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by
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ABSTRACT

A simple strein gauge dynamometer was constructed for the measurement
of the tangential force on a cutting tool used in a manner similar to a
fly milling cutter, Different types of abrasive grits and later a piece
of sintered alumimum oxide were used for the cutting,

Initial tests using actuel grinding grits on 1020 steel, 150A titanium,
and aluminum indicated an increase in specific energy with decrease in
chip depth of cut. However, there was considerable scatter between grits
of the same type and in some caseg scatter for any one grit.

Force measurements were made using sintered aluminum oxide of known
geometry. These gave good repeatability of results and a series of tests
were made using different rake angles and different lengths of wear land.
It was found that the length of the chips could be measured with moderate
accuracy, so that the cutting ratio and shear strain could be calculated,
at least approximately.

Reke angle and wear land were found to have a considerable influence
on specific energy. ©Shear strain was much higher than in conventional
turning., These results suggest that the calculated shear stress for grinding
wheels should be considerably lower than previously determined.

Wear studies were conducted with the ceramic tools and wear land
measurements were made., From this, grinding ratio values were calculated
and found to be considerably lower than the values previously found for
aluminum oxide and silicon carbide in single grit cutting.

A brief discussion of surface temperature calculation in grinding
indicates that these temperatures may be lower than has been suggested in
the past.

Thesis Supervisor: Nathan H. Cook 5
Title: Assistant Professor of Mechanical Engineering
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INTRODUCTION

This study was suggested by the previous work cerried out at M.I.T. on
wear studies in single abrasive grits. It seemed that similar apparatus
could be used for measurement of the cutting force of single grits. This
appeared to be an interesting line of approach since it would allow direct
measurement of force per grain, of width of cut, and of depth of cute. So
thaet average values did not have to be resorted to, as hasg been necessary
in all previous force measurements in grinding.

One of the initisl major objectives was the investigation of the "gize
effect" which has been reported in all types of wheel grinding and in belt
grinding., It was felt that a demonstration of the existence of size effect
in single grit grinding would be of significance, since the effects of chips
jamming between grits would be eliminated, and hence, would be effectively
discounted as & source of the size effect. Furthermore, the depth and width
of cut would be known with more certainty than was possible where many
cutting points are simultaneously employed, Thus it was hoped to indicate
vhether the "size effect" in grinding was basically caused by the reduced
depth of cut or whether it resulted from other variables not previously

considered,



SUMMARY

A simple strain gauge dynamometer wes constructed for the messurement
of the tangential forece on a cutting tool used in a manner similar to a fly
milling cutter. Different types of abrasive grits and later a piece of
sintered aluminum oxide were used for the cutting,.

Initial tests vsing actual grinding grits on 1020 steel, 150A titanium,
and aluminum indicated an increase in specific energy with decrease in chip
depth of cut., However, there was considerable scatter between grits of the
same type and in some cases scatter for any one grit.

Force measurements were made using sintered aluminum oxide grits of
known geometry. These gave good repeatebility of results and a series of
tests were made using different rske angles and different lengths of wear
land. It was found that the length of the chips could be measured with
some degreec of accuracy so that the cutting ratio and shear strain could be
calculated, at least approximately.

Rake angle and wear land were found to have a considerable influence on
specific energy. Shear strai% was much higher than in conventionel turning.
These results suggest that the calculated shear stress for grinding wheels
should be considerably lower than previously determined.

Vear studies were conducted with the ceramic tools and weer land measure-
ments were made. From this, grinding ratio values were celculated and found
to be considerably lower than the values'previously determined with aluminum
oxide and silicon carbide grits.

A brief discussion of surface temperature calculation indicetes that

these temperatures are lowver than‘previously thought.



DISCUSSION OF THE GRINDING PROCESS

As has been pointed out several times in recent articles, knowledge
of the grinding process is far less complete than thet of single point cutting.
There are a number of reasons why this is so, the most importent being the
technical difficulty of grinding studies., This difficulty arises from the
random geometry of the cutting points, the small depths of cut, the high speeds,
the relatively small forees involved, and the small lsterial extent of the
grinding grits.

In grinding (as for other metal removal processes) the basic objective
is to obtain a surface, which corresponds with a satisfactory accuracy, to
a desired geometrical form; at the same time the process should be as
economical as possible. The degree of accuracy reguired for any particular
surface depends on its functional requirements. Since the cost of the process,
in general, increases as the accuracy is increased, it is obvious that accuracy
of the surface should not be better than absolutely necessary for correct
function.

Grinding is usually considered to be a finishing process, since it is
often preceded by rougher and faster stock removel processes. However, whether
preceded by coarse machining or used directly on forged or cast surfaces, a
certain amount of stock must always be removed to obtain the desired dimensions.
For this reason the rete of metal removal is a variable of interest in
considering the economics of the process.

To achieve the basic objectives, a complete knowledge of how each
independent control variable affects the process, is obviously desirable.

If this knowledge was avzilable, velues for the grinding variables could be
selected to produce a particular surface - elternative selections could be

evaluated from the economic considerations of cutting rate and rate of wheel

wears
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A further factor which should be specifically mentioned at this stage,
although it has been tacitly assumed by the word, "accuracy," is the injury
which ground surfaces mey suffer. Cracks, residusl stresses and burn may
be left in the surface if conditions are not satisfactory. An understanding
of the defects and the method of eliminating these by correct control of the
grinding variables, in the seme way that accuracy should be controlled, is
necessarys.

At first sight it seems strange that the influence of all the variables
in grinding has not been investigeted and generel empiricel rTules laid down
for all types of operations. Although several attempts have been made to do
this, the large number of variables involved and the complex interactions
between them have led to results which are not completely satisfactory. A
more useful approach to the problem seems to be by a step by step analysis
of the basic mechanics of the process. Thig should (and has already, to a
large extent) led to a simplified selection of conditions in any practical
application and also aid in determination of basic improvements in the process.

It is worthwhile considering briefly the work which has been car;ied
out in an attempt to understand the mechanics of the process., This is discussed

in two sections, firstly, under the heading, "forces," and secondly, "wear."

Forces
Before 1914 it was realized that the mechanism of grinding was basically
similar to single point cutting. Alden (l)1 seems to have been the first to
directly apply this knowledge. He found a relation, in cylindricasl grinding,
for the meximum chip depth of cut (%) in terms of the wheel and work speeds,

the wheel and work arcs of contact, and mean grit spacing. He then assumed

3 Numbers in parentheses refer to the bibliography at the end of the paper.

4



5
that the tangential, or cutting force was directly proportional to the chip
depth of cut. Guest (2) extended the work of Alden to give a simpler chip
thickness relation depending on the radii of wheel and work. This had the

forms

J—

|}
t:'-"!' [!R-I’rrlZd

Rex

where v and V are work and wheel rim velocities, respectively

W IR " " ¥ % radid

n is the number of cutting grits per unit wheel length

d is the wheel depth of cut (or downfeed)

Guest assumed that the cutting force was proportional to the area of
cut and with the further assumption that the projecting portions of the grits
were approximately triangular in shape was led to the relationship

2 .
cutting force, F = kVZ (R %.r) 2d

R

where k, he claimed, was a constant for the particular grinding wheel,

This relation was of direct practical use since it indicated the way
in which v, V and d were inter-rclated in determining whether the force was
too low, causing the wheel to glaze, or too high, causing rapid vwheel wear,

Since Guest presented his relationfor the meximum chip thickness there
have been several other relations presented (3),(4), and (5), all of which
are based on assumptions that do not appear to be justified. Although the
expression in (4) did not include the factor n (which is difficult if not
impossible, to measure) its assumptiens make it unsatisfactory for the
calculation of chip depth of cut.

Not until 1952 was a suitable method for evaluation of n suggested,

Backer, Marshall and Shaw (6) expressed n in terms of the meen number of
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cutting points per unit area, and the ratio of scratch depth to width; they
then suggested a method to evaluate these quantities by a fairly simple
experimental technique., In calculating the chip depth of cut Backer,
Marshall and Shaw used a relation of exactly the same form as that originally
predicted by Guest. Later, more accurate relations for the calculation of t
were suggested by Kalpakecioglu (7) and these have been expanded and published
in (15).

From the time of Guest the problem of the force in grinding was not
seriously exemined, McKee, Moore and Boston (22) messured the horse—power
in grinding, but direct force measurements were not made until 1949, when
Marshell (29) constructed a grinding dynamometer. Results of these force
measurements were published by Marshall and Shaw (30), the most surprising
conclusion they reached was that the grinding forces and specific energy
are independent of the hardness of the workpiece. To explain this result
they introduced the concept of size effect in metal cutting - due to the small
size of the stressed area the probability of finding inhomogeneities which
might result in the formation of dislocations is low, so that the apparent
yield stress of the materisl increases.

Size effects have been observed in various materials tests (8), (9) and
(10) and the evidence for the existence of such a phenomena is fairly good.
However, the explenation of the basic mechanism of the effeet is still
subject to some discussion by different authorities. Although the explanation
by dislocation formation is commonly accepted there is still some doubt
about the influence of surface films. Roscoe (11), and Cottrell and Gibbons
(12), found that surface films increased the strength of single crystals.

It would appear reasonable to assume that this effect would become more

important as the size of the crystal was decreased. However, Makin (12)
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concluded that the surface film effect did not increase with decrease in
erystal size. Walker (14) considers the altered strain hardening charac-
teristics to be of some importance and has extended the simplified dislocation
explanation to allow for this. Thus, it is seen ﬁhat even in the simplest
materisl tests the mechanics of size effect are not understood with complete
certainty. When the effect is considered for the far more complex stress
picture existing in metal cutting, further uncertainties are introduced.

The fact that grinding exhibits a "size effect," to the extent that
the specific energy (per unit volume of metal removed) rises as the chip
depth of cut decreases, has been fairly conclusively established (6) and
(15); but the explanation of this effect is not so clear. Shaw and Marshall
(6) introduced several assumptions and arrived at a relation between the
shear stress and total specific energy. This indicated that below about

30 micro-inch depth of cut the shear stress epproached the theoretical value

s
27

where G = shear modulus of elasticity). This result suggests that the size

calculated for a perfect lattice arrangement of the material q% to

effect in grinding is of the same type as that observed in the materials
tests mentioned and indicates that the dislocation theory is a possible
explanation., However, there seems to be some room for doubt about the
validity of the assumptions used to calculate the shear stress; furthermore,
there appear to be other considerations in the grinding process, which have
been neglected.

