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Of all the processes used to shape metals, it is machining in which the
conditions of operation are most varied. Good dimensional accuracy and surface
quality from machining processes should be maintained such that the product’s
function and customer’s satisfaction are assured. On the other hand, advanced
ceramics have emerged as an important class of materials with uses in a variety
of high performance applications such as aerospace, engines, and cutting tools.
Many of these applications require the machining of ceramic component surfaces
with tight dimensional accuracy and surface finish.

Among the many of possible causes which can tarnish the machined surface
quality, the most important oneé, such as tool vibration and elastoplastic de-
formation, are identified. This research is, therefore, focused on the analyses

of these identified factors in order to have a better understanding of their roles



in the surface texture formation process during machining, which in turn can
improve the efliciency and quality of machining processes.

The irregularities of a machined surface due to random tool vibration are
investigated through a Markov-chain based stochastic approach. The dynamic
characteristics of the metal cutting processes, especially the variation of material
properties such as the microhardness, are modeled as a Markov-chain type
random excitation source to introduce the random tool motion during machining.

An updated Lagrange method is applied for the analysis of elastoplastic
deformation observed on machined surfaces. A three dimensional finite element
model is built to simulate a single-point metal cutting process. The results of
the analysis could be applied as a surface texture modification model to enhance
the accuracy of the prediction of a machined surface texture.

By combining the aforementioned analytical work, a computer-based surface
topography simulator, which can predict the surface topography formed under
a given machining process, is developed. Experimental work is also performed
to verify the results predicted by the simulator.

The study of machining of advanced ceramics (such as aluminum oxide and
DICOR) is focused on the fundamental material removal mechanisms during ma-
chining. Based on the study, a cost-effective, chemical-assisted novel machining

process is proposed to improve the surface quality.
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Chapter 1

Introduction

1.1 Motivation and Background

The ever increasing competition in the marketplace is forcing the industries
to seriously evaluate the design and manufacturing of their products. Surface
quality and dimensional accuracy, which are the major concerns for machined
components, should be well controlled such that the product’s function as well
as customers’ satisfaction are assured.

Traditional quality control programs for manufacturing industry depend on
the limitations of the machining processes involved as well as the arbitrary and
discrete opinions of designer, operator, and inspector which, all too often, do not
coincide. The resultant problems become apparently acute as the demand for a
shortened product cycle time, reduced waste, and consistent, high level of quality
has increased in the past decade to keep pace with the marketplace competition.
This also has become more evident with the new advances in machining processes
(such as cell type machine centers) and applications of new materials (such as

advanced ceramic and metal matrix composite materials).



Unfortunately, there are few signs that the numbers of components machined
or the money expended on machining are being reduced. Machining is still
the cheapest way to make very many shapes and is likely to continue to be so
for many years. The further evolution of the machining technology to higher
standards of efficiency and accuracy is of great importance to industry generally.

Progress in the technology of machining is achieved by the ingenuity and
experiment, the intuition, logical thought of many practitioners engaged in the
arts of machining. People in the industry are all constantly probing to find
answers to new problems created by the necessity to machine novel materials,
to reduce costs, to increase rates of material removal, and to achieve greater
precision or surface finish. However competent they can be, they would not feel
that they can solve the problems if they had not had deeper knowledge of what
was happening at the cutting edge of the tool.

The cutting process happens in a very small volume of material around
the cutting edge that determines the performance of tools, the machinability
of materials, and quality of the machined surfaces. During cutting, the inter-
face between tool and work material is largely inaccessible to observation, but
indirect evidence concerning tool vibration, tool wear, stresses, metal flow and
temperatures between the said interface could be estimated through analytical
or experimental methods.

In machining, surface roughness as well as size of the machined part must
be brought within a desired tolerance. Even when a finishing process such
as grinding, honing or lapping is applied later, the surface roughness due to
machining should be as small as possible to save finishing time. From the

tribological point of view, certain surface textures are more favorable than others.



To produce such surface textures it requires the knowledge of the tool-work
interactions during machining.

Metal cutting process has been studied extensively for a long time. Due to
the complexity of the process, it is extremely difficult to have a general model
which can interpret the mechanism of what’s going on between a cutting tool
and the material being cut. The formation of a machined surface, as mostly
observed from a single-point cutting process (such as turning), may at least be

affected by three major causes [Shaw 84):

1. The geometry of cutting tool and cutting parameter settings which forms

the basic shape of a machined surface or the nominal machined surface,

2. Vibration or chattering of the machine tool caused by the dynamic cutting
force variation during machining, which superposes the trace of tool tip

vibratory motion on the nominal machined surface, and

3. The elastoplastic interactions between the tool-workpiece interface, which
will not only deform the material but also keep residual stresses in the

machined parts.

Results from previous research have revealed that the tool geometry and machin-
ing parameters are the main factors relating to the formation of the deterministic
part of the surface texture. By providing precise spindle and feed mechanisms,
the deterministic part of the tool path errors can be well controlled during
machining. However, formation of the surface irregularities caused by random
tool vibration and elastoplastic cieformation have not been well understood.

A recent study indicated that the randomly distributed material properties,

such ag hardness, in the workpiece is one of the major sources which can cause



the random tool vibration during machining [Zh 86]. Interest has been stirred
to establish a mapping function between the variability of standard material
properties and the formation of surface irregularities through the evaluation of
the random tool motion during machining. A quantitative evaluation of the
stochastic portion of the tool path error still remains to be investigated.

The elastoplastic deformation process observed on the machined surface con-
tributes to another portion of the surface irregularities. However, the basic
mechanism of the elastoplastic process occurred on the tool-workpiece interface
is not clearly understood yet because of the complex phenomena observed on
the interface. The research in this area has drawn the most attention from those
who have attempted analyses of machining. Their contributions have provided
a foundation for the understanding of the basic mechanism of metal cutting
processes. But problems still exist since most of the research works performed
are only for orthogonal cutting processes, a simplified model which is not aimed
at depicting the elastoplastic deformation process observed on the machined
surface. As a result, further investigation of the elastoplastic deformation process
based on a more realistic model is needed.

On the other hand, the use of advanced ceramics has increased as the me-
chanical components for high-performance application require superior material
properties. Research has been done on several aspects [Br. 86, Bu. 74], such as
new material development, property evaluation, the optimum design of compo-
nents and strength reliability analysis, etc... In addition to these aspects, the
importance of the machinability of ceramic materials has increased for economic
and technological reasons, as pointed out by King et al [KiWh 66]. However, the

high cost of machining due to the brittleness and hardness of ceramic materials



has been the major barrier to the widespread introduction of advanced structural
ceramics. Therefore, the search for cost-effective machining processes is critical
if the use of advanced ceramic materials for general engineering applications is

expected to become popular.

1.2 Scope of the Study

The major concern of this research is to gain the knowledge for improving
the surface quality of machined components. Efforts are directed toward the
analysis of material removal mechanisms observed in the machining of metal
and advanced ceramics. Topics such as the work material properties, elastic-
plastic recovery and deformation processes, development of a computer-aided
surface texture simulator and tribological interactions with emphasis on chemo-
assisted machining of advanced ceramics are investigated. The results of the
study should lead to a more accurate modeling of material removal mechanisms
during machining processes.

Other than this chapter, there are six other chapters in this thesis. The

contents of each chapter are summarized as follows:

e Chapter Two: Literature Review

This chapter gives an overview for the relevant works in this research.
Definitions of terms often used in the machining science are also provided

for explaining the problems encountered in this field.

e Chapter Three: Stochastic Modeling for the Characterization of Random

Tool Motion during Machining




This work presents the development of a new stochastic approach to char-
acterize the random tool motion during machining. The complexity of the
cutting mechanism is represented by a random excitation system related
to the physical properties of the material being machined. A Markov-
chain based stochastic approach is developed to model the random tool
motion as the response of a machining system under the random excitation.
In considering a turning operation, a concept of group distributions is
introduced to characterize the global effect on the cutting force due to the
variation of a certain material property. A model of segment excitation
is used to describe its micro function within an individual revolution.
A distribution pattern observed in the material property is represented
by a transition model. The simulation of random tool motion during
machining resembles the generation of Markov chains. Microstructure
analysis and image process are used to collect data, calculate relevant
statistics, and estimate the system parameters specified in the developed

stochastic model.

Chapter Four: Analysis of Elastoplastic Deformation Observed on the

Machined Surfaces

This work presents a non-linear quasi-static analysis of the elastoplastic
interaction observed between a single-point cutting tool and the workpiece
material being cut. An updated Lagrange method is applied to solve the
large strain elastoplastic deformation problem using a three dimensional
finite element model which could simulate a single-point metal cutting

process. The effects of tool geometry and cutting parameter settings on



the elastoplastic deformation of machined surfaces are investigated through
the analysis. The results of this analysis can be applied as a surface texture
modification model to enhance the accuracy of a computer-aided surface
texture generation system, an important part for the computer-integrated

manufacturing.

Chapter Five: Development of a Computer Simulator to Dynamically

Visualize the Surface Texture Formed during Machining

This work integrates the previous two research topics as well as the ma-
chine tool structure to dynamically simulate the surface texture formed
during machining. A framework is presented to consolidate the model
based material removal mechanisms during metal cutting. Case studies
through both computer simulations and experiments are performed to
verify the validity of the developed models, which form the framework
of the simulator. Descriptions of experimental works are also presented to
show how the microstructural analyses of work materials are performed,
how the cutting forces are measured, and how the machined surfaces are

characterized.

Chapter Six: Study of the Material Removal Mechanisms in Machining of

Advanced Ceramics

Experimental study of the machining of advanced ceramic materials is
presented in this work. The cutting force during machining is measured
by a force transducer; and the surface finish is inspected by a profilometer.
Scanning electron microscope (SEM) is used to study the mechanism of the

surface formation in microscale. Special attention is paid to the investiga-



tion of chemo-mechanical effects of using different types of cutting fluids
on those performance measures of interest. Results from this study provide
r;lch information on the cutting mechanisms during the machining of ad-
vanced ceramic materials and the effect of tribological interactions occurred
at the interface between the cutting tool and work material. Through
the factorial design of experiments, the effects of cutting parameters on
the finished surface quality can also be examined. Such information is
very helpful for compiling a machinability database for the machining of

advanced ceramic materials.

Chapter Seven: Conclusions and Recommendations

This chapter summarizes the dissertation and gives suggestions for future

work in this research area.



Chapter 2

Literature Review

2.1 Introduction

This chapter provides a comprehensive survey of literature related to the
surface finish in machining of metal and ceramic materials. Definitions of an
engineering surface are presented in the next section. Each part is also divided
into subsections to further explain the definitions of terms and models with

advantages and disadvantages applied in the research of this field.

2.2 Surface Texture - Defining an Engineering

Surface

In this section, the definitions of surface finish as well as the topics related
to the surface finish are discussed. As a standard, turning is chosen as the
machining process to clarify the discussion.

In designing an engineering component, it is important to specify the degree

of surface quality desired on the component. The surfaces produced by machin-



ing and other methods of manufacturing are generally irregular and complex. Of
practical importance are the geometric irregularities generated by the machining
method. These are defined by height, spacing and direction, and other random
characteristics not of a geometric nature. The general term employed to define
these surface irregularities is called Surface Tezture or Surface Topography which
forms the pattern of the surface. A typical machined surface, such as the
one shown in Fig. 2.1a, has a combination of roughness, waviness, lay and
flaws. The roughness with its typical roughness height and roughness spacing
represents the most closely spaced peaks and valleys. It is usually produced by
the combination of the tool’s geometry, feed rate and many other sources during
cutting. The waviness results from such factors as deflections of the machine
or work, chattering, or cutting tool runout. It consists of more widely spaced
irregularities upon which the roughness is superimposed. Lay is a result of the
production method used; it determines the direction of the predominant surface
pattern. Surfaces produced by machining processes ordinarily have a strong
lay pattern; that is, they are unidirectional. Flaws, on the other hand, are
irregularities scattered at places without a predetermined pattern. They include
cracks, scratches, holes, etc. The surface texture is usually assessed by taking a
sampling length or trace at an angle perpendicular to the lay direction on the
surface. The traces taken from a surface are also called surface profiles.

The most common measures of the primary surface texture are known as
arithmetic average (AA or roughness average, R,) and the root-mean-square

roughness (R,;) [ANSI 85]. They describe the deviation of the surface roughness
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Figure 2.1: Defining an Engineering Surface
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from a mean line or centerline and are defined by the following equations.

Ro=1 [ u(z)lde (2.1)

and
1

1 L, 7

R, = (Z/o Yy (m)dz) (2.2)
where L is the sampling length, and y’s are the deviations from the mean line
at locations along the z direction on which the trace was taken (see Fig. 2.1b).

In general, the lower the R, or R, of a surface, the smoother the surface.
Other than R, and R,, there are a great variety of surface quality indices.
Many of them have been developed to characterize the function of surfaces for
particular applications [Bi 85]. In fact, more than 50 indices have been defined
for industrial use and many of them appear in national standards as well. These
indices may be classified into four categories: height indices, wavelength indices,

hybrid indices, and statistical functions [Th 82].

o Height Indices: These are measures of the vertical characteristics of the

surface deviations. R, and R, are typical indices in this category. Other
indices like Peak-to-Valley (PTV or R;), Skewness (R.) and Kurtosis

(Rky) are also common.

o Wavelength Indices: These are measures of the horizontal characteristics

of the surface deviations. The spacings or wavelengths of the peaks and
valleys of a surface are often characteristic of the process that formed the
surface, such as the shot size for a blasted surface, the grit size of a grinding

wheel or the feed of a tool. A typical wavelength index, recognized as stan-

12



dard by the International Organization for Standardization (ISO) [ISO 84],
is the peak spacing, S,. It is defined for a surface profile as the average

spacing between two successive negative going crossings of the mean line

(see Fig. 2.1c).

Hybrid Indices: These are a combination of height and wavelength indices.

Slope (dg) and curvature are two examples since they combine the concepts

of height deviation and lateral displacement. The definition for dq is

ty = [P 23

where y!(z) is the derivative of the profile measured from the mean line at

the :*» sample point along the z direction on which the trace was taken.

Statistical Functions: More information of a surface profile may be ob-

tained from statistical functions such as those used in connection with
random process theory and time series analysis [Na 71, BePi 71]. Four im-
portant statistical functions are the amplitude density function (or height
distribution), the bearing area curve, the autocorrelation function, and the
power spectrum density. The definitions and applications of these functions

are described in several works [BePi 71, Na 71, Th 82].
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2.3 Composition of Surface Texture Formed in

Metal Cutting

Based on the previous study of surface texture formed in metal cutting, a
machined surface is generally formed due to the following sources [Mash 88,

Sa 63, SeBa 77, Shaw 84]:
e the geometry of cutting tool and cutting parameter settings,
e built-up edge effect,
e vibration or chattering of the cutting tool structure,
¢ the elastoplastic deformation on the machined surface, and
e tool wear effect.

Each of these effects is discussed in the following sections.

2.3.1 Geometrical Effect on Surface Roughness

In a turning operation, the component of surface roughness due to tool nose
geometry and cutting parameters, such as feed and depth of cut, may be readily
calculated. Figure 2.2 shows a plan view of a conventional turning operation
with feed marks left behind on the finished surface.

Figure 2.3 shows an enlarged view of the tool tip defined by three quantities:

e tool nose radius (t, = OT),
e end-cutting edge angle (C.), and

e side-cutting edge angle or lead angle (C.,).
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Figure 2.2: Plan View of a Conventional Turning Process with Feed Marks

If the tool nose radius is large compared with the feed, the surface will be
generated by the nose radius alone (Case I in Fig. 2.3). Most of the finish
machining operations fall into this case. From the geometry it is obvious that

the ideal peak-to-valley value in this case is

2

R =0T -0U =8 — (£ — f2/4)} = gfr i f<2sinC,.  (24)
If the feed is larger than 2¢, sin C. (Case II in Fig. 2.3), the ideal peak-to-valley
value will be [Sa 63]

R, =1t,(1 —cosCe + F cos C, — sin C.V2F — F?) (2.5)

where F = fsinC./t,.

Equation 2.4 shows that the ideal surface roughness decreases with a decrease
in the feed rate or increase in the tool nose radius and is independent of the
depth of cut and cutting speed. A real machined surface roughness produced

by turning will usually exceed the ideal roughness due to other effects such as
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f<2t,sinCe

Case I. Two Noses Intersect

2t sinCe < f < t; [sinCe +cosCg + (cos Ce - sinCS)CotCe]

Case II: Tool Nose Intersects a Cutting Edge

Figure 2.3: Evaluation of the Theoretical Peak-to-Valley Value
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built-up edge, tool vibration, elastoplastic deformation and tool wear. These
effects will be discussed in the following sections.
Martellotti [Ma 41] has derived the following expression for the peak-to-valley

value in a milling operation.

7
Ri=—-3 —— (2.6
B £ (fn /)] )
where f is the feed per tooth, r is the cutter radius, and n is the number of teeth
in the cutter. The plus sign pertains to up-milling while the negative sign is for
down-milling. This equation was found to be in good agreement with measured

values by Martellotti if the run-out of the spindle was held to a very low value.

2.3.2 Effect of Built-Up Edge on Surface Finish

A built-up edge (BUE) forms on the tool face at a relative low cutting speed
when cutting such common materials as steel and aluminum. There is no built-
up edge at very low cutting speed (say V = 0.3 m/min) since the temperature
on the face of the chip is not sufficient to cause the chip surface to behave in
a ductile manner. With an increase in cutting speed the chip metal in contact
with the chip face becomes ductile and the resulting plastic flow on the chip face
causes strain hardening and a further increase in the force tending to anchor
the chip to the tool. When the bonding force between chip and tool exceeds the
shear strength of the metal in the material body of the chip, at some particularly
weak point near the tool face, the BUE forms. It causes poor surface finish.

The BUE causes an increase in the rake angle which in turn causes a decrease

in the magnitude of the resultant force on the tool and a clockwise rotation of
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the resultant force vector as shown in Fig. 2.4. As the BUE grows forward it will
usually grow downward too, causing the surface to be undercut. When the BUE
becomes large the resultant force loads the BUE as a cantilever and eventually
the moment at the base of the BUE becomes sufficient to pry it loose. The BUE
then passes off partly with the chip and partly on the finished surface. The
growth and rapid breakage of the BUE cause a jagged surface on the machined

part, which is the characteristic of the BUE component of surface roughness.

Figure 2.4: Formation of the Built-up Edge

Based on the observation from cutting tests, there is a critical cutting speed
for disappearance of the built-up edge [Naln 56]. Sata [Sa 63] summarized the

critical cutting speed under various conditions:

1. The critical cutting speed remains unchanged with varying depth of cut
except at very small depths of cut where the critical cutting speed is slightly

larger.
2. The tool material has little effect on the critical cutting speed.
3. With an increase in the feed rate, the critical cutting speed is reduced.

4. With an increase in the rake angle of tool, the critical cutting speed is

reduced.
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5. When cutting several kinds of steel, a lower critical cutting speed is ob-
tained for harder materials. In other words, brittle metals do not form

BUE.

In general, the size of the built-up edge can be controlled by increasing the
cutting speed to a value higher than the critical cutting speed, a common practice
on the shop floor. Therefore, high cutting speed is chosen for all of the cutting
tests in this research to reduce the effect of built-up edge on the assessment of

machined surfaces.

2.3.3 Effect of Tool Vibration on Surface Finish

Tool motion during machining can be decomposed into two parts, kinematic
and vibratory motions. The kinematic motion of the tool during machining
is determined by the cutting parameter settings as discussed in Section 2.3.1.
Tool vibration is caused by the generated cutting force, which excites the tool
structure to vibrate during machining. It is obvious that tool vibration generates
irregularities on a machined surface.

Study of tool vibration has been extensive, and mathematical models to an-
alyze the dynamic response of machining operation are readily available [Me 65,
T1 78]. However, little work has been done to develop an approach which can link
the surface texture generation and cutting dynamics together. Especially, the
random vibrations of the cutting tool during machining have been observed and
become a major difficulty in establishing the relationship between surface finish
and cutting conditions [NaWu 77, PaRe 81, Sa 63]. Some authors suggested that

the random distribution of crystal defects or non-unique slip-line field in the shear
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zone might be the source of random excitation system during machining [De 79,
PaRe 81]. Unfortunately, no mathematical models are reported to describe the
random excitation system observed during machining.

Until recently, a study of random tool motion due to the variability of
material properties, such as the hardness variation in the workpiece material
to be cut, has shed the light on the research of quantitatively evaluating the
random tool motion during machining. Zhang [Zh 86] introduced the concept
of sample variance theory, which was originally developed by chemical scientists
for characterizing chemical mixing [Dan 52, ScBr 74, Tu 81], to mathematically
model the nonhomogeneity of material properties in the workpiece as a random
excitation source during machining.

This approach states that the random force variation observed during ma-
chining is mainly originated from the nonhomogeneity of the micro-hardness
distribution inside the material being cut. During machining, if a soft or hard
spot comes into contact with the cutting tool, a sudden impulsive force is pro-
duced at the cutting tool tip. This impulsive force results in the vibration of tool
and a change in the depth of cut, which in turn changes the cutting force. This
fluctuation in the cutting force can either diminish with time or be capable of
supplying energy to the system to sustain the vibration. It has been shown that
if the machining process is stable, the nonhomogeneity of material property will
essentially produce a random cutting force in the machining process [KwAl 68].
This random excitation source is treated as a normally distributed statistical
model in terms of the material hardness. The mean hardness of this normal
distribution model is the same as that of the population mean, which can be

estimated by the samples taken from the workpiece material through standard
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microstructural analysis. The variation level of the random excitation source, or
the sample variance (6?), is then evaluated by employing the sample variance
theory [ZhKa 90], which is closely related to the cutting parameter settings (feed,
depth of cut and cutting speed). |

Based on the approach, it is found that:

1. The smaller the feed, the higher the variation level of the random excitation

source which drives the tool during machining.

2. The smaller the feed, the weaker the basic pattern of the roughness profile.
Therefore, the theoretical prediction of any surface quality indices (R,, R;),
which are only based on the geometric shape of the tool and feed, will

become meaningless.

The most significant contribution of this work is that it provides a quantitative
evaluation method to study and control the stochastic portion of tool vibration
as well as the surface roughness.

