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T of boundary lubricaftion., .-

T ‘Thevobjéctjof'lubridatingtslidingjSurfaces,is, on the one:

“hand to reduce friction losses, and on the other hand to reduce wear .

and tear to 's1iding surfaces. Reduction of friction is spécially f

important for instruments, electrical caleulators, watches:-and. ...

S0 on. - In large bearings and in power machines, such as engines

- ete. it plays a subordinate. part. But the wear behaviour of

- sliding parts is very important in any case, as it decides the
accur?cy:of.many devices and machines, and above all their length

~of life. . o oo S : ' S e

-~ -In the lubrication of sliding parts in practice we always .
~take as our objective working conditions free of wear anad tear.:
This  is achieved when the whole load is transferred by way of a
hydro-dynamically Fformed film of lubricant, which at the game time
- prevents the sliding surfaces from coming into direct contact
- With each othexr. 1In this condition, known as full fluid lubricaiion
. or fluid friction, lubricstion is influenced by a single property,. .
~ the viscosity of the lubricant. In full fluid lubrication, the
‘bearing material has no influence. ' A characteristic of full fluid -
lubrication is, that friction-assumes-generally-the lowest value -
attainable; the exceptidis are bearings with very high shaft speeds”
. such-as spinning spindles. C e e o : .

, - In tHe-lubrication process connected with wear, the load is
taken up in a greater or less degree by actual contact, as ‘the

~film of lubricant is broken down locally, either through over-
loading or too low sliding speed.’ 4 : "

- At points-of direet contact we do not, as is commonly B
‘believed, normally get dry frietion; rather, the lubricant is in
‘the form of an adsorbed- layer. In such a layer the lubricant no E
- longer has the properties of a ljquid, and hydrodynamic lubricaiion
" "is not possible. "R&%thér, at the points of direct contact the

surface forces at work between the bearing material and the lubricaout
take effect, and influence the friction and wear accordingly.: :

"~ . The condition characterised by the effeet of the adsorbed

- layer of lubricant is known as boundary lubrication or limit

. friction. o _ S N T

As already stated, under full lubricatiorn the.only property

to ‘teke effeet is-the viscosity of. the lubricant. As viscosity

- can be measured separately, with full fluid lubrication it is
,seldom‘necessary_to_make'investigations, In surface lubrication,
on the other hand viscosity is not important,; and apart from the
properties of the bearing material itself the interaction, between
the bearing material and the lubricant take effeet. In most
lubrication processes these two conditions occur together, We

_aeccordingly speak of a condition of partial lubricetion or mixed

- friction.. So far it has proved impossible in measuring partial.

- lubrication to determine the proportion as between boundary
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lubrication and sull lubricebiom, = This aifficulty oceurs;” for -
~instance, with tae well kncwn b ring metal test machinés, whieh
work'for the mosi part in a condhition of partial lubrication:

In any case, it Is necessary, whent investigeting lubrication, to. =

~2onsider the bourdary surface and conditions between the lubrication
and the bearing materiel, in addition %o the viscosity of the .
lubricant. . Taerefore; to determine this surface behaviour, we -
‘have to investigate the bearing material-as well as the lubricant.
under conditions of- boundary-surface lubrication. - = - oo
" . 7. The researches_of.the Reich ‘Institute have shown that the =
behaviour at the surface between the bearing material and the -
lubricant resvlts under boundary lubrication. in wear of the
~bearirig material.,  These researches further led %o the conelusion
-that the best lubriceal for partial lubrication is that one '
which causes the greatest wear to the bearing material under
"~ boundary lubrication. [This is explained by the following™ -~ ‘
- consideration. In partial lubrieztion, as ‘already stated, areas
- under boundary lubrication and areas under hydrodynamic lubrication
- exist side by side. The wear will- be less, the greater the area -
where hydrodynamic lubrication prevails., It follows that the :
Wear on a point Where partiasl lubrication prevails ‘¢éanm be réduced -
. by certain working conditions, for instance, by using a lubricant
~of greater viscosity. We also know, from other tests by the Reich
Institute, that those properties of a lubricant which cause greater.
Wear on'a material under boundary lubrication lead to a Smoothing
of the sliding surfaces under partial lubrication: But this: b
increases the area under hydrodynamic lubrication, and accordingly
Yeduces wear. This offers an explanation, why a lubricent, which
. causes wear to the bearing material under boundery lubrication, . .
-behaves better under partial lubrication. - - Sl T

We may assume that the different behaviour of bearing’
materials under partial lubrication can likewise be explained by
"~ measurements of the wear of material under boundary lubrication,
Thg-investigations under discussion are a contribution to this
end, : : o S
- The above conéﬁderations indicate that the material wear
under boundary lubrication is of decisive significance for the’

