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¥ SCTIOS .
It hes long bees recognised thet the chemical end

meu'm phenome na etnmmﬁum
Both extremely comsler. Tesentislly, the system to be
ﬂml-am eosnsists of twe Tlst surfaces sliding over each
other under kuown conditions of speed snd nowmal load, eithe:
‘with or without the presezee of » lubricest. The tws
‘gurfaces can be of the ssme or of differest materisls with
@y one of a grest variety of finlshes spplied to thesj in
generely the origlnel surfeces sre modified by the relative
motion between them until s state of stesdy wear i resched,
‘» process shichk i knows as the “rumming-in® of the besring
surfaces. Comsidersdle care 1s sow taken to spply = suitadls
finish to the surfeces [1], oisce it §8 known thet by suek
treatment it is possible to facilitete the rumsingein, snd
also to improve the wearing preperties and 1ife of the rum~ic
‘bearing surfaces. In this respect, the dlrection of tool
movis in the fimel finish is stated to be of special
importonce for fmstence Xline [2] has observed thet markings
in the Arection of relstive motion reduced the inttisl
frietion and prolsnged the 1ife of cerdain sngine cylinders
which he exanined, The marked susfnoe coneiste of » series
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izproved wearing properties of the besring surface =s & whole
are probably dus to the incvesssd suply of lubsicant
tmwdiately svailadle in the troughs.

Ome of the fiyet lavestigators of the strusture of run~in
surfeces was Muyet [3] who sugpested, ss o result of 2
uicvographieal study of cesteirvon oviinders, that satisfagtory
run=in bearing surfaces wvere probably smorphous in chareeter
npd thepefore yesenbled polished surfsces. Bellby [4] hed
previously conducted sn oxtensive microscopie exsamdastion
of the effecta of polishing, =and had concluded thet in the
finsl stages of the polishing process, a metalifc surfsce
becomss smorphous and undergues plestic {low, resuiting in
& coherent layer of smorphous metsl on the surfece, generally
eslled the "Deilby layer,® Fineh, ‘unrrell and Wilsan [5]
demonatrated by the exssinstion of the eylinder sleeves of
aery engines thet vup-in and polished surfeess both yield
the same hale type of clectron Aiffrectios patiewn, ihus
confinsiny M’n obseyvation of thelr similarity.

The structure of the surfeee giving riss to these haloes
hos, however, been the subjeet of much discussion; there wss
e wide 4ifrerence of opinion as to whetior or not the
sattern could be uMué purely in terus of the fistiess of
the surface without any considerstion of ite erystaliise foru,
The ausstion e discussed {p Part IV, snd the balance of
opinion scems to be in favour of & flst surfoce, citiber
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suprphous or componed of mieroerystals, in all probability

fntimetely mived wildh oxide snd even with fregments of the
polisher, -

The role played by the lubricant in fnfluencing the
behaviour of bearing surfaces has been the objset of
grolonged studye The firet steps were teken during tie
1stter helfl of the 19th cemtury, when a large smount of
theovetionl work was capried out treating tiae oil ss = simple
1ieuid and applyling hpdrodynemieal pricciplies to 1t. Using
this method, Tower [6] and Neymolds [7] were able to
indleste the possibllity of designing Joursal bearings in
which, when rusning st speeified loade =nd speeds, the two
eomponents would be complotely separeted by  thlek fils of
eil, thus redueing frietiocs sud weer to & siplousm. In suech
bearings, serious wear can scemr only during the periods &f
stamting snd stopping when the desiped conditiocns sre mot
eperative; wear by chenie~l corrosies =n’ =lse by the aetion
of shrasive particles in the ol is, of vourse, net eliminstec
by making use of this type of Jubricstion.

In 2 lnrge nusber of enses *fluld Fiin® lebricstion ia,
hosever, not possible owing to the small clearsues betwesn
the moviny purts, whieh is often redused to molecular
dimensions. Herdy and Napdy (8] found thet under these
eonditione the oeeffieient of stetic friction between the
surfaces wes sbuomsally low, end subsegwent work by Hardy [3)
»nd Hardy nod Nottage [10] indfcated that the ef ‘ect was dus
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to thin "ims of lubricsst molecules adsorbed on the surfaces,
This type of lubrication s called “"boundary lubricatisa” asd
ehe ofl Tilm botween the bearing surfaces 1s often referred
to as the boundayy layere. I8 comsists of long-chaln polsy
comvounis arrenged in momomoleculsy layers parsilel to the
surfsces, the molecules being sriestated with thelr csrben
ston ehains mowyanl or mearly sormel to the surfaoes, sand the
totnl lubricent T1im is probebly omly s few molecules thick.
“ueh & Tilm is extyemely temselous) conslidorable pressure
ts recuired to Toree it from letween the surfeccs snd lhus
schisve extensive metallie comtaet, Ths olhesion between &
eolid surfoce ond ‘he Tirst monowelsculsr loyer iz grester
than thet between sy two neighbouring momnolsyers, =o that
vhen the besping surfsess axe in motion, the adjaccmt
jubriesnt levers travel with thes apd the relative movement
takes plece between monclsyers within tiw boundery layer.
The sdsorbed filme are formed niso under Tluld Tils conditions,
but owimg te thelr seall thickmess they heve uo effect in the
presence of the lubricent in bulk.

in il with good boundsyy lubrication properties is sald
to possess = high degree of “oilimsse”, snd oilimess is
usually cetimsted by messuvements of stetic friction under
boundnry conditions [11]. It waw found by Hardy sud Bottage
{121 that the oilimess of o lubricant could Mo decressed Ly
allowing 1t to pems oyey clean sless Desnds or silica chips,
which sdsorbed the active polar compounds. The property of
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siliness is therefore conferred upom & lubricsst by enly =
very small proportios of the liquid in bulke The boundary
rxmnmﬁmmm can be facressed by tae
mmamawumnrmmmmnew
sueh se ethyl stesrele uaeemmmm
compounds are ususily known ae afiliness sdditions,

The grest sejority of the work om oilimess end sdsorbed
oil films wes performed with stutionary surfoess, but lsrdy
bus demomstyeted theorcticeliy thst, srevided the relative
speed is sot too high, the oundary leyer persists, slthoush
st higher speeds the rate of replseement of gaps will not be
grest enough, snd breskedown will gocurs I practies, tke
conditions sye geoersily such thel the lubricatios is of e
aixed Lype, parktly boundary sed paritly fluid Tils (13).

Hexdp's hypotiesis thet the sdsorbed Loundsry fiis is in
» aigh degres of arder was confizsed by Trillat aud Eots [14,
Burison [15] sod Ploeh snd Zshoowbux [16] using sleetron
difiraetion methodse Andrew [17] exssined s nasber of
lubriesting olls apd wos abie, by studyiog the degres of
erientastion Lo arrangs them in tie oxder of their olliness,

The work of Bowden snd iddler [18] fndicsted that
mtellis contsct ocours beiyeen moving surieces segersted by
& boundery film, sises evss amall projections are sufliclent
to pleree such o this layer of lubricast. For this reason,
it has been gemsrally sgrwed that one of Lhe sdventages of a
geod pane-in surfsge iz its conparsbive smoptihuees, shich
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decyenses localised metalllc contzet to o minfemue and alse
encourages the formation of & strong well-orientsted layer
af adsorbed lubricsnt melecules. Thus King [19], 1=
perfopming tests with an artificinlly heated Journsl bespiag
machine, observed thst the sffect of boundsry lubriestion in
raleing the seigure temperstuze was not sppareut uatil the
beariag bush hed developed a emooth wof true surfecs.
Jakemen and Pogs [20], using the seme spyevstus, nlss Tound
& grest ijuprovemeat in rumning a2 9 yesult of the
modification of the Yearing surfeces bLroughit edbout oy

Sipee it is ostablished that setalilec costect otcurs not
only vith unlubricsted surfeces but slse in the presence of
54’ under boundary lubricstion conditicns, it is necessary,
in order to understand the problem of wear, to know the |
conditions which axdse ot the poiats of contset. it has becn
polmted sut [21] thet the srem of & gives surfaee which is
ir setual eontant ,ﬁﬁh enother surfage ot ony fnstent of Lime
forns only a sisuts Trsetion of the spperest comwon nres of
the surfeces, which Dlok oslls the yeglon of namiusl contaot.
Bowden snd Tebor [22] confimmd this in 1937 by sessuress nts
of the ejsotriesl conductivity of Ywo sarfeces in eonteti,
both when seving ond =hen stationsyy) in tas foreer cese Lhey
shasrved fluctustions fn tie contuctivity of tis imterface
shich they wrelated to the “stioke-sliipy” observeticns of
Bowlen and Iaben {23}.
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¥heyess the coneept of the existenee of metallic cosit sect
sver enly a very ma.z aren is now universally sceepled, lnere
i still considersbles dlsagrecment over the nature of the
phepomena whieh oecur st the poimt of cantect. The majority
of the experiments shich have been performed om the subject
aye investigstions of the friection betesen clenn unlubricated
surfeges, The ‘irst suggestion of the mechsnisz underlying
the obseyved feets was put Torwsrd by Amor@ons [24] and leter
elsborated by Couloadb [29]. They sssumed thst filetion wes
due to the interliocking of surface projections, static
fyiction being the force recuired to raise ome sotl of
mjeét!em clesr of the other sbd ellow motion. GSinee it is
popeible to deduce from this theory both the knosn lows of
frietion, nemely that the frictiomal forcs 1s proportisnel to
the resulisnt powmsl lesd, sud thet It is iundependeat of thse
sres of contagl, their views were seeepted without question
for meny years. '

i new approsch Lo the subject Tellowed the sugiestion iu
1892 by Pwing [26] that whea surfeces reslly toush, meleculsr
dieplsevments ogcur snd are followed by the weaction of the
moleculur Torces =t the imterfaes. Hardy nd Doubleday [27]
sugrosted thet sinee st all peinmts of setusl contect the
surfzees are within ssleculsy :itst.m# of each sther,
{ntermolecular sttractions sre operstive, with the vesult thet
coheslon or wolecular adhesion tskes plese, Haceulsy [28]
extended thnls copeept by steting thet Tusion oGcurs ot the

points of metallic costact, snd later Bowden and Leben [23]
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eoncluded ne 2 yesult of their work thet Lhe jrocess wes one
of weldings The letier cbservers iluvestlgsted the frictien
of m losded sphere sliding on & Tlst plate, using epparstus
which was capeble of showlng veriations of friction taking
place in imtervale of time of the owder of = handredth
of & second, =nd they found thot il motion was nol steady
but consioted of o series of “siips®” slteramsted wilh
eriods duriag whick no relstive movement occurred betwmen
the surfasces - the soe-galled "stickesilp’ moticke
Simmltarcous obssrvetions were nade, by therscelectric means,
of the tempersture st the points of contset, snd they siowed
that every slip wes scoompanied by & very swilt rise asd
subsequent fall in tempersture, the tempersture sblalyed belng
sufficiontly high to couse melting or pl=stic fiow st the
sointe of setuel contnct. The behaviour of ﬁé"sﬁ surfsCes wmas
similar when they were separsted Ly o layer of odl, which
under the conditions of the experiments would form a
boundary Tllne

If aome form of adhesion doss imdped secur st thejoimts
of sotual contect of twe surlaces moving mr ench other,
it might be expected that & normal force would be reguired
to separste two such surfsces. In gepersl tils is nol
obeserved) in cases wiers & fores is needed, [ehnurnan: (73]
stiributes it to the miiu setion of monomoleculsy Iilus
of gresse or otheyr contsmineiion on the surfaoes. The ~
existence of adhesion an perfectly cleen surfaces is
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extronely dif ‘leult to demonstrate owing to the
fepractieabllity of otsining and meistalning sbsolute
cleanliness, There is some evidence that a conservetive
sdhesive foree is operstive under dwy friction conditions
while the surfsces are st rest; 1f a tongeutial foree less
than that of limiting friction is applied, Stevems [74]
faund, by inmterferouciric veans, that sn extrenely smslil
mowement oecurred, which wes reversed on removing the foree.
Similer observations have beem made by dsskin [75) end by
Tomitnson [76], but shether the results could be explained
Yy the presence of surfece Tilms is mot clesr. "
BMrermen [29] has strongly criticised many messuremsnis

of coefficients of frietiom, in purticular those of Hardy
and Doubledny snd of Bowden snd Lebeme The “sticke-slips®
ohsaryed Ly Bowlen st leben onny Bikewson stetes, Be explnined
without any seference to the mecheniss underlying frietion,
for tm:;; eve siuply the result of an s steandily
incrensing tangentinl Tovee Lo the system,. The siider
rencing stetfonary ustil the limiting friction is reschsd
=pd then slips beck, afterwards sesalning ot reet agsiso antil
the foyee becomes great emough for the cyele to be repeated,
Sehnurpsan end YarioweDavies [77] bave expleined this
irvegulsy motion by sasuming that fnsulsting fiilss oo the
surfoce enable electrical chorges to be set up ot the points
of setunl comtact. Ulectrostatiec stirsction ovcurs betwe:n
then and reduces motion to o mdsimum ustil they sae lerge
enough Lo dischowge noryess the losulsting surfsce films.



10
The foree of ,attrsetion is then removed and = “slip® encues,

It i= evident that the mechanism of friection is oot
yet understood, dut the work of Bowden =nd his collsborstors
shows thet during motion under sufficiestly severe conditions
the polnts of aotusl contscl nre hested to sush & temperature
that melting, ond commecuently weldlng, is inevitable., The
smme conclusion will apply to lubricated surfsces provided
metnlllc contact oceurs, ae it will under boundery
lubriestion conditions.

Hont of the bearing surfaces met with in preaciics
sprrete under such conditione of lond, speed and ol. feed
thet the locel temperstures must sométimes resch the melting
point of at loast ome of the meltdwy wmating surfeces,; so that
theye will be Tusion followed by a certain amount of welding.
If the bearing surfaces sye of different motals, the
resulting "bridges® sre not ususlly very strong, =nd the use
of the game metal for Doth components incresses the riask of
seirure .,

Feodern renuirements heve for long cwused in bearings s
tendeney townrds severe comnditiosns of running, and
eonsenuently to increased dangey of disestrous seimures,

Thds tremd is ememplified by the hypoid gear in the beok

sxls of sotor vehieles, where the teeth are subjected to such
hesyy pressure thet serious seuffing is slmost inevitebls,
becatse the orfemtsted layer of polsr oil melecules is
raptured and Torced from between the surfaces. Ixtensive
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metallle contoct then oecurs wiih sunsecuent wiiespread
welding, and the welds do not mecessarily breek in the plene
of contect. Nanee the result of a strong fusion between the '
surfaces is ofter the stripping swey of oue or other of the
surfaces to quite » considersble depth, giviug rise to tae
charagtoristic sppearance of seuffing.

To combat the consequences of oil breskdown under
severe running conditionz, a large reage of comgounds has
been developed for use in the form of additions to the '
eriinary lubricast - the so-vslled extrome-pressure oy S.0,
addition agents. A4 recomt pajer by Ivems snd Blliett [30)
swysarizgss o grent susber of 2.0, compounds sud groups thea
according to their chemfcel compositions It &s found that
only csmpounds comtalalng one or wore of the three elements
sulpbur, chlorine and phospheryus are effoctive ns wstrome
pressure addition egents. Of these compowds, the leust
ef ‘lelent ave those whioh depend upen the presssce of
phosphorus for thelr 2.7, properties, and in consecuence
the phesphorus group, commisting for the wost pert of
phosphstes and phesphites, connet generally be used under
the pressures found in such mechspisme an the hypeid gear.
Op the other hand, sdditions comtaiming phospborus aye kmown
to have bemeficial effects at lowsr, more mormal pressures
ad some have for thls yvesosn beem called correvsion ifshibitor:s,
thue tributyl phosphile is kuows to prelong the 1life and
sateriaily to lusprove the wesring properties of cadmium

allioy beariugs.
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It 15 goemewaliy sgreed thet the mode of setiom of
extremse-pressure Jubricast eadditions ds primsriiy chemical,
snd consists in the formstion upon the bearing surfsees of
£ilma aﬁﬂm sulphur, chiorisme or phosphoras cosbined
in some way with the metals pressat in the surfaces.
Southcombe, Yells sad Yatews [31] believe that the Migh
tompe ratures sttalned at the points of metallle vontect
eouse the extremseprescure additions to break down, the
sulphur or Balogen thes cowbining with the metsl, presumebly
ss sulphides or ehlorides, These compounds set s “Tluxes®
whieh prevent welding snd selizure betwesn ihe aring
surfeces, Uell [32] =t Miller [33] siso, are both of the
opinion thet the bessilelal ef’ect of I.V. lubricants depends
upon the formation of filme, Tellewed by scue process of weld
srevention. It is possible that, even 1f welding is not
avoided, the %.7. film provides s wesk liok in the metallic
*bridges® from one surface to the other, snd they will
therefore Lresk st that poist rather then cause & largs
smour’. of metsl to be tornm Trom ons or other of the metalse

letallic wenr, which ceours when Mur&kf:::ftm BOve
over ench othey, ¢2n be defived »s Lhe removal Irom the
surfnces by sny process whetecever srising from their
relstive motione 48 & vesulit of the Toregoing discussion.
ol lubpiestion =nd wesy phencmensa, it iz possible teo
visualise st lesst four waye in which weur oun taie plece

2% Bearipg surfsces separsted bY lubricast wundey bouandazy
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conditiona,

{n) The removsl of surfoee projections by simpls
mechanieal frscture seross the boase, after lupnel wupon
ssperities on the msting surfece. This type of wear is
reduced to negliglble proportions whesn the height of the
projections is of moleculsr dimmnsions, o8 ﬁ the case with
estisfactorily run-in berings. It will depend upos the
bulk propervties of the meterisl such as its elasticity snd
havdsees, snd 40 one of the surfaces is nuch tougler than
the other, the process beconmes ome of grindinge '

{b) Thes metallie emm ogcurs between the moving
surfaces, bridpges of metel meay be fresd by wolding and, as
the motion continues, they are quiekly broken sgnin =t sowms
point {m their lemgthe If the Lreak tsken plage in the
nominal plane of contnet midwny belween the surfsees, no
here ensues, but it is possible thal the fraciure may cecur
deep within one or other of the surisees, 50 Lthal motel is
torn from thes. Very flot surfaces will be susesptibie to
this type of weay, beceuss in the obsence, ¢ven sousntarily,
of an oll 1’31&. the ayea of sotual wotellic copteet will be
iasrge and thore will be o sericus risk of lergeescale
seigure, The use of teo diferent meinls Jor the bearing
ma mrobably suppresses wesr srising from wolding te
» sdinisus by preventing the formstion ol strong welids; the
pessidle effeet of E.0. sdditicns in this respsct has
sirendy besn meationed.

