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ABSTRACT (Cont'd.)

and minimum lubrication of 10cc per minute at 41,200 rpm. Engine Test
No. 4, which was a repeat of Test No. 3, was successfully completed and .1
demonstrated 33 minutes of unlubricated operation at 39,000 rpm.

All engine tests were conducted with the bearing and bearing housing
instrumented for temperature read-out during the test. Engine Tests 3, 4,
5 and 6 were also instrumented for lubrication flow pressure and bearing
cavity pressure in order to monitor lubrication to the bearing as a function
of pressure differential.
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This report covers activites carried out by Teledyne CAE, Toledo,
Ohio 43612, under U.S. Navy Contract N00140-76-C-1104, which incorporates U.S.
Army MIPR Number AMRL-75-5.

The government technical manager for this program was Raymond Valori
of the Naval Air Propulsion Center, Trenton, New Jersey 08628 (telephone
609/882-1414). Daniel Pauze of the Applied Technology Laboratory, USARTL
(AVRADCOM) Fort Eustis, Virginia 23604, provided technical direction for the
U.S. Army.

The project was conducted by Teledyne CAE under the direction of
Glenn W. Hamburg and William F. Prusaitis.

Acknowledgement is provided by Wray Johnson of Norton Company,
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SUMMARY

The program tests conducted on a modified 3402 turbine engine were
to demonstrate the feasibility of using ceramic bearings for high speed gas
turbine applications with reduced or no lubrication to the bearing.

Six engine tests were conducted, each test complementing the
following test to establish baseline parameters of the test to follow. Test
No. 3 was the first to demonstrate the ceramic bearing operation unlubricated
at 39,000 rpm and minimum lubrication of lOcc per minute at 41,200 rpm.
Engine Test No. 4, which was a repeat of Test No. 3, was successfully
completed and demonstrated 33 minutes of unlubricated operation at 39,000 rpm.

All engine tests were conducted with the bearing and bearing housing
instrumented for temperature readout during the test. Engine Tests 3, 4, 5
and 6 were instrumented for lubrication flow pressure and bearing cavity
pressure in order to monitor lubrication to the bearing as a function of
pressure differential.
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CERAMIC BEARING FINAL REPORT

I. INTRODUCTION

In response to increasingly stringent demands being placed upon
metallic bearings, Teledyne CAE, under U.S. Navy Contract N000140-76-C-1104,
has conducted a series of ceramic roller bearing tests using a bailed
J402-CA-400 production engine. The ceramic bearings were made of Norton
Company's NC-132 hot pressed silicon nitride material.

The unique characteristics of ceramic makes it a viable bearing
material. The corrosion resistant nature of the ceramic material avoids the
necessity of inspection and retrofitting of engine bearings due to
environmental corrosion throughout both storage and operational life. The
combination of corrosion resistance and higher hardness of silicon nitride
compared to steel prevents fretting corrosion and false brinnel indentations
in the bearings that can be caused by handling and shipping, and by storage
aboard ship and air launch vehicles. These potential problems have been
identified in both laboratory engine tests, and from field experience with
missile engines carried aboard launch aircraft.

Current metal bearings for gas turbines must be lubricated to
maintain rolling contact element temperatures within the range established by
the load carrying requirements of the bearing. The upper limit of this range
is about 6000 F even for the tool steels currently used in mainshaft
applications. The ability of ceramic bearings to maintain hot hardness and
capacity well in excess of 10000 F complemented by a low coefficient of
friction, provides a substantial potential payoff through the elimination of
the lubrication system, results in fewer parts, simplifies the engine
assembly, increases reliability, and substantially reduces cost.
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II. DISCUSSION

Ceramic rolling contact bearings have potential advantages over
conventional metal bearings for use in the mainshaft support positions in gas
turbine engines. Some of these advantages are listed below:

1) The low coefficient of thermal expansion of silicon nitride
alleviates the problem of loss of internal clearance due to a
thermal differential across the races. Skidding may occur in
conventional roller bearings which have excessive initial internal
clearance to compensate for the anticipated clearance loss under
maximum thermal operating conditions. (However, it must be
recognized that to accommodate the low coefficient of thermal
expansion of silicon nitride, a means of providing thermal
compatibility between the metal shaft and the ceramic bearing inner
race must be incorporated.)

2) The lower density of silicon nitride rolling elements results in
lower centrifugal body forces, particularly in high speed bearings,
and provides a potential residual capacity to carry higher applied
external loads or operate at increased speeds for the same load
levels.

