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PREFACE

This report was prepared by Mechanical Technology Incorporated, Research and
Development Division, under Contract F33615-83-C-5037 and Task No. 35760004 for
the Air Force Wright Aeronautical Laboratories, Wright-Patterson Air Force
Base, Ohio, 45433. Dr. H. Bandow administered the progfam for the Air Force.
The principal investigator at Mechanical Technology Incorporated was Stanley
Gray; the computer modeling and analysis was performed by Dr. Pradeep K. Gupta

of PKG Pradeep K. Gupta Inc., a consultant on the program.

Mechanical Technology Incorporated modified and used a company owned high

temperature friction and wear tester in the experimental evaluations.
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SUMMARY

A combined experimental materials and computer simulation study was performed
for a high temperature solid lubricated ball bearing under conditions represen-
tative of a gas turbine engine. The performance predictions were compared to
the experimental test behavior of complete ball bearings and showed good corre-

lation.

In the pin on disc type material sliding tests, the friction and wear perform-
ance of M-50, NC-132 and alpha silicon carbide pairs with HAC-1 type lubricant

composite were determined.

In the first mode of testing to simulate the interactions between the cage mate-
rial and other bearing elements, the pairing of HAC-1 with M-50 and NC-132 at
conditions up to 30,000 rpm and 316° C (600° F) showed that the HAC-1 and NC-132

pair gave the lowest friction and wear and more stable temperatures.

In the second mode of testing to simulate low speed skidding which occurs
between the ball and race materials at conditions of up to 15 cm/s, high Hertzi-
an stress, and 427° C (800° F), the static specimens showed rapid wear. Fric-
tion coefficients were high, being in the range 0.4 to 0.8 for M-50 and NC-132

pairs and higher with Alpha Silicon Carbide pairs.

This test data was used to prepare traction coefficient models as input to the
apore( 1) computer program for bearing performance simulation. The analysis
predicted that due to the high traction coefficients, the interactive forces are
quite large and erratic with collisions occurring between he balls and cage
pockets and between the cage and race; these conditions are inducive to cage

wear and breakage.

The study results showed good agreement with full scale testing of bearings of
these materials and demonstrated the significance of this combined material

evaluation - computer modeling approach to future bearing design and develop-

ment.
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SECTION I
INTRODUCTION

Rolling element bearings are being developed for advanced applications such as
high performance cruise missile engines., The temperatures experienced in such
applications are beyond the capability of liquid lubricants, therefore solid
lubricated bearings are being evaluated for these applications. In order to
develop the optimum lubricant materials, a better understanding of the relation-
ship between the wear and friction properties of lubricant, bearing materials

and bearing performance is needed.

The objectives of this effort were to study selected solid lubricant and bearing
materials, and develop experiment based friction and wear models suitable for
incorporation in traction models for the dynamic simulation of the performance
of rolling element bearings. The results of the subsequent computer analysis
could then be compared to experimental results already available from the test-
ing of complete ball bearings. In this way the value of this combined exper-
imental material test and analytical approach during the design work for future

solid lubricated rolling element bearings could be demonstrated.




SECTION II
TECHNICAL DISCUSSION

1. Program Approach

The program approach followed in the present investigation is schematically
described in Figure 1. For the selected bearing materials the fundamental fric-
tion and wear experiments were first conducted over the expected range of oper-
ating 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
(Advanced Dynamics of Rolling Element). The bearing performance simulations
were then generated over the expected conditions of operation. The computer
predictions so obtained were compared to actual bearing performance data to
establish the validity of the modeling procedure and prove the overall feasibil-

ity of the development approach.

2. Experimental Programs

A. Test Specimen Materials and Specifications

Ball and Disc Materials

The three basic materials used in the study were of types considered to be suit~-
able for high temperature rolling element bearings; discs and balls were
procured from all three materials. One material was a steel and the other two
ceramics. Details of the materials, their properties and configurations used in

the program are detailed below:

* M-50 tool steel CEVM heat treated to R; 63. Balls from Winsted Precision

Ball Corp. to specification Grade 10.

* NC-132 hot pressed silicon nitride. Base material provided by Norton
Corp. Test ball of NC-132 were provided by WPAFB from a group manufac-
tured by SKF Industries, Inc.




taking point. A new contact position was used at the start of each
temperature level test for each materials pair. In the testing of the
materials pair, NC-132 vs. NC-132, particular emphasis was put on cobtain-

ing friction data in the 0 to 10 rpm range.

D. Experimental Results and Data Reduction

* HAC-1/T50 Fl vs. M-50 Disc at Room Temperature

The results of the frictional tests performed at four speed levels, at
room temperature and with increasing loads are shown plotted in Figure 8.
The maximum test loading at any disc speed was limited when drive spindle
speed or frictional torque became erratic or if specimen temperatures

became excessive.

The data indicated that under these conditions of test the lubricant
block material would not sustain as high as loading as about 3.4 MPa (500
psi) in the 5,000 - 10,000 rpm speed range, or about 0.34 MPa (50 psi) at
30,000 rpm corresponding to a maximum PV of 27.5 MPa x m/s (785,000 psi x
fpm) at the higher speed and considerably higher at the lower speeds;}

this, of course, 1s not very surprising,

The friction trend showed an increase as a function of speed level from
typically a coefficient of 0.3 at 5,000 rpm to 0.6 or 0.8 at 30,000 rpm

and became increasingly erratic as a function of increasing speed.

The maximum temperature reached at the end of the 30,000 rpm test was
166° C (330° F) as measured on the static specimen mounting block, and
examination of the disc indicated a blueing of the material. Figure 9
shows the surface condition of the disc and specimen at the end of these
tests, with grid-like lines caused by the structural fibers in the lubri-
cant material showing on the disc surtace, indicating evidence ot compos-

ite material transter.

