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SUMMARY

An experimental investigation was conducted to determine the
effect on friction of films formed on steel surfaces by decompo-
sition of common lubricants of several types. The films werse
formed by heating, in air, surfaces to which a thin film of fluid
lvbricant had been applied. The investigation was carried out
with a kinetic~friction apparatus employing an elastically restrained
spherical rider (l/4-in. diam) that redially traversed a spiral path
on a rotating steel-disk spscimen. Experiments were conducted over
a range of sliding velocities between 75 and 8000 feet per minute
with loads from 269 to 1017 grams (initial Hertz surface stress of
126,000 to 194,000 1b/sq in.). Surface studies were made using
standard metallurgical and physical-measurement equipment and
techniques.

The data obtained indicated that the prepared decomposition
films were, in general, beneficial to sliding surfaces with regard
toe friction and wear. Measured values of friction between the
spherical riders and the steel disks covered with the decompo-
sition films were in the. seme general range as those obtained under
boundary lubrication conditions for the original fluid lubricents.
The mechanism by which these films decrease friction may be the
same as that of lubrication by thin metallic films. Discontinuities
and cracks indicated that the film materials do not serve as highly
viscous fluid lubricants.

Although f£ilm strength of neither a silicone-polymer fluid
nor its decomposition product was individually sufficient to satis-
factorily support the minimum load used, a combination of the two
materials permitted the load to be effectively supported. Very low
friction and acceptable film strength were obtained by using this
combination at surface stresses that approximate the maximm .
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commonly used in the design of lubricated surfaces for aircraft
power plants. Such a combination should be especially satisfactory
in high-temperature lubrication because the decompogition film

would be regenerated.

INTRODUCTION

¢ A number of recently developed types of aircraft engine are
characterized by high operating temperatures. These temperatures
introduce critical cooling problems in lubrication systems because
the lubricants are required to contact hot surfaces; the heat from
these surfaces causes thermal cracking of the lubricant and also
accelerates the processes of oxidation, polymerization, or other
forms of decomposition (reference 1), resulting in lacquer deposits
on the surfaces. A typical example of this action is reported in
reference 2, in which Gurney states that after shutdown of a turbo-
jet engine, the turbine-bearing temperatures may be high enough to
cause decomposition of the lubricant, Recent research on roller
bearings has indicated that a cage material that had a catalytic
effect on the decomposition of lubricants was very effective as
long as the lacquer deposit was not removed. Studies by Blok on
gear-tooth surfaces (reference 3) and research by Bowden and Ridler
on surfaces operating in pure sliding (reference 4) have shown by
direct measurement that high surface temperatures are momentarily
attained under conditions of boundary lubricaetion. These tempefa-
tures are sufficiently high to cause continued local decomposition
of the lubricents. These considerations indicate that a fundamental
evaluation of the role of such filme would be worthwhile. In the
specific case of turbine roller bearings, the presence of a lacquer
film on surfaces in pure sliding, as between the retainer and its
locating surface, may be the factor that will allow satisfactory
operation during starting when there is a lack of effective fluid
lubrication.

A study was made at the NACA Lewis laboratory to determine the
friction characteristics of films formed on steel surfaces by decompo-
gition of common lubricants of several types. The possibility that
such a film may serve as a highly viscous fluld lubricant was con-
gsidered, as well as the probable relation of such films to the run-in
of sliding surfaces. This study was conducted with a kinetic-
friction apparatus consisting of an elastically restrained steesl
ball (1/4 in. in diameter) sliding in a spiral path on a rotating
steel disk. Ixperiments were conducted with various lubricating
£1lms on steel disks at sliding velocities from 50 to 8000 feet per
minute with losds from 269 to 1017 grams (initial Hertz surface
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stress of 126,000 to 194,000 1b/sq in.). Studies were made of
decomposition films formed from a number of common petroleum and
synthetic lubricants including the current specification AN-0-9
turbojet engine oil, white oil, an aliphatic diester (d1-2-ethylhexyl
sebacate), a polyglycol ether (polyalkyleme glycol derivative),
and a dimethyl silicone polymer. ZFriction experiments were con-
ducted to aid in resolving the roles of the films on steel speci-
mens using surfaces having boundary-lubricating films of the vari-
ous fluid lubricants, surfaces having decomposition films formed
from the various fluid lubricants, and surfaces having thin films
of fluid silicone polymer on decomposition films formed from the
8ilicone polymer. ’

