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ABSTRACT

Grinding forces have been measured on a number of polycrystalline ceramics and corre-
lations between the forces and workpiece properties have been attempted in an effort to
gain insight into mechanisms of chip formation. The closest correlations were with a

parameter related to the indentation fracture characteristics of each workpiece. This

0 ey e e oan N N D

suggests that a major mechanism of chip formation during multipoint abrasive machining
of ceramics is fracture resulting from the plastic indentation of the workpiece by the
abrasive grains. Grinding forces during up and down grinding were different but both

*3 correlat ed with the indentation fracture parameter when the comminution characteristics
of the chips during down grinding were accounted for.
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1. INTRODUCTION

The quality and useful ness of a precision ceramic component may depend entirely on the
abrasive machining operations used to shape and finish its surfaces. Yet it has been noted
that abrasive surface finishing is still an "art based on experience' [1, 2]‘ . There are
good reasons for this comment. First, the mutual interactions between the components

of a surface finishing system (eg - machine, tool, workpiece, environment, etc.) are
complex and not well defined [2]. Second, the mechanisms whereby material is removed
are not completely understood. For example finish surface grinding causes chip forma-
tion on an extremely fine scale at high rates under conditions of stress and temperature
that are difficult to measure [2, 3],

Nevertheless considerable progress has been made since the first Symposium on the
Science of Ceramic Machining and Surface Finishing [4]. It is now known that significant
plastic flow may accompany chip formation during grinding of even the most brittle cer-
amics [{5~8]. Scratch test studies {9, 10] and work using model grinding systems emplov-
ing single point diamonds mounted on a grinding wheel {2, 11] have clearly shown that the
mechanism of material removal depends on the normal force on the abrasive grain or,
cquivalently, on the depth of cut. At low loads material is removed by plastic flow, as
the load increases cracking occurs and finally chips with dimensions larger than the
abrasive grain form [10]. In a multipoint cutting process such as surface grinding, the
subsurface interaction of the fractures due to chipping represent a major mechanism of
material removal [10]. Single point grinding studies have further shown that chips can
form in front of and behind the abrasive grain [3, 8], the latter presumably due to relaxa-

tion of stored elastic energy.

In view of the complexity of the situation the question arises as to whether there is any
physical property or combination of physical properties which can be related to the forces
involved in machining a particular ceramic. From the scratch test and single noint grind-
ing work it is recognized that the resistance to plastic flow and to fracture must both be
included in any model of chip formation {2, 7-9]. Low speed scratch tests have shown that
the forces vary with hardness when plastic flow is the dominant mode of material removal

[9]. Gielisse et al. [11] have demonstrated in single point grinding that the forces vary
%

o= . " ? . . ‘
as 5o where Ois the fracture stress, and E Young's modulus when brittle fractuve is

the dominant mode of material removal.

1

I'igures in brackets indicate the literature references at the end of this paper.




Recent analyses of the relation of material properties and chip formation during ceramic

machining have benefited from the indentation fracture theories of Lawn and coworkers
[12,13]. Evans and Wilshaw [13] have modelled abrasive machining as a series of
p5/4 -1/2,

K

sliding parallel indenters and have shown that the chip volume, V, is V ~ o

~3/4 where P is the vertical load on the abrasive grain, H is the hardness and Kc is
the fracture toughness. Sawing rate data of Fice and Speronello [14] fit this relation
well. Kitchner et al. [15] have measured the depth of damage, ¢, introduced in Si3N4
during single point diamond grinding and have shown it to be related to the vertical

grinding force, P, according to a relation derived by Lawn and Marshall {16] based on

2
identation fracture theory P~K ol I".

Thus, studies using single point abrasive sys-
tems and analyses incorporating the relatively new identation fracture theories have

both led to an improved understanding of the important physical parameters determining
material removal during abrasive machining of ceramics. Whether these results can

be directly applied to multipoint machining operations such as surface grinding is ques-
tionable. The simultaneous interaction of adjacent abrasive grains during chip formation
will alter the relative amounts of plastic flow and fracture and thus the resulting forces.

