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iMtorler of telk i^iUJLa^ iDita oa tD* ttlAttio i»ah*vl«r oX aotttl

tJKtttrf«««» it oiit»%ftfi41a« i^r li« a^awM**

Mirria^ <l«fl««tio« ^%w»«» Mm iMti^ i^ac* wiMtt •«ilM«ot«<l to «

lOMMit li»r^[«* far la «xe««t of %im% piNtlkUgUtA Iqt %^»»«fir MkA tlw

•x«#t« «niMi <g««ftt«r tivm Mvild W •M^tmtvd for ^ •3cs>«rSa«ntid

«liJ«otiv» »f tli«ir wile it wui ftot i»v««%ic»%«4 fwrt^r. «'«ji •!•«•»%

«# IM^rtAlftV ««» iMMW»ei«lMi4 with %b.im rmp^trt •Ijmhi t)M 4»fltt9%iea

wftt sM»o«ftUNMt Igr MWrtaw tf tb* imhm ajtm i#ilU) vlkieh t£ui %9^«« ««•

^^l««« If vM p«*«iUL« titttf tiM 4iMt*««iv» 4«ll«««l«n r«»9<^rt*4

tlM }fp»Tt of «2!li» |»lMHR«M«6a ti^ftS VCtffl<»i«atljr ««tieiQf t« ifiTi%«

fwrt^r lirr»tiM^%i»m«

J»w4«tt ^Mwl T^bor «!»«« %)»ftl tti« «eta«l •»•» «f o<Miti»o%

Wtm^il t«r« tttirfa*** i« Aitt9tmi% iT^m th« iiffp*r«i%« fbi« ciiff«f«iio«

i« «ttiM«d Iqr %im ««|Mriti«« to ^ f^^tuid en nil •«iir»««t.

^•rrlatf aji4 d«4l ^ '^ ^ir« «limm th<kt Tniy MMkll wttftl •f«ai»

a«mi (1»«.* isjataOL vjftlftkcrt) «mft t«l«rMt«i ««db jLArctr ttc^lAt wltJ%»

•ttt slip %t»n %h» te^lc MitAl*

lAft»»uo)» •• tbw •ItsuM of ita ii«p4inty' ts «mI,1* it is 8«ni«idttr«4

ptMitil« that, litof %hm MtAl wi&ialairs. Its »i*«ti« li«it U )ai«ll« A

•t«4f &t thfi l.it»fatay« did aot ruT**! ft«gr ittir^stii^ttoB 9f tlii«



^-iSfite 9l^[t#' wBisJ^^ .wirtrft

^^r.^'^.>^ ' 's»n BiM ^.

*:v

•iMKTi £if9« XfoiM icv«v Afidt wmAt tVMt ^^' f JDve N« isfr^m^







whieh %no solid 9t*fl •p««l««&s t<iit«d w«r» wMII)l»«d firaa tiit

lO-^t^ cold r»ll«d tttittl fftoslK* fito «ad« of voBt of th* tpooW

ata« wMNi bovolod t« for^a tmneotod oo7.«« viUelai rscueod tiw

MtttAQt torfne^t ik&d IborotQr laer«a«od 1*^ nersial ctrot* in ItM

tntorf&eo*. tbo i»ea%ft«t •arfaoot woiro 1»^«A to «)ui dotirod

fi&itii ^itk mtmtf ^Iliiiiac pa^iP of Afyltt^ dUi^ro«» f>f roui^a*

MI09. ?;» ApoelwMkt woro firaljr l»»Id tn o iroo«t/p>« blook cLurisiE

tim Iflfflpililt p«Mt«.'» t<» ai«leo tho to«t turfn^oo ^/>o.idtotaar to

tim vpttQimtm mcts. "hm ^9nX±%9 f^f t^ oarfaco flat six woo csoolcoA

f»ierot09f7lo«XX7 utla@ * im,^^fiet^tloa of Idfiac*

^Jaoo tiM do«lrod f isith woo oM&lii«d, tiko ovovoir* iii—lart

d* ftft^ %9V0l iKii^t, J^ , {fi|!ttro XX) wopo iMii&Mir«d )qr o aalcfo-*

til«fKi oi^i|^$iod nrlth oa o^tlo Tomior ^mlttlis^ oocux«^ to viU^

ta .00007 of OR iiiob* ?)ek« oado of tho «^/00i9MMI« wovo muim IdoatiCAl

with roiDoot to dUMtAoloat ood »itrfaoo fialolu

Iho fioxt otop %roo to lo^&to tho tort^oo loror oxooti/ st tbo

•IdlfVlilt of %im 09««Sm»» to ia%ur« «bot oa«^ teolf tliio o^iod

teinpo votttd oot oo «oe)i iotoifooo. 'fhi« v«» «iooo«|i2.ttiM^ I^F

oooi^wirln^ tbo ovoroll lon^^tt) oAd liotaie o dopth gH^ ^ pooitloaJjm

tlAo loTor v«3iloi3 t«r:)ittod oeoum^or to teis ooorott .001 look*

fh» ladi^tor mtm vos t.Hon footoood oa tho •p'oel^ofi wltb fo«ur





laAiea%9r. wftt ^MPptnAUNiAMr to tn* »$i«el3MKi luiit. fb«i ««t

WWW a««4 «Niv» polttt«d %9 if^htnin a irntf* ««i* lino froii nAi^ch

lite %wi»% !»•• tmtt««i'lti«4. '^a*j «er«v« wsvm fCmn b-Hraly t^..^ntflr.»4

•Mtaot mxftm99» of taut vp^cioam «Ul imr^ism^, jA«v%«t v«t^ el«N«a«d

trilA e<xlir»nt. Iftil ifp««i»«» was tlfems pliMMd «tt fllft l9*««r plftt« la

tiM Kl«!il4i %«fttiig aR^iib». fls« iQ^p«r pl'^ft'f* miiti^ iMit Ml^itA t4i

tte ;«MV9%1« JteM <tf %A« t««tlni miAilitiMi* i«M t^n Itwurvd to »

