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COST-EFFECTIVE METHOD FOR
DETERMINING THE GRINDABILITY OF CERAMICS

Changsheng Guo
Ronald H. Chand

Chand Kare Technical Ceramics, Inc.
2 Coppage Drive
Worcester, MA 01603-1252

1 Summary

The objective of this program was to develop a cost-effective method to
determine the grindability of ceramics leading to cost-effective methods for machining
such ceramics. In this first phase of activity, Chand Kare Technical Ceramics directed
its efforts towards development of a definition for ceramic grindability, design of
grindability-test experiments, and development of a ceramics-grindability test system
(CGTS). The grindability study also included the establishment of the correlation
between the grindability and conventional grinding practices. The above goals were
achieved. A definition based on material removal rate under controlled force grinding
was developed. Three prototype CGTSs were developed and tested; suitable design
was identified. Based on this, a fully automatic CGTS was developed and is ready for
delivery to Oak Ridge National Laboratory. Comprehensive grindability tests for various
commercially available engineering ceramics were conducted. Experimental results
indicated that ceramics have significantly different grindabilities even though their
mechanical properties were not significantly different. This implies that grindability of
ceramics can be greatly improved. Further study is needed to establish correlations
between microstructure and grindability. Therefore, grindability should be evaluated
during the development of new ceramics or improvement of existing ones.

In this report, the development of the ceramic-grindability definition, the
development of CGTS, extensive grindability results, and the preliminary correlation
between grindability and mechanical properties (such as flexural strength, hardness,
elastic modulus, and fracture toughness) were summarized.

2 Introduction

Ceramic materials such as silicon nitride, silicon carbide, aluminum oxide, and
zirconia have great potential as structural materials because of their lower densities,
superior wear resistance, and high-temperature characteristics over commonly used
metal alloys (Liao et al 1990; Moriwaki et al, 1989; Tonshoff et al 1989; Hu and




Chandra, 1993)?, but their acceptance in the marketplace is still limited. This is partly
due to the fabrication processes available for converting these materials into usable
components. A major concern is the high-machining cost of ceramic components
(Kovach et al, 1993; Ota and Miyahara, 1993) because of the poor grindability of
ceramics.

Currently in industries, the choice of machine and process parameters such as
wheel speed, workspeed, and depth of cut are is always made empirically by the
operators or by some "experts" in the organization. Each operator, depending upon
requirements for a particular component, grades the grinding process as satisfactory
or requiring improvements by trial and error. The process is evaluated as efficient or
inefficient strictly according to the market price. Therefore, a scientific approach is
needed to provide guidelines for selecting proper process parameters. Furthermore, in
order to reduce the overall machining cost of ceramics, ceramics with not only
superior mechanical properties but also good grindability should be developed. Study
of grindability of ceramics becomes necessary because it can provide a fundamental
understanding of the grinding behavior of a particular ceramic material.

Grindability of ceramics should be related to mechanical and thermal properties
and microstructure of ceramics. There are a few papers dealing with grindability of
ceramics (Kondo et al, 1994; Moriwaki et al, 1989; Subramanian, 1985; Roth and
Tonshoff, 1993); however, no scientific definitions have been developed. Besides, a
cost-effective methodology is needed for measuring grindability. In the literature
reviewed, ceramics is only compared in terms of the magnitude of grinding forces. -
But, grinding force strongly depends on the mode of grinding (ductile flow or brittie
fracture). Usually, grinding force and power consumption are higher for ductile-flow
grinding than for brittle-fracture grinding. Therefore, grinding force is not a parameter
depending solely on a material property.

In this research effort, grindability of ceramics is considered as a material
property. Grindability of ceramics can provide valuable information for "design for
manufacturability.” Ceramic manufacturers can use grindability as a criteria to evaluate
newly developed ceramics. By comparing the grindability of a newly-developed
ceramic with that of a ceramic of well established machining parameters, machining
parameters for the newly-developed ceramic can also be established.

3 Definition of Grindability

Grindability definition was considered from several aspects (productivity, cost
and part quality). The advantages and disadvantages of each possible definition was
discussed. A most suitable definition was chosen based on the basic requirements of

References are listed at the end of the report in aiphabetic order.
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grindability.

Grindability or machinability is defined as a complex property of a material,
which controls the ease or difficulty with which the material may be machined to the
size, shape, and surface finish required commercially. Unlike other material properties
such as hardness, toughness, and strength which are well defined and procedures for
experimentally determining the values of these mechanical properties are standardized,
grindability itself is a vague concept; in fact, there is no commonly recognized
definition. If one material is said to be easier to grind than another, it can mean
different things for different engineers with different interests. The meaning usually
depends on the purpose of the research. It also tends to reflect the immediate interest
of the user. People who are concerned with surface-finish problems tend to think in
terms of ‘finishability’; others may consider that the term can be used to indicate how
fast a material can be removed; others may consider it to be a measure of the tool life
or even cost. Machinability still tends to remain a term which means “All things to all
men’ (Mills and Redford, 1983). The objective of the present research was to cost-
effectively determine the grindability of ceramic materials. In the following, we
discussed grindability from various aspects in terms of productivity, part quality, and
cost. The merits and disadvantages of each possibility in defining grindability were
discussed. Based on the discussion, a workable definition was chosen.

3.1 Basic Requirements for Grindability Definition

Before we started to discuss the definition of grindability, it was necessary to
consider the basic requirements which served as guidelines for choosing the various
options. It should be remembered that we were looking for a cost-effective way. It
was desirable that the testing procedure required only a minimum of time, material,
and labor. Therefore, it had to satisfy the following requirements: easy to obtain
experimentally, cost effective to determine, and sensitive to material properties. Each
of them was considered separately.

3.1.1 Easy to obtain experimentally

The grindability of a material needs to be obtained experimentally. It should be
defined in such a way that it can be obtained very easily. The experimental set-up
should be simple. Test specimen preparation should be easy, preferably MOR bars
used for flexural-strength tests. The experiment itself should be easy to conduct. The
measurement of parameters needed to find the grindability should also bé easy. The
calculation after the measurements should be very simple. The experiment should also
be designed to eliminate the operators’ influence.

3.1.2 Cost effective to obtain

Cost effectiveness is a very important aspect in evaluating grindability. Of

-
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course cost is closely related to how easily the grindability can be experimentally
obtained. The definition should satisfy the requirement that the experiment for
determining the grindability of a ceramic can be done very quickly. The experiment
should be so designed that no special training is needed for conducting it. Also, the
abrasive-tool and specimen consumption should be small, and specimen preparation
should be easy.

3.1.3 Sensitive to material properties

One of the purposes for conducting a grindability test is to rank the ceramic
materials in terms of their easiness to grind. The definition should be able to reveal
small differences in grindability. Therefore the definition should be sensitive to material
properties. The definition should be such that it will reveal the difference in material
properties instead of other grinding parameters such as workspeed and depth of cut.

