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INTRODUCTION

The present project for studying grinding was sponsered by the

Timken Roller Bearing Company. Their purpose is to encourage experimental

and theoretical investigation of the process. From knowledge so gained,

it is hoped that better ground surfaces, and thus improved bearing life and

performance will result.

Several research fellowships have been granted on this project.

This paper is largely concerned with the mechanical variables. Another

fellowship was granted for the study of residual stresses, and a third for

determining the action of cutting fluids and the determination of cutting tempe-

ratures.

The idea of studying grinding forces was suggested by Dr. M.C. Shaw

in whose Metal Cutting Laboratory this research was carried out. He has

successfully correlated the mechanics of single point cutting with chemical

and metallurgical factors, and consequently felt that this method would be

equally profitable here.

In the present investigation a force dynamometer was built to

neasure the normal and tangential forces exerted on the work by the wheel.

Force measurements were made under the simplest possible conditions in order

to isolate the important factors and thus obtain as basic an: understanding

as possible.

For this reason, this initial study of the mechanics of grinding

was confined to dry surface grinding without cross-feed. Much of the

theoretical knowledge gained in this investigation would not have been possible,

for example, if crogs-feed had been used.



The forces determined under these conditions were then correlated

with the important variables such as feeds, speeds, size and position of

work, wheel dressing, sparking-out and so forth. Certain factors of con-

siderable practical and theoretical interest were discovered and are

described in the text.



SUMMARY

An electronic force dynamometer was constructed for measuring the

normal and tangential forces in dry surface grinding. S.A.E. 52,100 was

ased as the material.

A new diamond dressing technique was studied and found to give

lower and more consistent force readings. It materially reduced burning

of the work.

Simple relationships were found to exist between forces and each

of the following variables: cut depth; table speed; wheel speed; and work

gidth. A method was found to connect all these variables for a given wheel.

This relationship mey be significant in studying the strength of metals.

The ratio of tangential to normal components was only slightly

higher than the friction coefficient. During burning it was lower.

Grinding forces were nearly the same for 43 and 65 Rockwell C.

X-ray diffraction studies indicated that the ground surface was

so0ld~-worked to a depth of about one half the cut that produced it.

The effect of elasticity in the grinding system was studied.

Mathematical equations were derived to show the relationship between down-

feed and the actual amount removed. Another was derived to explain sparking-

out. They were checked experimentally.

The study was carried out on Alundum and Silicon Carbide wheels.

The latter gave higher forces end burned the work more readily.



DISCUSSION OF PREVIOUS WORK

A study of the literature has not revealed any previous work

reported on the direct measurement of forces in grinding, although there

are numerous papers covering force measurements in other wadhinlug operations

(planing, turning, drilling, etc.). One of the first of such direct studies

&gt;f machining forces was conducted by Afanassiew*1l(Russia) in 1885. He used

hydraulic pressure measurements to analyze the forces in chip formation.

Since that time, the literature has been full of descriptions of mechanical

and electrical force dynamometers.

Until recently most of such studies of the mechanics of machining

operations were empirical in nature and not backed up by competent theoretical

analysis. The first such analysis was published by Wino Piispanen*2 (Finland)

in 1987. He analyzed the stresses and strains in the chip in terms of cutting

forces. This was followed by similar work of M.E. Merchant®¥3 in this country

in 1944 and 1945.

A series of studies on cylindrical grinding has been published

oy Boston¥4 Energy input to the grinding machine was correlated with such

¥1 Afanassien, "Determination of work and Pressure in the Formation of Chips "

Tech. Bulletin, Institute in Petersburg, p. 84,(1885.)

¥2 Piispanen, Vaino. Teknillinen Aikakanslenti, 27, 315-322 (1937)

*% Merchant, M.E., J.A. Mechanics, 11, A168-A175 (1944)

J. Applied Physics, 16, p. 267 (1945)
J. Applied Physics, 16, p. 318 (1947) |

¥4 Boston, O.W. et al, Trans. of A.S.M.E., Nov. 1947, Vol. 69, No. 2, p.125

Trans. of A.S.M.E., Nov. 1947, Vol. 69, No. 8, p. 891
Trans. of A.S.M.E.:; Feb. 1948, Vol. 70, No. 8, p. 893



factors as wheel wear, surface finish and cutting fluids. Results on this

type of machine are not easily compared with the present investigation.

X-ray diffraction studies were correlated in this report with

mechanical features. Wulff¥] made a somewhat similar study by electron

diffraction, of the depth of cold worked material 1a 10-3 stainless steel.

He found evidence of severe distortion to a depth of 6 x 10% centimeters.

Values of the same order of magnitude were found in this paper.

The only other reference found to diffraction studies on grinding

was that published recently by Glikman and Stepanov¥2 (Russia). Residual

stresses measured by X-ray diffraction were shown te vary from 18 kilograms

per square millimeter to O over a depth of one millimeter. No study was

nade of the cold working introduced.

The mechanical features accompanying burning can be interestingly

compared with work of L.P. Tarasov¥®3 on injury in ground surfaces. A correla-

tion of the etching techniques he has developed for detecting injury in

cround surfaces with our force measurements, is planned for the near future.

*1 Wulff, John, Am. Inst. of M. &amp; M. Eng., Vol. 145, 1941, p. 295

%2 Glikman,: L.A. and Stepanov, F.A.; Journal of Technical Physics, Vol. 16
No. 7, 1946, pp. 791-802

#% Tarasov, Le.Pe.. Trans. of A.S.M., Vol. 36, 1946, p. 389



APPARATUS

Surface Grindsr

A Norton 6-18 surface grinder was used for all grinding experi-

nents. In order to study the effect of wheel spesd a special d.ces shunt

rotor was installed. Spindle speed was adjusted over the range of 2200

to 3500 revolutions per minuts by means of adjustable field rheostatse

Theel speed was measured with an "Idsal" electric tachometer. A hyd-

raulically operated table provided uniform table speeds over the range of

2 to 16 feet per minute. A stop watch was used to determine table speed.