Igp iae«rtlaiis a f«Al#T |^s^ iMtvaim i)M> pcitlti'itftit&.s e^t«r end tlw

nf^f ?Iat«. Ao »ari«l l«a4 of 6d« ^«iuli^4 ^^Wkdi vAt %imn !i:^i«d

fla^Xlr %»^« frifltidBl«ts i.tttllt/t vurt I«e%t«d «<$ %imi Um

p«rp«afiUL«i|Iar to th« l«v«r 1» ila« T*rtl««il «xul ^<>ris9fttAl |(I«mm«

JTor «««& r«ft Aft * ii^^tflmitt » e«aat«at a^ifaml load «#*• iifiisllod

iQr tiift UvtlJt^ MMBliiiiA. Ter^wt wft* ntxl «i>^lt«d to t«u» t^t^einMA

^ Mtdiaft •^^ual «9l4^la to tlM» pttr.« f»«d th* r*«altir.^ tvlat r««d«

Aft»r 0^.ii roitdiaf ^t tviit* %i^ t^rqo* %fft0 T«»&rnA to t«« if tte

IftdioatQir r«tarxi<^d. to tlfe« s*ro i^ataltloiiu Snor^aaicjg tor^nuia w«r«

ftpftlliid uatil t^ i&(ii«s.ter ff«iX4»d t«« T*»tura tn t«ra w^ioJft •tkfvwftd

that tllp or ponuiftoat defnr«ftll<»B ooaurrod in tho tntarfneo or^taff

%hm rua. ?h« a^ranl loaii wtit laomMMod %itf»r« ««oa of thio ^aoeoodlatK
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iMtlASieiiid? »i»Mint. tho fir«t liidleatof mrm a»«d %m« •««« &»oiMi»

•<uil« ttJiit of iJMT oftie iNiienivr x^r»«»ii««d .OOl lAob ^ ladiestor

fUilVMMM%*

iftvf ««Kpl«tl«m of All rua« qs ft r«el»Mi« tkw ftjpn^M%jr*«ii«

«m« dlMftntl^d mad tlM dliMttftloit / wd« ^«A«ar*d vitit IIm »iero«*

•Mgw vklefi T^«r«»ltt«d a«mini<ii!]^ t« within .OOQC^ of c^a lAtih

A aomlMir of <|t«o|Mo&» itmm tottod u»iag tM« ttOi)«oo| ttawm

o««r» OS «M(«rtalii^ oxlttod mm to iiNdw «tteh twlft« if any, ootild

"bo ftttri>wt«d to tho tmrd<iin«d «tmiX ^tlftto, vOii«to<|«i«iitl7 •ota«Wi

tvo tiMt d«vi««4 to oll«ifi«t« tm« iiiiilinse>i(m fAotor*

?iM^to«attd otttioiM «at^lo)r«d it ilittstrmlod tm fUsarm XXZ«

ia «rliieh>bo tatMli^r «to«l tpoolooxur toctod voro «»ehln9d fntu

ijUS XOaO ooXd rollod «toek. '^'m »voei»t»ft bad ^m oator diaMMtor

of 1/4 iaeb« Ml iiuMir diovotor of 3/33 lneh« »nd o loogtl^ of oao

iaoJft. IVo •|:^«ftiaMittf «ltii& tJM (MUM «urf)»oo floifli woro movmt^d

osd oa, oad m rod vitl» « diottotor «li^atljr lovo th^n ti%o iaaor

dionotor of tjr«o aaattlt voo tiuroAdod t«'if*wa<RA tlM »|SFpfirAttt« o«

nko<A la ?i|gtifti XaI. ?ii«i ap^«r *m4 of th« rod woo tturoadod into

a olnmlar dioe vhieb nittod e« t«^ nf tlMi ippor opoolno^, tHa

lowor ond oictoadiid for tmm dittoooo ^l9«# %im ipvoisMuio and



st.?^>-'.- -r ^•- ' ,i-.*..i^^ * ^- rt:i 'f»i.t rr-^ ^0 r^P^?* *'/*;r^^ t**^-

aJ

f9ft0



pr9rld«<l ft iiftfuu for &ttAehi&^ v<r«i4sstf to fumitli iJMi fioisol

tVo T«l/^ 4«aM«-«xtd*d lodiwiter (unm vmtm a»«d, «a on

•%%hmr •id* of tJiw liil«rf«»«*» ai 1b»f»?» t^i•;f wtr* aittaeavd ^
j^lAt«<l *•% terviirt ft«t4 %)&• 4StiAa«« >«t«««B tane it»Aiuur«A micro*

