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CHAPTER I
INTRODUCTION

Recently there has been increasing use of diamond tools to cut non-me-
tallic materials. Diamond drill bits and core bits have long been used by
the o0il industry to drill hard formations. The increasing amount of off
shore drilling and increasing depth of holes on land, where down time is
very expensive, has put new interest in the use and performance of diamond
bits. New refactories and ceramic materials require diamond tools for eco-
nomical cutting and machining.

In many cases the costs involved are high and there is significant eco-
nomic need to optimize the design and operation of diamond tools. A large
diamond drill bit can cost $20,000.00 and down time on an off shore drill
rig can cost $1,200.00 per hour. Even a small improvement in design and
operating conditions can produce significant benefits.

So far, nearly all diamond tool design has been more of an art than a
science. Most of this design has been based on trial and error and experi-
ence gained from previously built tools. Only recently has there been much
progress in understanding the action of diamond tools. The amount of previous
work is still limited, and much of the work done is primarily concerned with
metal cutting i.e.; Loladze & Bokuchava [6] and Lindenbeck [5].

Most rock and many other non-metallic materials have a peculiar prop-

erty which causes them to machine differently than other materials. Rock

is ordinarily thought of as brittle, but the high pressure which occurs



under a diamond may cause rock failure to change from brittle to ductile
with an accompanying increase in strength. This effect is shown in Appendix
[1]. Custers [3] has produced continuous chips while machining glass. This
is a dramatic example of ductile failure beneath a diamond tool.

Almost all diamond tools contain many diamonds set in some pattern, held
in place by a matrix. Fig. [1] and [2] show typical diamond tools. The cut-
ting action of diamond tools such as drill bits, milling cutters and saws
depends on the cumulative cutting action of the individual diamonds. There-
fore the study of cutting can be reduced to studying the action of a single
diamond. A single diamond tool is shown in Fig. [3]. The basic problem is
then to determine the cutting forces and the volume of material removed by a
single diamond.

Using the concept of ductile failure of the rock Appl, etal. [1], [2],
[8], and [9] have developed a theory of cutting for a single spherical dia-
mond. A spherical diamond is an idealization of actual diamonds, which in an
actual tool are of random shape, being roughly spherical. Whatever their
actual shape they cut by plowing a groove, as a spherical tool does, rather
than cutting with a sharp edge. The purpose of this work was to experimen-
tally verify the theoretical work. The experiments consisted of cutting with
a single spherical diamond on a cylindrical rock mounted in a lathe and mea-
suring the cutting forces. This action of a sphere plowing a groove in rock
is complex and not well understood. Therefore it is not surprising that some
modifications to the theory were necessary to correlate theory and experiment.
In the course of analysing the experimental data two important new factors
were discovered. Although cutting speed was known to be a factor it was not

included in previous theoretical analysis due to insufficient knowledge
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of rock properties. The experimental data obtained indicate a definite sﬁeed
relationship. A factor depending on subsurface grain damage was also dis-
covered. This was completely unexpected.

Ultimately it would be desirable to have sufficient information to
mathematically design a diamond tool, possibly using a computer. Toward
this end it was decided to attempt to describe the effects of these new fac-

tors by some mathematical equation.
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CHAPTER 1I

DESCRIPTION OF EXPERIMENT

The experimental procedure consisted of rotating a cylindrical piece of
rock in a lathe and pressing a spherical diamond tool into the rock. Forces
acting on the diamond were measured with a specially built dynamometer, Fig.
[4]. The forces were recorded on two Sanborn recorders. A constant flow of
coolant water was provided.

Some early work was done by Appl and Hansen with the rock chucked in a
lathe and a carbide spherical tool cutting on the face of the rock. This
was not entirely satisfactory since the surface speed was changing as the
tool progressed toward the center of rotation and because the tool was not
cutting a straight line. Some early work was also done using a carbide
sphere and a cylinder of rock mounted as in Fig. [5]. This is the same set-
up that was used in all subsequent work, with the exception that the carbide
tool was replaced with a 1/8 inch spherical diamond tool. Unfortunately the
lathe used had only fixed speeds of rotation and this proved to be somewhat
of a handicap later on.

