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SUMMARY

Experimentalstudieswereconductedto evaluatetheformation,
undertransienttemperatureconditions,.ofsulfidefilmsonheated
steelspecimenshmersedin solutionsoffreesulfurin cetaneandto
establishthenecesssrysulfide-filmthicknessforeffectivelubrication
understatic-frictionconditions.

Withtheparticularsteelspecimensusedintheseexperiments,the
minimumtemperaturesatwhichironstiideisformedontheheated
specimensin cetanesolutionscontaining0.1to 1.0percentfreesulfur
by weightwerefrom,700°to 375°F, respectively.By establishingthe
coolingratesofhotspecimensinsertedin coolsolutiohs,amountsof
reactionproductformedatvarioustemperatureswithvariedconcentra-
tions,andtime-temperaturerelationsinallexperiments,itwaspossi-
bleto calculatetherateofformationofthereactidnfilm. Thecalcu--
latedrateoffilmformationon steelina solutionof0.5perceptfree
suUurin cetanewasapproximately1.8x105Angstromunitspersecondin
thetemperaturerangefroril.lOOOto 1000°F.

Static-frictiondatawereobtainedwithcleandrysteel(coeffi-
cientof staticfriction,0.79).andforsteelcoatedwithsulfidef-ilms
ofm“iousthiclmess.Dryfilmthicknessesof 5000AngstromUnitsor
greaterwerefoundnecessarytopreventsurfaceweldingcompletelyand
to producerelativelylowfriction(coefficientof staticfriction,0.32
to0.39).Weldingwasappreciablyreduced,however,withfilmthick-
nessesaslowas 3400Angstromunits,-althoughfrictionwasreducedonly
slightly.Thisresultindicatedthatthinsulfidefilmsweresomewhat
effectiveeventhoughcompletepreventionofweldingwasnotobtained.

INTRODUCTION. “

Experimentalstudiesby numerousinvestigators(references1 to
5)haveestablishedtheconceptthattheeffectivenessof so-called
extreme-pressurelubricantadditivesisdependenton chemicalreaction
betweentheadditivesandthelubricatedsu@acestoproducea solid
surfacefilmhavingdesirablelubricatingproperties.HighsurfaceI
temperaturesarenecessaryfortheproperfunctioningofextreme-pressure
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2 NACATN 2460

lubricants.Bow&n andRidler(reference6)havedemonstratedthat
surfacetemperaturesoccurringon effectivelyltiricatedslidersmaybe
above600°C (1112°I?)andthat,inmanycases,localizedsurface-
temperatureflashesapproachthemeltingpointofoneoftheslider
materials. WithcontinuedmQtIonof sliders;a seriesoflocalized
temperatureflashesoccurswiththetotalsmountofheatenergy(but
notnecessarilythemaximumtemperatureofthesurface)beingdependent
ontheloading.As suggestedinreference5, “extremetemperature”
lubricantsmightbe a moreaccuratenamebecausetheysreprimarily
temperatureactive.

Thecompletemechanismofactionofthetemperature-activelubri-
cantsisnotknown because of itscomplexity.However,theactioniS
dependentonthecompositionandstructureof slidermaterials,the
compositionoftheatmosphere,andthephysicalconditionsof sliding
aswellasthecompositionoftheMbricants.A seriesofpossible
chemical.reactionsthatmightoccurwithsulfuradditives(amongothers)
isout13nedinreference1;thelubricatingfilmthatisformedon steel
surfaceswasfoundtobe ironsulfide.