—16-
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ing additional tests at other positions on a test specimen, Or by
refinishing the specimens. The test materials, combinations and operat-
ing conditions used in the evaluations are summarized in Table 3. The

detailed test procedures used are discussed in the following paragraphs.

Detailed Procedure -~ Lubricant Block against Disc

The initial evaluations were performed with the M-50 disc material, in
combipation with the lubricant block specimens. A series of constant
speed tests with increasing unit loading was performed at room temper-
ature ambient; test speeds were 5,000, 10,000, 20,000 and 30,000 rpm,.
Termination of operation at each speed level was based on smoothness of
torque reading, self-generated temperature rise and wear rate. Typical

test times were in the range of 4 to 8 minutes at each speed level.

The elevated temperature test procedure with the same specimens used a
loading based on experience in the room temperature ambient tests, but
with the temperature limited initially to a 204° C (400° F) maximum
because of concern with the strength of the epoxy bond between the lubri-
cant material and its mounting block. It was decided that the best meth-
od of testing the available specimens was to make a continuous, but slow,
sweep through the speed range up to 30,000 rpm over a few minutes period
and take friction and temperature data during a short dwell interval at

selected speed levels.

Detailed Test Procedure - Ball on Disc

The test procedure tor the three material pairs was performed in a simi-
lar manner in the speed range of 0 to 50 rpm (13 cm/sec max.) which was
representative of the sliding velocities in a ball bearing and at temper-
atures of R.T., 316° C (600° F) and 427° C (800° F). The 427° C test was
omitted for the M-50 tool steel. All tests were provided with lubri-

cation by transfer stick.
Tests were performed in a series of constant load levels through the

speed range, following prelubrication ot the disc by stick transfer for

one hour. The test time was approximately one minute at each speed data

—14-




C. Test Procedures

General

Prior to performing friction and wear tests, the disc specimen was mount-
ed onto the spindle sleeve and checked for radial runout using a dial
indicator to ensure that the runout was within 7.6 um (0.0003") TIR or
less. The spindle system was then taken up to 30,000 rpm at room temper-
ature to check disc integrity and runout and the tightness of the tie
bolt nut was rechecked. The spindle was then raised to the maximum test
temperature and the above procedure repeated. The static test specimen,
either a ball or a solid lubricant block, was mounted on the loader arm
and the arm or the static specimen was adjusted to be at the desired

contact plane on the disc rim. The contact was carefully aligned.

The ball type specimen had the inherent advantage of self-alignment but
as discussed later, gave a rapid reduction in contact stress as ball wear

occurred.

The torque measuring system was statically calibrated before and after
tests by lifting the loader arm on a thin thread just enough to achieve
contact separation from the disc and then a series of increasing loads
were applied at the specimen mounting position with a precision Fisher
scale. This generated a stepped calibration plot on the moving tape in

the Sanborn recorder.

In order to determine wear of compliant static specimens, these were
dimensionally measured using a precision micrometer before and at the end
of each test and the dimensional difference calculated. The static ball
specimens were measured for diameter of wear spot using an optical micro-
meter attachment on a microscope. This also permitted determination of
final contact stress. Disc wear conditions were determined by observa-
tion or measurement with a Talysurf. Because of the limited availability
of disc, ball and solid lubricant specimens, the test program was planned
in the most meaningful manner and sometimes necessitated the continued
usage of the same specimen pairs during a series of load or speed chang-

es. This problem was alleviated somewhat due to the ability of perform-

-13=




TABLE 2

TEST INSTRUMENTATION AND DRIVE

Chromel-Alumel thermocouples.
Omega Engineering Model 250 KFI

Temperatures Digital Readout
Honeywell Electronik #111 Strip
Chart Recorder
MTI Fotonic Fiber-Optic Sensor
Model KD-AS.

Speed Frequency Counter HP 5381A. 80 MHZ.

Textronix Oscilloscope Type 502.
Stop Watch.

Friction Torque

Statham Load Cell #9016 Model
G1-80-350 (+ 80 Ozs.).
Sanborn Model #321 Dual
Channel Amplifier Recorder

Low Speed Motor
-Speed Reducer

and Controller

Baldor Industrial Motor Frame No. 74JKO.
Cat. No. GP7402 1/8 HP.

75 in. 1b., 33/1 Ratio.

Boehm Controller Serial No. V-15133

SPN No. BC-115

_12-




Figure 7

Mounting Method for Static Lubricant
Material Blocks (inverted view)
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The two different types of static specimens required different mounting systems.
The ceramic or steel balls were held on the loading arm using the system shown on
Figure 6 where the elasticity of a steel spring cup held the ball into a conical
collet type of seat. No difficulty was experienced due to ball movement and the
ball could easily be rotationally repositioned for additional test zones. In a
simiiar manner, the axial location of the loader arm and its support could be
changed relative to the mounting plate by shims to provide up to three test band

positions on the disc rim,

The solid lubricant impregnated test specimens were mounted on a simple bracket
as shown on Figure 7; this bracket replacing the ball type mounting assembly on
the load arm. Alignment of the compliant specimen to the disc surface was
achieved by adjustment to the loader arm's universal joint on the mounting

plate. Two test positions were possible on the surface of the disc rim.

To provide a lubricant transfer to the ball-disc contact, a block or stick of
the solid lubricant impregnated cage materials was mounted in the carrier mech-
anism previously illustrated on Figure 2 and visible on Figure 4. The lubricat-~
ing block was guided and dead weight loaded against the disc rim surface and
could be conveniently disengaged by removing the loading weight external to the
hot test environment. A load of 13 N (3 1b.) was used in all tests giving

contact pressure of the order of 0.5 MPa (70 psi).

The test instrumentation used in the program is illustrated on Figure 3. This
figure also shows the low speed electric motor with its speed controller coupled

to the rear end of the spindle and the turbine multiple air line connections.