The rock used throughout the tests was Indiana Limestone. A large cy-
linder was cut out with a core bit and then a 1 inch hole was bored through
the center to accept a mandrel. Three grooves were cut in the surface, as
can be seen in Fig. [5]. This divided the rock into four segments, so that
tests could be made on each segment separately. Time was saved since the

surface of all four segments could be prepared with single passes.



The dynamometer used was especially designed and built for this project
by Lebow. It had a 100 pound range in the normal direction and a 50 pound
range in the axial and tangential directions. Calibration resistors could be
switched into the strain gage bridge of each force component. These resis-
tors produced an ocutput corresponding to a known force. In this way the re-
corders could be easily calibrated. The normal and tangential forces were
recorded on the two channels of one Sanborn recorder, the axial force was re-
corded on one channel of another Sanborn recorder.

The theoretical analysis is based on single groove cuts; that is the
diamond is plowing a single symmetrical groove. In actual practice each dia-
mond usually overlaps the path it made on previous passes. Tests can be
easily made for each condition. Each of these conditions is shown in Fig. [6].

During single groove cutting the normal force is well defined and easily
measured, but no accurate method has been found to measure the volume of rock
removed. This is partly due to the fact that the edges of the groove are
somewhat irregular due to chipping. During overlapping cutting the volume
can be easily found from the depth, total distance traveled by the diamond,
and the total volume removed, but the normal force cannot be directly com-
pared to the single groove mormal force since the cut is not symmetrical.
Thus to correlate these two types of cuts a concept of effective depth was
developed. The effective depth is defined to be that single groove depth
which produces the same normal force as the resultant force for overlapping
cuts. It is believed that when the normal cutting forces are the same the
groove volumes will be nearly equal. Thus the volume removed during single
cuts can be determined from the volume removed during continucus cuts at the

same effective depth.
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CHAPTER 1III

EXPERIMENTAL PROCEDURE

It was necessary to devise a procedure to obtain experimental results
to compare with the single groove theory and in addition to verify the con-
cept of effective depth. A number of different runs were made using both
diamond and carbide tools. In all the tests the surface of the rock was pre-
pared by making two or more cuts at a small depth, usually .005 inch or .010
inch, and a feed low enough to cause the cuts to overlap. Then a single
groove cut was made at various depths and a feed large enough to insure that
the cuts did not overlap or interfere with each other. The forces in three
directions were recorded during the last surface preparation cut and during
the single groove cut. In all cases a sufficient number of surface prepara-
tion cuts were made to completely remove all traces of the grooves left from
the previous single cut runs.

As an example of this procedure take the following case. The lathe
speed is set at 150 RPM, the diameter of the rock is measured to yield the
surface speed, the depth of cut is set at .010 inch and the feed set at .005
inch/rev. Three cuts are made across the rock at these conditions with the
forces recorded on the last pass. The depth is then set at .003 inch and the
feed set at .120 inch and a cut is made across the first segment. Then the
depth is changed teo .005 inch and the second segment is cut and so on for
.007 inch depth and .010 inch. A feed of .120 inch will produce single

grooves at all depths.

10
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After these tests were completed and the analysis begun an important
effect of subsurface grain damage was discovered. This effect was taken into
account in the expression that was developed. Direct comparison with the
theory was difficult however since the theory was developed for zero subsur-
face damage. Therefore it was decided to make an additional test in which
the subsurface damage was much lower.

The surface was prepared in three stages. First, two cuts were made at
.005 inch feed and .010 inch depth, then three cuts of .0045 inch feed and
.004 inch depth and then three cuts at .0025 inch feed and .002 inch depth.
The single groove cut was then made. Forces were recorded during the
finest surface preparation cuts and during the single groove cuts. By
making finer and finer cuts it was hoped to get a surface near to virgin

rock.



CHAPTER IV
EXPERIMENTAL RESULTS

It was quickly discovered that the cutting forces in all cases were de-
pendent on cutting speed. The theory had assumed that the force was indepen-
dent of speed.