3.2 Various Possibilities of Defining Grindability

In metal cutting, attempts to measure machinability are usually based upon
determinations of tool wear, chip behavior, energy consumption, or rate of material
removal. Grindability can also be addressed from various aspects, namely productivity,
part quality and cost. For each aspect, it also can be defined in terms of different
parameters. In this section, we looked at each of these aspects, and discussed the
merits and disadvantages of all the possible definitions. After evaluating each
definition, using the basic requirements proposed above, the most suitable one was
chosen. ’

3.2.1 In terms of productivity

First we looked at how to define grindability in terms of productivity. Volumetric
material removal rate z,, (volume of material removed per unit time per unit width of
grinding)} was used as a measure of how fast the material can be removed. In grinding
of metallic materials using conventional aluminum oxide wheels, this parameter is
usually used to characterize a grinding process and compare grinding wheels, grinding
fluids, and work materials. It is also used as a criteria to choose suitable grinding
parameters such as wheel speed, workspeed, depth of cut, and dressing conditions.
Here the material removal rate was used to discuss grindability of ceramic materials.

in terms of how the in-feed is given or accomplished, grinding operations can
be divided into two categories: controlled force grinding and controlled in-feed
grinding. In controlled force grinding, the normal grinding force is controlled to a
predetermined value, and the rate at which the material is removed depends on the
material being ground. In controlled in-feed grinding, the in-feed (depth of cut) is kept
constant and the normal force varies with work material. We considered both types
of grinding and discussed its appropriateness for testing grindability.

-
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3.2.1.1

Controlled force grinding

We looked at controlled force grinding in which the normal grinding force was
kept constant by using a special grinder, such as the one shown in Figure 1. The rate
of downfeed achieved by grinding the material under test using an abrasive tool of
predetermined form can be taken as a measure of the grindability of the material. For
this controlled force grinding, the specimen can be held in two ways: horizontally, as
in Figure 1(a), or longitudinally, as in Figure 1(b). If it is held horizontally as in Figure
1(a), the specimen can be ground with or without table traverse motion. Without table
traverse motion, the pressure between the contact wheel and the specimen varies
because of the contact length between the specimen and the contact wheel increases
as the contact wheel cuts into the specimen, as shown in Figure 2(a)}. The grinding
conditions vary during the test. There are two additional aspects which need to be
considered as regards table traverse motion: First, how fast the traverse should be,
and secondly, how to control the reverse at both ends of the specimen, which both
pose difficulties for testing.

If the specimen is held longitudinally as in Figure 1(b), no traverse motion is
needed and also the grinding condition can be maintained unchanged during the test
if the specimen is preformed to conform with the size of the contact wheel as shown
in Figure 2(b). Also, a platen support under the belt can be used to eliminate the need
of preforming the test specimen. Therefore, holding the specimen longitudinally seems
to be superior to holding it horizontally.

It is very simple to use controlled force grinding to determine grindability.
Applying a predetermined normal force and grinding the material for a specified period
time, more material will be removed if the ceramics is easier to grind, and less will be
removed if it is difficult to grind. The amount of material removed will distinguish the
grindability of each material. The mathematical definition of grindability, in terms of
material removal rate under controllied force grinding and the proposed experimental
method for determining a material’s grindability, will be discussed later.

3.2.1.2 Controlled in-feed grinding

Most of the practical grinding operations are performed under controlled in-feed
grinding in which the downfeed (depth of cut) is controlled to a predetermined value
(depth of cut "a’) during a grinding pass as in Figure 3. Under this condition and with
other grinding conditions kept constant, the grinding forces and power needed to
remove the given layer of material depends on the property of the material being
ground. Higher forces and power will be experienced if the material is difficult to grind,
and lower forces and power will be experienced if the material is easy to grind. The
magnitude of the forces and power (or specific energy defined as energy consumption
per unit volume of material removal) can be used to distinguish the grindability of
different materials.
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One of the shortcomings of using controlled in-feed grinding is that a force
dynamometer is needed. A reliable one may be costly. Another problem is that the
forces and power (specific energy) strongly depend on the mode of grinding, ductile
or brittle. Usually, much smaller forces and power are experienced under brittle mode
than under ductile mode. For ceramic materials, whether the grinding is under ductile
or brittle mode depends more on the grinding conditions than on the material
properties. Most of the time, the grinding is conducted under a combination of both
brittle and ductile modes. Furthermore, it is also difficult to choose an appropriate
grinding condition (depth of cut, workspeed) under which all the ceramic materials can
be tested.

3.2.2 In terms of quality

When part quality is a problem, the grindability can also be discussed in terms
of quality. However quality itself is a concept which needs to be clarified. Part quality
can be addressed from various aspects. First of all, size and geometry accuracy is one
aspect of the quality. When considering size and geometry accuracy from the view
point of grindability, it means whether it is easy to obtain certain accuracy requirement
for a part of certain material. Definitely, achieving certain size and geometric accuracy
depends more on the machine accuracy and the part geometry itself than on the
material properties. For grinding of ceramic materials, it should be relatively easier to
achieve certain accuracy than for metallic materials because of the much higher
elasticity E (Young’'s modulus) of ceramic materials. Secondly, surface integrity, -
which includes surface roughness, residual stresses and burn marks, is another
important aspect of quality. For ceramic grinding, residual stress is usually
compressive, workpiece burn is rarely a problem because of much lower grinding
temperature due to the much higher thermal conductivity of diamond abrasives (Zhu,
Guo, Malkin and Sunderland, 1995) and the higher temperature resistance of ceramic
materials. Surface finish is usually difficult to obtain because of the brittle
characteristics of ceramic materials. However, surface finish also depends more on the
grinding mode than on material properties.

Part quality is definitely material related. It is easier to achieve certain quality
requirement for some materials than for others. However, machining quality is more
related to the grinding machine used, grinding parameters chosen, and the company’s
practice rather than to material properties. Also, it will not be cost effective to
quantitatively characterize quality for the purpose of grindability. Part quality may not
be very sensitive to material properties. It also posts higher requirements for
grindability testing. Our conclusion was that quality was not suitable for defining
grindability in a cost-effective manner.

3.2.3 In terms of cost

Cost in terms of dollar values strongly depends on a company’s situation such

-
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as management and labor cost. For the purpose of studying grindability, cost can be
discussed in terms of machining time, power consumption, and wheel consumption.
Definitely, cost is closely related to productivity, but wheel cost can be a big portion
of the overall machining cost for ceramic grinding. This can be characterized by
considering how much ceramic material can be removed by consuming unit volume
of diamond wheel. Therefore, grinding ratio should be a good parameter to use for
defining grindability in terms of cost. This grinding ratio, also called G-ratio, is defined
as the ratio of volumetric material removal rate to the volumetric wheel wear rate, or
V4

G =_% ' (1)
Z;

where z,, is the volumetric material removal rate per unit width of grinding (mm3*/mm
second) and z_ is the volumetric wheel wear rate per unit width of grinding (mm3/mm
second).

