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ABSTRACT

A simple strain 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 aluminum oxide were used for the cutting.

Initial tests using 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 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,

nt 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 oreviously 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 cerbide 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 pasta
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INTRODUCTION

This study was suggested by the previous work carried out at [1.T.T. on

wear studies in single abrasive grits. It seemed that similar apparatus

could be used for mecsurement of the cutting force of single grits. This

appeared to be an interesting line of epproach since it would allow direct

neasurenent of force per grain, of width of cut, and of depth of cute So

that average velucs did not have to be resorted to, as hes becn necegsary

in all previous force measurements in grinding.

One of the initiel major objectives was the investigation of the "size

effect!" which has becn reported in all types of wheel grinding ¢nc in belt

ocrinding. It was felt thet 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, anc hence, would be effectively

discounted as a source of the size effect. Furthermore, tic depth and width

of cut would be known with more certainty then was nocsitle where many

cutting points are simultaneously employede Thus 1t wes hoped to indicate

wnether the "size effect" in grinding wes basically caused by the reduced

depth of cut or whether it resulted from other variables not previously

~onsidered,



SUMMARY

4 simple strain gauge dynamometer was constructed for the measurement

of the tangential force on a cutting tool used in a nanner similar to a {ly

milling cutter. Different types of abresive grils and later &amp; pilecz of

sintered aluminum oxide were used for the cutting.

Initial tests vsing actual grinding grits on 1020 steel, 150A titanium,

and aluminum indicated an increzse in specific energy with decrease in chip

denth of cut. However. there was considerable scatter between grits of the

same tyoe and in some cases scatter for any one grit.

farce mezsurement
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“ vere nade using sintered aluminum oxide grits of

"hh wr + geod repeatability of results anc a series of

»-nt, rake angles and different lengths of weer

Tenclh ¢© the chips could be nessured with

, cutting ratio and chear strain could be
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“hesw gtrein was much nigher then in conventiorel turnings

These resulte er ect thet the calculated shear stress for grinding wieels

should be considerably lower then previously determined.

Tear studies were conducted with the cercmic tools and veer land mecsure-

ments were nade, Irom this, grinding retio velues were calculated and found

to be considersbly lover than the vslues nreviously determined with aluminum

oxide and eilicon cerbide grite.

A brief discussion of surface temperature calculation irdicetes that

thease tereretures are lower then nreviouslr thoustte



DISCUSSION OF THE GRINDING PROCESS

As has been pointed out severel times in recent articles, knowledge

of the grinding orocess js far less complete than thet of single point cutting,

There are a number of reasons why this is so, the most important 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 forces involved, and the small lsterisl extent of the

ocrinding grits.

In grinding (as for other metal removal processes) the becic objective

ies to obtain a surface, which corresponds with a satisfactory accuracy, to

a desired geometrical form; at the same tine the process snould be as

sconomical as vossible, The degree of accuracy recuired for eny narticular

surface denends on its functional requirements. Since the cost of the process,

in general, increases as the accuracy is incressed, it is obvious thal accuracy

~f the surface should not be better then absolutely necessary for correct

function.

Crindirg is usually considered Ty be a finishing urocess, since it is

often nreceded by rouciner and faster stock removel processes. liowever, whether

preceded by coarse machining cr used directly on forged or cast surfaces,
a

certain amount of stock must alwevs be removed to obtain the desired dincnclons.

For this reacon the rete of metal renovel is a variable of interest in

considering the economics of the process

To =schieve the basic objectives. a cow Tote knovledre of how each

indenendent control variable affects the nrocess, is obviously desirable.

If this knovledre was eveilable, velucs for the grinding variebles could be

selected to produce a varticuler surface - glternctive selections could be

avalusted from the economic considerations of cutting rate end rete of wheel

JOCaT



A further factor which should be specifically mentioned at this stage,

althouzh it has been tacitly assumed by the word, "accuracy," is the injury

which ground surfaces may suffer. Cracks, residucl stresses and burn may

be left in the surface if conditions are not satisfactory. An understanding

of the dnfects and the method of eliminating these by correct control of the

crinding variables, in the same way that accuracy should be controlled, is

negcess

ne
Tre
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“fot, seems strange that bh ‘nfluence of 211 the variables

© been investigated 2-1 generel empiricel rules laid down

coerations. Although several attempts have been wade to do

mmhayr of variables involved and the complex interactions

between them have led to results vhich are not completely satisfactory. A

nore useful approach to the problem secrs to be by a step by step analysis

of the basic mechanics of the process. This should (and has already, to a

large extent) led to a simplified selection of conditions in eny practical

spplication end also aid in determination of basic improvements in the process.

It is worthwhile considering briefly the work which has been carried

out in an attenot to understend the mechanics of the orocecss. This is discussed

in two sections, firstly, under the heading, "forces," znd secondly, "weer."

Forces

Before 1914 it wes realized that the mechanism of grinding was basically

&gt; * 9 * - * 1 -

similar to single point cutting. Alden (1) seems to have been the first to

directly apply this knowledge. He found a relation, in cylindrical grinding,

for the maximum chip depth of cut (tt) in terms of the wheel and work speeds,

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

h Numbers in parentheses refer to the bibliocraphv at the end of the »naper.

winater fyaie 0eea TEsBslse



that the tangential, cr cutting force was directly oroportional to the chip

enth of cut. Guest (2) extended the work of Alden to give a simoler chip

thickness relation depending on the radii of wheel and work. This had the

forms

v. / +r) 2d
of Rex

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

re rn 1" 1" yn fn rac
~

1

n is the number of cutting grits ver unit wheel length

d is the wheel depth of cut (or downfeed)

Guest assured thet the cutting force was provortional to the area of

cut and with the further assumption that the projecting portions of the grits

vere approximately triangsulcr in shape wag led to the relationship

-

cuttine force. " oe k NS. (rr) zd
eyv7

where k, he elaine” constant for the particular grinding wheels

This relation was direct practical use since it indicated the way

in which v. V and d wer» inter-reclsted in determining wiaether the force was

boo low, causing the wheel tn glaze, or too hich. causing rapid vheel wear.