- behaviour of a lubricant, and probably also of a bearing materisl,
- under partizl lubrication. In this connection it must be borne ..
© in mind,- that the friction of a sliding part under conditions of
partial lubrication is influenced in the same way as wear by the-
proportion of full lubrication to boundary Lubrication. That ig,
as the proportion under hydrodynemic lubrication increases, both
wear and friction are reduced. 1In addition, the Reich Institute
found that by taking friction mecsurements they could decige .- T
- whether a point was under partial or boundary lubrication. Also, -
earlier investigations by the Reich Institute had shown that the
friction coefficient under boundsry lubrication is independent of -
the pressure. If the friction cosfficient T=21ls when pressure
-is reduced, this is'a sign that part of the load is being taken
up hydrodynamicelly, i.e: thot partial lubrication prevails. The
reduction of frietion through a corresponding gain in hydrodynamic
lubrication is important in cases where the expenditure of power.
~caused by friction is to be kept as low as possible,  Theé frietion
arising from boundary 1nbrication’ (boundary friction) is, however,
- of secondary importance in practical 1ubricatiog. .

' In any case. the tests described below, show that the wear
10 material under boundary lubrication 1s much more influenced
both by lubricant and material than is the boundary frietion. -



Tési procedure.

.~ . 'The tesﬁs‘werefcarriediOut,at,roOm‘tempéraﬁure‘byla method .
- developed at the Reich Institute. A pin-shaped piecé of the
. metal under test is pressed against a smooth rotating disc of
“hardened steel; -the pressure being adjustable. - The surface of
.the disc is finely finished by a process similar to lapping. .
Thefresult_Was‘a,sUrface?similar:tp,a,sand—CIasteduSurface;'
the roughness peaks standing out about 0,002 mm, "In view of -
the boundsry lubrication conditions, the measurements were made
at.sliding speeds of a few ¢ms/sse, For the same ressons the . .
 bressure should mot fall below a certain minimum,  The. low AR
‘rigidity of tin and lead, for example, necessitate an upper limit: -
—for pressurg. ~After initial tests, we finally selected & pressure
of 70 kg/em®, With lead it was—impossible to_obtain s measurement
Without lubrication under the test conditions selected. In the
tests without lubrication, the -surfaces cledned with gasoline are.
-considered for practical purposes to be-dry, that is, it is still
Eosiiblemforylayers;of adsorbed gas-or moisture, oreven of oxide,
o form. : ' e . o T

‘.. The tests'were carried out on.various pure metals, Some of . .
~the metals used were available .in the: form of wire of 1 mm, diameter,
 The remaining metals were so ductile that-they could easily be drawn

out-to form a wire. o R ‘ T e T

.. For the surfece lubrication investigations we used a pure
hydro-carbon oil Wwithout additives snd a.fatty oil, Since fatty
0ils, in countrast to. pure nydro~carbon oils, have good lubriceting - .
.properties, the tests demonstrate the-behaviour of the metals A
under test when'treated with lubricants of vafious lubricating
properties., S S s [

Results. . R COR Ty
. In figure 1 are shown the friction coefficients
.obtzined for the different metals at a sliding speed of 7 cm/s.
These meke it clear That the influence of the bearing material -
on friction is comparatively small under boundary lubrication
cconditions. Comvaring the most extreme cases the friection :
coefficients under boundsry lubrication are 'in the ratio of 1L.: 2,
Tin has the lowest and nickel the highest value. The lubricant
‘has even less influence.. The boundary friction coefficient is .
less for fatty oil than for hydro=carbon.oil in all cases except
-those of magnesium and copper. Inevery cose the frietion o
coefficients without lubrication are considerably greater than
with lubrication, without a parellelism to the boundery lubrication
~meesurements being established. 1In the tests on steel, cast ‘
iron;- and electrolytic irom the degree of error in measurement
was- about 4 per cent. For other metals it has been considerably
greater up to the present, especially in tests without lubrication.
Nevertheless, the results of these tests may be confidently e
relied on, - S ’ R o

Fig. 2 shows the figures for bearing materisl wesr, '
obteihed with a sliding distance of 25 m under boundary lubrication
conditions. Above 2ll, it is noteworthy thaot thé influence of