G-ratio is a valuable parameter for evaluating various grinding wheels, grinding
fluids and choosing optimum grinding conditions for grinding of metailic materials with
conventional aluminum oxide wheels. It can also be used to compare and rank the
grindability of ceramic materials. If G-ratio is high, material is considered to be easy
to grind, and otherwise it is considered to be difficult to grind. There are two
difficulties using G-ratio as a measure of ceramic grindability. First, it is very difficult
to measure the volumetric wear rate of a diamond wheel because of its much higher-
wear resistance, which posts difficulty for testing. Secondly, itis very time consuming
to conduct tests to measure G-ratios even for conventional abrasive wheels. A
significant amount of grinding has to be conducted to achieve a measurable amount
of wheel wear for diamond wheels. Therefore, it is not cost effective to use G-ratio
to define grindability for ceramics.

Summarizing the above discussion, we can conclude that grinding forces, power
{(or specific energies) obtained for controlled in-feed grinding and surface finish
depends more on the mode of grinding (brittle or ductile) than on the material itself.
The mode of grinding depends more on the grinding condition than on the material.
Therefore, these parameters are not suitable for defining grindability for evaluating
material. From the cost view point, G-ratio should be used. But it is not a workable
definition either. Therefore, normalized volumetric material removal rate obtained
under controlled force grinding, which measures the rate of in-feed achieved per unit

force/per unit belt speed, should be used to define the grindability of ceramics.

3.3 Mathematical Definition of Grindability

It is our conclusion that normalized volumetric material removal rate obtained
under controlled force grinding should be used to define the grindability of ceramics.
It should be noted that grindability is a unique material property. Therefore, the
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influence of other factors on material removal rate should be excluded from the
definition. Under controlled force grinding, material removal rate should be a function
of normal grinding force per unit width of grinding F,, wheel speed (or belt speed) v,
material properties, and wheel (or belt) characteristics. If ¢, is a parameter which
accounts for the influence of ceramic material property on material removal rate, and
¢, is a parameter which accounts for the influence of diamond wheel (or belt)
characteristics on material removal rate, the material removal rate z,, (volumetric
material removal per unit time per unit width of grinding) can be expressed as:

z, = vy F, @, ¢, (2)

If same kind of diamond belt is used for all the grindability tests, the influence of
diamond belt on material removal rate can be excluded from equation (2). This is
similar to hardness tests in which some predetermined indenters should be used in
order to obtain comparable results. Therefore, the material removal rate per unit
normal grinding force is defined as the material removal parameter, or

ud (3)

Under controlled force grinding, material removal parameter A, increases with wheel
speed v,. In order to find a parameter which depends only on material property, we
define ,

1= an, 3 (azw) (4)

dv, v, oF,

which is the volumetric material removal rate per unit wheel speed under unit normal
grinding force.

For grinding of metallic materials with conventional aluminum oxide wheels, it
has been found that the material removal rate is proportional to the normal force if the
dominant material removal mechanism is cutting instead of plowing, as schematically
illustrated in Figure 4(a). Therefore the material removal parameter A, for a given
wheel speed is the slope of the corresponding line and does not depend on the normal
grinding force. Under this condition, the material removal parameter is only related to
the material property and wheel speed (or belt speed). Research under controlled force
grinding has indicated that material removal rate is approximately proportional to the
wheel speed v,. These linear relationships still hold true for ceramic grinding, as seen
in Figures 6 and- 7. Those results were obtained using the second version of the
prototype CGTS (see Figure 22). The material numbers in these two figures are listed
in Tables 1 and 5. Therefore, we have a parameter which is only related to the
material property, or




V4
= Sw o 5
A, w3 glo.) (5)

which is the slope of the line in Figure 4(b}). This parameter A, has a physical meaning;
represents the equivalent cross-sectional area of a ribbon-like strip of material being
removed from the workpiece under unit normal force. This parameter can be used to
distinguish the grindability of various ceramic materials because it only depends on
material property. For easier-to-grind material, parameter A, will be bigger, and for
difficult-to-grind material, it will be smaller. In the next section, we discuss how to
experimentally evaluate this normalized material parameter. After testing all the
available ceramic materials, a result similar to what is given in Figure 5 will be
obtained, with large A, value corresponding to easy-to-grind materials, and smaller 4,,
values corresponding to difficult-to-grind materials.

As a practical matter, it is necessary to choose an appropriate diamond belt to
conduct all the grinding tests in order to obtain comparable testing results. This
requirement may be difficult to satisfy because the diamond belt selected for some
ceramic materials may not suitable for others. Analogous to Rockwell hardness testing
in which different indentors (ball or cone) are used for materials of different hardness,
different diamond belts may also be used to account for various ceramic materials. If
so, the grindability of ceramic materials may need to be measured using different
scales such as grindability scale A, B or C etc analogous to the Rockwell hardness
definition, '

After the belt is chosen, the appropriate normal force range and belt speed need
to be determined. The belt speed commonly used in practice is about 30 m/s. It is
desirable that all the tests be conducted under the same range of normal grinding force
in order to obtain comparable results. But different range of normal force may need
to be applied in order to successfully grind all the available materials. For materials
which are easy to grind, smaller normal force should be used, and for materials which
are difficulty to grind, larger normal force should be used. Under this condition, we
can also define different grindability scales analogous Rockwell hardness scale A and
C in which different loads are applied using the same indentor. If the material removal
rate increases proportionally with the normal force as in Figure 4(a), extrapolation
technique can be used to obtain comparable result at the standard condition.
Therefore, ceramic grindability is defined as the normalized material removal rate, or

il (6)

which has the same unit as the wear coefficient {or specific wear rate) in triobology
studies.
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For the purpose of ranking various ceramic materials in terms of a dimensionless
number, a reference material should be chosen. The reference material is chosen to
be of reasonable grindability and of the same basic type as the test materials but,
importantly, it should be chosen for the consistency of its grinding characteristics. For
the reference material chosen, some grinding tests should be conducted to determine
its A,, value. If the grindability of the reference material is specified as 10 the
gnndablllty of any material can be expressed as:

A z

G, =210 =10

cl 3 ud 1 (7)
A

VoFad,

It should be noted that the ranking varies if the property of the reference material
varies. Therefore, defining grindability as in equation (7) is not recommended. in the
following study, definition in equation (6) is used.