{e) I the lubricast tontains acide or other corrosive
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matter in the form of exidation products, oil sdditions or
chemieals srising fyom their decomposition, the removsl of
metal by corrosion sust be talken into accousi =g s
sossible source of wear.

{@). The presemce in ihe oil of hard particles usy
~ive rise to wear by sbrseion, =ss experiemced in the process
of lapping. The sbrasive mﬂum. may consist of metsl or
Mﬁ oxide apising from some other Sype of wear, and the
poseidiiity of the presesce of sbrasive {roi the Claishing
 operations cammet be entirely iguored. When a metsl is
sbrafted, the hard paviiclen of abrasive wemove meterial from
the surfsce chie’ly by simple ‘racture, slthiough s thim film
of smorphous or "flseed” metlsl could concelvably Le formed
tn addition 17 high tesmperstures weye reanched.

The wethods which have been devised for estimsting wesy
are extremoly large in susber snd veried in typee They aay
be #vided into two gersrsl categeries:

(1) Bsze ' e tests. The bearings undsy
exsminstion sye »un {n the engine or mschine in whick 1t is
intended to use them, under precisely the conditiocns wileh
they will encounter in practice,

{11) Zear Negk tegtes, In the laborstory it is
meneraliy more desirable sad comvenlent Lo design slimpiified
machioes for assessine the properties of glven bearisg metals
ant lubricants. Vear uschines son bs divided into twe types,
pemely those sttemptin: to sbmilste serviee conditions,
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and these punning under imposed conditions. In pmuée
it is extremely difficuit with simple wesr mechines to
reproduce serviece econditions completely snd eccurstely;
thue these two groups of mhiin tend to merge into sach
sther,

Por industrial testing especisily,. beneh triels are
considered to be edvantageous beceuse they can be relied
upon to reproduce the behaviour experienced under mommal
running conditions, sithough in = complex mechanism it 1is
diffienlt to consider sny individusl pair of besring surfaces
apart from the rest of the mechine. It is in this respect
that wear mechines sre particularly useful, becsuse they
enuble the isolstion and study of glven surfsces under
earefully controlied conditions; mmma&g als9 are
generslly easier on specisl machines owing torthe increased
accessibility of the bearing surfaces. Bench tests are
usually very expensive, and vhere it is required to perform
& large pnumber of experiments the cost may be prohibitive,.
¥here both mothods are aveilable, 1t weuld probably be
desirable to use them in conjunction with each other,

Service or bench teste sre to u large exmut‘
qualitative inm neture., The mechine is rum for & definite
time and is then stripped down for a detailed exeamination
of its components. Continuous messuyements of wear sye not
gererally Mlbh. slthough the tonl weanr during the run
ean be mid by observing the changes in Mmicm
cauned by the test. 4 method has been devised by
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Zoerlage wnd Oravestyn [34] for messuring the wear of englnes
554 the mm estimetion of the iron costent of the
lubrieating ol i= the sump. It iz possible to do this
without taking down the engine, but the mesults ar¢ more
uwseful =9 = measure of the weareprevention properties of tihe
oil than of &he iwﬁiﬂeénl surfeces iwcorporsted in the
engine.

In mont laborstory wear-testing mechines, wear is
nessured by the rete of lose of mese of » emall bearing
surfase, in isteresting veristion of Sthis is m' estimation
of the depth of metal removed from the besring surisce; with
suitable apparstus it is poseible to make Lhe observations
while the specimen is running in situ, thus elimisating the
pecessity of resoving and clesalng i1t st istervels for
wwighing, Thomson snd logen [35] heve used sueh » methed in
tisir regent work op the wesving of bress ageinet steel.

Neehines which dotermine wear dizectly, by moasurewm uts
of the rate of yomovel of metal, must of noeesaity teke a
eomperatively lomg time to give wseful results becsuse wear
losses nre gensrally small. A nusber of scotlerated wear
teatiny deviees hove thevefore been designed to provide o
seasuse of wesr yroperties in s few mizutes, generally
by observetion of the depression produced is & test pleece
snder eavefully contrellsd econditions. To this estegory
belong the Sewin [36] and Srownsdon [37] mechines, the lstter
sf which has been used extensively by Brownsdon [38] to study
the effeet of addftions Lo lubricants.



no light, except by infervence, om the physieal m

chemical wechanisms whieh must underiie the changes taking
place on the bearing surfeces. Sinee wear is essentially
e surface phenomenon, ordinsry chemiesl methods are not
suitsble, for the wearing materisl is small in quantity
end confined to & very thin lsyer superimposed on the
bulk of the metals Likewise, Xeray diffraction is of
little use, a8 1t glves information regarding the mass of
the bearing, the diffrsctions dus to the surfece being

- overshelmed by the strong seattering from the substrate,

~ X-rays have, however, been used, for example by Rosenberg

and Jordan [39] end by Goldschmidt snd Harris [40], to

snslyse the powder arising from the abrasion of metsls,

but the results have only an indiveet relstionship to the

chemiéal neture of the surfaces thewselves.

¥ith vegard to the physiesl structure of wearing
surfaces, microseopy has, of course, been used extensively,
but the submicroscepic structure has so far remaiced a
matter of conjecture, :

Klectrons of high energy nay provide the weapon for
sttecking both the physicel and chemical aspects of the
problems of wear. HZlectron microscopy furnishes a means
 of obtaining much grester resolving powers than have
mﬁa been possible, and when mz.hd to bearing

W should yield valusble sdditionms to our present
3 53?'2.u~69~l-—7§~ ¢ 21385 §33(049)
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Alrendy, electron diffrsetion technique, especially in
the hands of Pinch snd his collaborators, has mede
valusble sentributions to the study of certain parts of
the wenr and lubriestion Tield, sueh ss the imvestigstion
by Pinch, “uarrell snd Tilmen [5] inte the role of
graphite in wear preventiens

mmmn;mmxuaruamu
omt using electron d1ffrsetion methods in conjusction with
wear-testing mechines, chiefly to study the wearing
properties of mild steel using » pure miveral oil. To =
lesser extent, aleo, tests have been mode usisg extreme-
pressure lubricants, as electron d1ffpaction should be
eapadle of detecting and perhaps identifying the surface
nmmm&numum presenge of
7.7, edditions. ~ 3



The diffraction pstterns obtained during the course
of the present work ave all composed of rings, snd ave
annlogous to the Hull-Debye-Scherrer patterns so femiliar
in Yepray diffraction. The electron heam is ineident on
the surface under examinstion st & grazing sngle, and
anly one half of the ring peattern is observed, the other
half being obseured by the shadow of the specimen. It is
proposed to give here a bLriefl sccount of sueh theory as may
be neeessary fully to understand these pstterns,
1. The %svelength of an Flectren Beam,

A beum of electrons which hes passed through &
Aif e venece .tf electriesl potestisl V possesses, secording
to the 1m of elssaiecal mechaniee, o velocitly v given by
the relstionship

v = v,
where ¢ 12 the charge and m the msss of the electron.
De 2roglie war the firet to suggest thet 2ll moving
partigles were sgsocisted with wave-tranins, the wave-lengihs
of whick were given is terms of Planck's constent h by
the Tormuls ‘ |
A = b/fav

and Themson [41] was sble to demonstrate experimentally
that the reletion held for & beem of e¢lectrons., Hence,
asking & small vilatiﬂty #ﬁmﬂhn, the wavelength of sn
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slectron beam 1a given Ly the expression
|50

= e Vo
O

ldoom,e*

where V 12 In volts, my is the reat mess of the electronm
and C is the veloeitly of light,

For the purposes of diffpection theory, s erystal
may be considered ap o set of scottering centyes
situsted at the corsevs of o paralislepiped propagated
indefinitely in space in directions parsilel to its three
odges. Ouch sn evray of polote ie known es = spuce '
lsttice, of which the psrellelepiped is the unit esil,
and it edges are the undt tramslations of the lstiice.
These unit twansl-tions ave uwsunlly denoted by vectors

£ 4 b sand g the magnitudes of shich represent the
iatrnces between the lettiee polnts in their vespective
direetions, so thet the position vector of say podst is
given by

r =xg+yhsoug,

wheye ¥, y end g sve integers. The sostiering centrea
situsted at the lattice poimts may be atows or grouss of
stoms, all the groups hzag‘smmr to eack other i any
ome crystal. The intemsities of the scattered wavelets
dependl both on the types of atome and on their relstive
positions withis the group.,

Comsider a beam of eleetrons of wavelength A incident
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in n direction defined by the ort or umit veetor 8, upen
a Isttiee with urdt translations g , & » £ 5 the lsttlce
hes ¥y, R snd ¥, seotterisg cestres im the divectiouns
respectively of 8 , b and g. The intensity of tue
4iffrocted wave in sey direction specified by an ort g
is given by the expression |
T- (g_) P MW it Ml e My LT
A K7 enlhlT  ewlkllT  onlLIT
where A is the smplitude of the origioal wews, Ay that of
the wnve 41f rseted in the direction 5_.1// the scatiering
meey of sxy point ian the lattice and A is Lhe distance
from the ervetal.
| By ¥ and 1 2ve culled the Leue indices mnd ave deilmed
by the ecuations
BA mge (B8  eocosscceces (1]
EAN=wbo(8=8) asconcocsens (2)
LA =g« (8 -8 sxapnihnatns L3
in shich the right hsnd sides are scalar gxw\sin&ts. The
main mexime of the expression Tor the intensily of the
Aifraeted wave oocur shsn the Laue iniices are intepers,
Shet s, the directions of the main 4dif{racted Deamas from
tis crystel are defined by g, sudject to the conditipn
that hy X and 1 are integral, ,
The methematiconl considerstior of the diffreetion of »
plane wave by & erystal lattiee is greatly simplified by
the eoncept of the reciprocsl lsttice. Iriefly, the
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reciproeal lettiee i3 an hypotheticsl spesee latiice with
unit translstions g*, b* end g%, these veetors being such
thet ‘
Bea% = DB.b* = g.g¥ = 1
and  8eb* = Deg® = Beg* = Gea* = Deg* = gob* = 0.
It follows that the unit tremsletions s*, b* and g*

ore miven by three sueh velstions as

b.e

5" = 2ebot dsosaeaBneI S (4)
=B EiaZ

{b.g is the vector product of the vectors b =nd g)
It s vector r has componemts A vV aleag a*, b¥, g*,
then = Ag*+ ubs s Vgr
Taking the secalar producet of each zide of this ecustion
with s, it Tollows that
| zoz = Rpea* =X
Gimilarly, from the s}‘m}.ar maltipliealion of the sauns
expression by B and g,
Iel = M
and Zeg = vV

There Tore

- 2= (zegla® + (2eB)2* + (2eg)e* seveee (5)
The Hull-Debye-~Scherrer or powier p‘attﬂem con most simply
be derived from the cemeral expression for the difirsction
of n wave h'v_ the use of Brags's lLew, widech is derived as
fnuina |
In equation (5), let xr =8 - 8,5,

then

B = By = 2e(8=gg)s* + balm~g,)b* ¢ cule-g,)e*
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dy making use of the relstions (1), (2) mnd (3), it follows
toat '
8 =80 = BAR* + KAR* + LA€* seeses (6)
I7 xr is the position vector of amy point in & plame of
the ervatel msking intereepts a/h, W/k snd ¢/1 on Lhe axes
8, D and g, the three vectors x -~ a/h, r = W/k, r = ¢/1
aye coplanare ‘
Therefore (r = a/h) o (r = b/k)a(r ~¢/1} =0
or ro(Bag/Kl ¢ a8/ + ANB/NE) = BeBag/hikl .
By rearranging this equation snd imserting 4%, R* end g*
with the =14 of equation (4), the ecuation of the plans
under eonsideration is obtaimed in the fomm
Ze(na® + XB* + 26%) = 1 cececeses (7
The usual form of the egqumtion of & plane is
Ten=4a, essansrsssesanens (c)
where 5 is the ort through the origin mermal to the plane
sad 4 4s the perpendicular distance of the plane from the
origine
By comparing equstions (7) and (8), it ie evident that
for eoustion (8) te represent the plane under discusclion
B= ort (hg* + XB* + 18%) esseee (9)
ol @ (10)

» + 4 ¢ l (AR RN J
If in ecustion {6), 8 represents the Jirection of «
31 yacted beam, then hy ¥ and 1 are intepers, nud these

integers or thelir primes sre known a8 the Niller imndices
|8
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af the ervetel plene upder consideration. If the prizes
are W/n, %/Aa and 1/n, the 21ffraction is sald t¢ be of
the nth order.
By substituting the reletionships (9) =md (10) im
coustion (6) it is simplified, giving
5-8 = N4 g
or 8/ -8/ =8/%.
when a veetor diagrea (Figel) is drawa te illustrate tide

vector reistion, it bocomes clear thst

m%'@"' ‘3‘. where 80 1is the angle betwecn

s »nd 8y

and hLenee 2d 8180 = /\  cecsssscssns (11)
This relstion is known =8 Bragg's law.

In Tigel, S0 is the cdivection of an incident besm of
eleetrons snd § 1is that of onme of the diffracted besms,
on is ot rvight sagles teo AB, thet is, to j and thevefore
the plape A0B is perpendieulsy to the plase with Hiller
irdices (B/n, &8, 1/n), their intersection being = iine
parallel to 0D The difirection with Laue wtunvh. ke 1

may thersfore be comsidered as the speculsr reflectiocsn of tie
{neident Beem from the plene (h/m, K/n, 1/n)e The reflection
only takes plece when the angle of incidence is O , =s
defined by Bragz's law, Hove simply, when the ineident besm
mekes en angle O , determined by Bragg's law, with s set of
plames (W/ny ¥/B,; L/n), there is a diffracted besm In the
direction of speeular reflection from those plansa, the
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Leue indiees of the difTraction being hoX,le.
3« Ihe BulleDebye-Scheprer or Powiey Patteram.

If & beam of XA-roys or of clectrons is inecident upen
a large sucsber of erystalliites orientsted at random in
space, it will impinge upon some of the crystals at the
Bragg sngie O to the set of erystollins plames with Miller
indices (h/m, K/By 1/n)s Thenover this oecurs, =
diffracted besu srises msking cn angle 2 O with the direction
8g of the incident beam} for s ziven set of Lawe indices
hektyl all the diffracted roys will be on a cone with e
semi~spical angle 2 O snd its axis parallel to 8,.

Hence, if a serecn or photogrephiec plate is placed
pormal to the ineident ray =t = distance 1L from the erystal,
a cirele of radius r is observed, where

/L = tan 20
Yhen Tast electrons with exergies of the order of 50 kilovelts
are being used, the engle 0 fs emecll enough to make the
approximetion that 20 = sin 20 = tanm 20.

Therefore r/L =20

Also, from Bragg's law, 2¢0 = A\,

Yence, r= AL/d.