the bearing material and Ilubricent is very great, in contrast to
~She friction measurements. Thus the wear of lead and tungsten
‘under ‘boundary lubriéction with hydro-carbon oil aAre in the ratio
of about 80:1. Also, fatty oil generally gives a greater wear
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“than hydro~carbon oil, ' This ratio is reversed for certain metals,
such as gold, bismuth, tin and lead, - Another remarkable fact is .
that the material wear without lubrication is generally. lower than
the wear under boundary lubrication. Some .metals do, however, :
- show higher valuésfWithout?lubrication;‘such,ashzinc,.cadmium-,v_(
“gnd tifl. FOY magnesium and bismuth the mgar_without_lubricagion~‘.
‘lies between the values which recorded for boundary-lubrication.’
'Withihydroécarbdn”Oilgandéfattyvoilaw%The;low-materialfwear;with;*y
“out lubrication may be explainedfin‘part'byxthefvery»adhesiv&f*‘**f;
layers of oxide Which,protectfthe'Surfaceﬂagainst Wearélqgg.*qopper)‘
“Onftheeother-haﬁﬁjflopsely»adhering'Qgigg;;gygrs_can>act:aSw 3
.abragives if sufficiently hard, and can increase the wear, Also,. -
“the structure of the crystals appears to have an influence,  For o
the' material wear without lubrication is only greatér than wear -
~.under boundary lubrication in the case-of magensium,- zine, cadmium,
bismuth and tin, which do not form cubic erystalse—— - - . - .-

the individual materials and the lubricants vary much more -in ..

their influence on material wear under boundary lubrication than

‘oa boundaery friction. This fact allows for the view set out ' A
above, that the material wear-observed under boundary lubrication - -
leads to a smoothing of the sliding surface under partial lubrication,
This increases the provortion of hydrodynamic lubrication, &nd so
improves the behaviour of the lubricant or meterial as regards '
friction and wear, in as far ag these are -not deterrmined purely
by bydrodynamic conditions, S

| The main' conelusion to be éiawn,ffomhfigﬁreé 1 and z«isfthat‘b

_ ‘Also, the measurements given in fig, 2 show that the material
wear under poUndary,lubric&tion;'and thus also the smoothing effect -
mentioned above, are influcnced considerably more by the bearing
-material’than‘by-the-lubricant.‘ This means that the practiecal - = -
lubrication behaviour of a bearing is determined to -a much greater
extent by the materisl of the PBearing than by the type of lubricant,
A bad choice of bearing material can only partly be made  good i

by the lubricant. Even then it is assumed that the sliding :
surfaces are in every respect strueturally perfect, e.g. as regards
pressure at the edges (KANTENPRESSUNG). Structural faults can -
only in part be compensatod for by the choice of a suitable —
bearing material, and by the lubricant practically not at all.

; ——

: “'TO“€X§1ﬁiﬁ'ﬁheﬂprocess‘of material abrasion more exactly, we.
~tried to relate it to other physical properties of the metal in .
question. Of interest here is the hardness and’ the melting point
of the metal, Figures 3 and 4 show that such g relationship = =
exists, although one connot spesk of dependence on-a lew, e made
the striking observation that the metals which do not form cubie
crystals are the most difficult to bring into any relationship with
the melting point. Important basic conclusions can be drawn from
the dependence of material abrasion on the hardness or the melting.
point, as to the demands on the bearing material or lubricant in
the lubricating process. with reference %o the .effective vressure
and temperature. In the view of R. Holm, the effective pressure
of a sliding surface is eonsiderably greater than the pressure
as recorded by geometrical measurement at the pressure .surface;
sctually, the upper. limit of the_effective pressure is the hard- -
ness of the softer of the two metals in-questlion. This meaps, .

- however, that in the lubrication process we have %o reoloon in
extreme cases with actual pressures of some 10,000's of-kg;gm?,f_

. This effective pressure is of ‘course more or less reduced by a. . .

.preportion of hydrodynamic lubrication, and this again demonstrates

. the special importance of the smoothing effect under partial .
lubrication. It follows from the interdependence of effective
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‘Pressure -and hardness;*thatﬁthe“Surfabéidf;cOh%actﬁisfthe{émaller
the greater the  degree offhardnesS;_gto'put_itfanothersway;-hardg
~Surfaces will have'fewer“roughness*ﬁééké"of7contact_than=softer,:
surfaces;~ﬁwhence.it‘is»apparent*that,théwharder?bodyTsuffersjleSS

Wear than the softer ome. . o .

oo We may;make,thejsame,studyfof«theiefféctiva heating of the----
, Surface-as we made of‘efféctivg;pIQSSUIe;{andvon‘theﬁbasiSsbfyihe'»

finperdependencecofImateria‘l~abrasion"and'nieltin'g roint we may - - .

