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ABSTRACT

A new method for evaluating the hardness of grinding wheels
has been developed. It involves crushing small amounts of abrasive from
the surface of a grinding wheel while in rolling contact with a hard
steel wheel. Measured reaction forces provide a sensitive indication of
significant variations in the hardness as well as other important proper-
ties of bonded abrasives.

A laboratory analysis of the method demonstrates that the hard-
ness values incorporate the same elastic constants which have been shown
to be important in actuel grinding. The analysis shows also that 1t is
feasible to establish & universally applicable industrial standard for
grinding wheel hardness.

The method i1s valusble also as a research tool and may be ex-
pected to aid in producing more uniform abrasive products and to yield

information which will help improve practices in the manufacturing plant.
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ON DETERMINING THE HARDNESS OF
GRINDING WHEELS - I

The problem of measuring the hardness of grinding wheels has
been the object of numerous investigations for more than L0 years.
Several techniques have arisen from these studies but the fact that new
investigations have repeatedly been started is mute testimony to the
effect that the problem has not been solved sufficiently to meet the
need.

Considered generally, hardness as a property of grinding wheels
has substantially the sgme significance as hardness of metals as measured
by the well known Brinell and Rockwell procedures. The functional hard-
ness of metals involves strength and load-carring ability, ability to
absorb shock and ability to resist wear. To a very limited extent this
is true also for grinding wheels and other bonded abrasives. But the
similarity ends here for two very important reasons. One reason con-
cerns significant differences in the definition of functional hardness
as between metals on the one hand and bonded abrasives on the other.

The other reason although not entirely independent of the first involves
the essentially coarse-grained, heterogeneous nature of bonded abrasives

as compared to metals.

Functional Hardness of Grinding Wheels

In order to define functional hardness competently one must
begin in the production shop where grinding wheels are used. Here one
observes that a grinding wheel may be moved from one grinding machine to
another and be judged to act harder despite the fact that the wheel as a
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structure and its real hardness remain unchanged. The increase in appar-
ent or functional hardness is nonetheless real since it was the result
of a decrease in overall system rigidity or stiffness of which the hard-

ness of the grinding wheel is only one part.

System Rigidity as a Factor

The system, consisting of the grinding wheel, the machine,
work holding devices and the work plece constitute a group of elastic
springs loaded in series. The grinding wheel can be thought of as a
simple compression spring in series with several other compression springs.
Under load all will deflect; each by an amount inversely proportional to
its stiffness. If any one of the springs is replaced by a softer or more
flexible spring, all others in the series act harder or stiffer relative
to the overall stiffness of the system.

Thus it is only natural that the functional hardness of a grind-
ing wheel will change as other elements of the system change. A stiffer
machine makes a particular wheel act softer; a machine of lower stiffness
makes the same wheel appear to be harder. Similarly, relatively rigid
work pieces and work holding fixtures make a wheel act soft whereas the
same wheel behaves as though it were harder when the elastic stiffness
of either the workpiece or the fixture is reduced.

Up to this point in the qualitative analysis of functional hard-
ness of grinding wheels it appears that elastic properties play a dominant
role in contrast to penetration hardness of metals where plastic flow is

a major factor.



Elastic Modulus of the Wheel as a Factor

It is also well known in production shops that other factors
being equal, a resinoid bonded grinding wheel will act much harder than
a wheel with a vitrified bond. This appears superficially to be some-
thing of a paradox since a resin bonded wheel is indeed much softer
structurally than a vitrified wheel. Thé elastic modulus of a vitrified
wheel may be from three to six times as large as that of a resinoid wheel.

However, this property operates in precisely the same manner as
the other elastic elements of the sysfem. After all, it is the individual
abrasive grain which is the active cutting tool and so if a softer, spring-
ier grinding machine will make it act harder than so also will a lower

elastic modulus of the grinding wheel itself.

Elastic Support of Individual Grains as a Factor

On the basis of present knowledge, one can only speculate as to
the influence of this factor except to say that a softer, springier sup-
port certainly will make the grain act harder. It must be true also that
the elastic properties of individual grain supports vary directly with the
elastic modulus of the wheel but behavior locally in the immediate vicinity
of each grain may depend strongly upon grain size, porosity, ratio of vol-
ume of bond to volume of abrasive as well as some other factors as yet un-
identified. Consequently, the elastic properties of individual grain sup-
ports may be substantially unique compared to those of the wheel as a
whole in which case they must also be considered as another set of inde-

pendent variables in the composite property called effective hardness.
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Wheel Wear as a Factor

We come next to the simplest of the properties involved in over-
all effective hardness. It is also the property which has caused the word
hardness to be used rather paradoxically in describing influences that
amount fundamentally to increased softness rather than increased hardness.

As abrasive grains wear, they become dull. The duller they be-
come the higher forces build up before they will cut. Also greater fric-
tional heating will result. Eventually, the forces on individual grains
may build up until the grain itself fractures or the whole grain is broken
out of the structure thus presenting new and sharp cutting edges.

Fundamentally then, other factors being €qual, a truly harder
grinding wheel is one which hangs on to a dull abrasive grain to a higher
degree of dullness thus creating greater forces which in turn can make it
more difficult to control size. The greater frictional heat also aggra-
vates quality control of the grinding process through both size control
and sensitivity to grinding cracks and other manifestations of thermal
damage .

It should be noted in summary that this property is not singu-
larly unique but that it involves the strength and friability of the abra-
sive material itself as well as the combined strengths of the bond posts.
Either one factor or ﬁhe other may dominate in specific instances. Doubt-

lessly both factors operate concurrently in others.

Effective Hardness Defined

In summary, a qualitative definition of functional or effective

hardness of bonded abrasives and grinding wheels must include at least



the following variable factors:
No. 1) Terminal dullness of individual abrasive grains
No. 2) Elastic properties of individual grain supports
No. 3) Elastic properties of the bonded abrasive as a
body or structure

No. 4) Combined elastic properties of the entire system.

The first of these is essentially a hardness or strength type
of factor. The undesirable consequences of greater dullness or the corre-
sponding hardness is augmented and aggravated by the presence of the three
elastic factors.

The dullness factor is a property of individual grains. However,
the total consequences of dulling is determined by how many dull grains are
in contact with the workpiece at the same time. This is influenced by fac-
tors "2" and "3" above as well as by the geometry and size of the machining
operation being performed by bonded abrasives. The other elastic compo-
nents that go to make up system rigidity influence "spark-out" character-
istics in grinding, dwell behavior and other phenomena which affect size
control, surface finish and tendency toward chatter.