Which fominates and under what conditions are not clear.

In this report we attempt to establish correlations by examining the effects of workpiece
properties on forces generated during the surface grinding of a number of different
ceramics. It was our hope that a clear correlation would establish the pred yminant
mechanism of material removal under given conditions. Correlations are attempted
between the forces and the workpiece properties to determine, at least, what properties
most affect the mechanism of chip formation.
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2. EXPERIMENTAL PROCEDURE

2.1 GRINDING

Grinding was carried out using a DoAll Model D618-7 high speed precision surface grinder
with a fixed spindle speed of 3540 rpm. A 100 grit resinoid bond diamond wheolz 16.2 em
(6 inches) in diameter and 1.32 cm (1/8 inch) wide was used for all measurements. The
cutting point density on the wheel face was 480 cm-z and the mean width to depth ratio

for a groove made by a single abrasive grain, as determined by techniques described by
Backer, et al. [17] was 1.6, Grinding forces were measured with a strain gauge dyna-
mometer based on a design of Cook et al, [18]. The dynamometer is similar to those
used by others [2] and will not be discussed. With a sample mounted on the dynamometer,
the horizontal and vertical grinding forces induced in the workpiece during a grinding

pass can be measured independently. The elastic stiffness of the dynamometer is

1.3 % 105 gm/cm in the horizontal direction and 4.5 x 105 gm/cm in the vertical direction.
The sensitivity of the instrument is 3 gm in both directions. Grinding was carried out
both with the cutting face of the wheel moving in the same direction as the workpiece

(down or climb grinding) and with the wheel moving in the opposite direction (up grinding).
Different parts of the same workpiece were used for each case, i.e. one part of the sur-
face was up ground and a separate part was down ground. Samples were ground at feed
rates of 0.042, 0.21, and 0.42 cm/sec (1, 5 and 10 inches/min). The depth of cut was
25.4 um (l(\"3 inches) except in one case where it was half this value. At least five passes
were made at each feed rate and each sample was always ground at increasing rates of
material removal. The wheel was dressed by grinding the face of the wheel with a silicon
carbide wheel before each sample was ground at the lowest rate of material removal.

The theoretical chip geometry (i.e. chip length and maximum chip thickness) [17) for
the grinding conditions used here are listed in Table 1.

Table 1. Theoretical maximum chip thickness, t, and chip length, ¢, for the 100 grit

diamond wheel at the machine settings used in this study.

t
(mm)

Wheel

Depth of cut

Feed Rate
(in/min)

100 grit 0.042 cm/sec

0.42 cm/sec 1.0 2.0

Do all type DIA1=-MD100N/1Do131 /483




From Table 1 we note first that the grit depths of cut, t, are small and are on the order
of 10.4 of the chip lengths. An indentation made by an abrasive grain on a ceramic work-
piece is, therefore, no more than a long thin scratch [5, 9] provided m:aterial is removed
by plastic flow. As notai above, however, if brittle fracture takes place during chip
formation the actual chip geometry may in no way resemble the dimensions in Table 1
Note also that the small grit depth of cut indicates the advisability in many instances of
using small wheel depths of cut. Otherwise a large amount of the binder in the wheel face

may contact the workpiece.

Samples used for grinding were approximately 25.4 x 6.4 x 3.2 mm (1 x 1/4 x 1/8 inches).

Grinding was carried out on the 25.4 x 6.4 mm side in the short (6.4mm) direction. All

grinding was carried out dry.

2.2 CHARACTERIZATION OF THE GROUND SURFACE

Both optical and scanning electron microscopy were used for routine characterization of
the surfaces produced by grinding. Most observations were made after the last pass at
the highest feed rate of 0.42 cm/sec.