Details of the test instrumentation are summarized on Table 2 and consist of
chromel-alumel thermocouples mounted on the static specimen spring cup or speci-
men block and in the furnace, with the outputs displayed on a strip chart and
digital readout for temperature measurements, a fiber-optical speed readout
picking up a black and white segmented target on the turbine wheel or electric
motor shaft and a digital display on a frequency counter, a stop watch for
setting and measuring the electric motor drive speed at the low end of the speed

range; and a strain gage load cell and a strip chart recorder for frictional

torque measurements.

-10-
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Figure 4 Close Up of Specimens in Rig

Figure 3 Overall View of Rig and Instrumentation
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illustrated schematically on Figure 2 and photographically on Figure 3 consists
of a horizontally mounted precision spindle with 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. For convenience,
the electric drive can be coupled to the spindle without removing the turbine.
The front end of the spindle is water cooled to protect the support ball bearing

from the hot test environment,

The front end of the spindle with the rotating test disc shown on Figure 4 is
surrounded by a clam shell type electric furnace which has an array of quartz
heater rods for generating the required test temperatures. The furnace will

provide test temperatures up to 700° C (1300° F).

The static test specimen is mounted at the end of the loader arm and makes slid-
ing contact with the periphery of the test disc. The other end of the loader arm
is mounted on a simple universal joint built with small instrument size ball
bearings which have negligible friction compared with that experienced at the

mating test specimens.

Loading is by dead weight, and specimen friction is measured with a strain gage
type load cell connected to the loader arm through the furnace wall by a rigid,

but self-aligning, linkage.

Particular care was used in designing the mounting systems for the test speci-
mens for the different test modes. The rotating test disc must maintain precise
concentricity while operating up to speeds of 30,000 rpm in the temperature
range from room temperature up to 427° C (800° F). One of the difficulties in
achieving this is the range of the coefficients of expansion of the disc materi-
als which significantly affected the bore fit on the spindle mounting sleeve.
This problem was solved as illustrated on Figure 5 by utilizing transition
components between the steel spindle and the test disc made from materials of
decreasing coefficients of expansion to match the bore size of the lower expan-
sion rate discs. Additional features of the mounting system were to use stress
relieving slits in the disc support sleeve and select the bore diameter to give
the best fit over the operating temperature range. The thermal mismatches in
the axial direction were handled with the flexibility of a tie bolt. No prob-

lems of loss of concentricity or cracking of the ceramic discs were experienced.
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* Alpha Silicon Carbide - sintered. Base material and machined parts

provided by Carborundum, Hexalloy Div.

Some typical physical and thermal properties of these materials are given in
Table 1.

Balls were 5.56 mm (7/32") di..n2ter and ground to precision bearing tolerances
and finishes. The test discs were 50.8 mm (2") diameter X 12.7 mm (1/2") wide
with a 15.24 mm (0.6") bore for mounting purposes; roundness, squareness,
concentricity and flatness tolerances were within 5.0 um (.0002") TIR and the

cylindrical outer diameter test surface was within 0.1 um (4 microinch) finish.

Lubricant Test Materials

The graphite fiber strengthened lubricant composite test pieces were provided by
WPAFB from an earlier development program(3) where these dry lubricant contain-
ing materials had been developed for use in cages in ball bearings operating at

high temperatures. These materials had the following compositions:

* HAC-1*/TS50 F1 consisting of 50.1%2% woven graphite fiber; 41.3%Z polyim-
ide, 2.2% "Westinghouse compound" composed of gallium, indium and tung-

sten diselenide, 1.4% (NH4)2HPO4 and 4% voids.

* HAC-1A/T300 Fl similar to the above, but with approximately double the

percentage of '"Westinghouse compound".
The second of these materials was introduced into the test program because of
limited quantities of specimens of the first material. Lubricant specimens were

machined to give 1/4" x 1/4" or 40.3 mm?2 ~rojected wear surface.

B. Friction and Wear Test Apparatus and Specimen Mounting

The experimental friction and wear studies were performed in a pin on disc type

rig owned and modified by MTI for the program requirements. The basic rig,

*HAC = Hughes Aircraft Corp. + volume percentage

4=



Candidate
Bearing
Materials

Application
Environment

Bearing
Dynamics
Computer

Model

Bearing
Performance
Tests

Y

Fundamental
Friction and Wear
Experiments

Y

Figure 1

!

Y

Traction Modeis for
Ball/Race, Ball/Cage
and Cage/Race

Interactions

Y

Bearing Performance

Simulations

Y

Model Validations

Schematic Overview of the Propsram Anproach



Coetficient of Friction () Coefficient ot Friction (u) Coetficlent of Friction (x)

Coetficlent of Friction (y)

0.8

0.6

04

0.2

0.6

0.4

0.2

06

04

0.2

0.6

0.4

0.2

Figure 8 Hi~h Speed Data LAC-1/T50 Fl vs.

? 30,000 rpm
! Erratic
5 10 15
| | 1
10 ¢ 20 30 40 50 60 70
i Load (N)
I T
o~ Erratic 20,000 rpm
5 10 18
| | |
10 20 30 40 50 60 70
Load (N)
1
10,000 rpm
?
KW'
5 10 15
L | L
10 20 30 40 50 60 70
Load (N)
5006 pm
] 10 15
L 1 |
10 20 30 40 50 60 70
Load (N)

-17-

(1b)

(1b)

(ib)

(ib)

End of Test Conditions

Temperature |  Load* Total
°C(°F) | MPa (psi) | Test Time
min.
166 0.34 4
(330) (50)
Disc
Blue
121 0.90 5
(250) (130
118 3.24 6
(240) {470)
7 241 8
- (160) (350)

*Based on Wear Scar Area

Disc Spec No. 1:

M-50

Cage Spec No. 1: HAC-1/T50F1

M50 at Room Temperature

842538




Figure 9

M-50 Disc and HAC-1/T50 F1 Specimen
after 30,000 rpm Test at Room Temperature
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During the accumulated 23 minutes of operation in these tests, the aver-
aged wear rate of the lubricant block was calculated to be 0.49 mm3 /min.
(3 x 1072 in3/min).

