained.

When the overlap factor 0 < | < 1, the system stability analysis has to include
the effect of the regenerative mechanism. The regenerative input y . is caused by the
previous revaluation, and is presented in Eq. (3.4). As a linear system, the

superposition principle can be applied, and the relationship between this second input

and the system output in the frequency domain is y(jo) = Ly, GO)M (o), where M
(jw) is the complex form of the system transfer function M (s). It can be seen that the
system will be instable if the second input spectrum falls in the region I[uM (Gw)l >1.
As shown in Eq. 3.4, the second input spectrum is a discrete power spectrum, and the
frequency increment is determined by Aw =27/T =2nN/60. It is the function of N.

With known bandwidth of IuM (jw)l >1, a set of critical spindle speed, N, , can be

determined to avoid the second input spectrum falling in the critical frequency

bandwidth [63].

A stable boundary includes the both system instability and regenerative
instability for the cutting period (or for the continuous turning process) is shown in

Fig. 4.3. However, it is natural to think that the stability analysis for the intermittent
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turning process should be carried out within the stable region of the impact period.
Therefor, these cutting force parameters have to be confined within the stable
boundary determined in the impact period, as shown in Fig. 4.2. This stable
boundary of cutting force parameters for the impact period reflected in the cutting
period stable boundary is shown in Fig. 4.3 as a dark shadow area. It needs to be
point out that there is a significant difference in the stable region between the impact
period and cutting period as shown in Fig. 4.3. This means that the cutting period in
the intermittent turning process is always stable because these cutting parameters have

to selected according to the impact period.

1. 2.11
1.8 =12.00

td

Depth of cut mm

~11.33

Cutting stiffness kc x 10 31/M

{

0.67

0.56
0 500 1000 1500 2000

Spind speed N rpm

Fig 4.3 System Stable Border Curve for Impact Period and Cutting Period
in (N, ke) Plane (k¢ =900,000 * d Assumed)

51



4.1.3 Noncutting Period Analysis

In the non-cutting period, the force function is equal to zero, and the two-degree-
of-freedom system is two uncoupled second order difference equations, as presented
by Eq. (3.1). The noncutting period is a free vibration problem with the end
conditions of the cutting period serving as the initial conditions of the noncutting
period. The system stability is determined by the system parameters which are
material properties of the toolpost. For a system to be stable, it requires that k, *k,>0.
The k; and k, are the stiffness of the cutting tool material, and are always positive.
Therefor, the stable requirement for the noncutting period is always met. The system

for the noncutting period always stays in a stable state.

4.2 Summary

Using a time -varying parameter model, the boundary of the system stability for
the intermittent cutting process have been developed for the three individual periods.
In the impact period, the equivalent stress should be less than 1. In the cutting period,
both the system parameters and cutting parameters should be in the allowed area
which is obtained in the above sections. In the non-cutting period, the system
parameters determine the system stability. Since the system stable boundary for the
impact period is much conservative as discussed in this chapter, the first requirement
for the system stability is that the selection of the cutting force parameters should
based on the stable boundary of the impact period. In other words, if the cutting
parameters selected according to the impact stable boundary, the system instability
will not occur in the cutting period and noncutting period during the intermittent

turning process. Otherwise, if the cutting parameters selected out of the impact stable
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boundary but within the stable boundary of the cutting period, the cutting tool will
break at the beginning of the cutting, and no machining process can be carried out
further. This is much closer to the phenomenon observed in the actual machining.
Since the impact force is the dominate factor for the system stability during the
intermittent turning process, Fig. 4.2 provides a preliminary reference for the

selection of the cutting parameters in the intermittent turning process.
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CHAPTER 5
SIMULATION AND EXPERIMENT

This chapter consists of three parts. The first part discusses numerical
simulation of the intermittent turning process. The developed system model is
implemented on computer through programming. Characteristics of the cutting
dynamics during the intermittent turning process are studied through computer
simulation. The second part discusses the results obtained from the conducted
experiments. A comparison is made between the simulation and experimental results.
Good agreements, which confirm the validity of the analytical approach proposed in
this thesis work, have been observed. In the third part, computer simulation using
finite element method to study the impact process is presented. The simulation results
offer a vivid picture of the tool deformation process during the impact, providing a

strong evidence to support the occurrence of tool breakage.

5.1 Numerical Simulation

In this section, the main focus is to implement the developed system model on a
computer system. A computer program written in FORTRAN is used to simulate the
tool vibratory motion. Combining the tool vibratory motion with the tool geometric
motion and tool geometry, topography of the machined surface generated during the
intermittent turning process is constructed. This information will be useful for quality

control of machined surfaces.

