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1. Introduction

It is espential that aircraft instruments and deviecs
operate satisfactorily over & wide temperature renge.
At aubzero temperatures, increased wiscosity and
conpealing of Jubrieating oils result in high friction
with lubricated besrings. In aircralt clocks, similar
jeweled instruments, and some mechanical fozing
devices, the power supplied for normal operation is
not sufficiant to overcoma the excegsively high frie-
fien ab low tempersatures. Some devices may be
made to operate at low temperaturss by having a
surplus of power aupplied, but this iz not feaeible in
timepiece mechanizms. The nonspreading watch
and clock oile conventionally wsed for lugricat.ing
jewel (sapphire) bearinge are not eatisfactory at
—50° O, and at ordinary temperatures the nocessity
of periadic cleaning and oiling during shelf storage
ang durlng service 13 not desirable.

Bacause of the unsatisfactory performance of
lubricated aircraft clocks at low tempeoratures, a
project ' was initisted to investipate materials that
may be suitable for use as oil-free bearings in time-
pieces, betwesn —55° and -+ 70° . tu% iewels
that require lubrication, In sddition to the primary
obiective of satisfactory operation at low tempera-
ture, another impertant advantage of an oil-free
timapiece iz freadom from cleaning and oiling pericd-
ically during shelf storage,

Bearing materiale meluded in the invesugation
ware plastics, plestics with fillers, impregnated met—
ala, sod impregnated carbon. Corrorion-resistant
shaft matensals were investigated. The work con-
sisted of investigations of the frietion and the wear
charseteristica of the materiala, and trial of £ he more

promising materigls in fimepiecea.

1 'Thix projert =we nitlated in Chdoter 1951, nnd wee spoasered by the Buresa
ol Aarenantice, Dapertosenk of the Hewy,

3. Bearing Materials

The bearing materials tested are idemtified hy
sample number and compesition in table 1, The
percentages given are approximate; they are com-
puted either from the densities of the samples and
the densitie= of the ingredients, or from the composi-
tion of the snzpanszion or dispersien as given by the
manufacturer in conjunction with the known amount
of fillers added. In some cnses the eamples from
commmercial firme are specislly propared matorials;
in other casea they are products that the manufac-
turers conaidered promieing for the application.

For moonvenience, the abbroviafions PTFE and
PTFCE are used in thiz paper io symbelize poly-
totratluorosthylene and polyirifiluorocklorosthylens,

respectively, 21 Plasth
.1. Plastica

The low-friction characteristira of PTEFE (poly-
tetrafluoroathylene) were largnly responsible for the
inception of thia project. resin [1]* 18 waxy in
appearance, and white or gm{ in eolor, except that
thin sheets ars transparent. It is & ceystalline solid
with good stahility from —320° to 4-500° F, and i=
chemically inert to known reagents and selvents
axeept molten alkeling metale and pasecus fluorine
under pressure. Its relative softness und poor heat
conductivity lirit ite suitability as & bearing material
to applications invelring low speeds and low unit
pressures. ]

The PTFCE {polytrifluorcchlorosthylene) used in
this investigation is a relatively hard thermoplastie,
with stability from —320° to +375° F. Itis
chemically inert to most orgsmic solvents and
reagenta. It may vary from the amorphous to the
crystallina state, depending 1 y on the rote of
cooling in ite preparation [2]. The amorphous ma-
terial 15 transpatent; and crystalline meterial is

Flgures o brasksts indicate the litersture reiarennas sf the e af thin gaper.
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tranghicent, end is harder than the amorphous and
more resistant to cold flow and heat distortion.
Neither form has the low-friction characteristics of
PTFE at ordinary temperatures.

The nylon matericl vsed in these teste was of the
hardest typﬁ and ha= heen nzed to somo extent for
bearings and 5&:3 in certain applications. This
materizgl normslly contains waier; the amount of
water varies with the ambient temperature, humidity,
and time of e ure, but frequently is between 1 and
4 percent, friction is not exceptionally low.

The thh-dcns:tjr polyethvlene tested was a rela-
tively new type of polyethylene plastic produced by
s commercial firm for experimental purposes. It 18
chargcterized by higher molding temperatures and
greatar strengths than these of ordinery polyethylens,

2.2. Plagiics With Fillexs

Bacause of the relative softnesz of PTFE, it is
logical to expect that its load-earrying ability and its
wenar resistenca might be 1m|:|rmre[l ¥ the addition
of suitable fillers. Accordingly, several fillers were
tried in combinstion with uﬂ’.a plastie, neludin
grephite, molybdemam disulfide, fiber gfasa denta
silicate, silicon, titanium d.lomde,sﬂmr, copper, tung-
sten, and molyhdenum.

Smn]:lles 2002, 2024, 202h, 202¢, 203, 204, 1062, 208,
208a, 214, 217, 227, 227a, 230, 231, and 222 were
prepered {at the Bureaw} by adding the filler in
powder form to PTFE clear finish-type syspension
{in watar) and sticving to make & uniform pasie. In
general, after drying to the conalstency of a very
siiff paste, these samples wore molded into cylindors,
which wera then more completely dried on a hotplate
or by heating in the mold. To fuse the PTFE, the
esmnples were dried and then heated to about 700° F
at a pressure of about 10,000 psi in & heavy-welled
steel tube with e loosaAfitting siee! rod at each end.
Samples 211, 212, 228, 229, and 235 were prepared
in & similar manner l':XDf‘[]t that they wera thoroughly
mixad in o blender after the addition of acatone in
quantitios sufficient to Imﬂde suitable fleidity for
the blending aclion. After blending the samples,
much of the acetone waes removed by decnntmg,
some wed Temoved by pressing with absorbent paper
and by compressing in the hands in the manner veed
for forming snowhalls, and then the migtures wero
dricd by heating as above. Samples 228, 238a, and
238h were prepared as above, axeept that PITE
aquegne dispersion, designated h},r the manufacturar
a3 TD-3, was used instead of the PTFE elear finish-
type suspengion; and samples 223 and 2208 were
preparad in A sumla.r manper with PTFE one-coat
ensmel-type suspension instead of the clear finish-
tyil‘l;(‘ suspensmn

was tried mlso m= a resin hinder with
dli’ferent ﬁllﬁrﬂ., auch as %emphlte molyhdenum
dizulfide, and PTFE. Sample 215 was prepared .
mixing PTFE ulc:a.r fim jrge aWPCnEon  wi
(gE disparsion (In xylol} an than lending afier
dllutmn with acatone. After th operation,
this sample was heated in the hea.v:,r-w tube to
sbout 500° F et & pressure of about 5,000 ps1 to fuse
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the PTFCE. A trial at higher temperatures, to
fuze the PTFE also, resulied in an inferior product
hecanze of decomposition of the PTFCE (pampla
2152 at 650° F). Samples 234 and 2348 were pre-
pared hy adding PTFCE powder to PTFE glear
finich and blending after the addition of acetone.  In
E‘rcpa.nﬁssnmple 235, PTRCE powder was added to

- icpergion (PTFE} and the mixture was
dilutad with acetons. In pr%?ﬁn% samples 237,
287a, 237b, mnd 237¢, the FCE powder was
diz oul i Beatone, and the dispersion was blanded
with TD-3 dispersion. Samples 214, 213, 218a,
and 219 were prepaved by methods similar to tha
above, except thet they contained other fillers in
addition tg the PTFCE. Samplea 214 and 233
were preparsd by mixing in paste fortn, without the
addition of acetone.

Samples 201, 204a, 205, 208, 207, 208, 210, 213,
and 216 wers cnmme:cmtl preparations of PTFE
containing fillers. Examihation of these with a 20-
power sterecinicrescope disclosed pockets of pura
plaztic much larger than some of the journals in
timepieces.  Sampla 221 was similar to sample 201
excepl that it was mixed by the dispersion methe
instead of the micropulvenzing method. This re-
gulted in a mora uniferm mixture of the PTFE in
sample 221 than in 201, but examination with a
20-power stereomicroscope revealed that the mixture
wesd not 8s uniform 8= is desireble for bearings with
2 0.005-in. bore. A fow small pockets aliﬂgl&aa
withont any binder were found in sample 221. The
uniformity of mixture in samples 222 to 226 was
similar to that of sampla 221, and it ig believed that
these commercial samples also were prepared by the
dispersion method.