2.3 WORKPIECE MATERIALS

The materials machined in this study are listed in Table 2. Also included in the table
ave the supplier, method of manufacture and grain size.
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Table 2. Materials used for Grinding Force Measurements

Material Supplier Manufacturing Approximate
Method Grain Size
(um)
p—— —— =+

PZT Honeywell Cold Pressed and 3
Sintered

MgO [ITRI Cold Pressed and 18
Sintered

Ferrite NiZn Honeywell Hot Pressed 13

I'errvite NiZn Honey well Hot Pressed 3

Silicon Nitride® Westinghouse Hot Pressed 2

nman

Silicon Nitride® Norton Hot Pressed 1

Silicon Nitride® Westinghouse Hot Pressed 1

Lucalox Alumina G.E. Cold Pressed and 38
Sintered

.-\luminab AVCO Hot Pressed 2

AD 999 Alumina Coors Cold Pressed and 2
Sintered

Boron C‘arbideb AVCO Hot Pressed 8

“Courtesy Dr. F. F. Lange

‘)(‘.mr!os_\' Dr. J. Niesse

The Westinghouse silicon nitrides listed in the table differ as follows [19,20}., ":" Si N,
was fabricated from powders containing 90% 38 -phase Sin4 and 10% Q -phase Si.,N4. :

A .\‘i.;\4 was fabricated from powders containing 909 Qa-phase and 107 #-phase powder.
All three materials were 8phase after hot pressing. The three different Si.‘N\‘ materials

are interesting because, as noted later, they exhibit measurably different properties.

e R



3. EXPERIMENTAL RESULTS

3.1 GRINDING FORCE MEASUREMENTS

In order to conserve space the results are presented in tabular rather than graphical
form although a few curves will be presented for illustrative purposes. The grinding
force measurements are listed in the Appendix. Each value of force is normalized by the
width of the cut, b, and is the average of five passes made at the depths of cut and feed
rates indicated. Some brief comments concerning the force measurements are given be-

low.

Grinding forces on PZT, MgO and the ferrites were cxtremely low and without exception
increased with rate of material removal. The forces measured during up and down grind-
ing were about equal. The vertical forces measured on the smaller grained ferrite ex-
ceeded those measured on the larger grained material. The horizontal forces measured

on both ferrites were not a function of grain size.

The forces measured on 513N4 during 25. 4um cuts were the highest measured in the

series. In order to minimize damage to the dynamometer or wheel, measurements of

the effect of rate of material removal on grinding forces were made using a cut of 12.2um.

We note here that in a number of cases the vertical forces measured during down grinding

exceeded those measured during up grinding in contrast to results on other hard ceramics

such as l¥4C and AVCO A1203. Examples of this behavior are shown in Figure 1 in which
w

the grinding forces for the Westinghouse ' S'\aN4 are plotted as a function of feed rate

during cuts of 12, 2um.

The forces measured on alumina depended on fabrication. Sintered material such as
Lucalox and Coors AD 999 showed low grinding forces at low feed rates but the forces
increased rapidly with feed rate. AVCO hot pressed alumina on the other hand sustained
a relatively high force level at all feed rates as indicated in Figure 2. The low sensitivity
to feed rate during down grinding is not understood but may be related to the comminutior;
characteristics of the chips as they travel between the wheel and the workpiece. This
point is discussed later.

At the lowest feed rate the forces on B,C during down grinding were greater than those
during up grinding. This behavior reversed at the higher feed rates.
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3.2 EXAMINATION OF THE GROUND SURFACES

The ground surfaces of every sample were examined following the last grinding force
measurement which, as noted earlier, was made at the highest feed rate used in this
work, 0.42 cm/sec. The nature of the surfaces will be commented on and illustrated in

a few cases with scanning electron micrographs.

The ground surfaces of PZT were smooth and gseverely burnished. This accounts for the
high grinding forces measured on this relatively soft ceramic.

The MgQO surfaces were similar to the ferrite surfaces and contained plastically flowed
regions and regions where material had been removed by brittle fracture. These surfaces
arve similar to those examined in an earlier study [6].

The large grained ferrite showed more intergranular fracture than plastically flowed
material. The fine grained ferrite showed large flowed regions with some patches where
material was removed by intergranular fracture. Examples of these surfaces are shown
in Iligure 3. Recall that the grinding forces on the fine grained material were slightly
higher at the highest feed rate.

