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HIGH SPEED, LOW-DAMAGE GRINDING OF ADVANCED CERAMICS

ABSTRACT

In the manufacture of structural ceramic components, grinding costs can
comprise up to 80% of the entire manufacturing cost. As a result, one of
the most challenging tasks faced by manufacturing process engineers is
the development of a ceramic finishing process to maximize part
throughput while minimizing costs and associated scrap levels. The
efforts summarized in this report represent the second phase of a
program whose overall objective was to develop a single-step, roughing-
finishing process suitable for producing high-quality silicon nitride parts at
high material removal rates and at substantially lower cost than
traditional, multi-stage grinding processes. More specifically, this report
provides a technical overview of High-Speed, Low-Damage (HSLD)
ceramic grinding which employs elevated wheel speeds to achieve the
small grain depths of cut necessary for low-damage grinding while
operating at relatively high material removal rates. The study employed
the combined use of laboratory grinding tests, mathematical grinding
models, and characterization of the resultant surface condition. A single-
step, roughing-finishing process operating at high removal rates was
developed and demonstrated.

Research sponsored by the U.S. Department of Energy, Assistant
Secretary for Energy Efficiency and Renewable Energy, Office of
Transportation Technologies, as part of the Heavy Vehicle Propulsion
System Materials Program, under contract DE-AC05-960R22464 with
Lockheed Martin Energy Research Corporation.



2

1.0 INTRODUCTION and OBJECTIVES

With increasing demands placed on improving the performance and cost
effectiveness of heat engines in a worldwide marketplace, additional emphasis is
continually being placed upon maximizing manufacturing productivity while
utilizing the state-of-the-art engine designs and materials. In particular, the role
of structural ceramics in heat engines has evolved from the onset of being an
academic curiosity to the point where the primary concern is now one of reducing
final manufacturing costs. Unfortunately, the mechanical and physical
characteristics which make these materials desirable from a product
performance standpoint usually render them far from ideal in terms of
manufacturability. Typically, structural ceramic finishing costs alone can account
for up to 80V0of the entire component manufacturing cost. Consequently, one of
the most challenging tasks now faced by manufacturing process engineers is the
development of a ceramic finishing process which maximizes part throughput
rate while minimizing costs and associated scrap levels.

To maximize material removal rates in the grinding operations necessary
for finishing structural ceramics, it is essential that the relationships between
product performance, material behavior, and manufacturing processes are
clearly defined in addition to understanding the effects of the required material
removal process. Since the consequences of in-service ceramic failure can be
catastrophic, extremely slow finishing operations are usually employed in an
attempt to minimize process induced defects. Usually, a painstaking multi-step
ceramic finishing process is deployed which requires numerous grinding wheels,
additional capital equipment, additional perishable dressing tools, and additional
labor. From this perspective, the development of improved grinding processes
for structural ceramic heat engine components will require not only strict
attention to the mechanics of the grinding process but requires a quantitative
understanding of the aforementioned interrelationships.

Based on the concerns outlined above, the efforts summarized in this
report represent the second phase of a two-phase program whose overall
objective is to develop a single step, roughing-finishing process suitable for
producing highquality silicon nitride ceramic parts at high material removal rates
and at substantially lower cost than traditional, multi-stage grinding processes.
Initial implications from Phase I have suggested that HSLD grinding of SiaNdis
technically feasible. Accordingly, to achieve the overall program objective, the
Phase II effort is focused on:

1.0 Continued expansion of the HSLD science base

2.0 Further development of the enabling HSLD technologies
required for successful implementation, and

3.0 Economic analysis of the HSLD production cost drivers.
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2.0 BACKGROUND

Previous research on the grinding of ceramics indicates that the
abrasive/workpiece interactions generally involve both ductile flow and brittle
fracture. Astheabrasive engages theworkpiece, initial cutiing action occurs by
plastic or ductile flow which is followed by fracture if the grain depth of cut
becomes sufficiently large. Byanalogy with indentation fracture mechanics, two
principal types of cracks are generated: “lateral” cracks, which lead to material
removal, and “radial or median” cracks, which cause strength degradation.

One implication from the past research is that fracture damage maybe
avoided or minimized if the grain depth of cut and/or unit grain load is kept below
some critical level such that predominantly low-damage grinding occurs. The
common approach to achieve this objective is to use extremely small removal
rates (fine depths of cut and low workpiece velocities), which are not economical
in production. From analytical considerations of grinding kinematics, the only
apparent way to overcome this drawback, namely to achieve large removal rates
while maintaining a small grain depth of cut, is through the use of high wheel
speeds and fine grit wheels.

It should be noted that low damage and ductile mode grinding generally
require a much higher specific energy (i.e. grinding energy input per volume of
material removed) than mixed mode grinding which involves both ductile flow
and fracture. It is hypothesized that the mechanical and thermal grinding effects
can act in concert to enhance material removal rates while minimizing incipient
microcracking tendencies in the ceramic workpiece. On the other hand, extreme
heat can reduce diamond wheel life. In conventional grinding of metallic alloys
with altiminum oxide wheels the majority of the grinding energy enters the
workpiece as heat.1 Conversely, when using superabrasive wheels, a large
portion of the heat energy is transferred into the wheel due to its superior thermal
conductivity.2 Since this “reverse” heat transfer phenomenon is even more

e pronounced when grinding ceramic materials with diamonds, it is important to
understand the grinding “energy balance” to avoid reducing wheel life from
excessive heat, while maximizing the thermal benefits arising from plastic
deformation in the workpiece surface.

In order to calculate the transient temperature field in the workpiece, it is
first necessary to determine what portion of the total grinding energy enters the
workpiece as heat. Typically, an inverse heat transfer method is employed
whereby temperatures measured in the workpiece are used to obtain the heat
input at the grinding zone.3 One approach, described in this study, involves
using an infrared pyrometer with an optical fiber. Subsequently, through
modification of the Carslaw-Jaeger4 moving band heat source model, a useful
thenmd mode/of ceramic grinding can be developed for approximate calculation
of HSLD wheel/grinding zone temperatures. With the above considerations in
mind, the following technical approach was developed.
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3.0 TECHNICAL APPROACH

The purpose of this section is to present the general approach used
throughout the investigation. Many of the procedural details are provided as
necessary in the appendix. Based on the background material presented earlier,
it became apparent that a rather broad technical approach would be required to
meet the feasibility objectives defined in the introduction. Owing to the large
number of independent process variables and difficulty associated with on-line
measurement of many of the dependent variables, an interdisciplinary approach
which combines laboratory experimentation with previously established process
models was employed.

The overall program utilized a team consisting of representatives from the
Eaton Corporation and the University of Massachusetts. in addition, a close
relationship with the High Temperature Materials Laboratory (HTML) at Oak
Ridge National Laboratory (ORNL) was maintained to help develop an in-depth
understanding of the resulting surface topography and its relationship to the
mode(s) of material removal. Plastic flow and/or brittle fracture was determined
through the use of scanning electron microscopy or, when possible, using high
power optical atomic force microscopes. The majority of the laboratory grinding
experimentation was conducted at Eaton’s Corporate Manufacturing Research
Laboratory (MRL) utilizing four fully instrumented grinding machines covering
several grinding processes (conventional surface grinding, creep feed surface
grinding, I.D. grinding, O.D. cylindrical grinding, and centerless grinding). Where
applicable, the spindle power and grinding forces were measured. As a function
of the process under examination, the following conditions were collectively
varied to establish low damage grinding behavior at high material removal rates:

. Wheel speeds ranging from 5000 to 35,000 ft/min (25 -178 m/s)
● Wide array of grinding wheel types with:

. Various bond systems (plated, resin, etc.) and,

. Various diamond grit sizes (ranging from 180 to 400)
. Workpiece velocities covering:

. Low speed creep feed conditions at 1 in/rein (2.54 cm/min) to,

. High speed O.D. grinding levels at 400+ ft/min (122 m/min)

Building on fundamental grinding kinematics and existing thermal grinding
models, the University of Massachusetts, in conjunction with Eaton’s MRL,
utilized the above grinding tests to calculate specific grinding energies and
corresponding grinding zone temperatures. In addition, a two-color infrared
pyrometry system was developed by UMass to measure ceramic grinding zone
temperatures in real time. Subsequently, numerous MOR bar tests were
performed to correlate material strength with HSLD grinding conditions. Beyond
this, projected finishing costs were generated using actual wear data and
production costs. Details of these efforts are presented in the following sections.
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4.0 RESULTS and DISCUSSION

4.1 HSLD GRINDING FORCE and WEAR BEHAVIOR

During the initial Phase I effort numerous surface grinding tests were
conducted using plated wheels at speeds up to 35,000 SFM (178 m/see) and
material removal rates up to 1 in2/min (11mm2/see) to grind Si3N4 (specifically
Sintered RBSN). However, due to the limited capabilities of plated wheels, the
Phase II program focused on the behavior of dressable wheels operating under
HSLD conditions. In this section, the relative performance of vitrified, plated, and
resin bonded wheels are compared. .

4.1.1 Grindina Conditions

Prismatic WRBSN specimens were ground on a custom built “semi-creep
feed” surface grinding machine capable of operating at workpiece velocities
between 1-180 in/rein (0.42 -76 mm/see) with wheel speeds up to 40,000 SFM
(203 m/see). Aside from the prismatic specimen tests, limited cylindrical grinding
was performed on a modified Weldon 1632 Universal lD/OD grinder for the high
speed O.D. grinding studies. Wheel speeds as high as 40,000 SFM (203 m/see)
are also attainable on the modified Weldon.

Data logging was accomplished using a PC-based data acquisition
package and/or strip chart recorders. In the surface grinding modes (pendulum
and creep feed) force data was measured using a standard 3-axis Kistler force
dynamometer platform. Of particular interest are the normal and tangential
grinding forces. In the cylindrical grinding modes, the normal force was
measured using Kistler piezoelectric load washers built into the feed screws of
the machine tool. In all cases, spindle power was measured using watt
transducers. In subsequent tests, the temperature data was recorded for all
surface grinding tests using an infrared pyrometer equipped with an optical fiber
input.

All surface grinding tests discussed in this section were conducted using
Eaton S/RBSN material. Material blank fabrication was done using Eaton’s pre-
production manufacturing facilities at the CORD-DC center. Documented
material properties are similar to those of the Kyocera SN-220 silicon nitride
material (approx. 600 MPa flexural strength, 3.25 g/cc density, 300 GPa E-
modulus, etc.). It is important to note that the OD grinding studies were
performed under plunge grinding conditions using Norton NT551 material.

Initially, the Phase I tests were designed to identify how high wheel
speeds and removal rates might impact resulting grinding forces, finishes, and
surface quality. A relatively coarse (120 grit) brazed diamond wheel was used.
As a function of the process under examination, the following conditions were
collectively varied to establish low damage grinding behavior at high material
removal rates. Note that wheel speed was increased from 5000 SFM (25 m/s) to
35,000 SFM (178 m/s) in increments of 10,000 SFM (51 m/s) while the material

-_---.--v_ ., ,,.. —T<- -,. ,+,,,,.,.,._,,,,
z—. .- ,. . . n,,.: -. . . .
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removal rate was varied from 0.125 in2/min (1.34 mm2/s) to 1 in2/min (10.75
mm2/s) by incrementing the depth of cut and workpiece velocity as fOllOWS:

Depth of Cut
inches (mm)

0.0025 (.0635)
0.0050 (.1270)
0.0025 (.0635)
0.0050 (.1270)
0.0150 (.381O)
0.0100 (.2540) ~

Part Velocity
in/rein (mm/s)

Removal Rate
in2/min (mm2/s)

50 (21)
50 (21)

100 (42)
100 (42)
50 (21)

100 (42)

0.125 (1.34)
0.250 (2.69)
0.250 (2.69)
0.500 (5.38)
0.750 (8.06)
1.000 (10.8)

In general, it was shown that with plated wheels the grinding forces
decrease considerably with increased wheel speed and/or reduced material
removal rate (Figure 1) and that a tendency toward improved surface finish is
developed as wheel speed is increased. Moreover, an improved surface finish
was also obtained by going to high material removal rates (see Phase I final
report); even while operating at conventional wheel speeds. Interestingly, it was
also found that increasing wheel speed, while operating at a relatively low
material removal rate, can dramatically reduce surface fragmentation or “pull
out”. As will be shown in the subsequent sections, increasing wheel speed was
also found to improve MOR strength.

