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The forces acting on magnesium oxide crystals during a surface grinding operation have
been studied as a function of rate of material removal and crystal orientation, using two

different conventional grinding wheels.

The results are discussed in terms of the resulting surface and subsurface damage and
the geometry of the wheel-workpiece interaction. The results are consistent with the
observations that chip formation occurs by plastic flow under a 46-grit alumina wheel, while
material is removed completely by brittle fracture under a 100-grit diamond wheel. It is
demonstrated that the stress on an individual chip is within an order of magnitude of the
theoretical shear strength of the workpiece, thus accounting for the presence of both

surface and subsurface plastic deformation.

1. Introduction

Recently, considerable interest has arisen in the
fundamental aspects of ceramic machining,
particularly with respect to understanding the
nature and extent of damage introduced into the
ceramic workpiece [1, 2]. It has been shown that
the damage is twofold: first, brittle fracture and
cracking is introduced into the surface, and
second, subsurface plastic deformation occurs
with the consequent dislocation arrays [3-5] and
residual stresses.

In order to understand the mechanisms by
which damage is introduced, conditions at the
tool-workpiece interface must be defined. This is
a difficult problem due to the high cutting speeds
involved. Rough estimates indicate strain rates of
the order of 10° sec—!. These are strain rates at
which stress waves play a significant role in the
impact fracture of a chip [6].

To get some quantitative measurements con-
cerning the phenomena occurring we have
studied the forces involved in removing material
by surface grinding. The measurement of grind-
ing forces and their use in studying the mechan-
isms of chip formation have been reported in
depth for metals [7-9], but only recently have
similar studies been attempted on ceramics, the
most notable of these with a single-point cutting
tool [6].

This paper analyses measurements of grinding
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forces using conventional grinding wheels and
magnesium oxide single crystals. Magnesium
oxide crystal have been previously characterised
for grinding damage using different grinding
wheels, and the mechanism of material removal
has been identified [3]. By correlating the grind-
ing force measurements with surface damage for
crystals of varying orientation, we have been
able to develop a better understanding of the
processes of chip formation in ceramics.

2. Experimental Procedure

The specimens for these studies were magnesium
oxide single crystals which had been cleaved into
rectangular slabs with approximate dimensions
1.2 x 0.6 x 0.3 cm. They were cemented onto
flat steel plates and held in a vice attached to a
grinding dynamometer based on a design by
Marshall and Shaw [7].

The dynamometer was arranged to measure
(with strain gauges), the average vertical and
horizontal forces acting on the workpiece during
grinding. These forces were measured independ-
ently.

The sensitivity of the dynamometer was
adjusted to the point where the smallest resolv-
able vertical force was 30 g and the smallest
resolvable horizontal force was 5 g. Repeated
calibrations showed the output to be linear and
reproducible to within 109%,.
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Grinding was carried out with a DoAll Model
D618-7 high speed precision surface grinder
having a fixed spindle speed of 3540 rpm. Both
the depth of cut, d, and the workpiece feed rate,
v, were varied during the experiments. Two
wheels were used for grinding, a 46-grit vitrified-
bond alumina wheel (Norton Type AA-46-M8-
V40) and 100-grit resinoid-bond diamond wheel
(DoAll Type DIA1-MD100N1DOBI1/4B3). The
cutting face of the alumina wheel is relatively
open and contains voids, whereas the diamond
wheel is closed and consists of diamond grains
protruding from the continuous matrix. Photo-
micrographs of the wheel surfaces were included
in an earlier paper [3]. All grinding was carried
out dry.

In a typical experiment a given single crystal
sample was ground at a number of different
machine settings (i.e. varying 4 and v) so that
data could be obtained from a single speci-
men. To be consistent, certain precautions
were taken before each run; the alumina
wheel was dressed every time the work-piece
feed rate and/or depth of cut was changed,
and the sequence of experiments was always
toward higher rates of material removal; the
diamond wheel was dressed with a silicon carbide
wheel only once at the beginning of a series of
experiments. At least three measurements were
taken for each combination of feed rate and
depth of cut. '

In the present work magnesia crystals were
always machined over {100} planes, but the
direction was varied from (100> by as much as
30 degrees. Following a grinding experiment, the
samples were examined for surface and sub-
surface damage. Subsurface damage was revealed
by the dislocation etching procedure and the
surface damage by optical and scanning electron
microscopy.