In calculating the sheer stress in grinding Backer, Marshall and Shaw
related the grinding results to those found in a fine milling process, known
as micromilling. For this purpose they made the following assﬁmptions:

1. In grinding the mean rake angle of the cutting grits is zero.
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2. The cutting ratio (ratio of undeformed chip thickness to chip
thickness) in grinding was assumed to be the same as that measured in micro-
milling, It was found, in support of this assumption that the cutting retio
was approximately constant for different depths of cut in micromilling.

3. It was assumed that a plot of the ratio us/h against chip depth of
cut could be extrapolated by 2 smooth curve down to the grinding range (where
ug is the shear specifie energy and u is the total specific energy).

From these assumptions the shear stress may be found in terms of the
total specific energy, using the well known relations developed by Merchant

(16)

a fc cos &
shear angle @ = tan (1 ST, e & )

where r, = cutting ratio and A = rake angle.

" cos
Shear strain, X ~ sin ﬁ_cos (¢—— akf)

(u /)

T : a

u
5
Shear stress, = T =

Some doubt is introduced by the use of these equations since they are
based on the assumptions of a very sharp tool with no force on the clearance
face and that there is a sharp corner at the.junction of the chip and the free
work surface. In fact, for all tools a small wear land is very rapidly formed
and for a grinding grit this wear land will be large compared to the chip
depth of cut. Also, as has been pointed out by Shaw and Finnie (17), the
chip-work surface junction is not sharp but a "pre-flow" region is usually
present, which increases the assumed length of the shear plane by a small

amount. Since the analysis neglects this the calculated sheer stress will

be higher than the actual stress.
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It seems certain that there is a forece acting normsl to the clearance
face of the tool and this produces a friction force which will be added to
the measured total force in the direction of cutting. Thompson, Lapsley and
Grassi (18) cleim that a mejor portion of this force will appear as deformation
of the work surface., They further suggest that the deformation is independent
of the depth of cut, so that at smaller depths (as used in grinding) this
force will be of greater importance. It seems probable that although part
of this force will go to plastic deformation of the work surface, a
considerable portion will be in the form of a friction force producing heat.
The fact that such a force exists seemg difficult to contradict in view of
the fact that wear occurs on the clearance face of the tools For an exact
ealculation of the shear stress this force should be evaluated & subtracted
from the measured cutting force,

In addition to the two approximations introduced by the use of Merchant!s
relations it appears that some doubt can exist about the walidity of the
three assumptions maede by Backer, Marshall and Shaw, This aspect is con=
sidered in more detail in the discussion of results.

Since the publication of the force measurements in surface grinding by
Backer, lMarshall and Shaw, measurements of the forces in internal and external
grinding and also in belt grinding have been carried out by various
investigators, including Walker (19) and Reichenbach (20). These and other
results have been reported in reference (15).

Reichenbach, Shaw, Mayer and Kalpakcioglu (15) have extended Guest'!s
relation for the celculation of chip thickness to reduce the approximations
involved when the wheel advance between successive cuts becomes large compared
to the wheel depth of cut (or down feed). Relations have been formulated

for five different cutting conditions and the expressions have been set out

in a table to simplify calculations,
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Hear

The rate of grinding wheel wear is a subject of considerable interest
and much speculation has been presented as to the nature of this wear and the
influence of the grinding variasbles. It is zpperent that removel of material
from the wheel occurs by three mechenisms: firstly, the grits wear by
removal of small particles, to form a wear land (thiswear land has been
observed and reported by several authors, including Letner (21)); secondly,
fracture of individual grits occurs, so that new cutting edges are presented;
and thirdly, complete grits may be torn from the bond.

To maintain accuracy and to reduce the adjustments required during
grinding it is, of course, desirable that grinding wheel wear be fairly
small, On the other hand, to maintain a high cutting rate it is necessary
that the grits be either fractured or torn out of the wheel when they become
dulled, Thus a high resistance to attrition wear is desirable, but resistance
to fracture of the grits or fracture from the bond should be fairly low,

The relations of Alden (1) and Guest (2) are useful in that they indicate
qualitatively the way in which wheel speed, work speed and wheel depth (or
downfeed) should be adjusted to increase or decrease the force on the grits,
which in turn regulates the rate at which the grits are fractured or torn
from the bond,

A measure of grinding wheel wear which has been found useful by many
investigetors is the ratio of volume of metal removed to volume of material
vorn from the grinding wheel, This ratio has been given several different
names including, "Specific Wheel Wear," "Volume Ratio," "Grinding Ratio,"
and "Efficiency Ratioj" for the purposes of this paper the term "Grinding

Ratio" will be used throughout. Woxen (32) was one of the first investigators

to meke a study of wear in grinding using this ratio. He concluded that wear
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rate was not solely determined by the chip thickness as Alden had supposed,
but the radial depth of cut, the ratio of work speed to wheel speed and the
rate of metal removal all act as independent variables in determining the
wear, Several later investigators have used the grinding ratio as a measure
of effectiveness in studying different variables, including McKee, Moore end
Boston (22), and Shaw and Yang (31).

Wear studies of grinding wheels are of considerable practical value,
but since there are three mechanisms causing wear of a grinding wheel
(attrition, grit fracture and fracture from the bond) theoreticel studies
should be directed to the individusl mechanisms. An attempt has been made
to do this by wear studies of individually mounted grits (23), (24) and (25).
This proceedure eliminates the removel of grits from the bond as a source of
weer, so that wear by attrition and grit fracture can be measured without
the influence of the bond. Distel (25) found that the grinding ratio was
higher for single grits than for a grinding wheel. He suggested that the
elimination of the effect of the bond was the main reason for this increase,
but he also suggested thaf rewelding of the chips to the workpiece was
reduced by the single grit technique, which, of course, also increases the
grinding ratio, since the rate of metal removal is increased,

Distel (25) decided that the mean wear of the grits was a simpler
parameter than the grinding ratio for wear studies with individual grits.

He measured this by the change in scratch depth during cutting over a fixed
length of work material, He investigated the wear with several different
vork materials, different grits and different speeds. Heyman (26), using the

same equipment, examined the influence of several cutting fluids.
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These tests are of some interest in learning the effect of different
variables on wear and tests at higher speeds would appear useful. It would
seem desirable to develop some method of gepareting attrition wear from
wear due to grit fracture., These two mechanisms are probably quite distinet,
Fracture resistance depending simply on body strength of the abrasive material,
but attrition resistence is a rather complicated phenomena which may depend
on penetration or scratch hardness and also on the relative solubility of
the abrasive.in the work material (27 and 28). The solubility effect is
thought to explain the relatively greater wear of aluminum oxide than silicon
carbide when cutting glass, but the inverse relative wear of the two when
cutting steel; since it is known that aluminum oxide is relatively more

soluble than silicon carbide in glass and that the reverse is true in steel,



EQUIPMENT FOR FORCE MEASURFMENTS

A method has been devised to measure the tangential force when cutting
with a single grit. The force measuring device, in prineiple, was the same
as the now, widely used, strain gauge method for measuring tool forces.

The experiments were carried out on a Milwaukee horizontal milling
machine, with the conventional milling cutter repla ced by a special, single
tool, fly cutter, A genersl view of the apparatus is shown in Fig. 1 and
in Figs. 2 and 3 the details of the fly cutter can be seen. This consisted
of a single grit mounted in the end of an aluminum bar. The aluminum bar
was held by a clamp to the cylinder mounted on the sgpindle of the milling
machine,

When a force is applied to the end of the aluminum bar it will deflect
in the form of a cantilever beam. Strain gauges were cemented to both sides
of the bar close to the built-in end. By wiring these strain gauges into a
Wheatstone Bridge network it was possible to measure their change of resistance
when strained and from this, the deflection of the cantilever and hence the
force applied, could be found.

At first it was hoped to have four strain gauges on the cantilever,
so there would be four active arms in the Wheatstone circuit., However, to
obtain sufficient deflection the physicel size of the cantilever had to be
made so small that there was insufficient width for the extra geuges. Thus,
the other two arms in the network were inactive resistances and electrical
sensitivity was half the value it would otherwise have been. Although they
were inactive, it waa decided for convenience, to use strain gauges as the
two other resist ances.

The cutting.action vas similar to a surface grinding operation. The fly

cutter and centilever measuring device were rotated by the spindle of the

milling machine, While the work piece, held in a vice on the teble of the

13
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machine, was fed past at right angles to the spindle axis. Since this
process, unlike force measurements on a lathe, involved rotation of the
dynamometer element, the problem of electrical commection from the rotating
strain gauges to an instrument for detecting resistance charges, arose. Any
type of slip rings would have introduced errors, due to change in commutation
resistance, so it was decided to use the method of a copper disk rotating in
a mercury bath. As can be seen in the general view of the apparatus, these
disks and mercury baths were mounted on an extension of the main spindle,
beyond the supporting bearing. To make connection between the disks and the
fly cutter, wires were run in a shielded rubber covered cable, along the
keyway of the spindle and hence inside this supporting bearing.

The connections between the four resistances in the wheatstone bridge
network were made on the rotating section, rather than bringing out the wires
from each resistance separately. In this wey it was felt that any effect of
difference in the resistance of the mercury contacts would be eliminated.

The inactive gauges were cemented to an aluminum bar of the same section as
that holding the cutting grit and the two bars were clamped side by side,
but the "dummy" bar was arranged to be slightly shorter than the active bar,
so that it did not touch the work,

A cathode ray oscilloscope was used for detecting the amount of unbalance
in the Wheatstone circuit, It is obvious that the time of fﬁrce application
is very short (of the order of one milli-second) thus, an instrument with a
very high speed of response is required. For this purpose an oscilloscope
was found to be satisfactory and had the advantage that the nature of the
force rise and the time of contact could be observed.

The electrical circuit is shown diagramatically in Fig. 4. The EMF

source was a six volt dry cell. The strain gauges were a standard Americen
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pattern, having resistances of 300 A 2 ohm and geuge factor of 2.96 3'2%.
Gauges Sl and 82 were cemented to the cutting cantilever, while Rl and R2
were cemented to the dummy. The active strazin geuges were of course on
opposite sides of the cantilever so that when a force was applied, one gauge
was in compression and the other in tension, which means that their change in
resistance was of opposite sign. The oscilloscope used was & Du Monte type
324, fitted with a "Polarid" camera for photographing the trace obtained.

