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This paper presents an experimental study on the formation of macro- and micro-cracks
during machining of ceramic materials. In this study, Aluminum oxide (Al,O5) was the
test material and polycrystalline diamond tipped carbide inserts were used. The cutting
forces were recorded during each turning process and the surface finish was measured
after machining. An environmental SEM was used to obtain high-magnification images
of macro- and micro-cracks induced by machining. With the assistance of a computer-
based vision system, quantification of fracture surfaces with respect to crack nucleation,
growth, and cleavage was attempted. Results from this research provide an insight into
the prevailing mechanisms of material removal during machining of ceramics, and
suggest the development of microcrack-controlled machining technologies.

1. Introduction

The need for high-strength materials has
led to the development of advanced ceramics.
Advantages that ceramics have over other
materials include superior heat resistance, wear
resistance, and corrosion resistance. Increasing
applications for ceramic materials are being
found in industries such as aircraft, automobile,
and micro-electronics.

Although most of the ceramic parts are
manufactured to near net shape by pressing and
sintering processes, precision machining is
required to achieve a high degree of geometrical
accuracy. Consequently, machining of ceramics
has been a rapidly growing field. A traditional
ceramics machining process is grinding where
ceramic material is removed by the fine cutting
edges of abrasives particles. In general,
productivity of the grinding process is low, and
micro-cracks are formed on and beneath the
machined surface that often cause premature
failure of ceramic components during service due
to brittle fracture. With the ever increasing
number of ceramic materials, new and innovative

processing methods are needed to achieve cost
reduction and quality assurance.

Many attempts have been made in this
regard. As reported in (1), a "laser lathe" was
developed where the dual beam principle was
applied to remove ceramic materials in a molten
form. However, the thermal damage induced on
the surface and the sub-surface during laser
machining is one of the drawbacks of the
technique. Another processing method is
abrasive jet machining, which uses a stream of
high pressure fluid with abrasives insdes to
pierce and wash ceramic materials away (2). But,
the availability of the advanced equipment and
the associated economic factors have limited its
application on the shop floor. Recently, a new
method, called "heat assisted machining," which
integrates laser machining and grinding to
remove ceramic materials in a ductile regime, is
being developed. Product quality and
productivity is expected to be significantly
improved. However, with the wide selection of
abrasive grains in the market to high levels of
performance and dimensional accuracy, grinding
is still widely used in machining ceramics (3).



This paper presents a research focused on
basic understanding of the material removal
mechanisms during machining of ceramic
materials. Aluminum oxide (Al,05) was the test

material and Polycrystalline diamond tipped
carbide inserts were used. All machining tests
were performed on a CNC turning center. Cutting
forces were recorded during machining and
surface finish was measured after machining. An
environmental SEM was used to examine both
macro- and micro-cracks formed on the sample
surfaces. With the assistance of a computer-
based vision system, 3-dimensional images of the
fracture surfaces were reconstructed and
quantified with respect to the micro-crack
formation during machining. Contour plots are
used to characterize the size and shape of cracks
and their orientation. Effects of three basic
machining parameters, namely cutting speed, feed,
and depth of cut, on the crack formation were
investigated usinga factorial design technique.
Results from this research provide an insight into
the micromechanisms of material removal during
machining of ceramics, and suggest the
development of crack-controlled machining
technologies.

2. Procedures of Experimental
Investigation

Research results over the last few years have
shown that material removal in machining
ceramics is dominated by brittle fracture (4-6).
Evans and Marshall investigated the cutting
mechanisms of grinding ceramics. They pointed
out that the cutting mechanisms (or wear
mechanisms) are due to plastic flow and lateral
cracking (7). They predicted a lateral fracture
threshold loading limit. When the force
developed during machining is below the loading
threshold, plastic cutting occurs. On the other
hand, lateral cracking occurs when the developed
force is above the loading threshold. The
interplay between the dynamic characteristics of a
machining process and the micro-fracture
mechanisms of the workpiece material at
molecular level calls for a systematic study of the
physics behind the material removal process
during machining of ceramics. This research
focuses on an experimental investigation, which
consists of three major components:

1.  Machining of ceramic material for
sample preparation.

2.  Profilometric measurements of
machined surfaces.

3. SEM examinations of microstructural
and fractographic feature of the material
being machined.

2.1 Machining of Ceramic Material

Figure 1 shows the experimental setup for
machining aluminum oxide (Al,0;). A CNC
lathe was used. The machined Al;0; is a
cylindrical bar with initial diameter = 16 mm and
length = 60 mm. The purity is 99.§% and the
grain size is 10 - 12 pm. The material is a strong,
dense recrystalized high-alumina ceramic
material. Some material properties related to

machining are listed below.
Hardness 1100-1200 kg/mm?
Modules of Elasticity 380 GPa
Compressive Strength 3000 MPa
Fracture Toughness 40 MPa*ym
Melting Point 2050 ©C
Ceramic Bar Cutting Fluid Injector
I CNC Slanter
Lathe 9' Lathe
Spindle =
g 1+ Chip
collector
[J
" ~~—Feed
Strain Polycrystalline Diamond

Tipped Carbide Insert

and Dynamometer (:]

Data

Acquisition m

System

Indicators

Microcomputer

Figure 1 Experimental Setup for Machining
Alumina

A dynamometer was attached to the
toolpost and the tool holder was fixed on the
dynamometer. During machining, polycrystalline
diamond tipped carbide inserts, with nose radius
0.25 mm and -7 © rake angle, were used to
machine the alumina bars. In order to absorb the
heat generated during machining, distilled water
was used as cutting fluid during machiniqg.
Chips are collected in a funnel shaped device with
a built-in filter to separate chip from the cutting
fluid. The dynamometer measured the cutting



force in both the cutting speed and feed
directions. The data were recorded and stored in
a PC-based data acquisition system.

For setting the machining conditions, or
selecting feed, depth of cut, and cutting speed, a
factorial design method with duplicates was used
(8) Table 1 lists the eight combinations of the
three machining parameter settings and the
measured cutting force data in both the cutting
speed and feed directions. For example, the row
listed as Test 5 in Table 1 means:

(1) Three machining parameter settings are
feed = 0.05 mm/rev, depth of cut = 0.77
mm, and cutting speed = 67m/min;

(2) The average measured cutting force
component in the feed direction is 15.4
N (an average of two measurements,
13.9 N and 16.5 N), and the average
measured cutting force component in
the cutting speed direction is 6.5 N (an
average of two measurements, 6.2 N
and 6.7 N); and

(3) The measured roughness average value
from the machined surface, Ry = 2.30

2.2 Surface Finish Measurements

After machining, surface profiles were
traced for the machined surfaces on a Talystep
Stylus Instrument. In this research, the
roughness average, R,, was used as the

characterization index for the finish quality
evaluation. The eight measured R, values are

listed in Table 1. The best finish quality, Ry =

1.05 pm, was achieved at a combination of feed =

0.012 mm/rev, depth of cut = 0.26 mm, and
cutting speed = 67 m/min. The worst finish

quality, Ry = 2.30 um, was at a combination of

feed = 0.05 mm/rev, depth of cut = 0.77 mm, and
cutting speed = 11 m/min. These results are in
agreement with the established metal machining
theory. Figure 2 presents surface profiles along
the feed direction and taken from four different
samples. It is interesting to note that all the four
patterns of height variation displayed in Fig. 2 are
of random nature. No detectable effects of the
ool nose radius and the tool motion patiern can
be found with respect to the surface profile

formation. However, these profiles display
m.
Table 1 Machining Parameters Settings and Results
Parameters Settings Force Measurements, N Resultant Surface
Test No. Feed | Depthof] Cuttin reed lorce Tang. Force Force Roughness,
gut Speedg %{a
mm/rev mm m/min. | Runl Run?2 | Runl l Run 2 N pm
— Testl || 0012 | 0772 | 6. | 83 | 847 | 356 | 360 .14 135 |

Test 2 0.012 0.772 11. 22.46 22.68 498 493 23.11 1.92
Test 3 0.012 0.264 67. 3.83 371 2.16 205 432 1.05
Test 4 0.012 0.264 11. 3.24 5.03 147 1.99 448 1.15
Test 5 0.051 0.772 67. 13.94 16.49 6.16 6.67 16.51 217
Test 6 0.051 0.772 11. 21.34 23.99 8.72 8.75 24.29 2.30
Test7 0.051 0.264 67. 424 3.93 3.08 291 507 1.51
Test 8 0.051 0.264 11. 5.76 5.14 2.61 2.20 5.96 1.70




several deep valleys along the feed direction.

