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SECTION I
STATEMENT OF PROBLELL

The physical and chemical factors responsible for the
maintenance of tenacious lubriéating films between metal
surfaces are not Well understcod.

From time to time, numerous chemical components have
been added tc commercial lubricating oils for the purpose of
increasing their lubricating ability, (reducing frictional
losses), improving their film strength characteristics, re-
ducing the metal atiuck by commonents present in or formed
during lubrication with hydrocarbon lubricants, and for
other statéd purposes‘of,lesser moment. That certain of thesg
addition products have met with wide acceptance and are con-
sidered &as valuable adjutants to lubrication is furtier proof
of the deficiencies of highly refined hydrocarbon oils.,

It has been the purpose of the studieés reported here to
determine certain of the chemical and physical changes pro-
duced by the addition of selected chemical components to a
reference hydrocarbon oil of known low viscosity and to
further study the influence of dual additions of corrosion
inhibiting and 'corrosive' types of additions,

As a supplement to these studies, corresponding tests

have been conducted upon a number of motor oil addition pro-
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ducts offered in the american and foreign markets.

The data reported here should bé considered as explora-
tory in every sense. The conclusicns drawn in the summary
(section VIII) may be accepted as indicative of the perfor-
mance of the limited number of molecular components investiga-

ted and as guidance for further serious investigation.
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SECTION II
HISTORICAL SURVEY

Since the dewn of civilization, menkind has continu-
ally directed its efforts toward the development of mechines
-and appliances of innumerable types whose purpose it Lias been
end is to minimize the bhysical labors required for unit oper-
etions; and to thus elongate the minute, the hour, the day,
the year, and a lifetime by meking possible greater accomp-
lishments. Eariy scientific developments were invariably
dependent upon elementary but fundamental concepts of mech-
anism, The application of these concepts and the urge for
mechanical efficiency has, since the first effort in this
direction, required lubricants wiose office is and alweys
has been to reduce the energy wasted by friction, and to
thus make possible'greater productiveness with less and less
effort. These efforts have resulted in the machine becoming
increesingly efficient by virtue of improved design, construct-
ion, and lubricetion,

Design and consitruction are outlside tihhe domain of the
chenmist, except as his efforts are related to the perfection
of more suitable materials for fabrication. The third re-

quisite of mechanical progress, Lubrication,is distinctly a
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chemical problem. 4As one studies the history of lubrication
it becomes immediately appéfent that this adjutent of mech-
enicel perfection has been most neglected and continues to
recelve sparse atteantion.

During modern times, improved design and a greater
choice of raw meaterials from whicii to construct mechanical
devices end eppliances, have mede it more and more apparent
to the observant worker that the application of proper lubri-
cants 1s the difference between success and fallure in many
instances. Previous to the discovery and application of
petroleum as a lubricant, animal fats, vegeteble fats, shale
oils and other easily available naturally occuring oily sub-
stances were used as lubricants. Tor many purposes animal
fats and vegetable fats still enjoy wide usage and appear to
give exeellent service.

The ever-increasing popularity of mechanical devices
and the far flung epplications of machines of innumerable
types has created a demana for lubricants wiich, in all pro-
bebility, could not have been made except for the develop-
ment of the petrdleum resources of the world., It has long
been recognized that petroleum lubricants, as used today,
ere for meny purposes nol the equal of naturally occurring
fats and oils, The observation of this fact has led
scientists to give spasmodic attention to the actual prob-

lems involved in lubrication and has resulted in the formu-
lation of numerous theoretical and prectical hypotheses upon
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whicii o base further study and from whichh to gain further
practical experience.

| It was the nurposes of the studies reported in this
paper to determine the effects produced when certain chemical
bodies of inown constitution are added to nydrocarbon oils.,
A survey of the literature revealed a vast emount of quali-
tative and descriptive data releting to the action of & lim-
ited number of chemical entities. The date reported on
those compounds which have been studied was found to be, in
moset cases, incomplete and of suci a nature as to be of lit-
tle use for tie purpose of predicting tiie relative effects
of tihe chemical components involved.

The technological importance of lubricetion is so great
that it will sooner or later demand thie serious attention
of en increasing number of investigators. The work report-

ed in this paper may be considered as wholly exploratory.
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SECTION III
THEORIZS OF LUBRICATION AID THEIR WIAKNISS

The necessity for lubrication was early attributed to
imperfections in rubbing surfeces., The frictionasl power
consumption was assumed to have been caused by the inter-
lociking of projections on bearing surfaces. his physiceal
inter-locking of surface irregularities was assumed 1to be
tiie prime cause for the restriction of motion and was held
responsible for the losses wiich occur during the treinsmis-
sion of power throush the medium of bearing surfaces., It
was, however, soon observed tlat surlaces wizich had been
lapoed to such an extent thet pnysical imperfections were
negligible, still oifered large resistance to motion, This
resistance to motion is so great that surfaces lapped as
nledin as is possible wear rapidly when moved together with-
out the epplication of a lubricant, thus pointing to the now
accepted view thet other fectors enter into the development
of friction.

Corse (1) very clearly reviews tThe expositions of Cuy-
pers (15) and points out thet the phrysical inter-locking of
surfece irregulsrities is unnecessary for the development of
lerge values of friction., He further puts forth the possib-

ility that an inter-lociing of the heterogeneous electromag-
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_netic fields of force radiating from suriace molecules
m&yfﬁnd pfobably ade respdnsible for nigh velues of frict-
ion under conditions where metzl to metal contect exists
within the bearing unit. It would further eppear that

some slicht linkage of electromesgnetic fields night also
exiet under conditions of abnormelly thin film sepearation
(Lubrication). The magnitude of the forces involved in
such thiin film linkages would,however, appsar to be of
casll moment if it mey be assumed thet the minimum film
thickness is proportional to the thickness of a hydrocarb-
on molecule. Herkin's (&-A) work indicates that thils
velue should be in the neighborhiocod of 4,794, If the
length of an average cerboxalic acid molecule approximat-
ing the equivalent of an 18 carbon atom chein is taken as
250 A 1t becomes appérent that the substitution of upstend-
ing molecules of this type would increese ths minimum metal
to metal separation uader conditions of thin film lubri-
cation from 9.4%4 to 50°A4, This increase in minimum
filn thickness would in any event reduce the effectiveness
of electromescnetic linkages as the sguere of the separation
distences,or as 8& to 2500, Tiis would reduce the elect-
romagnetic rield intensity to 0.055 of its original value.
“he incerease in coefficient of friction with increesed
bearing pressure may ve at least particlly devpendent upon

e

tiis consideratvion.
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Ingineers classify lubricotion films according to
their tiiickness., So-called 'thiick film luorication' pre-
vails under those conditions where becring ftolerances are
sufficiently large to permit & thick coating (multi-mole-
culzr) of lubricant on both journal and bearing surfaces.
Wiith this type of lubrication, it would appear that the
constitution of the lubricent has little to do with the
efiiciency of lubrication and that the only factor of im-
portance is the viscosity of the lubriceunt. Accordingly,
bearings opereted under conditions of large clearance are
lubricated with oils of high viscosity. So long as unit
pressures remain sufficiently low to enable the film of
lubricant to be mainteined, metal to metal contact cannot
exist and it would be surmised thet the electrostatic link-
ages considered in connection with thin film lubrication
would be a Tfactor of small roment.

The second type of lubricetion is xnown as 'thin
£ilm lubrication', It is of this state thet the present
studies‘relate. Thin film lubrication is considered of
creat importance because it may be encountered under emer-
gency conditions even in egquipment designed for lubrication
with high viscosity oils. It is known that metal contact
actually. exists under certain conditions even on machines
lubricated with very high viscosity oils,

Thin film lubrication prevails when sudden changes in
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motion occur, when sudden pressures are anplied to the
pbearing=-supported mechanisms, when gear teeth mesh under
losd, at the point of contact of cutting tools, and between
parallel surfaces ruboing under such condéitions as exist
between pistons and cylinder walls in engines of &ll types,
cormpressors, and other mechenicelly similar units,

st the nmoment of transition from thick film lubrication
to tiain film lubrication, it has beexn observed that the tan-
gentel friction drezg per unit srea increases rapidly. Under
the conditions of thin film lubrication, it has been known
for many years that a factor commonly termed the ‘'oiliness!
of the lubricant becomes lumportant. In order to be effect-
ive, under the conditions of thin film lubricetion, a lub-
ricant must possess the property of completely wetting
the metel surfeaces, spreading into a thin film, and main-
teining itself in this condition even though great strains
are applied.

Cuypers (15) defines 'oiliness' zs the sum of the phe-
nomena which tends to maintain a lubricating film under the
influences of the solid surfaces, and decreases friction
without generating fluid friction, within the lubricant
itself, in excecs of the reduction effected between the
metals, e further states:

"While with complete film lubrication the
viscosity 1s the factor which causcs the

decrease in friction, the cause of reduct-
ion in friction in tThe case of complete
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film lubrication, is not the viscosity
but the 'oiliness' of the lubricant.?''

Ais reported by Corse (1), Woog (28,29,30), has investi-
gated toe Tactors upon which good oiliness relies and has

sugzested a method for accomplishing this. The following

oo

four pareagraphs are quoted direct from Corse's summary of
Woog's papers:-

1. ' The mutuel keying together of the molecules of
the lubricant, by which we understand the resistance
they oppose to pulling apart, insofar as it depends
on a single molecule's having a hold on its neigh-
boring molecules, Tor this hold, the size of the
molecular volume of a lubricant, so much firmer
does it nold even the thinnest film together. "

2, "The form and dimensions of the lubricant mole-
cule: we should not imagine tne molecules as sym-
metricel, spherical shapes, out as more complicated
forms showing strong irregulsarities, 4n olil film
which counsists of long molecules wiich stand close
together like the bristles of a brush is much more
resistant to the tendency of rotation than is an
oil‘f%}m consisting of molecules more nearly spher-
ical.

3. "The presence of specially active centers of
energy in certain moliecules, winilcii forces them
undéer certain conditions to take on guite different
positions: especially effecctive are such centers of
energy when they are located at the end of the mole-
cule. It appcers that the durability of the oil
film steuding in direct contact witir the solid
surfaces will be so much the greater the firmer
the lubricant molecules anciior tihemselves to the
surfaces, And tais anchoring will always be es-
pecially intensified 1f the force of attrection
due to the metal surfaces themselves 1s strengthened
by a spccial affinity of the lubricant molecules in
wiiicii even such active centers of energy orient them-
selves towaerd the surfaces.

' ™1 £ b Y& . e - A3 4 2 . ] i 2 . 2
4,  'The fourth f=actor of olliness of a lutricant is
the elastic stiffness ol its molecules,''
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In visw of the deata reported ia this paper, togetaer
with other data which the writer hes had an opportunity
to study, it appears that the following comments to the
above four peints es put forth by Woog are subject to crit-
icism as follows:

1. Woog's tieory would indicate that the 1'ilm of
lubricant is to ve considered as an extremely tiin sheetl
or Tilm between the bearing and shaft and thet it 1s 1nn
wise iafluenced by the metals from which the bearings and
shaft are consfruotcd. sceordingly, he holds that the
molecular volume is the important consideretion.

The writer favors the theory that the dimensions
of the mélecules composing the lubricating mediun are of
relotively no consequence and that instead some factor
equivalent to inter-molecular bonding is of greater 1~
portance. 3y thils is meant, thet assuming a conbinuity
of the moving Film, the factors walci would make a filn
difficult to rupture would require strong bonding vetween
consecutive molecules malking up tie :iobile film,

Woog's theory does not sufficieatly emphasize the
importance ol oriented molecular entlties on the faces of
the beering snd shaft. This appears to be a fatel weak-
ness to the theory which could only be surmounted by as-
suming the presence, in the lubricent, of certoin mole-

cules waich tend to orientate themselves on the metal
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surface to be lubricated and thus exert & smoothing out
asction on the surface itself.' The smootining out effect

is sugzzested 1n view of the feet that the best lepped sur-
fezce may still contain crevices, ridges, depressions and
other irresularities wiose amplitude can be as much &s 70°
to 80CA. from the crest to walley. In prectice the ampli-
tudes mey be many times greater. Carboxylic acid mole-
cules containing lSvcarbon atoms per chain are considered
to be in the neighborhood of 20° to 25° A. in leangth. If
we assume that molecules of carboxylic acids orient them-
selves on the surface of the metal with the carboxyl group
at the metal interface, it 1s apparent that under ordinary
conditions we should expect that the mexiame and nminima of
surfece variztion would become mwuch less than 80° A. and
would more nearly approach the length of the carboxylic
acid molecule. If this is the case, then tie presenée
over the entire bearing surface and snalt surface of or-
iented cafboxylic acld molecules would tend to limit the
surface variations to substantially 20° or 25° A, units

in the case of carboxylic acids containing substantially
12 carbon atoms per molecule. The case of substituted and
unsaturated cerboxylic acids merits further consideration
and 1ts effects will be discussed at length with the data
pertaining to ftests on their performance.

