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Abgtract

A microscople study of 4400 steel sliding surfaces lubrie
sated by graphlte fluoride or molybdenum disulfide solid lu-
bricant rupbed films was conducted. ‘1The aliding surfaces,
nlong with the f#ltion, wenr, and wear e were vheerved ag
a functlon of the numbor of sliding revolutions In three differ-
ent atmospheres! molst alr (10 000 ppm B,0), dry ajr (<20
ppm 11203. or dry argon {20 ppm 11,0}, In gonoeral, the Ju-
bricating mechanismas of the two solld lubricants were found
ta ho relatively similur; that is, o dynamie, thin, layor-ike
film (which sheared on relatlve motion) was formed betwoon
the two metallic surfaces. The mechanisms of fullure were
found to be somowhat différent, however. Failure of MeS,
films was very dependent on ntmospheris degradntion, while
thut of graphite fluoride fiims was moroe dependent on flow of
tho lubricunt film out of the contect zone,

INTRODUCTION

Malybdenum disulfide {MoS,) 1s one of the most widely
used solld lubplonnts, A considerable amount of regoarch has
been conducted on ibs friction propertics and the reagons for
g good lbrlenting behavlor. Johneon (1}, Winer (2), and
Farr {3} huve written excellent reviews on the hlstory, the
udes, und the furdimontal knowledge of MaS, a8 a lubrleant,

Graphito {luoride “chJn) has been shown to have very
good lubricating propertles under vapious conditlons and types
of applications., Rubbued films of graphite fluerido have been
shown to perform bettor than or equivalont to rubbed fllms of
MoS,, or graphite in fests conducted on 1 pin-on-disk machine
(4}, 'Those rubbed {llm results were furthor improved by
bonding graphlte fluoride to the surfece using o polyimide (5}
or an grganopolyatloxans (6) polymer, In Ref. ¥, good rosulta
were reported on epoxy phenolic or silicate bonded graphite
fluoride films evuluated in o Falex machine,

Although many good lubricsting rosults have been reported
With graphite {luoride, poor regults have also been reported
(8, 8). The poor rosults were attributed to the abrasiveness
(8) and the low load cerrying copaoky (8, 8) of graphite fuoride.

Most of the lubrleating theories, the methaeds of evaluating,
and the methods of spplying and using solid lubricants have
baen based on studics of MoSz. To date, very lttle research
hey been conducted on the fundamentnl lubricating mochanisms
of gruphite flueride and how they compure to those of MoS,,
1t might bo that what 15 good for MeS, is not goud lor graphite
{luoride, Thus, the ptirpoge of thig investigution wae to chtain
a more fundumental understanding of liow graphite fluoride lu-
bricates and how faflure occurs and to compure thoso findings

to how 1\1052 lubricates und fnfly, The scope of this Investiga~
tion Inoluded studying (1) how Mo, and graphite fluoride fims
lbricate and the rele of the transfer {iln in the lubrieation
procegs, and {2) how fullure occurs, and the rolo of oxygen
and H,JO in the fallure process, To aceempllsh this, frictlon,
wenr vate of riders (which slid on hoth [ms}, wear of the
filma, and wesr rves wore detormined and compared for eX-
periments conducted in atmosphares of molst alr {10 00 ppm
1{20). dry afr (<20 ppmt lt:p}. and dry argon (<20 ppm 1),

A unigue tochnique wes used o study the Jubrleption and
fallure mochanisma, and that waa to stop the tosts ot proset
slidlng intervels throughout the life of the films, and fo exam-
ina the aliding surfaces by opticsl microscopy at high magnifl-
cutlong. Thoe Intent was to Infer from the statie surlaces what
wis ocourring dynomically, The micrascope wis equipped
with ¢ vortical {liuminator and two polarizing filters (one ro~
tatable), thus the principles of Hght ntorferonce und brefrin-
gonee of anfsotrople orystals woere used to study transfer, or-
dering, and theé flow properties of the {ilms,

The experimental conditions used were o pla~on-disk test
appuratus, o test temperature of 25° @, a sliding speed of
Z.6 metors por second (1000 rpm), and « load of 1 kilogram,

MATERIALS

The graphite [luoride {{CF,),,) used in this Investlgation
had o fluorine to carbon ration (ns obtaihcd from the manufac~
turer) of 0,86 to 1,00, A previous investigation (10) had

shown that higher fluorine content grophite fluoride compounds

.do not glve nppreciably better lubrication results and they are

considerably more difficult to make and more expensiye to
purchase. The average particle size of the graphite fluoride
uged was 10 pm, but the size ranged from léss than 1 um up to
80 pm. The larger partielos appeared to bo conglomerations
of the amaller particles, however,

The average particle slze of the technical grade molyb-
denum disulilde MoS,) used in this study was 10 gm. The sizo
runged from less than 1 ym to 756 ym, and like graphite fluoride
the larger particles appeared to bo conglomeraiions of smallar
particles,

The riders and disks wore made of 440C HT tool steel and
had a hardness of Rockwell C-6¢, The disks were lspped and
polished to 4 surfnee finish of 0, 0840.02 CLA (centorline avor~
age) miorometers, The surfuces were then roughened hy
sanding In random directions with no. 150 grif wet sandpapez
ta o roughness of 0.30:0.05 pm CLA,

The solld lubricant powders were apphad to the roughened




surfaces by mochanically rubblng 1t over the surfnce at con-
stant lond (see Procedure Boction), ‘The thicknéss of the fllme
obtalned wore found to be in the order of 1 ym sbove tho high-
est fonture on the sunded motallle surfaoe for the graphite
fluoride film and abaut 2 um for the Mms2 film, Photomiere~
grapha and surface profilos of the rubbed fllme oro shown In
Fig. 1.