Since Guest presented his relationfor the reximum chin thickness there

have been several other relations presented (2).(), and (5), all of which

are based on assumptions that do not appear to be justified. Althoupn the

sxoression in (4) did not include the factor n (which is difficult if not

impossible, to measure) its assumntiens make it unsatisfactory for the

calculation of chip deoth of cut.

Not until 1952 was a sulteble method for evaluation of n suggested.

Racker. Marshall and Shaw (6) exoressed n in terns of the meen number of



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 techniques In calculating the chip depth of cut Backer,

Marshall and Shaw used a relation of exactly the seme form as that originally

predicted by Guest. Later, more accurate relations for the calculation of t

were suggested by Kalpakcioglu (7) and these have been expanded end published

in (15).

From the time of Guest the problem of the force in grinding was not

seriously examined, McKee, Moore and Boston (22) meesured the horse-pover

in grinding, but direct force measurements were not made until 1949, when

Marshall (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

vield 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 explanation of the basic mechanism of the effect is still

subject to some discussion by different authorities. Althourh 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,

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

important as the size of the crystal was decreased. However, Makin (13)



concluded tast the surface film effect did not increase with decrease in

crystal size. Walker (14) considers the altered strain hardening charac-

teristics to be of some importance and has extended the simplified dislocation

explanation to sallow f~r this. Thus, it is seen that even in the simplest

material tests the mechanics of size effect are not understood with complete

certainty. When the «

picture existing in mr

~rinding evhibits a "size effect," to the extent that

the svecifin enercy (per unit volume of metal removed) rises as the chip

mm.

depth of cut decreases, has been fairly conclusively established (6) and

(15); but the explanation of this effect is not so clear. Shaw and llarshall

(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 epproacned the theoretical value

: G G

calculated for a perfect lattice arrangement of the material (7 to S77

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

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

sxnlanation. However, there seems to be some room for doubt about the

validity of the assumptions used to cslculate the shear stress; furthermore,

there appear to be other considerations in the grinding process, which have

been neclected.

In celculatine the shesr stress in grinding Backer, Marshall and Shaw

related the grinding results to those found in a fine milling process, known

ns micromilling. For this purpose they made the following assumptions:

In crindirgs the mean rake angle of the cutting grits is zero.



Re 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 ratio

was approximately constant for different depths of cut in micromilling. |

3. It was assumed that a plot of the ratio u/u against chip depth of

cut could be extrapolated by a smooth curve down to the grinding range (where

u, is the shear specific energy and u is the total specific energy).

From these assumptions the shear stress may be found in terms of the

botal specific energy, using the well known relations developed by Merchant

(16)

Tr cos oh
\ ~ -L,c

shear engle @ = tan (3 = sin ol )
 ot

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

] Y = cos

Shear strain, Sin @cos (8= =&lt;,)

rr _ 9s _ (ug/u)w
Shear stress, - = X 1

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

amounts, Since the analysis neglects this the calculated shear stress will

be higher than the actual stress.



It seems certain that there is a force acting normel 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) claim that a major 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 hest.

The fect that such a force exists seems difficult to contradict in view of

the fact that wear occurs on the clearance face of the tool. For an exact

eslculation of the shear stress this force should be evaluated &amp; subtracted

from the measured cutting force.

In addition to the two approximations introduced by the use of Merchant's

relations it apvears that some doubt can exist about the validity of the

three assumptions made by Backer, Marshall and Shaw, This aspect is con-

sidered in more detail in the discussion of results,

Since the publication of the force measurcments in surface grinding by

Backer, Marshall and Shaw, measurements of the forces in internal and external

ocrinding 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 cszlculation 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 variables. It is apparent that removal of material

from the wheel occurs by three mechanisms: 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 bonds

To maintain accuracy and to reduce the adjustments required during

crinding it is, of course, desirable that grinding wheel wear be fairly

small. On the other hand, to meintein 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

gualitatively the way in which wheel speed, work speed and wheel depth (or

dovnfeed) 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

investigators is the ratio of volume of metal removed to volume of material

worn from the grinding wheel, This ratio has been given several different

names including, "Specific Wheel Wear," "Volume Ratio," "Grinding Ratio,"

and "Efficiency Ratios" 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



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).

dear 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) theoretical studies

should be directed to the individual mechanismse 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

wear. so that wear by attrition and grit fracture can be measured without

the influence of the bond. Distel (25) found that the grinding retio was

hicher for single grits then for a grinding wheel. He suggested that the

slimination of the effect of the bond was the main reason for this increase,

but he also suggested that rewelding of the chips to the workpiece was

reduced by the single grit technique, which, of course, also increases the

ocrinding ratio, since the rate of metal removal is increased.

Distel (25) decided that the mean wear of the grits was a simpler

saremeter 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 investirated the wear with several different

work materials, different grits and different speeds. Heyman (26), using the

same equipment, examined the influence of severgl cutting fluids.



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 separating attrition wear from

wear due to grit fracture. These two mechanisms are probably cuite distinct,

Fracture resistance depending simply on body strength of the abrasive material,

but attrition resistance 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 MEASURIMINTS

A method has been devised to measure the tangential force when cutting

with a single grit. The force measuring device, in principle, 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 replaced by a special, single

tool, fly cutter, A general view of the apparatus is shown in Fig. 1 and

in Figs. 2 and 3 the details of the fly cutter con 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 spindle of the milling

machine.

inen 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 resistence

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 physiczl size of the cantilever had to be

made so small that there was insufficient width for the extra gsuges. 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 waza decided for convenience, to use strain gauges as the

tvo other resist snces.

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

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

milling machine. Vhile the work piece, held in a vice on the table of the
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machine, was fed past at right angles to the spindle axis. Since this

orocess, 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 vould 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

keywey 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 VWheatstone circuit. It is obvious that the time of force spplication

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 American
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pattern, having resistances of 300 Z 2 ohn and gauge factor of 2.96 £ 2%.

Gauges Sq and So vere cemented to the cutting cantilever, while Ry and R,

were cemented to the dunmye. The active strain gouges were of course on

opposite sides of the cantilever so that vhen 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 a 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 Sq Ss Ry and Ry, vere all

similar strain gauges, so the circuit was initially in approximate balance -

i.60, the potential difference between points A and B was close to zero.