3.4 Multiple Tests

In order to reduce experimental error and obtain more accurate result, multiple
tests should be used to evaluate parameter A, in equation (5). For test number i,
normal force F, is applied and the specimen is ground for a period time of T. The
accumulative volume of material removal per unit width of grinding is Q,,;. The average
material removal rate can be calculated as:

Z.=_‘1'f ' . (8)

A, = 2w | (9)

and the normalized parameter A, can be calculated by

A= DN (10)

wi
VS

After n tests for each material, we have the following data matrix which can be used
to calculate the average value of the normalized parameter A, for the tested material

by

(11)




Test Data Matrix

Fn(N/mm) Fn1 Fn2 Fn3 Fn4 Fn5 """ an
Q. (mm*/mm) Q.. Q.. Q. Q. Qi .- Q..
z, (mm3/mms) Zor Zwz  Zwz  Zua  Zuwg  eeeees Zon
Aw Aw] AWZ Aw3 Aw4 AWS """ Awn
/‘w /lw1 AWZ Aw3 Aw4 Aws """ Awn
4 Selection of Abrasive Tools for Grindability Tests

It is proposed to use diamond belts instead of diamond wheels to conduct
grindability tests in order to eliminate the influence of wheel truing and dressing.
Structurally, there are two types of diamond belts available. In one structure, diamond
grits are deposited on the base material in a form of a series of diamond clusters as
seen in Figure 8. We call it cluster-type belt. Extensive investigation about this type
belt has revealed that it is not suitable to grindability test application. First of all, this
type of belt was designed for polishing which means that the diamond grits are very
fine. The coarsest available grit size is 30 microns which is not suitable for material
removal as required in grindability test. The cluster-type belt should give more
consistent results due to its structural consistency. This kind of belt should be further
examined in the grindability standardization.

For the second type of belt, the diamond grits are randomly deposited on the
base material (similar to sand papers). The belt manufacturer can supply belt with very
coarse grit size (up to 100 mesh size) which is suitable for grinding with much higher
material removal rate. This belt was chosen for grindability testing.

In order to test the grinding capability of the chosen belt, a preliminary test rig
was developed. The test rig was mounted on a milling machine. An aluminum wheel
was mounted on the spindle (where the milling cutter used to be mounted) and was
used to drive the diamond belt. Another wheel was vertically mounted on the work
table to support the belt and apply tension to the belt. The belt tension was adjusted
by moving the work table. The belt speed was varied by changing the spindle speed.
Various ceramic bars were forced against the belt manually while the belt was running
at different speeds. Preliminary tests have shown that the selected belt is capable of
grinding various commercially available ceramic materials.

5 Development of the CGTS

As discussed in the previous chapter, controlled force grinding with coated

Pl
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diamond belt was chosen to test grindability. Theoretically speaking, there are several
ways to achieve controlled force grinding: pneumatic cylinder, hydraulic cylinder,
torque control motor and ball screw mechanism, pulley with weight, and dead weight.
Each of the options was reviewed. With pneumatic cylinder, load cannot be
maintained to a constant value if pressure fluctuations exist in the air line. Also, the
availability of pressurized air may impose limitation for use of the grindability test
system. If hydraulic cylinder is chosen, a hydraulic system is needed for the test
machine which can make the machine complex. One of the limitations of torque
control motor is that the torque output varies during one motor revolution. This
variation will be more evident when the motor is running at low speeds. In our
application, the in-feed is very small, especially with hard-to-grind materials, which
requires that the motor run at very low speeds. The pulley with weight or dead weight
option should be the simplest and most reliable method.

Under controlled force grinding, there are two ways to accomplish in-feed. With
the first option, the specimen is forced to the belt under certain load as shown in
Figure 9. The grinding continues until the predetermined time limit is reached. The
accumulated material removal divided by the time leads to the volumetric material
removal rate. With the second option, the grinding continues until a predetermined
amount of material is removed. Dividing the amount of material removal by the time
spent to remove this material leads to the volumetric removal rate. The problem with
the second option is that it may take very long time to grind away the given amount
of material, which may lead to a significant wear of belt. The belt's grinding
performance may vary significantly because of severe belt wear. In our design, the
first option was used.

Based on the above idea, three prototype CGTSs were developed and tested
during the two-year project period. in the following, each of them was examined and
the experimental results obtained were discussed.

5.1 Prototype CGTS - version #1

An illustrative sketch of the first prototype CGTS is given in Figures 10 and 11
to show the mechanisms of its operation. The test machine consists of a diamond-belt
driving, adjusting, and tension unit, a specimen-positioning, holding, and indexing unit,
a controlled-force application unit, a fast-feed and fast-retract unit, a coolant-supply
unit, a timing unit, and a machine base. Belt dimensions chosen were: 30-inches long
and 2-inches wide. The belt speed is around 4,500 feet/min (22.86 m/sec). The belt
was driven by an electric motor of 1-horse power. A stationary platen was placed
beneath the belt to overcome the grinding force. The specimen was forced to the
platen portion of the belt under a controlled force. After grinding a predetermined
period of time, the specimen was retracted quickly. For the next test, the specimen
was indexed across the belt width to utilize a new portion of the belt surface, as seen
in Figure 11.

-
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contact wheel

Figure 11. lllustration of the interaction between specimen and
diamond belt during grinding.
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The belt tension was adjusted using a preloaded spring with a mechanism for
quick belt change over. A mechanism is also designed to adjust parallelness between
the center of the driving wheel and the center of the idle wheel. The purpose of this
adjustment was to maintain a newly installed belt to the center of the contact wheel.
The fast feed speed of the specimen toward the belt was controlled with an air
cylinder. A coolant supply system was incorporated with the test machine to
accomplish wet grinding operation. A timing system was also incorporated with the
test machine to account the actual grinding time. A desired grinding time can be
programmed into the timer. Controlled force was accomplished by adding weights.

The operation of the test machine was as follows (see Figure 10): after a
specimen of known length was mounted and the machine is started, the air cylinder
lowered the moving plate at the preadjusted speed. As soon as the specimen
contacted the belt (grinding begins), the circuit was broken and the timer started
.counting down from the programmed cycle time. When the cycle time was over, the
air cylinder quickly retracted the specimen. This completed one test. The specimen
was then removed and measured for stock removal.

, An overview of the test machine is given in Figure 12. A view of the system
without the base is given in Figure 13.

5.1.1 Test specimens
A standard MOR bar (3-mm by 4-mm cross section, 50-mm long) was chosen
as the specimen design for grindability testing of ceramics. For the first set of tests,

ten MOR bars from each material were manufactured.