23. Impregnated Bronze

Porgus bronze {not oil-impregnated) was impreg-
nated with PTFE suapensoid by aubjecting & dey de-
grensed apecimen of porous bronze to & vacuum of
about 15 mm of mercury for nbout 10 min. Then
PTFE suspension was introduced to cover the apeci-
men befare the vacuum was released. The exeess sus-

naoid was wiped fromn tha surfeea, and the zpec-
imen was dried IV heating to 400° F. The cycle was
repeated saveral times bhefore finally fusing the
plastic at about 700° F. Howover, sterecmicro-
deopic examinatien of the broken edge of & 0.19-in.

lute showed that the pores near the center were not
llad with plastic, the impregnation being complete
only near the surface.
ple 302 of [:]1-Dmus bronze, impregnated with
graphite, and aa?ﬂﬁea 303 and 304, impregnated with
molybdenum disulfide, ware obtained commercially.
Samplea 302 and 303 wera prepared by the hot-press

methaod.
2.4, Impregnated Carbon

Semples 401 and 403 were molded carbon-graphite
mixturez that had been impregoeted with molten
gilver and with molten babbitt, respectively, by &
vacuum-pressure process. Likewise, semplas 402 and
404 were electrographitic carbon impregnated with
eilver and with habbitt, respectively.

BA7100—b4—-:12

2.5, Miscellaneous

The silver smalgam {sample 5(1) was made {rom
precipitated flowera of eilver mixed with mercury
with & mortar and pestle, The amalgam waz com-
pressed in o steel cylinder at about 10,000 psi to drive
out excess mereary. ‘This material wag very brittle,
and the edges of the hole chipped during the boring
and reaming operation,  An amalgem of dental-alloy
filings {about 70 'Eeroent. of silver in the alloy) was
made similar to the above, This meterial was leas
brittle than the silver amalgam, but was not 5 sabis-
faetory oil-free bearing materinl; henee the investiga-
tion of this type of material was soon discontinued,

Samples 601 (rlasa), 602 {420 atainless steel), and
B4 (sapphire) were u=zed mostly with Jubricants for
reference purposes.  Sample 603 was an electrically
anodized coating (essentially a sapphire coating) on
an sluminum efloy. Samplsa 605 was a bearin
bronse {in composition similar to BAE Nos, 64 an
i} copper-basa casting &lloy), and sample 607 was
ordinary vellow brass. Sample 606 was a com-
mercial coating material consisting of tungsten,
molybdenum disulfide, and & plastic; tha conting was
applied to the bora of a brasz bearing and haked
8 hre at 400° F, In sccordance with the instructions
supplied with it. Boron carbide (sample 608} has a
hardness batwean those of sapphire and of diamond
(eample 610). Samples 609, 611, and 612 were coat-
ingg of PTFCE plus graphite, PTFE one-cost
enamel, and PT clear finish, respectively, fused

on brass.
3. Sho#t Materials

The shalt materinls tested during this investigation
are listed in table 2. The sample number in esch
case i3 the same a8 that used as type designations
by the Amecrican Iron and Bteel Institute (AISI),
axcept for the eages of the eobalt alloy {(40) end the
machinery ateel {M), which are not listed by the
manufacturer as meeting any AISI type.

The 303 steel waz a free-machining chromium-
nickel auatenitic steel not capahle of heat treatment,
and coramonly known a3 18-8 ateel. This was used
chiefly for the wear-test chafts,

The 420 stael was & type uzed for cutlery, and mg
be heat-treated to & hardness of about 50 Rockwell O,

TABLE 2. Shafl malevials
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The 440C gtael is described in various literature
as having the greatest quenched hardness and wear
registance upon heat treatment of any corrosion- or
heat-resistant steal.

The DZ steel was an air-hardening high-chromiom
tool steel having some corrosion resistence and good
wesr resitance in the hardened state. Tho D3
ateel was aimilar, except thet it waa the oil-hardening

L .

nﬁm 02 steel was an oil-hardeni
type, similar to that used for sha
mepleces.

The cobali-base alloy (Cd0} was a highly eorre-
sion-resistant material of the type usedg for main-
springs in watches.

The machinery steal (M) was furnished in the heat-
treated eondition and recommended as having pood
wenr resiatance,

, nondeformin
te in lubricat

4, Apparatus

The apparatus used in this investigation were
gelectad or desipned for making simple comparative
tegtz of the friction sand wear characteristics of oil-
free beoring materinla vnder conditions simuleting
those in service. Shafts ¥ in. in diameter wara used
for friction and wear measurements to give reazonahble
sccurary under various conditions of speed and load,
and still be in the range of application of small oil-
free bearings. Wear tests were made with X-in.-
dismeter oucillating shafta as & compromise between
ease of messuring the wear and the smallness of the
oscillating shafis in timepieces. For shafis less than
% in. in dismeter, timepleces were used for meking
comparafive teata of the more promising materiala,

4.1, Static-Friction Machines

An inclmed-plane type of spparatus was used for
making the siatic-friction testa. The tangent of
the angle with the horizon when a rider on the in-
eline siarts to elide iz uvead s a messure of §, the
coefficient of friction.

An apparatus of this type available at the start
of thia project hes been deseribed previously [3]. It
consists essentislly of a hotplate mounted hetwesn
two jourasls, wi rovision for siow tilting. The
plate specimen is clamped to the piane surfacs of
the hotplate, which provides for testz at and above
room lempersture. A pointer indicstes the angle
of tilt on & calibrated scale.

The rider specimen is loaded by a rect lar
yoke, through & point contact. Aw slectric cireuit
is an-angud g0 that with a elight movement the rider
contacts & needle and lights & small signal lamp.

The plate spacimens are 7 by 2 by ¥ in., and the
riders are 2 by 1 by % in. Tha riders ara ‘undereut
to leave a bearing surface 0125 by 1 in. et each
end, and hava a cone-shapad deprasiunn in the centar
of the upper surface for contaciing the point of the
loading yoke.

A similar apparatus, without a hotplate, was
constructed on a scale amall enough to be operatad
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within an inselated control box st low tamperaturees.
The jnsulated box was constructed of plywood with
8 3-n. thickness of rock-wool ingulation between
the walls. The front of tha box.is removshle to
allow easy asceess, and windows are provided for
readings during testz. An internsl compartment
contains a sirocco- blower and space for dry
ita or a heater,leaving an avsileble working space
16 by 16 by 12 in.

4.2 Bearing-Friction Test Machines

A& smell friction-testing roechine for use in the
temperaturg-control box was conetructed with two
support ball beerings for meunting o teat shaft with
a Journal for the test bearing at ome end, and pro-
vision for driving at the other end. This uuthuard-
test-bearing type of machine facilitates the changing
of fest hearings and minimizes the damsage to the
bores of the test bearings when siiding on and off
the shaft. Maasurements of the frictional torque
are obtained from the displecement of o wluim
mounted on_the test hesring hﬂuslrﬁm he load
consists of the besring ho weight of
the pendulum and bearing. pandulum cONsists
of & rod, & amsll bob, and = pmnt&r that messures
dlaplammﬁnt. from the center line on & suitable scale.
The pendulum is calibrated in a horizontal position
with the housing on 8 smooth horizonta) surface, as
indicated In figure 1. The force, R, necessary io
maintain it in & horizontal position is measured T &
belance. If the weight the ulum acts at
its center of gravity so that W= then W= Ru/b.
When the ft iy rotating, the [m:tlon torque is
given by We=Hanefk, and m{b.—d,l's The friction
torqua, We,=Rd. The frictional torgque may bhe
found from the displacement reading multiplied by
R, which is & constant for each pendulum. Likewise,

Ficone 1. Diogremmaiic shgick of fricfion lorghe mtegateing
apparaiys.



for o piven Joad and shaft dinmeter, the soeffielent
of friction may be computed from the displacement
multiplied by the approprinte constand

4.3. Bearing-Wear Test Machines

Two multipleshaft spepd-reducing  units were
modified to provide apparatus for studying wear
with sleove Boarings on totating journals,  Steel Lost
journnls, Yoo, dn dinmetes, were moade and firled
to the ends of the six horizontal output shafts on
cach wmit, Steel honsings and weights suspended
Tronny flexible wieve provide suitable Josds on the
beatings, and motormed deives wre vesd to obrdin
the desired $1I1'I‘EI:=~ Four shafts of one of these
mehines are shown on the left hnlf in ficure 2,
The bearing sssembly Las been semoved from one
of thi shafts, and 15 shown disassemblod on the tablo
Tho ecollar has been removed feom the thicd shalt
from the right to show the end of & test baoring in
'Fl]:ll'l'.

The wear patterns along the entire Jengrths of the
bearings mdicwted that the flexible wires attached
to the steel housings were suitable for applying the
lond, and that swivel yoles were not necessary for
uniform loading,

For studying wear of gleeve bearings on oscillating
journls, nwiﬁuriug-ﬁlmﬂ. machines wore made by
modifving oscillafing display motors. One of the
oscillatineg-shaft wenr muclines is shown in figure
2, elomped to the mght end of the support of the
ahove multiple shaft unit. A 2-1b weight atteched
with & wire plus the other moving parts provide a
L 00t= load on the pair of bearines, which are homgsed
in n yoko made from Gin, by 1-in, beass.  One of

the bearings may be geen directly above the upper |

el of the wiré supporting the weight, The %-in.-
dinmeter stel shaft pusses throngh two brass collurs,
which are goldered to the voke of the sseillating bar;
nosetaerew in ooe of (e collurs sogiees e ghoflo=g
that it osvillotes with the oscillating arm.  Attachad

Fiua

mil Z Sourinl-haaring wear-tesding opparaiia.