After some initial plotting and cross plotting it was decided that log
(resultant force) vs. log (speed) for one combination of feed and depth came
very close to being a straight line. Thus the equation describing the data
was of the form y = AxB. The data had enough scatter so that it was ques-
tionable whether or not the straight lines corresponding to each surface pre-
paration condition had the same slope. This question was felt to be important
enough to mathematically fit the lines rather than trusting an eye fit. A
type of least squares fitting procedure was employed. This procedure appears
in Appendix [2].

A computer program was written to solve for the A and B of each line
given the xi's and yi'S. See Appendix [2]. This program was used to gener-
ate the lines shown in Fig. [7].

The data representing normal force of the single cuts was much more
scattered, but still seemed to reduce to a straight line on log-log paper.
There were two sets of data for single groove cuts under the same conditioms
of depth, feed and speed. At this time it was assumed that these two sets
of data should be the same, within the limits of experimental error. Attempts

were made to plot all the data together., Points were quite scattered and it

12



L aan3ty

§9N) SNONUTAUOY)

n Wd4 Q33ds
000| 00l 0!

Puowpiqg-yjdap 00 ‘pa9ay SZOO -+~
puowotg-yjdap |0 '‘Paaj GO0 -«
apiqiny-ysdap |0 ‘Paay SO0 -e
puowonig-yjdap ZO ‘Paaj 1O -0

®P!G403-yidap 0 ‘pasy 102
3piqin)-yidap TO ‘P29y 2O -v

- Ol

OO0l

g7 30404 LNVLINS3Y



14

became clear that there were differences in the two data sets that had to be
explained by means other than experimental error. It was later discovered
that the difference was due to different amounts of subsurface damage. With
the data separated scatter became less but was still enough to make line fit-
ting somewhat questionable. Many attempts were made at using the same pro-
gram as was used for the continuous cut data. In most cases the correlation
coefficients were poor; due primarily to the low number of data points and
high scatter. The computer based lines did not seem to have any definite re-
lationship to each other at different depths. This was the final factor that
led to abandoning the computer as a means of fitting.

The next fitting procedure was graphical. The procedure began by plot-
ting the data on log-log paper; force vs. speed. A trial straight line was
then put through the points corresponding to each depth. A speed was then
picked and a force was read from the trial line at each depth. Another plot
was made with data from the trial lines, but this time the data was plotted
with force vs. depth for a fixed speed. It was here assumed that some rea-
sonably smooth relationship existed between all the data points of one data
set.,

In this case the force is a function of two variables, speed and depth.
If a smooth curve results from plotting force vs. speed holding depth con-
stant a smooth curve should also result from plotting force vs. depth holding
speed constant. Of course the curve will not necessarily be of the same form.
This was done for one speed. The trial lines were then shifted till force vs.
depth was a smooth curve and the trial lines still fit the data acceptably
well. This was then repeated for several different speeds, covering the range

of gpeeds in question. By trial and error shifting of the lines smooth curves
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were created for all speeds on the force vs. depth graph while keeping a good
fit on the data points. The results of this procedure are shown in Fig. [8]
and Fig. [9]. This procedure was also applied to the second set of single
groove data. These results are shown in Fig. [10] and Fig. [11].

The question then arose as to whether or not effective depth was con-
stant with changing speed. The lines plotted for continuous cuts in Fig. [7]
together with the plot of force vs. depth at different speeds in Fig. [9] and
Fig. [11] were used to graphically determine the effect of changing speed on
effective depth. At speeds corresponding to the speeds used in the single
groove force vs. depth plots forces from the force vs. speed plot of contin-
uous cuts were read off lines representing cutting conditioms that were the
same as the conditions of surface preparation for the single groove plots.
These forces were then plotted on the force vs. depth plot to yield effective
depth points. These depths were then plotted vs. speed. These points came
close to lying on a straight line if plotted log(force) vs. speed. Initially
all the continuous cut lines were applied to each single groove plot and
variations of effective depth for all the continuous cutting conditions were
found. Only the line corresponding to the same subsurface damage was judged
to be valid. The resulting plot of effective depth is shown in Fig. [12].
Figure [13] is a sketch of the procedure which may help to clarify the expla-
nation. The results of applying these equations to the graphs are shown in
Tables 1, 2, 3, and 4.