2. In Woog's segcound requirement as detailed above, it
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is indicatcd that the shape of the molecule is of considerabll
inportance 1n determining its fituess as a lubricant. The
suggestions put forth appear logical if we interpret his
statvements as referring to those molecules winich form the
tanick film leyer between the hydrocarbon taills of oriented
carboxylic acids. On the basis of Lls statements, we would
pe led to tie conclusiQn that open chain eliphatic hydro-
caroons would in a&ll cases be superior as thick film lubri-
cants to cyclic hydrocarbon molecules, This appears to be
borne out in practice, inasmuch as pareffinic oils are gen-
erally considered superior to naphthenic lubricants.,

3. In Vioog's third qualifying paragraph, he brings out
the importence of certain types of Polar groups Which snow
a tendency to 'anchor! themselves to the metal surfaces.

In this connection, the findings reported here tend to em-
phasize the 1lmportance of Polar groups and to further indi-
cate the nature and 1li:it the location of those Polar groups
vhichh are nost effective., At this point, it should_be men-
tioned that it does not appear desiravle thet lubricants
contain unsteble Polar groups which upon decomposition,
addition to or substitution into, caul give rise to the for-
mation of groups wilch would attack tie bearing metals,
furthermore, it is indicated that the presence of chemical
groups in the lubricant which exert & corrosive action upon
bearing or shaift is of cousiderable importance in selecting

the type of carboxylic ecid molecule wnich will be most
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effective. It will later be shown that the presence of
oleic acida iz the proportions of not to exceed 17 and pro-
bably 1n lesser percentages, inhibits the corrosive act-
jon of certain phosphoris acid esters to the extent of 80%
while 1t is not only ineffectual but actually saccelerates
the corrosive action of phenyl chloride., In other words,

cn oil containing a trace of phenyl cilloride is mace more
corrosive and nore destructive to bearing surfaces aud shaflts
by viftue of the preseince ¢f oleic zcid. This would suggest
tiie possibility of substitution et thie double bond in oleic
zcid by the degradation products of the phenyl chloride
molecule.

4, The statement above that the fourth factor of oili-
ness depends upon tie elastic stiffnsss of the molecules
vresent 1s not entirely cleear, 7This statemewlt may be inter-
preted as referring to the presence or absence of double
bonds in the lubricant molecule., If we assume this inter-
pretation, then tals cualificetion becomes entirely in ac-
cord with present finuings, provided we further restrict
titis 'moleculer flexibility' to the molecules which orient
therselves upon tihe suriace of the metcls being lubricated.
3y the methods used in this investigetion, 1t has not been
possible to deterimine the comperative effszctiveness of
olefines and seturated hydrocesrpbons &s Iilier lubricants

wiich operate between the oriented bounderies,
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Jilson and Bernerd (27) have proposed a definition for
toiliness'. Uheir definition follcws: 'Olliness 1s defined
as Lot oroperty of lubricents by virtue of wiilch one fluid
sives lower coefficients of Iriction (generally &t slow

or niigh loeds) than anotizer riuld of the same vis-

je

spee
cosity'. Jith deference to the ilicompleteness of the
sernard definition, perticulerly with respecet to its omit-
ting toe probLem of film rupture, strength, Surwell and
cemelford (13) have pronosed that the Jilson end Bernerd
Gefinition should be revised to read: 'Oiliness 1s defined
as that property of lubricants by virtue of wiichi one [luid

.

cives lower coefficients of friction (generally at slow

4

speeds or :.igh loads) then anotiher Tluid of the same vis-
cosity aud at the sene time increases the film strength of
such lubricants.'

The data revcrted here woulu indicate tnet 1f the de-
finition Tor oiliness as suggected Dy sernerd and Wilson is
to Be modified slong tue lines suggested by Surwell and
Coielford, that 1t should be furtier modified 1n such &
cenner os to definitely elininate, limit, or specify the

clessificetion of film strength desired, As & result of

the vork reported here, it hes bee. found advisabdle to
clessify film strength enhanclug addition agents according

to toe mechanism oy wailch the increuse i Tilm slrength is
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Unsubstituted carboxylic acids, wien added to hydro-
curvon olls reluatively free from olefines aund unsteble
chenlcal molecules nave been shown to Gefiiltely increase
the ITilm strength of tihe lubricant withiout effecting The

.

corrosion of the metals meking up toe besaring and shait.
Burthermore, it ligs been Tound thal toie addition of certain
nnosonorice ceid esters, Lalogenated compounds, sulpiur coi-
pounds eand certein ovher molecular ccuponents to be discussed
in detall leter, increuse the film strength of tuae lubricant
in meny ceses far ebove The values wiilelr heave veen realized
to dete from corboxylic acld addéitions; aowvever, thils increase
in film strength hes been attended with rapid corrosion and
erosion of besring metal and shalt. It has been further
served thot the oddition of certaein types of carboxylic
ecids to oll samnles carrying corrosive film streugth im-
proving nolecules either compnletely innhivits tie corrosion
or ouly 5ar ielly intibits the ccrrosion., When corrosion
is completely incipited, the filn strength of the complex

is reduced To the value crigilnelly procuced by the particular

~rboxylic aciu alone, In those ceses where corrosion heas
been only nertielly innibited, the film strength of the lub-
ricunt was Tound to ve reduced to a velue intermediate bhe-
tween thaet produced by the cerboxylic zcid =2lone and the

"

corrosive agent alone. “hiis points Vo the coaclusion thet

moiecular componcnts which improve film strength by virtue

NNt e




r,_f
of their corrosive action can only be inhibited from cor-
roding by the addition of molecules wiich heve the property
of orienting theuselves on the surfece of tihe mebtals to
such an extent as to preclude contoct of tuae corroding ad-
ditvion. In these cases, the fili strengtn is,es would be

exnzcted, reduced to tie value produced dy t.e innibitor

clone, This pointe to the fellacry in attemptiig to use
corrosive additions for the purnose of prowoting film stren-

st cnd adding with them inhibitors to overcome thelir de-

Pérsuant to these views, 1t would appear tuct a further
revision of the definition of oiliness should e made &as
Tfollows: éiliness is defined &s that property of a lubri-
cant by virtue of waich one fluid sives lower coefficients
of friction (generelly at low speeds or nigh louds) than
another fluid of The sane viscosity end at the same tine
incresses the Tilm strength of such lubricants witihout
causing corrosion to bearing surfuces and wWithout promoting
corrosion by any components wiich mey be precent under the

conGitions imposed upon the lubricant in use,
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SECTION IV
LABORATORY FROCEDURE

For the purpose of this investigation a quantity of
nighly refined mineral oil of peraffinic origin was procured.
The lubricant used was found to have & viscosity of 85 sec.
at 100° 7. (Saybolt Universal). This oil was tested and found
to have a comparatively low lubricating value, a gquality con-
sidered desirable for the purposes, 1lnasmuch as 1t was desired
to determine the effects of certain molecules and combinations
of rwolecules upon the lubricating quality and film strength
characteristics of hydrocarbons.

Semples of the above cil were made up, each containing

3% by volume of the following:

Table 4
Plienyl Chloride Tricresyl Fhosphate
.leha Chloronaphthalein Butyl "Carbitol"
Trianylamine Lauric Acid
"Alketoacid® C-18 Butyl Lactate
Ricinoleic Acid Isopropyl Ether
Triethenolamine Trioxymethylene
Linoleic Acid Dibutyl Fhthalate
Palmitic Acid Pine Needle Cil
"Alketone" C-32 Thymol
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Table 4

(continued;
"Alketone" C-20 Benzaldehyde
Stearic Acid Cleic Acid

Undecylenic Acid

Samples were also prepared as follows:

Table B
A B S
White 0il 99% 98% 96%
Oleic 1 2 4
2
White Cil 94%
Oleic acid 3

Phenyl Chloride &

94%

(03]

Samples containing mineral oil to which was added tri-

cresyl phosphate, 3%, and the following components were also

prepared for the determinations discussed in Section VII.

Table C
Oleic Acid 1% "Alketoné" c-18
Oleic Acid 2 Palmitic Acid
Oleic Acid 3 Ricinoleic Acid
Cleic Acid 4 "Alketone" C-20
Oleic Acid 6 "Alketone" C-32

TEST METHODS

¢
A
&

o

(SN ¢4

»

An adsorption dynomometer of the Faville LeVally type

was used in accordance with the procedures herein described
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for the conduct of the tests reported. It was found necessary
to make certain modifications in the standard Faville LeVelly
mechine in order to render test runs reproduceable, Fig. 1
which follows shows the assembly arrangement of the Faville
LeVally machine. It will be noted that a pair of pincher arms
press the pair of bearings, of types detalled in Fig. 3 against
a 1/4 inch drilled rod shaft under spring tension. The draw-
up wheel shown in Fig. 1 and 4 is automatically rotated to bring
about a continuous and regular application of pressure increm-
ents. The automatic draw-up arrengement was actuated by an
eccentric driven by the upper portion of the main bearing sharft.
The rate of pressure increments was, therefore, 1 notch per
shaft revolution, or 290 notches per minute. ZEach notch on the
take-up wheel corresponded with a bearing squeeze on the shaft
produced by 0.000067 inches of spring compression. The dyno-
mometer unit was driven by a synchronous motor to maintain con-
stant speed throughout all tests.

When the test operations were initiated, it was hoped
that the construction of the machine would permit the measure-
ment of oil film thickness by comparing the calibrated take-up
|vreel indications with a previously run pressure curve. Accord-
ingly, a calibration run was made with hardened steel bearings
of the type shown in Fig. 3A pressed against a drill rod shaft
without lubrication. A large number of tests were made to

determine the relationship between take-up wheel calibration and
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gpplied pressure as indicated on the pressure gauge.. Curve 1
attached indicates the variastion which was found to occur in
repeat runs. The heavy 1iné is plotted to the average of all
calibration tests conducted. In view of the cyclic variations
in the notch-up to produce a given pressure, all hope of
measuring film thickness by this me thod was abandoned. The
linit curve showing the relation between notch-up and pressure,
however, has been retained in curves, in order to give some
idea of the probable change in o0il film thickness under con-
ditions of increasing pressure.
INTERPRETATION OF DYNOMOMETER DATA

In computing comparative values discussed, the following
symbols heave been used uniformly. Coﬁsideration of these valueg
tocgether with the diagrams appended is inecluded to make clear

the performance of the test equipment.

radius of shaft = .125 inches.

H
it

d,, = distance between center of shaft and point of contact
between ftorque arm and sylphon tip.

f1 = force tangental to shaft.

fo = force applied to sylphon gauge by torque arm.
t = moment of torque developed by frietion in pound inches,
d; = length of pressure application arm (total).
ds = distance between pressure aru fulerum and shaft center,

P = gross pressure on bearing faces.
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The bearing'faceS'pressing against the surface of the
ghaft (Fig. 1 and 2) produce a frictional force which tends to
cause the bearings to rotate with the shaft. These forces may
pe resolved into a single‘force acting tangental to the surface
of the shaft. The product of this resolved frictional force
times the radius of the shaft represents the moment of torque
developed by friction.
(1) t = 1 X £y
This torque, which tends to prcduce rotation of the
bearing unit, is counter-balanced by the moment of the torque
arr: pressing against the tip of the pressure gauge sylphon.
The moment of this torgue arm is equal to tine product
of the distance between the center of the rotating shaft and
the point of support of the torgue arm on the.sylphon tip, and
the force acting on the fluid filled sylphon as indicated by
the Bourdon type of gauge actuated by the sylphon or:
(2) t = 4 X fg
Equating 1 and 2 gives an expression for the force

tanrental to the bearing shaft.