Lo el onrtor opad of thie oscillating arm 15 o guadrant,
whieli passes throngh a solenoid.  Amercury-in-gliss
awileh witwoled to the pseillating ann energizes the
solenoid at the spproprinte time to provide oscillat-
g motion of the shaft-arm-quadrant assenbly,
Althoueh the statie load on the bearings 8 only
OO0 &, the load daring the impalse from the solenoid
is considerably greater.  The oscillitory surface
gpied. and the impulse loading of the shalt simulnie
1{||.- conditions common Lo balanse-atall journals in
tirepicoes,

A apparatus was designed bond buailt for moking
thrust-bearing-wonr  tests  with  oscillating  shafts,
This apparatus, desigoated as an endstone-wenr
tosting muchine, 1= shown o figure 3. A motor-
driven connecting rod osvillates o shaft back and
forth with o motion of about 877%; and this motion
is doubled when transmitted to 4 vection]l shalts,
each of which hoas & Nan-diameter hole and set-
surew ab each onil for atlaching tesl-pin speciminis.
An endstone specimen in o 1,000-¢ weighl supplies o

| load on each top pin; & specimon ot each lower pin

supports the 1000 woight plue the woight of the
floating shaft and gene, of o total theast lomd of
L2400 g One of the 1,000-z weights has been
romoved aud mverted o show the upper test pin
and  endstone specimen in the  photograph.  To
operation, each weight is positioned cosxinlly with
ita teat, pin by means of four snug but free-fitting
locating pins, and 15 prevented from rotating by
menns of o thin Hexure spring.  No vertien] oseil-
lation of the floating shaft was observed, wnd no
effect of vertical forees from the gears was indicated
in the tiest doti:

Thrugl-herpng lenuslione) usar-Spaltag mootne

Fioome i
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4.4, Timepieoes

The timepieces used in & study of the suitability
of the more promising besring materials included
aiveraft clocks, ship clocks, navigation watches
(type ANS740}, ship cheonometers, low-priced pocket
watches {no jewels), and automebile electric clocks.
Low-temperature teata of the timepiecesn wera made
in a commercial subzero chest in which thermo-
atatically controlled temperalures down to —60° (0
were maimtained.

5. Test Procedures

5.1. Static-Friction Tests

Tha coefficient of static friction between two
solids depends large%y on the phyeical and chemical
properties of the surfaces [4]. Buch factors as difer-
ent aurface finizhas and tha presenca of swrface films
of oxides, oil, or dirt can seriously affeet the repro-
ducibility of friction dats during & test program,
Asz these factors vary in practice alse, it was belleved
that in thia project no purposa would he served by
attempling to approach perfectly amooth and chern-
cally clean surfaces, Instead, it spomed best to try
t0 mainiain & certein consistency in these variables,
with & rezsonable degree of cleanliness.

Aecordingly, the surfaces for the static-friction
tosts were 1nitially washed with sonp and water,
scetone, and ethyl alechol; and thereafter, at frequent
intervals between teats, wiped with mduostrial absorh-
ent tissue soaked in ethyl aleohol. As {ar as pos-
sible, the onginal surface finishes of the apecimens
wera laft untouched throughout the tests, but there
were 8 few exceptions, where refinizhiog was thoyght
adwisably,

For & particular zet of conditions a friction meas-
urement was taken by placing the rider on the plate
and in contact with the needle, applying the load,
retracting the needle about 0.004 in., and tilting the
plaie slowly until the asignsl lamp lit. This was
repeated until & relatively constant value was ob-
fained. Plate temperaturcs were measured by &
thermocouple, and atmoapheric temperatures ingside
the tempersture-cotitrol box were determined with p
liquid-in-glass thermometer.

5.3. Bearing-Friction Tesis

Most of the important comperative friction date
were obtained with tho small outboard-test-bearin
machine that was used in the temperature-contro
hox. In general, the test bearings, 0.50 in. long, with
bores elightly less than ¥ in., were pressed in 2 steel
housing with a 0.500-in. bore, and then the bearing
Lora was reamed, bumnished, or otherwise smoothly
finished to the desired diameter. In those tests
hengene and tissue were uzed to clean the shefis and
bearings, cxcopt that no solvent was used on the
sintered nylon besrings. To minimize changes of
the bearing surface during a test covering u mnge of
temperature, the shaft was not rotaied continnously
but; only for short periods before and while obtaining
friction measurements. The air-cireulating blower

was stopped while the torque was being read, so
that the pandulum would not be inflnanced by the
air currents. Observations of the torque were talen
at intervalzs az the temperature near the bearing was
reduced from room tempersture to —70° C, and as
the temperature was increased from room tempers-
tere to +70° ©, unless excessively high friction
tesulted befora reaching these temperatures,
damping flmd was used arcund the lower end of the
pendulum rod to minimize flnetuations.

In genernl, the test shafts were ground, honed, or
lapped, and polished with 4/0 polishing paper to
rive & surface finich in the range of 1 to 3 uin.

5.3. Bearing-3torage Tests

For the storago test, three steel shafts, ¥ in.
diameter by 74 m. long, wore supported at the ends,
above and parallel to & steel plate, 5 in. by 7% in.
Test bearings, X-in outside digmeler by ¥ m. long,
were mounted in stecl houvsings weighing 100 g
each, and wera reamed =0 that each bearing had »
diarretral ¢learance of 0010 in. Brasa collars with
selscrews wore used to space aix bearfinjs on each
shaft so that each besaring had ¥ in. side play for
axial movenrent. The ahaft ends were clamped to
the supports projecting upward from each end of the
steel plate. o
In making frietion measurements for the beginnin
of the storage teet, the above assembly was mounte
on the static foction machine, The plate was tilied
backward until all ths bearings were touching the
brase spacing eollars, and then tilted forwerd until
the pointer resding for the tangent of the angle was
0.05. Thereafter, the table was tilted to increase
the reading (.01 at the and of each minute, and &
record wae made for any bearing that moved axially
during each increase in the sngle of tilt. During
the storage period the assembly was stored on a
woaden shelf attached to a brick wall, with the plate
tilted about 8 dep to insure that each besring re-
mainad in contact with the appropriate brass spacing
collar. Tha nssembly was open to the room air but
wis protected overhead by another shelf and directly
in froni by a clear plastic shield, to s.a.fﬁuard against
disturbance b fn.“?ng plaster or wind-blown objects.
After 10 monthe of atorags the assembly was mounted
on the static-friction machine again to determine the
coefficient of starting friction after storape.

5.4. Bearing-Wear Tests

The modified multiplashatt speed-reducing units
wore used to obtain the rates of wear with bearings
on  Y-in.-dismeter journals thet were rotated at
various speeds, except that for the 1 300-rpm tests
the journal was fitted directly to the shaft of an
eleciric motor. The surface finish of the journais
at the start of each test was from 1 to 4 uin., except
for some spacial tests with rougher finishes up to
16 . The besri were cleaned, weighed, and
pressed in steel housings from which suitghle loads
were suspendad. If rapid wear was ovidenced by
particlea of the hearing material accumulating nnder
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the bearing within a few hours, the bearing was
retnoved and weighed to determing the loss in weight.
If no particles from wenar wera ohaerved heneath the
haarmg. operation was continued several hundred
hours befors examination and weiphing.

Wear dats were obtained from typical oil-{Tee
materinle on the K-in. oscillating shafte of the modi-
fied cacillating dieplay motors. The total angle of
motion was about 1 redian (55° to 80, with about
3 cpe, corresponding approximetely to simple har-
monic motion with an emplitude of 0.6 radian. In
each test, a pair of bearings, each 0.25-in. outside
diameter by 0.125 in. long with 0.126-in. bore, was
fitted to the bress woke previously deseribed iaea
fig. 2). The bearings wera weighed hefore and after
60 deys of operation. The surface finish of the
journala at the atart of each test was shout 2 pin,

Wear data were ohtained with samples of typical
matenials on the endstonc-wcar testing machine
ghown in figura 3. The test pins were ¥ in in di-
ameter, with ¥-in. radives at the ends. Tolerance on
the radius was 40,081 in,, with a surfnce finish of
about 2uin.  The total angle of motion was aboot
% radiana {172° to 1757, with 1 eps, corresponding
approximately to simple harinooie motion with an
suplitude of 1.5 radians, A dial indicator havi
a ball poiot with a radius of about ¥ein. was mounte
over a Hat-surface dplateu and vsed to mensure the
depth of weer periodicelly.  "When the depth of wear
zmall, the dinmeter of the worn spot
8lso with & microscope.

was relativel
WaAR meas]

5.5. Timepiece-Bearing Tests

Most of the operation with timepieces was at room
tempereture {abovt 25° ), A laboratory oven
with a thermostat was used for maintsining the
high temperatura (75° C), and the anbzers chest was
used for the low-temperature {mostly —&0% ) tests
of timepiece operation. The daily rates were de-
termined by eomparison with standerd NBS time
sipnals available in the laboratory.