The derivation of the variance of the random excitation source depends on
the correlation coeflicient function and the sample geometrical shape function.
The correlation coefficient function is evaluated based on an assumption that
all the microhardness distribution along the longitudinal direction is identical
on each cross-section of the workpiece material. This assumption would be
acceptable if statistically there is no significant difference in the size and shape
of the microstructures between the cross-sectional areas along the longitudinal
direction. However, this assumption sometimes may not be valid when certain
materials do have a different mic'rostructure distribution from one cross-section
to another along the longitudinal direction, such as those usually found in rolled

bar stocks.
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2.3.4 Elastoplastic Interaction on the Tool-Workpiece
Interface

It is perceived that contact deformation of the workpiece and tool material,
both elastic and plastic, develops during machining (Fig. 2.5). The deformations
of the material being cut in the zone of contact with the cutting edge depend
on the machining conditions (feed, depth of cut, speed), tool geometry and
workpiece material properties [Mash 88, Sa 63]. Although the influence of the
elastoplastic deformation on surface finish is not so important for medium cutting
conditions (e.g., feed rate of 0.2 mm/rev), it cannot be ignored in the case of
finish or precision turning. However, the basic mechanism of the elastoplastic
process occurred on the tool-workpiece interface is not clearly understood yet
because of the complex phenomena involved in metal cutting.

Studies of recrystallization show that plastic deformation occuring below
the newly machined surface is strongly dependent on the cutting tool rake
angle [BlRa 70]. Studies on two-phase alloys containing hard second phase
particles (typical of high strength alloys) show that micro-void formation must
occur severely in plastic deformation due to the punching out of prismatic
dislocation loops at the particle-matrix interface [Bur 67]. However, the influence
of mechanical properties of work material on the elastoplastic deformation have
not been identified.

It may be observed from many tests that work hardened material and brit-
tle material sustain little elastoplastic deformation on the surface finish after
machining [Sa 63]. It is also interesting to find that increasing the cutting

speed will decrease the plastic deformation observed. The possible explanation
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for this phenomenon is that the higher the cutting speed, the less the time
available for plastic deformation in the surface layer of the work material [Sa 63].
Unfortunately, there is no further study for the elastoplastic deformation on
machined surfaces. It is also apparent that it is extremely difficult to develop
a closed form solution for explaining the elastoplastic deformation process due
to the complexity of the machining process. Therefore, numerical techniques,
such as the finite element method, may be good alternatives for solving such a

problem.

machined surface with
\elastoplastic deformation \\

Outline of Cutting Tool

Figure 2.5: Effect of Elastoplastic Deformation on Surface Roughness

2.3.5 Effect of Tool Wear on Surface Finish

As pointed out by researchers [Pe 60, So 59], tool wear is also an important
factor that influences the real surface roughness. It has been observed that the
R, vs. cutting time curve has the same general shape as the conventional wear

land ve. cutting time curve [Shaw 84]. In other words, as tool wear proceeds,
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the peak value of roughness increases and finally irregular peaks appear due to
vibration [Lo. 89].

The increase of the roughness is due to the concentrated groove wear formed
at the trailing edge of the tool. In finish cutting, small grooves develop along
the feed direction on the cutting edge of tools which have small end cutting edge
angles. There will usually be a single groove on the side cutting edge but may
have several smaller grooves on the end cutting edge spaced at a distance equal to
the feed. The number of grooves increases with decrease in the end cutting edge
angle and with an increase in time. Pekelharing [Pe 60] has found that groove
formation occurs at a decreasing rate at cutting speeds below 200 m/min. At
higher speeds (or temperatures) the rate appears to be constant.

On the other hand, when the tool is worn, its effect on the cutting force
variation can sometimes cause severe chattering during machining. As a strategy
to control the effect of tool wear on machined surface quality, it is suggested
that the tool wear process be treated as an abnormal variation to the machining
process. This strategy, therefore, allows us to temporarily ezclude the tool wear
process from the natural variation during machining such as the nonhomogeneity

of material properties in the workpiece [ZhHw 90a].
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Chapter 3

A Stochastic Modeling for the
Characterization of Random Tool

Motion during Machining

3.1 Introduction

This chapter presents the development of a new stochastic approach to char-
acterize random tool motion during machining. The complexity of cutting mech-
anism is represented by a random excitation system related to physical properties
of the material being machined. A Markov-chain based stochastic approach is
developed to model the random tool motion as the response of a machining
system under the random excitation. In considering a turning operation, a
concept of group distributions is introduced to characterize the global effect
on the cutting force due to the' variation of a certain material property. A
model of segment excitation is used to describe its micro function within an

individual revolution. A distribution pattern observed in the material property
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is represented by a transition model. The simulation of random tool motion
during machining resembles the generation of Markov chains. Microstructure
analysis and image process are used to collect data, calculate relevant statistics
and estimate the system parameters specified in the developed stochastic model.
The developed stochastic model can be effectively used to simulate the random
tool motion and to learn rich information on the performance measures of interest
such as machining accuracy and finish quality. The new approach represents a
major advance to create a fundamental scientific basis for the realization of a
reliable and effective prediction system for information processing in sensor-based

manufacturing.

3.2 Background

Computer integrated manufacturing systems have emerged in response to the
requirements for great flexibility, productivity, and high quality of the product.
As the computer technology advances, the manufacturing industry is now seeking
a higher degree of production automation.

Sensor-based manufacturing leads to a new direction in the technological
development. Instead of relying on intelligent human operators on the shop
floor, sensing devices are intended to on-line collect signals related to the ma-
chining performance. Through signal processing, interpreters detect the process
abnormalities, and built-in controllers take actions to return the process to a
normal state. In this regard, mathematical modeling of random tool motion
will be a necessity to ensure the sensitivity of monitoring systems to improve

the machining precision, efficiency, and product quality. Great efforts have been
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devoted to the discovery of quantitative descriptions of random tool motion. This
statistical approach characterized by the development of a dynamic data system
(DDS) was proposed in the 1970s [Pa. 80]. Discrete stochastic models, such as
AR and ARMA models, are used to identify the transfer function of the physical
system which is subject to random tool excitation. However, these models are
in general used to describe stationary stochastic signals. For the application
to model random tool motion which is a non-stationary time-varying process,
these models are not suited and effective. Therefore, there exists a substantial
distance towards the general adoption of these methods simply because of the
complexity of manufacturing environments.

The hidden Markov model is a powerful tool in describing non—stafionary
time-varying process [RabJu 86]. It has been successfully applied to the mod-
eling, processing, and recognition of speech signals which is well-known to be
highly non-stationary. Due to the similarities between the speech signal and
the random tool motion signal, the concept of Markov chain may serve as a
theoretical foundation to initiate the modeling of random tool motion during
machining.

In this chapter a new and stochastic approach is formulated for an analytical
evaluation of random tool motion during machining. The developed approach
consists of three statistical models to capture the dynamic characteristics of the
cutting environment. For a turning operation a group distribution model is used
to imitate the cutting process during one revolution as an assignment of known
stochastic processes. For an assigned process, a normal distribution model is used
to represent the random excitation system with mean and variance as its two

parameters characterizing its average and variation levels. A transition model
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is used to recognize possible patterns or inherent correlations of the tool motion
between consecutive revolutions.

In the next section, the basic methodology of applying the Markov-chain
model to characterize the random excitation source during machining is de-
scribed. Procedure to identify the state transition probability matrix, which is
the key for modeling the transition pattern of microstructures observed in the
workpiece material, is discussed in detail afterward. A case study through both
experiments and computer simulations is provided to demonstrate the applica-
tion of using the proposed approach to study the finish quality of machined
surfaces caused by random tool motion. Results from the experiments and
computer simulations are presented for verification of the proposed approach.

Summary of this chapter is presented in the final section.

3.3 Basic Methodology

3.3.1 Concept of Random Tool Motion

During a machining operation, the cutting tool moves along a path defined
by the kinematic motion of the machine tool which is determined by the cutting
parameters. In the case of a turning operation, spiral tool paths are most
common. In addition to the kinematic motion, the cutting tool vibrates about
its moving path in small magnitudes. Close examination suggests that tool
vibration be of random nature and should be dealt with stochastically.

It has been well known that the built-up edge, tool wear, and unevenly

distributed material properties (such as microhardness) are the major sources of
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observed random tool motion. Among these sources, the random tool motion
caused by the built-up edge can be controlled by increasing the cutting speed,
a common practice on the shop floor. It is believed that random tool motion
becomes severe as tool wear progresses during machining; and at the same time,
the non-uniform distribution of hardness in the material being cut beats the
cutting tool in a random manner. However, to distinguish between the effect of
tool wear and the effect due to the distribution of material properties on random
tool motion seems extremely difficult although not impossible.

As a strategy to control the random tool vibration, in this research we treat
the random tool motion caused by tool wear as an abnormal variation to the
machining process, and the random tool motion caused by other sources except
tool wear as the natural veriation to the machining process. This strategy,
therefore, suggests that the unevenly distributed material properties become the
main source for introducing the natural random tool motion if a high cutting
speed is used for diminishing the effects due to the phenomenon of the built-up
edge. In the following sections the physical meaning of the unevenly distributed
material property, such as microhardness, related to the random tool motion

during machining, and the stochastic modeling of this relation are discussed.

3.3.2 Dynamic Characteristics of the Cutting Environ-
ment

From the cutting dynamics point of view, it is beneficial if we treat the
cutting process as a sampling process in which the cutting tool meets a series

of small samples of the workpiece material (as illustrated in Fig. 3.1). Each of
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the small samples (or blocks) in Fig. 3.1 may possess distinct characteristics in
its microstructure. The cutting force generated in this process then varies in a
random nature as the microhardness value of each of the samples varies. As a
result, the random variation of the cutting force introduces random tool vibration
during machining. Accordingly, it is necessary to identify the characteristics of

the cutting environment embedded in the microstructures of workpiece material.

Depth of cut
Feed n

=z

/Zﬂ TS
\IJ Cutting
Tool
Workpiece

Figure 3.1: Cutting Process as a Sampling Process

As a first attempt to model the cutting dynamics in microscale, microstruc-
tural analysis of the workpiece material should be performed. Figure 3.2a shows
the micro-photographs of four representative samples taken from different cross-
sections of a rolled AISI 1020 steel bar. The photographs were then scanned
and digitized as bitmap files (pictures in Fig. 3.2 are actually bitmaps). The
ferrite structures (bright part or 0’s in the bitmap file) and pearlite structures
(dark part or 1's in the bitmap file), which are much harder than the ferrite, are
clearly shown in the photographsu.

It can be proven that the microhardness distributed within each cross-section

tends to be a normal distribution [ZhKa 90] (as also shown in Fig. 3.2a). More-
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over, depending on the microstructures along the bar, the said distributions
for different cross-sections may be statistically different from (or similar to)
each other as those shown in the group 1 or group 2 of Fig. 3.2a. If the
microstructures are homogeneously distributed along the steel bar, the difference
of microstructures among the cross-sections may not be sensed by the cutting
tool when it passes along the bar with a preset feed rate during machining.
In this case, a single (normal) distribution will be sufficient for modeling the
microhardness distribution in the entire workpiece material.

However, if a sample was taken from the longitudinal direction of the bar,
such as the one shown in Fig. 3.2b, the microstructures will be quite differ-
ent from those shown in Fig. 3.2a. It is obvious that the pearlite structures
in Fig. 3.2b tend to be distributed as stripes with certain pattern along the
longitudinal direction of the bar which were formed during fabrication by the
rolling process. As a result, when the tool passes from one revolution to the
next, the cutting force generated will also possess a similar pattern which is
then transmitted to the cutting tool in a form of vibration.

Based on the above observation, when the tool is cutting around one rev-
olution of the material, a specific distribution which is applied statistically to
estimate the microhardness of each blocks in the cross-section should be assigned.
As the tool moves to the next revolution of the material, a distribution which may
or may not be the same as the previous one should also be assigned. The assign-
ment of these distributions is discussed in the next section. On the other hand,
when the microhardness of each small block around one revolution, which is next
to the previous one, is to be assigned based on the current distribution, it has

to simultaneously follow the transition pattern as observed in the longitudinal
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direction of the material. It should be pointed out that the cutting parameter
settings (e.g., feed rate, depth of cut, and spindle speed) will have significant
effects on the determination of the statistics for the microstructures distributed
in the material (both in the cross-sectional and longitudinal directions). These

issues will be covered in detail in the following sections.

Workpiece
g &
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Group 1 Group 2

a. Microstructures from Different Cross-Sections

b. Microstructures from Longitudinal Direction

Figure 3.2: Microstructures from an AISI 1020 Steel Bar
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3.3.3 A Stochastic Approach to Simulate the Micro Cut-
ting Dynamics
Assignment of Group Distributions

As mentioned earlier, it is perceivable that the microhardness in different
cross-sections of the same material has different distributions. For example, if
we take ten samples from ten different cross sections of a steel bar, it is very
likely that each sample has a different mean (p;, ¢ = 1,2,...,10) and variance
(62,7 =1,2,...,10) of microhardness distributions. However, among the differ-
ences between means and variances some may have significance, some may not,
from a statistical point of view. If we perform the significance tests on means,
the ten distributions could be statistically ’grouped’ into groups under certain
criterion. Each group may then be characterized by a new mean and variance
based on the statistics of the members in each group.

Figure 3.3 presents such a case that the distributions of ten samples were
divided into three groups with their new means (g,,, j = 1,2,3) and variances
(a';j, J = 1,2,3). These three distributions are called Group Distributions.
Therefore, one can choose any of the three group distributions to re-characterize
the original ten samples as well as any other samples from different cross-sections
of the same steel bar. Beside the mean and variance, the probability of each
group distribution (py,), such that any cross section within the material will
be characterized by the distribution, could also be estimated. For example,
in Fig. 3.3 three out of ten samples are grouped as distribution one; hence, the
probability that distribution one will occur in any cross section is 0.3. For clarity,

we use different background shadings to represent different group distributions as

33



shown in Fig. 3.3. It is emphasized that these group distributions are determined
by the microstructural analysis of the workpiece material which is technically
feasible. Therefore, if there is enough information from the microstructural
analysis, the group distributions can be determined as a known property of
the material. Based on the said group distribution probabilities, one can then
assign the group distributions to the consecutive cross-sections (it can be done
by using a random number generator) which will be encountered by the cutting

tool during machining (as shown in Fig. 3.3).
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Figure 3.3: Assignment of Group Distributions to Each Segment

Segment Model for Single Revolutions

After the assignment of group distributions to each of the cross sections, it is

intuitive that one can then determine the microhardness of each block within a
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specific revolution (or segment) as previously shown in Fig. 3.1. For example, if
the first revolution is assigned by group distribution two, the microhardness of
each block in this revolution can be directly determined by the mean and variance
of the group distribution two (since it is a normal distribution). Therefore, it is
possible to determine the microhardness of each block in any other segments of
the material in the same fashion.

As observed earlier, there exists a certain pattern in the microstructures along
the longitudinal direction of the steel bar. In other words, there is an underlying
correlation between the consecutive segments. This pattern has to be identified
before the microhardness in the blocks of consecutive segments can be further

assigned. This issue is discussed in the next section.

Transition Model for Pattern Recognitions

Research in the speech recognition process by applying the basic theory of
Markov chains [RabJu 86] has provided the insight to this work as how to model
the pattern of microstructures as seen in Fig. 3.2b. With a good model, we can
predict the outcome and learn as much as possible via simulation of the process.
How does one apply the Markov chains as a tool to model the transition pattern
encountered during a machining process? We need first to understand the basic
mechanism of Markov chains. A brief description and definitions of a Markov
chain are presented as follows.

Consider a system which may be described at any time as being in one of a set
of mutually exclusive states (51,53, ..., Sn). According to a set of probabilistic
rules, the system may, at certain discrete instants of time, undergo changes

of state (or state transition). One could number the particular event of a time
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instant (¢, ¢z, ..., g:) at which transitions may occur. A Markov chain or discrete-
state Markov process is a random process {¢;,t = 1,2,...} that takes on a finite
or countable number of states (e.g., S1,S52,...,5n) and satisfies the following

condition:
P(q: = Sjlgt-1 = Si; qi—2 = Sky o0yt = Sm) = P(g: = Sjlg-1=Si)  (3.1)

for all ¢ > 0 and all possible states (say, N of them) [Dr 67]. In other words,
a Markov chain is a discrete random process in which the next state entered
depends only on the current state, but not on the previous states. The transitions
between states are governed by a set of state transition probabilities {p;;}, where
pi; is the probability of going directly from state ¢ to state j as ¢ and j vary over

all possible states, or

pi; = P(g = S;|lqi-1 = Si) = P(S;|S:), V1,5 € [1, N]; p;; independent of ¢
(3.2)

with the following properties

N
Dij 2 0 and Zpij = 1a Vieg [LN] (33)

i=1

It is often convenient to display these transition probabilities as members of a

square matrix, i.e.,
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As a simple example, a two-state (N = 2) Markov process with a 2 x 2

transition probability matrix:

P11 P12
[p] =

P21 P22

is demonstrated here. Suppose that a coin tossing experiment is performed, and
a sequence of observations are given; e.g., an observed sequence of the outcome
would be @ = {51, 51,52, 52,51}, where S; stands for heads and S, stands for
tails. It is desired to determine the probability of @ if the model is given (namely,

it follows Eqgs. 3.2 and 3.3). This probability can be expressed as

P(QlMOdCl) = P({S},Sl,Sz,Sz,Sl}lMOdel)
= P(51)P(51|51)P(S52]51)P(S2|S2)P(51]52)

= €& pnpi2p22pa

where the notation

e =Plg=S5), Vie[l,N] (3.5)

stands for the initial state probabilities (it is usually set to 1) [RabJu 86, Ro 83].

It is also important to find out what the probability would be if a known state

37



keeps in that state for exactly d observations [RabJu 86]. This probability can
be evaluated as the probability of the observation sequence @ = {q; = S;,q2 =

Siy. o144, = Si, Qa1 = Sjj#i}, given the model, which is
P(QIModel, gy = $;) = (p)" (1 - pis) = f(di) (3.6)

The quantity f(d;) is the discrete probability density function of duration d in
state 1. Therefore, the expected number of observations (duration) in a state

conditioned on starting in that state is

E(d;) = df: d; f(d:) = i di(pi)* 11— pis) = I‘:l“p_ Viel[l,N]. (3.7)
i=1 di=1 1

As long as the state transition probabilities {p;;, V i,j € [1, N]} are defined,
the pattern existing in the microstructures along the longitudinal direction of the
steel bar can be recovered. Suppose that a two state Markov process (assuming
that state one possesses the softest microhardness distribution) is given as the
transition model, and a sample block of the first revolution has been identified
being under state one. Then the state of a neighboring sample block in the
second revolution which is just next to the first one can be determined based
on the transition probabilities of p1;, 7 = 1,2. For example, if the transition
probability from state one to itself, p;;, is 0.8, and the transition probability
from state one to state two, p1g, is 0.2 (recall Eq. 3.3), the next state will most
likely be still under state one. This work can be easily done by using a random

number generator.
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From the proposed stochastic approach, the relation between the microstruc-
tures of workpiece material and the random tool motion could be studied through
computer simulation. This study could then serve as a tool for us to learn more
about the random nature of a machining process. Before doing so, it is imperative
to develop a method for identifying the parameters of the transition model, i.e.,
the states and transition probability matrix. Such a method is presented in the

next section.

3.4 Identification of the Transition Model Pa-
rameters

The states and state transition probabilities are important to model a Markov
process. This section will present a method about how to identify them from an
observed image of microstructures of the workpiece material similar to the one

shown in Fig. 3.2b.

3.4.1 Determination of State Boundaries and States

Suppose that the cutting parameter settings, such as feed and cutting speed
in a turning process, are given. The image in Fig. 3.2b can be divided into subdi-
visions along both the longitudinal (feed) and vertical (cutting) directions based
on the settings. For example, the microstructures shown in Fig. 3.4a are divided
into six subdivisions along the longitudinal direction and two subdivisions along
the vertical direction (based on the cutting parameter settings). Since the image

is stored as a bitmap file (0’s and 1’s), one can calculate the ratio of the number
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of black pixels (hard spots) to the total number of pixels in each subdivision.

We call this a state ratio and is defined as

_ Number of Black Pizels within the (k,1)th Subdivision
"~ Total Number of Pizels within the (k,D)th Subdivision’

T <m,l<n.

(3.8)
where m is the number of subdivisions in the cutting speed direction, and n is
the number of subdivisions in the feed direction. The purpose of evaluating these
ratios is to determine the state of each subdivision associated with the hardness
variation within the given image area. If the number of states is determined in
advance (the number of states could be two, three, four, or even more), the state
of individual subdivisions can be determined based on the state ratios.

To fix the idea, a map of state ratios, calculated in each subdivision based on
Eq. 3.8, is shown in Fig. 3.4b. The mean (¥) and standard deviation (o,) of these
ratios can also be evaluated. It is true that if the number of observations (i.e.,
the total number of subdivisions in the image) is very large, the distribution of
state ratios will tend to be a normal distribution.

From the above distribution, the state ratios are then divided into regions
based on the number of states to be considered. The boundaries of each region
can be determined by using the 3o criteria; i.e., a) divide the ratios between
[F—30,,7+30,] by N (the number of states) and call this number dr (= 6&, /N);
b) the boundaries will be (—oo, T — 30, + dr], (F — 30, + dr, ¥ — 30, + 2dr],...,
and (7 + 3o, — dr, +00).

Suppose that the number of states of the hardness variation is two, the
hardness of each subdivision can be either at state I (soft) or state II (hard).

Therefore, any ratio in the map which is smaller than the mean value (¥) can
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Figure 3.4: Determination of State Boundaries and State Maps

be assigned at state I, and those larger than the mean value can be assigned at
state II. In other words, the mean value of the ratios is the state boundary for a
two-state model. The upper-right corners of each subdivision in Fig. 3.4b shows
the states after they are assigned. This specific assignment of states is called
a state map. The state map of a three-state model is also shown in Fig. 3.4b
(lower-left corners) for comparison.

It is obvious that if the cutting parameters (feed or speed) are changed, the

state ratios (and hence the state map) will also be changed. For example, if the
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feed rate is reduced by one half, the same image will have more subdivisions (as
those divided by dashed lines in Fig. 3.4a). Thus, the pixels in each subdivision
will be different, and the state ratios as well as the state maps will also be

different.