4.1.2 Hvdrodvnamic Force Considerations

After characterizing plated wheel performance, the Phase II effort focused
on dressable wheel behavior. As an important aside, however, it must be noted
that utilizing high wheel speeds can also lead to the potential generation of large
hydrodynamic forces. This phenomenon primarily arises when using non-porous
wheels which can “sustain” relatively high fluid film pressures. In general, the
theoretical maximum hydrodynamic force for surface grinding would occur when
usi~g a perfectly smooth non-porous disk rotating above a flat plate. As the disk
rot~~es, it draws in coolant and produces a fluid film under pressure. The
pressurized fluid, acting over the contact area acts to lift the wheel off of the
workpiece. As the surface of the disk (or grinding wheel) becomes rougher (as
in coarser grits, more open bond structure, etc.), the ability to develop a
hydrodynamic film is diminished. The resultant force, however, can still be
significant and in certain cases, greater than the actual grinding force.

Consequently, in order to determine the grinding forces direcf/y
associated with material removal, the hydrodynamic forces must first be
determined and subtracted from the total grinding force. To understand these
effects, the following three different diamond wheels were studied using Safety
Cool 612 (at 10:1) supplied to the workzone at 30 psi and 6 GPM:
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1) 180 grit vitrified bond (1391-KZI25-VFR)
2) 180 grit resin bond (D18O-1OO-UI84I)
3) 320 grit resin bond (D32O-1OO-UI841)

The table below summarizes the resulting hydrodynamic force test data
(normalized per unit width) generated for each of the three wheels. Note that the
wheel was dressed and considered to be very open prior to the determination of
these forces. Therefore, as the wheel dulls, the hydrodynamic force should
increase. As expected, the 320 grit resin wheel produced the largest
hydrodynamic force. Conversely, as the grit size is increased the hydrodynamic
force was reduced.

Wheel Speed 180 grit:
(sfm) Resin bond

(lb/in)
5,000 11.6
10,000 17.3
15,000 24.6
20,000 18.8

25,000 24.6

320 grit,
Resin bond

(lb/in)
14.0
23.1
39.9
59.7
81.9

180 grit, Vit.
Bond
(lb/in)
3.5
7.5
8.7
5.2
3.9

Interestingly, when a porous vitrified wheel is used, the hydrodynamic
force behavior can be considerably different. Hydrodynamic forces generated
with the 180 grit vitrified wheel increase as wheel speed is increased from 5,000
to approximately 15,000 ft/min. However, as wheel speed is further increased,
the magnitude of the hydrodynamic force is actually reduced. To understand this
behavior, recognize that the porous wheel can act like a pump --- carrying away
fluid caught in the pores instead of trapping the fluid between the wheel surface
and the workpiece. Given a constant supply of coolant, the hydrodynamic forces
will increase with speed until the pumping action of the wheel reduces the
localized fluid quantity below a critical level such that the pores are no longer full
and cannot sustain a full hydrodynamic film.

From a theoretical perspective, a hydrodynamic analysis was developed at
the University of Massachusetts to quantitatively account for the experimental
results and predict the hydrodynamic forces in actual grinding.

Prior to conducting each experiment, a grinding pretest was run to establish
the zero gap thickness location (hO=O).For this purpose, an actual grinding pass
was taken with a depth of cut a=O.025 mm (0.001 inch) and workpiece velocity
v~4.2 mm/s (1Oinches per minute). Three sparkout passes were then taken
without any additional downfeed but with the same wheel speed and workspeed.
The gap thickness was then set by raising the wheel a distance hoabove this zero
reference location. A total of 30 tests were conducted in the “down” grinding mode
to measure the hydrodynamic force with various combinations of wheel speed VS
and preset gap thickness ho. The workspeed was maintained at 4.2 mm/s for all
the tests. The first experiment was conducted with a wheel speed vS=l6 m/s and
zero gap thickness. Tests were then repeated for wheel velocities up to vS=48m/s
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in steps of 8 m/s. This same procedure was then used to obtain the forces with
gap thicknesses set at ho= 2, 5, 10, 15, and 25 microns.

As expected, the forces decrease with a bigger gap thickness, which is
consistent with hydrodynamic behavior. Extrapolating these results to ho= Owould
allow us to predict the hydrodynamic forces in a more generic way as in the case
of actual grinding without any gap thickness.

In an attempt to quantitatively analyze these experimental results, consider
the apparent hydrodynamic situation where fluid from the nozzle enters the
converging gap between the rotating wheel (shaft) and the workpiece (journal).
The workpiece is approximated as being stationary because its velocity (4.2 mm/s)
is negligible relative to the peripheral wheel velocity (1648 m/s). Since the gap
thickness is much less than the grinding width, the situation can be considered to
be two dimensional.

Now for an incompressible fluid of constant viscosity flowing between two
perfectly smooth rigid surfaces, the differential equation for the pressure variation
developed in a converging wedge (fluid film) can be written as (see ref. 6):

dp
‘)— = .12jl(3 - p

dx
(1)

where dp/dx is the pressure gradient in the x-direction, m is the dynamic viscosity
of the grinding fluid, vs is the wheel velocity, Q is the volumetric fluid flow rate
passing under the wheel and his the separation height between the wheel and the
workpiece which varies from a minimum value hoat x=Oto a maximum value at the
fluid inlet (x=1). The fluid flow rate Q is given as:

(2)

where p(0) at x=Ois taken as atmospheric pressure and p(1)is the pressure
developed at the fluid inlet (x=1). To facilitate the analysis, the circular wheel
surface bounding the fluid film can be approximated as a parabola7, in which case
the separation height can be expressed as:

x’
h=~+ho (3)

s

where d~is the grinding wheel diameter and hois the gap thickness corresponding
to the minimum separation distance at x=O.

In order to calculate the hydrodynamic force, it is necessary to obtain the
pressure distribution from Equation (1) and integrate it from x=Oto x=1. For this
purpose, the boundary condition for the pressure at x=I is approximated as the
pressure head developed due to the velocity of the fluid from the nozzle which is
given by:



where r is the density of the fluid, Q~ is the applied volumetric flow rate, and A is
the cross-sectional area of the nozzle. Integrating Equation (1) from x=O and
defining Q in terms of p(1)leads to the pressure distribution:

(4)

(5)

A critical parameter for computing the force is the fluid gap length “P, which
is the distance from x=Odirectly under the wheel center to the point where the fluid
strikes the wheel. Point “A” is where the fluid exits the nozzle and point “B” is
where it strikes the wheel. For the geometrical setup which was used, the fluid gap
length “1’corresponding to the horizontal distance from x=Oto point “B” was equal
to 70 mm. The orientation of the fluid flow exiting the nozzle and striking the wheel
was approximately 12 degrees from the horizontal.

The force was calculated with minimum gap thicknesses of ho= 0,5, 10,
15,20 and 25 mm for wheel speeds of 1.5 m/s and 16 m/s to 48 m/s in discrete
steps of 8 m/s. In the experiments, the hydrodynamic force was obtained as the
measured difference between the force at the wheel velocity VSminus that
measured at the slowest velocity vo= 1.5 m/s. Therefore for calculating the forces,
the forces computed at the slowest wheel speed vS=l.5 m/s were subtracted from
the forces calculated at VSin each case for comparison with the experimental
results. The force at velocity v is obtained as:

F, = (Fv,-Fv~b - P(VS-Vi))f(ho) (6)

where

and Q is given by Equation (2). It can be readily shown using Equation (2) that
, f(ho)depends only on hoforgiven values of vS,VO,m and/.

One way to compare the experimental and computed forces is to divide
Equation (6) by VS-VO,which leads to:

F,, -Fv,

(v,-V())
= P f(ho)

(7)

(8)

If the experimental results fit the hydrodynamic theory as presented above,
then a plot of F,/(vS-vO)(with vo=1.5 m/s) versus f(ho)should yield a straight line
through the origin with a slope equal to m. The experimental results plotted in this
way do not fit such a proportional relationship.

For the hydrodynamic analysis, the wheel surface was assumed to be
smooth. But the grinding wheel surface is certainly not smooth. The peak to
valley roughness was measured to be approximately 20 mm for the 400 grit wheel,
and 40 mm for the coarser 120 grit wheel. From the data, it appears that the
difference between the analytical and experimental results may be rationalized by

-.—. .. ..—_e ,. ~,m... , ,_. ,<...,- ;..,;:--- ; .......



. .

10

adding a correction factor hCto the gap thickness in order to account for the
roughness of the rotating wheel, in which case Equation (3) becomes:

.
h=$+hO+hC

s
(9)

Different values were tried for h.. From the results using different values of
h,, it appeared that a large value of hc is needed. Therefore, it was decided simply
to use the peak-to-valley wheel roughness as the correction factor hC. In essence
this would suggest that the hydrodynamic thickness is effectively increased by an
amount h~equal to the peak to valley wheel roughness of 20 mm. The kinematic
viscosity of the soluble oil used in the experiments was quoted by the supplier as
350 Saybolt Universal Seconds at 25°G, which corresponds to approximately 80
centistokes. Using a simple law of mixtures, the 5“A solution of this oil in water
(kinematic viscosity 1 centistoke) used in the experiments would imply a kinematic
viscosity of 5 centistokes, which corresponds to a dynamic viscosity of 0.005 N-
s/m2.

4.1.3 Bonded Wheel Force Behavior

Once having determined the hydrodynamic forces for the wheels listed in
the previous section, actual grinding forces as a function of wheel speed were
determined. Normal and tangential forces, power, and grinding zone
temperature were all measured in-process for wheel speeds ranging from 5,000
to 25,000 ft/min (data summarized in Table 1). The material removal rate was
held constant with the workpiece velocity at 100 in/rein and depth of cut equal to
0.010 inches. Safety Cool612 coolant at a 10:1 dilution ratio was supplied to the
grinding zone at 30 psi and 6 GPM. Prior to each test, the wheel was dressed
with a titanium roll dresser followed by conditioning with a 220 grit A1203 stick .
The tests were randomly conducted using two replications per condition.

Figure 2 shows a plot of the normal force as a function of wheel speed for
each of the three wheels. For comparison purposes, data generated with the
120 grit plated wheel used in the HSLD Phase I feasibility study is also provided.

, Note that with the plated wheel, the normal force drops consistently as wheel
speed is increased. The bonded wheels behave similarly, to a point. However,
at speeds above 15,000 ft/min, the normal forces developed with the resin and
vitrified bonded wheels start to increase. Because of this increased force
behavior at speeds above 15,000 ftlmin, it is recommended that 18,000 sfm be
considered as a reasonable production limit for wheels made with this
conventional bond technology. Intuitively, operating at or near 18,000 sfm will
produce low grinding forces and correspondingly low wheel wear. (Data
presented in the following section confirms this supposition.)

Recognize that the increase in normal force above 15,000 sfm for the
resin wheels is probably associated with thermal softening of the bond. While
the wheel manufacturer claimed that this was a high temperature resin
(polyamide),the bond obviously softened and required a higher normal force to
achieve grit penetration into the workpiece at the highest speeds.
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As for the vitrified wheel, the bond should not be as sensitive to thermal
softening. As shown in Figure 2, the forces tend to decrease with increasing
wheel speed. However, a slight increase in normal force is apparent as wheel
speed is increased above 15,000 ft/min. As indicated in the previous section
regarding hydrodynamic forces, it may be possible that the pumping action of the
porous wheel at high speeds removed too much coolant from the workzone
resulting in localized fluid starvation. This, in turn, could reduce cutting efficiency
resulting in a slightly higher normal force at the highest speeds. In this regard,
improved fluid application techniques become more critical at increased wheel
speeds.