At suitable intervals, the uli.ﬁfmn bearings and
shafts in the timepleces were examined for evidences
of wear and corrosion. Conventionel sterecmicre-
scopes abd measuring miccozcopes {10 to 100e) were
used for thess examinations.

6. Besults
€.1. StaticFricticn Results

Some preliminary testing was done in order to
study reproducibility and the effect of load variation.
For the range of pressures from about 10 to 30 p=
the starting friction was practically independent o
load, for the materials investignted. A constant
logd that pave a pressure of 17 psi on the loaded
area wis used for the subsequent static-friction
experiments, _

As the cooling of the temperature-control box
normally wes accomplished by the evaporation of
dry ire, the ntmosphere inzide the hox during the
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low-temperatursa tedts was composzed mostly of
gaseous carbon dioxide, Im order to determine
whether or oot this influenced the resoits, some
teste were tun with & different cooling system,
Aleohol was cooled externally by dry ice, and pumped
through heat-exchanger clements over which the air
in the box was cirenlated.  Although this particular
system did not eool the box below —25° (), the re-
sulte ohtained in this range with atmospheric air
eoineided very well with those from other tests con-
ducted in the carbon dioxide atmosphere.

The effect of temperature on the static or starting
friction for several combinations of different ma-
terials is shown in figure 4. The combinations that
mclude PTFE (sample 101) or PTFE with fillers
{sample 201} demonstratc an incredass in fTiction
with 8 decrense in temperature. For PTFE sliding
on & 431 stainless-gteel plate, end for 420 stpinless
ateel liding on PTFE and on plate 201 (PTFE+
filler), the statie friction versus temperature s
represented by the lower curve tn fizure 4; the curve
for PTYE ehding on aluminnm is slightly higher.
For PTFE sliding on dry porous bronze, and for
porous bronze impregnated with PTFE {sample 301)
aliding on stainless steel, the friction iz much higher
and is approximately the same ga for stainless steel
aliding on dry porous bronze. The perons bronze
impregnated with PTFE did not heava a film of
PID'FE over ita surface, and evidently thers was
metal-to-metal contact between the hronze and the
steel. With o coating of PTFE oun the porous bronze,
friction data (not shown in fig. 41 was zimiler to that
for solid PTFE,

6.2. Bearing-Friction Results
a. Iubricated Pearings

For reference purposes, the coefficients of friction
at speeda from 2 to 800 rpm were determined with &
sapphire (not oriented) bearine (% in. long) on a
hardened 420 stainless-sieel shaft, st 25° ), with &
843-g lond. The dinmeter of the bore at the largest
and was 02642 in. and at the smallest part of tha
bore near the center was 0.2524 in. The results of
these testa are shown in figure 5. 4= would be
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expected, when fully lubricated with a modern
mthet-ic watch oil, at speeds above 15 rpm {1.0 fpm)
friction was relatively low. When the speed
was decreascd to about 3 IEIT {0.2 fpm]ll, evidently
operation was in the thin-film region of lubrieation,
as there waa littla difference in friction with abundant
oil zupply and with a trace of o1l left after wiping the
shaft and bearing thoroughly with industrial ab-
sorbent paper. At higher apeeds the inadequate oil
supply resulted in hogher friction. Rempving the
teaces of oll by washing with benzena resuvited in
higher friction and incipient scoffing at the higher
speeds; the acore marks on the journal and the
bearing bore wera detected with & 2{)-power sterco-
microscope after remuvin.gg;a brown deposit.

In ganeral, when the lubnecated jewels in a time-
piece wera replaced with oil-free bearings, the main-
apeing, metal bearings, snd winding mechanism wera
lubricated with a low-temperature lubricant. Be-
cause of this, and for ﬁfneml information, friction
data were obtained with a hardened 420 stainless-
steel bearing on & hardened 420 stainless-steel shaft
when lubricated with three Jow-temperature oile.
These data, for a 2,200-g load, st 3 speada, and for a
range from —70° to 460" O, sre given in table 3.
The surfaca speed ut 3 rpm with the ¥-ia.-diamcter
shaft. more nearly simulates the surface speeds in
timepiecca; and, at thie speed, the coefficient of
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friction decreasns when the tomperature i= lowcered
sufficiently for the incressing viscosity to provide a
thicker filin of oil for lubrication. The relatively high
firetion at the higher temperatures indicttes opera-
tion in tha thio-film or boundery region of Inbrication,
in which oiliness is an important factor; and the
lwoer friction with tbe specigl silicone fluid under
thesa conditions indicates that it bas greater oiliness
than that of the other two synthetic oils. The
MIL~0-11734 (5] and the MIL-1-17353 [6] lubri-
cantz are disster-typs synthetic oils containing rust-
iphibitor additives, designed for uwas in m nical
time fuzee and firearm mechanisms respectively.
These fwo oils are not of the noos ng type,
such az watch oils, commonly usad for jewel bearings;
however, they dao not have the extreme spreading
tendency common to gilicone Auide.
With the 420 stainless-ztee]l bearing and shaft,
with a 643-p loed, friction data were obtained over
& wide rauge of ambient temperature with MILO—
11734 oil and MTII~G-7421 {(extreme low tempera-
ture) [7] grease at 3 and 300 rpm, and with watch oil
8t 3 rpm. These data are gﬁren i figure 6. The
relatively hizh friction with MI1L-0-11724 oil at 3
rﬁyn at temporaiures above —30° C indicates that
this operation is in the thin-film or boundary region,

Tagle 3, Fricior werrus temperalure for o honed-ond-polished hardened $20 slninless-sloel hearing, 0.8580«in. bore, eylindrical;
with & hardemad {90 sloinfota-slesd shafl, O.2504-n. dinmeler, with #,200-g load; lubriorled; of 2hrec specds
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and theaddition™ef an oiliness agent would be cx-
pected to lower the {rietion under thess conditions.

In these and other friction tests, the surface finish
of the shafts was kept in the range of 1 to 3 pin. as
measured by a profilometer,

b. (il Frve Boearngs

The effects of temperature on kinetic friction for
different clearancee with wvarious naterials were in-
vestipated with the small outboard-fest-bearing ma-
china with bardened stainless-steel shafts ranging in
diameter from 0.2496 in. to 0.2520 in, These tests
swere T in the temperature-control box, at 20 rpm,
with 4 §43-g load. These dais from PTFE are given
in figure 7. With a dizmetral clearancs of 0.0024 in.,
the friction was nearly constant from —65° to
+-70° C. With a clearence of 0.0016 in, (af room
temperature), the friction incrcased raptdly at abount
—50° C and at about +50° C, hecause of binding as
the clesrance decreased to zers, For the clearances
investizeted, the friction at 300 rpm was practically
independent of clearance, and not greatly affected by
temperature, except when binding eceurrad as a re-
putt of dimensional changes caused by the changes in
pemgra.t.ure, The coeflicient of expansion of PTFE
is abont 10 times greater than that of steel. At alo-
vated temperatures, the restraint of the steel housing
in preventing oubward expansion of the plastic cayses
the bore to become smaller instead of larger. Con-
?Brselg, aa the temperature is lowered, release of the
press fit tends to counterbalancs ihe contraction of
the bore of the plastic until the temperature iz low
enough for the bearing to become looss in the ateal
bore. To prevent movement of the plastic and the
filled-plastic types of boearing in tha steel housing a¢
low temperatures, & small floating pin was inserted
radiaily through the bearing housing into a matching
hole extending ¥e in. intunﬁle bearing wall,

Typicel date showing the affect of speed on friction
for severa] materials are given in fizure 3. Thess data
were obtained at 25° C with 4 #43-p load, using a
atainlese-stec] shaft having a 0.2504-in. diamcter.
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The test of the lnpyed-and-polished Pyrex-glass bear-
ing lubricated with watch oil was made to obtain
comparable data on a hard lubricnted material similar
to jewels (hefore the sapphire bearing was obtained),
At 15 rpm, whers the surfacs speed is about the maxi-
o encountered in a timepiece bearing, the friction
for PTFE ia sbout 60 percent greater than with the
lubricated plass, but at 2.5 rpm the Iriction of this
plastic is the snme a5 that of the lubricated glass.