A unique feature has been built in developing the simulation program. During
the cutting period, the damping effect on the system dynamics has been distinguished

between the tool motion toward the workpiece and the tool motion away from the
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workpiece. It is evident that the resistance due to the workpiece presence when the
tool moves toward it consumes more system energy than the energy loss when the tool
moves away from the workpiece. In order to model this phenomenon, the system
damping coefficient has been implemented as a time-varying parameter for the

evaluation of the tool motion during the cutting period.

5.1.1 Simulation Model

The mathematical formulation of the system model has been discussed in
Chapter 3. In general, the two coupled differential equations, Eq. (3.1) are used for
the purpose of evaluating the tool vibratory motion. To implement this system model
through programming, the following two assumptions have been used for the

evaluation of the tool motion during the cutting period.

1. Two cutting force components are considered. These two components are
contributed by the chip load and the random excitation due to the nonhomogeneous
hardness distribution in the workpiece. Specifically, the cutting force is evaluated by

the following two formulas:

Cutting force component related to the chip load = ke w [a - y(t)], and
. . Hs(D) m
Cutting force component related to the random excitation = ke w a {(——] - 1}
La

A sum of these two components is given by

F:kc.w-cose-{a-([”ST(t)]m—y} 5.1)
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2. Values of the stiffness and damping in the two principal directions are equal,
i.e., ki=k2=k and cy=cy=c. Making this assumption will certainly narrow the
coverage of the system model. However, this assumption allows the derivation of an
analytical solution, which can be used as the reference for checking the results from

computer simulation.

Based on these two assumptions, Eq. (3.1) can be written as follows:

m, q,(t) +cq () +kq, (1) =Fa, (5.2)
m,q,(t) +cq,(t) + kq (1) =Fa, (5.3)

where

o, = cos(ocl +60,.)

., = sin (o, + 0.

Recalling the study of the impact process in Chapters 3 and 4, the initial
conditions of the tool motion during the cutting period is determined by the end
conditions of the tool motion during the impact period. In this thesis, the assumption
was been made that when the tool motion reaches the maximum tool displacement,
this time instant represents the very beginning of the cutting period. Therefore, the

initial displacement of the tool motion for the cutting period is given by

zo=(F_13)/(3EI), and the initial velocity is equal to zero.

Equations (5.2) and (5.3) should be decoupled in order to obtain an analytical
solution. By substituting Eq. (5.1) into Egs. (5.2) and (5.3), the following equation
is obtained:

m(q, cono, +q ,sin @ ) + c(q,cono + q,sin a ) + k(q,cona + q,sin o)

t
“}i(a)]m—)’)}‘ (0, - coso, +0, - sina )

={k.,w -cosO- (@ [
(5.4)
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It is worth noting that in Eq. (5.4)

q,cosa, +q,sino, =y
q,cos 0, +q,sina, =y

.

q, cos +(jzsin o, =y
By substituting these relations into Eq. (5.4), we have

my +cy+ylk+k_ - w- cos6- (a, 'COS O + 0, - sin0)]

t
={k.,w -cosf-a- [—;a—]m} . (&1- cos o, +6c2 -sin ocl)

(5.5
Equation (5.5) is the governing equation in the y direction. Similarly, the

governing equation in the z direction can be written as:

o

m(q ,Cos 0 = sin o)+ c(qzcos o, —q,sin &) + k(q,cos &, — q,sin )

1 1

_ k 9 HS(t m — — .
={k,-w cos0-a- ([—“‘ua 1 -y} (oczcosocl—oclsm ocl)

(5.6)
In a similar manner, we first identify the following relations:
q,cos0 —qsino, =z
q,cos 0 ~qsina, =z
q,c0s 0, —q, sin O, =z

By substituting these relations into Eq. (5.6), we have

mz+ cz+kz
K (D)
Ha

m

={k, w cos@-(@-[ ] y}- (o, - coso, —a, -sin al)

2 1 1

(5.7
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From Eqgs. (5.5) and (5.7), it can be observed that Egs. (5.2) and (5.3) have
been decoupled. The two uncoupled, principal modes are along the y and the z

directions, respectively. The natural frequency in the y direction is given by

nl Vm (5.8)

where

k'=k+k,- w- cos(oclcosoc1+oczsmoc1)

and its associated damping ratio is given by

c(t)

&, = —F—
1 24/k'm (5.9)

where c(t) is the system damping coefficient, and a function of time. Usually, in the
simulation studies of the cutting process, the damping coefficient of the tool was
considered as the total damping coefficient of the system, and therefore the damping
coefficient of the system was treated as a constant. In fact, in the cutting process,
both the tool damping coefficient and the material damping coefficient of the
workpiece will affect the tool motion. Therefore, the system damping coefficient,
¢(1), should be a function of time. In this thesis, both of these damping coefficients
have been included. However, it is considered that these two damping coefficients
can play an important role only when the cutting tool is moving toward the
workpiece. In other words, only the tool damping coefficient needs to be taken into
account when the cutting tool is moving away from the workpiece. The system
damping ratio thus varies with the moving direction of the cutting tool during the

cutting period.
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By introducing