APPARATUS AND PROCEDURE

Friction apparatus. - The friction apparatus used for these
experiments is the same as the equipment described in reference 5 )
except that a hydraulic motor was substituted for the previously
used electric-drive motor. A diagrammatic sketch of the basic parts
of the apparatus is presented in figure 1. The principal elements
of the apparatus are the specimens, which are an elastically
restrained spherical rider and & rotating disk. The disk specimens
had an outer diameter of 13 inches and were made of normalized
SAE 1020 steel, Rockwell number A-50. The rider specimens used
were commercial balls, 1/4 inch in dismeter, and were made of
SAE 1095 steel hardened to Rockwell number C-80. The rider load P
1s applied along the vertical axis of the rider holder. Friction
force between the rider and the disk is measured by four gtrain
gages mounted on a copper-beryllium dynamometer ring. The friction-
force readings F are obtained from an indicating-type calibrated
potentiometer and are recorded using a motion picture cameras
(64 fremes/sec), timed to operate for the 3 seconds covering the
duration of each friction run. The coefficient of kinetic friction
Hx was computed from the equation

el i

B =

where F 1s the measured friction force and P is the applied
normal load.

A motor-driven radial-feed mechanism, calibrated to indicate
radial position of the rider, caused the rider to traverse a spiral
path on the rotating disk so that portions of the wear track did
not overlap. The disk is mounted on a flywheel that is supported

-
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and. located by radial and thrust bearings. The rotating specimen

is driven through a flexible coupling by a hydraulic motor oper- - '
ating under constant fluid pressure with speed adjusted by varying
the flow of the hydraulic fluid; this arrangement allows good speed

control over a range of sliding velocities between 50 and 18 ,000 feet

per minute. The disk and rider are enclosed, permitting the oper-
ating atmosphere of dried air to be slightly pressurized.

Specimen preparation. - The physical propertiles of the lubri-
cants used for both the experiments involving the fluid lubricants
and the experiments involving the decomposition films formed from
the lubricants are listed in table I. The lubricants were 8o
gselected that their viscosities generally fell in the range of 10
to 70 centistokes at 100° F as an atbtempt was made (particularly
in the synthetic lubricants) to obtain lubricants with high flash
points as long as the pour points were within che general range
of -40° to -70° F. Data of reference 5 and unpublished results
indicate that there was relatively no effect of viscosity on the
coefficient of kinetic friction with lubricents that covered the
viscosity range from 20 to 110 centigtokes at 100° F.

The surface films were formed by heating the disk specimens
in air. Before heating, & thin film of the fluid lubricant wes
uniformly deposited on the disk surface; in most cases, the
quantity of the fluld was approximately 1 cubic centimeter and the
fluid was uniformly applied as a fine mist. Decomposition of the
fluid lubricant was accomplished by heating the disks to tempera-
tures slightly higher than those at which the first visible vapor-
ization of the lubricants occurred. The, temperatures were main-
tained as long as 14 hours until it was apparent that no fluid
remained on the surfaces. Special precautions were taken to assure
uniform heating of all parts of the disk.

Prior to the deposition of lacquer films, the disks were
finished and cleaned according to the procedure described in
reference 5. The disks were finished by surface grinding and non-
directional lepping to produce a surface having random finishing
marks with a roughness of 6 to 8 microinches rms, as measured with
a profilometer. The cleaning process included in sequence: sosak-
ing and wiping in a low-aromatic cleaning naphtha, wiping with
clean cloths saturated with a solution containing equal parts of
acetone and benzene, scrubbing with moist levigated alumina powder,
rinsing under tap water to remove the alumina, testing for clean-
ness by the ability of water to wet the surface, immersing in
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redistilled 190-proof ethyl alcohol to remove the water, rinsing
wlth redistilled 190-proof ethyl alcohol, and drying on the friction ‘
apparatus in an atmosphere of dried; filtered air.

After the films were formed on the .disk, the surfaces were
cleaned by repeated light contact of a clean cloth saturated with
benzene and then with a cloth saturated with redistilled ethyl alco-
hol. This process did not appear to dissolve any of the film
materials present. 'As mentioned in reference 6, -the generally
accepted distinction between engine varnish and lacquer is that

- varnish is soluble in acetone.

The rider specimens were cleaned by wiping with a cloth satu-
rated with ethyl alcohol and by rinsing with redistilled 190-proof
ethyl alcohol. The rider was allowed to dry on the apparatus.

Experimental procedurs. - During the experiments » the disk was
rotated at a predetermined speed and, by means of a cam arrange-
ment, the loaded rider was lowered onto the disk as the radial
feed was started. As the rider traversed the disk, friction force,
as indicated by the potentiometer, was observed and photographically
-recorded and disk rotative speed was determined with an electric
revolution counter and synchronized timer. The timer controlled
the operation cycle of the camera, the radial-traverse mechanism,
and the revolution counter. The runs were terminated by lifting
the rider from the disk surface. Mean sliding velocity for the
runs was computed from the recorded rotative-disk speed and the
meen dlemeter of the rider path. Change in diameter of the rider
path on the disk during radial travel of the rider caused & maxi~
munm deviation in sliding velocity of approximately 3 percent from
the mean value. An unworn area of a rider was used in each run.