Frictional power comsumption is most readily celculated
in horsepower from the English system calibration of the

machine, by multiplying frictional torgue times radians per
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pinute and dividing by 335,000 or:

(4) Frictional H. P. = £

kﬁ) Wetts consumed by friction = H, P. X 746
In order to compare the friction rates at the various
test pressure applied, the following coefficient was used:
(6) Torque coefficient = % X 100
This coefficient was selected because torgue is prop-
ortional to frictional power consumption and it was found
helpful to evaluate repeat runs on the basis of this coéffic—

ient in determining the validity of the tests in question.

OPERLTING PROCEDURE
The film strength tests reported in Sections V and VI
were conducted on hardened steel bearings of the types shown
in Fig. 3A and 3B as indicated. The shaft consisted of a
hardened section of polished drill rod. 1In all cases, both

shafts and bearings were lapped to a good polish.

Previous to each test, the machine was thoroughly washed

first with naphtha and then with trichloretiiylene to remove the

last trace of impurity from previous tests. The clean bearing
halves and shaft were then instelled in the machine and the
pressure jaws applied loosely. The o0il container was filled
with its standard (70 cc.) charge of oil, the machine started,
end the pressure wheel slowly drawn up to & gross pressure of

250 pounds. At this instant, the time clock was started and

|
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the machine allowed to operate for three minutes. This initial

three minutes was considered as a break-in pericd, whose fune-
tion it was to allow the bearing faces to properly align and

to remeve any slight surface irregularities which might exist.
In all cases, torque and pressure were stabilized within the
first few seconds of operation and remained constant throughout
the three minute break-in period. At the conclusion of the
break-in period, the automatic draw-up mechanism driven by the
eccentric was thrown into communication with the notched draw-
up wzaeel and allowed to apply pressure automatically until the
pressure as indicated by the gauge had reached 500 pounds. A;

this point the automatic noteh-up mechanism was removed for

»

5 seconds while notch-up values and torque readings were taken,
The notch-up arrangement was immediately replaced and allowed
to confinue until the pressure had been increased by another
increnent of 250 pounds. This’prccedure was repeated uniform-
ly until vearing seizure or excessive wear occurred. In all
cases, the final torque value was recorded regardlesé of whethexn
the test was run to selzure or to excess wear,

The tabular data reported in Section IX reports all
values teken in the following units:

t = Torgue in Found Inches.

P = Pressure in gross pounds of pressure applied
to bearing face.

n = Notch-up or take-up in number of notchies
actually taken up during pressure interval.
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The constant pressure wear tests reported in Section VII

in connection with commercial products were made according to

| the following procedure:

Bearings of the type shown in Fig. 3C were eaccurately
machined to & depth of .073 inches and to &a curvature corres-
ponding with a 1/4 inch diemeter snaft. The shaping of these
bearing faces was effected in a specially constructed fixture
to insure uniformity. These bearings were then run in to pro-
duce a satisfactory test surface.

The above described bearings were drilled et a uniform
distance below the bearing surface (in a fixture) and an iron
gonstantine thermo-couple was installed for the purpose of
temperature recording. |

The above bearings, ecuipped with thermo=-couples were
installed in the test dynomometer. After installing the bear-
ings, the pressure was brought to 10 lbs. and the machine
started. The pressure was immediately increased to a gross
pressure of 50 lbs., and a running o minute break-in period
allowed to insure suitable bearing linement and normal machine
operction. At the end of the break-in period, readings of
notch-up wheel, temperature, torque, and pressure were taken.
For the remaining period of the test, the pressure afrangement
was adjusted at oﬁe minute intervals to meintein a uniform
Pressure of 50 1lbs. gross. Readings of temperature, torque,

and wear were then taken at 5 minute intervals throughout the

NAOANAP




gquration of the test.
FIIL} STRENGTH TESTS ON COLLERCIAL
PRODUCTS

The film strength tests reported in Section VII were
conducted on hardened steel bearings of the type shown in fig.
38, These bearings were carefully lapped to a highly polished
surface and the tests conducted in a manner similar to the V-
bearing seizure tests detailed above.

After a 5 minute break-in period, the autometic ratchet
take-up mechanism was allowed to operate until the pressure had
inereased to 250 1bs. The machine was allowed to operate for
5 minutes at this pressure, after which readings of temperature,
and torque were taken. The machine was immediately notchéd up
by eutomatic feed for an additional increment of 250 lbs. and
operation allowed to continue for 5 minutes, after which read-

ings were taken. This procedure was continued until seizure

oceurred,

ADDITIOKNAL LABCRATORY PRCOCEDURES
Additional leboratory procedures resorted to in the
course of gathering the data reported herein will be discussed

in the various sections involved.
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SECTION V

CARBOXILIC ACIDS, NEUTHsL SUBSTITUTION
PRODUCTS, ALIPHATIC HYDROCARBONS ESTERS
A totel of 12 derivatives consisting of saturated and
unsaturated carboxylic acids, Lydroxy carboxylic acids,
xetone alcohols and keto hydroxy cerboxyllic acids were ex-
cnined with the adsorption. dynomometer described in Sect-
ion IV. The following is & summery of the seizure press-

ures and corrosion observations in counection with these

tests:
TABLE D
Detailed
Compound : Test Data Seizure Pressure Corrosion
in Yable
, Reference
% Hyarocarovon I 750 1lbs, Hone
'Alketoaclid!?
¢c-18 v VII 1500 1bs. one
| oieic scia II 1250 1bs. None
i tAlketone!
X C-32 XLIIT 1250 1bs. lone
: Pelmitic Acid XIT 1250 1bs. None
| Linoleic icia X1 1250 1bs, None
: Butyl Lactate AXT 1250 1bs., None
Undecylenic NI - 1200 1lbs. Slight
Acid R corrosion
Stearic Acid xv 1200 1lbs. Solubility

low-~ no evi-
dence of corrosion

neaoy




D. Continued:

Detailed
Cor:pound Test Data Seizure Pressure Corrosion
in Table
Ricinoleic
Ascld VIII ‘ 1175 1lbs, None
Pine Needle Slight
0il AXIII 1100 1bs. corrosion
; taliketone!
; C=20 v LIV 1000 1bs. None
| Leuric acig XIX 900 1bs. None

3 In reviewing these data, the foilowiug characteristics
are significant.

3 (I) The carboxylic ecids and the ester tested were

~ found to be non-corrosive to the steel bearings under the
test conditions prevailling. The one exception is in the

;;_ case of the undecylenic acid. The sample of undecylenic
aclid used was made Dy the destructive distillation of castor
0oil and eccordingly contained impurities difficult ‘o remove
and which may possibly have been responsible for the slight
corrosion which was observed. This opinion is borﬁe out

j by the fact that other carboxylic acids containing a double
; bond did not produce corrosion.

(2) The carboxylic acids having long carbon chains

group themselves close together with respect to seizure

bressure.
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(3) The carboxylic acid which required the greatest
pressure before seizure occurred contains alpha, bete and
gamme hydroxyl and carbomnyl groups. In view of the fact
thet this particular carboxylic acid is made by the oxida-
tion of petroleum fractions, it was not found practicel to
seperate 1t into fractions of known molecular constitution,
“however, 1t is definitely known that two or more hydroxyl
arfd carbonyl groups afe substituted in the positions afore-
mentioned. In view of this information and the seizure
performence of the oil sample containing this material, it
would eppear that the orientation of the molecule at the
metal interiace involves & stronger bvond.

To gein further information relative to the nsature
of the above indicated increase in seizure pressure, &
seriesgrof tests were run with oleic acid additions in in-
creasing quantities to the reference hydrocarbon oil used
tharoughout these tests.

The following table records the significant values

observed in connection witix these ftests:

TASBLE E
Oleic Acid Conceantretion Tests
I% 2% S Yo 6%
Selzure Pressure 1250 1250 1250 1250 1500
seizure Torgue 80 80 85 90 90
1 X 100 Bed 6.4 6.8 7.2 5,0

P
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In view of the fact thaet the selzure pressure was practi-

cally constant regardless of oleic acid concentration, it
would cppear that within the limits required to produce com-
plete moleculer orientetion over the entire surfeace to be
lubriceted additional quantities of oleic acid have no fun- .
ction, lhe seizure torque values show an upward trend;
novever these values are well within the limits of experié
mental error., Yials Tact 1s occasioned on account of the
rapidity with which seizure occurs and the attendant 4if-
ficulty in taking a maximum reading. The vericticn in tor-
. que coefficient values reflect this torque uncertainty.
E The data shown in Table D relative to the pefformance
of carboxylic acids and that siaown in Table E relative to
the concentration performence of w« typical cerboxylic acid
points definitely to the conclusion thet the improvement
in f£ilm strength produced by carvoxylic acids is due to the
Tformetion of &n oriented film of carvoxylic aeid on the
wetal surface,

A further consideration of this view suggested the
possibility of studying the heéts of wetting of carboxylic
ccids in contact with metals. Due probably to the low
values of hecats of wetting, only & Tew investigators have

studied this value.

-

The work of Breiger (12) was found to contain deta

on the heats of wetting of castor oil, linseed oil, peraffin
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0il, refined meciiine o0il, and oleic acid 1% in petroleunm

oil on copper.

Previous work by Crowley (14) indicates that tri-
glycerides of fatty acids are ineffectual in reducing seizure
velues and torque values unless free carboxylic acid is pre-
sent., Accordingly, the work of Breiger (12) was interpret-
'%Tﬁ ed es indicative of the heat of wetting for the cesrboxylic

gcids corresponding to the tri-glycerides reported. This
assumption is considered reasonable in view of the known
fact that unless special preccutions are teken, a sufficient
guentity of free acid always exists in tri-glycerides to
give concentrations well within the limits of that required
to orient themselves on the metel surfaces under the test
conditions reported by Breiger.

agsuning that Sreigerts values apply to the carboxylie
acids which would be present in castor oil and linseed oil,
the following corrected'values for heats of wetting in de-~
grees Centigrade per 100 grems of copper adsorbent were
tabulated.

Heat of Wetting Seizure Values
found here

Oleic Acid 1% in

unknown mixture 21.25° ¢ 1250
Linseed 01l

(Linoleic Acid) 13.85 1250
Castor 0il

(Ricinoleic Aciﬁ) 12,07 1175
Paraffin Cil 3.85 750
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It is significant to note thet these values for

the healts of wetting and seizure values as determined by

tiie metiiods used in tuais study, agree 1n ordersand further
that the retio of the heat of wetting of linéeed 0il (13.85)
to that of castor oil (12,07) equals 1,09, while the ratio
of the seizure pressure of Linoleic acid (1250 1lbs.) to that
of Ricinoleic acid (1175 lbs.) equals 1,065, The agree-
ment in this one particular case 1is considered extremely
close in view of the difference in the methods used.

Breiger's value for the heat of wetting of oleic
acid wes determined in a peftroleum solution of undefined
composition and therefore it would hardly be expected that
his value for oleic &cid would be comparable to the other
values reported,

The property known as lubrication has been defined
by Dellwitz (16) as being proportional to the eese with
which the o0il is adsorbed by the metal. e states that
the tenacity of the oil film would appear %o depend upon
the capillary properties of the oil and the metals to be
lubricated. Dallwitz- Wegener (17) have outlined a series
of methods whose purpose it 1s to meke possible the deter-
mination of these values, Pursuing the sbove citations in-
dicetes that these investigators believe that the lubri-
cating power of an oil increases and decreases with changes
in its angle of contact with the metal, Their conclusions

indicate that the lower the surface teansion of & lubricant,
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the better will 1t be eXpected to perform its function.

In view of these findings, it would appear thet the
metal surface being lubricated acts as an edsorber and
therefore the oil constitutes the adsorbent, Breiger
suggests that this adsorbing function of metallic surfaces
ney be the result of residual valencies of the atoms on tﬁe
surface, He further adds that adsorption therefore consists
in satureting these valencies with the secondary valencies
of the adsorbed molecules. He then goes on to define the
heat of wetting as the hest liberafed during adsorption.

The work of Southcomb and Wells (24) indicates that ex-
ceedingly small quantities of unsaturated groups produce
extraordinary increases in the lubricating ability of poor
oils.