The null method of measuring resistances, often used with the Wheatstone
Bridge circuit, could not be applied in this case due to the short time of
force application. However, the resistances Sl, 82, Rl and R2 were all
similar strain gauges, so the circuit was initially in approximate balance -
i.e0, the potential difference between points A and B was close to zero.

Change in the resistance S1 and 82 alters this potentiel, which is detected

by a deflection of the spot on the oscilloscope. No attempt was made to

exactly belence the eirecuit, but it was negessary to add the 40,000 ohm
resistance, shown in the figure, to improve the balance and bring the oscillo-
scope spot onto the screen. This was caused by smell differences in the initial
resistance of the gauges. Later one of the gauges had to be replaced and then
it was found that the balancing resistance was unnecessary.

The size of the aluminum cantilever used is shown in Fig. 5. With these

W)

dimensions the calculated strain at the gauge section is 20 x 10" inches/inch

under a load of 1/2 pound applied to the end of the beam and 200 x 10"6
inches/inch under a loed of 5 1lbs., The calculated natural frequency of
vibration of the beam is 1240 cycles/second.

As in Ref. 25, the grits were mounted in a 3/64" hole at the end of the

cantilever and held in place by a porcelain cement commercially known as

"Insa~-Lute." Grits were removed when worn by soaking the cement in water,
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and a fresh grit then cemented in place, The larger ceramic tools used in

later tests were cemented directly to the end of the cantilever,



TESTING PROCEDURE

The work pieces were the same as those used by Distel (25); i.e., they
were ground to give a flat surface with a 1:20 slope on each side. The tech-
nigue of testing was very similar to Distell's. The work first was aligned
in a vice on the milling machine table using a diel indicator. Next the teable
was raised until the cutter just touched the work surface, then the work
was fed off to one side of the cutter and the table raised to give the required
depth of cut. The cross feed was then engaged to make the cut zcross the
work piece.

Initiel and final depths of cut could be found by measuring the length
of scratch in the entry and exit sloped sections of the specimen (by virtue
of the known slope). However, & better procedure for measuring scratch depth
end width was found to be by use of a stylus type surfece measuring instrument.
This was traversed across the scratch and produced a magnified trace of the
scratch profile, Traces were taken at 1/8 inch intervals along the length of
the geratch and a graph could be drawn showing variation in depth and width
during the cut. The surface analyser used for these measurements is shown in
Fig. 6. It is of the electromegnetic type, position sensitive (independent
of the wavelength of the surface roughness). The measuring head was connected
to a 'Sanborn! recorder which produced the magnified trace. The meximum
magnifications of the equipment was 1600 times verticelly and 24 times hori-
zontally - adequate for these measurements. A sample scratch profile ié shown
in Figs 7.

The oscilloscope for measuring the cantilever deflections (and hence,
force on the grit) was used with sweep rates of 1 to 5 milli-seconds per inch
end verticel magnifications of 0.01 to 0,004 volts for full scale deflection

(4 inches on the oscilloscope screen). A 'Polaroid-Land' camers was used to
record all force traces. A typicel picture of the oscilloscope deflection

17
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is shown in Fig. 8. For this particular trace each division on the vertical
scale represents O-5 pounds and on the horizontal scale each division
is 0'5 milli-sec. The natural frecuency of vibretion of the cantilever
is seen to effect the shape of the trace to some extent. However, the general
behaviour of the force during the cut can be read from the picture. Force
rise to maximum value occurs in ©°00/ geconds, the force then remains
constant at /:9 pounds for O'00/& sgeconds, during which time the
cantilever vibrates about its deflected position with a period of ©O:-0005
seconds, finally, the force falls to zero in ©O'0O007 seconds. After this
the cantilever has a damped vibration aﬁ its natural freguency.

In the early tests with grinding grits continuous cuts were made across
the work piece, and force pictures were taken at known times from the stert
of cutting. The maximum force readings were plotted to give a smooth curve
against length of cut and this curve was used in conjunction with the width
and depth curves to give the force at any particular width and depth. In
later test it was found better to take short cuts into the work, measuring the
force in five or six consecutive cuts and then depth and width at the exact

cutting position could be measured with tie surface finish instrument.



CALCULATIONS FROM BASIC MEASUREMENTS
Nomenclature
A' = chip ares of cut (inchz)

seratch cross sectional area (inchz)

a =
D = dismeter of grinding grit path (inch)
d = seratch depth of cut (inch)

4 = scratch depth at time T after start of cut (inch)
F = force in direction of cutting (1b.)

= force normal to cutting direction (1b.)

z"-d

= force parzllel to shear plane (1b.)
feed per revolution of cutter (inches)

= pumber of cutting grits on wheel periphery (=1 for single grit)

H W’ o m =
I

I

length of grit profile, or true chip width of cut (inch)

=
I

wheel speed (R.P.M,)

r = cubting ratio, or chip length ratio

Ty = proportion of time grit is actuelly cutting

s = arc length swept out by the grit in time T. (inch)
T = total cutting time during one revolution (sec.).

T some time after the start of a certain cut (sec.)

Il

t = meximm chip depth of cut (micro-inch),

t = mean chip depth of cut (micro-inch)

U = total specific energy (inch 1b./:i.:nch3 )

U, = shear energy (inch 1b./inch3)

V = wheel or grit speed (cutting speed) (fpm).

Vs = velocity of chip relative to work, directed along shear plane (fpm)
v = vork speed or table feed (ipm),

W = top width of seratch (inch)

UT = effective top width of scretch at time T after the start of a cut (inch),

19
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a = rake angle of cutting tool
¥ = shear strain (inches/inch)
@ = shear angle
T = gshear stress (psi)

The force velues themselves are of little interest. To be useful the
force must be related to the size of cut, The depth and width of the scratch
can be easily measured, either from the surface profile of the scratch, or by
use of a microscope on the entry and exit slopes. More fundamental variables

are the chip depth of cut, the chip area of cut, and the chip width of cut.

The Chip Depth of Cut

This cen be calculated from the formulae presented by Reichenbach,
Shaw, Mayer and Kelpakeioglu (15). These can be simplified considerably since
the exact number of cutting points per unit length of wheel periphery is
knovn (and = 1 for this investigation). With this simplificetion the formuleae

can be writtens:

r

§om (in all these tests K = 1)

NK v dD
(a) Type I and II chips. If B < 1, t =dB(2 - B), and the equation
t = 2dB can be used if B < 0,1, with less then 5% error.

(b) Type III and IV chipse If B » 1, t =d

(¢c) Type V chip. IfBZ'% 1 ,thend:(%-—B-_;_%)i
i 1 #e
(l-i.‘—--ﬁ'ﬁ) v

It was found in all tests that B was less thanm 0,1 so the relation

t = 2B, or
b =3§tmrv— /3, could be used.

In single grit grinding, unlike conventional wheel grinding, the feed

between successive cuts is very large compared to the feed during an actusl cut.
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Thus to a good approximation the chip depth of cut is constant during the
cut, except for a length af the beginning and end equal to the feed between

cuts. This idea is shown in Fig. 9 (a).

Chip Width of Cut

-Looking at the cross section of the scratch shown in Fig. 9(b) it is
seen that the chip width of cut is not the direct width of the scratch (W),
but is equal to the length of the profile of the scrateh (1). Since this is
difficult to measure some assumption must be made as to the relation between
profile length and scratch width and depth. Some previous workers (2) have
assumed a triangular grit section, but it is felt that due to the generel
unevenness of the profile a rectengular section is more valid - i.e., profile
length = W + 2d. Rough measurements of seratch profiles drawn out to a large
scale with equal magnifications in both directions indicate that this assumption

is fairly good for most grinding grits.

Area of Cut

The true chip area of cut will have a shape somewhat as shown shaded
in Fig. 10 (a). Provided no re-entrant corners are present in the grit profile,
(and only once in all the tests were these observed) then the ares of cut will
exactly equal the area shown in Fig. 10 (b). The reason for this is that the
area of cut is the difference between two identieczl cross sections, one of the
cross sections being cut off at a depth t less than the other, Thus the
gsmeller cross section can be considered to be moved to a different position
inside the other, without altering the area difference between thems Thus

1
the area of cut (A ) is equal to the area (bW).
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Mean Value of Chip Thickness

The chip thickness will vary along the actual width of cut (or scratch
profile length). The maximum valve of chip thickness (calculated above) will
occur at the lowest point of the scratch profile and wherever the profile is
horizontal,

The mean velue of chip depth of cut will be given by

— _area of cut A' t. W

= ectual width of ocut (W + 2d)

Instantaneous Velues of Scratch Width and Depth

In fact the width and depth of the scratch will vary during one cut
teken by the grit. The cut will be more or less boat shaped as indicated in
Fige 11,

The seratch or wheel depth of cut at a time T after the start of the cut

is given by 5
8

i Al

where s = arc length swept out by the grit in time T.
*
If the total time for a single cut is time T , then, since the total are

length = VDd to a close approximation,
2

T
=a 1-(-;)]

q=ef1-¢

The scratch width at this depth of cut can be determined by measurement
on the scratch profile obtained with the surface measuring instrument., This
width is used in calculating the chip area of cut at any time T. The chip depth

of cut is, of course, based on the maximum seratch depth, de



23
Calculation of Specific Energy

The cutting energy per unit time = FV

1
Now volume of material removed per unit time = A V

Specific energy = -F,—' inch lb./:i.nch3 (a)
A

Alternatively the average rate of metal removal vwhile cutting per unit time can
be written as av.

