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| THEQRY or FRX&”IOK, Aﬂn xwa 9A3m
IN THE METAL CUTTX&G Pﬁﬂﬁﬁﬁﬁ

IVLINTRODUCTION S S
;” , o Theﬁcantral of rriatian 1& eviaantly of traman*f
‘ﬁmua meor%anaﬁ ta the inﬁustriax warld,y In apit@ of thim; 
&b thm time the p:@@ent invaatigatian was begun, ; o |
(B@ptamb&r, lﬁﬁﬁl rmlaﬁively 1ittlo was knewn canaarnimg ﬁh@f‘
pawt played by the { soemingly) mnny variables controlling
triction. - |
h  “ - The acute need for an undaratan&ing of the fric-
tion phénamena active in tho metal wuttin@ prmu@aa wﬁs ﬁ0t‘
realized until recognized by Ernst and mnruwllattil 2 in
'thair researches on cutting. They faun& hﬁ&ﬁ tha mmjor
 1mp@dimﬂnt to the produetion of very awaauh riniﬂhwd
kaurraoes was the saacmllad "huilteup sdge™ which usually
forma on the noaw of & tea& ta&ing 8 aut bhrﬁu@h mwtal»
$ueh a bu11t~u§ edge form&tion nay ba ae@u mt the bma@ of
tne ahip shewn in the praceas of removal in the photomicrO*
graph, Fig. 1. {The tool is hGY@ not ahawn)* |
| In tha seme figure a “fragment“ of metal which
 has been left hehlnd by the builteup odge as the cut was
taken mey be seen projecting from the ”finiah@&" surface.
A prcrila view of a machined surface on whlah such fragments

were left behind is shown in Fig., 2, and a plan view of a

similar surface 1n ?ig. %s The raughnass ia apyarenh.

It is by leaving a trail of such fragm@ntary roughueaa
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Fige 1. Chip being removed in plening cut,
'th@inﬁ "builtédp edge” adgacant to position vecupled

by tool face. Nag 100X

Fige 2.  Surfaoe profile ﬁhbwin$ atrueturewa

fragments or “steps” left behind by builtaupteﬁga}” lage B50L

" Fige 3. Turned surface of sluminum showing frag-

mentery roughness.dua to built-up edges Nag. 30X
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behind it that the bullt~up éd@a offends, as pointed out
by Ernst and Hartellotti, It was apparent %a‘ﬁhwm that
the condition for the stablility of such @ ﬁtagmanﬁ nass of
metal on the nose of a cubting tool must be & very high
soefficlent wf'frieﬁigg vetween the tool face &nd builteup

edge. From that conviction came the need for the lnvesti-

gation of friction snd metal cutting herein described.

EXPEOIMENTAL EQUIPMENT

; Thﬁ'apparatua used to study stetic friction was
especially designed for this investigation., It permits
measurements of coefliclents of friction to hé nade on small
oylindrical specimens under conditions of vacuum ranging
from stmospheric presasure to 10™% m.m., of mercury, and cone
divions of temperature ranglng from BO* to 350°C, It fur-
ther allows variation of tha appllied t&ﬁé&nﬁi&l and normal
forces independently of each other, & feature not possible
In the usual "tilting® friction instrument. The epparatus
is shown in the photograph, Fig, 4, end In the schematvice
drawing, Fig., 5, which also gives a detailed view of the
specimen carrieras. The test specimens {A) are of cylindri-
cal form, 1/4" diameter by 7/8" long, and are mounted with
thelr axes at right angles to each other. They are’anawn
in place in the gspecimen carriers, which are mounted on the
ends of two identicsl contilevera (B} of 1/8" dia. Inconel

04«
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: 'E‘ig; du ".mtogrm of fria’s‘i«;m" appamtua ¥

e mg;. Se Semmatm side and frmﬁ z"mdt;amﬁl\
Léiéwa of triction vappwamm with detail ;’sf'xﬁpeaim@n

:c&rfiﬂrau
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o It is tha purpoaa of th@ upyar cantilavar to offer
re@iatanaa tu vartical and harizantal ﬁisplaaamauta ar the
upyar sg&ciman and carriar, anﬁ 80 graauea thw nmrmal anﬂ
tangantial farces on thim sy@uiman. The amaunta of the
ﬁi&ylaeamanta, abservﬁﬁ with ﬁha t@lamﬁnpa (?) throngh thé
glaaa windaw (W}, give a m@aaurw of these forces.
| @h@ foroas on tna apaazm@n are appliaﬁ by raiaimg
thw 1uwmr aarrlar unbil the two a@ecimana m&ka aontaat and
; ﬁh@n further raiaimg it to apply a ﬁefinita lwaﬁ %ﬁreugh
k‘deflacticn of the upper aanﬁll&ver. | The lowar aarriar may
nhen be traversaﬂ herizantally, drﬁ&ging the upp@r one with
: it by m@ana or the frletiwnal ra&iaﬁmnae 9frar$d at tha paint
of cnntact between the tya spmnimans. ; Tha upper ayaeiman
' will traVﬁra@ with the law@r uatix th@ appawitinn to daflaﬁu
tion affardeﬁ by the upper ﬁ&ﬂtil@?&f raaeheﬁ auch & vaiua
as to overamwe thim friahianal reﬁiat&naw. At this peinh
relativa slip acaura 1n the form of a aefini%@ r@turn ”3ump”
'er the upper mamb@ru ; If the value of horizontal aaflaction
' of tha upper eantilavar at the pcint where slip aaaurreﬁ hﬁﬁ
been sbaervadlwith,yha yaleaaaps. we have akm@a§§;§;o$ the
forecs of friction, F, since in the range in which we are
‘wdrking‘the resisting force of the beam 1s directly propor-
tional to its aéflqctién. We also have & me&gnra:pglghe |
‘nofmal,fqrae, N, iniﬁha value of the verticﬁl displacement
init&aliy measured, Since the modulus is the aame fc?‘bo§h
these d@rlaatigna, the coefricient of friction, p- ¥/R,
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may‘imm@diat@ly be obtained by dividlng thé‘véluQVQf the
horizontal daflection by that of the vertical. There is
thus no nécesaﬁty.for calibration of the cantilever rod.
In addition, the accuracy of the measurements is independent
of temperature effects on the olastic modulus of the upper
rode
I, fexlmwin@ the first return "jump®™ of the upper

m@mb@ﬁ,‘the traverse of the lower carriasge is allowed to
aontinum, a second, third, or more roturn slips may be
observed and recorded, thus duplicating at a very slow rate
the prbcema of stickeslip which Bowden and Leben® have shown
to be the ususl mechanism of sliding. Only the first read=
‘ing of this series is truly accurate, however, since a slight
twisting of the lower cantilever occurs when slip has taken
place, This couses the lower specimen tg make a slight
angle with its initial horizontal positlon.

 The lower cantilever hes been made tdenticel with
the upper in order o permit the path of the lowor carrier,
when traversing horizontally, to duplicate that of the upper,
ag 4t is evident that the latter will not move in a straight
line. The vertical displacement of the lower carrier is
Qroduced by a coll spring (C) below it, and controlled by &
wire (D) attsched to the carrier and runuing down through a
long tube to & sylphon bellows (E) which mey be compressed
by the scrow end handwhesl (F) on the outside cf the vacuum

chamber.
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The horizontal displacement is effected by means of
air pressure acting on a second mylgh@n’h@llawa (G}; which ls
aauplea to the lower carrier by a rod {(H). The inside of
this bellows compunicates with the main vacuum chamber,

. whereas tha,ext&riar is surrounded by an auxiliary chamber (N}
connected to o separste mechanlsal vacuum pump through the
outlet (V). Iir batﬁ chambers are svecuated, and air thé&
allowed to leak into the auxiliary chanber, the lower carrier
will be al&wly qucad to the left (es viewed through W) since
the vacuum in the ﬁmia chember is unaffectod.

The upper specimen currier (I) iz of the form shown
1ﬁ,tha detnil drawing in ¥ig, 5, The spocimen is carried
in 2 Venoteh and held with & clemp rt one end, Its position
isiaudh that its polint of contzct with the lower specimen shall
11@ on the akia of the cantilever rod. This is done that
there m&y'ba no twistiﬁ@ of the rod about its axis, with cone
5aquenﬁ &hirﬁiﬂg of the point of contnct on the upper specimen
during application of the tangential force.

The lower specimen carrier {J) has been so constructed
that the moment of the forees on it about the axis of the
lower rod is zarc,vthus fulfilling the same condition as cited
for the uprer carrier, above.

The actual szpecimen holder (E) of the lower carrier ia
a small Veblock with & stop et one end, ageinst which the
specimen is pressed by a clamping screw {(not shown) on the

other end, It may be noted that the V-block specimen holder
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is wmounted on a steel reed whose wide dimension lies in the
direction of the applied tangentiai or rrictianal force,
Thls is done to prevent any aggré%iabla force in a direction
,perp&n&icukar to the plane of the two apslieﬁ farcam frum
acting on the santmmt ares and 8o 1nﬁrmdueing BITOYE,

A slight fcrce in this dirsction is set up by the ralativa
motion of the uypar and lower specimen carriers during the‘
raising of the two (incidentel to the application of the
normal force). However, this is eliminated by raising the
ruppér specimen out of contuct with the lower, and then gently
returning it, by means of the hook {L)‘  This hook is
moved by means of & scrow and handwhaalrlﬁ)‘dn the outside of
the chamber, through a third sylphon b@llo&ﬁ (31) .

| Siﬁce the specimens are mounted at the ends of long,
thin rods, the instrument is sensitive to vibraﬁimm. | This is
minimiaeﬁ by mmunting the entire apparatus on K@ldar pads B0 as

| to previda isolation from external aiaturbanzawg Moreover,

thé‘pr@aane@ of ény'vibruticn of sufficient magnitud@‘ta introw
duce apprecimble extraneous forces is readily detectable when
obasorving the'ﬁgpér carrier through the telescope. Roesdings
fof which vibration is obscrved sare usually rajected, although
ordinerily they do not differ appreclably from those telken
under counditions where no vibration is present.

The telescope with which the measurements of coefficient
of friction are made may be scen mounted in f'ront of the main
chamber in the plcture of the apparatus. {Figs 4). It is
slghted on & paeir of scrateh marks on the front of the upper

specimen carrier. The micrometur slide in whioh the telescope
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is mounted 18 used to measure the vertical disyl&ceﬂant of the
upper rod. The horizontal deflection is féllowad and read
with the filar micrometer eyepiece. The telsscope is so
mounted that the line of travel of the eyspiece crosshairs is
parallal to the axis of the lower gpecimen, since this latter
direeblon is the true horizontal for the me&wuram&nﬁ of forces
on the speaimﬁnm. The two motions of the telescope are set
'gexactly ab right'&ngl@& to each other by means of the eyeplece
crossh&irs; Both the horizontal and vertical micrometer read
to 0 000L". At the usual rate of horizontsl traverse of the
apecimens (about 0.05" per minute}, the aauurney in reading is
iabout 0, GOG&" for both the horizontal and vertical displacee
ments. Qn Lhe basis of a vertical displecement of 0.0800",
which is used as standard except where otherwise gpecified,
in these tests, this gives an error af auout + 0,006 in the
value of Goaffiei@nt of friction. Thua the overall experi-
mental error may safély be set at € .0l for feaﬁings taken at
the standard load. Since the usual values of coefficient of
friction with which we are desling are of the order of one,
this value of experimeontal error is quite permissible.