The coetficients of friction at 25° C, using a 643-g
load with ¥-in.-diameter stninless-atesl shafts at 3,
15, and 500 rpm, for many oil-free materials and for
typicel Inbricated bearings, are given in table 4.

After it bacame evident thet loads greater than
443 z could be tolerated {without excessive wear)
with the Y-in.-bors oil-free bhearings, friction data
were obtained with & 2,200-g load, and thesa date
are considered more important than the data ob-
teined with the 643-g load, [n these tests with the
heavier load, {friction data were obtained at speeds
renging from 2 to 600 rpm, and then tho bearine
Was Fun in at 300 rpm te observe changes in friction.
Friction data were obtained aver the speed renge
after various smounts of run-in ot 300 rpm, to
investipata the effect of run-in et the relatively I'ljgh
load and speed. Typical data for these tests with
garaples 101 and 215 are given in figure 9, which
alzo jincludes data {doited curve) for a lubricated
atainless ateel Dearing for comparative purposes.
Becauss of excessive wear with sample 101 {Il}i‘FE]l
under iheze conditions, run-in with this material
was limited to 1 hr and no data were obtained above
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Tagrw 4. Coeflctend of friclton for varfous bearing malerials,
with hardm&gl?ifﬂ sfainlezr-sleel shefls, Y-in, diameter, af
roomt lemnerature, with 8489 load
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300 rpm. Even so, rapid wesr occorred and the
friction incressed about 40 percent during the run-in
with thiz bearing, DBefore run-in, the friction with
eamiple 215 waes mech higher than with sample 101;
but after run-in, the friction with sample 215 was
lower than with sample 101

Friction date obtained with & hardened stain'ess-
stee] shaft at 3, 15, and 300 rpm, showing the effect
of run-in and the effect of ambient tempereture on
friction, are given in table 5. 'With respect to time-
pieces the coefficient of friction at 3 rpm (0.2 fpm)

is considered more sipnificant than the data at higher
speeds.  Also, the friction after run-in bs considered
mora gignificant than the initisl frickion,

For the four samples of PTFE-}molybdenum
meta]l powder {=amples 202c, 238, 238, and 238b),
after several hours of operatian st 300 rpm and then
at 3 rpm, at 25° C,the coeflicient of friction was in
the range 0L18 to .26, After continued running at
Frpm &t —60” C the coefficieny of frretion at —60° O
was .22 to (1.25. The concentration of malybdanum
in thess semples rangea from 50 to 75 percent {20
to 42 volume percent) ; for this range of coneentration
the cocfficiont of friction at 3 rpm was not greatly
sffected by temperature variations in thia renge from
+25% Cto —60° C. Likewige, the friction for sam-
ple 401 (carbon+graphite+=ilver} was not greatly
effceted by temperniure.

For the high-density polyethylene {sample 104)
and with unlubrieated sapphire t-ﬁ{-.re WHE AN INCTEASH
in l'ﬂnn}t(ijon 29 the (emparature was deeransed below
—20% L

For 1the commercial bearing of sintered bronze--
molybdenum disulfide (zample 304) the coefficient
of friction increased from 0.17 to 0.44 during 12
min of operation at 3 rpm with the 2,200-g lond.
After turning the beaong 180° in its holder, in
another test {not inchuded 1o the table) with & 643
load the coeificient of friction increased from .17
to 0.60 during 1 hr of operation at 3 rpm.

For the semple of hearing bronze (eample 605)
the cosfficient of friction increased from 0.13 to 0.44
during an hour of operation at 3 ypm with the 2,200-g
load. After turning this bearing 180°, with s §43-g
lond, the coefficiont of friction meressed from 0,15
to 0.55 during 2 hr of operation at 3 rpm.

For the sample of commercial coating (sample
606), eonsisting of tungsten and molybdenum disul-
fide 1n & plastic, the coefficient of friction inecreased
from 0.2% to 0.52 during an hour of operation at 3
rpot with & 2,200-¢ lond.

It is of intercst to noie that under the conditions
af these tests, the ordinsry bearing brenze (83%
copper, 8% tin, 8% lead) was somewhat, superior
to the bronze containing molybdeoum disulfide and
elea to the commercial plastic coating material con-
tzining tungsten and molybdenum disulfide ; but each
of ithese ssmples was inferior to moat of the ather
materials,

For semple 609 {graphite added to PTFCE) the
friction was rnln.t.iwﬁ;' igh; above —20° C 1t was
similsr to tha friction for PTFCE, and at lower
t-:;mgemt.urea the frietion wes greater than thet
o

CE.

For PTFCE hearings {at 3 rpm) the friction de-
creazed with a decrease in temperature; bot with
PTFE or PTFCE contwining PTFE a8 & filler the
friction incressed with s decreasc in temperature in
the temperatore range from —20° to —60° C,  This
ig illnztrated in fipure 10, with data for PTFCE,
PTFE, and samples of PTFCE resin containing
PTFE filler.
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Diata obtained in England [8], with the apparatus e i 1
and method of teat greatly different from that used somplo Mo, _ Compeat
at NBS, show no change in friction for PTFE -

* gl FTFE
in the range from --55° to —80° C. At tcmpers- 28 5 %?E ﬁ: FTRE
tures down to —55% C the data are in genersl agree- o zid PTFGE1S0% FIFE

ment with the data obtained at 3 rpm at NBS,
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Froue® 10 Fristion versus lemperaivre for PTRE, DPTFCE,
and PTFCE plug PTFE bearings,
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c. Diferaat Shalt Materials With (] Fres Baarmgs

Tomvestizate the efleet of different sheft materials
on friction, data were obtained with 4 typical bear-
ing materials on each of 5 different t matcrials,
at 257 C, with a 2,200-g load, during & hr of operation
at 3 . The data are given in table 6, in chrono-
logical order. With the besring sample containing
molybdenum {semple 202¢}, alter 8 hr of operation
the coefficient of friction was 0.07 with the cobalt
alloy shaft (C40), 9.15 with the hardened 4400
stoinless-stecl shaft, 0.33 with the rclatively soft

machin gteel {sample M), and .22 to 0.25 with
the two shafts mada of hardened high-chromium tocl
steels {saxaples I3 and D2). With each of tha other

three besring materials, efter 8 hr of operation at
3 rpm on each shaft, the friction was not greatly
affected by the shaft material,

Cheek rune given in table 6 for heari 101 and
215 give spma indication of the reprodusiblity of the
friction data vndar these conditions. However, in
initial Lests with bearing 101 and thesa new shafis
there was & progressive increase in friction from 0.06
to 0,28, and s slight brownish glaze wes ohaerved
on the hesring st its conthct aren. These test
shafts were ground, lapped with diamond dust, and
then polished with 4/0 polishing paper. They were
cleanad by scrubbing and rinsing with benzenc, but
it i= believed possible that traces of abrasives from
the shafta may have been transferred to the bearing.
Preliminary operation was continued with oecasional
cleaning of the bearing with o reamer and with
benzene untdl a colered gleze no longer formed on
the bearing and frietion data beeame reasonably
reproducible with check runa.

TaniE 6. Cheffefend of frdotion for ppreal W-in =0tam begrings,
with rorvoue sicel shoffs, wilk £,200-¢ lood, of  rpm, of 257

‘Thesa data are F1ven 10 cheoaolagleal ordar.
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B.3. Beaaring-Storage Beanlts

With the appsratus and procedurs previously
deseribed, the effect of storage on starting friction
and eorrosion was invust-igat;fe with & typical oil-free
bearing maferials on each of 3 different shafts. The
shafts wers an oil-hardening nondeforming teol efesl
(02), an oil-hardening, higﬁ-ua.rhon, igh-chromium
tool steel (I3, and 440C stainless steel; the average
valugs of surface roughness as messured hy a pro-
filometer befors starting the test were 3, 4, and
1gin., reapectively.

The data for the storage test are given in tabla 7.

