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USTIS DIRECTORATE POSITION STATEMENT

The work documented in this report was performed as an addendum to a contract for
research and development of an axial-centrifugal compressor. The impetus was a
compressor test rig bearing failure that highlighted the extent to which bearing technology
is being pushed. It is recognized that the instant effort featured far too few bearings to
provide a sample size sufficient to demonstrate completely the bearing qualifications;
however, the trend of the test is considered to be valid and sets the stage for additional
efforts to provide the confidence required to incorporate 35mm ausformed bearings into
advanced aircraft engines.

Robert A. Langworthy, of the Propulsion Technical Area, Technology Applications
Division, served as Project Engineer for this effort.
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DISCLAIMERS

The findings in this report are not to be construed as an official Department of the Army position unless so
designated by other authorized documents.

When Government drawings, specifications, or other data are used for any purpose other than in connection
with a definitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the Government may have formulated, furnished,
or in any way supplied the said drawings, specifications, or other data is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or corporation, or conveying any rights or
permission, to manufacture, use, or sell any patented invention that may in sny way be related thereto.

Trede names cited in this repurt do not constitute an official endorsement or approval of the uss of such
commercisl hardware or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the originator.
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FOREWORD
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INTRODUCTION AND BACKGROUND

The rapid developments in aircraft propulsion system technology over the
past 25 yeers have placed unprecedented demands on the materials and
processes srees., While most of the emphessis of this work has been on
materials for turbine disks and buckets, compressor blesdes, combustors,
etc., a lesser (but nevertheless important) effort has been the improve-
ment of materials used for rolling-element bearings. In the past, this
has resulted in replacement of the conventional bearing steels (such as
52100) with high-speed tool steels (such as M-1, M-50) or, in specisl
applications, with materials such as AISI 440C. For that mstter, improved
melting and processing techniques have upgraded the performance of the
52100 type of steels and have, in an equally evolutionary fashion, in-
creased the life and reliability of the tool steels. During the mid '60s,
it became apparent that the need for further improvements in bearing per-
formance and reliability would accelerate, and that new processes to up-
grade the properties of existing bearing materials would be a major
technological challenge.

The reasons for the increased demands on engine bearings can be traced to
several factors, among which are: longer life requirements, higher loads
and speeds, and overall system cost. Current military and commercisl
aircraft engines are designed to operate without overhaul for time periods
far in excess of the operational lives of the earlier generations of
engines, Current and future versions of military engines hsve thrust
ratings two to three times grester than earlier models. In part, this is
achieved by increasing engine rotational speeds and component system load-
ing. Both of these factors reflect in higher stresses on the main shaft
bearings.

Initielly, a major conc?{9 was the effect of ultrahigh-speed operation on
bearing life. Analysis had shown that because of the high centrifugal
loads imposed by the rolling elements on the outer races, life of the
component system would be significantly reduced. Recent work, however,
has shown that in the case of relatively lerge bore diameter bearings
(120mm) eminently successful operation can be achieved with essenti?%}y
state-of -the-art bearings at speeds up to and including 3 X 108 DN,

(DN is the product of bearing bore dismeter in mm and inner ring rota-
tionsl speed in rpm.) It should be cautioned, however, that there is

some question us to the direct extrapoletion of the lu.rge dismeter bearing
test results to smell high-speed bearings such as those of interest in the
present report.

Nevertheless, the high-speed operational problems are now viewed as some-
what less of a technicel barrier, and consequently many of the high-risk
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options under consideration such as hollow rolling elements, ceramic
balls, etc., are no longer considered to be essential to achieve reliable
bearing operation at speeds up to and including 3 X 106 DN.

The second mejor concern, dealing with bearing reliability, has become
increasingly more important in view of the exponential increases in

systems cost and complexity, Premature bearing distress, and the potential
secondesry desmage as a result thereof, simply céannot be tolerated.

For many years, General Electric(a) and other major aircraft engine pro-
cedures(4 have evaluated and investigated new materials with the aim of
improving bearing fatigue life. This comprehensive search has not yielded
a material sufficiently superior to the widely used M-50 tool steel to
warrant its introduction into critical engine applications. Consequently,
an alternative approach was initisted, aimed at improving the rolling ele-
ment fatigue life cheracteristics of M-50. One of the more promising
approaches to accomplishing this tssk was the incorporation of a thermo-
mechanicel metal working process (susforming) into the production cycle

of M-50 bearings.

The generic term "ausforming”" describes s thermomechanical processing
technique which, in the present case, consists of the deformation of a
high-speed tool steel using various metal working procedures while the
material is in the metastable austenitic condition. In the present case
forging was the primary technique and thus the term ausforging is used
interchangesbly with ausforming.

The proiess of ausforming was first discussed in 1954 by Lips and Van
Zuilen, 3) who reported the significant improvements in both strength and
ductility which had been obtained by warm-working metestable austenite
prior to its transformation to martensite. Schmatz and Zackay,(s) of the
Ford Scientific Laboratories, substantiated the original work by Lips and
Van Zuilen, showing similar remarkable strength increases in several
steels. Since then, the thermomechanical processing of certain steels in
the metastable austenitic temperature range has been, and is being, studied
extensively by laboratories inside and outside of the United States, (7,8)

General Electric first recognized the advantages of ausforming in a program
aimed at improving the strength-to-weight ratio of solid rocket cases.( )
In this work, a shear-spinning method was developed by which sceled-down
rocket cases were formed while the material was in the metastable austen-
itic condition, The excellent results achieved in this program in improv-
ing the mechanical properties of three tool steels encoursged Genersl
Electric to seek other uses for this process. It was recognized that one
of the most promising epplications would be for rolling-element bearings.
To establish the feasibility of using ausforming as a means of improving
the rolling contact fatigue characterisitics of bearing steels, a program
sponsored by the U.,S., Navy was initiated in 1962, This program consisted
of studying various deformation processes, effects of percentage of