The vacuum system employed exhauéts the main chamber of
the apparatus through the port (P). It consists of a two-
stage oll ciffusion pump backed by a Cenco Hypervac 20"
mechanical pump. The former can be clearly seen, connected
to the back of the friction apparatus, in the photograph
(Piz. 4). The pumping fluld used is n-emyl phthalate.
Friction measuremsuts at room temperature are carried out in a

vacuum of 10-*m.m. of Hy supplied by tho mechanicsl pump alqna,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-3 -

the vacuum in this case being measured with a Meleod gage
(pﬁrtially visible 4in the background). ‘?ar'&il frioction
. measurements teken above roam’&&mp@ré%ure,a vacuum of 10™4 m.m.
of Mg 1ﬁ‘amploy&d, In this case the @ahavﬁ @agé is cut off
from the ayaﬁam;‘an& the vacuun maaﬁﬁwwa with an lonlzation
gage initially calibrated wlth the Moleod gago.
The elevated temperatures are obialned dy means of
'nichrmmm wirs naétﬁrm within the meln chamber. These heat
the specimens and their carriers by radlation. Tamﬁﬁr&turﬁ
- measurement i1s made with a chromel-slumel ﬁh@rmmamupla
attached to the lower speclmen carrier. ‘Th@ naximun tempera-
ture usually employed is 3B0°C since very much higher temper
a%n&ﬁs mizght permit noticeable ef@ﬁp in the cuntilever rods at
f high.émluem of stress, apd also impalr the sylption bellows.
No créap or g&t in the lnoonel rod was ever detected with the
tolescope micrometer, even after rosdings which subjected
them to a:fiﬁar"ﬁtresm‘ﬁf approximately 18,000 lbs/sq. inch
nt the maximhm tamp&ra%ur@ of 350°C. The entire apparabus

has been in service over 2-1/2 yoars.

oo

THEORY OF U1.TIC COWTACT

Although the exparimental raaui%ﬁ obtained with the
frictbivn apparsbus described wbove are of inbtrinsic interest
from a purely sapleleal polanb of view, Choy assume musch
greaber luporbance in the  lisght of the theory of abatic

contact and friotion presented bolow.
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Since ré&iataﬁc@ %o sllding can arise only at the
points at whi&k'twb'aurfacés actuelly bear 6n each other,
the first step in the development of this theory muat be &
consideration of the nature of the mechanism by which
surfaces of crystalline solids make contact. ’,Qrdinary
‘murf&ce contours of aaah materials ave built up from
'parﬁiang of inaiviﬁual, randonly arranged crystals and
therefore may be expected to be charactericed, at least on
8 submicoroscopic scsle, by s succession of sharp points and
angularities with extremely small xaﬂii of curvature, |
Incipient contact between & palr of such surfaces can bring
only @« few of the highest points and angularities of each to
bear on portions of the other. Thus, for almost infini-
‘tosimal laaaa»an’th@ surfaces, the wvalug of aurf&cé shear

‘, stress oasloulated for thess projections from Hertz's well

C known &quﬁ%lﬁﬂﬁ for slastic contact ﬂnaulﬂ'rism 1o values
ia excessz of the elastic limit of the weaker materlal of the
pair, because of the large curvature and few contact points.
Therelore, it is reascnable to expsot that, et eppreclable
londs, ull but & negligible porticn of the area of true
contact betwoeen faces of ¢rystalline solide (with the
excepbtion of palrs of surfaces that are extremely smooth

and well fitted) will be estavlished by plestic flow of the

moterial, This conoopt will be token as the fiirst funda-

wental postulute of the theory of stetic frietlon,
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A portion of the exyarim&ﬁt&l results recently
obtained by Bowden and Tabor® on the area 0f contact between
,'aﬁatianary surfaces is in egreecment with the above postulate,
as thay have indicated. They have shown qualitatively how
this af?ar& an explanation of Amontons's law. DBowden and

Tahor have, however, failed to present any mochanism to
account Tor the wajor portion of their experimental value,
vizt  That portion dealing with decreasing contact area.

In processes where an arsa of conteot ils establisked
between two bodies by plastic fl@w,'am for instance in the
testing of the hardness of meiels by indentatlion, it ls
found that the y»rojection of the ares of amnﬁaat on the
plﬂn@ of' the surface is approximately proportional to the
meximum load applied pnormal to that plans. The constant
of proportionslity is known as¢ the wmean pressure hardiness
value of thé material,

Thia valus is a Lrue Gﬂﬁﬂt&ﬂt of the materisl in the
case of conpletely work-hardened mebtal, and is equal to the
oresaure of fluidity” vaiue for that metaib,

Ih view of the fovegoing facts and of the initial
postulate, 1t is evident that for all cases where contaot ias
established between ordinary surfaces of metals by &appllca-
tion of some given load, it can be sald that to e flrst

degroe of approximation

"N = AH (1)
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wherel = normal load on the plsne of the contact
rogion of the surfaces, | |
A = projection of the area of true contact on
the plane of the contact region,
H m.mé&n prossure purfose hardness valus for
the sorber of fthe twd metals,

Asguning that the first postuleate is wvalid; ¢this
equﬂtimn indicetes that the ldea of always aaﬁoaiabing
oxtromne mtabia contuot praseures with high londs is incorrect.

The comprossive stress between dry surfaces in static contact
is, in general, practicelly independent of load, and depends
only on the value of H,

‘ Thus far the gquestion of the relation between load
and ares of contect has been discussed only for the cases
whgrw ihe appli@d lead is incressed, or is halﬁ gonstant,

The vehavior when load ls decrsssed is, of course, sgually
important. In giving thought to this problem one might at
Pirst conclude %haﬁ ¥ the mecbeniem by which conbact s
éstﬁblishaa between solids is that of plastle¢ deformation,
there should be ne ohange whatever in an inltlal area of
contcet when load s decreascd., In fact, Bikerman and Rideal®
hove made this (incorrect} conclusion the basis ’fm.' an argu-
ment that all friction must be due to surfece roughness

ouly. Thsy corsldered thet "adhesion™ or resistance to

shear at the area of contact was thus proven non-existent.
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The assumption that an area of contact formed by
plastic deformation should not decresse when load is
decreased is, in general, {noorPect., Thiﬁ'faaﬁ ig readily
observed in such processes aﬁ‘th@ testing éf'ﬁh& hardness
of metels by indentation. ‘There the area of gagtaat |
@wﬁ&bliﬂh@& at some given load botween & har& indenting
agent - wunh as & steel ball - wnd the m@tal paing tested
may be aﬁ&@rvaﬂ to grow smailer when the initial load is
dmcraaaaﬁ?,r The two surfaces are ya@leﬂ‘&ﬁart by elastic
forces. ‘This process is known as "elastic recovery”.

It must tend to occur whenever the load ls decreased on an

area of contect whloh has Deen ﬁﬂﬁﬂbliﬁh%ﬁ by piastic defore
“mation. Otherwise there would be a violation of Hertz's

equations as appllied Yo the inal maeraaau§ia'ﬁurfaca
curvature. |

?ne ﬁira%‘&tap in arriving ab aVQu&mﬁi@ﬁﬁive relestion
oabmaan gontact ares and decressing load lies in reaching
SOme uanelusian goncerning the pature wi the adhesion, if any,
acbing at tﬂe area ol tiue contush betwoen twa aoiid
gurfaces w&ish are belng separabed. It is o well established
fuct® that ordinary supposedly clean metal surfaces are
sovered to & greater or lesser extent wiﬁh adaarbed films
which are very difficult to romove. Ordinery oleaning with
golvents is quitve ineffective in removing tham, the solvent

itsoll oftea veins edsorbed as an sdditional component of
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the film.  These Iilms consist of originally adsorbed
materials, or the products of the ahﬂmiéal reaction of these
'mﬁt@rialﬁ with the metal, or both. The various constitu-~
ents of the film are bound to the surface either by inter-
m@l@aular forces, such as Van aar'waalw‘famaaa, or by
ohemlical combination - "ﬁhmmisﬁrphian”*

In view of the presence of these films, the ratio
of the area of metal-to-metal contaet to the total contact
ares will evidently be small (perhaps negiligible) for all
‘ordinary dry metal surfaces. Such surfaces will evidently
offer little resistance to sepasration. The tensile forces
‘acting % points covered by the film will surely not be
great enough to produce plastic flow of the metal.

When two perfoctly clean mobals are brought together,
however, the two solid surfeces ave forced into intimate
contact at scattered points by mutual plastic flow, with no
separating film interposed. Continuous metal junctions
are thus established between the two bodies; rapid diffusion
will occur at the interfacial planes in these Jjunctions,
even at room temperature. There is good evidence to indi-
cate that the bond thus fgrm@d iz usually stronger than the
woaker material of the pair®., Thersfoyre, any successful
attempt to separate such surfaces must produce sufficlient
tensile stress in these mebzilic "bridges" to ceuse plustic
flow and consequent reduction of orous-goctional area, with

{inal rupture.
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The above 1dea of the formation of strong intermetallic
junctiona at points of nctual motal-to-motal contact may be
teken as a second fundamental postulate. It will be cone
firmed by the expnrimantml,dat& presented labter in the papek;

This postulate, together with the idea of elastic
recovery, furnishes the clue to the behavior of contact aresa
when load is decressed. As has already been mentioned,
eluatic recovery usually must t@m&‘ta peel two surfaces
apart when N is reduced, in sccord with Hertz's eguations.
{(This will not be the case when both surfaces originally
have exsctly the seme overall curveture under zerc load, as
for instance two very flat surfeces). Consider tke case
where the two surfaces ere so clean that the previcusly
vostulated selzing occurs at the Q@ints of sctual contact.
If the total area of zctual contsct is only a small per-
centage of the apparent contact area (as given by Hortz's
equations), tﬁ@ peeling sotion introduced by the elanstic
recovery can produce plastic flow in the scattered metellie
Junctions between ths two surfaces when lond ls decreassd.
The tensile stress necessary to produce plastie flow in a
work-hardened metal rod having extremely small ¢rossw
sectional area is approximastely egual to the mesn pressure
hardness value, H, of the given netal. This is shown in
0'Hoil) 0 an&iyﬁis of the Stead tensile test dlagram.

Thorefore, Tor the cose under discussion, the variation of
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coptact ares with decreasing load must obey equation (1)
{nomely H = 4 H) approximetely. . . '
On the other hand, if the totad ar@é of noctual cone
tact of two perfoctly clean surfeces eguels thelr apparent
- contact aren, the elestle recovery atress will evidently be
inmufificient to produce any plestic reduetion of the entire
area. In such cases, the contnct ares should Ve proctically
independent of decreasing losd. An sppreciahle tensile
foree will then be reculred to geperate the two bodies.
Montion should be made of Bowden and Tabor's
investlgationd by electrical conductance tests, of the varia-
tilon of the ares of contsct between partially clean metal
cylinders on which the load was decreased, It was Tound
thet the decreasing contuct ares was apparﬁntly proportional
to some power of N very nearly sgual to one. Although tha‘
experimenters postulated that thoe srea of contact vearied by
plastic flow of the woetel, thoy falled to explsin how such
a phenopena c¢ould ocour under conditions of decressing load,
Their resulte, however, appear b0 be in agrsement with the

above theorsticel treatwment,

THECHY OF STATIC FRICTION

Having protrayed the forogolng plcture of the
mechanism of contucet under verious conditions, it is possible
to proceed directly bto the derivation of a quantitative

theory of statle friction. “his will be done for the types
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of contact for which squation {1) a#%lie& to a . good approxie-
mation. These lnclude vracticslly mll‘amae& where
"increased” loads are lnvolved, and the particular
"deorensed loa&“ case involving @xaepﬁimn&lly elean surfaces
and a total contact area wﬂiah is sonsiderably less then the
app&rmnﬁ caﬁtmat Bres.

| In equation (1) we heve an approximate expression for
the mmrm&i loed, N, on two contecoting surfaces in terms of
& physical constant (H) of one of the gurfeces snd the
projection, A, of thw area of true contsct of the two,
Since, by definition, M = F/N, = similar btype of expression
is nceded for the force of frietion, F, if pu, the coeffls
clent of friction, is to be expramm&ﬁ’in termz of physisel
constunts of the surfaces. It s evident that in orxdsr to
CBUBO r@l&ti?& slip by smoponlication of ﬁha,ﬁmn%@mtial force,F,
the shear stress a@wlimﬁ to A', the area of Strue conbaol, |
must egual the average shoar strenghh, 3, of thnl area,
Thus F'*/A' = 8, where F' ropressentz the component along Al
of the vesultant of F und K. These foreo relstionships
are shown in Fig. 6.

When the surfeces are rough spd the tiny "hills® of
one interlock with those on the cther, the plune of Al
evidently makes sowme overaze snzle, 4 , with the plan@ of
the contact region of the asurlaces, For the monment,
howeveoyr, let us considey the ildesl case in which the surflaces

are so smooth that 4 is nesiigibly small. Then it is
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Flge 6+ JIForce reluotionships at contaet point

between interlocking (@xaggerate&)rough surfaeces.
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gvident from Fig. 6 that F'—>F and A'~A.,  Thercfore

or FeAS - (8)
Now, by definition, p= F/N
‘and therefore, from equations (1) and (2), 1t follows that

1im s A8 “ﬁ %
——»@ AH H (2)

Ih Appendix A to this vaper it ls shownthat for the general
- ense where £ is appreclable, the expression for mowfffeiant

- of friction tukes the g mpxwximdtg form

}x‘u 8/H % tan 0 o (4)

_" This has been px@a@nﬁ@& in & previous brief
yublicatianll aa‘ﬁha’g@n@ral eguation of static friction,
AAlthdﬁgh thié aqﬁatiau ig an apprexiwétimn, it illustrates
V@ry well the aﬂpﬂraba parts glﬁy@ﬂ by adehsion (répr@w@nt@d

/ﬁ) &na by surrmca r&u%hn@Sﬂ {ropresented by tan¢9) in
the maeuﬁniém of static Iriction. The expression is in
‘agrosrent with the empiriocsl Amontons-Coulombd laws of
triction, so long as 8, H, and € remain good constants of
the surfaced

Several interesting conclusions may‘ba drawn Trom
equation (4), cousidering first the case in which S-+0
and ¢ is variable, und leter the case in which §—0 and ﬁ-

i3 variable,
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The first case 1s observable when saliﬁﬁaurfaceé are
covered with an adsorbed film which pormits no metal-to-metal
contact but which possesses & shear str@ngth of practieally
zero (i.e¢. a perfect boundary lubricant). For this case
we have, from equatlion (4)

1im m = tan # {5}
5—»0

The obvious conclusion from this result is that,

for sblids covered with an excellent boundary lubricant, the

static coefflcient of frietion is & measure of surface Tinish.