List of materials used in the preliminary tests

Silicon Nitride: GS44 : Allied Signal Ceramic Components
Silicon Nitride: GN10 Allied Signal Ceramic Components
Silicon Carbide: Hexoloy SA Carborundum

Silicon Carbide: CVD - Morton Advanced Materials
Aluminum Oxide: WESGO 99.8 WESGO

Aluminum Oxide: Coors AD 99.8 COORS

Silicon Carbide Norton Company

Silicon Nitride Norton Company

Ziconia Norton Company










5.1.2 Initial grindability tests

In the original design, the specimen was mounted on a slide which was
supposed to move up and down freely. But some initial tests showed that the variation
of the friction drag of the slide had significant influence on stock removal. Three
different MOR bars were ground for 15 seconds under a load of 450 grams with both
a coarse belt (100 grit size) and a fine belt (220 grit size). The results are summarized
~in Table 1. From the results of the initial test, it can be seen that the normalized in-
feed rate was very different for the three materials tested.

Table 1. Initial test result

Coarse belt (100 grit size)

Initial Final Amount Normalized
Material | length length removed | in-feed rate
(mm/sec)
1 1.969 | 1.933 0.036 0.166
2 1.851 1.643 0.207 0.954
3 1.997 1.720 0.277 1.277
Fine belt (220 grit size)
Material | Initial Final Amount Normalized
length length removed | in-feed rate
(mm/sec)
1 1.933 1.919 0.014 0.065

1.643 1.560 0.083 0.382
1.720 1.603 0.117 0.539

5.1.3 Improved CGTS

In order to further improve repeatability and consistency of the measurements,
modifications to the test machine were made. After each modification, some tests
were conducted to qualify the improvement. Modifications were done in the following
aspects.




A Grinding Support

The support piece used to support the belt and specimen is shown in Figure 14.
In the original design, a flat carbide plate was used, as shown in Figure 14(a}. During
experiments, it was found that the specimen was bouncing due to the thickness
variation of the belit near the joint. In order to eliminate this bouncing movement, a
softer material (Nylon) was used to replace the carbide plate. No improvement was
observed in reducing the bouncing, but the nylon plate was worn very quickly. Then
an adjustable roller support, as shown in Figure 14(b), was made to replace the flat
support. The distance between the two rolls can be adjusted to find the optimum
separation. The bouncing the specimen was reduced. However, the results showed
variations due to the difference in sagging of the belt when grinding in middie of the
belt and near the edge of the belt. The conclusion was that the original design of a
carbide plate seems to be the best choice.

B Variable Speed Drive

In the original design, the belt speed was fixed at 4,500 SFPM at the suggestion
of the belt manufacturer. In order to explore grinding under various speeds, a variable
speed motor was used to replace the fixed RPM motor. The specimen bouncing was
also reduced significantly by reducing the belt speed.

Cc Specimen Holder

A new specimen holder, as shown in Figure 15, was manufactured to replace
the original holder, as shown in Figure 16. In the original design, the MOR bar was put
into the holder and fixed in place using two set screws. The MOR bar served as a
guide which slid freely within the holes in the fixed plate. The rectangle MOR bar did
not fit very well within the hole. Also, the portion of the bar protruding out from the
holder varied from test to test. Because of the limitation of the original design, only
a few experiments could be conducted on each specimen. The new design, as shown
in Figure 15, eliminated the above problems. A clamping stud with a lock nut was
used to adjust the length of the specimen that protruded out from the specimen
holder. The stud also transferred the grinding force to the specimen holder. Also, both
the holder and the holes were hardened and ground. Two fitting clearances of 0.001
and 0.0015 inches were used in the experiment. It should be noted that sliding friction
still exists.

D Belts

In order to reduce the specimen bouncing, a belt with a 67° slice joint, as
shown in Figure 17(b), was purchased to replace the original belt, as shown in Figure
17{a) which had a 90° slice joint. This new belt used a joint called filmlock. The belt
manufacturer claimed no thickness variation near the joint. The original belt uses a

-
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fabriclock which had about 0.003-inches thickness variation near the joint.
Experiments indicated that the bouncing was greatly reduced. Also, it should be noted
that belts without a joint, as shown in Figure 17(c), will be commercially available
soon. :

5.1.4 Preliminary grindability tests with the improved CGTS

After the modification of the test machine, more tests were conducted. Test
conditions were as follows:

Belt speed: 22.86 m/s (4500 SFPM)
Load: 1000 grams

Specimen: 3 x4 mm MOR bar

Wet grinding: Q=0.5 gal/min

Cycle time: 30 seconds

For the preliminary test, five ceramic materials were tested. Some results of
stock removal are given in Figure 18. The average removal rates are shown in Figure
19. It can be seen that 0.227 inches were removed for WESGO aluminum oxide,
0.189 inches for Carborundum Hexoloy SiC, 0.147 inches for Morton CVD SiC, 0.043
inches for Allied Signal silicon nitride GS44, and only 0.041 inches for Allied Signal
silicon nitride GN10. If WESGO aluminum oxide is chosen as reference material, the
ranking of the tested materials will appear as shown in Figure 20. From this
preliminary test, it can be seen that silicon nitrides, silicon carbides, and aluminum
oxides have very different grindabilities.

5.2 Prototype CGTS - version #2

In order to eliminate the influence of sliding friction on test results, the original
sliding structure was replaced with a pivot and lever mechanism, as shown in Figure
21. The air cylinder is still used for gap elimination and fast retraction of the specimen.
The distance from the pivot point to the specimen (grinding point) was 12 inches.
From the previous experiments, it was found that the material removal is about 0.200
inches for the softest material (aluminum oxide), which corresponded to an angle of
less than 1 degree. As compared with the original sliding mechanism, the friction
influence should be virtually eliminated with this pivot-lever system due to the very
small rolling friction of the ball bearing. Some experiments were conducted using this
improved test machine shown in Figure 22. It can be seen that the results for the 7
tests were very consistent with an error of less than 4%.

5.3 Prototype CGTS - version #3

Extensive tests were conducted using the second prototype of the CGTS (see
next section for results). The results indicated that repeatability of less than 10% can
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be maintained. It was decided to develop the final CGTS based on this design. The air
cylinder was replaced with a linear actuator in the final design. The normal force was
applied by using weight, which was driven by a linear actuator to change the. grinding
force. Figures 23 and 24 show the final ceramic grindability test system, Figure 25 is
a schematic illustration, and Figure 26 is an isometric sketch, which has the following
features:

Fully computerized to eliminate operators influence.

Grinding with diamond belt to eliminate influence of wheel dressing.
Standard MOR bars as test specimen for cost-effectiveness.
Computer controlled force and speed adjustment for various ceramics.
In-process gaging of removal rate with analogue and digital read out.

6 Grindability Test

Comprehensive grindability tests were conducted on 12 ceramic materials
(seven types of silicon nitride, two types of zirconia, two types of silicon carbide and
one type of aluminum oxide) as listed in Table 2 under the grinding conditions given
in the last row of Table 2. Before the final characterization of the 12 materials listed
in Table 2, some preliminary tests were conducted to choose the optimum belt speed
and normal grinding force.