TarLe T. Effeet of 10 months of sforape on fhe coqfficient of
mbadic friction, For sariois bearfng ond ehafl statertale

Hample Cowthobent of
statie rbethon
Lenvarka
Bearing Ehaflt Mew | After 10
mvHLths
nra .15 Mo mst.
.12 17 Do,
1 17 Do,
1= A7 .
13 A7 Do,
12 AT T,
18 .13 T,
1% =) Do,
13 = Do,
18 1.7+ | Jowrmal badj
runtad, 4
12 1.7+ | Janmmai nested.
4 0, tHk L,
T 17 Haotuet.
R -l T
N .15 Dy,
L lip 16 Th,
B 1 Th,
Rl - Ty,

With bearing sampls 231 on D3 and 4400 shafis,
snd samples 222, 237z, and 238 on each shaft, the
static friction ineressed during the 10 months of
storage, the range of incresse being from 28 to 77
percent.  With sample 231 on shaft 02 and ssmple
401 on ench shaft, within tha aceuracy of the data,
there was no changa in friction during storage. With
the sample of besring bronze (No. 805), included for
comparative purposes, the increase in friction ranged
from @0 to 120 parcent, With sample 235 (PTFK<4-
moljbdenmn{ there was a very great inerease in
friction, resulting from corrosion on the shafts; in
thoga aresg (journals) of the shafts enclosed by this
bearing materiel, the O2 journal wes covered with
Tust and the journals of the othar fwo shafts were
spotied with rust. No corrosion:sces observed on
any of the shafis in othor bearing positions, There
was considerable rust on the sie#l shoamings for
bearings 238, and a slight amount-of:mst on the
machined faces of the other bearing housings. On
the faces in contact with bearings 238 the brass
collars were discolored by corrosion. was no
a.hllllmma.l discoloration on any of the other brass
cilnres.
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The sample 238 bearings used in these tesis were T*,FL_;I; E. Rﬂwﬁﬂf wear for sarions benring wmaleriofe, with M-
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PTFE plus molybdenum for seversl weeks safier Fammpla Compltel notiber of howrs far
fusing. Previous experience with new bearmgs 1n Leneth 0L00k4n. faltn] wear Batings
timepieces, and with pieces of steel In sample jats, mor | B wt i (7 " o o
indicaied that freshly prepared samples of this type heft | b | ™= | Mo cput | W 1AM
might cause eorrosion. However, alter aging several —— - ——
montha, samples no longer esused corrosion of the mr | 20 ke e | #r
ateel in the jars with the semplea. It is probable | e | i oo | H
that storage at an elevated temperature would e OHE | BN | Bl | 5130 T I
decraass tha period of aging that seems necessary to ne | OEL OO0 | ET0 [ posm ! gk | TE
eliminate the corrosive tendency of this t(ype of wor | ms | mm 1. 850 -
material, D om | ams | T ;Zﬁg T msl g

6.4. Bearing-Wear Results am || Bse| B | ik | | T 4
218 24 oo, 4. 00 0, 1M [ 8,050 x

a. Rotafing Jomrnala
. . Hic 216 oo A [ 3. o0l I

Wear data wera abtained with 2,000-g loads on LSl RY | OB | e | AR | oo | MM B
bearinga that were X In. long with ¥ 1n. bores, 308 [ | 20,100 :43:% 1150 | - z
corresponding to 35 pei on the projecled area.  Most eise B
of the data were obtained with 303 stainless-steel gt | @ | aw | L o 2
journsls operating ai 15 and 150 rpm, but some data am tomw | ook | lgcoood, s | DT D TTTC 5
were obtained with other types of steel used for the o L R I el I
journals end some data were obtained at 700 and '

1,500 r]lem. These datz ers given in_ table 8, in s || B | S |l 20 | Bdel 2| 3
terme of the number of houra of eperation for 0.005 2| Mo | mow) den | ) |
in, of redizl wear on the loaded side, computed from T R 2 i e | - | T Tee| LT
the wear rates in milligrams per hour and the densi- o -~ s s
ties of the samples. An initie) diametral clesrance g gn | euetn | moam g nd | eEe | 3
of 0,005 in. was sssumed in making these computa- WO W | B R nie) w2
tiong: and the radial wear of 3005 n. would increase E=]1 | 2 a0 2 F
this te 0.010 in. in the hours given in the isble, mr | we | a0 | e 158 N
These numsutad houra of operation for 0.005 in. of - o | i | 4 E53 3
wear ghould be considerad approximations, because M| S| T wmo [ 00| gma| 2
the initial clearance in the tests varied from 0,005 in. e A 2
i i i ] i) =1 S [ U S I wl
and the baaring deformation resulting from the load e - e B cain | A
was not considered. it = | s | DI A My
w (3] & | T e R
Tark 8, Kol qf wear Yor variovs beartrg maferdale, with - |V =7 | = | = S Iy e
in.llameler Aafts, af room Emperafiure, WUl 2. ik=g [oad % |ﬁ ______ L% —— f
1) 2 | o S 1,5 —_— =
Sq | Compted mumber of bours for S| 0| L1 - 3
e Levgtn 0B tadta wear Tatugs I R [ L S whl oo
a o Win [ 4 T 1
ak 130 P
St | Bear- | apm | ISrpm | 1%0rpm m:urpml i,;l:} ﬁc { ‘gg:‘ ﬁ 2‘% ?:
i T
- ol | mIn | 4 My |3
b i Ar b | ar
il i) Ao L 2
Il i g 1. $00 o H C | mA | 6 L0 | &
1 B s oo H m mi | 31 L0 | &
s ot 102 F1 1380 116 | 4 Cdid =T FYT “Th \
e B e ; el ---- : 04 Bia ' 4w | D00 | mpe | T
o ] (] (1= I J t ;e AR
NN B Lo " b 306 meo| am | ... nwn | .. a @
L | wibl e | i : | UL L am 1| o - 5
1 ST 14, B 13, 300 ot | I
I I S - H WF | w5 | w40 | 4 z0 B
e A5Y o, O | 100, 0004-] ... i 303 i
kL T T £, ] AL S + B o 1.0 s 4
s 5 e e ]
e - s PR mol o - 5
- i N ol .o - 5
e & | gmaw oo o) Er w0 | |
305 06 | 1ed | 3050 - R 4 aLoormof - log | &
IR - e R ml Tl 70
209 | o g | orLme | L] +1: IO br, ceoellint.
Boha | My | mEWw | Tem | N % ML b VOO b, véey 200d
H) 2 18 i1 .7 L4 | _.__ ES 2: 1,001 b 1000 b,
] frd M, 1M 1] . Nl El iz 101 L 1,000 B,
11 15 15,10 1T I 4 B: 0 Lir 100 fur, Pt

198




In general, the duration of & test was shori -
pared to the hours computed for 0.005-in. tadial
wear, Included in table & sre the durations of the
tests at 150 Tpm. Specinl tests were made with
sample 238 to get indications of the effect of duration
of tests and the effect of journsl roughviess. In these
speclal tests, three bearings (sammple 236) with
0.006-in. initial clearance were tested on three 303
stainlesa-steel journals with roughness velues of
2, & and 16 pin, as measured with a profilometer.
The wear was determingd for 700 hr and then for
1,600 hr, after running an additional 800 hr, In
this range of roughness, there was no trend for vari-
ation of wear with rouglnees; but there was a trend
toward higher rate of wear with the longer period of
operation. For thess specis]l testz the computed
houra of operation for 0.005-in. wear on the loaded
side ranged from 785 to 1,830 hr, which may be com-
parcd wath 1,010 hr computed from & previous test
with 486 hr of duration.

In table 8, ratings are given for the wear resistance
of the bearing for esch test st 150 rpm. Ratinge
1 and 2 are paven for computed hours of operation
above 100,000 and 10,000, end #re considered ex-
cellent and v gand, respectively. Hniing 3 is
given for operation between 1,001 and 10,000 hr, and
12 considersd pocd.

TasLe 9. Wear for tdriond beoring taderiels, with M-in.
digmeter shafie, of room famperofure, with 1000-g load;
shafls otcxllaling, amplitde=100.4 rodvan, freghency =23 ene
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b. Oacillofing Jomuala

Wear dates were obtained with 1,000-g loads on
{ypical paired bearings, each X4 in. long with Y-in.
bore, with various steel shafts in the modified osviliat-
ing disﬂl:ay motors. The pressurc during the impulsa
from the solenoid was considerably greater than the
70 psi corresponding to the 1,000-g static load.
These data are given In table 9. In general, thq lpsa
m weight of the typical bearings and the condition
of the journals after 80 days of aperation are ]guren.
However, with porous bronze containing melybde-
num disulfide {sample 303) snd with bearing bronze
fasample 605), the friction increased soon after atart-
ing the tcsts to the extent that o mueh higher voltage
had to be applicd to the snlencids to meintain opora-
tion and one solencid burned out due to overloading.
Because of this and excessive wear, tesis with these
two materals were stopped nt the end of 10 days.
It i of intcreat that the performance with these two
bearing meterinls (samples 303 snd 805} in this
machine wea very much infenor to any of the other
oil-free meterials that were tested on in. The rating
numbers given in iable 9 for each lest are hased on
the bearing waar and the condition of the journals
at the end of each test. The numbers 1 to 5 corre-
spond te excellent, very good, good, fair, and poor,
reapactively.

