PREPRINT NO. 85-AM-4E-3
ASLE PREPRINT

Performance Simulation of a Solid-Lubricated Ball
Bearing®

HOWARD E. BANDOW (Member, ASLE)
Air Force Wright Aeronautical Laboratories
Wright-Patterson Air Force Base, Ohio 45433

STANLEY E. GRAY
Mechanical Technology Incorporated, Latham, New York 12110

PRADEEP K. GUPTA
PKG Incorporated, Clifton Park, New York 12065

Fundamental friction and wear experiments are undertaken for
the prescribed materials of a solid-lubricated ball bearing for a
high-speed turbine engine. Based on the experimental friction data,
appropriate traction models for the ball/race, balllcage, and cage/
race inleractions are derived. These traction models are input to
the bearing dynamics computer program, ADORE, to obtain the
dynamic performance simulation of the bearing under the expected
conditions of operation. The computer simulations indicate excessive
balllcage and cagelrace interactions, leading to a possible instability
and an ultimate cage failure. The predicted failure mode agrees
with the experimental observations of the bearing performance un-
der similar conditions of operation.

INTRODUCTION

Solid-lubricated rolling-element bearings are being de-
veloped for many applications, including those where tem-
peratures are too high for liquid lubricants to function. In
these applications, novel bearing materials, notably ce-
ramics, are also employed to increase the temperature ca-
pability beyond that which metals can sustain. This paper
describes a study of the performance of a bearing developed
for application in turbine engines. The bearing consisted
of steel races, ceramic balls, and a cage constructed of woven
graphite fibers in a polyimide matrix with the solid lubricant
blended in the matrix material.

The objective of this effort was to obtain an understand-
ing of how the tribological properties of the solid lubricant
and the materials used for the various bearing elements
influence the overall bearing performance. Models describ-
ing the traction forces in sliding contact between surfaces
were formulated from experimental data gathered in the
program and input to a computer program designed to
simulate the dynamic performance of rolling-element bear-
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ings. The computer predictions are then compared to the
experimentally observed performance of test bearings to
demonstrate the value of the combination of experimental
materials tests and analytical simulation of bearing perfor-
mance for development of future bearings.

The performance of rolling-element bearings is greatly
influenced by the friction levels between interacting bearing
elements. The contacts between the balls and races are often
subjected to very high loads and rolling speeds while the
sliding speeds, although a great deal smaller than the rolling
speeds, vary significantly as a function of the ball/cage and
cage/race collisions. The contacts between the balls and the
cage and between the cage and the race are intermittent in
nature with forces being nominally zero but possibly very
high during contact. Also, since these elements interact in
a pure sliding mode, the sliding velocities are generally very
high.

The present study is directed toward a developmental
solid-lubricated ball bearing for high-temperature turbine
engine applications, where the material of the races is M-
50 tool steel, the balls are ceramic (NC-132, hot-pressed
silicon nitride), and the cage is made of a polyimide com-
posite material impregnated with the solid lubricant. Thus,
the lubricant at the ball/race interface is in the form of a
transfer film formed by the solid lubricant released from
the cage as a function of the ball/cage collisions. Since the
friction forces, generated as a function of the complex ther-
momechanical interaction between the various bearing ele-
ments, would have a profound effect on the bearing per-
formance, the development of a realistic model for the
frictional interactions at the ball/race, ball/cage, and cage/
race contacts is crucial.

The approach taken in the present study consists of three
steps: (1) experimental studies to understand the tribolog-
ical behavior of individual contacts in the bearing, (2) input
the experimentally derived friction behavior to computer
models and obtain analytical simulation of bearing perfor-
mance, and (3) evaluate the computer predictions in the
light of experimentally observed bearing performance. For
the selected bearing materials, the fundamental friction and
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wear experiments were first conducted over the expected
range of operating conditions, and the friction or traction
behavior at the ball/race, ball/cage, and cage/race interfaces
in the bearing modeled. These traction models were then
used as input to the bearing dynamics computer program
ADORE (I) (Advanced Dynamics Of Rolling Elements). The
bearing performance simulations were then generated over
the expected conditions of operation. The computer pre-
dictions so obtained were compared to actual bearing per-
formance data to establish the validity of the modeling pro-
cedure and prove the overall feasibility of the developmental
approach.