The sketch in Fig. [13] is exaggerated for clarity. Actually the speed
curves lie close to each other in the region being used and the effective
depth points all fall very close to each other, so the process is not very

precise. However it was felt that the results were consistent enough to
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Table 1

F = A(FPM)B =« Continuous Cuts

Tool Conditions B
carbide .020" feed 3.455 .273
.02C" depth
carbide 010" feed 2.542 . 265
.020" depth
diamond 010" feed 2.008 273
two data sets combined .020" depth
carbide .005" feed 1.172 .255
.010" depth
diamond .005" feed 1.205 .221)
three bad points removed .010" depth
diamond .0025" feed .685 .110
.002" depth
Table 2

F = A(FPM)B - Single Groove Cuts
Surface Preparation at .010" feed, ,020" depth

Feed = ,120"
depth A B
.020" 9.068 .3097
015" 7.663 2799
.010" 5.810 .2400
.0o7" h.333 .2021
.005" 2,875 .1800




Table 3

F= A(FPH)B - Single Groove Cuts
Surface Preparation at .005" Feed, .010" Depth

Feed = ,120"
Depth in ' A 3
.020 9.750 .18
.015 8.995 .284L
.010 8.106 231
.007 6.736 .201
.005 5.474 +1755
.003 3.589 11483
Table L
Effective Depth Constants
F =m log(FPM) + C
Conditions m C
.010" feed, .020" depth 000755 .003645
.005" feed, .010 depth .00045 .0007
.0025" feed, .002" depth .000035 .000275

23
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warrant reasonable confidence in the results,

The desired end result of the analysis was a mathematical equation
giving force as a function of theoretical force and the various cutting para-
meters, In order to accomplish this the graphs involved had to be reduced
to mathematical relationships. In regard to the continuous cuts; log(force)
vs. log(speed) for different conditions of feed and depth plotted as a
straight line. Thus an equation of the form y = AxB will describe the data.
An equation of the same form will describe the single groove data. In a
similar fashion effective depth vs. log speed plotted as a straight line.
This data can be described by an equation of the form y = mLog x + C.

The next step was to tie in the second wvariable, depth, in a mathemati-
cal way to the equation describing force and speed iej; force = function(speed,
depth). In the cases of single groove cuts the plot of log(force) vs. log
(speed) resulted in a straight line described by the equation F = A(FPM)B.
The exponent B is the slope of these straight lines. It was found that B
was the same for each similar depth regardless of the surface preparation.
Furthermore it was found by plotting, that log (B) vs. log(depth) resulted
in a straight line. See Fig. [14]. Therefore the slope, B, can be ex-
pressed with an equation of the form B = W(depth)z. W and Z were determined
from the graph.

Various plots were made of the values of A and no general relationship
could be found that described them very well. Fortunately it was not neces-
sary to get a relationship between the A's.

As .was pointed out previously the single groove data taken under the
same conditions except for surface preparation did not agree well. This

disagreement was particularly evident at small depths. Thus surface pre-
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paration had an important effect on the cutting force. The previous theory
had not taken any such effects into account.

When the tool cuts a groove some of the grains of rock below the tool
are damaged and crushed but still remain attached to the surface. See re-
ference [7]. It was evident that the effects of subsurface damage caused
differences in the single groove data. The fact that the effect was more
pronounced at low depths of cut can be easily explained by Fig. [15]. It
is evident that at a low depth of cut the relative amount of damaged material
cut away compared to the undamaged material is much greater than in the case
of a large depth. At very low depths the tool might not even reach undam-
aged rock.

It was believed that the depth to which subsurface damage extended was
roughly proportional to the effective depth of the surface preparation cuts.
Therefore effective depth was used as an indication of subsurface damage.