vores Dynamcmeter

An electronic dynamometer was constructed for the purpose of

nessuring the forces exerted by the wheel on the work-piece, Figure

shows the apparatus in operation mounted on the table of the surface grinder,

Figure 2 1s a schematic side view of the dynemometere The work-

sisces are held in vices fixed to the tor of an aluminum I-besame The

[-beam is supported by four circular springse Thess rings are in turn sur-

sorted by two long horizontal bars. This member of the apparatus is

shown separately in Figure 3. The vertical component of ths grinding fores

is measured by noting the strain ian the four ringse Elsctric resistances

strain gages are attached to each ring to determine the strain-

The long bars under the vertical strain rings rest on two shafts

that ar~ mounted in four ball bearing pillow blocks bolted to a bass frame.

lhe frame is shown separately in Figure 4 secured to the grinder tablse

The I-Leam structure is restrainsd from rolling horizontally

 xm the shafts by a long wire which is attached to the frame at the ends



and the I-beam near the middles Another force weasuring ring with

3lectric strain gages is mounted on this wires The strein in this riag

ts measured to determine the horizontal component of the grinding forces

the fricticn in the bearings is negligible when compared with the hori-

zontal forces The horizontal ring is wsde indspendent of vertical loads

by making the wire so long that the angle through which it moves due to

yertical deflection of the system will induce negligible force in the wire

and ringe

Bridge Circuits

There are two strain gages on each vertical ring. These gages

are connected to form the arms of a Wheatstone bridge. The vertical

veidge circuit end wiring plen are chown in Figure E+ The gages are so

siranged in the bridge circult that the vertical force reading is indegpen-

dent of any teorqus effect. Torguss produced by an eccentric position of

Je grinding whoel (Que to table traverse or cress feed), or by the hori-

zontal component, are thus cancelled outs The gage arrangement also

scmpensates for temrerature changes

Thera are four electric sbrain geges on the horizontal ring to

provide maximum sensitivity end temperature compensation, They ars con-

nected as shown in Figure 6.

Brush Strain Recorder

Ret T*dee output was amplified by an individual Brush Strain

analv. = (BL="10R). The Analyzer outputs were used to drive a Brush double

pen ©” &gt;" "“ograrch (BL-202), This recorded the force readings graphically

as a function of time. There were three chart soeeds: 5H, 25, and 125



millimeters per seconde A Block diagram of the force recording components

is shown in Figure 7e Figure 8 is a photograph of the three Brusn units,

“ith this set-up, considerably greeter sencitivity was available than

required. For exanple, at maximum amplification, one millimeter psn Cde-

flection corresponded to Ce02 pounds horizentel load, and C.00 pounds

sertical,.

The frequency response oil this system is flat cover the range

&gt; to 100 ¢yelss per sectnde

Lynencnster Calibration

Vertical calibration was accomplished by loading the dynemo=-

eter with S-pound dead weights and noting the pen deflection. OCutput wes

linear threugh 5C pounds loade The usual calibretion adjustment was 10

uilliseters for © poundlse

dorizontel calibration was similarly carried cut by loading with

a spriog scales (push gage) through 10 poundse Usual calibration was 10

 A llimeters for 2 poundse Quitiput was lineare The spring scale wes easily

checked by comparing its reading wilh that of the dead weights cn the

rerticnl gelheunr

goth clrouits were checked for calibration before and after each

"1:30

Vibration Damping

The natural frequency cof the dynemometer in the vertical direc-

tion vias determined by plucking and cbserving the resulting pattern cn

thie Brush reccrders It wes 83 cycles per seconds The horizental fre-

juency was similarly determined as 17 cycles per seconds (Figure §)
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S3pindle spoeds used corresponded to I8 te U8 cycles per seconde No

sericus resonant rhencmesnon was sncounlered over this range.

However, after initial test runs it was found that even slight

maveoidable wheel unbalance was sul” clent Lo cause force variations of

ip te © per cents The resulting broad pen lines made accurate force

readings impossible. Consequently, a dashpot was installed. SAE 120

511 was the damping fluid. The piston was attached to the I-besam (Fig-

ares 2 and I) while the surrounding cylinder wes bolted to the grinding

veble (Figures 2 and 4)e Figure 10 shows the force decay curves after

introduction of the cdashpolese The time constant for the horizontal system

‘time for the force to drop tc 38.6 per cent) is now 0610 seconds while

fcr the vertical it is 0.06 secondse Vibrations no longer interfere with

leree readiness:

Dynamemete r Stiffness

The vertical stisfuess of the grinding machlre=dynamcmeterw

wheel svstem was easily measured by pressing the stopped wheel down against

Lhe worke The total spring constant, X, was then determined by dividing

he increment of force by the increment of downfeed (since the curve was

linear)s XK was thus found equal te 6,790 pounds per inch, with any wheel

ased in these tests.

The vsrticel spring constant, Kz, of the dynemomster alone was

determined by loading the dynamometer and observing deflr~tion betwsen the

work and the table, It was 11,2920 pounds per inch-

The stiffness, or spring constant of the grinding machine without

the dynamometer is then easilv calculated as follows:
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iy €,790 ~ 11,520

15.800 pounds per in.’

Thus introduction of the dynamometer reduced the cotal 1%. 7 frness from

15,800 to 6,790 or slightly more than cone half. The effect of the stiff-

ress on the grinding properties is considered ev~~rimerteally and thecre=-

tically below

Ciemcnd Dresser

svecial wheel dressing diamond* in the form of ar eight sided

oyremid was cbtained in order to bring the wheels tc a standard condition

before testing. Figure ll shows how the flat on a face of the diamcnd is

held tangent to the wheels Each time a wheel is dressed. a new fece is

turned into pesitions Thus although weer on the diemond occurs, the

ceometry of the pyramid is maintained,

second diamond dresser with a neturel cleavage point up, was

also obtained. A third similar diamond, but wern from centinual use, was

sorrowed from the L.T7.T., liachine Tocl Lsboratcry.

X-Ray Equipment

A back raflaction X-ray camera with ccbalt radiation and Machletti

tube was used for X-Ray diffraction studies. It was operated under the

Following conditions: 45 Kilivelts, 10 m’ ~~mr~~res, with 1l-minute ex-

COSUres.

.

