THESIS REPORT

Master’s Degree

Machinability Evaluation of Dental Restorative

Materials through Surface Texture
Characterization

by SJ.Ng
Advisor: G.M. Zhang

M.S. 96 -6

o

INSTITUTE FOR SYSTEMS RESEARCHI

Sponsored by

the National Science Foundation
Engineering Research Center Program,
the University of Maryland,

Harvard University,

and Industry




Machinability Evaluation of Dental Restorative Materials
through Surface Texture Characterization

Stanley Jay Ng

Thesis submitted to the Faculty of the Graduate School of the
University of Maryland in partial fulfillment
of the requirement for the degree of

Master of Science
1996

Advisory Committee:

Associate Professor Guangming Zhang, Chairman/Advisor
Professor Davinder K. Anand
Associate Professor K. J. Ray Liu






Abstract

Title of Thesis: Machinability Evaluation of Dental Restorative Materials
through Surface Texture Characterization

Name of degree candidate:  Stanley Jay Ng

Degree and Year: Master of Science, 1996

Thesis directed by: Dr. Guangming Zhang, Associate Professor
Department of Mechanical Engineering, and

Institute for Systems Research

Ceramic materials are ideal candidates for dental restorative applications for their color,
texture, and mechanical properties which closely resemble those of the human enamel.
However, due to the inherent brittleness of ceramic material, material processing, especially
machining, poses a variety of difficulties. Research efforts of this thesis are directed to the
development of a critical guideline for evaluating the machinability of ceramic materials, where
human enamel is used as a reference material for comparison

Using a systems engineering approach, a computer-based surface integrity assessment
methodology is formulated. It combines the most recently developed image processing
technology with computer graphics while incorporating the principles of fracture mechanics.
Microhardness testing is used to study material properties related to machining. Four types of
material selected are human enamel, Dicor-MGC, HCC Dentine, and HCC Enamel. Three-
dimensional visualization of the surface impressions is achieved using an environmental
scanning electron microscope and an atomic force microscope. Machining experiments are
conducted to study the surface integrity, including surface finish, micro-cracking, and edge
chipping. Analytical investigation correlates these surface responses to the machining
parameters, such as spindle speed, feed rate, and the depth of cut, to seek a parametric region

in which quality of machined ceramic components can be ensured. Surface integrity



performance indices such as surface roughness, cavity density, and chip aspect ratio are
proposed to quantify such evaluations.

Major contributions of this thesis research include the development of the combined
SEM-AFM stereophotography method. The high resolution achieved with this method ensures
coverage of rich information on the surface texture formed during machining. Specific
findings of this thesis research include the identification of micro-mechanics of fracture
occurred during the material removal process ,and a good understanding of possible influences

of the microstructures on the machining performance.
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Chapter 1
Introduction
1.1 Advanced Ceramics for Dental Restorations

Advanced ceramic materials have been successfully developed during the past
decades. They are widely used in a variety of applications for their superior properties,
such as high-strength-to-mass ratio, excellent wear resistance and exceptional corrosion
resistance, compared to conventional materials, such as metals and plastics. The
capability of ceramics to be manufactured to near net shape by pressing and sintering
processes also makes economic production of ceramics possible. These desirable
intrinsic properties and advances in manufacturing technology have led ceramics to be

prime candidates for dental restorative fabrications.

Although the development of advanced ceramic materials has progressed
tremendously over the years, barriers to their wide acceptance exist. One of these barriers
is the inherent difficulty in material processing. For instance, after sintering ceramic
material becomes hard and brittle. In the processing of ceramic material using traditional
methods, such as machining and grinding, fracture occurs at stress-concentration
locations which leaves cracks on and beneath the machined surfaces of ceramic
components. These processing induced damage areas degrade the quality of products and

often lead to malfunctioning and/or catastrophic failure during the period of service.

Research on processing advanced ceramics has been concentrated on the
development of new and innovative machining technologies. Most of these research

efforts aim at maintaining the material's distinct features while remaining as cost-



effective as possible. High speed grinding, electro-discharge machining, and laser
assisted machining have been exploited for machining ceramics with success [13].
Theoretical studies of deformation and fracture mechanisms of brittle solids have also
made steady progress. Important criteria including the Griffith fracture criterion, the
Hertzian contact fracture theory, and the Irwin plastic-fracture criterion have been
developed to determine the onset of the transition from a deformation process to a
fracture process [7,11-13]. Theory of micro-scale bridging between neighboring grains
during the micro-cracking along the grain boundaries has directed the development of
new ceramic materials with high fracture toughness, leading to significant improvement

in strength properties of ceramic components in service.

1.2 Challenge in Using Dental Ceramics

As new types of ceramic material emerge, assessment of their machinability
becomes critical to ensure dental restorations made from these materials meet clinic
requirements and patient needs. The research work presented in the first part of this
thesis is on microhardness tests of human enamel. The obtained information will be used
as a critical reference to assess the feasibility of new ceramic materials for use as dental
restorative materials in the second part of the thesis. Behavior of material under the
hardness testing in general reflects the characteristics of the material removal during
machining. Therefore, results from the microhardness testing can be directly used to
assess their machinability. It should be noted that the methodology employed in this
research is new and different from those previously used in the dental research. It
combines recently developed image processing technology, computer graphics, and
fracture mechanics. Advanced measurement techniques, such as environmental scanning

electron microscopy and atomic force microscopy, are used to provide quantitative



information. The objective of this study is to investigate the behavior of enamel material
under hardness testing with emphasis on the effect of enamel rod orientation on hardness.
The information for newly developed ceramic materials, such as Corning-MGC, is

valuable, especially as it relates to material removal during shaping of dental restorations.

1.3 Scope of the Thesis

This thesis focuses on the research of evaluating the machinability of dental
restoration materials using a computer based surface characterization system. The basic
methodology employed in this evaluation is composed of three techniques, scanning
electron microscopy, atomic force microscopy, and image processing. Special efforts of

this thesis work are categorized in the following three areas:

1. Microhardness study of human enamel material. Investigation of hardness
of human enamel serves as a reference to the evaluation of other dental
restorative materials. Vickers indentations are made and a study of the
indentation impression is performed using an atomic force microscope.
Accurate three dimensional topographies of the indents are reconstructed
using the digitized image data obtained to understand the microstructural

properties of human enamel and their effects on performance.

2. Characterization of the surface texture formed in Corning-MGC glass

dental ceramic material. To investigate the machinability of dental

restorative materials, Corning-MGC is chosen to be machined to study the
effect of three machining parameters, spindle speed, feed, and the depth of

cut on the machined surface roughness and surface cracking.




3. Control of Machining induced edge chipping in Corning-MGC material,

Special efforts are made to characterize the damage found on the entry,
interior and exit edges of the machined specimen. A new method using
epoxy resin is proposed for the purpose of controlling the fracture damage

incurred by the material removal process.

In light of these contents, this thesis presents a systematic study of developing a
computer-based system for surface texture and damage characterization in ceramic

materials.

1.4  Organization of Thesis

There are seven chapters to this thesis. Although each chapter has been written to
be self-contained, each chapter builds on the results of preceding chapters. Two

appendices are included. The contents of each chapter are summarized below.

Chapter 2 gives an overview of the relevant literature. This review covers five
aspects of advanced ceramic materials. They are the history of ceramic material,
physical properties, criteria for material selection, machining, and surface integrity. The
review also covers surface integrity assessment techniques for advanced ceramic

materials. The review serves as the foundation of this thesis research.

Chapter 3 presents the methodology and results from the microhardness study of
ceramic materials. The contents include the experimental setup, data acquisition, and

three-dimensional characterization analysis of the surface indentation impressions. Four




types of ceramic material are used in this study. They are human enamel, Dicor-MGC,
HCC Dentine, and HCC Enamel. The results obtained from this study strongly indicate
that microhardness is an excellent performance index to assess the compatibility of the
ceramic materials developed for dental restorations. In order to quantify the assessment,
a call for developing a new methodology to quantify the indentation experimentation is
proposed. Therefore, the work presented in this chapter serves as a basis for justifying
the need to develop the SEM-AFM stereophotography methodology, which is covered in
Chapter 4.

Chapter 4 describes the computer-based surface characterization procedure
developed in this study. Important techniques such as the environmental scanning
electron microscopy , atomic force microseope, and 3D image reconstruction are
employed and integrated as a new methodology, called the SEM-AFM stereophotography
analysis. Detailed results obtained from applying this new method are presented in this

chapter.

Chapter 5 presents the experimental investigation related to machining. Emphasis
is given to the assessment of the machinability of Corning-MGC material. Detailed
discussions include the experimental set up, design of using a milling operation, and

image processing to characterize surface texture formed during machining.

Chapter 6 presents the results obtained from the experiment performed using the
Dicor-MGC material. Effects of machining parameters, such as spindle speed, feed an
depth of cut, on the quality of the machined surface and machined edges are discussed.
Important observations are made through analyzing the combined effects of
microstructure and machining parameter settings on the machining performance,

illustrating the interdisciplinary nature of the ceramic machining research and pointing



out the importance of adapting machining, namely, the setting of machining parameters
has to be considered in such a way that microstructural characteristics of the material

being machined are fully taken into account.

Chapter 7 summarizes the thesis research and provides recommendations on

continuing research in this field.




Chapter 2
Literature Survey

2.1 Introduction

This chapter presents a background literature survey pertaining to the research
subjects related to this thesis work. The survey covers introduction to ceramic
materials, physical properties of advanced ceramics, material selection, machining of
advanced ceramics, and surface integrity assessment techniques. The survey is divided
into five sections. At the end of the survey, an outline of the proposed research is

presented.
2.2 Ceramic Materials

In the engineering domain, people have made significant technological progress
in every aspect of the design and manufacturing in a product development cycle.
However, every progress made has to initiate in the selection of material for making the

product. Generally speaking, we live on material.

As we recall, our ancestors used stone as the fundamental material to make tools
for survival. The industrial revolution in the nineteenth century had not been possible
without the progress in metallurgy at that time. Metals dominated the material supply
for the first half of this century until plastics emerged in 1950's. During the past two
decades, ceramic material has become a major interest in the research community under

the pressure of searching for new and advanced engineering materials.



Ceramics have long been noted for their great strength at high temperature and
resistance to heat, abrasion, and corrosion. Man first started using ceramics as low-
firing earthwares. Until about 100 years ago, ceramics were considered as everyday
pottery for uses such as tableware, clay pipes, and bricks. Even today, despite its many

advanced and technical uses, people tend to think of ceramics as simple pottery [6].

Ceramics first real technical use began during the mass production of iron and
steel in the latter half of the nineteenth century. Ceramic pots and ladles, made of
alumina, silica, or magnesia were used to work with the red hot molten metal. Today,
the use of ceramics can be found everywhere. Aircraft, automotive, micro-electronics,
and computer are some of the industries that are finding increasing applications for
ceramic materials. Typical applications include cutting tools, artificial teeth and bones,

automobile spark plugs, brakes, magnets, fiber optics, insulators and many more.

Common sense dictates that ceramic materials are hard to be machined. As a
result, most ceramic parts are manufactured to near net shape by hot pressing and
sintering the ceramic Qowder. However, advances in today's technology requires parts
with a higher degree of machine accuracy. Precision ma;:hining is now required after
sintering. To meet today's demand, traditional and nontraditional methods of machining

ceramics need to be improved or developed to achieve the full potential of ceramics.

The need for high-strength materials at high temperature applications has led to
the development of advanced ceramics. Ceramics are formed from a powder compound
and then sintered. Composed of oxide or non-oxide based compound, ceramics can
acquire different material properties depending on the manufacturing process. Oxide
based compounds tend to be made of natural occurring materials where non-oxide based

compounds are made of artificial material. Compared to oxide based ceramics, non-



oxide based ceramics are stronger and harder with a higher resistance to thermal shock.

These non-oxide ceramics show great promise in engineering applications [16].

Ceramics are recognized for their high-strength at high temperatures, yet they
are commonly brittle and have a low thermal shock resistance. Other advantages that
ceramics have over other materials is its superior heat resistance, wear and abrasion
resistance, hardness, corrosion resistance, and lightness. As a result, strategic material
considerations and economic factors are forcing the modern industries towards the use

of ceramic components.

2.3 Dental Ceramic Materials

Ceramic materials are inorganic, nonmetallic materials which consist of metallic
and nonmetallic elements bonded together primarily by ionic and/or covalent bonds.
Due to the variation of chemical compositions, there is a variety of ceramic materials
used today in industry. New and advanced ceramic materials, such as alumina,
zirconia, silicon carbide, silicon nitride, are generally distinguished as structural
ceramics for their high strengths, hardness and toughness. There is another group of
ceramic materials, such as DICOR/MGC, HCC Dentine, and HCC Enamel. These
glass-ceramic materials are produced by the controlled crystallization of appropriate
glasses. The basic structure of ceramic materials is a composite consisting of a large
portion, typically 95 to 98 vol%, of very small crystals, generally smaller than 1 micron,

with a small amount of residual glass phase to make up a porefree composite [17].

In this research, we focus on glass-based ceramics, specifically on
DICOR/MGC, HCC Dentine and HCC Enamel. The mechanical properties of these

ceramic materials are listed in Table 2.1 [8].




Table 2-1 Mechanical Properties of Dental Ceramic Materials

Human MGC HCC HCC
Enamel |Material | Enamel | Dentine

Compressive
Strength (MPa) 392 812 579 579
Coefficient of
Thermal Expansion| 8-11 72 14 14
(ppm/ C)

2.3.1 Microhardness Testing of Materials

Hardness of a given material is an important indicator in terms of understanding
the behavior of material when it is subjected to a certain loading condition. = The
hardness of a given material is determined by hardness test. In general, the hardness
test is performed on a specific designed machine. The test by itself measures the
resistance to penetration of the surface of a material by a hard object. A variety of
hardness tests have been devised, but the most commonly used are the Brinell test, the

Rockwell test and the Micro-hardness test [2].