He(t) m
L, )

k,-w-a-cos0-[

m

2 'k w-a- . (G o i
@t koow -a - cosO (@ cosa, +a sino) ()

k+k, w -cos(a cosa1+azsina1) Ha
=0 km (L ua
(5.10)
where
. k.,-w-a-cosb (alcosa1+&zsin ocl)
ml~ k+k.-w -cos(&lcosoc1+6czsinocl) 5.11)
the solution of Eq. (5.5) can be written as
[ .2
-E.o .t / 2 1-¢
y(t)=km1{1+——-——1—2e 1" nl sm(conl 1-& — arctan "5_)}
1-¢& 2
[28,0,70)+y(0) & o 1 7
+ 2 0 > e 1 0l sin((x)nl 1-¢ )
1-&
0 -to 1-¢
+{—}i—)——£—e 1%n1' sin (@ _4/1-8 -t +arctan ————
1-8 (5.12)
where
_ |k
O~/ m (5.13)
£ = c(t)
2 24/kM (5.14)

Similarly, by letting
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k.'w -cos0-a- (oczcos o, = O, sin ocl) . TG

a
_o? k.- w-cos6-a -(Gczcosoc1 —alsin ocl)- . ([Hs(t)]m_
- n2 k ua Y)
(5.15)
where
k,-w -cos0-a- (&zcos al—ﬁclsin ocl)-
kK .=
m2 k (5.16)

the solution of Eq. (5.7) can be expressed as

[~ .2

- 1_

z(t)=km{1+7_—1-—_—2—e é;lmntsin(o)n—\/1—2’;2 - t+ arctan _Ff;—)}
1-§& 1

[26,0,2(0) +#(0)] ¢ o 1

2

e sin (@, ~/1-§ )
/ 2
@, 1“&.:

— ’1_
+ {—i(gz——e E"Im"tsin (wnqll—iz -t + arctan ___—_gé_}
1-g ! (5.17)

+

Equations (5.13) and (5.17) are the analytical solutions of the two governing
equations for the evaluation of the tool motion during the cutting period. These

solutions can be used to study the cutting dynamics during the cutting period.

For the noncutting period, Eqs.(5.4) and (5.6) can be used by setting the right
sides of these two equations equal to zero, indicating that the tool motion during the
noncutting period is in the free-vibration mode. Therefore, during the noncutting

period, the two governing equations are given by
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My +cy+ky=0
Mz +cz+kz=0 (5.18)

The initial conditions of the noncutting process are given by the end conditions
of the tool motion during the cutting period. Therefore, the natural frequency of the

system is

k

O =04/ m (5.19)

and the damping ratio of the system is

£ =& S
172 2+/kM (5.20)

The solution of Eq. (5.18) can be written as

28,0 ,y(0) +y(0) _
y(t) = —2 —c gzmntsin((om/l—éz)

0~/1-&

2
0 - ) 1=
+ {-—L)ze E’Zmntsin(a)n 1—&2 -t + arctan _—a&——}
J1-E 2 (5.21)

and

[2£ 0 42(0) + 2(0)

z(t) = e
o vV 1- éz

/ 2
— 1_
=220 in o nf1-87 ot +aretan Y
J1-¢2 2 o)

~E,0qt

sin(@ g/ 1- &%)
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5.1.2 Simulation Results

The above derived governing equations for the intermittent process have been
programmed in FORTRAN. During the cutting period, the z(t) and y(t) are positive
always, but special attention is given to the setting of the system damping coefficient.
It is set to C=Ctool when Zz(t) and y(t) are positive, and it is set to C=Ctool + Cworkpiece
when the z(t) and y(t) are negative.  During the noncutting period, the system
damping coefficient is set to C = Ctool. Figures. 5.1, 5.2, 5.3, and 5.4 show the
typical results with and without the consideration of the damping effect of the
workpiece material. It can be seen from Figs. 5.1, 5.2 5.3 and 5.4 that the system
response decays faster with the effects of the material damping coefficient than that
without the effects of the material damping coefficient. This indicates that with and
without the consideration of the damping ratio of the workpiece, the prediction of the
surface finish will be different. The simulation results of surface finish with and
without the effects of the material damping coefficient are shown in Figs 5.5 and 5.6.
The surface roughness is the average value of the heights of the surface profile about
its mean line. Although the mean value has no evident difference in Figs 5.5 and 5.6,
which are 10.06pm and 10.02pum respectively, the mean line of the profile at first

five peck shift in different ratio, which are listed below:

mean line Firstyoac | Secondyey | Third, i | Fourthp o [ Fifthyq

Ywo 132pum 127um 123um 118um 114pm

Yw 137um 129um 123pum 117um 112um

It is seen that the consideration of the effects of the material damping coefficient
on the tool motion is more meaningful for the surface quality prediction during the

intermittent turning process.
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Fig. 5.2 Tool Vibration in Z Direction with Effect of Material Damping
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5.2 Experimental Verification

