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SECTION I

INTRODUCTION

Rol l ing element bearings of future high performance aerospace propul-

sion systems will operate at environmenta l conditions that may well exceed

the capabilities of current technology . One aspect of technology in which

advances must certainly be made is in the area of lubricant development and

lu brication techniques required for these bearings . Today ’s conventional

lubr icants will not, in many cases, meet the ever increas i ng requi rements
necessary to function effectively at high temperatures , high speeds and in

extreme conditions such as oxidative or vacuum environments . As a result,

i t  is necessary that other lubricants and lubrication technique s be developed

to satisfy these requirements . One potential solution is the use of a sel f-
lubricating retainer (cage ) in a ball bearing, which provides a completely
self- contained bearing-lubricant system .

The principle of operation for the self-contained bearing-lubricant
system is the continuous metering of minute quantities of lubricant to the
balls in sliding contact with the retainer. The balls, in turn , transfe r
this lubricant to the race grooves in which they are rolling. In this way ,
all critical load—bearin g surfaces are coated with a thin , lubr icat i ng film .

The state-of-the-art of solid lubricated bearings has progressed to the

point where they now offer potential for use in a wide range of applications

where operating and environmental conditions are such that conventional

lubr icants cannot be used satisfactorfly. Self- l ubricating bearings are of

a sacr ificial nature in that the lubricant is gradually depl eted during

usa ge; therefore, their greatest potential is seen to be in those applications

which have limited operating life requirements . These would include such

things as small expendable engines , al ternators , drones , missiles , remotely

pi lo ted ve hi cles , etc . However, most of these applications invol ve high

speeds and/or high temperature conditions . These represent severe conditions

under which the bearings must perform , and are also conducive to excessive

bearing heat generation during operation.

_ _ _ _ _ _ _ _  
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The primary intent of this i nvestigation was to evaluate two solid

lubricant composites which were developed by Mi dwest Research Institute

under contract to the Air Force Materials Laboratory (Ref. 1 ,2). These

composites utilize a carbonized pheno lic resin matrix (CPR) reinforced

with graphite fibers and lubricating pigments of MoS2, tetrafl uoroethyl ene ,
and Sb203.

2
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SECTION I I

DESCRIPTION OF TEST RIG

1. Genera l
The bas i c  test facility , wh ich was designed and built by Southwest

Research Institute, consists of an air turbine to drive the test bearing ,

a bear ing chamber , an oil system (which obviously was not required for the

sol id lube tests), beari ng loading system , bearing heater (which also was

not utilized for these tests), and the necessary instrumentation and

controls. Photographs of the test facility are shown in Fi gure 1 and 2 .

2. Basic Design
A detailed schematic of the rolling element bearing test rig is shown

in Figure 3. The test bearing , A , is driven by the main shaft , B, which is
powered by an air turbine , C. Air to the turbi ne is sup plied by an auxiliary

compressor via the nozzle ring , D. Externally-pressuri zed , ori fi ce-compen ated
air beari ngs , having low friction characteristics at high speeds , are shown
as E and F , and are empl oyed to support the main sha ft during operation. The
outer race of the test bearing is supported in the test bearing holder , G ,
whi ch is held in the test chamber , H. Thrust load is applied to the test
bearing by the axial load piston , I, and radial load by the radial load pad ,
J. The test chamber is externally supported by two hydrostatic air bearings :

the axial support pad , K, and the radial load pad , J, w h i c h  serves a dual

purpose in that it supports the test chamber in the radial direction on a
hydrostatic air film and also applies a radial load through the air film to
the test beari ng . A shaft extension, L, extends through the test chamber lid
and serves as the driver for the rotary transformer , N. The shaft extension ,
L, is hollow and provides a path for the electrical conductors from the
inner race (test beari ng ) temperature transducer to the rotary transformer .
A magneti c p ickup, N, moni tors the speed of the main shaft , B.

3
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Figure 1. Solid Lube Bearing Test Faci l i ty Console
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3. Loadi ng and Support System
The test ri g was designed to al low the application of independentl y

control’ ed thrust and radial loads on the test bearing. The thrust load ,
appl ied by means of the axial load piston , I, and the radial load applied
by the radial load pad , J, are controlled wi th hand operated pressure
regulators mounted in the instrument console. The amount of radial or
thrust load is determ ined by the known piston size and the applied pressure
which is indi cated on the guages in the instrument console.

Fi ltered air is supplied to the two support air beari ngs , E and F ,
through an air manifold. These bearings are ori fice compensated and were
designed to operate at 200 to 250 psig on clean dry air. Practica l
operating experience has shown that if the supply air is contami nated
with either water or oil the high speed capabil i ty of the ri g is severely
reduced due to the deleterious effects of these contaminants on the solid
lubricant coating which has been applied to the journal surface of the
air bearings .