HAC-1/TS0Q F1 vs. M-50 Disc at Elevated Temperatures

A second specimen block of the lubricant material was used in these tests
with the previous M-50 test disc. The test disc was cleaned by lightly

wiping with carbon tetrachloride fluid.

Figure 10 gives a plot of the friction data and static specimen temper-
ature as a function of speed with the specimens in a 204° C (400° F) ambi-
ent temperature environment. Based on the findings of the previous room
temperature tests, the dead weight loading was limited to 5.1 N (1l.15
lbs.).

During the six minutes duration of this test, when sweeping through the
speed range from 0 to 30,000 rpm, the static specimen reached 427° C
(800° F) due to self-induced heating and the coefficient of friction

exceeded 1.0 at 10,000 rpm and finished at 0.6 at 30,000 rpm.

After the test, the disc surface was found to be clean and smooth with no
visual evidence of a lubricant transfer. The lubricant material was
severely worn with evidence of delamination of the structural fibers.
The calculated average wear rate for the lubricant block was 8.2
mm3/min.(5 x 10™% in3/min). Due to the heavy wear of the specimen which
significantly changed its effective area, the contact stress reduced
from about 0.69 MPa (100 psi) at initial contact to 0.076 MPa (11 psi) at

the end of the test.

HAC-1A/T300 F1 vs. NC-132 at Room Temperature

Data from the room temperature ambient tests with this material combina-
tion given on Figure 1l showed a general similarity of performance to
that of HAC-1/T50 Fl vs. M-50 except that coefficients of friction were
somewhat lower being typically 0.2 at 5,000 rpm and 0.3 to 0.4 at 30,000

rpm and the data suggests that slightly higher loading levels could be

-19-
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Figure 10 High Speed Data HAC-1/T50 F1 vs. M-50 Disc at ?.OQOC (AOOOF)
Ambient
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Coefficient of Friction () Coefficient of Friction (u) Coefficlent of Friction (u)

Coefficient of Friction (k)

End of Test Conditions

Total
Temperature| Load*
°C (°F) | MPa (psi)| T M:""'
166 0.83 3
(330) (120)
218+
(425)
174 172 13
(345) (250)
203+
(560)
141 2.00 17.8
(285) (290)
232¢
(450)
66 2.41 105
(150) (350)

*Based on Wear Scar Area
t+Disc Temp after Rotation Stopped

06 Specimen Refinished after
(_ 20,000-rpm Test 30,000 rpm
\/ Erratic
02 t Friction
5 10 15 20 (ib)
0 L i 1 U
10 20 30 40 5C 60 70 80 90
Load (N)
0.6 <
0.4 Lube Specimen 20,000 rpm
Had Heat Cracks
0.2
5 20 (b)
0 ) 1
10 20 30 80 90
0.8 l
10,000 mm
0.4 i
0.2
5 10 15 20 (ib)
0 ] | 1 1 1]
10 20 30 40 50 60 70 80 90
Load (N)
0.6
5,000 rpom
0.4
5 10 15 20 (Ib)
0 ] 1 | T
10 20 30 40 50 80 70 8 9
Load (N)
Figure 11 High Speed Data HAC-1A/T300 Fl vs. NC-132 at Room Temperature
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sustained at higher speeds before self-generated temperatures became

excessive.

As noted on Figure 11, as a result of attempting to push the material
pair to higher loading at 20,000 rpm, operation became erratic; the stat-
ic specimen reached 174° C (345° F) and the disc specimen as measured
with a surface contact pyrometer immediately on stopping had reached over
293° C (560° F). Examination of the static lubricant specimen showed
significant surface cracking. This is illustrated on Figure 12. The

disc, also shown on Figure 12, looked clean and smooth.

In continuing the test program, the same lubricant specimen was refin-
ished, the disc surface cleaned, and the mating pair run-in for 5 minutes
at 10,000 rpm prior to proceeding to the 30,000 rpm speed level. At the
30,000 rpm speed, testing was stopped immediately when erratic behavior
was evident to prevent specimen burn up. The good condition of the spec-

imens after this test is shown on Figure 13.

The total test time over the full speed range and including the 5 minute

run-in period was 49 minutes.

HAC-1A/T300 F1 vs. NC-132 at Elevated Temperatures

The same specimens used in the previous test were cleaned or refinished
and a similar test procedure of sweeping through the speed range up to
30,000 rpm at an ambient temperature of 204° C (400° F) was used as had

been described for the HAC-1/T50 Fl vs. M-50 test combination.

The results shown on Figure 14 are significantly different to the
HAC-1/T50 Fl vs. M-50 tests previously illustrated on Figure 10, showing
a stabilized temperature and friction level over the speed range with a
friction coefficient of about 0.15 as compared to almost run away temper-
ature and very high coefficients for the previous combination. This
confirmed the trend apparent in the room temperature tests and indicates

that the Lubricant composite performs better with NC-132.
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X6 X23

NC-132 Disc

X6

HAC-1A/T300F1 Lubricant Block

Figure 12 Condition of HAC-1A/T300 F1 and NC-132 Specimens
atter 20,000 rpm Test at Room Temperature
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X23 X54

Figure 13  Refinished HAC-1A/T300 Fl after
30,000 rpm Test at Room Temperature
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cation

In the next tests, the evaluation of the same HAC-1A/T300 Fl1 vs. NC-132
specimens were continued in a 316° C (600° F) temperature environment and
as shown on Figure 14 stable temperatures and friction levels were
evident over the speed range with the friction coefficients in the same
general levels as in the 204° C ambient tests. In these tests, a range of

increasing levels of test loadings was evaluated.

The total operating time at the 204° C and 316° C temperature levels was
58.4 minutes and the total averaged wear rate was 0,28 mm3/min. (1.7 x
1072 in3/min) which was about 1/30 of that measured in the HAC-1/T50 Fl
vs. M-50 tested only at 204° C and under light load. The condition of the
lubricant block after test was good and the disc surface was clean, and

did not show visual evidence of lubricant composite transfer.