In experiments with the fluid lubricants, both on clean stesl
disks and on the film materials, the lubricants were applied in _
drops with a clean platinum dipper and allowed to wet the surface
completely. The disks were then rotated at the maximum spsed of
the experiment (approximately 2500 rpm) for 5 minutes , causing
excess lubricant to be thrown off and leaving only a very thin
£ilm.

The films and the surfaces of the disk specimen were studied
using common physical-measurement and metallographic equipment
before and after the experiments. Hardness and surface-roughness
meaguremsnts were used as control factors in evaluation of the
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disk specimens prior to the experiments. Photographic studies of
the film materisals were made using transmitted light through films
formed on glass microscope slides.

The friction data presented are complete for a repregsentative
experiment of each surface condition studied and were selected
from a mass of data from several experiments on each varisable.

The limite of experimental error in the friction values presented
were not constant in all the experiments because of difficulties
in maintaining absolute control of film thickness. In all but
isolated cases, the maximum experimental error in friction coef-
ficient was +0.03 and, in general, was considerably less. For
comparative purposes, a load of 269 grams was used for the majority
of the curves presented because this load produces an initial Hertz
surface stress (126,000 1b/sq in.) that is in the range of stresses
commonly attained in aircraft-engine components that require lubri-
cation. According to reference 7, this stress is also within the

range of normal stresses (69,000 to 282,000 1b/sq in.) for turbine-

engine rolling-contact bearings. At the same time, surfaces in
contact under relatively light load and having a large apparent
area of contact can have high stresses at localized contact areas.
Even with lightly loaded surfaces, local pressure at the small
points of contact may exceed the flow pressure of the materials
(reference 8) and cause plastic flow at these points. The actual
area of contact 1s experimentally shown in reference 8 to be a
funétion of load and to be unaffected by the apparent area of
contact; from these considerations the minute polnts of contact
are assumed to flow plastically until their contact cross section
is sufficient to eneble them to support the applied load. The
flow pressures (yield gtrengths) of the materials used in this
investigation varied from 65,000 to over 200,000 pounds per squere
inch. ’

RESULTS AND DISCUSSION

Fluid lubricants. - Friction data obtained using various fluld
lubricants on clean steel surfaces are presented in figure 2.
These lubricants were the same as those used to form the lubricant
decomposition £ilms of this investigation. The data of figure 2
are presented for subsequent comparison with the data from the
decomposition films. These data show the effect of sliding
velocity on kinetic friction for a number of the petroleum and
synthetic types of lubricant that might be considered for use as
aircraft-engine lubricants. The three petroleum lubricants
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(percolated white oil and specification AN-0-9 alrcraft-turbine oils s
grades 1010 and 1005) showed similar trends (fig. 2(a)) that include
characteristic break points in the curves after which higher fric-
tion was observed, possibly indicating partial film failure. The
differences in the break points for the petroleum lLibricants might
be attributed to the relative decomposition temperatures of the
lubricents; the lubricant with the lowest decomposition tempera-
ture showed a break point at lowest velocity and the lubricant

with the highest decomposition temperature showed a break point

at highest velocity.

Comparison of these data for the petroleum lubricants on steel
wlth those for the petroleum lubricant on steel reported in refer-
ence 5 shows that the most important difference is in the presence
of the break point in the curves presented herein. A possible
explanation for this difference lies in the variation in procedure
for applying the lubricant film. The film described in reference 5
was applied by rubbing and the excess was not spun off ; as a result,
the £ilm would be much thicker than in the current investigation,
which would tend to delay £ilm breakdown.

Friction values for the commercial aliphatic diester and the
polyglycol ether (fig. 2(b)) were similar at the lower sliding
velocities, in spite of the relatively large differences in vis-
cosities, and remained low at the higher velocities. The poly-
glycol ether showed a slight break point at a s8liding velocity of
1500 feet per minute, which would normally indicate a breakdown
of the film. In most cases, such break points indicate a partial
failure of the lubricating film causing stick-slip. sliding to
occur. Because there was no evidence that stick-slip sliding had
occurred with the polyglycol ether, consideration of the data-
curve break point as a film failure is unwarranted. The data
obtained with the silicone polymer (fig. 2(b)) were completely in
the range of stick-slip sliding, which is the reason this curve
was falred as a smooth curve. The film strength of the silicone-
polymer lubricant was insufficient to provide adequate boundary
lubrication with the minimum load used in these experiments
(269 grams, initial Hertz surface stress of 126,000 1b/sq in.)
at even the minimm sliding velocity of 75 feet per minute.