_LSUPPOSGvthatfheatingTQirectly'on‘thé sliding surfazce can be equal

rat its maximum tovﬁhe,melﬁing‘point~of one of the two metalsof—
the xlidigg;ﬁﬁi&ﬁcs;whieh;héfk4%w%&ﬂwef~melting*pcinttf*But here,
in'cOntrast*towconsiderations“of-the effe¢tive pressure, the .
sliding‘speed.iS'a'depisivepfaCtOr;; Thus, we ¢éan._show by thermo~ _
eléctric>measUrements, that"théfﬁééiihg“ofﬂthé”SIiding5surface,of"
a-low melting metal at Ffirst increases in linear relationship to
the'sliding”speed,kuntil'finally, Wwhen the melting point is reached
it no longer rises;winvspite'of.furthergincrease'in~the‘sliding Lo
speed, - This observation has a more'general’application,,though" -

- S0 far this has not been demonstrated]for‘high-melting_metals.< b

At any rate, the thermal effect on»the‘material-andithe'1ubricant _

" in bearing materials'with_high/melting points ig considerably - -

-~greater than in those with lover melting points.' Here,.of course,

. the cooling conditions of the 31idingjsurface.mustmalsowbe“taken;;m
into account. Thus, the lubricant itself, to take an example, may
have some cffect, especially if the proportion 0L -hydrodynamiec

- lubrication incresses. . S o SRR ’

: As was stated abpve,vthemmatexialvwear;occasioned by boundary:

—rlubrication Under conditions of partial lubrication is favourably =~

-affected by the additional Smoothing of the sliding surface,  We

,-also,observed‘thatvwith”mqst‘mgtalsﬁthé'bearing'wear is greater with
a fatty oil than with a mineral oil.~‘Simi1ar»observations,were-mad

. With several™metals, using other lubricants with/ different = . e
lubricating qualities. It can, be assumed, in agreement wWith
investigations reported earlier, that the different abrasion of ‘
the bearings during lubrication with individual oils . is assisted .
'by[chemical‘interaetion.between the lubricantvand;the'bearingk -
material, especially when we remember that the lubricant,-in view
of the-considerations.already referred,to;'is*exposedﬁto o
considerable,pressures;and*heatihg. We will take another 5
opportunity to discuss these more acecurste investigations in more

- detail,” It is only intended to -show here that there is|frequent1y

. evidence of an interdependence between the influence of the '
- lubricant on bearing wear and the normal ‘potential of the'metals.

Figure 5 shows the relationship between-material wear under’ -
boundary lubrication With fatty oil and the corresponding value v
With mineral oil as functions of the normal votential., We observe
thet with precious métals sueh as siiver and gold this ratio is
practically equal fo 1. That is, under lubrication with & pure— —
hydro-carbon oil- and with a fatty oil there is no chemical action,

SUMMarv |

‘This is a report on investigations intovthewsliﬁingfbehaviour”
,ﬁof,metallic*materials_unger bcundary lubrication., Tt can be shown
"that the abrasion of the bearing under boundary lubriedtion

rconditions is specially important as regards the practical A
lubricetion process ‘involving wear. On ‘the basis of such measite-
ments, for instance, we can predict the behaviour of the lubricant
under partial lubrication as well as With regard to friction
(vowier consumption), and also as regardsvwear_(lifg ané safety
- . T e . _ : ]
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i _,factor) In any case that lubrlcant 1s preferable Whlch .
th-produces the greatest . materlal Wear undér boundary: 1ubrlcat10n
~;:qpnd1t10ns.‘ ‘In the same. Way Wwe may use the difference in- H*
- material wear to. estimate. the slldlng ‘behaviour of bearlng ® :
" materials. - Other properties also have to'be considered;’ “sueh as
“the: sen31t1v1ty of the ‘bearing material to pressure at: the edges.,
.The investigations algo show that this sliding ‘behaviour bears a.
~;"erta1n relatlonshlp to the hardness and the melting point of e
the metal.. It follows that extremely high pressures and temper=
- ‘atures:can occur:at: the’ contact surface,.leading to: en: addltlonal'
. chemical reaction between the lubricant and the- materlal.; It 1s Q
“‘therefore quite understandable that, for. instance, a fatty oil .
- under-boundary dubrication: condltlons causes a greater degree of
- ‘material wear- than .a mineral oil, or that the chemical 1nfluence
- of the lubricant is spec1ally hlah in base: metals.-.Tharfurther
conclusions:which’ c¢an be drawn- from this are fully discussed
~elsewhere. It is also the 1ntent10n +to complete the tests, .-
“which began on pr6010us met W1th others on allovs and normal
bearlng metals. NERE . ‘ Ceeonel e s

[;Fig,€1‘- Frlctloa coeff1c1ents of metals slldlng on a steel

' ‘ 5 surface.;::t;; o .”,x_ @' T 4.'u:.xd ‘
Flg., é Materlal weur of metals*slldlng on a steel surface.‘lg
Flg,vﬁfé Materlal wear under surface lubrice tlon as a’ functlon of‘"
R T the Br1ne11 hurdness of the. metﬂls. :' o . .1“”“;[
Plg. v.; Materlal wear under surface 1ubr1cat10n as a funotlon of

7~fﬁ~;;w-ihermelt1ng 001nr of the metals."jg ;;Wm__»<
RS

rlg. 5 - MLterlal Wear under surface 1ubrlcut10n as a functlon
- of the aormal poteatlcl of. the. metals.;;r .
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