Experiments were conducted to observe the phenomena which have been
investigated during this thesis study. Data are collect during the experimental tests

and used for the comparison with the results from the analytical study.

Experimental tests were performed in the machining shop of the Mechanical
Engineering Department on the College Park campus. The workpiece material
selected for the tests is an aluminium bar with 3 inches in diameter and 12 inches
long, which is compatible for the conditions of the workpiece material used in the
analytical study through computer simulation. The bar has four 10mm wide slots on
its circumference. The experiments were conducted under the combination of
different cutting speeds, depths of cut and feeds. For example, the time for one
revolution of the workpiece is 60/N second. The time duration for the sum of a
cutting and noncutting periods is equal to 60/4N second. The time duration of the
noncutting period, T2, is given by 40T/(3x25.4xx) second. Consequently, the time

duration of the cutting period is equal to T1=T-T2.

5.2.1 Design of Dynamometer for Cutting Force Measurement

The experimental setup for measuring cutting force is shown in Figs. 5.7a and
5.7b. The instrumented cutting tool was rigidly held on the toolpost of the lathe.
There are four foil strain gages mounted along the center line of the four surface of
the tool holder, which are connected to two strain indicators. During machining, the
signals measured by the strain gages are monitored through an oscilloscope and

recorded onto an IBM 386 hard disc via an A/D convertor. Figure 5.8 shows the
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connections of the cutting tool, strain gages and the computer-based data acquisition
system. Figure 5.9 is a typical plot of the measured voltage outputs during the

cutting tests.

The strain gages were calibrated prior to the tests to establish the transfer
function relation between the voltage signals and the cutting force generated during
the machining process. The diagram of the strain gage calibration process is shown
in Fig. 5.10. The relationship between the applied forces and the voltage outputs of
the strain gage is shown in Table 5.1. The transfer function, Tr is defined as the

relation between the input (applied force) and the output (oscilloscope readings).

Input _ Vout ,
Tr =Output = F (5.23)

or in matrix form

Avy Avy
(T.] = ipy AF, =[T11 le]:[uoz 0.5072]
v, Av,|T|T, T,|7l0.030 9.939
Fy A (5.24)

Each element of [Tr] is the transfer function of the ith oscilloscope voltage output and

the jth cutting force component. The force matrix is calculated as [F] =[Tr]'1 [V], or

[FZ]_[+O.4166 —0.0213][‘@]
Fy |7 [-0.0013 +0.1007 )| V, (5.25)
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Fig. 5.7b Experimental Setup for the Cutting Force Measurement
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Fig. 5.9 Plot of Measured voltage Outputs (f = 0.15 mm/rev, d= 1.016 mm, and v =
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Force in Tangential Direction (Fz)

Weight(kg) uel ue2 uvl uv2
0.000 0.0 0.0 0.0 0.0
0.355 3.0 0.0 0.8 0.0
4.895 31.0 2.0 12.0 24
9.435 58.0 4.0 24.0 4.8
13.975 84.0 5.0 34.4 7.2
17.153 102.0 6.0 42.4 9.6
20.331 120.0 7.0 48.8 10.4
23.509 138.0 8.0 56.0 11.2

Force in Normal Direction (Fy)

Weight(kg) uel ne2 pvl uv2
0.000 0.0 0.0 0.0 0.0
0.170 0.0 2.0 0.0 4.0
4.170 0.5 27.0 0.0 47.2
9.250 1.0 57.0 0.0 96.0
13.790 1.5 85.0 0.0 117.0
16.968 2.0 103.0 0.0 174.0
20.146 2.5 121.0 0.8 205.0
23.324 3.0 139.0 0.8 236.0

Table 5.1 Calibration Voltage and Applied Weights
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5.2.2 Experimental Results

There are four sets of experiment being conducted. The results of these four

sets are shown in Fig. 5.11 - Fig. 5.14. respectively.