The cutting is discontinuous, thus the volume removed per unit time
= a.v‘.rto

Where Xy = proportion of time the grit is actuslly cutting

inch 1b./inch® (b)

Specific energy = ar,v
The second method of calculation is cumbersome and not much use in this
case, but it is included since it corresponds to the method which has to be

used for calculations with complete grinding wheels,

Cutting Ratio

This is the ratio of depth of cut to chip thickness and is equal to

r =t =2 3 1, = chip length, ]’J. = length of cut, t, = chip thickness
tl 1 2

1

Shear Angle

Merchant (16) has developed the relstion, tan @ = 222

l]~-rsinea

Shear Strain

¥

S g R e
" gin @ cos (f - a)

Sheer Energy Per Unit Volume

FV
.. 88
Shear Energy, By %t




_ _cog @
and vs ~cos (@ - @) ¥

Fy
F’3 = P (cosﬁ-—f.- sin §)

¥
g N cog a
e W, Fiy P B ST -9

N : cos @
=u(c°S¢-_f‘- sin #) cos -G

Shear Etress

It can be shown that uS =Y
u
Thus T = -f-

u
N
u

o« U
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FORCE MEASUREMENTS FOR ABRASIVE GRITS

In these tests standard abrasive grains supplied by the Carborundum Co.
were used as cutting tools. The work piece was fed under the cutter and a cut
made across its complete width. In some cases the workpiece was level and
parallel with the table traverse, in others it was sloped slightly so that
depth of cut either increased or decreased as the cut proceeded (maximum slope
used 0,003" across the 1 1/2" width of block)s Pictures of the oscilloscope
deflection were teken at intervals during the cut (usuvally about 7 pictures
during one cut). When a picture was taken the time after the start of cutting
was noted end at the completion of cutting this time was related to distance
across the specimen, so that the width and depth of the cut at that particular
instant could be measured with the surface finish instrument. When a picture
was teken the film was exposed for between 1 to 4 seconds so thet the force
picture for several consecutive cuts was obtained, the mean value of the force

was calculeted from these,

AJuminum Oxide Grits

In the first series of tests Lot 212 20/24 aluminum oxide was used to
cut 1020 steel, 150A titanium and a2luminum. The standard cutting conditions

were o speed of 93 rpm (250 fpm) and a feed of 1/2 inch/minute; the depth of

cut of course veried continuously, both due to wear of the grit and to the slope

of the workpiece.

Force Against Chip Area of Cutbt

In Fig. 12 (a) the measured cutting force is shown plotted against the
chip area of cut (the totel width of scretch multiplied by the chip depth
of cut)e. Graphs are given for each of the three work materials used and for
each materiael the results of tests with two different grits are presented,

It is seen that there is fair correlation between force and area of cut

for any one grit and that the force rises almost linearly with increase in
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area of cut. However, different grits give considerable variation in the force
at any particular area of cut.

It should be pointed out that the results shown in Fig. 12 were selected
from a large number of tests - in many other tests, particularly with steel
and titanium there was a lot of scatter in the force readings and it was
impossible to draw any type of curve through the plotted points. The plotted
points for grit 8 in Fig. 12 (b) give some suggestion as to the cause of
variation. It is seen that the points for this particular grit sppear to
fall on two distinct curves, the initial four points being on thé lower curve
and the later points being on the upper one. The most likely explanation for
this effect seems to be that the grit chipped during the cutting and for the
later test an entirely different shaped cutting edge was used.

The veriation in force for different grits is most likely expleined by
the difference in geometry of the grits. Due to this variation the curves in
Fig. 12 are of no great practical wvelue but are presented to illustrate the
magnitude of the variation between grits; to indicatebthe relation beﬁween
force and area of cut; and in particular, to give some idea of the actual value
of the forces on a single grit. (Notiee the change in scales for Fig. 12 (a)

and Figs. 12 (b) and (c).

Force Against Chip Depth of Cut

The measured cutting force for the same grits shown in Fig. 12 is plotted
ageinst chip depth of cut in Fig. 13. It is seen that the variation between
grits is somevwhat greater when the forces are plotted in this manner, The general
shape of the curve is essentially uncertain though it appears that the force
rises as depth of cut is increased. Agein there was considerable scatter in

many of the tests which are not shown and grit & when cutting steel seems to

have two distinet curves.
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Force Per Unit Width of Cut Ageinst Chip Depth of Cut

The measured force divided by the assumed cutting width of the grit
(seratch width plus twice the scratch depth) is shown plotted against chip
depth of cut in Fig. 14 The use of these parameters gives better correlation
than & direct plot of force against chip depth of cut. There is still a
veriation between grits and also some scatter of points for eny one grit.
Agein it must be pointed out that these curves are selected from a number of
tests, some of the tests with steel and titanium work meterials gave a meaningless
distribution of points on these exes. This might indicate a lack of correlation
between the two variables, but it is thought to be due to variation in the grit
geometry due to chipping end also to random variations in the depth of cut, as

will be explained later,

Specific Energy Against Chip Depth of Cut

The two methods of calculating specific energy are compared in Fig. 15
for the aluminum work materisl. It is seen that the methods give basically
similer results, though the calculation of energy from average width of cut is
slightly higher than that based on the chip area of cut. For steel and titanium
it was found that the average width of cut method gave much higher values and
introduced considerable scatter. Hence it was decided that this method introduced
too meny errors and the chip area of cut was used for all succeeding calculations.
Also shown in Fig, 15 is a plot of-J% against the mean value of chip
thickness (obtained by dividing the chip grea of cut by the width of cut on the
assumption that the width of cut is equal to the seratch width plus twice the
scratch depth). It is seen that use of mean chip thickness gives slightly
lower specific energies at any particular chip thickness. A relationship

between specific energy and meen chip thickness is perhaps more basic than one

between specific energy and meximum chip thickness although both are only
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approximations to the ideal case of uniform chip thickness. However, the
difference between the two is not very great and since the calculation of
mean chip thickness is based on ean assumption as to the shape of the grit;
there is probebly little adventage in using it. In all later tests the
maximum chip thickness was used.

In Fig. 16 values of specific energy Gj%) are plotted against the chip
depth of cut (max.) for the steel and the titanium vorkpiece. For steel the
velues obtained with two different grits are shown and for titanium two curves
are shown for a grit when it was first mounted and after it hed been used
for several cuts on all three materials.,

Figure 17 is a plot of specific energy against chip depth of.cut for the

aluminum specimen with three different grits.

Effect of Wear on Specific Energy

It was apparent from these initial tests that specific energy at any
depth of cut varied over time for any one grit - i.e., there was scatter in
results and poor repetition in succeeding tests with the same grit (variation
from one grit to the next was zccepted as a result of change in geometrical
form), It was thought that some uniform wear of a grit may occur during cutting
and presumebly this would give rise to a uniform increase in specific energy,
To investigate this, several successive cuts were made with one grit on the
1020 steel work pisce. The work was sloped upwards from the entry side, so
that the depth of cut increased during each complete pass of the cutter. The
results of this test are shown in Fig. 18, the points for grits 4 and 5 are
plotted for comparison on the same graph, There is considerable scatter in
the results for each cut but there does not seem to be any observable trend

of specific energy either decreesing or increasing as cutting proceeds - the

specific energy for cut 1 is a little higher than for cuts 2, 3 and 4, but on



29

the other hand for cut 4 it appears higher than cuts 2 and 3.

The Effect of Cutting Speed on Specific Energy

Although Backer, Marshell and Shaw (6) found that speed had no influence
on the specific energy v's chip depth of cut curve, it was felt that this aspect
should be investigated using the single grit equipment. For this purpose the
aluminum workpiece was used since this gave the least scetter in results and
speeds of 250, 410 and 670 fpm were employed. The results of these measurements
are presented in Fig. 19 where it can be seen that, to within the accurscy of
results, veriation in cutting speed has no influence on the gpecific energy -

chip depth curve,

Silicon Carbide Grit

With the wide scatter which had been present for the aluminum oxide grits
it seemed doubtful that any significant difference would be detected when
cutting with silicon carbide. However, some tests were run using silicon
carbide grits. A plot of specific energy against chip depth for the steel
workpiece is given in Fig. 18, Figure 14 shows similar points obtained for
the titanium work material together with those values found when cutting titanium
with aluminum oxide. As was expected the scatter was too great to draw any

conclusions,.

Sunmery

Although some general guantitative conclusions can be drawn from these
tests, it is fairly obvious that the experimentel variation severely limits
their usefulness, It is worth considering the causes of this variation and

the wey in which rome of these causes were eliminated in the next series of

tegts.
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(a) Sensitivity of Instruments

A load of 1 1b, gave a deflection of 1 1/2 divisione on the oscilloscope,
so that forces could be read to an accuracy of about 1/10 1b,

The seratch depth could be read to an accuracy of at least ih0.00l“.

Scretch width was accurate to f'0.0002.

(b) Chip Geometry - This is an unknown variable end is expected to vary from

grit to grit and also to very by a chipping process during cutting with one grit.

(¢) Varistion in Depth of Cut During One Cut - In later tests it was noticed

that the sound made by the cutter was not regular, but varied in intensity
during successgive revolutionse. This variation could be accounted for by either
non-uniformity in the table feed, or by variation in the depth of cut. Evidence
found later seems to indicate that the latter is the more likely cauge,

This effect was not present when cutting the aluminum work material
although it oceurred for both steel and titanium.

Thus, to obtain satisfactory results it seemed that the chip geometry
should be standardized in some way, the veriation in depth of cut should be
eliminated (and the simplest method of doing this was to restrict the tests to
aluminum). The accuracy of measurement of scratch width and depth was considered
to be good. The sensitivity of force measurements might have been improved
somewhat, but this was not considered worthwhile in the light of the other
sources of variation. To achieve a standard geometry the use of grinding grits
was discontinued and instead small pieces of ceramic tool of known shape were

used,



FORCE MEASUREMENTS FOR GRITS OF KNOWN GEOMETRY

In the light of the previous results it was decided to carry out tests
using smell ceremic tools in place of the grinding grits. The cersmic used was
supplied by the Carborundum Compeny and is known as "Stupalox", It was cub to
the form of a small almost triangular prism, but had one corner replaced by
a radius of about 1/16 inch. The tool was comented to the force measuring
cantilever with the rounded edge ouﬁ so that the cross section of the scratch
made in the work piece would theoretically be part of a circle,

Aluminum work material was used for most of the tests since this had given
the best "repeat-ability'! in previous measurements with grinding gritc.

The rake angle was adjustedrby the way in which the ceramic was cemented
in place, Negative rskes were used in all casess The clearance angle was,
of course, numerically equal to the rake angle, since the piece of ceremic had

a 90° angle between the clearance and reke faces.,

Effect of Speed snd Feed and Depth of Cut

In the first tests a -15° rake angle was employed and two different
conditions of both feed and speed were used. The gstandard condition was a
speed of 246 fpm with feed of 1/2 ipm and conditions were altered to 1 ipm
feed at 246 fpm and then 406 fpm speed at 1/2 ipm feed. Several different
depths of cut were used,

The procedure differed slightly from the previous grinding grit tests
in that the block of work material was level at all times and for each depth
of cut three to six short cuts were made, the force being measured about four
times for each cut. Thus the force values are the mean of between 12 and 24
individual measuremente.