APPARATUS

A pin-on-disk typo of sliding frictlon appavatus was usoed
in this study, The apparatus usod has been deseribod in pre-
vious roports (4-8), Basleally the frictlon apecimens (fig. 2)
consisted of o flit disk (6,3 em diam) in slding contact with »
statlonary hem{spherically tipped rider (0.478 em radlus),
Tho vider slld on a § em dlamoter track on the digk, which
gavo It o HUnear allding speed of 2,6 m/s at u disk rotation of
1000 rpm.

'The apparatus uscd to apply the solld lubricant powder to
the disks Ls shown {n Fig, 3. Tho disk was attached to the
vertical shadt of u small clectrlo motor by use of a oup-shaped
holder, ‘Two vertleu) rods wore used to restrain a floating
metul plate to which was attachod the solid lubricant applica-
tors, In thesoe experiments, the back of pollahing cloths wera
used as applicstors. The load was applied by plncing welghts
on top of the metal plate,

The burnishing apparatus was designed to fit undep the
bell Jar of 8 vacuum system, thus the atmesphove In whioh the
films wore applied eould be controlled, This wus done by
pumping a vacuum and thon backiiiting with the desired atmo-
sphore. Previous results {10, 11) have shown that fllms ap-
plied in modst alr gave bottor friction and wesr results than
{llms upplicd In dry alr, thus the {ilms used In these oxporl-
ments were applied fn moist ale.

PROCEDURE
Surfage Cleaning
The cleaning procedure was us followa:

(1) Serub surfaces under running tap wator with a brush
to remove abrasive partleles,

{2) Cleun surfaces with pure ethyl aleohot,

{3) Rub» surface with o watoer paste of levigeted aluminn,
Clean until water roadily weots surface,

{4) Rinso under running tup water to romove lovigated
aluming {use brush to facilitate removal),

(6) Rinée in distilled wator,

{6) Dry surfices using dry compresged air. (Surfuces not
dried quickly have a tendeney to oxidize. )

Film Application

The procedure for applying the rubboed IHims was ag
follows:

(1) Apply a smuall nmount of solld lubrloant powder to the
elonned disk suiface and spread it ovenly cver the aurface with
the back of a pollehing cloth,

{2) Apply about 1/2 gram of graphite fluoride (1 gram of
Mos,) to the contact zono of the opplicator (hack of a pollehing
cloth attached to the floatlng metn) plate) and distribute {t
cvonly,

(3) Avsemble apparatus ns shown Ja Fig. 2 and apply two
1-kilegram welghts ag the applled lond.

(1) Evucuate tha boll jar and baek{ll] it with a molst afr
ntmosphere (16 000 ppm 1,0). Cuntinue to purge bell jar with
molet alr until application 18 complete,

(6) Eet disk inte rotntion and gradunlly iherense the speed
te 16 rpm and rub for 1 hour,

() Remove dlsk from apparatus and blow off looso graphite
{luorids or molylkdenum dlsulfido leosoe debrls from the surface
uslng dry comproessad nir,

Frictlon and Woar Tosts

Insert ridor and disk (with applied sotid lubricant {ilm)
into the pin-on-diak apporatus und seal test chambor. Purge
moist uir through the ehamber for 16 minutes prior to starting
tosta and continue to purge throughout test, Aftor 15 minutes,
sct disk into retation at 1000 rpm und gradually spply loud,
Tho tegt temperature was room tomporature, approximetely
259 C, and the lond wis 1 kilogram,

Euach test wns stopped af preset intervals of sliding, The
rider und disk were removed from the frletion apparatus and
tho contnct arcus wore examined by optical microgeopy und
photographed, Surfuce profiles of the disk wear tracks were
also takon, After exdmination, the rider and disk wore re-
Ineerted into the apparatus and the previous test procedura
veposted, The rider was not removed from the helder and
locuting pins in the npparstus Insured thot it was returned to
its original position, Most tests were continuoed uatil fallure
ogeurred, ‘The fallure eriterion was a friction coefficient of
0,40, Rder wear was culeuwlated by moasuring the dinmeter
of the wear scar on the hemispherfeally tipped rider and thon
culculating the volume of matorial worn away,