iHfopimiXlj &ftit>r •««)) nub. ftm mnd* &f t£Mi &r«ui w«in» WftI a«

•)M)«o to fifiietlliAt* ro«dla« t:tt» mieroftcop*. "^mfl^ctloM UF«r*

9l>tAlA«A 1^ r«jidlaif tta» tm^s ^tv^ttji tiM a^fsw viMa ao Wrqn*

^••a »p|»li«d« A tiiBi:!* •ttbt7iMi%ioB j[av« ih* 4«fl««%loa« <^t

b*far«« « QlKMlr mm tM>4« 4^t«r *ii^ npjjpliefttl^a of * torqa* to

••• tiim% %\m nns* iN'itir&iod lo timir ial%l«ft3. f^tllsm*

9»r<iu«a «nif« a^^if^d la tUm mtmt wmtmmr »» la tlM first

M»t)»d«

Aa addltieafll ndVAnta^n dl^taia^d b;f aoo of thlg aotiiod w««

that it p«mitt«d %m us* ni a ooatjfol is»4«iiMMst- i^il* oonrletaA

•f ttslq^ * sla|»la two laoh t$»4MsiM« vMl« feoldiag ^IX othor

SMtdlll^ttt tlM tam »» tiMgr woro ff»r tin naxut iwfoltintg; two oao

iaalk «i?«eimmt* tho nffse^ of th« iatorf^eo could tteM 1b« d**

tomiaad tt^ eoiij.«ri«c tiw r'sm^, oa th« c<.'<&troX 9|Mielaaa -n^lth tiao

nmc oa tiMt otiMir t oolsoaa.

I'^io obo«>rrod fiofl«otl«%a «aa MHiii^arod wltla tho oosput^^d da*

floatioa at |/rodi«tod 1)7 elattle t&oov/. Xa «kXX e«tot th« oW

aarrad vaa craotor tiwta tSta eaaq^iad. TlUt axaaat oi>torv»d do-

fXoailaa ^'aitik va o.'^aXl aaroaftor rofor to «« re«ida<«.X doflootloa

was pXoitod acolaet tho ooaputftd ouascistoa tAn^ntlAl strooo la tiM

latorfttoo*
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Tft«c« t«slt tir«r«?, o& » (jiMUittiitlv* ^slt, «ai^>riftia<ljr

nor* ibui oa« run vac «&d#t t^ r««ldtt»l tvlft fer • giv«i]

71^y* XV »horvft SIM s^»ul«« for t^(» WfmeimtiA* wita tit* •*»«

nunlMis timitik (X*0>, oa^* r^ aoiu«Q Wii«i( b«Y«I«d «% «jm cad* fuai

Um •t^r ii»lMiv«ku.«a. I'iipttro ATi f»tmg»r»* four tp«olMHW iMinrUig

l9 vwrlvd v^l« x^ortt«tl tttr««« 1» wftlatiHiJMd eo»«i«&t. ifi^stur*

66.%« auiw^ v^v*** ^70*1)00 p»l). It it »M& %im%^ foy a ||[tv«a

irfilu* oC auM^iiMUi iasifMtliil tt^rftss, tiuK rvtida*! tvlat vitrlda

tD» rotlottfid Vvlalif. fi^va* vVilt^^, «rhi(}li ootti^iuraa two »p#«iJ!M»a«

tfitik ftarf^da flaitiMa of 4/0 «au I«0 at « low aora«Cl «tr»a«,

(a^proxiaaialjr 24,&O0 ptl)« »««o«« tlMit tiiw r^oiduaX twitt ia>

«x*aaa«« with itut ftajrfaaa utoottjAAOs*

if t)M aboTO ro«alt« ar«sr v&It4« Uiara th^ntld tK> •tm» TaXaa

or AoraaX ttrooa al wai<&lk iaa roal4Mal Wiit for a (flvoaa auftximwi

iAja^aalial atraaa for ^tla^ 4/^ <*<^ i*<^ f Initio am tJio taao. C^ia

1



11,1^1^ ^ •««.^ J,-'ftK» f«l/feill9*I Hilt ,»&«« ff^ «W^ '•

O.f l^aft 0\* lo tsriaclf?*! «'



•^8

it boitM •«t liQr fummwtmg th« ourr« ia Tiifnur* Xir for ti^tetiMMi

# 10, •tu4'ae« flAiife l.C« .'aw 4« aorval ttr^s* 48»W90 j^l ^tl»

eurrvt ta rtsar* xn for vpAdl^Ma #3« •urfACt* ftaltn 4/0, I^wm

I bmA 2 *tith ftoftMRl ttrvttfdi of 44,(100 a»d SJ?,100 psi r»tp*o-

%lT«ljr* ?^i <0Kp«jrit«a »Jmv« ibi».| th«r« i» a litkatitloa raac*

for aoraal «tre»* ia wlii<9li ilk* «ff«ot of surfaoo fiaith oa

r«midaikl twlat r«ir«rMi« U««., MiMioth fialsiEk«» s^Y9 sioro tvl9%

tlM« %JM HMgh flaitliMi Wl«w %liif raa^ia and !•«« %wi«t altora i%)*

la vvialttiktlag oar rotate •<»•• 1 iifoiwIltHi «^n %Im aeeajnMqr

f€ %hm r»adii9i(St ia ia »r4*r. 0mm toalo uait of tlto oj^tle vonriiar

ia taw ffiieroavapa myvj^imem TmpfMnmx%» 0»49Q aiaatat of Wiit for

%fe» firtt Ola opaeisoao aaA 0.4117 aiwi^aa for %lm aaccoAdinc

•IMftoiBMma. ?lM ro^aoa ft»r ilM 41ff«r«a«o ia %l!^t a 7-1/3 iad^

iadiaaior am warn attl»etitata4 for Um orlciaal 7.0 ineh iadleatar*

It«a4iaft iporo ««ti»«ta4 t^ tho n«aro9t t^ath of « aa^^lo uait.

fluia allowad aa aceuraajr of filaa or aiaat oa<9 toath aa^la aait

9r 0.0490 aad 0.046 ainatoa of %vi*% raapaatlvaly.