Without exception all silicon nitride surfaces were quite smooth and burnished and con-
sisted mainly of plastically flowed regions. Patches where material was removed by what
appeared to be intergranular fracture were seen scattered over every surface.

The sintered aluminas had surface features resembling the !§i3N4 samples. A typical
example is shown in Figure 4(a) for Coors AD 999 alumina down ground, 0.42 cm/sec.
The irrvegular patches are where material has been removed by intergranular fracture.
In contrast, the hot pressed alumina showed fewer burnished regions as shown in Figure
4(b). Most material has been removed by transgranular fracture. The 114(‘. surfaces
were similar to those of Si3N4 and the sintered aluminas and contained regions of plasti-
cally flowed material and patches where material had been removed by brittle fracture.
Due to a large amount of debris on the surfaces the nature of the fractures could not be

assessed.

A few general comments concerning the nature of the ground surfaces are appropriate at
this time. First, no significant differences were noted between surfaces produced by up
and by down grinding. This was unexpected in view of the differences in forces observed.
Second, all surfaces contained significant amounts of plastic flow. The lavge grained
ferrite and hot pressed alumina contained less plastic flow than the others. Finally, it
must be cautioned that the conditions observed here may not be identical to those obtained
in actual practice. The samples were ground dry and were mounted on a dynamometer
whose compliance i8 significantly greater than that of the machine table itself. Both dry

grinding and a lower compliance may enhance burnishing.

i
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k GRINDING DIRECTION

HOT PRESSED NiZnFERRITE

DOWN GROUND

d = 25.4';"\
V=042 cm/sec

(@) 1Oum G.S., (b) 3um G.S.

Figure 3. Sranning electron micrographs of the groand
surfaces of Nizn ferrite with mean grain sizes of (@) 10

and (b) 3um
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GRINDING DIRECTION

COORS AD999 AVCO HOT PRESSED

ALUMINUM OXIDE

DOWN GROUND
d=254um
V: 042 cm/sec

Iigure 4. Scanning electron micrographs of the ground
gurfaces of (a) Coors AD 999 alumina and (b) AVCO hot

pressed alumina,
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4. GRINDING FORCE CORRELATIONS

The properties used for the correlations are listed in Table 3. Note that many of the
values in the table were not measured directly on the material used in this study, but
were taken from the literature or supplied by individuals noted in the references to the
table. In all cases the vertical and horizontal grinding forces measured during both up
and down grinding during a 25.4um cut at a workpiece feed rate of 0.21 cm/sec were used
for correlations.

4.1 MELTING POINT

No obvious correlations with melting point were noted.

4.2 HARDNESS

Since hardness is an indication of resistance to plastic flow an examination of the relation
between grinding forces and hardness is warranted, The horizontal and vertical forces
measured during down grinding are shown as a function of workpiece hardness in Figure 5.
There is a trend toward increasing vertical grinding forces with hardness but the horizon-
tal forces drop in the harder materials. In both cases the highest grinding forces are
those measured on ceramics exhibiting intermediate values of hardness. Similar trends
were observed during up grinding but the forces measured on ceramics with intermediate
hardness were lower than those shown in Figure 5.
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Table 3. Representative physical and mechanical properties of ceramics.
Bend Polycrystal-
Tensile line Young's K
o Strength Modulus IC
Grain | Melting Knoop _MN GN MN
Material Size Point (°C) | Hardness mz m2 3/2
== —— ¢
PZT 3 | 1300 200 * 557 3P 0.75"
MgO 18 2850 400 = 28° 303°€ 2.5
NiZn Ferrite 13 1660 550 # 1689 2008 -
NiZn Ferrite 3 1660 650 # 1244 2008 x
"8" Si,N, 2 Sublimes | 1450 * 375¢ 307°¢ 3.1"
: at 1870
Norton Si N, 1 Sublimes | 1500 * 676 307°¢ 5.1°
s at 1870
"' §igN . 1 Sublimes | 1550 * 656 307¢ 6.5%
; at 1870
Lucalox A1,0, [ 38 2050 1800 * 440° 400° 4,130k
AVCO A1,0, 10 2050 1850 * s07" 400° 6.5}
AD999 A1,0, 2 2050 2000 * 469° 400° 4, 0™
B,C 8 | 2350 2600 * 448’ 448° 3%

References for Table 3.

a. All values measured in this laboratory. (# 100gm load, * 500 gm load).
Y. Honeywell data sheet.