Anulysis of Sliding Surfacoes

Optien]l microscopy techniques were used to gtudy the lu-
bricating films, the transfer films, and the woenr particles,
The surfnces were viewed at magnlfieations to x1100, At
these high magnifieations, the vertical rosolution wes low (the
order of 1 pm); this tesect wis uscd to measure the heighis of
varjous funtures on the sliding surfnces, such us f1lm thick-
nees, weunr track depth, cte,

vertical fllumination and observation of the surfaces al-
lowed] interforence [ringes to be seen in the flime, both on the
disk wouar track and on the rider wear sear, Iaterference
fringos indicated thut the solid librionnt partioles had (owed




togethur to fopm i continvous film thut wag very smooth kid
thiat the flim was belng ahoared thinner wxd thinner In verlowy
nrons, Fopr oxample, the gradunl depletion of tho frlnges In
the inlot nrow of the rider waile soary tndleated that the fllms
weréd thinney than the wavelength of Hght (0.4 pm),

The microscopo waw also equipped with fwo polurlzing
fltors (one which could be potated); thua, the sllding swfacos
wore exuminad botwesn erossed polarlzing [liters, 'The toch-
nique waa enpoclally usoful with, gragphite fluorlde slieo it waa
Hrefrlngont wnd the motallle wenr dobyis was nol, Thus this
toehnlque wis usod to distinguish graphite fuorlde partielos
from muotallie wear debrle,

RESULTS AND DISCUSSION

Priction, Woap, and Woear Lifo

Tha frietlon, woar, and wenr Ufe resulls prodented in
this pupor wea fyplenl of the varlons experimentsl conditions
evluated, All exporiments werd conducted ot least twiee and
good repontability wan obtained, The purpise wia to obtnin a
Lottor undorvstanding of the lwbricatiun and fallore mochaniyme
amd how thoy wero affacted by atmospheva, Thub rosuits pre-
sontod wore golocied Lo show the Erends vather than to dyfine
quantititive valuou,

Frietion trucos for 4400 N1 stoeel vidors sliding on
vubbed fitmy of graphite (uorida (O ) sl mulybdenn
disulflde (MoS ,) are whown in 1?11;.. 4. Bash 1w wne evalu=
ated ut voom tomporatura (25° ©) in three diferent stinos
sphores; molst nle of dpproxioutoly 6O pareont valutive
humidily (10 000 ppm 11,0), ary ade (20 ppm 1,0} and dey
urgon {<2 ppm 1,0},

The {riction coolllolent and wone Hyves of MoS, fllms were
Mghly dependont on tdmosphore, In dey sl and dey aegon,
tho frietlon coulflolunta wore found Lo bo nenrly equil {<0.02);
howaver {n molst ale, the lowest value of Irietlon coefflelent
obtadnud was 0,08, Wour life was move highly aifocted by ab-
mosphoero than was the feivtion coolficiont, 1i molst nir, full-
wee ocevrered afler only 10 kilooyeles of silding, while Iy duy
alr the weur lfe wis 100 kilocyelos nnd In dey nrgen ft wab
1500 kllooyelos.

The (riction coelficlont of (CF ), Hlms waa found Lo bo
vory similne to MoS, e, howoever the varintlon in wenr
e (n differont ntm'éuphumu) win hot as groat, The longoest
wonr 1o wae obtalned in moist wdy (380 ke) and ihe shortost
fiv e ade (100 ku), dey-argon gave wn intermudiate woenr 1ifo
of 180 kilocyolus. An ndvantigo of {CF ), over MoS, s jts
ability to lubelonts for longoer poriods of time (950 vs, 10 ko)
uhdor anvlivonmuntal conditions which opg might consider noy-
mal (50 percent velative humidity afe), Under Inort conditions
howaver MoS, was siporiorto (CF .

IRider wony na o {unctlon of sliding duration L8 sliowi i
Flg, & for riders which slid on the Mos, fllma and (CF, i
[{lmis iy the thrde different ntumuphurus. 14 dey niy :uul lhy
nrgon loss rlder worr ocotrrod for the #iders which slid on

MoSg filma than on (), filma, howover (n molet aly the ops=
poslto was bruc,  In genoral, vlder wear did pot dnerenge at o
conatant vate, Thoere appeared Lo bo thice reghnes to the
wony proceass the Hest was an interval of high but gradunlly
deoronstng wesr ratd, the second was wn intorval of relabively
vonstunt weny vute, and the tidrd was an Interval of gradunlly
Inorodsing wonr rito,

Those reglmes onn bo moye easlly seen In Cable 1, where
vldar woar vato fronr yolime por unit sHding distance) 1y
glvon for eneh vllding Interval wsed In this investigatlon, ‘The
flest vldoy wonre peglms (which might be copsldeved run-In')
why merkodly affectod by waler vapor fin the aie stimosphore
for both solld lubrleants, Rider wear vaton wero Lrom 4 Lo
10 tiwos bighor I malst nte than tn the dey atmospheres, The
vider wear rate on the MoS, E)m In modst nr was found to be
hlgh In all threo voglmes; however, after run-in® the pldor
wonr rato on the {CF g}, fHm in motst air way found Lo bit
alnilir to thee found Iy the dry atmospherves. i dry niy,
slmtlar rlder wonr tates were sbtalned on both Mob, tilma
and (CF ), fiima; howovor In an lnert stmogphore {dry drgon)
lower rlder wane raled (for o considorably longer porlod of
time) woro obtalned on MoS, filma than (OF ), [iims,