Some cere was taken to ensure that the scratch depth remained congtent

for any given cut end that the feed was uniform and equel to the value set
on the machine. To check scratch depth uniformity the surface iinish stylus

31



32

was traversed along each seratch in the direction of the cutter, The method
of doing this is shown in Fig. 21 and a sample of the resulting trace is given
in Fig. 22. To measure and check uniformity of feed a short cut was made and
the machine stopped with feed engaged, a mark was drawn at the end of the scratch
and then the main drive was again engaged and the cutter azllowed to make several
revolutions. These revolutions were counted (speed of 93 rpm (246 sfpm) was
used) and the machine agein stopped. The advance of the scratch from its former
position was then measured with a Brinell microscope. This was repeated several
times. To within the measuring accuracy, the feed was found to be uniform
and equal to the values marked on the machine for 1/2 ipm and 1 ipm feeds.

The basic data of force against scratch depth is given in Fig. 23. This
is of some interest in indicating the general shape of the curves, but the
relative posiﬁions of the curves for the three different cutting conditions is
not of much use since the chip area of cut is not taken into account, and this
of course has a basic influence on the forces.

The chip area can be introduced by dividing it into the force to give
force per unit area (which has previously been shown to be egual to the specific
energy). A plot of specific energy against scratch depth is given in Fig. 24.
The relative position of the curves now has real mesning; when speed is
increased or feed is decreased the force per unit area at any given scratch
depth is increased.

Eliminating the effect of speed and feed by combining them in the parameter,
chip depth of cut, gives a single curve for all three conditions as shown in
Fig. 254

Force is plotted against chip depth of cut in Fig. 26, .
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Effect of Rake Angle

Several different rake angles were investigated by relocating the ceramic
grit relative to the cutter axis. Since the rake and clearance angles are
equal (90° angle on the tool) it is satisfactory to measure the clearance angle
to obtain a value for the rake angle. This was done by use éf a Brinell
microscope. The workpiece block was set level and raised so that the cutter
Just cleared ite. The cutter was then rotated back and forth by hand until
the cutting edge was in its lowest position, while in this position the Brinell
microscope was used to measure the height of both the cutting and the trailing
edges of the tool above the workpiece. TFrom the known length between these
two edges the clearance angle and hence the rake angle, could be calculated.

In the first of these tests different tools were used for each rake angle.
Figure 2'7 shows the results of these plotted on specific energy against chip
depth of cut axes. It appearé that the specific energy rises as rske angle
becomes more negative, but this is not indicated very conclusively. It was
felt that there was likely to be some variation between the grits and a more
definite result could be obtained by using the same grit for each rake angle,
This was carried out and Fig, 28 shows the result for the three rake angles
testeds The order in which the angles were tested was -34° rake, -9° reke and
-63° rake, It is probable that the grit dulled to some extent during each
test and so increased the specific energy in succeeding tests. This is probably
part of the reason for the change in specific energy between =-9° and -34° being
less than the change between -34° and -63°,

The percentage increase in specific énergy per degree decrease in rake
angle from -9° iss

(a) for =34° reke 1.2% at chip depth of 100 microinch,

and 1 .8% (] n ] " 150 7
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(b) for -63° rake 2.4% at ehip depth of 100 microinch,
and 2.8% n n 1 " 150 1"
Thus average percentage change in specific energy is 2.1 f'O.S% per degree.

About the same velue as has been found for lathe tools,

The Effect of a Wear Land

To determine if wear land had any significant effect on the specific
energy,measurements were made firstly with a charp tool and then with the same
tool after a wear land had been formed on it. The aluminum work material was
used for the test and speed of 246 fpm feed of 1/2 ipm were employed.

To form the wear land the ceramic tool was used to make several cuts over
a steel workpiece., Observation with a microscope indiceted that this gave a
suitably flat wear surface parallel to the surface of the workpiece. No crater
wear could be observed, although there was some slight rounding of the cutting
edge (this was of the order of 0,0005" to 0.001" radius). The length of wear
land was measured with a Brinell microscope directed at the side profile of
the cutting tool,

Figure 29 shows specific energy plotted against chip depth of cut for two
different reke angles with and without wear land., It is epparent thet the
specific energy of a worn tool is considerably higher then that of a sharp tool.
It is felt that most of this increase is due to the formation of wear land rather
than the rounding of the cutting edge. This seems likely when it is noticed
that the basic rake angle of the tool, even when worn, still influences the
specific energy. The different lengths of wear land must be teken into account,
although it seems unlikely that this could cause such a large difference in the

specific energies,
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CUTTING RATIO MEASUREMENTS

During the previously described force measurements with ceramic tools
the cutting chips were collected and their length measured with a Brinell
nicroscope. From this and the length of cut, found from the cutting time
indicated on the oscilloscope, it was possible to determine the cutting ratio
(ratio of chip length to length of cut). The method, however, cen only be
regerded as approximate., There seemed to be a fairly large variation in chip
lengths, due probebly to small particles fracturing from the chips during or
soon after forming - care was teken to prevent loss of fragments, but it is
likely thet some were lost. As about 12 to 24 individual cuts were made at
each depth, the chip length wes taken as the average length of about this
meny chipse The length of any small fragments obtained, being added in before
calculating the average value., (The orientation of the chips and fragments
could be easily identified from the longitudinal flow lines on the shiny back
of the chip or the rough lines across the width of the face of the chip, where
it had been curled over while being formed,) TFigure 30 shows a group of chips
formed by the ceramic tool,

Figure 31 (a) and (b) shows the results of cutting ratio measurements
against chip depth of cut for several different reke angles. In Fig. 31 (b)
the tests were all made with the same grit, its angle of inclination being
altered to obtain the different rake angles. In Fig. 31 (a) different cutting
tips were used for each reke. Aluminum work meterial was employed and cutting
conditions were: feed 1/2 ipm and speed 246 fpm.

There appears to be a trend for the cutting ratio to increase with
increasing depth of cut, but the scatter in results is fairly large and the

conclusion is not very definite.
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RATIO OF SHEAR ENERGY TO TOTAL ENERGY

An attempt was made to establish values for the ratio of shear to total
specific energies. To do this it was necessary to measure both the cutting
end the normal forces on the grit. For this purpose the M.I.T. surface grinding
dynamometer was clamped to the table of the milling machine. This dynamometer
is capable of measuring forces of 0,03 1be in the verticel direction and 0.01 1b.
in the horizontal direction. The natural frequency of the unit is 400 cps.
in the vertical direction. A very small work piece (aluminum) was bolted
directly to the dynamometer. The arrangement is shown in Fig. 32. During
cutting. forces were also measured with the cantilever dynamometer on the
rotating cutter. A Sanborn pen recorder was used for indicating the deflections
of the two component dynamometer.

This method of measurement is not entirely satisfactory and the results
obtained should be treated with caution. The pen recorder is not considered
suitable for frequencies much higher then 120 cps. (or a pulse of shorter
duration than 2 milli seconds). Furthermore, the natural frequency of the
dynamometer is rather lower than desirable — in the vertical direction the
time for one quarter oscillation is about 0.6 milli sec. at the natural freguency
and about 0,9 milli sec. in the horizontal direction (the horizontal stiffness
is roughly half that of the vertical and assuming equal vibrating mass the
natural frequency depends on the square root of the stiffness). The duration
of a cut varied from 1 to 5 milli seconds, depending on depth of the cut,.

Due to the short cutting time and the low frequency of response the
force indication consisted of a single pulse on the recording paper for each
revolution of the cutter, as shown in Fig. 33. To reduce the influence of pen
inertia the magnifications were adjusted to give approximately equal deflections

of the pens for both vertical and horizontel forces (the ratio of these, not

their absolute values was the quentity desired). The difference in the natural
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frequencies of vibration in the vertical and horizontal directions was a factor
not accounted for., This could have an important influence in view of the fact
that the natural frequencies are fairly close to the exciting frequency, so
that resonance is just about to oceur - this will be more closely approached
in the horizontal than the vertical direetion. The values might be corrected
by means of vibration theory, but this refinement is hardly justified in view
of the assumptions and other approximations involved,

A further difficulty which arose in these tests was caused by the lack of
rigidity in the system. The force measurement cantilever dynamometer showed
considerably more vibration than in the previous tests when the work was held
in a vice. ©Surface finish measurement along the scratches indicated that the
depth of cut had varied quite widely. As a result of these variations the
specific energy against chip depth of cut gave rether more scatter than in
previous tests.

The basic results of force measurements by both the two component
dynamometer and the cantilever dynamometer are given in Appendix A. It should
be noticed that the horizontal force, as measured by the two component
dynamometer, is considerably lower than the force measured by the cantilever
dynamometer. The main reason for this is probebly the inertia of the pen
recorder,

Four different rake angles were investigated. Chip lengths were measured
in each test (except the -64° rake, which produced discontinuous chips) and
the cutting ratio was calculated from the measured cutting time obtained from
the oscilloscope recording. The cutting ratio values were even more approximate
than those obtained in previous tests (ueto lack of rigidity in work mounting),

so it seems reasonable to use an average value for all depths - though in the

case of the -12° rake,calculations were based both on an average value and on
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the individvual values for each depth. For the -63° rake, as it was impossible
to measure chip length, a value of cubtting ratio some what below that for —26°
reke was assumed,

" The ratio of shear energy to total emergy é%?) were calculsted from
Merchant's relations. Fig. 34 shows a plot of these values against chip depth
of cut, Some results obtained by Backer, Marshsall and Shaw (6) in micro-
milling 1112 steel at 5350 fpm speed, 4 fpm feed, and -15° rake are also plotted
on this graph. For the -12° rake, curves are shown both for the average
cutting ratio value and the cutting ratio values for the individual depths
(obtained by plotting the measured values against chip depth of cut and
drawing a smooth curve through them).

From the values of the energy ratio and the velues of shear strain and
total specific energy, values of the shear stress can be calculated. The
results of this calculation are shown in Table 1. A plot of specific energy
against chip depth of cut is given in Fig., 35 and shear stress against specific
energy in Fig. 36.

The cutting tool used for these tests was the same as that used to obtain
the data for Fig., 28, However, between the time of the tests of Fig. 28 and
these tests the grit was used for several other cuts. This is thought to
explain the higher values of specific energy obtained in this case. The order
of testing was -63°, -12°, =189, and -26° rakes,

The position and shape of the curveé in Fig. 36 is probably not exactly
as shown., This does not completely nullify the usefulness of this test,
however, the magnitude of the shear stress is of considerable interest. As can
be seen this did not rise above 200,000 psi. The measured ratio of the forces
(%ﬂ is perhaps of doubtful accuracy, but errors is this have only a secondsry
effect on the ratio of energies and this ratio would have to be increased

considerably to increase the shear stress to any extent.