Change in the resistance Sq and S, alters this potential, which is detected

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

exactly balance the circuit, but it was necessary 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 small 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

dimensions the calculated strain at the gauge section is 20 x 1070 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 load of 5 1bs. The calculated natural frecuency 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 13:20 slope on each side. The tech=

nicue of testing was very similer to Distells. The work first was aligned

in a vice on the milling machine table using a dial indicator. Next the table

was reised 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 across the

work pilece.

Initicl 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, a better procedure for measuring scratch depth

end width was found to be by use of a stylus type surface 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 scratch 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 electromagnetic type, position sensitive (independent

of the wavelength of the surface roughness). The measuring head was connected

to a 'Sanborn! recorder vhich produced the masnified trace. The meximum

nagnifications of the equipment was 1600 times vertically and 24 times hori-

zontally - adecuate for these measurements. A sample scratch profile is shown

in Fire 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 verticsl magnifications of 0.01 to 0.004 volts for full scale deflection

(4 inches on the oscilloscope screen). A 'Poleroid-Land! camera was used to

record ell force traces. A typical picture of the oscilloscope deflection



is shown in Fig. 8. Tor this particular trace each division on the vertical

scale represents O-5 pounds and on the horizontal scale each divigion

is 0'5 milli-sec. Tie natural frecuency of vibration 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/ seconds, the force then remains

constant at /-9 pounds for ©O'00/85 seconds, during which time the

cantilever vibrates about its deflected position with a period of ©O-0005

seconds, finally, the force falls to zero in ©0007 seconds. After this

the cantilever has a damped vibration at its natural frequency.

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 start

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 congecutive cuts and then depth and width at the exact

cutting position could be measured with tie surface finish instrument.



CALCULATIONS FROM BASIC MEASUREMENTS

Nomencleture

A?! = chip arez of cut (inch?)

o Ld 2

a = scratch cross sectional area (inch®)

D = diemeter of grinding grit path (inch)

d = scratch depth of cut (inch)

dn = scratch depth at time T after start of cut (inch)

F = force in direction of cutting (1b.)

Fy = force normal to cutting direction (1b.)

F, = force parzllel to shear plane (1b.)

f = feed per revolution of cutter (inches)

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

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

N = wheel speed (R.P.M.’

r = cutting ratio, or chip length ratio

r. = proportion of tire grit is actuzlly cutting

s = arc length swept out by the grit in time T. (inch)

-

 = total cutting time during one revolution (sec.).

T = some time after the stert of &amp; certzin cut (sec.)

tb = maximum chip depth of cut (micro-inch).

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

U = total specific encrgy (inch 1b./inch&gt;)

U, = shear energy (inch 1b./inch’ )

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

Vg = velocity of chip relative to work, directed along shear plane (fpm)

r = work speed or table feed (ipm).

W = top width of scratch (inch)

3

effective top wicth of screstch at time T after the start &lt;f a cut (inch).



-

¥

a = rake angle of cutting tool

Y = shear strain (inches/inch)

# = shear angle

T = ghear stress (psi)

The force velues themselves are of little interest. To be useful the

force must be related to the size of cut. The deoth and width of the scratch

can be easily measured, either from the surface profile of the scratch, or by

ase 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 can be calculated from the formulae presented by Reichenbach,

Shaw, Mayer and Kalvekcioglu (15). These can be simplified considerably since

the exact number of cutting points per unit length of wheel periphery is

known (and = 1 for this investigation). With this simplification the formulee

can be writtens

- 12 v

YKVdD

(in all these tests K =1)

(2) Type I and II chips. If B &lt; 1, t =dB(2 - B), and the equation

t = 2dB can be used if B &lt; 0,1, with less than 5% error.

(b) Type III and IV chips. If B 2 1. t =4d

(¢c) Type V chip, If B =*
4 v2

12 v 1 +5
(1 + 20 v

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

t = 2dB, or

t = 2 Y /4 , could be used,

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

petween successive cuts 1s 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 al 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 thet the chip width of cut is not the direct width of the scratch (W),

but is ecual to the length of the profile of the scratch (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

nesumed a triangular grit section, but it is felt that due to the general

unevenness of the profile a rectsnpgular section is more valid - l.e.s profile

length =W+ 2d. Rough measurements of scratch vrofiles 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 shope somevhat 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 area 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 identical cross sections, one of the

cross sections being cut off at a depth t less than the other. Thus the

smaller 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 value of chip thickness (calculated above) will

occur at the lowest point of. the scratch profile and wherever the profile is

horizontal,

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

:

T = &amp;res of cut A LW

~ actual width of cut ~~ (W + 24)

Instantaneous Values of Scratch Width and Depth

[n fact the width and depth of the scratch will vary during one cut

taken by the grit. The cut will be more or less boat shaped as indicated in

Figs 77

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

is given by
2

go 8.dp = d - Nn

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 arc

length = V Dd to a close approximation,

wea[1-D]
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 cf cut at any time T. The chip depth

of cut is, of course, based on the maximum scratch depth, d,
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Celculstion of Specific Energy

The cutting energy per unit time = FV

§

Now volume of material removed per unit time = A V

Specific energy = inch 1b./inch’ 5)

Alternatively the average rate of metal removel while cutting per unit time can

be written as ave.

The cutting is discontinuous, thus the volume removed per unit time

YT,

Where r. = provortion of tire the grit is actually cutting

Specific energy = I inch 1b./inch’ (1,

The secord method of calculation is cumbersome znd not much use in this

case, but it is included since it correcponds to the method vhich has to be

used for calculations with complete grinding wheels,

Cuttirg Ratio

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

“5

i 3 1, = chip length, 1, = length of cut, tq = chip thickness

J = depth of cute.