The radii of the rings of a powder pattern may thereifore be
derived from the normal spacings, 4, Letween the different
sots of plenes in the crystals giving rise to the pattern.
d, in its turn, may be caleculsted from the dimensions of the
unit eell of the erystal by making use of the welation




In particulay, in the cese of oublc crystals, a=b=c
and the three axes are normsl to coach other, so that

& = &
i,_ = L-:-F—L casvssnsssses ('2)
Por tetragonal and hexagonal umit cells, the expressioas
for 4 are, respoctively,

%,_ E .-—:F‘ + -}; esassnssacne (’3’

ot %1 - ﬁf (nekshk) + %;oo.oooo-ooo (14)

In gemeral, it is necessery to identify thw crystal
structure, ziven ths ring radii cnd intessities. For this
purpose, the imterplanar speseings, 4, are Tiret calculated
from the radil, knowing the dimensions of the 'apmutu
end the voltege of the electron beam, This set of spacings
i then compayed with thove from likely Ruowu compounds,
usually with the aid of HulleDavey charts [42], wiich
make it possible to Tind the Laue indices of the
aifreactione, The charts are dorived from the equstioons
(12), (13) ond {14), and they consist of graphs of ¢/a
aguinst log 4, there being ome curve for each set of three
Lewe intleces, hy X, 3. They heve been couplled for
tetragonal, hexagonal snd rhombohedrsl unit celis, the
third being referred to a set of hexagonal sxes., The
ecubic system 2 s apoeciel cese of ihe tetragonsl, with
e/a = 14
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The calculsted spacings are plhtted on the logarithumic
scale upon a2 slip of pajer, which is then woved over caen
chart in turn, keepin: it persllel to the log d sxis, uatil
coincidence i= ohtalned betwecn tie poimte on the slip and
the curves on the chart. IThe Leue indices of each curve
are read of. and sssigned o the specings, sud §{ mecessary
the valuc of ¢/a can be moted st which a it securred,

The disensions of the unit eell can then be ¢nloulated from
the forsules (12), (13) and (14).

1f » pettera connot be fitted to the Hull~Davey charts,
it 4is probably cither from a mixture or clse is due Lo &
unit eell belonging to » mpre complex crystal system., Ths
simplest precodure with electron diffraction pstiterms in
such u ¢asé is the direct comparison of known wilh unknown
patierns,

The strength of any dif‘rection from a crystal depends
not only upom the type nnd relative positiomne of the etoms
in the seatlering unit situsted aercund each latiice point,
but also on the directions of the incident snd difirseted
besms and thereore upon the lLaue Indices. Tue fiutensities
of diffraction rings have bees caleulated theoretically
only for X-reys and aye fairiy accurate, but the Xersy
results srye appliestles only gﬁ”&z,mu-u Lo electron
difrsction, and in some cases are even then iusecursie,
although they serve in genernl as 2 rough guide. Xo
comprehensive theory regnrding the intensities of electren
diffraction patterns has yet been put foreward owing to the
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complexity of the phemomenn involved,

In mome emses in which there is » polyerystaliine
laver of ane substance on a substrate of =~nother, cither
one~- or two-degree oriemtntion of the film cccurs. The
1atter {8 such that two directions in the cmtamtosr
are Tixed relstive to the substrate, and the structure ~nd
resulting pettern are similar to those for & mosaic single
ervstal.

One~degree oriertation is wmore commuonj the crysials
tend to lie with one type of plane parallel to the
substrate, but otherwise ot random. It is defiped eitner
by stating the Miller indices (h,ky,1) of the crystal
plans porallel to the subetrate, or else the indices
fu,v,w! of the lottice row nommsl to it. Such m lsttice
row is enlled a 7ibre exis, ond it »ill heve the ecustion

r=Llug + vb + we)
vhere 1. is = vnrisble,

The orirntation is indlested by the bresking-up of the
rines of the usual powder pottern into sres, the ring,
far exomple, dus to Bragr "reflection” frow the plane
parnllel to the surface being converted iato am arc is the
plane of incldence to the surface, ths extent of the arc
dependine upon the perfection of the oricntation. Thse
whole patters m-y be consideyed nz due to a singie erystal
with the (hkl) plems perallel ‘to the substrnte and rotated
sbout the Tibre axis., It is poesidle for saversl
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dif7erent orirntations of » 1@!2 to ocecur indiscriminntely
on one surface.

The widths of the riogs of s powder pattern depend
on severnl feetors, the chief of whieh are the simse of the
ervstnlliites and, in the case of reflection pnlierams, the
physicel meture of the surfsce.

In the expresaion Tor the i:tensity of the Alffracted
beam riven in Seetion (2), the widths of the 4Aiffresction
paxime ave deternired by ¥, , M, end i, which apecify
the sige of the crystsl., IAmongst others, von Laue [43]
and Seherver [44] huve derived expressions conmecting the
crvetel size with the wavelength of the {ocident redistion

. ond the half<breadth of a diffraction rincge. Table I shows
the length T of any sverage erystal im » direction mommal
to the (hkl) planes, eslculated from the half-breadth of
the hil 4if"raction in the cnso of & tranemiscion psttern,
sssuzing » esmora length of 50cms, and o wavelength of
0.05 ingstroms. The crystal is supposed to be =
parallelepiped with ons side mormal to the (hkl) plams.

Isble J. (Prom Fimch snd ¥ilmem, ref [45])h
) -
Half byesdth | 0405 0.90  0Cel5 0020 0e30 0Cod0 |

(mose) | |

Cmtﬂ size 440 w 1’0 110 75 55
Felf dDreadth Ooﬁ 0s70 140 240 50
(“{)

cmt(ax siwo | 44 31 22 1 4 ’
T ’\I b
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The figures, of couree, serve only se an indlcetliosn of the
true erystal sise, shich unioubtedly varies from erystsl
to ervetel ipn any novmal powder, The whole dimcussion
applies to X-ray A1ffraction, =nd need have little
quant {tative bearing on electron ALf ‘reetion, althou b o
praetice it appears to be roughly true.

The effect of the physienl nsture of the surface on
the rings is considered in detail in Part 1V, Sectiosn (4).
In brief, 41 raetion may occur at a surface eitier by
tracsmission through projecting crystaliites or, in the
cagse of very flat surfaces, Ly the entry sand subsecuent
exit of the electrons st the seme face of the crystals
in the surfsce, In the former case, there is little
{iafivence upon ringewidth, but in the lotter, the inmer
potentinl of the crystal esuses refrection of the sleectron
beam, lesding to n wvidening of the rings, especinlly
near the shodow edge., The effect of refraction is to
move the pstiern in the direction of tie shadow edge, =nd
the rings becowe blurred on the inside towarde the
unde flected apot,

Other inaccurscies in ring-widthe are istroduced by
the finite crose-section of the electron Leam, Owing to
{ta sige, the M flraction rings due even to n crystal of
infinite oextent will have 8 definite breadih, upon which
the other ef’ects will de superimpoced, /l20, when Lhe
benm ii incident at a grezicg engle upon n rel.ec' lon
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epcefmen, ite intersection wnith thﬁ surfece may be at
least = centimetre in length, end 24f reaction msy take
place at =ny point im this length; hemee, the comera
length may very by a8 much a8 o centimetre, =ud the radius
of mey ring will change proportionately, giving rise to
diffusenesse Pinck, uarrell and Yilman [5] have drawn
attention to the faet that besms of abnormslly small
eross-soction may arise becsuse the specl en uots ms its
own diepuragn, comparatively -xur\i-,t projsctions prevemting
parts of the beom from reaching the surface, or else
stopping the 4iffrected roys,

From these considerstions, it becomee npparent thst
whils the breadth of 2ifraction rings =nd the general
diffuseness of » pstters may yield valuable informetion
coneerning the nsture of the surface, care must be taken
in separeting the comtridutory fretors, and even then
only cunlitstive ecstimstes are possibie,
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1. Zhe Year Mashimes
Twb mechizes were used duriug Lhe investigstiom, and
"f thoey are kmown respectively as the "A* and “I* wmuchimes.
~~ Year ic measured by the less iu weignt of a
- eylindrieal mild steol opecimes § fuch in disaeter aud
:{,' sbout 3/8 imeh deep, which 1s pressed Ly means of & losded
sprieg on to 3 cirsulsy mild steel piste, at & definite
dletance from f%s eoabzes The plete Is retated «bout o
wertiesl exis by & 1,5008 repetie fhepe synchronous soters
' It can be moved in order to prepure the surface before e
| yum, snd 1s beld iu pesitien by s § lneh bolt at its
. eextye, The load lo applied to the speclawn by means of
| 8 1/ ineh steel ball st the end of the load sheft, the bell
| meeting in » countersink st the tep of the spocimem. The
specimen s therefore free Lo rotate,
Phen the waehine is rumning, the specimen descrides
ft'a civeulsr psth upon the wear plete, end {ts linear speed
. relstive to the plate 1s proportismal te the redius of thls
:ﬂ path, The bearing holding the load shaft oan be moved
| saptity redially, thus changing the redius of tiis werm
| path snd peredtting o renge of limeer speeds varying Crom
| 350 cms. per second ts 1200 ems, per second, Ofl is
_ supplied to the bearing surfuses by a drip, the rate of
4 i=s controllabla,
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In »2 Ution, the "3 machizme lLas Taglilties lor
heatine: tie rotsting wtos plrte to o temporature weasured
approximstely by a taermseoupic at ito suwface, and slip-
»inzs provided sa ihe ha.in ahaft to complete the mer
elreuitse This part of the machline, however, usuw nel be n
usod in s present experiments.

The cumers used throughout Lhis work is of the Piunch
esld eatlods Lype enpieving «lectrens of sbout 56 kilovelits
crerzy, snl hes desn deceribed by Finch sand Wiimen [45 1.
Briefly, & Loun of eiectroms lewves the discharge chosber
Liarcugh an spode disphrage, saud i fovussed mugueticalily
to »n slarp 0t on o Jluorescent EETrebie it impinges obn
the epecizon st = distamce of nbout j0cms. from Lhe seresn
anc, =for the necessary sdju-tasnts have been made, Lhe
pottera may b¢ recorded by turning bsek the sexecm,
azposing o photograghdc plate.

Tie sgpersius ie contimmcusly evacustsd by & Lhrecs
sisge sEyYoury vepdur pump basied by o r&.ry ou.-p-'p.
1s order to allow the diseharge to puss in tne dlscharge
chasbsr, & higher pressure 12 maintained there by & soall
contisucus leak of =dre

A tranafommer ls used im conjunction with a rectifying
vslve to conwert $he 230 voll All. mains to the necessary
high tenaics voltage, stleh ie fed to s condensers The
high tensiss currest from the condensey lows moross the
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discharge chasber and §s meintaiped at a steady velue by
finserting im the circuit & diode working under saturstion
conditions.

Hany of the 44f raction patterns from worn metal
surfaces are very diffuse end it was found to be
sdvantageous to have a rezor blade or other Shin chest of
metal almost touching tie surfece to be examined, the plane
of the razor being ot right sngles to the surfesce and to
the incidemt desm, This {s schieved in prectice by making
the edge very slightly comvex, amnd bolding it in a frame-
work sbove the specimen, so that it can be screwed down oan
- te the surface until contact is esteblished ot ome point,
The oiulm bean is then adjusted so =s to Le ineident on
the specimen s near as possible to the poimt of conmtact,
In connection with some other work, the curved surfsces of
cvlinders sbout = ecentimetye in diemeter were examined by
means of a beam parallel to the axis of the eylinder. If
the device is used in this case, it is necessary to shape the
edge so that it =lmost fits 45te- the curved surfsce, leaving
only s small gap at each side of the point of contect,

This device is useful in several ways. In the first
plece it prevemts o high proportion of the radistion
inelostically scattered at the surface of the specimen Troa
resching the photographic plate, asnd thus mskes the ringss
of the pattern more prominenmt, a decided adventage with
difTuse petterna, It also prevents most of the seasttering
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which, espeeielly in reflection patterns, ogcurs round the
contral undevisted spot, and is instrumentsl in revealing
parts of the pattern near the central spot shich wight
otherwise be blotted outes The diminution of background
seattoring nlso makes the shadow edge more distinet, leading
to greater ease in adjustment prior to taking & photograph.
It is possible that the use of the device reduces ring-widtus
by cutting down the effective crosse-section of the electron
beam. Finally, the use o the blade or disphragm enables
u pattern t0 be taken from a ;pctﬂed aren of Lhe surfece
under exsnination 1f so desired, becsuse the beem impinges
only on that part of the surface in the ifmcediste vicinity
of the point of contact,
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The mild steel plstes used on the mear moachisnes were not
cheanged throughout the experimente and were both turned
from steel blanks out of the same batch. Seven hslfeinch
nild steel specinmen discs were used =nd all were turned from
the same piece of halfeinech rod. These two precsutions were
taken in order to ensure thet, se far as poseidle, any
disparities in the experisentsl results were not dus to the
use of steels from different sources and probably of
slightly different composition. For a similar reason only
one grede of mineral oil wes used Jduring all the experiments
sn Intava oil of D.T.D, 109 specification.

The woar plotes sre thoroughly lapped before use sgaiast
a clean Tlat steel =sster plate, using = coarse carborundum
paste in sineral ofile To make sure that precisely the seme
finish is spplied in all ceses, the surfaces are cleaned
= befove the Tinel lapping and then, following the application
’ of fresh paste, the hmlc is continued for smother 135
. eireulsr strokes, After this trestment, the plates are
. washed thoroughly with petrol and wiped with cotten wool
. until they are perfectly free from esrborundume, This is

showsn by rubbing the surfeces with fresh dry cetion wool;
if the plates are clean, no blsck stain is observed om the
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cotton-wool, only s faint li htegrey tinge being visibie
due to finely Jivided irom. The resulting surface hss a
pele grey matt eppesrance with, in genmernl, » fow light
scratches which heve no ef’vot on its wearing propertiecs
eince they are bLelow the actusl bearing surfece and aye
urtouched during running. The wear plates sye now ready
to be bolted imte position on the machines.

The dearing surface of the =414 steel spscimens is
finished in two processes, It is fivst lapped with cosrse
carborundum peste against u flat steel plaste, and, after
careful elesning with cotton-wool amd petrol, is given =
fimel Tinish by lapping with a suspenajion in medicinal
u&l:‘tn of a fine alumine powder,

The coarse finish on the wear plete is too rough to
provide any electron difreetion pattern, but, by usiag the
ragor-blade technique, it proved possible to obtain good
patterns from the fimal lapped surface of the half-ineh
specimen (Flaze3)s The photograph shows thst it consists
for the most part of < ~iron in feirly lerge crystaliites
with dimensions of the order of 1004,

The load used in all experiments totals, when the
londing shaft i» included, 30 Kg. or 81lis. cpproximately,
end corresponis to = pominsl pressure, using s half-inch
spocimen, of 401hs. per scuere inch,

O11 1 supplied by drip feed from dropping funmels, snd,
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unless otherwise stated, the rate of flow is regulated seo

as to provide a steady feed of 3 drops per minute. The
lubricant was never returncd from waste to the dropping
funnels for use again, as it wes feared that debris in the
oil might introduce undesired complications.

The objeet of the first series of experiments was o
study the wear behaviour of the halfeinch specimens wundsr
the conditions detailed above for as wide a range of Aimear
speeds ns possible, As the driving motors are beth
synchronous st 1500 repele, Speed can only be varied by
changing the radius of the path described by the specimen
on the wear plete, For simplicity, a set of standard speeds
was evolved, such that a number of paths could be run-in
on ench machine just failing to overlap each other, and
thus reducing the re-lapping of the piates to a minimwsa,

In this manney, four runs could be made on each machine

without removing the wear plate.

Table Il. Zhe lipear Speeds
~ "A" machine | ﬂ "~ "3" uachinme
I ] . e : .
(29081 | (SEond) | mnetoath | (cab/sse)  (icha/hr) oae et
L B | 7(.”) A  ad A v,,“m)
450 1642 | 2.9 | 350 1246 242
700 252 4.5 ‘ 600 { 21,6 3.8
950 3462 | 60 | 850 | 306 Sed
1200 432 | 746 l" 1100 3946 | 740 N

Table I gives a iist of the speeds ecmployed and the
corresponding radii amd alseo indicates on which machine
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ench sped was used, The set of speeds was compiled in the
light ¢! the knowledge that, using = halfeinch specimen,
the edgm of the worn paths due to two speeds difrfering by
250 cmm,/srec, are sgparated by a distence of sbout 3Jmus,
mop!;t-x;:wd of n given speciven 4is taken to be the
speed relitive to the wear plate, so thet some parts of tue
specimen mn st slightly higher or lower speeds, butl since
ihe speeimtn rotates, this objection is mot serious. It
ws usual to wash the wear plate between successive russ
wth petrol snd to wipe 4t with cotton wool in order to
remove all treces of oil from the previous run, a8 this oil
prbdably contains steel debrise.

For the sske of convenience and to prevent confusien,
the halfeinch specimens wore numbeved from 1 to 7, aud these
nasters will be used where necessary in the present aceount.
The wear runs are niso numbered by the initial *A® or "B°
of the machine used, followed by =n finteger.