3) The lower density also minimizes the tendency of the bearing to
skid during speed transients by decreasing the mass moment of
inertia of the rollers and cage assembly.

The low coefficient of friction and high hot hardness of silicon
nitride may allow operation with no external lubrication; self lubricating
cages :=ould be utilized to extend life under these conditions. A substantial
potential cost and weight benefit results from the elimination of external
lubrication requirements. The extent of the cost benefit would depend on the
complexity of the lubrication system eliminated:

1) The ability to operate at high temperature (20000 F) without
loss of hardness and capacity allows relaxation of cooling and
lubrication requirements. In engines such as the J402-CA-400
(HARPOON and VSTT) bearing cooling is provided by compressor
discharge bleed air. Minimizing the required amount of cooling
bleed air improves the aero thermal cycle efficiency.
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2) The ceramic's inherent oxidation and corrosion resistance
precludes deterioration due to heat and gaseous corrosive
substances. Salt water immersion of drone type aircraft would not
require post-recovery replacement of the bearing normally
necessitated by salt water attack.

3) Long term storageability, and operational readiness (especially

critical to missile type applications such as the J402-CA-400
HARPOON engine) is enhanced by the potential resistance to false
brinneling and by the virtual immunity to corrosive attack
provided by the extremely hard, chemically inert ceramic
.material. In addition, if the bearing is proven consistently
capable of operating dry, deletion of the lubricant eliminates
concern for its long term storage stability.

In view of the potential advantages that characterize the use of
silicon nitride as a rolling element bearing material, particularly in
military oriented applications, various branches of the military have
sponsored research and development programs related to such usage.* As a
result of these programs, full-scale silicon nitride roller bearings have been
manufactured and successfully tested in rigs at "DN" values exceeding 2 x
106 (the "DN" value is a relative speed indicator, which equals, bearing
bore diameter in millimeters times the speed in rpm).

The purpose of this program was to extend previous successful
silicon nitride roller bearing operating results to the realistic environment

of the gas turbine engine. The engine employed in testing the silicon nitride
bearings was a combination of the J402-CA-400 (Navy HARPOON) engine (Figure 1)
and the J402-CA-700 (Army-VSTT) engine, which is a longer life derivative of
the J402-CA-400. Both engines run at relatively modest rear bearing "DN"
values (0.7 x 106) but at maximum operating conditions, provide a hostile
the-nal environment for the rear bearing. Compressor discharge air under Sea

Level Static (SLS) conditions provides an ambient bearing cooling stream of
4000 F to 4500 F, but under certain high Mn number hot day conditions, the
cooling air temperature reaches 5000 F to 6600 F with resultant 6000 F
to 800OFbearing operating temperatures.

*Military sponsored programs include:

1. NAVAIR - N00019-72-C-0299
2. NAVAIR - N00019-73-C-0193
3. NAVAIR - N00019-74-C-0157
4. NAVAIR - N00019-75-C-0197
5. ARMY - DAAG 46-74-C-0055
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These engines have innovative lubrication systems,(Figure 2) designed to save
weight, volume, ano cost. The J402-CA-400 rear bearing has a 30-minute life
requirement and is grease lubricated. However, the J402-CA-700 rear bearing
has a 30-hour life requirement, and therefore is lubricated by a fuel mist
system. The latter system was used to provide baseline data relative to
engine operation of ceramic rolling element bearings and to provide a
convenient means of controlling lubricant flow to the bearing. Following
successful demonstration of ceramic bearing operation in a fuel lubricated
mode, the bearing fuel lube system was modified to permit fuel lube flow
modulation.

III. CERAMIC BEARING CONFIGURATION

The bearings were manufactured by the Federal Mogul Corporation from
Hot Press Silicon Nitride billets supplied by the Norton Company. Figure 3
describes the bearing's salient features. The inner race mounting rings are
conical at the ceramic inner race interface to accommodate the thermal
differential growth between the steel shaft and the ceramic inner race, both
axially and radially. This conical innerface maintains the inner race
centerind requirements throughout the operating temperature range of the
ceramic bearing. The bearing outer race is supported in a damping ring which
absorbs the shaft vibrations within the bearing housing. This damping ring is
identical to the production ring with the exception of the ceramic bearing
outer race anti-rotation pin slot. A number of design modifications were
implemented after the first test resulted in a bearing failure due to axial
movement of the outer race caused by the disengagement of the outer race
retaining ring from i'- groove. These modifications are summarized below:

1) The fit between the bearing O.D. and the vibration isolator ring
was tightened to partially offset the differential thermal
expansion between the ceramic outer race and the steel bearing

housing's higher coefficient of expansion.