ThesoMi reactionfilmformedbythetemperature-activelubricants
mustpossessdesirablelubricatingpropertiesunderstaticanddynamic
conditions.An investigationofthelubricatingpropertiesof suchfilms
underdynsmicconditionsisreportedinreference-7.It is suggested,
inref~ence7,thatathighslidingvelocitiesthetimeincrementduring
whichmatingsurfaceareasareinintimatecontactis soshortthatan
effectivelubricatingfilmcannotbe formed;thishypothesisis sub-
stantiatedinreference8. Static-frictionexperimentsto establishthe
minimnmfilmthicknessof sulfideon coppersurfacesthatis effective
inprovidingsolid-filmMibricationarereportedinreferences9 and10.
Suchinformationisunavailableforsteelsurfacesanda basisfor
quantitativelydefiningan effectivelubricatingfilmof sulfideon
steelisneeded.

ThepreSentinvestigationwasconductedattheNMA Letislaboratory:
(1)to studychemicallytheformationof sulfidefilmson steel,and
(2)to establishby a frictioninvestigationthesulfidefilmthickness
necesssryforeffective’lubricationunderstaticconditions.

Thedataonfilmformationwereobtainedundertransienttempera-
tureconditionswithheatedsmalJsteelspecimensinsertedin solutions
offreesulfurdissolvedin cetane.Theeffectof sulfidefilmthick-
nesson lubricationwasdeterminedwitha static-frictionapparatus.

APPARATUSANDPROCEDURE

Theseparatephasesofthisstu~’”(chemicalandstatic-friction
investigations)willbe discussedindependently.

.
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ChmiicalInvestigation

Method.- Theapparatususedfortheformationofironsulfide
filmsonrectangularspecimens.is showninfigure’1.-!lhisequipment
consistedprims.ril.yofa smallelectricfurnaceandtwoweighing
bottles,whichcontainedthelubricantsolutions,allmountedona
turntablewithina coveredglasschaiber.Thechaniberwasprotidedvith
anatmosphereofhelium,externalcontrolsforrotatingtheturntable,
anda meansforraisingorloweringthesteelspectienintothefurnace
andthesolutiou. ,

Thespecimenandspecimenholder(fig.l(b))werefirstlowered
intothefurnaceandheatedto a predeterminedtemperature,whichwas
measuredby a contactthermocouplepressedintoan indentationatthe
topofthespecimen.Withthethermocoupleinthisposition,the-bulk
temperatureofthematerialratherthanthesurfacetemperature-
measured.Theheatedspecimenwasthenraisedfromthefurnace,the
turntablewasrotatedtotheproperposition,andthe”hotsteelspecimen
wasinsertedinthecool(roomtemperature)solutionoffreesulfurin
cetane.Theconcentrationof sulfurin cetanewasvariedfrmnO.1to
1 percent.Afterbeingtakenfromthefurnaceandwhileinthesolution,
thespecimentemperature.wasobsemedaqdrecordedusinga reco+ing
oscillograph,whichgavea sensftiyerecordoftemperatureasa f,uqction
oftimeo Thetemperature“sensitivityof-&lOOF-isdependenkfuthe ~
cyclicalfrequencyoftherecordingequi~entandthemdmlJm.cQolin$j
rate. Theinstantof contactandthetemperatureof.thespecimenat‘
contactwiththesolutionwasestablishedby theabruptchangeinthe
coolingrateofthespecimen,as indicate!onthetime-temperature
record.Theexperimentswererepeateda nmiberoftimesto,obtain
dataattheinitialtemperaturesdesired.

Withtms apparatus,exp%tientswereconductedto establishthe
minimumtemperatureatwhichdetectable(bymeansof chemicalspottest)
ironsulfidefilmswouldbe formedinsolutionsoffreesuMurin cetane.
Thisminimmtemperaturewastakenasthattemperaturebelowwhicha
negligibleamountof s~ide isformed;thetotals.mountof sulfideformed
onthespecimenat eachinmersiontemperaturewas Obtaimd W quantitative
chemicaltests.Ifthesmountof sulfideformedperunitareaatvarious
temperaturesandthetime-temperaturerelationsareknown,theamountof
stiideformedpersecondandconsequentlythestiide-filmthickness
formedpersecondcanbe determined.