It may be employed, with Judgment, %o sp@cify that entity.
Bquation (5), minus the indication that 1t is a
1imiting case, is the expression proposed by Bikerman and
| Rideal® for the coefficient of static frié%iﬁm. « Their
failure tO'realimé that it is a limiting caso results from
thelir previou&ly mentioned incorrect conclusion concerning
 the variatidﬁ of contsct area with decreasing load.
The more interesting case for discuszion is that
in which 8 has an appreciable value and 4 is negligible
sither because of smoothness of surface or because of non-
interloéking of surface irregulerities. Then, from
equation (4) we obtain | |

lim m = S/H (3)
f—*0

The quantity S has alreaiy bDeendefined as the average

shear strength of the area of true contact of two surfaces.
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The structure to be sheared ordinarily dbnﬁiats of an adsorbed
film {of the type previously dlscussed) and ahy possible
metal-to-metal "bridges" formed at points not protected by
the film. The value of S is thus the appropriate weighted
aversge of the shear strengths of the film and the metaleto-

- metal brldges if any of the latter exist. The value of H
is the wurtaégrh&rﬁnﬂﬁs of the metul alone, These conclu=
sions are in agraﬁment with the work of Hardy and his

: coll&agugslg ou the static friction of &momth boundary lubri-
cated surfaces, They found the coefficlent of friction to
be a function of both the lubricant and the type of materisl

on which the lubricant was used.

When surfaces are perfectly clean, the shear strength

becomes that of the resulting metsleto-metal union only.

If the contuocting bodies are of identicel material, 8 must

have a value equal to the static shear strength of the ziven
metel. - This last conclusion follows from our second
postulate, A quantiﬁativ& evaluation of the ratio 8/H under
these two apaoiai conditions will be mads, for the case of

completely work-herdened, elementary metals

The quantitative j@lue of H for a completely workw
‘hardened metal is its maxinum mesn pressure hardnesa {or its
"pressure of fluldity"™ veluel as pointed out earlier in the
paper. Pressure of fluldity v-lues as given by 0'Ne11113

will thus be substltuted for H in forming the ratios.
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The value to be substistubed for 8 is not arrived et
az easily. The shear strength ﬁ&ﬁif%ﬁ‘iﬁ givan by that
value of stress necessary to initiete slip on & given
plans thraugh the completoly work-hardened metal.  Since
there 1s,na aatiaf&atary gxperimental ﬂata‘@bt@in&%la

| d@flni%aly.astabliahing this quantity as e physical con-
gtant of the material, in the manner in which thﬁ maximmun
value of H ﬁﬁﬁ beesn established, the value for B must be
arrived at by theoretical conslderations. Phis necessi-
tates that some assumption be made as to the nature of

~the process by %nich shear in metals ococurs. An hypothesis
mey be arrived at by the follawimg lina of thuught.

In observing the shear procoss one is inpressed by
the freedom with which glide ooccurs during th@‘“&lﬁp" POY-
tion of each "stick-slip” cycle. The acvion resembles
that which would be observed if o fluid lubricant were
instantaneously present on the plene ¢f shear, Tuls
suggests the poﬁmibility that during siip the metal itself,
in the gfaup of adjaceont shear planesa, is in a state very
similar to a liﬁuid. It is only necessary thet thisg
liguid-like prugerty be manifested in the direction of
slip. The shear plancs muy retain their rigi&ity in all
other directions. At the lnastant of slip; the only
influence preseat which would be able to "melt" the metal
on a set of planes 1s the shesr stress,. The foregoing
sugpests that the process of shoear may bhe ﬂnalagbus o
the process of pressure metingg and wmoy be treated by

,
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the thermodynamic methods ﬁpplicabla to pressure melting.
Tris idea may be taken as a third fundamental postulate,
as follows:

The process of slip or shear may be trested as

’rrnn& af'praﬁgﬁrg pelting in one dimension.

In Brﬁﬁr to obtain from this postulste a guan-
titmtiV@_@xyﬁégmimn.faw shear strength, the following
approximationsmust be madet

(l} The deusity of 2 metnl is teken to be inde-

‘péndéntvmf temperature and pr@méur@.

(2)  The heat of fusion of s metal is token to

be independent of tﬁmy@ra%ﬁx&.

(3) The "heat of fusion” for a "one-dimenaional
melting” process 35 token 10 be one~third
 that of the usual tﬁr@ﬁ«ﬁimﬁnﬁiem&l‘fuaion

DrOCeId. |

Use must also be made of the fact that the
stress or pressure oxerted on the solid in the dirvectlion
of shear at tﬁ@ instant of melting ies not exerted om‘th@
resulting liquid. As soon as sufiiclent shear stress has
been epslisd to the s0lid to csuse the iiquid stote to
appoar, free slip can occur.  From the sbove approxie
mations and fact, th@rmoﬁyﬂamic‘aou&iﬁérationm then lead
to the expression

S = .427 (L/3) 2 in T/T (8)
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whores & = atatic lnternal slip stress of homegenous
metal at the tmn@aratur&'@,,kg/mmgw |

T = observation temperature op tempersture of

the metal, degrees absolube

L'~ latent hest of fusion of the metal in the

particular orystelline mo&ifiéatiﬁn which
iz steble ot T, cal/em

€ = denoity of the metsl et T, g&/emﬁ

T = wolting point of the metal in the periicu-

lar orystaliine modification which is
stable at T, degrves absolute.

The complete derivation of equation (6) is glven
in Appendix B to tuis psper. It mey be pointed out that
the squation 1s merely an expression for the velue of
aha&rkmhregﬁ whioch must be spuliied to o metal %o lower
its meliing gaint to the tempesreture T (uéuﬁlly ToOm
temperature). The "prezsure nelting by shear® which it
desoribes must not be confused with the process of
ﬁpr&aaure relting by compression" of the type often dis~
6&3&@& in connection with the wmechaniasm of gliding on
i@&l4,

The evident implivation of the postulatedmechans
iom of chear is that any kinetic shear process in solids
rmust commence with & steady luosresse of stressz up Lo the

point at which meltiny occurs, followed by a sudden slip
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at the instent liquld appesrs, with consequent reduction
in applied force. This rodustion will permlt resolidifie
cation to occur and stress to inorease once more, allowlng
repetition of the cycle 30 long as sufficient applied
for¢e is mainteined. In other words, all shear processes
in solids should consist of & succession of slip-stick
| cyclas. | Bowden and Leben's sxp@rimontal analysis of the
- nature of sllding shows it to be nade up of a suocession
of slip-stick nyaleﬁ whenever the surflages are poorly
~lubricated. Yince sliding is merely another kinetic
‘éhe&r srocens, this slip-stick behavior ls to be expocted
whenevey solid, metol-to-metal contact is ffa@ to ooour,

A point to be noted concerning equation (6) is that
it represents the maximum stotic shear strength of homo=-
geneous metal, since it makes use of physlcal constants of
the bulk material, retber than those corresponding to homm
certaln dirsction in a single arywtml; I% wlll not be
applicable to céﬁea where shear is free to follow pro-
fer?ed s1ip planes within the metal. For the case of
conmpletely work~hardened moetsl this possibility of shear
on preferred planes la evidently at & minlwmum, partiou-
larly if the aress in shesr are small. Thus equation (6)
iz well suited for use in caleuluting values of sbatic
sheay strength for the tiny aress of contaot and well

defined planss of shear cccurring in the contect reglon of
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two clean solids of identical metal.

-2

However, in view of

the approximﬂtiana mede in deriving thia‘EQuaﬁian, 1t may

be expected that the absolute values of 8 which it glves

are lese trustworthy then the relative values from metal

%o mebtal.

TABLE

1

Caloulated values of 8/Hg.,, for cleen, coupletely

work-hardened metal surfaces at room tomperature

Metal
AL
Cu
Ni
Pu.
Fe

Bt

v E 2

Crystal structure
at room tempersiure

Face~cantered cublc

" 14 4]
" " 4
L w "

Body-contered cublc
Rh&mbanaﬁrml hexagonal

Close-packed hexsgonal

" i L L

" L "

*Value uncertain,.

8
42 42
96 100
160 160
7 7
130 130
10,3 ~~ 20%
11,3 31
13,5 40
21 70

Ser Reference

Hhax
kg /mm k@?mﬁzc'k 8/Bmax.

1,00
.96
1.00
1,00
1,00
e B
36
34

« 30

13,
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In Table 1 values of 8 calculsted from equation (8)

for various metals ars given. _‘Th@$&.7&iué$ eorrespond
to T = £93° abeolute. The values of L used in the cal-
culatiﬁa_a?a taken f?@m the datn listed as "Directly
measured” in the U. S. Buresu of Mines Bullebtin 593,
"Heats of Fusion of Inorganic Substances" by K. K. Kelly.
The values of H listed in the table corrsspond to O'Heill's
velues for pressure of fiuidity for the various motals,
as already stated, The resulting values of 8/Hy,, as

- given haveyona noticeable point of interest. " The value
of the ratic is ovidently in the vieinity of unity for all
the cubic metals lisbed, and in the #iaimity of 1/3 for all

| the close-pocked hozagonal metauls lisbved. Once might
expect to Tind sowme relatlon between H and 3, singe the

- hardiness ﬂﬂ'ph@nﬁmenﬂn is one invelving internal shear of
the métai. However, ths relation &yya&rﬂ to be surprisge
ingly simple here. This point muet be investigated

- further to determine whether the apﬁarant correspondence
betwoen orystal types snd S/Hy,., ratios is actual or |

coinclidental,
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The mein discussion oL &xparim&ﬁ%ﬁl rezults in
this poper is limited o the Gh@ﬁ’@iyfwie@ium h@twaéﬂ
specimens which are both of the same metal. o Ghovy
diwéﬁaﬁian of the behsvicr of pairs of spocimency mude
up twe Gifverent motels lu included at the end of thisg
m@@tiun."?h@ experinental rosults clted sre bused on
dets obtoined frosm over BOLU r%&uin“m, feken over &

3

‘y@rigd'éf two and one~-hull yenrg.

Prom the fur&ﬂuiﬁﬂ ghecry it sy be seon thaet
surface cleanliness snd surface rmu@hﬁmﬂa should in-
flucnce the varicbles debermining the ecelffisient of
frictioh.i pinaa these tuo foctors are difficuly to
euntrol, thelr ol/iects were lnveotigeted first.

“h“ first metel cpocisens teste

‘p
s

i were proparesd
by c&raf&l‘yuli&hing with dry metallographie pepers
fbll&w&éibg breatuent with an @mcss@ GEoyouze with e
tracﬁ'ﬁf'wé%%fg on nrosdcloth.  Phe polishing with rouse
Wea coﬁtiﬁ&eé wibil the point waw resched st which the
surface of the unoclmen vou suddenly le and rouge-Iree.
Phe polished plece wiu buen hendld @u with for¢sps wad the

”

working surfses touchsd with npothing other Lhan “cleun®

tlssue peper. wpeclioens of verl o us metels thus preptred

gave coeffleionts o friction of Jek B0 Je& - values ol
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"ﬁhs same pagnitude as tnuﬁe'@aually ﬁiy@ﬁ’fab‘thﬁ

: ffiatidm wf'$u§y0ﬁaﬁly Gry, "eolean" surfaces. Yhe
gbimﬁ@'of eaﬂtaet were not &ppr@aiably gepratened oy torn

‘“by aiiﬁiﬂg. Lvidently & lubrieating £ilm covered much
of the mrea of sctusl contact.

| iﬁ_thm next series of tests bhe rouge-polished

%uvf&ces ware nelther wiped with tisvue nor tuvched with
anybhing alter polishing, but were gulckly transferred
to the woeuuwnm chember of the frietion mﬁpar@ﬁmu, WRGT¢-
‘upmn the velues of goefficient of frietion obtained were
found to be generully of the order of andty fur cuble
metels, end one-helf for hexnsonal metals - values of
bﬁ@'aﬁm@‘m&gn;tmdm &u the celeulsted ratios /8 of the
prae@éing_s¢¢tian. These surfooes were very clewn, nsg
indleated by tho fact that when viewsd under a miero-
scope they wéra veon Lo be seversly tora and ecored
&t the polnks of contact by even the vary first alide,
@a»sﬁawﬁ'in §i@. 7. Avidently notat-to-metnl contact
@ccurréﬂ o#ar & large percontage of the tobtel contacs
ares. ?mia latter behaviox corresponds to bhe bype of
frictivn of interest in connsetion wi%h tﬂ@ldry cub~
Cbting of metels. Thercfore, it wus decided ﬁhmﬁ the
renainder ol the (mvestlgabion should && careied oud

on surfuces clevn envurh 0 cive this thorough *selzing”.
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Fig. 7. Torn, scored contuct points produced
by & ain,;lc slide of two very cléan cwp}gm* frietion
;ﬁ'};ieaim@n's; Top, upper specimen. Bottom, lower specimen.
Kage 125X .
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| The seiging pyo&uauw raush &wrm muwfac@a when
31&1&&1&3 occm&s, G0 fhe « sifeot wﬁ thig ﬁduﬂhﬂﬁ&ﬁ on
1 »f£1étia&’waﬁ’$ﬁu&i@ﬁ next. Pelrs of speciwens of vers
"iumw m@%&l& “ere emr@ﬁﬁlly ran&ﬁw&@ ¥ @ma&th snd eleon

88 possible by the rouse techunlques The auﬁﬁfiaibnt of

frietion was recorded for the very Tirst ﬁliy a8 the
unseratehed asurisces of each peir. Mu&au@ﬁimb readings
were taken ot the same conbact | uimtw, nww ruuﬁh and

1y
£

15 gurw '*uur QY,fiVﬂ yelues of J for  &% Airwt 11@
{emooth surfece) were obtained aﬁ‘vmriwm@‘wéﬁw o cone
teet pointe on 8 piven psiy of ﬁp&ﬁiM@ﬁé ﬁnﬁ ﬁ?@f&ﬁ@ﬂ'
Thnis valne Vifhis mJWU&f»% with th@ wv&rauu goefTicient

| of frietion for slipy wther than the ﬁirwt“{rmugh aurfaca)
obteinsd with the sewe peir. Values for seversl sueh

= pairm mrc'#i#ﬁm'in Table 1.
| ‘ mh@ l&rx@ averase Geviation of im&ividua& readings

 &baut Ehe me&n, acted in this teble, mumt be @ﬁ@@ﬁt%& wi
very elean aﬂ?f&ﬁ@& ao will ve expleined later.