. Thrus 'Baarings With Osrillofing Fine

With the cndstone-wear testing mechine, wear
dats were obtained with typical hearing materiais
and test pins made of typical shaft materials, with
1,000- and 1,240-¢ loads. The data obtained with
the 440C test pins are miven in table 10. For snch
measured depth of wear (see section 5.4 for method
of measuring) the corresponding pressure (pounds
per equara inch] on the projected area was comi-
puted, and these dnta are 1ncluded in table 10, Ag
0,0167 in. of wear the diameter of the wear mark,
becomes tho same ag that of the pin (0,125 inj,
8o that for grester depths of wear the pressure docs
not increase.  The average raics of wear per bearing,
i inches per year, for each period are given in the
table also,

With the diamond endstone there wes no wear on
the diamond or the pin that could be detected by
ordinary means, No flat could be detected on the
pin when examined with a 20-power stercomicro-
scope and when examined with & shﬂ.dnwgbmph. No
roughness was detected on the diamond, bat exami-
nation with an interferometer indicated » depression
about 17 gin. deep near the center of the endstone
after the 60-day test. Om the basiz of this test,
diamond iz rated &8s excellent for use as endstones.

With PTFE plus molybdenum (sample 202¢) and
with PTFCE plus PTFE (sample 215) no messurable
wear was detected during the last 20 days of opern-
tion, and hence these materials are rated very gpood
for use as endetones,

With samples 222 and 401 the rate of wear was
low during the last peried of operation, and these
materials may ba rated as pood. The rclatively
wide spread in the data for the carbon plus graphite
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ﬁ tilver (sample 401) i=" belisved to be due to s
of homogenseity in the mixture.

_ With sapphire (sample 604, unlubricated) a rela-
tively ]H.\'%B flat was worn on the end of the test
pin,. and the rate of wear given in table 10 is for this
wear on the pin, However, the sapphire berams
roughened on part of the rubbing ares, and was
worn alightly.

With PTFE and witk PTFCE the endstone-wenr
rate was high., With the mtin%s (zamples 604 and
€11 the tests were stopped after & fow days of
opcration because of excassive wear.

Result= obtained when samples 101, 202¢, 215,
and 401 were tested with piny made of 303 =tainloss
steel, hardened D3 steel, and 40 alloy wers similsr
to those obtained with 4400 stainlase-steel ping.

With 303 stainless-stcel pins, specimens of tung-
gten plus molybdenum distlfide pFus plastic coeting
(sample 606} on brass siarted wearing vory ropidly,
and the teet wae stopped at the end of the firat day
of operation. For comparison, & test with plain

brasa {sampla 607) gnvo less wear than the conted
brass, although wear was excessivcly great in hoth
cascs, Althouph this coating is advertised as show-
ing no wear when used as a thrust besring under
certain conditions, under the conditions used In
these tests its wear resistance was inferior to that
of brass,

8.5. Timepisce-Bearing Results

The performance of oil-free hearings was investi-
pated n 18 timepieces, including chronometers,
cloeks, and watches,

Faor plastics and plestics with fillers, the coefficients
of thermsl expaneion are such that with 4-in.-hore
bearings zubjocted to & wide range of temperature,
clearances much Jarper than those commonly used
with metallic journal hesrings are necessary, How-
sver, the pemanmﬁ‘la of cleerance normally used for
the relatively small journels in timepieces iz azch
that the above condition ]l:reean_ls no  problem.
Bearings of this type becoms looss in their honsings
at low temperature; in order to prevent axial dis-
plecement at low tramll::rat.ums, these bearings were
fittad in brass holders having the innar edges crimped
inward sightly to retain the hearings.

In genersl, the amplitude of the motion of the
balance wheels in the slocks and watches fitted with
oil-free bearings was considerably less then tha
normal amplitude in oiled-jewel movements at
ordinary temperatures. In most cases, heavier main-
springs were ingisiled to inerease the torque about 50
percent to provide more normal motion. However,
in the chronometers the original mainsprings were
not replacad, because they provided zufficient power
for normsl motion in these timepieges, .

On the basia of the experience with timepisces, it
appears that for ship chronometers in normel dial-up
position the most severs wear is apt to occur at the
upper balanca-steff endstones, and for clocks operat-
ing in the normsl 12:00-up position the most severe
wear i2 apt 46 occur ab the beacings for the balance-
ataff journals. Alss, it is probable that the friction
at thess points 18 of mr impaortance.

For watchea and cl , the frietior and wear at
the pellet stones also a Eaﬂrs to be of major impor-
tance, and no material has been found to be more
satizfactory than sspphire for this spplication.
Unlubriecatad sapphire pallat stone apﬁeam to he
satisfectory &t ordinary temperatures, but at wver
low temperatures the addition of a film of a suitak:
low-temperalure ofl apparently gives less friction than
clean sapphire. . . L

Rusting is apt to oceur in unlubncated timepieces,
espeeially at the balancestaffl pivois, unless pre-
cautions are taken o prevent it. Experience with
timepieces in this investigation indicates vapor phasa
imhibitors, such s dicyelohexylammonium mitrite,
ars offactive In preventing rust. Alse, rusting may
be prevented by the uze of corrosion-resistant mate-
risla: no ruet wae observed with eobalt alloy {C40)
pivots,

In general, at ordinary temperatures tha time-
keeping performance of timepieces with conventional
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lubricated jewels wa.s sumewhat euperior to that of
oil-free timepieceos. fp this Eﬂ.l}:l»am«t:-r:lt-:,r
iz indicated 1n figure 11, whlch ﬂhU‘WB a plot of time
erTors for & comventionsl lubricated omater
and for two chronometars containing oil-free hearings.
Howaver, with less accurate timepieces, the difference
n l?l-l:ﬂ'u'l'&(!j" ia of less importence. Typical iso-
nismL CUrves are given m fiprure 12 or & Con-
ventional ship elock, & similar clock 'fittad with
PTFE-plua-copper b-amngs, snd sn eireraft clock
fitted with carben-graphite-silver baarings.
Repmaentuuve ta for the performanca of six
ejgmecs fitted with oil-free bearinga at —60° C,
+25 C, and 4-75% ! are given in table 11, The
sapphlre pallet stones in the watches and clocks and
the mainsprings snd other metal-t0-metal workin
artg in these timepiecer were lubricated wit
—O-11734 cil. a giza of tha hesvier main-
ings in the ship clocks was such that, becausa of
lesser free spacae in the mainapring burre]a and
tha cm'raapuudmg lesser number of turna in winding,
they “ran down” in about 5 days instead of § days.
This may account for the stoppsage of ona clock on
the fifth duay after wlnde as 1t was Nesrly Tun
down when it stopped. Toe ranga of femperature
i bevond that ordinarily compensated for in time-
pieces, and lack of terperature compensation may
account for some of the waristion in rate with temper-
ature for chronometer 13370 and clock 33413E.
Conzidering the wide reange in temperatyre, the
ratee for the other timepieces were not g'mat]y
affected by temperature variation.
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Twelve timepieces fitted with various cil-free bear-
ings were stored in 8 low-temperature cabinet main-
tained at —A0° . These wers running at the start
of this teat but were not weund during the atm-ﬁla.
Mter 30 days each tfimepiece waz wound

in tha low—tem mgarstum cabinet; and if it
1:'I11:l not start while winding, it was given
twazia in & manter ordinanly uzed for starting time-
pieces. The results of this low-temperature teat are
given in table 12. The low-priced watch No. 4-52
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with oil at places noted in the table would not start,
sod ship elock No. 45121E would not continue
running after starting several times,  All the other
timepiaces continued Tunning at —60° C after start-
ing. In the watches and clocks having sapphire

allet stones, the stones had been lubriga with
MIL—0-11734 oil several months praviously, but
this is not a nonspreading type as ordinarily uzed for
this applicaticn in timepieces. Some time after the
low-tempersture starting test, the sapphire pallet
stohes were examined with a 20-power Btercomicro-
acope; no o)l appesring as a liquid could be detected,
but various colors agpenﬂng on the surfaca of the
sapphire indicated & boundary layer of lubricant was
present.

It iz believed that MIL~0-11734 oil applied to the
sapphire palitet stones will provide boundary lubri-
eation for iﬁﬂeﬂnd of about 2 veara. The oll may be
applied to the pallet stones in a few minutes, without

e disassembly and time that are required for ailing
a timepiece throughout in the conventional manner,
For carrent types of airereft eloeks, hy removing the
movernont from the case the oil may ba appliad to the
pellet stones easily in the conventional manner; or,
after practice, with the movement in the case & emall
wire inay be inserted through the regulator screw
plug opening to apply the oil to the teeth of the
escapa wheel in lees than a minute.