EXPERIMENTAL

Fundamental friction and wear experiments were un-
dertaken to model the behavior at the ball/race, ball/cage,
and cage/race interactions. The behavior at the ball/race
contact is simulated by a ceramic (NC-132 hot-pressed sil-
icon nitride) ball sliding against the circumference of a disk
of M-50 tool steel, where the lubricant transfer is provided
by rubbing the cage material against the disk. The ball/cage
interaction is modeled by a high-speed sliding experiment
where the cage material slides against a NC-132 ceramic
disk. Similarly, the cage/race contact is simulated by an ex-
periment where the cage material slider rubs against a M-
50 disk. The description of tests of additional material com-
binations completed as part of the program is omitted here
for brevity but described elsewhere (2).

Test Materials and Specimens

The materials chosen for the study are expected to be
suitable for high-temperature rolling-element bearings. Disk
specimens of M-50 tool steel were prepared to represent
the bearing races, while a set of NC-132 hot-pressed silicon
nitride, as manufactured for the test bearing, were obtained
for use as ball specimens. For the high-speed ball/cage slid-
ing tests, the NC-132 disk specimens were made from the
same material from which the bearing balls were con-
structed. Some typical physical and thermal properties of
these materials are given in Table 1. The balls were 5.56
mm (752 in) diameter and ground to precision bearing tol-
erances and finishes. The disks were 50.8 mm (2 in) di-
ameter by 12.7 mm (0.5 in) wide with a 15.24 mm (0.6 in)
diameter bore for mounting purposes; roundness, square-
ness, concentricity and flatness tolerances were within 5.0
um (0.0002 in) TIR and the outer diameter was within 0.1
um (4 min) surface finish.

Two composite materials were chosen to be representa-
tive of the cage material of the bearing (4). The first of these
materials was designated HAC-1/T50 F1 and consisted of
50.1 percent woven graphite fiber and 41.3 percent polyi-
mide matrix material. Blended with the matrix material
were a 2.2 percent gallium, indium, tungsten diselinide mix-
ture and 1.4 percent (NH4) 2HPO4. The material contained
4 percent by volume of voids. The second material, desig-
nated HAC-1A/T300 F1 was of similar composition but con-
tained approximately double the volume of lubricant ma-
terial.

Test Setup

The experimental device used to conduct the tests is il-
lustrated in Fig. 1. It is based upon a horizontally mounted
precision spindle supported the oil-lubricated ball bearings
which can be driven at the remote end by an integral air
turbine for high-speed operation or by an electric motor
for low-speed operation. The front end of the spindle is
water cooled to protect the support bearings from excessive
operating temperatures. A clam-shell-type electric furnace
containing an array of quartz heater rods was placed around
the test section to provide ambient temperatures to 700°C
(1300°F).

A disk-shaped test specimen is mounted on the support
spindle, as shown in Fig. 2. Some special features are in-
corporated in the design to allow for the extreme temper-
atures in the test area and the differences in thermal ex-
pansion coefficient of the disk materials: (1) by using materials
of progressively lower coefficients of thermal expansion near
the end of the shaft, (2) by use of a tie bolt to absorb thermal
stresses in the axial direction, (3) by selecting the bore of
the test specimens to give the best fit over the temperature
range of the tests, and (4) by design of a special sleeve with
stress relieving slots over which the test specimens were
mounted; a mounting was achieved which minimized loss
of concentricity at high speeds and with which no cracking
of the ceramic test disks due to thermal stress was experi-
enced.

The static test specimen, mounted on the end of the loader
arm, makes sliding contact with the periphery of the disk.
The other end of the loader arm is mounted on a simple
universal joint utilizing instrument-size ball bearings to min-
imize friction forces. The slider is loaded against the pe-
riphery of the disk by dead weight and the friction is mea-
sured with a strain gauge load cell attached to the arm by
a rigid, self-aligning linkage.