2) A slot was added to the bearing outer race to engage a dowel pin
to preclude outer race spin.
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3) The bearing inner race rear mounting ring was widened to enhance
the race stability by increasing the length over diameter (L/D)
ratio, improving the inner race runout control. The new rear
mounting ring also reduced the assembly time necessary to
achieve the required inner race runout.

The alterations to the original bearing design were subsequently
incorporated in all the bearings used in the tests.

Photographs of the bearings are shown in Figure 4.

IV. TEST CONFIGURATION

The ceramic bearing capability to operate successfully in a gas
turbine was established by installing the bearing in a modified J402-CA-700
engine. The bearing was lubricated identically to its production engine
bearing counterpart. The fuel lube, tapped from the engine centrifugal fuel
pump discharge port, flows through a flow restrictor and is finally jet
impinged into the bearing. At maximum shaft speed, this lube flow is
approximately 60cc per minute.

Following demonstration of successful ceramic bearing operation in a
lubed configuration, the engine was modified to provide fuel lube flow
modulation. The production engine fuel pump discharge passage was blocked and
replaced with an external source of fuel lube (Figure 5). Fuel lube flows of
from 60cc to zero were established as a function of pressure (P) on a
hydraulic flow bench ( Figure 6). An air pressurized fuel lube tank provided
the lube pressure, and an electrically actuated motorized valve varied the
flow control orifice. In engine operation the desired fuel lube flow was
established by actuating the motorized valve to obtain the required P between
the valve discharge pressure and the pressure in the bearing cavity.

V. INSTRUMENTATION

In addition to the instrumentation normally employed in production
engine acceptance test, e.g., fuel flow, thrust, level of vibration, etc., the
rear (ceramic) bearing outer race temperature was monitored via two
thermocouples; a third thermocouple monitored the bearing housing
temperature. Oscillograph recording data were obtained; Figure 7 shows a
typical data sheet.
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VI. TEST HISTORY

A surmary of the ceramic bearing test history is shown in Figure 8.

Test Number 1 - Date: 7/19/77

The test objective was to establish the capability of a ceramic
roller bearing to operate in a gas turbine. After 17 minutes of a scheduled
50 minute test the bearing failed. The bearing failure was caused by
disengagement of the bearing retaining (Spiralox) ring from its groove, which
allowed the outer race and roller asserrbly to move axially forward over the
edge of the inner race. The resultant high edge load and stress concentration
caused chipping and subsequent cracking which eventually resulted in complete
bearing failure (Figure 9). Loosening of the snap ring in its groove was
initiated by spinning of the bearing outer race and end shield. The spinning
occurred as a result of increased O.D. clearance at operating temperature due
to the large difference in coefficients of thermal expansion between the
silicon nitride bearing race and the steel housing, and was further
accentuated by the extremely smooth bearing O.D.

For subsequent tests, an anti-rotation slot was ground in the outer
race, and a longer, more stable inner race mounting ring was incorporated in
the bearing assembly. Modifications to the bearing housing consisted of
introducing a bearing outer race anti-rotating pin and deepening the retaining
ring groove. The Spiralox wound ring was replaced by a "True-Arc" type with
substantially greater retention capability.

Test Number 2 - Date: 11/9/77

This test's objective was the same as Test No. 1, to determine the
ceramic bearing ability to operate in a gas turbine application. After
successfully accumulating 63 minutes of testing, the bearing was visually
inspected in situ and found to be in excellent condition (Figures 10 and 11).
Testing was resumed to the J402-CA-700 (VSTT) endurance schedule; after
completing four hours of the scheduled five hours run, a turbine rotor blade
failure occurred at maximum shaft speed. The bearing had been operating
normally prior to turbine blade separation; post test examination revealed the
bearing inner race was destroyed and the outer race was cracked in several
areas (Figure 12).
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In this test the bearing was continuously fuel lubricated by
approximately 60cc per minute flow. Bearing temperature was 400 F at maximum
shaft speed.

Test Number 3 - Date: 3/14/78

The objective of this test was to determine the bearing ability to
operate at a reduced/zero lube flow.