Peklenik(l)* emphasized these same elastic factors in his ex-
cellent analysis of the criteria and parameters which must be considered
in evaluating grinding behavior. This is illustrated schematically in
Figure 1.

Here in exaggerated form one sees a grinding wheel in idealized

form wherein each abrasive grain is supported by its own spring which will

* Numbers in parentheses correspond to references cited in the bibliography.



GRINDING WHEEL
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permit it to deflect radially toward the center of the wheel. The arrange-
ments simulate flat surface grinding with the wheel rotating clockwise and
the workplece in motion from left to right.

If the system were infinitely rigid, the wheel would cut a path
as shown by the dashed line connecting point B with the original work
surface. However, the system rigidity is finite so that the center of
rotation deflects an amount-9 relative to the workpiece. This is the
fourth of the four factors cited previously as an element of effective
hardness.

The contact surface through point A would be substantially cy-
lindrical if the modulus of elasticity of the wheel, (factor No. 5) were
infinite. However, this surface tends to flatten-out and lengthen as des-
ignated by the dashed line - ACB. This increases the area of contact
which in turn, increases the number of dull grains in contact with the work.
Obviously, the lower modulus of a resinoid wheel would cause. the area to be
larger than that for a vitrified wheel at the same depth of cut. It should
be noted also that higher modulus of elasticity of the work material would
have the same effect. Consequently the increase in contact area and the
corresponding increase in effective hardness must vary directly as some
function of modulus of elasticity of the work divided by the modulus of
elasticity of the wheel.

If one were to select a particular plane of a grinding wheel as
in Figure 1 and count the number of abrasive grains at precisely the same
radius within plus or minus a millionth of an inch for example he would
find very few grains at this radius around the entire circumference. 1In

other words the distance or spacing-L between grains following each other
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in identical paths is relatively large at light loads. As loads are in-
creased by increasing depth of cut, the individual grains deflect by
amounts proportional to Factor No. 2 with the result that more grains
are concentrated at the same radius.

One result of this concentration is a reduction in the average
or effective grain pitch or spacing. This is predicted by Figure 1.
Figure 2 shows the results of actual measurements of this property as
reported by Peklenik(l) for flat surface grinding of steel with vitri-
fied cup wheels of aluminum oxide abrasive. It is clear from these re-
sults that local deformation characteristics, Factor No. 2 will have a
separate and unique effect upon the number of dull grains in contact with
the work surface. In addition to the effect of grain size as shown in
Figure 2 one can well expect additional effects from variations in ratios
of bond to abrasive and porosity. These might well affect the deformation
characteristics of individual grains as well as the modulus of elasticity
of the bonded structure as a whole. However, this area requires much more
work of the type done by Peklenik before these questions can be answered
in a quantitative manner.

It appears then that any procedure intended to predict the func-
tional or effective hardness of grinding wheel as it will behave in actual
grinding must be sensitive to the elastic properties as well as to the
force required to fracture or break out dull abrasive grains. A labora-
tory study of this problem has been made and analysis of the results in-
dicates that it is possible to incorporate the elastic factors in a test

for effective hardness.
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Figure 2. Effective grain spacing as a function of depth of

cut for several different grain sizes in vitrified
aluminum oxide wheels while surface grinding steel
with cup shaped wheels. Wheel speed = 4150 sfpm.

Work speed = 118 ipm. (From the dissertation by J.
Peklenik, Reference 1)
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Laboratory Investigation

A laboratory study was carried out on this problem using the set-
up shown schematically in Figure 3. Wheels 12 x 1 x 5 were mounted on
an adapter fastened to the driving plate of a 1l2-inch swing engine lathe.

A cutter or crushing wheel consisting of a 90 degree included angle, coni-
cal cup with 0.100 inch thick wall is mounted on e free-running spindle.
The centerline of the spindle intersects the centerline of the lathe spindle
at an angle of 45 degree. The cutter spindle is mounted on a two-component
lathe dynamometer which in turn is fastened to the cross-slide by means of
a suitable adapter. The dynamometer measures forces both vertically and
horizontally.

Crushing or cutting of the abrasive wheel is accomplished by
setting the cross-slide for the desired depth and then feeding the cutter
across the face of the abrasive wheel in either direction. The surface
velocities of the two wheels are the same and true rolling takes place.
This process of cutting or crushing is used by some grinding wheel manu-
facturers to true up wheels after they are fired or cured.

It was reasoned that the elastic forces which must be built up
before crushing can occur would at least reflect the properties outlined in
the previous section. A series of exploratory tests were carried out with
a group of vitrified aluminum oxide wheels representing variations in grain
size, structure and grade. Feed rate was varled at a constant depth of
0.006 inch and depth was varied at a constant feed rate of 0.052 ipr. All
tests were carried out at a constant spindle speed of 700 rpm. Each test
was repeated until the measured forces leveled-off at an appropriate maxi-
mum value; this usually occurred no later than the third run but was con-

firmed by a fourth run.
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Figure 3. A schematic of the laboratory test set-up. The dynamometer is mounted
on an extension plate substituted for the compound of a modified 12
inch swing engine lathe. Depth settings were made with the cross-slide
and feeding was accomplished with the carriage. Vertical and horizontal
force components were indicated on the chart of a Model 60 Sanborn
carrier-amplifier-recorder. Crushing wheel is SAE6150 steel hardened
to 54-56 Rockwell C-scale.
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Test Results

The results of this series are shown plotted on logarithmic
coordinates in Figures 47 inclusive. Figure 4 gives the results for
wheels differing only in grain size. The measured horizontal forces
are plotted against corresponding feeds and depths. In all cases the
vertical component of force on the dynamometer was negligible and barely
measurable except for the very short period during which the cutter was
accelerated . to full speed.

The first thing to be noted about all the data in Figures 4-7
is the orderly change in crushing force as both the feed and depth are
changed. In reference to Figure 4, it is interesting to note gwo fur-
ther points. The first is that the slopes of the variable feed lines
are greater than the slopes of the variable depth lines. The second is
that the slopes decrease with decrease in grain size. Possible reasons
for the different slopes are discussed later.

Figure 5 shows the results for a series of wheels differing
only in structure. There was a substantial drop in force in going from
the No. 5 structure to a No. 8 structure. However a further change in
the same direction to a No. 12 structure resulted in a higher hardness.
Attention is called to the equation for the wheel with the No. 8 struc-
ture. Later on it will be shown that this equation can be predicted
almost entirely from known behavior in actual grinding.