The deepest valleys are found in the case of high
feed and large depth of cut (Fig. 2d). These
narrow and deep valleys suggest occurrence of
brittle fracture during the chip formation.
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Figure 2 Surface Profiles Measured from the
Machine Surface

2.3 SEM Examination

To understand the process of chip
formation during machining and identify the
relationship between the fracture mode and the
microstructure of the materail, a detailed
examination and analysis of the fracture surface
is required. In this research, an environmental
scanning electron microscope (ESEM) was used
to obtain high-magnification images that provide
details about the geometry of the formed chips
and the topography of the machined surfaces.
Another advantage of using ESEM is that no
conductive coating is required as in the case of
ordinary SEM. This allows a direct identification
of macro- and micro-cracks induced by
machining without the influence of applied
coating.

Figure 3 presents a set of electron
micrographs of the chips collected during
machining. Figure 4 presents a set of
micrographs of the surfaces machined under the
eight combinations of depth of cut, feed, and
cutting speed settings at two levels.

3. Analysis of Experimental Results

The basic philosophy applied for data
analysis is first to identify if there are similarities
between the machining of ceramic materials and
the machining of metals. Afterwards, focus will
be given to analyzing new and important findings.
It is expected that there exist significant
differences in the micromechanisms of material



removal between the two types of machining
process.

3.1 Cutting Force Generated during
Machining

Following observations are made by exa-
mining the cutting force results listed in Table 1:

-

1. The cutting force produced during
machining is proportional to the cutting
area. The small cutting forces, such as
4.32 N and 4.48 N, are associated with
the combinations of low feed and depth
of cut settings, and the largest cutting
forces, such as 24.3 N and 23.1 N, with
the combinations of high feed and depth
of cut settings. This observation
follows the law of material strength, i.e.,
force is proportional to the applied area
at a given stress level, or at a given
loading thresheld.

2. As afirst approximation, the unit cutting
force, calculated as a ratio of the
measured cutting force to the cutting
area, ranges from 650 N/mm?2 to 2500
N/mm?2. The low limit of the unit
cutting force happened during
machining at a high cutting speed
setting, a phenomenon that could be
interpreted as the effect of high
temperature on the material removal.
However, such a wide variation of unit
cutting force can only be contributed to
the fact that the fracture strength of a
brittle material fluctuates. The
fluctuation can be as much as an order
of magnitude (5). In fact, this

_characteristic indicates that ceramic
materials can be removed at a low unit
cutting force if the machining condition
is preferred, pointing out great promise
to search new and innovative machining
technologies.

3. The magnitude of the tangential cutting
force component is much smaller than
that of the cutting force component
along the feed direction, a phenomenon
Jjust opposite to what has been observed

during the machining of metals where
the magnitude of the tangential force is
much larger than that of the feed force.

3.2 Mechanisms of Material Removal

The analysis presented in this section
includes a detailed examination and analysis on
fracture mechanisms for clarification of the role
of the microstructure, or understanding the
metallurgical factors that control the material
removal process. The analysis is first divided
into two parts for examining the chip formation
and surface topography formation, respectively.
Then we combine the results from these analyses
and propose a model to describe the mechanisms
of material removals including the chip formation
process. Special efforts are made to illustrate a
developed computer vision system for visualizing
and quantifying the fracture surface formed
during machining.

3.2.1 Mechanisms of Chip Formation

Information on the chip formation
mechanisms can be obtained through the
examination of the four micrographs of chips
shown in Fig. 3:

1. The chip fragments shown in Fig. 3a
and Fig. 3b were formed during two
machining processes with depth of cut
settings at 0.77 mm and 0.26 mm,
respectively. It is not surprising to
conclude that a high material removal
process, such as the one with a large
depth of cut, will produce large chip
fragments. However, the size of chip
fragments formed during a single
machining process varies significantly.
For example, the chip fragments shown
in Fig. 3b are significantly different in
size. This phenomenon indicates that
special attention must be paid to the
investigation of chip formation during
machining of ceramic materials.