3.4.2 Estimation of Transition Probability Matrix, [p]
Two-State Markov Process

How can one evaluate the transition probabilities or the transition probability
matrix [p] from the observed state map? It is clear from Eq. 3.7 that as long
as the expected duration of a state 7 is estimated, the probability for transition

from state ¢ to itself can be estimated by

. 1

pi=1-— m)— (3.9)
The evaluation of £(d;) can be done by a) counting the number of occurrences
of state ¢ (It should be noted that an occurrence of state ¢ is defined as the
continuous observation of staying at state ¢ without changing to any other states.)
and b) counting the duration of each occurrence of state : observed from the state
map; i.e.,

Eﬁl dij

E(d;) = = (3.10)

where d,-j is the j** duration of occurrence at state ¢ and K; is the number of
occurrences of state . For example, there are three occurrences of state Iin the

map of Fig. 3.4b (i.e., K; = 3). The duration of each occurrence can also be
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counted; i.e.,
d;, = Length(I,I,1,I)=4, d;, = Length(I) =1, d;; = Length(I,I) =2
where ¢ = 1 (at state I). Therefore, the estimated expectation of duration at

state I from the observation is

. dy, + dv, + dy, 44142
B(d) = 1, + a1, + ) _

" Number of occurrences of statel 3

_T
3

The meaning of the above number (7/3) is that the expected duration of staying
in state Iis about 2.3 (feeds) in the feed direction. The probability for transition

from state I to itself is then calculated from Eq. 3.9:

1
E(dy)

~

m=1-
Similarly, there are four occurrences of state II in the map of Fig. 3.4 (K, = 4).

The estimated expectation of duration at state II from the observation is

dy, + da, + d3, + d, _1+14241 5

Number of occurrences of state II — 4 N

E(dy) =

therefore,
1l

It is obvious that from Eq. 3.3 the transition probabilities of p;2 and po; can

also be estimated. Therefore, the estimated transition probability matrix of this
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two-state Markov process based on the image given in Fig. 3.4a is

4/7 37
4/5 1/5

[8] =

N-State Markov Process (N > 2)

If the number of states is not two but three, four, or even more, how does
one estimate the transition probability matrix? Based on the state map of a
three-state Markov process (Fig. 3.4b), and following the calculations similar to
that of the two-state model, the estimated expectation of duration at state I, II,

and III are

[N)

B(dy) = 1—;—2 = 1.5, B(dy) =

1+

3+1+2
2

3 =2.0, and E(ds3) =

= 1.5,

respectively. Therefore, from Eq. 3.9, we can estimate the following transition

probabilities:

1
E(dy)

and ﬁ33 =1-

N _lo 1 1
D1 E(dl) 3,P22 27 E(d;;) 3

Since the transition probabilities of p;;’s have been estimated, the problem now
is how to estimate other transition probabilities, p;j i, in the [p] matrix.
Suppose that each state can only change to its neighboring states or to itself

(e.g., state 7 can only change to state ¢ + 1, ¢ — 1, or 7), the transition probability
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matrix will have a form as follows

pn 1—pn 0 0 0
by paz 1—pa—b 0 0
0 bz P33 1-— D33 — b2 0
[p] =
0 0 bn-2 PN-1N-1 1 —pNn_1n-1 —bn_2
I 0 0 1 —pnN PNN |
(3.11)

where b;, 1 = 1,2,..., N — 2, are the probabilities for transition from state : + 1
to state 1. This type of transition pattern is sometimes referred as the birth and
death Markov process [Ch 67]. It is obvious that the estimation of above [p] is
much easier than the estimation of Eq. 3.4 since only the b;’s are to be determined
in the above [p] matrix. Actually, based on the observed microstructures of the
workpiece material, this type of transition seems the most favorable for our
purpose. -

To determine the b;’s, a stationary distribution of the (N) states, = = [m; 75 ... Tn]
where 7; is the ’long-term fraction’ of state ¢ observed in the state map (e.g.,
Fig. 3.4b), should be first defined, and it should satisfy the matrix equation
[Ch 67]

© = x[p]. (3.12)

The 7;’s can be estimated by

Kfl d:
s 2= G _
i Ko (3.13)
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where d;; is the 7 duration of occurrence at state i, K; is the number of
occurrences of state ¢, and K, is the total number of observations in the state
map (i.e., the number of subdivisions in the cutting speed direction, m, times
the number of subdivisions in the feed direction, n). For example, from the state

map of F ig. 3.4b, the estimated =;’s are

. dy, +dy, 142 1
'™ Total Number of Observations in the State Map 2 x6 4’
similarly,
_3+1+42 1 142 1
2= Texe 2T axe T 0

From Eq. 3.12, one can manipulate the matrix equation such that b’s can
be evaluated based on the linear regression method. The derivation of b;’s is
explained in the Appendix A. After solving the b; (=1/4) in this three-state

model, the transition probability matrix is

_1/3 2/3 0.0 |
Bl=1|1/4 1/2 1/4
| 0.0 2/3 1/3 |

3.5 Case Study

A turning operation of machining an AISI 1020 steel bar with diameter of
72 mm and length of 300 mm was studied to verify the developed stochastic
approach for modeling the random tool vibration during machining. The study
consists of both the experimental work and computer simulations. They are

discussed in this section.
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3.5.1 Experimental Work

To verify the basic methodology developed for studying the micro cutting
dynamics, experiments were carried out and the experimental results were com-
pared with the results from computer simulation. The experimental work con-

sists of:

1. Microstructural analysis (see Appendix B): This analysis provides the
information regarding the microhardness distributions in the workpiece
material, as discussed in previous sections. Samples taken from the steel
bar were polished and etched for taking microphotographs under an optical
microscope or a scanning electron microscope. Pictures of each sample
were then scanned and image data files were stored. Statistical analysis
was performed on the image files to get the related statistics for further

calculation.

2. Machining tests: The machining of the AISI 1020 steel bar was performed

on a CNC (computer numerical controlled) lathe with the following set-

tings:

o Cutting data: feed=0.23 mm/rev, depth of cut=0.5 mm, spindle

speed=470 rpm (the built-up edge was insignificant at this speed).

Cutting tool: nose radius=0.6 mm, rake angle=0°, lead angle=20°.

Cutting fluid: none.

Cutting time: less than one minute (no tool wear was observed).

3. Measurement of surface profiles: The surface roughness along the feed

direction (axial direction of the steel bar) was measured using a Talysurf
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surface profilometer. Twenty five surface profiles were taken in parallel
with a 0.2mm interval inside a rectangular area of 4.8 x 4.0 mm? to form a
surface topography as the one shown in Fig. 3.5a. A representative surface
profile from the experiment is shown in Fig. 3.5b. The measured surface
roughness indices, such as the roughness average values (R,), root mean
squared values (R,), peak to valley values (R;), and the standard deviation

of each of them are listed in Table 3.1.

3.5.2 Computer Simulations

From the basic methodology described in Section 3.3.3, computer programs
were written to simulate the micro cutting dynamics. The programs were all
written using the FORTRAN 77 language and compiled on a Unix based op-
erating environment. They are portable to any system with a FORTRAN 77
compiler (except that a graphics display module is device dependent). The main
structure of the programs is based on the analysis of cutting dynamics which
will be discussed in detail in Chapter 5.

The statistical approach mentioned in Section 3.3.3 is coded as subroutines
and appended to the original programs. The same cutting parameter settings
as chosen in the experiment, the digitized images from samples of the material,
and the group distributions, are read as input data files. In this study three
group distributions were estimated from the microstructural analysis; they are:
pg, = 110.0 BHN, p,, = 0.2, p,, = 143.0 BHN, p,, = 0.5, p,, = 165.0 BHN,
Pgs = 0.3, and the standard deviations are the same (o, ;_, ,, = 12.0 BHN). The

state transition probability matrix is then estimated. The assignment of group
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Figure 3.5: Surface Topographies and Profiles from Experiment and Simulation
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distributions, the prediction of segment microhardness values and state map
of the first revolution, assignment of the state maps of consecutive revolutions
(or segments), and prediction of the microhardness values of all segments are
then carried out one after another. As long as the microhardness values of each
revolution are available, they are stored as one of the input data files for the
evaluation of dynamic random tool motion. We call this set of input data as
Case 1.

In order to see the effects of different microstructures on the random tool
motion and simulated surface topographies, two other sets of microstructural
models are also used (recall Section 2.2). The characteristics of these two input

sets are:

o Case 2: Instead of assigning group distributions to each segment, only
one normal distribution (p, = 143.0 BHN, ¢, = 12.0 BHN) is applied as
the segment model in this case, and the transition model is still kept to
simulate the pattern along the longitudinal direction. This case assumes
that the microhardness distribution in one cross section of the material is

similar to that of any other cross section.

e Case 3: This case assumes that the distribution of microhardness in the
entire workpiece material is characterized by a single normal distribution
and there is even no transition pattern along the longitudinal direction
[ZhKa 90]. For example, we can heat treat a steel bar to spheroidize the
pearlite structure into a matrix of soft, machinable ferrite structure [As 84).
Thus, the transition pattern existed along the longitudinal direction is

destroyed and microstructures are almost homogeneously distributed as a
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single distribution in this case.

The cutting force, dynamic response of tool vibration, surface profiles, and
surface topography are part of the outputs available from the computer simu-
lation. To check the validity of the proposed models, we compare the surface
profiles and surface quality indices with experimental results (since they also
represent the outcome of a machining process). A simulated surface topography
from Case 1is shown in Fig. 3.5a. From the three cases of simulation, represen-
tative surface profiles along the feed direction are also shown in Fig. 3.5b. Based
on the simulated surface profiles, we can then evaluate the surface roughness

indices as those listed in Table 3.1.

3.6 Discussion of Results

A qualitative comparison is made by first looking at the two surface to-
pographies shown in Fig. 3.5a. The common characteristics are the waviness
of the surface texture along the cutting speed direction which is caused by tool
vibration and the arc chain pattern which is caused by the tool motion along
the feed (or longitudinal) direction. By comparing the surface profiles shown in
Fig. 3.5b, it is found that profiles from Case 1 and 2 are closer to the profile
from the experiment because the height variations of profiles from Case 1, 2, and
experiment are more prominent than that from Case 3. This can be explained
by the transition pattern observed in the steel bar which is considered during
simulation in Case I and 2 but 'not in Case 3. The difference between Case 1
and 2 is not easy to tell from the profiles. However, it is anticipated that the

height variation of Case -1, where three group distributions are used, is more
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prominent than that of Case 2, where only one distribution exists (refer to the
shaded bars of Case 1 and 2in Fig. 3.5b). This qualitative comparison suggests

that the validity of proposed models is very promising.

Table 3.1: Comparison of the Surface Roughness Indices

Units in gm | Experiment | Case 1 | Case 2| Case &8
R, 4.20 4.05 3.95 3.95
OR, 0.32 0.17 0.10 0.13
R, 5.04 496 | 4.81 | 4.83
OR, 0.44 0.20 0.12 0.14
R, 20.28 17.09 | 16.56 | 16.58
OR, 1.70 0.74 0.91 0.87

A quantitative comparison is done by comparing the surface roughness indices
between the measured and simulated surface profiles. As listed in Table 3.1
that the simulation results from Case ! are well matched with those from the
experiment. For instance, the mean values of R,, R,, and R; from the measured
surface are 4.20 ym, 5.04 ym, and 20.28 um; and those from Case I are 4.05
pm, 496 pum, and 17.09 um, respectively. The significance tests on means
were carried out to see the statistical difference between the mean values of
surface indices. It turned out that the differences in R, and R, are statistically
insignificant (it is 95% confident to say so) between those from Case I and
those from the experiment. Similarly, if tests were carried out for Case 2 and
Case 3, the R, and R,’s of both cases are statistically different from that of the
experiment. This comparison, therefore, provides a much stronger evidence that
Case 1 is the most likely situation happened during the machining of the AISI
1020 steel bar as performed in tile experiment. It is, however, very interesting
to observe that the R; values from all simulation cases do not match that from

the experiment. This relates to an elastoplastic interaction between the material
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and cutting tool and will be discussed in Chapter 4.

To some extent, the above quantitative comparison has shown that through
the proposed stochastic models (Case 1) and computer simulation, we can almost
reconstruct the finished surface texture obtained from a turning process. On the
other hand, the random tool motion during machining can also be characterized
by the proposed stochastic approach if the nonhomogeneous material hardness
distribution is considered as the most significant source to cause random excita-

tion during machining.

3.7 Summary

A stochastic approach to characterize the random tool motion during machin-
ing has been proposed. It is based on the Markov-chain theory to characterize
the non-stationary and time-varying signal process. The group distributions,
segment model, and transition model are proposed to quantitatively evaluate the
random tool motion caused by a random excitation related to microstructures
of the workpiece material being cut. A method has also been developed to
determine the states and state transition probabilities defined in the transition
model. Results from experiments confirm the predictions obtained from com-
puter simulations. It is believed that this research may become an essential part
to quantify the random tool vibration during machining, a task which nowadays
seems difficult but critical for developing a sensor-based machining system to

improve the quality and productivity in the manufacturing industry.
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Chapter 4

Analysis of Elastoplastic Deformation

Observed on the Machined Surfaces

4.1 Introduction

This chapter presents a non-linear quasi-static analysis of the elastoplastic
interaction observed between a single-point cutting tool and the workpiece mate-
rial being cut. An updated Lagrange method is applied to solve the large strain
elastoplastic deformation problem using a three-dimensional finite element model
which simulates a single-point metal cutting process. The effects of cutting
parameter settings on the elastoplastic deformation of machined surfaces are
investigated through the analysis.

It is clear that surface quality as well as dimensional accuracy are important
for the functional requirements of many engineering components and interfaces.
It is also evident that the quality of a machined surface is closely related to
the machining process used for producing the part. Therefore, understanding of

the mechanism of surface texture formation during machining is compulsory to
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improve the quality of machined parts.

Metal cutting processes have been studied extensively for a long time. Due to
the complexity of the material removal process, it is extremely difficult to have
a general model which can interpret the various mechanism taking place at the
contact region of the cutting tool and the material being cut. The formation of
a machined surface, as mostly observed from a single-point cutting process (such
as turning), may at least be affected by three major causes (refer to Section 2.3):
a) the geometry of cutting tool and cutting parameter settings which form the
basic shape of a machined surface or the nominal machined surface, b) vibration
or chattering of the machine tool, caused by the dynamic cutting force variation
during machining, which superimposes the trace of tool tip vibratory motion on
the nominal machined surface, and c) the elastoplastic interaction between the
tool-workpiece interface, which will not only deform the material but also keep
residual stresses inside the machined parts.

It is obvious that both tool vibration and elastoplastic deformation will
cause the irregularities observed on a machined surface. Study of the stability
of a machine tool structure to suppress the tool vibration during machining
has been very promising in reducing the surface irregularities caused by tool
vibration [T1An 83]. However, the basic mechanism of the elastoplastic process
occurred on the tool-workpiece interface has not yet been clearly understood.
The research in this area has drawn the most attention from those who have
attempted analyses of machining. For example, most of the research is based on
the study of the orthogonal cutting process [ErMe 41]. Their contributions have
provided a foundation for the understanding of the basic mechanism of metal

cutting processes.
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The computer advancement and the development of numerical methods have
provided powerful tools for doing research in machining processes. Finite element
method is the most prominent one among them. The first finite element analysis
for metal cutting was due to Klamecki [KI 73] who treated the incipient chip
formation process using a three-dimensional model. However, the model used did
not examine the formation of a machined surface. Ever since, many other finite
element models have been proposed by researchers [Ta. 74, UsSh 82, St. 83,
Iw. 84, StCa 85, CaSt 88, Lin 91, Ko. 91]. Unfortunately, all of these models
dealt with orthogonal cutting only, which assumes a plane-strain condition for
the workpiece material being machined (see Fig. 4.1), and they were not aimed
at explaining the formation of surface texture during machining. Therefore, it is
evident that further study of the finite element model and analysis procedure are
necessary to reveal the mechanism of surface texture formed during machining.

There are two major objectives of this research: 1) to have a better un-
derstanding of the mechanism of surface texture formation during machining
through the study of the elastoplastic deformation observed on the machined
surfaces; and 2) to develop a surface texture modification model which can
enhance the accuracy of a computer-aided surface texture simulator for the
quality control of machined surfaces. In the next section, behavior of the tool-
workpiece interface observed under the cutting action is studied. The procedure
to analyze such a cutting process using a three-dimensional finite element model
is discussed in detail afterwards. A case study to check the validity of the finite
element model is presented where results from this analysis are compared with
those from the turning of AISI 1020 steel bars and 6061-T6 aluminum alloy

bars. Results and implications of this research are discussed and followed by the
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summary.
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(a) Orthogonal Cutting (b) Finite Element Mesh for Orthogonal Cutting

Figure 4.1: Orthogonal Cutting Process and Its Finite Element Model

4.2 Investigation of the Tool-Workpiece Con-
tact Area

Traditionally, the movement of the work material and the chip across the
faces around the edge of a tool has been treated as a classical friction action
where frictional forces tend to restrain the chip movement on the tool rake face.
However, close studies of the tool-workpiece interface have revealed that this
friction action is not what really happened for most metal cutting conditions
(especially at high cutting speed) [Tr 91].

Under loading conditions in engineering sliding contact problems, the real
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contact area is very small, often less than one hundredth of the apparent area of
the contact surfaces. The frictional force is that required to break the bonding
force between the molecules on the two real contact surfaces. This frictional force
is proportional to the normal force between the two surfaces. However, when
the normal force on the tool-chip interface is increased to such an extent (as in
metal cutting) that the real area of contact is a large proportion of the apparent
contact area due to plastic deformation, the force required to move one body over
another is the frictional force needed to shear the weaker of the two materials
across the whole contact area. This force is independent of the normal force
when cutting at high speed, but is directly proportional to the area of contact,
a relationship totally opposed to that of classical friction theory [BoTa 54].

Figure 4.2 shows examples of the real contact area under three different
normal forces. In Fig. 4.2a, the normal force is the smallest; and the real contact
area (at points A, B and C) is far less than the apparent contact area. As shown
in Fig. 4.2b, when the normal force increases so does the real contact area (at
points A’, B’ and C’). When the normal force is extremely large, the two surfaces
are forced almost in complete contact as in Fig. 4.2c. Consequently, the friction
force is no longer independent of the contact area as discussed above.

To better understand the mechanism occurring at the tool-work interface,
knowledge of the distribution of the stresses is essential. It has been shown
that in metal cutting the shaping of the new work surface is formed by fracture
under shearing process [Ka. 83]. When ductile metals and alloys are being cut,
the shearing process is plastically strained. In other words, plastic strain is an
essential aspect of metal cutting. The amount of strain, which varies greatly on

the tool-work contact area or beneath it, depends on the material properties,
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tool geometry, and cutting conditions.

Based on the observation from Trent [Tr 91], when cutting at high speed,
the just-formed chip tends to stick to the tool rake face. On the tool flank face,
the workpiece material underneath the tool edge is tracked by the tool edge as
the tool moves across the newly formed surface. A three dimensional view of a
single-point cutting process is schematically shown in Fig. 4.3 where a very hard
cutting tool with a nose radius (R) moves into a crescent shaped uncut chip
cross section (determined by the tool geometry and cutting parameter settings)
of the workpiece material. The material just in front of the cutting tool edge
experiences a large compressive stress and, therefore, is pushed back with large
strain. When the cutting edge pushes further, it leads to the fracture of the work
material, and chip separates from the workpiece along the cutting edge.

It is perceived that the contact deformation of the workpiece and tool mate-
rial, both elastic and plastic, develops during machining. Because the hardness
of the workpiece material is relatively low with respect to the hardness of the tool
material, the contact deformation is mostly on the workpiece side. Depending
on the stress distributed on the contact area, plastic deformation is superior
to elastic deformation due to the high pressure exerted by the cutting tool at
certain points of the workpiece surface and its sub-layer elements. A severe work
hardening of the workpiece develops when the tool moves across the contact area
during machining. As a result, these points will sustain the tool path trajectory
with little distortion caused by the recovery of the plastic deformation. On the
other hand, those points on the surface exerted by lower cutting pressure present
elastic deformation. The recovery from the elastic deformation is more significant

at these points as the cutting tool travels along the surface. Consequently,
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Figure 4.3: Three-Dimensional Representation of a Single-Point Cutting Process
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the surface is somewhat distorted due to the elastic-plastic deformation in the
Tecovery process.

Observations of the temperature effect on the stress-strain distribution in
the tool-work and tool-chip interfaces have also been made by researchers. It
is well known that most of the heat resulting from the work done on the shear
plane to form the chip remains in the chip and is carried away with it, while
a small amount but variable percentage is conducted into the workpiece and
raises its temperature [Kr 66, Shaw 84, Tr 91]. Figure 4.4 shows that the cutting
tool has the highest temperature distribution and the workpiece has the lowest
temperature distribution under different cutting speed. On the other hand,
the temperature effect on the chip tends to be compensated by the effects
due to the strain rate increased under the same cutting condition as has been
observed by researchers [Shaw 84, Tr 91]. Actually, the temperature effect tends
to have more effect on the tool life than on the workpiece [Tr 91]. If the cutting
temperature is properly controlled during cutting process (e.g., using cutting
fluid to dissipate the heat generated during machining), it can be treated as a
non-dominant factor in the elastoplastic deformation process on the machined
workpiece material [Lin 91].