Because of this interesting result and to evaluate the effect of the
lubricant differences, the last test was repeated at the 204° C ambient
temperature substituting the HAC-1/T50 Fl for the HAC-1A/T300 Fl materi-
al. The results of this test are shown in Figure 14 for comparison
purposes. The friction results were very similar, indicating no apparent

difference with NC-132 related to the two lubricant composites.

Repeat of HAC-1/T50 F1 vs. M-50 Elevated Temperature Test

Because of the poor performance previously discussed with this material

combination at 204° C (400° F), it was decided to repeat the evaluation.

A piot of this repeat test using a different HAC-1/T50 Fl specimen, but
the original M-50 disc has been added to Figure 10 for comparison with
the original test data. This indicates similar high levels of friction

and temperature increases and confirmed again the better performance of

the lubricant composite materials with the NC-132 disc material.

NC-132 Ball vs. M-50 Disc with HAC-1/T50 Fl Lubrication




This combination was of particular interest because of the correlation
possible in the computer modeling with data from actual bearing tests.
Evaluations were made at room temperature and 316° C (600° F). The disc
was prelubricated in these as in all subsequent test by running the
transfer lubricant stick against the disc at the proposed test temper-
ature for one hour at about 100 rpm. Because of program limitations, the
same ball and disc contact zones were used during each series of tests at
a given temperature level with the contact loading starting as the mini-
mum value and then increasing in steps. The dwell time to get data at any

particular load and speed point was approximatly one minute,

Figure 15 shows the friction vs. speed curves at three levels of loading
for this first material combination. The friction data showed some
sensitivity to speed in the 0-5 cm/sec. range but less above this range.
The data showed some sensitivity of friction to load and also apparently
to elapsed time in the room temperature tests, but considerably less
sensitivity to load in the 316° C (600° F) tests. This reduced sensitiv-
ity to load at elevated temperature was probably due to the formation of

beneficial oxides on the M-50 steel and to better lubricant performance.

The total elapsed test time for each temperature level is also given on
Figure 15. The tests started at Hertzlan contact stress levels of 1,324
MPa (192,000 psi), and as indicated in Figure 15, these rapidly decreased
during a test due to ball wear. Ball wear reached a scar diameter of 0.61
mm in a total test time of 20 minutes at room temperature and 0.33 mm in a

test time of 18 minutes at 316° C.

As a final test with this material combination, the loading at the end of
the 316° C test was increased to raise the contact stress to 690 MPa
(100,000 psi) and a single low speed test point was taken as shown on
Figure 15, In 10 minutes of operation, the contact stress had decreased
to 315.8 MPa (45,800 psi) due to ball wear, but the friction coefficient
associated with higher direct load fell to 0.15.

The condition of the specimens at the end of the room temperature test

showed that the ball had some brownish-red debris around the edge of the

-7~
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contact zone and the disc had two sharp scratches. At the end of the

elevated temperature test, a light surface band was evident on the disc.

During all testing, somewhat random, high pitched screeching occurred.

This was more frequent at lower loads or higher sliding speeds.

Typical torque force tracns from these and other material pair tests are
shown on Figure 16 for both room temperature and elevated temperature
tests and various loads and speeds. For the NC-132 and M-50 combination
the traces show the expected increase in chatter related to higher load-
ings and speeds. There was no apparent correlation with audible noise
which in any case would be above the frequency response of the chart

recorder pen mechanism.

Figure 17 shows the friction co2fficient plots for this ceramic combina-
tion derived at room temperature, 316° C (600° F) and 427° C (800° F). 1In
these tests, particular effort was made to obtain data at the lower end
of the speed range and this did show a trend of increasing friction with
speed. The frictional test results also showed some load dependency,
particularly at higher speeds. Friction levels at room temperature and
316° C were of the same order as the NC-132 vs. M-50 tests at those
temperatures, but the NC-132 material pairs showed lower levels of fric—

tion when the ambient test temperature was raised to 427° C.

These frictional coefficients were higher than usually found in the
literature and are believed to be the result of the high contact stress

causing rough operation during the rapid ball wear process.

From an initial Hertzian contact stress of 1,580 MPa (229,000 psi), the
tesults again s owed the rapid reduction in contact stress due to ball
wear with the ball scar diameters reaching 0.71 mm in 21 minutes at room
temperature, 1.12 mm in 19 minutes at 316° C and 0.91 mm in 16 minutes at

427° C respectivelv.
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generation return to their nominal values. This indicates a fairly stable

motion of the balls which is free of excessive skidding.

Typical interaction in the ball pocket 1is shown on Figure 23. The periodic
variation in the geometric interaction indicates the normal cyclic excursion of
the ball in the cage pocket. The contact angle of 0° represents a configuration
where the cage drives the ball, while the contact angle is 180° when the ball
drives the cage. Note that at the time of both collisions on Figure 23, the
contact angle was close to 180°, meaning that the ball is trying to drive the
cage; this results in a slight reduction in the ball orbital velocity, as seen

earlier in Figure 21.

The magnitude of the ball/cage collision force (of the order of 100 N) is typi-
cal. Figures 24 and 25 plot the collision forces for several balls in the bear-
ing. Aside from the rather large magnitude of the collision forces, the
collisions in pockets 1 to 5 are taking place almost simultaneously. This may
lead to a situation where several adjacent pockets may be torn, i.e., the wall
separating the two pockets may fracture, which could lead to a rather

catastrophic failure.