6iMqparia«s n^uroa ill ihr^a^ XIT, i« ia aotod ihal tte

roanlta for t^oa* ruaa v'oro af>% aa eoaalst«»a6 at ihaaa ia I'art !•

S'iKura All d»'»aa aoi ahov %hm roaidaal Wlat ^koaraaaia^ with ia-

•raaaiag aomaX ttraaa at vat o)>a«rro4L la Par% 1. Flisaraa XI IX

aad iXT §hm thia traad oaly ali«:aUr*

flgara XTIXI ^riiiaib OfMaparaa taa offacta of aarfaea fiaita f^r
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m aorwa ctr^M of 21.8^ p«l tliowt tli*% tlui 4/o fiainJa 4slv«»

«ar« i^tidiuCl twlAi tiMtn tli« 1.0 fiiU»li f<Mr m^ g^'tmk amximm
tWjifttiftl «tr««s, ?)iis is 1» «kecord vith tarn ratulta in fert 1,

A9 Itt ^rt 1* A l»iri«f mpX»i»«%t«a of IfeM nie^tirtu^ of th«

rMMltaf* will W )Milpfial lA •yRltteeila^ %i%«t« r»»alt««

la tblt ««ri«« «f (••%, a« iM>t«4 in tbs i^roe«4&aj«r two

l»di«*tor tkfu9 wttr* «t«A* for oiu» ftf« tiM «oeaz«iey «f r*mkiM$t

vm» pliu or pklfitM (MM t*»ti) «e«l« ufttt* ?or tvo ftrmt, tb»r«for»«

ottx* aetmriiey v<i« (l«er9fts«(| to pXiM «r ainat t«f9 |*atlM of m

•e«l« \mi%, Ttii9 muHM o«r v««4t]ifii 9f twitt ftf« a«atumi0 l«

e«l|' plus or niwui 0.092 nlaatat of twict. ?!»•, la Fi^;ur««

2X1 %>ire«^ XXV ifet* «e«tuw!^ of tiM ei»^pi»rt«oa i« tbo •on of Ih*

BturmjT «f •*«li eturr* or la <»tlMr wMNlt %li« eon^rito* wm ^
a«earft%« to oaljr pltM ar atinafl 0.1S4 .^tl^t'^t of r»ttdttiftl twist,

fhlt po««l)il« rtwAi^ «f vrrer 1« «a«iti i$r«At*r ttea aagr of tlio

oWoiirod ^tf^wmsti*^ •hcneu in tlM aarrot, boaso it it folt tiiat

tjftit dato aaaaot valldljr b« u«o4 to dotwraias t^ offoot ^
aaiwftl ttrooo oa rooltSaal tvitt. ^iladoi«at io adalttodljr ^ttor

t]MHi forotlKht. It voald )&*iro i»ooa %ott«r t& saw uood a amoli

vi4ar roa<p> of aoraal laa4o. Honrovor^ gur i^airatao ^toala uot

Ipamtt tMt aad tlaa Ilaltatlami ]^r9Ta»to<l oaoaaUias aav apparatao.

Aaottkor oolatioa woold l»o tlM aoa of a aoro powarfal ^ioroooofio

vlth a fiaar optle Tttmlor ooal*.

ftfaya XVlll it sat roadorod iaval-id Iqr tJM aWvo lialto oik



'» 1*

#^ «j:<«fMi !«?'
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%h» «eeon»cQr of tha r«Hkdli!i£« tlne« for %h» lai\ip»r taIumji of

MmlMBi tim£»o%i*X ativtt titm dlff«r«Be« la rwvldtaAl %wl»1i 4n«

te MurfMM flnlsii it srvAttr thtm 0.184 i)iliuiit«« e*f r*«ldnAX

tvltt «»d iMttftA, tiuiM re»alta tum Tftlld for (^talliativ* auiAXj'tls*

llll!l,,,ii..,,..MIi»gJ!Wl-.?Bii!Mg..a8wJ»^^^^

tte r*«i»l%» df thi« work «l««rly thow %ha.t »»%al ImtmrtmtMm

4» •xi^MI 9l»atl« lMM>irlor« fli« foXIowlBjC «]iplAnA%ioii is flff*r*d«

St it wXl kAovB t^i «11 mmttal turfaoM r«e^rdl««« of t2Mi

AiigmMi of tarfik** flalvli »y« eov«r»d vith t^sMll irra^goliurltt**

•feXlvd »«7»«rtil«». ?d»«« vUi vmtr wit^ t)M <i«irr«» af ttu^a**

finish froM Jimm:^^ pwtku to rtsiXlin^ doim*. XI tt l^eXi«Y»d tJaftI

t)sit«« *«p«rltl«« net «• <3iiu!^til«v«j««

f1m oeletaiktloiMi la Jl^i^Mtdlx C mhent %)bm% it thm ft«|Mirttl«»

mgm mmwmmA %9 futt *« balk iB*%«X« tbuji to iMieiKiiit f^r %}m rooidoaX

%ifi4% ^nHiX4 r«q«iiv» Aa «f|>«rlV teiii^ht irKlolt is imtth %9o X«ii)pi«

ScwoTor, i'f. %bm ft»;!v«rltios ftrs Astomsd to Vi ea^tlXoToro* aa

ftsiooritsr boigbt oaa W emXeolfttod t.'ist is of liM saao ordor of

aaipitttdii ftf that «oaaurod ^ n profiloaotor.