SheeTr Ln;'n171 e

Merchant (16) has developed the relstion, tan @ = Ss
- n

Sheer Strein

¥ ————C02
gin @ cos (g = a)

Sheer Trnersy Per Unit Volume

FVs
Shear Energy, u_ = Tor



07

cos a
and Vv =8 cos (8 - a) ov

fF
3

F
=r (c -—

(cos ¢@ F sin @)

Tr
__F N cos a

F

=u (cos — sin #) wD

Shear Stress

It can be shown that u_
= T 9

Thine



FORCE MEASUREMINTS 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). Pictures of the oscilloscope

deflection were taken at intervals during the cut (usually about 7 pictures

during one cut). When a picture was taken the time after the start of cutting

vas noted and at the completion of cutting this time was related to distance

secross 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 taken the film was exposed for between 1 to 4 seconds so thet the force

picture for several consecutive cuts was obtained, the meen value of the force

wes 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 z2luminume The standard cutting conditions

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

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

of the workpieceo

Force Against Chin Area of Cut

Tn Fig. 12 (a) the measured cutting force is shown plotted against the

chip area of cut (the total width of scratch multiplied by the chip depth

of cut). Graphs zre given for each of the three work materials used and for

cach material the results of tests with two different grits are presented.

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

for any one grit and that the force rises almost linearly with increase in



)

area of cut. However, different grits give considerable variation in the force

at eny particular area of cut.

It should be pointed out that the results shovm 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

variations It is seen that the points for this particular grit sppear to

fall on two distinct curves, the initial four points being on the 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 variation in force for different grits is most likely explainedby

the difference in geometry of the grits. Due to this variation the curves in

Figs 12 are of no great practical value but are presented to illustrzte the

magnitude of the variation between grits; to indicate the relstion between

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)e

Force Ageinst Chip Depth of Cub

The weasured cutting force for the same grits shown in Fig. 12 is plotted

against chip denth of cut in Fig. 13. It is seen that the variation between

crits is somewhat 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. Again there vas considerable scatter in

many of the tests which are not showm and grit 8 when cutting steel seems to

have tvo distinet curves.
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Force Per Unit Width of Cub Against Chip Depth of Cut

The measured force divided by the assumed cutting width of the grit

(scratch 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 a direct plot of force against chip depth of cut. There is still a

veriation between grits and also some scatter of points for any one grit.

Again it must be pointed out that these curves are selected from a number of

tests, some of the tests with steel and titanium work materials 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

seonetry due to chipping end also to random variations in the depth of cut, as

will be explained later.

Svecific Energy Against Chip Depth of Cut

The two methods of calculating specific energy are compared in Fig. 15

for the aluminum work materiale It is seen that the methods give basically

similar results, though the calculation of energy from average width of cut is

slightly higher then 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 many errors and the chip area of cut was used for all succeeding calculations,

Also shown in Fig. 15 is a plot of LE against the mean value of chip

A

thickness (obtained by dividing the chip area of cut by the width of cut on the

sssumotion that the width of cut is equal to the scratch 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 mean chip thickness is perhaps more basic than one

between specific enersy and maximum 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 an assumption as to the shape of the grit;

there is probetly little advontage in using it. In all later tests the

maximum chip thickness was used,

In Fig. 16 values of specific energy £5 are plotted against the chip

A

depth of cut (max.) for the steel and the titanium workpiece. For steel the

velues obtained with two different grits ere shown and for titanium two curves

are shown for a grit when it was first mounted and after it had been used

for several cuts on all three materials.

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

sluninum specimen with three different gritse

Effect of Vear on Specific Energy

Tt wes apparent from these initiel 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 accepted as a result of change in geometrical

form). It was thousht that some uniform wear of a grit may occur during cutting

and presumably this would give rise to a uniform increase in specific energye.

To investigate this, several successive cuts were made with one grit on the

1020 steel work pizce. 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 greph. There is considerable scatter in

the results for each cut but there does not seem to be any observable trend

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

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



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

The Effect of Cutting Speed on Specific Enerey

Although Backer, Marshall 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 scatter 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 accuracy of

results, variation in cutting speed has no influence on the specific energy -

chip depth curves

Silicon Carbide Grit

With the wide scatter which had been vresent 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 anv

conclusions.

Summary

Althourh some general cusntitative conclusions can be drawn from these

tests, it is fairly obvious that the experimental variation severely limits

their usefulness. It is worth considering the causes of this variation and

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

bests.
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(a) Sensitivity of Instruments

A load of 1 1b, gave a deflection of 1 1/2 divisions on the oscilloscope,

so that forces could be read to an accuracy of about 1/10 1b.

The scratch depth could be read to an accuracy of at least = 0.001",

Scratch width wes accurate to = 0.0002.

(+) 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.

(ec) Variation 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 successive revolutionse This variation could be accounted for by either

non-uniformity in the teble feed, or by variation in the depth of cut. Evidence

found later seems to indicate that the latter is the more likely cause.

This effect was not present when cutting the aluminum work material

nlthough it occurred for both steel and titanium.

Thus, to obtain satisfactory results it seemed that the chip geometry

should be standardized in some wey, the variation in depth of cut should be

eliminated (and the simplest method of doing this was to restrict the tests to

aluminun)e The accuracy of measurement of scratch width and depth was considered

to be goods 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

ves discontinued and instead small vieces of ceramic tool of known shape were

nsed.



FORCE MEASUREMENTS FOR GRITS OF KNOWN GEOMETRY

In the light of the previous resulls it was decided to carry out tests

using small cercmic tools in plece of the grinding grits. The cersmic used was

supplied by the Carborundum Company and is known asc "Stupalox". It was cut to

the form of a small almost triengular prism, but had one corner replaced by

2 radius of about 1/16 inch. The tool was c-mented to the force measuring

centilever with the rounded edge out so that the cross section of the scratch

nade 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 reasurenents with grinding gritc.

The rake angle was adjusted by the way in which the ceramic was ccmented

in place. Negative rakes were used in all casese. The clearance angle vas,

of course, numerically equal to the rake angle, since the piece of ceramic had

a 90° angle between the clearance and reke faces,

Effect of Sneed 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 standard condition vas a

speed of 246 fom with feed of 1/2 ipm and conditions were altered to 1 ipm

feed at 246 fon end then 406 fpm sveed at 1/2 ipm feed. Several different

denths of cut were used.