From the above investigation of the tool-workpiece interface, it becomes ap-
parent that the development of a closed form solution to explain the elastoplastic
deformation process observed on the machined surface is extremely difficult
due to the complex deformation phenomena. Therefore, numerical techniques,
such as the finite element method, may provide a good alternative for solving
such a problem. Since our purpose is to investigate the effects of elastoplastic

deformation process on the machined surfaces, this research is aimed at de-
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veloping a three-dimensional finite element model which can account for the
essential features observed in the metal cutting processes and can provide closer
approximation to the actual deformed shape of a machined surface. In the
following sections, the effects of different cutting conditions (feed rate and depth
of cut) on the deformation process are also examined by a three-dimensional

finite element model.
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Figure 4.4: A Typical Temperature Distribution in Metal Cutting
(from [Kr 66])
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4.3 Three-Dimensional Finite Element Mod-
eling

4.3.1 Major Features and Assumptions of the Model

Based on the need from the investigation mentioned in the previous Section,
a three-dimensional finite element mesh is generated as shown in Fig. 4.5. The

major features and assumptions of the generated meshes are:

Figure 4.5: Three-Dimensional Finite Element Model

1. The tool material is treated as a rigid body moving across the workpiece
material along a predefined tool path. Most of the cutting tool materials
used for machining have much higher hardness values than those of the

workpiece materials. For example, the hardness of a tungsten carbide tool
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insert is usually in the range of (1800 - 3200 BHN ) compared with that
of a low carbon steel workpiece material which is around 140 BHN. It is
reasonable to make such an assumption (tool is a rigid body) that the
computer resource can be reserved for other features without sacrificing

the accuracy of calculation.

. In Fig. 4.5, there are 885 isoparametric, eight-node three-dimensional brick
type of elements in the workpiece material model and 30 extra elements
for simulating the rigid tool insert. The size of the element is based
on a criterion such that the aspect ratio (e.g., the ratio of the larger
dimension, say in the X direction, to the smaller dimension, say in the ¥
direction, of an element) of each element should not exceed a fixed upper
limit [MARC 91]. Among the 885 elements, the interested area is near
the tool path as shown in the middle part of the model. Therefore, finer
meshes are necessary in this area to take the surface deformation during

cutting into account.

. Except the surface on top of the workpiece model, the nodes on the bound-
ing surfaces of the workpiece are constrained in all the six degrees of
freedom. This can be viewed as if a chunk of the workpiece, on which
the tool is passing by, is eztracted from its surrounding material. It is
a common practice to assume that the boundaries of this chunk, remote
from the tool-work interface, can be treated as deformation free when the
material is being cut [ZiGo 74]. As shown in Fig. 4.5, the size of this
chunk, depending on the geometry and size of the tool-work contact area,

is chosen to be 4.69mm in the X direction, 2.48 mm in the Y direction,
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and 4.00 mm in the Z direction, which can account for the cases applied

in this study.

. Adhesion occurred on tool-chip interface is assumed for the analysis. As
mentioned earlier that the most important conclusion from the observation
of the tool-work contact area is that the tool-chip interface may be under
adhesion condition instead of friction if high cutting speed is used. This
assumption yields that when the cutting tool moves across the workpiece,
the contact between the tool and material is dominated by the normal
force exerted on the interface of the tool and chip. This condition can
be simulated by a special contact option under the finite element solution

phase as will be discussed later.

. As discussed in Section 4.2, the temperature effect can be excluded from
this analysis since most of the concern is related to its effect on cutting tool
life rather than on the workpiece material [Tr 91]. By disregarding the tem-
perature effect, it alleviates the needs to a) find out the relation between the
temperature variation and the stress-strain curve for different materials,
and b) build a temperature distribution model in the cutting zone, a
tedious and, in most of the cases, an inaccurate or even contradictory
estimation, for the analysis under the desired cutting conditions [Kr 66,

Shaw 84).

. The tool wear and built-up edge are assumed to be insignificant under
the cutting conditions applied in this analysis. For example, if the time
period for cutting is restricted to be less than a fraction of a minute, the

tool wear will become insignificant [Shaw 84, Tr 91]. On the other hand,
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if the cutting speed is set high enough, the size of the built-up edge will
actually become small and even diminished during machining [Sa 63]. As
a justification for these assumptions, the machining tests performed in this

work were confined to obey these phenomena.

4.3.2 Modeling of Elastoplastic Deformation in the Cut-
ting Zone

If the effect of plastic flow on the cutting process is to be considered, the
material property of the workpiece should include the information beyond the
elastic region which is also necessary for the nonlinear stress-strain finite element
analysis. The workpiece materials being used in this study are AISI 1020 steel
and 6061-T6 aluminum alloy. Based on the available test data [Alloy 75, Boy 87],
the true stress-strain relation of an AISI 1020 steel as well as the modulus of
elasticity and the Poisson’s ratio are given. The numerical data of the stress-
strain relation of AISI 1020 steel in the plastic region is listed in Table 4.1. Similar

information for 6061-T6 aluminum alloy is also available [Alloy 75, Ha 84].

Table 4.1: Equivalent Plastic Stress-Strain Relation of AISI 1020 Carbon Steel

Equivalent Stress

Plastic Strain | (GPa)
0 248.7
0.0049 257.6
0.0083 272.6
0.0132 296.5
0.0183 323.5
0.0283 359.5
0.0383 389.4
0.0483 415.6
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Since the problem defined in this research involves the large strain analysis of
elastoplastic deformation, the constitutive laws have to be carefully determined.
An updated Lagrangian type formulation is chosen for this analysis since it is
more suitable for solving this type of problems [CaSt 88]. In this formulation,
the total strain rate for an elastic-plastic material is separated into an elastic
and a plastic part:

€ = € + €. (4.1)

The above equation can be further manipulated, as those presented by Hutchin-
son [Hu 73] and Wang, et al.[WaBu 78], to account for the presence of three
major nonlinearities in the problem, i.e., geometric nonlinearities (large bending
effects), material nonlinearities, as present in the usual constitutive equations,
and constitutive nonlinearities (large strain effects). If the large deformations
are incompressible in the plastic region, which is usually the case for metal
plasticity, the constitutive equation can be modified from an non-symmetric
one to a symmetric one [Na. 81]. The solution for the rate equations can be
transformed into incremental equations which could be solved through most of
the numerical methods, such as the Newton-Raphson iteration, quasi-Newton
iteration, conjugate gradient method, etc. However, the disadvantage of such a
process to obtain a solution is the limited increment size due to accuracy and
stability requirements. In other words, the computational time will become a
burden due to the small increments of each iteration cycle.

From the investigation of the tool-work contact interaction, it is true that the
plastic strain developed in the workpiece during machining is determined by the

advancement of the cutting tool. When the tool moves along the tool path, it
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forces the undeformed chip to deform. When the plastic strain in the workpiece
reaches a critical point, chip separates from the workpiece, and it must involve
the fracture at the vicinity around the tool tip [Ox 89]. As a result, the chip
and workpiece should be handled separately as this occuring. A special option
called tying condition which ties the nodes on the undeformed chip and those
on the workpiece material is applied for this purpose. Initially, the nodes on
the interface of the undeformed chip and workpiece are constrained together in
all the degrees of freedom. When a certain separation condition is reached, the
constraints just in front of the tool tip are released to allow the nodes on the chip
side to separate from those on the workpiece side. On the other hand, when the
just formed chip is adhercd to the rake face of the tool, a new tying condition is
applied on the tool-chip interface until the strain in the chip is beyond a certain
limit, and the tying condition on the tool-chip interface is then released. The
tool is then moved along the path with a small stepsize which is chosen to be
one hundredth of the size of an element to insure the stability and accuracy of
the solution.

How does one determine when the chip should separate from the workpiece,
and when the chip should separate from the tool? Basically, there are two
criteria to apply: the distance tolerance criterion [UsSh 82, Ko. 91], and the
critical plastic strain criterion [CaSt 88]. The distance tolerance depends on the
size of the element and has to be small enough such that the gap in front of
the tool tip and the error on the steady-state response in the calculation are
minimum. However, it is difficult to determine a suitable magnitude of the
distance tolerance to satisfy the accuracy and stability requirements. In this

study, the critical plastic strain criterion is, therefore, used. Based on the stress-
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strain relation of the material, if the equivalent plastic strain (e.) is beyond
a certain value (e.g., 0.12 for AISI 1020 steel and 0.32 for 6061-T6 aluminum
alloy), the material will be fractured [Boy 87]. This critical plastic strain is fixed

throughout the study as the criterion to determine the chip separation condition.

4.3.3 Finite Element Solution Phase

A commercially available finite element program is used to perform the
solution part of this study [MARC 91]. The program allows contact between
solid bodies such as the tool-work interface in this study. The contact option
that governs the contact interface prevents penetration of one body into the
other as well as sliding wifh separation when the tool is in contact with the
workpiece. The updated Lagrange formulation, as mentioned in Section 4.3.2, is
also integrated as an option of the plasticity algorithms in this finite element
program. The solution phase of the finite element program can be briefly
divided into two steps; i.e., 1) the integration of the rate equations to the
nonlinear incremental equations, and 2) the solution of the nonlinear incremental
equations where a maximum number of 15 iterations are allowed to meet a given
convergence criterion as described below.

To guarantee the convergence, the nodal force equilibrium criterion is used in
this analysis. A prescribed nodal force tolerance (F;y) should be a small fraction
of the expected force in the solution phase. A value of 10 N is chosen as the
tolerance since it is less than 0.5% of the mean values of the force generated
in the solution phase. If the con;rergence (or the stability) of each increment is
satisfied, the tool, which is treated as a rigid body in this study, is then advanced

along the cutting direction by an amount equivalent to a preset increment size
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(AZ) for the next computation cycle. The optimal increment size is determined
by preliminary simulations of choosing different quantities between 0.01 and 0.9
times the size in the cutting direction of an element (0.2 mm in this study). It
is found that when AZ is below 0.01 times the element size (or 0.002 mm), the
stability and accuracy of the solution are well controlled (i.e., no undesirable
interrupts) during the calculation. Based on the preliminary simulations, the
increment size is fixed at 0.002 mm in this study.

The solution phase is stopped when the number of increments reaches a
preset number. The stress/strain fields calculated from each increment can be
restored as the initial conditions for further analysis if necessary. This provides
the flexibility for debugging the calculation in the middle of the analysis since
the result from each increment can be checked for accuracy before the next one is
proceeded. It is also convenient to use the restart data file for further calculation
if some problems interrupted the previous run in the middle of calculation. The
special features and parameters used in this three-dimensional finite element

analysis are summarized in Table 4.2.

Table 4.2: Special Features and Parameters Used in the Analysis

Special Features | Updated Lagrange Formulation, Tying Conditions,
Contact Options.

F.E.M. Parameters | F;;=10 N, AZ=0.002 mm.,
€ = 0.32 for 6061-T6 aluminum alloy,
€r = 0.12 for AISI 1020 steel

Cutting Conditions | Feed Rate = 0.05 through 0.38 mm/rev.,
Depth of Cut=0.13 through 0.25 mm.

Tool Settings | Tool Nose Radius=0.8 mm, Rake Angle=5°,
Lead Angle=—5° (for carbon steel), 45° (for aluminum).
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4.4 Description of Results from Analysis

Based on the aforementioned procedure used in the finite element analysis,
analysis results under different cutting conditions and workpiece materials are
explained in this section. The effects of cutting conditions (feed and depth
of cut as listed in Table 4.2) on the elastoplastic deformation of a machined
surface are examined. Different cutting conditions for each of carbon steel and
aluminum materials are applied. From the analysis, results such as deformed
meshes, equivalent plastic strain () and equivalent von Mises stress (ay7) are
obtained. Then a specific surface quality index, i.e., average slope of surface
profile (dg), is evaluated from the deflections of nodal points on the deformed
surface, and dgq is used as a performance index for comparison.

Figure 4.6 shows the deformed shapes of steel being cut under one cutting
condition (as indicafed in the figure) at different load steps near the cutting
zone. In this figure, as well as in the subsequent figures with deformed shapes,
the deflections are not exaggerated. In other words, the actually calculated
deflections of the chip and workpiece are represented. It is also noticed that the
figure only displays a portion of the original finite element meshes since we are
interested in the region near the cutting zone in the material being cut. To have
a better view of the cutting zone, five clip planes (four sides and the bottom
one) are applied to the model to cut out a portion of the finite element model
from Fig. 4.5. The cutting tool is also excluded from Fig. 4.6 to give a clearer
view of the cutting zone.

As can be seen in Figs. 4.6a to 4.6d, the deformed shapes yield a qualitative

assessment of the expected physical behavior in metal cutting. For example, it
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Figure 4.6: Deformed Shapes of Steel at Different Load Step
(Cutting Condition: feed = 0.10 mm, depth of cut = 0.25 mm)
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can be seen from the time history as shown in Figs. 4.6a to 4.6d that the chip
is traveling up toward the tool rake face and the shearing process is developing
progressively near the tool-work interface region (e.g., the separation of the just-
formed chip from the machined surface).

Iso-strain contours of the equivalent plastic strain (¢£?), corresponding to the
deformed shapes under different load steps are displayed in Figs. 4.7a to 4.7 d
as well. Figure 4.7a is the total picture of the equivalent strain on the model
under load step 30 which gives a picture of the range of plastic strain distributed
in the material. This information also gives a quantitative assessment of the
development of plastic strain as the tool advancing forward. Similarly, iso-stress
contours 6f the equivalent von Mises stress (o;7) corresponding to the deformed
shapes under different load steps are displayed in Figs. 4.8a to 4.8 d.

By finding the resultant reaction forces from the nodal points on the tool-
work interface, the steady-state cutting forces in the tangential (z) and feed (z)
directions can be estimated from the analysis. Moreover, from the deformed
shapes, the deflections of each node on the machined surface can be calculated
~and compared with those deduced from the turning tests of AISI 1020 carbon
steel and 6061-T6 aluminum alloy cut under the same cutting conditions as
described in this finite element analysis.

Figure 4.9a displays a close-up view of a plastically deflected cross section
from the machined surface of the AISI 1020 steel along the feed direction.
Figure 4.9b shows the surface profile taken from the machined surface of the
6061-T6 aluminum alloy. In the same Figure, the surface profiles taken from the
results of finite element analysis for both steel and aluminum alloy material under

the same cutting conditions are also shown. The thinner lines represent the ideal
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machined surface profile, which is just a duplicate of the cutting tool geometry,
if no elastoplastic deformation and tool vibration is occurred on the machined
surface. Comparisons between the deformed surface profiles from experimental

results and finite element analysis will be discussed in the next section.

4.5 Experimental Verification and Discussion

of Results

4.5.1 Experimental Work

A turning operation of machining an AISI 1020 steel bar and 6061-T6 alu-
minum alloy bar with diameter of 76 mm (3 in) and length of 102 mm (4 in)
was performed to verify the developed finite element model for elastoplastic
deformation observed on machined surfaces. The experimental procedure is
similar to what was discussed in Section 3.5.1. The machine tool used is a
CNC lathe, and the tool inserts are tungsten carbide inserts.

It 1s important, however, that the tool vibration, tool wear and built-up
edges, which can alter the machined surface significantly, should be carefully
controlled to their minimum levels such that the surface finish due to elastoplastic
deformation process during machining tests can be identified and compared with
those from the finite element analysis.

As mentioned in Section 2.3.2, the effect due to built-up edges can be reduced
by high cutting speed. In this study, we choose the spindle speed in the range
between 1500 to 1900 rpm (360 - 450 surface meter per minute) which is high

enough for preventing the built-up edges from occurring on both the steel and
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aluminum alloy [Shaw 84]. On the other hand, the effect on surface finish due to
tool wear can be prevented if each test performed lasts for a very limited time
duration. In this study, each cutting test only cuts less than ten seconds and
new tool insert is used for each material type.

As for the effect due to tool vibration, it is obvious that the length to diameter
ratio of the workpiece (4/3 = 1.33) in this test can provide a very high stiffness
between the workpiece and tool during machining. As a result, the vibration
during cutting can be reduced significantly compared with those have higher
length to diameter ratios. However, the random tool vibration due to material
properties as discussed in Chapter 3 can never be suppressed in the cutting tests.

To solve this problem, we use a specific surface index, called root mean
squared slope or average slope (dg defined in Section 2.2), which is least sen-
sitive to the tool vibration and most sensitive to the effect of elastoplastic
deformation on machined surfaces, to characterize the average slopes of surface
profiles [Sa 63, Wh. 74]. Usually, the surface quality indices such as the surface
roughness average, root mean squared value and peak-to-valley value, are used
for characterizing an engineering surface. These indices are directly related to
the tool vibration. In other words, the stronger the tool vibratory motion during
machining, the rougher the surface finish and higher the values of these indices
will be. Therefore, dgq will be used as the surface quality index for comparing the

results from turning tests and finite element analysis in the following sections.
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4.5.2 Effects of Feed Rate, Depth of Cut and Workpiece
Material
Feed Rate Effect

Four different feed rates (0.05, 0.1, 0.25 and 0.38 mm/rev) are used in the
machining tests. Same cutting conditions (depth of cut is fixed at 0.22 mm/rev
and spindle speed is 1500 rpm) are then applied to the finite element model and
analyzed for each feed rate.

Similar to Figure 4.9, the deformed profiles along the feed direction taken
from the cutting zone of the finite element model under different feed rates can
be evaluated. Moreover, the deflections in the z and y directions of each node
are also available from the results of finite element analysis.' Based on these
deflections, the new coordinates of the nodes on the deformed surface profile
and, thus, the average slope of the deformed surface profile can be calculated.

The average slopes of surface profiles (dg) evaluated from the finite element
analyses under four feed rates are then compared with those obtained from
machining tests. The d¢’s of both the ideal and deformed surface profiles are
calculated based on Eq. 2.3 and plotted against the d¢’s measured from the ma-
chined surfaces as shown in Fig. 4.10a for AISI 1020 carbon steel and Fig. 4.10b
for 6061-T6 aluminum alloy.

The figure shows that the ideal dg linearly increases with the feed rate. It
also shows that the d¢’s measured from machined surfaces possess a similar
trend as the feed rate increases. However, there is a big gap in the actual values
between the measured and ideal ones. The cause of this gap is mainly from

the elastoplastic deformation process occurred on the machined surface during
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cutting. As shown in the same figure, the estimated dg’s from the finite element
analyses well match with those measured ones. This indicates that the validity

of the finite element analysis applied in this study is very promising.

Depth of Cut Effect

Comparisons are also made for four different depth of cuts (0.13, 0.15, 0.20
and 0.25 mm). Turning tests are carried out under the four depth of cuts. Same
cutting conditions (feed rate is fixed at 0.1 mm/rev and spindle speed is 1900
rpm) are applied to the finite element model and analyzed for each depth of cut.
Similar to what was discussed for feed rate effect, the average slopes of surface
profiles (dq) under four depth of cuts can be evaluated from the results of the
finite element analyses. Figure 4.11 shows the ideal average slopes (a constant),
the measured average slopes, and the estimated average slopes from the finite
element analyses under four depth of cuts for both AISI 1020 carbon steel and
6061-T6 aluminum alloy.

This figure shows that when the depth of cut increases, the average slopes of
machined surface profiles reduce, which is opposite to what was observed from
the effect of varying the feed rate. This can be explained by the fact that when
the depth of cut increases, the cutting force increases more dramatically than
that of the increase due to the feed rate change. As a result, the stress and
strain distributed on the tool-work interface tend to be so high that most of the
material particles under it will sustain the plastical deformation and make the
machined surface profile closer to the tool geometrical shape (or the ideal surface
profile).

Again, the estimated dg’s from the results of finite element analyses match
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well with the measured ones as can be seen in the figure. This suggests that the
finite element model as well as the analysis approach in this study is necessary
to predict the elastoplastic deformation and recovery processes in metal cutting.
The predicted average slopes, d¢’s, are important for the tribological performance

of mating parts with relative motions such as bearings, shafts, cylinder bores,

brakes, etc... [StDa 84].

Effect of Workpiece Material

As can be seen from Figs. 4.10 and 4.11, the average slopes of machined
surface profiles from both the carbon steel and aluminum alloy are higher than
those from the ideal surface profiles. From the same figures, it is also evident that
the average slopes of machined surfaces from carbon steel are always higher than
those from aluminum alloy. For example, the difference between the measured
dg’s on steel and those from ideal surface profiles is about five degrees. The
difference between those from aluminum alloy and ideal surface profiles is only
about one degree.

It can be explained by the properties of different materials. Suppose material
A (e.g., carbon steel) possesses higher yield strength and Young’s modulus (F)
than those of material B (e.g., aluminum alloy) as shown in Fig. 4.12. When
the stress exerted by cutting'tool in material A reaches the plastic region and
is released after the tool moving away, the remaining strain (permanent set)
on the machined surface is de,. If the material being cut is material B, the
remaining strain on the machined surface will become dey, which is larger than
de,. This suggests that the elements in material A recovers more from the

plastically deformed state than those from material B. As a result, the machined
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surface profiles of material A will sustain less geometric shape of the cutting
tool. This can also be verified by looking at the profiles in Fig. 4.9a in which
the spring-back of the profile is more prominent than that in Fig. 4.9b. From
the observation, it can be asserted that the elastoplastic deformation process is
more prominent on higher strength materials such as carbon steel than that of
lower strength materials such as aluminum alloy.

4

Stress

>

de . dgb Strain

Figure 4.12: Example of Elastoplastic Deformation and Recovery Processes

4.5.3 Development of a Surface Texture Modification
Model

As mentioned in the beginning of this Chapter, the results from this finite
element analysis can be applied as a surface texture modification model to
enhance the accuracy of the prediction on machined surface quality. However,

the need for this modification depends on the material being cut as discussed
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in the previous section. If the material is low in strength (or soft), such as the
aluminum alloy used in this study or brass, the surface texture variation due to
the elastoplastic deformation process can be neglected.

To develop such a surface texture modification model, the idea is to use the
deflections of surface profiles calculated from the results of the finite element
analyses for different cutting conditions. For example, given different cutting
parameter settings, but with a same cutting tool with no tool wear and built-up
edges (if high cutting speed is used), one can use the finite element models in
this study to find the elastically-plastically deformed points along the cutting
edge. The estimated deflections on these points can be presented as functions
of the cutting parameters (feed rate and depth of cut). As demonstrated in the
previous sections, the variation of dg’s can be linearly related to the feed rate
change or the depth of cut change. Similarly, the functional relations between
the deflections on each nodal points along the cutting tool edge and the cutting
parameters can be found.