Inthechemicslexperiments,a transienttemperaturewasgeneraJJy
usedbecauseitapproachestheconditionfoundin slidingsurfacesand
becausea fairlyconstantcoolingrateinthetemperaturerangeof
interestalloweda reasonableunderstandingofthetime-temperature
phenomena.Fortimeincrementswhicharewithinthemeasuringsensitivity
oftheinstrumentemployed(0.0083‘see),reasonableapproximationsinrate
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offilmformationandcoolipgratecouldbemqde. At thebeginningof
thesurfacereaction,therateoffilmformationmaybe an exponential ,

functionoftime;butforthepurposesoftheseexpertientsit isneces-
sarywithinsmallthe (ortemperature)incrementsto assumethis
relationtobe linear. N

Specimenpreparation.- Specimenmaterialtithlowsulfurcontent
wasselectedtominimizeerrorsinthespottestusedbecauseuntreated
steelspechenswithhighsulfurcontentgavepositivetestsforsulfide.
Untreatedpueiron(NationalBureauof Standards99.8-percentiron)and
selectedlow-sulfursteelsgavenegativeresults;accordingly,steels
containinglessthan0.035percentsulfurwereused. Becauseitwas
notedthatthepresenceofoxhlesonthespecimeninhibitedtheformation
of sulfidefilms,a heliumatmospherewasusedtominimizeoxidationof
themetalandthesolution.

Therectangularspectins(1/4by l/4by 3/32in.)werecleanedby
abrasionwithO and3/0metallographicpaperandtheriwashedwithacetone
andbenzene.

Qualitativeandquantitativeidentificationof sulfide.- TheFeigl
spottest(reference11)wasusedto establishthepresenceof sulfuras— —
stiideonthetreatedspecimensintheexperimentalworkreportedherein.
Theidentityofthereactionproductironsulfidewasverifiedin several
controltestsby meansof e,lectrondiffraction.TheFeiglspottestis
sensitiveto lessthan1 partpermillionof sulfyras sulfide;therefore,
itwaspossibleto estab~shthepresenceofa sulfidefilmof suchrein-
utethicknessthatit.coul.dnotbe detectedbyincreaseinweightor
changeintheappearanceofthesurface.

,

Quantitativedeterminationswereobtainedby a modificationofthe
Feiglspottest. Standardsolutionsofp-aminodimethylanillnecontaining
sulfidehaveeasilydiscerniblecharacteristiccolorsthatvarygreatly
withconcentrationof sulfide.By comparingthecolorofthestandard
solutionshavingknownconcentrationsof stiidewithsolutionsprepared
by dissolvingtheSulfidej?ilmfromthespecimens(ina spotplatecon-
taining2 ccof solution),itwaspossibleto establishtheconcentration
of sulfuras sulfide.Thecolorofthesulfideandp-amino&hnet~niline
solutionsisunstableforextendedperiodsoftime,consequently,stand-
ardwater-colorsolutionsweremixedverycarefullytomatchthedesired
gradationof sulfidecolors.Thecolorfromthetestedsulfidesolution .
washmediatelyvisua13ycomparedwiththestandardwater-colorsolutions
to establishconcentrations.Thesensitivityofthismethodofquanti-
tativeevaluationwassufficientforthedetectionofa changeof
0.1milligramper100cubiccenttietersintheamountof sulfurfrom
thesulfideinthetestsolutions.
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Thethicknessesofthefilmswerecalculatedfromsimpleweight,
area,anddensityvalues.Thefollowingassumptionsweremadeinthe
calculations:

(1) Theincreaseinweightwasentirelyduetotheconibinationof
sulfurwiththeironofthespecimen

(2) Thedensityofthe FeS filmwas4.84gramEpercubiccenti-
meter

(3) Thefilmthicknessonthespecimenswasuniform

(4) Thecalculatedsurfaceareaofthespecimenwas
surfacesxea

thereal

Therealsurfaceareaisappreciablygreaterthantheapparentarea;and
becauseaccuratedeterminationoftherealsurfaceareaisdifficult,
thea~arentareawasusedinthecalc~tions.Therealfilmthick-
nesswasthereforelessthanthatcalculated.