« The use cl this type cf diamond was sug ested by Dr. L.P. Tarasov of

the Norton Grinding Viheel Companve
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MATERIALS

Grinding Test Specimens

All grinding work-pieces were made of S.A.E. 52,100 chrome

carbon bearing steel supplied by the Steel Division of the Timken Roller

Bearing Company. Five-eighth-inch square bars in 10-foot lengths were

received in the hot-rolled, spheroidized-annealed condition. Their ana-

lysis for Heat Number 22849 is:

1
q Hye Pyox. SMax. Si Cr

S.L.E. 52,100
Specification _ 0.95 —~ 1.10 0.25 — 0.45 0.025 _ 0.025 _ 0.20-0.30 _1.,%0-1.60

Heat 22849 1.00 .Z5 016  .013 .28 1.44

Sy—— pinCl

In order to eliminate surface decarburization, these bars were re-

duced to 1/2 inch square section by planing. They were then cut to three-

inch lengths for heat treatment. The 1/2-inch square section permitted oil

quenching to Martensitic structure throughout.

The majority of the grinding test work was done on annealed 52,100.

This was obtained by holding the specimens at 1550 degrees Fahrenheit for

one hour followed by furnace cooling. The specimens were placed in cast iron

chips to prevent further decarburlzation. The resulting hardness was

43 Rockwell "C®"., The microstructure is shown in Figure 12.

Svecimens of higher hardness were obtained by holding in a lead

pot at 1550°F. for one hour followed by quenching in oil. The hardness ob-

tained was 65 Rockwell "C®, and the microstructure is shown in Figure 13.

Tempered specimens were obtained by holding the quenched

bars one hour in a circulating air furnace. The hardnesses



sbtained are shown in Figure 14 for tans following drawing temperatures:

‘as quenched)
)

Jardaor uni form across the sectionse

irinding "heels

in the.

Faur £ Thich dianmret oe inch wide _rinding wheels were used

tanmta, Mheer —roa manufacturcrd by the Norton Grinding Vheel Come

rany under the following desicnationr

32A3C=H8V™™

ZOLAB STOTT

FCAEO=HBVTRE

RINTaTue]

The first thres had aluminum oxide abrasive (52 Alundum), but

liffersd in grein size (26, 46, and €0 openings per inch in the sizing

screen). They were medium low strength bond (H), had fairly high grain

spacing (8), and were vitreous bonded (VBE). These wheels are widsly used

for surface grinding hard stesle

The fourth wheel had Silicon Carbide abrasive (37C), size 38 grain,

nedium strength bond (J), and was vitreous bonded (V). It is generally

1sed for materials of low tensile strength and was selected for these tests

in order to get a very different cuttinz action charsereristic of this alrae-

33 ve.

n.
 oo.

 ge
amd

CORA + oo €IaximWil S » ad of pi oeee

revolutions per minute. The 3/4 inch vidths alweys overlarped the 1/2 inch

‘or less) wide work-piece.



RESULTS

The Work-Plece

annealed SALE. 52,100 was used for all tests except where the

crinding forces for various hardnesses wers investigatede The 3 x 1/2

inch square heat-treated specimen was tried in two grinding positions.

First, the 3-inch length was placed horizontelly along the direction of

table motion. In all tests the 3/4-inch wide wheel overlapped the work

width, and there was no cross-feeds The force patterns obtained arse shown

in Figure 15. The steadily increasing forces made it difficult to deter-

nine a force to select as representative of the test conditionsa

However, when the sams test specimen was held with the three=-

inch length vertical, the forces approached a definite limit. (Figure 18)

[he s8symptotic appearance is a result of the retarding effect of the dash-

snd

The steadily increasing forces of the horizontal specimen were

caused by the advancing heat wave generated during the deformation accom

paiying grinding. During thes longer herizontal cut, the heat was atle to

got ahead of the wheel. In this case, the specimen extended 0,375 inches

above the vice JEWS An average rise in temperature of 200 degrees Fahren-

heit. for example, would cause an increase in svrecimen height of about

0.00CS inches. Thus a cut derth of 0.0005 inches could eari’y be doubled

under these conditions,

In the vertical specimen, however, the whols specimen tends to

sxpand rather than part of ite. Moreover, much less material is removed

from the side for the same cut. Thus, less heat energy is obtained for the

sane volume, and the temrerature rises is lower. Finally the specimen is
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sentactsd over &amp; ~-~L:&gt; portion of its length by the cooler vice,

Jonsaau~mtlyv. the vertical snecimen was adopted for all tests,

and expansion was onl of importance during very heavy culse as. k gE J

further control cuts were equally spaced {two sccouds apart) sc that the

specimen would tend to sxpand &amp; definite amount prior ‘to each equal cule

cut Depth Standardization

If the wheel is brought level with the work, and thea the whoosl

is [~d down and a cut taken, the depth removed will be some fraction cf

une downfeede This is because the verlical ferce cxerted during grinding

cushes the work away from the wheel slightly dus to els iieity in the

srinding system

[? an additional sgual u~afced "0 epplied cu &amp; second cub,

the wheel now faces this feed plus the smount rewsiniag [rom the first cul.

The wheel removes a similar part cf this total and the secoad depth re-

aoved is larger than the firste Viena this process is contiaued, the depth

removed per cub is found experimentally to approach the actual downfeed

as : 13mi3it.

Fizure 17 aad Tabl-NIl show how thi hermnensl in another case.

‘Test details cn the figures). The depth removed per cut was determined

»y measuring the original specimen height end the height after each cut

‘with a hand micrometer). The curves through the experimental voinbs are

-hecoretical and will be derived bed

Simultaneous recording of the two for + components shows that

they likewise approach a definite limit when the depth recved per cut

rsry nearly equals the deownfesd (Figure 17)e Hereafter, the forces recorded
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Por a given depth of cut (and specified conditions) were doeleruined Uy

saking equal downfeeds and watching the Brush Chart until the forces

reached these limits. Five or ten subsequent readings were then averaged

vo obtain the forces charr-"-~ristic of this cut. A sample Brush chart is

riven in Figure 18. These superimposed cuts may not give the same forces

5s those obtained from grinding off a given depth from unground material,

since previous cuts havs altered the surface, by working and introducing

stresses, etce However, it is the only feasible method of obteining any

uantity of data. Norecver, it corrssponds to industrial grinding rractice.. 8 I

Forces vse Table Direction

The table can carry the work-piece in the direction of wheel

surface motion, or against it. In industrial practice the former is

cnovm as "downhill", and the latter as "uphill" grinding.