2. The two chip fragments shown in Fig.
3d were taken at a high magnification.
They represent two types of chip
observed in this experimental study.
The unique feature among the two types
of chips is their lateral surfaces, which
are formed by brittle fracture. This
feature indicates that the chip formation
during machining is a macro-scale
fracture process, or cleavage fracture
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mode. However, there exists a unique developed within a fractured type of

difference between these two types of chip formed during machining. The
chip. The chip on the right side of the location of the crack with respect to
figure has a smooth flat surface. The the chip as a whole is marked in
parallel lines, or the plowing marks, on Fig. 3a. It shows that the crack is

the smooth surface resemble the chip
flow over the rake face of a cutting tool,
a phonomenon routinely observed
during machining of metals. Note that
this chip was formed under a machining
condition where the temperature
measured in the cutting zone was about

about 5 pm in width and 120 pm in
length. It is intersting to note that
this crack was trapped when a
fractured chip was formed,
indicating that the formation of
fractured chip fragments is due to
the catastrophic failure of the

7500C. This suggests that formation of ceramic material under high stresses
this type of chip could start from plastic (above the loading threshold),
deformation in the cutting zone, then developed during machining.
progress into plastic flow over the rake
face, and end with separation from the 3.2.2 Mechanisms of Surface Topo-
machined part due to fracture. This graphy Formation
suggestion can be interpreted as the
existence of deformation mode in a One of the ultimate objectives of
fracture process for brittle materials (5, machining engineering ceramics is to achieve a
8). Research in the future direction high degree of the geometrical accuracy of a
should pursue applying the elastic- designed part. The topography formed on a
plastic fracture mechanics to machined surface plays a key role in this regard.
characterize the crack tip field in the Based on the previous discussion, the machined
chip formation process. Figure 5 surface is an assemblage of fracture surfaces left
illustrates the proposed formation by the chip formation. Reliability of a machined
process of the two types of chip, part during its service period is directly related to
namely, the machined chip and the the status of macro- and micro-cracks formed on
fractured chip during machining. The the machined surface as well as the region just
fractured chip is defined as those chip beneath the machined surface. A new approach,
fragments formed without direct contact which integrates profilometry, microscopic
to, or flow over, the tool rake face. This analysis and image processing, is developed to
may provide an explanation to the investigate the mechanisms of surface topography
random nature of the height variation formation (9).
pattern observed in taking surface
profiles from the machined surface. 1. Macro- and microscopic examination of
the fracture surface. The eight
Distilled micrographs shown in Fig. 4 are the

images taken from the surfaces
machined under the eight machining
conditions with a magnification of 500.
The intergranular fracture along the
grain boundaries can be clearly

Machined

Fractured Chip
Chip

Tangential identified on these machined surfaces,
Force v ’ indicating their preferred, river-like
Workpiece crack paths, as depicted in Fig. 4. An

Aoy important observation is that almost all

Resultant Feed Force of the intergranular cracks initiated at

Force triple point junctions (intersections of

the grain boundaries) and dislocation
pile-ups at the grain boundaries. Figure
6 is a micrography of a chip fragment
collected during machining. A
magnification of 4,500 is used to reveal
both microstructural and fractographic

Figure 5 Two Types of Chip Formed during
Machining of Alumina

3.  The micrograph at a high
magnification shown in Fig. 3c
depicts the intergranular fracture
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Figure 6

X 4,500

(A "Iniple Pomt Junction Is Indicated)

feature around a single grain. The
picture depicts the three puairs of
contacting  points  between  the
neighboring grains. 1t is very likely thal
the cutting force induces local residual
ensile stresses at thesc triple points
during machining. In combination with
stresses from deformation generated
within the grains due to the cutting
action, crack nocleation is initiated at
these locations.  As the machining
process goes on, the progressive
development of  grain boundary
microcracking leads to crack growth, or
propagation. Figurc 6 also illustrates
the cleavages due to microcracking at
the triple point junctions. The
progression of intergranular cracks
causes an entire grain to dislodge from
the machining arca, leading to
intergranular {racturec or cleavage
racture.  The process of grain
dislodging forms micro-cracks, and
then macro-cracks, and finally, the
topography of a machined surface.

Profilometric  examination. By
examining Fig. 2 and Table 1 jointedly,
a small Pcak-to-Valley value is
associated with a machining process

m

H
L

Microstructural and Fractographic feature around a Smgle Grain

with a small cutting force. It indicates
that most of the crack initiation, growth,
and cleavage were confined with a very
limited local arcas, or "short-crack”
regions (5), when the cutling force was
rather small. As these "short-cracks”
extended, the toughness of alumina built
up and resisted extension of these
developed cracks. Figure 7 illustrates a
stcadily increasing toughness with
expanding crack size for alumina (5).
On the other hand, the profile with a
large Peak-to-Valley value is associated
with a machining process generating a
large cutting force. This indicates that
the induced local residual tensile
stresses exceeded a critical value, but the
toughness keeps at a constant level
because the crack length has reached a
critical value, say 10 pm illustrated in
Fig. 7 for alumina. Under such
circumstances, accclerated crack
propagation will lead to the occurrence
of catastrophic failure of alumina.
During machining, this could imply thc
increase of formed fractured chip
fragments.  An cxcessive amount of
fractured chip fragments could
introduce large irrcgularitics on the



machined surface, as illustrated in Fig.