In figure 2(c), a comparison of the friction data For all
fluid lubricents is shown over a range of sliding velocities.

Decomposition films. - The decomposition films formed for
these experiments appear to be similar to those that form in an
aircraft engine. The exact composition of the lacquers occurring
in engines is unknown although the decomposition of lubricants is
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unguestionably a combination of chemical changes that have been
variously termed: "oxidation," "polymerization," and "thermal
coking" (reference 1). Among others, the following factors influ-
ence these chemical changes: high temperature, catalysts, oxygen
concentration, and lubricant contaminents. The films used in the
friction experiments reported herein were not formed under the com-
bined effects of all the variebles present in engines; however,

the simple fact that the films thus formed were similar to those
found on engine parts indicates that high temperature and oxygen
concentration may be important factors in the decomposition of
engine lubricants in service. The formation and lubrication charac-

. teristics of decomposition films formed from a silicone polymer in

journal bearings are discussed in reference 9. In general, these
data show that the decomposition film was instrumental in causing
a marked increase in load capacity in a bearing nominally oper-
ating under hydrodynamic conditions.

Data obtained with thin films of lubricant-decomposition .
products on steel friction specimens are shown in figure 3. Evalu-
ation of these data should include consideration of the fact that
the film surfaces were repeatedly cleaned with benzene and with
alcohol so that the surfaces were cleaned of all residual fluid
lubricant that may have been initially present on the film. The
data obtained with the decomposition films of the three petroleum
lubricants (white oil and specification AN-0-9 aircraft-turbine
oils, grades 1010 and 1005) exhibit (fig. 3(a)) the same character-
istic break point shown for the fluid lubricants in figure 2(a),
although the critical velocities at which these breaks occur are
different. For the films formed from the synthetic lubricants
(fig. 3(b)), no similer characteristic is observed. In the case
of the films formed from the aliphatic diester and the polyglycol
ether, the data fell on a single curve showing a dowvnward trend
but flattening out at the higher sliding velocities. In several
of the curves of figure 3, the friction of the decomposition films
approaches that obtained in boundary lubrication with the fiuid
lubricants (fig. 2). The fact that over most of the range of
sliding velocities the decomposition film formed from the silicone
polymer caused lower friction than did the fluid lubricant is con-
gsidered significant. )

In figure 3(c), a comparison of the friction data for the
decomposition films formed from all the lubricants is shewn. Also,
included for comparative purposes is the friction curve for dry,
clean steel from reference 5. In general, the data indicate that
the presence of the decomposition films appreciably reduced the
friction when compared to the clean steel. .
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The surfaces produced by decomposition of the fluld lubricants
were unsultable for photomicroscopy. The films formed from the syn-
thetic lubricants were essentially transparent and films formed from
the petroleum lubricants had insufficient reflectivity to allow
satisfactory photomicrographs to be obtained from the disk speci-
men. A serles of films was therefore prepared on glass microscope

. 8lides and photographed with transmitted light. In figure 4, repre-
sentative samples of these photomicrographs showing a single wear
track made by a friction specimen (1/4-in.-diam steel ball) slowly
drawn across the surface with & load of 269 grams are presented.

A track and the surface of a film obtained with polyglycol ether
are shown in figure 4(a). This surface is also representative of
that obtained with the aliphatic diester. The track observed in
the f£1lm formed from the silicone polymer (fig. 4(b)) shows dis-
continuity and non-homogeneity of the surface subjected to sliding.
The area adJjacent to the track shows cracking similar to that which
occurs with brittle materials. Light interference lines are
observed adjacent to each crack, indicating that the film has
pulled away from the underlying surface. The high contrast of
figure 4(c) obliterates the fact that some film material remains

in the track plowed through the £ilm formed from specification
AN-0-9, grade 1010 lubricant. This surface is also representative
of the surface obtained with white 0il. In this case ,» the plowing
did rupture the £ilm or at least break the film loose from the
glass base, as indicated by light interference lines adjacent to
the plowed surface, which were observed with reflected light. The
conditions evident on the glass slides may not be entirely repre-
sentative of those occurring on metal surfaces because steel is
believed to influence the process of decomposition. For instance 5
the £ilm formed from the silicone polymer on steel appeared to have
& blue color, whereas the decomposition of the same fluid on glass
was essentially without color. The apparent coloration of the film
formed on steel is probably caused by underlying oxides of iron but
may be the result of some other chemical change in the f£ilm material
that was influenced by the constituents in the steel. The Pilms-
formed on steel, however, showed the same general appearance after
8liding as was observed on the glass slides. These dats indicated
that the films were serving as thin solid lubricants.