Test 1o.iiiinnnee. Fig. 5.11
Test 2..ccceeeeeeneee Fig. 5.12
Test 3. Fig. 5.13
Test 4.....ccooeeeeee Fig. 5.14

The relationship among the cutting condition, measured force and calculated
force for each test is list in Table 5.2 By comparing test results (Figs. 5.11 - 5.14)
with simulation results (Figs. 5.1 - 5.4), it can be seen that the response of the cutting
tool from the test results is in a good agreement with the simulation results when the
damping ratio of the workpiece is considered. The test results show that the system
response decays faster when the cutting tool moves toward workpiece than that when
the cutting tool moves away from the workpiece. It is also shown that in the
prediction of the surface finish, the workpiece damping needs to be taken into account

in order to obtain a high accuracy.

From the results in Table 5.2, it has been found that when using low cutting
speeds, the measured impact force is close to the calculated impact force with a
relative error of 12%. However, when using high cutting speeds, a significant error
between the measured response and the calculated response. The reason for this
discrepancy could be quite complex. However, it could be mainly due to the
measurement error and the range of the frequency response of the strain gages.

Further study is, therefore, needed in order to understand this phenomenon.
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Number of test | Cutting chip- | Cutting speed Measured Calculated
area impact force impact force
Test 1 0.155mm?2 1.83m/s 96.6 110
Test 2 0.155mm? 3.24m/s 117 174
Test 3 0.3mm? 1.83m/s 124 159
Test 4 0.3mm? 3.24m/s 146 204

Table 5.2 The Relation between Cutting Condition, Measured Impact Force and

Calculated Impact Force

5.3 Method of Finite Element Analysis (FEA)

Finite element method has been successfully used for analyzing structural
dynamics for decades. It is also used in this thesis work to simulate the impact
process. This is because the analytical formulation from the wave propagation theory

results in a non-linear differential equations.

An FEA code named APIC2 is used in this thesis work. The software was
developed based on the wave propagation theory discussed in Chapter 3. The

required input consists of

1.  Type of materials used. The software automatically retrieves the basic
material properties such as Young's moduli, Poison ratios, and strength
of materials from the database stored in it.

2. Selection of elements and geometrical configuration through mesh

generation.
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3. Boundary conditions applied, and initial conditions of the impact

process.

The result of calculation, in which the behavior of workpiece during the impact
period goes through elasticity regime to plasticity regime, shows good agreement with
the observed phenomena in actual cutting processes. The stress distribution in the
cutting tool also varies accordingly with the variation of the mass deformation in the
workpiece during this period. The stress wave propagates radially, in a systematic
manner, from contact area and throughout the tool. For a better understanding of the

finite element simulation, the modeling and analysis process is discussed as follows.
5.3.1 Finite Element Calculation Steps

The predictable capability of current computer codes for impact studies is
dependent on the theory of wave propagation solutions, which includes non-linear
material properties and large displacements. A comprehensive description of the basic
finite-element method is given in the text by Zienkiewicz [68]. A brief description of
the finite-element method presented in this thesis are as follows.

1. Represent the geometry of the problem with elements of triangular cross

section having specific material characteristics.

2. Lump the distributed mass at the nodes and assign initial velocities to

represent the motion at impact.

3. Begin the numerical integration loop.

(a) Determine the strains and strain rates in the elements.
(b) Determine the stresses in the elements. The stresses consist of
elastic stresses, plastic deviator stresses, hydrostatic pressure, and

artificial viscosity.
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(c) Determine equivalent concentrated forces to act on the nodal
masses.

(d) Determine the integration time increment.

(e) Apply the equations of motion to the nodes for the integration
time increment.

4. Repeat the numerical integration loop until the time of interest is elapsed.

In the above calculation steps, the strains are determined from the initial
geometry of the element and the displacements of the nodes. The stresses in the
elements are determined from the strains, strain rates, internal energies, and material
properties. If the strains are within the elastic range, the elastic stresses can be
obtained in a straight forward manner. For larger strains, involving plastic flow, the
stresses are obtained by combining plastic deviator stresses with the hydrostatic
pressure. In order to maintain a numerically stable solution for dynamics problems,
the numerical integration time increment should be sufficiently smaller than the lowest

period of vibration of the system.

5.3.2 Finite Element Mesh Generation

It is emphasized that with the impact condition, the whole system during the
intermittent cutting process behaviors like a dynamic impact system with a free fall
impactor hitting a clamped flexible target. The free impactor is the workpiece, and the
clamped target is the cutting tool which is a cantilever beam model clamped at one end.
The velocity of the impactor is equal to the relative tangential velocity between the
cutting tool and workpiece. The mass of the impactor is the equivalent mass of the
chip load. The finite element model for the intermittent turning process is shown in

Fig. 5.15. The cutting tool clamped at the right side is hit by the impactor with a
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equivalent mass at the top of the left side. There are different kinds of elements
available for calculating the dynamic response due to impact. The element used in this
model is the triangular element. The reason for this selection is that in the impact
problem involving severe distortions, the triangular element formulation is better
suited to represent the severe distortions than the traditional quadrilateral finite-
difference method [23]. The mesh size is so determined that both workpiece and
cutting tool have a node at the contact point to avoid mesh overlap during the
calculating process. The time increment is chosen as 1078 second to guarantee the
numerical stability and that the time for the elastic wave to propagate between two
nodes is greater than the time increment used in the computer evaluation. To reduce
the calculation time, the density of the meshes is reduced from contact area to the other
side. Figure 5.15. shows the impactor (workpiece) hitting the target (cutting tool)

with relative speed on the tangential direction at the instant of contact.