Brinell Hardness Test. Figure 2-1 illustrates the Brinell hardness test in

which a hard steel sphere, usually 10 mm in diameter, is forced into the surface of the
material. The diameter of the impression left on the surface is measured and the Brinell

hardness number (BHN) is calculated from the following equation:

Brinell Hardness Test: BHN = F (2.1)

(n/2)D(D -+ D* - D}

10



Figure 2-1  Brinell Hardness Test

Rockwell Hardness Test. The Rockwell hardness test use either a small
diameter steel ball for soft materials or a diamond cone, or Brale, for hard materials.
The depth of penetration of the indentor is automatically measured by the testing
machine and converted to a Rockwell hardness number . Several variations of the

Rockwell test are used, as shown in Figure 2-2.

F
- ; ;
Depth Depth

1 : Ball Brale ]

Figure 2-2 Rockwell Hardness Test

Micro-hardness Indentation Test. This type of hardness test is specifically

designed for testing the hardness of an object, which is in a micro-scale, such as
microstructures. Under those circumstances, macro-scale tests, such as Brinell and

Rockwell tests, are not applicable. Two of the most common mechanical parameters

11



used for comparison purposes are the Vickers and Knoop micro-hardness numbers.
Vickers and Knoop Micro-hardness testing involves the indentation of a material at a
specified load. The indentations are examined under a microscope in order to measure
the lengths of the indentation diagonals. These diagonal lengths are then used in the

following formulas to acquire the hardness values [31],

For Vickers Hardness Tests: VHN = 1'85‘; i kg2 (2.2)
d mm
For Knoop Hardness Tests: KHN = 14'22 i [ kgz] (2.3)
d mm
where the load, P, is in kg, and the diameter, d, is measured in mm.
_ "/ - “k\\* Openﬁlﬂg
poston Operatng
position

Figure 2-3 Vickers Indentation Test Figure 2-4 Knoop Indentation Test

The rewards of using micro-hardness indentation testing are two-fold: a load-
hardness curve for the material can be generated and thus easily compared to other
materials, and the qualitative information gained from the damage of indentations can
be transferred through image processing into quantitative information that will yield
desired surface parameters. Such parameters include the amount of elastic recovery

after indentation, the surface cavity density, and the surface roughness.

12



2.3.2 Formation of Microcracks in Ceramics

To gain a basic understanding of the surface cracking during the material
removal process, experiments using sliding microindentation between a diamond
indentor and ceramics have been performed [10]. In the machining of ceramics, the
presence of chips, the formation of surface texture, and the tool wear observed on rake
and frank faces support the existence of the three deformation zones observed during
the machining of conventional materials such as metals. However, cracks formed on
the machined surface, which are in micro-scale, give distinction to the fundamentals of
material removal mechanisms during the machining of ceramics. The experiments
simulate the direct contact between the cutting tool and the part material during the
machining process. Observations made from these experiments have indicated that a
diversity of cracks, such as median cracks, lateral cracks, and cone cracks, are generated
in the vicinity of the scratched groove, or along the "tool path", as illustrated in Figure
2-5. Based on a recent study [11], the cracks formed on the machined surface are
mainly related to the median cracks, which propagate in the direction of the applied
cutting force. The lateral cracks, that run parallel to the machined surface, play a
dominant role in the chip formation process. The cone cracks emanating from the edge
of the contact impression are surface ring cracks. They grow incrementally downward

and disappear in the catastrophic failure mode at instants when chips are formed.

According to Griffith, fracture under tensile stress of a brittle solid is always
initiated by a crack. The stress-intensity factor, a parameter characterizing the effects of
the applied stress, the crack shape and size on stress-concentration at the crack tip is

given by [7],

13



P
Moving Indentor " Direction of
Path

Cone Cracks

Free Surface
Plastic Zone

Lateral Crack

Median Crack

Figure 2-5 Cracks Formed during the Sliding Microindentation of Ceramic Material

K,=11204na/Q 24)

where s = applied stress, a = depth of a surface crack, and Q = crack-shape parameter as
a function of the ratio a/2c where 2c¢ stands for the width of a surface crack. For surface

cracks on ceramic materials, an empirical model to estimate the Q value 1s given by [15]

a

0=223+020-25 for 0.50 s — < 2.0 (2.5)
0.05 2¢

2.4  Assessment of Surface Integrity

In many industrial applications, the characterization of surface topography
cannot be underestimated. In particular, surface topography is critical in the study of

microcracking, surface texture and edge effect in ceramic materials. In addition,

14



surface roughness is an important performance index, as illustrated in Equation (2.6), to

characterize the smoothness of the surface finish in dental restoration [14],

E (hi - h_)

" Area of Interest
where, Ra = Surface Roughness
h; = Sample Height Measurement (2.6)

h = Mean Height Measurement

To characterize surface integrity, numerous instruments have been invented.
Traditionally, the quality of the surface is measured by traditional technique such as
two-dimensional profilometry. However, in order to provide an in-depth understanding
of the surface texture, instruments which can 'capture three dimensional data must be
used. In this thesis, a combinational technique utilizing the methodology of atomic
force microscopy and scanning electron microscopy are used. They are described in

the following sections.

2.4.1 Traditional Two Dimension Profilometry

The basic stylus instrument consists of the following five components: a
transducer, a chart recorder, an amplifier, a traverse unit, and a meter system. In the
transducer, a linear variable differential transformer (LVDT), changes in amplitude or
height vary the mutual inductance. In tumn, the change in mutual inductance alters the
phase of a high frequency carrier signal. Then, the signal is amplified and de-
modulated to represent the surface topography. Next, the signal can be recorded on a
chart recorder. As shown in Figure 2-6, the traverse unit displaces the entire instrument

in the horizontal or spatial direction. The skid is used as a reference datum according to
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which the surface topography is recorded. Some commercial stylus based profilometers

include the Perthometer S8P, the Surfcom 475/575-3D, and the Surfascan 3-D.

Skid

/__.:Ulwlus

Figure 2-6 Stylus Instrument

The traditional stylus based profilometers are popular for several reasons. First,
these instruments are not as expensive as other commercially available surface
measurement systems. Second, workpieces do not need to be prepared before
examination. In terms of resources and time, this is a considerable advantage of these
measurement instruments. Third, the test procedure involved in obtaining a surface

profile is relatively simple.

However, the disadvantages associated with stylus type profilometers
considerably outweigh the aforementioned advantages. First, these profilometers have
been traditionally used to produce two dimensional (2-D) representations of the surface
texture. The primary problem with individual profiles obtained at different locations of
the workpiece is their lack of a comprehensive representation of the machined surface.
Recently, stylus type measurement instruments have been modified to create three
dimensional (3-D) surface plots. However, the time required to record a 3-D surface
plot using this measurement instrument is considerably longer than when using other
measurement instruments. Hence, stylus based instruments cannot be adequately used

in on-line monitoring systems.
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Second, the effect of waviness in the overall roughness measurement is another
issue of concern. Waviness, an index of the overall flatness of the surface, will be
significant if a workpiece has topographical features with a wavelength larger than the
skid length. Third, isolated extremities in the surface finish may yield erroneous
measurement data. Fourth, the contact between the stylus and the specimen may result
in permanent damage to both the stylus and the specimen, i.e., the measurement process

may introduce damage.

Finally, wear of the stylus is also a significant disadvantage of stylus type
instruments. With increasing wear, the geometry of the tip of the stylus changes, i.e.,
the radius of the stylus tip changes. In turn, as shown in Figure 2-7, the topography will
not be accurately traced. Any irregularities smaller than the nose radius of the stylus, in
particular the median cracks mentioned in Section 2.3.2, will not be detected.

Consequently, the resolution specified by the manufacturer will no longer be attained.

Measured
Topography

Actual
Topography

Figure 2-7 Effect of Worm Stylus Tip

2.4.2 Atomic Force Microscopy

Atomic force microscope is a more sophisticated type of surface profilometer
capable of obtaining measurements in three dimensions. As shown in Figure 2-8, a
sharp atomically sized metal tip connected to a cantilever beam is traversed over the

surface of the sample. However, in an atomic force microscope, a direct contact
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between the surface and tip is established. The surface roughness is obtained from the
atomic force between the stylus tip and the surface. As before, different modes of
operation exist. In the first mode, the sample is modulated with the natural frequency of
the cantilever beam in the height direction. In turn, the cantilever is deflected because
of the force between the two objects. A tunneling current, which controls the feedback
mechanism, is modulated to maintain a constant force. In the second mode of
operation, the cantilever beam is modulated at its natural frequency. In turn, both the
phase and amplitude of the tunneling current are changed. The amplitude controls the
feedback mechanisms. In the third mode, the phase, instead of the amplitude is used to
control the feedback mechanism. Finally, in the fourth mode, a constant gap between

the workpiece and the stylus tip is maintained by varying the force on the tip.

There are several advantages of using the atomic force microscope for surface
measurements. First, as before, the attainable resolution in the spatial and amplitude
directions is noticeably better than that of conventional stylus type profilometers.
Second, if the atomic force microscope is used, workpieces do not have to be
conductive. Third, the speed with which the surface topography can be reconstructed

allows for possible the use of the technique in on-line monitoring processes.

Deflection
Detector

; ; ; ; Cantilever Beam

Figure 2-8 Atomic Force Microscopy
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2.4.3 SEM-Stereophotography Methods

Recently, image processing methods and electron microscopy have also been
used to evaluate surface finish. In these methods, a picture of the machined surface is
obtained first. Next, image processing techniques are used to digitize the picture and to
characterize the surface integrity. Overall, electron microscopy can be divided into
different categories depending on the type of microscope used. First, in transmission
electron microscopy (TEM), an image is obtained by magnifying and focusing scattered
electrons. Resolutions of up to 0.3 nm have been achieved. However, the primary
drawback of TEM is the requirement that the sample used be relatively thin (less than
lum thick). Hence, a replicate of the surface needs to be made to ensure that the
correct thickness is used. Second, scanning electron microscopy (SEM) has also been
used to characterize surface topography. In SEM, a raster image is obtained after a
focused beam of electrons scans the surface of the specimen. The primary advantage of
scanning electron microscopy over transmission electron microscopy is the non-
requirement of thin samples. However, workpieces to be examined need to be
conductive. Overall, microdensitometric methods are used to convert electron
micrographs into grayscale image data. Based on the grayscale level intensity (0 to 255
levels), height data are obtained. Next, after obtaining spatial and amplitude data,
fractals, along with other image enhancement techniques, have been used to reconstruct
surface topography. The SEM-Stereophotography method will be employed in
conjunction with the Atomic Force Microscopy to provide a basis for evaluating the

surface integrity of the experimental ceramic materials.
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2.5 Summary

Recognizing the stragetic need in ceramic material and ceramic-made products,
the University of Maryland initiated ceramic machining research in 1991. Since then
researchers at the university have made significant contributions to the knowledge of

processing ceramic materials.

At the Advanced Design and Manufacturing Laboratory, ceramic machining
research covers optimization of setting machining parameters, on-line detection of the
cutting force, and implementation of a computer-based system to perform non-
destructive evaluation of surface integrity with emphasis on the investigation of crack
systems formed during machining. One Ph.D thesis and three MS theses [9, 14, 15, 25]
have been published to summarize the results obtained from the on-going research
activities. The material covered in this thesis represents the continuation of these

research activities.

Specific topics to be covered in this these are hardness indentation, submerged
machining, and assessment of surface integrity using image processing. Advanced
computer graphics and software tools are introduced. State-of-the-art facilities, such as
an envrionmental scanning electron microscope and an atomic force microscope, are

employed in this thesis study.
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Chapter 3
Investigation of Microhardness of Ceramic Materials

3.1 Introduction

The focus of this thesis study is the assessment of machinability of ceramic
materials. Machinability, as a performance index, has been commonly used in the
material processing research to indicate the easiness of a machining operation under
which a specific type of material is being processed. A better machinability means the
cutting force generated during machining is at a relatively low level, the vibration of
tool/workpiece is also at a low level, the tool wear is at a slow rate, and the finish quality

can be ensured with ease.

Generally speaking, ceramic materials possess one of the worst machinabilities
among all the engineering materials being used. High hardness of ceramics has posed
difficulties in removing excessive material for making a defined geometry. A more
important aspect is that the brittle nature of ceramics induce cracks, especially micro-

cracks, leading to a high failure rate of products made of ceramics during their service.

In order to assess the machinability of the ceramic material designed for
dental restoration fabrication, microhardness tests have been selected as the major effort
to assess machinability. For establishing a reference for comparison, the investigation
begins with a study of microhardness of human enamel. After that, research efforts are
devoted to studying three newly fabricated dental restorative materials. These three
dental restorative materials are Dicor-MGC, HCC Enamel, and HCC Dentine. The

obtained information will be used as a critical reference to assess the feasibility of new
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ceramic materials for use as dental restorative materials. Behavior of material under the
hardness testing in general reflects the characteristics of the material removal during
machining. Therefore, results from the microhardness testing can be directly used to
assess their machinability. It should be noted that the methodology employed in this
research is new and different from those previously used in the dental research. It
combines recently developed image processing technology, computer graphics, and
fracture mechanics. Advanced measurement techniques, such as environmental scanning
electron microscope and atomic force microscope, are used to provide quantitative
information. The objective of this study is to investigate the behavior of enamel material
under hardness testing with emphasis on the effect of enamel rod orientation on hardness.
Such information for newly developed ceramic materials should be valuable, especially

as it relates to material removal during shaping of dental restorations.