Figure 6 shows the results for a group of wheels differing
only in grade or hardness. The O-Grade wheel was almost too hard for

the laboratory apparatus since it had a strong tendency to chatter at
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forces above 120-130 pounds, It will be shown later that these lines

should remain substantially parallel when only the grade is varied.
Figure 7, shows the results for two adjacent grades in a dif-

ferent grain size and structure than the wheels represented in Figure 6.

Once more the lines are nearly parallel within each set,

Measured Hardness vs. Bending Strength

As a part of early exploration, a search was made for possible
correlation of some function of the measured forces and the bending
strength of the wheels. The bending strengths of all of the grinding
wheels represented in Figures 4-7 were determined from the averages of
eight tests on each wheel, The results are summarized in Table I.

In addition, average crushing pressures were calculated on the
essumption that the total force measured in the tests was concentrated
in the crushing zone, The results of these calculations are summarized
in Table II. The force indicated from dynamometer calibration, Fp, was
first multiplied by Jé to get the actual force - Fy. Then the actual
force was divided by the area of the crushing zone as represented by
Equation (B-5) in the Appendix,

Apparent crushing pressures were calculated for four different
sets of test conditions designated as A, B, C, and D in Table II, A
comparison of the pressures in columns A and C shows an apparent drop
in pressure as the feed is increased. This indicates that there is an
elastic component of the force and it does not increase linearly with the
feed, TFurthermore at least part of the elastic component must arise out-

side the crushing zone,
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TABLE I
STRENGTH DATA ON WHEELS STUDIED

Breaking

Wheel L - b (Ibs) ° (in.) % (in.) bt2 20 - (psi)

LBA6OH5VE 1022 1.003 1.10k 1.225 8,350
- 60H8 - 1087 .968 1.254  1.521 5,950
- 60H12- 877 1.010 1,17k 1.392 5,650
- 60K5 - 1410 1.015 1.052 1.128 11,250
- L6H5 - 896 1.016 1.039  1.090 7,400
- 8oH5 - 1393 1.004 1.136 1.295 9,700
- L4618 - 760 1.048 1.040 1.136 6,000
- 4638 - 803 1.027 1.070  1.176 6,150
- 6005VT 840 843 .983 .820 9,250
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A similar comparison of the pressures in columns B and D
shows an increase in apparent pressure with increased depth whereas an
increase in feed rate had the opposite effect. This stiffening effect
with increased depth is related directly to behavior in acutal grinding
as will be shown in a later section.

The pressures from Teble II were plotted against the bending
strengths in Table I. The resulting plots are shown both in cartesian
and logarithmic coordinates in Figures 8-15 inclusive. There is rea-
sonable consistency despite the fact that the calculated pressures can-
not be the true fracture strengths in all cases. That the pressures do
not correspond to the breaking strength is due to at least two factors.
One is the presence a substantial elastic component in the measured
forces. The other is that the number of grains available for contact
at the surface of a grinding wheel is a sensitive function of the depth
of cut. At test condition-D for example there may be only two grains
being crushed at any one time but there are many more in the same cross-
sectional area within the wheel. This latter factor explains why some
of the crushing pressures in column-D of Table II drop below the corre-
sponding strengths in bending.

The consistency which does appear in Figures 8-15 can be attri-
buted to two things. First is the fact that the factors other than frac-
ture strength which enter into the measured force on the dynamometer
maintain an orderly relationship with the total force within each test
condition. Secondly there should be some correlation with bending strength
since all glasses fracture in tension regardless of the type of loading.
More study will be needed before the manner in which all of the elastic

factors combine with fracture strength to give the measured forces. Some

promising evidence has come out of recent research on grinding itself, however,
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TEST CONDITION - A

20
18
DEPTH = .006 IN.
~ 16 FEED =.125 IPR.
[ )
= AREA =.01675 SQ.INC. /
4
& 14
a
;/( 60 K5)
a2
&0
2 (80 H5)
(7]
& 8
a /G/ (60 H5)
I (46 J8) X
3 /(60 H8)
g |
/ X (46 18)
2
0

0 2 4 6 8 10 12 14 16 I8
2 X BREAKING STRENGTH , O (PSix IO-,)

Figure 8

(Figures 8 through 15 - Calculated pressure in the crushing zone from Table II
versus bending strengths from Table I, Test conditions A and C are for
the same depth of cut but heavy and light feeds respectively, Similarly, con-
ditions B and D are for constant feed and large end small depths respec-
tively., Difference in calculated pressures for the seme wheel reflect changes
in elastic components,)
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TEST CONDITION - B

PRESSURE

CRUSHING

/

DEPTH = .010 IN.
FEED =.052IPR.
AREA =.00895 SQ.IN.

f(SO KS5)

/

/@ (80HS5)

(sou&f
(60 HI2)-X] (46 H5)
(46 J8) X
//(sone)
/ x(46|'8)
/
/
2 4 6 8 10 12 14 1. 18

> x BREAKING STRENGTH , O (PSI x 10°)

Figure 9
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TEST CONDITION-C

DEPTH =0.006 IN G/(SO KS)

FEED =0.0125 LPR.
AREA =0.001675 SQ.IN.

J(BO H5))

(46 J8) X fg(sons)
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(4§18)‘>'(
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(60HB)X

/

/

0 2 4 6 8 0] 12 14 16 18

5> X BREAKING STRENGTH-(0')- PSIx10™>

Figure 10



CRUSHING PRESSURE -(P)- PSI x 10®
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TEST CONDITION - D

24 /
22 DEPTH =0.0025 IN.
FEED =0.052 IPR.
20 AREA :=0.00448 SQIN |-X(6005) ]
18 //
16 /
14 1
/{ (60 K5)
|12 /
o) 4 (46 H5)
8
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6 (60HI2) Xy / '
(4648) /{(eons)
4 4618) X
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2 //
0 2 4 6 8 10 10 12 14

2 X BREAKING STRENGTH -(0)-PSI x10°

Figure 11

16
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TEST CONDITION - B

50
(6005) X /
30
20
(60 K 5)
IS
/
/\—p=sssa-"”xno"
10 (60H5) )1-(80»15)
T
8 —(sonlz)x-l—f{ (46 H5)
(46J8) X
6 "7
& (60H8) DEPTH =.0I0 IN.
S i FEED =.052 IPR.
) / X (46 18) AREA =.00895 SQ.IN.
3 /
3 4 56 8 10 20 30 40

2 X BREAKING STRENGTH , o (PSI x 10°)

Errata: Figure 13
p = 2020 o1:85 x 10-6
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Analysis and Interpretation

The fact that the data in Figures 4-7 is orderly and reproduci -
ble is gratifying in itself. However, the full significance and possible
usefullness of such information depends on further analysis. It is ob-
vious from visual observations that the mechanisms which control behavior
in the crushing zone are quite complex and that they take place very
rapidly.