39
Table 1

Cutting Tool: Ceramicj Work Material: Aluminumj Speed: 246 fpm; Feed: 1/2 ipm

Chip Depth u u
(x10 inches) P of B4
33 «997 - «033u = -

-'630 Rake 47 -995 3-35 «032u = 107,000

g =177 60 «991 1.53 .031u = 47,000

¥=33 62 998 Yk .033u = 57,000
in.,/in.‘

67 «990 1.88 .03 u = 54,000

112 +989 1.34 .03 u = 40,000

63 Tk 1,02 .093u = 95,000

106 s 0.88 «097u = 85,000

~12° Rake 111 «83 0.75 +104u = 178,000

g =1.6° 136 .82 0.86 .102u = 88,000

=38 170 .86 0.53 .10%u = 57,000
:'Ln./in.

192 87 0.51 .109u = 56,000

210 87 047 «109u = 51,000

95 75 - OB = =

-18° Rake 106 «85 0,87 +096u = 84,000

B = 6.8° 125 .87 0.93 .098u = 91,000

¥=8.9 138 .89 0,90 .10 u = 90,000

in./in. '

47 3 2.5 +08 u = 200,000

-26° Rgke 82 93 1.3 +086u = 114,000

g = 5,60 106 93 1.0 .086u = 86,000

¥ =10.8 138 9% 0.8 .087a = 70,000
in-/in.

195 o95 09 '55 008811 = 48,(1)0



TURNING TESTS

Tests were carried out using a ceramic tool cutting and 4" diameter
gluminum work piece. The tool had -11° back and side reke angles, 45° side
cutting edge angle, 5° clearance angles, and Zero nose radius.

For caelculating the chip width and depth of cut, the force normal to the
cutting edge and the effective rake angle it was assumed that chip flow wes at
right angles to the cutting edge (a fairly good approximastion) . Thus, the
effective rake was -15°, chip depth of cut was equal to the feed per revolution
divided by V2, and chip width wes J2 times the tool depth of cut.

The results of tests measuring cutting forces with a two component lathe
dynamometer are given in Appendix B. The cutting speed for all tests was 240
sfpme Chip thickness was measured using a micrometer with pointed anvils.

Velues obtaineiyspecific energy, cutting ratio, and the ratio of shear to
total energy are plotted against chip depth of cut in Fig. 37. Briefly, the
points to notice about these curves can be listed as:

1. Specific energy rises with decreasing depth of cut,.

2. Cutting ratio decreases with decreasing depth-of cut and could link
up with the velues obtained in the grinding test, as shown by the dotted line,
This probably indicates that the slope of the cutting ratio line found in grinding
is too large, as previously suspected,

3. The ratio of shear to total energy appears to be constant at 0.8,
This possibly indicates that the values found in grinding are too high, though
the shape of curve in grinding is probably correct. ‘

The specific energy values from these turning tests and the grinding tests
at -15° rake are shown plotted against chip depth of cut on log-log paper in
Fig. 38, It appears that a continuous curve may be drawn through all these
pointse

In Fig. 39 the shear stress values for turning are shown with the shear

40



41
stress obtained with -26° rake single grit cutter (ceramic). Unfortunately
=15° rake data was not obtained for the grinding test, but as can be seen in

Fig. 36 the shear stress did not seem to be affected greatly by change in reke

angle from =12° to =-26°,



WEAR MEASUREMENTS

These tests were considered of secondary importance to the main investigation
of the forces in single grit grinding. At first the objective was to explain
some of the variations encountered in the initial force measurements with abrasive
grits. Later when ceramic tools were used some tests were aimed more directly
at wear measurements. Basically the method of testing differs from that of
Distel (25) in that the surface roughness equipment was used for measuring the
scratches and secondly, with ceramic tools it was possible to measure wear land.

The surface finish equipment was found to be very satisfactory for scratch
measurements. The depth of cut by this method was always slightly less than
that measured from the tapered entry and exit. This is probably due to elasticity
in the system causing the grit to move away from the work when cutting proceeds
beyond the entry or exit slope.

Surface traces along the bottom of the scratch are very suitable {or
detecting sudden chipping or other fluctuations in the depth of cut.

Traces teken slong the scratches indicate that when steel or titanium are
cut with either eluminum oxide or silicon carbide consideralble variation in the
depth of cut occurred. This was not found when cutting the aluminum work material.
The verietions were not particularly uniform, the change in depth varying from
zero at times up to about 0,001, The distance between peaks of the variation
renged from about 0,06 inches of cutting legnth to about 0.2 inches, which
corresponds to times of approximetely 7 seconds to 24 seconds. The fluctuations
appeared to be greater at larger depths of cut.

The very long period of the fluctuations indicates that they are certainly
not caused by mecheanical vibrations. Previous investigators who have observed
this phenomenon have suggested that it is caused by periodic expansion and
contraction of the work materisle The high specific energies at small depths

of cut causing tempersture rise and hence local expansion, results in increased
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depth of cut and lower specific energy, therefore contraction, the cycle then
repeats. Another possible explanation is by the formation of built-up edge on
the clearance face, Considerable built-up material was observed on this face.
It seems likely that this would grow more rapidly when the depth of cut is small.
At larger depths the ratio of normal force on the clearance face tb apparent
area of contact is increased, so that the rate of removal of built-up edge by
wear could be large as the region of very rapid wear is approached - this is based
on the wear theory presented by Shaw and Dirke (40).

The more generally accepted temperature fluctuation, is perhaps the more
likely explenation of this phenomenon, but the built-up edge effect may be worthy

of further consideration,

Wear Land Measurements

Tests were run using ceramic tools and steel work material. Measurements
were made of the wear land produced in a fixed length of cut and the decrease
of depth of cut in this length. 1/2 ipm feed was used for all tests and several
different speeds and rake angles were employed.

As mentioned previously considerable built-up edge was formed on the
clearance face of the tools. Both the built-up edge and the wear land surface
were flat and parallel to the surface of the work piece (this was observed by
getting the work so that the tool cleared it by approximately 0.001", The side
profile of the cutting tool and work surface were then observed with a Brinell
microscope end the cutter rotated by hand until the cutting edge was in its lowest
position)s The built-up edge extended back beyond the wear land and apparently
covered it as indicated in Fig. 40. It was not possible to measure the thickness
of the built-up layer. To obtain a wear land measurement the built-up material

was removed by disolving it in 10% nitric acid. The portions of built-up edge

at the back of the wear land appeared to be fairly loosely attached, while
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that directly covering the wear land was firmly held in place and was marked
with lines parallel to the direction of cutting, no doubt caused by rubbing
on the work piece,

Since the wear land was parallel to the work surface the height of material
removed from the tool could be directly calculated from the equation

Wh =:W£ sin a cos a

where the symbols have the meaning shown in Fig. 41,

Figure 42 shows the results for height of material worn from the tool as
calculated from the wear land, compared with change in depth of scratch., The
abscissa of the graph is length of cut, each wear measurement being taken st the
end of a cut over a 1 1/2" length of work material., The depth of cut was
ad justed before each 1 1/2 inch cut, to be approximately 0,003", though this
was difficult to set and was unfortunately not very well standardized. At low
speeds the two methods of wear measurement gave very similar results, but at
higher speeds the wear measured by wear land was greater than that measured by
change in depth of cut. This is difficult to explain, but it may be tied in with
the built—up edge formation. Possibly at higher speeds the built-up edge is more
unstable and periodically fractures from the tool allowing extensive wear to
occur for a few revolutions before the built-up edge agein forms and brings the
depth of cut back to about the same values

The wear land measurements allowed calculation of volume of material worn
from the grit and hence grinding ratio. To simplify calculations the wear land
is assumed flat across the width of the tool and the initial grit shape is assumed
to be triangular, Calculations indicated that the wear land is very slightly
curved as shown in Fig. 43 (a2). (h can be calculated from the known width of

CUN g

weer land ¥, and the radius of curvature of the grit Rjh = Al Vs,

Figure 43 (b) shows the assumed wear volume,
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It can be seen that the volume of material worn from the grit is given by

the relation

2

=3
VG e | Wi ¥ sin a cos a

where the symbols have the meaning shown in Fig. 43 (b).
Again assuming a triangular shape of tool (to be consistent), the material

cut from the work piece is given by

Bty * Bdy
i

v, = 1

M

vhere b1 and b2 are initial and finsl scratch widths

d1 and d2 are initial and final scratch depths

1 is the length of cut.

'
The grinding ratio is given by G-=:ﬁm-. Four measured values are given

G
in Table 2 for cuts made at different speeds. Each value is the average of five
or six congecutive tests,
Table 2

Grinding ratio measurements: Grit: Ceramic; Work: 1020 Steel; Feed: 1/2 ipm,

Speed: as shown,.

Rake Angle(e¢) Shmoll | Grinding Ratio
-10° 246 frm 82 % 23
~60 1090 " 63 < 32
~120 2880 " 41 £ 30

~200 2880 " 47 ¥ 40



SUMMARY OF RESULTS

The results of these experiments may be summarized as below,

1l. Force

measurements with abrasive grits.

Considerable variations in foree occur due to difference in geometry

between grits, random variation in geometry of any particular grit due to

chipping,

materiel,
(a)
(b)
(c)
()
(e)

(£)

2. Force

(a)

(b)

(e)

(d)

(e)

and variation in depth of cut when steel or titanium are used as work
However, the following conclusions can be drawn:

Cutting force increases with increase in chip area of cut.

Cutting forece increases with increasing chip depth of cut.

Force per unit width increases with decrease in chip depth of cut.
Specific energy increases with decrease in chip depth of cute

Cutting speed appeared to have no influence on the specific energy

at any given chip depth of cut

No difference in specific energy could be observed when cutting with
silicon carbide or aluminum oxide, but this was not clearly shown.
measurements with ceramic tools of known geometry.

Cutting force rises linearly with increasing chip depth of cut.

Force per unit area increases with decreasing scratch depth of cut,
Increasing the speed was found to increase the specific energy at any
given scratch depth, while increasing the feed had the reverse effect,
Specific energy rose with decreasing chip depth of cut and the
relation between these two variables was independent of speed and feed.
Rake angle was found to have a significant effect on the specific energy
at any given chip depth of cut. The percentage incregse in specific
energy per degree decrease in éake'angle from =9° is approximetely 2%.
Tool wear is of considerable importance in determining speecific energy.