In ordertoverifytheresultsobtainedby themethodjustdescribed,
a secondmethodof establishingtheminimumreactiontemperaturewasused.
Solutionsofvariousconcentrationsoffreemilfurin cetanewereheated
to specifiedtemperatures.SmalJsteelspecimenswereeachimersedin
theheatedsolutionsfora periodof1 minuteandt-henremoved.The
minimumtemperaturesatwhichthesulfidewasformedwereagaindetermined.

Static-FrictionInvestigation

Appsratus.- Thestatic-frictionexpertientswereperformedwith
theapparatusshowninfigure2. Theprincipalpartsofthe,apparatus
(fig.2(b)) weretheriderassembly(containingthreeball.specimensof
hardenedsteel;RockwellC-m)’andtheplatespecimen(hardness,Rockwell
A-HO)whichtheballscontacted.A ballspecimenwassecurelyclamped
intheriderat eachoftheverticesofan equilateraltriazigl.e(asshown
infigure2(c))andthetotalloadwasappliedatthecenterofthetri-
anglenormalto itsplane.Itwasassumedthatthetotalloadwas
supportedequallyonthethreeballs.Theplate(SAE1020)wassecurely
fastenedtothebaseoftheapparatus.Thestatic-frictionforcewas
measuredwitha dynamometer-ring,strain-gageassanblysimilartothat
describedinreference12. A photoelectricrecordingpotentiometerwas
usedasa friction-forceindicator.Theapparatuswascontainedwithin
a chamberhavingprovisionsformaintaininganatmosphereof dryair.
Preliminaryexperimentsshowedthathumiditiesabove10percentreduced
thestatic-frictionforcejtherefore,frictionr~ weremadewith
relativehumiditymaintainedina rangebetweenapproximately7 to
10percent.
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Theforcenecess~ to overcomestatic
by elasticallyextendinga dynamometerring
straingagesweremounted..Thedynamometer

frictionwasappliedslowly
onwhichtheforceindicating .
ringinthestrain-gage

assemblywasconnectedtotheriderassenibl.yby a finewire. Thedis-
placementrateof0.0156inchperminuteinthissystemwasproducedby
a 1 rpmmotorrotatinga finepitch(64threads/in.)screw.Theinitial
motionoftheriderassemblywasobservedthougha telescopefitted
withcross-hairs.Whenmotionwasobserved,anindicatingmarkwasmade
onthetime-forcerecordinthepotentiometer.

Misalinementresultedindecreasedanderraticfrictionvaluesas
wellas skewingoftheriderassenibly.Thisdifficultywasminimized
bya jigplacedovertheplate(fig.2(b)).Thejigcausedtherider
asseniblytobepositioneddirectlyinthelineofforceapplicationand
strainmeasurement.

Specimenpreparation.- Theplatesurfaceswerecleanedby the ‘
proceduredescribedinreference12. Thesteelballs(SAE52100)were
cleanedby rigorouswashinginl.00-percentalcohol,thenina soiution
of50percentaceteneand50percentbenzene,followedby twowashings
in100-percentalcohol.This procedureremovedallgreasefromthe
surface;theabsenceof contaminationwasconfirmedby electron
diffraction.

Forthefrictioninvestigation,ironsulfidefilmswereformedon
theballspecimensby heatingandthencooling,bothinanatmosphere
ofhydrogenslilfide,forpredeterminedperiodsoftime.Thicknessof
thefihnwascalculatedfromweightgainandwascheckedbymeansof
themodifiedspottestdescribedearlier.Inmostcases,theresats
agreedwithin10percent.Allweightgainwasassumedtobe causedby’
theadditionof sulfurwhichwasstoichiometricaldycombinedwithiron
toformironsulfide.