3.2  Specimen Preparation and Hardness Testing of Human Enamel

As stated, a special objective of this research is to study the microstructural effect
of the enamel rod orientations on the hardness measurement. In order to determine the
effect of rod orientation, two different planes on the tooth are used for indentation. As
illustrated in Figure 3-1, a tooth is first set in an orientation such that the buccal or
occlusal surface is parallel to the testing surface. When the occlusal surface is tested, the
enamel rods are aligned with the indentation loading. On the other hand, when the
buccal surface is tested, the enamel rods are oriented at an angle to the indentation
loading. Acrylic resin is used to mount the tooth in this orientation. The exposed
surfaces are polished using a set of grit-sized papers and finally with diamond paste. The

polishing sequence results in an enamel surface within a 1/4 micron surface roughness.
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Figure 3-1.  Specimen Preparation of the Human Teeth at Two Different Orientation of

the Calcified Rods

Specimens prepared in the two different orientations are tested on a
Microhardness Indentation Tester Model 300. A Vickers indenter which is a pyramid
with edge angle of 136°is used. Eight loading conditions used vary from 50 grams to
2000 grams to model normal functional forces. Under each loading condition, two
hardness indentations are performed. Consequently, sixteen indentation tests are done on
a molar with a given orientation. Two molars with the identical orientation are used to
duplicate the indentation tests. Therefore, a total of sixty-four indentation tests are

performed on the exposed surfaces of the four molars in this study.

Four surface impressions obtained from the indentation tests performed are
illustrated in Figure 3-2. Among the four impressions, two are taken on the occlusal
surfaces and two on the buccal surfaces The loading conditions are 400g and 2000g,
respectively. On each impression, two diagonals across the indentation are measured

using an optical microscope with 100x magnification. The Vickers hardness number is
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obtained by dividing the applied load in kilograms force by the square of the measured

diagonal mean in square millimeters, as seen in the following equation,

viN - 28242 G.1)

d2

where: P = load, in kgf, and d = mean diagonal of indentation, in mm. Table 3-1 lists the

mean and standard deviation of the hardness measurements.

Occlusal Surface Buccal Surface

Magnification: 400x Magnification: 500x

a) Load = 400g
Radial Cracking

7
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§\ : Irregularities
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Magnification: 400x Magnification: 400x
b) Load =2000g

Figure 3-2.  ESEM Micrographs of Indentations on the Occlusal and Buccal
Surface at Loads of 400g and 2000g.
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Table 3-1. Data Obtained from Hardness Measurements

Vickers Hardness Number [Kg/mn?]
Occlusal Surface Buccal Surface

Hardness Standard Hardness Standard

Load (g) Average Deviation Average Deviation
50 468 6.6 453 14.5
100 453 133 426 23.2
200 430 17.4 412 18.8
400 398 18.3 390 36.3
800 395 3.2 383 8.9
1000 381 7.4 351 372
2000 379 2.4 328 14.4

500

O Occlusal Surface
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. \
400 T
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Figure 3-3.  Hardness Curves of Enamel on Occlusal and Buccal Surface

To analyze the results obtained from the hardness measurements, the two curves
illustrated in Figure 3-3 are constructed using the data listed in Table 3-1. The solid line

represents the mean hardness values measured on the occlusal surface and the dashed line
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the mean hardness values measured on the buccal surface as the loading condition varies

from the low to the high. It is evident that the measured hardness of the human enamel

material, either on the buccal surface or on the occlusal surface, is a function of the

loading condition. Examining the two plotted curves, a big hardness will be measured

under a low loading condition, and a small value of hardness under a heavy loading

condition. The variation range covers from 380 VHN [kg/mm?2] when subjected to 400

grams force to 480 VHN [kg/mm?] when subjected to 50 grams force.  Important

findings from analyzing the results obtained from the hardness measurements are as

follows:

(1)

)

€)

Both curves follow the same trend, i.e., the measured hardness value
declines exponentially as the loading increases.

The occlusal hardness-load curve is consistently higher than the buccal
hardness-load curve, indicating that the occlusal surface possesses stronger
resistance to the indentation force than the buccal surface does.

Standard deviations of hardness measurements on the buccal surface is
between 8.9 to 37.2 VHN, which is significantly larger than the standard
deviation range of 1.8 to 18.3 VHN observed on the occlusal surfaces. By
examining the impressions shown in Figure 3-2, the large standard
deviation is mainly contributed by the presence of a crack system

developed during indentation.

3.3 Microhardness Testing of Dental Ceramics

As mentioned in previous section, three types of dental ceramics have been tested

under the same hardness testing conditions described in Section 3.2. These three dental
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Table 3-2 presents the average and standard deviations of the Vickers hardness

number obtained from the experiment.

Table 3-2 Hardness Data for 3 types of Dental Ceramics

Vickers Hardness Number [Kg/mnr]
DICOR/MGC HCC Dentine HCC Enamel

Hardness  Standard Hardness Standard Hardness  Standard

Load (g)  Average Deviation Average Deviation Average Deviation
50 407 19.1 191 11.1 218 6.7
100 388 26.3 186 21.6 206 1.5
200 379 16.3 184 1.2 186 0.6
400 386 292 172 1.5 184 35
800 335 11.8 158 23 195 153
1000 321 4.2 163 4.6 190 31
2000 321 0.2 162 1.4 192 6.8

restorative materials are Dicor-MGC, HCC Enamel, and HCC Dentine. Figure 3-4a, b,

and c presents the high magnification microgrpahs taken using a Nomarski Microscope.

In order to perform preliminary feasibility study of these new ceramic materials
for use as dental restorative materials, their respective hardness curves are constructed in
reference to the hardness of the human enamel previously obtained, as illustrated in

Figure 3-5.

A number of important observations can be made from the hardness evaluation

presented in Figure 3-5. They are listed as follows,

1) All of the dental ceramics, DICOR/MGC, HCC Enamel, and HCC Dentine,

exhibit lower hardness than the human enamel. This is an important observation and a
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Figure 3-5  Microhardness Testing of 3 types of Dental Ceramics

critical guideline in designing the mechanical property of ceramic material for dental

restorations. It is common sense that the dental ceramic replacement must be softer than

the human tooth to prevent excessive wear on the enamel surface after clinical

implementation.

)

Two classes of dental ceramics, 'hard' and 'soft' can be identified from Figure 3-4.
The first type of dental ceramics, represented by DICOR/MGC, is a tetrasilicic-
mica glass ceramics with grain size of 2um. It is designed to closely resemble the
mechanical properties of the human enamel. As illustrated by the hardness values
presented in Table 3-3, the average difference of hardness between the human
enamel and DICOR/MGC is on the average of 42 kg/mm2. The second type of
dental ceramics, which is represented by HCC Enamel and HCC Dentine. HCC
which stands for Hybrid Ceramic Composite, adopts a non-traditional approach of
hybridization of organic monomers and inorganic fillers packed in a resin-based

matrix. Therefore, the hardness of HCC material is expected to be considerably
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less. The average difference between the human enamel and HCC Dentine is
about 230 kg/mm2 whereas the average difference between human enamel and

HCC Enamel is about 208 kg/mm?2.

Since the hardness of a material in general gives an indication of the surface
characteristics of the material removal process during machining, DICOR/MGC
would be an ideal candidate to be used for dental purposes due to the closeness of
mechanical property to the human enamel. In Chapter 5, a detail 23 factorial

design experiment will be used to study the machinabiity of DICOR/MGC.
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Chapter 4
Development of a Computer-Based Assessment System

4.1 Needs to Detect Micro-Scale Cracks

In the machining of ceramics, the presence of chips, the formation of surface texture,
and the tool wear observed on rake and frank faces support the existence of the three
deformation zones observed during the machining of conventional materials such as metals.
However, cracks formed on the machined surface, which are in micro-scale, give distinction
to the fundamentals of material removal mechanisms during the machining of ceramics. To
gain a basic understanding, experiments using sliding microindentation between a diamond
indenter and ceramics have been performed by many researchers in this research field. These
experiments simulate the direct contact between the cutting tool and the part material during
the machining process. Observations made from these experiments have indicated that a
diversity of cracks, such as median cracks, lateral cracks, and cone cracks, are generated in
the vicinity of the scratched groove, or along the "tool path", as illustrated in Figure 4-1.
Based on a recent study, the cracks formed on the machined surface are mainly related to the
median cracks, which propagate in the direction of the applied cutting force. The lateral
cracks, that run parallel to the machined surface, play a dominant role in the chip formation
process. The cone cracks emanating from the edge of the contact impression are surface ring
cracks. They grow incrementally downward and disappear in the catastrophic failure mode

at instants when chips are formed.
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Figure 4-1 Cracks Formed during the Sliding Microindentation of Ceramic Material

4.2  Architecture of a Computer-Based Assessment System

In this study, we apply a new methodology called three-dimensional topography
analysis. Through visualization of the hardness impressions, characterization of their
geometric shapes is performed using methods of image processing and atomic force
measurements. Figure 4-2 illustrates the developed computer-based system to carry out

the characterization. The main examination procedure is outlined as follows:

(1)  Examination using scanning electron microscopy (SEM) to verify the
hardness measurements;

(2) Examination using atomic force measurements (AFM) to obtain digitized
indentation topography;

(3)  Three dimensional visualization or reconstruction of indentations; and

€)) Quantitative characterization.
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Figure 4-2.  Computer-Based System for Characterization of Microhardness

Indentations

43  Case Study: Characterization of Indentation Impressions

As presented in Section (3.2), The results from the hardness tests indicate that
hardness of human enamel varies as the loading condition changes. In addition, the
surface orientation has an effect on the hardness measurement. To gain a better
understanding, the computer-based assessment system to interpret these observations and
identify the significance of this material property on its clinical performance. Such
information is important not only to the medical community, but also to the engineering

community, which is responsible for designing and manufacturing the material to be used
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for dental restoration fabrication.

4.3.1 SEM Examination

In this study, an Environmental Scanning Electron Microscope(ESEM) is used.
The four surface impressions illustrated in Figure 3-2 are SEM micrographs taken on
both the occlusal and the buccal surfaces indented with loads of 400g and 2000g. The
SEM micrographs allow accurate horizontal dimensional measurements to be carried out
for verifying the micro-hardness measurements. These micrographs also provide a
qualitative assessment of indentations, especially for the effect of the enamel rod
structural system on the variations in hardness measurements and fracture patterns

formed during indentation.

Examining the four micrographs shown in Figure 3-2, two important observations
can be made. The first observation is that the illustrated geometric shape on the occlusal
surface reflects the geometry of the indenter. Therefore, the impression has a well
defined geometry. Note the rod orientation on the occlusal surface. Because rods
primarily extend perpendicularly from the dentinoenamel junction and are generally
perpendicular to the occlusal surface. During indentation, the rods are parallel to the
applied force through the Vickers indenter and are subjected mainly to compression.
Under the compression stress field, the impression is formed under the built-up hydro-
static pressure. The indentations at both loading conditions, 400g and 2000g, give a
geometrical shape that matches the geometry of the Vickers indenter. As shown in
Figure 3-2, radial cracks on the occlusal surface can be observed emanating from corners
of the surface impression, at heavy loads, suggesting the release of the accumulated strain
energy from the rods. The strain energy is dissipated through plastic deformation and in

the process of forming a crack system.
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The second observation is that as the load increases, the extent of the resulting
damage on the crack pattern formed on the indentation becomes more severe. As
illustrated in Figure 3-2, surface deformation and surface irregularities increase with
increasing loads from 400 g to 2000 g. On the occlussal surface, the size of the radial
cracks increases with increasing load. The crack pattern remains the similar as that of
lower loads. Comparable conclusions can be drawn for the buccal surface. As previously
mentioned, both radial cracking and surface irregularities can be found on the buccal
surface indentations. It is obvious that the extent of the development of these two types

of damage increases dramatically from the 400g to 2000g.

4.3.2 Atomic Force Microscopy

Elastic recovery at hardness indentations is a phenomenon well recognized by the
research community. As illustrated in Figure 4-2, the indentation process starts in
loading, then elastic deformation, plastic deformation, unloading, recovery of the elastic

deformation and finally the residual surface impression.

Studies of impression geometries in metallic and non-metallic materials using
various standard microhardness indenters indicate that whereas characteristic in-surface
dimensions generally remains a reasonable measure of those at maximum loading,
(thereby justfying a definition of hardness in terms of post-indentation measurements),
the depth of the impression does not. Extremes in depth recovery are shown by 'soft'
metals, where it is negligible, and 'highly elastic' rubbers, where it is nearly complete.
Therefore, the phenomenon of elastic recovery is an important indicator characterizing
the material property to resist the irreversible deformation. Unfortunately, most of the

formulas used for hardness evaluation, such as the formula presented in Equation 3.1, do
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not count the factor of elastic recovery. As a result, an accurate assessment of material
hardness is, if not impossible, difficult to achieve. This is especially true in evaluating
the hardness of brittle solids where elastic recovery is usually significant. Another
phenomenon to characterize the irreversible, or plastic, deformation is so-called 'pile-up'
and 'sink-in', as illustrated in Figure 8. These surface disturbances are formed by
dislocation loops generated under shear stress. It is evident that an accurate assessment
of hardness has to incorporate both elastic and plastic deformations into the evaluation.
To quantify these phenomena, the traditional SEM method is not adequate. A new

approach, which is capable of performing measurements in the three-dimensional space,

1s needed.

In this study, a Dimension™ 3000 Atomic Force Scanning Probe Microscope is
used to capture the topographic heights of the indentation geometry in micro-scale [9-11].
The indentation topographic data are obtained using a sampling area of 64 x 64 um and
represents an image resolution of 256 x 256 pixels in both x and y direction. The Z
direction accuracy is 1 x 10-3 um and has a maximum depth measurement capability of
6 um. In processing the data, several software tools are used, including NIH IMAGE and

MATLAB [12-13].