The desired end result of the analysis was to obtain the same type of
correction factor which could be applied to the previous theory. Since
speed and subsurface damage were not accounted for in the theory, they
needed to be factors in the correction equation: single groove experimental
force = a function of theoretical force, speed, effective depth, and depth.
The feeling was that it would be best to have the theoretical force multi-
plied by an expression involving experimental variables: Fex = Fth X func-
tion (FPM, he’ h). The speed effect posed a problem. Fex = A(FPM)B was used
to describe the speed effect. This equation does not behave well in the
neighborhood of zero speed. The ideal result would have been that at zero
speed and zero effective depth the theoretical force equals the experimental

force. The speed relationship chosen did not allow comparison at zero speed,
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so another speed was needed as a starting point. It was assumed that the
theoretical force should correspond to zero subsurface damage since the
derivation of the theory was based on a homogeneous cutting medium. It was
felt that the best hope of finding a suitable equation was to separate the

various effects in order to make solving for the various constants easier:

F =F

" terms to take care of the terms to take care
ex th subsurface damage effect

of the speed effect

Since it was being assumed that at some speed and zero subsurface damage the
experiment and theory should agree, the first bracketed term should reduce
to 1 at zero effective depth and the last bracketed term should reduce to 1
at the same speed. Each of the speed effect relationships involved speed
raised to the B power. Where B =W HZ for all cases. The speed effect that

was decided upon is shown in the following equation:

Z
270 N -
42 42

This term reduces to 1 when speed equals 42 regardless of H(depth).

Many different expressions were tried to account for the subsurface
damage. The requirements of this term were: it should equal 1 if He = 0 for
all values of H, it should approach 1 as H increases, it should decrease if
He is increased. After many tries on the computer the equation shown below
was finally chosen as the best and simplest.

e
H -C H
1 =Re ® e &

The final general form of the equation is:
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W and Z were found previously and the value for speed was found by trial and
error to get the best fit. A computer program was then written to solve for
the remaining constants, A, C1 and CZ' Points were picked off the graph and
the constants solved for simultaneously.

It became questionable at this point as to whether there was sufficient
information to justify the conclusions, so additional experiments were made.
The best kind of test would have been to make single groove cuts on a sur-
face with no subsurface damage, but this wasn't feasible. Hence to minimize
subsurface damage several progressively lighter surface preparation cuts were
made. The final surface preparation cuts were made at .0025 inch feed and
.002 inch depth. Data was recorded the way as it was in the previous tests.
The data was reduced in the same manner as before. Less data was taken on
this test because of the large amount of time required to prepare the surface,
especially at low speeds. Some of the data from this test is shown in Figs.
[7], [12] and Table 4. Figure [16] and Fig. [17] show the single groove
data for this test. The B values for these lines are given in Table 5.
These values agree with the line in Fig. [14]. Applying the derived equa-
tion to the three cases of single groove cuts gives the results shown in
Figs. [18], [19], [20], [21], [22] and [23]. If H in the equation is set
equal to He, the equation should be applicable to continuous cuts with the
surface prepared at the same conditions as the cutting conditions. This was
done for the continuous cuts and the results are shown in Fig. [24].

The final form of the equation is:

1 z

H -C.H WH
F =F 1-4K © e ° [%]



where:

zZ =

(]

.001346328
87.76093
1.166724
1.575179

.04106269
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Table 5

F = A(FPM)® - Single Groove Guts
Surface Preparation at .0025" Feed, .002" Depth

Depth in B

.015 .282
.010 «239
.007 +204
.005 76
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CHAPTER V

TANGENTIAL FORCE

The normal force component was of primary importance, however, to com-
plete the study it was decided to attempt a similar analysis of the tangen-
tial force component. The data was approached in the same way as the normal
force data. It became immediately clear that the log(force) vs. log(speed)
plot would not result in a straight line as before. Since the form of equa-
tion describing these plots was not known the least squares fitting proce-
dure could not be used. The same graphical fitting procedure was used that
was used for the resultant force of the single grooves. The results of this
procedure for the various cutting conditions are shown in Figs. [25], [26]
and [27]. Data for the continuous cuts is shown in Fig. [28]. At first
glance there appears to be little relationship between these curves. It
was felt that if the speed range were large enough all the curves would
have the same general shape (Fig. 29). As indicated in Fig. [29] there ap-
pears to be a transition from a straight line at one slope to a straight
line at another slope. The transition seems to occur at different speed
ranges depending on the amount of subsurface damage, and hence, all graphs
would probably be similar if data were obtained over a wider range.