As a result of the larpe pocket ftorces, the interaction at the cage guide land is
also relatively severe. Nole that the magnitude of the cage/race contact force,
on Figure 26, 1is gradually increasing, which indicates some form of instability.
Also, the reduction in time between collisions indicates increased cage/race
interaction as a tunction of time. The heat generation at the cage/race inter-
tace may aiso be signiticant in the sense that a higher temperature at the cage
surtace may lead to a reduced guide clearance due to the differential thermal
expansion ot the cage and the guiding race. The reduced guide clearance may
result 1n turther increase in the cage/race interaction which may rapidly lead
to a rather catastrophic cage failure. However, in order to confirm such a
behavior, it will be necessary to obtain the computer simulations as a function

of the cage/race guide clearance.

The overall motion of the cage may be understood in terms of the mass center
whirl and the angular velocity variation plotted on Figure 27. Note that the
cage angular velocity does go through a cyclic variation due to the various

collisions in the pocket and at the guide lands. The angles THETA and PHI, shown
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The behavior between the silicon nitride ball and M-50 races was simulated by
taking a linear variation in traction as a function of slip until a maximum
traction coefficient of 0.60 was reached at a slip velocity of 2.5 cm/sec. The
relationship is shown schematically on Figure 20. This model simulates the
observed friction behavior with the M-50 disc and silicon nitride ball, as shown

earlier on Figure 15.
Again, based on the experimental results obtained with the silicon nitride disc
against HAC-1 composite, shown earlier on Figure 14, the friction coefficient at

the ball/cage interface was assumed to be constant at 0.10.

For the cage/race interface a constant friction coefficient of 0.60 is assumed.

This is based on the HAC-1 vs. M-50 friction tests, shown on Figure 10.

C. Computer Simulation of Bearing Performance

Using the advanced computer model ADORE (Advanced Dynamics of Rolling Elements),
the performance of the F10, #3 position bearing was simulated over approximately
475° rotation of the shaft. The initial print output, containing the geometry
and operating conditions 1is presented in Appendix A along with the graphic
output obtained near the end of the simulation. Appendix B gives the nomencla-

ture used in the analytical data.

As discussed, the bearing is subjected to a thrust load of 450 N and a rotating
radial load of 225 N, with the shaft speed of 63,500 rpm. The rotating radial
load results in a sinusoidal variation in the ball/race contact loads and angles
as shown on Figure 21, The ball orbital velocity also has a sinusoidal compo-~
nent, however, since the peak variation is quite small compared to the average
velocity, this variation is not seen on Figure 21. The small "bumps' in the

orbital velocity are due to the ball/cage collisions.

The slip velocities in the center of the ball/race contact zone are in the range
of about 5 to 10 cm/sec. and the corresponding heat generation at a typical
ball/race contact varied between 10 and 30 watts. However, for the small time
duration of ball/cage collision, the slip velocity may greatly increase as seen

on Figure 22. Note that after the collision, both the slip velocity and the heat
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Problems could occur due to hard metal or ceramic wear debris being picked up on
the lubricant stick to create a lapping or cutting action. This may have
occurred at one time in the NC-132 vs. M-50 tests and would explain the sharp

scratches found on the disc.

The third factor which was not studied in these evaluations, is establishing the
optimum stick contact pressure as a function of other operating parameters which
will give the minimum controlled feed rate for the stick for effective lubri-

cation.

3. Analytical Program

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 the bearing performance, and then comparison of the computer pred-

ictions with actual bearing tests.

A. The Test Bearing

In order to demonstrate the significance of the friction experiments undertaken
during the present investigation, the #3 position ball bearing in the Williams
International F107 cruise missile engine was selected as the candidate bearing
and the influence of the observed friction behavior on the overall bearing
performance was investigated. The geometry of the bearing and the operating
conditions are detailed in the typical computer output given in Appendix A. The
operating speed of 63,500 rpm, thrust load of 450 N and a rotating radial load of

225 N selected are typical of actual application.
B. Traction-Slip Model
Based on the experimental data reported in the preceding sections, the trac-

rion-slip models tor the various interactions in the bearing were established

using the following materials:

Bearing Races: M-50 Steel
Balls: Silicon Nitride
Cage: Hughes HAC-1 Composite
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Another difference compared to both of the other material pairs was the
smooth, albeit high friction force traces, shown on Figure 16. This was
coupled with little audible noise during the testing of this material

pair.

Relative Wear Performance

An evaluation of the relative wear rates of the balls was made based on calcu-~
lating the total ball wear volume loss in the total elapsed time of each series
of tests at the various loads and at a given temperature level. This showed the

following trends:

* At room temperature and 316° C, the M-50 ball wear rate in the NC-132 vs.

M-50 pair was lower than that of any other pair.

* At 316° C and 427° C, the NC-132 ball wear rate in the NC-132 vs. NC-132
pair was lower than for the Alpha Silicon Carbide vs. Alpha Silicon

Carbide combination.
In terms of disc wear at the two elevated temperature levels, the NC-132 vs.
NC-132 combination was slightly greater than Alpha Silicon Carbide vs. Alpha

Silicon Carbide.

Experience and Comments on Stick Lubricant Transfer System

While it was not an objective to study the lubricant transfer mechanism, lubri-
cant transfer was effective and sometimes visually evident in some of the test-
ing. Some of the factors which should be considered in applying this technique

to machinery include the following:

There can be difficulties related to keeping the lubricant stick aligned to
ensure that the actual disc/ball contact track is receiving lubricant. This
problem would be influenced by any thermal distortions of mechanical components
atfecting alignment. The more compliant the stick material is at the rotating
contact surface, the hetter the transfer should be. This compliancy should be

helped by higher operating temperatures.
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Figure 18 Typical Wear Traces on Ceramic Specimens
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The wear surfaces on the ball and disc after test are shown on Figure 18.
Examination of the tracks on the disc revealed light polishing in the
track for room temperature tests, but surface material disturbance
spikes of the order of +19 um (+80 microinches) in the track for the 316°
C test temperature wear track and slightly less in the 427° C wear track
with clear indication of some lubricant transfer in the track roughness

in both high temperature tests.