MoS, LOBRICATION AND FALLURE MECHANISNS

The method used to study Jubeteation and [miluve mechn-
nisms In this stidy was (o stop the testy nt prosel sliging Ine
tervals, snd exmnine the sliding surfuees by optieal microg-
copy ab bigh magnifieatlons. Thus thoe tests wera stopped and
the surfreos exuminod aiter sidbyg dueatlons of 1, §, 16, 60,
100, 200, 400, 700, and 1600 kloeyolas; or at fullure {n frie-
thoti conffiolent of 0,30), The resalts obtalped wora very do-
pendent on the atmosphore in which the Mo, films wore tval-
untod, thua each nbimosphers will be prosonted sipaeately,

Molst Ale

The first atmosphire to be diseusgod is an atmogphors
which nifght bo eonsidered a typleal conditiong thal 18, wn nt-
mosphore of 80 pervent rolntive munidity ale ot %7 ¢ {10 000
ppm 140}, ¥lguve 6 shows tho slidlng surfaces alter 1, 5,
and 10 klloeyolea of sliding.

After only 1 minuto of sliding (T, G(n)), 0 lnrgo hulldup
of MoS, 18 sven in the eptranca reglon of the senr, The hlﬂbq
is |mwdun ¥ Ak the lending edge, but it bocomes highly com-
pressod towards the contaet veglon, In faet, {n the contnet re-
glon, the MoSy partloles conlosee and it 1s Impodsible to dis-
tinguish Indlvidond particlos, The corleseed 1\1052 film tonds
to plastlenlly flow aeroas the eontiet aros and then beéak up
inta fine powdery materlal in the exlt. Qosloselng snd plastie
flow soum lo be charncteristios that good solid btloasts pos-
gtsy, Sliney (12} his obyorved this with an optical microgeope
by viewing dynnmleaily vaplous solld lubricant powdors, as
fhoy pass throwgh the contnet aven of & metnl-ball siding on o
dnss disk.

Tha wonr tracle on the ribbuod- MaSﬂ fiims 18 slown
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¥ign, G(e) and T(8) altor 1 kilvoyolo of eliding. In the centor
of the woar tyack most of the original film haa been plowed
away ad what remutnod wis compactod Moy hi the sanded
seeatchos, The Moy tonded to flow from tho soralchon In
vy thin fthng neross tho Oab motnllle plitosny batwoon tho
geradchos,

Figure 6(b) shows the slllng surfacoes niter & kllvoyelea
of aliding. A defladte change on the aliding surfacos hea taken
plree; most of the smooth, conluscod mnterial g gone and
what remaing {8 black powdery dobrdis, The high mnagniflca=
tlon photomlorogrophs of ¥, 7¢h) show nrean within the co-
alescod M8, filma which ave teansfornting ta u black, pow-
doery materlal,

Alter 10 kiloeyeles of nllding, fallure cceuered (n friction
coolficlent of 0,00), Figure tfo) showa the slding surfaces
niter fuflure. No smodth, conlescod MoS, films wore found
on elther the vlder orthe woar track, Instoid, u hinvy, rip-
plod powdery film was [ound on both rider wnd disk sliding
aurfnces ((g. 7(e)). It 18 turesting to note that Indlure wiis
maorked by tho bulldup of & henvy transfor fiim on both sur-
foces nnd dhat no golling was ovidont on alther swmface,

vy Alr

The izhemical docomponition of MoS, Hlms uniler sliding
conditions hhag boen the subjeet 6f pevaral studics (13-19), 1t
his buen shown that the niost predominant chemieal renction
bitkng ptuce Is the oxtdation of MoS,. 1 hag also boen pro-
posad thal 1,0 In the stmosphore gronlly sceolorntes tho oxt-
dution provess (17), To detorming the elfect of wider vapor
on the briontion snd fallure mechsnloms of Mod, [flms,
slmilar experlments to those In molit alr were conducted In
dry alr (<20 ppi 1yGh

Figure 8 glves photomlovographe of the slicing surinces
in dry alr aftor 1 kilocyelo of sliding, Teanafe: o the vlder
ot this polnt (Fig. B(u)) I8 soan to be stmiinr fo that found
molat nle (Mg, GE)), that e the teansfer was fnirly heayy, On
continuoed sliding, howaver, the transfor [m boenne very
thin, Thin typo of Leansfor wus nol observod in melst ale, but
it did ovstr in dey argong s dicensslon of this ype of trine-
for will bo deforved wntll the Dry Avgon socthon, AL faflure,
truisler lookid very similue 1o that found In meust sl ({1,
Gley), that s o heavy, rippled, convser typo of transfor fim
occurred,