»1thuugh in gohes i thexre is & ngtieéubl@
diflorence betwesn the sverese values obteined for the

Lilrst elides and thove Jor suscesding slides, ss glven

in Padle II, the Giscropancy is cbout su vfien positive
Cas negrblve,  thin fact, pluw too obsorved lerge magnliudes

of %he velues of Je meke it clear that the effect of surface
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t GHOTHE

COZFFICIZNY OF FRICTION OF VERY CLEAY SURFACES

AVERAGE A AVIRAGE

MEPAL PAIR (guiﬁuhfﬁuﬁébﬁ” 5)  (ROUOR, TCRH SUARAGK)
AL | 116 1e21
U  1.28  1.36
FB | 1454 - xQﬂa
5 U 1.38 1440

1 A .67 .50

oW IW 7}}:1713) *A}; s + lc}{; o P
CREA BIPW‘“ NS ! 100
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’f rau9hneJa on the friction uf thaa@ ﬂlh&ﬂ aylinaracal
 T3pecimen& is n@ﬁliﬁihlﬁw‘ Thig i equiw&lamt to seying
  t&ab‘ih‘tﬁia ease the value of 8 igm neglicivle, or that
s islm plwéﬁs of shesr are mmx?l:g ;@amlwl to the peneral
 fw&rfm0a.., tatmﬁ in this oot fwrm; the @iﬁériman%al
“ resul im_mm whieh perhaps might be expected for these
eleun surfaces %mi’ seizo whercvor they touch each
ather. s regords theury, the result indicates that
x‘eggamxum yﬁ), ﬁam&lj k. /H, iz & sufllclently wecurate
’ﬁarm off the senersl equation of stetic fwiéﬁiwn foyr uae
im»the CRse éf the friction of these Qi%&ﬁ, eylindricsl
 metal spacimenw. hie eguabion will, %“@rﬁfw*a be umed
‘&a B ut in 11 furth&r dlgeussion of the experimentsl
 resulis. |
'Iﬁ viéw mf e sbove r@w&lt&} prepuration of
apecinens by thw Aifficuld polishing, rouge-clenning
method was ab&ﬂ&ume& end all further tests were nade
un ﬁ@@cimwg ﬁuxieu mi&n 8 clesn, dry cutting t&&l at
slow ﬁyee& in anlath@. Phals simple m@ﬁh@&kai prepuration
insured & surfazce free fron »&ntamin&@ing‘film@ of eny
sort sxeept those df adsorbed or L&mically eombined
gesea. {The matter of tue extreme clesnliness of &
frechly wachined surivee will be diceussed in moroe debail

leter in the paper. ) Leoeh up WO WHD tx&nf@&rr@ﬂ L0
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 tha v&auuw eh&abar Qm tka fr&eﬁian apxawmtuﬁ with 11&m@~
‘alaﬁnmd fufﬁﬂﬁu B aman 643 mm&hinau.‘ ”h@ ﬁguaimema were
 &110wau to touan a» him@ wiich could tr&ﬁ&m%ﬁ'&ﬂ @x@ania‘

Mfilm ma the yort on 6f the surfece on which contach wis

75@ uaau |
riﬂtlwn Q@@ianw prepared by the adlove o bhod
'fymVu im&iviuual “ﬁlmﬁﬁ af eselficlent of fri&tiwm whieh -

 wxhibi@@d ﬁh- BELE &wwmug@ davistlon &rwm the mean
‘k(&ppxbmmmw tely £1075) as hed Yeun charsctoristic of the
.'dimgn gﬁ&cimena prepured by nolic ings ﬁhlm bahavior
mﬁgﬁ %@kéxpactaé with very elesn surfsees, lov @i%ﬁ*maeh
-bﬁﬁ%&eular exg&u;meﬁt af ﬁh@ suriaces Ehm‘@rimﬂhﬁﬁiwﬁ‘éf
‘*évywﬁalm 1&'%&& mebtzl ot the contact polnts will be con-
‘aiﬁefahlv ﬂifféremﬁ.}‘?h&& the shear strength sust vary
‘)ﬁﬁnuiﬁﬂf&ﬁij i? e rasnixx $o reading. ﬁww&v&r; for
m&V&r&¢ N ﬂﬁé'ﬁi ﬁ lﬁryﬁ nubber ol vaﬁﬁia%w gsach, the
8y mage huwer Ltr@ﬁ ﬁh whuulé be Lhe BonG.  1&,§$&@%10&

5

, it weg found %hat gruupﬁ of eipht Or more rendings baken
wn‘a‘giveﬁ‘sat of apaclm@nm usuelly yielded Evorege velues
0f soefficlont of friction agreeing within an smount

”"(lif\'»}tle layser than the exporinentul errop of the instrue
ﬁan% (zhsroxim“ta?y:t.Ol}. W

?arthermgre, the sverage velues of the coelflelents

0” friction of &iff@reﬁt pairs of &pﬁﬂimeﬂﬁ‘ﬂf thﬁ SRme |

,,metai rachined undar the somo conditions usually sgroed
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M within Liwits not ~reut1y @mcawaing the &bav@ umaunt¢
f $r@p&rat1an of the specimons by maehiﬂinx, therefore,
- aﬁfaxﬁa& goa& gontrol of the variablmd & an& He
| ,’ 'Th@ n@xt step wag 1O inVﬂgﬁiw&te the velidity of
ﬁﬁwﬁﬁmn . B w for these clean hur”mfﬁdu Lu@ffiaient@
of frictivn for &av¢wul metnls were determined at various
;' loua@, hﬂ permiwmial& ruumc of lowds over which the
ﬁ 1nﬂtramanﬁ is Qﬂﬁhbl& of making soournte m&u&%r&%&&t of
velues of p.i& limitmd bat over & lerge porsion of thats
r&ng@ the coefricient of friction way found to bo entirely
{ndependent of § for the metals ﬁ@&%a&.i\%ﬁgvmwy proall
yalues of loed, p wus cbssrved ﬁo fall bff £yom the Qo=
» ﬂﬁant figure fnunu at higher losds. Amontons's lew
favi&@mtlg holﬁa far these clean surfaces except at very
“&mall valuaa o* 1&&&. The results obtalned for Fe and
Mfmr 3bh are ylatt@u in Plee U |
lt ﬂﬂﬂ&lt be nmade clear Lthat thes 30 &%&armiu&tiunu
‘OA Jt v&runs i War@ not pedo wader “ﬁaora&aaa” 1osd con-
Vﬂi%iunu. Results obtained by decressing the 10&& from a
- higher velue will be presented later in the paper. The
coerricients of fyioki.n dGlseussed above were sll obtained

&% velues of the load wh.ch were the neximum applied in

in view of the dependence of p on I 8t very swell
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Figs 8. Coefficient of stetic friction versus

logd,ffor'very'cla&n syeciméms of ircn and of antimony.
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fIOau&, # largw value of K eurreuyan&ing bo & vertical
 ffﬁef1mctian of O 0&&9” of Eh@ &gpa% ap@eim@n aurri@r
  (ahaut 100 yrama) WhE aﬁwpted as tﬂﬂ%&ﬁﬁc,‘ﬂll vwlu&a
ffwf em@ffiuient of Iriction vinn in thig §agwﬁ wera teken
‘ &ﬁ thiw valne ei R, unleau utumrwima stated.
| ‘ ﬁlthbugh ot vavy wm«ll luvﬁm,M.naarv% ses ws X
i‘&@mruaa&a, thia feet dees not Indleste twmﬁ in the ronge
) whers uaek w&huviuw sepurs the area of wam% ct off the
' my®cix@a¢ is graauc$4 by elaptie €efvrmstion. 4 euntuot
ares yruauce& %J’tlib mesns wmust, maaawuimg to Hertz's
eguaﬁiunw, be approximately proporticnsl o some pmwér,
| x; of the normal Ware@,'wharﬁ % i% leas thon one. If
 this iv the cawe, the foree of friction will also be
fprmgartiﬁnal to F¥, Because x 45 loss then one, ¥/H
j,@r M wh3&lﬁ5£nar@&@e a5 loud is &%ﬁf@ﬁaa@; if'ﬁﬁnt&at
" ia 61&&%&00 .T§ﬁ opposite behavior o observod.

} qﬁ.§h§5wtﬁer hend, the results obtained do not
nac@a&abiiy'éantradict the hypothesis ﬁaat th@ groqof
conbuct ié mr@&uc@a by plustic delormetion, for it is
quite “0“”ib10 that af very smell losds with ﬁhair
ewrr@ug¢ﬁdingly_min&t@ gontuel erebu, 0Ltﬂ$r ooy B,
or both, sre no longesn 0ok consta nbs of tha w@tai,
(i.e. the laws of mecroutcupic plastic daxarmati;n_amﬁ 0

sheer muey fall &b these low loedw). However, the fect
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, thﬁt‘p,ia'canataﬂt at’hi her 10&&& affara Qu&litativa
,uaﬁnfirmatiun of thw umhumgtiwn thet the w@&t&atin$ G-
'   iaeaﬂ ﬁra t%cn &ﬁfurwaﬁ W1aa$i@ully. . |
| S %uﬁsztimtiw confivmation of this hypothesis,
as well as of the two ad¢itional ones made during the
'dwvalm@m@nt ﬁf the theory uf iwimt;Jm, is found in &
,aomyar&&an of the cuvefficionts of friction obtained iar
various metals with their caleuletod values of S e
‘”ipreviwuwly-ii&ﬁed in Puble I. Singe the process of
 mach1ning the specimens produces s wév&rw,awi&~WQ%kimg
of the vurface, rather complete wmwkwh@rémnimg is %o be
‘expected for those metals which do not %nnm&lvapﬁwaai&hly
 ‘&t room temperature. The values uf‘& end 4 psed in cal-
a&l&ting the ratios 3/ﬁmax. &&@ those far‘cmmylagﬂly
erk~ké?ﬁﬁﬁ$ﬁ @@t&l. Therefore, ﬁhé b@wﬁ peresment
botueen 5ha rva& eoelficiente of fri @%i@m and the cal-
culated ’\r&luaﬂ of S/H, ... should ve found for those
metels which anngal only slightly. The domgaria&n wade
in Teble III shows this aotually to be the case,
Sue to the presence of the adsorbed ar,cwmﬁin&ﬁ
gas ilmg on the swrleces tested, the @yp@riﬁ@ntal values
£ p given in the table may be %ﬁnawhat 1@&& then the
‘gbsolute values whieh would be ~iven by p@rfachly»clemn,

»

vutgassed surfeces of the come herdness. However, relstive
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@;éégz;,

‘i’valuea of F Lyom metal tumm@tul BIY prmbably Qﬁitﬁ P~
v 1i&hle, just as ure the aurr&“p@mﬂimg yalues of o given
’i'h:;r equation (6)e | o |
| Comparing th» value in thﬁ‘l&st twa columns of
‘Table III, it may be seen thet the observed averape co-
‘7@££ie1@n£ éf frimtiam of eeen glven motel elther approx-
‘imataly egusls or else exceeds tkm velue of /8 ealeulated
- for ﬁhai'metalq The difference bvetweon the observed and
|  th® caleulabed ?aluaﬂ is very lavge wﬁlylfmr thoge metale
of thé group which sre knuwn to eangal considerably a
room temperature after severe plsstic deformation, namely
To, Bi, Cﬂ,'&nﬁ aile  Applyling the rough rule that th@
rélaxatian gm@nt of u mebul lies ab ﬂy;rmxim&t@ly GG -
‘thirﬁ of it$»ﬁb&0xutﬁ molting point, 1% mey be m%ah that
the abmv&irﬁar.m&t&l& ere the only ones of the group for
whioh thot Wmint lieu eum@iﬁ@r&bly'%@law room tém@&r&tur@.
%ha &bwve observebtion Sugg@ be thet heating the
other metals {after nachining) to =z ﬁ@ﬂymr&ﬁur@ sreater
than @méwthird of thelr ehsolube wmelting @Giﬁ% should
@roﬁuaa’a éonwi&er&bla ineresse in their eaafficiﬁnt of
Iriction 1f the oboerved behavior is due ta enngeling.