The procedure differed slichtly from the previous grinding grit tests

in that the block of work material was level at all times and for each denth

of cut three to six short cuts were nade, the force being nessured ebout four

times for each cut. Thus the force values are the mean of between 12 and 24

individual measurementc.

Some care was taken to ensure that the scratch deoth remained constent

for any given cut and that the feed was uniform and ecual to the value set

sn the machine. To check scratch deoth uniformity the surface i1inish stylus
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was traversed along each scratch in the direction of the cutter. The method

of doing this is shown in Fig. R1 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 allowed to meke several

revolutions. These revolutions were counted (speed of 93 rpm (246 sfpm) was

used) and the machine again 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 positions 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, anc 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 ecual to the specific

anergy) A plot of specific energy against scratch depth is given in Fig. 24.

The relative position of the curves now has real meaning: when speed is

increased or feed 1s 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. 25a

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

squal (90° angle on the tool) it is satisfactory to measure the clearance angle

to obtain a value for the reke angle. This was done by use of a Brinell

microscope. The workpiece block was set level and raised so that the cutter

just cleared it, 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. Trom 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 27 shows the results of these plotted on specific energy against chip

depth of cut axes. It appears that the specific energy rises as reke 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 angles

This was carried out and Fig. 28 shows the result for the three rske angles

testeds The order in which the angles were tested was =-34° rake, =9° rake 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 vercentage increase in specific energy ver degree decrease in rake

angle from =9° is:

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

and 1.89 tt
-

120
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(\) for -63° rake 2.4% at chip depth of 100 microinch,

and 2.8% ©

Thus average percentage change in specific energy is 2.1 = 0.8% per degree.

About the same value 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 vere made firstly with a sharp 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 neke several cuts over

5 steel workpiece. Observation vith a microscope indicated that this gave a

suitably flat wear surface parallel to the surface of the workpiece. No creter

wear could be observed, although there was some slight rounding of the cutting

odge (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 tools

Figure 29 shows specific energy plotted against chip depth of cut for two

different reke angles with and without wear land. It is apparent that the

specific energy of a worn tool is considerably higher then that of a sharn tool.

It is felt that most of this increzse is due to the formation of wear land rather

than the rounding of the cutting edge, This seems likely vhen it is noticed

that the basic reke angle of the tool, even when worn, still influences the

specific enercy., The different lengths of wear lend must be taken into account,

although it seems unlikely that this could cause such a large difference in the

specific energies.



CUTTING RATIO MEASUREMENTS

During the previously described force measurements with ceramic tools

the cutting chips were collected and thelr length measured with a Brinell

microscope. 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, can only be

regarded as approximate. There seemed to be a fairly large variation in chip

lengths, due probably to small particles fracturing from the chips during or

soon after forming - care was taken to prevent loss of fragments, but it is

likely thet some were lost. As about 12 to 24 individual culs were made at

sach depth, the chip length wes taken as the average length of about this

neny 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 longitudinel 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.) Figure 30 shows a group of chips

formed by the ceramic tools

Figure 31 (a) and (b) shows the results of cutting ratic measurements

against chip depth of cut for several different rake 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

tions were used for each reke. Aluminum work material was employed and cutting

ronditions were: feed 1/2 ipm and speed 246 fpme

There appears to be a trend for the cutting ratio to increase with

increasing deoth of cut, but the scatter in results is fairly large and the

conclusion is not very definite.

14



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

and 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 lb, in the vertical 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 milll sec. at the natural frequency

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

»f the pens for both vertical and horizontal forces (the ratio of these, not

their absolute values was the quantity desired), The difference in the nstursl



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 occur — this will be more closely approached

in the horizontal than the vertical direction. 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 guite widely. As a result of these variationg the

specific energy against chip depth of cut gave rather more scatter than in

previous teste

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 probably 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 retio 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 (due to lack of rigidity in work mounting),

so it secms reasonable to use an average value for all depths = though in the

rase of the -12° rake.calculations were based both on an average value and on
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the individual values for each depth. For the =63° rake, as it was impossible

to measure chip length, a value of cutting ratio some what below that for -26°

rake was assumed.

u

The ratio of shear energy to total energy =) were calculated from

Merchant's relations. Fig. 34 shows a plot of these values against chip depth

of cut, Some results obtained by Backer, Marshall 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 Teble 1. A plot of specific energy

against chip depth of cut is given in Fig. 35 and shear stress against specific

anergy in Fig. 36.

The cutting tool used for these tests was the same as that used to obtain

the data for Figs. 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°, -18°, and =26° rakes.

The position and shape of the curves 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

(2) is perhaps of doubtful accuracy, but errors is this have only a secondary

effect on the ratio of energies and this ratio would have to be increased

~onsiderably to increase the shear stress to any extent.



Table 1

Cutting Tool: Ceramic; Work Materials Aluminum; Speed: 246 fpm; Feed: 1/2 ipm

-63° Rake

@ = 1.7

¥=33
in./ine

-12° Rske

4 To 7.69

Y = 8

in./in,

~13° Rake

# = 6.80

¥= 8.9
in./in.

-26° Rake

] = 5¢6°

¥ = 10.8

in./in.

Chip Depth
of Cut

(x10 inches)

k

47

50

A2

5

112

43

106

111

136

170

192

270

25

106

125

138

LT

29)

106

138

104

oh

3
1

»997

»995

»991

»998

+9290

9890

S74

«77

«33

+32

. 86

.37

.87

Vv'75

35

87

89

86

,973

93

WoL

35

(x10

%

inch 1b

CEE )
inch

3435

1.53

lel

1.88

1.34

1.02

0.88

0.75

0.36

0.53

0e¢51

N27

0,87

0.93

0.90

2¢5

1.3

1.0

0.8

2,55

(1be/sq, ine)

»033u = -

»032u = 107,000

«031u = 47,000

.033u = 57,000

03 u = 54,000

«03 u = 40,000

«093u = 95,000

097u = 85,000

104u = 78,000

»102u = 88,000

1071 = 57,000

.109u = 56,000

.109u = 51,000

:084u =

096u = 84,000

.098u = 91,000

.10 u = 90,000

.08 u = 200,000

.086u = 114,000

086u = 86,000

.087u = 70,000

088u = 48,000



TURNING TESTS

Tests were carried out using a ceramic tool cutting and 4% diameter

sluminum work piece. The tool had -=11° back and side rake angles, 45° side

cutting edge angle, 5° clearance angles, and zero nose radius.