In the following test, the tangential and normal grinding lorces

vere investigated for the two table directions. Ten sucerrsive force

readings were taken at a cut depth of 0.,00C75 inches, the wheel being

lifted out of the way on the return stroke of the table. Ten cuts were

similarly taken for the opposite directions The test conditions and the

Perces obtained are shown on Table I.

No difference in force within the precision of measurements could

06 ai inted with the difference in table direction for either the tan-

rential cor normal component.

The results appear lcginal since the speed ci the work relative

to the wheel is not changed eppresiably by reversing the tabls motion. In

his test, the wheel surface speed was 6280 feet per minute compared to



TABLE I

TANGENTIAL, T, AND NORMAL, N, GRINDING FCRCES ICR TABLE MOTICN

"ITH AND AGAINST WHEEL SURFACE MOTICN

Test Conditions.

Norks Annealcd 52,100; ., « . , &lt;= inch surface; drye

wheel: 32 5 46-HE8VBE at 30C0 rime

Sut Depth: 0.00C75 inches

[ably Speed: 4 feet ver minute
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1 feet per minute for the table. Thus the relative speeds differed by

Jel13 per cent.

In all tects below, forces were obtained without regard to

table direction. No appreciable force Siffer~nce was observed in thess

sasts due to this cause.

Oressing Technique

Grinding wheels ars dressed in order to sharpen the grit par=-

icles in a wheel which has become dull or glazed due to use. Dressing

1160 removes metal particles which become embedded in (or "load”) the wheel.

Diamond dressing was studied becauss of its importance in ob-

taining reproducible data. Its effect on grinding forces and on the worke-

piece was observed in the following tests. Three techngiues were studied.

In the first method, the special diamond pyramid dresser was uscd.

{See Apparetus and Figure 11). To dress the wheel, the diamond was passed

back and forth axially across the wheel surface, At each pass, 0.C005 inch

ves removed until the wheel was clean of loading, (2 to 4 times)es Further

passes without downfeed were then made, until no further wheel grits were

removed (Vsvark-out™).

A test of twenty grinding cuts of 0.CCl inch each was then made

on an annealed work=-pieces, The test conditions and the average forces

recorded are given on Table II. The wheel was then redressed and the test

repeated (ten times altogether). A new face on the diamond wes turned into

cosition for each dressing.

In the second method, a commonly used industrial technique was

,ried. The wheel was dressed with a sharp new dismond, the natural cleavare
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soint held upwards directly under the wheel (instead of tangentially sat

an angle of 15° as with the pyramid). The wheel material was otherwise

removed in &amp; similar fasion to the first method. A similar set of ten

tests of twenty cuts each was conducted (Table II).

In the third method, the second was repeated but with a diamond

worn dull from shop usage.

Each force valus on Teble Il I.

retween dressings of the wheel, Forces were reproducible to within 2 to

3 per cent average deviation for a jivem “wressing of the wheel, regardless

 7m average of values for any test

&gt;f the dressing technique. However. from ons dressing to another the forces

7aried mere widely-

Table II shows that burning of the work surface occurred in sev-

ars]. ¢® the testss The conditions eccompanying burning are considered

amder © ~marate heading below

pe i1lts on Table J. chow thst

.
~-=a~rg forces are lower for the dismond pyramid,

ray,
a Tiations cf the rvremi.. fcrces from one dressing to ancther

vere about 1/2 that for the sharp diemond and 1/6 that for the

é

Aull diamond

The work szurfr~~ "4 ; " burn on anv diamond ~vrandd test, but

31d burn on nicst of the cther testse It turned after the

Pewrst cuts on the dull diamond

Diamond pyremrid dressing without s»ark-ocut, and for wvaricus amounts

&gt;f whesl material removed per pass was also tried, Table III gives the

results for the same test conditions as Table II One test of twenby cuts was

rade for each éressinz.
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DIAMOND DRESSING TECENIQUE

Norks Annealed 52,100; 1/2 x 1/2 inch surface, dry.

theel: 32A80-HBVBE, 8 x 3/4 inch at 3000 rpm.

Tablc Smaed: 4 feet per minute (no cross-feed)

Cut Der*he 0,001 inches. :

Torce~- Ncrmal, N, and Tangential. T in Founds,

Test Number NMamond Pvrew’

ID em

Shar» Re~rular Diamond

3 ay

Dull Diamond _

Remarks

“em, 16 cuts

—

he

J
“

2 «

2 «

N a

Ze

3

Z
“

2

3 * A

Average Sed 5.2

» Average
Yeviaticn + 4

A
@ wRXinun

~aviats arn

curr , ~ cut

. Burn. cut

—

dp©

Burn, 7 cuts

Burn, 3 cuts

Burn, 17 cuts

z Burr cuts Tr Ep. © Ey

Lol _ Burn, 8 cuts 36d Burn, 11 cuts
Burn 7 ci 10 Burn 7 of 12

Sed €e7_ tosts 35 BA._ tests
#(Two omitted

+ 10 +20 +19 from average) (\

EAt-tes JgrqaGooS
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[ABLE III

PYRSNID DRESSING XO CPARY- OUT

™ 2%
+L258LY
Raar

J.00100 Inch

2 ecuts

Jo0005 inch

A cuts

uD

 0

DeL0025 inch

3 cuba

Thus without srark-&gt;nt, the forces appear to be elightly lower

Jan with it. This may be boceause dressing is somewhat rougher in the

Cormer, siving saarper cutting edresa

The pyramid dressing operations frr the terts on Tables II and

[IT wer~» conducted on a recently cut diamond, Thess tests do not show one

important edvantage of this diamond. This is its tendency to maintain its

rsometry with continued wear because of the tangential rositican of its

faces vena dressing.