RESULTSANDDISCUSSION

Theseparatephasesofthisstudy(chemical
investigations)willbediscussedindependently.

andstatic-friction

ChemicalInvestigation

Minimumreactiont~eratures.- Theminimumreactiontemperature
obtainedinthisinvestigationis definedasthatimmersiontemperature

n)
Ew

belowwhichnoironsuHidecouldbedetectedbytheFeiglspot-teston
thespecimens.A plotoftemperatureagainstweightconcentrationof
sulfurin cetaneshowingtheminimumreactiontemperaturesobtainedby
twomethodsis showninfigure3. Thefirstmethodusedinmostofthe
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workreportedhereinconsistedinimmersing
of sulfurin cetane.Inthesecondmethod,

7

heatedspecimensin soltiions
solutionsofvariousconcen-

trationsoffreesulfurin cetanewereheatedto specifiedtemperatures
belowtheboilingpointof cetane.Smallsteelspecimens~pe each
immersedintheheatedsolutionsfora periodoflminuteandthen
removed.Thedataobtainedaftera l-minuteimmersionofuriheatedsteel
specimensinheatedsolutionschecksthedataobtainedbyinmersing
heatedspecimensinroom-temperaturesolutions.Theminimumreaction
temperaturesindicatedforthefirstmethodarethosethatwereobserved
attheinstantof contactofthespecimens’withthesolutions.As
expected,thesedatashowthatas concentrationincreases,minimumreaction
temperaturedecreases;thegreatestdecreaseinminimumreactiontempera-
tureoccursat concentrationsup to0.4weightpercent.Veryl.i.ttle
decreaseinminimupreactiontemperatureoccurswithincreasedconcen-
trationabove0.4weightpercent.As an exsmple,whenthesulfurconcen-
trationwasdoubled.(0.8weightpercent),theminimumreactiontemperature
wasdecreasedapproximately35°F. Theminimumreactiontemperatures
obtainedwithpureirontireandtoolsteelwereessentiallythessmeas
thedataformildsteel(lowsulfurcontent)presentedinfigure3.

Filmformationcharacteristics.- Thedatareportedinfigure4 show
thattherateof stiidefilmformationwasthegreatestwiththeinitial
specimentemperaturesfrom700°to 1.1OOOF forallconcentrationsof
sulfursolutions.Aspreviouslymentioned,reference6 indicatesthat
temperaturesinthisrangemaybe characteristicofboun~y lubricated
surfaces.It isthereforeapparentthatthegreatestfilmformation
occursattemperaturesofimportanceinlubrication.

Studyoftheoscillographtime-temperaturerecordsfromthee~eri-
mentsthatprovidedthedatapresentedinfigures4 and5 indicatedthat
therateof coolingofthespecimenswasessentiallyconstantwithinthe
temperaturerangeofinterest.Thetypicalcooling-ratecurvepresented
infigure5 indicatesthattheaveragetimerequiredfortherectangular
specimensto cool100bF, ina rangeoftemperatures(fromlJOOOto
500°F) inwhichchemicalreactionwouldoccur,wasapproximately
0.04second.

Forpurposesof evaluation,itisassumedthatittookthespecimen
3.04secondto coolfrom1100°to 1000°F, a 100°F increment,ina
0.5percentsolution.Theamountof sulfideformedinthatincrementcan
be determinedlyreferencetofigure4. Thedifferencebetweenthe
quantityformedat1100°F andthequantityformedat1000°F isditided
by thecoolingtimeforthe100°F increment(0.04see).Thiscalculation
indicatesthattherateoffilmformationduringthatincrementoftime
andtemperaturewasapproximately1.8x105Angstromunitspersecond.

Forcomparisonpurposes,experimentsweremadewith’scommercial
extreme-pressureadditive,dlbenzyldis~ide (reference3))in cetane.
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Theresultswereapproxbnatelythe,sameasthoseobtainedforsimilar
sulfurweightconcentrationsoffreesulfur.