3. Results .
3.1, Grinding Forces on Crystals machined
over {100} Planes in (100> Directions
In the first series of tests the orientation of the
magnesia crystals was fixed, and grinding was
carried out on a {100} plane in a {100) direc-
tion. This orientation is the one most favourably
oriented for plastic shear as will be demonstrated
later. The horizontal and vertical grinding forces
were measured as a function of the machining
variables (depth of cut and workpiece feed rate)
for the two wheels (alumina and diamond).
With the alumina wheel, both the horizontal
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and vertical grinding forces varied linearly with
the feed rate for different depths of cut, as shown
in fig. 1. Each data point is the average of six to
nine measurements taken on three different
crystals. The bars indicate the total scatter in the
data. No bars are drawn where the data fell
within the plotted symbol. The grinding forces
with the alumina wheel also varied linearly with
depth of cut for different feed rates.
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Figure 1 Vertical (Fv) and horizontal (Fu) grinding forces
on crystals ground on {100} faces in (100) directions dry
with a 46-grit alumina wheel plotted at various depths of
cut as a function of feed rate (v) (b is the width of the cui;
each data point represents the average of six to nine
grinding passes).

When crystals were ground with the diamond
wheel the results were very different. Fig. 2 shows
the variation of the horizontal and vertical
grinding forces as a function of the feed rate for
different depths of cut with the 100-grit diamond
wheel. Note first that the horizontal grinding
forces are low and are essentially independent of
the rate of material removal (except for 127 um
cuts at high feed rates). Second, the vertical
grinding forces are very much higher than those
experienced with the alumina wheel and do not
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Figure 2 Vertical (Fv) and horizontal {Fu) grinding forces
at various depths of cut as a function of workpiece feed
rate for magnesium oxide crystals ground in the {100}
{100 orientation dry with a 100-grit diamond wheel (b is
the width of the cut).

vary linearly with the rate of material removal,
but approach an asymptotic value.

3.2. Grinding Forces on Crystals machined

over {100} Planes in varying Directions
To gain further insight into the mechanism of
chip formation and material removal, the
direction of grinding was changed gradually
away from {(100>. Both alumina and diamond
grinding wheels were used, and the depth of cut
and feed rate were varied as before.

With the alumina wheel, changing the grinding
direction had a drastic effect on the horizontal
grinding force as shown for different material
removal rates in fig. 3. Up to 10 degrees from
<100, the horizontal force remained essentially
constant (with maybe a slight decrease in some
instances), but above 10 degrees the horizontal
grinding forces increased rapidly to the point
where the crystals shattered without machin-
ing for a 30-degree orientation. The vertical
grinding forces varied with orientation in about
the same manner as the horizontal grinding
forces.

With the diamond wheel, the horizontal
grinding forces were low and independent of
orientation, as shown by the lower curve on
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Figure 3 Tangential grinding force as a function of the
angle between the <100> crystal axis and the grinding
direction for magnesium oxide crystals ground dry on
{100} faces with a 46-grit alumina and a 100-grit diamond
wheel at various material removal rates (46-grit alumina
wheel: O, d =254 pu, v =0.042 cm/sec; A, d = 25.4 p,
v =021 cm/sec; [J, d=25.4 pu, v=10.42 cm/sec; ),
d=50.8 pn, v=042 cm/sec; vV, d =127 u, v=021
cm/sec; 100-grit diamond wheel: I, d = 254 u, v = 0,042
cm/sec and 0.21 cm/sec).

fig. 3. Note that these specimens could be
machined at any angle without shattering, The
vertical grinding forces plotted in fig. 4 showed a
greater sensitivity to the orientation, and in
addition were sensitive to material removal rate
as noted earlier in fig. 2. To summarise these
observations:

(i) The difference in tool-workpiece interaction
using alumina and diamond grinding wheels
shows up quite dramatically using grinding force
measurements.

(ii) Using an alumina wheel, the horizontal
grinding forces vary linearly with the rate of
material removal and are very sensitive to orienta-
tion. Using a diamond wheel, the horizontal
grinding forces are low and independent of rate
of material removal or orientation.