This is thought to be due mainly to the formstion of a wear land on the

clearance face,
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(£f) The chip length ratio or cutting ratio (when cutting eluminum at 243
fpm speed, 1/2 ipm feed, with chip depths of cut between 50 and 325
micro-inches) varies between 0,08 and 0.3. Decreasing the rake angle
decreases the cutting ratio. Furthermore, it appears that the cutting
ratio decreases with decreasing depth of cut. The turning tests indicate
that the slope of this relationship is somewhat less than shown in
Fig. 31, but they esppear to support the conclusion that the curve does
have a real positive slope, as suggested.

(g) ©Shear strein was found to be considerably higher than for conventional
mechining. Strains of up to 15 inches/inch were measured with the -34°
rake tool.

(h) The ratio of shear energy to total energy decreases with decreasing
chip depth of cut and depends on rake angle, increasing as the rake
angle is made more negative.

Although the relative values of the ratio of the energies at different rakes
and depths of cut (as shown in Fig. 34) is probebly satisfactory, there is some
doubt about the suitebility of the measuring equipment and the absolute values
nay be somewhat in error. They sppear to be very high, the ratio being cloge to
1 for -63° reke., The turning tests also suggest thet the values of'if are too
high. For -15° reke at depths above 2000 micro inches the ratio has e constant
value of 0.8 It is unlikely that at smaller depths of cut the ratio would have
a velue greater than this,

(1) The calculated shear stress rises with decrease in chip depth of cut.

The shear stress with a -26° rske tool was found to rise to about 200,000 psi
at 50 micro inch chip depth of cut when cutting aluminum at 246 fpm speed and

1/2 ipm feed, Examination of all the specific energy and shear strain measurements

indicates that it is unlikely that the calculeted shear stress exceeds this value
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when cutting aluminum with a sharp tool at chip depths above 50 micro inches.
From the turning tests it appeears that a continuous shear stress curve can

be drawn from the grinding range down to the renge of depths of cut used in lathe

cutting,



DISCUSSION

The fact that the general rake angle of the ceramic tools has a significant
effect on the specific energy seems to throw considerable doubt on the assumption
of Backer, Marshall and Shaw (6), that the average reke angle of a grinding grit
is zero. This assumption is besed on the theory that the general rake angle
(or the angle of the mean surface profile) of each grit is of no importence, but
the angle of layers forming the surface structure determine the reke. In view of
the results reported here this theory does not appear to be correct. The objection
may be reised that the surface of a grinding grit is different to that of &
ceramic tool. However in both cases a surface roughness will exist and if this
determines the rake sngle in one case it should do so in the other. The general
rake of the grit profiles in a griqding wheel will certainly be negetive, but
the average value of the reke angle is essentially uncertain., An average of -30°,
suggested by Backer and Merchant (42), is possible of the right order, but their
method of arriving st this figure is open to considerable doubt. The ratio of
vertical to horizontel force seems to vary with depth of cut and & direct
comparison with turning data, ae they apparently used, is liable to considerable
error.

The evidence for decrease in cutting ratio with decreasing chip depth of
cut at depths below 300 micro inches, elthough not as conclusive as one might wish,
seems to be fairly goods This certainly occurs in the range of cuts used for
turning end it seems reasonable that it would continue at finer depths. There
vag some mention of this point in the discussion to the paper by Backer, Marshall
and Shaw (6), slthough they felt the accuracy of measurement in micromilling was
insufficient to support this conclusion., With the larger micromilling chips
their accuracy was probably better than that of this investigatibn. However, it

is possible that the effect is less marked when cutting steel at higher speeds and

furthermore, it appears that the slope of the cutting ratio to depth of cut curve
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becomes steeper at very small cuts.

With these considerations in mind it is of interest to look again at the
ghear stress values found by Backer, Marghall and Shaw. Putting a negative rake
of say 30° into their calculations and reducing the cutting ratio correspondingly,
will increase the calculated value of shear gtrain - in fact, it will more than
double it, if a cutting ratio of 0.24 is teken as a reasonable value at -30°
reke (they found cutting ratios of 0,362 at 0° rake and 0.296 at -15° rake in
micromilling). As well as these alterations the ratio of shear to total energy
(:E) mist beimereased if a negative rake is to be considered. This increase
certainly would not be greater than about half the previous value. The net effect
of these adjustments will be a reduction in the proportinality constant in the
relation between shear stress and épecific energy. The reduction might be of the
order of one quarter. If an allowance is made for decrease in cutting ratio with
decrezse in depth of cut the reduction in the proportionality constant would be
approximately one half, Thus the calculated shear stress in cutting steel,
although probably less than that found by Backer, et a2l, is still of the order
of 106 psi at about 25 microinch depth of cut,.

The calculated shear stress for grinding steel at small depths of cut is
certeinly above the yield value. This investigation indicates that the same is
true vhen cutting aluminum with a single tools Attention should next be directed
to the method for stress calculation. A basic fallacy seems to be neglection of
the forees on the clearance face of the tool. The large increase in specific
energy found when a wear land is formed on the tool indicates that the forces on
the clearance face can be as large or larger than those on the reke face, For a
perfectly sharp tool it is theoretically possible for no force to exist on the

clearance face. It is doubtful that this condition is ever achieved in practice,

if obtained it would only exist momentarily as some wear will rapidly occur to
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give a real aree of contact between the clearance face and the newly formed
work surface, That this occurs in grinding has been observed in this investigation
and is shown by Letner (21) for a complete grinding wheel. Pictures in Letner's
paper indicate that some wear land has been formed after removing 0.046‘cubic
inches of work material and after 0,86 cubic inches the wear lend on the grits
varies between 0.001 to 0.005 inches length - unfortunately his grinding conditions
are not statede

Thus it is highly likely that part of the total force measured in metal
cutting arises from clearance rubbing and is not due to the shear process.
From the assumption that all the measured force is due to shearing, the calculated
shear stress will be higher then the actual stress. It is probable that the
rubbing forces become more important as the depth of cut is decreased, so that
this consideration has grester influence in grinding than in the more common
metel cutting processes. As previously mentioned, Thompson, Lapsley and Grassi (18)
have discussed this aspect. Their method of estimating the rubbing' force by
extrapolation of the cutting force back to zero-depth of cut (as indicated in
Fig. 26) is open to some question. Further investigation of this could be of
great importance.

Another aspect neglected in the caelculation of shear stress is the "pre-flow
region? - the region of plastic flow where the uncut vork surface bends around
to form the back of the chips As Shaw and Finnie (17) have pointed out the
radius of this region cen meke the shear plane longer than the length esssumed in
Merchant's analysis with a sharp corner. Thus neglecting the radius will have the
effect of meking the calculsted shear stress higher than the actual value., With
e fairly large negative rake and small depth of cut, the shear plane could
conceivably be twice as long as that calculated on the assumption of a sharp
corner at the work-chip junction, This would meke the calculated shear stress

double the actual value.
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These remarks on the calculation of shear stress are merely speculative as
no quantitative values can be determined with existing knowledge. However, they
suggest that the calculated shear stress - both in this paper and the value of
approximately 106 psi indicated from the results of Backer, et 21 - are
excesgively high, Whether the actual stress is of the order of the conventional
yield welue or not cannot be determined et this time. Size effect mey exist -
the theoretical strength may be lower than previously assumed, or alternatively
the shear stress in grinding may not rise as high as the theoretical value.

The region at smali depths of cut where specific energy appears to become
independent of depth of cut, as reported by Relchenbach, Shaw, Mayer and
Kalpalkecioglu (15), is of considerable interest. This region seems to be reasonably
well established although confirmafﬁry evidence in single grit cutting would be
desirable. Backer, Marshall and Shaw (6) and Reichenbach, et al, (15) suggested
thet the region corresponds to the shear stress of the material reaching its
theoretical strength. As indicated in this paper the value of the true shear
stress in the level region isg probably considerably lower than that calculated
in (6) and (15). This indicates either that the theoretical strength is
considerably lower than previously thought or that some other effect is causing
the specific energy to be independent of depth.

It seems quite possible that the theoretical strength is lower than the

values-ii-or'g'which have been frequently suggested. Brenner (10) measured

2m A
tensile stresses of approximately 1.7 x 106 and 0,9 x 106 psi for iron whiskers
in different crystalographic directions. Cottrell (39) has proposed that the
theoretical strength may be as low as'é% {0k = 106 psi, for steel), but concluded
that it could not be much lower than this,

The fact thet at small depths of cut the forces and specific energy are

practically independent of the hardness of the material, as reported by Marshall
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and Shaw (30), requires explenation. It can be nicely explained by the size
effect theory. However, it can also be explained from the theory that the specific
energy at small depths of cut rises due to increased influence of the forces on
the clearance face, The friction force on the clearance face is more or less
independent of the hardness of the material, or it could be lower for a harder
meterial, Thus when (if) the rubbing force becomes large relative to the shearing
component in the direction of cutting, then the total measured cutting force will
be independent of the hardness of the work materiasl,

To econclude this section of the discussion a summary of the points considered
might be made. It is certain that specific energy rises as depth of cut is
decreased. There appear to be two possible explanations for thiss

1. The shear strength of the ﬁﬂterial increases with decreased specimen size.

2. The friction force on the clearance face becomes relatively more
important at small depths of cute In addition to this the 'pre-flow' region may
also become more important.

It is likely that the first point pleys a definite part in this phenomena,
but the evidence that theoreticsl strength is reached is not conclusive,.

The evidence that the second factor has quite a considerable influence seems
good. As Colding (39) has pointed out the growth of a wear land in lathe cutting
does not seem to have a very large influence on the measured cutiing force
(2lthough many tests have been effected by crater wear); however, at the small
depths used in this investigation, the influence of wear land is large, indicating
the greater importance of friction force on measured cutting force at small depths.
Furthermore, as Thompson, Lapsley and Grassi (18) suggest, there seems no reason
why the clearance face forces should decrease at smaller depths.

Until further work is carried out on these aspects it eppears thet the
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explanation of specific energy increase by size effect alone, should be treated

with some doubte

Grinding Ratio Measurements

Although the results of these measurements are not considered to be very
reliable, the description of the test procedure has been included because it is
felt to offer a useful method for future studies of grinding grit wear. With the
use of grits of a definite geometrical form it should be feasible to find how
the rate of wear varies over cutting time (the few tests carried out in this
investigation indicate that a constant rate of wear is reached after a short
cutting time)s Tool life tests, similar to those in single point turning, could
be carried out and might be of considerable interest.