Wells and Southcomb (24) have also found that the
glycerides of fatty acids possess lower surface tensions
than do hydrocerbon oils, They further show that the re-
duced suriface tension of triglycerides is eattendant with the
presence of free fatty acids. They further show that the
surface tension of naturél glycerides, Iree from fatty acids,
are of the same nagnitude as the surfece tensions of mineral
0ils. They further give evidence Lo the effect that the
lubricating power of cither natural glycerides, free from
fetty acid, or a hydrocarbon oil is greatly enhanced by ad-

dition of & small percentege of fatty acids., Wells (244)
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siows that oleic zcid forms an oriented film on metal sur-
feces which hes o thickness of 4 3 lO'Vﬂm.

In view of the findings reported liere and additional
dete recorded in the literature, it would appear that in-
crecse in film strength of the lubricant and reduction in
friction is effected to the greztest extent wiien molecules
are present wihich have the property of forming an orisnted
leyver on the surface of the metals to be lubricated. It
would Tfurtiner appear that oxygen-contalning groups, hydroxyl
end cerbonyl, are most effective. It cannot be inferred that
the presence or absence of double bonds in the added mole-
cules azre of any more than pure physical significance. The
effectiveness of oxygen 1n this respect is attested to by
tiie findings of Gilson (18). In his investigetions, a
maciiine was arrenged so thot the bearing being lubricated
could be operated in controlled gaseous atmos eres., This

procedure was followed p¥rsuant to results from certain

»revious tests, which had appeared to have been affected

vy the presence of gaseous components present in the at-
mosonere surrounding the test equipment., The following

guotation is teken from Gilsous work:

oA small bearing was mounted so thiet tests could

be mode on it wh;le running in eny atmosphere.
The friction in & vacuwum wWas much higher then

in air. Oxygen gave lower friction than air;

if the oxygen wes exhausted tne Ifriction in-
creassd but not to Tthe originel valiuve for &
vecuur. The bearing was run cconbtinuously in "
g vacuuwn and reasdings taken at 8 hour intervals,
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The friction became progressively higher, and

had not reaciicd o meximum at the end of test.

If the bzaring vwas then run lL alr for & hours the
Triction dropped almost to its original value in
oxygen. liolsture was also found to have an elfect,
the friction being much less in moist than ia dry

hycrogen.™
"The expﬁﬂlmants lHQlCatp that Tfor efficient
lubricztion some kind of reaction is necessary

whichi 1s dependent upon the presence of moisture
and of oxygen. 7The fact seems to be well estab-
lisnad that the surrounding atmosphere hes a very
Cecided effvct upon the lTlCthﬂ obtained. The
differences in friction cannot be accounted for by
differences in viscosity oi the oil. All of the
Irlotlon curves tend to come together in the reglon
around 100°C,, but it is not yet known whether or
not this has any significance.”

Further conclusions indicaté from the tests con-
ducted will be discussed in Section VIII in deference to
further deta reported in the following section.

The attached Curve II presents in curve form the
comparative performance of the group members reported in
thiis section together with a diagramatic illustration of
the suggested bonding et the metal interface znd the

writers interpretation of the influence of double bonds,

annar




AT 3A4n>D




SECTICON VI

TESTS WITH ARCMATIC HALIDES AND OTHER MOLECULAR COLIPCHENTS

A total of 15 chemical compounds were added to the

reference hydrocarbon oii in the proportions of 3% by volunme

and tested under conditions identical to those discussed in

section IV.

with respect to seizure pressure, and corrosion.

The following table swmmarizes these findings

Table F
Compound Detg;%:dliest ?gizgise Corrosion
Table
Reference Hydrocarbon I 750 1bs. None
Tricresyl Phosphate XVII 2000 Corroded
Pnenyl Chloride III 1500 Corroded
Benzaldehyde XXV 1300 Corroded
Alpha Chloronarhthalein A 1250 Corroded
Dibutyl Phthalate XII 1100 olignt Cogfgi
Triamylamine VI 1000 Slight Cogfgg
Triethanolamine IX 1000 Slight Cogfga
*Butyl Carbitol XVIII 1000 Ione
Thymol XXIV 950 Very Slight
Corrosion
Isopropyl Ether X 750 Wone
*Trioxymethylene XX 550 Corrosion

* Not completely soluble.
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With the exception of sulphur compounds, the above
series of tests included all of the commonly used extreme pres-
sure addition products. It i1s to be noted that in all cases
the chemical additions which produced notable improvement in-
the film strength of the lubricent also corroded both bearing
and shaft. |

In the case of the first four items 1isted above, the
corrosion was severe. Phosvhoric acid esters and chlorides
are recognized as important components in extremé pressure
lubricants. That these components are corrosive is also well
understood.

These tests were conducted largely for the purpose of
determining the relative corrosiveness’and effectiveness as
extreme pressure lubricant addition materials with a view of
gaining information which could be used fof purposes of com=-
parison when non-corroding seizure pressure increasing compon-
ents were added together with them.

Curve III attached indicates the general performence of
these addition products with respect to their effects in seizurg

pressure.

Further discussions of these data will be contained in

Seetion VII which follows.

TESTS ON PRODUCTS SOLD IN AMERICAN AND FOREIGN
LIARKETS

Semples of products sold in the American and foreign
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: markets were procured and tested to determine their comparative
actions when added to motor oils of standard quality.

These samples are identified by letters as follows:

Iable G Data In
Source Cless Table
Reference (il American -- X1I
A American BB XLIX
B Foreign AA ZILIII
C Foreign BB XLIV
D American AA XLV
E American BB XLVI
F American EE XLVII
G American EE XLVIII
H American DD XLIX
I American R L
J Foreign CC LI

A summary of the test values from this series of tests

is shown in the following table.

Table H

SUMMARY CF WEAR, TORQUE, TELPERATURE RISE

ANND BEARING CORROSION VALUE
(Commercial Samples)

Condition m
Product Jear Torque of Temperatiureg
Bearing Rise
Plain 0il Only  100% 100% Corroded 1005
A Reduced Reduced badly Reduced
20.5% 4,4% Corroded 4.8%
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Table ¥ (continued)

- Cond}tion o
Product Wear Torque . © Temperature
bearing ise
B Increaged Reduced Corroded reduced
100% 15% 33 3%
C Increased reduced sadly Reduced
3.0 15% Corroded 21.3%
D Incereased o reduction Badly Reduced
23,6% or increase Corroded 14.1%
B Increased Reduced Corroded Reduced
4,7% 13.1% 12.9%
F Reduced Reduced Corroded Reduced
40% 43,5% 44,5%
G Reduced Reduced Corroded Reduced
5.5% 27% 33.3%
H Reduced Reduced Badly 'Reduceq
35, 4% - 23.6% Corroded 24.6%
I Reduced Reduced Not Reduced
' 50% 34,7% Corroded 31e 75
J Reduced Reduced Corroded Reduced
17.7% 2le75 364 5%
Greatest
Reductiocn I - - - - B = === - - I --=-=-=- F

ducts, to which may be attributed thelr

To throw light on the components

the following table has been prepared.

spond with the classificetions noted in

rable L.

present in these pro-
characteristic actions,

The class lelters corre-
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Table I
“Class Semples Test-
of Conposition Notes ed and
rroduct ; ldentificatiag
AA Graphite only - High Graphite settled U and B
Concentration rapidly
BB Graphite only -~ Lower Slight settling A, G and
Concentration of graphite B
cC Graphite and Animal Graphite settled J
0il - due to aecidity
of fat
DD Graphite and Chemicals Ko settling of H
graphite
EB hemical additions - Acid after tést G and F
No graphite
FF Gravhite and Hydro- No settling of
carbon Derivative graphite, No I
acidity after
test,

At first glance, the greatest improvement in lubricating
conditions would apnear to rest between sample F and I. In
view of the fact that under the test conditions prevailing an
increase in wear rate would bring about greater reducticns in
pressure between the one minute take-up periods, it would be
expected that ¥, which permitted higher wear than I would show
a lower torque value and a lower température rise than I. Con-
sideration of this factor, together with the entire absence of
corrosion on the bearings and shafts lubricated with I, as shown

by the photomicrographs removes all doubt as to preference.
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hotomicrogra
i g used in Test No. LV, Evidence bearing used in Test No, LVI. Chem-
chemical atteck is apparent. ical attack is not indicated.
Meagnification - 125 X. 5 Magnification - 125 X,

of Copper Lead type




-

Photomicrograph of Cadmium Silver

type bearing used in Test No. LII.
Chemical and mechanical attack of

- the bearing surface is indicated.

Magnification - 125 X,

Photomicrograph of Cadmium Silver type
bearing used.in Test LII-A. The practi-
cal absence ‘of chemical attack is indi-
cated, showing effectiveness of inhibi=-
tors present. Magnification -~ 125 X,
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Photomicrogreph of stesl shaft from
Test LII. Corroded bearing alloy has
been imbedded in the shaft,

-

Magnification - 125 X,

Photomicrograph of steel shaft from
Test LII-A. The surface is practi-
cally free from bearing metal and
corrosion ineclusions, indicating
that inhibitors present have pre-
vented both contact and corrosion,

~r

Magnification - 1285 X,
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A study of these data indiéates thet the presence of
colloidal graphite in lubricating addition products is desirabl
if it is present in suitable form and concentration.

To gain furtier information on the function of colloidal
graphité, a series of tests were conducted with lubricants
containing product I, The base lubricants to which this pro-
duct was added ranged in viscosity from 10-W to S.A.E.-350.

The oils selected for these tests consisted of standard grades
of lubricating oils of paraffinic, mixed, end naphthenic crigin

For one of these tests, the colloidal graphite was re-
moved frorm sample I by repeated filtration through an ultra-
filter unit under vacuuam.

ATter test, the ébove oil sample was subjected to
analysis for metallic sludge. The following table reports
this value together with corresponding metallic sludge analysis
value found in the case of the untreated reference oil only,
and a value for the product previous to the removal of its

normal gravhite content.

Metallic Sludge
% by Weight

Plain oil (without additions) . 270
With Product I «160
With Product I (Graphite removed) .210

Assuming that 0.270% of metallic sludge is proportional

i to the wear produced when unmodified oil only is used as a

P

ANA AN



] jubricant, it is apparent that the presence of the normal col-
loidal graphite content in this product is responsible for
éngﬁ of the total wear reduction ﬁhich the product effected
in these tests, This value is arrived at as follows:

Wear Reduction for Product I = (.27 - ;;6)100 = 40.7%
.2

Wear Reduction with Graphite Removed =('27'é§l)100 = 22.2

Reduction in Wear due to Graphite 18.5%

% of Total Wear Reduction due to Graphite =

40,7
This product has been further studied in connection

with oils of various viscosities and origins as follows.

Table J
Numbers in parentiieses refer to tests of & series. The
first number in all cases being the control or reference test
without additions. Complete tabular data on these tests will

be found in Section IX,

Source of 0il Bearings Viscosity of Lubricant
Used 10-W S.A.E.=20 | B.AE.=50
Pennsylvania Ag/Cd (LII, LII-4,
LIII, LIV)

cu/Pb  (Lviz, LVIII} (LV, 1VI)
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Table J (continued)

] ce of Cil Bearings Viscosity of Lubricant
sor Used 10-W S.A.E.=20 S.A.E. =50
pennsylvenia Babbltt (LIX, IX)
Steel (Type (IXVII, (LXI, IXII) (LXXVII -
3B) Film IXVIII, (ILXIITI, LXIV LXXVIII)
Strength IXXTI, LXIX, ILXX)
Tests IXXII) (IXXIII, LXIV)
? Mid Continent Steel (Type (LXV, LXVI)
1 3B) Film
Strength
Tests
k| ca1ifornia Steel (Typ (LXXV - LOVI)
1 3B) Film
Strength
Tests

An inspection of the data outlined in Table X indicates
? that wear, temperature rise, torque, and seizure pressure, are

; ﬁniformly improved by the addition of this product.
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SECTION VII

THE COLBINED EFFECT (F CORRCSIVE 4ilND KON CORROSIVE
FILIZ STRENGTH IMPROVING LAGENTS

For the purpose of determining the effect of adding non
j?corrosive filn stréngth improving agents to corrosive film

é:strength inproving agents, a series of tests was conducted in
i which the test sample contained 3% each of tricresyl phosphate

i?and the compound listed in column 1 of Table K which follows.