(iii) Using an alumina wheel, the vertical grind-
ing forces vary linearly with the rate of material
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Figure 4 Vertical and horizontal grinding forces measured
on {100} magnesium oxide crystal faces as a function of
the angle that the grinding direction makes with <100);
data are shown for crystals ground dry with a 100-grit
diamond wheel at two rates of material removal.

removal and are very sensitive to orientation.
Using a diamond wheel, the vertical grinding
forces are extremely sensitive to the rate of
material removal and slightly sensitive to orienta-
tion.

3.3. Surface and Subsurface Damage

The differences in grinding forces observed when
samples are machined with the alumina or the
diamond wheel are reflected by differences in the
respective surface finishes. These differences have
already been described [3, 4], but we will mention
them again here briefly for completeness.

When magnesium oxide crystals are ground
with the 46-grit alumina wheel on the dynamo-
meter, the rate at which the wheel can expel
swarf is less than the rate of material removal. In
this case, fresh cutting points on the wheel surfaces
are prevented from impacting the workpiece, and
material is removed almost exclusively by plastic
flow. The resulting burnished surface is quite
smooth and contains, in many instances, shallow
{100} cracks that result from thermal stresses
set up when the hot, as-ground surface is
quenched following passage of the wheel.

When magnesium oxide crystals are ground
with the 100-grit diamond wheel, a much differ-
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ent type of surface is produced. The surface of
the diamond wheel is closed. As a result, the
wheel does not load up, and fresh cutting points
always impact the surface of the crystal. Chip
formation in this case occurs almost entirely by
brittle fracture, producing rough surfaces.con-
taining fractures lying predominantly on {100}
planes.

Differences in the subsurface damage intro-
duced in magnesium oxide crystals by the 46-grit
alumina and 100-grit diamond wheels has also
been reported elsewhere [3, 4], and will be
reviewed only briefly at this time. When machined
crystals are cleaved on {100} faces transverse
to the ground surface and etched, the subsurface
damage is revealed on the cleaved surface as a
dense band of dislocation etch pits adjacent to
the ground surface.

The plastically deformed layer in crystals
ground with the alumina wheel is usually dis-
crete, and very little slip is observed penetrating
the dense surface layer until high rates of
material removal are reached. The depth of
damage varies from 30 to over 200 pm as the rate
of material removal is increased. The damage
layer in crystals ground with the diamond wheel,
on the other hand, is not of constant depth and
slip bands penetrating the dense surface layer are
generally observed at even low rates of material
removal. The depth of damage in crystals
ground with the diamond wheel is usually 40 to
about 100 pm deep and does not vary sensibly
with the rate of material removal. The scatter in
the measured depth of damage results from the
uneveness of the damage layer. In summary:

(i) Grinding with the alumina wheel produced
smooth burnished surfaces under all conditions,
whereas the diamond wheel produced a rough
surface containing large amounts of cleavage
fracture under all conditions.

(ii) Both wheels introduced a plastically deformed
layer underneath the ground surface. The damage
produced by the diamond wheel was not as
discrete as that produced by the alumina wheel,
and its depth did not vary in a regular fashion
with the rate of material removal. The depth of
damage in crystals ground. with the alumina
wheelincreased with the rate of material removal.

4. Discussion Results

The above results and an earlier study [3] have
shown that the grinding forces and the surface
condition resulting from a given ceramic machin-
ing operation are quite sensitive to the wheel
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workpiece combination. The correlation between
these two parameters will be discussed later.
First, it is useful to extend the grinding force
measurements to estimate the energy expended
during chip removal and the magnitude of the
stress on a single chip. To do this we must first
define and measure certain grinding geometry
parameters.

4.1. Grinding Geometry

It is necessary to consider the geometry of chip
formation, i.e. what is the size and shape of an
individual chip, and how is this size related to
grinding parameters such as the distribution of
cutting points, the workpiece feed rate and wheel
depth of cut.

The shape of an idealised grinding chip is
represented by the dashed area in fig. 5. The
workpiece moves forward a distance, PQ, in the
time an abrasive grain on the wheel surface
cuts the length of the chip. PQSR is approxi-
mately triangular in shape as shown. The length,
I, and maximum thickness, ¢, of the chip are
given [8] in terms of determinable quantities, by

I= J{Dd ¢y

= [;_j’%d \/ %r @

where D = wheel diameter, d = wheel depth of
cut, v = workpiece feed rate, n = wheel speed
in rpm, r = ratio of mean scratch width to mean
scratch depth, and ¢ = areal density of cutting
points on the wheel surface. Values of ¢ and r
have been measured for the wheels used in this

and

Y —

Figure § Schematic diagram showing the shape of an
idealised grinding chip PQSR taken with a wheel depth of
cut (d) and a workpiece feed rate (v); (f) is the maximum
chip thickness and (/) is the chip length.

study by the techniques of Backer, ef a/ [8] and
are given below.