The Mob, {lIm on the wone traek adter 1 kilooyol ¢ of slld-
kg (g, 3(b)) niore continonaly coverad tho aurlface and had
mure of & metallio lugtor than did the wonre track films formaod
in moist aty (Hg. 6{n)), Aftor § [dlooyelos of sllding, trani.
formatizn of the metnille colored MoS, [thns to blackish
colorad nrons wis found Lo oveur (l’lg."u(n)). and ne aliding
contiwoed tho numbar and stze of these areas Inerossed (fig.
0y}, In nroas whire the fhm wits thicker, the bluok areus
tobk the form of Lubbles (fig. S(n} and (b)), At IMlure {100 ko
of alidingy, n powdory biiildip of muterial lke that found in
muoist air was found on the wone track (T, T{e)), Thus it wne

obsurved that the tranafermation of MeS, evenrrud dn dey alr
na well na mafel ale, however the rote wus ditch slower in dry
nir,

Dry Argon

The bubbles obseryved on the D wear teaek in dey ale
weore very slimitae to what Salomon, DeGes, and Znal have
found In pravious studlva {16, 16), and ta which thoy have nt-
trlbuted to oxidution of Mos,. 'Fo dotermine thy wlfect of oxl-
tation on the lubrient{on und falhire mechanisins of rubbad
MoS, fiimg, almilor experiments to those conducted In dry
lmg molut dde wors combucted In dey avgon (<20 ppm 10,0) ot
25" @,

Flgure 10 givea high maguaification photomlorvgeaphs of
fntevesting fontures Lovnd on thoe {1lny wedp track wioy viriouy
aliding fntevyals In dey angon. After 1 kllooyolos of slidlyy
{flg, 11{n)), tho {ilm on the wear brack was smooth nad contine
uois mud the metallle substente conld not be seon. A fow
bubble=1ike protrualons could be geen afiyr 1 kiloeyelo of alid-
fngg at tho outer vdgoes of the wonre teack (fig. 310(n)), nnd after
longer durntions of sliding thesae bubbles eould bo found nlso In
the centor of the woar teack.  Flgire 10(b) shows tiie of those
bubble aveas 1n which tho bubbles have eracked mnd spalled
from the swmefnags, These arens of bulbling, cracking, and
spalling wers loeallzod and most of the track remudned smooth
and eontimtous,  &lnoe no chungo vecurrod in color (Lo, they
remudnod metallle coloved ad did not tuen black), It {8 su-
mised that no transfermation of MuSa wig oveurring,

On conthnued aliding, the spailed nreas tended to bo sell-
hoating nevertheless; ilter long sliding durntlons {700 ke the
fllnig stnvtod to thin in the contor (g, 10{e)). Al luilure
{1460 ke of sMding,, the wenr track surface wns covored with
u conrse, powdory type of moterll, Tlws, os fodind in motst
ale and dey ade, Talluve was ohavaoterlzod by e buildep of o
conrdo, powdery film, In contrast to the ale resulls though,
this powdery dobris was belleved to vesult [rom tho deplotion
of Mo, by the radint flow from the contoet ayen eathoer than by
deplotion of MoS, by chembonl Leansformation,

Tranalor {llms to the rider aye shown after 1 and 400 kilo=
cyoles of sliding In Pl 11, After 1 klloeyele of sliding,
tranafer was nob markedly ditferent than that found for tests in
mofst and dry aur, execept that the transfoer tonded to flow mora
through the central portlon of the sear and thers wosg leai
buildup at the edges of the rider senr. A sliding continued
the transfor on the vider senr becmne thinner wd thinner,
Flgure 123(b) shows the transfev aftor 400 kilooyelos of sliding,
Tha Mos, tended to bulldup In the rider entrance and then was
shenrad extremely thin is it passed through the contwet nion,
Treanefor {{lms slintlar to this were found In dry ale; bub not
In molst air, beeunse of the roapld degradation of the MOSBD
Similarly to dey und molst alr, at [iduge heavy, conrse trans-
for wiy found,

Graphite Fluoride Lubrication and Failura Mechanisms

Experiments tdenticnl to those condueted on MoS,; Mlms
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waro mlso performed on graphite fluarlde ((C) ! fiima,

Binew (GF,), wos transpavent to lght and double refracting,
the pilieiples of light intorforence and birefringency wera
used to annlyze the fllme and determine if {OF,), was proaent,

Moist Alx

Photomiorographs of u ridor wear acir and a woar track
on u {CI'}, fllm aro shown In Flg. 12 aftor t kilocycle of
sliding In & molst ulr atmosphore. In cohtrast to tho Mo,
results, no heavy transfor film was found on the rider woar
fear, The (CF), tondod to bulld up in the nlet reglon and
then thin as it approsched the contact reglon, Figure 12{n)
shows Interferenco fringes which gradually disappenr into o
mllky colorod roglon on the vider scar, This Indiceted the
(CF.),, film waw shearod too thin for jnterference fringes to
oeeur, In o fow Instancos, thicker sheared partleles of
{(3[-‘,‘)n puss through the contnet veglon (ns seen In flg, 12(a)),
Lut for the moest part tho thickness of the transfor was less
shan the wavelength of light (nbo 13107 m).