Table K
1 Seizure Value Detailed % of
Acid or Ester Without With Test Data Corrosion

Phosphate Phosphete in Table Inhibited

;il) "slketone™ C-32 1250 1650 XXXIX 68%
[2) Cleic acid 1250 1500 XXXII . 80%
|5) "alketoacia™ C-18 1500 1500 XXV 1005
}4) Paluitic Acid 1250 1425 XXXV I 86%
f 5) Ricinoleic Acid 1175 1250 YXXVII 94%
ﬁls) "pAlketone” C-20 1000 1250 OXVIII 807

§‘7) Reference oil only 750 ———— I

The significance of the above tabular data is better

; understecod by reference tc the attached graﬁhic presentation,
{ Curve IV. The bese line D has been drawn to correspond with
;'the seizure pressure of the reference hydrocarbon oil when

; tested without additions. Another line has been dréwn at 2000

i}lbs. to correspond with the seizure pressure when tricresyl

g S
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?phosphate; 3% only, was added to the oil. Curve C was drawn
iconnecting the selzure pressures for the aclids and esters when
;‘added to oil but without the addition of tricresyl phosphate.

% curve B connects the pressure values found when tricresyl phos-
Eiphate was present in the lubricant'along with the acid or ester
; indicated by the number at the bottom of the curve., These num-
; bers correspond with the inhibitor values assigned in Curve II.
In view of the data summarized in a previous table, which
ﬁ‘indicated thet increases in the concentration of oleic acid only
fvin the test sample had no added effect on film strength, a

f |sinilar series of samples was prepared and tested, conteining

i fine concentraticns of oleic acid and a constant quantity of
E‘tricresyl phosphate as shown in Table L. These results further
tend to confirm the previocusly expressed view, and I believe
quite generally accepted view, that carboxylic acid additions
"lin quantity greater than is required to form an oriented layer
{ over the surfaces offer nc advantage.

If we interpret the distance X on Curve IV as a measure
of the corrosive effect of tricresyl phiosrhate, dnd‘Z as prop-
ortional to the ineffectiveness of the inhibitor added, we may
develop the following relations which makes possible the calcul-
ation of the per cent. efficiency of the various inhibvitors

tested,

Corrosion without inhibitor = X = A - D

NOANED



(4 - D) - (B~-2C)
A-B¥+C-0D

Corrosion with inhibitor = 2

100 (A=-B+ C=D)
A=D

Per cent. of Corrosion inhibited =

The values for the per cent. of corrosion inhibited

fégolumn of Table K were calculated by the ebove formula.

Table L. Oleic Acid
1% 2% % % 6%
Tricresyl Phcsphate 3% 3% B 3% 3%
Reference Cil 96 95 34 93 91

1% 2% %% 4%
Seizure Pressure 1500 1bs.- 1500 1bs. =~ 1500 lobs. - 1500 1lbs.

6% = Seizure pressure = 1575 1lbs.

The limited amount of data reported here would indicate
?bthat any non corrosive film strength improving agent will, when
edded to a corrosive film strength improver, bring about cer-
tain changes in the performance of the combined sample which
are complex functions, and which in any case are not additive
as far as film strength or corrosion is concerned. It is to De
observed that an addition agent which inhibits the corrésion of
tricresyl pho%phate completely also entirely overcomes its film
strength improving properties; thus producing a net effect whicl
is equivalent to the use of the inhiviting agent alone.

With oil samples containing phenyl chloride, the eddition
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of oleic acid 1increased the extent of corrosion as indicated

by the following data:

Table M
I. Cleic Acid 3.0% 0 3.0%
~ Pnenyl Chloride 3.0% 3. 0% 0
¥ Reference (il 94, 0% 97, 0% 97 . 0%
Seizure Torque 1750 1bs. 1500 1bs. 1250 1lbs,

It is thought that the double bond in the oleic acid is
involved in these results., The addition of one or more chlor-
ine groups would be expected to produce such results as were
observed,

Time did not permit the testing of more strongly Polar
saturated cérboxylic geids in connection with phenyl chloride.

The results with respect to tricresyl phosphate, and
perﬁaps with respect to other corrosive agents which will not
add to or form degradation products with carboxylic acids, may
be summarized as follows.

Table N

Classification of inhibitors when used in connection with

corrosive products which will not form addition or substitution

products with the inhioitor, and which have heats of wetting

less than the inhibitor.

> 1 Frirtbitor—Nunber—ort
folecule Classification

1) Alpha, beta and Gamme

-C = 0 and ~0H substituted
Carboxvlic acids

10.0 - 9.5
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Table N (continued)

Molecule Inhibitor Number onr
Classification

o |

? 2) Hydroxyl Substituted
: Carboxylic acids (sub-

stitution beyond gemma 9.5 - 9,0
position)
i [3) Saturated Carboxylic Acids 9.0 - 8.5

; 4) Unsaturated Carboxylic Acids
1 and Hydroxy Ketones of low 8.5 - 7.9
molecular weight.

 |5) Alcohol Ketones of High 7.5 - 6,0
iolecular Weight

The method of tentatively assigning the inhibitor numbers

f lwill become apparent after inspecting Curve II,
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SECTION VIII

COIICLUSICHNS AND RECCLIENDATICIS FOR
ADDITIONAL STUDY

The findins s of the investigation reported here mey be

ﬁsummarized undér the heads which follow:

a) Unsaturated carboxylic acids do not corrode bearing
metals but may accelerate the corrcsive action of
impurities which are present in lubricating oils.
4Acceleration in this case being closely related to
the ease of formation of addition products by addi-
tion at the double bond.

b) The presence of chlorinated residues in petroleum
oils would render the use of unsaturated carboxyliec
acids to lubricating oils hazardous to bearings.

¢) Extreme pressure lubricantis whose extrene pressurev
proverties depend upon the action of chlorinated
molecules can not be inhibited from attacking metal
surfaces without loss of their extreme pressure prop-
erties.

d) It is proposed that the effectiveness of corrosion
inhibitors can probably ve classified according to
the Polar groups present and the types of and loca-
tions of double bonds in their molecules, if due con-
sideration is given to the structure, stability, and

nroperties of the corrosive agent whose sction is %o
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a) The effectiveness of saturated carboxylic acids and
aloha, beta, and gamma carboxyl and hydroxyl substituted
carboxylic acids as corrosion inhibitors should be inves-
tigated. These should be investigated in connection with
aronatic halogenated compounds, sulphur derivatives, in-

cluding sulphur chloride and nitrogen bases.

inhibited.

The reduction in friection losses attendant with the
addition of orienting molecules to lubricaeting oils
is thought to ve the result of the attendant reduc-
tion in linkage of the electromagnetic fields of the
frictional surfaces, as discussed in Section III.
The unit pressure at which rubbins surfaces will
seize depends upon the bonding energy of the orienting
molecules to the metal surfaces. It is thought that
this value is closely releted to the heat of wetting.
The ideal lubricant should contain orienting bodies
of high bonding power with respect to all metals
which it is expécted to lubricate. The prineiple of
selective adsorption sinculd, therefore, be considered
in forrnuleting a lubricant which is to operate in

zones bounded by dissimilar surfaces.

RECOMMENDATICNS FCR FURTHER STUDY

PY.Y.31.4 4



b)

The general application of the corrosion inhibiting
equation developed in Seetion VII should be thoroughly
investigated. It should be studied with gas saturated
media and through a range of temperatures adequate to
prove or disprove or limit the practicability of the
method., If the.method should prove to be generally
applicable it would offer a rapid concise method for
gaining data with respect to corrosicn, which by other
methods requires months and years to gain;imperfeét data,
An edsorption dynomometer should be d;veloped with a
pressure apnlying mechanism actuated by weights and
levers to eliminate errors and corrections of uncertain
magnitude encountered with the spring unit used in the
work reported here. Such a unit should be available at
reasoneble cost. It should preferably be equipped with
an electricel arrangement for determining losses in order
to eliminate mechanical difficulties,

The poésibility of developing a procedure and equations
for measuring the heat of wetting of metals with fluids
by adsorntion dynonometer methods should be thoroughly
investizated, This is an important constant in lubrica-
tion and in other industrial activities and no meeans 1is
at present at hand for its rapid and accurate measurement
The correlation between dynomometer seizure values and

heat of wetting was pointed out in Section V of this rep-
ort.
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Z) The comparative 'adsorption' values for colloidal graphite
|cervoxylic acids and alpha, beta, and gamue substituted car-

:fboxylic acids should be thoroughly investigated.
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SECTION IX - PART A

TABULAR DATA FROILI MACHINE CALIBRATION AID
TESTS WITH CHEMICAL ADDITIONS TO
HIGIILY REFINED HYDRCCARBON

CIL
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CALIBRATICN OF ABSCRPIION DYNALOMETER
(Pressure Draw Up Wheel)

~ Gross
Pressure in RUN Average
Pounds 1 2 3 4
— 250 0 0 0 0 0
500 56 57 51 49 53,2
730 56 58 55 59 57,0
1,000 47 56 57 53 53.2
1,250 57 56 61 62 59.0
11,500 64 66 61 60 62,7
1,750 o7 87 57 59 07,9
;_2,000 5] 60 57 57 96,7
2,250 67 67 66 66 66.5
Fl 2,500 58 6L 6l 59 59,7
H2,750 58 63 60 61 60.5
13,000 65 68 66 66 66.3
13,250 61 63 60 59 60,7
3,500 o8 59 57 57 57.5
ABSQRPTION DYNAMOMETER TESTS
) With Whilve Cll A as Lubriceant
I. Additions -~ lNone Tempe reture Constant
Time Gross Torque wotch Up t x 100
Pressure (P) (t) (nn) P
0 min. 250 lbs., - - -
3 250 3 1b,., in. 0 1.2
300 7 46 1.4
750 12 55 1.6
3,75 850 70 27 8.25
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11, __ADDITIONS -  OLEIC ACID 3%
T Time Gross Torque Notch Up _t x 100 ™
Pressure(P) (%) (n) P
0 250 - - =
3 250 3 0 1.2
500 7 48 l.4
750 12 56 1.6
1000 17 52 1.7
5 1250 26-S(85) 48 2.08-6,8
III. ADDITIONS =~ PHENYL CHLORIDE 3%
Time Gross - Torque Noteh Up t x 100
Pressure (P) {t) (n) P
0 250 - - -
3 250 3 0 1.2
200 8 54 16
750 17 o4 2,26
1000 30 57 3.0
1250 44 47 3.51
1500 50 80(wear) 3034
IV, ADDITIONS =~ HENYL CHLORIDE 3% & OLEIC ACID 3%
Time Gross Torque Notch Up t x 100
Pressure (P) (t) (n) P
0 250 - - -
3 250 3 0 1.2
: 500 7 56 1.4
i 750 10 52 1,33
? 1000 15 49 1.5
| 1250 20 58 1.6
1500 60 56 4.0
L 6 1750 80 92(wear) 4,56
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ADDITICNS =~ HALOWAX 2025 3% (Ch;orinated Naphthal-
Gross — Torque Notiinﬁ% t x 100
Pressure(P) (t) (n) P )
250 - - -

250 3 0 1.2

500 79 48 1.5

730 12,5 S8 1.7
1000 22,0 49 4.55
1250 - 87,0 48 6,95

ADDITIONS - TRIAMYLAMINE 3%

Gross Torque fjotch Up t x 100
Pressure(P) (1) (n) P
250 - - -
250 2.5 0 1.0
500 7 45 l.4
750 11 57 1.47
1000 82 56 8.2
ADDITIONS -  ALXETQACID C-18
Gross Torque Noteh Up t x 100
Pressure (P) (%) (n) P
200 - - -
250 3 0 1.2
500 7.5 50 1.5
750 12 58 1.6
1000 16 52 1.6
1250 22 55 1.75
1500 27 (5-103) 54 1.8-6.85
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ADDIT ICNS - RICINOLEIC ACID