TABLE 1—TYPICAL PHYSICAL AND THERMAL PROPERTIES OF BALL AND DISK MATERIALS (3)

THERMAL COEFFICIENT
ELasTIC CONDLUCTIVITY OF THERMAL
HARDNESS MoDuLUS Cal/s m °C EXPANSION
AT 20°C AT 20°C 10~6rC
MATERIAL Rc GPa (10° PSI) 20°C 800°C 0-800°C
M-50 Tool Steel 64 190 (28) 13.4 — 12.3 (300°C)
Silicon Nitride 78 310 (45) 7.3 4.7 2.9
(NC-132)
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650°C BALL-ON-DISC FRICTION AND WEAR TESTER

Bail-on-Disc
Co;lrz:lzble Water-Cooled Sliding Test —
lectr " .
Furnace or Support Spindle Specimens Frictional
Fluid Tank X . Torque tLoad
A Oplional Turbine Celt
A or Electric Drive
\ Speed
Sensor
—_— . b *\
. e ¥ = 4
E,—I -ﬂ 7l
h
Stick ]
Lubricator 1|
System
L YT | 7,
- A
Test Load

View A-A

 Termperatise
&k m”f‘n}/ .3

Fig. 1—Continuous sliding ball on disk material tester
(a) Schematic diagram
(b) Photograph of test section
(c) Photograph of rig and instrumentation
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Fig. 2—Mounting of ceramic disk on metal shaft

Simple brackets were designed to hold either ball-shaped
sliders or prismatic sliders of rectangular cross section, of
the cage material, on the end of the loader arm. When balls
were used as the sliders, a block of the solid lubricant con-
taining cage material was loaded against the disk rim surface
to provide a source of lubricant for transfer to the contact
between the disk and slider.

Instrumentation was provided to measure temperatures,
sliding speed, and frictional force. Chromel-alumel ther-
mocouples were mounted on the slider and in the furnace
chamber with outputs displayed on a strip chart recorder
and on digital readouts. A fiber-optical sensor was directed
at a black and white segmented target on the turbine wheel
or motor shaft and connected to a frequency counter with
digital readout to indicate the sliding speed. The output
from a strain gauge load cell was recorded on a strip chart
recorder to provide a record of the frictional force.

In order for test results to provide legitimate data for the
formulation of traction models to simulate bearing perfor-
mance, the test conditions were selected to be representative
of conditions in the ball/race, the ball/cage, and the cage/
race contacts. Because conditions are so different in these
three types of contact, separate tests were conducted to
simulate each type of contact. The ball/race contact is char-
acterized by high Hertzian stresses of a continuous nature
and relatively low sliding velocities which may vary greatly

in magnitude with time. The ball/cage and cage/race con-
tacts are intermittent in nature with the stresses being nom-
inally zero but becoming relatively high during brief tran-
sients when collisions between bearing elements occur.
Because of the different material pairs involved, different
tests were conducted to generate data for each of those types
of contact. Table 2 shows test conditions for the tests dis-
cussed here.

Prior to performing friction and wear tests, the disk spec-
imen was mounted onto the spindle sleeve and checked to
assure that radial runout was less than 7.6 um (0.0003 in)
TIR. The spindle was then run up to speed at room tem-
perature and the runout and tiebolt tightness were re-
checked. The procedure was then repeated at the maximum
test temperature. Following this, the load arm with the slider
to be used in the test was mounted and carefully adjusted
so that the slider and the disk were properly aligned. The
torque measuring system was statically calibrated before and
after each test by lifting it just clear of the disk on a thin
thread and then applying a series of known loads while the
output of the load cell was recorded on a strip chart re-
corder, creating a stepped calibration plot.

Sliders of the cage material were dimensionally checked
using a precision micrometer before and after each test to
determine wear. The diameter of the wear scar on ball
sliders was measured after each test using an optical mi-
crometer attachment on a microscope to determine wear
and the contact stress at the conclusion of the test.