The bearing demonstrated the capability to operate unlubricated at
39,000 shaft rpm by running for 15 minutes with the bearing temperature
stabilized at 6250 F. Successful operation at Harpoon 100 percent shaft
speed (41,200 rpm) with fuel lube flow reduced to lOcc per minute was also
demonstrated (bearing temperature 5750 F). However, an attempt at oper-
ating at this shaft speed with zero flow resulted in a rapid bearing
temperature rise beyond 6750 F. Prompt throttle reduction and reappli-
cation of fuel lube failed to save the bearing.

Test Number 4 - Date: 3/31/78

The purpose of this test was to repeat the objective of Test No. 3.
The test was successfully completed with the bearing in excellent condition as
shown in Figures 13 and 14. Harpoon 100 percent shaft speed (41,200 rpm) was
sustained for 22 minutes with lube flow of lOcc per minute (bearing
temperature 6270 F) and for 4 minutes with flow of 0 to lOcc per minute
(bearing temperature 6700 F). Shaft speed was subsequently reduced to
39,000 rpm, the fuel lube was shut-off and the engine was operated for 33
minutes with the bearing temperature stabilizing at 5730 F.

Test Number 5 - Date: 5/11/78

The intent of this test was to run 5 hours under the VSTT endurance
schedule (Figure 15) with zero lube flow.

The engine was operated at 39,600 rpm (100 percent VSTT shaft speed)
with the bearing lubricated. Lube flow was gradually decreased to zero.
After the bearing temperature stabilized at 5750 F, the endurance run was
begun. Approximately 3 minutes into the endurance cycle, the bearing
temperature began to rapidly increase, eventually peaking at 8250 F while
the shaft speed was simultaneously reduced to 30,000 rpm. On disassembly,
inspection showed the outer race had numerous fractures, and the inner race
had been destroyed.
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The bearing was one of the two remaining unused bearings. Prior to
this test, these two bearings had been returned to Federal Mogul to be
reworked to the configuration implemented after Test No. 1, as follows:

1) Slot the outer race.
2) Reduce the bearing outer race 0.D.
3) Grind the inner race O.D. to increase the bearing internal

clearance to 0.0020 - 0.0025 to bring the bearing internal
clearance to within the range of those bearings which previously
ran successfully.

Subsequent to this test, the one remaining new bearing, which had
been modified concurrently with the failed bearing, was returned to Norton for
examination.

An investigation by Norton using Optical and X-ray Diffraction
analysis disclosed that regrinding of the inner race bearing surface
substantially altered the microstructure of the silicon nitride race material
and may have contributed to the bearing failure. Quoting from the Norton
report "Conclusions":

"It is virtually certain that the regrinding of the inner
raceway altered the surface of the NC-132 base material.
Extreme temperatures were generated that resulted in a very low
material removal rate. It is not unusual for wheel property
variations within a given specification to occur, causing some
wheels to cut at much different rates. Enough heat could have
been generated to:

A) Oxidize the NC-132 silicon nitride to SiO2 quenched to a

glassy deposite by the coolant.

B) Break down the wheel vitreous bond and deposit it on the
race surface.

Either of these is likely, given the apparent glassy
structure of the deposits. This altered surface structure
cannot be expected to have superior properties in rolling wear
of contact fatigue demonstrated by pure NC-132 surfaces.
Assuming the same surface was present on the failed raceway the
anamalous results could be attributed in part to the
non-homogeneous surface.,
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In light of the report's conclusion that the inner race rolling
contact surface was not suitable, the decision was reached to discard this
inner race and replace it with a newly manufactured inner race.

Test Number 6 - Date: 10/28/78

The purpose of this test was to run a 5 hour VSTT endurance (Figure
15) with zero lube flow. This test is a repeat of Test No. 5.

The engine was operated at 39,600 rpm (100 percent VSTT shaft speed)
with the bearing lubricated initially as in Test No. 5. The lube flow was
gradually decreased to lOcc per minute, and held until bearing temperature
stabilized at 5490 F. The lubrication was gradually reduced to zero when
the bearing temperature began to rise rapidly. The engine speed was then
reduced, which in turn reduced the bearing temperature. After the bearing
temperature once again stabilized, the speed was increased gradually. The
bearing temperature began to rise rapidly and the engine speed was again
reduced. This time the bearing temperature continued to rise as the engine
speed was reduced. With a maximum bearing temperature observed at 7900F,
the test was aborted and the engine was shut down. Disassembly of the engine
revealed a bearing failure. The outer race had numerous fractures and the
inner race had only pieces left.