The grinding ratio values obtained at 2910 fpm are approximately half those
found by Distel (25) for the same steel under the same conditions. This could
be due to less wear resistance of the ceramic tool or may indicate errors in the
assumptions made in determining the material worn from the grite. The error
may have occurred in this investigation or in that of Distel; however, since the
calculaetion is more direct from wear land measurements this is considered to be
the better method.

The variation in wear as measured by change in depth of scratch and by wear
land is most unexpected. The explanation by btuilt-up edge formation may be
correct, but further examination of this is probably worthwhile and may lead to

a better undergtanding of the grinding process.

Temperstures in Grinding

Although not strictly commected with the previous work some consideration
has been given to the temperatures existing at the work surface just behind a

grinding grit. Outwater and Shaw (33) have made calculations and Mayer (43) has
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measured temperatures by an indirect procedure, both methods have suggested
temperatures above the melting point of the material. This result seems strange
since both Bowden at Cambridge, England, and Sternlicht at General Electric Co.,
have found that the surface temperatures in sliding at very high speeds (in excess
of 60,000 fpm) never exceed the melting point of the rubbing materisls. The short
time of contact in grinding may have some influence on this, but it seems doubtful
as the molten layer could be infinitesimally thin. Mayer, in a private discussion
has since suggested that one of his calibretion curves was probably in error and
fthat the measured temperatures were below the melting point.

The celculation of Outwater and Shaw (33) should probably be modified in the
light of this discussion. Firstly, some doubt exists as to the validity of their
method of surface temperature calcuiation. Although the procedure of Loewen and
Shaw (34) for applying Jaeger's solution to‘finding shear plane temperstures is
probably justified, it does not seem that the same method can be applied directly
for calculation of surface temperatures., The fraction of heat flowing from the
shear plane, away from the chip flow direction, will certainly pass into the
uncut work piece, but there seems no reason to assume that this will flow into the
freshly cut work surface, In fact it would seem that most of this heat will go to
raising the temperature of the material about to form a chip.

Outweter and Shaw in determining a suitable value of specific heat assumed
that the short cutting time would prevent the steel phase transformations which
normally occur at 1400 and 1600°F and reduce specific heat. Since they observed
a transformed surface layer thié assumption seems dubious - if taken intoiaccount,
the lower value of specific heat gives & higher calculated tempersture,

If a transformed leyer is formed, the heat absorbed in transformation may be
of some importance. A rough calculation cen show, however, thet this factor is

negligible. .Metals Handbook (36) gives the heat of transformation at the A3 line
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as 5.6 calories/gram at 1600°F. This becomes smaller if the transformation
is delayed to higher temperatures, which may occur due to rapid temperature rise.
From this it can be shown that the energy per cubic inch of metel cut, to

transform a surface layer 8§ inches thick, is

=0 024 x 108 . inch 1b./inch3

E(transformation) t

where t is the chip depth of cuts

Compared to this, the energy to raise the temperature of a layer of thickness

® , to 1600°F is, (taking the mean specific heat as 0425)

= T 3
E(temperature rise) 1,05 x 10 -~ inch 1b./inch

This it is seen that the energy required for transformation is negligible
compared with the energy to raise the temperature and may be omitted, as Outwater
and Shew assumeds

The next question is the temperature developed by friction on the clearance
face, This can be found by a direct application of the Jaeger solution (35)

The heat developed by friction is
]

We

B b 127

q:

- friction work done on the clearance face

]
where W £

ZI.w

1
b = width of cut (total)

1]

length of clearance face wear land

J mechanical eguivalent of heat,

This can be written as, U V.t
q =% (1)

123 lW
where Uf = friction energy on the clearance face per unit volume of materiel cut
V = cutting velocity

t = chip depth of cut,
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By Jaeger!'s solution, the mean temperature under the rubbing surface can

be written as

T = 0.752 —3= (2)

kVL

vhere k = coefficient of thermal conductivity

L = dimensionless velocity parameter =-%

and K = thermal diffusivity = ?1'-_5

¥ = specific density of the material
¢ = specific heat of the meterial
Combining Fgse 1 and 2 and simplifying gives

1
R ety
T a f o o Y
0 =0.72 7% (3)

J'W

substituting the values t = 30 x 106 inches
V = 6000 fpm
and assuming a wear land of 1 = 0,005 inches (photogrephs by Letner (21) and
others suggest {his is farily rapidly formed on average grinding wheels).
If the temperature from shear work is 2000°F then k = 2.2, ¢ = 0,25,

thus K = =314 (¥=-283 £/i0)
6 ]
xU

fromFge 3 © = 9,3 x 10 ,

6

v =
If U, =10 inch 1b,/inch® , © = 9.3°F

If temperature from shear work is 1400°F , k=4, ¢ = 0,25 (¢ is more
or less constant from about 1400°F up to about 2000°F, due to the phase trans-

formations)

thas. K = 57

e 1
and so © = 6,9 x 106 x Uf
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To cause a significant rise in temperature U would have to be very large.
This is an important aspect. It has been shown previously, that probably about
half the measured total specific encrgy is produced by rubbing and now it is
seen that this energy has little tendency to raise the temperature of the work
gurface. Thus it seems that the total energy should be divided by about 2 before
calculating the temperature rise due to shear,

The solution of the temperature problem is far from complete and probably
cannot be solved until a better understanding of the basic division of energy

has been developeds’



FUTURE TESTS

Several tests might be carried out on the same or similar equipment to that
used in this investigation inecluding:

1, Examinetion of the change in specific energy as wear land is increased
progressively.

2. Determination of grinding ratio under different conditions from wear
land measurements,

3. Construction of tool-life curves from wear land measurements and further
investigation of variation in wear rate over time., There seems no major
practicel difficulty preventing these and the test of point 2 being carried out
at speeds approaching those used in grinding.

4s Grits of aluminum oxide and silicon carbide of a known geometry could be
used for wear tests and force measurements. Cole (44) mentioned that such grits
could be produced by a jeweler.

5, FExanination of specific energy when cutting fluids are applied to single
tool cutting at very small depths.

Other useful investigations might bes

6. Measurement of forces on grits with a two component dynamometer. It seems
that a strain ring on the rotating spindle might have a low enough mass to make
this precticable, at least for low speed cutting.

7. Temperature measurements by the chip tool thermo-couple technique, using
a single carbide cutter at small depths might produce new evidence.

8. The possibility of construeting a special tool to measure the clearance
face forces independently of the reke face might be considered, This is certainly
not simple and probably could not be used at very small depths, but the results of
measurements over a range of different depths would be interesting.

9, Force measurements when cutting single crystals of material, with known

preferred orientation, by a similar technicue as was used in this paper, may throw

some light on the division of energy in cutting.

29



APPENDIX A
Deta obtained for determination of the Ratio of Shear to Total Energy.

Speed 246 fpm, 1/2 ipm feed, Ceramic grit, Aluminum work.

(a) =63° Reke
Cantilever Two Component H Scratch Scratch Cutting
Dynamometer Dynemoneter v Depth Width Ratio
Horizontal Hor.(H)  Vert.(V) (gicg‘;z) (inches)
Force (1b.) (1bs) (1b.)
- 0.031 0,013 Rely 0.0001 0,008
3.8 1.15 0.7 162 0,0011 0,03 Discontinuous
1.1 0.16 0.05 32 0.00035 0,017 Chips.
1.92 0425 0.10 25 0.00035 0,017 Average value
1.57 022 0410 2.2 0,0002 0,01 assumed to be
- 0,02 - - 0.,0003 0,017 0.07. (An
1.57 0,17 0.10 1.7 0.0003 0.017 estimate based
5 % 1.2 0.85 1.4 0.,00115 0.034 on the velues
2.05 0435 0,21 1.6 0.0004 0,017 found at larger
reke angles).
(b) =12° Rake
144 0.46 0.85 0.54 0,001 0.015 -
1.68 0.78 1,0 0.78 0,0011 0,017 -
2.62 094 1.4 0.67 0.0017 0.022 -
- 0.89 1.3 0.68 0,0016 0.022 -
0.7 0.15 0.32 0447 0.00035 0,011 -
1.36 0,7 1.15 0,61 0,0011 0.020 12
2,62 1.65 i | 0.7 0.0026 0.029 .12) Average
3.8 2.8 . 18 0.80 0,004 0.038 .15% value
Bk 2.6 3.25 0.80 0.0033 0,035 «17) 0.4



(c) =18° Rske

Cantilever Two Component
Dynamometer Dynamometer
Hor. Vert.
1.85 0.83 1.30
249 1.1 1.50
bob 2a'7 3424
(d) =26° Rake
0,95 0.39 0.75
1.97 0,68 1.06
2.76 145 2.1
Ja'l 2e'7 ek
1.36 0.7 1,06
1.63 1.04 1.7

<

0.64
0.73
0083

0452
0.64
0.72
0.80
0.66
0.61

Scratech
Depth

0,001
0.0014

0,0017

0,0002
0.001

0,0017
0.0034
0,0006

0.001

Scratch
Width

0,02
0.025

0.035

0,008
0,017
0,025
0,035

0.013

Cutting
Ratio

.JA; Average
«13) value

)
«12) 0,13

«12)

)
011;
.09% Average
008)6) value
-083 0,096

-09)



APPENDIX B

Data from Turning Test. Materials: Aluminum; Tool: Ceramic ("Stupalox");

Chip Chip Force Area Specifie
Depth Width of Cut Energy
of Cut of Cut Cutting  Normel (inz) (F/AY) 3
(in.) (in.) (F)(1b) (1b) (in.1b./in”)
.00262 .085 27 23 2244 .120
+0041 +085 39 27 348 14
00615 .085 51 32 52,2 .098
.0082 .085 62 37 69.5 .089
.0123 .085 0y, 39 104 .076

62

Chip
Thickness

(in.)

.010
.012
014
.018
.020

+026

Speed:

Cutting
Ratio

LT

240 fpm

Shear
Angle

13.4
13.3
4.7
16.9
20.0

R2.2

F
(1b)

33
34
38.2
45.1
5243
55.2

£
N

B4
9%
1.02
1.13

1.18

(psi)

19,700
20,200
21,600
20,100
20,200

19,300
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