An attempt has been made to illustrate some of these mechanisms
in Figure 16 which is a front view of the contact zone. Three different
sources of force components appear to be present. These components have
been designated as crushing, elastic and packing components. An equation
for measured force incorporating these components has been written but a
review of the actual events occurring between the crushing wheel and the
abrasive wheel is necessary before the individual terms appear to be rele-
vant.

The proportions in Figure 16 represent a fine-grained wheel
with a grit size of 120 or smaller. The cutter wall thickness is desig-
nated as -t, and the width of the area being crushed is designated by -f
since it is determined by the feed rate in inches per revolution. The

abrasive grains approach the crushing zone from the top of the figure.

The Crushing Component

Initial contact with the crushing wheel is elastic and force
will build up with continued motion. If the interference is large the
grain will either split or be broken away from the bond posts. On the

other hand, initlal contact may come only shortly before the tangent point



SOURCE OF ELASTIC
COMPONENT - Pe
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BUILD UP & CONCENTRATION f
OF ELASTIC CONTACTS IN

APPROACHING THE CRUSH=
ING ZONE. 8

AVERAGE FORCE =Pa

> [0
SOURCE OF PACKING " 0 c B “d ROLLIN
GOMPONENT. Pp 4) D | |BRecnion

) CRUSHING
ZONE

(FEED DIRECTION)

Figure 16.

Front view of probable conditions in the contact zone
between the crushing wheel and the grinding wheel. All
grains make elastic contact since actual fracture is
sudden and brittle in nature. All debris from crush-
ing must pass between the wheels and can cause some
packing at large depths of cut.
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at the centerline in which case the contact conditions will remain elastic
and the grain will pass on through the crushing zone without fracture
taking place. Thus the force arising from this zone will be built-up
elastically but this terminates in crushing for some grains if not for
others. For this reason it has been called the crushing component. Its
magnitude will be determined by strength properties and the number of
grains in the zone. Thus the initial form of an expression for the crush-

ing component could be

P. = K N(pounds) (1)
where:

Ka = some average force per grain in pounds

N = number of grains in contact.

Peklenik<l) found that the surface density in grains per unit

of area increases exponentially according to the equation

Ky, = Cdn (2)
where:

K; = number of grains per unit area (Grain Concentration)

d = depth of cut in grinding (inches)

C = proportionality constant.

The data from which this equation was derived is shown in
Figure 17 for four different grain sizes of vitrified aluminum oxide
wheels. Appropriate values of -C and n as reported by Peklenik are sum-
marized in Table III along with corresponding data on average grain di-

ameter and center distance as reported by Maslov.(e)



-32-

-B1I9SSTP 9Y3 WOIJ
-psw B JO BUuTpUIX

95BaJIOUT 9YJ

(T edouaxsgsy ‘YTuUsTHad 'L JO UOTS
*sTosys dno y3IM T993S UOQIBD UMT
20BJJINS JOJ PSUTBLIQO SI9M s3Tussy

csuTesd JO UOTZBIJUIOUOD I3BJ8T B8 Butonpoad snyj
I9qUs0 9U3 PIBMO3 ATTBOTRSEBTO PO3OSTIOP 99 03 SuTeId

Jou31y oya soasneo syjzdsp xs3eaax8 3e sanssaxd ug
*PoSBaIOUT ST BUTPUTIZ TBNGO® UT 300
Jo yjdsp sy3 s® 8uOZ FUTFIND 33U} UT BSJIB FTUN Jad

suteJd SAISBIQE JO JoqUMU 373 UT 9SESJIOUT U3 SMoyug ° LT 2am3Tg
(,O! X SIHONI) P *‘ H1d3a ONIONINO
ool oS 02 0l 3
002
9
o oog »
A z
. A\L\\\\V o
L~ o
- 2
0
o \\\\\\ “m
\ ~d
e — 2
(SHOE) = . ooz 5
o] \\\\\MH W
= 000! -

(LH9%) ] _—o =
X.v\q _— )
>
4
(LHO9) ¢ &
| | (LH08) L — 0ooz 5

JINOZ SNILLND 3HL NI SNIVYO 40 H3gANN
dH1 NO
ONIANIFO NI 1ND 40 H1d3d 40 1034445



TABIE IIT

GRAIN CONSTANTS AND CONCENTRATION COEFFICIENTS

Grit No. K =can (a) Average(b) Average Center (D)
Diameter-in. Distance-A(in.)
C n
36H5 1520 0.368 0.0212 0.0187
Lent 2300 0.370 0.01k1 0.0149
60HT 3520 0.370 0.0092 0.0103
80HT 5735 0.365 0.0070 0.0092

(a) According to Peklenik (1)
(o) According to Maslov(2)

Since the individual grain contacts are elastic all the way up

to fracture, it is reasonable to expect that Equation (2) will be appli-

ceble to some degree in crushing as well as in actusl grinding itself.

On this basis Equations (l), (2) can be combined with the equation for

the area of the crushing zone (B-5)% to give

where:

P, =3 KyCfd

* The derivation

feed rate - ipr

crushing component - pounds

depth of crushing - inches

exponent from Equation (2).

average force per grain - pounds

proportionality constant from Equation (2)

of this equation is given in the Appendix, part II.



-3h-

When the system, including the dynamometer, is relatively rigid
and the depth of cut is not very large, the actual depth of crushing may
be deep enough so that there will be no contact on the return pass. This
would indicate that the elastic component - Pe and the packing component
Pp as suggested in Figure 16 did not exist at these conditions in which
case the total load on the dynamometer would be represented by Equation
(3).

Experimentally, the above set of conditions was satisfied in
the tests on the 48AG0H8VE wheel for which the results are plotted in
Figure 5. It will be noted in Figﬁre 5 as well as in Table IV that the

measured force for this wheel is expressed by the equation
FD - Kfl .Od.89

It is interesting to note the qualitative similarity between
this result and Equation (3) when the appropriate values of (n) and (C)

from Teble III are inserted. In this case, Equation (5) becomes
P, = 6100 Ky£a-57 .