38



» Elastic » Plastic

Loading Deformation Deformation

Residual Surface Recovery of )
Impression Elastic Deformation[ ™ Unloading -

Load

Indent Half-Diagonal

=

‘Sink-in’

‘Pile-up;,

Material Pile-Up
Height

o

Matenial Surface |
Theortical Depth of

a
Indentation

easured Dep
of Indentation

a - Vickers Indenter Actual Shape
b - Elastic Recovered Shape
v - Indenter Semi-angle

Figure 4-3. Cycle and Illustration of the Profile of Indentation

4.3.3 Three Dimensional Visualization of Indentation

3D image is reconstructed based on the Atomic Force Microscope measurements
obtained from the indentations. Several aspects of the three-dimensional visualization of
the indentation topography are presented in this section, as illustrated in Figure 5-4. They

are (1) Isometric plot, (2) Contour map, and (3) Inverted isometric plot.
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a) Isometric Plot b ) Contour Plot ¢ ) Inverted Isometric Plot

Figure 4-4  Procedure of 3D Visualization using Image Processing

Figure 4-5a presents two 3D isometric plots of the indentations at 200g and 400g
on the occlussal surface, respectively. The two 3D isometric plots shown in Figure 4-5b
illustrate the same loading condition on the buccal surface. The basic topographic
features of the indentation, namely the 'pile-up', 'sink-in', and the shape of the diamond of
the microhardness tester, are observed from these isometric plots. These features give a
vivid picture of the deformation process during indentation. In the occlusal case, the rods
are perpendicular to the applied load and do not fracture. Thus, a high hardness value is
obtained for the occlusal surface and a small amount of pile-up and sink-in volume is
found for both indentations at 200g and 400g, as illustrated in Figure 4-5a. In the buccal,
surface. the applied force acts at an angle to the rods, thus causing them to fracture and
displace in various directions. The broken and mis-aligned rods appear in Figure 4-5b at
the significant damage zone located on the edge of the impression, indicating possible
shearing among the enamel rods due to its angular orientation nature on the buccal
surface with respect to the loading condition. In addition, plastic flow of material forms
'pile-ups' and 'sink-ins'. The volume of these surface disturbances, as observed from

Figure 4-5b, is relatively large if compared with the occlusal case.

Figures 4-6a and 4-6b present two contour plots taken from the three dimensional
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indentation topographies as displayed in Figure 4-5. A total of forty equally-distant
contour levels based on the total height of each indentation topography is used. The
significant advantage of the contour plot of impression is that it provides information of a
directional nature relating to the surface topography. It's important to notice the
asymmetry of the indentation on both the occlusal and buccal surface. The asymmetry is
an imprint of the inhomogenous response of the enamel rods matrix to the indentation
loading. It suggests the disturbance produced in enamel is irregular. In Figure 4-6a, the
asymmetry of the indentation on the occlusal surface is conformed to two main islands of
pile-ups on two sides of the indentation. In Figure 4-6b, the asymmetry of the indentation
on the buccal surface is more severe, as both fracture and deformation specifically

developed on one side of the indentation impression.

In order to see the topographic details of the part of impression below the general
level of the surface, two inverted isometric plots of the indentations on both occlusal and
buccal surface are presented in Figure 4-7. These inverted plots exhibit the plastic
deformation of the material. The pile-up is seen from the surrounding edges of the
indentation. Just above the level of the surface, there is evidence of small amounts of
sink-in before the shape of the indentation follows exactly the shape of the diamond
indenter. From Figure 4-7a, a small amount of the sink-in volume of the impression is
found on the occlusal surface. From Figure 4-7b, a much greater amount of the sink-in
volume is revealed immediately above the edges of the indentation. It is interesting to
note that a significant amount of fracture can be observed on one side of the indentation
at 400g loading. This phenomenon can also be confirmed if the corresponding contour
plot is examined. This fracture region could be due to the shearing of enamel rods during
the indentation unloading cycle. Overall, the qualitative assessment of the indentation

morphology using the atomic force microscope can be summarize in the Table 4-1.
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Table 4-1. Summary of 3D Visualization Results

Isometric Plot

Major Observations
Contour Plot

Inverted
Isometric Plot

Visualization of basic properties,

Provides information of a directiona

Exhibit the plastic deformation

Usage e.g., pile-up, sink-in, and the nature relating to the surface of thematerial below the level
shape of impression indenter topography of the indentation impression

1) Small amount of pile-up and |1) The asymmetry of the 1) A minimal amount of sink-in
Occlusal sink-in volume is found for both {indentation on the occlusal surface fof the indentations is found on the
Surface |}/ dentations is conformed to two main islands  focclusal surface

2) The dominant mechanismis |of pile-upson two sides of the

uniform plastic deformation of | indentation

the material
Buccal 1) The asymmetry of the 1) A much greater amount of
Surface | 1) A large amount of pile-up indentation on the buccal surface

volume 1s observed at one comer
of the indent, indicating possible
shearing of the enamel rods due
to its angular orientation nature
on the buccal surface

is more severe, as both fracture
and deformation specifically
developed on one side of the
indent.

sink-in is revealed immediately
below the edges of the indentation,
2) A significant deformation zone
is also found on one side of the
indentation at 400g loading

42



Indentation Load = 200g

a) Indentation Load =200 g

indentation Load = 4009

0 o axis (0.6 umvpixel)

b) Indentation Load = 400 g

Figure 4-5a. Three Dimensional Topography Visualization of the Indents on the
Occlusal Surface

43



Indentation Load = 200g

Surface Elevation (um)
L "0 o N o

-

0 o axis (0.5 um/pixel)

a) Indentation Load =200 g

Indentation Load = 400g

ot

Surface Elevation (um)

120

60 .
40 .

20 20

0 o axis (0.6 um/pixel)

60

40
Material: Human Enamel

b) Indentation Load =400 g

Figure 4-5b. Three Dimensional Topography Visualization of the Indents on the
Buccal Surface
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Figure 4-6a. Contour Maps of Microhardness Indentations on the Occlusal Surface
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Figure 4-6b. Contour Maps of Microhardness Indentations on the Buccal Surface
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Figure 4-7a. Inversion Plots of Microhardness Indentation on the Occlusal Surface
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Figure 4-7b. Inversion Plots of Microhardness Indentation on the Buccal Surface
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4.3.4 Discussion of Results

Information gained from the 3D visualization offers great opportunities to
understand the physical process of hardness indentation. The digitized data obtained
from the atomic force microscopy measurements form a basis to perform quantification
of the hardness indentation process. The three aspects discussed in this paper are elastic
recovery of the indentation impression in brittle material, characterization of plastic flow,

and normalization of hardness measurements with respect to a selected loading condition.

4.3.4.1 Elastic Recovery in Brittle Material
To quantify elastic recovery at hardness indentations, a new parameter is defined
as follows:

Predicted Depth - Measured Depth
Predicted Depth

Elastic Recovered Index =

*100% 4.1

In this study, the elastic recovery is calculated as a ratio of the difference between
the predicted and measured depths to the predicted depth. It is expressed as a
percentage. Note that an assumption is made in this study to calculate the predicted
depth. It is assumed that the dimension of indentation diagonal remains unchanged
during the elastic recovery process. Based on the assumption, the predicted depth is

given by

Predicted Depth = (Indent Half Diagonal)* coty (4.2)

where parameter 1 represents the semi-angle of the indenter. It is equal to 74° in this
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study. It should note that the measured depth can be readily obtained by sorting the data
in the depth direction and identifying the most negative number with respect to the

reference planary surface, i.e.,

Measured Depth = max Eabs(depthl) (4.3)

Table 4-2 lists numerical values of the elastic recovery of hardness indentations.
Data used for calculation are taken from the atomic force microscopy measurements for

the two loading conditions of 200g and 400g for both occlusal and buccal surfaces.

Table 4-2. Results of the Indentation Height Parameters

Occlusal Surface Buccal Surface

Load(e)  200g  400g  200g  400g

Measured

Depth of 2.59um| 3.20pum|{| 2.86pm | 3.24pm

Indentation(um)
Theoretical

Depth of 421um| 6.23um|| 4.21um | 6.23um

Indentation(um)
Elastic

Recovered 37% 49% 32% 48%
Index (%)

Examining the listed data, two important observations can be made. The first
observation is that elastic recovery along the depth direction is significant at low loading
conditions, such as 37% at 200g versus 49% at 400g for the occlusal surface. In fact this
is true for both occlusal and buccal surfaces. The second observation is that the elastic
recovery is more significant with the occlusal surface than the elastic recovery with the
buccal surface, such as 37% versus 32% at 200g, and 49% versus 48% at 400g.

However, such differences decrease as the loading condition increases. This is due to the
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presence of a dominant crack system usually formed under high loading conditions.

4.3.4.2 Characterization of Material Plastic Flow

Material plastic flow can be characterized by the 'pile-ups' and 'sink-ins' formed
during the indentation process. In this study, a parameter, denoted as pile-up height

index, is introduced to characterize the formed 'pile-ups'. It is given by

Mean of the heights of pile - ups
Predicted Depth of Indentation

1 n

—Yh

= : ; — % 100%
Predicted Depth of Indentation

Pile - Up Height Index = *100%

(4.4)

Table 4-3 lists numerical values of the pile-up height index for the hardness
indentations used in Section (3.2). It is interesting to note that numerical values of the
pile-up height index are relatively low, 3.5% at 200g and 3.6% at 400g, for the occlusal
surface. On the other hand, numerical values are relatively high, 12.4% at 200g and
14.3% at 400g, for the buccal surface. This difference points out the effect of rod
orientation with respect to the loading surface on the material plastic flow during
indentation.

Table 4-3. Pile-up Height Index

Occlusal Surface  Buccal Surface

Load(g) ~ 200g  400g  200g  400g

Mean Pile-
H;ﬁt(l:ugp 0.15um | 0.23um|| 0.52um| 0.8%um

Predicted
Depth of 421lum | 6.23pm|| 421um| 6.23um
Indentation(um

Pile-up

Height 35% 36% || 12.4% 14.3%
Index (%)
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In order to graphically characterize the material flow during indentation, a second

parameter, called spread area index, is introduced. The parameter is defined by

X

2 E Solid Area within a Sliced x -y plane
y

[Spread Area Index] = (4.5)

E E Total Area within a Sliced x -y plane
Xy

fori=1, 2,3, ... N where N represents the number of slices taken along the z- direction.
Note the solid area is determined by the materialized area which results in the intersection
of a sliced horizontal plane and the indentation impression. Table 5-4 lists numerical

values of the spread area index on 10 sliced x-y planes.

Figure 4-8 presents two plots of the listed data. Note the curve in dark line, which
represents an ideal indentation process without any 'pile-ups' and 'sink-ins'. The top part
of the ideal curve has a slope, which characterizes the increase of indented area. The
sudden drop portion indicates the sliced x-y plane is just passing the reference surface, on
which 'pile-ups' are built in. The zero line is the characteristic of no any 'pile-ups' formed
during indentation. Therefore, any deviation from the ideal curve is indication of
material plastic flow. The deviation on the top portion represents 'sink-ins'. The
deviation on the bottom portion characterizes 'pile-ups’. The closed area between the

ideal curve and the measured curve represents the volume of material plastic flow, i.e.,

max pile-up height

Plastic Flow Volume = fz By [g(z)-f(z)] dz (4.6)
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Table 4-4. Numerical Values of Spread Area Index

Spread Area Ratio [%]

Z-Direction Height (um)l 04 { 02 0 02| 04 -081]-121] 18] 22| 26
Occlusal Surface (200g) 0.1% | 0.3% [ 90.3% | 93.9%| 94.9%] 96.7% 97.9% | 99.2%1 99.7%] 99.9%
Buccal Surface (200g) | 4.6% | 9.4% | 93.8% | 94.8%] 95.7%( 97.2%] 98.3%{ 99.4%] 99.8%{ 99.9%
Occlusal Surface (400g){ .13% | 0.9% [ 88.1%{ 90.1%] 91.6%] 94.4% | 96.4% | 98.2%] 99.0% 1 99.6%
Buccal Surface (400g) | 5.9% | 14.7% 85.5% | 90.2%] 91.8%| 94.3%| 96.3% | 98.3%{ 99.2%| 99.7%
100 — 100 -T—-D"—B- —— T
o \gg%‘_ 00 ~ |
_ 80 80
2 70 70 /
Q
E 60 — 60 /r
g 50 50 /
- 40 40 y,
]
c% 30 30 Z
20 20
10 10 / ?
[o]
0 ] 0 / L r
3 25 2 -15 -1 -05 0N0S5 3 25/2 15 -1 05 0 05
Z-Direction Height[ pm] Z-Direction Height [ pm]
Ideal

——"i}—— Occlusal Surface
= = -0~ ~ - Buccal Surface

Figure 4-8. Graphical Illustration of Material Flow during Indentation

The two curves in Figure 4-8a represent the spread area index curved based on the

calculations for both the occlusal and buccal surface at 200g. The two curves in Figure 4-

8b represent a similar situation except the loading condition is at 400g. All the four
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curves indicate that 'sink-ins' are much less significant than 'pile-ups' in the determination
of plastic flow volume because the deviation on the top portion seems negligible if
comparing it with the deviation on the bottom portion. Examining the two curves in
either Figure 4-8a or Figure 4-8b, the total deviation for the occlusal surface is always
less than that for the buccal surface. There are more 'pile-ups' formed, or more plastic
flow, on the buccal surface than those formed on the occlusal surface. The material
plastic flow volumes for the four cases are calculated using the integration formula,

Equation 4.6, are listed as.

Rod orientation: Occlusal Surface Buccal Surface
Loading: 200 g 400 g 200 g 400g
Plastic flow volume;: 78 208 135 253

[unit: 103 pum]

4.3.4.3 Normalization of Hardness Measurements

The hardness values measured under different loading conditions differ from each
other significantly. As shown in the data listed in Table 4-1, the maximum number is 468
VHN at 50g and the minimum number 379 at 2000g for the occlusal surface. Therefore,
telling a hardness number without giving the corresponding loading condition may not
provide sufficient information on the hardness property of the material. Normalization of
the hardness measurements made under different loading conditions with respect to a

selected, or commonly acceptable, loading condition is needed.
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If examining the formula used to determine the hardness value from measurement,
such as Equation 4.1, a surprising fact is that the geometrical parameter used is the
dimension of the impression diagonal. This parameter has the least effectiveness in
characterizing the reversible deformation occurred during indentation. The credibility of
determining hardness value without taking to account the reversible deformation, such as

elastic recovery of the indentation depth, is in question.

In this study, a procedure to perform normalization and incorporate the reversible
deformation into the hardness determination is proposed. Equation 1 is revised and two

new parameters are introduced.