Near the end of this project, in aireraft clock No.
28169, 6 bearing=and 2 endstones, sample 2374, wern
uzed to replace 8 sapphire jewels; and 7 PTFCE bear-
ings {sample 102} were installed in other positions;
namely, third, center, intermediste, and fourth
wheel upper. In re 10 it may be seen that the
coeficients of friction for these two samples are

ractically the samn at —60° C, and that Mean
rietion for the two samples remaing about the same
in the temperature range from —60° to 4-25°% CL
This combination of hearings of these mateniala was
jried to minimize the sffect of temperatire on the
total friction in the clock. With the original main-
gpring {0.008 in. thick} the motion was poor; hence
& stronger mmnapnrurv, (0011 in. thick} was installed
to give more norma. metion of the bhalance wheel,
Operation at —60° C with the sapphire pallet stones
nniuhricated was not satisfactory.  After the addi-
tion of MII—-0-11724 oil tp the pallet stones, the
moticn 8t —60° C was oniy slightly less than at
room iemperaturs, althmtgh the clock lost soveral
minutes per day at —a60° C.

7. Conclusions

7.1, Plastics

_ The wear-test data and experience with PTFE
in &n ajrcrsft clock and in a chronometer indicate
that this material (without ndditivea{ is not suitable
for peneral use 85 & bearing materiel hecouse of its
engy o wear, but st very low surface speeds and
low unit pressures its wear resistance may be ade-
g}imt_e for epecial applications. The increase in
ction ai temperatures below —20° C detracts from
ite usefulness at low temperatures.

The high friction cotnmon to PTFCE at ordin
termnperatures, and the ratea of wear obtained with it
in bearings, for a clock balance sisff and an endstone
for a chronometor balahes stall, do not recommmend itg
use 829 an gil-free bearing materisl for timepieces.
However, its decrease in friction with decreass in
temperature makes it useful for special applications
at low sﬂm]s, such &z that described in the laat
peragraph in section 6.5, ) o

Nylon has heen used a8 » bearing material in
certain industrial applications. However, its friction
iz higher than that of some of the other materials
investigated, nnd ita relatively large variation in
water content and cha.n?e in size with change in
ambient temperature and humidity are not desirable.

The high-density polyethylene 1= a relatively new
type of polyethylena plastic, snd was obtained ncar
the end of the project. The {riction with this mate-
riel was sornewhat greater than with PTFE, and
the incrense in friction with decrease in temperature
wga greater than that of PTFE. However, the rate
of wear at 150 rpm with this polvethylene {sampla
104) wae less than that of any of the other unfillad
plostica tested under similar conditions.

7.2. Plastics With Fillers

PTFUE containing 10 to 80 percent of PTFE as a
filler is one of the most promising oil-free bearing
materials developed during the project. A patent
which iz pending, covering this type of material, hes
been assigned to the U. 8. Government. This mate-
rial has some of the hardnesa charaetoristice of
FTFCE, the frictional characteriatica of PTFE, and
wear reziztance much proeter than that of either of
theae plastics alona, LUnfortunately, the fact thet its
frictional characteristicas sre similar to those of
PTFE detract= from its uzefulness at temperatures
balow —20° (.

With the samples of FTFCE contsining graphita
and molybdenumm disulfide (samples 207 and 213,
respactively), the friction and the wear were less
than with PTFCE; but thase dry lubricant additives
did not decrease the frietion and wear a2 much as
did the PTFE fllsr. )

PTFE containing molybdennin metal powder as &
filler is & promising moterial alao, and ® patent
{No. 2,715,817} mverin%ﬂthia type of material has
hoen assipned to the vernment. It has good
frictional characteristics and exceptionally good
wear resistancs under eertain conditions. o

The commercial preparation of PTFE containing
fiber glass and pigment (sample 201} has good wear
and friction characteristics when used az oil-frec
bearings with (.25-in. bore. However, tha ralatively
large size of some of the glass fibers and the lack of

uniformity in the mixtura &mvent it from haing
auitable for brarings where the bore is only about
0,005 in.

The saddition of graphite, coppar powder, or
molvbdenum disulfide powder to PTFE (samples
204&, 205, and 206} has a similar effect in reducing
wear in (.25-in. bearings. However, theze commer-

an2




cial preparations have small pockets of pure plastic
similer to those obeerved in the material with code

No. 201.
In genersl, the addition of a filler to PTFE
decronses the weoar greatly, but the filler of silver
recipitated flowers (sample 203) is an exception.
he experience of high wear and high friction st low
speeds with 8 bearing of this material i& not under-
atood. It i believed, from mieroecopic examination,
that the silver particies ara much less than Ix in size
but have a great tendency to occur in conglomera-
tions larger than 5. Becausn of the conglomerations,
it is possible that the PTFE does not surreund and
bind the individual silver particles; and the breakup
of the conglomerations during testing may causc the
high wear and high friction. In this connection,
molybdenum metal powder i readily available in
particle sizes from 0.5 to Sk, and this range of
gartic]q sizc_appeam o he especially suitahﬁc for
llers in PTFE compogitions for =mall oil-free

baarings.

7.3, Impreguated Bronze

Stereomicroscopic cxamination of the porous
bronzes showed some of the pores and the sectiona
of solid bronza to be much lavger than the diameters
o]’g cnnm#_balnmﬂ-st?;iﬁ juurnal;, and this trmkesli
the v=e of mpregna porous bronze impractics
for this np‘il]ica.bian‘ Alzo, for larger journals, the
friction and wear data obtained for porous hronze
impregnated with PTFE and with molybdenum
disulfide discourage its use for an oilfree bearing
composition, under the conditions that were inves-
tigated.

7.4, Tmpregnated Corhon

In ponerel, the maial-im ted carbon materials
that were tested have pood {riction and wear charac-
toristics.  An additional advantage 13 their low
coefficient of thermal expansion, and in some apph-
cations their good electricel conductance mey be
useful. As suggested by the manufacturer, the
carbon-grapbite-silver material (pample 401) ssemed
more promising for use in timepisces then other
samples (402, 403, sand 404 produced by the aame
mmp;ﬂ" The apread in data obtained with this
materisl on  the rendztone-wear testing machine
indicates a lack of homogeneity in the sample; this
and the relative coarseness of the siructurs dis-
cnqra%:oita vse for very small bearings (less than
¥y-In, hore),

7.5. Mizcellancous

No material was found to be as satisfactory az
diamond for use az a thrust-bearing material under
conditions of high lead such as cocurs at the halance-
ghaft upper endatone in chronometers. By an X-ray

diffraction test for orientation, it was found that the
faces of the diarmond used in the endstone-wear
testing machine and the dismond sndatone in chro-
nometer 13370 were within 4° of being parsllel to
an octahedren (111} face {cleavage plane). The face
of the endstone in chronemeter 6512 wos found to
differ about 22° from the octahedral (111} plane.
It iz considered that each of these diamond endstones
whas very satisfactory for its intended use as a thrust
bearing, even without hibrication.

No material was found to be as satisfectory as
sapphire for use a3 pallet atomes in timepicces.
Sapphire appeared to be sutitahle for use as unlnhri-
cated endztones when the load was relatively liphs,
especially in timepicccs normslly operating in an
upright position. Unlubricated {clean) sapphire hole
beerings {jewels) cauepd rapid wear or rueting of
the conventionel halence-steff pivots in timepieces.

Boron earbide without lubrication did not appear
to be guitable for use as pallet stones or as 8 journal-

hearing matarial.

Umnder the conditions tested, ordinary brass and
bearing bronze conventionglly used for making small
buzhingz did not appear soitable for thiz application
without lubrication.

In journal bearings, a fused coating of PTFCE
Iuz graphite gave good resistance to wear but the
riction wae relatively high. A fused cesfing of
PTFE one-coat enamel gave lower frietion, but the

rezistance to wear wes sommewhat less than with the
above coating.  Boih of these coatings (smmples G09
and 611, respectively) wore rapidly when tested as
thrust bearings. Beecause of the thickness of the
eoatings ordinarily used and the diffieulty in making
& wniform. eoating with & good bond on gmall parts,

the use of coatings of this type does not seem practical =

for journals or bearings less than ¥e in. in diameter.
However, work at the Naval Research Laboratory
[0] indieates that PTFE costings may be useful for
sOIne &pHHcatians.

The siver amelgam {satnple 501) gave exceplicn-
ally low friction at room temperature. Howcver,
this material was very brittla ond tha edges of ths
hole chipped badly durig the boring and reaming
operationz. An amalgam of dental alloy filings was
also tried ; it was less brittle than the silver amalpam,
but the bearing gave incressingly high friction at
the siart of & test and scuffing of the bearing soon
oecurred.

Dther publicationa that may ba of interest deal
with dry dings suitabla for textile milla [10], and
with the frictional characteristies of plastics with snd
without lubrieation [11].

The experimental work (mostly statie friction
testa) during the early part of this invezbgation was
condueted by John Young, whe left the Government
service in September 1952,
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