5.3.3 Simulation of Impact Process

Two examples of the finite element simulation with relative speed v=1.5 m/s and
v=6m/s are presented to demonstrate the effect of the cutting speed during the impact.
The workpiece material is steel 4020. The Young's module is 2.03 x 109. The yield

strength, Ss, is 1.6 x 109 pa, and ultimate stress, Sr,is 1.8 x 109 pa.

The first example shows the impact process under cutting speed of 1.5m/s. The
stress and displacement variation vs time are shown in Fig 5.16. The maximum stress
occurs at 15 pus. The maximum displacement occurs at 50 Us which is 35 us delay
comparing with occurrence of the maximum stress. In appendix B, a detailed
displacement process of the cutting tool and the stress distribution process in the

cutting tool are visiblely described by a set of figures. After the maximum stress
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occurs, the mesh of the workpiece at the contact area shows severe distortion. At that
instant, the process is considered entering the cutting process. The stresses in both of
the cutting tool and workpiece increase rapidly at the beginning of the impact, and fall
down after severe distortion occurs in the workpiece. In the entire impact process, the
meshes of the cutting tool have no evident collapse. It means that the cutting tool is
working in the elasticity region. This example shows that the stress wave radially
propagates from the contact area throughout the cutting tool and workpiece during the
impact period. Fig. 5.17 shows a glimpse of stress distribution in the cutting tool,

and the meshes collapse in the workpiece.

The second example shows the impact process occurring when using a higher
machining speed. The meshes of both workpiece and cutting tool at the contact area
show severe distortion 10 ps after impact. However, there is no evident displacement
of the cutting tool at that moment. Figure 5.18 shows the statue of the stress,
deformation, and displacement of the cutting tool and workpiece at that moment. A set
of figures in appendix B represent the whole dynamic process of this impact. The
stress variation in the cutting tool in the impact period under the high machining speed

is shown in Fig. 5.19.

In addition to the aforementioned examples of steel, another example of
aluminium impactor (workpiece) with a velocity of 1.5 m/s and equivalence mass of
Skg is also included. This example shows the effect of the material property on the
impact force. The maximum stress variation is shown in Fig. 5.20. The compression
of the maximum stress variation in the cutting tool due to the aluminium workpiece

and steel workpiece (example 1) is also shown in Fig 5.20. The difference shows that
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the impact force not only relates to the cutting speed, but also is the function of the

workpiece material.

The finite element simulation presents the entire dynamic impact process. It
shows that the impact process is a stress wave propagation process. Virtually, there
are no model can deal with such complex impact process. The simulations shows that
the stress in the cutting tool caused by the impact varies with the the machining speed
and material of the workpiece, which has good agreement with the analytical model.
In addition, the simulation shows that the maximum displacement of the cutting tool
has a time delay comparing with the maximum stress. The explanation of this

phenomena is far more involved and thus beyond the scope of this research work.
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Stress and Displacement in the Cutting Tool
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Fig. 5.16 Stress and displacement in the Cutting Tool
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Stress in the Cutting Tool in the Impact during High Cutting Speed
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Fig. 5.19 Maximum Stress Variation in the Cutting Tool in the Impact

under High Machining Speed
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CHAPTER 6
CONCLUTIONS AND RECOMMENDATIONS

In this chapter, the main conclusions from the present study are first

summarized, and followed by the recommendations for the future work.

6.1 Conclusions

In the present study, the intermittent turning process has been examined in the
following four aspects: 1) a dynamic model including the impact force during the
intermittent turning process, 2) the fundamental phenomena of the impact in the
intermittent turning process, 3) an experimental study to confirm the analytical
approach, and 4) applications of this thesis study to the prediction of tool breakage

and surface quality.

The following detailed conclusions have been drawn from the present study:

(1) The system model developed has shown that the impact is the main source
for the system instability during the intermittent turning process. Therefore,
system model in the intermittent turning process should include the impact
process in order to analyze the system stability, a phenomenon being

neglected in most of the previous studies.