Consequently, the ten pyreawid tests on Tere II wers revealed

after several hundred dressing operationse The average tangential force

“68 LCW 2.7 pounds + © per cent average deviation with &amp; maximum of 15 per

centa For the normal force the corresponding values were: 5.0 + 8 per cont

with 14 maximums Still no burning was expericnced., Thus, although tre

Foren scatter went up, the pyramid still gave better results then Lhe sharp

regular dlaamonde

tho pyremid dr- sing with spark-out was conducted on all the
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rollowing testse When studying the effect of a grinding variable such

as cut depth on the forces, the wheel was dressed and then the whole

test run without redressing. As shown above, this permitted greater

reproducibility then if dressing interceded. The lcrces were checked

Por the seme cutting conditions before aud aftsr each run to insure that

senstant vneel condition had been maintained.

constant Conditions

"he effect ¢ tala dipportent grinding verisbles on the forces

vere studied by changing one and holding the cthers comstaale To do this

1 8a ol coustant conditions wes edopted as follows:

Po

TS AND THEIR YTS WHEN TPLL CONSTANT

Variabtls

ut Dewth

Value Then

senstant

0.00075 fer

A Yarden Thane de

Renge whe

Independent
Variab?:

Nal hind

Criits

Tinckes

0

Tabii¢ Oooreed

‘heel Sreed

kidth

Te rane ss

J400025 for

Silicon Cartids

YWhaels

Y
J 0

~ Rd

v

J

+}

~.007

2 to
=n

ay

2250 to 2500

Celdl to Cob

22 +4 £5

Feel Der

irute

Revolutions

Per Linute

Trnahes

Rockwell “a”

Annealed)

cach variable was studied for the three Alundum and the Silicon Cerbide

wheels (See LKaterials).
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ere general methods of expressing the variables when they are

stmultancously changed were then develcpedeE r

Forcgs vse Depth of Cut

Figure 12 shows graphically the variation of the normal and

cangential forces with cut depths. There is a separate graph for cach Lf

he four wheels. . The Alundum wheels are arranged in the order of decreas-

ing grein size (28, 4€, 60), followed by the Silicon Carbide wheels Each

point represents the average of ten forces readings. The forces were deter-

mined at cut increments of 0.000125 inch up to 0.001 inch. and in C.CCOCE

inch thereafter until the surface burned

For lower depths of cut, the fecree componenic wore proporticnal

to the cut depth. A merked transition cccurred, however, vhere the forces

increased less rapidly. This transition occurred at between 0.00075 and

A C01 inch on the Alundum wheels, and at 0.000275 inch for the Cilicon Care

idsa

™ forces for the three Alundun wheels were similar for the sens

cut The Silicon Carbids vheel gave forces sbout twice as gras’

Burning of the surface cccurred at smaller depths of cut for

smaller grein size on the Alundum wheels, but the £ilicon Carbide whesl

saused burning et even lower cutsa

forces wr. Mad Sneed

Figure 20 gives the varietion of forces with taltle speed for the

same four wheels. The tabls creeds wers 2, 2,  8B, 8. 10, 12 and 16 feel

SF minute.



At table speeds over 6 feet per minute the error due to time

lag of the dashpot was greater than 1 per cent. The forces were corrected

by making a semi-logarithmic correction curve based on the time constants

»f Figure 10. The corrections were checked experimentally by running an

exceptionally well-balanced wheel with and without the dashpot.

The shapes of the curves remarkably resemble those of Figure 19.

The forces increase in proportion to the table speed when the speed is low.

At higher speeds, the forces increase less rapidly. Transitions occurred

at 4 to 8 feet per minute table speed for each wheel.

The Alundum wheel forces were again similar. The forces for the

gilicon Carbide wheel were only slightly lower for the same table speed

although the cut was one third that for the Alundum wheels.

Forces Vg. Wheel Speed

Tests indicate that the force components are inversely propor-

tional to wheel speed over the range studied, i.e. 2250 to 3500 revolutions

per minute. To show this the forces are plotted against the inverse of

the wheel speed on Figure 21. Inverse proportionality is then indicated

by the fact that straight lines drawn through the points can be extrapolated

through the origin.

Forces vs. Work Width

To run this test, four annealed specimens of widths 0.140,

0.259, 0.338 and 0.497 inches were mounted in the vices so that the wheel

passed over one after the other. The grinding wheel thus presented the

seme cutting action to each specimen for the same depth of cut.
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In addition to the usual constant cut depths of 0.00C7S end

0.00025 inch for the Alundum and Silicen Carbide wheels, cuts of C.00L15

and 0.0010 inch, resractively, were investigated. This was done to see

how work width affected the forces in both the proportional and non-

sreportional parts of Figure 19.

The results are shown on Figure 22. In every case the normal

and the tangential components wer proportionel te the work widthe

Forces vse Hardness

Teble V gives the +L conditicns, and the hardner~-~c of the

specimens tested. Because so little variation of forces with rarcdness was

rbtained, only three of the seven different heat treatments were investigated.

Test specimens were mounted &amp;s in the work width experiment so

hat the wheel passed succe =) over each svecimen. Each force value

{+ ey averarce of ten cuts

The ncrmal forces did not apnear to be affected hv the change

in hardness (heat treetmert). The tangential forces appear to be slightly

lower fer the guenched srecimen then for the erreeled on the Alundum

rhieels. But the differences are on the berder of statistical significances

“a LL o&amp; ow a BR day TIN i mo dg oF &amp; mm Be Yk ps. AT rn sw Ae ”

abv Ui Lhd Lansen tial, ys WO the Normal Couypcnent, iis

Thus far, the tangential and ucormal croucunents were treated as

saparate entities. Their retios ia the zrevious tests will now Le considered.

In the tests of cut derih end t&amp;bLlz steed, the Len force crirzoncats

sore vropertional te these iundorendent varietlos near the oripine (Figures

LD &amp;5ww) E 0 \J * In +1L &amp;
4
Le st 8 on wrLE el s Po ed &amp;.Ia 3‘(4 C7X v3 h  45 th Ee Pe 03 C 3 c uTr VvA &amp; Weor a



TABLE V

NCRVAL, F, aXD TANGENTIAL, T, GRINDING FCRCES ICR SW«.E.

C24ACCVIORK-FIECLSHEATTREATED TO THRIE HARTDYLCSES

aorks

Table Speeds 7

whesls;

Cut Depth iheel Grain Wheel

120 GritweanI PINAL we

——LlCL

Shale 52.100, 3/2 x 1/2 inch surface, dry

(Ze B»ax Treatment Lolow)

Hn.  par minuto

30C0 rpms for 8 x 3/4 inch
! ~

(Srecified bzlow)

43 Roskwell 2 oe Rockwell C €S Rockwell
wn 2 e » ~ .

Teipersd 608° Ia 45 Guenched

C

HNLZALG

A

yOD075 wa 1A WL
~- =

vel

00075

LJ C075

[YAY ALI NelJOURS Silizon

rarbvide

-

Ko?