2d.
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Figure 7 Fracture Toughness as a Function
of Crack Length (5) ‘

3.  Stereophotogrammetric examination
through image processing. Stereoscopy
offers a direct and nondestructive
procedure for determining the elevation
of a fracture surface at selected regions
(10-12). In this research, a software
package, which integrates image
processing, profilometry, and computer
graphics, was developed to visualize the
surface topography formed during
machining, display patterns of crack
propagation, and quantify the size and
shape of intergranular and transgranular
cracks from the ESEM micrographs.
Figure 8 presents a visualized surface
topography in three-dimensional space
and an associated contour map. The
corresponding area of the surface
topogarphy is marked in the
micrograph shown in Fig. 4e(area 5).
The reconstructed fracture surface
topography vividly depicts the surface
texture formation during machining. It
visualizes the appearance of surface
cracks and quantifies the relative
positions between the surface
roughness and the surface cracks. For

example, the distance 4.2 pim marked in
Fig. 8a, obtained through calibration
using the profilometric measurements,
provides a valuable information for
post-machining, such as grinding and
polishing, as well as reliability
assessment of the machined parts. By

10
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(b) Contour Map for Quantifying the
Formed Cracks

Figure 8 Fracture Surface Reconstruction
and Crack Closure

examining the deduced contour map
shown in Fig. 8b where the interval
between the contour lines is 0.5 pm.

The numbers shown outside the frame
are the heights of the location, the



lowest point of the surface topography

being taken as 0.0 pm. On the other
hand, the pixel number, as illustrated in
Figs, 8a and 8b, provides a scale for
calculating dimensions in a horizontal
plane. By adding the width between
two contour lines, a quantitative
information about the size and shape of
a crack can be estimated. For example,

the width marked as 0.4 1m in Fig. 8b
covers 6 contour lines. The information
provides the size of a V-shape crack

having an angle of 7.60 with its vertex

4.2 um away from the reference plane
for Ry measurements. It is interesting
to note that the contour map could assist
us in identifying transgranular cracks.
For example, the boundaries of a grain

sized 10 um can be identified on the
map, as shown in Fig. 8b. Within the
grain, a crack path is also identified. It

is marked 0.8 um. If further
investigation on this spot is pursued, we
might be able to have information
about transgranular cracks developed by
machining. The principal objective of
modern quantitative fractography is to
express the geometric characteristics of
the features on the fracture surface in
quantitative terms. The stereophoto-
grammetric examination through image
processing developed in this research
may provide a powerful tool to establish
the quantitative relationships between
the crack formation and machining
conditions.

3.3 Material Removal Mechanisms

during Machining

From the above discussion, as a material
removal process, machining of ceramic materials
shares certain common characteristics with what
we have observed from machining of metals.
Both machining processes involve cutting force
generation, chip formation, and surface
topographical generation. However, machining of
ceramic materials possesses unique
characteristics. Based on our experimental work,
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we present a model to describe the material
removal process with emphasis on the
relationships between the macroscopic and
microscopice fracture behaviors. Figure 9
illustrates the five essential stages in this basic
physical process:

Alumina

Cutti
Material L

Tool

Alumina

Material Cutting

Tool

(b) Crack Initiation

Alumina
Material

Alumina
Material

e
Cutting
Tool

(d) Chip Formation
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__O

Alumina
Material

Cutting

;I_ ool

Surface
Damage

rd

N

Sub-surface
Damage

(e) Formation of Surface and

Sub-surface Damage

Figure 9 Five Essential Stages in the Material

Removal

Dynamic Loading. When a machining
process starts, the tool approaches to the
part material. At the instant when the
tool touches the part material, the impact
between them induces stresses in the
material and a stress field is formed
(Fig. 9a).

Crack Initiation. When subjected to the
induced stresses, crack nucleation
begins immediately. Their sites are
locations of stress singularities where
high internal tensile stresses build up.
These locations can be triple-point
junctions, dislocation pile-ups at grain
boundaries, and second-phase particles.
All of these flaws could initiate micro-
cracks (Fig. 9b).