Surface loading. - Most of the lubricants and decomposition
films showed no well-defined effect of loading on friction at the
velocities investigated except where surface failure was involved.
That is, Amonton's Law that friction coefficient is independent of
applied load held true in the general case. In those cases in which
surface fallures were involved, however, the sliding velocity at
which surface fallure occurred was decreased with increased surface
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loading. As in the case of other variables discussed, the silicone-
polymer fluid and its decomposition film proved the exception to
the general case. The performence characteristics of the silicone
£luid are of primary importance in this investigation because the
material is being considered for many high-temperature lubrication
applications; consequently, the lubricating characteristics of the
gilicone fluid will be more fully presented than is the case for
the other lubricants studied. :

The effect of sliding velocity on kinetic friction with load
as a parameter for a thin lubricating film of the silicone-polymer
Pluld is shown in figure 5(a). These data show in general that at
all sliding velocities, the coefficient of friction is not inde-
pendent of load, that is, Amonton's law does not hold. Evaluation
of these data should include consideration of the fact that the
lowest load used in these experiments, which resulted in an initlal
Hertz surface stress of 126,000 pounds per square inch, is in the
stress range common to sliding surfaces. The film breakdown
observed in these studies, as evidenced by some increase in friction
coefficient with increase in loasd, would not preclude the use of
the silicone-polymer fluids in low-loed applications or where
hydrodynamic lubrication is obtained. With the three loads investi-
gated, friction becomes essentially independent of sliding velocity
at 5000 to 7000 feet per minute. The friction observed in this
velocity range for the 1017-gram load is approximately the same as
that obtained for dry steel in reference 5, which, with the occurrence
of stick-slip sliding, might indicate that the film has been com-
pletely broken down.

In general, as shown in figure 5(b), the coefficient of
friction increases with an increase in load for a surface having
a decomposition film formed by heating the silicone-polymer fluid.
These data do not indicate any simple relation in the effects of
load and no explanation can be offered at this time for the charac-
teristic shape of these curves. ILubrication by the decomposition
£11lm has been considered to result from essentially hydrodynamic
action of a very viscous film. Although the minimum points in a
curve such as that for the 269-gram load in figure 5(b) might pos-
" 8ibly be construed as the knee point in the ZN/P curve, which is
common to hydrodynemic lubrication, surface studies of these films
after sliding do not support such a possibility. As was shown in
figure 4(b), the silicone £ilm subjected to sliding is displaced and
ruptured and the adjacent areas show a crack network throughout the
entire thickness of the film, which indicates that it was acting as
a solid brittle material.
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Probably the best explanation for the mechanism of lubrication
by the decomposition film is offered in the theory of metallic thin-
film lubrication presented in reference 10. This theory states
that a low-shear-strength solid film over a hard base serves to
decrease friction through the low shear strength of the f£ilm,
whereas the area of contact remains low because of the hard base.
According to this theory, the optimum f£ilm would be of the minimum
thickness required to support the loads involved; by limiting the
thickness, the plowing factor in friction is reduced. The decompo-
gition f1lm material probably adheres to the base metal by a simple.
physical bond. : ’

Fluid lubricant on decompogition £1ilm. - The effect on lubri-
cation of decomposition films used in conjunction with the fluid
gilicone-polymer lubricent is discussed in reference 9 for the low-
load application of Journal bearings. Under such conditions ,
reference 9 indicates that the decomposition £ilm provides'a margin
of safety that compensates for the low film strength of the silicone-
polymer fluid. The cumulative effect of the combination of the
fluid lubricant and its decomposition £ilm for various loads is
shown in figure 6. At a load of 269 grams, no complete failure of
the lubricating film occurred and friction between the sliding
surfaces was very low over the entire range of sliding velocities.
Even at the higher loads, the cumulative effect is still apparent
(fig. 6) although at the highest load (1017 grems) partial film
failures occurred intermittently. The displacement of the load
curves from one another, as shown in figure 6, is also character-
istic of both the fluid lubricant and the decomposition film
(figs. 5(a) and 5(b)). No deviation from Amonton's Law has been
introduced by the cumulative effects of the two lubrication vari-
ables. -

In figure 7, the effect of sliding velocity on kinetic friction
at a load of 269 grems i1s presented for three different conditions
of lubrication with the silicone-polymer, namely: fluid film,
decomposition film, and & fluid-film overlay on a decomposition
£ilm, i

Practical significance. - High-temperature lubrication is
complicated by the decomposition of the lubricants. The silicone-
polymer fluilds are among the most temperature-stable of the lubri-
cants that are currently available; however, they have the .
deficlency of poor lubricating ability caused by low film strength.
The use of a decomposition film as a pretreatment on lubricated
surfaces may provide supplementary lubrication over a range of
loads exceeding the present design 1limit for most lubricated
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surfaces and over a considersble range of sliding velocities. A
significant point in the use of such films is that if the operating
temperatures of the lubricating surfaces are high enough and a
supply of the fluid continues to be present, the decomposition £ilm
will be regenerated. Although very thin, such a film could be
effective in reducing friction according to the theory for metallic
thin-film lubrication. Formation of decomposition films from all
types of lubricants may be a significant factor in the run-in of
lubricated surfaces.