Difficulty was encountered in trying to find an equation that would de-
scribe these curves. A polynomial was tried but was given up because there

was little hope of finding a physical explanation of the terms of the equa-
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tion. A reasonable form of equation was finally found by assuming that the
curves have straight line portions as shown in Fig. 29. These portions can
be described by equations of the form y = AxB. This is the same form as for
the normal force analysis.
The final form of the equation decided upon is:
~C,_(FPM) B B

F=|ae (eeM) ©f +| A (Fe)
This form will give shapes similar to all the curves with appropriate con-
stants. The curves in Fig. [26] contain enough information to solve for the
constants. The values of the constants for this case are shown in Table 6.
The curves of Fig. [25], [27], and [28] do not extend over a large enough
range to permit solving for all the constants. The constants that can be
found are given in Tables 7 and 8. 1In the case of Fig. [26] the following

relations were found to apply.

& = 145K,8 BRR
A, = 3395.9 H 2436
B, = .1682 g -0aee3
B, = .2780  ~+2733



Table 6

Tangential Force Constants - Single Groove Cuts
Surface Preparation at .005" Feed, .010" Depth

I~
Cr}

Depth in Ay By D Ay By C¢
.020 11.24 +237 1.59 2h7 666 2.95;(10‘5
.015 7.99 .2L3 1.58 122 710 | 2.73x107°
,010 1s.9k .252 1.66 .0L56 77| 1.bx10™
.007 3.2l .260 1.70 .0191 Bh2 | 101000
.005 2.17 .268 1.69 .008L.3 .908 1.21X10™
.003 1.18 .280 2.08 .00243 1.02 1.oox1u'6




Table 7

Tangential Force Constants - Single Groove Cuts
Surface Preparation at .010" Feed, .020" Depth

Depth in Ap By D JL By
.020 17.4 .120 - - "
.015 12.8 119 - - -
.010 9.08 .096 - - -
.007 6.70 .070 - - -
.005 5.10 .0l - - .
.003 2.54 .060 - - -

Table 8

Tangential Force Constants - Sing’e Groove Cuts
Surface Preparation at .0025" Feec, .002" Depth

Depth in Ay By D Ay B,
.015 - - - .000227 1.68
.010 = - - .00C221 1.61
.007 - - - .000307 1.50
.005 - - - .000663 1.32




CHAPTER VI
DIAMOND WEAR

All the previous discussion has centered around cutting with a spheri-
cal diamond. When the diamond becomes worn, as it does in an actual tool,
the cutting characteristics change. As the diamond wears the cutting forces
increase till they become so large that the tool must be retired. For this
reason it is important to study factors related to diamond wear. Limestone
is not very abrasive and hence during the limestone test the diamond did not
wear a perceivable amount. Granite is both strong and abrasive and causes
severe wear problems so it was decided to conduct wear tests using granite.

A new spherical diamond 0.092 inch in diameter was mounted in the dyna-
mometer. The granite was set up as in Fig. [31]. It was planned to keep
the cutting parameters of speed, feed, and depth constant while recording
forces as the diamond wore, The diamond was removed occasionally and photo-
graphed through a microscope. Figure [32] and [33] are examples of these
pictures., These pictures were used to determine the amount of diamond wear.
It was desired to find a relationship between the amount of wear and the
amount of rock removed. As seen in Fig. [34] Hw is the most obvious indi-

d
cator of wear. However de is small and hard to measure. The area of the
flat was used as the indicator instead. Areas were determined in two ways.
A ‘planimeter was used to directly measure the area from the pictures. This

was not entirely satisfactory since the diamond has small chipped out spots

and the area is not easy to define. The other procedure was to find Aw from
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profile pictures and use geometrical relations to get de-

de =r [l-cos Aw]

It is also possible to approximate the measured area as an equivalent cir-

cle to get de.

H . =r [l1-cos Aw]

wd
where Aw = sin—l -%

g

The volume of diamond worn away was computed from the following equation:

2 wd
Volume T|r de -3

These results are summarized in Table [9].
The wear tests were terminated after 52 runs because of time limita-
tions. At this time the diamond had not worn enough to draw significant

conclusions.
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CHAPTER VII
CONCLUSION

The normal component of force on a spherical diamond while cutting
Indiana limestone has been analyzed. The final equation takes into account
two important factors, speed and subsurface damage, heretofore not consid-
ered. The concept of effective depth was defined and is useful when working
with continuous cuts or subsurface damage. The ranges of speed and depths
of cut considered will cover most cases encountered in practice. Since.
normal load is an important parameter in operation of diamond tools this
analysis is worthwhile.