One such example is shown in Fig. 4.13. The measured surface profile is
taken from a machined AISI 1020 steel bar under the same cutting condition as
those in Fig. 4.9. The simulated profile is from a computer-aided surface texture
simulator, which is discussed in the next chapter. The modified profile is based
on the results from the finite element analysis discussed in this chapter. By
comparing the three dg values, the measured one (6.5°) and the modified one
(6.9°) are very close to each other, while the simulated one (2.7°) is far below
the measured one. This example. shows that the improvement on dq prediction
after the surface texture modification is about 65%. Other cutting conditions

are also examined after the modification, and the average improvement on the
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dq prediction is more than 50%. This gives a strong indication that the finite
element analysis is a very promising tool for enhancing the accuracy of the com-
puter simulator which can never predict the effect of elastoplastic deformation

observed on the machined surfaces.
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Figure 4.13: dg¢’s from the Measured, Simulated, and Modified Surface Profiles
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4.6 Summary

In this study, an updated Lagrange approach based on a three-dimensional
finite element model is used for analyzing the elastoplastic deformation processes
observed on machined surfaces. The emphasis is on simulating a single-point
cutting process, in particular, on the modeling approach and the effects of cutting
parameters (feed rate, depth of cut, and material property) on the elastoplastic
deformation process associated with machining.

The obtained results are in reasonable quantitative agreement with the exper-
imental results when the average slopes of surface profiles (dg’s) are compared.
It has been shown that the d¢’s have linear relations with the feed rate as well
as the depth of cut (with opposite trends). On the other hand, soft materials
(such as aluminum alloy or brass) tend to have less effect of plastic recovery on
machined surfaces; thus, the average slopes are smaller and closer to the ideal
ones as opposed to the hard materials (such as carbon steel). This phenomenon
is also observed from the results of finite element analysis. This enlightens the
necessity of applying the results from the finite element analysis as a surface
texture modification model. This modification can enhance the accuracy of a
surface texture simulator by 50% on predicting the average slopes of machined
steel, an important index for tribological performance of mating parts.

The developed finite element model can be extended to account for more
complex metal cutting behavior, such as frictions between tool-work or tool-
chip interface under low cutting speed, effect of built-up edges or tool wear
phenomenon. It could also be applied to the study of machining of non-metallic

materials such as advanced ceramics.
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Chapter 5

Development of a Computer-Based

Surface Topography Simulator

5.1 Introduction

The surface characteristics of machined parts have been recognized as impor-
tant factors of the quality control in production. Consistent fine finish surfaces
not only provide customer satisfaction but also assure the functionality and
reliability of the product.

Traditional manufacturing techniques have often been based on a one-person,
one-process, one-machine system. The same operator not only generates a
specific part but is also responsible for the control of the process. This includes
the required changes to the process as caused by tool wear, machine conditions
and material composition. The operator is also required to be responsive to
changes in dimension and tolerance dictated by a design engineer.

Problems may arise when a part (or design changes) is designed by a design

engineer. For example, what is the tolerance he/she could use such that a) it
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is tight enough to guarantee the part is functional, and b) the part is manufac-
turable? Asfor a production engineer (or machine tool operator), he/she may ask
what machining parameters should be chosen such that a) the dimensional and
tolerance requirement can be achieved, and b) the surface quality is optimum.
All of these problems become serious as the demand for a shortened product cycle
time, reduced waste, and a consistent, high level of quality has increased in recent
years to keep pace with the marketplace competition. It also has become more
evident when new advances in machining processes, such as untended cell type
machine centers, are introduced to the manufacturing industry or new advanced
materials (such as advanced ceramics) are to be used.

How does one design and make a product in such a complex, automated
environment? People from both parties may agree on one thing; i.e., they need a
reliable tool that can provide the information for assessing the process capability
and finish quality even before the part is designed. Hence, there is a pressing need
to develop such a system for both design engineers and production engineers.

The main topic discussed in this chapter is the design of a computer software
package which can serve as a tool for assessing the process capability and surface
quality of machining processes. By integrating material science, machining
science and metrology science, a framework which provides a systematic ap-
proach to simulate the surface irregularity formed during machining is proposed.
The framework combines a) the analytical work discussed in previous chapters
which includes the stochastic modeling of random excitation source (material
nonhomogeneity) and the elastoplastic deformation process observed on ma-
chined surfaces, and b) the results from machining different materials which

provide necessary information of parameters used in the software. The validity
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of this computer-aided surface topography simulator is verified by comparing the

predicted surface quality indices from the simulator and those from experimental

tests.

5.2

Basic Methodology

5.2.1 Framework Structure

The framework structure of the surface topography simulator, as closely

related to the analytical work presented in Chapters 3 and 4, is listed below:

1.

Study the microstructure of workpiece material to be machined. This
will provide a quantitative estimation of the variation levels of the basic
material properties relevant to machining (such as microhardness). As
presented in Chapter 3, the stochastic model (Markov chain model) can be
applied to characterize the microhardness variation pattern along a specific

direction in the workpiece material.

Find a mapping function between the microhardness variation information
and the tool vibratory motion in the machining process. This requires a
mathematical model which can link the material variability as a random
excitation source to the machine tool structural dynamics [Zh 86]. As a
result, the tool tip’s dynamic response (both deterministic and stochastic)
can be evaluated for the machining of a specific type of workpiece material

under different cutting conditions.

Generate the surface topography through the dynamic response of the

cutting tool. Based on the evaluated tool tip positions, tool geometry,
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and cutting parameter settings, the machined surface topography can be
formed as a concatenation of each tool profile segment according to the
time sequence. This simulated surface topography persists a portion of

the irregularities observed on a real machined surface.

. Analyze the elastoplastic deformation and recovery processes observed on
machined surfaces. Through this analysis, a systematic approach to esti-
mate the non-linearly deformed elements on the machined workpiece under
different cutting conditions can be made. This information is especially
important for higher strength materials as asserted in Chapter 4. The
estimated elastoplastic deformation on machined surfaces under different
cutting conditions and different materials are then stored as a database.
This database provides the information for modifying the predicted surface
topography from 3. The simulated surface profiles are then modified based

on the said database.

. Characterize the simulated surface quality. Here we calculate the charac-
teristic indices of the simulated surface; e.g., R,, R,, R, and dq. Further-
more, the dimensional quality indices such as the roundness, straightness,
and cylindricity of the machined part can also be calculated based on the

simulated surface topography and statistical methods [ZhHw 90b].

Based on the above framework structure, a block diagram consisting of six

modules is shown in Fig. 5.1 to depict the framework structure, and a computer-

based surface texture simulator which synthesizes the factors contributing to the

generation of surface texture during machining is developed. This simulator, if

combined with its generated data base, can serve as a unique resource as a tool
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for assessing process capability and assuring surface quality.

Data Input Module
Machining Material
Parameter i Property
Specification Specification
Y Y
Tool Vibratory Random
Motion el — Excitation
Evaluation Modelling
| J
— Elastic-Plastic
Deformation
Database and Recovery
— — Modelling
| Surface Texture
Formation
Surface Quality
Characterization

Figure 5.1: Framework Structure of the Simulator

5.2.2 Development of the Simulator

Each module in Fig. 5.1 is explained in this section.

Data Input Module

Based on the framework structure, information, such as the cutting pa-

rameters (feed, depth of cut, cutting speed), tool geometry specifications (tool

93



nose radius, rake angle, lead angle), machine tool dynamic system parameters
(equivalent damping, mass, stiffness), workpiece material related parameters
(microstructures, unit cutting force), and product dimensional specifications
(e.g., initial diameter and cutting length of a bar as in turning), is necessary

for the simulator. Table 5.1 lists the parameters required by the simulator.

Table 5.1: List of Required (Major) Inputs for the Computer-Based Simulator

Description Units Default Ranges
Machining Parameters:

Feed (f) mm/rev 0~1.0
Depth of Cut (dcut) mm 0~ 1.5
Spindle Speed (mrpm) rpm 100 ~ 3500
Tool Geometry:

Tool Nose Radius (¢, or R) mm 0~10.0
Rake Angle (o) degrees —10.0° ~ 10.0°
Lead Angle (C,) degrees —10.0° ~ 75.0°
Machine Tool Dynamic Model:

Equivalent Mass (M) kg 0.05 ~ 10.0
Equivalent Damping Coeflicient (¢) none 0~0.1
Equivalent Primary Stiffness 1 (K7) N/m | in the order of 107
Equivalent Primary Stiffness 2 (K;) N/m | in the order of 107
Workpiece Material Related Parameters:

Unit Cutting Force (K,) N/m? from [Kr 66]
Hardness Index (hindez) none from [Kr 66]
Diameter of a Feature (diam) mm 100.0 ~ 400.0

Some of the parameters needed for the simulator which are not listed in the
table are derived from the input data. For example, the calculation of overlap-
ping factors (p, for regenerative feedback loop [Zh 86]) is based on the cutting
tool geometry and cutting parameter settings (feed, depth of cut). Computer

subroutines are developed for such special calculations.
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Random Excitation Modeling Module

This module applies the stochastic approach mentioned in Chapter 3 to
quantitatively characterize the microhardness variation through a Markov chain
model if a specific trend of microstructural distribution exists. If such a trend
does not exist, a sample variance model [ZhKa 90] is applied instead of the
Markov chain model.

Based on the idea discussed in Chapter 3, steps for the Markov chain mod-

eling of the microhardness distribution can be outlined as follows:

1. Input the cutting parameters (feed, depth of cut, and speed) and binary
image file(s) (a matrix of 0’s and 1’s) of the workpiece material taken from

its samples (see Appendix B). Set the number of states, N.

2. Divide the image data (a matrix of 0’s and 1’s) into subdivisions based on

the cutting parameter settings. Calculate the following parameters:

(a) state ratio, ryy, of each subdivision based on Eq. 3.8,

(b) statistics of possible group distributions (ug;, o4, and p,;) if they

appeared to be statistically different from each other, and

(c) state boundaries of each group distribution.

3. Estimate the probability transition matrix, [p], based on the state ratio

(r#1) of each subdivision and those equations discussed in Chapter 3.

4. Assign the group distributions to each cutting cycle based on the proba-

bility of each group distribution (py,).
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10.

Assign random hardness values for each of the sample blocks in the first cut-
ting cycle according to the mean and standard deviation of the associated

group distribution.

Determine the corresponding state of each sample block in the first cycle
by checking its assigned microhardness value against the state boundaries

in this cutting cycle.

Assign the state of each sample block in the next cutting cycle along the
direction of microstructural distribution (it’s in the feed direction under

turning process) by applying the transition probabilities ([p] matrix).

Determine the microhardness value of each sample block in this cutting
cycle based on its assigned state which is governed by the group distribution
in this cycle. Care should be taken such that the microhardness values
determined in this cutting cycle should have the same (or close to the)
mean value and standard deviation as those of the group distribution in

this cycle.
Repeat steps 7 and 8 until the required cutting cycles are reached.

Store the microhardness values in all the sample blocks of the workpiece
material to be machined as a matrix data file. This file will be used as the
random excitation source to evaluate the dynamic response of the cufting

tool which is discussed next.
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Tool Vibration Evaluation Module

In this module, the tool deterministic motion as well as the random motion
will be evaluated. The random excitation source stored as a matrix of micro-
hardness values are read as the input to the tool structural dynamic system. The
interaction between the cutting dynamics (or the cutting force generated during

machining) and microhardness variation can be linked by a nonlinear relation

F=K,A, [é
7

hindex
] (5.1)

where K, is the unit cutting force, A, is the cutting area (a product of feed and
depth of cut), p; is the averaged microhardness value of a sample block under
cutting, 7 is the mean hardness value of the workpiece material, and the exponent
hindex presents the nonlinear relation between the instantaneous cutting force
(F) and the ratio u;/f. The details about cutting dynamics in machining can
be found in Appendix C [ZhKa 90, ZhHw 90a)).

On the other hand, a two-degree of freedom, lumped mass-spring-damper
mechanistic model as depicted in Fig. 5.2a is used to simulate the machine tool
structure [El. 83, Ni 85, Zh 86]. The well known Merritt block diagram as shown
in Fig. 5.2b explicitly illustrates the interaction between the cutting mechanism
and the structural dynamics of the machine tool. The input to the cutting
mechanism consists of the chip load and the output is the cutting force. In the
/mean time, the cutting force serves as the input to the structural dynamics of the
machine tool for which the tool vibratory motion is the output. This vibratory
motion in turn changes the chip load through the primary and regenerative

feedback paths. A symbol of three group distributions in Fig. 5.2b represents
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98



the random excitation source to the cutting force evaluation through the cutting

dynamics in microscale.

Surface Topography Formation Module

The mechanism to form the surface texture during machining is to trace
how the tool removes the material from the workpiece instantaneously. The
evaluation of the tool vibratory motion provides an instant deviation of the
tool motion away from its ideal, or undisturbed, tool path determined by the
tool kinematic motion during machining. This makes it possible to identify the
relative position between the workpiece and the tool at a given location on the
machined surface. Regarding the turning operation, the surface texture formed
during machining should be examined along both the circumferential and the
axial directions of the workpiece.

Figure 5.3 presents an intuitive view to explain how the surface texture is
formed on the workpiece circumference. The three points marked as A, B, and
C represent the three cutting locations on the cutting edge of the tool. From the
viewpoint of kinematics, points A, B, and C have an identical path trajectory,
which is the tool vibratory motion about the ideal tool path indicated by the
dashed straight line shown in Fig. 5.3.

Consequently, the geometry of the surface texture formed on the circumfer-
ence at a given instant should be a copy of the outline of the tool at a specific
location. The surface texture along the axial direction of the workpiece, or the
surface profile, is formed by a series of adjacent outlines of the cutting tool, as
shown in Fig. 5.4. A pair of two neighboring tool outlines represents two specific

tool positions during machining, which are separated by a time interval equal
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Figure 5.3: Intuitive View of Surface Texture Formed during Machining
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to the time needed for one revolution of the workpiece during machining. As
a result, the surface texture formed during machining can be visualized as a
dynamic process, in which the outlines of the cutting tool are concatenated on
the workpiece circumference, and at the same time, each outline of the cutting
tool links to that of the previous revolution, so as to form a surface profile in the
axial direction. The deviation of the tool position from the ideal tool path results
in the variation of the heights of the tool outline both on the circumference and
along the axial direction of the workpiece.

To uniquely determine the surface texture formed during machining, it is
necessary to know the coordinates of each of the individual points for a given
surface profile, such as the one shown in Fig. 5.4. By examining the geometrical
constraints indicated in Fig. 5.4, the coordinates of the intersection point between
a pair of the two neighboring outlines can be calculated based on the following
two equations.

R2

T —Cx 2 + —C :
( k k) (yk y") ,for k= 1,2,...,(”[ - 1) (52)

(zh — Copyr)? + (96— Cypyy)? = R?

where
Tk, y» = coordinates of the k" intersection point,
Cs,, Cy, = coordinates of the k' tool center position,
R = tool nose radius, and
ny = number of feeds (or revolutions) under consideration.

The coordinates of the other points on the surface profile can be determined
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by referring to the coordinates of the relevant intersection points. For example,
the coordinates of point D in Fig. 5.4, which is next to the intersection point
C, can be written in z; + Az and y; + Ay where Az and Ay are constrained
by Eq. 5.2 because point D is located on the circle. A surface profile can be
uniquely visualized in a two dimensional space when the coordinates of all the
points are known. Note that the two dimensions are related to the directions of

feed and depth of cut.

Center of the Outline of Cutting Tool

U

D(x, +Ax, y, +Ay)

(-) Depth of Cut (y)

Figure 5.4: Formation of Surface Profile along Feed Direction

The above method to identify the surface profile in a two-dimensional space
forms the basis for the three-dimensional surface topography generation. By con-
structing the two dimensional surface profiles formed at different time instants
during machining and by linking and ordering them in time, the framework
is capable of displaying the dynamic formation of the surface texture by the

machining process.
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Elastoplastic Deformation and Recovery Modeling Module

As mentioned in Chapter 4, a series §f analyses are needed to take different
cutting conditions and materials into consideration. The results of these analyses
are able to provide the information for modeling the surface texture deformation
and recovery process during machining.

To develop such a model, following steps are required after the finite element

analyses:

1. Extract the deformations of the nodal points on the finite element model

which forms the machined surface.

2. Apply the least square curve fitting, the relation between the deformations
of each node and different cutting conditions can be obtained as a quadratic
function. For example, Fig. 5.5 shows the deformation in the y direction
as a function of the feed rate change. A bunch of such curves can be found

under different cutting conditions for deformations of each node in both

the z and y directions.

Y- displacement

Figure 5.5: Deformation of Nodes as a Function of Feed Rate Change
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3. Store the coeflicients of each quadratic function as a database. This
database can be used as the required elastoplastic deformation and recovery

model.

4. Apply this model to modify the simulated surface from the surface texture

formation module based on the cutting conditions.

Surface Quality Characterization Module

This module calculates the quality indices of a simulated surface, such as
the R,, R,, R:, and dq as defined in Chapter 2. Furthermore, this module
applies the statistical metrological method to assess the dimensional quality
indices such as the roundness, straightness, and cylindricity from the simulated
surface topographies. Reference [ZhHw 90b] explains the methodology used for

the calculation of the geometric dimensions and tolerances.

The uniqueness of this simulator in quantifying the natural variations asso-
ciated with dimensions and geometric tolerances can help the design engineer to
properly select tolerances, effectively pushing the quality control upstream into
the design stage. This capability can further support the decision-making process
of selecting cutting parameters, such as feed, depth of cut, and cutting speed.
Such a capability meets the increasing demand in machining operation planning,
especially in NC machining, where the selection of the cutting parameters has

to be made during the programming stage.
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5.3 Computer Simulations and Experimental

Work

5.3.1 Computer Simulations

A two-level full factorial design is applied to compare the results under
different cutting conditions. Table 5.2 lists the cutting conditions used in the
computer simulations and experimental work. Other parameters used are listed

under the table.

Table 5.2: A Two-Level Full Factorial Design of Experiment

Test Depth Feed Spindle Surface
Condition | of Cut Rate Speed | Quality Indices
Number | (mm) | (mm/rev) | (rpm) | (R,.,Rq,R:i,dq)
1 0.13 0.05 1000
2 0.25 0.05 1000
3 0.13 0.2 1000
4 0.25 0.2 1000
5 0.13 0.05 1500
6 0.25 0.05 1500
7 0.13 0.2 1500
8 0.25 0.2 1500
Workpiece Material: AISI 1020 Rolled Carbon Steel Bars
Microhardness Distribution: Longitudinal Trend
Workpiece Geometry: Length x Diameter = 100 x 70 mm
Tool Geometry: Nose Radius = 0.8 mm, Rake Angle= +5°,
Lead Angle = 45°
Unit Cutting Force: 2.0 GPa
Equivalent Mass: 2.0 kg
Damping Coefficient: 0.05
Natural Frequency 1: 1260 H=
Natural Frequency 2: 1870 Hz

The simulation programs are written in FORTRAN 77 language and compiled
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under the Unix operating system. When the program is running, the user will

be prompted by a simple menu system with options similar to the following:

1. Microstructural Analysis (Random Excitation Modeling)
2. Tool Vibration Motion Evaluation

3. Surface Texture Formation and Quality Analysis

4. Help

5. Quit

Please choose a number (default = Quit):

Each option in the menu stands for the modules discussed in the previous
sections. The surface texture formation and quality analysis option will load the
output from the tool vibration motion evaluation module, visually display the
simulated surface topography on the computer screen (it is device dependent),
and calculate the simulated surface quality indices values. Figure 5.6a shows
a screen of simulated surface topography under test number 1. Surface quality
indices calculated by the simulator under the 8 cutting conditions in Table 5.2
are listed in the left half of Table 5.3. It is noted that these numbers are after
the modifications from the elastoplastic deformation model as described earlier.

Beside the surface texture and quality indices, cutting force signals can also
be simulated. Figure 5.6b shows the cutting force signals evaluated from the
simulator under test number 1. By checking the frequency spectrum of this

signal, one can verify the system parameters (natural frequencies) of the machine
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tool used in the simulation. For example, the peaks shown in the frequency
spectrum are around 1260 Hz and 1870 Hz, which are close to what we measured

in the cutting tests (see the next section).

Table 5.3: Surface Quality Indices under 8 Cutting Conditions

Test Computer Simulation Results || Measured from Machined Surfaces
Condition | R, R, R, dq R, R, R, dq
Number | (um) | (um) | (um) | (degrees) | (um) | (um) | (um) | (degrees)

1 1.09 | 1.37 | 5.52 7.32 1.16 | 1.40 | 5.70 7.90

2 1.80 | 2.05 | 6.74 6.63 1.88 | 2.10 | 7.00 6.50

3 099 | 1.14 | 4.67 5.55 1.02 | 1.20 | 4.80 5.70

4 1.86 | 2.08 | 7.11 5.94 1.90 | 2.13 | 7.20 6.00

5 1.07 | 1.22 | 5.34 6.24 1.09 | 1.30 | 5.40 6.20

6 1.87 | 2.10 | 7.32 6.99 1.91 | 2.15 | 7.40 6.90

7 0.90 | 1.19 | 5.04 6.71 098 | 1.21 | 5.10 6.80

8 1.77 | 1.97 | 7.05 6.21 1.82 | 2.04 | 7.10 6.10

5.3.2 Experimental Work

To validate the methodology used in developing the simulator for the visual-
ization of surface texture formed during machining, experiments were carried out
and the experimental results were compared with the results derived from the
developed framework. A series of turning tests using AISI 1020 steel and 6061-
T6 aluminum alloy bars are performed on a CNC lathe. The cutting parameters
are kept the same as those used in the computer simulations to compare the
results.

Microstructures of different materials are characterized as discussed in Chap-
ter 3 and Appendix B. Cutting force signals are acquired during machining tests
to provide the average cutting forces in the feed and tangential directions, which

in turn provide the information for estimating the cutting force angle () in the
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simulation. Figure 5.7 (from [Shaw 84]) shows the relation between the force

angle, rake angle, and the cutting forces (tangential and feed directions) and can

be expressed as follows:

0="7 —a —tan™ (—f> (5.3)

R = Resultant force

Rn = Force 1 to tool rake face
Rt = Force |] to tool rake face
Sn = TForce 1 to shear plane
St = Force |l to shear plane
Ff = Feed Force

Ft =Tangential Force

Figure 5.7: Composite Cutting Force Circle

Natural frequencies can also be estimated from the acquired signals through
the spectral analysis. These information can be used to fine tune the parameters
used in the simulator. After maéhining tests, surface profiles on the machined

surfaces are also measured by the surface profilometer to get the quality indices

for comparison.
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Cutting Force Measurement

Cutting force signals are required to find the average ratio of the feed to
tangential forces. Therefore, a transducer which can measure the two cutting
forces 1s needed as shown in Fig. 5.8a. The force transducer basically consists of
three parts: strain gages, a bridge conditioning system, and a data acquisition
system. A brief description of the development of the force transducer is given

below.