3jo

Gross Torque fotech Up t x 100
Pressure(P) (1) (n) P
250 ' - - -
250 3 0 1.2
- 500 7¢5 50 1.5
750 13,0 61 1,73
1000 18,0 55 1.8
1175 106.0 40 9.0
ADDITIONS - TRIETHANOLAMINE 3%
Gross Torque Noteh Up t x 100
Pressure (P) (%) (n) P
0 250 - - -
3 250 3 0 l.2
500 745 51 1.5
750 9.0 55 1.2
4,3 1000 22 (8=-75) 61 2eB= 7,5
X, . ADDITIONS - ISOPROPYL ETHER 3%
Time Gross Torque Notch Up t x 100
Pressure (P) (t) (n) P
0 250 - - -
3 250 2.5 0 1,0
500 6.0 56 1.2
346 750 66.0 55 8.8
xI, ADDITIONS - LINOLEIC ACID 3%
Time Gross Torque Notch Up t x 100
Pressure(P) (%) (n) P
0 250 - - -
250 2,75 0 1.1
500 740 50 l.4
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XI. continued: ,
Time Gross(P) Torque Notch Up t x 100
Pressure (+) (n) P
1000 16.5 56 1l.65
4,6
1250 105.0 51 8.40
XII.  ADDITIONS - PALMITIC ACID 3%
Time Gross Torque Noteh Up t x 100
‘ Pressure (P) (t) (n) P
0 ) 250 - - -
3 250 249 0 1.0
- 500 6.25 50 1.25
750 11,0 59 1.47
1000 16.0 54 1,60
4.5 1250 22,0(S-95) 54 1.76-7.6
XIIT, . ADDITIONS - ALKETONE C=-32 - 3%
Time Gross Torque Foteh Up t x 100
Pressure(P) (t) (n) P
0 . 250 ' - - -
3 250 2eD 0 1.0
500 5.0 53 1.0
750 9.5 o4 1.27
1000 14,25 58 l.43
4,3 1250 8l.0 55 6.47
XIV. = ADDITIONS - ALKETONE C-20 =-3%
Time Gross Torque nwoteh Up t x 100
Pressure (P) (t) (n) P
0 250 - - -
3 250 ‘3 0 1.2
- 500 645 47 1.3
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NIV, continued:
Time Gross Torque Hoteh Up t x 100
Pressure (P) (%) (n) P
750 - 10.25 95 1,37
4,25 1000 l6 =-(5=-83) 55 1.60-8,3
XV, ALDDITIONS - STEARIC 3%
(Notes Part of Stearic Acid crystallized out during
test. )
Tine Gross Torcue Notch Up t x 100
Pressure(P) (%) (n) P
0 250 - - -
3 - 250 2.0 0 0.8
500 6.5 55 1.3
750 10,0 54 1,33
1000 15.0 54 1.50
4,75 1200 100,0 23 8.32
VI, ADDITIONS - UNDECYLINIC ACID 3%
Time Gross Torque Noteh Up t x 100
Pressure (P) (t) (n) P
0 250 - - -
3 250 2.5 0 1.0
500 6.5 53 1.3
750 10.5 55 1.4
1000 15.5 59 1.55
4,25 1200 95.0 40 7.90
LVII. ADDITIONS - TRICRESYL PUCSPIATE - 3%
Time Gross Torgue soteh U t x 100
Pressure(P) (%) (n) P
0 250 - - -
3 250 2 0 0.8
500 6 52 1.2




E -

continuved:

JVII.
Time Gross Torque Notch Up t x 100
Pressure(P) (£) (n P
750 11 57 1,47
1000 14,25 5V 1.45
1250 18,0 55 1l.44
1500 22,0 57 1.47
1750 27.0 60 1.54
5.5 2000 110.0 51 5.5
XVIII. ADDITIONS - DIETHYLENE GLYCOL LCNQ BUTYL ETHIR 3%
(Note: liot completely miscible with oil in
gbove proportions.)
Time — Gross Torgue Noteh Up t x 100
Pressure (P) (1) (1) P
0 _ 250 - - -
3 250 3.0 0 l.2
500 6.5 51 1.3
750 12,0 58 1.6
6.25 1000 80,0 57 8.0
AIX. ADDITICKS - LAURIC 4CID 3%
Time ~Gross  Torgque Hoteh Up t x 100
Pressure(¥) (t) (1) P
0 250 - - -
3 250 3.0 0 1.2
500 8.0 59 1.6
750 13,0 46 1,73
4 900 70.0 43 7.77
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XX,

ADDITIQONS -~ TRIOXYNETHYL

TR

ENE

(L.7 8. in 65 cc, of oil)

Time Gross rressure Torque Notch Up T x 100
(p) (t) (n) P
0 250 - - -
3 =50 2¢5 0 1.0
500 7,0 54 1.4
4,0 - 550 40.0 57 7 .87
XTI, ADDITICNS =  BUTYL LACTATE - 3¢
Tiune Gross ’ Torque Noteh Up t x 100
Pregsure(P) (t) (n) P
0 250 - - -
3 250 1.0 0 0.4
500 5.5 57 1.1
750 9.0 55 1.2
1000 15.0 58 1.5
4,25 1250 110 47 8.8
AXII. ADDITIONS - DIBUILYL PHTHALATE - 3%
T Tine Gross Torque Lotch Up t x 100
, Pressure(P) (%) (n) P
0 250 - - -
3 250 2.0 0 0.8
500 69 51 1.3
750 10.0 55 1.3
1000 14.0 59 l.4
4,235 1100 70.0 39 6.36
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AXIIT, ALDITIONS - PINE NEEDLE OIL 3%
Time Gross Torque Notch Up t x 100
Pressure(P) (t) (n) P
0 250 - - -
3 250 3.0 0 1.2
500 : 7.5 54 1.5
750 13.0 54 1.74
1000 20,0 51 2.0
1100 80.0 23 7.7
TV, ADDITIO0NS - THYLOL 3%
Time = Gross Torque Noteh Up t x 100
Pressure(P) (t) : (n) P
0 250 - - =
3 250 2.9 0 1.0
500 6.5 50 1.3
750 11.5 54 1,53
4,5 950 - 585.0 85 5,79
XXV, .. ADUDITIONS BENZALDEIYDE 3%
Tine - Gross Torque Woteh t x 100
L Pressure(P) (t) (n) P
0 250 - - -
250 4 0 1.6
500 g 5& 1.8
750 15 53 2.0
1000 25 56 2.3
| 1250 29 50 2.32
4,5 1300 90 40 6.92
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VI, ADDITIONS - OLEIC ACID 1%
Time Gross Torque Hotech Up t x 100
Pressure (P) (t) (n) P
- 0 250 - - -
3 250 2¢5 0 1.0
500 7.0 56 1.4
750 12.0 55 1.6
1000 18.0 58 1.8
4.5 1250 80.0 54 6.4
SXVII,  ADDITIONS - OLEIC ACID 2%
Time ~Gross Torque Notch Up t x 100
Pressure (p) (t) (n) P
0 250 - - -
3 250 3.0 0 l.2
500 6.5 55 1.3
750 11.5 58 1.54
1000 17,0 50 1.7
%0 1250 26,0 (8-80) 54 2.8-6,4
ALVIII, LDDITICKS - OLEIC ACID 4%
Time Gross rorque foten Up t x 100
~ Pressure (P) (t) (n) P
0 250 - - -
3 250 3 0 1.2
500 7 50 1.4
750 11,5 57 1,53
1000 17.0 53 1.7
4.5 1250 60 1,84 -7.2
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OLEIC ACID 6%

[ XIX. ADDITION -
Time Gross Torque Notch Up t x 100
Pressure (P) (t) (n) P
0 250 - - -
3 250 3.0 0 1.2
500 7.0 53 1.4
750 12,0 57 1.6
1000 16.0 53 1.6
1250 23.0 60 l.84
4.5 1500 . 90.0 55 6.0
XX, ADDITIONS - OLEIC ACID 1% - TRICRESYL PHOSPHATE 3%
Time Gross Torque Noteh Up t x 100
Pressure (P) (t) (n) . P
0 250 - - -
3 250 3.0 0 1.2
500 7¢9 56 1.5
750 12,0 55 1.6
1000 17.0 52 1.7
1250 22.0 61 1,78
4.0 1500 105.0 33 7.00
XXXI, .  ADDITIONS OLEIC ACID 2% -TRICRESYL PHOSPHATE 3%
Time Gross Torgque Noteh Up t x 100
Pressure (P) (%) (n) P
0 250 - - -
3 250 3.0 0 l.2
500 7.0 23 1.4
730 12.5 58 1.67
1000 17.0. 50 1.7
1250 23.5 56 1.88
4,5 1500 90.0 43 6.0
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XTI,

ADDITIONS - OLEIC

ACID 3% & TRICRESYL PHOSPHATE 39

Tine Gross Torque Noteh Up 1t x 100
Pressure (P) (t) (n) —r
0 250 - - -
3 250 2.5 0 1.0
500 6.0 5% 1.2
750 10.5 o8 1.4
1000 16,0 55 1.6
1250 20.0 55 1.6
4,75 1500 60.0 58 4.0

AXXITI, ADDITIONS - OLEIC ALCID 4% & TRICRLSYL PHOSPHATE 3%

Tiume Gross Torque Noteh Up t x 100
Pressure (P) (t) (n) P
0 50 - - -
3 250 3.0 0 l.2
500 7¢5 54 1.5
750 11.5 54 1.53
1000 16.5 56 1465
1250 20.5 58 1.72
4,5 1500 86.0 52 5.73
XXXIV. ADDITIONS - OLZIC ACID 6% & TRICRESYL PHOSPHATE 3%
Tine Gross Torcue Noteh Up t x 100
Pressure (P) (t) (n) P
0 250 - - -
3 250 3¢9 0 1.4
500 745 51 1.5
750 11.0 oy 1.47
1000 15.0 55 1.5
1250 18.5 58 1.48
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XTIV, continued:=-

Time Gross Torque ioteh Up %t x 100
Pressure (P) (t) (n) P

1500 26,0 o7 1.74

4,75 1573 80.0 18 - 5.08

IXV, ADDITIONS -~ ALKETOACID C-18 3% & TRICRESYL PHOSPHATE 3%

Time Gross Torque ¥oteh Up _t x 100
Pressure (P) (t) (n) P
0 250 - - -
3 250 ‘5.5 0 l.4
500 740 48 l.4
750 10.0 o8 1.33
1000 16.0 58 1.6
1250 22.0 53 1.75
4,73 1500 28.0 (S-100) 59 1.,87-6,66

XXXVI, ADDITIONS - PALLITIC ACID 3% & TRICRESYL PIIOSPHATE 3%‘

Time Gross Torque Noteh Up t x 100
Pressure (P) (%) (n) P
0 250 - - -
3 » 250 3.5 0 l.4
- 500 7.0 55 1.4
750 11.5 58 1.53
1000 15.0 48 1.5
1250 21.5 56 1.78
4,5 1425 78.0 43 5.47
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JXXVII. ADDITIONS - RICINOLEIC ACID 3% & TRICRESYL PHOSPEATE 3
Tine Gross Torque Noteh Up t x 100
Pressure (P) (1) (n) P
0 250 - - - -
3 250 4,0 0 l.6
300 7.5 o9 1,5
750 11.5 52 1.53
1000 15,5 23 1.55
1250 20 (8-100) 58 l.6 =8.,0
WXVIII. ADDITICKS -ALKUETCNE C-20 & TRICRESYL PIOSPLHATE 3%
Time Gross LYorque Loteh Up t x 100
Pressure (P) (t) (n) P
0] &50 - - -
3 250 4.5 0 1.8
200 769 44 1.5
750 12.5 54 1.67
1000 17,5 93 1.75
4 1250 125.0 69 10,0
XIX.,  ADDITIONS = ALKETONE C=32 & TRICRESYL PHOSPLHATE 3%
Time Gross Torque Noteh Up t x 100
Pressure (P) (t) (n) P
0 250 - - -
5] <50 349 0 l.4
500 8.0 o7 1.6
750 11.5 50 1.53
1000 16,0 o8 1.60
1250 20.0 55 1,60
1500 25.0 55 1.67
4.75  1650. 100.0 25 6,05
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SECTICIT IX - PART B |

TABULAR DATA FROII TESTS CCNDUCTED OIi CERTAIN
KOTOR OIL ADDITICIT PRCODUCTS AS
SOLD IN ALERICAIT AND
FOREIGI MARKETS
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TESTS CONDUCTED ON CERTAIN MMOTOR OIL
ADDITION PRODUCTS AS SOLD IN AMERICAN
AND FOREIGN MARKETS

REFERENCE CIL =~ Selective Solvent Refined Liotor 0il
(Purchased in sealed container)

VISCOSITY - 140 sec.,, at 130°F. (Saybolt Universal)

SEARINGS USED - Inset construction, full faced Cadmium

Silver bearing alloy.
PRESSURE - Ileld constant at 50 pounds gross.
In all cases the products subjected to test were added
to the reference oil in the proportions recommended by the
manufacturers,