(2) The wave propagation theory has been used to study the impact force. A
dynamic impact force equation for the intermittent turning process relating
the cutting parameters has been explicitly established. It has been found
that the impact force is a function of the cutting speed, chip load and the

property of the workpiece material. Therefore, special attention should be
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paid to the selection of cutting speed and cutting load for a stable cutting in
the intermittent turning process. The stable boundary for the intermittent
turning process obtained using the wave propagation theory can provide a
preliminary reference in the selection of the cutting parameters. With the
consideration of the impact, the stability boundary found in this thesis

work seems more condensed than that found in the previous studies.

(3) The three periods in the intermittent turning process have been successfully
modeled in the analysis of cutting dynamics. The effects of the damping of
the workpiece on the tool motion have been included in the study of the
tool motion during the intermittent turning process. It has been found that
the inclusion of the workpiece damping gives a better prediction of the

surface quality.

(4) Finite element method has been successfully used to simulate the impact
process. The results predicted using FEM are in good agreement with the
experimental data. It has been found that the impact process is actually a
type of the strain and stress propagation process and therefore, can't be

treated as an initial conditions.

6.2 Recommendations

Based on the present study, the following two recommendations with respect

to the future work in this area are made.

(1) Tool geometry plays a significant role in determining characteristics of the

impact process. It is evident that a negative rake angle or a large lead angle
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2)

can reverse the impact force direction, avoiding the occurrence of tool
breakage. Therefore, the effects of tool geometry on the impact force
should be further investigated in order to obtain a more comprehensive

system model to describe the intermittent turning process.

The system modeling should consider effect of the flexibility of the
workpiece on the cutting generation. The assumption made in this thesis
work that the workpiece is ideally rigid should be relaxed in order to obtain
a more comprehensive system model to describe the intermittent turning

process.
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Appendix A

Derivation of Impact Force and Impact Duration

The approach a is the difference of the displacement of the mass, w,, and the

deflection of the beam at the contact point, w;<c>.as shown in the Fig. A.1

Y

|
\
\
\
T

wi<c> l— — =

Fig. A.1 Impact between A Free Body and Cantilever Beam

t t
A=W2-WI<C>=Vot-u Jdt [Fdt-wi<c> (A1)
My 6

where wi<c> is given by the equation

2
1 oo[Xi<C>] {

w <c>= _Z ) IOF<r>sin o (t —1)d7
i=] (oiIOXidx

(A.2)

The eigenfunctions Xj and frequency ®; are determined from the equations of free

vibration of the beam and depend upon the boundary conditions. For a cantilever

beam, the frequency
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wi=E2a2=E24 [ (A.3)

for a number of boundary condition which involve only orthogonal eigenfunctions.

and

cosh &, x—cos§ . x  sinh & .x —sin & x

X, = ,
i cosh&.x+ cos&ix sinh &ix+s1n §.x

(A.4)

cos2& L

J X, Zdx =L L
sin CiL (A.5)
coséiLcoshf;iLz—- 1 (A6)

Also, according Hertz law

F 73
a<[-E
[Kz} (A7)

where K, is the material property coefficient. For the toolpost x=L. The impact force
is a function of the time and has been specified in the form
F=F sint (A.8)

where B and x are constancies, corresponding to an impact duration t="_ When the

motion of the beam is to be represented solely by its fundamental harmonic, it is
possible to evaluate the resulting integrals by substituting Egs. (A.2), (A.3), (A.4),
(A.5), (A.6), (A.7) and (A.8) into Eq. (A.1). It can be rewritten as
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F.sin¢t 7 - Y
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where

cosh § .x —coséix smh&ix —sin&.x ,

cosh éix +cos§ix - sinhéix + sin Zj,ix]
coszéiL

sin4CiL

o
I

) T 2n ]
under the assumption of g « — , the term sinwit may now be replaced by wit.
w1

and
2 _
sin 3&t =~ Asin &t (A.10)

then

_2
3

K23 AB sin &t

i

« (A.11)

The quantity A is so chosen that the change of momentum of the striking mass is the

the same whether Eq.(A.8) or (A.11) is applied. This requires that

T . AT
[ ,sin €d& = A[ jsin £dE (A.12)

so that A=1.093
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When the coefficients of the terms sin&t and t are now separately equated to zero, the

constants & and B are determined by

2 AL 2 AL
§5 V0k2 [(m+pC )13 _PC 0)12
- _3 AL 2 2
A w32 2l & o,

v OmpAng(E,,2 -0

F, = 5 5
(cm +pAL)§ —pAL(Dl (A.14)
where the quantity & may be evaluated by a numerical method. From the above

equation, the time duration t and magnitude of impact force F, is obtained.
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Appendix B