f^urtiMr* ths ooatiXovor thooiy offsra «a oxi;>Xanatioa for tk»

traasition rfon^ aoatiowiA aarXior la Part X*

iovdaa a&oL Tater stata that tJM "rsaX eoataot araa" is

diraetX/ propartioaaX to tiis r^oraaX Xoad and is iada^soidaat of

sarfftoa fiaisa. It is kaowa tiaat tiw nuatoar of oaparitioa wlXX

iaorassa aad tMo aaii^t n^tXX daaraaaa vita tte dacroa of surfaea



«i^4 Ira's: i'.« .



.'«

flaiflat. ¥a«rafor«, for masT aoiWkX lo«d« fi meotlMir surffto* flat nil

vill JMMr« aert »«t'«rltl«« in eoB%«et, ^t (ha ntperlty )Mii«ii%

vill ^ l(»t9 tta«a Ihftt for %b« rotMrtwr «urf<>»«•.

TfcNi Jwl^nt ef ttJUfMin^ Aliw d«p«adt ttpoe %^ norwOl load

•ino« liii) tipt of i»9 A«!>«rltt«« will fl9>f T^AMtiemXlj to

••MMkbit* thif lmi« f)i«?« If ft Itiift %o tlilf |»lA»tl« tl»^ lA

(4)
%h* «cp«ri%l«t, ftpp»x«a%ljr, for BofwdirA aad fft^r •!••«

|kb«t««f)fi|^i«»lly (i1.ftt« II) thiit ••& viM« %iia iu>y»i*.l I««4 !•

«f«it jwiftucft t* •«»• ti&« talk ii«ti»l le flow stXa«ti«&llLjr, tht

tlHit, tkm twUt for » igiT«s aftxliMUi iMo^^sttal •$r«tt it

doptnitiit «« tlw MMtor of «m)^ritl4»o wid tlM norwil loo&, olaeo

%hiM loflsd «ff«ct« tim ft»p«rit)r A«i«iil* ?«r low aorstal s%r<»t»«t»

o^ipftvonllj %ho MM^r 9f e«ntilor«r« 9ff«o«f tiw offset ttf %iam

•iwrior Ibol^t In taootlji tiurfi^ooo «« «ia<ni«i ia ^i|^r«« 47111 oaA

XTZlloA. A^i tlio naraol «%roo« it laorooood m&4. th« Xiait of

plAotio flow'tt ro^^oiiKKl to t)M »0]|^ori%to«, %)M boii^t 4iff«ro»tittl

boooaoo t^ eontroll iJikis fftotor offootla^ twi«% to tiaot tteo «oporiti««

oo tho tooetlMr ctirfooo ditplacr l«o« tvlot taoa thoto <>& rou^i^r

irarf««o«*
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cosaosinHs Ann) vsoommni^'nom

k. It is conelt^<»<l %bM%i

1. -?h« atp«ritl«a in steel InterfAoat eontrilmt* materially

to the elastic tvist.

3* Tte elastic twist doe to an interface, for a ^Irea

aloe of Baxiaua tim^ntial stress, decreases vith

lacreaeia^^stre0S

•

3. The effect of sarface finish is aost Interestin^pl/

affected 1^ nornal stress la that a traneitloa rao^e

exists for normal stress. Below ttiis z^n|::e the saoother

finish glree the i:reater elastic twist, whereas aboTe

this raiaice, the roui;her finish gires the i^reater twist.

4* All the ahoTe effects are explained if the asperities

are considered to bilhaTe as cantileTers.

2. It ir reeomaended that:

I. farther invest lipiitlons he aade of the transition ran4ie
.-it

for degrees of siurfaee finish other than 1.0 and 4/0.

3. Annular speclBens be tested orer a greater TRj%g9 of

aoraal stresaet.

3. Metals of different physical charaoterlstlos be studied*
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At in tlM t»«li<Nl «i l^r«M#ar». i)«» giweuffti^a will W
*«p*v«%«t into tw« |iiMrt« «t»np»«f4»ii4iHic %o tlM two «iip«rUMnl«Jl

9«tS%*<l •#% »«i<ovt« %Jmi 4isl«i!9« t)»ty»«i& It »»4 tk* liait»rf«<Mi

eould b« 4«^«y»ltt»4 with a hi|^ d«ffr»« ef A«<)^inft<i^. ;{evf«v«r«

io <hi%«3niiitift tfeir tvlfft of (hii ftiMi^tJsseft riKr&ir^d d«rtTia^ aa

fvett tlM i«t«tf«o«. file »h*mr ttr^tt «xlttlii^ la tliif iAt«fw

6
» » n»tfaX«« aX •lAaticily la •^•ar (for oar tpaeiaaa ^ «> 13 x 10

^ato p^r »i^»«jpa iaofe). -~" w *ael# of iwi«l par ualt l«n|ir»h«

:;«o«idAriii^ «a al»««nt of itrva, 4A



,*v

• M>..U^

•ftl» fts

•<»**»* .-, *.