4. Beari ng Torque Measurem e nts
Torque due to test beari ng friction , whi ch tends to rotate the test

chamber , H, is measured with strain gages which are attached to a metal
leaf spri ng . The leaf spring defl ects when torsional load is appl ied and
produces a resistance change in the strain gage bri dge, which in turn
gives an el ectrical output tha t is calibrated and employed as a measure

of bearing torque . Si nce the radial and axial hydrostatic air pads offer
neg l igible torsional resistance , the indicated torque is an accurate measure
of test bearing torque. The to rque is indicated directly on a Sanborn
Model 3 l lA transd ucer amplifier , and recorded simultaneously on a Honeywell
recorder .

5. Inner Race Temperature Measurement
Test bearing inner race temperature is measured wi th a sub miniature

size surface type temperature transducer wh ich is 0.25 in. x 0.20 in. x

7
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0.04 in. thick. It is a low mass, platinum sensor with 100 ohms resistance
at the ice point. The sensor is located in a machi ned cavity directly
beneath the tes t beari ng inner race. Centrifugal forces due to rotation
of the main shaft force the sensor against the bore of the inner race and
provide an inner race temperature measuremen t. Output from the transducer
is coup led from the rotating shaft to a stationary location by emp loying
a rotary trans former. From the transfo rmer the temperature is indicated
di rec tly on a Himmels tein me ter located in the i nstrument console .

6. Dri ve System

The drive system consists of an air driven turbi ne , C, locate d app rox i-
mately at the mid length of the main shaft, B. Air is supplied to the turbine

by an auxiliary compressor via a nozzle ring, D. To obtain maximum design

speed , which is 60,000 rpm , approx imately 125 scfm of air at 100 psig is

needed. Main shaft speed is monitored with an electroni c tachometer mounted

i n the ins trument console . Input to the tachometer is from a magnetic
pickup whose interrupted signal is provided by 6 recesses l ocated at the

bottom most section of the main shaft .

7. Test Beari ngs and Retainers

The basic ball beari ng geometry , a 204 size bearing wi th a 20 mm bore ,

used to conduct the solid lubri cated bearing tests is shown in Figure 4.