¢. Engineering Properties of Selected Ceramic Materials, American Ceramic Society,
Colu

mbus, Ohio (T9635).
d. M. Braitburg, Honeywell Inc. private communication (1972).
e. F.F. Lange, Journ. Amer. Ceram. Doc., 53, 518 (1973)
f. AVCO data sheet.
g. J. Smit and H. P. Wijn, Ferrites, Wiley & Sons, New York (1959) p. 225,

h. J. G. Bruce, et al. I'racture Mechanics of Ceramicsg, Vol. 4, R.C. Bradt et al. ‘
ed.. Plenum, N.Y. (1978) p. 696.

i. P. Gutshall and G. Gross, Eng. Fract. Mech., 1, 463 (1969).

j. R. F. Pabst, I'racture Mechanics of Ceramics, Vol. 2, R. C. Bradt et al. ed.,
Plenum N.Y. (1974) p. 557.

k. S. W. Freiman et al. ibid p. 666.

1. Measured in this laboratory by hardness identation technique of Evans and Charles,
Journ. Amer. Ceram. Soc., 59, 371 (1976),

m. L. M. Barker, FFracture Mechanics of Ceramics, Vol. 4, R. C. Bradt, et al. ed., "
Plenum, N.Y. (1978) p. 490, f

n. G. Gazza, Army Research Center, Watertown, MA,, private communication (1972),

14 |
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4.3 TENSILE STRENGTH

Grinding forces measured during down grinding are shown as a function of tensile strength
in Iigure 6. There is a trend for the forces to increase with strength but again the forces
measured on materials with intermediate strengths are high. Similar behavior is observed

when the forces measured during up grinding are plotted versus tensile strength.

4.4 POLYCRYSTALLINE YOUNG'S MODULUS

No correlations were noted but again the forces were highest on materials with interme-
diate values of modulus, eg. Si,‘N4,

1.5 STRAIN ENERGY DENSITY, %l?

In single point diamond grinding studies on alumina workpieces Gielisse et al. [11]

obtained excellent correlation between grinding forces and the strain energy density,
9

_,% where O is the tensile strength and E is Young's modulus. No correlations were
- 92

noted when the grinding forces measured in this work were plotted versus L‘: &

4.6 FRACTURE TOUGHNESS

It can be argued that, if a major mechanism of material removal during grinding is the
initiation and/or propagation of brittle cracks, then grinding forces should correlate with
fracture toughness. Figure 7 shows that the grinding forces measured during up grinding
do increase with the fracture toughness, but not linearly.

The grinding forces measured on Lucalox were low with respect to the other aluminas
particularly during up grinding. The vertical forces measured on Lucalox are indicated

on the plot. The low forces are attributed to the large grain size of this material.

Gielisse at al. [11] have noted a similar sharp decrease in forces during single point
grinding of aluminas when the grain size exceeded about 20 um.

No correlations between grinding forces measured during down grinding and K
obtained.

were

1C
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4.7 INDENTATION FRACTURE PARAMETER

As noted in the Introduction, recent theories of plastic igdentation fracture of brittle
materials have led to increased understanding of the mechanisms of material removal
during the high speed impact of ceramics, A major result of the plastic indentation of a
brittle solid with a sharp indenter is the formation of subsurface lateral cracks lving
roughly parallel to the surface. When these cracks intersect the surface or other frac-
tures a chip is formed and material is removed. The volume of material removed is
proportional to the size of these cracks which, in turn, is governed by the vertical force
on the particle, P, the hardness, H, and the fracture toughness, K‘,. When material re-
moval during abrasive machining i1s assumed to take place by a parallel array of sliding

indenters, Evans and Wilshaw [13] have shown the upper limit for the volume removed to