6.1 Belt Wear Test

For the first set of experiments, the variation of material removing capability of
the chosen diamond belt was investigated. Material 9 (silicon nitride G) and material
11 (silicon carbide B) were used (refer to Table 2 for material numbers). For each
material, all the tests were conducted at the same belt location (the location across
the belt width, as shown in Figure 11). The results are given in Figure 27. As
expected, during 30-second grinding period the amount of removal reduced with time.
These results indicated that the removal rate can vary significantly with grinding time.
Therefore, only a short period of grinding should be used at each belt location to
minimize the influence of belt wear on the grindability measurement.

6.2 Influence of Belt Speed

For the second set of experiments, the influence of belt speed on material
removal was investigated. Materials 8 (silicon nitride F) and 11 (silicon carbide B) were
tested. The belt speed was varied from 2 to 21 m/s. Each test was conducted at a
new belt location. Results are given in Figure 6. It can be seen that material removal
was proportional to belt speed under a constant normal force. The material removal
can be simply normalized by the belt speed to eliminate the influence of belt speed.
The deviation of results from the linear relationship at higher belt speeds may be due
to the vibration of the system.

-
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Figure 23. Photograph of the final CGTS.
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Figure 24. Photograph of part of the CGTS.
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Figure 25. Schematic illustration of the final CGTS.
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Figure 26. Isometric sketch of the final CGTS.
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Table 2. Material summary

Material Hardness Weibull Fiex Strength Fracture
HV modulus {(MPa) toughness

1 Si;N,, A | 1860 590 5.70

2 Si;N,, B | 1500 620 6.60 -

3 Si;N,, C | 1500 620 6.60

4 Zr0,, A | 1200 630 8-12

5 Zr0,, B | 1200 630 8-12

6 Si;N,, D | 1500 620 6.60

7 | Si,;N, E | 1500 620 6.60

8 Si;N,, F | 1460 20-35 1050 8.25

9 Si,N,, G | 1670 12-22 983 6.50
10 SiC, A 2500 595 2.70

11 SiC, B | 2800 10 460 4.60
12 AlLO, 1360 310

Normal load:
Belt:
Belt speed:

Specimen dimension:

Cycle time:

Grinding_condition

10 Newtons

220 mesh diamond belt, 762 x50.8 mm, 3M
v, = 10 m/s '

Standard MOR bar 3 x4 mm
30 and 60 seconds




6.3 Influence of Normal Force

For the third set of experiments, the influence of normal grinding force on
material removal was investigated. Materials 9 (silicon nitride G) and 10 ({silicon
carbide A) were used for this test. The normal load was varied from 2 to 14 Newtons
at a belt speed of 10 m/s. Once again, each test was conducted at a new belt
location. Results are given in Figure 7. It can be seen that the material removal was
proportional to the normal force.

6.4 Grindability of Some Ceramics

Based on the above tests and suggestions from the belt manufacturer, a belt
speed of 10 m/s and normal load of 10 Newtons were chosen for the final
characterization. - Two sets of tests were conducted for the 12 ceramics. For the first
set, 11 grinding tests were conducted for each of the 12 materials with five tests at
belt location 1, three tests at location 2, and the rest at location 3. It can be seen that
the amount of material removal for each material group is significantly different. For
a 30-second grinding period, the removal is about 4-5 mm for aluminum oxide, about
2 mm for silicon carbide, approximately 1 mm for zirconia, and only 0.4-0.6 mm for
silicon nitride. Comparison of ceramics belonging to the same group such as silicon
nitride can provide more useful information. For this purpose, the seven silicon nitrides
were further compared. The seven materials tested belonged to three groups in terms
of material removal. Material 1 had the highest removal, Materials 2, 3 and 9 had the
lowest, and Materials 6, 7 and 8 were in the middie. ANOVA analysis was conducted
in order to compare the seven materials. The over all F-value is 43.84 and the p-value
is O, which means that the seven materials are significantly different. In order to test
the difference among materials statistically, a T-test was conducted for all the pair
combinations of the seven materials. Results are given in Table 3. For a significant
level of p=0.05, Materials 6 and 7 have no significant difference, Materials 7 and 8
have no significant difference, and Materials 2 and 9 have no significant difference.
Actually, Materials 6 and 7 are from two batches of the same material, and Matenals
2 and 3 are from two batches of another material.

In order to eliminate the influence of belt wear on the results as shown in Figure
27 and to detect differences among the seven silicon nitride materials, another set of
tests was conducted in which only one test was conducted at each belt location. For
each material, 10 tests were conducted. By comparing the results of the two
characterizations, it was seen that the mean values of material removal for the second
set are higher than the first set as listed in Table 4. This is expected because each test
was conducted at a new belt location in the second set of tests, as compared with the
first set in which multiple tests were conducted at each location. Grindabilities of the
tested ceramics were obtained from the definition. Results are given in the 4th and 7th
columns of Table 4. A plot of grindability is given in Figure 28.
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Table 3. T-test Result (p-value)

Material 2 3 6 7 8 9
test 1 0] 0 0.005 0 0 0
test 2 0] 0] 0.004 | 0.076 | 0.003 0]
test 1 0] 0 0 0.001 | 0.077
test 2 0.007 0 0 0.001 | 0.611
test 1 B o 0 0 0.002
test 2 0] 0] 0 0.034
test 1 _ L 0.056 | 0.007 0
test 2 0.212 | 0.052 0]
test 1 N 0.450 0
test 2 0.225 0
test 1 0
test 2 0
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Table 4. Mean and standard deviation of material removal

Test 1 Test 2

Material

Mean Std. Ce Mean Std. Cq

Dev. 10* mm®/m Dev. 10
N mm*/m N

1 0.596 0.073 243 , 0.618 0.014 25.2
2 0.454 0.027 18.5 0.508 0.029 20.7
3 .0.418 0.029 17.1 0.423 0.041 17.3
4 0.929 0.045 37.9
5 0.906 0.038 37.0
6 0.561 0.050 22.9 0.571 0.046 23.3
7 0.545 0.056 22.2 0.556 0.041 22.7
8 0.520 0.055 21.2 0.540 0.040 22.0
9 0.447 0.031 18.2 0.478 | 0.043 19.5
10 1.721 0.276 70.2 -
11 2.148 0.308 87.7
12 4.441 0.590 181.3
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6.5 Additional Grindability Tests

Grindability tests were conducted for five additional ceramics (Materials 13 to
18 in Table 5). For Materials 14 to 18, a batch of MOR bars were manufactured and
their flexural strengths were measured. Some samples from the same batch used to
measure the flexural strength were used to measure their grindability. The measured
grindabilities are listed in the last collum of Table 5 together with the results for the
12 ceramics tested previously.