The primary cause of failure has been identified as loss of inner
race radial support during rapid thermal and speed transient conditions. Two
edge rings, supplied as part of the bearing assembly, support the bearing
inner race through conical surfaces on the inner race end faces. The conical
support rings are designed to maintain positive contact under differential
thermal growth rates by allowing the shaft supported rings and bearing race to
slide along their common conjugate surfaces. Clearance is provided between
the inner race bore and the shaft journal to avoid inducing excessive race
hoop stresses by the greater thermal growth of the metal shaft. The clearance
was calculated to provide positive radial contact at an estimated bearing
operating temperature of 9000 F. Since steady state bearing operating
temperatures did not exceed 7000 F, the bearing race was always supported on
the edge rings during testing.

This system was extremely sensitive to clamping loads and axial
run-out of the clamping members. Each bearing/shaft assembly was accom-
plished only after numerous torquing iterations involving clamping nut
selections and rotary indexing of various components in the clamping path to
obtain the required inner race run-out, (0.0002 in.). Bearing race run-out
varied from 0.00015 in. to 0.0040 in. with various combinations of indexing
and locknuts. The locknut was tack welded to the shaft after proper bearing
race run-out was obtained to assure maintenance of the clamping load.

9
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During thermal and speed transients, the static clamping friction
between the conjugate mounting faces caused unequal, slip-stick friction
motion of one end of the race with respect to the other, resulting in cocking
of the race with consequent intolerably high stress concentrations. Under
conditions of zero lubricant flow no fluid was available to form an
elastohydrodynamic film between the roller/race surfaces, and race
deterioration rapidly escalated into failure in several instances.

An inner race mounting system capable of continuous, uniform radial
and axial support, while accommodating the relative thermal differential
expansion between race and shaft is required to make the unlubricated hot
section bearing a reliable gas turbine component.

VII. CONCLUSIONS

Engine tests in a modified 3402 gas turbine engine has demon-
strated the feasibility of operating a ceramic roller bearing without
lubrication for a sustained period of time. The duration of the unlub-
ricated bearing operation was 33 minutes at 39,000 rpm. At an elevated speed
of 41,200 rpm a minimum lubrication feed to the ceramic roller bearing of
100cc per minute was provided. This compares to the standard M-50 tool steel
bearing lubrication requirement of 60cc per minute.

With the exception of the first two runs, the primary cause of
failure in those tests which did not achieve the desired test objectives is
believed to be due to the inner race mounting arrangement which may be
incapable of accommodating the transient speed and thermal conditions imposed
during engine operation, particularly in the non-lubricated mode.

VIII. RECOM4ENDATIONS

It is recommended that development effort be continued with
particular emphasis on evaluating improved bearing mounting configurations and
bearing designs under a full range of engine operating conditions (i.e.,
endurance, cold soak, shock, vibration and rapid starts).
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OSCILLOGRAPH RECORDING DATA

Cell #10
Dote Location

Test Ceramic Brg. Test Reco,dcr 5-134

Technician

Chn. Variable e Zero Disp/ Trans. Cal. Galva RemarksR ang Ref. Inch Type Sig. No.

Rear 320 - 17.10
:4 Brg 782°F 3 5 150°F CA mv 339Temo

0.30 10PLA VDC .4 6 5 VDC VDC 315

0.200 S/N 22.94 ,
CDP "Hgg .3 5 40 "Hg 4627 K 315

0.1200 SIN 1200
8 Wf HZ .1 5 240 HZ HZ 338

0.42K 11.9
10 Ne RPM 0 6 7K RPM KHZ 338 T/B 3.5294

0-1 .2 AMP I
11 IV AMP 0 5 VDC 315

Metal 320 150°F 17.10

12 Temp 7820 .5 5 my 315

Rear 0-5 5

13 Vib Mile 5.0 1 5 Mils Mils 326

ECT 0-5 OVDC - 5.2" - 2000OF

14 Tele. VDC 5.2 -- 4000F 315 5VDC - .95" = 300OF

Front 0-5 5
15 Vib Mile 4.0 1 5 Mils Mile 326

NG 0-42K +.333 VDC - 6.2"
16 Tele. RPM 7K RP1 315 +5VDC = .2"

EGT 1500 45.37

18 Avg 21500 .5 5 400°F my 315

FORM T-097 0/72 FIGURE 7.
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