SUMMARY OF RESULTS

Decomposition films formed by heating surfaces to which
several common synthetic and petroleum lubricants had been applied
were studied to determine the effects of such films on friction
and load capacity of surfaces. At sliding velocities between
75 and 8000 feet per minute with loads of 269, 519, end 1017 grams,
the following results were observed:

1. In general, decomposition products formed from several syn-
thetic and petroleum lubricants were beneficial to slider surfaces
with regard to friction and load capacity when compared to the dry,
clean steel surfaces. Friction values with the film materilals were
in the same general range of values as those obtained in boundary
lubrication with the original fluid lubricents.

2. The combination of a silicone-polymer fluid and a decompo-
sition £ilm formed from that lubricant produced desirable cumulative
effects on both friction and load capacity over the complete range
of sliding velocities and at extreme surface loads.

3. The effectivenecss of a decomposition film in friction was
not caused by hydrodynamic action of the £ilm as a highly viscous
£luid. The film was plowed and partly displaced from the surface
during sliding and may act as a low-shear-strength solid film.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio, August 31, 1949.

1229


http://www.abbottaerospace.com/technical-library

1229

NACA TN 2076 - ) 13

REFERENCES

1. Murphy, C. M., Jr., and Ravner, H.: The Oxidation Character-
istics of Lubricating Fluids. Part I - Oxidation Apparatus
and Results on Some Typical Hydrocarbons. Rep. C-3380, Naval
Res. Lab. (Washington, D. C.), Nov. 5, 1948.

2. Wilcock, Donald F., and Jones, Frederick C.: Improved High-Speed
Roller Bearings. Lubrication Eng., vol. 5, no. 3, Jume 1949,
pp. 129-133; discussion, vol. 5, no. 4, Aug. 1949, p. 184.

3. Blok, H.: Measurement of Temperature Flashes on Gear Teeth
under Extreme Pressure Conditions. Proc. Gen. Discussion on
Lubrication and Lubricants, vol. 2. Inst. Mech. Eng. (London) s
Oct. 13-15, 1937, pp. 14-20.

4. Bowden, F. P., and Ridler, K. W. E.: Physical Properties of
Surfaces. III - The Surface Temperature of Sliding Metals.
The Temperature of ILubricated Surfaces. Proc. Roy. Soc.
(London), ser. A, vol. 154, no. 883, May 1, 1936, pp. 640-656.

5. Johnson, Robert L., Swikert, Max A., and Bisson, Edmond E.:
Friction at High Sliding Veloclities. NACA TN 1442, 1947.

6. Gruse, W. A., and Livingstone, C. J.: Piston Deposits, Ring
Sticking, Varnishing and Ring Clogging. dJour. Inst. Petroleum,
vol. 26, no. 203, Sept. 1940, pp. 413-429.

7. Macks, BE. Fred: Preliminary investigation of Needle Bearings

of 1-1- Inch Pitch Diameter at Speeds to 17,000 rpm. NACA
TN 1920, 1949.

8. Bowden, F. P., and ‘I‘é.bor, D.: The Area of Contact between
Stationary and between Moving Surfaces. Proc. Roy. Soc.
(London), ser. A, vol. 169, 1938-39, pp. 391-413. '

9. Brophy, J. E., Militz, R. 0., and Zisman, W. A.: Dimethyl-
Silicone-Polymer Fluids and Their Performance Characteristics
in Unllaterally Loaded Journal Bearings. Trans. A.S.M.E.,
vol. 68, no. 4, May 1946, pp. 355-360.