12



deformstion, and associsted metsllurgicel considerations on the rolling
contact fatigue life of M-50, a typicsl bearing steel. Festigue testing
was performed on the General Electric-developed rolling-contact fatigue
tester (RC rig), which has been shown to be a relisble indicetor in terms
of predicting full-scsle besring test results. The results of the program,
presented in a Navy report(lo) and an ASME paper, 11; were agein highly
encouraging. A summary of the results, graphically illustrated in Figure
1, showed that the rolling contact fatigue life of the M-50 increesed by @
factor of six to eight. In conjunction with the testing phasse, a compre-
hensive metallurgical study was conducted to determine the basic mechani.us
effecting the property improvements,

The choice of consumable vacuum-melted (CVM) M-50 materisl in the above
program was based on the consideration that this 4 Cr, 4 Mo, 1V, 0.8C,
iron-base tool steel is the structural materisl predomineantly used for
critical bearing applications in high-performance jet engines. It was and
still is the first choice for this application; therefore, any significant
improvement in its properties would represent a sizable advance in bearing
materials technology. Additionally, a large body of deta was available on
this material which could be used to compare the improvements achieved by
susforming.

It was also fortuitous that M-50 had the required transformation charac-
teristics for susforming. This is illustrated best by comparing the two
time-temperature-transformation curves shown in Figure 2. The upper curve
presents the transformstion kinetics of AISI 52100, another commonly used
bearing steel. The phase changes in this steel occur rapidly upon quench-
ing from the sustenitic renge; consequently, there is not sufficient time
to effect any type of deformetion in the sustenite prior to its transforme-
tion to martensite. The lower curve illustrates the transformation charac-
teristics of an AISI M type tool steel. This material is ideslly suited
for susforming, as it hes a sizable region where the austenite is iso-
thermslly stsble. Sufficient time is aveilable to thermomechanicslly pro-
cess the materisl as illustrated by the arrow. Based on these considera-
tions, M-50 was used in the initial (es well as subsequent) studies and
also was chosen as the materiel investigated in the progrsm discussed
herein,

The encouraging results of the initiel susformed bearing studies led to a
second progrem which wes designed to demonstrate that actual bearing com-
ponents could be produced by asusforming, and to establish the validity of
the fatigue life improvements by performing tests using actual bearing
hardware. In this latter program(lz) small size bearings were manufactured
having susformed inner rings snd balls, The test results of the ausformed
bearings confirmed the highly encouraging data shown by the earlier rolling
contact fatigue tests. Additionslly, work performed by NASA(IS also
showed the significant fatigue life improvement possible by the use of
ausforming.

13
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The work reported in the current report was undertsken principelly to sub-
stantiste the initial good results obtsined on small-dismeter susformed
bearings. There were, however, several other objectives:

O Producing and testing a bearing having all ausformed components.
The earlier tests had only thermomechanically formed inner races
and balls.

O To produce these components utilizing the most current processing
technique, i.e., high-energy-rate forging. This pioceduye had
been developed primerily for large-diameter parts. 14,15

O To establish » production sequence and capsbility for the rela-

tively smell diameter bearings (35-75mm) common to advanced U.S.
Army propulsion systems.

16



TECHNICAL PROGRAM

The objective of the program described herein was the manufacture and test-
ing of 35mm bore bearings having all components (except the cage) made by
thermomechanical processing. As envisioned initially, the program did not
include any bearing design activity other than the normal life calcula-
tions, The besring design was dictated by the terms of the contract, and
was similar to the bearing used on the General Electric ATACC (Advanced
Technology Axial-Centrifugal Compressor) Program.

During the initiasl bearing tester checkout runs, as well as some of the
early baseline tests, i.e., tests performed on bearings using standard
machined and heat-treated components, it became spparent that because of
the severe test conditions of the bearing test program, the existent bear-
ing design was not adequate.

This reslization posed two challenges. The most immediate and undoubtedly
the most pressing of these was the need to "fix" the existing design in
order to make it visble for the current program. This task wes made diffi-
cult by the fact that at this point in time, because of the concurrent
psths of forging development, bearing manufacture, tester checkout and
baseline testing, all of the ausformed components had been produced., Con-
sequentlv, the major dimensional envelopes of the bearing rings, i.e.,
bore, inner OD, outer ID, inner width, etc., were frozen. Changing these
dimensions would have required redoing all of the metal-working tesks,
which was not an acceptable option because of time and funding considera-
tions,

As a result, the design corrections had to be made without significently
affecting the print dimensions of the bearing. A discussion of the origi-
nal design in the cnntext of the planned test program is presented in the
following section. Additionally, and for the record, the individual de-
sign modifications and iterations are cited, including those made to the
bearing test facility.

The second challenge was to perform an in-depth analytical parametric study
to determine the correct bearing design for ,a typical, small, high-speed
application, and to generate sufficient design data to cover the size
ranges most common to current and advanced Army aircraft propulsion systems,
While this latter study was not a requirement of the basic contract, it was
felt that its inclusion would greatly enhance the overall value of the work
performed. Consequently, the results of the design optimization study will
be summarized in a later section of this report and presented in detail in
Appendix A to this report.
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Lastly, since the role of elastohydrodynamic (EHD) lubrication becomes an
extremely important and criticel consideration in the operastion of high-
speed bearings, Appendix B has been added, wherein this subject is dis-
cussed reliative to the smell-bore bearings of inierest in this report.