1. Layout Design of Strain Gages: A Wheatstone bridge is usually applied
to measure the change in resistance when active gages are subjected to
strains. In Fig. 5.8b, one gage on the top face and another one on the
bottom face of the tool holder are mounted along the central axis of the
tool holder to measure the tangential cutting force [Da. 84]. Similarly,
two other gages are mounted on the left and right faces of the tool holder
along the central axis to measure the feed cutting force. As a result, two
half-bridge configurations are used in this force transducer to measure the
two forces. The gages used are thin-foil type strain gages with the same

gage factor, 2.115.

2. Signal Conditioning and Data Acquisition Systems: The two Wheatstone
bridges need to be first balanced before they can be used. Two strain
indicators are, therefore, connected to each of the bridges for this purpose.
The signals (or voltages) from the strain indicators are still too weak to
be picked up by data acquiéition system. Therefore, a signal amplification
circuit which consists of operational amplifiers and resistors (100 K€ and

1 KQ) is built to amplify the signals with a gain of 100. A microcomputer-
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based data acquisition system is used to a) convert analog signals to digital
signals, and b) store the signals for further analysis. Figure 5.9 shows the

connections of the whole signal conditioning and data acquisition systems.
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Figure 5.9: Signal Conditioning and Data Acquisition System

. Calibration: Before the force transducer can be used to measure the cutting
forces, a relation between the voltage readings from the data acquisition
system and the acting forces must be found. Calibration of the system is,

therefore, performed for this purpose.

As shown in Fig. 5.10a, static loads are applied (first increasing the load
then decreasing it) along the feed (X) direction first. Readings from
each bridge are recorded. .Similarly, static loads are applied along the
tangential (V') directions and readings from each bridge are also recorded.

Figure 5.10b shows the recorded data plotted against the loads in both
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X and Y directions. From the recorded data, the relation between the

voltage readings and the load is formed as follows.

AV, AV
Vz _ | A% aF Fy (5.4)
AV, AV,
|2 ar ar | | v
or
[V]=[T][F] (5.5)

where the matrix {T'] is a transformation matrix which consists of the
slopes of the four "curves” shown in Fig. 5.10b. Based on this matrix,
when the force transducer is used during machining, the readings from
the computer can be transformed into the cutting forces along feed and

tangential directions, or [F] = [T]7[V].

The actual values in the transformation matrix evaluated from Fig. 5.10b

are
0.0153 0.0001

]

(5.6)
0.0006 0.0312
. On-Line Testing and Spectrum Analysis: By using the force transducer
and data acquisition system mentioned above, cutting force signals are
measured on-line during machining. Figure 5.11 shows the measured feed
and tangential forces under test condition 1. Frequency spectra of both
force signals are also calculated through the FFT algorithm [Bri 88]. The
most significant two peaks in both frequency spectra are at frequencies
around 1260 Hz and 1870 H z, respectively. By observing spectra of other

cutting conditions, these two peaks are always there. It is, therefore,
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Figure 5.11: Cutting Force Signals Acquired during Machining

Surface Profiles Measurement

A Talysurf 6 surface profilometer was used to measure the machined surface
profiles along the feed direction. Figure 5.12 displays the equipment setup of
the profilometer at the National Institute of Standards and Technology. Surface

quality indices of each machined surface are also calculated and averaged after
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three profile measurements. The results of each machined surface are listed in

the right half of Table 5.3.

Figure 5.12: Setup of the Surface Profilometer

5.4 Discussion of Results

By comparing the results of the 8 cutting tests with the simulation results
listed in Table 5.3, it is evident that the simulator can predict the surface quality
relativeiy close to the measured indices of machined surfaces. By changing the
cutting conditions, both the surface quality predicted from the simulator and
those measured from machined surfaces change with similar trends. The system

parameters such as the natural frequencies of the tool structure used in this study

are estimated by on-line sensed cutting force signals if frequency spectra of the
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signals are analyzed. It indicates that a careful calibration to set the system
parameters of the developed simulator is necessary to ensure the accuracy of the
surface quality prediction.

At the present stage, the developed simulator serves as a prototype model
of the computer-based metrological system for industrial control and diagnostics
of the quality of machined surfaces formed during machining. It can clearly
depict how the parameters of a machining operation system affect the surface
texture formation during machining, thus resolving the problem of relating the
surface functional requirements and pertinent manufacturing parameters. For
example, through evaluating the effect of microstructures in the material to
be machined, the simulator is capable of advising the improvement of surface
texture by controlling the size, shape, and segregation of the microstructures
in the material. Therefore, the visualization of surface texture formed during
machining has linked the design of surface texture to meet the functionality in
a tribological environment to the control of the surface texture actually formed
during manufacturing,.

The development of this computer-based surface topography simulator has
made a significant contribution to the quality control of machined surfaces,
especially in an environment of automated production. For NC machining, the
simulator can be used as a simulation tool to perform an off-line optimization in
setting machining parameters during the programming stage. The availability
of the database generated through simulation makes it possible to construct a
surface profile either on the circumferential, or on the axial, direction of the
workpiece, thus characterizing the spatial relationships between profile heights

which, basically, differ with direction. As a result, the simulator could be used
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to predict the finish quality of a machined surface, instead of taking actual mea-
surements from the machined surface. This capability would facilitate assessing
the finish quality of holes with a small diameter and a large ratio of length to
diameter. Such assessments usually pose a serious technical problem on the shop
floor.

By providing information on the variation of surface profiles taken at different
locations on a machined surface, it fits the need to guide the quality inspeétion
by suggesting the number of traces to be taken on the machined surface being
inspected. By combining this simulator with sensor technology to detect the
tool vibration on-line during machining, it may become an essential tool for

performing in-process inspection.

5.5 Summary

1. The work presented in this chapter successfully demonstrates a conceptual
framework and the development of a prototype computer-based system for
the visualization of surface texture formed during machining. The topog-
raphy of a machined surface through computer visualization, confirmed by
experimental verification, vividly depicts the dynamic process of surface
texture formation during machining. The framework offers great potential

for industrial applications in controlling the finish quality.

2. The basic methodology is built through the integration of three scientific
branches, i.e., material science, machining science, and metrology science.
Considering the variability of basic material properties as a major source of

random tool motion, the tool vibratory motion is quantitatively evaluated
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in microscale. Such an evaluation bridges the gap between the control
of surface functional requirement and the control of pertinent manufac-
turing parameters. The study of the microstructure of machined surfaces
through the analysis of cutting dynamics in micro-scale represents an inno-
vative approach to establishing hardness variability as one of the standard
material properties for machining. On the other hand, the elastoplastic
deformation and recovery processes observed during machining have also
been considered in this simulator which has greatly improved the accuracy

of predicting machined surface quality (especially, the dg index).

. The computer-based prototype system for the visualization of surface tex-
ture is capable of generating the data representing a machined surface in a
three-dimensional space characterized by the three machining parameters;
i.e., depth of cut, feed, and cutting speed. The uniqueness of this data base
is that it clearly defines the spatial relationships as a whole, rather than as
a set of parallel profiles. As demonstrated in this chapter, this information
is very useful for guiding the control of finish quality on the shop floor. If
an accurate calibration of the system parameters is made, the developed
prototype system can be used as a comprehensive metrological system for
industrial control and diagnostics of surface quality. This prototype system
may also become an important component of a quality assurance system to

perform in-process inspection for the certification of the machining process.
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Chapter 6

Study of the Material Removal
Mechanisms in Machining of Advanced

Ceramics

This chapter presents a preliminary investigation of fundamentals behind
the machining of advanced engineering ceramic materials. The investigation
consists of analytical and experimental aspects. In the experimental study,
turning and milling operations were used to machine aluminum oxide (Al,O3)
and Dicor/MGC. Basic principles of preparing machining operations to achieve a
meaningful and practical machining process are suggested. A fracture-dominant
mechanism to describe the material removal process is proposed. Method to
evaluate the unit cutting force or the minimum threshold load based on the
measured cutting force is developed. The design of experimentation approach is
used to study the effects of cuttipg parameters and cutting fluids on machining
efficiency. Special attention has been paid to chemical-assisted machining to

control the impairment on the machined surface introduced during machining.
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Results from this research provide rich information on the cutting mechanisms

during the machining of ceramics.

6.1 Introduction

The need for high strength materials has led to the development of advanced
ceramics used in engineering. Advantages that ceramics have over other mate-
rials include superior heat resistance, wear and abrasion resistance, hardness,
corrosion resistance, lightness and aesthetics. As a result, strategic material
considerations and economic factors are forcing modern industries towards the
use of ceramic components. New interests, especially for structural applications,
are markedly increasing,.

Although most ceramic parts are manufactured to near net shape by pressing
and sintering processes, machining processes are desperately needed to ensure
dimensional and geometrical accuracy. However, ceramic materials are very
hard to machine. The traditional technology to machine ceramics is grinding.
As an abrasive machining operation, very small chips are produced by the
cutting edges of abrasive particles. Consequently, the grinding process removes
ceramic material with a low productivity. On the other hand, due to natural
brittleness, micro-cracking of the machined surface often leads to premature
failure of ceramic components during service. With the ever increasing number
of ceramic materials in the marketplace, there is a pressing need to improve the
traditional methods and search for new, innovative processing methods to achieve
cost reduction and quality assurance. As reported in [Ch. 86], a "laser lathe”

was developed where the dual beam principle was applied to remove ceramic
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materials in a molten form. However, the surface and sub-surface damage
induced during laser machining are the drawbacks of the technique. In abrasive
jet machining, the high pressure abrasives wash and pierce ceramic materials
away [Maz 91]. But, the availability of new equipment and economic factors
have limited its wide use on the shop floor. With the availability of making
abrasive grains consistently to high levels of performance and dimensional accu-
racy, the grinding process has maintained its popularity in machining ceramics.
Grinding wheels made of hard structural ceramic materials such as Si3Ny, SiC
and alumina (hot pressed silicon nitride ceramics) are capable of achieving high
quality of microfinishing. It was reported that the average roughness value
(R.) of the surface ground by 140 ~ 200 mesh diamond wheels was about 0.1
to 2.0 ym [Nak. 85]. However, little work has been conducted in the study
for gaining a comprehensive understanding of the mechanisms that remove the
ceramic material during machining. Especially, few technical documents report
the mechanism in turning and milling ceramic materials. Lack of such knowledge
has slowed down the development of new and innovative machining processes
that may revolutionize the machining technology of advanced ceramic materials.

This paper presents a preliminary investigation of fundamentals behind the
machining of advanced engineering ceramic materials. The experimental work
is based on a single-point turning process and a multi-edge milling process. The
workpiece materials used in this study were aluminum oxide and Dicor/MGC, a
glass-ceramic material designed for use in dental restorations [Gr 91]. The cut-
ting tools used were polycrystalline diamond compact tools for turning aluminum
oxide, and cemented tungsten carbide tools and high speed steel end mills for

milling Dicor/MGC. Cutting force measurements were taken during machining
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tests. After machining, quality of machined surfaces were assessed with respect
to surface finish and possible impairments induced during machining. A fracture-
dominant mechanism to describe the material removal process is suggested.
Method to evaluate the unit cutting force or the minimum threshold load based
on the measured cutting force is developed. A two-level experimental design
approach was employed to systematically investigate the effects of machining
parameters such as feed, depth of cut, and cutting speed on the machining
performance. Special attention was paid to the collection of evidence which can
support the suggested fracture-dominant machining mechanism. To apply these
findings, or more importantly, to develop new and innovative machining methods
based on these findings, chemical-assisted machining processes were explored to

achieve better machining performance.

6.2 Basic Methodology of Investigation

As a preliminary investigation, our objective was to gain a comprehensive
understanding of the fundamental principles in machining ceramics. Starting
from the selection of specific ceramic materials as testing materials, our research
went on to search proper tool insert materials, establish the machining setup,

and determine machining conditions for the investigation.

6.2.1 Selection of Ceramic Materials

In traditional approaches developed in machining science, representative brit-
tle and ductile metals are selected for the study of material removal mechanisms

during machining. Following these traditional approaches, aluminum oxide was
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selected to represent brittle ceramic materials being machined and Dicor/MGC,
a glass-ceramic material designed for use in dental restorations, was selected
to represent "ductile” ceramic materials being machined. The selected 99.8%
Al;O3 is a cylindrical bar with a diameter of 19.0 mmm and length of 76.2 mm.
It contains 99.8% pure a - alumina with impurities that primarily consist of
magnesium oxide which is used as a sintering aid. The material is commercially
used in applications of extreme temperature and corrosive environments. The
selected Dicor/MGC material is tetrasilicic mica glass-ceramics. The material is
produced from glasses based on the quaternary system K,0 — MgF, — MgO —
S10, with additions of Al,O3 and ZrO, [Gr 91]. This material has a unique
microstructure consisting of mica flakes of approximately 70 volume percent
dispersed in a non-porous glass matrix. It has been used for dental restorations
for its physical properties closely matching human enamel such as hardness, den-
sity, thermal conductivity, and translucency. The cleavage, or splitting along the
literal planes of mica flakes, functions as stress concentration, a situation similar
to the stress concentration around the inclusions presented in free-machining

steels, providing a mechanism for its machinability.

6.2.2 Selection of Tool Materials

It has been well known that the material properties of the cutting tool dictate
the qualification of tools which can be used in a given machining process. Of
these material properties, the hardness stands out, especially the hardness under
high temperature conditions. In (;)ur study of turning aluminum oxide, two types
of tool inserts were used. They are polycrystalline diamond compact and cubic

boron nitride (CBN) inserts. In the machining tests, the synthetic diamond
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tool inserts sustained the machining action, but the CBN tool inserts did not.
Table 6.1 provides a comparison of hardness, modulus of elasticity, flexural
strength, and fracture toughness between the two tool materials. A major
difference is the hardness. The hardness of the synthetic diamond tool inserts
is much higher than the hardness of the CBN tool inserts although the CBN
inserts possess a higher value of flexural strength than the synthetic diamond
inserts. By comparing the hardness of the synthetic diamond tool material with
the hardness of the selected aluminum oxide, a conclusion can be drawn that
a minimum ratio of the tool hardness to the hardness of the ceramic material
being machined should be, at least, kept at 5:1 or 6:1. Therefore, diamond is
most recommended because it is the hardest material known. In addition, it
possesses the largest thermal conductivity and chemical inertness which are two

important properties for being machining tool materials.

Table 6.1: Tool Insert Materials and Aluminum Oxide Comparison

Mechanical Aluminum Polycrystalline Cubic Boron
Properties Unit Oxide Diamond Compact- Nitride
Hardness GPa 11 ~12 60 ~ 90 29
Modulus of Elasticity GPua 345 725 ~ 1049 680
Flexural Strength MPa 359 500 750
Fracture Toughness =~ M Pa./m 4.0 3.4 -
Grain Size um 10 ~ 12 - -

The hardness of the Dicor/MGC is about 3.4 GPa, a value that is relatively
low if compared with the selected aluminum oxide. Consequently, the tool
materials used for machining the Dicor/MGC material were cemented tungsten
carbide and high speed steel tools because their hardness values are about 22

GPa and 18 GPa, respectively.
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6.2.3 Description of Experimental Setup

In this study, the aluminum oxide (Al;O3) bars were machined on a CNC
lathe. An instrumented tool post with attached strain gage sensors was used to
perform in-process cutting force measurements. A special cutting fluid system
was used for feeding cutting fluid into the cutting area and collecting chips
through a filtering device. Figures 6.1a and 6.1b show the experimental setup.
As illustrated in Fig. 6.1b, a PC-based computer data acquisition system was
used for recording the cutting force signal.

The Dicor/MGC specimens were cylinders with a diameter of 16.0 mm and
the length of 12 mm. These specimens were mounted on a metal base plate in
epoxy resin to form a block of material to be machined. A Matsuura MC-510
machining center was used to perform a milling operation, which is the major
fabrication technique used in dental restorations. Figures 6.2a and 6.2b show

the experimental setup.

6.3 Experimental Work

Our investigation focused on the following issues:

1. Investigate the cutting mechanisms through the evaluation of unit cutting
force and the effects of machining parameters on the evaluated unit cutting

force;
2. Determine the surface finish and its relation to machining conditions; and

3. Explore a new technology that ensures quality and provides adequate

machining efficiency.
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a. Picture of the experimental setup for machining Aluminun oxide.
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b. Schematic of the experimental setup

Figure 6.1: Experimental Setup for Turning Aluminum Oxide
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a. Picture of the experimental Setup for Milling DICOR _
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b. Schematic of the Milling operation of DICOR

Figure 6.2: Experimental Setup for Milling DICOR/MGC
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6.3.1 Cutting Force Evaluation

A factorial design approach was used for turning the aluminum oxide bars.
The approach is based on the principle of orthogonal arrays which provides an
insight into the relation between the cutting force and machining parameters.
The three parameters under investigation were feed, depth of cut, and cutting

speed. Table 6.2 is the design matrix used for turning the aluminum oxide bars.

Table 6.2: Machining Conditions Used in Turning Aluminum Oxide Bars

Test Depth Feed Spindle Performance

Condition of Cut Rate Speed Measures of Interest
Number (mm) (mm/min) (rpm) (Cutting Force or Surface Finish)

1 0.1 5 400

2 0.2 5 400

3 0.1 10 400

4 0.2 10 400

5 0.1 5 600

6 0.2 ) 600

7 0.1 10 600

8 0.2 10 600

In order to block the expérimental errors due to the variation in the tool insert
quality, a single tool insert was used to cut 16 tests, 8 tests for the distilled water
and 8 tests for water plus chemical additives. To get fair estimates, three tool
inserts were used to duplicate the 16 tests when turning the aluminum oxide bars.
Whenever a new tool insert was used, a coin was tossed to determine which of the
two sets of 8 tests should be performed first. Such a randomization unbiasedly
distributed the effect of tool wear on the machining performance among the
8 machining tests. Figure 6.3 };resents the tangential and feed cutting force
signals measured during machining. It also indicates that the average value and

standard deviation are calculated from the recorded data. The resultant cutting
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force is calculated as a vectorial sum. Table 6.3 lists the data of cutting force

measurements.
Tangential Force for Test No. 7
100
Z
8 50 Mean=59 N
;g" Standard Deviation
O 'l = 3-5 N
0 0.025 0.05
Time (sec)
10 Feed Force for Test No. 7
z
8 50 Mean = 64 N
E Standard Deviation
O 1 § J = 5.2 N
0 0.025 0.05

Time (sec)

Figure 6.3: Tangential and Feed Cutting Force Signals Acquired from the
Cutting of Al,O3 with Chemical additives

In order to explore the possibility of using cutting fluids as an efficient means
to achieve satisfactory machining performance, four types of cutting fluids were
used during the study. They are a type of traditional mineral oil, an oil-based
water soluble coolant, pure distilled water, and a mixture of distilled water and
a selected chemical additive. In this preliminary study, our finding was that
the cutting fluid with the selected chemical additive performed surprisingly well
with regard to the machining performance. The data listed in Tables 6.3a and
6.3b are the cutting force measurements from two types of cutting fluids for the
purpose of comparison. These two types are the cutting fluid of pure distilled

water and the cutting fluid with the selected chemical additive.
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Table 6.3: Data of Cutting Force Measurements

a. Cutting Fluid Type: Distilled Water

Tangential Feed Unit Surface
Test | Force (F;) | Force (Fy) | Total Force | Cutting | Roughness | Ratio of
Number (N) (N) (N) Force (pm) F,/Fy
(GPa)

1 61 69 92.1 73.7 0.90 0.88

2 71 122 141.2 56.5 0.84 0.58

3 76 73 105.4 42.2 1.00 1.04

4 79 123 146.2 29.2 1.25 0.64

5 53 72 89.4 107.7 0.89 0.74

6 80 116 140.9 82.9 0.65 0.69

7 65 70 95.5 56.2 1.04 0.93

8 102 114 153.0 46.4 1.16 0.89

b. Cutting Fluid Type: Distilled Water Plus a Chemical Additive
Tangential Feed Unit Surface
Test | Force (F;) | Force (Fy) | Total Force | Cutting | Roughness | Ratio of
Number (N) (N) (N) Force (pm) F./Fy
(GPa)

1 56 73 92.0 73.6 0.83 0.77

2 60 144 156.0 62.4 0.75 0.42

3 63 60 87.0 34.8 1.04 1.05

4 75 136 155.3 31.1 0.81 0.55

5 51 68 85.0 102.4 0.55 0.75

6 49 140 148.3 87.3 0.69 0.35

7 59 64 87.0 51.2 0.85 0.92

8 88 116 145.6 44.1 1.23 0.76
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6.3.2 Surface Finish Evaluation

After machining, surface profiles were taken from the machined surfaces.
The Surface roughness average, R,, was used as the performance index for the
finish quality evaluation. To visualize the surface topography formed during
machining, three-dimensional topographies were also constructed. Figure 6.4
depicts two surface topographies. The two surfaces were machined under identi-
cal parameter settings but with different cutting fluid conditions. As indicated,
one is with pure distilled water and the other is with distilled water and a
chemical additive. For the purpose of quantifying the finish quality, three traces
were taken from each of the two chosen areas, representing the best, median,
and worst traces regarding the roughness characteristics, that are possibly taken
from the selected area. In addition, the machined surfaces were examined using
a scanning electron microscope. Photographs were taken to gain a qualitative
information on topography of the machined surfaces in micro-scale. Figure 6.5
displays the appearances of the two machined surfaces. The geometrical shape
and size of the visible marks and the contrasts between the lightest and darkest
parts of these two pictures signify a fact that the surface conditions shown in
Fig. 6.5b are better than those in Fig. 6.5a, indicating the effectiveness of using
the selected chemical additive for improving quality of the machined surface.