The wonr track on the disk was eharactorized by highly
colored Interforence bands (fig. 12{0). The (CT}, rondily
flowod over both surfaces and producod fllms on the wear
truck which were fi the order of 434077 1o 800”7 moters
thlek {the wavolongth of light), Tho good fow proportles wero
detrlmentnl In one aspoet, however, and that was {CF,),, aleo
{ended to flow out of the contaet ares, Figure 12(b) showa the
flow as a bulldup at the sldes of the wonr track and us blres=
fringent debeis further [rom the track. ‘This nlong with the
faet that the (CF ), tended to pop out or spuil from soma of
the seratches (f1g, 12(L)) was deemed the major cause of fnll-
ure in these experlmonts,

As a general rule, fallure of the (CFx)n films wns nol
abrupt, but a gradunl process. After run-fn, a perlod of
rolatively constant friction oceurred which wns followed by o
poriod of graduntly ineressing fedctlon, During the constant
friction phare, the film wus gradunlly belng depleted, Flg-
uea 13 shows the depletioil of the film alter 100 kilocyclea of
sliding. A censiderable amount of (CF),, wua still present an
the woar track, but the film on the nonsoratehed arens wis
not nearly as provalent,

Even though the {ilm on the wonr track was being depleted,
the vider wosr sear alter 100 kilocyclos did not look mueh dif-
forent than it did aftor 1 kiloeyole of sliding, The mnjor dif-
feroneco is that the sear was 1ur_gcr and that theve wos less
(CFy),, fn the inlet urea, The transfer film on the vider
looked about the same, with the éxeeption that some-birefrin-

Qunt (CF),, transfer waa prosent.

What happened to the surfaces when friction wap gradually
inereasing waa quite Interesting, Figure 14 shows the sup-
Incos at the time the firfetion cocfficient reached n value of
0,20 (308 ke of sliding). Dark bands of henvy transfor were
geon on both the rider woar sear and the flim woar track,
These bands were found to be o mixture of (CF,), and fine
metollic wear particlés, Tho formation of those bands wie

bollovod to result from the depletion of (CF,}, from loeatized
reglond {n the fllm wenr track. Thesc reglons gonerate ox=
cosslve metallic wenr particlea which milx with (CF ), prosent
in other reglona to produce elrewmferentiul bands on the truck.

Eigh mogntfiention observation of these bands indientod
that even though thoy contalned fing metallle debrla, flow still
aeeurred (g, 14}, Aftor 380 kilocyeles of atiding, however,
the flow propertiea of the fiim (both on the rider and the disk
wenr teack) wero not nearly 18 good, ‘Pransfer beeams darker
and more powalery, Exam otion of the wone avens wnder
croseed polurizing flllers, wiowed very few bivefringent pav-
tictos,

Dry Afr

{CF ), films wore nlso evalusted in o dry alr gtmosphero,
In dry ale the some three regimes of frictlon becorved, A
run-in phase @ = 0,10), u low frletion phase (= 0,02), and a
phase of gradually incroesalng friction, The tests were stopped
and the surfnces woro observed In each of the three veglmes,
Flgure 16 gives photomicrogeaphs of the same area on the
{C¥., fllin wenr travi taken during the {a} Yran-in" phasc
(1/4 ke of aliding), (1) ditving the low freletion phase (3 ke of
sliding), and (c) durlng the bigh friction phase (24 ko of
gliding).

in gosoral, thore was not a grent dexl of difforepes in ap-
pearance between the suvlaces cyalunted In dry ule and In
modst alr, "Runein" consisted of plastieilly deforming the
{CF,),, puriiclos Into o smooth, conleseed, thin fim and the
wotreing off of nny metallie nsperitics that protroddad through
the flim, “The low or constint frictlon phnse consisted of
sliding on these conlesced fllms, and the highor [eicton phase

consisted of the gradunl depletion of (CFQ,-

One obyious diference Iy surface characteristies belween
melst nir and dry sir was that In dry alr the (GFx)“ disengigoed
from the soratches much more veadily than it did in molst air,
This disengagement enn be geen In Fig., 16(b) and {c}; whoere
omply scratches enn be goen, Apothor difference Js that dov-
ing the low rietion phase, the (CF), in dry ol tended to
clump together moro than it did during the molst ale tests
([ig, 16(b)). 1t is posuible that disciigngement from the
soratches was in somce woy related to the lower friction ob-
tuined, but it was algo detrimental to wonr 1ifo due to the fact
that it led to n more rapid depletion of (CF, ), from tho wenr
track,

K}ll

Figurs 16 shows photomicrogenphs of the rider translor
{ilmis which correspond to the intervals of Fig, 16. Compnred
to the moist air tests, the videy rui in dey air had a thicker
transfer [lm on it Alsa theve was more trinsferred (CT,),
matorlsl at the aides of the wenr sear than found for moigt afr
toste, ‘The difterenee i transfor may have boen g contributing
fuctor to the lower [eletlon attained tn dry aie,

In Tlg, 16{c) very fine metul partictos can bo seen in tho
ontrance region of the vider, The rider transfer film in the
contnet vegion of the same photograph appears {o be Mheavier”



and nut'as smooth 88 {a the provious two phetographs, Most
lkely this fransfer 1g also o combination of (CF,), and motal-
No pertlelos,

Dry Argon

Tho resulte from tests which were conducted In o dry
argon utmogphere were very similar to these obtgined In dry
alp, Rider wenr sears, transfer flims, and the ((‘.Fx)n fiim
near tracks did not look much difforent, Figure 17 glvea
phetomberographd of the film wear track after (o) 1, (L) 16,
{e) 60, und (dj 180 kiloeyeles of sliding, The sune gencral
{ilm wear procoess (as waas found In molat alr or In dry air)
wita found to nlse ocour in dry argon, and that was a gradual
depletion of the (cl-‘x)n from the contact reglon.