IN_
Ph
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straight lines extending from the origin. (Figures 21 and 22). In these

sases the ratios of the components are earily obtained by teking the ratioA 5

vf the slopes. The results ere as follows:

TABLE VI

R&amp;TIO OF T/X FOR SPECIFIED TESTS ON FOUR WHEELS

Tet

cut Depth

{Low Cuts)

36, Alundun 46, Alundun 60, Alundum 56, SiC

EPS CE) (3CA46-HSVoR) (GLAGO-HBVBE)  (37C364V)

yO

Table Speed

(Low Speed)

nnieel Speed

veg
2

t

-

Vora

‘R P|

Lo

&gt; 107

exe veviation

in Per Cent 12

 nlAR

The values for any wheal have considerable esrread. This variation

sould not be associated with the magnitude of either force component. The

values for the Alundum wheels were similar with the size 6 grain some-

raat highers The silicon carbide ratios are slightly lower

The values in the upper portions of Firures 19 and 20 (not shown)

cenced to decrease slightly, but not in every cases The scatter increased

somawhat

one reason for the large scatter is thet each test involved a different

iressing condition of the wheel. The maximum deviation for each force component
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vas about 10 per cent, (Table I1), for pyramid dressing. But the maximum

jeviation here is nearly twice this. The wholes error can be accounted for

if it is assumed that the experimental error for each component is indepen-

lent. If the components are divided, the new relative error is statistically

nearly the sua of the two relative errors, or epproximately 20 per cent.

This is close to the maximum of 19 per cent heres

coefficientofFrictionof Wheel on Work-Plece

The horizontal snd vertical friction forecs were sasily deteruined

holding the wheel stationary and forcing the wheel down on the work at low

-able speed. Different interferences provided different downward forces

secause of elasticity in the grinding system. The test had the advantage of

maintaining the same geometry of wheal to work as during grindiage

The resulting horizontal snd vertical friction forces were recorded

p.5 usual by the dynamometer on the Brush chart. Valuss so obtained are plotted

sn Figure 23. The wheel was recently dressed snd the work-piece ground on

this wheel immediately prior to the tests The data were reproducitle from

one dressing to another, in contrast to the previous tests

The coefficients of friction are equal to the sleres of thege curves.

The values decrease for decreasing grain size on the Alundum wheels. The

5ilicen Carbide value is intermediate-

Only in the case of the Silicon Cartide whesl was the ratio of

&gt;rinding components (Table VI) as low as the friction cecefficient. And this

vas the wheel giving the highest forces for a given cut. This suggests that

when the cutting forces are high, a greater element of friction rather than

sutting action is present.
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Sold working of -. volycrystalline material causes broadening of

131 ’fracted x-ray lines. Then ccbalt radiation was used with a back reflec-

tion camera, two rings of nearly the seme diameter (KXOK doublet) were

reflected from the p{-Iron 310 plane. When the rings broadened from cold

working the doublet became unresclved. Corssquently, this conditicn gave a

sonvenient qualitative dividing line between cold worked and lesser worked

raterial. Tha "depth of cold working", &amp;s used below, is thus defined as

the region whers this doublet is just resclvable to the eve.

The test specimens used were the usual */2 inch square annealed

SheBe 52,100 bars, Three different depths of cut were investigated: 0,00025,

0400080, and C.0010 inches, Each specimen was ground by taking ten successive

cuts of one of these depths. The grinding test conditions were the saue as

Por the cut depth test (Figure 19), The grinding wheel was anuwber Z2A46-I8VBE.

The X-ray beam was directed perpendicularly against the ground sare

Pace. The specimen to film distance was 5.79 cm. This gave a Z100{y ring

approximately 3.85 cm. in diesmetsr when reflected from the a-Ferrite in the

annealzad material

Figure 24 is a diffraction photograph cf an annealed unworked speci-

mens The two cuter rings are from a Tungsten reference powder used for in-

yestigation of residual stresses (not reported here, sse Introduction). The

cext two rings ars ths resclved ty and Of, 310 ringse Only &amp; cross=shaped

oart cf the rings are photograrhed (for convenience in stress determinations).

30ld working was studied as a function of depth by removiug success=

ve lavers of 0,0002 inches with a 10 ver cent Nitric acid etchas Thickness

neasurements were made with a cne-inch micrometer. Accuracy was increased
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hy etching both the ground and the opposite surface (similarly ground). The

total decrease in thickness was thus twice that for oue surface. (0.0004

inches).

Shotogrephs were tak n o. the ground surf .c2 after each removal by

stching. Figures 25 and 26 show that the depth of cold working for the C.,00025

inch cut was between O and 0.0002 inches (since the (Adoublet was faintly re-

solvable at the latter etch depth). Figures 27 and 28 give similar photographs

for the 0.0CCS5 inch cut; while Figures 29 and 20 are for the 0.001 inch cut.

At etch depths of 0.0002 inches greater than required for initial

resolution, the rings were easily distinguishable (not shown).

Figure 31 is a graph of the results. The depth of ccld working is

spproximetsly proporticnal to the cuts It is roughly one half the cut that

sroduced ite. By Figure 19 the depth of cut is proportional to the force ccm-

rcnents, for slightly below 0.001 inch cuts Thus, the depth of cold working

is also roughly proportional to the grinding forces.

urn

Grinding burn is easily detected by the formation of an cxide film

surface. The accompanying metallurgical changes in the work-plece

wave been studied by several techniques (See Previous Work). Here, the

nechanical phencuaena accompanying burning were investigated

Figure 32 shows thse force patterns on a Brush chari as burning occurred.

 mn the

The data on the chart is pert of the tests investirating dressing technique,

‘Table TT Te © © “sharp™ diamond

Burn occurred after 16 cuts of 0.001 inchs After initial anpearance

of burn. che tangential forces increased slowlye The normal fores rose rapidly

and no new eguilitrium was rcacheds The wheel became loaded with grit where
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it passed over burned spots. The above sequence always occurred where burn

nas cbserveda

Rising normal forces resulted from increasing interference Letween

heel and werke This indicated that the wheel was cutting a smaller aud

cme llzcy fraction of the dowrfsed.