. %1t - 118
65/4 .\‘4” 1/2

Al
be V~ P K. . Thus, under conditions of a fixed rate of material removal,

that is, fined feed rate and depth of cut, the grinding forces are expected to be close to a

3/ ]2 N .
linear function of K 34 nl “.  Figure 8 shows this to be the case for data taken during
e

up grinding. The low data point represents the large grained Lucalox data discussed
above. The high point is Norton Si.{N“. Figure 8 represents by far the best correlation

we have found between material properties and grinding force measurements,

When the grinding forces measured during down grinding ave plotted in a similar fashion,
no correlation is obtained. In what follows we attempt to rationalize this lack of correla-
tion by considering a basic difference in the mode of material removal during up and down
surface grinding of ceramics on a dynamometer. During up grinding, chips are formed at
the leading edge of the contact area between the wheel and workpiece and are immediately
ejected from the system. During down grinding the chips formed at the leading edge of
the wheel-workpiece interface must first travel between the workpiece and the wheel to the
back edge of the contact area before they can be ejected. The initial chip size in both
cases is larger than the theoretical chip size and is presumably determined by the inden-
tation fracture characteristics of the workpiece and the cutting point geometry on the
wheel surface as discussed by Evans and Wilshaw. [13]. During up grinding the vertical
grinding forces measured by the dynamometer depend mainly on the forces necessary to
form the chips. During down grinding, on the other hand, the measured vertical grinding
forces must also be related to the impact fracture or comminution characteristics of the
isolated chips. If the chips break up readily as they travel between the wheel and the
workpiece the vertical grinding forces will be reduced. If the chips do not break up read-
ily high vertical grinding forces are expected. A parameter relating to the ability of a

ceramic to resist impact fracture has been suggested by Clarvke et. al. [21]. The number

-
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Figure 8. Horizontal and vertical grinding forces measured during
up grinding on different ceramics plotted as a function of an indenta-
tion fracture parameter derived by Evans and Wilshaw [13]. KIC is
the fracture toughness and H is the Knoop hardness. The depth of

cut and feedrate were 25.4um and 0,21 cm/sec respectively.
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of pieces a cubic centimeter of material would break up into under the influence of an

elastic-energy density, W, is N~ (%—) where v is the fracture surface energy and W
2

can be approximated by 0—2';, . Ois the fracture strength and E is Young's modulus.
Clarke et. al. [21] suggested that a suitable toughness parameter is -1n N. If N is large
the chips break up readily and their effect on the vertical grinding forces should be small.

By relating this concept to surface grinding we suggest that the vertical grinding forces
2 1

measured during down grinding vary according to FV i K3/4 Hl/2 In N. This relationship
is shown plotted in Figure 9. Note first that a correlation is obtained indicating that the
comminution characteristics of the chips do affect the vertical grinding forces measured
during down grinding. Note also that the data are in two distinct groups. The data on
Figure 9 suggest that a major reason for the large difference in grinding forces measured
during down and up grinding on Si3N is that once formed the chips break up only with

much difficulty and cause high forces during down grinding. The other group of data in-
cluding the aluminas and B4C also show good correlation. MgO is low presumably because
the chips are easily deformable [5] and do not cause high vertical grinding forces. No

correlations were noted when the forces measured during up grinding were plotted in
this manner.
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5. CONCLUSIONS

A number of points concerning multipoint abrasive machining of ceramics have emerged
from this work. First, grinding forces were highest on ceramic workpieces with inter-
mediate values of hardness. Secondly, in materials exhibiting high grinding forces, the
forces measured during down grinding exceeded those measured during up grinding. The
highest grinding forces measured were on hot pressed Si:‘N4 and the lowest were on softer
ceramics such as NiZa ferrite and MgO. Furthermore, the general features of most
ground surfaces were similar. The surfaces contained regions of highly deformed ma-
terial and regions where material had been removed by brittle intergranular and trans-

granular fracture.