Also presented in Table 1 are tangential forces as a function of wheel
speed for the three bonded wheels and the previously used 120 grit plated
wheel. In each case, the tangential force is reduced with increasing wheel speed
for all wheels, as expected. In addition, Table 1 also provides a comprehensive
summary of the corresponding grinding power, specific energy, measured
grinding surface temperature, and the fraction of the total grinding energy
entering the workpiece as heat (i.e. energy partition). A discussion of these
additional dependent grinding parameters is presented in subsequent sections.

4.1.4 Bonded Wheel Wear Behavior

Realizing that the majority of potential ceramic heat engine components
are cylindrical, an evaluation of wheel life in OD plunge grinding mode was
conducted. All tests were performed on a modified Weldon 1632 OD grinder.
The Weldon has been upgraded with hybrid ceramic spindle bearings and is
capable of 14,000 RPM operation. Additionally, a Kistler piezoelectric washer
system was installed in the ball nut of the wheel head axis to measure grinding
forces in process. Spindle power was monitored using a Load Controls Inc.
power monitor. Data was collected using a PC based data acquisition system.

To determine wheel wear rates as a function of wheel speed and removal
rate, a 12“ x 0.5” x 5“ 240 grit polyimide resin bonded diamond wheel (D240-100-
U1841) was plunged into Norton NT551 cylindrical specimens using material

.- removal rates of 0.1, 0.5, and 1.0 in3/min/in while operating at wheel speeds of
6,000; 12,000; and 18,000 ft/min. Constant workpiece velocities and removal
rates were employed even as part diameter varied. Cincinnati Milacron CX-270
(an experimental version of the fluid now sold as Quantalube 270) diluted at a
ratio of 12:1 was used as the grinding fluid for all tests. Fluid was supplied at 9.7
GPM at 33 PSI using a standard nozzle design (0.625” x 0.1” outlet size) from a
standoff distance of 0.5 inches above the wheel/workpiece interface.

Prior to testing the grinding wheel was balanced to better than 0.3 microns
at the maximum operating speed. Truing was done after mounting each wheel
and when necessary to remove any wheel wear. Dressing was done before
each test but not in between passes for a given test condition. The resin wheel
was trued and dressed using the method described in the previous section.

It is important to note that to achieve a constant material removal rate as
the workpiece diameter changed, both the part RPM and the in-feed rate (in/rein)
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need to be continuously updated as a function of part diameter. In this manner,
the part surface speed was kept constant at 42 ft/min for all tests. (Recognize
that the workpiece velocity can vary greatly if the RPM of the workhead is kept
constant even over a 1/8 inch diameter change.) In addition, maintaining a
constant material removal rate also requires maintaining a constant infeed rate
per revolution of the workpiece. As such, the relationship between workpiece
diameter and the required programmed feed rate in inches per minute as a
function of part diameter was programmed into the machine tool controller to
achieve the desired feed per revolution.

Since the NT551 workplaces were received in the “as-fired condition, all
workplaces were ground to a dimension of 1.000 inches using the 240 resin
wheel prior to testing. The workpiece was held in a six-jaw chuck and rotated on
a CNC controlled workhead capable of constant SFM operation. A contact width
of 0.400 inches was kept constant and the wheel was plunged to take the
workpiece to a nominal diameter of 0.25 inches. Approximately 1.5 in3of
material was removed per test. In all cases, grinding was always done as close
to the jaws as possible to maintain constant workpiece stiffness for each of the
five plunges made on one specimen. The workpiece was indexed one half inch
after a plunge grind and the subsequent plunge made. Note that each plunge
left the diameter of the workpiece 0.010 inches larger than from the previous
grind to allow for wheel wear monitoring.

By using this test method, the grinding contact width was kept constant at
0.400 inches to allow a portion of the wheel (total 0.500 wide) to remain in a
virgin condition thereby serving as a datum for wheel wear measurements (Step
1). To avoid grinding off the datum, each subsequent plunge into the specimen
was stopped 0.005 inches radially from the previous cut. After a grinding test,
the entire wheel width was then lightly plunged into a S/RBSN bar (Step 2). If
the wheel had worn during the test, a step would be imprinted onto the bar. The
resulting step was measured using an optical comparator to determine the gross
radial wheel wear (Step 3) per each test.

At the conclusion of the tests, a plot of radial wheel wear as a function of
whee’ ‘meed for the three material removal rates was generated (see Figure 3).
The G&:aclearly shows that increasing wheel speed will reduce wheel wear. At.-
the 1.0 in3/min/in material removal rate, increasing wheel speed from 6,000 to
18,000 ft/min results in over a threefold increase in wheel life. Itis
interesting to note that even at this high removal rate the resulting wheel wear at
hi h speed is about hzdfof that observed using conventional removal rates (0.1

fin /rein/in) and wheel speeds (6,000 sfm). In other words, increasing the wheel
speed from 6,000 to 18,000 Wmin allowed for a 10 fold increase in material
removal rate while cutting wheel wear in half!

Alternatively plotted, Figure 4 represents G-Ratio (Volume of material
ground divided by the Volume of wheel consumed) as a function of wheel speed
and removal rate. Again, as the wheel speed is increased for a given material
removal rate a significant improvement in G-Ratio is realized. G-Ratios ranged
from roughly 50 to 200. The G-ratio for the resin wheel improved by a factor of

.
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over three at the low material removal rate by increasing wheel speed from 6,000
to 18,000 SFM.

4.2 HSLD GRINDING MECHANISMS and ENERGY CONSIDERATIONS

The magnitude of the specific grinding energy and its dependence on the
operating parameters is a direct consequence of the prevailing grinding
mechanisms. As shown in Figure 5, SEM observations of grinding debris and
ground surfaces suggest that the abrasive-workpiece interactions involve both
brittle fracture and ductile flow. In this section an attempt is made to
quantitatively account for the magnitude of grinding energy.

Although material removal appears to occur mainly by brittle fracture, an
estimation of the brittle fracture energy indicates that it constitutes only a
negligible portion of the total energy8. It was demonstrated that the specific
energy tends to decrease with uncut chip thickness. In the past, such behavior
has been attributed to an increased amount of brittle fracture with a bigger
undeformed chip thickness, but this explanation can not account for the specific
energy.

In this section, a quantitative analysis is developed to account for the
magnitude of the grinding energy. The magnitude of the grinding energy and its
dependence on the grinding parameters is analyzed in terms of the area of
plowed surface generated.

4.2.1 Plowed Surface Area Analvsiq

SEM observations suggest abrasive-workpiece interactions involve both
brittle fracture and ductile flow. That portion of the grinding energy associated
with brittle fracture can be estimated as the product of the surface area
generated by fracture and the fracture energy per unit area, which constitutes of
only a negligible portion of the measured grinding energy. This would indicate
that most of the grinding energy is expended by ductile flow, even though most
of the material removal is by brittle fracture (Fig. 5).

SEM observations reveal a deformed layer on the workpiece surface
typically extending from about two to five microns into the sub-surface. The
generation of this deformed surface layer is apparently related to plowing by
numerous abrasive points passing through the grinding zone, thereby leading to
surfaces with multiple overlapping scratches and grooves. Therefore, it might be
worthwhile to analyze the grinding energy in terms of the plowed area generated
by the active cutting points on the wheel surface.

For the purpose of estimating the plowed surface area, it is convenient to
first consider the plowing (scratching) geometry for a single undeformed chip with

a triangular cross-section having semi-included angle 6 (e.g. e = 60° for a
triangular cross-section). For each undeformed chip, the corresponding plowed
surface area Ag generated at the sides of the groove is then given by:
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hmlc
AE=—

Cose

where hm, the maximum undeformed chip thickness can be written as3:

[ 1
1/2

h~ =
CL + (51/2e

(lo)

(11)

and C is the number of active cutting points per unit area. Therefore, multiplying
by the number of cutting points per unit time per unit width of grinding leads to an
expression for the rate of total plowed surface per unit width generated by the
cutting points:

s; =Cv,A~ (12)

Substituting for h~ from Equation (11) and noting that/c= (ads)lE leads to

s: =()X& “2(vwvJ’’’(a)qd”’” (13)

The measured values of the grinding power per unit width for RBSN
(Coors/Eaton RBSN) with the 400 grit size wheel are plotted versus the
corresponding calculated values of S’Wusing the measured values of C = 107 mm-
2with 6 = 60 degrees in Figure 6. The results show a nearly proportional
relationship between power per unit width P’~ and S’W.A similar result was
obtained with the coarser grit wheel using C=21 mm-l and 6 = 60 degrees. Such
relationships were also found for numerous other workpiece materials.

Subsequently, the plots of the measured power per unit width versus total
rate of plowed surface area for the various workpiece materials ground with two
different grit size wheels were fitted to a simple linear relationship of the form:

P: =J&)+BP (14)

where J~and BPare fitting constants. Assuming that the total grinding energy is
associated only with this plowing (scratching) and neglecting the influence of BP,
the slope J, would correspond to the average energy per unit area of plowed
surface generated. The slopes J~for all the experimental results together with
their standard errors and correlation coefficients from least square fitting of the
data are listed in Table 2. Except for the S/RBSN, the standards errors are only
about 5’%0of the estimated values and the correlation coefficients exceed 0.9. In
all cases, the values of JSare much bigger than the corresponding fracture surface
energies, GJ2, which is a further indication that most of the energy is associated
with ductile flow on the plowed surface.

A simple linear relationship between P’~ and S’Wapplies to all the
experimental results except near the origin. All the plots of P’~ versus S’W,except
for the RBSN workpiece have smaller slopes near the origin, which may imply a
smaller energy per unit surface area generated in this region. It is not clear why
this different behavior exists near the origin. For the RBSN (Figure 6) an opposite

.
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trend was observed with a steeper slope near the origin followed by a shallower
slope as S’* increases. The difference in behavior might be related to the inherent
pores (holes) observed for this material.

4.2.2 Plowed $urfac e Enerav and Work~iece Properties

The Js values are nearly constant for a given workpiece regardless of
grinding conditions and grit size. This would indicate that J~ is a “characteristic”
propetty associated with plowing. Therefore it might be possible to relate Js to
the mechanical properties of the workpiece: elastic modulus E, fracture
toughness K, and hardness H. The results obtained in the previous section for Js
are summarized in Table 2 together with the mechanical properties for the various
workpiece materials.

From indentation fracture mechanics, the volumetric material removal per
unit length obtained for a Vickers indentor can be related to the lateral crack size
and the mechanical proper%es[9$101. From these models, the normal load can
be expressed in terms of the mechanical properties for a given volumetric

removal per unit length of travel, V’i, as[91:

(P)’” ~ (v;)(K~H”’)

A similar expression can also be obtained which includes the elastic modulus
[1o]:

()K~Hn’”
(P)g’e ~ (W’ ~4/5

(15)

(16)

From Equations (15) and (16), it might be expected the plowed surface
energy JSfor a given volume removal per unit length might be related to the
combined mechanical properties on the right hand side of these equations,
namely K3’4H1’2and K1&H57’40E4’5.However, a plot of Js versus K3’4H1n
yielded only a mediocre correlation with Js proportional to K3’4H1B)2. Moreover,
no real correlation was seen between J~and K H i‘n 57’40E4’ at all.

In this regard, the best correlation from all the above attem ts was
?obtained using a proportional relationship between JSand (tQ3’4H‘2)2,which

indicates that J, oc K~H. By utilizing this relationship, the measured values of

grinding power per unit width were plotted versus (lQWH)S’W. All the results in
Figure 4.8 tend to fall close to the same straight line. For all the materials
ground with both the coarse and fine grit wheels, the power per unit width can be
approximated as:

where M = 6.4x10-20(N-3’2m13’4).