1854 P

Normalized Hardness = pE */Elastic Recovered Index *C  (4.7)

The first parameter is based on the elastic recovery index. Recognizing the non-linearity
between the material hardness and elastic recovery, a fourth root is used. As an example
to demonstrate the introduction of this parameter, the following data are before and after
the normalization for the occlusal surface together with the four numerical values of

elastic recovery index:

1854 P

Normalized Hardness = e *4/Elastic Recovered Index (4.8)

before normalization: 468 453 430 398
elastic recovery index 29% 25% 37% 49%
after normalization; 328 331 334 326
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As indicated, the normalized hardness values are 328, 331, 333, and 326,
that are very close to each other and vary slightly about 330 VHN. Numerical
values of these four normalized hardness measurements may not seem reasonable if
comparing their values measured before normalization. These values are 468, 453,
430, and 398, respectively. Therefore, there is a need to make an adjustment for the
normalized hardness value be set at a given loading condition. Say the loading
condition of 200g is selected. The parameter C in equation 8 can be set at the

following value:

c=43-1316 (4.9)

Using this correction factor to adjust the normalized hardness values will
allow us to raise the average of the normalized hardness values to a new level. Itis
now at 430 VHN because the four normalized hardness values after adjustment are
431, 435, 439, and 429 VHN, respectively, as illustrated in Figure 4-9. Graphically
speaking, such a normalization and adjustment process is to bend a curve to a
horizontal line and then shift the line upward or downward. In this study, the shift

value is 100 VHN.
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Figure 5-9. Illustration of Hardness Normalization

The significance of implication of this normalization process is two-fold.
First, the normalized hardness values are determined not only by the applied load
and the measured diagonals of the impression, but also by incorporating the
reversible deformation into the hardness evaluation. As a result, the normalized
hardness value will have a unique hardness value for a given type of ceramic
material without specifying the loading condition under which a specific indentation

test is performed.

The second contribution of this normalization process is the establishment of
a criterion to use the hardness measurement as a tool for comparison among
different ceramic materials. In this study, we obtained two curves, one for the
occlusal surface and the other for the buccal surface. Using equation 8 and having
parameter C set at 1.316, the normalized hardness value for the occlusal surface is

435 VHN, and the normalized hardness for the buccal surface is 420 VHN.
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Therefore, comparison between the two normalized values clearly indicates that the
hardness of the occlusal surface is higher than that of the buccal surface. The
difference is about 6-10 %, mainly due to the orientation of rods with respect to the

loading surface.

44  Summary

A research effort to perform a combined analytical and experimental study with
focus on identifying crack fracture characteristics in microhardness indentation of human

dental enamel. Significant findings are summarizes as follows.

1. Vickers Microhardness indentation using loading conditions, from 50g to 2000g
has been performed on both occlusal and buccal surfaces in human enamel.

Significant cracking fracture and deformation patterns have been observed.

2. A computer-based Scanning Electron Microscope and Atomic Force
Measurement Analysis system has been used to perform surface height
measurements of the indentation topography. These measurements are used to
visualize hardness indentations using computer graphics software. Three types of
visualization plots of the indentation have been presented, 1) isometric plot, 2)
contour map, and 3) inverted 1sometric plot, providing a vivid picture and rich
information into the material fracture and deformation during the indentation

process.

3. Quantitative indices, such as the pile-up height, material spread area, and pile-up
volume have been introduced to serve as performance indices to evaluate the

material property of human enamel material. Results from this study affirm that
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difference in enamel rod orientation contributes to variation of hardness

characteristics and modify the cracking mechanism in an intrinsic way.

A new formula to determine microhardness values for indentation tests is
proposed in this research. By incorporating elastic recovery into evaluation, a
normalized hardness measurement can be achieved to associate a given type of
ceramic material with a unique hardness value. This approach offers a unique
opportunity to use hardness measurement as a means for comparison and other

investigations related to material hardness characteristics.
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Chapter 5
Machining Experiments
5.1 Introduction

The brittle nature of ceramics makes them difficult to machine. This chapter presents
the effort made in machining ceramic specimens to be used for surface integrity assessment.
These experiments are important because results from these experiments form a basis to
explore the possibility of using hardness tests as an effective means for machinability

evaluation.

Recognizing the unique stress-corrosion-cracking behavior of ceramic material under
certain aggressive environments, an apparatus is employed to create a machining environment
where workpiece and cutting tool are submerged in a bath filled with cutting fluids. The
obtained results suggest that the chemo-mechanical interactions occurred during machining
have great influence on the stress distribution produced in the ceramic material being
machined, thus having direct effects on crack initiation and propagation. By controliing the
machining parameters, higher material removal rate with less surface damage can be achieved,
showing the potential of submerged machining as an innovative technology for machining

ceramic material

The material selected for the milling tests in this thesis study is DICOR/MGC, a
machinable glass ceramic material. For dental restorations, a particularly important
consideration is the closeness of physical properties of the restorative material to that of human
enamel. Overall, in terms of translucency, thermal conductive, density, and hardness,

DICOR/MGC closely resembles the physical properties of human enamel. In addition to
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having a material removal rate close to that of human enamel when compared to other advanced
ceramic materials, experimental studies indicated that DICOR/MGC wore at higher rate than

human enamel.

5.2 Design of Experimentation

In order to carry out a systematic study, three important aspects regarding machining
are considered. They are type of materials, machining environment, and machining
parameters. To keep the number of machining tests at a manageable level, the first step is to
narrow the search space, or to identify a feasible region. The criterion used for this

investigation is 2 um of the finish quality of machined surfaces.

5.2.1 Selections of Ceramic Material and Tool Material

In this thesis research, the ceramic material used is Dicor-MGC. It is a two phase
tetrasilicic mica glass-ceramic material and has a micro structure consisting of mica flakes of
approximately 70 volume percent dispersed in a non-porous glass matrix. The hardness of
Dicor-MGC is about 3.4 GPa. The cleavage fracture along the planes of mica flakes makes the
material machinable. Dicor-MGC has been widely used as a new material in dental
restorations. Figure 5-1 illustrates the specimen used in the machining tests. Itisa 152.4 mm
long bar with a rectangular cross-section, each side equal to 12.7 mm. The material of the end
mill selected was high speed steel with hardness of about 18 GPa, which is 5 times as hard as

the Dicor-MGC material under the investigation.
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Figure 5-1 Ceramic Specimen and Setting of Machining Conditions

5.2.2 Machining Parameter Settings

The four machining parameters selected for this thesis research are type of the
cutting fluid used, and three machining parameters. They are depth of cut, feed and cutting
speed. A design of experimentation method is used to set each of the four variables at two
levels, namely, high and low. Table 5-1 lists the 16 combinations of these four parameter
settings. A graphical representation of this experiment design is illustrated by the two
cubics shown in Figure 5-1. For example, the circle located in the front and right corner
represents the machining condition set for Test 1, which is a combination of depth of cut =
0.08 mm, feed = 5 mm/min, and cutting speed = 4 m/min at a dry cutting environment

where compressed air is used to assist in chip removal. On the other hand, the machining
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condition set for Test 8 is a combination of depth of cut = 0.16 mm, feed = 10 mm/min,
and cutting speed = 6 m/min at a dry cutting environment. Note the machining
environment for Tests 1 - 8 where no cutting fluid is used. Therefore, the machining is
under a dry environment. On the other hand, the machining environment for Tests 9 - 16
where cutting fluid is used. The fluid used in this investigation is a commercially available
emulsifiable oil, called LS-A-14H [11]. The emulsifiable concentrate is mixed with water
in a ratio of 9:1. The pH ranges from 9.7 t0 9.9. To carry out these experiments, an NC
program is prepared to carry out the machining tests, first at the dry environment, and then

at the submersion environment.

Table 5-1 Design Matrix for the Experimentation and Measured Data

Paramter Settings
Surface
Test No. Feed Depth of Céltteig(% Machining Roughness
[mm/min] | Cut[mm] [m}’min]. Environment||  (um)

1 5(-1) 0.08 (-1) 4 (-1) | Dry Machining 0.51
2 10 (+1) 0.08 (-1) 4 (-1) Dry Machining 1.23
3 5(-1) 0.16 (+1) 4 (-1) Dry Machining 0.63
4 10(+1) | 0.16(+1) [ 4(-1) | DryMachining 1.63
5 5(-1) 0.08 (-1) 6(+1) Dry Machining 0.69
6 10 (+1) 0.08 (-1) 6(+1) Dry Machining 1.11
7 5(-1) 0.16 (+1) 6(+1) Dry Machining 0.72
s 10 (+1) 0.16 (+1) 6(+1) | Dry Machining 3.89
9 5(1) 0.08 (-1) 4(-1)  |Submerged Mach 0.47
10 10 (+1) 0.0s (-1) 4 (-1)  |submerged Mach 0.59
11 5(1) 0.16 (+1) 4 (-1)  |submerged Mach| 0.47
12 10 (+1) 0.16 (+1) 4(-1)  |submerged Mach 1.19
13 5C¢D 0.08 (-1) 6(+1)  [submerged Machy 0.55
14 10 (+1) 0.08 (-1) 6(+1)  |Submerged Mach 1.05
15 5(-1) 0.16 (+1) 6(+1)  |Submerged Mach 14
16 10 (+1) 0.16 (+1) 6(+1)  |Submerged Mach 1.9
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5.3 Experimental Setups

In order to explore the potential for chemically-assisted machining of ceramics, a
special apparatus is employed to carry out the machining tests. Itis illustrated in Figure 5-2.
By holding a sufficient amount of cutting fluid, the machining is under a submersion
condition. The apparatus consists of three parts, namely, a container for cutting fluid, a vice
to hold the workpiece, and a base on which strain gages are mounted for the purpose of
measuring the cutting force during machining. During the machining tests, the apparatus is
fixed on the table of a CNC machining center. The workpiece is tightened in the vice before
the filling of cutting fluid. The cutting tool used in this investigation is an end mill with

diameter equal to 3.175 mm.

A Matsuura MC-570 Machining Center -- a state-of-the-art computer numerical
control (CNC) machine -- in the Advanced Design and Manufacturing Laboratory, is used
for end milling operations. Specifically, a 2 level - 3 factor factorial design experiment is
performed to assess the machinability of DICOR/MGC dental ceramic material. As
illustrated in Figure 5-1, the three factors of interest are feed (factor F), spindle speed
(factor S), and depth of cut (factor D). Note that a full axial depth of cut is taken for all
experiments, i.e., the radial depth of cut is entirely governed by the diameter size of the end

mill. The high and low levels for each of the variables are listed in Table 5-2.
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Figure 5-2 Submerged Machining Apparatus

S.4 Assessment of Experimental Data

Assessment of experimental data obtained from this investigation is based on the
requirements of 2 um of the finish quality of machined surfaces. It is believed that the
smoother the surface produced, the less likely it is damaged sufficiently to compromise its
clinical performance. In addition, quantitative information on the degree of damage which
has been induced to the ceramic material during the preparation is essential to the
assessment of machining performance. Observations indicate that most of the ceramic
components failure occurred during service initiate at the surface cracks, which grow and
penetrate, leading to unstable failure.

The assessment performed in this investigation focus on surface finish. In this
study, the traditional surface profilometer method, Perthometer-S5P (resolution 40x1079

m), 1s used. Traces from each of the 16 machined surfaces are taken, and values of

roughness average, Ry, are obtained. They are listed in Table 5-1.
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5.5 Analysis of Experimental Results

Data obtained from a factory design, such as the one used in this investigation,
offers an unique opportunity to derive empirical models capable of describing effects of the

four parameters on the machining performance.

5.5.1 Main Effects of the Four Machining Parameters

Using the algorithm, proposed by Box[3], averaging the 8 pairs of roughness
measurements for each of the four machining parameters provides an estimate of the main
effect of each of the four parameters on finish quality in terms of surface roughness. For

example, the main effect of the machining environment can be identified by,

0.47+0.59+047+1.19+0.55+1.05+1.40 +1.90
1 8
2| 051+1.23+0.63+1.63+0.69+1.11+0.72 +3.89
8

=-0.18 f[unit: pm]j (5.1)

In a similar manner, the three main effects of feed, depth of cut, and cutting speed
can also be obtained. An empirical model to describe the main effects of these four

parameters on finish quality is represented by

R, =1.13 + 0.45(feed) + 0.35(depth of cut) + 0.28(cutting speed) (5.2)
-0.18(machining Environment) + (combinational effects) [unit : umy]

Note that the first term in Equation (5.2), 1.13 mm, is the grand average, or the

average of the 16 Ry measurements, serving as an indication of the order of surface finish

under this investigation, which is about 1 mm. When using Equation (5.2), numerical
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values of the four parameters used for prediction have to be either (+1) representing a high
level setting or (-1) representing a low level setting. For the qualitative parameter
representing the machining environment, (-1) means dry machining and (+) submerged
machining. For example, replacing all the parameters by (-1) in Equation (5.2)
corresponding to a combination of using smaller depth of cut, smaller feed, lower cutting

speed, and a dry machining environment.

Examining Equation (5.2), the four values associated with the four machining
parameters characterize their main effects on the surface finish. The three positive values
indicate that large Ry values, or a degrading trend of surface Finnish, can be anticipated
when feed, depth of cut and cutting speed are set at the high level. On the other hand, the
negative value, -0.18 mm, is associated with the machining environment parameter,
strongly indicating the benefit of improving finish quality. The ratio of 0.18 to 1.13
quantifies a 16% of reduction from the mean Level of roughness average when the

submersion is being used to machine the Dicor-MGC material.