Similar procedures and the factorial design approach were used in the inves-
tigation of milling Dicor/MGC materials. Table 6.4 is the design matrix and the

measured surface finish R, values.
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b. Machined Surface Using Chemical Additive

Figure 6.5: Appearances of Two Machined Aluminum Oxide Surfaces
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Table 6.4: Machining Conditions Used in Milling DICOR/MGC

a. Cutting Fluid Type: Distilled Water
Test Depth Feed Spindle Surface Roughness

Condition of Cut Rate Speed Average
Number (mm) (mm/min) (rpm) (um)
1 0.05 10 200 2.7
2 0.1 10 200 8.1
3 0.05 20 200 5.6
4 0.1 20 200 4.4
5 0.05 10 400 3.8
6 0.1 10 400 1.8
7 0.05 20 400 6.1
8 0.1 20 400 7.6

b. Cutting Fluid Type: Distilled Water Plus a Chemical Additive
Test Depth Feed Spindle Surface Roughness

Condition of Cut Rate Speed Average
Number (mm) (mm/min) (rpm) (um)
1 0.05 10 200 1.0
2 0.1 10 200 3.0
3 0.05 20 200 4.2
4 0.1 20 200 2.8
5 0.05 10 400 0.8
6 0.1 10 400 3.9
7 0.05 20 400 4.2
8 0.1 20 400 5.6
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6.4 Analysis and Discussion of Experimental

Results

In this section, results obtained from the experimental study are analyzed.
Emphasis will be given to the discussion of What is the most important mecha-
nism that best describes the material removal process? Other topics include the
control of surface finish quality, tool wear and tribological interaction(s) when

chemicals are used as additives to the applied cutting fluid.

6.4.1 Interpretation of Cutting Mechanisms

The cutting mechanism observed during the machining of metals indicates
that whenever a cutting tool cuts into a material, elastic deformation starts and
three deformation zones are formed as stresses build. In the first, or primary,
deformation zone, shear stress develops and elastic and plastic deformations
occur to form chips. In the second zone, or the interface between the tool rake
face and chip, normal pressure and friction action develop. In the third zone, the
tool flank face slides over the machined surface at the cutting speed rate. The
unit cutting force that is needed to carry out the material removal process can
be estimated from the ultimate tensile strength of the material being machined.
In most cases, the ratio of the unit cutting force to the ultimate tensile strength
ranges from 1.5 to 4 when the chip compression factor is kept below 2 [Kr 66].

In the machining of aluminum oxide, these three zones are also present.
However, the cutting mechanismh is mostly characterized by brittle fracture, not

by plastic flow although plastic flow and elastic deformation can be observed. It
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can be assumed that the tool, traveling across the workpiece surface, acts like
an indenter to compress the material, thus inducing the compressive stress to
form the three deformation zones [EvMa 80]. As the compressive stress builds
up in the cutting zone, crushing and chipping are produced by brittle fracturing
through stress wave propagation. Consequently, the indentation fracture chip
formation process will result in severe surface damage and sub-surface damage.
Therefore, controlling the fracture chip formation process and limiting it within
a certain range is a key issue during the machining of ceramic materials.

The results from our experimental investigation strongly support this as-
sertion. The first evidence is that the unit cutting force calculated from the
measured cutting force data is far above the ultimate tensile strength of the
aluminum oxide material being machined. As indicated in Table 6.2, the average
of the calculated unit cutting forces at the 8 testing conditions is about 61 G Pa,
which is 6 times as high as 359 M Pa of the flexural strength of aluminum
oxide listed in Table 6.1. Therefore, the chip formation, or the material removal
process can not be simply explained based on the metal cutting principles. In
machining ceramic materials, there must be something significantly different
from machining metals. Since the material removal process is dominated by
the fracture mechanism, we apply theory of fracture mechanics to study the
machining process. The unit cutting force should be interpreted as the minimum
threshold load to the occurrence of cracking and fracturing. As a parallel
approach to Evans and Marshall’s work [EvMa 80], the unit cutting force and

the cutting force produced during machining, as we suggest, can be predicted
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by the following two formulas:

2

K,

Unit Cutting Force = C [ } VT (6.1)

and

2
Cutting Force = C [%—] VA (6.2)

where H and K. represent the hardness and fracture toughness of ceramic

3/2 respectively.

material to be machined, and their units are in N/m? and N/m
The parameter r in these equations represents the average grain size of the
ceramic materials to be machined and parameter A represents the cutting area.
The proportionality coefficient, C, in Eqs. 6.1 and 6.2 characterizes the effect
of machining parameters on the minimum threshold load. Its numerical values
can be estimated from experiment. For example, using the data provided in
Tables 6.1 and 6.3, C' = 0.65 for test 1 and C = 0.50 for test 2. The difference
(0.50 —0.65 = —0.15) between these two values of the proportionality coefficient
indicates the effect of depth of cut on the unit cutting force with negative sign
indicating a decrease of the unit cutting force as depth of cut increases. Using
the design of experimentation technique, an empirical model to estimate the

proportionality coefficient in our investigation can be obtained [Box. 78] and is

given by

C = 0.55—0.07(Depth of Cut) — 0.16(Feed) + 0.10(Spindle Speed)

+0.02(Depth of Cut x Feed) — 0.03(Feed x Spindle Speed)  (6.3)

where the values for Depth of Cut, Feed, and Spindle Speed are in the design
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unit, i.e., -1 or +1 for low or high levels as listed in Table 6.2. From this
empirical model, the negative values of main effects associated with depth of
cut and feed indicate that increase of depth of cut or feed will reduce the unit
cutting force, and the machining parameter feed seems more effective in the
reduction. On the other hand, increase of cutting speed seems to increase the
unit cutting force. The numerical values associated with two-factor interactions
elucidate the interplay of the three machining parameters on the unit cutting
force. Therefore, such an empirical model provides a useful method to set the
machining parameters in order to achieve a desired unit cutting force, or a desired

minimum threshold load for the purpose of quality and productivity assurance.

6.4.2 Evidence of Plastic Flow during Machining

When the stress developed in the machining region, such as in the second
zone on the tool rake face, is below the loading threshold, plastic flow of chip
occurs. When the temperature is high, plowing on the back of ceramic chips can
be observed. Figure 6.6 is the picture taken from the back of an aluminum oxide
chip using SEM. The chip was collected under a machining condition where the
temperature measured in the cutting zone was about 750°C. The smoothness of
the chip back surface and plowing tracks on the back surface indicate that the
ceramic chip material once was softened under high cutting temperature when
it passed through the tool cutting point. Unlike the machining of metals, at
high temperature, especially temperature higher than half of the melting point,
atomic mobility starts to becom;a significant and behaviors, such as diffusional
creep and dislocation climb, start to become possible, even leading to occurrence

of severe inter-granular fracture [Do. 91]. Under such circumstances, plastic
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flow and inter-granular fracture could increase their contribution to the chip
formation process. This contribution could explain the observation that increase
of cutting speed leads to a high value of unit cutting force. On the other hand,
the increased plastic flow and inter-granular fracture should reduce the cutting
force variation, and therefore, attenuate tool vibration. As a result, a better
surface finish quality should be anticipated when using a high cutting speed to

machine ceramic materials.

e

~
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Figure 6.6: Back of a Collected Alumina Chip Showing Signs of Plastic Flow

140



6.4.3 Relations between Finish Quality and Machining
Parameters

By examining the profiles shown in Fig 6.4, the patterns of height variations
never constitute the outline of the cutting edge geometry such as the nose radius
of the cutting tool. In addition, they never show any tendency of the side and/or
end cutting edge angles. The random nature of the height variation patterns
suggests that brittle fracture is an essential mechanism to remove the ceramic
material when it is being machined.

To gain a deep understanding of the surface generation during machining,
chips were collected during machining. Figure 6.7 displays the two types of
chips collected during two machining tests with different feed settings. It is
evident that the larger the feed setting, the larger the average size of chips
which corresponds to a rougher surface after machining.

The effectiveness of using chemical additives to improve surface finish qual-
ity can also be evidenced by comparing the six profile traces taken from two
machined surfaces. With the presence of chemical additives, both the roughness
average values (0.7um, 0.8um, and 0.9um) and their variation are reduced from
the roughness average values (0.8um, 1.0um, and 1.3um) when the distilled

water based cutting fluid was used during machining,.

6.4.4 'Tribological Interactions

In our preliminary study, distilled water was used as a cutting fluid for the
purpose of improving the machining performance. First, water takes away a

huge amount of heat generated during machining, leading to a longer tool life.
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b. Alumina Chips Collected under Cutting Test No. 7 with Distilled Water

Figure 6.7: Comparison of Chips Collected under Different Cutting Conditions
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Second, the tribochemical interactions between water and alumina could provide
other favorable effects with respect to improving machining performance. In fact,
water has been found to exhibit significant effects on the tribological behavior of
alumina in the previous study [Ga. 89]. For example, a film-like substance has
been found on the wear surfaces of water lubricated alumina , suggesting the
possibility of tribochemical reaction between water and a,lurni.na in the contact
junction. It has been found that at a temperature about 200°C', aluminum oxide
hydroxide (boehmite, AIO(OH)) is formed, while at a temperature about 100°C,
the formation of aluminum trihydroxide (bayerite, AI(OH)3) is favored.

To explore the benefits from possible tribological interactions, four types of
cutting fluids were tested during machining in this research. As mentioned ear-
lier, the cutting fluid demonstrating the most effectiveness in improving surface
finish quality was the water-based cutting fluids with selected chemical additives.
It is interesting to report in this paper that the most prominent characteristic
when the chemical additives were present is that the ratio of the tangential
cutting force component to the feed force component changes significantly while
the resultant cutting force, before and after addition of chemical additives,
remains unchanged. Such a ratio has been termed as coefficient of friction in
engineering. By examining the data of the cutting force measurements listed in
Table 6.3, it is evident that the tangential cutting force, or the friction force,
is reduced and the feed cutting force, or the normal force, is increased, thus
reducing the value of the coeflicient of friction. In machining science, the value
reduction of coefficient of friction means a change of the action direction of the
resultant cutting force with respect to the machined surface. A small ratio, or

a small coefficient of friction, indicates that the resultant cutting force action
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will produce higher compressive stress in the machining region. Not only does
it increase the machining efliciency, but also it keeps the cutting tool within
the cutting zone in a more stabile fashion. Such an action attenuates tool
vibration effectively and ensures a better finish quality of the machined surface.
Figure 6.8 illustrates the effect of the triboligical Interactions on improving the
machining performance [Zh. 92]. Figure 6.9 displays the measured roughness
average R, values from milling Dicro/MGC materials under the 16 tests when
the two cutting fluids were used. The results of getting a better surface finish
when chemical additives were used further confirms the effectiveness of using the

chemical-assisted machining technique.

6.4.5 Tool Wear

When machining engineering materials, tool wear is one of the key concerns.
When machining ceramic materials with low hardness like Dicor/MGC, adequate
tool life can be maintained. However, when machining such ceramic materials
as silicon carbide, silicon nitride, and aluminum oxide, tool life will be the top
concern. In fact, the high cost of machining has been the major barrier to
widespread introduction of advanced structural ceramics.

In machining science, wear mechanisms have been known for long. In this
study, emphasis is given to the cutting tools coated with synthetic diamond films,
which provide superior hardness, wear-resistance, and thermal conductivity. The
observation from our research dictates that the first important issue is surface
roughness of the synthesized diz;,mond coating. Figure 6.10 provides pictures
taken during the initial and final stages of tool wear during the machining of the

aluminum oxide bars. By examining the progress of tool wear on the rake face,
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Figure 6.8: Effect of Chemical Additive on Forces during Machining
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Figure 6.9: Roughness Average (um) from Milling the DICOR
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abrasive wear and adhesive wear are obvious. For controlling the abrasive wear,
the surface finish quality of a coating is extremely important. We purchased the
coated tools from two suppliers with roughness average values of 1.5 pm and
3.5 um, respectively. A comparison was made by using the two types of tool
under the identical machining conditions. The tool life of the coated tool with
R, = 1.5um is, at least, twice as long as the tool life of the tool with R, = 3.5um
in all cases. The explanation would be simple because of the chip flow over the
rake face. A rougher surface increases abrasive wear significantly. Therefore,
attention should be paid to controlling the diamond grain size for a smooth rake
face.

For controlling adhesive wear, it is extremely important to control the tem-
perature and an increase in the film bonding force will help significantly. It is
well known that diamond is a thermodynamically unstable phase of carbon. At
the machining region where temperature is highly elevated, the transformation
of diamond to a more stable form, for example, carbon-graphite, is unavoid-
able [Ja. 89]. The hardness loss due to in-situ formation of graphite may cause
the formation of crater wear on the rake face and wear land on the flank face.
Under the high contact load exerted by the machining action, the bounding force
may loose its control to hold the synthetic diamond coating on tool insert. The
tool failure observed during machining is often a complete loss of the coating by
stripping action.

Premature tool failure can easily occur if the three machining parameters
are not set properly. To keep material removal rate below a certain limit
in machining ceramics is critical because an excessive cutting force will cause

malfunction of machine tool due to its power insufficiency and damage the
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a. Tool Wear at the Initial Stage where the Arrows Show the Direction of Projection
under Microscope

b. Tool Wear at the Severe Stage where the Arrows Show the Direction of Projection
under Microscope ‘

Figure 6.10: Evidence of Tool Wear in Two Different Stages
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cutting tool easily. The concept of unit cutting force or minimum threshold load
developed in this research provides a useful method to estimate the material
removal rate per horse-power or the necessary bonding force to ensure that a

synthetic diamond coated tool works properly.

6.5 Summary

In this research, a fundamental study related to the machining of engineering
ceramic materials is conducted. Synthetic diamond coating tools are used to
machine aluminum oxide and high-speed steel end mills are used to machine
Dicor/MGC glass-ceramic material. This investigation involves cutting force
measurement, a study of the chip formation process, assessment of surface finish

quality, and a study of tool wear. The results are summarized as follows.

1. The results indicate that brittle fracture is the major mechanism during the
material removal process. There exists a minimum threshold loading limit
that distinguishes the fracture mechanism from the plastic flow mechanism.
Such a limit is dependent on the material being machined, machining
parameter selection, and the machining environment. The concept of
unit cutting force is re-introduced to establish a quantitative relationship
among these parameters involved in the machining system. The established
formula has thrown deep insight into controlling the machining process for

the purpose of improving machining quality and efficiency.

2. Criteria for tool material selection are proposed through experimentation.

A design of experimentation approach is used to perform a systematic
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study of effects of the three machining parameters on the machining perfor-
mance. Specific attention has been paid to chemical-assisted machining. It
has been observed that the feed cutting force increases while the tangential
cutting force decreases when a selected chemical additive is used. This
leads to a reduction of friction coeflicient and improves machining efficiency
significantly. The effectiveness of using chemical additives through possible
tribological interaction(s) points out a new direction to develop innovative

technologies for machining ceramic materials.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The main objective of this research has been focused on the analysis of surface
quality in machining of metals and advanced ceramics. Through this research,
a stochastic approach for modeling the random excitation sources such as the
workpiece microstructures has been developed to characterize the random tool
motion during machining. A three-dimensional finite element model has been
used to analyze the effect of elastoplastic deformation and recovery processes
on the machined surfaces. By integrating the analytical work of this research,
a computer-based surface topography simulator is devloped for simulating the
machined surface texture. It is a powerful tool which can provide essential
information for the design engineer and process engineer to improve the surface
quality of a machined part and to enhance the process capability of a machining
operation. Experimental tests were performed to verify the validity of the
developed models and simulator. Results from both theoretical and experimental

work are well matched. Study of the fundamental material removal mechanisms
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in the machining of advanced ceramics has provided rich information about the
basic principles of preparing machining operations to achieve a meaningful and
practical machining process for advanced ceramics.

Important conclusions drawn from this research are as follows:

1. In the stochastic modeling for the characterization of random tool motion
during machining, a Markov-chain based stochastic approach is developed
to model the random tool motion as the response of a machining system
under random excitation. By introducing the group distributions, segment
model, and transition model, a specific microstructural distribution pattern
of the workpiece material can be modeled by the stochastic approach and
quntitatively related to the cutting dynamics in machining. A method has
also been developed to determine the states and state transition probabil-
ities defined in the transition model. The significance of this research is
that it provides a stochastic approach to quantify the random tool vibration
during machining, a task which nowadays seems difficult but critical for
developing sensor-based machining systems to improve the quality and

productivity in the manufacturing industry.

2. The elastoplastic deformation observed on the machined surfaces has been
examined through a non-linear finite element method. An updated La-
grangian approach is applied to solve the large strain elastoplastic de-
formation problem using a three-dimensional finite element model which
simulates a single-point metal cutting process. The obtained results are in
reasonable, quantitative agreement with the experimental results when the

average slopes of surface profiles (dg’s) are compared. It has been shown
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that the dg’s have linear relations with the feed rate as well as the depth
of cut (with opposite trends). On the other hand, soft materials (such as
aluminum alloy or brass) tend to have less effect of plastical recovery on
machined surfaces; thus, the average slopes are smaller and closer to the
ideal ones as opposed to the hard materials (such as carbon steel). This
phenomenon is also observed from the results of finite element analysis.
This enlightens the necessity of applying the results from the finite element
analysis as a surface texture modification model to enhance the accuracy
of a surface texture simulator. It has been shown that the predicted dg’s,
an important index for tribological performance of mating parts, from the
surface texture simulator can be improved by as much as 50% after such a

modification.

. A computer-based surface topography simulator is developed by integrat-
ing the above-mentioned analytical work with machining dynamics and
metrology science. The topography of a machined surface through com-
puter visualization, confirmed by experimental verification, vividly depicts
the dynamic process of surface texture formation during machining. As a
strong hold of the computer-based simulator, it is capable of generating
the data representing a machined surface in a three-dimensional space
characterized by the three machining parameters; i.e., depth of cut, feed,
and cutting speed. The uniqueness of this data base is that it clearly
defines the spatial relationghips as a whole, rather than as a set of parallel
profiles. As demonstrated in this study, this information is very useful for

pushing the control of finish quality as well as the geometric dimensions

153



and tolerances in the design stage. If an accurate calibration of the system
parameters is made, the developed prototype system can be used as a
comprehensive metrological system for industrial control and diagnostics of
the surface quality. This prototype system may also become an important
component of a quality assurance system to perform in-process inspection

for the certification of the machining process.

. In the study of the material removal mechanisms in machining of advanced
ceramics, the cutting force measurement, study of the chip formation
process, assessment of surface finish quality, and study of tool wear have

been performed. Based on the observed results, it is concluded that

(a) Brittle fracture is the major mechanism during the material removal
process. There exists a minimum threshold loading limit that dis-
tinguishes the fracture mechanism from the plastic flow mechanism.
Such a limit is dependent on the material being machined, machining
parameter selection, and the machining environment. The concept of
unit cutting force is re-introduced to establish a quantitative relation-

ship among these parameters involved in the machining system.

(b) Criteria for tool material selection are proposed through experimen-
tation. A design of experimentation approach is used to perform a
systematic study of effects of the three machining parameters on the
machining performance. Specific attention has been paid to chemical-
assisted machining. It has been observed that the feed cutting force
increases while the tangential cutting force decreases if a selected

chemical additive is used. This leads to a reduction of friction coef-
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ficient and improves machining efficiency significantly. The effective-
ness of using chemical additives through possible tribological interac-
tion(s) points out a new direction to develop innovative technologies

for machining ceramic materials.

7.2 Future Work

The following directions are suggested to extend the understanding of fun-

damentals in machining of metals and advanced ceramics.

1. An algorithm should be implemented into the evaluation of the transition
probabilities of a given microstructure to guarantee that the basic Markov
chain property as defined in Eq. 3.1 is satisfied. On the other hand, the
Markov-chain based stochastic approach along with the sample variance
theory could be further applied to the machining of materials which have
certain specific trends in their microstructures; e.g., advanced composite
materials where the orientations of fibers are important, and composite
alloys where small "whisks” of fibers are added into alloys to strengthen

the material.

2. In the three-dimensional finite element model, the effect of stress wave
propagation on the workpiece material during high speed machining pro-
cesses could become essential for further understanding of the elastoplastic

deformation process observed on machined surfaces.

On the other hand, the frictions between tool-work or tool-chip interface

under low cutting speed, the effect of built-up edges and tool wear phe-

155



nomenon can also be considered in the model to account for more complex

machining conditions.

3. Further improvement of the computer-based surface topography simulator
could be done to make it a practical tool for design engineers and produc-
tion engineers. Possible areas for improvement are:

(a) adding features such as a more user-friendly interface,

(b) improving the estimation of system parameters such as the machine

tool structural dynamics,

(c) integrating other machining processes such as drilling, milling, boring,

and grinding to the simulator, and
(d) creating a machining database system for process capability analysis.
4. In the research of machining of advanced ceramics, more effort can be paid
to the following areas:
(a) the study of fracture mechanics through finite element method,
(b) the search of more efficient chemo-assisted machining processes, and

(c) the creation of a ceramic machining database system for practical

applications such as the machining of dental materials.
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Appendix A

Derivation of b;’s

Equation 3.12 can be rewritten as
I =zl (A.1)

where b= [by, by, ...,by~2], I is a (N —2) X N matrix defined as

72 0 —m O 0 0

0 3 0 —73 0 0
H = 0 0 T4 0 —T4 ... 0 (A2)
0 0 TN-1 0 —TN-1 ]
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and I' is a N x N matrix defined as

[(1-p) —(=pu) O
0 (1=pa) —(1=p22)
I =
0 0
i 0 0

(1 —=pn-1n-1) —(1—pNoan-a)

—(1 - pnnw)

(1 —PNN) ]
(A.3)

The matrices IT and I' can be estimated based on the estimations of 7;’s and p;;’s

as derived in the Egs. 3.13, 3.10, and 3.9, respectively. In other words, 1= II(#)

and'=T (pii). Finally, the b can be estimated by minimizing the mean square

error of (bII — zT'); i.e., choose b such that

|| 81 — &T ||= min (}| &I — £ ||)

where || . || stands for the mean-squared norm. Actually, the solution for b is

given by
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Appendix B

Microstructural Analysis Procedure

A procedure to perform the microstructural analysis of workpiece materials
is discussed in this appendix. Tables and figures appeared in this report are

based on the raw data of experiments or measurements.