XLI - ADDITIONS - NONE REIBRENCH TEST

Test Torque Temp., Temp Wear Cumulative

Tine () OF Rise Wear

iinutes
0 1.5 97 20,0F, 0 0

5 1.75 99 22.0 3 3

10 2,25 102 25,0 4,5 745
15 2.50 105 28.0 3 10.5
20 2.75 106.5 29.5 3.5 14
25 ‘ 2,75 108.5 Bl.5 3 17
30 3,0 110 33.0 3 20
35 3.25 113 36.0 3 23
40 3.25 115 3840 2.5 £25.5
45 3450 119 42,0 3.. 28.5
50 . 3.75 121.5 44,5 2.5 51
55 4.0 124 47,0 4 35
60 4,25 126 49,0 4 39
65 4.50 128 51.0 4 43
70 4,75 131 54,0 4 47
75 5,00 133.5 56.5 4,5 51.5
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XLI continued:-

Test _Torque - Temp Temp Wear Cumulative
Time (t) Op Rise Wear
Kinutes
80 5,29 136 59,0 4,5 56
85 5.50 . 139 62,0 4,0 60
90 5,75 140 63,0 Se D 83,5
XLIT
PRODUCT A ADDED

Test Time Torque Temp Ylemp wWear Cunulative
IMinutes (t) OF Rise lear

0 1.75 29 25,07}, 0 0

5 2.5 103.5 29.5 2 2
10 3.0 105.0 31.0 2.5 4,5
15 5.0 107.5 33,5 2.0 6.5
20 3,0 108.5 34,5 3 9.9
25 3,950 110 36,0 3 12,5
30 3,00 111 37,0 3 15,5
35 4,0 115 41,0 3.5 19
40 4,25 119 45,0 4,0 =3
45 4,75 120 46,0 1.5 24,5
50 5.0 124 50,0 3 27.5
55 4,75 125 51,0 D 2840
60 5.0 126.5 DD 1.5 29.D0
85 5.0 128 54.0 2.5 32
70 5,25 130 96,0 3.0 35,0
75 5,50 131 57,0 4.0 39
80 5.85 132,56 58,5 3 42
85 5.295 133 59.0 4,5 46.5
a0 5.350 134 60.0 4 50.5
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XLIII. PRODUCT B _ADDED :
est Torque Temperature Temp. Wear Cunulative
Time (t) o, Rise " Wear
“dinutes
0 2.0 89 15.000- 0 0
5 2.5 90 16.0 15 15
10 2.5 92 18.0 7 22
15 2,75 94,5 20.5 8 30
20 3.0 96.5 22.5 8 38
25 3.0 98.5 24.5 7 45
30 3.25 100 26.0 7 52
35 3.50 102.5 28,5 7 59
40 3.75 103.5  29.5 645 65.5
145 4.0 105 31.0 6.5 72.0
50 4,0 108 34.0 7.0 79.0
55 &.25 108.5 34.5 6.5 85.5
60 4.50 110 36.0 7 92,5
65 4,50 111 37.0 6 98.5
70 4,75 112.5 38.5 6.5 105.0
75 4,75 114 40.0 5.5 110.5
80 4,75 114 40.0 5.0 115.5
5 5.0 115.5 41,5 6.5 122.0
90 5.0 116.0 42,0 5.0 127,0
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ALIV PRODUCT G ADDED

Test time Torque Lemp. Temp wear Cunulative
Minutes (%) OF, Rise Wear

0 2,0 98 23.009F, [} 0

3 2.50 104 29,0 1 1
10 3ead 108 : 33.0 0 1
13 3.0 109 34.C 0 1
20 2.0 105 30.0 4 S5
25 2,50 107.5 32.9 5.5 10.5
30 2.75 109 34,0 5.0 15.5
395 3.0 110 35,0 5.0 20.5
40 3.85 111.5 3645 3.9 24
45 3430 114 39.0 5] 29
50 3.90 115 40,0 9.9 3445
55 3.75 116;5 41.5 5.5 40,0
60 3475 117.5 . 42,5 4 44
65 4,0 117.5 42,5 3 47
70 4,0 119 44.0 3.5 50.5
75 4,295 120 : 45,0 3 53,9
80 4,50 121 46,0 S 58,5
85 4,75 123 48,0 4 6245
90 5.0 124.5 49,5 5.5 66
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pang PRODUCT D ADDED
Test tine Torgue Temp. Temp WEeET Cumulative
Minutes (t) Ny Rise Wear

0 .75 86 11.0°F 0 0
5 1.5 88 13.0 6.5 6.2

10 1,75 90 15.0 7 13.5
15 2.0 92 17,0 7¢5 21

20 2475 94 19.0 6.9 27,5

2D 2475 96 1,0 5.5 33

30 3.0 29 24,0 5.9 38.5
35 3.25 102 27.0 4,5 43
40 3.50 104 20,0 De9 46,5
45 3,75 106 31,0 3 49.5
50 4.0 108 33,0 3 52,5
55 4.0 110 35,0 245 55
60 4,25 | 113 38.0 3¢9 58.5
65 4,50 116.5 41,5 a 60.5
70 5.0 119 44,0 2.5 63
75 5.25 122.5 47.5 2,5 65.9
80 5.25 125 50.0 3.0 68.5
85 5.50 127 52,0 5 73.9
90 5.75 128.5 53.5 5 78.5
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XLVI  PRODUCT E AiDDED
Test Torgue Temp. Teﬁ;. Wear  Cumulative
Time (1) OF. Rise ~Wear
liinutes
0 1.25 90 20,0° F 0 0
5 1.75 92,5 22,5 6.5 6.5
10 2.0 95 25.0 5.5 12.0
15 2,50 97.5 27.5 4.5 16.5
20 2,75 100 30,0 3.5 20.0
25 3.0 102.5 32,5 4. 24,0
30 3,25 105 35,0 2.5 26.5
35 3.50 107.5  37.5 3.0 29.5
40 3,50 109.9  39.0 2.5 32
45 5,75 112 42,0 2,5 54.5
50 4.0 115 45.0 2.5 37
55 4,25 118 48,0 . 2.0 39
60 4.50 121 51.0 2,0 41
65 4.50 124 54,0 3,0 44
70 4,75 127,5 57.5 8.5 47,5
75 *k 5,25 132 62,0 5,5 53
80 5.0 134 64.0 0 53
85 * 640 140 70.0 10.5 63.5
90 5.0 131 61.0 3.0 66.5

**pressure rose here to 53 lbs,
1 ] 54 1"

1

i
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XLVII PRODUCT T AIDED

Test Torque 'gemp . Tenp. Wear  Cumulative
IIv‘iziLIl;lztes (t) F, Rise Wear
0 T.0 85 5. 00%. 0 0
5 1.0 86,5 10.5 3 3
10 1.5 89 13.0 2 5
15 1.5 91 15.0 2.5 7.5
20 1.5 92,5 16.5 2 9.5
25 1.75 95 19.0 z 11.5
30 1,75 96 20.0 1.5 13
35 2.0 97.5 21.5 1 14
40 2.25 99 25,0 2 16
45 2,50 100 24.0 2 18
50 2,75 102 26.0 2.5 20.5
55 3,0 104 28,0 2 22,5
60 3.0 105 29.0 3 25.5
65 2,75 106.5 30.5 2. 27.5
70 3.0 108 32,0 2 29.5
75 |  3.25 110 34,0 2 31,5
80 3.0 110 34,0 2,5 34
85 - 3.25 111 35.0 . 2,5 36.5
90 . 3.25 111 35,0 1.5 38
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LLVIII PRODUCY G ADDED

Test Torque Tenmp. Temnp. Wwear Cumulative
Tine (%) oF, Rise Wear
iinutes

0 1 89 14.0°F. 0 0

5 1.5 92 17.0 5.5 3.5
10 1.75 94 19.0 4. 7.5
15 2.0 96 21,0 4 11.5
20 _ 2.285 $8.5 23.5 3.5 15
25 2,50 100 25,0 4 19
30 2,75 102 27,0 4 23
55 2. 50 103.5  28.5 3 26
40 2,75 105 30,0 3.5 29.5
45 3.0 106.5 31.5 4 33.5
50 | 3.0 1108.5 33,5 4 37,5
55 | 3.25 110 35,0 3.5 41
60 3.50 111 36,0 2.5 43,5
65 3.50 112 87.0 3.0 46,5
70 3,75 113 38.0 2.5 49
75 3,75 114 39.0 3, 52
80 4.0 115 40.0 3 55
85 , 4.0 115.5 40.5 2.5 57.5
90 4.0 116 41,0 2,5 60.0
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XLIX  PRODUCT H ADDED

Test Time Torque Temp. Temp Rise Wear cCumulative
Liinutes {(t) O, Jiear
0 1.5 92.5 17.5°F, ) 0
5 2.0 95 . 20.0 4 4
10 2.25 98,5 23,5 Z2¢5 6.5
15 2.5 101 26,0 2 8.6
20 2.75 105 30.0 3 11.5
25 2.75 106 51,0 2,5 14
30 340 107.5 32.9 3 17
39 340 109 34,0 3 20
40 3.0 110 35,0 1.5 21.5
45 3.0 111.5 3649 2.0 23.5
S0 3425 112.5 37,8 2.5 26
S5 3450 115 40.0 2.5 28,5
60 3.90 116.5 41,5 2e5 31
65 3450 117.5 42,5 145 32,5
70 3,75 119 44,0 1.5 34
75 375 120 45,0 1.5 35,5
80 4.0 120 45.0 1.5 37
85 4,85 121,95 46,9 2.0 39
90 4,25 122.5 47,5 20 4]
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L, PRODUCT I ADDED

Test Time  Torque Tenp. Temp.Rise liear Cumulative
IMinutes (%) oF, Wear
0 , 1.25 91 19,0°TF, 0 0
5} 1.5 93.5 2l.5 2,5 2.5
10 1.5 95 23,0 2.5 S
15 | 1.75 97.5 25,5 2.0 7
20 2.0 99 27.0 %ed 9.5
25 , 2.0 100 8,0 240 11.5
30 . &.50 102.5 30,9 Zed 14
35 B.75 104 3% 40 245 16.5
40 3.0 103 33,0 25 19
45 3.0 106 34.0 1.5 0.5
o0 3,20 107.5 50.9 1.0 21.5
55 . 3.45 108.5 56.? 1.5 23
60 o 3.5 109,95 37.9 1.5 24,5
65 3,90 110 38.9 1.5 26
70 3.50 11z 40.0 1.0 27
| 75 3.50 112.5 40,5 1.0 28
80 : 3.50 114 42,0 1.5_ 2945
85 3.75 115 43,0 1.0 50.5
90 3.75 115 43,0 1.0 31,5
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LI. PRODUCT J ADDED

Test Torque  Temp Temp Rise wear Cumulative
Tine (t) °r. Wear
Minutes

0 1.25 93.5 18,5°F, 0 0

5 . 2.0 95 20.0 4 4
10 , 2,0 97,5 22.5 2. 6.5
15 2.0 99.0 24,0 4 10.5
20 2,50 100 25,0 4 14.5
25 2,75 102.5 27.5 3 17.5
30 3.0 104 29.0 5.5 21
35 ‘ 3425 105 30.0 3.0 24
40 3.0 107 32.0 3.0 27
45 3,25 108 33.0 3 30
50 .30 109 34.0 3.5 33.5
55 3450 110 35,0 3.0 36,5
60 3.75 111 36.0 3.0 3945
65 4.0 112 37,0 2.5 42
70 4,0 113 33,0 1.5 4345
75 4,25 113.5 38.5 e 0 45,5
80 4,25 115 40.0 3.0 48,5
85 4,50 115 40.0 2.5 51
90 4.50 115 40,0 1.5 52.5
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SECTION IX - PART C

TESTS CONDUCTED WITH PRCDUCT I I CONINECTION
WITH OILS CF VISCOSITY RANGIKG FROLD 10-W
TO S,A.E. 50 AS CONDUCTED Oii FOUR TYPES