Bearing clearances are presented in Table I. All of the test bearings were

fabricated from M-2 tool steel and had ABEC- 5 precision rating . Each beari ng

util ized eight balls which were 9/32 inches in diameter.

~~~~~~~~~ I. 85~O4

1.162

0.7874
1.74 

~ L 
1~~

- o. 551

Fi gure 4. Basic  204 Size Test Bea r i n g  Geometry
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TABLE I

BEARIN G CLEA RANCES

Interna l Clearance 0.010 inches 0.25 mm
Cage/ Land Clearance 0.02 1 inches 0.53 mm
Ball /Hole Clearance 0.010 inches 0.25 mm

Contact Angle 25°
Outer Race Curvature 0.60
Inner Race Curvature 0.59

The self-lubricating cages being evaluated in these bearings are an
inner land riding design which were manufactured from two different car-

bon i zed pheno lic resin composite materials. Each material was evaluated

both wi th and wi thout a double “L” 303 sta i nless steel reinforcing shroud

assembly. A typical bearing cage with shroud attached is shown in Fi gure

5. Configuration of the solid lubricant material was identical whether a

stainless steel shroud was present or not .

.556 -WI
k— .536
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Figure 5. Size 204 Cage Design Using Double “L” Shroud
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The materials being evaluated were composites wh ich utilized a
carbonized phenolic resin matri x containi ng graphite fibers for
improv ing retainer strength and high-load performance ; self-lubricating
solids (MoS 2 and tetrafl uoroethylene ), and a synergistic addi tive
(Sb203 ). Composi tion of the two materials in vol ume percent is given

in Table II.

TABLE I I

COMPOSITION OF SELF-LUBRICATING MATERIALS

Ma t fl Gra phite Fiber Sb203 MoS2 Tetrafl uo- Phenolic
Co de Content - % % roethylene % Resin

Matrix

CID- lOl- (6X ) 31.3 14.0 18.5 0 36.2
CID-l l l - 3 ( 6 X )  30.7 13.7 18.1 2 35.5

10
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TEST PROCEDURE

The test procedure used to conduct the solid lubricated bearing tests
is descri bed below :
1. Test Bearing Preparation:

The test bearin gs were pre pare d i n the follow i ng manner prior to
instal lat ion in the test rig:

a . Ini tial degreasing in Stoddard sol vent.

b. Rinse in fresh methy l ene chlori de .

c . Fi nal wash i n ethyl alcohol .
d. Compos i te cage installation and stora ge i n dess i cator until ready

for test.

2. Test Start-up and Runni ng Sequence

a . After the beari ng is assembled in the test rig, rotation i s
init iated wi th ful l axial load and zero radial load.

b . Bearing speed is then increased to the desired value and the

radial load , if any , is applied.
c . The bearing is then allowed to operate at a g iven speed an d loa d

cond iti on unt i l a stabil ized bear i ng temperature i s obtained . While
waiting for the temperature to stabilize , intermediate values of torque

and temperature were recorded every 15 mi nutes . Stabilized temperature

operation was considered to have been reached when any two successive

recordi ngs of torque and temperature were identical. In general , s tabil ize d

temperatures were usually reached within 30 minutes after appl i cation of a

new load or speed condition.
Duri ng the use of this test ri g on a previous program (Ref. 3), it was

found that oil used to cool and lubricate the rotary transformer (which is
used in conjunc tion with the inner race temperature sensor ) was leaking
into the test chamber and contami nating the test bearing. Attempts were made

11
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to correct the probl em but none of them wer~ entirely sati s factory . As a
resul t , it was decided to eliminate the transformer and discontinue the
i nner race temperature measurement for this program .

12
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SECTION IV

DISCUSSION OF RESULTS

The objective of this program was to evaluate two sel f lubri cating

materials in a size 204 bearing and to determine the effect of speed and
load on the bearing operati ng temperature , heat generation rate , and bearing
runn ing torque . These data would then be compared to that obtained for

silver—mercury -teflon-molybdenum disel enide (AgHg) composites and gallium-

indium-tungsten diselenide (WGI) composites previously evaluated in size

204 bearings (Ref. 3). A high degree of success has been achieved with the

AgHg and WGI composites and thus these materials serve as a b&seline to which

new materials are compared.
The geometry of the solid l ube cages was shown in Fi gure 5. The two

materials were run both wi th and without the stainless steel shroud. Size
and shape of the sel f lubricating material was as shown in Figure 5, regardless
of the presence of the shroud .

The fi rst bearing test of each material was run wi thout the metal
shrouds . Both of the unshrouded cages failed in a relatively short time .
The first test was run on the CID-lOl (6X) material. The cage failed after

onl y 13 1/4 hours at 7500 RPM . Test #2 was run on the CID-lll-3 (6X)

material at 8000 RPM and failed in less than 5 hours . Failure of both

cages was due to the cage material fracturing and breaking apart. Fi gure

6 is a photograph of the failed cage from the second test. Figures 7 and

8 are plots of bearing outer race temperature as a function of test time

for the fi rst two bearing tests . All test data is contained in the

Appendix. Also incl uded in the Appendix is the bearing heat generation

rate calculated from the speed and torque data . (Ref. 4)

Because of the poor results obtained wi th the unshrouded cages , a

series of tests was initiated using shrouded retainers . These retainers

also exhibited relatively short lives , wi th two surviving less than 14 hours

(CID-lOl (6X)) and the thir d , CID-1l1-3 (6X) mater ial , going only 46 hours .

Figure 9 is a photograph of a typical shrouded cage after failure . Plots of

bearing outer race temperatures for these three tests are shown in Fi gures

10 , 11 and 12.
13
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Figure 6. Fail ed Cage from Test No. 2
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Comparison of the average bearing operating temperature and running

torque for these two materials with that obtained using retainers of

silver-mercur y-teflon-molybdenum diselenide (AgI-Ig) composites and the

gallium-indium—tungsten dise lenide (w GI ) composites is shown in figures

13 and 14.
Both the operating temperatures an d running torques for the carbonized

phenolic composite materials are significantl y higher than that obtained
for the A gHg or WGI composites . In addition the current life capability

for the AgHg or WGI retainers operating at or below 10,000 RPM is between

2,000 and 7,000 hours at room temperature conditions . Since the life of

the carbonized phenolic composite cages was less than 50 hours at 10,000 RPM ,

running at room temperature conditions , no further testing of these car bon-
ized phenolic resin materials is anticipated.
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SECTION V

CONCLUSIONS AND RECOMMENDAT IONS

The particular carbonized phenolic resin (CPR) composite materials
evaluated in this program proved to be inferior in all respects to those
previously tested by this organization. Specifically, the CPR mater ials
had substantially shorter lives and ran with hi gher operating temperatures
and torques. Their operating speed capability is considerably
less than that for the previously evaluated materials (less than 10,000
rpm compared to 20,000 - 30,000 rpm) which indicates the CPR materials
are more brittle or have less strength than other self lubricating
materials such as AgHg or WGI. However, it is quite possible that with
additiona l development the potential of the CPR ma terials could be
substantially improved .

it is believed that in order to provide inc reased performance
capability over both the CPR materials and the others eva l uated previously,
it will be necessary to develop materials having both improved strength
and reduced densities while at the same time providin g equal lubricating
characteristics. Based on all the previous data generated by this organi-
zation, these attributes appear necessary for improved performance especially
wi th respect to higher operating speeds where centrifugal stresses become
large and unbalanc e effects are magnified . Thus , it is recommended that
future sol id lubricated bearing efforts concentrate on the development of
self-lubricating retainer ma terials having higher strengths and reduced
densities as compared to those looked at to date .
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