ATACC VEHICLE BEARING DESIGN

The basic besring utilized in this program is the thrust bearing from the
General Electric ATACC vehicle, This bearing was originslly designed by
the bearing vendor to loads, speeds and operasting conditions as specified
by the Genersl Electric Company. The following were the original design
conditions,

Shaft Speed 61,000 RPM
Shaft Materials AM355
Bearing Load 100 1b
0il-In-Temp 90°F

The resulting bearing design is shown in Figure 3. The critical geometry
features are tabulated on the figure. These are free-state, or dimensions
as the parts are received.

Following a failure of this bearing on the ATACC vehicle, which appeared
to be due to loss of internal clearance, the design was reviewed; it was
found that the clearance was inadequate for operstion at the quoted condi-
tions and that actual loads were in the 200-250 pound range. The follow-
ing changes were consequently instituted:

0ld Design New Design
Contact Angle 15 + 1,5° 30 + 2,0°
Internal Radisl Clearance 0.0004-0,0007 in. 0.0017-0.,0022 in,
End Play 0.004 in, max 0.0074 in. max
Inner Race Curvatures 0.525 0.52
Outer Race Curvatures 0.515 0.52

Following this design chenge the bearings operated successfully in the
ATACC vehicle.

Development Test Bearing Design

The above modified bearing was the design specified for the ausformed bear-
ing development program. It was selected by the Army and the contractor,
since bearings were in existence for baseline testing. Based on standard
practice, the fatigue test loads were increased to produce fatigue failures

18
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in a reasonable test time. This is the normal approach of various engine
manufacturers as well as most bearing vendors. The following were the
selected test conditions:

Thrust Load 500 1b
Shaft Speed 65,000 RPM
0il-In-Temp 160°F-180°F

During early checkout of the rig, snd because of the limited number of
baseline test besrings availatle, off-the-shelf besrings (Split-Ball Besr-
ing PN HDB-007) with the same external dimensional envelopes were procured
and utilized. Rig checkout went smoothly using these bearings. All emer-
gency shutdown instrumentation for unattended running wss checked out end
performed satisfactorily.

Upon initistion of the bsseline testing, early nonfatigue type failures
were encountered. These failures were indicastive of boundery lubrication,
cage inadequacies and oil-supply problems. This situstion was reviewed
with cognizant Army project personnel, and it was decided that continuing
the progrsm at that point would have resulted in the generation of date
not relevant to the main objective of the progrem, which was the evalua-
tion of the relative fatigue life of standard versus thermomechanically
processed bearings. Consequently, it was decided to attempt to mod:.fy,
within overall bearing envelope dimensions, the beerings and the test
apparatus in order to achieve a viasble test program. The specific changes
and the reasons for these sre briefly discussed in the next sections,

Lubrication Technique and Housing Modifications

In the original proposal, under-rasce cooling was proposed as the lubrica-
tion method. This was based on experience with the high-speed NASA test
program(ls) wherein the use of jet lubrication was found to be necessary
at DN's above 2.2-2.,4 million due to the inability to meintain thermal
equilibrium in the bearings. In the referenced program, it was found that
inner-race temperatures increased at a higher rate than those of the outer
races, thereby reducing the internal clearances.

In the present case, since the DN was in a marginal asrea (2.28 X 106) and
since the lubrication scheme for the ATACC vehicle test bearings was via
Jjet lubrication, it was decided by the contractor end the Army to utilize »
similar single jet cooling and lubrication scheme,

Early test results indicated the existence of an axisl temperature gradient.
In addition, testing experience in the General Electric Lynn laboratories
indicated that a heavyweight housing could prevent proper thermal matchup
in small-diameter bearings. It was, therefore, decided to incorporate dusal
jets (from both sides) on each test bearing and to simulaste aircreft weight
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housings for the beering mounts., A discussion of the rig modificstion is
presented in s later section of this report. Following this, a checkout
test was once again performed using the slave, off-the-shelf, bearings.
The results were good from a thermel standpoint, but fatigue failures oc-
curred after only 8.5 hours on both test besrings. Figure 4 shows a com-
parison of the baseline test bearing and the slsve bearings. Noting the
greater cage clearsnces of the slave bearings, it was decided to chamfer
the inner races snd retainers as shown in Figure 5 prior to running addi-
tional baseline tests.

Bearing Modification, Chamfer Inner Race and Retainer Corners

The purpose of chamfering the corners is to ease the flow path of the
lubricant. This is done on the General Electric T700 engine main thrust
bearing, which is the third bearing shown on Figure 4. Following this
change and coupled with the previous successful slave bearing test, test-
ing was reinitiated on the baseline bearings. The rig was shut down after
only 0.7 hour, and upon disassembly it was noted that one of the bearings
had failed, although failure was in a surface fatigue mode and not the ex-
pected and desired subsurface initiated fatigue of s properly lubricsted
high-speed bearing.