Accordingtoreference13,thereactionbetweensti bearingcom- N
poundsandferrousmetalscanbe acceleratedbythepresenceof sodib zstiide I?a$.When Na# isusedasa catalyst,theminimumreaction
temperatureisreducedandtherateoffilmformationisincreased.
Sodiumsulfide(0.5weightpercent)andfreesulfur(0.5weightpercent) ‘
dissolvedin cetanereducedtheminimumreactiontemperaturetobelow
300°F andcausedanappreciableincreaseinrateoffilmformationat
temperaturesabove700°F. Theuseof suchcatalystsrequiresmore
extensiveinvestigationbecausetherearemanyobviouscomplications
involved.

Static-FrictionInvestigation

Untreatedsteel.- Theeffectofloadonthecoefficientof static
frictionforcleandrysteelballsondrysteelplatesis showninfig-
ure6,whichisa plotofthedatafromonerepresentativeexperiment.
Thesedataaiongwithsubstantiatingunreporteddataestablishthemean
valueof0.79forcoefficientof staticfriction.Ingeneral,these‘
resultsagreewithAmontontslawshowingthatthecoefficientof static
frictionisindependentofload.Themiiltipledatapointsshow-pin
figure6 forthe300-gramloadwereobtainedat intervalsthroughoutthe
experimentafterrunswiththeheavierloads.Surfaceweldingoccurred
underallconditionsofloadingwithcleandrysteel.

As indicatedinfigure7 andinvisualstudiesof surfaces,sulfide
filmthiclmessesof4500Angstromunitsorlesswereonlypartlyeffective
in reducingfrictionandpreventingweldingofthesteelspecimens.The !
frictionvalueswithfilmthicknessesof3400and4500AngstromUnits
wer”egenerallysomewhatlesst~n foruntreatedsteelandshoweda slight’
increaseinfrictionwithincreasedloading.ThegeneralincreaseIn
frictionwithgreaterloadsforfilmshavingthicknessesof45oOAngstrom
unitsorlessisa deviationfromAmonton’slawthatmayindicatefurther
progressivesurfacefailure.Forfilmthicknessesgreaterthan4500
AngstromUnits,weldingwaseffectivelyprevented.Static-friction-
coefficientvaluesfortheseeffectivefilms(thicknessesgreaterthan
4500A)werefrom0.32to0.39. Ingeneral,friction-coefficientvalues
wereindependentofloadforallfilmthicknessesgreaterthan4500
AngstromUnits.
8

Afairedcurveof cross-plotteddatafromfigure7 ispresentedin
figure8,whichshdwsdirectlytheeffectofthiclmesson coefficientof
staticfriction.A criticalfilmthicknesswasestablishedatapproxi-
mately5000A,belowwhichfrictionincreasedmarkedlyandwelting
occurred.(Ashilarcriticalsulfidefilmthicknessforcopperwas

.

.
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found.by Campbell,reference9,andby Greenhill.,reference10.) Little
changeinfrictionwasevidentwithfilmthicknessesgreaterthan5000
Angstromuhitsanda markeddecreaseinthescatterofthedataobtained
withvariousloadswasnotedasthicknessofthefilmwasincreased.

Kinetic-frictiondatawereobtained(reference13)fora steel
sphereagainsta steelflatcoatedwitha filmof FeS. The FeS film
reportedinreference14wasbelievedtobe approximately1000Angstrom
unitsthick=Comparisonoftheresultsofreference14andfigure8
showthatkinetic-frictiondataat lowslidingvelocitiesaresomewhat
lower(aswouldbeexpected)thanthestatic-frictiondataforthesame
thickness,offilm.Thesurfacedsmage(welding)inthekinetic-friction
experimentsshowedgoodcorrelationwiththatoccurringinthestatic-
frictionexperiments;in thekinetic-frictionexperiments,welding
occurredtiththefilmof1000Angstromunitsthickness.Similarly,in
thestatic-frictionexperiments,weldingoccurredwithfi3mthicknesses
oflessthan5000Angstromunits.