Crack Propagation. As the machining
process goes on and stresses continue
to develop in the material, the formed
microcracks grow in the material
immediately surrounding them. Both
intergranular and trangranular cracks
are developed and advanced obstacles
are encountered (Fig. 9c).

Chip Formation. The process of crack
propagation is terminated when more
micro-cracks propagate and produce
unstable fracture. The material
separated by fracture can be in a
position either contacting with the rake
face of the cutting tool or away from the
cutting zone, depending on the pattern
of crack propagation. Consequently,
two types of chip will be formed. The
type of machined chip (shadow areas)
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represents the fractured material directly
under the tool action and also subjected
to the temperature influence. On the
other hand, the type of fractured chip
depends on the pattern of crack
propagation, which is governed by the
material microstructure (Fig. 9d).

5. Formation of Surface and Sub-surface
Damage. Due to brittle fracture, chip
fragments are formed during
machining. At the same time, surface
texture is formed on the machined
surface with cracks because brittle
fracture. These cracks are called surface
damage and, in general, unavoidable
during machining of ceramic materilas.
In addition, the residual effects of brittle
facture near the surface layer bury
numerous micro-cracks to a certain
depth, leading to sub-surface damage

(Fig. 9e).

3.4 Development of Crack-controlled
Machining Technologies

Based on the comprehensive under-
standing of material removal mechanisms, we
should have gained guidelines for developing
new and innovative machining technologies to
control the crack formation. The following
suggestions are made in this regard.

1.  Control of Microstructure of Ceramic
Material. It has been recognized that
machinability can be significantly
improved by controlling microstructure
of metals through heat treatment. The
same philosophy applies to the
machining of ceramic materials as well.
The microstructure of ceramic materials
is central to strength and toughness
properties. By controlling the size and
shape of individual grains, or the
volume fraction of incorporated second
phases, we may be able to balance the
need for avoiding structure failure from
design point of view and the need for
degrading short-crack toughness from
the viewpoint of improving machina-
bility. A typical example would be the
development of Dicor/MGC, a glass-
ceramic material designed for use in
dental restorations (14). The material
has a unique microstructure consisting
of mica flakes of approximately 70
volume percent dispersed in a non-



porous glass matrix. The cleavage
along the literal planes of mica flakes
functions as stress concentration, a
situation similar to the stress
concentration around the inclusions in
free-machining steels, offering an
excellent machinability.

2.  Control of Machining Parameters. It is
certain that the tool geometry will play a
key role in determining the distribution
of induced stresses in the material being
machined. By limiting the volumetric
ratio of fractured chip to machined chip,
we may be able to manage surface and
sub-surface damage. The ductile region
grinding is a typical example of keeping
at a low level or eliminating the
formation of fractured chip during
machining. Proper selections of the
three cutting parameters (feed, depth of
cut, and cutting speed) may render an
optimal machining performance
possible. In the study of environmental
effects on fracture mechanics, it has
been well recognized that stress-
corrosion cracking causes intergranular
or cleavage separation by a loss of
cohesion (15). Therefore, use of cutting
fluids can improve machining
efficiency. In fact, chemical-assisted
machining has been studied intensively,
showing great promise for crack-
controlled machining (16-17).

3. New Processing Methods. Laser-based
heat assisted machining is being
developed. By controlling the
temperature of the cutting zone, an
increase of pre-fracture plastic
deformation could reduce brittle fracture
significantly, leading to a full control of
machining process. On the other hand,
crack arrest through post-processing
would be a typical example to improve
surface quality after machining.

4. Conclusions

In this research, a fundamental study
related to machining of alumina is conducted. It
consists of cutting force measurement,
assessment of surface finish quality, and analysis
of micromechanisms of material removal during
machining. The results are summarized as
follows.
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1. Machining of ceramic materials is
characterized by crack initiation and
propagation, leading to chip formation.
There are two types of chip, i.e., machined
chip and fractured chip. nd cleavage fracture
are the three key elements in the machining
process. A model is proposed to describe
the material removal process.

2. By integrating image processing,
profilometry and computer graphics, a
computer-based vision system is developed
for expressing the geometric characteristics
of features on the fracture surface through
three-dimensional visualization and contour

mapping.

3. Collaboration between shop floor machinists
and material processing engineers is needed.
to 1). optimize ceramic microstructures, that
provide required resistance to the initiation
and propagation of brittle cracks while
maintaining an acceptable machinability; and
2). develop new and innovative machining
technologies for effectively controlling the
crack formation during machining.
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