Wheel c(ecm~2) ¥
46-grit alumina 300 15.2
100-grit diamond 480 1.6

The above measurements of r have brought
out some important geometrical differences
between a 46-grit alumina and a 100-grit
diamond wheel. The ratio of the mean scratch
width to mean scratch depth of the alumina
wheel is 9.5 times that of the diamond wheel. In
other words, the profile of the cutting faces of
both wheels is completely different. The cutting
face of the alumina wheel is composed of very
shallow, wide abrasive points, while that of the
diamond wheel is composed of high, sharp
needle-like abrasives. This is shown schematically
in fig. 6.
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Figure 6 Schematic diagram showing the difference in the
profiles of the cutting faces of the two grinding wheels
used in this study.

Values for / and r can be calculated as a
function of machine setting using equations 1
and 2. Typical values are given below for both
wheels.

d(pm) v(cm/sec) Wheel t(pm) [ (mm)
25.4 0.042 46-grit alumina 0.12 2.1
100-grit diamond 0.32 2.0
254 0.42 46-grit alumina  0.37 2.1
100-grit diamond 1.0 2.0
50.8 0.42 46-grit alumina 0.43 3.0

100-grit diamond 1.2 2.8

These values indicate that the actual depth to
which an abrasive grain extends beyond a wheel
surface (approximately equal to f) is only a
fraction of its size. Furthermore, the maximum
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chip thickness (also referred to as the grit depth
of cut, t) varies with both wheel depth of cut, d,
and feed rate, v, and, for the feeds and speedsused
in this study, is on the order of 1 to 1 um. This is
an extremely small number, two orders of
magnitude less than the wheel depth of cut.

As expected from the geometry shown in fig. 5,
the chip length is quite long in relation to its
thickness, being on the order of 10* £. In other
words, the production of a chip during surface
grinding essentially involves making a long thin
scratch. Note also that, even though the abrasive
size is smaller, the grit depth of cut for the
100-grit diamond wheel is over twice that of the
46-grit alumina wheel. The chip lengths for both
wheels are about the same. These observations
are of value in understanding the difference in
performance between the wheels.

4.2, Specific Grinding Energy

For the purposes of rationalising grinding
measurements in metals, the concept of specific
grinding energy (U) has been introduced [7]. This
is defined as the energy expended in removing
unit volume of material and is given by

7w Dnfu
vdb 3)

where b is the width of the specimen and the other
quantities in the eguation have been defined
earlier.

Fig. 7 plots the specific grinding energy as a
function of the wheel depth of cut at various
feed rates for magnesium oxide crystals ground
with the alumina and diamond wheels. The
energies are very high, indicating that grinding is
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Figure 7 Specific grinding energy plotted at various feed
ratzs as a function of depth of cut for magnesium oxide
crystals ground with a 46-grit alumina and a 100-grit
diamond wheel on {100} faces in {100) directions.
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an extremely ineflicient process. Furthermore, as
one would expect from equation 3, the energies
increase as the wheel depth of cut and feed rate
decrease. It should be noted that the specific
grinding energies obtained withthe alumina wheel
are on the order of four times those obtained
with the diamond wheel. Whether the higher
energies under the alumina wheel reflect differ-
ences in mechanism of chip formation or cutting
point geometry or both will be discussed later.

When the data of fig. 7 are replotted as a
function of the grit depth of cut, ¢, equation 2,
the results fall on a continuous curve as shown in
fig. 8. The specific grinding energy appears to
depend very strongly on the grit depth of cut and
falls off rapidly as the chip thickness increases.
The continuity from the alumina to the diamond
wheel results is considered fortuitous for two
reasons. First, the two wheels clearly have a
different cutting point geometry (fig. 6), and the
two wheels result in two different material
removal mechanisms. Second, if the results for
orientations other than <100), as illustrated in
fig. 3, are considered, the specific grinding energy
calculations for the alumina wheel are displaced
upwards while the values for the diamond wheel
remain constant, making a similar curve dis-
continuous.
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Figure 8 Specific grinding energies showninfig. 7replotted
as a function of the grit depth of cut (f).