Threephotomicrographs(XIOO)ofsurfaceconditionsontheflat
specimensaftercontinuedmotionoftheballriderspecimenacrossthe
platearepresentedinfigure9. Thesurfacedisturbanceinfigure9(a)
istheresultofmetallicadhesion.Thisadhesionorweldingmaycause
progressiveincreaseintrackwidth.Theappearanceofthissurface
me isverys~l= to tht inf@re 9(a)ofreferenceI-2where
severeweldingandsurfacedsmagetookplacebetweenexperimentsof clean
steelunderconditionsofhighslidingvelocities.Theballspecimen
coatedwithan ironsulfidefilm14,400Angstromunitsthickcausedsimple
surfaceabrasionandsmearingofa filmas showninfigure9(b)jno surface
disturbancecomparablewiththatoffigure9(a)isobserved.Thesmeared
filmisbelievedtobe a transferredironstiidefilm. Thereisno
evidenceofhamd’ulsurfacedisturbanceattheinitial.pointof contact.
Figure9(c)showsa trackmadeunderconditionsdmilartothoseof
figure9(b)exceptforan increaseintotalloadfrom2400to4300grams.
Inthiscase,considerablymoresmearingcanbe observed;but,.asbefore,
noharmfulsurfacedisturbancecanbe discerned.

Photomicr&raphstakenathighermagnific~tion(X270;.fig.10)show
surfacesofboththeweartrackontheflatspecimenandthemating
contactsurfaceontheball. Thesurfaceshownin figure10(a)isthe
sameoneshowninfigure9(c).Theappearanceofthespecimensathigh
magnificationindicatesthatthetransferredtionsulfidehassmeared
oversurfacerecessessuchasfinishingmarks.

Thematingrider(ball)surfaceshowninfigure10(b)hasa thick
filmofironsulfide.Thewearareacanbe matchedwiththatshownin
figure10(a).Thewell.definededgesofthecontactsurfacein
figure10(b)andthestratificationvisibleontheprincipalaccumulations
,ofirons~ide infigure10(a)wouldtendto indicatethatfragmentation

#
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ofthefilmmhterialoccurred.Thelightareainfigure10(b)indicates
wherethehighloadconditionoccurredonthestablefilm. Thetwowell
definedspotswithintQelightareaarebelievedtobe loadcarrying

,

“build-up‘S“ ofironsulfideandnotareasofharmfulsurfacedisturbance.
Nn?

SignificanceofChemicalandFrictionInvestigations E

Theminimumreactiontemperatures,fortheparticularspecimens
usedinthechemicalstudy,aresufficientlylowsothatthereexists
a considerabletemperatnn?erange(1100°to 700°or3750F) on sliding
surfaceswherea reactionfilmcanbe formedby anadditivesuchasfree
sulfur.me rateoffilmformationcalculatedfromthecurvesforboth
the0.5and1.0weightpercentsolutionsoffree-suEur incetaneat
themaximumtemperatureswasapproximately1.8X105Angstrcmunitsper
second.

Thefrictionresultspresentedinfigure8 indicatethata filmof
ironsulfideapproximately5000Angstromunitsthickisnecessaryto
obtainminimumfrictionduringunlubricatedsliding.Also,withthis
thicknessof50CM)Angstromunitsweltingwascompletelyprevented.With
sulfidefi3mthicknessesaslowas 3400Angstromunits,however,visual
observationindicatedthatweldingwasappreciablyreducedin spiteof
thefactthatfrictionwasreducedonlyslightly.Thisresultindicates
thatthinironsulfidefilmscanbe somewhateffectiveeventhrough
completepreventionofweldlngisnotobtained.Theseresultscorrelated
generaJ3ywiththoseofreference14 (forkineticfriction)wherea film
ofironsulfideapproxhatel.y1000Angstromunitsthickreducedfriction
onlyslightlywhileappreciablyreducingwelding.Thisreductionin
weldingfortheironstiidefi3mas comparedwiththatfordrysteel
maybe observedbycomparison,resepctively,offigure8 ofreference14
withfigure9(a)ofreference12.