.

(17)
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4.3 HSLD GRINDING THERMAL ANALYSIS

In the previous two sections, the benefits of High-Speed, Low-Damage
(HSLD) grinding were characterized in terms of grinding forces, energy, wheel
wear behavior, and overall grinding mechanisms. In this section, additional insight
is provided relative to the resulting workpiece temperatures developed under high
speed diamond grinding conditions.

Typically, the grinding of ceramics at high wheel speeds (i.e. small grit
depths of cut) requires high specific energies which, in turn, may lead to high
grinding zone temperatures. Intuitively, high temperatures generated in grinding of
ceramics may significantly affect the grinding mechanisms and resulting surface
quality. However, it has been suggested that elevated grinding zone
temperatures I could inhibit fracture and thereby promote a non-detrimental
ductile mode of grinding. This maybe related to the formation of a glassy
amorphous layer on the workpiece surface as seen in Figure 5. Unfortunately,
grinding with high wheel speeds may also adversely affect the process by reducing
the useful life of a grinding wheel at extremely high speeds. In this regard, a
significant portion of this program involved efforts to analytically and experimentally
determine the HSLD grinding energy partition and resulting zone temperatures.

4.3.1 Preliminary Thermal Calculations

In an initial attempt to gain some preliminary understanding of how HSLD
grinding parameters might affect the workzone temperatures, approximate
thermal calculations were performed using the Carslaw-Jaeger[4] moving band
heat source solution as given by:

Where;

em =

a=
=

tw =

& =

Qotal =

k =
de =

- lJ/2# ‘bwl’2(E.z&r)
at= . Mel /4 (18)

maximum grinding zone temperature. rise

thermal diffusivity = 0.016 in2/sec = 0.10cm2/sec
depth of cut
workpiece velocity

fraction of grinding energy conducted as heat into workpiece
total specific grinding energy

thermal conductivity = 17.34 BTU/hr.ft.OR = 30 Watt/m°K
equivalent grinding wheel diameter

It must be emphasized that, as with most thermal analyses, a linear heat
transfer model has been used with the assumption of constant thermal
properties independent of temperature. In addition, this initial model does not
include convective cooling effects. More importantly, the actual fraction (e) of the
total grinding energy (utotal) which enters the workpiece as heat is yet to be

.
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identified. Typically, (E)is on the order of 80- 90% for conventional grinding of
ferrous alloys (good conductors of heat) with aluminum oxide wheels (thermal
insulator). In this case, however, since silicon nitride (thermal insulator) is being

ground with diamonds (best conductor of heat) a constant value of e = 50% was
used for these preliminary calculations. Based on these commonly used
assumptions it is clear to see that increasing the specific grinding energy, Qotal,

will lead to hcreasedtemperature rise (@m)within the workzone as predicted by
equation (18).

Using the above relationship with mean thermal property data and actual
grinding test data as given in the Phase I report [12] general temperature trends
were then plotted in Figure 8. Recognize that the primary purpose of this graph
is not to predict absolute workzone temperatures, but rather to illustrate what
maximum grinding zone temperature trends might be predicted using commonly
accepted grinding assumptions. From this perspective, the graph clearly shows
the tendency toward increased workzone temperatures at elevated wheel
speeds and material removal rates. The obvious concern, however, is just how
accurate can these trends be using these assumptions?

4.3.2 Enerav Partition [E) Determination

In order to more accurately calculate the temperatures generated during
grinding, it is necessary to know the fraction (E)of the total grinding energy
conducted as heat to the workpiece. At the University of Massachusetts, an
inverse heat transfer method was developed to estimate the energy input to the
workpiece from temperature measurements in the subsurface [131. This energy is
then compared with the total measured energy input, obtained from the measured
grinding forces and power, to determine the fraction of the grinding energy
conducted as heat to the workpiece. The technique using a thermocouple
embedded in the workpiece was shown to be unreliable for ceramics. In this
program, a two-color infrared detector and optical fiber system was developed for
measuring temperatures in ceramic grinding [13].

Within the scope of this program, two 2-color infrared detector and optical. .
fiber systems were developed. The first system utilizes a DC cell and an AC cell.
The second system uses two DC cells. Extensive experiments were conducted to
measure temperature rise while grinding silicon nitride ceramic with diamond
wheels. The measured temperature results together with a thermal analysis were
used to obtain the energy partition to the workpiece.

The infrared system utilizes a hole from the bottom side of the workpiece,
analogous to the thermocouple system. A fiber inserted into the hole transmits
radiation to the detector. A two-color detector was selected which consists of two
photocells. The advantage of using a two-color detector rather than single
detector is that the temperature is determined by the ratio of the signals received
by the two cells, such that the emissivity of the material is not required to measure
temperature. The surface conditions on both ends of the fiber also have less
influence on the temperature measurement with the two-color detector.
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Furthermore, any movement of the fiber along its length can affect the accuracy of
the single detector system, but not the two-color system.

The infrared pyrometry system consisted of an Iridium Antimonide (lnSb)
cell, a Mercury Cadmium Teiluride (MCT) cell and a chalcogenide optical fiber of
0.020 inches core diameter. The system was calibrated by measuring the
radiation from a preheated copper blackbody as it is slowly cooled in air. Two
thermocouples were embedded in the blackbody to monitor its actual temperature.
Additional system details are provided in [12].

After the calibration of the system, tests were conducted to measure the
temperature response when grinding sintered reaction bonded silicon nitride
(S/RBSN) using a 400 grit resin bonded diamond wheel. The operating conditions
incorporated a workspeed v~l 27 mm(s, wheelspeed VS=30 m/s, and depth of cut
a=O.0375 mm.

By matching the theoretical temperature to the measured temperatures, the
energy partition to the workpiece was obtained. The energy partition using the first
system under conventional (i.e. slow speed) grinding was found to be 59% for dry
grinding with the 120 grit wheel, 12% for wet grinding with the 120 grit wheel, and
around 25 to 28% for wet grinding with the 400 grit wheel. After the set up and
calibration of the second system, additional grinding tests were conducted to
measure the sub-surface temperature responses, which were further used to
calculate the energy partition to the workpiece. Some results are summarized in
Table 3. The energy partition ranges from a value of about 9940to 21VO for
conventional diamond grinding.

Upon completion of the above tests at the University of Massachusetts, the
second system was then shipped to Eaton to determine the grinding zone
temperatures and energy partition under High-Speed, Low-Damage grinding
conditions. The following wheels were used in a surface grinding mode at a
material removal rate of 1 in3/min-in and wheel speeds up to 25,000 SFM. Test
data is summarized in Table 1.

1) 180 grit vitrified bond (D91-KZ125-VFR)
2) 180 grit resin bond (D180-I 00-U1841)
3) 320 grit resin bond (D320-100-U1841)

. .
Using the approach described above the resulting grinding zone

temperature was measured for each of these wheels as a function of wheel speed
(see Figure 9). It can be seen that as wheel speed is initially increased, the
temperature decreases. Note that the temperatures associated with the vitrified
wheel decrease continuous/y for increasing wheel speeds over the range tested
(5,000 to 20,000 ft/min). However, temperature for each of the resin wheels only
decreases to a point (approximately 18,000 sfm) and then starts to increase with
increasing wheel speed. Also note that the surface temperatures are much lower
than expected. Measured temperatures range from 200 to 500°F, while the
earlier estimates assumed that the temperature would be three to five times
higher.

Why are the surface temperatures so low and why do they decrease with
increasing wheel speed? As can be seen in Figure 10, the energy partition (E)is
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certainly not constant and actually drops as the wheel speed is increased- --
which indicates that the wheel is removing more heat from the workzone as
wheel speed is increased. Intuitively, more “cold” diamonds are going through
the workzone per unit time as wheel speed is increased, thus removing more
heat.

It is also important to note that the energy partition is only on the order of
4 to 12Y0. This is very low compared to conventional steel grinding. For
example, when grinding steel with conventional aluminum oxide wheels the
energy partition can be as high as 80 or 90940.Even when CBN abrasive is used,
this value is still around 20 to 40% -- - which is three to eight times higher than
observed in these test cases. Apparently, when grinding a thermal insulator
(ceramic) with the best conductor of heat known to man (diamond) the heat flow
tends to go from the workpiece to the wheel.

As shown in Figure 11, however, there are two “competing processes” in
action here --- Although the energy partition generally decreases with speed,
the specific energy increases with higher wheel speeds (due to increased
rubbing and plowing), thereby resulting in a nearly constant or reduced
workpiece surface temperature with increasing wheel speed. These competing
processes can be seen more clearly in Figures 12-14. Aside from wheel speed
effects, the affect of material removal rate on resulting surface temperature was
also considered. As expected, increasing material removal rate generally tends
to increase temperature (see Figure 15). For example, a doubling of the removal
rate increases workpiece temperature approximately 1.5 times.

Given the above workpiece temperature behavior (i.e. low surface
temperatures which further decrease with increasing wheel speed) a brief
discussion on “bulk” versus “flash” temperatures is mandated. It is important to
recognize that the infra-red pyrometer system measures an average field
temperature (i.e. the optical fiber is 0.020 inches in diameter and has a field of
view of 600). Moreover, most heat transfer calculations for grinding have been
historically developed for steel grinding applications --- where the thermal
grinding ‘!damage” arises from bulk time/temperature effects, not from the
localized flash temperatures at each grit/workpiece interface. However, based
the data presented above, it appears that although the gross surface
temperatures may be low, the localized flash temperatures at each diamond grit
can still be very high and must not be neglected. Additional investigation is
required to fully understand the thermal/mechanical attributes of HSLD grinding
of ceramics.

~.-.-— . . .... .
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4.4 HSLD GRINDING FLEXURAL STRENGTH CONSIDERATIONS

Thus far it has been shown that increasing wheel speeds will genera//y
reduce grinding forces, improve surface finish, remce “pull out” or surface
fragmentation, increase wheel life, and reduce bulk workpiece temperatures. As
indicated previously, the exception to this statement occurs when the wheel bond
system (e.g. phenolic resins) cannot sustain wheel temperatures generated at
speeds above 18,000 sfm. Consequently, in this section we examine the effect of
increased wheel speed on resulting workpiece surface integrity using a maximum
wheel speed of 18,000 sfm.

To evaluate workpiece surface integrity a series of Eaton S/RBSN tiles were
ground lengthwise to produce approximately 22 transverse ground MOR
specimens per tile. These specimens were then tested in a 4-Point bending test
per MlL-STD-l 942. For each of these tests, the Weibull modulus and
characteristic strength (63.2 percentile value) were fully determined. Prior to
conducting any tests, a comprehensive baseline material property characterization
was performed using MlL-STD-l 942. Under these baseline conditions the Eaton
S/RBSN test material displayed a baseline flexural strength of 83.6 ksi with a
Weibul modulus of 16.68.

4.4.1 Wheel Dressina Considerations for MC)RStrenath Evaluation

It has been shown that the condition of the grinding wheel surface can
directly affect the resultant strength of MOR specimens. Therefore, to eliminate
any “noise” in the data due to wheel dressing variations, a repeatable dressing
and truing process that results in a uniform wheel surface was developed prior to
conducting any MOR tests. While it may be nearly impossible to generate the
exact same wheel surface before each test, the dressing procedure should yield
a surface that will allow the best chance of evaluating other process parameters
(i.e. feeds and speeds) independently of dominant dressing influences.

In these tests a 180 grit resin bonded wheel (Dl 80-100-U1841) was
employed. Surface evaluation of samples ground to characterize the dressing
process revealed deep scratches and valleys in the workpiece indicating a
slightly tapered wheel with some “high diamonds.” Given this condition of the
wheel, it would be very difficult to ascertain the effects of grinding parameters
(i.e. wheel speed, material removal rate, etc.) on the modulus of rupture (MOR)
strength of the specimens. As such, further dressing techniques were studied.