Also observed was significant wear in the ball pockets of the cage. This
indicated that the balls and cage were "fighting" each other. The phenom-
enon is not expected in ball besrings under pure thrust losd, where
normally stable csge operation occurs with very little cage/ball interplay.
It should be noted that the slave bearings, operating under the same speed,
loads, and temperatures, did not suffer from cage wesr and surface fatigue
failures. Noting this, the possibility of a relationship between the cage
wear and the surface fatigue was investigated,

Surface fatigue occurs when operating in a marginal elastohydrodynamic
(EHD) 1lubricstion regime. For a detail discussion on EHD, see Appendix B,
This normally occurs at high operating temperatures and low speeds, and
would not be predicted in the current test series as the test conditions
would be expected to provide full film (EHD) lubricstion. Review of other
General Electric experience revealed that surface fatigue can also be
generated when there is sufficient cage interference to disturb the normal
ball motion. This interference with the ball spparently ceauses sliding

in the contacts, sufficient to effect a break through of the oil film re-
sulting in asperity contact and terminating in surface initiated fatigue.
Therefore, the next series of modifications to the test bearings was aimed
at eliminating this cage interference. The continuing success with the
Split-Ball slave bearing provided further evidence that the problem was
indeed geometry related. The s’-ve bearing balls were 33 percent greater
in diameter than those used in the test L:arings. Unfortunstely a change
of this magnitude could not be maue since the thermomechanically processed
bearing components were well beyond the stage where a8 mainr dimensional
change was feasible,
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Shaft Rework and Modified Start Procedure

The significent number of tesrdowns and buildups had caused scoring on the
test shaft, When fits and clearances are extremely critical as in smsall
high-speed bearings, any raised metal can ceuse problems., The rig shaft
was reworked, chromium plated and reground to size, with csre to limit
taper across the axisl bearing seat. Taper was controlled by requiring
dismeter inspections at various axial locations.

A break-in cycle was defined as shown below for the first run of a new
bearing.

Speed - RPM Time - Minutes
10,000 5
20,000 5
30,000 10
40,000 10
50,000 10
60,000 10
65,000 10

Restarts were operated at 30,000 RPM for 15 minutes before accelerating
back to full speed. The shaft rework and break-in start did not correct
the problems of cage wear; however, the step start was retained throughout
the remainder of the program.

Bearing Modification, Rework Cages To Remove Retention Tangs

A stack-up of parts in the bearing was requested of the bearing vendor.
This investigation revealed that within the print tolerance range, the ball
retention tang could contact the ball while in operation. Since the tangs
are functional for assembly purposes only, they were removed by mechining
the cages. This would not be a viable solution in a full-scale vehicle,
although for the test program it wos feasible since the test rig assembly
could be accomplished without the retention tangs. Unfortunately, a short
run of one-half hour at a reduced speed (55,000 RPM) again showed cage
wear, and the tang correction was considered ineffective,

Bearing Modification, New Cages, Oversize Ball Pockets

Cage interference is occasionally caused by low ball pocket clearance. If
the ball pocket clearance is less than the land riding cage clesrance, the
cage can become ball rather than land guided. 1In the present case, the
land riding clesrsnce was 0.012-0,018 inch and the bsll pocket clesrance
0.008-0,017 inch. Consequently, 8 modified cage was obtained with the
pocket clearance increassed to 0,020-0,.026 inch, and sgain run at 55,000 RPM
for 7.8 hours. Teardown once again revealed cage distress. It should Le
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noted that standard practice in these modification tests consisted of using
one slave bearing and one baseline bearing. The ccntinued good performance
of the slave bearing provided assurance of proper rig operation.

Bearing and Rig Modification, Under-Race Cooling

Failing to obtain proper operation on the baseline besrings, it was decided
to rework a bearing and utilize under-race cooling. Testing with this con-
figuraticn showed a very definite improvement with only slight cage dis-
tress. Since this test was run with an existing basseline bearing, it uti-
lized an outer-land riding cage. It was felt that one additional iteration
to inner land riding cages was desired based on the NASA 3.0 million DN
bearing tests,

Besring Modification, Inner Land Riding Csges, Additional Under-Race
Cooling Slots

Inner land riding cages were procured from the vendor and assembled into
bearings st General Electric. In addition, the number of cooling slots at
the split inner-race interface was increassed from 4 to 8 to insure sym-
metrical cooling of the races. Testing with this configuration resulted
in the desired subsurface fatigue feilures in the raceway along with only
minor cage wesr.

Table 1 tabulates the history of the test points through the changes out-
lined above. It will be noted by reviewing this table that the slave bear-
ing operates without cage distress throughout the development. The key
difference is felt to be the larger ball diameter in this bearing. The
effects of ball diameter are discussed in detail in Appendix A. However,
the finsl test results with under-race cooling and inner land riding cages,
assured that the current design was adequate for the planned test program,
albeit .vith a very limited margin. The endurance program was initiated at
these test conditions, and the results are given in a later section of this
report.

PARAMETRIC DESIGW STUDY - SUMMARY

As a result of the problems categorized in the previous section, a design
study was conducted to determine the deficiencies in the bssic design and
to provide guidelines for a bearing design in future programs of this type.

In conducting a parametric study for an engiane design, & mission cycle would
be defined, and the study would involve & wide variation in operating condi-
tions, For the present it was elected to conduct the study as a single-
point investigation, with check on bearing operation at the specified test
conditions. The basic conditions selected were those approximating the
normal operational characteristics of the ATACC Vehicle. ‘fhese are:
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TABLE 1