5.5.2 Interaction Effects between and/or among the Four Parameters

The benefit of using submerged machining can be further exploited when the
experimental results are analyzed in two separated sets, one with the dry machining
environment and the other with the submerged machining environment. For each data set,
the grand average, main effects, and combinational effects among feed, depth of cut, and

cutting speed are calculated to obtain the two empirical models:

For the dry machining environment:

67



R, =1.30 + 0.66(feed) + 0.42(depth of cut) + 0.30(cutting speed)

+ 0.38(feed x depth of cut) + 0.23(feed x cutting speed) (5.3)
+ 0.29(depth of cut x cutting speed) + 0.3 1(feed x depth of cut x cutting speed)
[unit ; pm]

For the submerged machining environment:

Ra

= 0.95 + 0.23(feed) + 0.29(depth of cut) + 0.27(cutting speed)

+ 0.08(feed x depth of cut) + 0.02(feed x cutting speed) (5.4)
+ 0.14(depth of cut x cutting speed)
- 0.08(feed x depth of cut x cutting speed)  [unit ; pm]

Examining the eight values representing the grand average, main and combinational

effects in Equation (5.3) and (5.4), important observations are

(M

@

The numerical values in Equation (5.4), or associated with the submersion, are
significantly smaller that those in Equation (5.5), indicating that a better surface finish
condition can always be expected when the submersion is applied. This can be
further confirmed when examining the data presented in the two cubics shown in
Figure 5-1. For the identical machining parameter settings, the roughness value for
test 1 1s 0.51 wm for the dry machining, larger than 0.49 um for test 9 under the
submerged machining, 1.23 pum for test 2 which is larger than 0.47 um for test 10,

and so on.

The influence contributed by the submerged machining to improve finish quality is
unevenly distributed to the eight effects estimated from the experimental data. Figure
5-3 presents a comprehensive picture to illustrate such distribution. The most
significant reductions are associated with the combinational effect between feed and

depth of cut, the combinational effect between feed and cutting speed, and the
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combinational effect among feed, depth of cut, and cutting speed. Those reductions
almost eliminate these effects on degrading the finish quality statistically. Significant
reductions includes the grand average, the main effect of feed, the main effect of
depth of cut, and the combinational effect of depth of cut and cutting speed. The least
reduction, which is 10%, is associated with the main effect of cutting speed.
Statistically the following formula depicts the relationship between the roughness
average of a machined surface and the three machining parameters under the

submerged machining:

R, =0.95 + 0.23(feed) + 0.29(depth of cut) + 0.27(cutting speed) (5.5)
+ 0.14(depth of cut x cutting speed)  [unit : um]

The explicit format of Equation (5.5) is an indication of the involvement of the
stress-corrosion-cracking behavior of ceramic material in the process of material

removal during machining.

Because of the interplay between depth of cut and cutting speed, a combination of
low cutting speed and low depth of cut may result in finish quality which is very
compatible with the finish quality obtainable under the combination of low cutting
speed and high depth of cut. This observation may bring practical interest that, when
the submersion is applied, a combination of low cutting speed and large depth of cut
could offer a higher material removal rate under the assumption of keeping satisfied

finish quality of the machine surface.
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Dry Machining Environment
[——1 Submerged Machining Environment

Grand Feed Depth
Average of Cut

Figure 5-3 Comparison of Estimated Effects Between the Dry and Submerged

Machining Environments
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Chapter 6
Assessment of Surface Texture and Edge Effects

6.1 Introduction

Two major aspects of the surface response in machining of DICOR/MGC glass
ceramic will be studied using the computer-based surface characterization system
described in Chapter 4. They are the surface texture formation and the edge effect. Both
aspects are crucial in achieving the final goal of the dental research, a high quality
ceramic crown replacement. Surface texture is critical in the study of surface and sub-
surface damage under the brittle regime of ceramic machining. Formation of microcracks
can greatly degrade the strength and toughness of ceramic part in service. On the other
hand, the study of edge effect focuses on the control of geometric and dimensional
accuracy of the machined part, which is critical in realizing the shape of the human dental

restoratives.
6.2 Surface Texture Formation

Surface texture formation during machining is determined by a combinational effect of
the kinematics of a cutting tool during machining and the geometric shape of the cutting
tool. Figure 6-1a is an illustration where an image is taken from a milled surface. The
part material is aluminum. In Figure 6-1a, the tool path trajectory during machining is
clearly depicted because of plastic deformation in the material removal process. Figure
6-1b is also an image taken from a milled surface. However, the part material is Dicor, a
new type of ceramic used for dental restorations. Examining Figure 6-1b, the tool path

trajectory during machining can also be seen. Note the magnification scale used in
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Figure 6-1b. The scale was 250x, which is more than 10 times than the scale used in
Figure 6-1a. The image represents an area covering 0.19 x 0.19 mm2 on the machined
surface. According to the end mill kinematic motion during machining with the listed
machining parameter settings, there are 44 trajectories on display with an approximately
4.3 pm distance away from each other.

Results from our earlier study on the chip formation process indicate that chip
fragments collected during machining can be distinguished as two types. The first type of
chip is denoted as machined chip, i.e., the chip formation is contributed to direct contact
between the ceramic material being machined and the rake face of the cutting tool.
Plowing marks observed on the back of chip speak the signify flow on the rake face under

plastic deformation.

Ra= 164 um Ra= 094 pum
Area= 1768 mm? Area = 00369 mm?
Magnification = 20 x Magnification = 250 x
End Mill Flute No = 2 End Mill Flute No = 2
Feed Rate = 180 mm/min Feed Rate = 5 mm/min
Spindle Speed = 800rpm Spmdle Speed = 600rpm
Depth of Cut = 13mm Depth of Cut = 0Smm

(a) Metal (Aluminum) (b) Ceramic (Dicor)

Figure 6-1 Comparison of the Formed Tool Path Trajectory

The second type of chip is denoted as fractured chip, i.e., all the surfaces surrounding the
chip fragment are fractured surfaces. There is no evidence indicating any direct contact

between the tool rake face and the chip fragment during the machining. The process of
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forming the fractured chip is a result of crack initiation and propagation, either in

intergranular and/or transgranular forms.
6.2.1 Machining Tests

The preparation of specimens with machined surfaces is illustrated in Figure . 6-2.
An end mill with a diameter of 3.175 mm cuts two blocks of 12.7 x 12.7 x 44.5 mm3. On
each of the two blocks, four slots are machined under four different conditions. The four
different machining conditions for slots 1-4 are combinations of two feedrate settings (5
and 10 mm/min) and two spindle speed settings (600 and 900 rpm) with the depth of cut
set at 0.5 mm [16]. When preparing slot 5-8, the feedrate and spindle speed settings

remain unchanged, but the depth of cut is set at 0.25 mm.

Ceramic Sample End Mill
Dynamometer Holder

Sample 1 12 7mm Test Feed  Speed  Depth
3175mm (mm/mm) (rpm) (mm)

1 s 600 05

T 2 s 900 05

LI 34 3 10 600 05

0
fa—— 4445mm ——at 4 10 900 5

Sample 2

12 7mm Test Feed  Speed  Depth
- 3.175mm (mm/mm) (rpm) (mm)
5 5 600 025
T 6 5 900 025
s 8 7 8 7 10 600 025
8 10 900 025
e — 4445mm ———ppi

Figure 6-2. Preparation of Specimens with Machined Surfaces

The specimens after machining re examined using ElectroScan E-3 Environmental

Scanning Electron Microscope. Figure 6-3 presents eight representative SEM
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micrographs obtained through image processing. Each of these eight graphs contains 125
pixels by 125 pixels, representing a scanning area of 0.10 x 0.10 mm2. The image data is
then transformed into height variation data using a defined calibration relation between
the intensity of electron reflection and the micro-scale surface graduation. Figure 6-4

presents two surface topographs reconstructed in the three-dimensional space after the

data transformation.

Slot 1 Siot 2 Slot 3 Slot 4

cutting speed = 600 r.p.m. cutting speed = 900 r.p.m. cutting speed = 600 r.p.m. cutting speed = 900 r.p m.
feed =5 mmv/min feed =5 mm/min feed = 10 mm/min feed =10 mm/min

d.o.c. =0.50 mm d.o.c. =0.50 mm d.o.c. =0.50 mm d.o.c. =0.50 mm

Slot § Slot 6 Slot 7 Slot 8

cutting speed = 600 r.p.m. cutting speed = 900 r.p.m. cutting speed = 600 r.p.m. cutting speed = 900 r.p.m.
feed =5 mm/min feed =5 mm/min feed =10 mm/min feed =10 mm/min
d.o.c. =0.25 mm d.o.c. =0.25mm d.oc. =0.25mm d.o.c. =0.25 mm

Figure 6-3.  SEM Micrographs of Milled Surfaces of Dicor Specimen
(Area =0.10 mm x 0.10 mm)

6.2.2 Assessment of Surface Roughness
Traditionally, surface texture formed during machining is examined using

profilometers. By taking profiles, surface characterization indices, such as roughness

average and peak-to-valley, are evaluated from the measured heights along the
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Siot 1 (Ra=0.94 um)

Surface Elevatlon (um)

Y axis (.75 umvpixel) 0 0

X aws (.75 um/pixal)

(a) Machined Surface (Slot 1)

Siot 4 (Ras2.85um)

Surface Elevalion (um)
o

‘ J
\”' " "
I

i IW

'&! i ”‘ L\’l’]{\l i uim h"’m mmlnllﬂ

i

0
Y aws (75 umipixel) 0 X axis (.75 um/pucel)

(b) Machined Surface (Slot 4)

Figure 6-4.  Reconstructed Surface Topography

profiles. Figure 6-5 presents four profiles which are constructed using the data stored in
the height variation data file. The two profiles with Ra= 0.83 and 0.88 pm in Figure 6-
5a represent the surface roughness condition of slot 1 and the two profiles with Rg =3.25

and 2.97 um in Figure 6-5b are representations of slot 4. Note the "cut-off length", which
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is 0.68 pum, used in the roughness average evaluation. It is 0.68 um, representing a total

of 90 data

Profile taken along the feed direction

r. A
¥ L A y 4 =
‘ v Vi Y, Ra=0.83 um
il 1 1 I I
s = = z
Profile taken in the direction normal to the feed
1 1
T
T A‘ N Vi Ra=0.88 um
3 um
| I |
0 34 68 um
a)Slot 1

Profile taken along the feed direction

1 T X
] 2
= Ay
A —4 Ra=325um
—L X |" ¥ ; —\ 1' ‘“l Y
3um L'A IR 8§ LA e 1 Tw
1 1 1 1 1
Profile taken in the direction normal to the feed
Al 2 |
Fiud F .1 ' i
AT r 1 1
% A RA T
Pt WA VAN AN AR ] Ra =297 um
ji= N | A -
3 pm | )| bl
= :
| [ ] 1
0 17 T8 um

b) Slot 2

Figure 6-5. Profiles Reconstructed from Height Variation Data Files

(pixels) used in the evaluation. Table 6-1 lists the roughness average values evaluated
from the eight machined surfaces. The smallest Ry value is 0.21 um associated with slot
8. The corresponding machining conditions are feedrate: 5 mm/min, spindle speed: 600
rpm, and axial depth of cut: 0.25 mm. Numerical values of the standard deviation are
also presented in Table 6-1, indicating the variation range of the Ry evaluation.
Generally speaking, a large Ry mean value is associated with a large value of the Ry

standard deviation.
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Table 6-1 Results of Ra Evaluation

Slot
Nomber 1 2 3 4 5 6 7 8

Ra
0.94] 080l 2.85] 173] 1.43| 053] 1.21] 0.21

(um)
S‘andar‘(ju?ne)‘“atw“ 0.03] 003| 0.13] 0.15| 0.11] 0.04] 0.09| 0.03

6.2.3 Examination of the Assembled Contour Maps

Examining Figure 6-4, the two reconstructed surface topographies represent
visualization of machined surfaces. The surface texture shown in Figure 6-4a
characterizes the machined surface on slot 1 and the surface texture shown in Figure 6-4b
characterizes the machined surface on slot 4. A comparison of the two surface
topographies gives a vivid picture showing how the two surface textures are different
from each other. The surface condition on slot 4 is much rougher than that on slot 1
because it has higher peaks and deeper valleys.

Note the scale used in the visualization. In the marked X and Y axes, each pixel
represents 0.75 pm, and the indicated 80 pixels represent a length of 60 um. The unit of
the vertical axis is micrometer. To quantify the surface texture, contour plots are taken at
six levels on the vertical direction. They are 2.0 pm, 1.5 pm, 1.0 pm, 0.5 pm, 0 pm, and
-1.0 um with the level of 0 um representing the reference plane used for the Ry
evaluation, as illustrated in Figure 6-4. Figure 6-6 presents two contour maps. Figure 6-
6a is the contour map representing slot 1. The contour map is an assembly of the six
contour plots at the six indicated height levels taken from the surface topography shown
in Figure 6-4. Similarly, Figure 6-6b is the contour map representing slot 4. On these

contour maps, the grain size of 2 um is also indicated as reference for examination.
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Figure 6-6.  Contour Map for Quantifying the Machining Induced Surface

Texture

Examining the two contour maps, several important observations can be made.
The first observation is the presence of isolated islands formed by clustered contour lines
on the contour maps. These isolated islands represent valleys formed on the surface
texture. The size of these isolated islands characterizes the geometric shape of their
corresponding valleys. It is interesting to note that the smallest size of a valley on both
maps 1s about 2 x 2 um, which is about the grain size of the Dicor material used in this

study. This observation suggests the existence of pullouts of a single grain during
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machining. It is well understood that grain boundaries in Dicor material represent a weak
link when subjected to a tensile stress field due to the presence of second phase. The
development of micro-cracking on the grain boundary enforces an entire grain to dislodge
from the surface being machined. Valleys or cavities on the surface texture are formed as
a result of these pullouts. The second observation is that most of the islands shown in
Figure 6-6a are larger than the 2 x 2 um islands. The average size of these islands is
somewhere between 10 x 5 wm and 10 x 10 um. The 10 um is about one dimension
related to the size of mica-flakes. Wenote that the Dicor material used in this study
contains mica-flakes as a second phase. Addition of these mica flakes is designed to
improve the machinability, a mechanism similar to free-machining steel where inclusions
are added. This observation indicates that the easy-cleavage properties of mica flakes
create the weak boundaries which promote the micro-cracking propagation. By closely
examining those large islands shown in Figure 6-6a, small islands can also be identified
within them, indicating that the co-existence of the pullouts of single grains and the

progressive development of micro-cracking between the neighboring grain boundaries.