Materials Preparation

The workpiece materials under investigation are 6061-T6 aluminum-ferrous-
silicon alloy bar, AISI 1020 rolled steel bar, and Copper-Aluminum alloy bar
(aluminum bronze, designation not available). All of these bars have the same
diameter (76.2 mm) and length (304.8 mm). They were purchased from the

physics shop at the University of Maryland at College Park.

Specimen Sectioning, Mounting, and Grinding

In order to perform the microstructural analysis of different workpiece ma-
terials, each of the samples taken from the materials should be well prepared.

Listed below are the steps performed to prepare the samples:
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1. A slice of 12.7 mm thick specimen is cut from each bar.

2. Sections are taken from each slice of the materials. The size of each section

is about 8 mm x 8 mm.

3. Each section is oriented either along the cross-sectional or longitudinal
direction of the original bar and is placed into a plastic mold cup. A
mixture of epoxy and solidifier (4:1) is prepared and poured into the plastic
mold cup which contains the section. The mixture is solidified after 24
hours. The sample which contains the section and solidified epoxy is taken
out of the mold. Designation are marked on the ’back’ of each sample
to distinguish its material type and orientation from others. SiC papers
(sandpapers) with grit numbers 240 ~ 600 are used one after another to
manually grind the surface of each sample. Cares should be taken during
the process such that the surface of each sample is flat, and scratch marks
on the surface should be minimized. For example, a) an extremely flat
surface should be used as the platform for grinding, b) running water should
be applied frequently during grinding to wash away the debris generated
from grinding, and c) the direction of grinding should be kept the same
when a new sandpaper with a specific grit number are used during the

course of grinding.

Figure B.1 shows some of the samples prepared in this study.
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Figure B.1: Prepared Samples

Polishing and Etching

Both rough and fine polishing processes follow the grinding process. The
purpose of polishing is to remove the scratch marks left on the sample surface
produced from grinding and provide a very fine surface for further process. The
ground surface of a sample is manually held in contact with a low-nap cloth
which is attached to a wheel of the polishing machine. The rotational speed
of the wheel as well as the polishing solution are selected depending on the
conditions of sample surface. If the sample surface is rough, a 6 mm diamond
paste diluted with acetone should be used as the polishing solution, and the
speed of wheel should be selected to ’high’ during polishing. A 1.0 or 0.3 um
alumina (Al;03) powder solution can be applied if the sample surface is smooth

after a rough polishing. The speed of the wheel, however, is selected to ’low’
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Figure B.2: Polishing a Sample

in this case to prevent ’over-polish’ of the sample surface, a common problem
encountered by a novice. Figure B.2 displays a polishing process.

After polishing, the sample surface is etched by an etchant to produce a very
clear surface of the microstructures of the sample. There are a lot of different
combinations of etchants can be’ used for a single material. It should be noted
that other etchants might be more suitable for revealing different microstructures
in the same material. A detailed reference of choosing etchants can be found
in [Va 84]. Table B.1 is a list of the etchants applied in this research. When
preparing the etchants, extreme care should be taken for handling the chemicals
since most of them used as etchants are harmful to the animal, human, and
environment. Gloves and special garments are also necessary when handling any
of these chemicals. A well ventilated chamber covered with a hood is necessary

to provide a proper location for preparing the etchants. The etched samples
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should be kept in a cool and dry container (if vacuumed will be the best) to

prevent oxidation on the surface.

Table B.1: List of Etchants Used for Etching Different Materials

| Etchant Composition | Comments ]
Etchant for Iron and Steel: Nital: Most common etchant for
1~10ml HNO; Fe, carbon and alloy steels, and
90 ~ 99 ml ethyl alcohol cast iron. Reveals alpha grain

boundaries and constituents. The
2% solution is most common, 5 ~
10% used for high-alloy steels (use
fresh). Use by immersion of sample
for up to 60 sec (Boylston).

Etchant for Aluminum and Alloys: | Keller’s reagent: A very popular

25 ml HNO; general-purpose reagent for Al and
1.5 ml HCI Al alloy, except high-Si alloys.
1.0 ml HF Immerse sample 10 ~ 20 sec, wash

95 ml distilled water in warm water. Can follow with a
: dip in conc. HNQO;. Outlines all
common constituents, reveals grain
boundaries in certain alloys.

Etchant for Copper and Alloys: General-purpose grain-contrast etch

60 m! NH,OH for Cu and alloys (does not always
30 ml H;0; (3%) produce grain contrast). Use fresh,
add peroxide last. Swab sample 5
~ 45 sec.
or or

5g FeCls Use by immersion or swabbing of
15 m{ HCl sample. This special solution is for

60 ml! ethyl alcohol Al bronze.
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Microstructural Image Processing

Photographing the Microstructures

At this stage of the microstructural analysis, the etched sample is placed ei-
ther under an optical microscope or an electronic microscope depend on the type
of information needed from the microstructures. For example, if a qualitative
or quantitative element identification of a material or a very high magnification
of the image is required, a scanning electronic microscope (SEM) might be the
choice. A scanning electron microscope (JSM-5400) is used for this purpose.

Figure B.3 shows the SEM used in this research.

Figure B.3: The JSM-5400 Scanning Electron Microscope

A Polaroid film is used when taking pictures from the image under microscope
(optical or SEM). A high quality picture of the image under different magnifi-

cation can be instantly taken if the brightness of the image, the exposure time,
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as well as the development time are properly chosen. For example, when taking
a 200x magnification picture, the optimal exposure time is 2 seconds, and the
development time is about 25 seconds. In general, the higher the magnification,
the longer exposure time (or higher brightness) is required to get a good picture.
If more copies of the picture are needed, the negative attached with the film

should be kept and immersed immediately in a 'Perma Wash’ solution.

Picture Scanning and Image File Conversion

The pictures of each sample taken under the microscope are then scanned by
a scanner. The purpose of the scanning is to digitize the images and convert the
image files to binary ones for further analysis. The scanner is connected with a
Macintosh II computer. A special software is required for running the scanner. In
the software, several parameters can be set to control the resolution, brightness
and contrast, image pattern, and size of the scanned images. For example, in this
research, a ’line art’ type of image is the best choice for the pictures of steel since
most of the microstructures can be easily distinguished (either dark clusters of
pearlite or bright clusters of ferrite) under this choice. The size of the scanned
image should be reduced by 50% of the original picture size to maintain a smaller
file size (without losing a good resolution of the picture) if the computer storage
space as well as the CPU time for further analysis are restrained by the system.

When all the pictures are scanned and saved under the required format,
namely, a so called "TIFF’ format, theses image files are then transferred (using
the binary mode) through the nétwork (TCP/IP) to a computer system which
supports the software packages for further analysis. The Unix system on campus

has such an environment. One of the image processing packages needed is called
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'pbmplus’. This package has utilities which can convert files between the most
popular image formats. The file format used in this analysis is called ’bitmap’,
which contains only 0’s (white) and 1’s (black) of the image. An example to

perform the conversion is listed below for reference.

o Ezample I. Image file conversion between TIFF and bitmap format. Sup-
pose that an image file after scanning is called TEST.tiff and has been
successfully transferred to the Unix system under the user’s subdirectory
(assuming that the directory which contains the image file is called /mydir).

The following steps will convert the TIFF file format to a bitmap one:

1. Find the location (path) where the ’pbmplus’ package resides; e.g.,

/picasso/pbmplus).
2. Change the current directory to that subdirectory type:
cd /picasso/pbmplus
and hit return.
3. Type:
tifftopgm /mydir/TEST.tiff | pgmtopbm > /mydir/TEST.pbm

and hit return.

4. The output of the above command is the TEST.pbm file, which

contains the 0’s and 1’s of the scanned image file, TEST.tiff.
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Hardness Tests

The purpose of measuring the hardness values of different materials is to
acquire both the macrohardness and microhardness values which are necessary
for modeling the effects of microstructures of workpiece materials on the dynamic

cutting force variation during machining.

Rockwell Hardness Tests

The hardness of different materials was measured under a Rockwell hardness
testing machine. Table B.2 lists the measured hardness of different workpiece
materials. The measured hardness will be applied as a reference for checking
the microhardness, which will be discussed in the next section, of different mi-
crostructures within each material. Table B.2 gives the average hardness values
of different materials. These numbers are then converted to the equivalent Brinell

hardness numbers based on the information provided in the reference [Sm. 83].

Vickers Microhardness Tests

Microhardness of different microstructures within each material was mea-
sured under a Vickers microhardness tester. A Vickers diamond indenter was
forced into the surface of the test piece with a load of 100 gram-force (gf).
The microhardness tester should be calibrated carefully by checking the mi-
crohardness of a test block provided by the manufacturer of the tester. The
calibration can correct the error about the load which will be applied during the
test. It is important that the test should be performed under constant ambient

temperature and atmospheric pressure (e.g., 25°C, 1 atm), and any disturbance
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Table B.2: Measured Rockwell Hardness Numbers of Different Materials

Steel Bar | Aluminum | Copper Alloy

Alloy Bar Bar

Scale A2, | Scale B, Scale B,

Brale | i Ball | 1’ Ball

60 kg 100 kg 100 kg

(RHN) (RHN) (RHN)
53.00 43.60 25.80
54.00 43.20 15.90
53.50 44.70 20.40
53.30 45.80 11.90
49.30 46.50 14.20
52.00 48.10 18.50
53.50 48.50 21.50
52.70 48.80 21.40
53.90 46.90 16.10
51.20 46.40 8.90
52.60 49.00 13.00
52.30 49.20 22.10
54.00 49.10 19.60
52.90 49.30 21.30
52.20 49.20 15.20
52.30 47.30 20.20
51.40 47.00 18.50
51.60 48.20 23.80
53.00 43.00 16.40
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due to vibration should be avoided. The following equation gives the Vickers

hardness number from the test:

P
VHN = 18544 (B.1)

where P is the applied load in gf, d is the mean length of the diagonals of the
indentation in gm. Table B.3 shows part of the measured microhardness values

of different microstructures in the AISI 1020 steel.

Table B.3: Measured Vicker’s Hardness Numbers of an AISI 1020 Steel Sample

Type Of dmean
Microstructure | dy | d2 | dmean | in pmt | VHN] | BHN§

Ferrite 216 | 220 | 218.00 | 33.40 | 138.57 | 132
Ferrite 208 | 200 | 204.00 | 31.25 | 158.25 | 150
Ferrite 213 1202 | 207.50 | 31.79 | 152.95| 146
Ferrite 214 |1 229 1 221.50 | 33.93 | 134.23 | 128
Ferrite 219 | 217 | 218.00 | 33.40 | 138.57 | 132
Ferrite 212 | 211 | 211.50 | 32.40 | 147.22 | 140
Ferrite 207 | 205 | 206.00 | 31.56 | 155.19 | 147
Pearlite 201 | 190 | 195.50 | 29.95 | 17231 | 164
Pearlite 188 | 188 | 188.00 | 28.80 | 186.33 | 177
Pearlite 197 | 184 | 190.50 | 29.18 | 181.47 | 172

1They are converted based on the calibration factor of different magnification
under the microscope; e.g., dpean(pm) = 0.1532 X dppean is used in this
measurement.

iThe Vicker’s hardness numbers are evaluated based on Eq. B.1, where the
load was about 83.35 ¢f.

§The equivalent Brinell Hardness Numbers are converted based on the table
from ASTM-E140 [Sm. 83].
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Appendix C

Cutting Dynamics in Microscale

General View of Cutting Force Generation

Common sense dictates that the cutting force is generated immediately after
the cutting tool digs into the workpiece material. Metal shearing theories have
been well accepted to explain cutting mechanics. As an initial approximation,
the magnitude of the nominal cutting force is taken to be proportional to the
cutting area, A., or the nominal chip load (a product of feed, f, and depth of
cut, d); i.e.,

Fnominal = I<s X Ac - I(s(f X d) (Cl)

where the proportionality coefficient, K, is named as the unit cutting force.
Results from empirical metal cutting research have already shown that the unit
cutting force, K, is directly related to cutting conditions such as workpiece
material, tool geometry, and the cutting parameters, feed (f), depth of cut (d),
and cutting speed (v). For example, the unit cutting force for machining carbon
steel ranges from 2000 M Pa to 2600 M Pa, while that for machining aluminum

alloys ranges from only 700 M Pa to 900 M Pa. However, the unit cutting force
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can be treated as a constant under a specific set of known cutting conditions.
Consequently, the cutting force evaluated based on Eq. C.1 is called the nominal
cutting force.

The cutting force generated during machining is a vector quantity and thus
possesses its own distinct direction. This direction plays an important role in
the determination of machining performance. As a typical example, one might
utilize a negative rake angle to reduce, or even eliminate, tension in the tool
surface, thereby reducing tool breakage. There has been substantial research,
both analytical and experimental, on the determination of shear angle in the
cutting zone [Shaw 84, Zo 65].

The evaluation of the generated cutting force in the previous research is in
macroscale. It is a common practice to formulate the cutting force as a function
of basic properties of the workpiece material (hardness and ductility), cutting
parameters (f, d, v), and tool geometry. For overlapping cuttings, the surface
modulation fed back through the regenerative mechanism to the cutting zone
adds more dynamic variation to the cutting force. However, this variation is
also dealt with in macroscale. The cutting dynamics in macroscale address sta-
bility of the machining system, the transient response of tool vibration, and the
determination of the dynamic equilibrium position of the cutting tool. However,
an inefliciency associated with the macroscale analysis of cutting dynamics is its
failure to explain random tool motion observed during machining. This is due
to the absence of analytical ground to support the establishment of a random
excitation system capable of describing random tool vibration. As a result, there
exists a pressing need to advance the study of cutting dynamics. One important

aspect is to extend the cutting dynamics from the current macroscale study to
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a microscale study, thus forming a scientific basis for the evaluation of random

tool motion.

Basic Assumptions

Research of the cutting dynamics in microscale has been performed for many
years [Kr 66, Shaw 84]. The photomicrograph of a partially formed chip con-
firmed the assumption that metal undergoes shearing strain in the cutting zone.
Further study of cutting dynamics comes from the need for better control of
machining accuracy. People Have realized that a preheat-treatment, which alters
characteristics of microstructures within the workpiece, may improve machin-
ability of the workpiece material significantly. Additionally, proper selection of
cutting data, such as feed, depth of cut, and cutting speed, seems to be an
effective method to assure a high level of machining quality while maintaining
high productivity. For quality control, on-line monitoring of the machining
process, including tool life, has been proposed and implemented on some machine
tools to reduce defects on a real-time basis. A key to the success of such
a monitoring system is true detection of process deterioration and therefore
elimination of false alarms. Since natural process variations are always present
during machining, the separation of process deterioration, such as tool wear,
from these natural variations is essential. This separation can be achieved by
the integration of a quantitative prediction of the natural process variations and
a statistical prediction of tool wear. The prediction of natural process variations
can be based on a microscale analysis of the cutting process.

To evaluate the cutting force in microscale, the following two assumptions
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are made.

1. The major cause of random variation of the cutting force during machin-
ing is the nonhomogeneous hardness distribution of the material being

machined.

2. The random variation of the cutting force is mainly embodied in the
variation of the magnitude of the cutting force. Thus, the direction of
the cutting force remains unchanged or the directional changes due to the

nonhomogeneous hardness distribution are too small to be of significance.

To validate the second assumption, the friction force between the chip and
tool rake face in the second deformation zone is believed to dominate the deter-
mination of the direction of the cutting force. Factors related to the friction force
are: chemical compositions of the workpiece and tool insert materials, cutting
temperature, and tool geometry. The material hardness variation can hardly
be related to the friction force variation. Consequently, the material hardness

variation also may not be related to the variation of the cutting force direction.

Cutting Force Evaluation in Microscale

As presented in Fig. 3.1, the outside layer of the workpiece material will be
removed after one revolution of the workpiece. In microscale, it may be imagined
that the tool meets microstructures along its cutting edge instantaneously. The
difference between the constituents of the microstructures removed at any two
instants can be anticipated. A technique to take this measurement would be

of great value since it would enable the evaluation of the instantaneous cutting
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force.

Microstructural Analysis

In order to quantify the effects of basic material properties, such as micro-
hardness variation on the cutting force generation, metallurgic identification of
the microstructures present in the material is essential. After measuring the
microhardness value for each identified microstructure, the three statistics, y,,

o2, and p(r) can be calculated as follows [Zh 86].

1 N
fa = ; H; (C.2)
2 1 N 2
ot = S (H:— ) (©3)
i=1

?; ]\-’—(Ht,_ a Hi,' r — Ha + Hi r,""ﬂa]
-t MU TRV CFREVALTL RILTS R

where H;; = microhardness value at the location (i, j); K = the total number
of summation operations in the above equation, which depending on the r; N =
number of locations taken on the chosen area of a sample; and r = the distance
in space between two locations.

In general, p, represents the average hardness value of the machining mate-
rial, o2 indicates the level of hardness variation within the material, and p(r) is
the correlation coefficient function which provides quantitative information on
the size, shape, and segregation of the microstructures present in the material.
The two microstructures shown in Fig. C.la and C.1b are from the samples

taken from the AISI 1020 steel and 6061-T6 aluminum alloy, respectively. The
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two curves shown in Fig. C.1c are the correlation coefficient functions of the
two microstructures. A sharp decrease shown in the dashed line curve indicates

small sizes and spherical shapes of the microstructures of the aluminum alloy.

Random Excitation Model

Upon identifying the characteristics of the hardness variation in microscale,
the second procedure is performed to relate this information to random tool
motion. As illustrated in Fig. 3.1, the volume of the workpiece material removed
during any time interval, At, may be considered to be equal to the volume
of a parallelepiped. As indicated in Fig. 3.1, the cross-sectional area of this
parallelepiped is equal to the product of feed and depth of cut. The height of

this parallelepiped is given by

xD nD 7T DAL
— —_ C-5
n, T/At 60 (C5)

where D is the diameter of the workpiece, T is the time needed for one
revolution of the workpiece, {1 is the rotational speed of workpiece in rpm, and
ns, equivalent to T'/At, is the number of parallelepipeds assumed along the
circumference of the workpiece. Due to the nonhomogeneous distribution of mi-
crostructures, the microstructural constituents within individual parallelepipeds
are distinct. Averaging the microhardness values for each parallelepiped and tak-
ing this averaged value as an index to represent the parallelepiped hardness value,
averaged hardness values of yuj; pg, ... un, at time instants At, 2At, ... n;At,
respectively, may be obtained. For those u;’s larger than 7 the mean value

of (p1, p2, ... fin, ), it is expected that the cutting force magnitudes at the corre-
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Figure C.1: Microstructures and Correlation Coefficient Functions of the AISI
1020 Carbon Steel and 6061-T6 Aluminum Alloy
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sponding time instants are larger than the nominal cutting force, and vice versa.
As a result of the introduction of the ratio term, y;/%, in Eq. C.1, the effect of
the nonhomogeneous hardness distribution into the cutting force evaluation may
be accounted for at time instants At, 2At, ... n,At, respectively.

The random variation of the cutting force can be described by an instan-
taneous fluctuation of the cutting force about its mean level. A quantitative

representation of the random variation may be expressed as follows.

hindez
Frandom = KsAc [(%) - 1] 3 1= 17 27 yry Ns (06)

where the exponent hindex explains the nonlinear relation between the instan-
taneous cutting force and the hardness ratio, y;/f. As a result, the Eq. 5.1 is

given by combining the nominal cutting force (Eq. C.1) and the random cutting

] hindex
&) -
7

hindex
= K,A, [%J i=1,2,,,, n, (C.7)

force.

Fnomi'n.al + Frandom = I(aAc + I{aAc

Equation C.7 therefore simulates the magnitude variation of the cutting force.
A large n, value, corresponding to a small parallelepiped height value, is related
to high frequency components of the cutting force. The highest frequency is

given as below

frez = ——— = —— (H2z) (C.8)

The relation between the three cutting parameters and the random variation
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of the cutting force can be sensed from the fact that a large parallelepiped
volume reduces the variation of microstructural constituents within individual
parallelepipeds. Asillustrated in Fig. 3.1, it is evident that increasing feed and/or
depth of cut adds additional volume to the parallelepiped. Consequently, the
random variation of the cutting force is decreased due to the reduced variation of
microstructural constituents within the parallelepipeds. Quantitative relations
between the three cutting parameters and the random variation of the cutting

force have been established by Zhang [Zh 86] and are equal to:

2 _ 2 Ms [ 2
os = 47m“fdv /r=o p(r)w(r)ridr (C.9)
and
o= S = £ (- ) (C.10)
a N pat i N Pt i a .

where w(r) is called the geometric parallelepiped shape function.

Interaction between the Cutting Mechanism and Ma-

chine Tool Structure

As shown in Fig. 3.1, tool vibration alters the nominal chip load instanta-
neously (the primary feedback path). The surface modulation produced behind
will also alter the nominal chip load during the succeeding revolution of the
workpiece under overlapping cutting (the regenerative feedback path). The two
dynamic variations of the chip load inevitably lead to the dynamic variation of

the cutting force, i.e.,

Fprimary = _I{sw{a - y(t)], (Cl]‘)
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and

Fregenerative = sz[l/y(t - T)] (012)

where w is the width of cut , e is the thickness of cut, v is the overlapping
factor, y(t) is the instantaneous position of the tool or the system response, and
y(t-T) is the thickness of the uncut part during the preceding revolution of the
workpiece. From an analytical point of view, the cutting force generated during

machining should consist of four components i.e.,

F‘resultant = Fnominal + Frandom + Fprimary + Fregenerative

hinder
= K,A. [-Z—s} — K,wla — y(t)] + K,w[rvAy(t — T)](C.13)

In the case of nonoverlapping cutting, the fourth component diminishes. It
is evident that the evaluation of Fprimary and Fregenerative is heavily dependent
upon the dynamic characteristics of the machine tool structure. This indicates
the interaction between the cutting mechanism and the structural dynamics of
the machine tool during machining. The Merritt block diagram shown in Fig. 5.2
explicitly illustrates the chain reaction. The input to and output from the cutting
mechanism are the chip load and the cutting force, respectively. Additionally,
the cutting force serves as the input to the structural dynamics of the machine
tool for which the tool vibratory motion is the output. This vibratory motion
in turn changes the chip load through the primary and regenerative feedback
paths. Note the symbols of normal distributions displayed in Fig. 5.2. They
represent the incorporation of thé random excitation system in the cutting force

evaluation through the use of the cutting dynamics in microscale.
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