The wheel was initially dressed with a titanium roll dresser followed by a
220 grit A1203stick. A grinding pass, where the entire width of the wheel was
ground across a S/RBSN workpiece, was then made to assess the “goodness”
of dress. The profile of the cut made in the ceramic specimen was measured
using a Mahr Perthen F2P Formtester and a Precision Devices Surfometer.
Surface finish traces made from the workpiece ground after the titanium/sticking
process show an Rt valueof219 microinch and the peakcount (for a 50 minch
threshold) is 207. The Rt value indicates that deep scratches are being
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introduced into the workpiece while the peakcount represents the quantity of
scratches.

After several iterations a second dressing method was developed.
Following the same titanium dressing process as before, the grinding wheel was
fed across a horizontal cup wheel mounted on a Read Diamond Products RS-60
dresser. The cup wheel was a 320 grit green Carborundum abrasive. A pass
was again made across an S/RBSN specimen and characterized as described
above. The surface of the wheel had improved to the point that it was now
generating a surface with an Rt value of 94.1 microinch and a peak count of 33.
The quantity and severity of the scratches in the workpiece has been diminished
significantly.

4.4.2 Effect of Stewover Distance

Once having established a uniform dressing procedure the effect of
crossfeed on transversely ground MOR specimens was evaluated. To date,
considerable discussion has taken place on the validity of longitudinal versus
transverse grinding to determine MOR strength as a function of grinding
conditions. With longitudinal grinding, the grinding scratches are parallel to the
primary stress direction. Typically, transverse grinding is desired such that the
grinding scratches are perpendicular to the primary stress direction thereby
accentuating the effects of the grinding conditions. In this regard, it is generally
felt that longitudinally ground MOR bars do not give a true indication of MOR
strength as a function of grinding parameters. Recognize that a typical MOR bar
is 3 x 4 x 45 mm while the wheel is on the order of one half to one inch wide.
Therefore, in order to generate transverse grinding topography, the wheel must
be crossfed across the bar. This crossfeeding routinely results in a “scratch” or
ridge being left at each step-over interval.

The ceramic tile specimens used in these tests were approximately 2“
wide x 6“ long. Ideally, in order to grind the specimens lengthwise, a wheel at
least 2“ wide would be required to grind the entire width without any crossfeed
(step-over). Unfortunately, this “wide wheel” approach was not possible due to
limitations with the available grinding machine. Consequently, most transverse
ground MOR specimens produced today are ground using a relatively narrow
wheel which is crossfed or stepped-over the workpiece width. Typically, a 0.070
inch step-over is used in these type of tests.

With the above concerns in mind, an initial starting point of 0.070 inch
step-over was used. Then, after running two tests with the 180 grit resin wheel
(at 6,000 and 12,000 fUmin), the workpiece surfaces were examined. As
presented in Figure 16, this 0.070 inch step-over created 1 micron sized defects
at each step interval. In an effort to minimize the potential impact of these
crossfeed effects, several step-over distances were evaluated. Based on
resulting workpiece surface condition and corresponding test time a step-over
distance of 0.015“ was selected. As shown in Figure 17, the resulting surface is
not quite as straight as with the 0.070” step-over, however the incremental defect
size is considerably less.
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Based on the above finding, a series of MC)Rtests (i.e. 22 MOR bars per
condition) were then conducted to compare the relative strength under each
step-over condition. The results of these tests are shown in figure 18. It can be
seen that at 6,000 SFM, the effect of step over amount on flexural strength
appears negligible (i.e. only 2 KSI increase). However, as wheel speed is
increased to 12,000 sfm, the smaller crossfeed produces 4 KSI increase in
strength. Given these trends it was anticipated that further increases in wheel
speed would result in even greater MOR strength differences. As such, all of the
following MOR tests were conducted using acrossfeedof0.015“ step-over.

4.4.3 MOR Flexural Strenath as a Function of Wheel %eed

To evaluate the effect of grit size, bond type and wheel speed on S/RBSN
flexural strength, a 3X22factorial experiment was developed. Two grit sizes, two
bond types, and three wheel speeds were selected while the material removal
rate was kept constant at a high level (1 in3/min-in). Again, the philosophy
behind these tests was to identify a single step, roughing-finishing process
suitable for producing high-quality silicon nitride ceramic parts at high material
removal rates and at substantially lower cost than traditional, multi-stage grinding
processes.

Based on previous testing, it was shown that a 120 grit wheel was far too
coarse for effective finishing while a 320 grit was too fine for high-speed
roughing. From this perspective, grit sizes of 180 and 240 were selected. From
practical application considerations, wheel bond types were limited to readily
dressable polyimide resin and conventional vitrified systems. Although metal
bonds do show considerable potential, excessive dressing times will reduce
overall cost effectiveness (see following economic cost model section).
Accordingly then, wheel speeds were limited to 6,000; 12,000; and 18,000 ft/min
to avoid spontaneous bond ignition and/or disintegration at excessively high
speeds with these types of bond systems. The following wheels were evaluated:

180 resin 240 resin 180 vitrified 240 vitrified
DI 80-1OOU1841 D240-1OOU1841 D91KZ125VFR D64KZ125VFR

Using the above conditions, S/RBSN tiles (6 in x 2 in) were up-ground in
the six inch direction. Cincinnati Milacron CX-270 coolant diluted at 12:1 was
supplied at 40 PSI and 6 GPM throughout all tests. The material removal rate
was kept constant at 1.0 in3/min/in for all of the tests with a step over distance of
0.015 inches. After grinding, the tiles were then sliced in the two inch direction to
yield transverse ground MOR Type B specimens which were subsequently
broken in a 4-Point flexure test. The resulting flexural strength and Weibull
Modulus data presented in Table 4 and Figurel 9. (Recall that the baseline
strength of this S/RBSN material, per ASTM C 1161/M IL-STD-l 942 is 83.6 KSI
with a Weibul modulus of 16.68).

Figure 19 provides a plot of flexural strength versus wheel speed for the
above four wheel types. For all wheels, as wheel speed is increased, the
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flexural strength is increased. What is amazing to note is that at 18,000 SFM
the 240 grit resin bonded wheel produced much higher quality parts (i.e. 85.6
KSI with a Weibul modulus of 19.49) than those generated under slow MIL-STD-
1942 (ASTM C 1161) conditions! Recognize that the material removal rate used
in these tests was over 10 times greater than that used in the baseline MIL-
STD-I 942 condition! Even grinding with the coarse 180 grit resin wheel
produced parts which exceeded baseline properties while grinding at over 10
times the MlL-STD-l 942 removal rates! This is also important to note, since, in

general, coarser grit wheels will last longer than finer grit wheels [31. The 240
vitrified wheel also performed well at the highest wheel speed (80.1 KSI and
22.36 Weibull). Considering that vitrified bond wheels have higher temperature
capabilities than resin systems, even higher wheel speeds could probably be
employed to achieve baseline like material properties with very low wheel wear
wh~/esustaining high material removal rates. On the other hand, what this data
also clearly shows is that the use of relatively coarse wheels operating at high
removal rates with conventional wheel speeds (i.e. 6,000 sfm) will reduce
material property performance --- as expected.

Considering the performance attributes of HSLD grinding demonstrated
thus far (i.e. reduced forces, reduced wheel wear, improved surface finish,
increased MOR strength, and elevated material removal rates) it is fair to state
that a single step, roughing-finishing process suitable for producing high-quality
silicon nitride ceramic parts at high material removal rates has been developed.

4.4.4 Predicting MOR Flexural Strenath

Once having generated the above MOR test data, attempts were made to
predict the resulting S/RBSN material strength as a function of the grinding
parameters. Building upon the grinding mechanics model developed in section
4.2, it was felt that the “plowed” surface area generation rate (SW)may correlate
well with resulting MOR strength for HSLD grinding. However, by plotting the
resulting MOR flexural strength for all of the above tests as a function of (S’W)a
hi-modal linear relationship resulted. As Figure 20 indicates, the data falls into
two families. It can be seen that for a given (SW),the resin wheels display a
higher MOR strength than the vitrified bonded wheels.

Recall from Section 4.2.1, the rate of plowed surface area generation was
given by Equation (13) as:

s; = ()& “(vwvs)”’(a)’’’(de”’”
It is important to recognize that this parameter is based upon the

theoretical or geometric arc length of contact (/c), where /C= (ad~)lR. In reality,
however, elastic deflections between the wheel and the workpiece will cause the
actual arc length of contact to be considerably longer [14-161than the geometric
contact length (/c). In this case the soft polyimide resin will deflect far more than
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the vitrified bond under heat and pressure, thereby increasing contact length and
reducing unit load per grit. Interestingly, if the geometric contact length were
multiplied by a factor of 1.7 for the resin bonded wheel, then all of the data would
tall on one line. However, for purposes of completely predicting MOR strength
these expressions would become far more complex requiring numerous
empirical correlation coefficients which are beyond the scope of this program.
Obviously, additional analyses are required.

4.5 HSLD PRODUCTION COST DRIVERS AND ECONOMIC ANALYSIS

To characterize HSLD cost performance, a comprehensive cost model
was developed to predict grinding related costs for a single plunge centerless
grinding operation over a range of material removal rates and wheel speeds.
Actual HSLD G-Ratio data was used to develop the abrasive costs and dressing
intervals as a function of removal rate and wheel speed. Several objective
functions were analyzed using the fundamental model. The initial model was
constrained to find the maximum number of parts that can be produced on one
machine given a total machine uptime (hours/yr). Outputs from the model, as a
function of material removal rate and wheel speed, include the following:

Total cost per piece . Dressing roll cost per piece
Wheel cost per piece . Number of pieces produced
Labor cost per piece . Number of pieces per dress
Overhead cost per piece . Number of wheels required
Capital cost per piece (1Oyear depreciation) . Grind time per piece
Wheel cost per piece . Total cycle time per piece

4.5.1 HSLD Cost MOdel Development

The total cost per piece is determined as a function of the various costs
associated with the manufacturing process: capital, labor, and consumables.
Two approaches can be taken to constrain the model based on capacity. One
method is to set a production target and then determine the number of machines
required. This initial model, instead, was constrained by fixing capital at one
machine and determining the number of pieces that could be produced.

Following is the development of the expressions used to compute the
costs per piece and maximized production on one machine. The equations were
subsequently coded in Matlab and integrated with a graphical user interface to
create an interactive cost model.

The first expression is the grinding time required for one piece. For an
OD plunge operation, the expression is simply the amount of material to be
ground away divided by the material removal rate.

z. RadialStockEnvelope. (InitialWorkDiameter - RadidStO&EnVelOpe)
*W = SpecificMaterial Re movalllate

(19)
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Intuitively, the higher the material removal rate, the less time is spent
grinding the part. However, as the experimental wheel wear data indicated
(Section 4.1.4), at a given wheel speed increasing the material removal rate also
increases the wheel wear rate. An Increased wear rate then requires more
frequent dressing and wheel changes -- thus reducing the amount of time
available to make parts and possibly increasing costs. Therefore, it is important
to understand the relationship between process parameters and the wheel wear
rate. Referring to Figure 4, the experimental G-Ratio (grinding ratio) is given as
a function of removal rate and wheel speed for a standard 240 grit resin bonded
diamond wheel. From this data, an expression to predict the G-Ratio as a
function of material removal rate and wheel speed was derived:

G - Ratio= [-31.408. Material RemovalRate + 44.713]. e(””m’”wb’~) (20)

Using the G-Ratio equation (20) and the requirement that the wheel must
be dressed after a given level of radial wheel wear has occurred, the number of
pieces per dress can be calculated as:

NumberojTiecesperDress = G - Ratio.
InitialWheelDiameter2 – WornWheelDiameter2

InitialWorkDiameter= - FinalWorkDiameter’
(21]

The total time to make one piece is comprised of load/unload time, an
averaged value for setting up the machine, time actually spent grinding the part,
and an averaged time spent dressing the wheel:

t-
TimeperPiece = tw,w +—

t&rl,
LotSize ‘tw+ NumberojTiecesperDress

(22)

Given the total number of hours machine available to make parts and the
total time per piece (22), the number of pieces that can be produced in a year is:

TotalPiecesMade =
TotalTimeAvailable for I%oduction

TimeperPiece
(23]

TotalPiecesMade represents the total number of pieces that were
processed on the machine. To determine the number of good parts produced,
this number must be modified by the scrap factor.