The speed effect that showed up in the normal load analysis also domi-
nated in the tangential force analysis. However some factor caused the
force to drop off then rise again. It is therefore important to learn more
about this. If data were obtained over a wider speed range it may be pos-
sible to reach a definite conclusion regarding this phenomenon.

Little in the way of conclusions can be made from the wear data, except
that the cutting conditions chosen were not severe enough to produce signi-

ficant wear in a reasonable .amount of time.
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CHAPTER VIII

RECOMMENDATIONS

In order to apply this work several additional tests should be made.
One variable not considered is diamond size. All the conclusions were based
on a 1/8 inch diamond. It is expected that the analysis for other size dia-
monds will be similar except for the magnitudes involved. Also all the
tests, except for wear, were done using Indiana limestone. Other types of
rock should be tested to increase generality of the results. Again it is
not expected that the analysis will change much since most rocks have some-
what similar properties.

This author would recommend more tests involving the tangential force
to attempt to establish the reasons behind the strange speed effect. Tests
conducted over a wider range of speed would be a good first step in this
direction. A lathe with continuously variable speed would be an asset in
this respect. This would make it possible to conduct tests at constant
cutting speed.

Diamond wear is of great economic importance to the diamond industry.
Therefore a continuation of wear tests is recommended. It is suggested
that a larger rock be used so that the diameter and the speed do not change
so much during the test. It is also suggested that a larger speed, feed and
depth be used so that excessive amounts of cutting time could be avoided.

Also a better method of measuring diamond wear would be desirable.
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APPENDIX 1

Rock Properties Taken from Reference UL

CONF INING
PRESSURE, bars

4000

3000

2000

DIFFERENTIAL STRESS, bors

1000}

CROWN POINT LIMESTONE

i 1 I ] | l 4
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STRAIN, percent

Effect of increased confining pressurec  increase in strength caused by increased
on sustained differential stress (sirength) pressure and a change in character as the
of Crown Point limestone. Curves of differen-  deformation changes from brittle at low
tial stress versus longitudinal strain show the  confining pressure to ductile at high pressure.
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Although thcre is a marked decrease in  the knee of the stress-strain curve, at 29,
strength of the marble, the strength of the for the marble and 3.5, for the sandstone.
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APPENDIX 2
Analysis of Data - Effect of Cutting Speed

It appears that the data can be reasonably well represented in the form

Y = axB

wheres Y = cutting force
X = cutting speed
For a specific set of experimental data

Yi i=1,2,3, ***** n force data

X-

i i=1,2,3, **++»- n speed data

L@té&_be the percent error for the iy data point. The sum of the errors

séuared becomes

n
[ “E = Yi]2
E -z € -
im1 5

i
For the best least squares fit E is to be minimized with respect to

A and B. Thus

and

Preforming the differentiation and simplifying yields

B
X
zi
X,
—_—
2B
Y &
z
The second equation is nonlinear and hence B will be determined by iteration

for the root of the equation:



¢(B) = th__?—f"fﬁ 2 1n x4

Correlation Theory

Standard error of estimate of Y on X
- (Y - ¥3)2
Sy,x = \/ E_Ti
Modified standard error of estimate ( for small samples )

s /XY -1;)2
¥Xx n-1

Non-linear correlation coefficient

y = - / (Y - Yi_)z
(Y; - ¥3)2
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The following program solves for A and B in the equation Y = Axb.
This program was orginally written for an equation of the form Y = axP + c.

In this case C is set equal to zero.