Upon making teste ot voriows ﬁamy&r&tuﬁ@@ up o w5000

o,

(in & vecuum of less tnaﬂ one micron of mereury) it wes

found thet for those meﬁﬂla whone rﬁlaxatian‘pwintﬁ‘li@
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Dy O R
%3 % -
~ A"

>Qlightly sbove roon twmﬁﬁratura, ﬁhw am@fﬁiai&nt of
ﬁf?ietiam'raﬁ@ r&pidl; wiﬁh rising %empar&tura; oy those
»mebalu %hﬂd@ relrxmtiuﬁ rmimtm lle ebove 350° G, and thhﬁ
e euuld nat hw veached in thﬁ ProBe nt appoaratus, the co-
@ffiaiaﬂt af fristion ropuined inﬁap@nﬁﬂmt of temporatures.
The resulis ah%ained for Cu, ¥o, ang Mg, are shown in
Fige Yo ﬁﬁm&mlinm a mebel bvelore m@n%i&iﬂﬁ had no effecgt
on 1t coeffielent of frietion, sines the mechining |
 £%¢@@ g &ﬁwayﬁ gold~worked the surface. |
Fo? those cublo metals (AL wnd Cu) whuu% POLEw
‘etiun tenmperature eould beo @xcaw@wﬁ hy henting, the final
high waluse of p.ahtulneﬁ at 350°¢ wag w@tmin@u upon ¢uol-
imv %o rwbﬁ t&mv&wa%mw“~‘ There was no ﬁppr@&iabl& lower-
'1nw of %n@ coefficient of £ri ﬁ%iumuhy kh@:calﬁ~wmrkiﬁg
produced by_&ac& 3lip of the specimenu. ?hia bah&vi0£
‘m&y‘he aﬁ$$1h¢%&& to the larss copaelty of cabim mebuls
for cul&~wark;: However, for lg, m;‘n@%wrunﬁl structure,

rﬁ"f’)
38070 ac ewaﬂdam af oy

)

[
‘JG

3
v

the hiyh Aluﬂ of p sbbained

~

<o

the very fiwat'aliy Tollowin: cooling to & valus of tie
order of ﬁnat oboerved 8t room ter per’tu?a valore heating,
?him ig in &grwen@nt with tho swmall cayaéity oL hexugonal
matalu Lor cold work. .

The bsh&viuf af thu eoerficlent of friction with

chenge in t@npﬁrauuax connet rexdily be attpributed to
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o Fige 9s Typleal curves of coefficient of statie
'frigtion versus femperature, for copper, molbdenum, end

‘magnesium,
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g,;iac]—

,@w}g ﬁ@m..

B!

(lﬁfhe'remoﬁal of =n duorhaﬂ g&u film by ﬁhﬂ hi
' peruture vacuun treatment. ﬁft@r cauling ﬁhmwa matals
: whieh maintmin their hibh V&ihﬁ bf‘ﬁ.&h roam h@mp@r&tmra
‘" an axpwwure to the mtmaa@h@rﬁ &guiv&lwmt to thet exnper-
H  i¢n¢ﬂQ ﬁaéing*tmé original yfﬂ@&&ﬁti@n of uhﬁfﬂpaaimens
leaves the coefficients of frietivn anahﬁnﬁe&a
| h& res ~uﬂabla,a m&im,igmv consistent with sll
Cthe @racﬁéing/re&alﬁa are the wuiluwin”* |
(1) %h@nvnw annealing cveeurs, 9 and H moust be the
ammévfamc*iwm of ﬁﬁw*%%aﬁara. {Thiz function
of temporature is avidently 1& r&hhmié, seeord-
ing to eguation {b).} x
{2) When mnnmwlin§<wacar$ i deoreonses m&&ﬁﬁ, in
“aecsrﬂ with common exporience, whawea@.%ha
valgg of O at which notieeable slip t&k@avplaaﬁ
a§yé$@ﬁt1y aoes not change grestly from the
'gﬁgﬂtiﬁy glven by equation (6). A1L éxp@riw
;ﬁaﬁtaivﬁ&t& obteined are in aﬂr&em@mt with this
plcture.
The first conclusion is one which misit be ex-
vpacted in view of the slmilarity between the processes
 involved in pure sheer snd in indenteotion deformation.
The belwvior aseribed 5o U in the second conclusion can

be atiributed to the feet thut & sasll amaunt of cr@ap
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 3 £lwaym fgoes on et tho aunt&@tyawé&w‘duWiﬁgighé tiMQ,the
‘,"tmngwntial foree iQ‘hGiﬁg ﬂ@pli@d;f Th@ ér&ee&ﬁ”im eon~-
fiﬁ@&‘tﬁ an.gxtfemély thin layor of mo tal at:tha contact
v yainﬁ$‘Ey the sharp maximun wileh oeeurs hore in the
 @£r®aa éiétriﬁa%imm. Thé greep 1o tham @ﬁfﬁiéi@nt to
Jéﬁntinabmsly ﬂtr&inah&r&am the motel in this thin leyer
and reise itn shesr atrength to & velus exceeding the
ﬁtfam@, Thﬁ progess ¢an continue ﬁntil,ﬁﬁﬂ'lmgwf io
7 ‘¢0mp1@te1y Wétkéhmr&@m@& and the meximus value of S
 thereby attained. &% thin polint noticesble slip must
ogeur. |
This créey pro¢gess ke been cerefully mbﬁ&rv@ﬁ
faf several of the mebals testeds fThe creep curve ob-
tained‘fmr & pair of copper gpecimens first anuealed ut
ﬁﬁﬁoﬁ.in“thﬁ‘faduum.ah&mﬁ%r is @huwulim Flge 10, In
the eSaé uf lgad, ennealing vecurs &b sueh & high rate
hat the cree§ becomes very groat, m&kiﬁg it &ifﬁinalt
to deﬁermiﬁé:&xactly at whet value ol ﬁ&ﬁg@ﬁ%l&l‘farca

W

an &ctaal'Jump,éccura. it i for thie reason that onily
anvapyrmximate5&v@rw£a value con be glven for the co-
efficient of f£riction of Iv in Table 11l.

A1l of he experinentsl velues of é&effi&ént uf
friction reported sbove hsve been teken under *incerensedy

load conditions. sceording to the theoreticsl discussion
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Fig. 15. Total creep ocaarfing 8t eantmctvpeinta

of annealed copper specimsns during application of ten-

~ gentiel force, before actunl slip.
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\Liwarller in tne puper, c¢@f iaiwnﬁa‘ﬁf friatlan of ¢lean
f 'm@ﬁa1 surfoces takmn under “&@awwab@a“ ia&ﬁ conditions
yghéuld/ha e§u&1,tw, or greater th&n, LLose ﬂhh&ine& by
“th% us uﬁllm@théﬁ‘ K%perim@ntﬁl,@mlm@m of p for specimens
of ¢ @varal &ifferent matals have been obbtained by slouly
 aﬂnr@maing th@ normal foree from an inltisl velue of 100
| ﬁr&Mw wh1le m&inﬁ&iﬁiﬂg 2 ugmall tengential foree {one
egual ta"abaﬁt 505 of thet which would be regquired t@
 gpraﬁu£aMalipfat the 100 grem load). The velus of “ﬁwé
erevsed® loed st whieh slic @aeurr@ﬁ was @&fmf&ii& ob-
ﬁérvéd 1nle&ch CEEG » The avax&wm ve ln@ d?‘ﬁ‘thuw D=
t&inﬁd'wgr& comparsd with ﬁ?ﬁ zvarag& @d%f”i&i&ﬂﬁb of
fr&c€i§n,uf th& s8me p@&im@ﬁ“ teken by the vsuwal nethod.
The rﬁaults, preaemﬁ®ﬁ in Talle iv are goen Lo be In spreoe

"1m@nt wi“h the yr@&ic*iur frow theory noted above.

ZABLL IV

cum*s,ﬁr CR- «Jv” VALUZO WF o wBEAIRED ;?”“" Eygtw“nv IHG

THUE NORUAL F ORCE WITY THUSE UITAINED BY TIE ﬁswiﬁ HETRGD
IRITIAL LO4D “mm% A, EVELAGE p,
VI SURPACES DECREABIRG INITIAL
h“ ATERIAL GRANYS LULD o JUOAD
AL 100 1.00  1.01
cu 100 159 138
PE 00 1.06 1.05
. 100 T TR
¥B ' 100 "negatbtive® »'ﬁ "positive”
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The vilue of B chtgineﬁfér‘$@ﬂ& un@mr&écyéasing
ias& conditian&}waa‘”ﬂegative“ in the aeaaaith&t‘tne
 &1$@3%10n i %he}nurmal foree had roversed so that the

'Qnﬁiﬁé‘ﬁﬁﬂtﬁet ﬁr®ﬁ wes in bension when &liﬁ finally
occurreds ’

N lﬁceffici@ﬂtm of friction obtained by decreasing
ﬁhm load werg algo observed ror conbacd &reasyﬁh&t were
th&bliwh@&'by permitting ons my4&&§® ﬁli@s, or stick-
i&"éngéyclas, to oecur firat of the initisl loed. These
values of p were alﬁaya mmeﬁ‘lar@ew Than thavamﬁfficiants

.’Gfufwictiun obtained by the ususl meﬁnaﬁg Thie result
é&n&wt be abttributed to sn increase in the in;tiai CON~-

’baét area &g & result of the %li&ing of the ﬁurfae@a,‘

'f‘fér the averszs velue of eveffielent of frictlon obteined
. in the ﬂﬁﬁﬂi way from the second wr’%hir& tsticks”™ of &

- get of threc ﬁ?iékuﬁliy eyeles never differs greatly from
thaﬁ Obta;égé,frmm the initlal, or wsually observed,
"3t1ck.""Far eiampla, & specimen of copper gave an
average vélﬁeuof Bpo= 1,85 for the asg&l; or initisl vead-
ingse. vTha'raaﬁinga ecrresponding o the secan&i“atiak",

 &€ the seme load, gave s wvesage value of P = 1edZe
‘Vowevar, the readings earréﬁxon&ing $0 ﬁﬁé-ﬁﬁc&ﬂﬁ "stick”,

baken by decreaai&g tne load, gpave an sverage veluo Qf.ﬁ

of roughly sixe. Therefore, it appesrs that‘caﬂ%uet ATORS
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5  farmea by &liainr the urfaeoa tuqath@r ﬁ&n %mtiall
 ?"h¢va ligﬁla elastic utr@“~ of the %’yﬂ Lﬁn@ing ﬁu separete
; them in tnc aireetion of their oML ndrmal. This Tact
| ’i“ @viaeﬁﬁly of importance in &n &1¢1wmiw of kinetic
| fricti&m.
Mll ﬂf'th@ gxperiunentel results presented up $o
© this p&lmt hav& b@ﬂﬂ taken on epeecimens for which both
memhars g cwﬂtawtin puly were of the s&ma meterial.
'ﬁmnmi&@rabl@ work hes boen done nluyo on pairs uwaaiﬁﬁing
. éf»tww &iffﬁrant metels. |
dhen speclmens ol two wifxﬁ rent metals ave
bruught Luto conéact, the golfter aurﬁam@‘xnﬁ%‘he de-
'iurmau nldstiaall hyfﬁhﬁ harder. The value of " foy
47uah &, pa*f ma&t then ba'tﬁé sebual mean yx&“murﬁ sup-

T

@ Y én&“w &“ th@ cofbeyr of $he two motals. It may

M;'

o
G’-«

es[

be caleulated by &ﬁviﬁiug the value of & for thaet metel

by its ﬁagfficzw“% * friction. ©he sheor atrengtn of

the ares df{c$ntacﬁ of the palir wost be thet of the woakest
‘material present. It will be equel o the value of 5 of
the vetel whose shear strongth s She iawar, unless the
tronsision elloy formed et tne surfaces of uniwa between

\tﬂ& two bodies has s lower shsaor utrangth thﬁn eﬁthaw uf

a:

the two originsl matericls.  deplecting the effoctof o

face roughness, it follows thst the coefficient of friction
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' 5f é'mix0d p&ir'muwt be elther «qu&l‘ta dr'lewa‘thﬂn

1Wthe number oht&inaa by dividin

Lna vmlue of 4 for the

‘waakar me tal by ﬁhe actaml murface bvrﬁn@&a L or the

: murﬁur metﬁl.'

:

COLFFICTENES U

WILED FALRS

24BL3 ¥

We

Y
W W

FRICPIUH

SO U URE B Inan s T i
GLudl BETALG

| A - Vaiyrs farmin“ solid solutions et ra&m tnmy@rn%ux@‘

&L

‘ f‘xL

o
i

PREDICTED Ji | OBSERVED B
1.05 1,05
.88 T

- V54X
90 B9
1.05 1.01
PR .@?
.85 .86
85 85

* this valuo

«B5

G cﬂlcul&t@ g Loy CO
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‘ 37~‘Faira'a1mo b muﬁu&lly iﬁwalnbla at rm@m t@mgeratura

BAIR  PREDIOTED p  OBSERVED r
CD - AL ‘ < .83 IR 1
¢p - BI < .85 759
0D - PR < .83 64
op - < L83 o5
CU - F3 £ 1,36 1,08
78 - BI < .88 70

‘Th@ valuens of coueflficlont of frietion fér'
xriduu miz a& puirw of metals %am*wﬁ‘ﬂo &é%% awﬁ givwn
" in L&hla V. It_mmy be seon thet the above prediction
'conearning thé“value of Pnim f&lly gonfirvmeds The
yalues lissea in the column hoaded ”&AmﬂﬁbTﬁbii“ axre
in each ca“a-%h@ ratic of the 5 voelue of the weaker
‘fmamh@r of the p&ir to the sowunl suyd ac h&r&nﬁﬂ& af
the saft&r mamber. In the cuse of CU, th@ v&lua of
5 for th&'hex&g@gﬁl form evidently a&nﬁah Ea caleulated
frow eguation (8)s The vilue of p.fﬁf the C’ - FE peir
is therefore used o celculate & ror CU. This turns
Ovu% to be 5 = 64 kgfmmd, giving H = 1855 k&*/mﬁ. This
5 value is then used in calculeting the gr@dicﬁeé p for
00 = CU. |

The pﬁirﬁ of metuls for whieh the tranmition

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



* 1myer at the surfaee of union 1 wesker in shear than
. either of the two originel materisls evidenbly have in-

herant'&ntiﬁ goping yrmnarﬁi@@» The sheer stress ab

'th@ir surface of unlwn iz less than that a@a@"aary to
»;1praaua@ ahaar or b@d?iﬁﬁ of th@ a@gna@nﬁ metel, The
\” qata in %able V show that this property was exhibited
 ' h§ those paira whiah are ehoracterized by almgat com-

‘ §1&%@ matesl insolubility in the solid state at the

given t@mpéf&t&f@; ﬁy & simple reagoning process it
?  may'be shown tﬁat n@arly ell nmir& of mmaﬁlﬁ 60 cmaraet@rn

i 20 may be expected 1o have snti-seoring wr amtiwﬁaiﬁing'
‘nprOpertie* to e wr@ater DX l@wﬁwr ﬁagr@&«,t

| When tuo ¢lean wmetels whimh are almost con~
plataly in&ulnhl@ in the solid 4&&%@ sre broug ht into
7[ guntaet, the ﬁranaitiun leyer "alloy" at their surfece

"qu unian'is'ﬁésésa&rily of en “unnatural® percentage

“ conposition. ¢ & resuls of the opposition to mixing,

~ this Iayer is in & highly stressed condition. If tha

two m&teriaia~hava grector solubility in the liguid

| than in the éﬁli& atate (and thig is usuallg the cuse )

then the given percentspze composition of the tranaitian
| leyer in the liquid stste will not be 63 nnnatural mm

in the solid ;0rm~ it mey even be of & permiswlbla valus.