SUMMARY OF BEARING AND TEST RIG MODIFICATIONS

Totel
Test Brg. Speed Load Time
# Type (rpm) (1b)  (hr) Remarks
1 S 65,000 500 15.0 Rig checkout
2 S 65,000 500 15.0 Rig checkout
3 C 65,000 500 0.8 Surface fatigue - balls
4 C 65,000 500 0.8 Suspended - No damage
5 C 65,000 500 18.6 Surface fatigue
6 C 65,000 500 18.6 Suspended - Split line damage
7 C 65,000 500 8.0 Surface fatigue
8 Cc 65,000 500 8.0 Suspended - No damage
9 Cc 65,000 500 2,0 Suspended - High torque
10 Cc 65,000 500 2.0 Suspended - High torque
11 S 65,000 500 2,7 Rig C/0, suspended
12 S 65,000 500 2.7 Rig C/0, outer race fetigue spall
Rig Modification, install dual oil jets, reduce mass of bearing
housing
13 S 65,000 500 8.5 Outer race fatigue
14 S 65,000 500 8.5 Outer and inner race fatigue
Bearing Modification, chamfer inner rsce and retainer corners
15 C 65,000 500 0.7 Cage distress
16 o 65,000 500 0.7 Suspended
Bearing and Rig Modificetions, change fit-up, regrind shaft,
incorporate run-in procedure
17 C 65,000 500 14.6 Ball and cage damage
18 C 65,000 500 14.6 Suspended
19 C 65,000 500 9.5 Cage damage
20 C 65,000 500 9.5 Cage damege
Bearing Modification, rework cages to remove retention tengs
21 (¢ 55,000 500 0.5 Cege distress
22 C 55,000 500 0.5 Cage distress
23 S 65,000 500 15.2 Rig C/0, outer race spall
24 S 65,000 500 15,2 Rig C/0, outer race spell

S - Slave Bearing, Split Ball P/N HDB-007
C - Control Bearing, M-50, nonausformed
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TABLE 1

SUMMARY OF BEARING AND TEST RIG MODIFICATIONS

(Continued)
Totsl
Test Brg. Speed Load Time
# Type (rpm) (1b)  (hr) Remarks
- Bearing Modification, new cages, oversize bsll pockets
25 C 55,000 500 7.8 Cage wesr
26 S 55,000 500 7.8 Sus pended

- Bearing and Rig Modification, introduces under-race cooling

27 C 65,000 500 13.6 Slight cage distress
28 S 65,000 500 13.6 Suspended

~ Beering Modifications, inner land riding caeges, additional
under-race cooling slots

29 o 65,000 500 28.0  Small I/R fatigue
30 S 65,000 500 28.0  Suspended

S - Slave Bearing, Split Ball P/N HDB-007
C - Control Bearing, M-50, nonausformed
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250 1b
65,000 RPM
160°F-180°F

Thrust Load
Shaft Speed
0il Temperature

The development bearing test conditions were the same except that load was
increased to 500 1b, to produce more rapid failures.

Simple expressions can be used to relate contact angle, radial clearance
and end clearance.

Pq = 2BD(1 - Cos @)
Pp = 2BD Sin «
where P4 = internal radial clesrance
Pg = end play (clearance)

= total curvature = (fj + f5 - 1)
= ball diameter
= contact angle

fj = A1inner-race curvature

outer-race curvature

fo

From the preceding equations, it can be seen that both clesrances are
linear functions of ball diameter and total curvature, The end play of a
besring in an engine or test vehicle utilizing centrifugsel steges is more
critical then a purely axisl stage machine, The axial clearances must be
capable of tsking the full axial play of the main thrust besrings. The
effect that these clearances have on engine performance is greater on a
centrifugesl stage than on an saxial stage, and it must be limited., The end
play can be reduced by introduction of a modification to the split races
as shown in Figure 6. The end play in the bearing is then given by the
following equation:

PE = 2BD(Sin¥)-Wg

Wy is defined as the shim thickness. The besring deemed to be the best
compromise has the following dimensions:

Ball Diameter = ,3125 in.
Inner-Race Curvature = ,56
Outer-Race Curvature = ,51

Pitch Dismeter = 1,9095 in,
Contact Angle = 28°-32°
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The shim angle and shim thickness have not been defined since they will
depend on the actuel application and fit-up. As stated in the introduc-
tion to this section, the study is single point and does not consider s
mission cycle. The exact values could change depending on a full investi-
getion. However, for any high-speed application, it is imperetive that
ball diemeters and clearances be thoroughly investigated.

The results of the perametric design study are discussed in detseil in
Appendix A, The pertinent conclusions in relation to the baseline bear-
ing design are:

® Bsll dismeter should be incressed.

® Total curvature should be increased.

® The msnufsctured contact angle would remain the same, but the
operating angles are increased significantly by the besll diesmeter
and curvature change.

® Jet lubrication was not successful on the present design at the
test conditions, but could be utilized for e redesign with the
above changes. This is verified by the successful operation of

the slave bearings.

BEARING MANUFACTURE

Material

The raw material for the susformed bearings was doublée vacuum melted
(vacuum induction melted-vacuum arc remelted) AISI M-50. Both inner sand
outer rings as well as the original set of balls were masde from one hesat.
Due to the need to redo the balls (discussed later) a second hest was
utilized for the latter.

Ausforging Facilities

A controlled-energy-flow forming technique (CEFF) was utilized for the
susforming. This high-velocity metal-yorking procedure has been a pro-
duction process for a number of years, 4o

The equipment used is shown schemstically in Figure 7 and illustrated in
Figure 8. The CEFF equipment uses the counter-blow concept, but employs
two independent cylinders to accomplish this sction., Nitrogen is pres-
surized at maximum energy to 1400 psi. Provision is made to operate the
machine with dissimilar pressures in the two cylinders. This allows the
balancing of the system to provide equal momentum at impact, which, in
turn, provides efficient and rapid transfer of energy to the tooling and
to the work piece. A trigger system, with & hydromechsnicel lock for the
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Figure 7. Schematic of High-Energy-Rate Forging Equipment (CEFF)
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Figure 8. CEFF Machine in Operation - Operator Is Shown
Removing Forging Blank From Furnace Preparatory
to Placing it Into Die
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upper rsm and lower bolster, synchronizes the simultaneous relesse of both
parts of the tool., After firing, the latch system separstes the tools to
their starting positions in conjunction with ancillary pressure cylinders.
The energy can be established by regulating the cylinder pressure and by
adjusting the forging stroke. Tle combinations of stroke and cylinder
pressures that may be used to ob.ain equivalent pressures are given in the
theoretical curves in Figure 9.