For calculating 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 was at

right angles to the cutting edge (a fairly good approximation) . Thus, the

effective rake was -15°9, chip depth of cut was equal to the feed per revolution

divided by V2. and chip width was V2 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.

for

Velues obtained/specific 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 values 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 epvears that a continuous curve may be drawn through all these

points.

In Fir. 30 the shear stress values for turning are shown with the shear



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 rake

sngle 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

erits. Later when ceremic tools were used some tests were aimed more directly

ot 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 slove.

Surface traces along the bottom of the scratch are very suitable for

Jetecting sudden chipping or other fluctuations in the depth of cut.

Traces taken 2long the scratches indicate that when steel or titanium are

cut with either aluminum oxide or silicon carbide considerable variation in the

depth of cut occurred. This was not found when cutting the aluminum work material

The variations were not particularly uniform, the change in depth varying from

zero at times up to about 0,001". The distence between peaks of the variation

ranged from about 0.06 inches of cutting legnth to about 0.2 inches, which

corresponds to times of approximately 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 mechanical vibrations. Previous investigators who have observed

this phenomenon have suggested that it is caused by periodic expansion and

~ontraction of the work materiale The high specific energies at small depths

~f cut causing temperature 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 materizl 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 to apparent

srea 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 generelly accepted temperature fluctuation, is perhaps the nore

likely explanation of this phenomenon, but the built-up edge effect may be worthy

rf 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 devth of cut in this length. 1/2 ipm feed was used for all tests and several

different speeds and rake angles were emploved.

As mentioned oreviously considerable built-up edge was formed on the

alearance 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

setting 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

microscone and the cutter rotated by hand until the cutting edge was in its lowest

nvosition). 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 renoved bv disolvine it in 10% nitric acid. The portions of built-up edge

nt the back of the wear land sppeared to be fairly loosely attached, while



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

W,, = V¥, 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 at the

end of a cut over a 1 1/2" length of work material, The depth of cut was

adjusted 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 veriodically fractures from the tool allowing extensive wear to

occur for a few revolutions before the built-up edge again forms end brings the

depth of cut back to about the same value.

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 (a). (h can be calculated from the known width of

REV, 5
wear land y, and the radius of curvature of the grit R;h stm Vow Fo

Fioure 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

Ve
_do R :
 = WW,” y sin a cos a

a) I

where the symbols have the meaning shown in Fig. 43 (Db).

Again assuming a triangular shape of tool (to be consistent), the material

cut from the work piece is given by

ir

¥ bd

22

where by and b, are initial and final scratch widths

d, and d, are initial and final scratch depths

1 is the length of cut.

V

The grinding ratio is given by G = » Four measured values are given
rx

in Table 2 for cuts made at different sveeds. Tach value is the average of five

ST six consecutive tests.

Table 2

Grinding ratio measurements: Grit: Ceramics Works 1020 Steel; Feed: 1/2 ipm,

Speed: as showne

Rake Angle (ext )

100

“AO

-] 20

=200

Speed

2/6 fpm

1090 *

2880 "

2880 "

Grinding Ratio

52 % 23

63 = 32

47% 30

 1 TE s0



SUMMARY OF RESULTS

The results of these experiments may be summarized as below,

Force measurements with abrasive gritse

Considerable variations in force occur due to difference in geometry

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

chipping, and variation in depth of cut when steel or titanium are used as work

naterial., However, the following conclusions can be drawn:

(a) Cutting force increases with increase in chip area of cut.

(b) Cutting force increases with increasing chip depth of cut.

{c) Force per unit width increases with decrease in chip depth of cut.

(d) Specific energy increases with decrease in chip depth of cut,

(e) Cutting speed appeared to have no influence on the specific energy

at any given chip depth of cut

(f) No difference in specific energy could be observed when cutting with

~

A

silicon carbide or aluminum oxide, but this was not clearly shown.

Force measurements with ceramic tools of known geometrw

(a) Cutting force rises linearly with increasing chip deoth of cut.

(b) Force per unit area increases with decreasing scratch depth of cut.

Increasing the speed was found to increase the specific energy at any

civen scratch depth, while increasing the fed 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.

(d) Rake angle was found to have a significant effect on the specific energy

at any given chip depth of cut. The percentage increase in specific

anergy per degree decrease in reke angle from -9° is approximately R%e

(e) Tool wear is of considerable importance in determining soecific energy.

This is thoucht to be due mainly to the formetion of a wear land on the

*learance faced



(f) The chip length ratio or cutting ratio (when cutting aluminum at 243

fom 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 appear to support the conclusion that the curve does

have a real positive slope, as suggested,

[ Shear strain was found to be considerably higher than for conventional

machining. Strains of up to 15 inches/inch were measured with the -349°

reke tools

(1) The ratio of shear energy to total energy decreases with decreasing

chip depth of cut and depends on reke 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 probably satisfactory, there is some

doubt about the suitability of the measuring equipment and the absolute values

nay be somewhat in error. They appear to be very high, the ratio being close to

1 for -63° rske, The turning tests also suggest that the values of = are too

high. For -15° rake at depths above 2000 micro inches the ratio has a constant

value of 0.8. It is unlikely that at smaller depths of cut the ratio would have

a. value greater than this.

(i) 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 fom speed and

1/2 ipm feed, Examination of 211 the specific energy and shear strain measurements

sndiecates that it is unlikely that the calculated shear stress exceeds this value



when cutting aluminum with a sharp tool at chip depths above 50 micro inches.

From the turning tests it eppears that a continuous shear stress curve can

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

cutting.