The random high trequency contact audible noise, which was uncomfortably
powerful at times, occurred in both room temperature and 316° C testing,
but was not evident at 427° C. In addition, a low frequency noise simi-

lar to a cutting action was heard in the elevated temperature tests,

Sample traces from the torque force measurements shown on Figure 16 for
this material combination taken at room temperature and 427° C show the
same trends relative to load and speed noted with the NC-132 vs. M-50
combination, but with significantly greater excitation amplitude at the

high load, high speed combination of operating conditions.

Alpha Silicon Carbide vs. Alpha Silicon Carbide with HAC-1-T50 Fl Lubri~

cant

These test specimens were made from a material with the highest Young's
Modulus of Elasticity of all the materials tested; t3e results of the
friction testing are shown on Figure 19. There was no particular sensi-
tivity to sliding speed, but the frictional coefficient levels were
significantly higher than the other two material pairs reach u= 1.0 or

higher in some tests and at all temperature levels,

Starting with an initially high Hertzian contact stress of 1,696 MPa
(246,000 psi), related to the higher modulus of elasticity, the same
rapid drop with ball wear was again evident with the ball scar diameter
being 0.50 mm in l6 minutes at room temperature, 1.19 mm in 15 minutes at
316° C and 0.99 mm in 17 minutes at 427° C respectively. Unlike the
NC-132 wvs. NC-132 tests and as shown on Figure 18, all the wear was
concentrated oa the ball with only light polishing and lubricant transfer

evident on the disc tracks.
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on Figure 27, denote the orientation of the cage angular velocity vector;
THETA, being essentially zero, indicates no significant coning motion of the
cage. The variations in the mass center whirl velocity are quite erratic on
Figure 27. This implies no significant whirl orbit and the cage essentially
moves around between the guide lands in an erratic fashion. This is confirmed

by plotting the mass center orbit, as shown on Figure 28.

The variation in the total power loss in the bearing is shown on Figure 29. Note
the increasing peaks in the power loss represent the increasing cage inter-
actions. Over the time of simulation the average power loss, as indicated on
Figure 29, is about 1.5 kilowatts. This is primarily due to the high traction
coefficient at the ball/race and cage/race contacts and excessive cage inter~

actions.

Based on the Archard's wear equation, the time average wear rates of the various
bearing elements are shown on Figure 30. Although the absolute values of these
rates are subject to the validity of the wear coefficients assumed, as indicated
in the print output in Appendix A, at the various interactions, certain trends
in the wear rates are significant. The wear rate of the ball will essentially go
through a cyclic variation, due to the rotating radial load on the bearing, and
it will eventually stabilize to a certain steady-state value. The wear rates of
the outer and inner races have already stabilized over the range of simulation
shown on Figure 30. This essentially means that the ball/race interactions are
dynamically stable and these contacts will have their normal wear life. The
wear of the cage, however, continues to increase as a function of time; this is
due to the increasing interactions at the ball/cage and cage/race interactions.
Such an increasing wear rate represents a possible instability as discussed

earlier.

D. Comparison of Computer Predictions with Experimental Full Bearing Data

Experimental data on the performance of the bearing under consideration was
recently obtained by Meeks and Eusepi(é). The bearing materials and the operat-
ing conditions were similar to those assumed in the present investigation. The
duration of tests in the bearing program was quite limited, being dominated by
cage failures, in some cases the cage was completely destroyed while in other

cases the two rims of the cage were separated due to the fractured pockets.
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Figure 31 shows a typical cage after failure. The balls and races, however,
were free of any substantial damage in most cases. These observations are,
clearly, in extremely good agreement with the computer predictions discussed
above. Thus the modeling techniques used in the present investigation are prov-
en to be reasonably sound. This validation also establishes the significance of
the fundamental friction experiments for deriving the friction behavior in the

bearing.
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Figure 31 Self-Lubricating Composite Cage after Full Bearing Testing
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SECTION III
CONCLUSIONS

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

to the advanced bearing dynamics computer program ADORE.

Three materials considered suitable for high temperature operation, namely M-50
tool steel, NC-132 silicon nitride and Alpha Silicon Carbide, were exper-
imentally evaluated in a pin on disc type tester to obtain friction and wear
data. Two variations of HAC-1 material containing '"Westinghouse Compound"

lubricant in a composite structure were utilized in these experiments.

In the first series of tests, the friction, wear and lubricating behavior of
HAC-1 against M-50 and NC-132 discs was determined at sliding contact speeds up
to 30,000 rpm, and ambient temperatures up to 316° C (600° F) and over a range of
loads, conditions which were considered to be representative of cage operation
in the high speed bearing. These tests showed superior performance of the HAC-1
vs. NC-132 pair compared to HAC-1 vs. M-50 in terms of stable temperatures,
higher load capacity, lower coefficients of friction and lower wear rates of the
lubricant composite. This data was used in establishing a model for the comput-

er program input.

This result suggests that applying a coating of silicon nitride onto M-50 bear-
ing races in the areas of cage contact might be beneficial in future bearing

designs.

In the second series of experimental tests, the low speed skidding or sliding
velocities occurring between balls and races during normal operation were simu-
lated by sliding a ball against a disc. All three bearing materials were used at
sliding speed of 0 to 15 cm/s and at temperatures up to 427° C (800° F). The
si1ding contact received lubrication by rubbing a stick ot the HAC-1 material
against the disc to achieve transfer to the contact zone. The initial Hertzian
contact stress between the ball and disc was typically around 1,550 MPa (225,000

psille
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This testing showed that the contact stresses reduced rapidly due to ball wear
with all material combinations. Coefficients of friction were high in the upper
parts of the test speed range, being in the range of 0.4 to 0.8 for the NC-132
vs. M-50 and NC-132 vs. NC-132 pairs and even higher for the Alpha Silicon
Carbide vs. itself and the sliding contacts at times generated significant audi-
ble noise. These friction levels are somewhat higher than those found in the

literature(z’S);

this is believed to be due to the high contact stresses causing
rapid wear and related surface roughness. Data from the NC-132 vs. M-50 tests

were used to establish a model for the computer program input.