Erior Lo burning the ratio of tangential to normal forces was 0.49.

sfter burning had occurred on seven successive downfeeds thas ratio had dropped

to 0.22, This value was well Lelow the friction coefficient of 0.42 for this

wheel (Figure 23). If erinding during burning is fricticral in nature, the

lower ratio might be exrtlairsd by w change in surface condition of the wheel

jue to glazing, or by the formation of an easy shearing layer of oxids film

~n the surface, Trias will tear further investigation.

Cri Figure 12 high derths of cut were associated with burning. 4&amp;n

sxplanaticn may lie in the fact that the cutting grits became clogged with

chips at hirh cuts. The wheel became "loaldcd". lietallic friction between

wheel and work ensusd end burning followsd, This theory is further verified

cy the faucet thet the smaller grealred Alundum wheels burned firsts

That high cuts relative to grain size were nét the.cnly fector lead-

ing to burn is &amp;lso shown by Figure 19. The 38 grit silicon carbide wheel

sured at the lowest cut, end the 286 grit Alundum at the highest. Grit material

is imooeriansas

ancther important factor concerned with burning is the dressing

technique, 8s was shown ca Teble II. The method of dressing probably effects

Lhe sharpness and hence the cutting setion of the wheel gri™ Wy
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Slastic Effects in Grinding

Llasticity has been found of significance in several weyss IU vas

sxperimentally demcmstrated that the wheel did not teke a cul equal to the

jownlced con the first passe. The downward cutting force rushed the work-pieces

away Iran the wiedlk against spring in the grinding systedm. Seversl culs

sere needed to equalize downfeed and cube (Figure 7

If additicnal cults were then wade without downfeed, the work was

Porced closer to the wheel with each pass by the same elastic forces. The

~aterial treat raed nob been cub in tne carly downfeeds ebove was LOW removed.

f 1 cy
("Sparked=out™®

Ia the co ""eient  Jeolotion studies the wheel was made to inler-

Pere with the work so that vertical forces were cbtained

Finally in buraing. the amount of cub per dewnleed became omeller as

corning, progressedae  Consecuently, wost of the cownleed Lecauwc ir ~fersuce and

he normal force increased racic

The cut depths and fere: Towa ot Ta nuaber of downicels can

be predlieted uanalvlical” - as “ylleowe

[et N = the normal component

T = the tangent) compcasnt

Jy = T/% (assumed constent)

n = the number ¢f downfeeds (equal)

f = the downfesd

 Ad = the cul dept!

x = the deflection between vicrk snd wheel

- the spring constant between work and vheels
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iy Leock's Law

r 1)

Restrict the dr—ivaetion to the case where the forces are progor-

.icnal to the cut depth, and dcfine &amp; cutting constant c¢ as:

 NM ow 20a
rd

2)

Referring to Figure 33 for the first cut

3
b= od.

frem © end \
3 is cbtained

’

ho 1)

“n the second cut the wheel faces the deflection [rom the first

bolus the second feeds It cuts this minus the deflection during the second cut.

Thuss

1s =
fF 3)

substituting (1) sad (2) in (8)

3 -

Substituting (4) in (€)

Se J 1 Ley 1
n - eo k &amp;

(1+) (1 +2)

&gt;- a similar procedure to steps (5) to (7)

Hf oe
~oy VK) (pe g2z kr 0)

2 . induction from (4), (7) and (8)

r -]

22 = &gt; fe) ; 1)
k 1 + Tz

~ \

 oy

 )

A

J



Ihis couverges for all reali o» Here the value of XN is naximum

for dn = £, and similarly for T, (since T/N = constant) + Therefore

The cur-

dn Mn . In

max Tmex-

threurh the exreriwental points on Figures 17 were

1G)

jotermined from /¢) and (10). (See Table VII.)

~- a similar method of proof the deer

~t-d during fmark-cut. For the nih vass the rerviiine r-m---gion is:

we pina

1

—yp-1
(11)

Equations (2) and (21) show thet il the ncrmel force is low for a

riven cut (small c), equilibrium values are reached quickly in standardizing

sub, and the wheel sparks out guic’ ‘ye

Generalized Expression of Deta

In tests just described the effect cl certain importaut mechanical

iariubles on the forces was observed. Lach was studied separately by holding

the ctliers constants The tangential force compouent, for example, was found

inversely proporticrnal to the wneel speed and directly proportional tc the

work width, to the depth of cut, and to the table speed (if high values of the

last two are excluded)

For these conditions the data can be neatly correlated in cne simple

sguations This is the ex ~--2lon for the erergy per unit volume of chip

roo ved s

en)

 Lo

heres

(2 rT n)
Tvwd)

is the energy per unit volume of chip removed



so lie constant wheel radius

b
"

kb

tanrentiel component

wheel speed

o&gt; table speed

"the cut depth

= in the work widt’

lhe numerator on the right gives the power cutput of the wheel, the denomi=-

retor gives the volume cof chip removed per unit time. If E/V is assumed

constant, then the above test conditions are fulfilled. For exampls, if all

variables are held constant except w and T, the latter are seen to be propor=

cicnela

The energy given up by the s-'nd” --—

deformation and friction in the chip, work and wheel. The wheel is porous

and the amount removed is usually small compared to the chip. X-ray studies

on the work-piece indicate a shallow cold~worked region of cone half the vol=-

ume of the chip. Therefore, it seems very likely that a large part of the

deformation energy is utilized in formation of the highly distorted and broken

chip met °°

Howev when the magnitude of. the energy rer unit volumes was

calculated, it was surprisingly large. The value for the Alundum wheels was

abeutle x 10° inch~pounds per cubic inch, while for the Silicon Carbide, it

was 28 x 106. For comparison, the energy invelved in a simple tension test

on steel is on the order of a few 100,0C0 inch-pounds per cubic inch.

Two factors mey account for this large energy. Cne is the immense

speed of deformetion. The surface speed of the wheel is some 6C00 feet per

rinute. Another is the =uwll cize of the chip. Some unburned chips were
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obtained by grinding in a neutral atmosphere. Microscopic examination

showed the chips to be on the order of a ten-thousandth of an inch in

diameter.