100 PRCGRAM CUFIT CINPUT.ZUTPUT)

110 'DIMENSICON x(50),Y(50)

120%%% NCPT=N TC CPTIMIZF WedaeTe € 3 NIOPT=] FO3 SRFATLTIWN O
130 DATA NSPT 71/

135 DATA C /0.N/

140 DATA N

lal+ /18/

150 DATA X
I51+/73e82,184¢60,373505548:N05673:N051062.NN31A14,0,17858,10,
152+738e3451 471 e B654T73e79591390,5, 17983453802 435579aN1,117%e/0
153+ 5> 74.8852199¢6532%0.0/

170 DATA Y
l?l+/6-28:8.m’):9-81,11-111312-0&:13-28;16-00,15-117:1l-'%f):l’?.'ﬂ’-:
172+10.545,1325514628559480511¢605143R2,6:01517:12,32%0N.0/
190 DATA BIN,DELB,BMAX

191+ /0.0150.1510.0/

192 B=RIN

194 J=0

196 50 CCNTINUE

200 SYI=0.0

21N S5XIB=0.0

22N SYIXIB=0.0

230 SXI2B=N.0

240) SUMYI=0.0N

250 DC 100 I=1,N

260 SYI=SYI+Y(I)

270 SXIB=SXIB+X(I)**B

280 SYIXIB=SYIXIB+Y(I)X*X(I)*%RB

290 S5XI2B=SXIZ2B+X(I)**x(2.0%B)

295 SUMYI=SUMYI+Y(I)

300 100 CCNTINUE

340 YIBAR=SUMYI/N

345 IF(NCPT.FQ«1) GC TC 120

350 A=(SYI*SXIB-N*SYIXIB)/(SXIB*SXIB-N*SXI2R)

360 C=(S5YI-A*S5XIB)/N

370 120 IF(NCPT.EQe.1) A=(SYIXIR-C*SXIB)/SXI2R

390 G=0.0

400 NC 150 I=1,N

102 G=G+(A*X(I)**B+0-Y(I))*X(I)**R*ALSG(X(1))

404 150 CONTINUR

406 G=G*4

411 IFCJeFQe}«AND« (GPREV/G)eLTeNaN) STOP

412 JF(JeEQeD« TR« (GPREV/G)BT«N.0) GZ TS 300

413 IF(ABS(DELB/B)«LT«0.000001) G2 T2 400



414 DELB=DELB/10.0

415 B=BPREV+DELB

416 GC TC 50

550 300 J=dJd+1

552 HBPREV=B

554 GPREV=G

56() B=R+DFLD

570 IF(B«GT.BMAX) STCOP

5&0 GC TC SO

590 400 COCNTINUE

600 PRINT 160

602 160 FIORMAT(///7/7/7/777/77% DATA ANALYSIS*)
604 PRINT 1RN,A,B,Cs06

606 180 FCORMAT(/s% A =%k,F105,47,%B =%,FQsAQsAX,y*(T =k, 7]V eR,
607+ AXs*G =*5sF14d.6)

808 PRINT 190

609 190 FIORMAT(//»3Xs kX (I I *sAXs kY (I Ik BXp kY H 5 O #TRAN{F, U, %7 FgnNa3*)
615 51JMS=0.0

616 SUMN=0.0

618 SUMD=0.0

620 DC 205 I=1,N

625 YEST=A%X(I)**xB+C

27 FRR=YC(I)-YFST

62K PEAER=100.0*%FRR/Y(I)

f30 FEARN=YEST-YIRBAR

640 ERRD=Y(I)-YIBAR

650 SUMS=SUMS+FRR*FERR

660 SUMN=SUMN+FERRN*ERRN

670 SUMD=SUMD+ERRD*FRRD

700 PRINT 210,>(I)»Y(I)>»YESTs RR»PERFR

705 210 FCHMAT(FBe2,4XsFh 250X FTe354XsFT N5 AXFALR)
710 205 CCNTINUE

750 STERES=SQAT(SUMS/(N-113)

760 CCRCCF=5QRT(SUMN/SUMD)

770 PRINT 220,S5TERFES

780 2200 FCRMAT(//>% MCD STD FRR OF FST =*,F1N.5’)
790 PRINT 230,CCRCCF

800 230 FCRMAT(* NCON-LIN CCRR COFF =%3F9.5)
810 PRINT 240.,YIBAR

620 240 FZAMAT(* AQUF FCRCE =*,F10.5)

#30 PRINT 250

840 250 FORMAT(// /27777777772 /7272707777)

900 END
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