The planned forging technique for each component was as follows:

Outer Ring = Backward Extrusion
Inner Ring - Forward Extrusion
Ball Blanks = Forward Extrusion

Rigg Ausformigg

Both inner and outer ring forgings were made using the high-energy-rate
forging process discussed in the previous section, One of the major con-
cerns in ausforming the inner rings was to maintain an optimum macro grain-
flow condition in the raceway region., Die design and preform volume there-
fore became 8 significant consideration. The final forging drawing for
subject part is shown in Figure 10, The actual inner ring is indicated on
this drawing, to show its relative position to the es-forged blank.

To schieve the desired dimensions as shown on the forging drawing, starting
preforms having a .780 inch O.D, and heights of either 1,76 inches or 2.09
inches were used. The two different heights were necessary in order to
achieve proper grain-flow for the puller groove half and the plain half
inner rings. As can be seen on the besring drawing (Figure 5), the puller
groove half has a greeter width than the plain side.

A number of forging trials were required for the inner rings, msinly to
assure a near net configuration in the raceway area. The final forgings
had less than .006 inch of excess material in the raceway area. Table 2
shows the major dimensions.

The ausforging cycle for the inner rings was as follows:

Preheat 1400°F, 30 min,
Austenitize 2075°F, 30-40 min. (endothermic atmosphere)
Rapid Air Cool to 1400°F

Stabilize at 1400°F - 5 min.

Forge b

Direct 0il Quench to 150°F
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Inner Race

Forging Dwg.
S/N

COWOIO U B WN -

1

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

TABLE 2
35MM BEARING FORGINGS -~ MAJOR DIMENSIONS

Mex. O,D.

1.710

1.710
1.710
1.711
1.711
1,711
1.710
1.711
1.711
1.711
1.711
i.711
1,712
1,711
1.713
1,712
1.711
1.711
1.712

1.710
1.711
1.712
1.713
1.712
1.712
1,711
1.711
1.713
1,712
1.711
1.712
1.712
1.712
1.712
1.711
1.713
1,712

Min., O0.D,

36

1,600

1,607
1.607
1.606
1.697
1.609
1,609
1.610
1,607
1.608
1.607
1.607
1.608
1.608
1,608
1,610
1.607
1.607
1.607

1,608
1.606
1.607
1,605
1,606
1,605
1,606
1.608
1,507
1.608
1.605
1.606
1.606
1.605
1.606
1,607
1.605
1.606

.401
.396
. 397
. 396
.400
.401
.40}
« 360
.4CG1
. 394
.396
. 398
.400
.395
.396
.400
.400
.399

.453
.458
.456
.456
.453
.457
. 457
.454
.454
.460
.457
.458
.459
.455
.453
454
.455
453



Air Cool to rcom temperature
Stress relief 950°F - 120 min.

It was recognized that one of the critical operations in the sbove sequence
was the time elapsed between the actual forging operation snd the subse-
quent oil quench. In previous work(14) it had been observed that the
transformation cherescteristics of the M-50 were sltered 8s a reinult of the
severe strain imposed during the susforging operation. Consequently, for
the current program, the die set was designed for rspid ejection of the
forged blenk, thus reducing the trsnsfer time to the oil to & minimum. In
actual practice, this trensfer time averaged 5-7 seconds und never exceed-
ed 10 seconds,

Photographs of the as-ausforged inner rings are shown in Figure 11.

The outer ring forgings were made by forward extrusion. The forging draw-
ing for this part is shown in Figure 12. Because of the greater mass of
material involved in this part, the ausforging temperature was raised to
1500°F - 1525°F in order to achieve improved metal flow. The sequence of
operation was as follows:

Preheat 1400°F, 30 min.

Austenitize 2075°F, 30-40 min. (endothermic atmosphere)
Rapid Air Cool to 1500°F

Stabilize at 1500°F - 5 min.

Forge

Direct 0il Quench to 150°F

Air Cool to room temperature

Stress relief 950°F - 120 min.

Similar to the inner ring forgings, it was desirable to come 8s close as
possible to the finel I,D, end O0.D, dimensions of the outer ring, in order
to reduce the machining time and cost and to achieve optimum grain flow
characteristics. This agein was sccomplished, as can be seen by the
dimensional datas presented in Table 3. Typical outer race forward extru-
sions are shown in Figure 13, and 8 production lot of inner asnd outer ring
forgings is showa in Figure 14.

Along with the required dimensionesl countrols, it was also imperstive thst
the proper hardness end microstructure of the ausforged parts were assured.
Hardness was a major consideration since it wes necessary to schieve 8

Rc 62-64 hardness range in order to permit a direct assessment when com-
pared to the baseline bearings, which were also in this hardness range.
Table 4 shows the results of the hardness measurements of both inner send
outer ring forgings after the 975°F stress relief treatment.
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Figure 12, Forging Drawing - 35MM Outer Race
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35MM BEARING FORGING - MAJOR DIMENSIONS

TABLE 3

B

Outer Race

Forging Dwg.

S/N

© 00 N O U bW N

oI T - o T o T T B S R W R
W 4 O bW N = O

0.D.