It will be noted further in Table IV that the exponents for the LBA60HBVE
wheel were the largest. This means that some combination of the elastic
and packing components were present in the measured forces for the other
wheels. This possibility was substantiated by varying amounts of inter-
ference and further crushing when the cutter was traversed back over the

abrasive wheels without additional infeed.
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TABLE IV

SUMMARY OF CRUSHING FORCE EQUATIONS*

(Fp = K£Xay)*
Wheel K Y X
LBAGOH5VE 13,700 67 .79
~60H8 - 39,000 .89 1.0
-60H12- 16,000 .T3 .81
-60K5 - 2k, 600 .68 CT7
-46HS - 27,000 .80 .88
-80H5- 10,700 .59 .75
-L618- 4,350 .65 .70
-L46J8- 6,550 .63 .70
-6005VT 70,000 .79 .TL

*Dynamometer Force = Fp = Kf¥qy
where: f = feed (inches per revolution)

d

depth crushed from wheel surface (inches)

K

]

proportionality constant
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The Elastic Component - Pe

An expression for the elastic component Pe as designated in
Figure 16 is difficult to derive by direct calculation since the geome-
try of individual grain contacts is not known well enough yet to permit
even statistical treatment of the problem. However, the events leading
up to crushing are relatively simple and they demonstrate that an elas-
tic component must exist.

This was deduced from the following observations.

1) There are very few grains in contact with the crushing

wheel at any one instant even at relatively heavy cuts.

2) The stiffness of the entire system including the dyna-

mometer is substantially less than that of individual
grains in the sbrasive wheel

3) The deflection of the system in building up a force suf-

ficient for crushing may be several times the diameter of
the grains which are broken out.

At very small depths and light loads, the crushing wheel will
simply ride up and down over the high spots on the surface causing oscilla-
tions in the force record produced by the dynamometer. With very low sys-
tem rigidity this would continue to prevail even at large system deflec-
tions. As the system is stiffened up, the force variations resulting from
riding up and down over the high spots will increase with the result that
some of the high spots or grains will be crushed. The crushing permits
the load to relax but not all the way to zero necessarily.

For example, the laboratory test set-up had a system rigidity of

7000 pounds which caused a total deflection of 0.010 inches when the
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required crushing load was 70 pounds. This load was required to crush
the 48AB0H5 wheel at a depth of 0.006 in. and a feed rate of 0.070 ipr.
Obviously the wheel could ride up and down no more than the depth of cut
so that the absolute minimum elastic component would be 28 pounds. It
is more likely that the oscillatory movement of the crushing wheel is

no more than the radius of a grain or at most, half the average center
distance. Table III shows for an 80 Grit wheel this distance could be
from 0.0035 to 0.005 inches. It can be expected that harder grade wheels
with lower porosity would further reduce this distance. Therefore, the

combination of the elastic and crushing components could be expressed as

. 1 + sinwt
P =3 K,00a90 " - ) (Koh,0,8,8) (RS2
N + sinwt
N + sinwt 4
T 1) )

+

¢2<tc:°o:kl + kE:T)(

where:
Kg = modulus of elasticity of the system

P
il

average center distance between grains

o = fraction porosity (e.g., p = .45 = 45% porosity)
d = depth of cut

te = wall thickness or width of crushing wheel

ki+tky = elastic constants of both wheels (see Appendix IV)

r = average radius of abrasive grains

t = time

® = function of surface velocity and grain spacing at the
surface

¢l’¢2 = unresolved functions

0o = average fracture stress
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The "Packing" Component - Py

The packing canponent will be discussed before trying to in-
terpret Equation (4). All of the debris crushed from the surface of
the wheel must pass between the two wheels so that combinations of low
porosity and large depth of cut can cause some further interference be-
tween the wheels and consequently some additional locad. The added load
will be a product of the added system deflection and the system modulus
Ks.

It can be shown that this load, that is, the packing component

can be expressed as

=85 {Kellmp)(1-p) - 0]} CREE™) (5)

where:

o
-

lop

il

multipliers of A

RSN
W
!

= unresolved function.

The packing has a far greater effect in the contact zone than
would be indicated by Equation (5) since it reduces or takes over at
least part of the elastic load represented by the third term of Equation
(4). This component is essentially elastic also but it is confined to
the crushing zone and has little practical significance except that ex-
cessive amounts of packing would alter the shape of the surface of the
crushing wheel and reduce sensitivity of the process to the important
properties represented in the so-called elastic component. Practically
then, the packing phenomenon establishes upper limits on size of cut
where the process is to be used for investigation and evaluation of the

effective hardness of bonded abrasives.
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The Total Force - F

The total indicated force is represented in a general equation

by adding Equation (5) to Equation (4) to give

1 + sinwt
(F———)

F =v3 K005 - g (Kg 2,0,d,f) 5

N + sinwt
+ <"—""l—_) [¢2<tc,00,kl+k2,r) ]

N+1
+ (2 k] ( ) (1-0) - e}l (6)

1 + sinwt N + sinwt
P ) and (Spe—)
(l + sinwt)

The terms ( make the last three terms

oscillatory in behavior. The term oscillates between zero and
unity, The other term oscillates between unity and some number greater
than zero but less than one. Thus the elastic terms will not be reduced
to zero when N is greater than one. ©Studies aimed at resolving the un-

knowns in this equation are being carried out and will be the subject of

further reports.

Testing the Equation

Eqﬁation (6) can be evaluated qualitatively only until further
studies are completed. The basis for evaluation is the slopes of the
lines in logarithmic coordinates. The addition of a constant number to
an existing straight line in double-logarithmic coordinates gives another
straight line of flatter slope.

It has already been shown that the slopes can approach those in
the first term when a wheel is relatively soft. On the other hand, if the
elastic component exists outside the crushing zone then it will never com-
pletely disappear and the resulting slopes will all be flatter than the

exponents of feed and depth in the first term.
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It would appear that the first two terms of Equation (6) are
dominant since the magnitudes of the elastic terms are primarily results
of these terms rather than being independent causes. Consequently the
behaviour of the equation as it relates to grain size and porosity will
be determined primarily by the second term.

Grain size effect can be seen in Figure 4 for grits Nos. 46,
60, and 80. The nature of the second term of the force equation indi-
cates that smaller grain sizes will cause a proportially large elastic
force which in turn produces the progressively flatter slopes in this
group.