left
«0 « «i«>i^« i*w*fc

01 X &i « 9 WMiliiip «w «•)) lEMMtii i?i ^i

.^ifn.-*:,! *ia« t«e #»fwfr 1» %tsa» •-»- ^CdEMI «ii»flr« ^i'^ ef^sm^



•>r:i5

4A • a^rdr <«)

TtM tt«Mn% of th» thMiria^ foro« «tea% th» axis of tte «p«oiflMMi

for this •l6Ki«nt of ato^ tt (J^iiA

T2M total ooMMiat atioat tte aaeit of t^ ftpoeinoa nntt oqaal

tiM offoativa toi*<|tM la tho spaalaaa. a« aatpx^ia^d ia tha

Pro»9d»xTmt tho «ffa«tlT« tora^ia oiiaalt aao imOUT tlw appllad

%9rqfi», fharaforo.

^a^itittttiae; a^aatioat (1) aad (z) Into a<;tuatioa (3)

la any ^ivaa s^laaa parpaadlaalftr ta tJM axis of tha vpae-

laaa^lt lodapaadoat of 7» Tharafora aaaatloa (4) oaa Ini latagymtod*

.7.

Haama^taC igtTa*

It lo oTidintt ia FlKura 'iX that r it ralatad to x ^

r^ V radia< at x w (i.o., r^ vr d/3)*

I « radias at x •» i^ (i.a.. H » 9/a)«

Sab»tltatlair «<^«iatioa (7) ioto aqaati<m (6)



<?;'i aoi#A*j;rt csife/ {,':'} sm\ (1)

.„ ^

\^)
"^
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(J^)

1*. \\

y[^ A ot i).-

(TJ ml * ^t ^ X 3U|J.

'.!) « » t« triifeJH « ^t

: .1^ S
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:m

tjtaation (B) oaa b» liit««r&%«4 for tiM «»cl« of Witt or%r

%1M l«a«th ^ .

^, . f ^ ^ J -3^J?~.^ « A^ a)\( /^)' .,)

thlt o»a be stapliflad tgr •ubttltatitius

k ,. ^-=-^

r'srfonim; ihls tabttitutirm j^li^t

thlt eiux %• ttxprettod mom oosavonlontly for our purpovoa V naklniE

%h« followlae tutetl tail oat

y^ « twlat la nlnatot • -^^^^^^^^fe

^^ • •ppliod toriu« ilk iEi«iB.laehat •» gT^w \

This tflTo*

or. ^ - ft.3«e X 10"^ (X/k) (^ (1/d)^ • (1/0)^3 Q^ (U)
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I
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Th« tvlst ia tiM epioliMa )MW»«n x » i and x^JL (l.«.,

botvwoa th« apt-«r wnd of tiM VsTttl wxd Mm Indlontor am) oAn 1m

(4)
•atiljr ealeulatad

« V. ./

fhi% ean W «xprwii«»d in. th« ««»»• ooaT«&l«at form a« oquatloa (IX)

^ » 3.306 X XO"* -J H. (X3)

nmt tlM total tvltt la %im ftp«ola9B b«tve«a ths Intarfae*

aad tba ladleator am la

% -% ^ft: i^'" ^^ ^"^^
a4)

7ba total twift a« ooii^ut«d Ab«r« it tnbtraetttd from %tm oW

MXT»d tvlBt to obtain voat wo iiavo oallod "rotldual tvltt"

aad doalipuitod V^» •

.3c

«lth tho aaaalUr opooliMBt* it wao posaiblii to uoo a control

spoeiiwa at doacrlbod in tho pro<^•dMlr•• tuit pomittod oa to obtala

a TaXttA for tvlat ptir £Ttm isieh of torqoo por laeb of a^^ooiaoa

Xaaittli uador actual axporiaaatal eoaditloat. For ^nbaoqaoat ruaa

It Mit poatlblo to ecmparo tho obaorvod twiot with vhmX tho twlot

worild ha-va boon if thora a%d baoa ao latorfaoa. ^a boforo tho

dlffor«meo waa ealXod "roaidnal tviaf*.
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In thft Dltcusslos of B««ult« it was tu«g«st9d tiaat th«

rvsldoal dsfl«otio& could be &ccoaiit«d for 1^ .•uAlng th«

aap«rlti«t to act as caatllsr^rs. Ths following calculations

support tMt thftozy.

First, aaglsetiaf the oantilsTsr sffoet and assomiag tlia

asperitifls 'bah^rs as 'bulk sMital laads to a ealeulHtad asp«ritgr

hai^ht that is imxeh too lar^s. For exaaiple, conaidar a

•paeinsn of th» tjpa uaed in th« first pax*t of tba vork.

Xquatlon (8) in Bowdsn and l^bor giTes

r p * '

k V raal araa of onntaet
r

T„ V load norml to sarfaca
a

p « aaan pres«ur« oyr area of contact.

Novaovar, tha tips of tha asparities vill daforra plaatloall/

P. - «T

* a constant that daponds upon sise and sbs|»a of

asparltias. For tha surface flnlshas of our specinans, e » 3.

T «r slactic limit of defomad natal at tip of asparltiss.

Ilara va vill astusa tha elastic Unit equals tha proportional

Unit. Therefore, T « 60,000 psi for our spaciaans.