Due to limited availability of ball and disk test specimens
and especially cage material, the test procedures were planned
to make maximum utility of these materials. Continued usage
of the same specimen pairs during a series of load or speed
changes was sometimes made. This was made possible by
realigning the specimens so that a new wear track was uti-
lized or sometimes refinishing specimen surfaces.

Test Conditions

The initial series of tests were performed to simulate the
cage/race contacts and consisted of a slider made of the cage
material loaded against the M-50 disk. A series of constant
speed tests were made at 5000, 10 000, 20 000, and 30 000

TABLE 2—SUMMARY OF TEST CONDITIONS
MATERIAL TEST—PAIRS
SILICON NITRIDE SILICON NITRIDE
M-50 STEEL NC-132 NC-132
TEST PARAMETER vs HAC-1* vs HAC-1* vs M-50 STEEL"
SPEED rpm 0-30 000 0-30 000 0-50
cm/s 0-7980 0-7980 0-13.3
AMBIENT TEMPERATURE °C 204, 316 204
°F R.T., 400* R.T., 400, 600 R.T., 600
CONTACT STRESS MPa | 0.69 to 20.7 0.69 to 20.7 690 to 1725
Kpsi 0.1t 3 0.1t03 100 to 250°

NOTES: * HAC-1/T50 Fl and HAC-1A/T300 Fl.
¥ Lubricated by stick lubricant transfer.

* Temperatures limited because of bond to metal strength of HAC materials.

§ Initial contact stresses.
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rpm at each of several constant loads and at room temper-
ature. Termination of operation at each speed level was
based on torque smoothness, self-generated temperature
rise and wear rate. Typical test times were in the range of
4 to 8 minutes at each speed level. Based on experience
with room temperature tests, an appropriate loading was
selected for elevated temperature tests. For M-50 tests, the
temperature was restricted to 204°C (400°F) because of con-
cern with the strength of the epoxy bond between the lu-
bricant material and its mounting block. At elevated tem-
peratures, a continuous, but slow, sweep was made through
the speed range to 30 000 rpm over a few minutes period
with friction and temperature data taken during a brief
dwell interval at selected speed values. The ball/cage inter-
action was simulated by testing with cage material sliding
on a disk made of silicon nitride was performed in a similar
manner, with the exception that elevated temperature test-
ing was performed both at 204°C and 316°C (600°F).

To approximate conditions in the ball/race contacts, tests
were conducted in which a ball-shaped slider was loaded
against the disk. Lubrication was provided to the contact by
transfer from a stick of the lubricant-impregnated cage ma-
terial which was loaded against the rim of the disk with a
load of 13 N (3 Ibf), which represents a typical ball/cage
collision force. Sliding velocity was varied through a range
of 0-50 rpm under a series of constant loads at room tem-
perature and at 316°C. The test was allowed to run for
approximately one minute at each speed before taking data
to allow conditions to stablize. Before beginning to test at
a new temperature level, the load arm was adjusted so that
the slider would be in a new axial position on the disk and
the disk was prelubricated by stick transfer for one hour.

Test Results

Slider on Disk

The results of room temperature friction tests performed
with a slider of HAC-1/T50 F1 cage material against a
M-50 tool steel disk at four speeds and with a series of
increasing loads are shown in Fig. 3. If specimen temper-
atures became excessive, or if drive spindle speed or fric-
tional torque became erratic at any speed, no higher load
was applied at that speed. The data indicate that under these
conditions the loading which could be sustained by the cage
material slider was limited to 3.4 MPa (500 psi) in the 5000
to 10 000 rpm range and less than 0.34 MPa (50 psi) at
30 000 rpm. The magnitude of the friction coefficient shows
an increase with speed from a typical value of 0.3 at 5000
rpm to 0.6 or 0.8 at 30 000 rpm. With increasing speed, the
torque became increasingly erratic. With the increasing fric-
tion forces at higher speeds, the temperature measured on
the slider mounting block became higher, reaching 166°C
(330°F) at the end of the 30 000-rpm test.