NumberofioodPiecesFroduced =(1 - ScrapRate). TotalPiecesMade (24)

Further utilization of equation (20) will predict the number of wheels that
will be required in grinding the total production run.

TotalPiecesMade InitialWorkDiameter’ – FinalWorkDiameter’
NumberojWheels =

G - Ratio - InitialWheelDiameter’ - FinalWheeWiameter2
(25)
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Depending on the efficiency and other requirements of the dressing
process, itmayrequire several ''dressing media' ' perwheel. The exact number
would be based upon dressing method and experience.

NumberojRolls = NumberojRollsperWheel. NumberofWheels (26)

The capital cost/piece, wheel and roll costs per piece are functions of the
cost of each respective item, the number of each required (recall that capital was
constrained to one machine) and the number of good pieces produced. Capital
cost per piece is also dependent on the depreciation rate, which was assumed to
be linear over 10 years for this model.

CapitalCostperPiece =
“ MachineCost

DepreciationRate. NumberojGoodPieces Pr educed
(27)

WheelCostPerPiece =
WheelCost. NumberojWheels

NumberojGoodPiecesPr educed
(28)

RollCostPerPiece =
RollCost. NumberojRolls

NumberojGoodPiecesPr educed
(29)

Labor and overhead costs are functions of the amount of time spent
making a part. Multiplying the TimeperPiece by the appropriate cost rate gives the
labor and overhead costs per piece. This initial model assumed that one
operator would be assigned to the one machine.

L.aborCostperPiece = TimeperPiece. LuborRate (30)

OverheadCostPerPiece = TimeperPiece. OverheadRate (31]

Finally, a total cost per piece can be calculated by summing the individual
contributing costs:

TotalCostPerPiece = CapitalCostPerPiece + WheelCostPerPiece + RollCostPerPiece +

LuborCostperPiece + OverheadCostPerPiece
(32)

4.5.2 HSLD Cost ModeI Inmt Data

Table 5 details the input variables to the model and values selected to
represent a nominal operating condition. A centerless plunge operation using a
240 grit resin wheel grinding Norton NT551 was selected for this scenario.

While all of the assigned values are arbitrary, they were selected as
reasonable values for a one shift operation to grind blanks that are either near
net or have been processed leaving a finishing stock envelope. Also, it was
assumed that one operator would be assigned to the one machine.

The total number of hours was based on one annual shift (2080 hours
total available). After subtracting out vacations, holidays, downtime and other
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non-production periods, 1,600 hours remain. A value of 1,600 hours is on par
with industrial engineering studies of typical manufacturing environments
representative of this scenario which indicate that a machine is utilized roughly
400 minutes out of every 480 minute shift.

It should be cautioned that the G-ratio data used in the model is specific
to this wheel grit size and bond type, material, coolant type and supply. Further,
the model should be limited to the range of wheel speeds [6,000 -18,000 ft/min]
and material removal rates [0.1 -1.0 in3/min/in] which were used to
experimentally determine process performance. Extrapolating to values outside
this test region could lead to erroneous results.

Building upon the equations above and the nominal input data given in
Table 5, a cost sensitivity analysis was performed as a function of material
removal rate, grinding wheel speed, and the following variables:

Labor Rate:
1. $10 / hour, 0?40overhead rate (low)
2. $15/ hour, 80V0overhead rate (nominal)
3. $20/ hour, 150% overhead rate (high)

Dressing Time:
4. 20 seconds (low)
5. 2 minutes (nominal)
6. 15 minutes (high)

It is important to recognize that in many production operations the
overhead rate is generally much higher (up to 600% for some operations).
However, in this case, most of the costs associated with overhead have been
already accounted for directly (e.g. wheels, dressers, etc.). As such, the
overheads given above have been modified accordingly to reflect only those
costs which have were not directly incorporated in this cost model. Beyond this,
the dressing times given above were based on experience with conventional
resin and Vit bond systems and do not include the dressing associated with
mounting/truing a new wheel which may have considerable runout.

4.5.3 HSLD Cost Model Results

Results of the above sensitivity analysis are presented in Table 6. What
is interesting to note is that in all cases increasing wheel speed reduces costs.
As previously shown by the G-Ratio data (Figure 4), increasing wheel speed
reduces the wheel wear rate. Obviously then, increased wheel life results in
more pieces per dress, higher output and lower per piece cost. What is even
more astonishing, however, is that the cost benefits gained by increased wheels
speeds far outweigh those achieved from reducing labor rates! As shown in
Figure 21, the final per piece costs obtained at 18,000 sfm with a high labor rate
are lower than those using a conventional wheel speed of 6,000 sfm and a low
labor rate. Moreover, due to the dominant abrasive cost effects, the cost
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advantages arising from high wheel speeds become even more pronounced as
the material removal rate is increased.

These cost advantages are more clearly illustrated in Figure 22, which
shows cost as a function of removal rate for three wheel speeds (6,000, 12,000,
and 18,000 sfm) while using the high labor rate and the nominal 2 minute
dressing cycle time. Again, as wheel speed is increased the costs are reduced.
However, as the material removal rate is increased, the costs initially tend to
decrease slightly, then begin to increase due to excessive wheel wear. This
behavior can best be seen in Figure 23 which focuses on the costs developed
using the high wheel speed and high labor rate.

Figures 23 provides a plot of all costs (total cost per piece, labor cost per
piece, consumables cost per piece and capital cost per piece) versus material
removal rate. Notice that at the low material removal rates, the labor cost
dominates since total wheel wear is being minimized. Then, once the material
removal rate becomes sufficiently high to cause rapid wheel wear, the
consumables begin to dominate. In all cases, the cost contribution from capital
is minimal. Consequently, by increasing material removal rate, a minimum cost
is reached at the point where the production rate is sufficient to cost effectively
utilize labor even though the consumables content of the total price increases
continuously. Therefore, it is critical to increase wheel speed to extend the life of
the wheel.

Further analysis of Figure 23 shows that the minimum cost occurs at a
material removal rate of approximately 0.5 in2/min. The trade-off of speed
versus wheel life appears to be balanced at this point. However, should
improvements be made in the process (more durable wheel bond systems,
improved coolant and delivery, etc.), even higher material removal rates could be
cost-effectively achieved.

Other important system improvements must address wheel dressing. As
shown in Figure 24, the per piece costs and annual production rates can vary
significantly depending on the speed of the dressing procedure. Obviously, the
shorter the dressing cycle time the lower the resulting costs. Significant gains
are achieved by going from a fifteen minute dressing cycle to a 2 minute
dressing cycle --- particularly at the highest removal rates where dressing
frequency is a concern due to increased wheel wear. Notice, however, the
benefits arising from using a 20 second dress versus a 2 minute dress only
amount to a 1 cent difference when using high wheel speeds. For comparison,
the resulting costs for various dressing rates are shown in Figure 25 using a slow
6,000 sfm wheel speed. Again, the benefits of improved dressing are clear.
However, by comparing Figures 24 & 25, it is obvious that high wheel speeds are
the real key to cost effective ceramic grinding.

4.6 HSLD CENTERLESS GRINDING CONSIDERATIONS

Centerless grinding is widely used in industry for precision machining of
cylindrical components because of its high production rate, easy automation, and

.
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high accuracy. Most centerless grinding is performed in the above-center mode,
with the workpiece center located above the grinding wheel and regulating wheel
centers. The workpiece supported by the work rest blade is driven by the
regulating wheel as the grinding wheel machines away material.

The ability of the centerless grinding operation to produce parts with
acceptable roundness depends on the geometric set-up conditions. However,
unless the grinding wheel and workpiece are on the same horizontal centerline,
the geometric conditions progressively change as the grinding wheel wears away
and becomes smaller. Furthermore, uncontrolled workpiece spin often occurs
with small and light parts, such as ceramic components, whereby the peripheral
workpiece velocity becomes much faster than that of the regulating wheel. One
way to avoid workpiece spinning is byousingbelow-center grinding. In this case,
the workpiece center is located at the same height as the grinding wheel center
but below the regulating wheel center. However, geometric rounding stability
has been found to be more difficult to achieve with below-center grinding.
Practical experience suggests that there is only a relatively narrow range of set-
up conditions which can give satisfactory results without excessive Iobing.

The purpose of this part of the work is to simulate the centerless grinding
process on a personal computer. The simulation program consists of two major
parts. In the first part, a static analysis is presented to predict whether or not the
workpiece will spin under various setup conditions. In the second part, a
kinematic simulation of the process is presented and also calculates the profile
of a workpiece after a number of workpiece revolutions from the initial workpiece
profile and setup conditions for both above-center and below-below grinding.

4.6.1 Static Analvsis of SDinning

For predicting the spinning condition, a static analysis of the centerless
grinding operation was conducted. Based on this analysis, a spinning parameter
was introduced which is a function of set up conditions including blade angle,
below center angle, friction coefficients between various contacts, grinding
conditions, force components, and workpiece weight. A positive spinning
parameter indicates that the part will spin, and a negative spinning parameter
indicates that the part will not spin.

From a simple torque balance on the workpiece, it can be readily shown
that spinning is avoided if

/J,F. + /L,F, < ~
C2=I- ~F –

n

(33)

where w and pr are friction coefficients at the workpiece-blade contact and the
workpiece-regulating wheel contact, respectively, A is the ratio of the tangential
to normal grinding force, Fn is the normal grinding force, and Fs and Fr are the
normal forces at the workpiece-blade contact and the workpiece-regulating
wheel contact, respectively. Furthermore, force equilibrium of the workpiece also
requires that
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r

1 1[ [
1 cosfP,~-P, sin#J,, Fr- Fn(A “-@r-cos@,)+wcoq6, -@w)1

IF,] =
b (34)

cos 4,1-P, sin 4,. FJASm@, -COS@J+lVCOS(@w-@j)~

where $s, (#)r,and ~ are angles from the grinding point to the workpiece-blade
contact, the workpiece-regulating wheel contact, and the vertical direction as
shown in Figures 26 and 27, $rs~r ~, and W is the workpiece weight

downwards. For below-center grinding (Figure 27), *9O deg.
From equation (33), it is evident that Mgger friction coefficients, PSand ~,

and a smaller force ratio, A, favor the no-spinning condition. The no-spinning
condition also depends on the angles ~ and @r. It can be seen that a smaller $s

and larger $r are desirable to avoid spinning. For conventional above-center
grinding typically (#)r=l74 deg and @s=60deg, whereas for below-center grinding
@~21Odegand~=100 deg. Clearly, the non-spinning condition can be satisfied
much more readily for below-center grinding than for above-center grinding. For
this example, the workpiece will not spin if ~el 35 deg for below-center grinding

and ~e60 deg for above-center grinding.

4.6.2 Kinematic Analvsis of Above and Below Center Grindinq

The centerless grinding process generally begins with an out-of-round
workpiece. The object of the simulation is to predict how the workpiece
geometry progressively changes as grinding proceeds. During grinding, the
workpiece supported by the work rest blade is driven by the regulating wheel as
material removal occurs at the contact zone between the workpiece and the
grinding wheel. At any instant, the position of the workpiece is determined by its
contact points with the regulating wheel and the work rest blade. Neglecting
system deflection, that part of the workpiece interfering with the grinding wheel is
considered to be removed by grinding.