Finite Element Simulation of the Impact Process

There are two examples of the finite element simulation. The first example
shows the impact process when machining at low cutting speed. Fig.B.1-B.3, show
the displacement of the the cutting tool and the mass deformation processes in the
cutting tool and workpiece. In this case, its displacement goes from zero to the
maximum position and returns to origin position without any obvious collapse in the
mashes. The maximum displacement occurs 50ms after impact take place, and the
severe distortion appears on the workpiece. At that point, the cutting tool is engaging
into the workpiece, and the system is considered to enter the normal cutting period.
The Fig. B.4 to Fig B.7 show the stress wave propagation process in this period. The
stresses in both of the cutting tool and workpiece increase rapidly at the beginning of
the impact and slow down after severe distortion occurs in the workpiece. In the
whole impact process, the cutting tool is working in the elasticity area since there is no
obvious severe mass deformation occurring in the cutting tool. The maximum stress
occurs at the time 15ms, which occurs earlier than the maximum displacement
occurrence. The phenomenon shows that the displacement has a time delay compared
to the stress wave propagation. It would be difficult to measure this impact force by
mounting strain gages on the cutting tool. (In the high cutting speed, when the tool
breakage takes place, the cutting tool even has no any obvious displacement, which is
shown in next example.) This example shows that the stress wave radially propagates
from the contact area throughout the cutting tool and workpiece during the impact
period. during the whole impact process, the stress in the workpiece is lower than that

in the cutting tool.
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The second example shows the impact process occurring with high machining
speed. A set of figures, i.e, Figs. B.8 -B.10, depict the simulated displacement of
the cutting tool and the mass deformation in the cutting tool and workpiece. After
10ms from the beginning of the impact, which is shown in Fig. B.§, both meshes of
the workpiece and cutting tool at the contact area demonstrate severe distortion and
without obvious displacement of the cutting tool. In Fig.B.9 and B.10, the meshes
collapse continues. In the actual case, it means the cutting tool is broken due to the
impact force. A set of figures i.e. Fig. B.11 -B.12, gives the stress wave distribution
in the cutting tool. When the maximum stress in the cutting tool exceed the allowed
maximum stress of the cutting tool, the cutting tool breaks immediately along the
maximum stress line, this is shown in Fig.B.11. When the cutting tool breakage takes
place, the stress in the cutting tool keeps its value which is equal to the maximum
allowed stress of the cutting tool material during the collapse period. This phenomenal
could be found by looking at the deformation variation process (Fig. B.8 - B.10) and

stress propagation process (Fig. B.11 - B.12) in the cutting tool simultaneously.
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Fig. B.1 Deformation Profiles of the Cutting Tool under Impact in the Intermittent

Turning Process at 10 us and 30 us with 1.5my/s Cutting Speed
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Fig. B.2 Deformation Profiles of the Cutting Tool under Impact in the Intermittent

Turning Process at 50 ps and 100 Ks with 1.5m/s Cutting Speed
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FIG S. DISPLACEMEN] FOR CASE 1
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Fig. B.3 Deformation Profiles of the Cutting Tool under Impact in the Intermittent

Turning Process at 120 ps with 1.5m/s Cutting Speed
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Fig. B.4 Stress Distribution in the Cutting Tool under Impact in the Intermittent

Tuming Process at 5 us and 10 ps with 1.5m/s Cutting Speed
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. 20us
Fig. B.5 Stress Distribution in the Cutting Tool under Impact in the Intermittent

Turning Process at 15 s and 20 us with 1.5m/s Cutting Speed
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Fig. B.6 Stress Distribution in the Cutting Tool under Impact in the Intermittent

Turning Process at 30 ps and 50 ps with 1.5mys Cutting Speed
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Fig. B.7 Stress Distribution in the Cutting Tool under Impact in the Intermittent

Turning Process at 120 pus with 1.5m/s Cutting Speed
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Fig. B.8 Deformation Profiles of the Cutting Tool under Impact in the Intermittent

Turning Process at 5 s and 10 ps with 6m/s Cutting Speed
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Fig. B9 Deformation Profiles of the Cutting Tool under Impact in the Intermittent

Turning Process at 15 Hs and 20 ps with 6m/s Cutting Speed
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FIG.S DISPLACEMENT FOR CASE 2
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Fig. B.10 Deformation Profiles of the Cutting Tool under Impact in the Intermittent

Turning Process at 30 pus with 6my/s Cutting Speed
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Fig. B.11 Stress Distribution in the Cutting Tool under Impact in the Intermittent

Turning Process at 5 ps and 10 ps with 6m/s Cutting Speed
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FIG.3 STRESS DISIRIBUTION FOR CASE 2
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Fig.B.12 Stress Distribution in the Cutting Tool under Impact in the Intermittent

Turning Process at 15 ps and 20 ps with 6my/s Cutting Speed

113