The ros ulting ins suntencous ”1ns&;&bility stross® in the
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| liquld elloy formed at melting w&ll then hm 1@&& then
/3;tnat In the solid, ’

In this cuge, t%@rﬁ&ﬂﬁu, the ﬁgglia& ﬁtf@wﬁ

‘ ffm®mauwar3 bo grwduca melting o ﬁn@ tronsition layer
 f(1 G & abraaa ogual to the shear wﬁw@mwth; will be
legs tuau that wf bhe ﬂﬂmllkyﬁh mut@miala, in which
'H,n& ”iﬁm&l&biliﬁy glroases” oy wkpr@a%mﬁ $o ald the
upplied stress. | |
A gomi-emplrical trestmont af this question,
 ‘wmpluyin$ thermodynemnic mothods, has been £0uﬁﬁ to lew &
tw the same ¢oneluslon. mccura&ﬂylj it m&w be said
 that,pa1r% of mebala hﬁVlﬂx &, mmiliﬁikl@ ablid golubllity
ot o given tam&@r&tuxa www@rullj will eahibit. st least

10 pone @xteﬁt, enti-scoring properties at that t&mw&rn

mture. This will not be the case if the golubility of
thasliQu;&s is esusl 6 Oy less then that of the solids.
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FRICTION AND THE MECHANISK CF CHIP FORMATION

.  %he précéﬁiﬂw gections have yfeaah&aa e Q&&nw
utitativ& thegry of the mechanien of static contact &ﬂﬁ“
, mf mtatie friatiun‘ this theory ﬂluﬂ howg applicetions
kttd the Rin@ﬁin'friaui&n of clean ﬁ&ff&ﬁ@ﬁ, because of
the fuet tnat gmr suel surfeces the mechanism of gliding
nust be a stick-slip proceuss. 7The apparent imymrkwﬁaa
of friction ag & verieble in the motel eubbing process
‘heg been emphesized in the introduction 0 this PRPOT.
Tharefora, it ie evident that & uuwntit&ti#@ theory
,mhaming tha pert played by friction in th& mechenion
of c¢hip férmatian, in the efficliency of metsl removael,
end in the production of emooth surfeces should be en
"iinterestimg end useful companion piece 1O th@ preceding
éiscuaﬁign.: sueh & euﬁn%itaﬁive theory is in the pro-
cess of ﬁ§v§lcpm&nt. The results obtelned to date will
be yregeni&ﬁ.héra~
'Frsm_an'ex&min&tian of chip_phﬂtomieraﬁraph3,_
sueh as the uppermost phutograph in eech of Figs. 1ela),
(b}, and (o) it may be secn that the process of chip
formabion is accomplished by continusl shoar of the
motel on & plane extending from the point of the cubw

{ing tool to the work surrasce. Thig plene s hown

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e

"mﬁkihg a@ﬁé enzle ¢ with na wér$&wu§£&ca‘in the sehomabic
force dlegrom of & tool twkiﬁ” & gl&nimg éat, shwwn in
‘i?iga ll» The ma nibad@ of the shesring force, Fg, 48
mamly demmimﬁ by the ovet, Ay, of thie plane of
shear mn&_%h@ ahw&w strength, 5%, wﬁ the naterial belng
gute @m@ aetural question arises - - 'Uhat relatlonship
exists betwesn the magnliude sad direction of Fy end the
'magmituﬁwﬁ and ﬁir@atidnﬁ of the other forces acting in
th@‘c&tting gruce%a?“.
The dirsetion of Py is guite cvidently the dip-
agﬁion of wmaximum shear wﬁweﬁm in thﬁ m®bmm“pw&cmaing
the tool noss, sinee faw ylmné@ 6$t®mmiﬂe&‘ﬁ” vmluam of
 ’¢‘éith@r 1&rbur ar ax&liar than the observed v&lu&, the
,vﬂkraeufié inﬁuffisi%nﬁ o sheoy \Eﬁ‘ww‘ml.;~?&@ velue
 0$ the shear wt?ﬂi& 5p on plunes from the point of the
vcmtting~tﬁal ;g an@ surface nay be expresced &g & &&retiun
ot @, as'1” éﬂée in the derivation glven iﬂ’ﬁgﬁﬁmuiﬁ ¥
{F: ag there. eun sidered io the c@mpénwnt uftﬁialwﬁ@ the
ylaﬁe;&etermined by sny velue ﬁfi¢§. A6 mey bo seen,
ﬁiffereh*iatiﬁ?'ag with reupect to @ and equating to

zero to obtain the maximun Lecds to the expression

P cotin@ ~ot) )
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Fig. 11. PForce relationships in the metal

 LQutt1ng;prOc@ss.
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where p = tanT = coefficient wf friction
' - between toul and ehip,

ol = true reke angle of the eutting tool.

T  5ﬁgaaﬁian i givéu & simile %xpr&@éiun for the
'a&@ffiézénﬁraﬁ'frlcti@ﬂ in mwtal'mubtimg in termz of
 f@ﬂmily m@&ﬁnr&ﬁ guantities. e %m&nﬁit3706£3 a eon~
w‘w.xb mﬁ ﬁzia)eummgﬁ $ocl. The quantity ¢9 wmay be obe
 a@rveﬂ with & &icy@wﬂage during eubting, msy bve obiained
; fmm zéz“ﬁ.mimmemﬂ on e photosicrssradh of the a%ii;& in
‘prwcaas ol removel {such as $hoce i&lmﬁﬁraﬁiﬂﬁ,thfﬁ papery,
 @$ mey b@.evaluaﬁed by m &muﬁmmwnﬁm &h’%h@ ahiyg removed
ih the auttiﬁg process. - In the Lettor csse it can s
*:ﬁ@eﬁ from the geometry of rig. 11 thaﬁ the retic of the
'Qrgmswg@ctiuaﬁl‘af@a; Ag, O the cut being teken to the
“aV@ragd uraa&«seeﬁional‘mr@a, Aoy of the enip {which ratis
‘ﬁay be calﬁesﬁﬁhe “éattiﬂg retio”, ro) is spproximately
equel to 5?3:%:, The exset relationshdp is readily founy
to bo o
vcot ¢ = Egggg » tenel .,
Ex
ﬁguﬁtipn 7 is derivad fww‘thm oawa‘whﬁra‘nu
ﬁét&che& h&ilt—ug edse io prevent on the nose vl the

tools FHowever, if such exists the eguation s s$ill
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iyr&cticullj %wnct, aiﬁ@@ the anmlﬁ ¢ d@penda anly an
" the direction of R, which is uet&r&ia&ﬁ by the o~

iﬁffiaiant o¢ frietluw at the tual fﬁu& unﬂ ﬁhe xake

4If&ngl@ uf tﬂa ﬁu@l'
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FRICTIN AND EFFICILINGY OF HETAL REMOVAL

In app@mdix D 1% is shown that, when no built-

up edge Ls yrﬂaant in cutting,
Pz Pofio = 25" ot f e

xwhefélﬁa is the cutting fﬁ?&ﬁ; 0% £0raa EXw
2 éwtﬁ& %y:thﬁ'taul in the direction of trevel, ¥ ls &
quﬂntity known & specific cutting pressure, and 5Y is
'tme ghear strength of the metal @n the ylan@ uf shoar.
 %hJa crﬁinary ‘shesr strength, -', whmulﬁ not be canfﬁ&@d
_with the maximum shesr strensth, & which, for a a pure
’@ﬁhst&ncé, ;3 iven by eguetion (6)s |

:fIt haa been shown by e krunamhurglﬁ hab
¥ e P = 396,000 (9)

*ﬁbare ¥z hymclfie cuttimg pr@ scure in 1%a/in3
» ¥ = cuble inches of m&tal r@maved in cut«
ting, per worsepower delivered to the

foul, per minute.
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‘ “herafare, cambiuiﬁg dguﬂ&iwmﬁiﬁ‘and 9 gives
tka following exprebbiun £0r the affieimmay mf metel

remav&l in cuttin“, wnen no bullt-up edge is 'yra¢ant
¥ = 198,000 on | o)

?hﬁa ﬁhé efficiency of motel removel is &
function o the shear strength, &Y, of the matari&l
~,bming ecut and &h@ sheayr angle, ¢, which in tupn is
a ﬁuﬂctian cf F.&mdot, through eguation 7 It is
« :evid®nt that for a glven metel the &uﬁting kfﬁiaienay
‘will be improved is U' is d@ﬂr&u&@& (prmvi&e&‘p 1m not
f‘;apgr&eiahly incr@awa& therehy, thrauwm the aauamyamy&nq
' decresnse in H), or if § i iner w«@u* ﬂaeurﬁinm to
' aquﬁBi0n Ts ¢ mey be lnersased bg &ecxav&lmw the couel-
fiéi@nﬁ éf frigtibn or by incressing the true raks
angle of ta& tool.
Interastinf gonfiraution of agu&ﬁian (@) ney
be found 1n an experimentﬁl resuld J»t&iﬂ@u by Lis Cu
Shew in his investigstion of cutiing fluiﬁﬁ, end re-

ported in his Haoter's thosisl®
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y°t¢fthis departnent. Shaw found expéri@entail& that for

& given size of out

Yo Fo ® Ky(Q constant of the materiel)  (11)

7]ﬁb within‘ﬁﬁé.aacarﬁcv of his dets, over an emtramaly
> wiﬁa range of vmluﬂ& of Vo ond V', (The Qu&ntitg, Yo,
Cwhieh wo hﬁva-uallaﬁ the eutting raﬁié'&m c&ll&ﬁ. by

o gim; ﬁﬁ@ ehip length ratio, b@eaaﬁ@‘Qf hi&,exﬁerimant&l
‘f’méﬁhud of obtaining this quantity.) E&w‘eqéatimn 8 may

7rb@'put in the form
FQI dan ¢ & ﬁ&'sf’sg , A | ’ (8')

‘"ﬂa ulreaﬁ; nuinte& out, e is &wnrOyimvtelj &Q&ﬁl to
"win l, which 1s hp§rux1m tely oquel o tan ¢, singe

1o awl&@m larg or than 50°%1n Shew's tests. Therefors,
Py Ve mRstsy | - (e

Iﬁ ié aviﬁsnt that, for « givcn size éf cut,
_lﬁﬂ‘ﬁo is & constént of the vn*ewial, &n&icating that
the theorectically obtalneu eguation 8 ig in sgreement
thh Shaw's emyirical ecuation 1l. Furthermore, Irom
{8") end (11),

K= 83'4¢

or 5'z K/a4,
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| F_Far auta havinr & value ol Ay @auul ﬁm O 0@1&& $B in.’
on mmealed &lmnimm snd on 1020 teel, Ghaw ubmmm
zm.zbﬂ for ﬂluminum ené K = 1804 for 1020 steel.
k wheaa give 3'-: &,500@/inw for the hcmr strenzth of
"mlmminum, ané 51 = 51,600;/in® for l@&ﬁ steel, in
excailent agreém&ﬁb with uousl velues of sheer strength
fa&r"fsmm meterials. Jor instence, the AeSele "Motels'
 Hendbook®, p. 928, gives the shesr strength of aunsaled
‘ﬂlum&nnm as 9,6004/in¥, - Bark's Plechanleal ingineers"'
{ ﬁﬁud§wwk", pe B4l, gives the tensile atrwmgth Qﬂ 1080
73%@@1 ws 71,0004/inB,  Sineas, for carbon steels, the
ahe&“ strongth is wpgrcxim bely 155 of the %@n@iiﬂ strongih
‘(see Lent's “”@chanxaal ngineers' Nandbook, p. 589},
tﬁiw CoOrrasp né& to a sheer strensth of ﬁﬁ,ﬁﬁ@%/ima. rop
10&( wtawl._ e
‘ The ﬁafi#&tiﬂu in appentix D which lesds to
‘equ&tian 19‘15”ha5@& on L. 11, which @ic&ares the
ease where no builtwag edge iz prosent. I such &
 fﬂrm&t1un &xistm ta@n it moy be seen fhat the original
eubbing fores, P, will be inerezsed by &n amount core
responding, spproximately, to the vroduet ol the shear
,ﬁtréngth 5Y of the metul by the srew of the flank, or
botton surface, of $he built-up odges. This syrea moy

be culled Ap. The inereasse in cubting force whiah it

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



'pra&ucas moy be called Fae Phen, uyprmmimabely ot l&“ét
'195 = 5YAB

mnd Lha mmrr&ayamﬁinﬁ increass, B',‘in hhe a$ea1fie

eutting presoulre is
v o= PAag = EY Anfag
'_jmhe ﬁotal g&mifia cubting y‘emwmau, L% thon hooomes