A model governing the kinematic relationship among the workpiece,
grinding wheel, regulating wheel, and work rest is needed in order to simulate a
grinding process in a personal computer. Consider the typical centerless
grinding process as shown in Figure 26. After the initial setup, positions of the
work rest and the regulating wheel center are determined. At any moment
during grinding, the position of the workpiece is determined by the contact point
between the workpiece and the regulating wheel, and the contact point between
the work rest and the workpiece. Part of the workpiece that interacts with the
grinding wheel will be removed. A model describing this kinematic relationship
has been developed[l 7]. Depending on the initial profile of the workpiece and
the setup conditions of the grinding process, an initially non-round part may or
may not be ground to round.
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4.6.3 Software Development for Kinematic Rounding

The kinematic simulation program consists of three modules. An input
module is for inputting the initial profile of the workpiece, grinding process setup
conditions, displays the initial workpiece profile and the grinding process setup.
A grinding module “grinds” the workpiece from its initial profile according to
requirements imposed by the setup parameters and process parameters. An
output module writes the final profile of the workpiece into a file and displays the
final profile with the initial profile.

The grinding module works as follows. For a workpiece of given initial
profile, its profile is first transformed into a polar coordinate system (pi, ei). Then
the program finds the contact point bemeen the workpiece and the work rest,
which is the point corresponding to the maximum projection of the workpiece
profile in the direction perpendicular to the work rest. The workpiece is then
made to contact with the work rest at this point. By finding the maximum of the
summation of the projection of workpiece profile and the projection of the
regulating wheel profile in the direction parallel to the work rest, the contact point
between the workpiece and the regulating wheel is obtained. By making the
workpiece contact both the work rest and the regulating wheel, its center position
at this moment is determined. Similarly, by finding the maximum of the
summation of the projection of the workpiece profile and the projection of the
grinding wheel profile in the horizontal direction, the initial contact point between
the workpiece and the grinding wheel is obtained. The grinding wheel is then
brought into contact with the workpiece. The distance between the center of the
regulating wheel and the grinding wheel at this moment is recorded. The
workpiece center position relative to the regulating wheel center is also recorded.
The “grinding” is then started.

The workpiece is made to rotate a small angle. The new contact point
between the workpiece and the work rest and that between the workpiece and
the regulating wheel are recalculated. The new workpiece center position is also
found. The grinding wheel is moved towards the workpiece by an amount of the
infeed during this period of time. The summation of the projection of the

? workpiece profile, the projection of the grinding wheel in the horizontal direction
near the grinding point, and the distance between the workpiece center and the
regulating wheel center is compared with the distance between the center of the
grinding wheel and the center of the regulating wheel at this moment. If the
former is greater than the latter for any point, material removal occurred for that
point. The workpiece polar coordinate for this point is updated based on the
amount of material removal. Then the workpiece is made to rotate successive
increments until the grinding cycle is over. A complete description is given in
[17].

4.6.4 Simulation Results

Both the grinding machine set-up conditions and initial workpiece profile
influence the final workpiece profile. In this section, a few simulation examples
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are presented for below-center grinding.
For the first example, consider the following setup: wheel diameter

ds=407.4 mm (16 inches), regulating wheel diameter dr=228.6 (9 inches),
workpiece diameter dw=9.525 mm (3/8 inch), blade angle 6=15 deg, and below
center angle a=27 deg. The simulation was run for workpiece profiles initially
containing 2, 3, 4, and 6 lobes. The final workpiece results are given in Table 7.
It can be seen that a six-lobe profile is generated for an initial profile with 2, 3
(see figure 28) and 6 lobes, and an eight-lobe profile for an initial profile with 4
lobes. Since the final lobe amplitudes are bigger than the initial ones, this would
indicate that the set-up is unstable for a below-center angle of 27 deg.

[n order to verify the simulation results, incoming TTZ parts which
displayed 2 and 3 lobes in the “as-fired” condition, were ground on a Modler
below-center machine with the following parameters: a=27 deg, ds=407.4 mm,
dr228 mm, ~=30 deg, wheel velocity vs=22.5 m/s, regulating wheel velocity
v~2.4 m/s, and infeed velocity vi=63.5 mm/s. The experimental results, shown
in Figure 29, clearly show that incoming parts with 2 or 3 lobes will degenerate to
a six lobe configuration when the machine is setup using a below-center angle of
a=27 degrees. Additional experimental results with different regulating wheel
speeds, infeed rates, and through-feed velocity also gave 6-lobe profiles. In
terms of lobe generation, the simulation results agree quite well with the
experimental results.

In order to find satisfactory below-center angles which can produce parts
without excessive Iobing, the simulation was run with the below-center angle (x
varied from 5 to 30 deg for workplaces initially having 2, 3, 4, and 6 lobes. The
results are summarized in Table 7. Here it can be seen that there is no single
set-up condition which will eliminate workpiece Iobing. In most cases, below-
center angles a=23 deg or bigger appear to be unfavorable for lobe removing.
For a 20-degree below-center angle, the 340be and 6-lobe profiles can be
ground round, but not the 2-lobe and 4-lobe profiles. For below-center angles
less than 20 deg, higher frequency lobes are generated (except for the 340be
profile which remains a 340be profile), but the lobe amplitudes become much

~ smaller. For a 10-degree below-center angle, the rounding effect for 2, 4 and 6-
Iobe profile is very good, but not for the 3-lobe profile. It should be noted that
one of the main reasons to use below-center grinding was to prevent workpiece
spin for small and light parts under aggressive grinding conditions. However,
smaller below-center angles tend to increase the tendency for workpiece spin.

Based on these simulation results, another set of experiments was
conducted on the Modler for the same Tl_Z parts as above using a =20 degrees.
As can be seen in Figure 30, the in-coming parts having either 3 or 6 lobes
round-up quite nicely using this 20 degree below-center setup. However, at a
=200 the 2-lobed parts tend to degenerate to an 8-lobed configuration, as was
shown in the simulation (Table 7). Given all of this information, a good
“compromising” HSLD centerless setup might use a below-center setup with a
=130.
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5.0 SUMMARY

The overall objective of this contract was to develop a single step,
roughing-finishing process suitable for grinding high-quality silicon nitride ceramic
parts at high material removal rates and at substantially lower cost than
traditional, multi-stage grinding processes. The program employed the
combined use of laboratory grinding tests, mathematical grinding models, and
characterization of the resultant material surface condition. More specifically,
development of logical methodologies-to enhance and optimize the High Speed
Low Damage (HSLD) ceramic grinding process required characterizing the
effects of wheel speed and material removal rate on the resulting mode of
material removal, limiting grinding forces, and approximate grinding zone
temperatures. Subsequently, strategies for production utilization were
established. To characterize HSLD cost performance, a comprehensive
production cost model was developed to predict grinding related costs for a
single plunge centerless grinding operation over a wide-range of material
removal rates and wheel speeds. To facilitate production implementation, a
centerless grinding computer simulation was developed for selection of grinding
setup conditions necessary to achieve satisfactory roundness.

From a theoretical perspective, the University of Massachusetts focused
on providing a fundamental understanding of the HSLD grinding mechanisms
and associated hydrodynamic effects. Initially, grinding experiments were
performed on various ceramics and a soda-lime glass to measure the grinding
forces and power over a wide range of conditions. Measured grinding forces
were observed to increase as either the depth of cut or workpiece velocity
increases and to decrease as the wheel velocity increases. Specific energies for
various ceramics ranged from 6 J/mm3 to about 450 J/mm3 depending on the
removal rates. The specific energy became extremely large at low removal rates
especially with a finer grit wheel, and decreased with higher removal rates
tending toward a nearly constant value.

SEM observations of the grinding debris revealed powder-like fine
particles approximately 1 mm in size, which may have been generated by
crushing, and much larger plate-like fractured particles up to about 250 mm in
size which may have been generated by lateral cracking. SEM observations of
the ground surfaces mainly revealed characteristic scratches associated with
plowing along the grinding direction. For silicon nitride ceramics, a smeared
surface layer was removed by etching with hydrofluoric acid (49V0 HF), thereby
indicating that it consists of glassy phase probably formed by oxidation at
elevated grinding temperatures. Irreversible deformation was found to extend 1
-5 mm beneath the ground surface. Material removal appeared to occur mainly
by brittle fracture, although ground surfaces reveal a heavily deformed layer
associated with ductile flow.
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The specific brittle fracture energy associated with the formation of
grinding debris was estimated to constitute a negligible portion of the measured
specific grinding energy. It was concluded that most of the grinding energy is
expended by ductile flow. The grinding energy was analyzed in terms of the
plowed surface area generated by the cutting points on the wheel surface. For
this purpose, the rate of plowed surface area generated per unit w“idthS’Wwas
obtained from the grinding kinematics. The measured power per unit width for a
given workpiece material was found to increase nearly proportionally with S’W.
This suggests a constant energy per unit area of plowed groove J,. Values for
Js, are much bigger than the corresponding fracture surface energy, GJ2, which
further indicates that most of grinding energy is associated with ductile flow on
the lowed surface. A proportional relationship was found between Js and

fKC3iH.
Additional experiments were conducted to measure the hydrodynamic

forces in grinding. Hydrodynamic forces can become quite large when using non-
porous wheels at higher speeds. Conversely, for porous wheels (e.g. vitrified
bonds) the hydrodynamic forces were shown to reach a peak then decrease with
increased speed. For non-porous wheels, it was found that classical
hydrodynamic theory could be used to estimate the hydrodynamic force at the inlet
to the grinding zone by adding a correction factor to the gap thickness equal to the
peak-to-valley roughness of the wheel surface.

A two-color infrared detector system was also developed to measure
grinding zone temperatures in real time. Extensive experiments were conducted
for grinding silicon nitride ceramics using diamond wheels while measuring the
workpiece temperature rise and grinding power. The energy partition was
estimated by matching the measured temperature response to the thermal
analysis. For dry grinding, the energy partition reached 59V0. However, for
conventional wet grinding, the energy partition to the workpiece was between 9-
21 !ZO. Under HSLD grinding conditions it was interesting to observe that the
energy partition ~ecreaseq with increasing wheel speed and is only on the order
of 4 to 12V0. Consequently, the resulting grinding zone temperature was shown
to decrease (in most cases) as the wheel speed was increased. In general, the
measured surface temperatures were much lower than expected --- being on
the order of only 200 to 500”F using HSLD grinding conditions.

Although relatively low levels of grinding energy actually enter the
workpiece as heat, it was observed that considerable wheel heating can occur
under HSLD conditions. Given sufficient high-temperature bond strength this is
generally not an issue. However, for most resin wheels, a maximum wheel
speed of 18,000 sfm was used to avoid spontaneous bond ignition. Based on
this apparent speed/temperature speed limitation a series of wheel wear tests
were performed to characterize wheel wear as a function of wheel speed and
removal rate. It was shown that increasing wheel speed will reduce wheel wear.
At 1.0 in3/min/in material removal rate, increasing wheel speed from 6,000 to
18,000 ft/min produced over a three fold increase in wheel life. It is
interesting to note that even at this high removal rate the resulting wheel wear
using high wheel speeds is about half of that observed at conventional removal
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rates (O.1 in3/min/in) and wheel speeds (6,000 sfm). In other words, increasing
the wheel speed from 6,000 to 18,000 ft/min allowed for a 10 fold increase in
material removal rate while cutting wheel wear in half!

In addition to demonstrating that increasing wheel speeds will generaliy
reduce grinding forces, improve surface finish, reduce “pull out” or surface
fragmentation, increase wheel life, and reduce bulk workpiece temperatures,
numerous tests were also performed to identify the relationship between
increasing wheel speed and resulting MOR strength. To evaluate the effect of grit
size, bond type and wheel speed on S/RBSN flexural strength, a 3X22factorial
experiment was developed. Two grit sizes, two bond types, and three wheel
speeds were selected while the material removal rate was kept constant at a
high level (1 in3/min-in). For all wheels, as wheel speed is increased, the
flexural strength is increased. Itwas shown that at 18,000 SFM a 240 grit resin
bonded wheel produced much higher quality parts than those generated under
slow MlL-STD-l 942 conditions. Recognize that the material removal rate used
in these tests was over 10 times greater than that used in the baseline MIL-
STD-I 942 condition. Even grinding with a coarse 180 grit resin wheel at 18,000
sfm produced parts which exceeded baseline properties while grinding at over 10
times the MlL-STD-l 942 removal rates!