Examination of the slider and disk surfaces, shown in Fig.
4, at the conclusion of the test showed evidence that a great
deal of wear had taken place on the slider. Gridlike lines,
formed by graphite fibers which have been exposed at the
surface due to the depth of wear, may be seen on the wear
surface of the slider. The circumferential lines seen on the
surface of the disk appeared to be cage material and pro-
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Fig. 3—High-speed data, HAC-1/T50 F1 vs M-50, room temperature

Fig. 4—M-50 disk and HAC-1/T50 F1 specimen after 30 000 rpm test at
room temperature.
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vided evidence of lubricant transfer to the disk surface.
During the accumulated 23 minutes of operation in these
tests, the average wear rate of the slider was calculated to
be 0.492 mm®min (3 x 10-? in®min).

A test at elevated temperature was performed with a dif-
terent slider of HAC-1/T50 F1 and the same disk of M-50
tool steel, which was first cleaned by wiping with carbon
tetrachloride fluid. During this test, a load of 5.1 N (1.15
1b) was applied to the slider. Speed was gradually increased,
reaching 30 000 rpm over the six-minute duration of the
test. The test was performed at an ambient temperature of
204°C (400°F). The friction coefficient and slider temper-
ature were measured at selected speed values and are shown,
labeled as original data, in Fig. 5. During the test, the slider
temperature increased with increasing speed, reaching a
maximum of 427°C (800°F) at 30 000 rpm. The friction
coefficient reached a maximum of 1.1 at 10 000 rpm and
declined with further increases in speed to a value of 0.6
at 30 000 rpm.

Post test inspection of the disk surface found it to be clean
and smooth with no evidence of material transfer from the
slider. The slider was severely worn and structural fibers
were exposed and delaminated. The wear of the slider was
sufficient to have significantly changed its effective contact
area. The contact stress was calculated to have decreased
from about 0.69 MPa (100 psi) at initial contact to 0.076
MPa (11 psi) at the end of the test.

Results from a series of tests similar to the previous room
temperature tests are shown in Fig. 6 for a slider of HAC-
1/T50 F1 against a disk made of NC-132 silicon carbide.
The results are similar except that the friction coefficients
are significantly lower and the data suggest that higher load-
ing levels can be sustained before self-generated tempera-
tures become excessive. At 20 000 rpm, an excessive load
was applied causing torque to become erratic and the slider
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Fig. 6—High-speed data, HAC-1A/T300 F1 vs NC-132, room temperature

temperature to reach a temperature of 174°C (345°F). The
test was immediately stopped and the disk surface temper-
ature was measured with a surface contact pyrometer to be
293°C (560°F). Post test examination of the test specimen
surfaces, shown in Fig. 7 showed thermal cracking on the
surface of the slider while the disk surface was found to be
clean and smooth. The slider surface was refinished, the
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Fig. 5—High-speed data, HAC-1/T50 F1 vs M-50 disk at 204°C ambient
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disk surface cleaned, and the mating pair run in for 5 min-
utes at 10 000 rpm before proceeding to 30 000 rpm to
complete this series of tests. At 30 000 rpm, the test was
immediately stopped when the torque became erratic; post
test inspection showed the specimen surfaces to be in good
condition.

x5

NC-332 Disc

HAC-1A/T300F1 Lubricant Block

X23 x54

Fig. 7—Condition of HAC-1A/T300 F1 and NC-132 specimens after 20 000
rpm test at room temperature.
(a) Disk before cleaning
(b) Lubricant block before refinishing
(c) Lubricant block after refinishing and testing at 30 000 rpm

The specimens used in the previous test were cleaned or
refinished and used for a test at 204°C, similar to the test
performed at the same temperature with the cage material
sliding on a disk of M-50 steel. In contrast to the case for
M-50, the specimen temperature in this test remained stable
at approximately ambient, as shown in Fig. 8. The friction
coefficient was significantly lower and showed little variation
with speed. The condition of the surface of the slider after
testing at 30 000 rpm is shown in Fig. 7(c).