2,210

2,228
2,232
2,232
2,230
2,234
2,229
2.230
2.228
2,232
2,234
2,228
2,229
2.234
2,235
2,236
2.235
2.234
2,235
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1.801
1.800
1,796
1.797
1,798
1,798
1,800
1,798
1,798
1.799
1,798
1,799
1,799
1.800
1.801
1,799
1,801
1,801

g e

geight
1 . 8"

1.3
1.25
1.3
1.3
1.3
1.25
1.25
1.25
1.4
1.4
1.3
1.3
1.35
1.3
1.4
1.4
1.4
1.45
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35MM BEARING FORGINGS HARDNESS SURVEYS

TABLE 4

Inner Rings
Re SN
63 19
63 20
63.5 21
63.5 22
63 23
64 24
63 25
63.5 26
63.5 27
63 28
63 29
63 30
63.5 31
64 32
63 33
64 34
64 35
61 36

Rc

63.5
63
63
63.5
63.5
63
64
63
63
64
63
63.5
63
64
63
63.5
63,5
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Outer Rings
S/N  Re

1 63

2 63

3 63

4 62.5

5 63

6 63

7 63.5

8 63

9 64
10 63.5
11 63
12 63
13 63
14 63.5
15 63
16 64
17 63
18 63.5

Ball Stock*

Bar # Re
1 63.5
2 63
3 63.5
4 63
5 62.5
6 63
7 63
8 63.5
9 63
10 63
11 63
12 63.5
13 63.5

*2nd forging run
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Ball Ausformigg

Because of the small-diameter bslls required for the test bearing, it was
decided to use the bsr extrusion technique proved to be successful in
previous work(lz) to ausform the balls. The method, described pictorially
in Figure 15, consists of aus-extruding bar stock and subsequently machin-
ing the balls from these bars, While the grain flow induced by this
method is not idesl, the(fg?d performence of balls made by the method has
been amply demonstrated.

To achieve the desired 80 percent of deformation(ll) in the bell materisal,
the initisl 0,625 inch diameter basr was reduced to 0,271 inch dismeter,
thus producing the 80 percent reduction in cross-sectional area. The as-
extruded diemeter contesined adequate materiasl to finish machine the re-
quired 0,.1875 inch diesmeter ball.

For the ball extrusion 8 mechenical 650-ton press was used. Since the
press action is considersbly slower than the high-energy-rate forging
facility used for the rings, several veristions in the process had to be
introduced, The major one of these dealt with the ausforging temperature.
Previously, the preform was rapidly air cooled to the ausforging range
(1200°-1500°F) prior to being placed into the forging die. 1In the present
case, however, because of the small mass of the preform (.625 inch diameter
by 1,00 inch high), the cooling rate from the 2075°F austenitizing tempers-
ture was very rapid. Coupled with this was the 10-15 seconds delay en-
countered between placing the preform into the extrusion die, activating
the press, and the actual contact of the punch to start the extrusion pro-
cess, Despite the fact that the die was preheated to 600°F, 8 considerable
chilling effect was encountered. Consequently, initial efforts to extrude
the bar were unsuccessful., Heat transfer studies and measurements showed
that in order for the preform to be in the proper ausforming range at the
moment of extrusion, the part would have to be placed into the die at a
much higher temperature. After a series of experimental extrusions utiliz-
ing different preform temperatures, and teking into account the slight
amount of adiabatic heating due to the extrusion process, it wss found that
the preform could be transferred directly from the austenitizing furnsce

to the extrusion press, The trensfer time was controlled, and at the time
the billet was placed into the die it was measured by infrared pyrometry

to be within 1700°-1800°F, With the additional dwell time in the die the
actual temperature st the moment of extrusion was estimated to be between
1200°-1300°F,

A second problem was occasioned by the physical setup of the extrusion pro-
cess, Since immediste oil-quenching was required, it was decided to have
the extruded part fall directly (propelled is perhaps the more correct
term) into the quenching tank., The configuration of the press fortunately
permitted the placement of an o0il reservoir beneath the extrusion die.

The problem then was completely extruding the bar through and free of the

44
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Ball Forging Sequence

Figure 15,
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die. Since the punch hes e larger dismeter than the throat of the die and
since the total travel of the punch was limited, it was necessary to intro-
duce 8 "pusher'" bar into the system. Various materials were tried, with
the most satisfactory being a graphite block heving the same dismeter as
the preform. To accommodate this, the upper end of the extrusion die was
lengthened., This system worked extremely well, and sufficient bar stock
was extruded to produce all of the 300+ balls required for this program.

The above described process is quite repeatable. This wss demonstrated
when the entire set of ausformed balls had to be reforged because the
initial set had been ground undersize by the ball vendor during the finsl
lapping operation.

Metallurgical Evaluation

Comprehensive metallurgical evaluations were preformed on the ausformed
rings and balls, The specific items of interest were grein flow, micro-
structure and hardness,

Initially all of the parts were visually and magnetic perticle (MPI) in-
spected to remove those with obvious defects such as cracks, folds, forg-
ing laps, etc. Several extruded bars were removed by this method primarily
due to forging laps. Rockwell hsrdness messurements were made on all of
the parts, Only parts having the restricted hardness rsnge of Rockwell

C 62-64 were accepted.

Eighteen outer ring forgings were produced, 8ll of which met the dimension-
al and hardness requirements. Fifty-five inner ring forgings were made,
consisting of 27 short and 28 long parts (corresponding to the plein and
puller groove inner ring halves). Six parts from each batch were used

for metallographic and grain flow studies, and from the remaining number,
18 of each met the required dimensionsl and hardness tolerances. This is
documented in Tables 2, 3 and 4. If the hardness range had been the
normal Rc 60-64, 8ll of the pesrts would have been acceptable, as the only
cause for rejection was the fact that several forgings had a hardness
range of Rc 61-62.