Yhen the specimen snd wear plate hove been prepared as
dencribed nbove, the former is carefully clesned with cetton
wool sosked 4in petrol and {e dried om filter peper. It is
transferred w»ith tweesers to the pam of & Becker "Chainometic”
balance capable of weighing te within 040001 grom and ite
maes determined,

The wenr plate 4is then flooded with oll et Lle spyroprists
mdius and the olle-drip is sdjusted to give the nommal
supoly of sbout three drops per mimute, The specimen is put

on the plete and fixed in position by loading it, and the
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uachine {» then started, the time bein noted, Theresfter
the specimen s cleaned and weighed of inmtervals of ome hour
for the next four hours, by the end of wideh tiwe 4t wiil
»robably hove settled down to a steadyemearing stete. The
mnchine ¢en then be run non~stop Tor about six hours,
replenishing the 211 es nesccasary, in order to determine
sccurstely the rate of wear,

At the end of the first hour, the mstt nppearance of
the specimen hss been entirely replaced by a highly refiseting
surface generally with a mr\ of suell scerstch narks, and
this sppenrance does ot subsoquently chengee The patu of
tie nichu on the wear plate soon shows sizne of wear, but
‘mever sttains a bright polish, chisfly beesuse only the tope
of the c¢onsiderable asperities act as besring surfsce, ths
remainder being untouched, Sometimes s few 1li kit scratches
may b@ observed om the wesre-path 4{n the directiocn of motion
of the specimen,

After the fimel weighing, the halfeinch speclmen, shieh
hes now reached o completely steady state of woar, 48 rua
for about 10 minutes longer and tekem frum the moechine.
Pollowing = thorough wesh with a Jjoet of greaseefree
eryrtalligable benzene to remove all oil, it is put into the
electron uff;mtlea camoye and o photograzh oblael: ed of the
pattern fro- it., Sometimes, other photograshe were taken
after 1ight sbrasion with 000 Hubert emery paper, but they
revealed no new fontures,
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Teble IIT. The resdinge of typical wear tests.

{2) Test rum A5, Speed 450 cma/sec., using specimen Yo.7.

Time (hve.) | Distamce | Mams of Specimen | lLoss of Nass
trovelled (gms) (grms)
(loms) | ‘ ' ]
0 ¢  Be2174 ¢
1 1642 8.2159 00015
2 32.4 | B.2143 10,0025
3 48,6 842147 0e0027
4 648 Be2146 ' 0.0028
11 1782 Be2140 | G003

—— o= B — B =

(b) Test run 43 Speed 350 cus/50C., vsing specisen Ho.l

Time [(hrs,) l #utm. unse of Spectunlj Loss of Eass
. travelled {grms) | (grss)
(e ) e B
° ° 77605 | o
1 34,2 Te7437 | 00168
2 68.4 747387 0.0218
3 10246 77330 040275
s 13648 77307 i 040238 |
10 342,0 7+7201 0.0404 J

Table IIX shows typleal examples of the readings ebtaiped
during the wear tests., 7The loss of mas: is deduced and
tabulated as = functien of the distance travelled in
kiometres, which onn be yoad off from Tadble II. 4 graph
is then plotted Tor esch set of readings with the loss of
mass as oriinate againet the total distance traversed Ly the
specimen as sbdseissa. Typical wear curves are shows im
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Piged; the gr.phs were alwsys of this shape slithough tuey
varied grostly in ordinate scale,

The period prior tc the establishuent of » straight
line, indicating a uniform rate of wear, will be called the
running-in psriod, end the mase lost during that peried
the rumning-in lose.

It is thas possible to deduce from emy wear curve two
cuantities cheracteristic of the rum, nemsly the rate of
venr of the runein surface with respect to distasace, which
is the slope of the straight part -f the griph, and which
will in future be ealled simply the rate of wear, oad the
runnigfein 1088, The lotter is mensured by determial s the
ordinste at the polint where the curve dlpurt; from linsarity
a8 the abscisss i{s decreased,

/s =« vesult of some wenr tests carr-ied ocut Ly Seole (72
in this leboratory at = speed of 600 cmse/sec,, it Lecame
spparent that there sre two ways in mhich a mild steel
specimen ¢an be run~isc on the wear machines. T: investigate
this ef 'eet Turther, a large mambder of wear runs wore
therefore carried out in the masnner described above snd the
rates of wear and the running-in losses were measured from
the wear curves, They are set out in Table IV und at firet
sight they apiesr to be seattered at random over a very wide
rangss An exaxinstion of the electron dif raction petierns
tokon at the elose of each run, however, reveal two distimct
trpes of pattern, evern Trom specimens run-in st the sese
speed, Ome type of pattern is falnmt end diffuse with three



IR cntyaae) | naa o l(g/en = 70D | SLFremetion
(ges x 107} pettern.

1 450 3.1 7ot Diffuse
3 700 Se1 7e2 DAL fuse
1 350 27.5 54.0 Sharp
6 1200 Immedinte seisure
7 450 2.7 et DAL tuse
3 700 4,6 170 Shrrp
1 600 146 - be2 Piffuse
1 600 1.3 2,2 DAffuse
1 600 144 37 DAS fuse
2 600 1.7 3.5 DifTuse
2 600 P 348 24f fuse
3 950 3.8 159 Sharp
4 350 3.8 2844 Sharp
5 ve 340 2.0 Diffuse
1 350 1.8 58 DAf Puse
2 350 1.9 7e4 DA Tuse
3 350 2.7 . 70 DAL Tuse
1 350 2.3 N DAffuse
2 600 8.5 11,0 sherp
é 8s¢c 18,0 2940 Shorp
1 1100 Seigure in 5 minutes '




43

main groups of rings which uswally coanlesce to haloes, while
the other displays strong end sharp rings ¢due to X ~irom
with a faint oxide pattern in the background, Thess
patterns are experienced throughout tiais work and ape
deseribed in detail in Section (4).

The type of pasttern obseyved has been finserted in
Table IV, sn? 1t will do seen thst the 247 use patterns are
all derived Trom specimens with rates of wear grouped about
0.,000005 grms/tm., while the corresponiins running=in losses
are also very close to each other for each speed. The
specimens whiech gave rise to the sharp pattern, however,
'are appsrently distributed completely ot resden sad beth the
rates of wear and the rusning-in losses are, {n genersl,
appreciably groater than the corresponding volues for
specimens giving Jiffuse patterns., The lowe-wsaring, dif use
pattern esults nye plotted acs functions of the limsar speed
in Pigs. § and 6, sn: 1t will be seen that no lowewearing
rauns have been recorded ot high speeds, Tiis polnt will be
discussed later.

As a result of the experismnts described nbove, it ia
possible to divide milid steel dises run~in under the specified
conditions inte two types; one hes low, Tauirly reproducibdle
wear charactoristies =n! gives rise to feint dif‘use
electron diffrsetion petierns snd the other type displsys
o Mgh, rondon rate of weer end rumning-in loss, and ;ives
sharp ring patterns of X eiron. The eppearance of the runein
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path on the wear plaste showsd that its rete of wear was
emall, ond no Jifference ‘m observed between the peths used
for rumningein highe sad lowewearing specimens,
(v) JSsproducibility of hesults.

During the subsecuest work with runein mild steel
benringn, the existence of two distinet forms of bearing
surface has been muply confimmed, and the random msture of
the highewearing type hss been made even more apparent, On
the octher hand, results from lowewearing surfages all lie
rear those already observed, and it is possible for soume
speeds to form ol estimate of the reproiucibility of the
readings from as meny as six different runs, Table V lists
e2ll the low rates of wear and running-in losses available
ot the speeds of 350, 450, and 600 cums/sec. and gives the
probable errors from the msan values, It {e evident that,
compared with the high-wearing results, where increoases in
the rotes of wear of the order of 10007 are common, these
readings are culte reproducidble, the runsing-in loss =ore so
than the fimal rate of wear, Sinee the running-in loss is
dependent upon the Tinish of the bearins surfaces before the
comme ncement of the run, the accursey with whieh it can be
repented indicates that the eare takem in preparing the
surfaces has 'hnd the desired ef 'ect,

(e} 2

In addition to the demonstration of two Gif eyent types
of wear sccompanied by charsctecistic electron difirsction
‘patterns, en examination of the yesults reveals thst the
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mal-rity of the yeadines Laken of slov specds shbeve—Joleus ses,
are of the Mu type, whils st speeds above 700cms/sec,
21l the wear runs displsy high-wearing characteristics.
Theye have boen ouly & few resulls of the high-wearing
type at siow sp.ede, but ot high epeeds several seizures
took plage, The question arises whether the oil supply may
not be yesponsible st lesst to some extent for the change-
over Trom low t0 high wenr with incresss of speed., Tie rate
st w=hich ofl is stipplied to the besring surfeces is certainly
less ot high speeds, Tor two yessons,

(1) The rate of oil drip is thyee drops per minute
{rrespective of speed, and thevefore the amount of il
supplied in unit distance decyeases steadily with imcresss
of speeds

{i1) The oil on the wear-plate is subjected to &
corsideorable centrifugel fovee proportional to the distance
Tyomn the centre, A the lipear speed, using = sysnchronous
uwotor, is also propeortiomal to the radius, the m of
removel of the ofl film frem the plate incresses wilh Us
speed,

Turther experiments sust be made Lo find out, if possible,
the preeise role of the oll in deternining the type of wear
to be expected, The utmew at high speeds ape
probably the resull of lsek of lebriecstion adequste to
paintain a high-wearing surface,

It iz pecessary to consider whether a large rate of wear

snd n high running-in loss are dus to the presence in the
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lubricant of sbrasive particles, either carborundum or
slusmine remd@ning on the surfmces after lapping or else iroan
end fron oxide removed from the surfaces themselves by the
wesy process. The former alternstive has been climinated as
far as possible by very careful cleaning during the
preparation of the bearing surfaces.

To tast the lstter, some wear runs were carried osut st
s speed of 600ems/eec. with oll which had been used
sreviously =nd which contalmmd an apprecisile amount of steel
debris. The vesults are given in Table Vie The second of

Todle VI, W
-

we 5 iue funningein |iste of %

Rn: e (nr/:cc) loss. . (p-/:a T?gﬁ mtmuon
(gus x 10°) | petters

B7 2 &00¢ 1.4 79 Diffuse

B3a 3 600 | 1e3 108 DAL Tuse

the tests was made with the seme oil so the Tirst, and
therefore the lubricant in the letter case contained more
steel dust, since the wear of the first run contributed to it,
It »i1l be seen that although both the wear-tests are of the
low type, the rate of wear incresses with the smount of steel
dobyis in the oil, dut the rumning-in loss is not af’ected,
Both the retes of wear are well outside ths 1limits 4.0 & Gef
x 10°6zus/kn, deduced from the tests with fresh lubricant,

but the ineresse ie mnot of the order which would be expected
1€ the surfaces were of the highewearing type. Hence, while
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the presence of iron snd {iron oxide powder in thes eil
increases the rete of wear slightly, it is not suffiecient in
itgelf to csuse = high wesring surfece where s low one would
be expected using ¢lean oil.
2. ZIhe Influence of the Torn Path upon the Jpecluen.
“hen wear takes place between lubricated bearing surfeces,
it is very important to remember that twe surfaces are
involved in the changes occurring, snd in experimental
investigstions steps should be taken to amcertain Lhe
behaviour of both components, 8o far in the presest work,
the observations taken have npplied oaly to the half-inch
specimen; the Influence upon its behaviour of the path over
which {t runs on ths wearsplote hes not beecn taken into eccount.
In order to Tind, 1if possible, the effect of the run-in
poths on the different types of wear, a series of experiments
were performed in shieh run-in hslf-inch dises were worn
against pnths other than those om wshich the runningein took
place. A
Tor this purpose = set of spoeimens of both high snd low
wearing types was collected ti-on a series of runs, and after
eight such runs a correspondiing set of run-in puths wes
available, with four paths on each machine.
Table VII gives a 1ist of the paths (apecified by tuelir
speeds) on cach machine, together with the number of the
wonr run during shich each psth was run-in. The reference
mmbers of the specisens used during running-in are included,

end mlso the type of wear and the electrom diffrection
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pattern obtaived fyom emch aspecimen,

Table VIY. Iun-in wear peths snd specimens.

R R T
run-in. ranning-in end of test.
35 B 23 5 Low DAfTuse
450 A S 7 Low Diffuse
600 B 24 2 High Sharp
700 A 2 3 Low DAL fuse
&50 B 25 6 Righ Sharp
950 | & 3 1 High Sharp
1100 | 3 26 “ Low DAf Tuse
1200 A 4 - Seizure - |

Theye were almost equal mumbers of high and low wearing dises;
unfortunntely, = seizure hed taken place on the outermost

poth of the A" machine corresponding to = limear speed of
1200cma/aec., 20 that tests at uut speed werye not possible,
With the exception of specisen No.d, all the specizens were
run~in under the conditico s specified in tection (1), and their

wearing properties can e sscertalned Ly looking at the
sppropriste wear run, as designated by its number ia Table IV,
Epecimen Noed was run in under the same conditions as the rest
except that the oll supply wes iscreased during the first few
mimutes of the runniag-in peried; deteils of the run, 5 26,
will be found in Table §X, and they show that the specisen
was of the low wearing type despite the high speed st which
it was run,
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In ordsr to test the properties of the rune-in paths it

was negessary to devise o seheme for makians the best use of
thews Tirst e high-wearing specisen should be run on a path
vhich was run~in with s specimen of low=wearing type. The
original specinen should then be run sgein on the path to
detect, if possible, nng change im it, while the second
epecimen - thst which was originally highewsaring - should be
returned again to Its originel wearepath for the same émn.
2 similer set of three runs should then be carried out for a
lowewsaring specincs on & path runein with a highewearing one.
An exsmination of the paths an! specimens available

showed that the above sequence of runs was possible in
duplieste, thus providing = useful check om the results.
Yeighings were taken st the end of each hour snd the lees of
mase was plotted sgainst distonce se in Figs. 7 mmnd &, It was
found that after the Tirst hour, the graph of loss of mas:
ageinst time gettled down to a straight line, #0 that the
duration of each run ¢ould safely be limited to four hours.

At the end of this peried, after the Tinal weighing, esch
specimen was run ‘or 10 minutes on the mschine, cleaned with
benmene, and then removed to the electron diffresction camers.
The wear plates were well swabled with cotton wool and petrol
between runs.

Tables VIII and IX show the results of Lhese experiments,

Tach horizontsl row im Tsble VIII represents one path or speed
on one or other of the weareplates, and the chronclogical
yprdey in whleh sach specimen was used is given Ly reading from
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Table VIII,

Year-tostes using run~in specimens st different speeds.

(This table shows the specimsns rus on each wearepath, and
detalls of each test cen be found from Tables VII and IX).

?.M--\J-a u.."“»n- n:vuhwliu oL"w'» anw.i :uaﬁuwiunwo-hwwt u‘%FI
sec)| yunning | specimens spocinens uned »u&- spucinens spooinens used 4in4)
el g™ = -—uad - Ul X R Nt YN
low wear. used in golhumw ; E&” .Iin. r.,.,wulvm »n ofEu.w N
|| ownlspen. nun |Spesa, |fus| Spen/tum | Spens  un |spess | un |dpen sun | spens
3o ma3| 5 my| 2 (me 5
450 |25 7 a6 6 AT 7 N _ |
6§00 24| 2 | B2y 2 (B3| & B32| 2
700 a2 3 | a0 | 3
850 (m2g| 6 B30 6 | |
950 (A 3| 1 A8 3 a9l \
1100 B26| 4 | | ; nuu\ 4
e | 4] = ! L L |




Aesults of woar-teste using rus-in specimens st dif‘erent speeds.

Teble IXe
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lefy to right, Thus, specimen Wo.2 for cxu;u wes run-in
st 600cus./s0c. and wns then run for four hours st 350cma/sec.,
afterwards Yoing retumed %o its originel 6.0cms/sec, path
sgain, It was used once more on the sane peth u8 a check
after specimen No.4 hed been run on it.

The electron 4if rection patterns obtsined were all of
one or other of the twe types already deseribed, that is
either diffuse or sharp.