Nominally, the porosity varies according to certain tabular
specifications like those reported by Ljubomudrov(5) in Table V. It
will be noted that the porosity by volume varies only between grades and
that the proportional change between grades is almost negligible. Con-
sequently, the ratio of .the secord term to the first should remain sub-
stantially constant between grades and the slopes should be approximately
equal. This was the case for the two sets of lines in Figures 6 and 7.

The effect of structure is much more complex and requires fur-
ther study. The H12 structure shown in Figure 6 is not comparable to the
other two since the porosity is not uniformly distributed; it is charac-
terized by blocky aggregates of grains and occasional large pores.

Further study of the significance of slope variations is repre-
sented in Figures 18, 19 and 20 inclusive. The lines represent many test
on the same grinding wheel. The maximum, minimum and average forces were
read off the charts and plotted as separate sets of lines. Further, the

resulting slopes were plotted against the corresponding values of constant

depths and feeds.
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Undoubtedly some of the slope changes are a load-level effect
although there are some indications that it is also related to the actual
number of grains in contact in the crushing zone and to some change in
the exponent-n itself as the size of cut is increased. Peklenlk's ex-
perience with finer grain sizes is another indication of this possibility.
In any event, the orderly progression of slope changes shows promise for
another fruitful area of research.

In summary, it should be pointed out that Equation (6) for the
total force is tentative and to some extent also speculative. The number
of terms may change and certainly their form will change as more informa-
tion is evolved. However, it is already reasonably well established that
this approach to evaluating the hardness of grinding wheels does incor-
porate elastic behavior and that it produces measurements which must re-
flect substantially the same properties which Peklenik and others have

found to be important in actual grinding.

Application

The orderliness and repeatability of the dynamometer force
measurements and the origin of the force components suggest several possi-
ble applications and uses. One of the obvious applications is for in-
spection and quality control of grinding wheels where the process has

already been in use for a few months.

Quality Control

Figure 21 is & reproduction of the original test record of a
24 x 7 x 12 vitrified wheel produced before this method of inspection

was put into operation. The customer returned the wheel claiming that
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it was defective. The test record substantiates the complaint. It is
hard on the sides and soft in the middle in a ratio of about two to one.
Furthermore, the right hand side shows a variation in hardness of from
20 to 25% around the circumference of the wheel.

The procedure is fast and economical. A single pass across
this wheel required only 23 seconds. New cutter wheels are used from an
original diameter of 3 inches down to 2-5/& inches and then transferred
to the main cutter spindle where they are used up. This results in a
cutter cost of about one cent per day for inspection in contrast to more
expensive diamond and carbide tools used in some other processes. More
important than low cutter cost is the fact that cutter wear is uniform
so that it always provides the same shape and size of contact surface.
This is very important for the maintenance of consistency in a test of

this type.

An Industrial Standard

This study also has indicated the feasibility of establishing
industrial standards for grinding wheel hardness. With this obJjective in
mind a brief exploratory study was made with a two-pass procedure which
makes 1t possible to assign a dimensionless number for wheel hardness.
Since this method of testing produces force data, then a dimensionless
number can be obtained through a ratio of forces.

Figure 22 shows the dynamometer forces obtained in laboratory
investigation of a two-pass procedure. In this approach the cutter is
adjusted for a particular depth and feed rate and then fed across the

face of the grinding wheel and the resulting force is measured. Then it
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Figure 22.

FEED , f (IPR)

Plot of crushing forces on successive passes in a procedure
wherein the cross-slide was adjusted inward on every other
pass. Force on second pass reflects residual elastic force

present in first pass.

The depths shown on the plot are

depth settings only. Actual depths of cut are unknown as
yet except that the sum for two successive passes equals the

depth setting.
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is passed across the wheel again at the same feed rate but without chang-
ing the depth setting. Any residual elastic deflection from the first

pass will cause further crushing on the second pass. This is true also

for the third, fourth and any successive additional passes until only
finite elastic contact is made. Practically this point will not be reached
except at low speeds since the necessity for accelerating the cutter causes
the residual depth to be decreased further by actual grinding of the cutter.

The data shown plotted in Figure 22 is for a constant feed of
0.052 ipr when the depth is varied and a constant depth setting of 0.010
inches when the feed rate is varied. It is interesting to note the dif-
ference in slope of the two lines representing the first and second passes
on variable feed. They intersect at a feed rate of 0.210 ipr which is be-
yond the 0.100 inch wall thickness of the cutter used. This means that no
crushing could occur at feeds equal to or greater than this amount since
the contact conditions would be purely elastic and the test would become
erratic with successive infeeding.

When the feed rate is held constant at some value below the
critical value there will always be some crushing on the first pass how-
ever large the infeed may be in which case the force on the second pass
will always be less than that for the first pass. Consequently the lines
for variable depth at the left in Figure 22 must diverge with increasing
depth setting. Theoretically, purely elastic contact will be achieved at
some light depth but it is difficult establish the location of such a
point at the test conditions used in this preliminary investigation. The
lines in Figure 22 were purposely drawn at the slopes represented by the

exponents shown because of possible analytical significance. They fit
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the data well but 1t 1s not yet known whether there 1s some fundamental
reason why they should remein substantially constant or if they should
vary in some manner with variations in the grinding wheel and system
rigidity. These questions require further exploration and analysis.
Such questions become somewhat academic since it already has been es-
tablished that the two-pass procedure is dependable and repeatable. On
the other hand, the answers to these questions will establish the condi-
tions necessary for making a hardness test truly universal.

A range of 12 x 1 x 5 wheels from various sources were tested
in the laboratory with the two-pass procedure at only one set of cutting
conditions. The resultant first and second pass forces are listed in
Table VI. The ratio of the second divided by the first and multiplied
by 1000 to avoid decimal points is shown in the fourth column. These
values range from a low of 111 to a high of 575 for the vitrified wheels.
Both resin bonded wheels gave values over 800 but the lower of these for
the C60L11B1268 wheel is questionable because the force on the first pass
was so high that the dynamometer chattered violently and probably removed
more abrasive than normal because of the resulting impact.

It should be noted that this basis for assigning a hardness
number provides a maximum value of 1000. It should be noted also that
both hardened steel and soft rubber would yield the same result; a hard-
ness rating of 1000. This is as it should be because neither would break
down or crush under load 1f they were the bonding material and both would
act exceedingly hard in actual grinding.