A comparison with single point metal cutting tests indicated

that as the chip size decreased, the energy per unit volume went up. The

following tests illustrate this:*1

TABLE VIII

SINGLE POINT METAL CUTTING,CUT DEPTH VS.
ENERGY PER UNIT VOIUME OF CHIP REMOVED

Nork Width: 0.25 inches; Tool: 18-4-1 High Speed Steel; Rake Angle: 15%;

Clearance Angles: 5°

 10

Thousandths

Cut Depth Inch
Metal Inch Lbs.

18-8 860,000 780,000 676.000 524,000 489,000 510,000 per cubic

Stainless Inch

Armco Iron 740.000 645,000 568,000 458,000 400,000 %84,000 ®

nr

The energy per unit volume obtained on grinding chips appears to be

a highly extrapolated version of the above trend. This is especially so since

the chip is cut in two and thtee dimensions, while the single point cutting

data above gives a reduction in only one dimension.

This change of deformation energy with size bears a striking resem-

hlence to the experiments of Griffiths%*2 on glass wire. The strength of freshly

formed glass fibers increased toward theoretical strength as the wire was

reduced in size. Griffiths proposed a crack theory to explain these observa-

tions. More modern interpretation 1s based on dislocation spacing. Regard-

less of what theoretical explanation is eventually evolved, experimental

*1 Shaw, ¥.C., Mass. Inst. of Tech., Personal Communication

x- Griffith, A.A., Phil.Trans.Royal Soc.,ser.A, 1920, vol. 221, p.163
iriffith,A. A., Proc. First Internat. Congr. Appl. Mech.Delft, 1924, p. 56



evidence indicates increase toward theoretical cohesive strength with

reduction in size.

The above single point data wes obtained at cutting speeds of

only 0.417 feet per minute, roughlywi that for our grinding data.

Increase in deformation rate is also an important factor in increasing strength.

Both small size and very high speed give a clue as to why the

deformation energy is so high. The reason for constancy of energy per chip

volume is another question. A possible answer is that the grinding condi-

tions are more drastic then those required to develop maximum deformation

energy in the chip material. The variables d, v, n end T in the last equa-

tion would then be forced to adjust themselves to maintain this constant value

of E/V. Variations from one test to emother could be explained by variations

in the disposition of a lesser part of this energy to the work-piece and

sheel.

Constancy of E/V was not found for high cuts and table speeds. Fig-

ures 19 and 20 show that the forces drop below proportionality under these

conditions. This is equivalent to a drop in E/V. A possible explanation was

just recently found. In Figure 34, E/V is plotted against the power outout

| (32 A46- Hav BE) .

of the wheel. , The points are for random specified grinding cutting conditions

to check the general nature of the diagram. The points are seen to fall on

a smooth curve.

Figure 34 suggests a physical explanation. At low energy input

per unit time (power), E/V is constant, but at higher values it drops off.

By Fourier?!s heat flow equation, the r:cte of development of heat determines

temperature rise.
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Most of the deformation energy appears as heat. A good part of

this goes into the work-piece. When the energy input is very high, the

strength of the material shead of the wheel is reduced by temperature rise,

and the energy required to deform it is thereby reduced. Thus the curve

falls off at high power input.

The reason why this falling off is produced by high d or v is

as follows. If d or v (or both) is high, for constant E/V the numerator of

the last equation must also go up. But the numerator is the power output.

If the power goes up, so does the temperature and E/V is thereby reduced.

Increase in width, w, does not produce this effect since the in-

crease In power is accompanied by an increased heat sink due to the wider

work piece. The temperature is thus kept from rising. Similarly, increased

n is accompanied by decreased T. The power is constant and so is E/V.

There was not sufficient time to check this type of plot on all

wheels and further work will have to be done to verify this completely.



TABLE VII*

ELASTIC EFFECTS IN GRINDING

Rise to Limiting Value and Successive Downfeeds, f = 0.0075 Inches

n

4 no Yh =e) —1 yn
P T N k c
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(Average of 9 and 10)
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Logarithmic Decay in Spark-Out (No Downfeed)
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For Plot and Test Conditions See Figure 17

Por Meaning of Symbols See "Elastic Effects®
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SONCILUSIONS

l. In order to investigate forces in diy grinding it was necessary

to use a work-piece of short length in order to prevent the work from

expanding thermally ahead of the wheel thus increasing the effective depth

of cut.

2. No difference was found between forces for table motion with

the wheel surface motion, or against it.

5. It was found that after a certain number of equal downfeeds

that the depth of cut nearly equalled the downfeed. This method was used

to get forces for a certain depth of cut. (Standardization of cut)

4. Dressing technique tests showed that the diamond pyramid dresser

mas superior to the usual dresser as follows:

a. Lower forces resulted.

be More consistant results were obtained.

2. Burning occurred less easily

d. It gave more consistent results over a longer period of use.

5» The forces were found inversely proportional to the wheel speed,

and proportional to the width; to the cut and to the table speed, if high

values of the latter two were excluded.

6. The ratio of the tangential force to the normal force was about

0.52 for the Alundum wheels and about 0.48 for the Silicon Carbide wheels.

7. The coefficient of friction for the wheel vs. work-piece was

about 0.45. It decreased slightly with grit size.

8. The coefficient of friction was lower than the tangential

normal force ratio except during burn.



9. The hardness of the work did not appreciably effect the

grinding forces.

10. Burning was caused by several factors as follows:

a. Poor dressing techniqus.

be High cuts.

ce Improper wheel grit for the work.

11. X-Ray diffraction studies showed the depth of cold working

to increase proportionally with cut and forces. The cold worked layer was

about half the cut that produced it.

12. The elasticity in the grinding system causes the depth of

cut to fall short of the dowmnfeed except after several continued passes.

It also causes the wheel to ®"spark-out™ for continued passes without

dowmnfeed, once a cut has been taken. These factors were expressed mathe-

matically and checked experimentally. The wheel will give a cut more nearly

to the downfeed if the forces are low. It will also "spark-out® more quickly.

13. The varisbles under (3) sbove can be connected by the equation

for the energy per unit volume of chip, E/V, equal to a constant. (Excluding

high cuts and table speed.)

14. There are indications that most of the energy goes into the

chip. It seems likely that the energy is very high because of very large

wheel speeds and the small size of the chip which tends to increase the

strength of the material.

15. The E/V of (13) above falls off at high power from the wheel.

This mey be because the work-piece is softened by temperature rise. (This

last point will have to be checked with further data.)
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