Py = 0+ P s natocot fF ST splio (12)
( Zquetion 12 s not intended for qmm‘.ﬂmtiw use)
Thereiore, when & bullb-uy edge aome imﬁo -
iat&nc@ theA&pecific cubting pr@smuw@ is increased {and
tne aificieneé wf matai romovel thereby &@are&&aﬁﬁ by
an umuunt depaﬂ&inu on the shear sbrongth wf‘t%ﬁ'mat@fial
and on the ratlangi the size of %a& built-up edge to the
.aize'éf aut_ﬁa%ng‘ﬁ&k@ﬁ~ Lo is shown in the following
section of tﬁia:y&per, o prilb-up ﬁ&g@4mill appeer in
cutting when the coelficlent of friction has lncressed
t0 wome &efinita v&lue. Therefure, &n iheressing value
faﬁ p.nvt only produces ga inereasing value of | in gguation
12, but also, at some point, couses F' 10 aseume & value
gfeaﬁér than“gérs. whg goelflelent of friction le tuere-
fore on i&;ort&nt variable in detormining the effioclency

of wmetal removel in cubting.
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ﬁu yaimt@ﬁ oub in thw introduction to this puper,
b built-np edge on the nose of o cutbing tool is known
tw_b@ the m&jar fagtor in %a@,uredmetiua of suxrface
“ruumﬁnééﬁ'on sfinished saxlaces. iL was Ermst snd
hartai&aﬁti g -conviction that the pf&ﬂ@ﬁ@@ ol the budlt-
g@;e&ge is due tu & lavpe value of coelficlent df_friatiun
between ohip end tool fuce, os slresdy stabted. This
eonvietivn can be conlirmed in & &%mi«qu&nﬁit&ﬁiﬁ@ menner,
85 fmliowa. - |
| ‘ It is evident that the nailtwuy adge comes into
 6%16$&&66 whém, during the "atick® portiom of one of thﬁ,
| muea&a&ive “ﬁtiﬁk*ﬂ&iy eyeles at tho ool f&ea, tha
7kbh@ar &traaa on some plane in the ggﬁg (@ plans extending
frum the taal fage down 0 the plene of shear) becomes
equel bo th@ sheer strength of the ohiy metel. Failure
then acc&rﬁ-éu thet plene ond the "triangulﬂr“ masg of
metal thus Qavefed Crom the ohip ramaiﬁﬁ nearly atations
‘ary on tho toui noge. The direction of the mlana of

fullure is a»wroxiratel the d i=cati¢n of maximun shear

stress within the chip (the chip ﬁ@tai‘i@ not perfectly
igotropie), dust os the directi n of the plane of sheur

&% the base of the cihlp is tue direction of maxinmum
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‘anaar sb asa NL%hin tha Wurl*piﬁﬁ@» ﬁy-ax&eﬁly the sane
'ﬁéthaﬁ 8y that used in aerivinﬁ agu&ﬁiﬁn (?), it ia

;founu that the ;1ane of e inws ﬁsreaa in the ehig nekes

"the'wmwkugi@a@, where % ig the angle whiah the plane of
‘3hea (ah %he ﬁ&wa 0 the ohlp) mekes w&ﬁh the work
surfages wﬁ‘ﬁ gdirecti.n for the plans of failsra iz

‘,ahawn in Fig,_l&p Puls figure sives & gunllitebive

; piatnﬁe‘af'th@ fores distribution sending to produce
‘ghear in the chip. If three simplil vinw sasumpbions
1(whieh‘0nly spproximate Lo wﬁality} ha made, & semie
guentitative expression for the aﬁrﬁém on the uplene
of failure in the chlp can bo obtaineds Thesé assumptions,
or &wvféximﬁtiﬁna; Gred
(1) The &mgaruat aves ul contact, fgp, belween Lool
face and chip. 15 ts ‘&‘ o bo proportional 1t the ara&ymf
cut being p§k@n, 1.0v dgp = Todoye ?hi@‘&saump%ian mey
be farther-from'raali%“ then the two following, since
Agy 18 probahlg funetion of the setusl ares of contact
between taol and chip, whleh is & funetivn, among uther
things, of the ﬁaraneaﬁ oF the euip metal snd the normal
forece on the tool fuce. |

(2) The diaﬁrlbuti;}zi of b

ey

: resultant force, jt

N
-~

glong the apparent contuct wrea, gap, is,ﬁaken to be
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Ripg. 12, Illustrative diogram of nechanism of

- formation of built-up cdge in metal eubbing.
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\ un1far&. This will evidently naﬁ‘%é'tﬁa‘&&&ﬁ in reulity,
’iﬂinae tzere will be a céﬁeanﬁr&tian‘af ”0&&@ at the base
 0£ the aniy, wm*mﬂ rraéu&lly tepers off %a ﬁwru ut the
appernos paint of the & parent contact uret.
| (%)!?I digtridution of the amuitnnﬁ force, K,

‘yalmng tla “1&ﬁﬂ of wheer, or hase of the chiﬁi iz teken

$o be waiform. In ell probebility, this will seléem be
 @%@6§13 truéu |
’ B -ﬁiﬁhaégiithv above asoul mﬁiwnw aye wn?w GRPPIOKe
Cimations bo reality, they phould give us u gorrect

wﬁ&&litativa ploture of the part y&u;ﬁu my frie%ium in

the formation of & bullt-up edyge in awﬁtimwl on hhe
- besig of the shove turaa annrmximatign~ and the geometyy
of Pig. 18, the prpres ﬁidn Tor the “hear gtrosg, Iy, OR

&

thoe exgectad;ggﬁne of failure is found ta”b@, approxinogtely .

. N }-e m.:,,l'l( l ﬁ’ “o()
. ep & 3t i (13)
. k sint @ i / ,
vﬁer& X = _g e ratio of wres of appurent contect
v&{_j :

L hetweon tool and ehip to erca ol cut,
aﬂML 3v, ¢, end of are on lr@maj ﬁeiine&. The dori-
vetion of egua%iamﬁ g given in appeuﬁix Le
since the chip metel hes been &ahé@cte& to considerabdle

egold-work in §&&uimg hroveh the plene of sheer, 1% is
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 £0 bé’exéeate& that S¢ muat orﬁimarily be aamawhat
?wreater then 3Y, oy aw/“' must be ﬁam@wﬁat araat&r
fﬂthan enity, for & bullt-up edge o aaar“'»
; accéréin to eev&ﬁian 1%, ifoA has ® givam
‘1#a1me &nﬁ k 1& gasumed to be & eons t&mﬁ then g, the
'@trmdﬁ on he mxg@aﬁuu plane of fatlure in the ohip

will inerense s { is decreascd, OF, pocording o

Ceguantion ?,‘aa p.i* ineresy %hi&\ﬁtﬁ%ﬁmﬁnﬁ jg illus-

trated hv ﬁix¢ 15, in whieh veluew of e av, sy calenlated
. ffrﬂm @qut*i@ﬁ 13, are plottos agpinat yalo f‘p.mb%ﬁimea
 with the help of sguation 7, &5 soweing ko= Mgi, et & velue
of 15 for the rake %ﬁgia;d. lt sy be sesn thatb sefEt
t&piﬁly alimbz to & value groster th&n um%t&, with iw~
] c«maiw P his quelitative result of equaticn 13 18
“:in ﬁgréémaﬁtwath pxperimental obamrvatimﬁm.‘@a will be
é@acriba&.

Under mr&l&&rv sireumsbences, the lage of & tool
waitimw.tq;take g eut through mebel aill he Q¢V@w@a with
on &ﬁ»&rbsa filv of various “olly" mate rials, eg pointed
oub far'tha_caqe of surfeoes in seneral, earlier in the
‘p&p@r. The Iﬁw pheur stroncth of su@h g £ilm ingures &
vlow value of coefficlent of friction %mtwaam poal ;ac@
and ehip, when o oculb ic DESUL uwav@r,‘uha avidé ad-

surption forees of the Ireshly formed chip surfece
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Pir, 13, Guelitetive relotionghip between shear
 gtress in ’c'hipv'an& coefficient of friction between chip

and tool.
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 ;whieh ul4ﬁes wp the tool; @rﬁ@wéwﬁivaiy ra§”ﬂn@.f&a&’or
 its prutcutiva, low shear “ﬁr@nwth fi&mp“élt is to this
 }£&0@ that t%u frickion ¢nucimanu zrmmar@u vy machining,
i‘&e:u:ac;:r}.mf:«:i arrliaw in the poaper, ove ﬁhwir sreal clenn-
1inemw~’ The nu&a 5¢ the tuul producing such GUrLRCes
is @mﬁylﬁaulv pursed of &1l orgenie eonte vainants by the
vafﬂ Lirst Q%hw pelen on such & epeclusi. .} Becwusge ol
‘%ha're&ova; of the low mmﬁaw atxﬁmﬁth‘film from bhe Bool
”fﬂﬂ&, the cueffica@nt of fricti.n between ehip and tood
‘inef@aw@a very rapldly ao the gub g&wﬁ”@bw&wv GHhen the
’wvlue i p.hum bobume muﬁﬁiciamﬁly high, o bm&l%*ug wm*@
i& ubaervaﬁ o ag;w&x, Jugt an grwaxeueﬁ by ecushiivn 13
k@ Bem@vxou; h%ubf&%@h ﬁthm is illuwt?&t%ﬁ by
S the series of photunlerographs, Figs. 14{a), (b)), wmé
{c){ aueh af these prosents, from bop $o bottom, o
pha%@m&ér&gr&ﬁﬁkuf # cuiy bekng vemoved, & profile o
the aur%aaéqgfiﬁuceﬁ, pnd w plon view of the cems sur-

»} chows the comditiung

-

bt
Lo
-2
——
fie]

face, yeapactivciyu Fig
oxisting et tve very Vepinming of & cut on 1OE0 ateel
»,~wiuh w dxy toal. “he sbuoence of Ny b&izﬁwuy eige end
Cthe smoothness of tiue resultin, surfece are in hapmony
with ﬁhg'initia} volue o 1.1 for the a@affiaiéat of
frictione Jige 14ibj, Loken o 1ittle lator in the cub

shows theb shear hos slresdy comoenced in the ehip, s
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Figﬁ;llé; {a}, (b}, {c)} Sueeé&aiva pwsti&na of
dry plening cﬁﬁ on 1080 shecl showing (fr&m‘top to bottom
!in each case) phobomicrograph of chiyp being removed {Mag

::1OOX), profile of surface produced {Mag 100&), andvplan.
ylew of surface (liag 30X}, 1In (a), B = 1.1, In v(b), pow
‘2;6. In (c),‘p w B Depth of cu@, 0;005“5  Cutting

. . 5
speed, 5.5 in./min. Rake angle, 15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 14(4)
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’ievi&wwoed' by the ﬁmw@w&y&'cuwymﬂﬁr@ﬂiﬂ %h@‘liﬁam af

'!mxya%al deror aﬁtiwn in tiu'eniﬁ, aext to the tool faces
'mha ra wultix- roughness of suriacs iz evifent. The
S@aa f ciﬁmt ol &xi tiué hey Lerg ru:a,aﬁ o value of
 &¢&. In Piz. le{e) beken vtill letes in the eud, o
’fﬁily developed bullt-up gd-e iu seon , and the result-

i

s B gy i ity
ing axﬁr@”@ voughnass of suricee fu @p

Ry R B o
parent. Dere

't‘bhw eug i i*iaﬁ@ o feietion b @limbg& %u’ﬁﬁ@ BLill
' {high@r valu@fuf Ge%e Whis ywxm@ wl)*, 6o melklag th

gyue'« z two vélue&, wag obtnined Lrom the photomicrow
ﬁ:,»rapn Ly ® ?wurmnh the whooy qawg@ and ugyljinm gguation
| 14{a) and (b}, iv

gt - N S S o B
Prom 4 compuarison O

Qéﬁ&w yrﬁﬁahie,ﬁhﬂ% ahear within the ehip must have
\uémm‘ et ay m vaiu$'m£ goelfficlent of friction in the
vieiviﬁv”of E.*IQLiv coprresponds b0 & ﬂyyeth@%ieal value
of B¢/ .§f7€-5%% 2, seoordlung o Pige 13, ‘It BYDoars
that, in this cese at lesst, even the guantitative results

given by seuetlon 13 sye 005 CnerorLeReble.