Because of the success at 204°C, the decision was made
to test this material combination at 316°C (600°F) ambient
temperature. Friction coefficient over a similar speed range
for a series of loads is shown in Fig. 8 and the results are
very similar, with the friction coefficient showing neither
strong load nor speed dependence. The temperature data
are also similar, showing only a slight rise above ambient at
30 000 rpm. Post test inspection showed the slider surface
to be in good condition and the disk surface to be clean and
without evidence of material transfer.

To evaluate differences in lubricant materials, the test at
204°C ambient temperature was repeated, with a slider of
HAC-1/T50 F1 cage material substituted for the HAC-1A/
T300 F1 slider. The results, shown in Fig. 8, are very similar,
indicating no significant apparent differences with the two
slider materials on NC-132 disks.

After the poor performance of HAC-1/T50 F1 on M-50
had been compared to the very good performance of the
cage materials on NC-132, a decision was made to repeat
the previous test at 204°C on M-50. The results, shown in
Fig. 5, are different in magnitude but similar in that friction
levels are much higher than on NC-132 and self-generated
temperatures in the specimen are much higher than am-
bient.

Ball on Disk

To simulate conditions in the ball/race contact, tests were
conducted in which a ball of NC-132 silicon nitride was
loaded in sliding contact on a disk of M-50 tool steel at room
temperature and at 316°C. The disk was prelubricated by
running the transfer lubricant stick against the disk at the
proposed test temperature for one hour at about 100 rpm.
Because of program limitations, the same ball and disk con-
tact zones were used during each series of tests at a given
temperature level with the contact loading starting at the
minimum value and then increasing in steps. The dwell time
to get data at any speed and load point was approximately
one minute.

Friction coefficient is shown as a function of speed for
three levels of load at room temperature and at 316°C in
Fig. 9. The limited sensitivity to speed occurred mainly be-
low 5 cm/s sliding speed. The friction coefficient was sen-
sitive to load at room temperature but considerably less so
at 316°C, where beneficial oxides may be formed or the
lubricant may perform better. Contact stress levels were
considerably diminished during the term of a test due to
wear on the ball. Initial Hertz stress was 1.32 GPa, while
the final stress varied from 53.1 MPa at room temperature
to 193.1 MPa at 316°C. Post test inspection revealed a
brownish red debris around the edge of the contact zone
at the end of room temperature testing and two sharp



scratches on the disk. At the end of the elevated tempera-
ture tests, a light surface band was evident on the disk.

Computer Modeling

The analytical effort in the present program consisted of
modeling the friction behavior at the ball/race, ball/cage,
and cage/race interfaces, the computer simulation of bear-
ing performance, and then comparison of the computer
predictions with actual bearing tests.

H. E. BANDOW, S. E. GrRAaY anD P. K. GupTA

In order to demonstrate the significance of the friction
experiments undertaken during the present investigation,
a main shaft bearing in a small gas turbine engine was se-
lected as the candidate bearing and the influence of the
observed friction behavior on the overall bearing perfor-
mance was investigated. The geometry of the bearing and
operating conditions are given in Table 3. The operating
speed of 63 500 rpm, thrust load of 450 N and a rotating
radial load of 225 N selected are typical of operation.
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TABLE 3—BEARING GEOMETRY AND MATEIRAL PROPERTIES

PARAMETER VALUE UNITS
Bore 29.54 mm
Outside Diameter 47.00 mm
Ball Diameter 5.56 mm
Number of Balls 17
Pitch Diameter 38.51 mm
Contact Angle 18.6 degrees
Curvature, Outer Race 0.52
Curvature, Inner Race 0.54
Cage Outer Diameter 41.22 mm
Cage Inner Diameter 37.39 mm
Cage Width 8.19 mm
Diametral Cage/Race Clearance 0.25 mm
Diametral Ball Pocket Clearance 0.25 mm
Density-Race 7750. Kg/m3
Elastic Modulus-Race 200. GPa
Poisson’s Ratio-Race 0.25
Coeff. of Thermal Expansion-Race 117 x 107° °K~!
Hardness-Race 7.85 GPa
Wear Coefficient-Race 5.0 x 1078
Density-Ball 3200. Kg/m®
Elastic Modulus-Ball 310. GPa
Poisson’s Ratio-Ball 0.26
Coeff. of Thermal Expansion-Ball 29 x 107° °k!
Hardness-Ball 10.0 GPa
Wear Coefficient-Ball 2.0 x 107
Density-Cage 1500. Kg/m®
Elastic Modulus-Cage 1.73 GPa
Poisson’s Ratio-Cage 0.30
Coeff. of Thermal Expansion-Cage 3.0 x 107¢ °kK~!
Hardness-Cage 1.0 GPa
Wear Coefficient-Cage 0.1 x 107