10. Bowden, F. P., and Tabor, D.: The Iubrication by Thin Metallic
Films and the Action of Bearing Metals. dJour. Appl. Phys.,
vol. 14, no. 3, March 1943, pp. 141-151. A



http://www.abbottaerospace.com/technical-library

NACA TN 2076

14

622T

%
sorqIssodwy qupod Pue JO UOTQRUTWLIS]ED ©98JIn008 OPBW TBTIESBW TBUISTIO JO JOTOD DOY,
. . BBaR B oL= . .
G20 L96 aurT Aaon| 025 | moteq 2N 09°9T| 05°8g| aewfTod 6UOOTTTS
0S2°g $66° pex dee@ | GgS 8g-~ AAN 02°TT| 08°99| aeuge TOOATIATOg
Meage 9/~ ,
. . ¢ *7 Joq.806 oTa8yd
050 916 au@rr Axon| 957 | moteq ssT Te*e | 0S°2T 980Tp OT4BUdTTY
oT3eYqUAS
. . 9L~ . Y. € P e
g20 098 #BIYS 022 | uoteq €8 $9°T | €0°S mno.n epead ‘6-0-NV
0s0° TLE® MBI 00¢ 9L~ 2L L%*2 | 96°6 |OTOT epeid ‘e-0-MV
$20°0 €88°0 88OTIOTOD| 0S¥ g2 9L 6T°8 | 08°LL TTO O2TUM
. umeToxsed
(fo) | (&) I 0T2|& o00T
Jequu | (I 609/009) qupod| qurod
uoTqez}| Lataras yseTy| Janod Xopuy (sexoq8T3UeD )
-Teagnel| otTJroeds J0T00 [*D°0°D| ‘W I'S'V|£318008TA| L3TBO0STA 83UBO TIqNT

@EIVOTISTANT SINVOINENT 40 STLIYHIONd TVOISKHd CRMASYEW - I HIEVD


http://www.abbottaerospace.com/technical-library

5

*smgwaedde UOTQOTII~-SUTPITS JO WBITBTP OTQeWONOS ~ °*T 6INBTL

LTqmesss
0983~ ULBIYS

6188 uoT47s0d~TBTPBY JOgBOTPUT (90I0F

~UOTROTAT) UFBIGS l\

ALTquesse JUTUTBILEOX PUB
. 49PTI JO TeABay TBIPBY

NACA TN 2076



http://www.abbottaerospace.com/technical-library

NACA TN 2076

16

-e(ut wm\pa 000937 ¢ssoags edBJans 2346H TBTITUT) PBOT weald
~6902 YJTA UOT30TJLJ BUIPTTS U0 UOT3BOTIQUT LJBpunoq Ul SPIUTJ SNOTJIBA JO 306JJH - °g ean3iJd

.mpcmmﬂppsa wneToa3ed (B)

utw/4J3 ‘£3700TeA JUTPTIS

0088 0008 0034  0O¥9 0095 008%  000¥ 003¢  00%3 0091 008 0
1

P

oA OoT—9— J.o/lwypﬂ.

T AT T

~m
138

m.

G00T epsvad ‘g-0-NV Q
OTOT opsad ‘g=0=-NY A
TTO @3TUM ©

quUBO QT

UOT40TaJ 9TIOUTH JO JFUSTITIIO0D


http://www.abbottaerospace.com/technical-library

17

*(°ut .cm\o:.. 000‘93T ¢s50d38 80BJANS Z3d8H TBTGTUT) PEOT Wead-g9g UJTM UOTIO0TLT
JUTPTTs uo UOTReOTIqnT LJIBPUNOQ UT EPINTJ SNOTJIBA JO 303JJH °*PONUTJUO) - °*Z 3anIT4g

*squUBOTaAqRT OF3oUjuLs (q)
utw/93 ‘£3700T9A SUTPTTS

0008 0034 00%9 0098  008% 000¥% 0032 ° 00%3 0091 008 0
T i :
— | — & O e
/\V%“\ Q|‘ [vi ' A“ \ #/\/ .ﬂo
,o\\ A4 .
a.
o] o —T—21 o]
n.
aeyqe TOoAT3ATog w
a6380fp oT48UdIIV O .
Joufiod euoOITIS O )
qUBO [IQUT

NACA TN 2076

UOT30TLT OTFOUTH JO JUOTOTIJFE0)H



http://www.abbottaerospace.com/technical-library

NACA TN 2076

18

*(*uf bs/qr 000°93T ‘Sseaqs 808JaNS 23d8H TBIITUT) DPBOT wBad-69g UITMA UOTROTLT
SUTPTTS U0 uojgBOoTJIQNT Laepunoq U SPINTJ SNOTIBA JO 300JJH °pepuiouo) - *g eandtyg

ssquBOTIQNT 9F36yjuls pus wneloaged Jo uostasdwo)d (90)

upw/33 ‘A3700T6A SUTPITS

0008 0034 00%9 009S 008% 0007 00g¢ 00%3 0091 008 0]

2NN

——

= " - [~

n.

g00T ©opeald ‘@=0=Ny —— ———
OTOT opBa8 ‘@=0-Ny —— —=——
asyge [oohidiroy —m—=——
aegseip opq8udily ——————
aeuwfiod 6UOCOPTIE ———————
170 e3fu —m