DISCUSSION

The fact that the general reke 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 zeros This assumption is based 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 objectior

may be raised that the surface of a grinding grit is different to that of «

ceramic tools However in both cases a surface roughness will exist and if this

determines the rake angle in one case it should do so in the other. The general

reke of the grit profiles in a grinding wheel will certainly be negative, but

the average value of the rake 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 at this figure is open to considerable doubt. The ratio of

vertical to horizontal force seems to vary with depth of cut and a direct

comparison with turning data, as they apparently used, is liable to considerable

STTOT

The evidence for decrease in cutting ratio with decreasing chip depth of

cut at depths below 300 micro inches, although 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 thet it would continue at finer depths. There

was some mention of this point in the discussion to the paper by Backer, Marshall

and Shaw (6), although they felt the accuracy of measurement in micromilling was

insufficient to support this conclusion. With the larger micromilling chivs

their accuracy was probably better than that of this investigation. However, it

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

furthermore, it appears that the slovne 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 1s of interest to look again at the

shear stress values found by Backer, Marshall 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 strain - in fact, it will more than

double it, if a cutting ratio of 0.24 is teken as a reasonable value at =-30°

rake (they found cutting ratios of 0.362 at 0° rake and 0,296 at -15° rake in

micromilling). As well as these glterations the ratio of shear to total energy

(=) mist beicreased 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 sheer stress and specific energy. The reduction might be of the

order of one quarter. If an allowance is made for decrease in cutting ratio with

decrease 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 al, is still of the order

of 10° pei at about 25 microinch depth of cute.

The calculated shear stress for grinding steel at small depths of cut is

certainly above the yield valve. This investigation indicates that the same is

true when cutting aluminum with a single toole Attention should next be directed

to the method for stress calculation. A basic fallacy seems to be neglection of

the forces on the clearance face of the tool. The large increase in specific

snerey 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

slesrance 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 area 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 land on the grits

varies between 0.001 to 0,005 inches length « unfortunately his grinding conditions

are not stateds

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 than the actual stress. It is probable that the

rubbing forces become more important as the depth of cut 1s decreased, so that

this consideration has grester influence in grinding than in the more common

metal 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 cuestion. Further investigation of this could be of

creat importance.

Another aspect neglected in the calculation of shear stress is the "pre-flow

region? - the region of plastic flow where the uncut work surface bends around

to form the back of the chip. As Shaw and Finnie (17) have pointed out the

radius of this region can meke the shear plane longer than the length assumed in

Merchant's analysis with a sharp corner. Thus neglecting the racius will have the

effect of making the calculated shear stress higher than the actual value. With

a 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

sorner at the work-chip junction. This would make the calculated shear stress

iouble 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 10° psi indicated from the results of Backer, et al - are

excessively high, Whether the actual stress is of the order of the conventional

yield velue or not cannot be determined at 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 small depths of cut where specific energy appears to becone

independent of depth of cut, as reported by Reichenbach, Shaw, Meyer and

Kalpekcioglu (15), is of consicerable interest. This region seems to be reasonably

well established although confirmatory evidence in single grit cutting vould be

jesirable. Backer, Marshall and Shaw (é) and Reichenbach, et al, (15) suggested

that 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 is 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 cguite possible that the theoretical strength is lower than the

values Sh or 5 which have been frequently suggested. Brenner (10) measured

tensile stresses of spproximately 1l.7 x 10° and 0,9 x 10° psi for iron whiskers

in different crystalographic directions. Cottrell (39) has proposed that the

theoretical strength may be as low as = (0k x 10° psi, for steel), but concluded

that it could not be much lower than this.

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

sractically independent of the hardness of the material, as reported by Marshsll



end Shaw (30), requires explanation. I" can be nicely explained by the size

affect theory. However, it can also be explained from the theory that the specific

nergy 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 raterizl, or it could be lower for a harder

material, 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 materiel,

To conclude this section of the discussion a summary of the points considered

might be made. It is certzin that specific energy rises as depth of cul is

decreased. There appear to be two possible explanations for thiss.

1. The ghear strength of the material 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

51so become more importante.

[t is likely that the first point pleys a definite part in this phenomena,

but the evidence that theoretical strength is reached is not conclusive.

The evidence that the second factor has guite 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 cutting force

(although 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



explanation of specific energy increase by size effect alone, should be treated

with some doubt,

Grinding Ratio Meessurements

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). 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 grit. The error

may have occurred in this investigation or in that of Distel: however, since the

calculation is more direct from wear land measurements this is considered to be

Lhe better method.

The variation in wear as measured by change in depth of scratch and by wear

land is most unexpected. The explanation by built-up edge formation may be

correct, but further examination of this is probably worthwhile and may lead to

a better understanding of the grinding process.

Temperatures in Grinding

Although not strictly connected with the previous work some consideration

has been given to the temperatures existing at the work surface just behind a

ocrinding grit. Outwater and Shaw (23) have made calculations and Mayer (43) has



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 Coe,

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 materials. The short

time of contact in grinding may have some influence on this, but it seems doubtful

as the molten layer could be infinitesimally thine. Mayer, in a private discussion

has since suggested that one of his calibration curves was probably in error and

that the measured temperatures were below the melting point.

The calculation 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 calculation. Although the procedure of Loewen and

Shaw (34) for applying Jaeger's solution to finding shear plane temperatures 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.

Nitwater 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 transforrned surface layer this assumption seems dubious - if taken into account.

the lower value of specific heat gives a higher calculated temperature,

If a transformed leyer is formed, the heat absorbed in transformation may be

of some importance. A rourh calculation can show, however, that this factor is

negligible, Metals Handbook (36) gives the heat of transformation at the Aq line
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ns 506 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 metal cut, to

transform a surface layer b inches thick, is

_ 6

Be sesnslonmstion) = 0 024 x 10 nr. inch 1b./ inch?

where uv 1s the chip depth of cut.

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

5 , to 1600°F is, (taking the mean specific heat as 0.25)

—- § . —
E( temperature rise) = 1.05 x 10 -5— inch 1b./inch

This it is seen thet the energy required for transformation is negligible

compared with the energy to raise the temperature and may be omitted, as Outwater

snd Shaw assumed.

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

~
3

a)

where Wa = friction work done on the clearance face

= Jencth of cleerance face wear land

= width of cut (total)

i = mechanical ecuivalent of heat.