In Figure 29, grindabilities of various ceramics are plotted. The grindabilities of
the silicon nitride ceramics tested are plotted in Figure 30. It can be seen that the
easiest material tested (Material 12, aluminum oxide) has a grindability more than 26
times of the most difficult material tested (Material 15, silicon nitride - 1). If silicon
nitride ceramics are compared, the easiest material tested (Material 18, silicon nitride -

L) has a grindability about 5 times of the most difficult material tested (Material 15,
silicon nitride - I). However, their mechanical properties are similar. This indicates that
grindability of ceramics can be greatly improved through ‘design for grindability’ in the
ceramic development stage. Therefore, it is necessary to understand the correlation
between grindability and microstructure in order to identify the driving force of
grindability. This is beyond the scope of phase one work. In the next section, some
preliminary correlations between grindability and mechanical property will be
discussed.

7 Grindability and Mechanical Properties
7.1 Correlation between Grindability and Flexural Strength

Extensive grindability tests were conducted for various ceramics. Some of those
tested ceramics had very similar mechanical properties, and others had very different
ones (see Table 5). Therefore, we wanted to know whether correlations exist between
grindability and mechanical properties, such as hardness, flexural strength, and
fracture toughness. Grindability is plotted versus flexural strength in Figure 31 for all
the ceramics tested. These results seem to indicate that grindability generally
decreases with flexural strength. However, more tests are needed to further prove
this. In Figure 32, only silicon nitride ceramics are compared. From this graph, it is
hard to accept the above suggestion.

7.2 Correlation between Grindability and Hardness

Any correlation between grindability and hardness would be also of interest to
both ceramic manufacturers and ceramic machining factories. Grindabilities are plotted
versus hardness (Vickers scale) in Figure 33 for all the ceramics tested. No simple
correlation could be found between grindability and hardness. Silicon carbide ceramics
tested were much harder than the silicon nitride ceramics tested. But silicon carbide
ceramics generally had higher grindabilities than silicon nitride ceramics. This may be
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Figure 30. Grindability of silicon nitride ceramics.
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due to their lower flexural strength and low fracture toughness. The results for silicon
nitride are given in Figure 34.

7.3 Correlation between Grindability and Fracture Toughness

Fracture toughness is an important mechanical properties of ceramics which
measures the crack-growth resistance of a ceramic. It was expected that grindability
would correlate better with fracture toughness. However, there seems no simple
correlation between grindability and fracture toughness, as indicated in Figures 35 and
36. .

7.4 Grindability and Elasticity, Poisson’s Ratio

Elastic modulus is usually used to correlate with specific wear rate in
triobological studies of ceramics. Plots are given of grindability versus elasticity (Figure
37) and grindability versus poisson’s ratio (Figure 38) for the silicon nitride ceramics
tested.

A more interesting plot is given in Figure 39, which shows that ceramics of
exactly same mechanical properties have significantly different grindabilities. Similarly,
ceramics of very different mechanical properties have very similar grindabilities. More
research is needed to understand the main influencing factors of grindability. One
possibility is to correlate grindability with microstructure of ceramics.

Based on the grindability tests conducted for various ceramics, there seems no
simple correlation between grindability and mechanical properties, such as flexural
strength, hardness, elasticity, and fracture toughness. Grindability is acomprehensive
parameter which cannot be replaced by any other mechanical properties commonly
evaluated. It should be evaluated together with hardness, flexural strength, fracture
toughness and other mechanical properties during the material development stage. It
should be noted that the mechanical properties of Materials 1 to 13 listed in Table 5
are published by the material manufacturers. It may not represent the test specimen
used in the grindability tests. Those parameters should be measured as for Materials
14 through 18.
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Figure 35. Grindability and fracture toughness.
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Figure 36. Grindability and fracture toughness (silicon nitride).
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7.5 Grindability and Microstructure

?

In the previous section, correlation between grindability and mechanical
properties {hardness, flexural strength and fracture toughness) were studied. No
simple correlation was found between grindability and mechanical properties for the
18 ceramics tested. More ceramic materials need to be tested in order to further
support the preliminary conclusion. In order to find out factors determining the ceramic
grindability, microstructure of some of the ceramics tested were studied. The as-
ground surfaces were observed under a scanning electron microscope. Those surfaces
were also observed after they were etched for one hour in a hydrofluoric solution
(49% HF).

In Figures 40, SEM micrographs of the as-ground surfaces of Materials 4, 8,
10, 12 are given. It can be seen that the material was removed by both ductile flow
{plastic deformation) and brittle fracture. However, the percentage of brittle fracture
depends on the material. Materials 10 (silicon carbide) and 12 (aluminum oxide) show
much higher brittle fracture than Material 8 (silicon nitride}.

In Figure 41, SEM micrographs of the as-ground surfaces of 4 silicon nitride
ceramics are given. Once again, it can be seen that the material was removed by both
ductile flow and brittle fracture. The percentage of brittle fracture is different for
different ceramics. More work is needed in this area.

8 Correlation Study
8.1 Correlation between Grindability and Practical Grinding Practices

Ceramics of higher grindabilities could be ground faster than those of lower
grindabilities. However, conventional grinding machine and diamond wheels can only
offer very limited material removal rates. The allowable material removal rates are
often limited by the available spindle horse power the grinder and chip-storage
capability of diamond wheels. Improved diamond wheels and grinding machines of
higher spindie horse power are needed to grind at higher removal rates for ceramics
of higher grindabilities.

In order to investigate correlation between grindability and practical grinding
practices, five ceramics of known grindabilities were ground under practical grinding
conditions with a resin bonded diamond wheel on an instrumented surface grinder.
Grinding force components and spindle power consumption were measured. The
grinding tests were conducted under the following conditions: wheel speed v =30
m/s, work speed v, =200 mm/s, depth of cut a=0.0127 mm, diamond wheel:
SD400B100, wheel diameter d,=304 mm. The results are summarized in Table 6.
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Figure 39. Grindability and material property.
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(a) Material 4
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(h) Material 8
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()  Material 10

(d)  Material 12

Figure 40. SEM micrographs of the as-ground surfaces of some ceramics.
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Material 8
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Figure 41.