There are some practical problems associated with using the

force ratic as a hardness number. These difficulties occur primasrily at
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TABLE VI

FORCES AND RATIOS FOR TWO-PASS PROCEDURE

Wheel Fpp-Lbs.  Fpp-Ibs.  Fppo/Fpy(X10%)  Fpp - %
L8ALEHBVE 18 2 111 100
-I- 2k 3 125 133
-J- ity 1k 350 212
-K5- 62 32 515 3kl
4L8ALEH5VE 41 15 366 228
-60- 50 22 Lho 278
-80- 90 50 555 500
L8AGOHBV6 Lo 10 250 212
(a) 48A60HBVE N} 12 293 228
-12- 54 20 372 300
(a) 4BAGOHBV6 56 25 446 311
LBABOK5VH 87 50 575 483
84ALGHBVMM 22 3 1%6 122
-18- 4o 12 300 212
C60K11B1268 108 92 850 600
-L11- 134 108 810 45
DAGOF9V2D 22 2. 113 122
-G9- 28 5 178 155
-J9- Lo 1k 343 233
39C60ITV 26 L 154 144
-J7- 3 8 245 189
-K5- 72 4o 555 400
32 A4 6HBVBE 28 7 250 155
Test Conditions: Depth Setting: 0.010 inches; Feed: 0.052.1ipr;

Speed: 700 rpm.

(a) Test on another wheel of the same specification.
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low hardness where the force on the second pass approaches zero and small
errors in force measurements give rise to large variations in the hardness
number. However this can be overcome by proper selection of test condi-
tions.

Other possibilities for forming dimensionless hardness numbers
include forming ratios of either force with either the sum or the dif-
ference of the two. Still others are possible but the best will be the
one which provides an optimum conbination of dependability, sensitivity
and relevance to the elastic factors involved in grinding wheel behavior.

Al]l of the data in Table VI were plotted on logarithmic co-
ordinates in Figure 23. The second pass forces are plotted vertically

against the first pass forces resulting in the equation

Fpp = C Py 20

The fact that the test points for all of the wheels lie close to the line
would seem to indicate that this correlation is strongly dependent on
system rigidity. The coefficient-C and the exponent may both be sensi-
tive to system rigidity and size of cut. These factors are being in-

vestigated further in order to resolve these questions.

The Effect of Speed

Figure 24 is a plot of one of several sets of data all of which
indicate that surface speed has very little effect on average readings.
An attempt was made to filter the high frequency variations in the labora-
tory instruments in order to get better averages. However, the filtering

was inadequate at low speeds, particularly below about 50 rpm. The dashed
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line in Figure 24 indicates that the drop in force level was less than
7% from 70O to 700 rpm and most of this can be attributed to frequency
attenuation in the chart recorder. It is also worth noting that the
maximum deviation of readings from the dashed line in this same speed
range is plus or minus 3 percent which is relatively small considering
the low capacity of the improvised filtering.

The relatively minor speed effect is not surprising when one
calculates the actual relative speed or speed of approach between the
abrasive grains and the crushing wheel. This factor is analysed in
Section III of the Appendix and the results show that the maximum ap-
proach speed is about 250 fpm at 70O rpm compared to a surface velocity
of about 2200 fpm. The corresponding radial approach velocity in actual
griding is even less; less than 100 fpm for a heavy cylindrical grinding
cut at a wheel speed of 6000 fpm. Therefore it does not appear that
there are any impact effects in the crushing process associated with this

test.

Summary
The results of the study up to this writing have established
several useful facts and show evidence that still more may be evolved.
Among those things which are already reasonably well established are that
1) The crush cutting process is orderly and susceptible to
precise measurement,
2) The measured forces also are orderly and correlate in a
logical manner with the elastic and grain concentration
factors which Peklenik has found to be important in actual

grinding,
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5) The measured forces reflect all of the elastic properties
of bonded abrasives as well as those of the entire system,

L) Effective hardness of bonded abrasives involves not only
the strength property which determines the force at which
a dull abrasive grain will be released but also the soft
or elastic factors which tend to aggravate and intensify
the deleterious effects of dullness,

5) Grinding wheels can be graded in production competently,
quickly and economically and,

6) A universally applicable hardness scale involving dimen-
sionless numbers can be established and corresponding in-
dustrial standards can be developed.

Further studies along these same lines can reasonably be expected

to produce

a) A basis for predicting chatter conditions in grinding,

b) Information on the effect of machine rigidity on grinding
behavior,

c) A basis for predicting differences in performance of the
same grinding wheel on different grinding machines,

d) Information on the difference in behavior of the same

grinding wheel at different grinding conditions.



APPENDIX

I. Geometry of the Contact Zone

The shape of the contact area between the conical crushing wheel
or cutter and the grinding wheel will be defined by the curve of inter-
" section of a plane of the grinding wheel with that of the conical crushing
surface as illustrated in Figure A. The equation of any cone with its
apex at the origin of cartesian coordinates and with 1ts axis coincident

with the Z-axis is

2

X 2 252

+ Y5 = K°Z (A-1)

where 7 must vary in a fixed ratio with X and Y. For this purpose
let

2

K® = tan®p = ——— (A-1a)

where ¢ is one half the included angle of the cone.

In order to simplify the equation of the intersection of the
cone with a plane of the grinding wheel, it is desirable to rotate the
coordinate axes counterclockwise about the Y-axis until the Z-axis be-
comes an element of the cone. For this purpose, the following substitu-

- tions must be made in Equation (A-la)

X =2'"sin § + X' cos ¢
Z = 7' cos ¢ - X' sin ¢
Y =Y

Substituting and then dropping the prime symbol gives rise to
Z sin®p + 27X sin § cos P + X° cos® b+ Yo =

tan®p (2° cos®p - 27X sin P cos B + X° sinf)
_57_
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which simplifies for the general case to

sin5¢ + sin ¢ cos2¢
cos f

by _ ainh
2 (COSC§SQ¢Sln ¢) + Yg = 27X |

X ) (A-2)

When, as in this case, the included angle of the cone is 90

degrees, then f = 45 degree, sin ¢ = cos § and Equation (A-2) reduces to
Y2 = -27X (A-3)

which is a parabola with a radius of curvature equal to Z at its apex.
Consequently the crushing wheel is essentially a cylinder or circular
disc of the same radius-Z. The original diameter of the wheels is three
inches so that if they are used until worn down to 2.750 inches the aver-
age radius of curvature in the contact zone will average about two inches
so that

Y2 = Lx (A-4)

where X 1is treated as a positive number proportional to the radial depth

of contact with the grinding wheel.