A similar strong dependence of the specific
grinding energy on maximum chip thickness, 7,
has been found in cutting and grinding studies on
metals [8, 9]. That work has shown that the
specific grinding energy can be expressed by:

v=1 @

where K and n are constants, and » is about
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0.2 for metals. This same expression can be used
to describe the data on the magnesium oxide
crystals in this study. In fact, the line drawn
through the data points in fig. 8 is given by the
following expression:

1.35 x 10%*

20’22

U= ergfom®.

Note that the value of n is very close to that
obtained for metals suggesting a similarity in
removal mechanisms.

4.3. The Relationship Between the Specific
Grinding Energy and the Stress on a
Single Chip

The stress on a single chip can be estimated in

terms of the specific grinding energy and the

grinding geometry by the following argument due
to Backer [10, 11]. The work expended in unit
time, W, is equel to Uvdb, and the rate of chip
formation, R, is equal to Vbc. Thus, the work

expended in producing a single chip is W

divided by R, and assuming the mean force on

the chip to be the work divided by the chip length
gives:

Uvd

Vel )

The volume of a single chip is the rate of
material removal divided by the rate of chip
formation, ie. vdb/Vbe, and its mean cross-
sectional area is the volume divided by the chip
length, i.e.

Fensp =

vd
Vel
Hence, the mean stress on the chip is

(©)

Acnip =

Fchip

=U. N

This shows the mean stress on a chip to be
approximated by the specific grinding energy, a
relationship which attaches some significance to
U. From figs. 7 and 8 these stresses are within an
order of magnitude of the theoretical shear
strength of magnesium oxide, i.e. G/10 where G
is the shear modulus [12].

Tehip = A'ch'p
i

4.4. The Relationship between the Grinding
Force and Machining Parameters.

The magnitude of grinding forces can be

estimated by another energy balance approach

[6]. In this analysis it is assumed that the kinetic

energy imparted to the material in unit time is

dispersed as strain energy in the machined work-
piece. Other contributions to energy balance such
as thermal effects and the kinetic energy of
swarf are neglected.
The kinetic energy input to the workpiece in

unit time is

Ex = p IvdbV?
where p is the density of the workpiece material.
Thus, in the time taken to cut a single chip,
At = 1)V, the kinetic energy input is

EK == %p deV .

But this is spread over many chips, bc? in fact,
whose area, Acnip, is given by equation 6, so that
the kinetic energy input per unit machined area
is

Ex = {plP Vicr. ®
The strain energy absorbed per unit machined
area is the product of the strain energy per unit
volume and the depth of damage, S; ie.

E,S’ = 5chip échip S
where éenip 18 the mean strain of the chip. Since
magnesium oxide surfaces are burnished by
plastic flow when machined with the alumina
wheel, it is reasonable to assume that the
relationship between stress (Genip) and strain
(€enip) 1s given by the conventional parabolic
relation: {13]

5chip =B (échip)%

E,S = <6Chip>3 S

Thus,

B ®
According to equation 7 the mean stress on a
chip is equal to the specific grinding energy which
is defined by equation 3. Substituting equation 3
mn equation 9 gives,

- (ﬂ' Dn Fy )3 Y

Es=\—a ) & (10)

Assuming that kinetic energy input is equal to
the strain energy absorbed, we equate equations
8 and 10 and solve for Fu/b. Using equation |
and ¥V = 7 nD this gives

Fr ¢t DBRE\V3 pgus
U T

Note that this relationship predicts the grinding
force to be proportional to both the feed rate, v,
and the depth of cut, d (~ d*?3), consistent with
the observations of fig. 1. 1t also predicts an
inverse relationship between grinding force and
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wheel speed, as experienced by Gielisse and
Stanislao [6]. However, it also indicates an
inverse relationship between grinding force and
depth of damage which is contrary to what one
would anticipate and to experimental results.

4.5, Grinding Forces and the Mechanism of
Material Removal

As was pointed out earlier, the alumina wheel
removes material by plastic flow and the dia-
mond wheel by cleavage fracture. The difference
in horizontal grinding forces between the two
wheels and their dependence on machining para-
meters noted in figs. 1 to 4 illustrates the strong
effect of frictional forces resulting from plastic
flow.