(d) Material 18

SEM micrographs of the as-ground surfaces of some
silicon nitride ceramics.
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Table 6 Correlation results

Material Fn (N/mm) Ft (N/mm) u G, x 10*

(J/mm?3) (mm3/N m)
1 5.2 1.3 15.7 181.3
2 8.2 1.8 20.8 91.8
3 7.6 2.1 24.5 87.7
4 18.8 - 2.3 34.7 - 21.2
5 21.2 3.5 " 44 18.2
Table 7
a (mm) 0.0127 0.0254 0.0508 0.0762
a (in) 0.0005 0.001 0.002 0.003
u, 18.1 24.3 32.8 35.6
(J/mm3) :
Fn,, 10.1 - 71.2 151.1 191.7
(N/mm) :
Ft., 3.8 12.2 26.9 22.0
(N/mm) '
Note Loud ‘ Logd
noise noise

It can be seen that grindability results do correlate well with practical grinding
practices in terms of grinding forces and specific energy under the same removal rate,
i.e., higher force and specific energy are needed for grinding ceramics of lower
grindabilities. The grindability results suggest that Material 1 can be ground much
faster than Material 5. In order to prove this, another set of tests was conducted on
Material 1 with higher depths of cut. Results are given in Table 7. The results were
also plotted in Figures 42 and 43. It can be seen that the normal grinding forces
increase significantly with depth of cut. The specific energy usually decreases with the
increase of depth of cut due to-the so-called "size effect.” However, it increases with
depth of cut in this example, which shows that the wheel was severely loaded. The
increase in specific energy with depth of cut was caused by the limited chip-storage
space of the diamond wheel used. At higher depths of cut, larger chip-storage-spaces
are needed to carry material being removed. The chip-storage capability of the
diamond wheel limited the allowable material removal rate even though the material
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has very high grindability. Under some other circumstances, workpiece may limit the
allowable removal rate because excessive force may cause workpiece of certain
geometry to break.

Ceramics of higher grindabilities can be ground faster, however, grinding wheel,
grinding machine, and job requirements may limit the allowable removal rate to much

smaller values.

8.2 Establishing Formulation between Grindability and Grinding Parameters

The purpose of establishing correlations between grindability and practical
grinding practices was to select, improve, and optimize grinding parameters based on
ceramic grindability. The difficulty lies in the varieties of diamond wheels used in
ceramic machining industry.

Experiments conducted for grinding one silicon nitride ceramic with a resin
bonded diamond wheel indicated that the normal grinding force correlated well with
a scratched-surface parameter as shown in Figures 44. It can be seen that there exist
two distinct regions. It was believed that ductile regime grinding was dominant in the
firs region and brittle fracture in the second one. For any ceramic, the following
relationship exist (Malkin et al, 1995):

% = pd(c,'w)(-‘\:/"—”)”263"‘0’;’4 + hy (12)
for the first region and
% = pb(c,w)(‘_"/:!)”Za‘*"*dJ"‘ + h, (13)

s

for the second region. Where v,, is the work speed, v, is the wheel speed, a is the
depth of cut, d, is the equivalent wheel diameter which is calculated as:

— dsdw

= (14)
d.xd,

where d; is the wheel diameter, d, is the work diameter, The "+’ is for external
grinding and -’ is for internal grinding. For surface grinding, d.=d,,. The parameters
pqlc, w) and p,lc, w) in equations (12) and (13) depend on the diamond wheel used,
the ceramic being ground, and fluid applied. Parameter py(c, w) represents ductile-
dominantgrinding and parameter p,(c, w) represents brittle-fracture-dominantgrinding.
Equations (12) and (13) can be rewritten as follows:
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Figure 42. Grinding force versus depth of cut.
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F, - bh,

pgle,w)= z
¢ b(ﬁ)1/263/4d1/4 (15)
v, €
_ F, - bh,
pb(crw)_ (16)

Vv
12 5314 14
b(-X)V*a%d,
$

For a specific diamond wheel and fluid application, parameters p4(c, w) and p,{c, w)
should depend only on material property. Therefore, correlations between grindability
G, and parameters p,{c, w) and p,(c, w) exist. Experiments on one silicon nitride with
a 400-grit diamond wheel (SD400B100, Coors) lead to the following results:

Table 8 Correlation results

Material G, p4lc,w) puic,w)
(mm™* mm3/N m) (N/mm?) (N/mm?

1 22.5 3840 1367

2

With a few ceramics of different grindabilities being tested, the following correlations
can be established:

pgsle,w) = o (17)
pylc,w) = g‘,’(— (18)

Constants B, kq B, and k, can be obtained using data in Table 8. Substituting those
coefficients into equations (17) and (18), then into equations (15) and (16), and
rearranging leads to:

ky
(ﬂ)1lza3l4de1/4 - Fn —bbhd (;C (19)
Vs d

for ductile-dominant grinding and
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k,

(%)1/263/40';/4 - Fp 'bbhb i;c (20)
s b

for brittle-fracture-dominant grinding. Similar correlations can be established for any
diamond wheels.

8.3 Application of the Correlation Formulation

After establishing the correlations between grinding parameters and grindability
(equations {19} and (20)) for any diamond wheel, grinding parameters for grinding any
ceramic of known grindability with this diamond wheel can be readily obtained from
equations (19) and (20). The equivalent diameter d. can be readily obtained from
equation (14). Therefore, equations (19) and (20) can be rewritten as:

- bh

(Ywyzges - 1 F 4 G (21
YR B,di" b ¢
S dYe
for ductile-dominant grinding, and
(Voyrizgsn o 1 Fo = bhy g (22)
—\7— B d1/4 b ¢
S b e

for brittle-fracture-dominant grinding. For any allowable normal grinding force per unit
width of grinding, either equations (21) or (22) can be solved for (v,/v,)'?a**. The
larger value obtained should be used. The allowable grinding force depends on the
diamond wheel used (too large force leads to wheel breakage and excessive wheel
wear), the grinding machine used (too large force leads to excessive deflection), and
the ceramic being ground (too large force may lead to workpiece breakage). The larger
the allowable grinding force, the higher the achievable material removal rate will be.

9 Conclusions and Future Work

L A definition for ceramic grindability was developed which was based on the
normalized removal rate under controlled force grinding. The defined grindability
has the same unit as the specific wear rate.

] A cost-effective method for measuring ceramic grindability was developed
based on the definition.

L A ceramic grindability test system (CGTS) was developed. It is a fully automatic
test system for eliminating operators’ influence. It uses diamond belts instead
of diamond wheels for eliminating the influence of wheel dressing. It uses
standard MOR bars as test specimen.
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Extensive grindability tests were conducted on 18 ceramic materials. Results
indicate that ceramics have very different grindabilities even though their
mechanical properties were similar.

Preliminary correlation studies between grindability and some mechanical
properties were conducted, which seemed to indicate that no simple
correlations exist. More work is needed in this area.

Understanding the correlation between grindability and microstructure is
important for implementing ‘design for grindability’ in the development of new
ceramics or improvement of existing ones.

In order to produce ceramics of both the required mechanical properties and
good grindability, grindability should be evaluated in addition to other
mechanical properties, such as hardness, flexural strength, and fracture
toughness. _
Grindability results do correlate with practical grinding practices in terms of
grinding forces and specific energy. Ceramics of higher grindability could be
ground faster than those of lower grindability. However, available spindle
power, chip-storage capability of diamond wheels, and job requirement often
limit the allowable material removal rate. '

Formulations correlating grindability and grinding parameters used in practical

grinding were developed. Further funding is required to establish comprehensive
correlations for various diamond wheels encountered in ceramic machining
industry.
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