The third observation is the presence of cavity channels. Some of them are fully
developed and some are partially developed, as illustrated in Figure 6-6a. The formation
of these cavity channels is closely related to the internal stress field developed on/near the
machined surface during machining. The most noticeable characteristic of the cavity
channels is that their orientation follows the tool path trajectory. This suggests that the
tensile stress induced by machining is along the cutting speed direction. Under high
internal stresses, micro-cracks merge along the tensile stress direction while releasing the
strain energy accumulated under the buildup of hydro-static stresses. As long as a
sufficient amount of the released energy is available, cavity channels will be formed in a
completed form during the material removal process. Otherwise, partially completed

channels will be formed.
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6.2.4 Evaluation of Cavity Density

To quantitatively describe the surface texture formed during the machining of
ceramics, a new parameter is introduced in this study. The parameter is denoted as cavity
density. It is defined as a percentage of the area covered by cavities or valleys, and is
evaluated at a given elevation level. In practical applications, the cavity density has its
implication on how deep a post-machining process, such as polishing, should go to
remove the surface irregularities. Figure 6-7 presents the evaluated cavity densities
associated with the eight machined surfaces. These percentages are evaluated at a
distance of one micrometer below the reference plane for the Ry evaluation. The lowest
value of cavity density is 1.52% and the highest value 46.33%. It is interesting to note
that the lowest and highest cavity densities correspond to the least and most material

removal rates used during the machining, respectively.

6.2.5 Characteristics of Material Microstructure

Based on the observations discussed, several elements of material microstructure have
direct effects on the surface texture formation during machining. The pullout of
individual grains implies that the size and shape of grains control the size and shape of
micro-scale cavities because they are matching partners. The volume fraction of second
phase determines the stress development on grain boundaries. From a viewpoint of
improving machinability, weak boundaries promote micro-cracking activities during
machining, thus facilitating the material removal process. However, the size and shape of
the second phase has to be prepared such that the desired cracking merge and cleavage
during machining are obtainable. The Dicor material used in this study contains the

needle-shape of mica-flakes, lending the material to be machinable.
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6.2.6 Machining Parameters

The three machining parameters selected in this investigation are the axial depth of
cut, feedrate, and spindle speed. As the data accumulated in this study indicate, their
effects on the surface texture formation are important, some of them are very critical in
terms of controlling the micro-cracking activities during machining.

Examining the cavity density data presented in Figure 6-7, the largest difference
between two parameter settings is 35.59% (37.11% - 1.52%). This difference is
contributed by a shift of the feedrate setting from 5 mm/min to 10 mm/min while
maintaining the depth of cut and spindle settings unchanged at 0.25 mm and 600 rpm,
respectively. The main effect of feedrate on the cavity density can be calculated by
averaging the four differences as listed in Figure 6-7. It is 18.39%, which is the largest
among the three averages listed in Figure 6-7. It is well understood that a large feedrate
setting results in a rough surface because a significant amount of material will be uncut
during machining and remain on the machined surface. However, there is another effect,
which is vital during the machining of ceramics. This effect is best depicted in Figure 6-
6b where fully developed channels intersect each other during machining. As illustrated,
channel 1 represents the tool path trajectory followed by tooth I during machining and
channel II represents the tool path trajectory followed by tooth 2. When the two
trajectories meet, the material at the cross point, which is uncut during the end mill first
pass, will be removed during the second pass. The brittle nature of the material and the
lack of support due to partial removal of the material on the back present an environment
in which, cracking not only in micro-scale, but also in macro-scale, can easily occur. The

chipping off
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Slot 1 Slot 2 Slot 3 Slot 4
34.17% 30.54% 39.10% 46.33%
Slot 5 Slot 6 Slot 7 Slot 8
1.52% 21.64% 37.11% 38.88%
Main Effects:
Depth of Cut = (34.17-1.52)+(30.53-21.64)+(39.10-37.11)+(46.33-38.88) _ 12.75%

4
(30.54-34.17)+(46.33-39. 10)+(21.64-1. S2)+(38.88-37.11) _ ¢ 300,

Spindle Speed =

4
(39.10-34 17)+(46.33-30.54i+(37.11-1.52)+(38.88-21.64) = 18.39%

Feed =

Figure 6-7. Densities Evaluated at (- 1 pm) Elevation Level
at those cross points leads to massive cavities formed on the surface texture.This
observation also confirms an early finding in the study of chip formation that a large
variation of chip size lead to a rougher surface finish, which calls for controlling the chip
size variation to improve finish quality [10].

The effect of depth of cut on the surface texture formation can be sensed by examining
the four differences between the upper and lower rows. The largest value of cavity
density is 32.65% (34.17% - 1.52%), representing that a shift of depth of cut from 0.25
mm to 0.50 mm also changes the surface texture drastically. The average effect, or the
main effect, is 12.75%, as calculated and listed in Figure 6-7, which is very close to the
average effect of feedrate. This implies that the depth of cut is a very influential
parameter in controlling the cavity density. This critical influence is due to the fact that
depth of cut has its most influence on the cutting force generation. The cutting force is
the dominant factor in determining the internal stress level, thus in determining the
micro-crack initiation and propagation.

The effect of spindle speed, or cutting speed, on the cavity generation does not show
as strongly as feearate and depth of cut do. Certainly, an increase in spindle speed has a
negative effect on the cavity generation. The average effect in this study is 6.38%, as
indicated in Figure 6-7. It is understood that machining at high cutting speed resembles a

high loading rate, which decreases the crack toughness of ceramic material. However,

82



machining at high cutting speed brings an elevated temperature environment. The crack
toughness increases with the increasing temperature. The two conflicting effects give rise
to a less significant position for the cutting speed to play in controlling the surface texture

formation.

6.3 Study of the Edge Effects

In the second part of this chapter, we address a special type of surface and/or
subsurface damage induced during the machining process, called edge chipping. Figure
6-8 illustrates a representative edge chipping phenomenon observed during an end
milling process. Edge chipping encompasses surface damage both in macro-scale and in
micro-scale. Its presence on finished products not only vitiates dimensional and
geometric accuracy, but also causes possible severe failure of the ceramic component
during service due to the micro-cracks left on the machined surface. Subsequently, the
control of chipping effects in machining ceramic materials represents a new challenge to
the manufacturing community. Research on characterizing edge chipping induced by the
material processing, although not extensive, initiated as early as 1960. As reported in [8],
a form tracer was used to measure the size and shape of edge chipping along the edge
formed during machining. A general conclusion was made that chipping size was
proportional to the material removal rate during machining. However, the previous

research remained as qualitative studies, instead of quantifying the edge chipping effect.
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Direction of

Exit Chipping Toolpath

Entry Chipping

Interior Chipping

Figure 6-8. Illustration of the Edge Chipping Phenomenon

6.3.1 Characterization of Edge Chipping Phenomenon

As illustrated in Figure 6-8, the formation of edge chipping initiates at the instant
when the cutting tool contacts the ceramic part being machined. Edge chipping occurs on
both sides along the machining path, and is present when the cutting tool leaves the
ceramic part. According to the time history, the formation of edge chipping can be

distinguished by three types:

(1)  Entry chipping. Entry chipping is primarily formed during the initial impact of

the dynamic loading process when the cutting tool first contacts the part material.

(2)  Interior chipping. Interior chipping is the most dominant chipping formed in the

process of material removal along the tool path.
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(3)  Exir chipping. Exit chipping is formed due to the sudden release of the stress
energy, built in the part material during the machining process, at the instant when

the cutting tool is leaving the part material.

As we have observed, the edge chipping remaining on the machined part can
cause serious problems in fabrication due to a loss of geometric accuracy and the
presence of micro cracks. It should be noted that edge chipping is a fracture mechanism.
Its formation is related to the microstructures present in the part material, the size and
shape of grains, and the internal stress distribution. Although edge chipping in macro-
scale can be observed by careful visual examinations, edge chipping in micro-scale

requires special efforts to identify its size and geometric shape characteristics.

Figures 6-9a, 6-9b, and 6-9c present the three types of chipping: the entry
chipping, interior chipping, and exit chipping. Each figure provides eight representative
SEM micrographs examined at the entry, interior, and exit locations, respectively. The

SEM micrographs contain 640 pixels by 480 pixels, which

85



uownoads orwela)) 9yl Jo 2a3pg Anug oy Jo sydei3oIdiN INHS 869 2indig

wur ¢z g - m)joyidoq wuw sz - ) joydaq wur §g () = m) jo yidoq wuw gz = ) joyidoq
unuww ()] = pPodq wwyww | = poo  ulwuw ¢ = P39,y unguw ¢ = Pod,
wdi g6 = podds Jumn) wdi g9 = pasdg Fumn)y wdigop = paadg Fumm) wdi )09 = poodg Funm)

8 10IS LIS 910IS S 10IS

£y
R e

ww gs 0 = ) joydaq ww s = ) joydsq uwu g () = m) jo yida(q wu g = ) joydoq
unuu () = po3 ulujmw (| = P9 ulwyunu ¢ = el | ulau ¢ = Po34
wdi g = poodg Sumn) wd1 g9 = poadg umn) widi g = poadg Sunm) wdi g9 = poadg Funin)

¥ 1018 € 1015 C10[S 1 10IS

86



uswioadg S1weIa)) 9y} JO 10[S PAUIYIR o) 3uoyy syderorory NS

wu gy - m) jo yudoQq ww ¢z o =~ m) joydag Wi §7 () = m)H jo yudoq
uwuau g = pad4 ulwauw ()f = pPo9  umww = pPa9,
wdi g = poddg Fumn) wdi g9 = poadg Junin) wdi g6 = poodg Sumn)

8 10IS L 0[S 910[S

Az“»ww AN X “J,“.. o xt .

7. VL
L sl DAY L v LR -y

ww (s m) jo ydog w ¢ m) jo yidaQg ww gs) = m)joyidsq
ulwauw ) = padd ulwauw O = PO uww ¢ = P04
wdr g9 = paadg Funm) widi g9 = poadg Funm) wdi gpp = poddg Bumn)

v 101S £ 1015 1018

il
I

46-9 231
wuw g = m)H jo yidoQg
i/ ¢ = P33
wdi g9 = paadg Fumn)
S 101§

wu Os () = ) joyidog
uluw ¢ = P32
wdi )9 = paddg Fumn)

1 10IS

87



uowadg srwre1d) ay yo 93pg Sunixg oy jo syderSosonN INGS  96-9 2ndig

ww sz - m) joypdoq ww sz = m) joyidoq ww sz = mH jo ydoq ww <) = m) jo yidaq
unuunu f = poo wwww ] = poo Ul g = P9, Ui ¢ o= pad4
wdi oo = poadg Sumn) wdi g9 = poadg Sumn) wdl g6 = poadg Sunin) wdi gp9 = poadg Sumn)

8 10IS L10IS 9101 S 10IS

v ,..

£

L)
wuw g () = m) jo yidaq ww s = M) joypdaq um (<) = m) jo ydog ww g5 = ) joydoq
U ()] = Pa3] ulwww g = P24 unuwuw ¢ = P34 Ul ¢ = P33,
wdi ) = poadg Sumn) wdi g9 = poadg Fumin) wdi )p = poadg 3umin) wdi g9 = paadg Sun)

v 101S € 1015 (RSN 1 101§

88



KN

Surface Elevation (mm)
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Figure 6-10  Three Dimensional Reconstructed Topography of the Machined
Edges
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represents a scanning area of 0.50 x 0.35 mm?. Figures 6-10 present two surface
topographs reconstructed in three-dimensional space using computer graphics with the
transformed height variation data. The edge chipping topography displayed in Figure
6-10a is associated with a small depth of cut, 0.25 mm, while Figure 6-10b represents an
edge chipping topography with the depth of cut set at 0.50 mm. A comparison of the two
edge chipping topographies reveals that the edge chipping associated with the small depth
of cut is significantly more severe than that associated with the large depth of cut, which
clearly demonstrates the effect of depth of cut setting on the interior edge chipping

formation during machining.

The size of edge chipping damage due to brittle fracture is a critical factor in
assessing the machining performance for damage control. Characterization of the edge
chipping sites is extremely important for correlating the edge chipping effect to the

machining setting condition. In this study two quantitative measurements, i.e., the

Table 6-2. Results of Chip Length, Width and Aspect Ratio Evaluation

Slot
Number

Chip Length| 40.7 | 40.2 | 46.1 | 76.1 | 1026 101.0| 106.4| 169.8

(wm) (O SIS e

Chip Width | 435 | 128 | 157 | 274 | 373 | 390 372] 564
(um)
ASP&C}WR)““O 30| 33| 32|30 | 28| 26| 30| 32

length and the width of edge chipping are used to characterize the interior edge chipping
phenomenon, which constitutes a dominant portion of all edge chipping in the slot
milling process. Because a noticeable difference of the interior edge chipping on the left

and right sides exists, data are taken on both sides and recorded. A ratio of the measured
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length to the measured width, denoted as the aspect ratio, is then calculated. Table 2 lists

the measured and calculated data for subsequent analyses.

6.3.2 Evaluation of the Length of Edge Chipping

The data listed in the second row of Table 6-2 represents the lengths of the edge
chipping for the eight machining conditions. The average of the first four numbers,
associated with a depth of cut equal to 0.50 mm, is 50.8 um, and the average of the
second four numbers assoctated with a depth of cut equal to 0.25 mm is 120.0 um, as
calculated below. Thus, the effect of depth of cut on the edge chipping length is evident.

A small depth of cut setting will induce interior edge chipping with a large length.

407+402+46.1+76.1
4

=508 (um)

(6.1)
102.6 +101.0 +106.4 +169.8
4

=120.0 (pum)

The two circled numbers listed below each edge chipping length value in the
second row represent the lengths of the edge chipping on the right and left sides of the
respective slot. Although each side of the slots was subjected to identical machining
conditions, the numerical data on the right side is consistently larger than that on the left
side, indicating an effect of the direction of end milling rotation on edge chipping. Figure
6-11 offers the explanation of this effect, which is derived from the configuration of
cutting geometry during the material removal process. As illustrated, the thickness of cut
on the right side is significantly larger than that on the left side. Consequently, the
cutting force generated during machining will be significantly larger while machining the
right side, as compared to the magnitude of the cutting force generated while machining
the left side. It is well understood that a large external force induces a strong

internal stress field in the part
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igure 6-11. Effect of the Direction of End Mill Rotation on Edge Chipping

material being machined, thus leading to severe stress concentration and greater edge

chipping thereafter.