OF BEARING SURFACES. THE CILS SELECTED
FOR THESE TESTS INCLUDE REPRESENTATIVE
SANPLES OF PENNSYLVANIA (PARAFFINIC),
ID CONTINENT (AIXED), AND CALIF-
FORNIA (NAPHTHERIC) ORIGIN,
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TESTS WITH PRODUCT I ADDED TG LIOTOR CILS CF VISCOSI?Y
RANGING FROI 10-W {90-120 Sec/130C F, S. U,

Oils of various origin were selected for these tests to
gain information relative to the comparative performance of
this particular product. The origin of oils used is as
follows:

Pennsylvania (Paraffinic) =-- LII to ILXIV, LXVII to LXXIV
Mid-Continent (Mixed) ====~=- IXV, IXVI, IXXVII, LXVIII
California (Naphthenic) ==--- IXXV, LXXVI

LII. ADDITIONS I VISCOSITY S.4.E.~-20  BEARINGS ag/cd

Time Torque Temp. Wear Units Curulative Wear
0 3,75 97.5 0 0

5 4.0 105.5 29 29

10 4.5 110 21 50

15 4.75 115.5 13 68

20 5.0 123 18 86

25 5,0 125 17 103

30 5,75 151 17 120

35 . 5.75 134 17 137

40 6.0 137.5 15 152

45 6425 140 14.5 166.5

50 7.0 145 13.5 180.0

55 7.0 147 11.5 | 191.5

60 7.0 149.5 10.5 202.
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LII. B ADDITICHS I

VISCOSITY S.A.E.-20 BEARINGS as/ecd

Time Torgque Temp. Wear Units Cumulative
' VWear
0 2.5 87.5 0 0
S 2.9 91.0 28 28
10 3.0 92.5 21 49
15 3.0 96.0 16 65
20 3.25 97,0 15 80
25 3.50 99.0 11 91
30 3.50 101.0 10 101
35 8.75 102.0 9 110
40 4,0 103 8.5 118.5
45 4,25 105 8 - 126,5
50 4,50 106.5 9 135,5
55 4,50 108 9 144.5
60 4,50 109 7 151.5

LIII. ADDITICNS I

VISCOSITY S.A.E.-20 BEARINGS ag/ecd

Time Torque Temp. Wear Units Cum%éggive
0 2.5 86 0 0

S 2.9 87.5 26 26

10 2.5 90,0 20 46

15 3 95.0 15 61

20 3 97.5 15 74
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LITII. continued:-

Time Torgque Temp. Wear Units  Cumulative
Vear
25 3.25 99 12 86
30 ' 3.50 100 11 97
35 3475 102 10 107
40 3475 104 8 115
45 4.0 105 8 123
50 4.0 106 745 130.5
55 4.25 108 6 136.5
60 4,85 110 8 144.5

LIV, ADDITICNS T VISCOSITY S.A.E.-20 BEARINGS ag/cd

Time Torque Temp. Wezr Units  Cumulative
iear
0 2.5 92 0 0
5 2.5 95 19 19
10 2,75 97.5 14 33
15 3.0 100,0 12 46
20 3.0 102,5 10 56
25 3,0 104 10 66
30 5,25 106 10 76
35 3,25 107.5 9 85
40 3,50 109 8 93
45 3.50 110 8 101
50 3.50 111 8 109
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LIV, continued:-

Time Torque Temp. Wear Units Cumulative
Wear

55 3.75 112.5 7.5 116.5

60 3.70 114 7.5 124

65 3.75 115 7 131

LV, ADDITIONS T

VISCOSITY S.A,HE.-20

LEARINGS cu/pb

Time Tofque Temp. Wear Units Curmulative
Wear
0 1.0 80 0 0
S 1.25 81l.5 27 a7
10 1.50 82.5 19 46
15 1.75 - 84,0 15 61
20 2.0 86,0 14 75
25 240 87.5 10 85
30 2.25 89.0 Fe9 94,5
35 2.50 91.0 9 103.5
40 2.90 92,0 7.5 111.0
45 2.75 94,0 7 118
S50 3.0 95.0 7 125
55 3.0 96,5 5 130
60 3.20 97 4,5 134.,5
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LVI. ADDITIONS I VISCOSITY S.4.E.=-20 SEARINGS eu/pb

Time Torque Temp. viear Units Cumglative
iear
0 1 82 0 0
5 1.25 B2.9 27 27
10 1,90 84,0 16 43
15 1.50 85,0 13 56
20 1.75 86,0 9 65
25 2.0 87435 8 75
30 2.20 89 745 80.5
35 2.50 g0 6 8645
40 2.75 91 4 90.3
45 . B,75 92,5 4 94,5
50 3.0 94,0 3¢9 98
85 5.25 95,9 3 101
60 3425 96.5 3.0 104

LVII, ADDITICHNS I VISCCSITY S.A.B.~10 BEARINGS cu/pb

Time Torque Temp. Wear Units Cumglative
Wear
0 1.75 88 0 0
5 2.0 89 35 35
10 2,0 90 28 63
15 2,0 91 21 84
20 2,25 94 19 103
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LVII. continued:-
Time Torque Temp. wear Units Cumulative'
Wear
25 2.50 95 16 119
30 2,5 96.5 13 132
35 2.75 99 14 146
40 3.0 100 12 158
45 3.0 101 10 168
50 3.0 102.5 10 178
55 3.0 104 8.5 186,.5
60 3,0 105 7 193.5
LVIIT. ADDITIONS I  VISCOSITY S,A.E.=-10  BEARINGS cu/pb
Time Torque Temp. Wear Units Cumulative
Jdear
0 1.5 83.5 0 0
5 1.75 85 26 26
10 1.75 86 18 44
15 1.75 87.5 14 58
20 2.0 89 14 72
25 2.0 91 12 84
30 2,25 94 10 94
35 2,50 95 9 103
40 2,75 96 8 111
45 3.0 98,5 7.5 118.5
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LVIII. continued:-

sy

- Time Torque Tenp. Wear Units Cunulative
Wear
50 3.0 100 7.5 126,0
55 3.0 101 6 132
60 3420 5.5 137.5

102

LIX. ADDITICNE T

BEARINGS - Babbitt

VISCOSITY C.4.3.-20

Tine Torgque Temp. Wear Units Cum&lative
Wear
0 3.0 88 0 0
o 3.0 90 55 5Ys)
10 5.20 92 40 95
15 3425 | 95 31 126
20 3.25 96,5 26 152
25 3.90 99.0 22 174
30 3,75 100 18 192

1X.  ADDITIONS I

VISCOSITY S.A.E,-20 BEARINGS - Babbitth

Time Torque Temp. Wear Units Cunulative
: wear
0 2.75 80 0] 0
5 2.75 82 43 43
10 2.75 94 30 73
15 3.0 96 25 98

0009°




ILX. Continued:-

Tinme Torque Temp. Wear Units Cunmulative
: Vear
20 3.0 99 20 118
25 3.25 100 19 137
30 3.2 101 : 16 153
35 3400 102,5 15 168
40 3.950 103 14 182
45 3475 105 14 196
IXI. ADDITIONS I VISCOSITY S,A.E.-20 BEARIIIGS~-Lapred Steel
Time Load Pounds Torque Temperature
5 250 3 107.5
10 500 8 145
15 750 12 190
20 1000 18.5 225
20 plus 1250 20.5 228
IXII. ADDITIONS I VISCCSITY S.A.E.-20 BEARINGS - Lapved Stee
Time Load Founds Torque ‘‘emperature
5 250 3 82.5
10 500 7 95
15 750 12 180
20 1000 15,5 220
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ILXII. continued:-

Time Load Pounds Torque Temperature
29 1250 . 20 265
30 1500 26 320
35 1750 30 330
IXIII. ADDITIONS I VISCCSITY S.A.B.-20 BEARIINGS-Lanned Steel
Time Load Pounds Torque Tempe rat ure
5 250 4 90
10 500 8 115
15 750 12 124
20 1000 16.5 138

LXIV, ADDITICNS I VISCOSIVY S.4.F.-20 BEARTNGS-TLapped Steel

Time Load Pounds Torque Temperature

5 250 2.5 82

10 500 8 89

15 750 12 105

20 1000 16 118

25 1250 20 135

30 1500 27 174

35 1750 32,5 189

37 2000 37.5 202,95
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IXV., ADDITION I VISCOSITY S.A.E.-20 BEARINGS-Lapped Steel

Tinme Load Pounds Torgque Temperature
5 250 4 92.5
10 500 8.5 109
15 750 14 135
20 1000 17 160
25 1250 21 172

IXVI. ADDITION T VISCOSITY c.A..~-20 BEARIIIGS~Lapoed cteel

Time Load Pounds Torque Temperature
5 250 3 90
10 500 : 8 105
15 750 12 plus 119
20 1000 16,5 140
25 1250 20 180
29-1/2 1500 25 230

IXVII, ADDITION I VISCOSITY S.A.E.-10 BEARINGS-Lepped Steel

Time Load Pounds ‘ Torque Temperature
5 250 349 20

10 500 8.0 106

15 750 12.5 122.9

17.5 1000 18.5 136
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LXVITI., ADDITIONIS I VISCOSITY S.A.E.,=10 BEARINGS-L&pDedSteQ%
Time Load Pounds Torque Temperature
S 250 4,5 93
10 500 8,0 106
15 750 13 119
20 1000 17.5 136
25 1250 22,0 158.5
30 1506 28 ' 185
33.5 1750 32.5 207.5
IXIX. ADDITIONS I VISCOSITY S.A.E.-20 BEARTIGS-Lapped Steell
Time Load Pounds Torque Temperature
5 250 | 4,0 100
10 500 8 114
15 750 12.5 136.5
20 \ 1000 16 160
25 1250 } 20 165
25 plus 1500 26 . 170

IXX, ADDITIONS I VISCOSITY SAE-20 oEARTNGS - Lapped Steel

Time Load Pounds Torque Temperature
S 250 4 103

10 500 8 150

15 750 13 160
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LXX. Continued:=-

Time Load Pounds Torque Temperature
20 o 1000 17 210
25 1250 23 240
30 -~ 1800 29 260

30 plus 1750 34 320

IXXI, ADDITIONS I VISCOSITY S.A.E.-10 BEARINGS-Lepped Steel

Time Load Pounds ilorgue Tenmperature
5 250 4.5 92

10 500 8.5 107

15 750 13.5 150

20 1000 18,0 165

20 plus 1250 21 175

IXXIT, ADDITIC i I VISCCSITY S.A.F.-10 BEARTINGS-Lapped Steel

Time ' Load Pounds Torque Temperature
S 250 4 110

10 500 8 106

15 7350 13 1:0

20 1000 19 140

25 1250 23 165
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IXXII, continued:-

Time Load Pounds Torque Temperature
30 1500 29 190
39 1750 35 215
36 2000 40 242

IXXITI. ADDITIONS I VISCOSIT! L.A.E.-20 BEARINGS-lapped Steell

Time Load Pounds Torque Temperature
5 250 4 87.5
10 500 7 102

15 750 11 120

16.5 1000 14 132

LXXIV, ADDITICNS I VISCOSITY S.A.E.-20 BHEARINGS-Lepped Steel

Time Load Pounds orque Temperature
5 250 3 95
10 500 8 130
15 750 11.5 151
20 1000 16 180

24 1250 19 215
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LXXV, ADDITICNG I VISCOSITY S.A.E.-20 BEARINGS-Lapped Steel

Time Load Pounds Torque Temperature
5] 250 - 4.5 86

10 | 500 8 142

15 ‘750 13 190

20 1000 8 226

25 ' 1250 22 plus 265

25 plus 1500 26 267

IXXVI, ADDITION I  VISCCSITY S.A.E.-20 BEARINGS-Iapped Steel

Time Load pounds Torque Temperature
S - 250 : 4 105

10 300 8 120

15 750 14 170

20 1000 18 175

25 1250 23 190

30 1500 28 221

38 1750 36 286

35 plus 2000 37 290
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IXXVII. ADDITICNS I VISCOSITY S.A.E.-S50 BEARINGS-Lapped

Steel

Tinme Load Pounds Torque Temperature
'5 250 3O 100
10 500 7 125
15 750 11.5 152
20 1000 15 190
20-1/2 1250 20,95 195

CIXXVIIIL. ADDITICNS I VISCOSITY Sehele~50 BEARINGS-Lapped

Steel
Time Load Pounds Torque Temperatureg
5 250 2,0 97.5
10 500 6.0 116
15 750 10 141
20 1000 18,5 162
25 1250 18 190
29 1500 25 215
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