The curves obtained when Lhe lose of mess of the run~in
specimens was plotted against the distance travelled, showed
that after = small preliminary period of changing wear, the
surfaces setiled down and gave » comstant rate of wear, whien
was messured from the graphs ond incorporeted inm Table I X,

A study of Tables VIII and IX brings to light = mumber of
important feets,

1« Onee a spocimen has been run-in, the electron
diffraction pattern from it is not chonged by sny varistion
of the path upon which It runs or of the specd, Thus, Tor
example, specimen No.4 consistently gave difuse patterns when
run ot spesds as far spert as 1100 snd 600cus/scc., (despite
the fact thet the 600cms/sec. path had been run-in with =
high wearing specimen), and No.6, slthough rumning during
consecutive tests ot 359. 450 snd 850cms/sece, 2t all times
provided patterns of sharp X «iron rings. In uo case did the
type of pettern from a glven specimen change during the whole
seriens of experiments,
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2e The rotes of wear of the specimens gilving rise
aiffase petterns have bteen plotted in Fige) sgainst syeed.
{n is the wean curve for the uormal low-wesr runs described
;n section (1)e It will be obmserved thst at sgeods of
700cmn/oee nni upder, the points ide sround the curve L,
wiifle ot higher speeds they apre sbove the curve. It is put
in a8 & chain lipe, since no wear results =t high speeds
with normal oil supply have yot been of the lowewearing type,
50 that extrepolation hss Leeu necessary. The readings st
950cms/wec and 1100cms/sec sye not far of the iine when
compared with the high rotes of wear of specimens giving
sharp slectron difracticn patterns, and it seems reascnable
to say that rumning the lomewmearing type ér specinen ol any
speakeX speed o eny runein path dose not ecnuse its rate of
wear to depart vom the meighbourhood of the curve 1M,

3¢ The sharp electron 44f reacticn patterns are
{ryariably dorived Trom specimens possessing = high rate of
weare This rate of wear, as before, i cuite independent
P speed and does not seem to follow any lsw whatsoever,
There 18 » certain tendency Vor the rete of wear Lo rise
vhen the specimens and paths underge fmterchanges with one
snother, but this is by no means general, a8 a glance at
Tables VIII and IX will showe Thus specimen Ho.l run-in
ot J50cmn/sce., showed n rote of wear of 54 x 10~Ogme,/ia.,
tut after the peath had be n used Ly snother spocimen, the
rate of meny of egecinmen Doel, when yeturned to its path,
was only 29 x io’ém- |
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The sbove considerstions way be susmorised by
Stating that meither the type of wear nor the electron
i rfraction psttern of = given run~in specimen are
seriously affected by running thet specisen at different
speeds on different wear-psths. On mo occasion has a
trangition from ome type of wear or pattern to the other
been obsarved; the diffuse petters is slways sesoeisted
vith lowewsaring surfaces and the sharp sith high-wenring
surfaces, It thercfore appears that the -uir?m has
1ittie or no effect on the wearing properties of the
gspecimen 4ise besring on it, and in particulsr is quite
neutral to the two types of wear being eucountered 1n tais
worke

3. 4 5 .

tn Section (1) the rate of supply of lubricant was
suggested as a possible csuse of the existence of two types
of runein specimen. GSection (2) has shown thet the rum-~in
paths om the weareplates behave suite impartielly lowards
each type, sui this renders it improbable that eves before
running-in they can heve any influence, particulariy s
caye wae tsken to prepeve precisely efmilar surfuces in
all eases. It is therefore necessary to investigate more
elosely the role played by the oll in the runcing-ia aad
voay of the mild steel speclaens.

The method employed in the experimemts wau %0 change
the rate of oil supply, expresscd in drops per winute,
4.ring wear-runs st verious speeds, the other conditions
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beins the normel ones described in Section (1)e The results
of the expepimonts in Section (1) showed that in general
uniey the especified conditions, tle lowewesring ki:d of
surface m formed ot epeeds of 7P00cms/sec. and bolow, walle
ot higher speeds the high-wesring type wes always found,
culmineting st the highest obtainabtle speecs ip scigures
during the running=in period. It follows that the present
i{nvestigation wust be 4divided imto two categories, nmely,
attempts to odtein low wesr at hipgh speeds end to promole
high wear at slow ima. 700cms/o0e being token as Lhe
Atviding 1imee The durstion of the abmewmsl oil supply must
also be consideved, in order to find, if possible, the
rendiness with shich the deeired wearing coudition can e
obtained, The surfece finish of the bearing surfaces was thst
employed in previous experimerts.

Teny runs were firet conducted st high speeds »ith a
very large rete of oil supply during the first fow misutes
the supply afterwards being reduced to the pormal thyes drops
ser minute., Table I gives ietails of the runs and of the
lubricont supply in eache They nye arranged in order of
Jecyreasing totel odl feed during the initisl period, nnd are
not in chronologierl secuence. INlectron diffraction potterns
were token st the end of each run and the types are included
in Tsble X. | |

Thyee facts may be deduced from Teble X:
1e A large rate of oil supply during the {iret fow
minutes 2oes not 4in iteelf give ries to any particular type



Table X, Rosults of wear-tests with o lorge rate of oil feed,

un

Year fpecizen Speed
(ems/

see)

o4l fecd
conditions

Lona,
uias, &n
} gg?‘10")

palisrn

Ante of | Type of
d!gwtwa |

B35

drops/min.
?;r 10 mine,
followed by %
drops/ o
10 =dins. Then
reduced to
noraale.

1100

57

Selzure in 3/4 hour,

Al2

1200

Selsure in 10 wins.
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of wearing surfacees In this case the preliminary supply
of 30 drops per minute used in each run has yesulted io
two lowewearing specimems snd alse two seisures, one of them
delsyed, .

2¢ The duration of the imitial flooding with lubricant
is the operative factor in preducing low wear, other things
bveing eguale Thue rum B 35, st O50cms/sce., ths slowest
speed copnsidored, received greatly imcressed oldl supply for
the longest perded, and it gave s lowemearin: specimen. On
the other hamd, im rum A 12 at 1200cms/sec., flooding took
place for ouly } minutes and the speciszen seised ot the end
of 10 minutes running shile the rate of oil supply was being
reduced to the novmal 3 drops per mimute. It appears that
the formation of & lowemsaring surface is assured provided
thet sbundsnt smounts of oil are svailsble during the first
ten miputes of running, snd Lhat the eritical tiue is
probebly almest 47 mot coumpletely over after live ainutes,
The significance of the gradual return to nomal conditions
of ol feed has not deon deterained, but in the light of
these results it seems thet it con have little influence,
'The deerease im rate of oil supply must of course be mode
in steps and the first of these wos a reduction to
spproximately 10 drops per minute, which st hfgh speeds is
not at all on excesalve rate of feed,

3e The lowewsaring run-in surfece, once lormed, is not
cltered in any way by running with the nommal odl supply,
even at speeds where almost fmmediste seigure occurred under
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-aimilar conditions in Section (1), using fresh specimens,
This confimms the ocbeservations made in Section (2) where
both types of run~in surface were successfully run st speeds
of the order of 1100cms/sec, The danger of seizure at high
speed seoms to be confined to the running-in peried.

At the end of rum B35 using = speed of (j0cma/sec., the
mechine was left runming for one hour with an extremely low
oil supply of the -xrder of one drip every three minutes,

but the specimen was not affected in say waye. The stability
of the lowewenring surface was further confirmed by this
obseryntion, since under these conditions a new lapped
specimon would heve seized fmmedistely,

Having demonstrated the possibility of forming ot nigh
speeds a surfagce with a low rete of wear, by increasing the
rete of ofl feed, it is necessary to find the yesult of
decrensing the supply ot low speeds. During this work, the
0il drip was often out off completely for a time, but in
these cases lubriestion was supplied Ly the thin filam of ail
on the wenreplate, and when o fresh run was storted under
these conditions, the necessary film was obtainsd before
putting the specimen in sosition.

The results of the experiments carried out with a
reduced oil feed st low spoeds are given in Table XI together
‘with the type of electrom &iffraction pattern found st the
end of each run of sbout 12 hours duration. The tests are
arrenged in order of incrensing oll feed. They show that
high wear can be obtained st the slowest epeeds by



Teble X1, Results of wear-tests sith s small rete of oi) fecd.
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sufriciently rigorous limitstion of the oil supply; the
decresse must, however, be drastic to the poimt of cutting
of © the oil nltogether for at lesst 10 minutes st the
beginning of the run, and even this was unsuccessful in one
cnge, ¥hilet the oll supply wes sdjusted during rum 536 to
the nommal thyee drops per minute after 25 minutes without
any sdverse ef’ect, there apyesred to be some tendency in
general to revert to the lowewearing surfece, and it was
considered advizsble to keep the wate of ofl drip low st
lenst until the running-in period was entirely over,

At the end of run B39) the wechine was run for one hour
without an oil drip feed, snd this was followed Ly & number
of tests of ome hour's durstion, the rate of oil fleed being
inereased Tor ecech suecessive hour by one drop per minute,
The readings cye given in Tauble XII and they show that the
rote of wear of the bedlye-wearing type of surfece is, unlike
the lowewearing type, dependent om the oll supply. It is
deternined by the lowest rate of oll drip experienced, and
subsequent imcresse of supply schieves no appreciabdble
decyense in rete of wear,

One furthey experiment with varisble oil supply should
b mentioncd, This is run A14 ot 700cems/sec., and detnils
of 1ts results ave given im Tsble XIIT. It will be seen that
the ofl drip wns insdvertently out of” just before the end
of the Tourth hesk hour, but it was restored in three minutes
ot the rate of two drops per minute, Before the reduction of
the oil supply no clectron diffraction patters hed boen taken,



Table XII. %Ww

Time | Distence |Moms of | Rate of 0i1| loss of Mass | sate of Lesr
(hre) Travelled Specimen Yeed per hour. (gua/em x 1 °
- (eos) (gms) | (drops/mix) (gms) o

4 . 504 7.5238 o (from TableXl) 2340
11 1386 |7.5222 I S——
| } wil 0.0004 ! 3240
12 1512 7.5210 |
| | 1 0+0004 1 3240
13 | 163.8 75214 2 o l 32,0
14 i 176 .4 7e521C i s | 32.0 |
15 | 189.0° 745206 | ‘1 : {

Table XI11l, Year-test A14, weing spocimen Hoe3 at a speed ol

Mn@-iu loss = 00080 gress

cms/s0c
poraes cosditions of surfsee finlsh asd oil feed)
Time |Distarce | Mess of | Loss pf Mass|  Aemarks .
(hrs) | Trave Opecimen {(gms)
L ... (gne) |
0 0 Be1136 [ 011 feed 3 drogs/min
1 25.2 8.1059 04,0077
2 5004 . Ba1054  Ce00E2
3 756 8,1052 0.0084 |
inhre 041 supply cut of 7 for ‘
‘Omins 3 mine, =nd restored .
st s rete of 2dreps/min
100.,8 8.1037 00099
226,.8 840678 040458

Rate of wemr before ofl fallure = 848 x 10° gros/kee.

nete of wear after oil fallure = 285 x 1»‘5" gras,/kne
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but the rumning-in loss shows that the surfece was of the
hichewsaring type despite the low rate of wenre As s result
of the temporary stoppage of 041, the rate of wear became
extremely high and remained hicsh, znd at the end of nine
hours an electron diffraction psttern was taken revealing
the sharp vings typicel of high wear.

The experiments described above ahow that the type of
surface on the run-in specivens can be affected by the oil
supply during the runningein period, and it is probably this
faoctor which ¢sused the appsvent variation of type with
speed obmserved in Seetion (1),

The lowewsnring surface seems to e the more stable type.
Thus, =t high speeda, a lowewtaring specimen is assured
after flooding with ol for 5«10 mimutes; theye was on o
occasion a yeversion to the high-wearing type after this
treatuent, On the other hand, speciwens rumning st slow
spoeds could only be mede highewearing by weeping the oil
supply ot the sbsoclute minimum during the first 15«30
minates, snd even then it was thought advisadle to meinteis
2 elow ofl 4rip until running-in was completed, levertheless,
onee the highewearing surface was fommed, it 4id mot change
to the low typee '

48 in the previous sections, the high- =nd lowewsaring
types of bearing surfaee invariably gave rise to different
electron Aiffmmetion patternsx, the low type always $lelding
dif%use potterns smd the high giving sherp ring patierns.
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The appearance of the speeimens after running-in wes in every
enge the seme, nemely polished and marred by light seratches,

The vnlues of the rumning-is loss and the rate of wear
o the highewenring epecizens were distriduted at random over
a wide renge, thus confimming the results of Section (1).
It should, however, be remembered that the sbuormal oll-feed
conditions ot the beginning of the weareruns may have hed
some effect upon the running-in loss, sithou h it secms
uniikely thet this would vitiste ths observations. Figei0
ghows the distribution of the rates of wear of hlgh-wearing
specimens ae n Tunetion of speed, and includes nll the
results svaileble from the experiments performed 60 fer
except rvuns B29 and '14, The corvesponding readings of the
running-in losses nye glven in Figs1le

In the cnse of lowewearing specinens, both the runndng-ic
1oss and the rate of wesr with abnoremal ofl supply le in the
peighdourhood of the eurves already drsen from the results
of Section {(1). 1In Figzse 12 and 13, the readings celisclsd
from “ections (1), (2) and (1) have beenm plotted ngainst the
epeed of runninge

Tigse. 10, 11, 12 and 13 therefore represesnt qusntitatively
the results of :g.l the experimesta se far psrformcds

Two types of electyon ditt‘rution psttern have becn
ovts ned from the surfaces of the halfeinch specluens run-in
‘oa the wear machinos during the presest Lavestigstion with
plain oils, The specimens displaylng low reprodacible wear
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charecteristics always zive rise to dif use petierns, while the
highevearing specimens yield sharp ring patterns. Those two
kinds of puttern will now be considered in detall. The

i{ffuse pattern hes some stiributes in cosmon with patierus
from polished steel surfeces, snd it will be comvenieat first
to discuss the structure of polished metalliec surfeces amd

the diffrection patterns arising from them,

(a) Zhs Structupe of Polished Netal Swrfages.

Before the omset of electrom diffraetion techuique, the
study of polished metal surfsces was necessarily confined to
optical snd uicrographicsl metheda, The chlef worker in the
rleld of mieroseopy was Beilby [4], sho carried out a
comprehspsive serdes of experiments with a large pusber of
polished surfscesj he cass to the conclusiom thal they
possessed » skin of mmorpbous materisl similer in strusture to
o supey-eooled licuid, end ususlly eslled the "Beilby layer.”
During the process of polishing, the Beilby lLuyor bridges over
irregularitiés in the surfece, giving rise to an sppearsnce
charseteristic of the viscous flow of the matericl. Thus,

B 11by polished = ground sntimony surface until mo trace
romained of the grooves due to grinding, but by etchlng away
the polish layer, he was able 1o revesl the marke agsin still
intect,

In 1330, Thouson [46] published the results of the
rirst eloctron diffraction exsmiuation of polished metlnl surfaces.
Ye stated that no apprecisdle petterns could be obtained and
suggested that this was due to the feot that the saurfoces
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were covered by s layer of smorphous metsl. Frenmch [47) made
s dotailed olectron diffrection study of the whole process of
polishing, and observed a transition during polishing from =
polyerystalline ring pstiers to o pattern consistinmg of two
difuse hnloes, Ho stated thel thils was due to & graduasl
docrense in cmﬁl eise st the surface resulting in
erystalliites connisting of a fow unit cells, or even in an
extirely amorphous state with the atoms arremged st their
clogest distance of spproech. Assuming the lstier conditic.,
Prench was sble to ealeulste the meen radil of the kalecs from
the Lerny datn concerning the effective Almensicus of Lhe stoms;
he used the Tommula dus to Wierl [48] and obtalmed fairly
good agrecoment with the observed radii.

rbout the semw time, other workers were findisng
diserepancics in the diaecnsions of the pstterms. HAendall and
nookedy [43] pointed out that om the assumption that the heloes
were to be expleined by the ineressing ALfTusences of the usual
ring pottern es the crystal sise wns reduced, mmcfth
heloes di4 not correspond to those expected from the poly-
erystzl ine pettern, They sugsested that the difference eould
be attriduted to o change of lattjee dimensions dependent upon
the sise of the erystals, ass lind been postuleted by Lennardejones
[507]e Darbyshire and Dixit [51] sssumed thet polished metal
surfeces were ssorphous, butl with the interstomie Jistsmces
reduced as though the etoms had been stripped ol electroms, =nd
they stoted that polished insulstors exhibit normal isterstomic

sprcingse
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A numbey of investigetors were not convinced t st it was
necessary Lo sssume the presence of on smorphous layer on
polished surfaces im order to explsin the diffuse haio patterns.
It had Tiret deen suggested by Thomson[46] that electron
diffraction petterns obteimed by means of = beam fmcident upon
the speciven st » grasing sngle wore due to the &iffrsction of
the elsctrons =t they passed through meum'n the surfasce,
In comsequonce of this, Kiychner [52] mainteined thet the setion
of polishing » polverystalline surfece consists simply in
redueing the heights of the crystallins projectieons which the
electron beom traverses to give a rflection pattern. This
would have the effect of csusing the rings of the noymsl
polyerystnlline pottern o merge into each other nnd glve the
char-eteristic haloss. Rmether [53], hovever, was in agreement
with “andell =snd fooksby that the u-m of the haloes
obseryed 414 not correspond with those to be deduced from the
ring pettern by any process of lLicressing diffusenses.
Noverthelese, Oermer [54], Eirchoer (55 and Burwell [56] were
able to show thet specimens of undoubted erystallinme structure
gave rise to 4iffuse halo patterns shen exsmined by the
o *lection method, The most convineling demonstration wes
af "orded by Kirchner who obtained ring patterns Ly transaission
through evaporsted metsl fillms snd haloes by reflection Trom
the same specimens,

Finch, “uwarrell and foebuck [57] im 1934 produced definite
evidence in favour of ths existence of an smorjphous Beildby layer,
They eveporated gine on to s polished ecopper surfece in the
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electron dif‘rection casers, aad observed the pattern due to the
rinc fading awny as it dissolved in the polished surface,.