Models of the relationship between slip speed and traction
coefficient were based on experimental data discussed above.
For the ball/race interface, as shown in Fig. 9 for SiN versus
M-50 tests, the traction coefficient is assumed to be constant
at 0.60 at slip velocities above 2.5 cm/s. In view of the un-
certainties in the experimental data at very low sliding speed,
the traction coefficient is assumed to be linear with slip at
velocities below 2.5 cm/s. The quantitative accurancy of such
behavior has been reported earlier (5)(6).

To approximate the behavior shown in Fig. 8, the traction
coefficient at the ball/cage interface SiN versus HAC-1A/
T300) was assumed to have a constant value of 0.1; this is
Jjustified because the sliding velocity at the ball/cage interface
is high enough that the experimental friction data show no
significant speed dependence. Similarly, the friction coef-
ficient at the cage/race interface is assumed to be constant
at 0.60; this is based on the experimental data presented in
Fig. 5.

Using the computer program ADORE, the performance
of the bearing is simulated over more than one revolution
of the shaft. Variations in the bearing motion come from
several sources. The rotating load causes a sinusoidal var-
iation in the contact loading of the balls, the contact angle,
and, to some degree, the orbital velocity. Collisions between
the balls and the cage, either as a result of these variations

or as a result of variations in cage motion due to collision
with the race, cause larger variations in the ball orbital ve-
locity and large spikes in ball slip velocity, as shown in Fig. 10.

Following a ball/cage collision, the slip velocity quickly
returns to its nominal motion, indicating an inherent sta-
bility in the bearing motion, but impact loads at the time of
the collision are predicted to be as high as 80 N, as shown
for several balls in Fig. 11. Such collisions are predicted to
be in a direction such that the forces act against the webs

o = - T T
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Q 02 04 06 o8 1 2 14 16 18 2 22
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o = QUTER RACE & = INNER RACE
M=—8.66E—-02 M=50E-02
S= 326602 S= 22501

Fig. 10—The variation in slip velocity at the ball/race contact
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between ball pockets. The simulation also predicts that usu-
ally several adjacent balls will collide with the cage at the
same time, which may set up shear forces sufficient to frac-
ture the webs between ball pockets.

Forces acting at the cage/race interface may also become
quite large, as shown in Fig. 12. The increasing magnitude
of both the force and frequency of collisions at the cage/
race interface indicates some instability in the cage motion.
This is also indicated by the variation in the power loss, as
shown in Fig. 13.

Experimental data on the performance of the bearing
under consideration were recently obtained by Meeks and
Eusepi (7). The duration of tests in the bearing program
was quite limited and dominated by cage failures. In some

T
=}
x
g ¥
g 24
] /\
0 T av. T r t '
02 a4 as 08 1 12

™E ) x0°

M= 9.48E+C
S= 138E+0"

14

Fig. 12—Normal force at the cage/race interface

g. 11—Ball/cage collision forces in adjacent ball pockets

cases, the cage was completely destroyed while, in other
cases, the two rims of the cage were separated due to frac-
tured pocket walls. A typical failed cage [from Ref. (4)] is
shown in Fig. 14. The balls and races were typically free of
any significant damage. These results are in good agree-
ment with the computer predictions discussed above.