In order to correlate the edge chipping effect to the machining parameter settings,
an empirical model is derived from the data listed on the second row in Table 6-2. It is

given by

Chip Length = 85.4 + 228 (Spindle Speed) - 69.2 (Depth of Cut)
+28.5 (feed) (6.2)

The three coefficients listed in the model, +22.8, -69.2, and +28.5, characterize
the effects of three parameters on the length of edge chipping. The two positive signs
mean that the length of edge chipping will increase as spindle speed and feed increase.
On the other hand, the negative sign with depth of cut indicates a large depth of cut
setting tends to reduce the length of edge chipping. The derived empirical model is very
useful for providing guidelines in setting the machining parameters during the machining

of ceramic materials.
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6.3.3 [Evaluation of the Aspect Ratio of Edge Chipping

Examining the aspect ratio data listed in Table 6-2, an important observation is
that the aspect ratio remains almost constant with small variation about the mean value of
3. This indicates that the edge chipping with large length is usually associated with large
width, and the edge chipping with small length associated with small width.
Consequently, the volume of individual edge chipping locations, or individual edge
chipping cavities, varies in a specific pattern as they jump from one value to another.
This phenomenon indicates that the formation of edge chipping is related to certain
inherent properties of the material being machined. Among them, the microstructural
characteristics are more likely to be responsible. These characteristics include the grain

size, weak grain interfaces, and volume fraction of the second phase.

6.3.4 Evaluation of the Cavity Density of Edge Chipping

In order to gain a comprehensive understanding between the fracture mechanism
present during machining and the formation of edge chipping, a special effort is made.
The method of contour mapping is used to evaluate the cavity density, a performance

index defined to characterize the third dimension of edge chipping.

Examining the two reconstructed surface topographies shown in Figs. 6-11a and
6-11b, they represent two visualized edges formed during the machining of the two slots,
1.e, slot 1 and slot 5, respectively. As depicted, the extent of chipping generated damage

on slot 1 is much more severe than that on slot 5 because it has a much larger chipping

size formed. Note the scale used in the visualization. In the marked X and Y axes, each
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pixel represents 0.8 um, and the indicated area 160 pixels by 80 pixels represents an

actual area of 128 um x 64 um. The unit of the vertical axis is also in micrometer.

To quantify the surface texture of the chipped edges, contour plots are taken at six
levels on the vertical direction. They are 0 mm, -0.1 mm, -0.2 mm, -0.3 mm, -0.4 mm
and -0.5 mm with the level 0 mm representing the reference plane for material removal,
as illustrated in Figure 6-12a and 6-12b. Figures 6-13a and 6-13b present the two

assembled contour maps for the two chipped edges of slot 1 and slot 5, respectively. On

the these contour maps, the grain size of 2 um is also indicated as reference for

examination. Important observations are listed as follows:

(1)  The size of the chipping formed varies as the machining condition varies. In
Figure 6-12a, the corresponding cutting condition are cutting speed: 600 rpm, feed
rate. 5 mm/min, and depth of cut: 0.5 mm. The average chipping size, as
indicated by those small isolated islands formed by clustered contour lines on the
contour map, is 8 um x 2.4 pum at -0.2 mm level. In Figure 6-12b, while
maintaining the same cutting speed and feed rate, a smaller depth of cut, 0.25 mm,
is used. The average chipping size increases to 96 um x 40 um, indicating severe
edge chipping as discussed previously. It is interesting to note that the smallest

size of edge chipping
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on both maps is about 2 um, which is about the grain size of DICOR material
used in this study. This observation suggests the existence of pullouts of a single
grain during machining. It is well understood that grain boundaries in DICOR
material represent a weak interface when subjected to a tensile stress field due to
the presence of second phase - mica flakes. Edge chipping with small sizes can be
due to the dislodgment of individual grains. On the other hand, macro-scale edge

chipping is mainly caused by intergranular fracture along multi-grain boundaries.

The density of contour lines surrounding the isolated islands characterizes the
depth of edge chipping. To quantify the depth of the edge chipping, contours are
constructed as the elevation level goes down toward the machined surface.
Figures 6-13a and 6-13b are the two contour maps, on which the edge chipping
almost disappears, indicating the location of the edge chipping root. The two
relative distances between the contour map and the machined surface are marked
on Figures 6-13a and 6-13b, which are 0.35 mm and 0.25 mm, respectively. If
comparing the distance with the depth of cut setting for slot 5 which is equal to
0.25 mm, it is evident that the edge chipping starts at the comer of the end milling
tool where stress concentration is built up. Cracks are formed and then
propagated upward. When the crack propagation reaches the free-surface of the
part material, edge chipping occurs. However, for the case of a large depth of cut
setting, the crack propagation has its limit. The built-up strain energy may not be

sufficient enough to allow the crack propagation reaching the free-surface.

6.3.5 Control of Edge Chipping during Machining
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Control of edge chipping on the shop floor and/or on clinic sites is a major issue
during the machining of DICOR material. For the three types of edge chipping, different
approaches should be applied. For instance, controlling the direction of end mill rotation
may represent an effective and economic way to minimize the interior edge chipping
effect as long as the side with severe edge chipping is removed after machining. In this
paper we present a new approach to control the edge chipping at both entry and exit

locations.

6.3.6 Addition of Epoxy Material at the Entry and Exit Locations

The basic methodology employed in the new approach is illustrated in Figure 6-
14. Epoxy material is used to construct a sandwich structure, in which the glass ceramic

specimen is placed between two epoxy blocks. Such a design follows two

considerations:
1. Providing an energy buffer to prevent sharp impact at the entry location;
and
2. Providing additional support to back the ceramic material at the exit
location.

Note that the two epoxy blocks shown in Figure 6-14 cover the left portion of the
ceramic specimen only. The right portion remains unsandwiched. This special
arrangement allows a side-by-side comparison to determine whether the added epoxy

material attenuates the entry edge chipping and/or the exit edge chipping during

machining.
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Figure 6-14. Addition of Epoxy Material to the Ceramic Specimen

6.3.7 Experimental Investigation

The experimental investigation using the specimen with the epoxy material blocks

to study possible protection of edge chipping consists of two steps:

Step 1: Duplicates of slots are machined with identical cutting parameter settings.
As illustrated in Figure 6-14, three slots are machined on the left portion
and three slots are machined on the right portion. The cutting parameter
settings are: spindle speed = 900 rpm, feed rate = 0.005 m/min, and depth

of cut=0.25 mm. An end mill with a diameter of 3.175 mm is used.
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Step 2:

Figure 6-15.

After machining, the edge chipping effects at the entry and exit locations
are examined under the environmental scanning electron microscope
(ESEM). Four micrographs, which are representative of the edge chipping
damage, are shown in Figure 6-15. The top two micrographs show the
entry edge chipping and the exit edge chipping without the epoxy block
support. The two micrographs below them are taken from the left portion
where additional support with the epoxy blocks is present during

machining.

Exit Chipping Entry Chipping
(a) Without Epoxy

Exit Chipping - Entry Chipping
(b) With Epoxy
Comparison of Edge Chipping at the Entry and Exit Locations

with/without Presence of Epoxy Blocks

Examining the two micrographs at the entry location, significant reduction of

edge chipping when epoxy block was present during machining can be observed. This

concludes that, serving as a buffer, the epoxy material absorbed the impact energy and a
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smooth transition of the end mill from leaving the epoxy material to entering the ceramic

material was achieved.

Examining the two micrographs at the exit location, the edge chipping with
presence of the epoxy block is as severe as that without the epoxy block support. Figure
6-16 presents an enlarged view of the exit edge chipping with presence of the epoxy
block. The interface between the epoxy material and the ceramic specimen is marked. A
micro-scale gap on the interface can be observed. Micro cracking on the ceramic
specimen is clearly depicted in the area Just before the gap. These observations indicate
that there exists discontinuity on the interface in terms of the energy transition from the
ceramic part to the epoxy block. Figure 6-17b qualitatively describes that a small portion
of the built-up strain energy is transferred to the epoxy block and a significant portion of
the built-up strain energy is lost on the interface. The lost energy is converted to surface

energy in the process of micro-cracking at the exit location.
I Dicor-Epoxy Intcrfacc]

Direction of
Toolpath

Crack Initiation Site I

Chip Removal

Figure 6-16. Micro-Cracking on Interface between the Ceramic Specimen and the

Epoxy Block
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6.3.8 Analysis Using Finite Element Method

In this study, an attempt has been made to use finite element method to examine
the stresss distribution at the exit edge developed in the machining zone. The study has
been very limited. Therefore, the results presented in this study serves as a reference
only. It is interesting to note that the edge chipping on the left side of the slot is much
more severe as compared with that on the right side. It might be contrary to what has
been observed from the interior edge chipping effect, in which the edge chipping on the
left side of the slot is much less severe than that on the right side. To gain a
comprehensive understanding, an analysis using finite element method is conducted.
Figure 6-17a presents the mesh generation and the induced stress distribution obtained
from the finite element analysis. The distribution illustrates the concentration of tensile
stress at the left corner at the exit location and the compressive stress at the right corner.
Note that the cutting force acting at the right corner is significantly reduced at the exit
location because of the reduction of thickness of cut, considering the fact that the end mill

is rotating from the air to contacting the ceramic specimen when it cuts the right corner.
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Figure 6-17. Analysis Using Finite Element Method and Energy Distribution on the

Interface
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Chapter 7
Conclusions and Recommendations
7.1 Conclusions

The overriding objective of this thesis has been to evaluate the machinability of
dental restorative materials. Recognizing the influence of material properties on the
mechanisms of material removal, special efforts have been devoted to gaining a
comprehensive understanding of the material properties and investigating the
interrelationships between the material properties and machining processes. The ultimate
goal of this thesis study is to provide guidelines for controlling the material process and
ensuring cost-effective machining operations for dental restoration fabrication. Important

contributions of this thesis work are summarized in the following:

1. A new formula to determine microhardness values for indentation tests is
proposed in this research. By incorporating elastic recovery into evaluation, a
normalized hardness measurement can be achieved to associate a given type of
ceramic material with a unique hardness value. This approach offers a unique
opportunity to use hardness measurement as a means for comparison and other

investigations related to material hardness characteristics.

2. The SEM-stereophotography method developed in this study has been a great
success in characterizing the micro-scale surface texture. The high resolution of
micrographs attainable ensures coverage of rich information on surface height
variation in micro-scale at an accuracy conventional profilometry methods can

never achieve.
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3. Identification of surface cavities provide strong evidence of the material removal
mechanisms present during machining. Pullouts of individual grains due to
dislodgment from the neighboring contact area and cavities formed through the
progressive development of grain boundary microcracking are two among the

possible material removal mechanisms.

4. Factors including material microstructure and three machining parameters,
namely, feedrate, depth of cut, and spindle speed, are studied with respect to their
influence on the surface texture formation. It is found that feedrate and depth of
cut are the two most influential factors in controlling the cavity density, and the
spindle speed has the least influence because of the conflicting effects on the
crack toughness of ceramic material contributed by loading rate and temperature.
It is expected that the interplay between microstructure and machining parameters
will have its unique effect on the surface texture formation because of its unique

effect on the microcracking activities during machining.

5. An effort has been made to search a methodology to control the edge chipping
formation during machining. Epoxy material is used to provide additional support
to the specimen being machined. Effectiveness of reducing the entry edge
chipping has been achieved. However, no effect has been observed to control the

exit edge chipping due to discontinuity of energy transformation on the interface.

7.2 Recommendations

Although the accomplishments have been significant, there is still a significant

amount of work to be done in order to improve the precision and accuracy in
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characterization of ceramics for dental restoration application. Several recommendations

are listed as follows:

1. Study of Other Dental Ceramics. In this study, we have performed our

machinability evaluation for four basic types of dental materials, Human Enamel,
DICOR/MGC, HCC Enamel, and HCC Dentine. However, these are only a small
batch out of the spectrum of materials considered for this dental restoration
research project. Currently, there are other materials available on the market,
such as Cerec Mark II, Vita Alumina, and Vita Spinell. Similar study are needed

not only for these material but for new materials to be developed as well.

2. Compatiblity Study with Fatigue Test. Evaluation of microcrack using the
SEM/AFM characterization methodology has been studied as part of this thesis
work. It has shown great promises of using scanning electron microscopy and
image processing in quantification of microcracks. Extensive studies have done
in this area. One aspect, which stands out, is the study of micro-cracking with
fatigue tests where a micro-crack system is introduced using fatigue tests in the
laboratory environment. It is extremely important to integrate this study with the
on-going research work conducted elsewhere to gain a better understanding of the

micro-mechanisms in the material processing.

3. Z-direction Depth Measurement Limitation in the Atomic Force Microscope. The
resolution of the SEM/AFM technique for studying hardness impressions can be
effective in a depth range up to 6 pm. Measurements of the impressions used in
this thesis study are within this range. Therefore, accuracy of the measurements
meets the need of this study. However, measurements of impressions that have

depths larger than 6 um, may experience difficult in terms of ensuring high
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accuracy. It is suggested that further improvement in the system developed in this
study be considered to expand the capability of atomic force microscopy as a
general technique for studying hardness impression using the three-dimensional

characterization method.

FTIR Microscope. It has been demonstrated that surface chemistry analysis is

an important aspect in the study of ceramic machining. The study is critical for
chemical-assisted machining [24]. Machining under different machining
environments, such as the submerged machining described in this thesis,
represents a new and innovative technology for ceramic processing. Chemical
additives, such as alcohol, boric acid, and others, should be tested. Under these
circumstances, FTIR can be the ideal tool for studying the effectiveness of

chemical-assisted machining.
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