They were able to deposit twelve successive {llms nnd wabch tueir
patterne graduaslly disappear, shile not one film dissglved in

n polyerystnlline specimen, Ihe property of t-king imto
solution spother wetal 48 definitely something to be expected
only from = metal im ths licuid stste, ond is therefore striking
evidence in favour of as smorphous polish layer. If further
electron Aiffraction evidonce were meeded thet the polished
surface is indeed covered by a Beilby layer, it was provided

by Coehrame [58)] who polished electrodeposited gold nnd

chrozfun films »nd stripped them from their substrates, He
exmzined them By transmission snd obtsined halo patterns, without
the complications sscociated with the reflection method.

The discrepancies im halo dimensions observed by
Darbyshire and Dixt [51] were explained by Doblaski [59] =s due
to the formation of oxides im the polish layer, and he showed
thet by polishing i» the ebsenmce of sir, halocs were fommed which
wvere cherveteristic of the nommal interstomic distances.

Bowden =nd his coll=borstors have becn able to put forward
evidence in fevour of en smorplicus polish layer using methods
quite imdependent of the opticel and electrum difiractiocn
technicurs, By the therseelectic aessurement of the surfece
tempersture »t the interfsce of two differest sliding metals,
Bowden snd Ridler [18] showed that very high temperstures were
reached, the meximus temper-tuye, in the sbsoence of a lubricont,
bYeing the melting point of thw wmore fusible metel., Dowden and
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Mughes [60] found that polish sppesred on & surfsce provided
that the meltings podnt of Lthe polisher was higher than thet
of the solid, They comeluded that the polish layer probably
consists of an intinste mixture of micro-erystals of ths
metal snd of its oxides, snd perhaps alse of purticles of
the polisher.

In conclusion it seems well estabiished that a metal
surfnce, when polished, becomss covered with a lasyer
either of micro-crystels comts=ining only & few undi cells
or elee of amorphous metal, probebly mixed with oxide in &
sinilar state,

() The Diffuse Zlectron Diffrection rstterpe
During the experimectal work described above, two
goneral types of electrom diffraction pettern were
obtained from runein halfeinch specimens, Specluens
exhiditing = low rete of wear always gowve rise (o a
pattern of diffuse rings or haloes. This patiern varied
considerably in dif’usaness for 4ifferemt run-in specimens

tut was slwsye sarkedly more diffuse than pstterns from
highewearing specimens; Pigs. 14, 15 and 16 show typical
loweweny pattorne in order of ineremsing diffuseness.
owing to their faintness, it was not possible to measure
the vedii of the rings with & trevelling microscope, and
all ﬁdim wors taken with dividers, In consequence, the
specings deduced from these mensurements are securate only
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to about the penyest 0.1 A., ond even less accurste for riangs
of small w:

The interplanar spscinge cslculsted Trom messuremeiis
of Pige. 14, 15 ond 16 aye given im Teble IIV, and the
theoreticnl spacings of X ~iren und ferrcsoferric oxide,
or magnetite, Pey,0,, are fincluded for the sake of comparisom.
The unit eell of < «iron is & body-centred cube with an
edge 2,861, long [61], and thet of ferrosoferric oxide is
s face-centyed cube with sn edge 8,37 4. [62]. This oxide
ond Y «fepric oxide, Y -Fe,0, possess asimost idesmticel
erystal structures [63], snd their electron difiraction
patterns have not been definitely distinguished from each
othery Y <ferric oxide hes a fecs-centred cubic unit e¢ell
with a side of 8,3 A¢ In the following discussiom,
therefore, unless otherwisc stated, iron eoxide will refer
impartially to magnetite Pe,0, snd ) =Fe, Oy The
intensities given in Table XIV to the iron and irem oxide
rings sre derived from electrom diffrection patiesrns from
n flat mild steel surface rubbed on No.0 Subert enmery cloth.
This trestment couses particles of steel to project from
the surfece and give rise to very clesr pstterns of « -iren
with 1von oxide rings in the beckground,

' A study of Table XIV makes it plain that the difiuse
petterns probsbly arise ss o result of decreasing the
sharpness of the iron and iron oxide rings so that Lhey
begin to merge lato esch other, while the fainter omes
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‘imnppear in the background scatt:ring. Hons of the
sther oxides of fron give rise to petierss in any way
siullar to those in Pigse 14, 15 ond 16, and it ds
theyefore to be ssruned thet the diffuse psticrms aye
due to iron together with FegQ, or Y «Fe, &« (The
epecings caleulsted for the Anmermost helo vary greatly
smongat themeelves, ss mizht be expected, consequently
it 15 not poswible to meke fyom the weasuresents say
deduction about the existence of yefraction effects).

iny clesa from surface uwhich is exposed Lo the
stmosphare immediotely becomes costed with a layer of
either ferrosoferric oxide or of ) -ferric oxide [64).
¥iley [65] on chemical evidence, =ni also Iitake, Miyske
end Iimori [66] comelude thet this primary oxide 7ilm
is YePe, Oy when it is formed ot temperatures below 200°C.,
bt the sgcoursey of most oMuu dif ‘rection messuressnts
is not sdequate %o arrive =t s.y decision detween the
two oxides., The oxide film when Tormed lu the nomal
manne cmu.tun‘ e continuous layer over the iros and
is of fuirly large crystsl sise, the diffraction petierns
derived ’rom it boling wmuch shhrper thans those found
in the dlffuse patterns under considerstion,

The diffuscmese of these patterns is oot altered by
iight sbresion of the rusn~in surlpee with 204,000 exery
paper, sithough this is bound ts roughen them aiightly. It
seems therefore thet the dAiffusensss of thess potieras is
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due not to the extreme [latmess of the surfseces, but to smell
erystal sise, since abrading them in order to provide
projections for transmisesion purposes makes no chuange in the
pattern,

IT » coheyent surface film of oxide of mermal erystal
dimensions werye present, it would certainly be detected
after light abreaesion even if the surface were originslly
perfectly flat, while {7 it wore rough, the foirly sharp
oxide ricgs would be visible im patterns from the untouched
surface, Since no sueh rings hove been observed in either
cane, it follows thet no coherent film of exide of medium
erystal sise exists on the surface, as it would do on & normsal
erystalline {rom surfsce, The irom oxide which is undoubltedly
present must therefore be in intimate aduixture wilh tLhe iron,
and both aye in the form of very smell erystals with
dimensions of the order of 10 to 20 A.

The surface of the run~in lowewearing specimens
probably consiets ¢of submicroscepic projections whicn give
rise to = diffreetion pattern by transsission. If it were
completely flat, the Llight sbrasion of the surfece would give
rise to the necessery projections and o cause » decresse in
the aiffusensss of the pattern, s phenomencn wshich has not been

obeerved,

Eence, upon the eleetron diffrsetion evidence, it may be
 econeluded that the rum-in mild steel surf.ces giving a low rete
of wear consist of n mixture of very small erystsls of irem
an! sither ferrosoferriec or ! -ferric oxide, probebly in the
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form of submiersecopic projections,

During earlier work on the wear machines sowe tests were
earried out using o speciuen consisting of = flat disec one
inch ia 4dameter rumning st a speed of 60Cous/sec. under a
load of Clbe, eguivaient to a nominel pressure of 101ba/sqgein.
A pumber of slectron 4iffroction pestterns were taken from the
run=in dise and they ware falst halo patterns so diffuse Lhat
it was impossible to prist them without losing nluoat all the
detail. It was possible to measuye the redil of the very
broad haloes from ihe negatives with dividers, sud Table XV
gives the interplanay spacings corresponding to these
mepnsurensnts, These petterns sye more diffuse than any
obtained from tiw specimens run~in during the tests deseribed
in the foregoing seetions. It should be poinmted out thst mo
Aiaphrage disde normsl to the speclmen was used when obtalning
the pstterns.

In an endesvour to throw more light upon the origim of
the patierns described above, 'oth fros hslfeinch and one inch
specinens, some halfeinel spocimens were nitzbt on LoeG00
Hubert omery psper with commercisl 'n-guu* wetal polish,
and the resulting surfaces wore exemined im the diffraction
comera with and without the diasphrage blade. Fige17 shiows
the pattern obtainmed, The use of the blade csuses grester
contrast between the haloes ond the batkground sestisring,
snd enables soms very faint diffuse rings to Ve observed, but
the pstterns are not otherwise differemt. In Table IVI, the
specings derived from these patterns are listed, exmmples



Teble XV, B

Pattern A, N Pattern B. . Pgttern C,
" Intens) Deseription wwmma. Intens,| Description mﬂwﬂ_. Intens, bDeseription mao
¥ |Diffuse ...aa, Se1
¥ [piffuse ring| 2.8 v Hale | 25 4 Halo 245
F  [piffuse ring| 241 vr Hale |mum ¥ Helo 1.6
¥ Diffuse ring| 17 | | |
Table XVI. DRif{freetion patterns frow pelished ngecimens.
Tntensity| Deseription [Spaeing(r) || Intensity | Desoription Specing(A)
(Pett 0./ with blade disphragm]) (Pattefs[without blade disphregs))
¥ Halo Fe35-4,36
oy Halo 2.45-2.10 vr Halo 2653
we Mffuse rings 173 wy Halo 104
yvy Diffuse rings 1449
A 24 Halo 14331425 vy laleo 1437
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deling Sakeo both with sad without the disphrogy Bisde.-

The isterplaner spacisge, d, csleulsted Troam both
solfished sad rup-in speclsons were plotted on &« logaritamic
eenle upon stripe of pescer s were compured with each other.
The use of = logaritiuic scale eolimdinetes Trom the couperisos
the insecurscics in Lhe calculated specings due %o the look
of definition in the wessuveseats of high tension voltage
sed camers longlbe The balods and risgs oF the various
pstierns woere found to corrcapond cuite well with esch other,
snd TadlaXVII shoes the syailable petterms arranged is order
of increnring ddf'vovuese, cach horisonts:l row comsistiag of
2 set of corresponding spacings. Shere the ajpproximeie
1iaits of the haloes howve been glven in previcus tabies,
the mean radii sye inserted in Table XVII; the spucings of
the < -ivon and Pe, 0, petterns are alzo ineluded,

In this table, the thivrd row corvesponds to the 011
iron ring with its meighbourisg oxide rings, end it is
poseible to muitiply esch m of epscings by a fagtor to
convert this spacing to 2,0 A. mnd thus meke the cumperison
between the pstierns more direct. In the two woast diffuse
prtterns, from the omeeineh wear specimens, the spacing
correasponding to the msenm radius of the second ksle falls
sbout midwsy between the halocs cemtred on the 011 and 002
ivon m. and therefore 4% sppears Lhet these two hLeloce
have eonlesced with ineressing 4iffusepess of pattern to
give one single wery wide ring.



TableXVIIe. Interplanar spae
Trom run-in ord

;_:g

(in A,) of diffuse patterms
shed specimens.

[ <Fe pott.[Te, 0, pstt.][Figla|?igi5|Figlé] ratt] zatt patt] Patt|Patt |
— — ~ E | D | A | B |C
ja g o] ondl ko]

o) —~ D =S —~®
ke > 0 (S -] >0
o s e D et e
m o 0 o
w {4ie] 2 m
TIT | %79 ' T
4.7 | 5.8 | 4.9 4.9 | 51
002 | 4.15 z
022 | 2.93
2.6 | 340 | 248 | 2453] 2428/ 2.8 | 245 |25
113 | 2.50
222 | 2.40
. |coa | 2408 } 2,04 2,12 | 2.07| 1,84 1.73| 2.1
011 | 2,02
1133 | 1490 1.8 [1.6
624 | 1.86
224 | 1469 14317

|

| 1.6

| e

| 044 1.‘7
002 | 1.43 }1.42 1653 | 1647 (1637|1429 )

1135 | 1440
244 139
026 | 1.32
© 1444 | 1420
112 [ 1.17
046 | 1.15
022 | 1,01
013 |0.91 |
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Table IVIII shows the spmeings of Table AVII1 exeluding
the two most diffuse pstterns, each set of spoeings being
multiplied by a faetor to reduce the third spscing t§ Ze0 Ao
It vill be sern that, with the exceplion ¢f the Tirst haloe,
which is susceptible to very large errors in nessuresent,
the spseings of tie mein haloes agree quite well with esch
other, on? theliyr mean volues ere 5,1, 2,7, 2.0 snd 1,45 A,
respretivelye These specings correspond teo the four mest
tmportant groups of rings in the mived iron snd ironm exide
electyon #iffraction pattern., The spucings 1,72 and 1.62
probably correspond to the 024 or 224 difrractions of Fe,0,.
Table XVIIL. he)

X

AR AL Ul 54
fom _Takle xVil.

Fioe14 |P1ge15 | Fige16 | Pott iy | Patt D, Patt AL keon| Lawe indices
Spme| of the
. | and magne tit

rings inelude .
in tis haloes,

406 | 55 | 47 - Geb 409 | 5ol |FegOg,111, O
2,5 | 2.8 2.7 2,7 2.6 2,7 247 |Fog 04,022, 113
2.0 2.0 200 2.0 3.0 2.0 2‘° “ 10‘ 1 i!‘s G 3

: V57 3

172 1.62

1637 1445 | 1,42 Tedd 145 1ed ?.,002‘::.04
| -

In conclusion, the surfeces with lowewenring prajusttsns
sroperties runein during the experiments described in the
srevious sectionsconmist of an intimste wmixture of irom and
iron oxide (Pe,0, or Y -Fe, 0, ) crystallites with mean
dimensions of the order of 10 to 20 A., and are probabliy
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covered with projections of subemicroscopie diwensions,
¥lectron diffraction pstterns similar to those (rom these
specimens, but more diffuse, have been obtsined from mild
steel surfaces run-8m under other conditions sad aise from
polished mild steels It is clear thet the successiully
run-in surfa¢es, while not covered with a truly smorphous
Beildy layer, neverthsless have s structure ciosely allled
to tt, in thet the sige of t& constituent crystals is very
small,

(e) Ihe Shaxp Eleetron Difirsctiocs Pattern.

The majority of the diffruetion pestterns from the highe
wearing halfeinch specimens are similar to Fig.18, but some,
such as thet in Pige19, display even sharper rings. Specimens
giving rise to these excesdingly sharp patterns, after being
wiped with cotton-wool soaked in gresse-freec bansene,
furnished the more usual type of pnttern shown in FPige18.
The increased definition was therefoye due to the presence
on the surface of loose sterl debris formed during running-
and the -u'puy wore d1ffuse psttern of Fige1d is that
whieh {9 truly typieal of the highewenring specimens. The
extremely sherp type of pattern shown in Figel19 1s ideatical
with thet obtained from mild stecl surfeces albraded with
F0.0 emery cloth, while Fig.18 ie similar to thet from an
eluzine-lasped surfoce (Figel)e

Inspeotion snd measurement of & number of the & firection
patterns from highewearing surfeee: showed thal the same

rings wére always present, irrespective of whether they were
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similer to Pge18 or 19, Table XIX shows the weesurement
of a typlenl psttern of the extremely sherp type (Figelyl,
which was taken beceuse it mekes possible greaster agcurscy.
It is evident thet the rings mre typiecal of o ~iron snd of
sn iven aﬂé&.'sttmsr FegQp or YV «Fe,0se It m& possible
to aa‘).aui&ta the probable eyrors of the lattice dimensions,
using only the vnlues obtained from rings of fairly lerge
radile The inmer rings ere lisble to a grester percenteage
of epror owing to their mi!. rodile The moasurements
suggest that the oxide is Y =Fe,0p (& = 8430 Ae) Fethsr than
Pog 0y (& = 8437 24), but t 00 few of the patterns could be
measured with sufficlent securscy to make this peint
eompletely clear,s

In the tmdl pettern, gm sharpoess of the rings
indicates that the psatiern srises =s the vesult of the mssay
of electrons through projections on the surfuce, sithough
these must be subuieroscopie in size, The debris -dving
rise to the ”zy ‘sharp petlterns is to & lorge extent derived
from the surfsee under exsmination, sand yet its crystal sisze
anopears to be larger then that of the iron cerysials stiil on
the surfece. It is very upnlikely thei the rexcval of steel
from the surfsce would immm the size of the constituent
ervstals, although o decresse in dimensions would be calte
posaible, Assuming thet the erysta.s on the surface are at
lecsst se large as Lhose in the debris, it fTollows that their
full dimensions sre not operative .tar electron 4if ‘reetion



Table XIX,.

The messurement of high-wearing type of pattiern.