In the case of the alumina wheel, the hori-
zontal grinding force is proportional to the rate
of material removal as predicted by equation 11.
The short range stresses acting on the chip are
within an order of magnitude of the theoretical
shear strength, and the occurrence of plastic
shear is, therefore, not surprising. These estima-
ted stresses are extremely sensitive to the grit
depth of cut (fig. 8) increasing as the cut gets
smaller. The reason for this sensitivity is a size
effect in that as the cut gets smaller the total chip
area over which the horizontal grinding force
acts decreases.

In the case of the diamond wheel, the hori-
zontal grinding force is low and independent of
the rate of material removal. Material is removed
by a brittle fracture, and thus the specific
grinding energy is a measure of the stress to
initiate and propagate cleavage cracks.

The difference in vertical grinding forces,
noted in figs. 1 to 4, between the alumina and
diamond wheels is also consistent with the
different mechanisms of material removal. Under
the conditions of climb grinding employed in this
study, the chips formed at the leading edge of the
wheel-workpiece interface must travel between
the wheel and the workpiece. At low rates of
materialremoval, the chips are expelled efficiently
and the vertical grinding forces are low. As the
rate of material removal increases, the vertical
grinding forces increase drastically. In the case of
the aluminium wheel, the chips are sheared
plastically and resemble the ideal triangular chip
shape assumed in fig. 5 and illustrated schematic-
ally in fig. 9. With the diamond wheel, the large
block-shaped chips are forced between the closed
structure diamond wheel and the workpiece
causing much higher grinding forces at high
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PLASTIC CHIP
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Figure 9 Schematic diagram showing possible differences
in mechanism of chip formation under a 46-grit alumina
wheel and a 100-grit diamond wheel; the plastic chip is
formed by the alumina wheel.

removal rates. This is also illustrated schematic-
ally in fig. 9.

4.6. Effects of Crystal Orientation

If the above interpretation is correct, i.e. that the
horizontal grinding forces measured with the
alumina wheel are proportional to the stress to
induce plasticity in a chip during machining,
then it is to be expected that there will be a
sensitivity to crystallographic orientation. This
sensitivity is illustrated very nicely by the results
of fig. 3.

The relative deformability of magnesium oxide
crystals with orientation can be inferred from the
resolved shear stress over the slip planes. In
terms of the applied stress, o, the shear stress, 7,
resolved over {110} planesin (110 directions is

given by [14]

T = o Cos Acos ¢ (12)
where A is the angle between the grinding
direction and the {110} slip plane normal, and ¢
is the angle between the grinding direction and
the <110) slip direction. In fig. 10, the resolved
shear stress factor, cos Acos¢, is plotted as a
function of the angle between the grinding direc-
tion and [100] for the four most highly stressed
slip systems in magnesium oxide. The grinding
force curves shown in fig. 3 are similar to the
inverse of those shown in fig. 10. The variation in
grinding forces with crystal orientation, there-
fore, is related to the ability of the workpiece to
undergo plastic deformation. The ideal situation
for grinding with the alumina wheel is over the
{100} face in the {100) direction, since two slip
systems are then favourably oriented for the
maximum shear stress as indicated by fig. 10.
This agrees with experimental observation. If the
orientation deviates too far from ideal, the grind-
ing forces become excessive and the material
shatters.
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Figure 10 Resolved shear stress factor plotted asafunction
of the angle between the stress axis (the grinding direc-
tion) and the [100] direction for crystals ground on (001)
faces.

The horizontal grinding forces measured with
the diamond wheel are not sensitive to orienta-
tion. This is again consistent with the conclusion
that plastic shear is not involved in chip form-
ation for this particular wheel-workpiece con-
figuration. A subsurface deformed layer is still
observed [4], of course, but this is due to the
propagation of dislocations under the influence
of the short range stress field existing at the
leading edge of the wheel-workpiece interface.

5. Conclusions

The above resultsand discussion have shownthat:
(i) Grinding forces are sensitive to the events
occurring at the wheel-workpiece interface dur-
ing the machining of ceramics.

(ii) Grinding force dependence on material
removal rate can be used to distinguish different
mechanisms of material removal.

(iii) Grinding forces can be rationalised to yield
an expression for the stress acting on a chip.
These stresses are very high and approach the
theoretical strength.

(iv) If the material is removed by plastic flow,
the grinding forces show a dependence on
orientation consistent with the variation in
resolved shear stress over active slip systems.
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