,,

In analysesofthesedata,it”shouKlbeappreciatedthatmanyfactors
characteristicofdynamicslidingconditionscanchangetheratesof
reaction.Forexemple,therateoffilmformationisappreciablyaffected
by rateof coolingandanychangeinthecoolingratefromthatobtained
withthespecimensofthisreportwillthuschangetherateoffilmforma-
tion.Thereareotherfactorsofconsiderableimportancewhich,because
of experimentalMmitatio&,havenotbeenincludedintherese=ch
reportedherein.Onefactoristhatoftheeffectofmaterial.stresses -
onrateof reaction.Thereisno doubt%hatthehighcontactstresses

v

encounteredinpracticallubricationproblemswillcausea markedincrease
inrateofreactionina mann,ersimilartothemechanicalactivationof
chemicalreactionsdescribedinreference15.

.
Anotherfactoristh&

under conditionsrequiringextreme-pressurelubrication,surfacetemper-
aturesmaybe considerablyabovethevalueof1100°F indicatedinref-
emence6. Thedataofreference6 tieforeffectivelyboundary-lubricated

.
.
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surfaces.It isobviousthatadditivesofthetypebeingconsidered
willnotbe necessaryuntilconventionalboundary-lubricatingfluids
areno longeradequate.In suchcases,surfacetemperatureswouldbe
higher,possiblyapproachingtheconditionsfordryslitingreported
inreference6 wheremaximumtemperatureswerealmostatthemelting
pointofoneofthematerialsin contact.Highersurfacetemperatures
wouldverymarkedlyincreasethereactionrateandconsequentlytherate
offilmformation.Datahavealsobeenobtainedwhichindicatethat
miuimumreactiontemperaturecouldbe reducedandrateofreaction
increasedbytheuseofa catal.yet.

SUMMARYOFRESULTS

Formation,undertransient,taperatureconditions,of sulfidefilms
onheatedsteelspecimensimmersedin cetanecontaini~tissolvedfree
sulfurwerestudiedandthestqtic-frictionpropertiesof suchfilms
wereinvestigated.Thefollowingresultswereobtained:

1. Miu3mumtemperaturesbelowwhichironsulfideisnotformedon
heatedsteelspechnensin cetanesolutions’containing0.1to 1.0percent
freesulfurby weightwerefrom700°to 375°F, respectively.Thecat-
alystsodiumsulfideNa2S effectivelydecreasedtheminimumreaction
temperature.

2. Thecalculatedmeanrateofsulfidefilmformationon steelin
a solutionof0.5percentbyweightfreesulfurin cetanewasapprodmately
1.8x105Angstromunitspersecond@iw an ititialt~ incr~entof
0.04secondattemperatmesfrom1100to 1000°F. ‘

3. Static-frictiondataobtainedforcleandrysteel(coefficient
of staticfriction,0.79)andforsteelcoatedwithsulfidefilmsof
variousthicknessesshowedthat@ filmthicknessesof5000Angstrom
unitsorgreaterwerenecessarytopreventsurfaceweldingcompletelyand
toproducelowfriction(coefficientof staticfriction,0.32to0.39).
Weldingwasappreciablyreduced,however,withfilmthicknessesaslowas
3400Angstromunitsalthoughfriction,wasreducedonlyslightly.TMS
resultindicatedthatthinsulfidefibs weresomewhateffectiveeven
thoughcompletepreventionofweldingwasnotobtained.

. . .

LewisFlightPropulsionLaboratory,
NationalAdvisoryCommitteeforAeronautics,

Cleveland,Ohio,J- 8, 1951.
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