The agreement between the failure mode observed in
laboratory tests of a bearing and that which is simulated by
the computer modeling of bearing performance, based on
the experimentally determined frictional behavior between
the interacting elements, substantiates the overall validity
of the approach taken in this study. It must be emphasized
that the fundamental experiments to characterize the fric-
tion behavior of the materials involved under conditions

M= 153C+03

0 S= 10E+03

T T

0 02 0.4 06 08 1 2 14
™E (5) x0°

Fig. 13—Total power loss in the bearing as a function of time
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Fig. 14—Self-lubricating composite cage after full bearing testing

experienced in the contacts between bearing elements are
a significant part of the modeling process and realistic fric-
tion or traction models are significant inputs to the com-
puter simulations of overall bearing performance. Thus,
the experimental evaluation of the frictional behavior of
potential solid lubricants is a key step in the overall devel-
opment of a solid-lubricated bearing. The computer mod-
eling of bearing behavior, on the other hand, cannot only
provide a realistic simulation of bearing performance, but
a parametric evaluation of performance of the bearing as
a function of the frictional behavior of the materials may
result in substantial guidance for material development for
a prescribed performance specification of the bearing.

CONCLUSIONS

The computer simulation of a high-temperature engine
ball bearing operating with solid lubrication was successfully
completed. To achieve this, the study used experimental
friction and wear data which was modeled and used as input
to the advanced bearing dynamics computer program
ADORE.

In the first series of experimental tests, the friction, wear,
and lubricating behavior of HAC-1 sliders against M-50 and
NC-132 disks were determined at sliding contact speeds up
to 30 000 rpm, and ambient temperatures to 316°C and
over a range of loads; these conditions are representative
of the bearing operation. The test results showed that
HAC-1 sliding on NC-132 had significantly lower friction
forces, lower wear rates, more stable operating tempera-
tures, and higher load capacity than it did when sliding on
M-50.

In the second series of experimental tests, the low-speed
sliding velocities occurring between balls and races during
normal operation were simulated by sliding a ball of NC-
132 against a disk of M-50 which received lubrication by
rubbing a stick of HAC-1 material against the disk. The
tests were conducted with sliding speeds from 0 to 15
cm/s and at temperatures to 427°C. The initial Hertzian
contact stress between the ball and the disk (typically 1.55
GPa) was reduced rapidly due to wear. The friction mea-
surements from these two series of tests were used to derive

appropriate traction models for input to the ADORE com-
puter program to simulate bearing performance.

The results of the computer simulations demonstrated
that large forces would be transmitted to the walls between
cage ball pockets during collisions between balls and the
cage. These happen because of variations in the ball orbital
velocities due to the radial component of the load and be-
cause of the large friction forces acting between the balls
and races and between the cage and the race. The magni-
tudes of the forces transmitted to the cage is sufficient to
cause rapid wear of the cage material and even to cause
structural failure to the cage. These results agree with tests
of an actual bearing carried out earlier, where cage failures
from failed webs were typically observed.

Recommendations

The study has demonstrated the viability of a novel ap-
proach toward understanding bearing behavior. Develop-
ment of better performing bearings could result if some
questions raised by the study were properly addressed.

Significantly different friction forces were observed un-.
der the same operational conditions when cage material was
sliding against NC-132 than when the same cage material
was sliding against M-50. This leads one to question whether
other material combinations could lead to even better results
and whether there might be ways to modify the surface of
the steel, say by coating it in some way with silicon nitride
to improve its friction characteristics.

In some cases, there was little visual evidence of transfer
of lubricant to the contacting surfaces which leads to a series
of questions. Could one improve the transfer process by
changes in such parameters as rubbing force? Are there
more reliable ways of supplying the lubricant, such as plat-
ing it on the bearing surfaces themselves or blowing it into
the contracts in form of a powder? Has the fact that tests
simulating the ball/race contact were conducted without
rolling between the contacting surfaces affected the results
observed? Are there other lubricant materials which would
lead to better performance?

A program to answer these and many similar questions
was beyond the scope of the current study. Such a program
would provide enhanced understanding and significant
benefits. Its cost and effort would be reduced greatly by
taking an approach similar to that used in this study in-
volving fundamental experimental studies to characterize
the tribological behavior of materials and analytical simu-
lation of bearing performance using appropriately derived
traction models to simulate the effects of material properties
on bearing performance.
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