One differonce botwoen the dry alr and dry argon tests
wag that the (CF, ), did not as readily disengago from tho
soratches, andthis most likely wag the reagon for the longor
life In dry argon, Another differcneo wns that heavy bands of
transfor dld not form on the purface of the ridor or the disk
woear track when high frletion oceuryed ne [t ¢id in molst alr
and In dry air, Soms disongagomoent from tho seratches did
oceur In the form of small bubbles as can be scen In Fig,
17(by-

Compurison of MoB, und Cr,

Both MoS, and (CF,), wore found to form transfer films
and to flow plastloslly in the eontact region. Transfer {ilm
formation was found to bo of & dynamie nuture. Solld lubrt-
oant built up in the rider sear entranco region and way gradus
ally fed Into the contact reglon, whero It sheared and gradunlly
flowed to the exit,

On both MoS, and (CF ), rubbed fllms, & vory thin,
smooth, coaleseed fllm of oach solld lubricant was produced
by the rider duting the Initial stagos of aliding. 'I'ks thickness
of the film produced was found to be gruater for MoS, than for
{CFy )y The thickness of the {CFyi, film produced was In the
order of the wavelongth of light (0.4 to 0.8 pgm) while the thick-
‘ness of the Mofy fflm produced wits in the order of 1 pm. As
sliding continued, the films tended to got thinner due to radlal
flow (or transverse flow) [rem the eontuct, Thus the scratches
on the surfuce sorved two purposes and thut was they tended to
restrlet tho radial flow of the lubricant and they served us o
reservolir,

Tho mechanieal stresses of gliding, also induced bubbles
and pulges to oceur In localized areas of the fllm wear track,
which caused oracking and spalling fo occur. As long as
plentiful supply of lubricant was avaflable on the film wear
track, the filoy rebedled, However, during this process a
cortain wnount of lubricant found its way out of the eontact ro-
glon which also resulted In thinning of the fllms,

The major difference betwoen the lubricating mechanismas
of the two solid lubrieants, was that failure of MoS, fllms way
much more dopendent upon atmospherie conditions than were
(CF,), {iims. In alr (und especinlly moist alr), the mechani-

cal stressea of aliding Indueed tho tranaformation of bright,
metallie eclored films of Mol to black, puwdery looking
MoS, films, with the result that the woar lves wore shortqnud
econsldorably. Tho wear lves of (Cr_-‘x)n were also affected by
utmosphere, but to a lesscr oxtent than M8, fllma,

Optioal obacrvation of the (CF,), (s ut high magnifica-
tlons did not Indleate that transformation of (OF,),, waa toking
pluce, MHowever, Atkingon nnd Woghorne (20) have studied
falled surfaces of graphite fluoride fiime by X-pray photoolec-
tran spectrogcopy und deduced that fatlure was due to the
chomienl decomposition of the graphito fluoride, They glve no
details about the friction und woar teste or-the conditioyn of the
surfnces, thus it s hard to compare thoso results fo this
study, If decomposltion of {CF,),, vocurred In this study,
thoro was no optlee] evidenco that any decomposttion product
wasg hurmful to the lubrleation process.

SUMMARY OF RESULTS

Friction, wear, and optleal mieroscopy studles of molyb-
denum disulfide (MoS,}) and graphite fluoride ((CF,) ) (rubbed
filme in moist alr (10 009 ppm H,0), dry air (<20 ppm [,0),
und dry argon (<20 ppm 11,0} atmesphoeres Indleated that:

1. ‘The lubricating mechunisms of the two solld lubrizants
wore relatively similar. ‘The mechanism eonsalsted of tho for-
maotlon of u thin, coulesced solid lubricant film on each sliding
surfueo during the isitial stages of sliding, and then the con-
tinual plostie Ilow (shear) of this {Ilm between the slding sur-
fucos, Transfor {ilm formntion was found to be of a "dynamice"
nature, The solid Inbrieant powder buflt up in the entrance
reglon of the rider scar, bocmme compactod, and cientually
coaloscad Into o vory thin film In the contrct reglon as It
flowed towards the exit reglon,

2, Two [ullure mechanisms were found te be operating,
The [frst, which was moroe provalent with Mol than with
(CF,), was beiieved to be due to chemicul decomposition, In
alr, bright, matallie colored, conlesced films of MaoS, warce
obsarved to transform to a bianckish more powdory type of ma-
terinl, but in dry argon this did not eccur, The second fallurs
mochanism was due to the gradual depletion of the filims by
radinl flow (or transverse flow) or by eracking and spalling of
the films. )