Voltage = 55kV., Wavelength of eclectrons =0,050 A.,
Cemeéra length = 47cms,

Using the cube edge values from the diffractions with
radii greater than that of the 222 iron oxide ring, the
probable errors of the erystal dimensions have been csleulated
Tor «=Fe, a = 2,84 # 0,02; iron oxide, a = 8.26 # 0.04.
By inserting the tr\p value of the cube edge forx -iron and
enlibrating the other by it
=Feam 2,86 & 0402

Iron oxide a = 8432 & 0404

Intensity| Redius (ms)| Interplanar| Deseription of| Length of sidc
i - spacing ring of the wunit
| d= AL/r cell. B
< . ron | Iron
[ (ﬂ) Oxide
VF a bede 00s111,002 | | -
S '263 9.3)A g:76-2§56 gt:o:.o§§;113 ot
YVS 24 Fe , 011 2,86
vVF Yo Feg Oy, 024 3.26
" ,z b |8 | R 3k
T 1823 1:‘2 :fig‘: 0% 2.0 8. 5
8 204840 ':?g | “Fe*. 112 2082
vvre 21.z Te | Fey 0y, 246 8e23
YF ?4. 40 04979 | Fe , 022 2,87
NF 0888 0«89 ‘ Fe , 01 2482
VVF ;2 0041 | ¥o , 22 2.91
u¥ gg 9 o.zg; | Te , 12 2e
VVF 0,663 | Pe , 03 2,81
Mean cube edge 2,84 8426
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purposes. This is exglicable 1f the crystnls sre set in the
bulk of the metsl and project to the extent of 50 to 100 A.
only, the rest of emch erystal being submerged in the maln
erystalline ag regate,

The intensity of the exide ringe of Plge18 as compared
with the iron rings shows thatl = comparstively small
pronortion of on{n is present; it is prodbably the normal
air-formed fu-._ which would be produced sas soon ss any art
of the surfece wepe exposed to thr otmosphers by tLhe
removal of the oll Tilm.

Light sbrasion with 000 Jluberi emery paper has no eflect
upon the electron Jdiffrsetion pattern, sithough rubbing with
H0.0 émory cloth gives rise to the ususl pattern similar to
Pige19

The faet that the abrssion of flst mild steel surfsces by
los0 emery cloth invarisbiy gives rise to = very sharp
slectron diffraction pettern suggests that this pettera is
tvpieal of the bulk of the msterisl, as distinet from any
swelial rfinish which may exist on the surfsee itself, lence
the structure at the surfsce of the high-wesring specimens
is, es found by eleetrom diffreetion nthodo::dwnb the
exception of the thin esir-formed oxide fiim, itnilnr to that
existing in the mese of the netal, The slight 4iffuseness
of the psttern from the surfece lapped with niumine (7ilge3)
indicrtes that the process of lspping hes broken up the iren
erystals to some oxtent, szlthough they are still culte large,
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Finally, the electron diffraction evidence sugrests that
the structure of the high-wearing surface is ihe same =us
that of the bul_l of the meaterisli, with ne special surface
forustion exeept of 8 thin film of sir-formeéd oxide, which
probably hes no ef 'ect upon Lhe wenring properties. The
surface i in the form of small projecting crystsliites,

5+ Zhe Munningein of folished Surfsces.

18 a vesult of the conclusions arrived st in seetion (4),
it was decided to meke some tests with poilshed m:-sm
specimens, in order to dememstirate, if possible, the
sinilerity of s polished surface with the lowewe aring type
encountered in the previous worke The cp-cuna'a e re
polished se doserided im section (4), that is by rubbing on
000 Nubert emery paper in the presence of commeyeial metal
polish, and they gsve rise to diffraction petterns similer
to Vige17e

The first wearerun, B40, was made at a speed of 600cms/scc

with the uul load and oil feed. The polished speclimen
wss rum ageinst s wear path which hed been previcusly run-in,
glving rise to o low-weearing specimen, It wes expected that
the rate of wear would be low, but on the contrary it wes

44 x 10‘600 per Jme, & very high velus, =nd the electron
d1ffraction pettern taken st the comelusion of the wesrerun
was typlesl of s high-wearing surfece, 7ith the exeeption eof
s few superficisl scretches, ihe surface siill sppesred to
be polished,
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As » result of this experiment, a series of wear-runs

weye carried out ueing polished specimens bearing agsinst
the ususl coarse carborundum-lopped wesr plste, the runaing
conditions being normal. VYear-rums were made =t 350, 450
and mm/uc.. but it wes decided not to perform tests

at higher speeds owlng to the serious risk of seizure, which
becsme appavemt Juring the runs at lower spseds, The
results of the tests are given im Table %I, nnd they show
that al)l the specimens were of the highewsariag type despite
their initisl polished fimish. In the wear-run ot 350cms/sec
(842), no running-in period was diseceraible, » very high but
somewhat erratie rate of wenr persisting for the five hours

Tadble XX, Xear-tegts using polished specimens.

wear |Speel Speed |Sumning=in |Aste of T 1

[voar Jowmetmen | Specd Jomstog-in | be of The%| slersen
{gms x 107°) ' difirection
| petiern

342 7 350 \ — 12,900 Sanrp

s21 5 450 6.6 1640 Sherp |

843 1 600 1040 114.0 Sharp J

durstion of the run, with a generel trend towar.s iseressed
wenr, The rotes of wear ot the other specds were also high,
and the Aiffrsetion patteras weye all of the sharp type.

It 1s thue svident thot poliched halfeinch mild steel
specimens display high-wearing properties when besring sgeinst
beth freshly prepared snd run-in surfages, It wes found in
section (4) that the polished specimens gave diffrection
petterns aimilar to, but slightly moere diffuse than these
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from low-vearing run-in surfaces, The only likely dif erepnces
between the surfeces are that the cryatasl size on the
polished specimens may be less than that on the run-in
surfeces, or else thet the polished surface is flatter,
It 1s unlikely that the small change in mesn erystal
dimensions nocessary to account for the differences between
the 4if raction patterns would cause such a drastic change
in wear charscteristics, Hence, the polished surface is
probsbly smosther thean the lowewesring run-in surface,
This increessed fletness would make possible mcﬁr areas
of metallic c ntaet and of welding between the bearing
surfaces, with a consequent deteriorastion in wearing
propertien,
6o Discus=fon of the Experimentsl fesultse

The following feets concerning the wear of Lalf-inech
mild steel lp-oln;n against mild steel have been
demonstrated during the experimental work deseribed above:

(a) Under the conditions specified in seetion (1) with
an oil supply of three drope per minute, one of two types
of runein surface may be produced on tLhe apecimen disce.
One dieplays = low, reproducible rate of wear ud'rnnnlng-ln
lose and gives rise to = diffuse electron difwaciion
pattern, while the other hes high, erratic wear
charneteristice ond furnishes a pottern of sharp rings.

(b) An appavent dependence of the type of rune-in surface
upon the speed of runming was found to be due to chenges of
011 feed sttemdsnt upon slterations im speed. It was shown
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thet by sultesble sdjustment of the rate of oll supply

| during the vunningein period it was poseible to obtain
both types of weer st all speeds, Variations of the oil
supply, however, do not explain the situstion ecompletely;
some highewear results were obtained et quite slow speeds
when the oil feed wns mormel, snd the resson for this is
unknowne |

(e) The type of wenr sssocisted with any rum~ls specimen
is » property of thet specimen only and is in no way related
to the run=inm path against whieh 1t is bearing on the wear-
plate, The worn path has no influence upon the Lype of
wesyr of the specimens vun on it, slthough in the esse of
highesearing surfaces & change from one path to another may
csuse snlterstions im the rate of wear,

(d) At speeds sbove 700cms/sec., under normel conditions
of oil feed, high-wearing specimens are gemerally produced
if seizure does not tske place, Increased oll supply during
the first ten minutes of o wear-rum st these speeds was
safficient , however, to initiste the formetion of a lowe
wenring surface,

(¢) Sormelly = low rate of wear was observed whenm
specinens were yum~in at speeds below 700¢ems,/soc., but by
weeping the rates of oil feed low during the whole running=in
period, 1t preved possible to obtsin = ecimens exhibiting
high wears

(f) Polished specimens, giving electrom diffrection
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petterns somewhat similar to the ai% fuse patterns from
low-wearing surfaces, developed a high rate of wear in all
cases at slow speeds, independently of whether they were
bearing against a run-in or fresh wear-path. No tests
were performed at high speeds owing to the obvious risk of
disastrous seizure.

(g) Four different mild steel surfaces have been
encountered in the course of the work, and have been
subjected to careful electron diffraction examination:~-

(i) d with na powder in medic araffin.
The comparatively large «£ -iron crystals typical of the main
bulk of the metal have been broken up slightly upon the
surface by the lapping process. The surface is rough and is
covered by the usual superficial film of air-formed oxide.

(i1) Polished. This consists of extremely small
crystals of £ -iron and an iron oxide (Y -Fe,0, or Feg0,) in
intimate admixture, and the surface is very flat.

(1i1) Low-Wearing run-in surface. The bearing surface
is composed of a mixture of very small crystals of « -iron
and iron oxide, very similar to that on a polished surface
but of slightly larger crystal size. It is probably
covered by minute submicroscopic projections.

(1v) High-wearing run-in surface. The large crystals of
which the mass of the metal is composed are exposed on GLhe
bearing surface with little or no protection in the form of
surface films, The crystals project slightly from the surface ;
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the mass yemoved and the depth affected when the weld breaks
is ususily very small,

If oil supplies are restricted during rumningein, fsirly
extensive metallic contaet occurs between the benring surfaces
and the lapped finish on the halfeinch specimen is quickly
removed, exposing the large underlying iren crystals. There
is » marked tendency while any smmller crystals remisn on the
surface for the wear to revert to the low type if ihe o4l
supply is imcreased, slthough when running-in is complete
this does not oecur, Some of the exposed irom erystals
projeect from the main bulk of the metsl and soomer or lster
make contaet with the mating surfece, When this takes placse,
n large erystal or crystal aggregste may be tormn from the
surfece leaving = smell pit or depression, and as this
process continues over the whole bearing surfsce, the edges
of the depressions in their turn become projections, The
high wear, once started, is therefore comtinuocus. The
erystals removed from the surface of the helfeinch specimen
form the grater proportion of the steel debris observed on
certain of the um.uu'upemm before Lhey were wiped
with cottone-wool. AS soon ss the surface of X =iren comes
into contnet with air, a superficiel film of oxide, either

Y =¥e, 0y Or YegOyy 18 =t onece formed, =0 that this oxide
is clweays observed {n the diffenetion petterns, slithough 1t
may not be present while wear is taking plsce,

The erystal structure on a polished surfsce is probably



8o

very similar to that on o lowewcoring runein specimen, and
the observed dif ‘erence in their behoviour must be (ue to
thelr dif’erent degrees of surface roughness, Assuming thet
the grester diffusemess of sleciron diffrection pstterns
from polished specimens is due to the submicroscopic fistuess
of the surfaces, the hizh wenr experienced with them 1s
exolicable in terms of the lmrge eres of metallic contact
whieh this renders possivle, Sines the erva of actual contact
{s extensive, the consequences of welding are serious, evea
in the presence of oxide,and the polish layer is probably
renoved very quickly, exposing the substrote iron. The
thickness of & polish layer is dependent to scme extent upon
{ts method of fommetion; Nopkins[67] snd lees [68] hoth give
a depth of less than 50A, The rate of wear of a lowewcaring
specimen expressed as the depth of metal remgved is nbout
50Ae per ke, OFy at m speed of 600cms/sece, 1000 Lo per hour.
The time recuired to remove a polish layer of thicknmess 504i.,
whe - the rete of wesr is low, is therefore sbout tarse
minutes, Yhen high wear is oecurring, th- sarface is
probably removed 4in les- than a minute, giving little chance
for the Tormation of a low-wesring surface, One: the polish
lna;r hos bern yemoved end the bearing surface is couposed
af large < -irom erystals, the wear process is thet whiech
pormelly ogcurs with hishewearing specimens.

The considerations put forward above to explainm the
rormetion of the two types of rune-in specimens can be
enbo 'ied in ths following comclusionsie
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(1) A specimen, prior to running~in, has a defimite
gurfsce structure determined by the size of the orystals,
the smount of oxygen presemt in the form of oxides, =nd
the roughress of the surface,

(2) The initisl erystal size in itself does not determine
the type of wear of the runein surfece, Specimens lapped
with slumina powder give rise to both.types, and it is
believed thet the inevitable production of lﬁb«nﬂu
surfsces on polished specimens with the normal oll feed is
due to Tlatness and not to erystal sige.

(3) Om the mejority of freshly prepsred surfuces, oxide
is present only in the form sn eireformed fllm, and this
seems to have 1ittle or mo ef’eet upon wesring properties,

(4) Por o given erystal formation on the surface, there
{s » eriticsl smoothmess, sud surfseces (lstter than this
sve rise to highewearing speeimens, owing to the ewift
removal of the surface ss u consequence of welding.

() This eritical smoothmess is dependent upon Lhe
continuity snd strength of the boundery oil film between ihe
bearing surfacess If the film is weak or incomplete,
projections must be larger to emsure the production of =
lowewearing surface, On this hypothesis, varistioms of oil
feed aye effective only in so far as they slter this critical
flstness, 1In the case of thr wear-runs with a constant oil
feed of three drops per minute, the critical smoothness
decreased with decrease of speed, and the irregularities of
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the lspped surface corresponded to this eritiesl state for
the oil bdoundary film conditions prevailing at a speed of
nbout 700cma/sec,

¥ith regard to th-n funetion of the oxide incorporated
in the lowewearing surface, fosenberg and Jowdan [39] have
studied the wear of carbon steels in elr and also in an
stmosphere free of oxygen. They found that in the latter case
the weer was greatly inereased, By I-ray mln they
showed that the detritus from surfeces worn in air wes
composed almost emtirely of irom oxides, waile thet from
specinens tested in an inert stuosphere consisted of o ~iron.
Thess vesults indicete thet oxides probebly play e major
part in preventing the excessive wear of & successfully rupein
surfece, It hes been sug-ested that the oxide forms a tough
smorphous Tilm om the surfeace inhibiting true metsllie contact
and reducing the effect of any welds which oceurs This
hypothesis sgrees well with the results of the experimests
deseribed 1n eariier sections, except thet under the conditions
employed, the layer is not completely sworphous, and 1t
contains o certain smount of fron in the form of very ssall
ecrystals. The crvatalline aireformed oxide fiim on the high-
wearing specimens certalnly does not give improved wesr
conditions,

voung [69] has alsc observed that s surfasce of o ~ironm
g:lvio rise to serious wear, fHe ststes that when the
eylinders of sn internal combustion engine are rebored,
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subsequent wear is serious if ferritic irom has becn exposed
during the boring.

All the experiments deseribed so far have been concersed
with the wear of steels. Thomeon and Logsn [35] have obtained
two types of wear in brass pins bearing sgainst the periphery
of = rotating steel disce They kept the relstive speed between
the components constant ond gradually incressed the loed,
messuring the wear continuously by obsefving the depth of
metal removed. At low pressures, the wear of brass was high
and fairly erretic, but when the pressure exceeded a certain
eritical value the rate of wear becsme much smaller; if after
the establishment of this type of surfeece the pressure was
reduced below the eritieal prescure, the low wesr persisted.
with higher prescures, a sescond critiecal polnt was obssrved,
vevond which the rete of wear sgain rose steeplys. Thomsen
sand Logan identified the fommstion of & low-woaring brass
curface with the mppearsnee upon it of streaks of smooth
polished metal, and they sugrested that st the lower critiesl
pressure » polish layer wes imtisted, while the second
coincided with the beginning of the failure of the oil film.

‘ The results of the present work suggest that the wear
charascteristics of a bearing surface may be cowpletely
decided during the brief initial runuing-in period. The type
of surface obtained can to some extent be contrelied by
sutisble manipulation of the oil supply wille running-in

is proceddinge It is precisely this phonomencn which has
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been encountered during the rumming-in of eertain sero-engine

parts} 1t was found thet i1 the bearings were run-in
successfully, their subsequent behaviour was completely
gatisfactory, but thst, for no appsrent remson, the
components were sometimes useless, and nothing eould
aftersards be done to improve them. It is poscible thet by
the choice of a suitsble initisl surfece finish snd by
‘eareful control of the oil feed during the running=-in, the
formation of this unsatisfactory bearing surfece could be
prevented and the waste of valusble time and material
avoldeds



THE ACTION OF FXTREME PRESSURE LUBRICANTS UPON MILD STEEL.

1. Eear Tosts.

Workers upon extreme pressure lubricants seem to be
agreed that ¥,P, sdditions owe their efrficacy to their
property of forming » very thin film on the bearing surfeces
by chemienl sctlon (see Part I); the presence of this film
hae in geperal becn sssumed in order to explsin the greatly
improved wearing properties of surfaces run~in with E.7,
lubricantse It should be poseible to detect such a film,
snd perhape to fdentify it, by means of electron 4if rection,
although no results sppear to have been published on the
subject.