4URD TAQU]

UOT3OTJLJ OTOUTH JO FUSTITIJO0D



http://www.abbottaerospace.com/technical-library

19

*(*ut Um\pH 000f92T ‘S56u985 ©0BJINS Z3Jd0H TBTITUT) PBOT wead

-693 U3TA UOTJOTL] BUTDFTS Uo SWTJ UOT3T50dWO06D JUBSTIQN] JO 30677 - *¢ eandtyg

*53UBOTAqNT WNOTOI36J (B)

utw/q3 ‘£3700Tea SuTpIs

0008 0084 00%9 009s 008% 000% 002¢ 00%2 009T 008
¥

o LT
= ¥ A \
- ; " \guw P N
a//.nl a\\ ) \ O J/
h \41\\\
A I — yay
—T4A |

S00T epedd ‘g=0-NV
0TOT epBad ‘g=0-NV

opa

TTC 9371uM

pewaoJ sBMm

WTFJ uotarsoduoosp

YOTUM WOXLJ PINTJ

NACA TN 2076

622T : ‘

HO

N.

n..

wl

UOT40TIJ OTFOULH JO JUSTOTITE0H



http://www.abbottaerospace.com/technical-library

NACA TN 2076

20

1229

*(*ug vm\o.._” 000°93T mmm.n,pm 90BJJaNS 2Z9d6H Hw.ﬂpﬂci pBOT wsald

-692 UATM UOT40TaJ JUTPTTS UO SWITJ UOT3TSodwodep JUBOTIQUT JO F00JJF

*squUBOTIqNT dF3eujuls (q)
utuw/qJ ‘£9700TeA BUTPTIS

*penUTIUC) - °*¢ oanITJ

0088 0008 003L "00%9 008S 0087 000% - 0032 00%3 009T 008 0
TR
v s O P | © i B B S v
' A e I Imlllh
i I T — /
| <o ~<¥
-l R
] BN z*
1=} L= ™~
/ANP o
IS
/////hq
- //@w.
T0U430 [OOALIL[Od V
20380Tp °T38UYATY O
Jouktod SuoOdTITS O 7
pewJgoJ mmé.
WITy uofggsodwooep .
YOTUM woay pInTd

UOT30TII OTFSUTH JO FUSTOTITEOD


http://www.abbottaerospace.com/technical-library

21

*(°ug wm\o.ﬂ 000¢93T ‘Ssedqs e0BJANS Z3ae6f TBT4TUT) PBOT WeIB-g9g
Y3 TA UOTQO0TaJ BUTpITs Uo SWILJ uotqTsodwonep JuBoTIqNT JO 300JJH *PepuTouo) = *¢ eandLd .

*SJUBOTIqUT OT3eyjuls pus wnetoxged Jo uostasdwoy (0)

utu/qJ ‘£gyoorea Julplly

0088 0008 0084 00%9 0099 008¥% 000% 002¢ oo%¥3°  009T - 008 0]
§ T T
R
‘l\‘ 1
— P hand - — — - ‘llw —— e — ﬂ.
T —— s e~ L= ~~ .
l.!.\\.\\" /:'/'f\\\ ///
——— A s d /:1
I ot e il 7 _ ~ ///0
P et —t . N\ .
- e (=T - /// / (4
S S
/ / o
N Y
// /#
SO0T OPBIZ ¢G=0mNY = e AN _
OTOT ©pBIZ ‘6=0=NY ——mme—— N e
(S ©0UBIBIOI) OUON e = e N
aeyge TooAT3LTod /
PUB JI6189Fp OT3BUATTY - ¢
2owh7od SUOOFTIS ——mmm— = — /
TTO e3Tum 1// g
O 9
S pPeWIOY SBM /./ll-
N WITJ uogyTsodmosep
Z QOTUYA woaJ pruaTd
<t g°
Q
<t
=

UOT30TdJ 9T38UTH JO JUSTOTII00)

T e o e e e o e e


http://www.abbottaerospace.com/technical-library

THis DOGUMENT PROVIDED By THE ABBOTT

TEGHNIEAL LIBRARY

ABBOTTAEROSPACE.COM


http://www.abbottaerospace.com/technical-library

NACA TN 2076

Weaxr
track
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(2) Film formed from
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(¢) Film formed from
petroleunm lubricant
(aN-0-9, grade 1010).

C-24839
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Figure 4. - Photomlcrographs by transmitted lightr of lubricant decomposition £ilms formed
on glass microscope slides

ball with a 269-gram load.

after being subjected to sliding of a 1/4-inch-diamster steel
X250,
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