3. Graphite fluoride tended to flow from the contact aren
more readily then did MoSp; thus the seratclics on the surlace
{to which the solid lubricant was applied) served two purposes
with (CFX)" (also to & lessur extent with Mosa) and that was
thoy tu_nded to restrict the outward flow of the (CF,},, und they
gorved us u reservole for the selid lubrieant,
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TABLE 1, -~ EFFECT OF ATMOSPHERE ON THE RIDER WEAR
RATE FOR RIDERS WHICH SLID ON RUBBED FILMS OF

GRAPHITE FLUORIDE OR MOLYBDRENUM DISULFIDE

Sliding Inteival, Ridor wear rate (m°/msa06~15)
ke )
Moist alr Dry ajr Dry argon
(10 000 ppm H,0) | (<20 ppm H,0j | (<20 ppm n,0)
MoS, (CF,),, [ MoS, 1 (CF ), | MoSy HCF),
0=1 2,0 1.69 |o0.19 |o.44 o7 0,45
1-3 b8 .43 046 088 | 041 ,oas
5~ 15 ——— 030 | L0568 068 | ——e==|.,020
6 =10 2,4 ) ewee amiime | e | e ——
16 = 60 e D40 | 017 17 L0121 o025
60 =~ 100 —— 1 16 | .28 012 | 025
100 - 200 — 12 | e | e [ imen [ D52
200 - 1500 | w-ee ST p— rwmse [, 018 | cmaee
(1600 = 1800 | ~mmes | ewe [ meee [ eanee ) 1 3 [p—
S0 - 90 ke,

b190 - 180 ko.
C200 - 308 ke,
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Figure 1. - Photomicrographs and surface profiles
before friction and wear test were performed,
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Figure 4, - Friction coefficient as a function of sliding duration
for (@) Graphite fluoride films and &) Mo!ybdenum disulfide
films evaluated in three different atmospheres.
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Figure 5, - Effect of atmosphere on rider we.. .2!_"'. a5 @ func-
tion of sliding duratior: for riders which slid on graphite
fluoride or molybdenum disulfide films rubbed onto sanded
440C HT steel disks.
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Figure 6. - Continued,
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(3) RIDER WEAR SCAR,

Figure 8. - Photomicrographs after sliding for 1 kilocycle in adry air
atmosphere (€20 ppm, H-0) at 5°C,
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Figure 8. - Concluded,



ORIGINAL PAGR I
OF POOR QUALITY

N

77

METALLIC
COLORED A 11 : B

MOS;{) 1 S TR ; l———l
d f_'{‘_’d‘;f 4 F i
2 3 o BLACKISH]
P b / \*2/  COLORED

BUBBLES |

(@) 5 kc OF SLIDING,

Figure G, = Photomicrographs of MoS, film wear tracks taken in a dry
air atmosphere (<20 ppm H,0).



I METALLIC 'J'-' o ..

! S ==~ TRAN SFORMED

COLORED

(b) 60 kc OF SLIDING,

Figure 9. - Concluded,



ORIGINAY, PaGr
OF Ponk Qriagrry

EDGE OF WEAR TRACK
" oWk e &

ks

B2 scratcr

N METALLIC
COLORED
BUBBLES |

‘ q

(@) 1 kc OF SLIDING,

FILM IN
PROCESS

OF SPALLING

= -

L%

IMPRESSIONS

S
" s

e

. 9
- b

\

o
- B
S

. & 10
- _‘ ,_"_‘Jm

CRACKS IN FILM SSstay
- 4 3 A

(b) 60 kc OF SLIDING,

Fi~ ;re 10, = High magnification of Mo
tained in a dry argon atmosphere (
intervals,

film wear tracks which were ob-
ppm Ho0) after various sliding



() 700 kc OF SLIDING,

(d) 1860 kc OF SLIDING,

Figure 10. - Concluded,
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Figure 13, - Photomicrographs taken after 100 kilocycles
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BAND Of

TRAN SFER [

L)
=
o
=
<
=4
3
<

=<
—_
=
>
o
a
-
—
o
~

Jry FILM WEAR TRACK

(b) (CF

Figure 14, - Concluded.



WY STNAL PAGE Tk
OF POOR QUA '™

(CF ) o
WEAR TRACK EDGE SRt

B\ SANDED SCRATCHES
SN FILLED WITH CF,

|Il

(@) RUN-IN PHASE, p=0.10 (1/4 kc OF SLIDING).

Figure 15, - Photomicrographs of the same area on a
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slid on the graphite fluoride films shown in fiqure 15,
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Figure 16. - Continued,
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Figure 16. - Concluded,
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(a) 1kc OF SLIDING,

Figure 17, - Photomicrographs of a graphite fluoride film
wear track after various sliding intervals in a dry argon
atmosphere (<20 ppm H,0),



(b) 15 kc OF SLIDING,

Figure 17. - Continued,



(c) 60 kc OF SLIDING,

Figure 17, - Continued,
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(d) 180 kc OF SLIDING,

Figure 17. - Concluded,
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