IT. Area of the Contact Zone

The area of the contact zone wherein crushing takes place is a
function of the feed rate (f-ipr), the radial depth (d-inches) and the
relative geometry of grinding and crushing wheels as illustrated in Figure-B.
The actual arc of contact is so small (less than 7 degrees) that the dif-
ference between arc length and the height of the intercept Y; 1in Figure-B

is negligible and the area under crushing influence (Ac) can be expressed

as
Ae = £Y] (in.2) . (3-1)
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It is necessary to develop the relationship between the intercept-
Y, and the depth of cut-d. This can be done substituting the equation of

the parabola (A-3) into the equation for the grinding wheel
RS = [X + (R-2)]° + ¥° (B-2)

where the origin-O is at the nose of the parabola and the center of the
grinding wheel is placed on the X-axis at a distance (R—d) inches to the
left of the origin.

Substituting (A-3) into (B-2) gives

2 2

X] +2(Z +R -d)X +d% -2Rd =0 . (B-3)
Solving (B-3) for X; gives
X; = +V(R42)2 - 228 - (R4Z-d) . (B-4)

Equation (B-4) was used calculate the values shown in Table-A
below for the range of depth of cut used in this investigation. The radius-

Z was held constant at two inches.

TABLE-A

VALUES OF X7 AND Y; AT TEST CONDITIONS

R = 6 in. R = Infinity
Depth-d(1n) X1-1n Y1-1n X1-1n Y1-1n
0.0025 .00187 .0870 .0025 .1000
0.005 .00375 .1225 .005 J1kk
0.010 .00750 L1732 .010 .2000
0.015 .01125 .2121 .015 2450

0.020 .01500 .2hk9 .020 .2828
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The values in the above table for R equal to infinity are
applicable to flat surfaces of cup wheels, honing stones etc. It will
be noted that for the limited range of depths that X remained constant
at three quarters of the corresponding depth. Consequently, 0.75d can be
substituted for X in Equation (A-4) so that the equation for the area

under crushing influence becomes
Ao =N3 £ a-5 (in.2) (B-5)

where:

}.b
1

feed rate (ipr)

Q
]

depth (in)

ITI. Velocity of Approach

The relative velocity with which the abrasive grains and the
crushing wheel approach each other can be determined easily in view of
the fact that both have the same surface velocity-V. It will be the sum

of the X-axis components in reference to Figure B.
a) Crushing Wheel Component - Ve
Vo = Loy oJezx v (c-1)
Z Z
for the general case and

Ve =~f§_ a-2 v (c-2)

for the conditions used in this investigation.
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b) Grinding Wheel Component - Vg

v =2zx v (c-3)

R

<3
)i

|
l,_l

for the general case and
6
for the conditions used in this investigation
¢) The Total Relative Velocity - Vr
Vp = Ve + Vg
Ve =V3 a2 vz a?v=24J3 a’v
2 6 3

V, =1.152 a2V (c-5)

Typical approach velocities at test conditions are summarized

in the following table for 12 inch diameter grinding wheels.

TABIE-B

APPROACH VELOCITIES DURING CRUSHING

Depth-d(in) At 700 rpm At 319 rpm
.0025 127 fpm 58 fpm
.005 180 81
.010 254 115

.020 360 162
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During actual cylindrical grinding of a 4 inch diameter with a
12 inch diameter grinding wheel at 6000 fpm surface speed, the correspond-
ing approach velocities would be 87 fpm for a heavy depth of 0.0025 inch

and only 39 fpm for a depth of 0.0005 inch.

IV, Elastic Contact Conditions

At most of the test conditions there is a substantial elastic
component in the total force. This component cannot be reduced below s
value corresponding to the average minimum fracture stress and the latter
is a function of the elastic properties of the bonded abrasive as well as
the magnitude of the applied load.

These relationships can be approximated by assuming that the
abrasive wheel is a continuous and homogeneous material in which case
the equations for contact stresses between rolling cylinders are appli-
cable. Timoshenko(a) gives the following equations for cylinders with

parallel axes:

Ll-P’ ( kl+k2)RlR2

Ea Ry +Ro (p-1)
P'(R1+Rp)
= 72 (k1 +ko )R Ro (0-2)
where:
R, and Rp = radii of the cylinders - in.
b = half the width of the area of contact - in.
d, = maximum pressure in contact area - psi.
P' = normal force - lbs/in of contact length

(a) "Theory of Elasticity," by S. Timoshenko, McGraw-Hill Book Company,
193k, p. 3k49.
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_1-v2
B

v = Poisson's Ratio

E = modulus of elasticity .
TABLE-C
ELASTIC PROPERTIES OF WHEELS
Type of Wheel E v k
psi
Vitrified Abrasive 14 x 106 0.18 22 x 1077
Resinoid Abrasive 3.5 x 106 0.23%5 86 x 107
Steel Cutter 30 x 106 0.3 9.65 x 10~

Comparative values of pressure and width of contact for resin-
oid and vitrified wheels in contact with steel cutters were calculated by
inserting quantities from Table C into Equations (D-1) and (D-2). The
grinding wheel radius was set equal to six inches and cutter wheel radius
was taken as two inches. Conditions were calculated for elastic compo-

nents of 10 pounds and 100 pounds. The results are summarized in Table D.

TABLE D

A COMPARISON OF CONTACT PRESSURES AND AREAS
FOR
(Vitrified and Resinoid Grinding Wheels)

10 pound load 100 pound load
Zb-in. Qo-psi 2b-in. Qo-psi
Vitrified Wheel .0087 14,600 .0276 46,150

Resinoid Wheel .0151 8,500 L0478 26,700
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Table D shows that for the same load the maximum pressures for
vitrified wheels are nearly twice as high as for resinoid wheels and the
areas are only slightly more than half as wide. From another viewpoint
resinoid wheels will require a higher elastic force component and there-
fore a higher total force for the same crushing strength. A comparison
of the loads-P' for the same maximum pressure-q, shows that resinoid
wheels would require approximately three times as high a load.

It should be noted that the widths-2b in Teble D range from
0.0087 to 0.0478 which would permit only a few grains to be in contact
with the wheel. This means that the actual projected areas must be some-
what larger and that the maximum pressures may be much higher than would
be determined from equation. However, the relative values of actual load,
pressure and area as between resinoid and vitrified wheels must be sub-

stantially the same as indicgted in the above analysis.
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