The grinding force correlations strongly suggest that initial chip formation occurs by
indentation fracture. If this is the case then the highly deformed regions on the ground
surfaces presumably occur after the leading edge of the wheel passes. This is a plausible
argument because as the wheel depth of cut decreases (ie. approaches the theoretical chip
thickness) the abrasive grains have more of a tendency to remove material by plastic
flow. This situation is enhanced by the burnishing action of swarf moving between wheel
and workpiece, high vertical grinding forces and by the increased compliance of the dyna-

mometer.

We should point out, however, that we have observed the surfaces of ceramics ground on
stiff tables to be very similar to those discussed here. Major differences are usually in
the relative amounts of plastic flow and fracture rather than in the absence of one or the

other.

Based on the correlations of grinding forces and workpiece properties discussed in this

report we conclude the following:

1. Chip formation during up and down surface grinding of hard ceramics occurs
initially by indentation fracture due to the impact of the abrasive grains of the

wheel on the workpiece.

2. The grinding forces during up grinding corvelate with workpiece properties according
to the indentation fracture theories of Lawn et al. [12,13]. In particular the forces
vary linearly with a parameter derived by Evans and Wilshaw [13] according to

1
| Ko 3/4 " 1/2 where |\'(‘ is the fracture toughness and H is the hardness.

3. Grinding forces during down grinding differ from those during up grinding because
the chips formed at the leading edge of the wheel-workpiece interface must travel
between the wheel and workpiece before being ejected from the system. This results
in an increased vertical force that can be accounted for in different ceramics by con-

sidering the comminution characteristics of each material.
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4. In every case the ground surfaces contained regions that were plastically flowed and
regions where material had been removed by brittle fracture. It is suggested that a

large amount of deformation occurred after the leading edge of the wheel had passed.

5. Because of the complexity of the cutting point geometry on a grinding wheel, grinding
force measurements can only be used in a qualitative manner to examine mechanisms
of material removal. Possibly a better and more direct approach is to measure the

rates of material removal on different materials at constant force settings.

——
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8. APPENDIX

F i F\,
Horizontal, —L. and vertical, , grinding forces measured on a number of ceramics
b I3 '

during down (wheel moving with workpiece travel) and up (wheel moving against workpiece
travel) surface grinding with a 100 grit diamond wheel as a funciion of feed rate, b is
the width of cut. The workpiece materials are listed in o»der of their hardness.

Depth of Down Up

Material Cut FFeed Rate] Grinding Grindin

(mm) (ecm/sec) “u f_\_ Fl.l _Fl
| B b b b
(gm/cw) ] (gm/om) (gm/>m} | (gm/cm)

PZT .025 . 042 12 74 17 72
.21 25 153 40 165
.42 42 220 59 2348
Mg O . 025 .042 6 79 11 93
21 24 208 51 265
.42 44 268 74 312
NiZN Merrvite . 025 .04¢ 6 14 6 14
3am g.8.) 21 1 31 15 38
.42 15 49 23 52
NiZN Ferrite . 025 . 042 8 27 9 30
(3um g.s.) .21 14 66 20 74
.42 16 88 27 101
L \‘i.{N4 .025 .21 306 895 183 851
.012 . 042 31 106 34 106
val 87 31 84 271
.42 128 429 125 309
Norton Si'SN4 . 025 .21 574 1883 312 1046
012 . 042 56 361 100 370
.21 84 493 126 5056
.42 113 562 163 659
L SigN . .025 .21 409 1352 254 034
.012 .042 286 124 30 103
21 89 3086 101 243
.42 114 590 143 408
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Depth of Down Up
Material Cut #I"eed Rate Grinding Grindini
Lucalox Al,,O.‘ . 025 .042 15 120 25 139
.21 185 654 145 431
.42 176 620 172 498
AVCO Al,,O,* . 025 .042 299 1184 249 775
vl 303 1167 397 1071
.42 293 1159 494 1156
Coors .\120.‘ .025 . 042 al 413 136 315
21 132 605 220 762
.42 227 1005 311 1068
R4|,‘ . 025 .042 73 523 43 154
el 129 740 386 942
.42 152 838 415 1257
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