The F107 #3 bearing, comprised of M-50 races, silicon nitride balls and the
HAC-1 composite cage, was modeled, the traction coefficient at the ball/race

contacts determined, and the dynamic performance of the bearing was simulated.

The computer results demonstrated that due to high traction coefficients at the
ball/race interface, the ball/cage forces are quite large and the collision in
the cage pockets and at the cage/race interface are quite severe and rather
erratic. Furthermore, the dynamic simulations indicate that the cage inter-
actions gradually increase as a function of time leading to increasing loads
and, therefore, increasing wear rates of the cage. This mode of instability led
to a situation where severe ball/cage collisions occurred simultaneously in
several adjacent pockets. The rather large magnitude of these collision forces
simulates a potential cage failure. These results agree with actual bearing
tests, carried out earlier, where cage failures resulting in torn pockets were

observed.

The good agreement between the computer predictions achieved with the ADORE
computer program and the experimentally observed bearing behavior demonstrates
the significance of the computer modeling approach through fundamental exper-
iments which define the friction behavior in the bearing, such as those under-
taken in the present investigation, for actual bearing design and materials
development for advanced bearing applications, such as the cruise missile

engine.
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SECTION IV
RECOMMENDATIONS

Based on the feasibility of the modeling approach established during the present

investigation, it is recommended that with the objective of developing a solid

lubricated ball bearing for the cruise missile type application the research and

development effort must be directed towards five principal areas:

The development of materials and lubricants 1is probably the most
significant area. The close coupling between the materials behavior
and the bearing performance demands that this development effort be
carried out with very close coordination with friction tests and the

computer modeling of bearing performance discussed below.

Modeling of the friction behavior of the candidate materials is perhaps
the most important task in the bearing design process. It is recom-
mended that fundamental friction experiments of the type undertaken
during the present investigation be performed using a larger number of
test specimens which will permit greater separation of test conditions
and the repeating of data points to model the friction characteristics
at the various interactions in the bearing. In addition to supplying
the necessary inputs for bearing design, these experiments wtll

provide efficient screening of candidate materials.

The design of a lubricant transport system which ensures the presence
of the lubricant at the various interactions in the bearing 1s crucial
to acceptable bearing performance. For example, whether the lubricant
should be impregnated in the cage, supplied as fine powder particles in
a gaseous carrier, or supplied in the form of a sputtered, vacuum
deposited or ion-implanted coating, must be investigated in parallel

with the materials development effort.

Computer modeling ot bearing performance provides the principal coor-
dination between the materials behavior and the bearing performance.

The computer simulations are extremely effective and efficient, as




demonstrated in the present investigation, in both the design of bear-
ings and in defining the range of acceptable materials behavior to meet
the bearing performance specification. It is essential that the avail-
able computer models be used in close conjunction with the materials

development and the friction experiments proposed above.

Finally, the actual bearing tests which will demonstrate acceptable
bearing performance for the candidate designs, derived from the above
development steps, will be essential. In addition to establishing the
overall significance of the above development effort, such test will
continually strengthen the computer modeling and design techniques for

rolling element bearings.
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Appendix A

COMPUTER OUTPUT

Appendix A contains the print output generated by ADORE for the Williams Inter-
nation F107 #3 position ball bearing in the initial run for 160 time steps. The
nomenclature defining symbols and variables used in the computer program are
given in Appendix B. The output describes the bearing geometry, operating
conditions and typical interactions at the various interfaces in the bearing.
Following this run, the simulation was continued in terms of several successive
runs to obtain the bearing performance simulation for approximately 475° rota-
tion of the shaft. The plot output, following the print output, was generated
close to the end of the simulation. After examining this output the simulations
were further advanced by another 100 time steps to fully simulate the ball/cage
collisions observed in the various ball pockets. These solutions are discussed

in the main part of this report.
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Appendix B

NOMENCLATURE USED IN COMPUTER OQUTPUT

Although most of the computer print and plot output is self

explanatory,

follows:

M

RE NO. 1

COMP X

COMP Y

COMP Z

X ACC

Y ACC

Z ACC

R ACC

ORB ACC

X POS

Y POS

Z POS

R POS

ORB POS

ORB VEL

ANGULAR VEL

AXIS INCL

THETA

a few of the variables have been abbreviated as

Mean of the variable plotted on any
given axis in the plot output.

Standard Deviation of the variable
plotted on any given axis in the plot
output.

Rolling Element Number 1.

Component along the X-axis (Bearing
axis).

Component along the transverse Y-axis.
Component along the transverse Z-axis.
Axial acceleration.

Acceleration along the transverse
Y-axis.

Acceleration along the transverse
Z-axis.

Radial acceleration.

Orbital acceleration.

Axial position.

Position along the transverse Y-axis.
Position along the transverse Z-axis.
Radial position.

Orbital position.

Orbital velocity.

Angular Velocity.

Orientation of the angular velocity
vector.

Inclination of the angular velocity
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PHI

SLIP VEL

HEAT GEN

NOR LOAD

GEO INT

CONTACT ANG

WHIRL RATIO

OMEGA RATIO

NOR FORCE

vector relative to the bearing axis.

Angle between the plane containing the
bearing axis and the angular velocity
vector, and the X-Z plane.

Slip velocity 1in the center of the
ball/race contact.

Heat generation.
Normal contact load.

Geometrical interaction or minimum
clearance between interacting elements.

Contact angle. The ball/cage contact
angle 1is such that when the contact
angle 1is zero degree, the cage drives
the ball, while the ball drives the cage
when the contact angles is 180 degrees.

Ratio of the cage mass center whirl
velocity to the shaft angular velocity.

Ratio of the cage angular velocity to
the shaft angular velocity.

Normal contact force.
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