Substituting p » 3(00,000) « 180,000 pai in equation (l)



•
" «^

T. - ,«

• ••l^lTtoniMS la Ti* *« X3*»r ij8!W3l«Jb V» tlati sif»BX» «» Y



A SB

r 180.000 (3)

froB strttD^th of anterlalt. v« Ivvr*

y

A « «^jp«r«nt fcfvA of contfxct (i.«*i «r««i of btilk matal
at tarfaee)

|L R noraal c%r««t.

Froa equatloaa (.l) and (4)

A * 180,000 ^*^

AttvBM tiM total coQtaet area, A_, to W a eirola of diaaotar
T

d. 7hlt atftvuRptlos rwtultf in th« ainloHui ealoulatad asperity

* Censidar, Inctoad, that th$ contact ^.roa la aa aoaulue vith
oatsida dlaaatar, d^, And Inelda dlaaatar, dj^» and aa araa
aqual ko tha rani araa of ooataot

It !• aatiljr danonatratad froa tha foraulaa for tvltt in a
shaft tnat If aqual torqoot are to causa e^oal aii^Ias of

twist,

whars h Is tha u^l^t of a solid ojrliadar aad b^ is tha
hal^ht of tha corraspoodiiag Annulus.



vmi. •¥ .eiiM's^t '-'•"-' V- ti^gnj^n-^t wort

coa^ogi

1^ to^-

.-^^,.-fi



Th»r«fora,

A d
^

8^
(6)A P. 190,000

u

d * dl«a«t9r of th« ffp«6iJMa at th« tarfae*.

The ar»« vlll laor»*s« froa A^ t« A la j^1b|^ froa th« tips

of tho atpvrltlfts to th« ^Xk mstal At th«ir roots. In tha

•action oa Procadaro, aa «<}uatloB was darir«d far tha twist la

a ooaa. Appl/iag tlslt ^slTat

^ * tiM obtarrod retldaal twist la alaates. It is

dlTldod )qr two sines thare ar« two surfaoss la eontaet at aa

Intsrfaee and va ars coasidorlais ^^ affset for oae surfaes.

d-d
1^1 ,j ----—a- K^era h Is asparitjr hsi^ht.

(^ 'W ths appllad torqi&s la graa laches*

Sttbstltats for k* la sqaatloa (7)

SolTlBc stuatloa (8) for h

21.44 X 10 (4-) - 1 "^
(9)

•ir



.•^•t««arft

'"'' OS^B'

^ t (-j[-) - ^(-^)J

h " h

&
•v^ "b ^v^

(e)
: .1 1

l .
«• • JA



•quatioa (6) sabetltuts -
d 180,000

21,44 X 10"^ /l8Q. 000
f'^^

1
"^

V^ d* r 1 - (T^;r^)
(10)

^ _ A

Based oa t««t data, ths followlB^^ atp«rlt7 heights vers

oso^uted uslJig sfltoatioa (10), to illustrate the orders of

BSffnitade ototalaed when coxMldsrla^ the asperities to )>e&aTe

as telk setal.

Speelaea 9, Rim 2,

d «- 0.0949*, f« « 63,700 pel, (L « 630 graa ioehes

^ » 0.948 Ainutss, surface fiziish: 4/0

••3
h » 6.12 X 10 laches.

Speeiaea 1*

^ d » 0.125«, Sjj « 54,500 psl, <;^ « 636.86. j^ « l,32f

minutes, sarfrace finish: 4/0

h *f 7.30 X 10 iachos

Specinea 8, lina 1.

d « 0.0968, S„ » 69,000 psi, Q, «» 330 gra« iixohet

^ c' 0.511 aiautes, suirfaoe finish: 1.0

—3
h K 7.20 X 10 inches.

7or purposes of coirparisoa asperity heights were aeasured

with a profiloa9ter. For a 4/0 finish, before applying any xmrnal
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000,0»i h
m'inii$9'4sn (8) stoti»yi>9 aroif

-^C
I*

jb "V

V- a
tr ^h

JC"h£-00

• la^etQ :^Xi9if a«

,^ nmfT «(? AAcl&A^

.>i^

.1 iK9Kid«q[€



• •*»

load.

•5
h » 6.0 X 10 Isehst

Vhmu a normal str«ta of 31,d30 pti va« applied

h » 4.5 z 10* Inchttt.

Wban tb« aip<9ritl«8 are oonnildcired to act as eantll«r«r«,

tha oalealat^ iMlght is fooad to ^e auoh closar to tha •»•

surad. For tha piirpo««« of •iapllfIcatlcw eoaaidar an annular

tpaeiaan such as was ased la the second part of iBYastlfatlon.

Startiai; with aqaation (3) abova,

K
A X
r 180,000

Tha ntuD'bar of asparitles la contact can ba found tgr

A
I - -T^- (11)

V « nomber of asparitias la contact

A. « cross saotloa area of avarafa aaporit/.

CoBsldftr tha aTarafa asperity to h« at tha aa»a dlaiaator

Si
of tha aaaoltts. Tha torqp&a action on this asparity is

^
'

end the force daflactiBiS ^^a asparitjr it

?— (12)

!(---)

d^ » aaaa dlaaetar of the aonalus.