To characterize overall HSLD cost performance, a comprehensive cost
model was also developed to predict grinding related costs for a single plunge
centerless grinding operation over a range of material removal rates and wheel
speeds. Actual HSLD G-Ratio data was used to develop the abrasive costs and
dressing intervals as a function of removal rate and wheel speed. What was
interesting to note was that in all cases increasing wheel speed reduced costs.
Moreover, the cost benefits gained by increased wheels speeds far outweigh
those achieved from reducing labor rates. It was shown that the final per piece
costs obtained at 18,000 sfm using a high labor rate are actually lower than
those using a conventional wheel speed of 6,000 sfm and a low labor rate. Due
to the dominant abrasive cost effects, the cost advantages arising from high
wheel speeds become even more pronounced as the material removal rate is
increased.

Plots of all costs (total cost per piece, labor cost per piece, consumables
cost per piece and capital cost per piece) showed that at low material removal
rates, the labor cost dominates since total wheel wear is being minimized. Then,
as the material removal rate becomes sufficiently large to promote increased
wheel wear, the consumables begin to dominate. In all cases, the cost
contribution from capital is minimal. Consequently, by increasing material
removal rate, a minimum cost is reached at the point where the production rate is
sufficient to cost effectively utilize labor even though the consumables content of
the total price increases continuously. Further analysis showed that this
minimum cost occurs at a material removal rate of approximately 0.5 in2/min.

Significant cost reductions are also achieved by reducing the time
required to dress from fifteen minutes to 2 minutes --- particularly at the highest
removal rates where dressing frequency is a concern due to increased wheel
wear. However, further benefits arising from reducing the 2 minute dress time to

..:- .. .. . .. . .--, YmTv--?- .. . .. ,..-,- - y—--. -n ,. >m..e. , .- =7=-r-- - -. . . . . . . .. .
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20 seconds only amounted to a 1 cent reduction in total cost. At this point it
became obvious that high wheel speeds are the real key to cost effective
ceramic grinding.

In conclusion, the results of this program clearly indicate that a single
step, roughing-finishing process suitable for producing high-quality silicon nitride
ceramic parts at high material removal rates and reduced costs has been
developed. In general, increasing wheel speeds will:

. Reduce grinding forces . Reduce bulk workpiece temperatures
● Improve surface finish . Allow for high material removal rates
. Increase wheel life ● Meet or exceed all baseline material properties

● Significantly reduce total finishing costs

More specifically, for a standard 240 grit resin wheel, operating at 1.0
in3/min/in removal rate, merely increasing the wheel speed from 6,000 to 18,000
SFM resulted in a 3-fold increase in wheel life while exceeding baseline material
properties and reducing total per piece finishing costs by a factor of three.

Upon further examination of the per piece cost data, it appears as though
even greater benefits could be realized by increasing wheel speed beyond
18,000 ft/min. During development of the HSLD science base, wheel speeds as
high as 35,000 fVmin were evaluated. However, 18,000 ft/min appears to bean
upper wheel speed limit for readily available resin and vitrified bonded wheels.
With advances in bond technology, higher wheel speeds should be attainable,
further reducing costs and increasing production. It is important to realize,
however, that when utilizing high wheel speeds, extra attention must be paid to
the entire grinding system -- machine capability including stiffness and damping,
extremely fine wheel balancing, precise wheel truing, and proper coolant
introduction. Failure to address any one of these “support” technologies will
prevent realizing the full benefits of High-Speed, Low-Damage grinding.

.
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Data summary for high speed grinding tests

180 grit vitrified bond

Wheel Normal Tangential Power Specific Surface Surface Energy

Speed Force Force Energy Finish Temperature Partition

(ftfmin) (lb) (lb) (hp) (in-lb/in3) (R,, minch) ~F)

5,000 80.7 27.3 4.9 4,734,104 33 259 4.7%

10,000 53.8 12.9 4.3 4,473,988 30 239 6.2%

15,000 S.2 11.2 5.2 5,826,590 22 209 4.7V0

20,000 70.4 12.5 7.6 8,670,520 22 205 3.3%

180 grit resin bond

Wheel Normal Tangential Power Specific Surface Surface Energy

speed Force Force Energy Finish Temperature Partition

(ft/min) (lb) (lb) (hp) (in4b/in3) (%, minch) ~F)

5,000 98.0 13.6 3.8 2,356,522 28 448 11.6%

10,000 71.4 7.1 4.0 2,469,565 29 358 9.6%

15,000 69.6 4.4 4.2 2,269,565 28 306 8.OY.

20,000 63.5 5.3 6.3 3,652,174 28 339 5.9?40

25,000 96.0 5.4 7.2 4,652,174 27 328 5.o~o

320 grit resin bond

Wheel Normal Tangential Power Specific Surface Surface Energy

spaed Force Force Energy Finish Temperature Partition

(ftlmin) (lb) (lb) (hp) (in-lMn3) (~, minch) (“F)

5,000 130.5 32.3 5.0 5,623,188 23 491 10.270
10;000 71.6 15.0 4.4 5?204,522 17 230 5.3%

15,000 105.4 12.2 5.2 6,384,870 16 230 4.4V0

20,000 103.0 9.8 5.7 6,782,609 19 323 5.4?40

25,000 145.1 8.9 7.8 7,728,696 21 392 4.9~o

. .
120 grit pleted

Wheel Normal Tangential

speed Force Force

(ftlmin) (lb) . (lb)

5,000 124 34

15,000 85 11

25,000 63 11
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Table 2 Mechanical properties of the materials tested and the corresponding
plowed surface energy per unit area with a correlation coefficient r.

Wheels

1 DN400-

2 NIOOB-

3 1/4

4

5

6 DN180-

7 NIOOB-

8 1/4

9

10 “

Materials E H &l~MPa Gd2

(GPa) (GPa) m) (J/m2)
1

SIRBSN 297 15.0 6.6 73.3

RBSN 165 10.0 3.6 39.3

RBSN 165 10.0 3.6 39.3

HPSN 325 19.6 5.0 38.5

At@s 380 13.3 4.5 26.6

HPSN 276 18.2 5.7 58.9

HPSN 325 19.6 5.0 38.5

SiC 410 27.4 3.5 14.9

SiC 427 27.0 3.0 10.5

Glass 70 5.5 0.75 4.0

Js r

(J/m2)

15,300*1 ,520 0.83

3,900i236 0.92

5,400M55 0.95

18,000f705 0.96

7,900t255 0.97

b —
14,200k585 0.95

15,900k365 0.98

10,000*400 0.96

9,100*590 0.91

1,800A85 0.95
I

S/RBSN - Coors/Eaton. RBSN - Coors/Eaton, HPSN - Norton NC132, HPSN -
Kyocera SN220, AIZOS~Wesgo, A1995,SiC- Carborundum, Hexoloy SA, Sic -
Norton, Glass - Soda lime Glass
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Table 3 Experimental results with second two-color system with 400 grit size
diamond wheel

Test wheel workpiece depth of specific heat flux energy

Number speed speed cut energy q partition

v. (m/s) vw(mm/s) a (mm) u (J/mm3) (W/mm2)

1 30 127 0.038 38 53 17’%

2 30 63.5 0.076 39 39 12cXo

3 30 84.7 0.038 41 39 16?40

4 19.2 84.7 0.038 28 26 21?40

5 19.2 66.7 0.025 41 25 18%

6 19.2 16.7 0.102 42 12.7 9 * 3?/0

.



43

Table 4 Flexural Strength Summary - Transverse ground S/RBSN at
1 in3/min-in material removal rate.

Wheel Type Wheel Speed Flexural Strength Weibull
(SFM) (KSI) Modulus

180 Resin 6,000 69.0 14.82
180 Resin 12,000 74.3 24.21
180 Resin 18,000 84.1 17.33
180 Resin 6,000 . 68.5* 13.00*
180Resin 12,000 69.9* 18.63*
240 Resin 6,000 71.0 56.70
240 Resin 12,000 83.1 22.69
240Resin 18,000 85.6 19.49

180 Vitrified 12,000 49.0 22.20
180 Vitrified 18,000 55.2 17.57
240 Vitrified 6,000 55.5 15.86
240 Vitrified 12,000 61.8 23.96
240 Vitrified 18,000 80.1 22.36

* NOTE: All tests were run with 0.015“ step-over except for tests marked with ●.
Tests marked with a ● used a 0.070” step-over.

~,--,--?z--- ; -- ,7=... . . , ..” ... T . :., -. :.. ..7—I---- -- .- , ., .-..-. ,J... -,, .,T-,. ,- . ... . __.,.
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Table 5 HSLD cost model variables and values for a nominal case.

Model Variable
Machine cost
Wheel Type
Wheel Cost
Wheel speed - low
Wheel speed - high
Wheel diameter
Bond thickness
,Dressing roll cost
Number of rolls/wheel
Dressing frequency
Dressing time
Material type
Radial stock envelope
Final part diameter
G-Ratio
Material removal rate - low
Material removal rate - high
Scrap rate
Lot size
Number of hours per year
Setup time
Load+Unload time
Labor rate

Nominal Value
$350,000
240 Resin
$20,000
6,000 ft/min
18,000 ft/min
12 inch
114inch
$1,200
1

0.0001 inch
2 min.
NT551
0.005 inch
0.375 inch
Calculate as function of Vs, Q’w
0.1 in4/min
1.0 inZ/min
5$Z0
NIA
1,600
N/A
2 sec
$15/hour
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Total cost per piece as functions of dressing cycle and labor rate.

0.1 inZ/min 0.5 inZ/min 1.0 inz/min
Nominal case -2 minute dressing cycle, nominal labor rate

6,000 ft/min $0.29 $0.35 $0.70

12,000 ft/min $0.19 $0.21 $0.40

18,000 timin $0.14 $0.13 $0.23>
20 second dressing cycle

6,000 ft/min $0.26 $0.30 $0.62

12,000 ft/min $0.18 $0.18 $0.35

18,000 ft/min $0.13 $0.12 $0.21
15minute dressing cycle

6,000 ft/min $0.51 $0.66 $1.40
12,000ft/min $0.32 $0.38 $0.78

18,000 ft/min $0.21 $0.23 $0.44
Low labor rate

6,000 ft/min $0.25 $0.32 $0.66,
12,000 ft/min $0.16 $0.18 $0.37
18,000 ft/min $0.11 $0.11 $0.21

High labor rate
6,000 ft/min $0.34 $0.39 $0.77

12,000ft/min $0.24 $0.24 $0.44
18,000 ft/min $0.18 $0.15 $0.27

. .
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Table 7 Summary of simulation results

a (deg) 5 10 13 17 20 23 27 30
1

initial lobesafter grinding
lobes
2

3

4

6

8 8 6 6 6
/OK) ;~ood) ;~K) (Bad) (Bad) (Bad) (Bad) (Bad)
3 3 3 None 6 6 6
(Bad) (Bad) (Bad) ~~K) (Good) (OK) (Bad) (Bad)
None 12 8 8 8 None
(Good) ;~ood) (OK) ;~K) (Bad) (Bad) (Bad) (Good)
None 18 12 None 6 6 6
Good (Good) (OK) (OK) (Good) (OK) (Bad) (Bad)

Good: lobe magnitude is significantly reduced from initial values. There is no distinct Iobing.
Bad: lobe magnitude is significantly increased as compared with the initial values.
OK lobe magnitude is reduced as compared to the initial lobe, but distinctive Iobing occurs.

.

. .

.
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