This can be written as,

a _Ue Yet
129 1,

1)

where Uo = friction energy on the clearance face per unit volume of materiel cut

J = cutting velocity

= chip depth of cut.
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By Jaeger!s solution, the mean temperature under the rubbing surface can

be written as

— 1.

5 = 0.752 ——

«VI
J

v

@
bh

“\

where k = coefficient of thermal conductivity

[, = dimensionless velocity parameter = Zt

ond K = thermal diffusivity = =

¥ = specific density of the material

c = gpecific heat of the material

Combining Fase 1 and 2 and simplifying gives

1 .

a f 2KV

substituting the values t = 30 x 10° inches

V = 6000 fom

and assuming a wear land of 1. = 0,005 inches (photographs by Letner (21) and

others suggest this is farily rapidly formed on average grinding wheels).

If the temperature from shear work is 2000°F then k = 2.2, ¢ = 0,25,

“hus K = p= = 31.4 (%=-283 £6/02)

from Fde 3 O = 9.3 x 10°
’

x Ua

1% —

If Ug = 10° inch 1b./inch" , 8 = Q,3°F

If temperature from shear work is 1400°F , lb =/4 , ¢ = 0,25 (c is more

yr less constant from about 1400°F up to about 2000°F, due to the phase trans-—

formations)

this K = §7

and so 3 =6.9 x 10° 24,
£
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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

surface. 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

~annot 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

nsed in this investigation including:

same or similar eduipment to that

Fxaminetion of the change in specific energy as wear land is increased

progressively.

&gt; Determination of grinding ratio under different conditions from wear

land measurement

3. Construction of tool-life curves from wear land measurements and further

investigation of variation in wear rate over time. There seems no major

practical difficulty preventing these and the test of point 2 being carried out

at speeds approaching those used in grinding.

/. 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,

3. Exanination of specific energy when cutting fluids are applied to single

tool cutting at very small depths.

Dther useful investigations might be:

5. Measurement of forces on grits with a two component cynerometer. 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 evidences

2, The possibility of constructing a special tool to measure the clearance

face forces indevendently 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 Trance of different deoths would be interesting.

3. 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 lisht on the division of energy in cutting,



APPENDIX A

Data obtained for determination of the Ratio of Shear to Total Energy.

Speed 2406 fpm, 1/2 ipnm feed, Ceramic grit, Aluminum work.

(a) =
-

L

* Reke

Cantilever Two Component

Dynamometer Dynamoneter

Horizontal Hor.(H)
Force (1b.) (1b)

Vert.(V)
(1b.)

0 "71 0.773

tS

lel

1.92

1.57

RE 0.71

0.16 0.005

0.225 0.10

0.22 0.10

0,02

1,57

5.1

2+05 0.75

0.”"7 0.10

14 Ne35

0.21

id
J

1.°2

 rT 3

~

1.6

Scratch

Depth
of Cut

(inches)

Scratch

Width

(inches)

0,0001

0.0011

0.00025

0.00035

0.0002

0.0003

0.0003

0.008

C3

0.017

0.717

Cc "i

0.C17

0.017

0.0340.00115

0.0004 0.017

Cutting
Ratio

Discontinuous

Chipse

Average value

assumed to be

0.07. (An

astinate based

on the values

found at larger

reke angles).

(b) =12° Rake

lode

1.68

24.62

0,70

1.36

oD _62

3.8

3eds

0.46

0.78

0.94

0.29

N,.15

"7

1.65

2.3

2.6

0.35

1.0

1.7

1la3

0.32

1.15

21.

345

3.25

054

0.78

0.67

0.68

0.47

0.61

0,"

0.80

0.001

0.0011

0.0017

0.0016

0.00035

0.0011

0.0026

0.004

0.80 0.0033

0.015

0.017

0.022

0.022

0.011

0.020 J

»"2) Average
)

+25) value
0.035 17) 0.14

N.0”9

J

~f



(c) =18° Rszke

Cantilever Two Component

Dynamometer Dynanometer
5
V

Hor« Vert,

1.85
—

1.30 0.64

1.50 0.73

3e24 0.83

2.9

’

ly 4 2 7

(d) =26° Rake

2.°5 079 3.75

1.06

C.52

0 4

no

1.97

2.76

3.7

1,36

1.63

(

1.04 C1

Scratch

Depth

Scratch

Width
Cutting
Retio

0.001 i Average

/

0.0014 ,12) value
)

0.0017 0.035 012) 0.13

0,02

0.025

0,0002

0.001

or

0.108

o.rn

+12)
)

7

4 Te
o. Average

Cc," GC. 56) value
J

0,013 , 8)

)
0.001 0.016© .09)

0,096

31



APPENDIX B

Date. from Turning Test. Material: Aluminum; Tool: Ceramic (nStupalox"); Speed: 240 fpnm

Chip Chip
Depth Width
&gt;f Cut of Cut

(ind) (in.)

Force Area
of Cut

Cutting Normal . 2

(FY (2) ( + (17)

Specific Chip Cutting
Energy Thickness Ratio

(Fr. 0° 3 (ina)
(in.. Sr) )

Shear F F
- N (=)

,00262 O1lo

,0031

0041

,00615

,0082

 0123 C.

G2”

01

 GC

OZ

PRE

i i
- "

7, lu, L075 3 UZ o
o&amp;L|£1 27 oil 5% er. L1o&amp;3

T

(psi

19, 700

20,200

21,600

20,100

20,200

19,300
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Figure 1  Generzl View of the Apparatus

Figure 2 The Fly Cutter and Mercury Cumrmtator
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Figure 3 Strain Gauge Conr~ctions
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Figure 6 Surface Measuring Head

bas!

Figure 7 A Scratch Profile
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Figure 8 Typical Picture of Oscilloscope Deflection
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Figure 21 Longitudinal Surface Trace Measurement
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Figure 22 A ‘Sample Longitudinal Surface Trace (Material: Aluminum)
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Figure 30 Chips Formed by Ceramic Tool. Magnification X24 (approx.)
Aluminum workpieces 246 fpmy 1/2 ipm; Scratch depth 0,003 inches.
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