Tha naxlaMUB deflection of a oantileTer dae to a load at

its free end is



«Jm0X

Ba<;

^Iffi^ a«v !«-" y!>.. r<

(Xi) ~i^

A

111 ^tlli



/- ^ (13)

S » aaxiisua d«fl«etlon of cantilever 1b InolMi*

p * load at fr9« «ind la pooodt

I «" Moatnt of lii«rtl» of cress seetloa about xurutrol axis*

" s: l»ii£:tb of eantll9Ter la laeiie*

X K aadalus of •lattiolty la pooadt per sqoare iuctwa.

fiMurraaciais «<)ta»tlo& (13)

^S ^ ULl<r (14)
P

Xa thlt CAte the caatilerar l«ncth» ^ , It equal to tha

asperity height, h, la inches. 1%e defleetioa, cT • is also

•fiial to oae-balf the residual twist, ^ , (la radlaas)

tiaes the mean radius, » • One-half the reslduAl tvist

was taken since there are V^o surfaces la coataet that coatri-

huted to ^hls displacemaat of

J.* ^ (radlaas) d
c)» ^~-

3C
--a^ (laches) <16)

AsflMHias that the asperities are of square cross eectioa

with aa area of 35 x 10 as'' aad su>>«titutlB^ equatioas

(3), (U)» (13), aad (13) iuto (14), «lYes

^ - h'^ • 2.67 X 10"® ,^
^ U) (laches)^ (16)

•^ ns

mMre, d. "^ 0.311 inches for the speciaeas tested.

Taking data for Specimea # 14, Hoa 3, es aa exaople.
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jbo

fjj « 310# ^ *^ 0.582 minute

t

a m 900 q^iBch'te, curfaa* finish « 4/0

Sabttitutin^^ th« a'boT« dat* Into «qu«,tloa (16) girmw tha

following ettlaat* of asp^rltjr b«l£ht.

•4
h » 6.02 X 10 laoh«t.

In contrast, thd atpcrltgr h«lght at maaturad tgr r>*ofilometar

and aa ealonlated \^ oooatloa (10) ara 4.5 x 10 and 7.5 x 10

lachas rsspoctlral^.

At an additional r>«lnt of intaratt, tha oaxluain )}«QdlBC

ttrats een ba caleuloted usin^ tha dato for tpaoltaen 14, Ona 3,

aboTt.

^ . -fs_ . -Bflfi. („)

^ KT aaxlaim l^andis^ atraas In a eantllaTor due to

load p.

-4
o K aaxlaia dlttanca fro« aatitral axlt « 3.5 x 10 co

for tha att«)ted atparlty.

Othar quaatltiat, at dafinad in aquation (13)

•

Sa1bttlttttlB0 aqttAtia&t i'i), (11), aad {12) into sonatioa (17)

and 8olTln#;,

0^ « 1.97 X 10® psl.

This Is farther s^ipport to tha thaoxy that atparltiat ean

wlthttand nuoh lar^r stratt tnan the hulk mat&l and still ra-

tain tlastlo nropcrtiat.
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4 BiaaotAr of tolid 8p«eia«iM at l&t«rf&e« (inches).

9 MftxlmuB dlaa«t«r of solid 8p«olm«aa (Inciuit).

0. Inamr di«ii«t«r of amnalar apaclnens (Inohat).

B^ Outer dlaaeter of Moxiular flp«eia«at (inches)*

U Yoan<*t aK»dalat of elasticity (pemids per square inch).

f Go&Terslon factor to convert an^e of tvlst la soala

units, 1^ , to siiautes, ^ •

f^ Amorce nenaal to Interface (pounds).

Modulus of rl£ldltsr (pounds per square inch).

j^ Lei^th alos^ solid speciaena from r^r to r « R ( inches }•

X Length alen^ annular speoiiaaas l»«tveea indieator amt,

(inches).

J^ L«ngth\&loB|;; solid speeisiens "betveen "base of hsrrel and

indicator ara.

^ Applied torque (graa inches).

W Eadius (inches),

r Sadius of solid speeiseas at interface (inches).

1 Maadflwi radius of solid speeiMtens (inches).

Sy formal stress at interfaea due to J*„. S^ equals ^w^

ilTided by tne area of the interface, (psi).

9y Maxiaoa tan^ntial stress in interface due to af^ied

torque, (psi).
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f t^Ttivm $appXi<»A to spaciaAtt (p«uad lnch««).

cr "i^mmx fftr«t« (p«l)«

dz

^^'

ika«l« of tviftt (rA4t«uM) 9«r anit l«n«^Js (Ineb**).

jL ?9iat th«(»r<»tieal am(l« of twlct la IfKKfth -^ .(Tadlaa*).

totml th#9r*tie*l aiM^* of tvlat la Ivo^h J^, (nftdlAat),

Vl 'AlcalAtod <»orr«ffp<mdlais MMsle cf twltt 1a aia«t«« t^r

auKQul,&r »iv««lA«ne if tl%«?« h»d b(»«n no Interfaeo )Hi%w«oa aiwi.

(^ Total thoeiiitloal «ums:1«» of twttt la Xon^th '^. (alsatot).

U^/ total tlwex^tieaX aa^lo of twlot la i«n^h ^. (aitmtoo},

^ o^torrod aa^^o of tvitt <alnat««).

1/^ r«fti4ti«l aaglft of t«itt or rofii<laal twiot (ainntoa}*

K^^ Dbeonriid abi^La of twiit la sealo oaitt of tlMi optle

Tof^lor.

V^ fotal tlMorotion^l »««1« of trltt la loagth -^ • -^. (ssinutoi).
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