o
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CUNCLUSIVH

  %he ﬁﬁw&ﬁb&nﬁ %h@ur@%imﬁlktr%ﬁtm@mt 0£‘%&& mabal
q&tﬁing,@ré@é&a shows the greet neel for & low value of
 ¢¢0ffieiéﬂ£/Qf friction between chip and tool, if Tine
‘ fiﬂi&h@& éﬁﬁ'm&mimum afrielency of moinl removal are 0
‘be mhﬁaiﬁ@ég_ The theoretlonl ﬁw@&%ﬁ@ﬁt o friction glven
“xn ﬁhia p&@%r'yrﬁw@mtw the varisbles ammﬁraiiﬂg gtatic
friétiﬁﬁ'anﬂ shows the part plsyed by cach. ﬁin@% glid~
{iﬂﬁfiﬁ opdinerily & stick-slip process, sa slresdy polnted
‘out, it ts evident that the verigtles of statie frietion
will be operative in kinetic Iwiction alsos. The co-
'@ffiaient'gf friction cen be lowéw&&f%y &aa#&%wimgbﬁ
and ® and by ineressing H. Therefore, %hé@@ gualitative
flnﬁinga sf the frieticn investigation c¢an be directly
| aleia& %a thé_m@tal gubting process ﬁb,@bt&in improved
finiﬁhea'anﬁ gr$&ﬁ@r gaonomy of mﬁtalyr@mmvals Preline
iﬂary_labérdtéry teobs heve confirped this idew. JFract-
fesl woys and weans of opplying this knowlelge are fl~
ready being studled, uo for insdonce in th&’imvaa%igﬁtian
ﬁeing gonduoted by . Co 2hitw, previously mentioned. The

cuthor hopes to be able

£
L

furn biw efforts towsrd other
pttacks on this -roblen ol reducing tae goefiiclent of

fricetion in megml‘Cﬁﬁtingg in the near fubturos
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Aty fi il ol 2 'ﬁn\r« _‘“-1_:‘7
J}’Jﬁ ol S ’g‘*’ Lw:

7
3

Th@‘mutﬂ}s wishes o eupress nis eenuine wwltiw

iR

. :

 $&&@ tu the ﬁmncinnnﬁi illing “aehix . for th@
Tfin&naial ﬁugywrt;&mﬁ DIOEYEEE BlVe rossere w attitude
"&hiaﬁ h&w& anabieﬁ;him to carry oud the i;v@stiwwﬁium
t‘harmim doseribed. |
"0 ”fﬂt*”&ll’ sekrowledou, in bthls worlk, tww
‘"ﬁ@fy hﬁlpfal sounsel gilven hlm by noetors “wller snd
  ?10&3, and ather‘maﬁb@rﬁ of the sbaff of th@\%ra&a&%e
”ﬁépartmemt of ipplied Science; end by Mesara. Hens frmot,
w, Mertellotti, snd ofher menbers of the reuwarmh’&@»
., §axt:wu$ of th@iéinainﬁﬁﬁi %il&iﬂg %&@hiﬂ% &w.;ialﬁm,
with ﬁyyraeiﬁﬁién, the senuine sooistence given hilm by
his slt@fﬁétes iﬁ t‘iw soperatlive plﬁﬂ? - = HeBsrs.

[

Ah g, & '53" 3»1&31& ?‘W He U5 i:"l.f“f .
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AFFERDIX
 APPANDIL A - Derivetion of expression £or p.

Pig. 6 represents o megnified, exaggerated section
through two ro sh eontzeting surfzcos st an “eversge"

: yoint af‘ﬁatual cwm%meﬁw Prom she figure
| /5 & tan (T @)
B@t, by‘ﬁ@finitian,
) PN

 Therefore,

. F;z sen (T4 6) = senT + tan ©
‘ | ' L ow benY tan @
‘E&t,;frmmlfig; 9

tenT = P/

Now, from the ressoning on whieh the approximete eguation,
5

(1), is beced, it follows that, actually,

WY = AV H

and, from the rewpsoning proceding eguation (8}, that

5“ 8 & 1%
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 Therefore,
tanT 2 25 o 2
. AVE H
or

S/E + tan ©
1 - 5}& tan o

P

Edf %h@ velues of 3/H and 8 ssgoglated with or-
, &inarg surfaces, the Genominator of the right hand side
oi the ebove eguation iz not graa%ly axffaramt from ity

 @haref0re. to & ﬁirﬁt-&gyxumimmtimn,
)u,:“B/ﬁ + tan @ (Souution 4, page 1T}

It 1a.p§aaihle t0o ghow %h&t‘tﬁis gpproxination
is eq aivalent tm sssuning thet the force of frwtmm,, i,
hag no effeet au the sive of $he munt&ct Arod.

&heﬁ o iu noxlegible, either of the two above

squations y&éaaea to

elT)

lim po= o/ {Equetion 5, pag
B>

APPREDIX B - ﬂefigaﬁigm a7 tkurawnamiu @Ayr&“‘iun £or .

Designate the free onergy of the solid by ¥Yg,the
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I ST TR EER R NI TP D

 free onergy of the liquid by Ty, and the shesr stress

- fm the solid by p'e Then

o awg = (BFQ ar,/0w) a '
| o %/p \op'r

¢ (3 Fy\ @ p*
Hm—)
ay‘)%‘

However, gsince p' iz o type of sbress whieh vannot set

on the Tiouid, as pointed oubt in th body of the puaper,

it follows thatb

LAY
\Gpijz " °

* ‘i‘v‘h&n solid and liguid are in equilibriom

or af"a & for, @*?,:»&FL a7

35&";@ ffé;m:/*ﬁ ,"ﬂp

How : 6; o U and j é ig \g u . g-z.:,
1 M, §
0 )y | N6 e)p

whore @~ = wentropy

Mso [0 25\ = Vs, iers V, is the speeific vilume

wd

W} r of the s0lid.
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therefore,
~Osan 4+ vgap' e-COLan’

@,  dap'= 0807 &ﬁ?w@é%ﬂﬁ}ﬁﬁ’,

ginee 1/vg = (D

Kow T Ul a » -~ A%

But, in acoordence with fhe third of the thres approx-

imeticns steted on puge 21
AE « L/5. Therefore,

pt = - L Q4%

L g
T\
£
e
o BN
Q,

Phen, in accordsnce wish the firvst Lwo approximations

o R
/ dpt = Lo~/ G 7
50 ar
% ;

<
X,
~
-3
b
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or ,au"--—()lnw"u:;ﬁ 111

 gonverting to tho units used in the vody of the paper

 gives
. ® o o "
5w 427 %Gm == (x Equation 6, p+ 21)
: 2 i ‘ _

In this derivation the &fﬂ@ﬁ% of the consvand
f nmr&n@B3'§rea$&r$, i, has not been ﬁak&m into aceounts
‘Ita'unlg effééﬁ'ﬁf 5 will bo ® J%ifﬁiﬂ* of the melting
 ‘95int, Tm, from the usual yalue a@t@fm&m@@ at stmospherlie

praaﬁaf&. Separete ealauivtiwnﬁ hmvw mhqwm th&* if ¥ is

of ths order of magnitude of J, itz @f”aa% on $ il noge-

1&@1?1%a
APRERDIX C. Devivetion of relmtion betwawmjp and ¢

Wig. 11 s w schenatlc diagranm of the Lforce
system &e%inp on the nose of a cubting gools Fy vo-

piresonts the furca scting along eny plene of sheay

§

determined by ¢
Tet ALg = wren of plane of shesy

ohen the shesy otresc own bhat plave is
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I_Eut, from Fig. 1l

E-rpj :
B v
111

R cos (§+T =)

tt

ﬁ [;aa ¢7068 (T=ol) ~sin ﬁ sin (T%dil

. . A
and hg = 0
& A Bin P
Therefore
- Sy o= S pl | ot @ cos {T-a}=sin § sin(T-«)
: by Ao ¥ m)é ¢c,w-{ }=8 L ‘ J

Lo o ,

134

To £ind the plﬁne on which 3ﬁ is & moximum for some given

. arcd R ) 5 . -
value of R, AO,I , anded, we seb

d ’ ,.
G -'?ggﬁ - Ew};ogu ¢ 006 (T=0) ~5ind ¢ cos (ot} ~2sin ¢

cos min(?~d}f

H
—

inas.% iz not zero for any finite depth of cut,

cos® cos(TL@U~sim3 ¢ cos(T=e)-2sin § cos ¢ sin(i=) = O

€

| ) sin § cos ¢ sin(T=o)
cos? § - sin® ¢ = = in § & {=e)

cos (Tec)
cos? § - sing ¢ N
& ;in¢¢ cos ¢ = fan(Te-g)
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 or  cot gp = teu(Tee)

wh@mmm 10 - :rng.' = Tek, sﬁ.mawd, and $ are slways
: soute angles. .
 fhenT= 90 ~ 2 4+ &
From Fig. 11 it may be seen that P/ = ten |/
Pherefore

P

P ten | = cob | &f -0 (Bguation 7, Do -&9}
MP&DI&B & Derivetion of expression for speciflc
| cutting pressuro.
’?S:f aﬁfim'hi{m ‘
? = Po/bo
Kow, frum ;thﬁs goonebry x;;. Fig. 11, it may be
“seen that ; =
'E’cvn R eos (Te=
But, aa shown in &) gexz.ﬁ‘i:: ¢,

¢

|T=cla Y0 - &

Pe = R gos (90 - of) = R osin 2 ¢=ZR SiMﬁ cosep
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B2 o trmaT Py
Pg X
S EETve - % ¢ v ¥
- P

i

Therefore g

Butl ﬁ'ﬁ; = inﬁ:}‘

where 4. iz the erea of the plene of sheer,
3 ’ .

and ‘.»' {5 the shenr streagth of ‘tﬁm "mtax*w‘l Mmg oub.

From Fig. 11

Therefore ¥g = ey

and thus | |
Fo 2 2 oS! e b . g a5t ot ¢

sin
y o ’ - f
or P = Pefho = 2 ' eot ¢ N (equation 8, p. HE)
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e ,__r-.:'f_ Ai T et

e sheayr
VA?I”T&IX 5 ' b@rivutxan of quali%&ﬁ&vs @xpraamian iur she
',,}.ﬁ' ’l » o ) -

trauu on’ &xgecbaa pl&n@ of failure in ¢hip.

mhﬂ em@eata& plene of fallure mokes gn angle of
‘&Qprﬁxima%aly z/2 ¢‘with & pwr@anﬁica&mr ﬁﬂ”ﬁhﬁ WOrk éﬁrwtizﬁ
fmca. This plane 1g represented by the aw%teﬁ Ling %@Lﬁéiﬂlg
" pprom the tool fage down to the planp of sheer and &@nu%@é
jhw Ap, in thﬁ chip Glagren, Pige Lie The @hﬂar stress on

"thia”pl&na is evi&amt&g

3¢ = Felis ‘
whepe Ap 10 the ares ow Phe wmp&auwﬁ plane of f%ziéri,
',-and Feo ig the eampongnt qf)(m plong A, & phown in o 18,
Prom the figuz#a | ‘
.'Ff s)(ﬁ gos| {90 - 3/2 b - {50 « 2 ¢il

: XR cos Ww
2 " b = (L-Xid

A (1~X) A
' s = g 1 - e
How K= "he Ag i

| : o wp tha mlane of shear,
where A, ropresents the sree of the plane of
8. (o

s PR Vo
v wwaviousiv. From Bho {1puX8, £5 % e
go previously FroK ey ¢
snd ain (3fg ¢ =ot) 7 sin (90-¢/2)
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; 10~

Bum we have ab"umcd ﬁa@

i@héﬁJ” (1,%jﬁu = k ﬁO

ko
ain( /.:, id w‘&)

cos §fe

o einl/8 g=d
1“ . 1 . T ﬁsﬁ ‘‘‘‘‘‘
,’fﬁhﬂrefwr@ X _,,«_.X.L.ﬁ& : b~ y
gin #
sinls/e ¢=0} sin )
=1~k ﬁV”
‘ o
k\
\
'Ala@, from Phge 18,
)’ t‘ﬂ } X w&q&
XR = SalGo-zf 1 #) - sin /
i X f"?'
a o - Fg - il o ﬁaﬁ ,
o gin p 7 wln f edne e
e i, % [ & E ot ;
Binﬁe ga - ﬁhsb' m’& £y L U 35 53T }é
: fop i TEve
prerefore, returning Lo the expression 1@? ‘f, we 1ave

coB J/

- u (3 -k in coe e
}?f = XE cog ¢/;: :ﬁ)ﬁl“‘k :}I’* }/&'f ¢ )5« _¢ f%f)-.} “"‘""‘““"A, y

For Ap, WO hwave from Fig.

% g
-t

s & Q s}

.

T Ay

sin {90~ +ol)

cus (Y

T ein (90 = %/3)

-ol)

or ip B K Ag

cos /&

gin (90 « ¢/2)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



[gﬂk ain (@ézvﬁ;?)ain %JAQ“* g%%ﬁgé"

* Therefore

A ’ " ey (é*ﬁi
I o k Ao
e con ‘ 205 ¢/n

cos? §/2

sinf cos (g=at)

| ' | w g e J
¥ow, for usual values of § and &,

‘ n
2O fé{

o8 AA-S S
U%}(f =) Sl oend o ;‘/: g
‘Therefore,
@ e 31 i - 5in i&/ﬁ Vi (equation 13, ». 59)
"L~ Py sinf ein ¢ o
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