¥ith this object in mind, some tests were performsd on
the A" wear machine with halfinch mild steel specisens
bearing ageinst a mild steel plate, the lubricant being sn
Intave D,T.0.109 minerel o1l with various Z.P. sdditions.
'mmuu-mﬂawusanuduw-u"u
the other conditions were those used in Part IV, thet is =
load of 3,8Kg., corresponding to & prescure of 401bs per sg.in.,
and an ofl drip of three drope per minute, The finishes put
on the wear surfeaces were standsrd coarse carborundum lep
on the wear plste snd an slumins lop on the specimen, as
deserided in Part IV. The run«in surfaces were exasined in
the eleetron 44freetion camera, “ince the conditions are
exnctly the same os those employed during the tests with
Plain ofl in Part IV, direct comparison with those T*PULtS

e
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is possible,

One npnnanttn of ench of the thryee mnin groups of
2.P. additions was used Zuring the wear-tests, %. by volume
of each being thoroughly mixed with plain minersl 6il and
poured inteo = clean dropping funnel on the machine, The
extreme pregsure agente employed were triervesyl phosphate,
wethyl oleate thio-ozonide and Cereclor 1II « the lastensmed
is s chlorinsted paraffin.

The specinens were weighed st intervels during the
wenr-tests, after hqtne washed with petrol as usuasl. Tebles Xil
shows the resdings obtsined and in 71ge20 the losses of
weight heve been plotted agninst the totsl distaee travelled
by tho specimen relstive to the weareplete. From these
curves, the retes of wear and the runningsein losses, as
defined in Pert IV, can be found, mnd these have becn set out
in Table XX1I together with the mean vresult obtnmined at
600ema/uee using plain oile (see Table V).

Table XX1Ile Hesults of the wesr tests uring E.i.mﬂMo

%.P. addition. =3 ning-in lose
Pletn ofl 4.0 & 08 105 2001
Trieresyl phosphate 746 204
Hethyl Oleate : |

Thio=ozonide 4.3 16 ‘
Ceveclor II - 308 2e2 _J

The figures given in Table XiII show thet under the

conditions used in the experiments, ».P. nd’itions have little



Tables T X,

Near tests usins extyese pressure lubricants.

(=) Mineral o1l conteining 2§ trieresyl phosphete.

Time (hrs) Distance (kms) | Mass of Spe¢imen | Loss of mass
(grems) (grams)
0 0 72958 ¢
¥ 10.8 72940 0.0018
1 2146 72934 00024
L 3244 72333 040025
3 64eb Te2932 040026
8 17248 Te2923 040035
13 20048 7+2914 GelU44
{b) ¥inersl oil contasini:g 27 methyl oleate thio-ozenide,
o - 0 73710 0
: 1048 73695 CeU015
1 2146 73695 Ce0015
2 4342 743694 040016
6 12946 73690 060020
8% 183.6 743687 040023
12 259.2 73685 040025
144 31342 73683 040027
18§ 39946 743680 040030
(e) Mineral oil cortaining 2% Cerecior Il.
e ¢ 74527 0
1 2146 74508 0e0019
2 4302 74505 0e0022
3 6448 74504 0e0023
B 86.4 74503 0e0024
16 345.6 7+4493 040034
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ef ect upon the rate of wear, except im the case of
tricresyl phosphate where the rate obtailned lies well outside
and sbove the probable m of error caleulated from the
plain oil results. The rmlag-ta losses are sliightly highe r
then with plain oil, except in the case of wethyl oleste
thio-ozonide; it is, possible that this addition elso acts as=
an oiliness egent owing to its longechalin polar structure.

vith all three additions the changes im weor
charnoteristics are comparstively smell, snd their dimensions
sugest that the surfaces are of the lowewsaring type; it
will be seen that the electrom diffyaction petterns counfimm
this,
2. The rlectron Diffrection Patteymss

At the end o esch wear-test, the mechine was run for sm
extrs ten minutes, ofter which the specizens were remsoved and
thoroushly washed with a jet of greaseefree crystaliissble
benmene, They were then put im the eleetrom diffraction
comere using btm blade “iaphrags in contect wilk thelr
surfsces os donﬂhd in Part ‘xn. Specisens rumn~in with ell
thres ©.7, lubricants give rise to the nomsal diffuse lowewenr
‘type of pattern with different patterns of sharp rings ond
orientation spots superimposed on it. The radil of these
rings are smell snd it would not have been essy to obtain
the petterms without eaploying the blsde diaghes = to reduce
the seattering round the central spot. For lhe ssme reason,
the messuyements of the ring rediil are subject to fairly

largs errovs, 5o that some difficulty mey be experiensed
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in fdentifying thex material giving rise to the petterng.
Light sbrasion of the surfaces with 000 Hubert emery

peper removed =ll traces of the sharp patterns.

It seenms,

thorefore, thet the rumaing-in of stesl with & lubricant

containing an F.?. addition gives a surface covered with =

verv thin layer of fairly large erystals in preferential
orfcntstione The patterns arising from these films will

now be considered in dstaile

The eleotyon diffraction patterns obbeined from this

surfacs were -mxu teo those shown in Fige21. Table XiIll
Table TiIll, The petterm from the tricresyl phosphate specimen
Intensity| Deseription Gsdius| Inter- |Cale, |Leue Astio of
of ringe of ’L.-f Fey P l?d;::; !;..: to‘
ring |® | spagse| @ obse rve
(m=s ) m. 4) |diffrac- | spacings
tionm.
vy Are in the | 34043 | 8418 | 6.43 | 110 077
plane of
{neidence
vr ive in the | 54474 | 455 4,55 | 200 100
' plene of
incidence
73 sre in the | 64363 | 391 4,00 | 101 1.02
1ane of
neide nee
wr ing 7503 | 3e32 3Je22 220 163
ur Arve in the | 7.796 | 320 | 3001 121 Ged4
iane of
de nes
N2 44 ring 84455 | 2495 2,88 | 130 Ce9
2.50 | 301
2,28 | 400

(.Vok'age = §1Kvolts , \Ala-ulea.,ﬁl:l\ = 0-0530A ° Lameta Le-ngl:/‘= #70««')
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shows n typlenl set of ring radii and interplanar spacings
derived from the petterns; the redii of a number of difruse
haloes in the background have been omitted, ms they awe (hose
usunlly found with = lowewsaring run-in surface, and have
slresdy been discussed in Part IVe The spacings '
corresponding to the unknown sherp rings were compared with
" those to be expscted fro= the following compounds of irem
and phosphorus; particulars of thelr erystal structure wore
obtained from ¥Wyekoff [70] =and the Zeitscarift fur
Eristallographie [71]:- .

Pe? , rhombie, n = 5,782, b = 5,177 ¢ = 3,089,

FeP, , rhombic, & = 2,725, b = 4.975,¢ = 5.657.

e, P, hexagonal,a = 5,852, e = 3.453.
Teg Pytetragonal,n = 9409, € = 4445
Fe?0,, hexagonal,a = 54035, e = 5.539-

(the dimonsions of the unit cells are in Angstroms)

The use of the HulleDavey charts showed that the only
compound on this list whioh might peseibly have givean rise to
the obserwsd difiraction psttern was ferric phoaphide, Fe, P,
The Leue indices and the ealeulated spasclags of ferriec
phosphide have therefore beem iucluded im Toble 1iIlly =and
the vatios of the enleulsted spoeings to those observed are
nlso given., Owing to insccusecies in the weasurements of
csmere length end high tension voltags, this ratio may mot e
unity, dut it should be = constant for = given patterm. It
will be seen that, taking into consideration tie swmall radii

of the rings, this condition i fulfilled quite well exeept
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in the cose of the innermost ring, where the grestest
inneccursey is to be expected, All the ferric phosphide
spacings are given in Teble IXIII, end theye is an excellent
correspondence betlween the Tiret six rings of the observed
ahd ealculated pattsras,

The ring showing the most evidence of orfentstion is that
with Lsue indices 109, and the others =re the 110, 200 and
121 @ifrractions, ssruning thst the pattern is dus to ferric
pshosphide, The planes with these Ngller indices are inclimed
st fairly =mall smgles to the (101) plams, s¢ that the sycs
on the diffraetion pettern ¢am be explained by sssusing that
the erystsls of ferric puosphide sre in imperfeet (101)
or!.tntdttu upen the substrate lowvewearing surface,

Thus the eleetron 4if ‘rection petierns obtelned from the
specimen run-in with an oil containing trieresyl phosphate
ehow that the specimen f» of the lowewearing type deseribed
in Part 1V, and, in sddition, the benriang surfecc is covered
by e very thin evystalline layer. The erystaliites are large
and give rise 10 sharp ring patterns) they are in ons-degres
orientation with yespect to the substrate, There is
evidonece, by no means conclusive, that the surface film is
compesed of feyrie phosphide, Fey,P, in imperfeect [101]
orfentations the small radii of the diffrection rings, however,

eombined with the faintness of the patisrn make fdentification
difrieunlt.

(b) Spee

¥ige22 shows the pattern whieh ls obteined from this
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surfece, and the nmessurements of a typicsl negative are glven
in Teble IXIV. As in the case of tricresyl phosphate, the
diffuse rings of the d4iffroction patters are those from the
lowewearing type of surface and their redii have been

omitted in Table XAIVe The following compounds of irom mnd
Teble IXIV, The tern from the wethyl eleate Lhio-ozonide

ape Sis

Yoltage = 54%V,., ¥avele of electrons = 0.05144
Comera length = 47cus.

Intensity | Deseription | Radi Interplanar
of ring r!u('.- spaeing(s)

vP Are in the 3e702 6.53
ane of
ne § dence

\'24 Ave in the 4,939 4.90
sne of

noelidence .

\24 Ave in ‘;M 6,024 4,61
neldence

\ 24 Mg 64539 3e70

¥3 ire in :‘M 7.626 3.17

o

ncidence

4 Ring 8.108 2,98

sulphur have boen considered {n apm effort to f(dentify the

compound giving rise to the ahnarp diffrection patternie

Pet, rhomdie, &= 52379 b = 4444y ¢ = 5.3
Ve, evbie a = 5,481
Tes hexsgomal, @& = 3ed3, e = 5479

hSQ..‘!, 2 sonoclinie, = -15.34' b= 120)8" =20 o002y {3"0“1"
FeS0qe7H, 0 rhombie, 8 =11,90, b = 12.,01,¢ = 6,87,
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It was not pomsible to correlate im auny way the sets of
cpaeings exleulnted from the sbove deta with those obteined
from the dif’rsction pstiern and listed in Table X111V, IThus,
while 1t is evident thet the addition of methyl oleste thio-
osonide to the lubricanst yesults in the formstion of ap

orientsted eryztalline layer on the uﬂmiﬁeomp.ﬂtt!n of
this film hes not been detevmined,

® » s of el obue rved
Inl) A A) |dirtwact spacings.
iona,
- — | 584 | o003 —_—
7 fing with 5e346 4,71 | 5.06 102 1.08
are in
plage of
e dre 1atne | 6a359| 3096 lr3.58 | 108 0o j0
e In . - - »
ene of {3.?& 110
neidence
v Ring with 8,070 | 3412 [(3409 105 Ce 20
sre in 3.0 11
of «0 20
ineidence
2 Mleg with 84686 | 2,90 [(2.92 ooea} 101
are in 2432 202
ane of
neide nce )
113 Are in 9738 | 2.59 | 2453 204 De sl
lene of
idenee
o 107 .
\ 424 ing 10,610 | 2,37 . 205 0438
s 32 m°
{2.26 116
— e 2426 122 -
Aing with
vy sre in 11,851 | 2,12 (2,06 108
plage of 2406 124 Qes?
ineidence 2,06 | 300

Voltage=J0KV., Wavelength = 0.05364., Comera longth=s47cus,
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This surfsce gives rise to the diffrsction pitierm

shown in Pige23y, ond the radii of the rings and arcs of ths
pattern are given in Teble X1V, omitiing, ss im previocus
cases, the Aiffuse broxground haeloes due to the rumein
beering surface, Ihe erystalline layer which is undoubtedly
present is moet likely to be » chloride, »nd indeed
chlorides were the only probeble structures which could be
found in the extensive lists givem by “yekoff sand in the
Zeitsehrift fur Eristallographie =

TeCl, , rhombokedral, @ = 7,155, « = 60°

PeCly , hexngonal, n = 5,92 , ¢ = 17,26,

There wns no similsrity between the patiern to be
expected from ferrie chloride, FeCl, , =and that ob_taimd
from the run=in specion,

For convenience in sualysis, where s substnnee hos a
rhombohedrel unit cell, the structure is ususlly expressed
in terms of a hexagonnl cell, the dimensions of which can
eagily be enleulated from those of the rhombohedrsl eell
by using the velistionships

0 [
, = 3 :
3

“n Wiy

md @ =2, 80 X /2,

where the suffizee h snd r indlcete reepsctively the
hexagonal and rhombohedral unit csllis,
By making these trensfowmations in the case of ferrous

_ chloride, YeCl,, the hexagonal unit cell is ‘ound to have
the dimensions
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a = 7,155 € = 17,52 ,

and the interplanar spscings eslculsted in Teble 1XV it
thls structure feirly well on the ZulleDavey chortes The
theoretical spnelngs snd the corresponding hexsgenal Laue
indices are theyefore imcluded in Table XXV together with
the ratics of these specings to the observed ones. Here
agein 1t will be seen that it ie the riug or orientstion
spot with the shortest redius which is Li:e wost ineccumste,

Yhen the pes=zible orientetion of the crystals is
congidered, assuming them to be ferrous chloride, it becomes
evident thet it is very complex with meveral A4if erest
orientations existing together, This is mot uncosmon; the
a4f rection spots in the pregent psttern could be explsined
by assuming two imperfecl orientations with hexagonsl indices
(0c1) =ma (102).

Hence the diffrsction patterus msxusas oblaimed rom .
the speeimen runein with Cercclor Il show that s very thin
orienteted ervataliline Tilm is present, and thet it uay &
eompesed of ferrous chloride, although this conclusion rests
on somewhsat insecure evidence, The specings derived from
the pattern correspend cuite well with those of ferrous
ehloride, but the orientation which must them be sssused
does not seem very likely, even 47 it completely explains
the ohserved pattern.

In conelusion, it has been possible Bo confirm by
electron dif ‘yaction meti .ods the existence of thic iims

upor mild steel surfeces run~in with extreme pressure
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lubrieents, sltkough the fdentifieation of these films hos

presented consldershle 2if icultics, They nre crystalline
in charseter sid posmess one-degree orientotion, hat it
eannot yet be seic thet thelr composition s definitely
known in any of the thrue eases considered.

Under the conditions of the wear-tests, the specimens
usunlly displsyed spproximetely the same rate of wonr sid
running-in loss with extroms pressure lulricants ss with
plain ofl. “here differences were obsarved, they were sasll
inereases, which may have been dus to scae foran of chenicenl
corrocion by the ¥.7, addition, Then E.7. lubricants ore
used under the more severe conditions Tor wmhich they are
intonded, the woar by corrosion is prebully negligible
in copparison with that Aae to other enusers which sre thea

operative,
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PART VI, CrADET
ouEns copoipeiomr, & b S U 6

The above sccount deseribes a study of the weer of mild
steel using electron diffrsetion technigue; il has been
posaible to obtein & definite insight into the mechanism of
rusning=-in. To procure the best resulits it seews advisable
to uss the electron diffrsction camers in conjunciion wita
other wethods of studying wear; ia the present luvestigetioa,
for exsmple, the cesers and the wear-tostilug mschines have
been employed together,

In exsmining the reswits obbaiued, it must be romembered
that they @ay espply only under the conditions of the test, sa
pesd mot benr sny velation to the behaviour of bearing
surfoces under other conditions, Those imposed in the present
experiments heve 1ittle connmection with practice, Two mild
eteel surfeces bearing on esch other are not met with very
freguently, and the pressure employed, also, is lower thsan
these opcountered generslly in practice, It is nevertheless
resnoneble Lo suppose that the comclusions deduced im Pert IV,
gSection (6) would be applicable over a very wide range of
conditions, st least for mild steel. The results obtained by
Thomson nnd Logen [35] sugwest thst it muay be pesaible to
epply similar ressoning to bearing surfeces of dif’ereat
metale, for they have found two rates of weer in the ease of
brass bearing on steel., Both the work of Thomson and Logan
end that described in the present necount deanl with the wear
of = small specimen bearing on a much grester srea of metal,
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so thet whilst the specimen is dontinuously worn, esch part
of the meting surfsee ie in contact with 1t only
intermittontlys It seegs (o be pecessary te study the wear
of mild steel in uu%:lofm. such a8 s Journal
bearing, ia order Lo find whether it is stili possible to
ohserye the twd types of wear under those econditionse

The evperimests with extyeme pressure lubricente
deseribed in Part V were of » preliminary netare, end were
unde rinker to investigste the possibilities of electiroa
2ifrraction methods in the study of F.r., sdditions. Although
the composition of the surfece fillms hes not yet becn found,
their existencs kas been demonstrated Leyomd doubt; it should
be poszible tp extend the tests Lo other speads emd to
study the effeat of %.7, additions upon the rumning=im of
the benring surfaces.

The value of electron Aiffraction technique in the study
of wonr hee beon smply demonstyeted., The electron aifwractiocn
enmere aravides Lhe only completely trustworthy method of
firding the composition, mnd to some extent the physicel
atructure, of beasring surfaces, end therefore forua s
oxtromely useful sadjunct to sny other wethod of studying

TEATe
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