Approximately 174 inches of extruded ball stock wss achieved, of which
approximately 120 inches was sound. Rejection was mainly on the basis of
having to remove approximately 1 to 1,5 inches from each bar representing
the tail end of the extrusion which had a tendency to flare and crack,

as well as rejecting several bars due to excessive curvature, which pre-
cluded further machining operations,

Micro-hardness surveys and grain flow examinations were made in the criti-
cal raceway sections of the inner and outer rings. Typical hardness re-
sults are shown in Figures 16, 17 and 18. The desired grain flow was
achieved as shown in Figure 19, Metallographic examinations were conducted

46
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Figure 16. Hardness Survey 35MM Inner Race
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Depth Below
Surface (in.)

.002
.005
.008
.0115
.0145
.018
. 0205
.024
.028
.033
.040
.070

Hardness

Rc

64.0
64,0
64.0
64.5
64.0
64.0
64.0
64.0
64.0
64.0
64.0
64.0
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Depth Below Hardness
Surface (in.) Rc
.002 64.0
.0045 64.0
.0075 64.0
) .011 64.0
.0135 64.5
.017 64.0
.020 64.5
.022 64.0
.025 64.0
.040 64.0

Figure 17. Hardness Survey 35MM Inner Race ''Puller’ Groove
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Figure 18,

| Depth Below

y Surface (in.)

.002
. 0045
. 0065
. 0095
.0125
.0155
.0185
.023
.026

Hardness Survey 35MM Outer Race
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Hardness

Rc

64.5
64.5
64.5
64.5
64,5
64.5
64.5
64.5
64.5
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on the rings and balls, and typical results sre presented in Figures 20
through 22,

X-ray diffraction messurements were taken on sample components to establish
reteined austenite content. These measurements showed the retsined aus-
tenite to be below the realistic sensitivity of the test method, which
indiceted 8 retesined austenite level of O to 2 percent.

Beariqg Manufacture

Following the metallurgical and dimensionsl evalustion, selected forgings
and ball stock were pre-processed prior to submittal to the bearing manu-
facturer for final processing.

The inner ring forgings were trepanned as shown in Figure 23. This opera-
tion was critical in that close concentricity had to be maintesined between
the bore and the as-forged raceway in order to assure a uniform (and mini-
mum) metal removal from the ausformed raceway section during final machin-
ing. Consequently, the electricai discharge machining (EDM) circular
electrode was indexed on the as-forged raceway pitch diameter. The parts
were then nondestructively reinspected to check for any possible damage

due to the machining operation. None was found. Figure 24 illustrates

the manufacturing sequence, from the as-forged blank to the finish-machined
inner ring.

It had originally been intended to make two outer rings from each forward
extrusion., Since the length of the extrusions was marginal (see Table 3)
and previous work had shown that optimum grain flow was limited to the
center section of the extruded area,14) it was decided to remove only one
outer race segment §rom each extrusion., This was done by EDM and is illu-
strated in Figure 25. Since the as-forged extruded section was close to
the final dimensions of the outer ring, no additional machining of these
parts was required prior to submittal to the bearing vendor. Figure 26
illustrates the production lot of rough machined inner and outer rings
prior to tinal machining by the bearing vendor,

The extruded bar stock was reduced to .225 inch *+ ,005 inch diameter bail
blanks. This operation, werformed by Acra-Sphere Ball & Mfg. Co., Gardens,
California, consisted of 8 combination lathe turning and honing process.

No undue difficulties were reported by the besring vendor in final machin-
ing the inner and outer races. An unfortunate incident occurred when the
balls, being finish honed to a Grade 10 ball, were ground undersize (averag-
ing about =-,002 inch), thus making them unusable for the besrings. This
necessitated s complete restart of the manufacturing cycle for this com-
ponent, since insufficient bar stock remeined from the originsl batch Lo
complete the order. This was accomplished with outstanding cooperation
from the forging source and the ball rough-machining vendor. The second
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Figure 20.

Etchant: 5% Nital

Microstructure of Ausformed M-50 Inner
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Figure 21.

Etchant:

Microstructure
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1000X

5% Nital

of Ausformed M-50 Outer Race
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Figure 22.

Etchant: 5% Nital 500X

Typical Microstructure of Ausformed Balls
35MM Bearings
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set of balls had a hardness renge from 62,5 to 83.5, excellent microstruc-
ture, and a retained austenite content of less than 2 percent.

Ten bearings were manufactured and delivered to General Electric for test-
ing. All print dimensions were met with the exception of inner and outer
width, which were as shcwn in Table 5. The deviation in this dimension
was not considered to be criticel to the planned test progrem. Figure 27
shows a disassembled view of one of the ausformed bearings.

TEST FACILITY

Test Facility Design

A cross section of the original test rig housing is shown in Figure 28.
This was the sssembly used for the initial rig checkout runs, The pert
numbers in the parts 1list (Table 6) are referenced in the following de-
scription.

The rig housing, item (1), consists of an accurately bored snd lspped
cylinder of nominal 5 inches dismeter, into which fit the drive-end bear-
ing housing, item (2), and 8 hydrostatically ''flosted" piston, item (4).
The opposite-drive-end bearing is located within the piston by the adapter,
item (3). The drive-end housing is provided with drilled oil passages
supplying integral oil jets from en O.D. annulus fed by connections through
the item (1) housing wall; item (£) housing is restrsined from rotation by
the dowel pin, item (20). O-ring seals ere used to isolate supply oil to
the drive-end housing O0.D,

0il supply to the opposite-drive-end bearing enters through the torque
arm, item (18), which protrudes through a slot in the item (1) housing
wall, allowing angular motion of the piston., Drilled oil pessages in the
adapter, item (3), are similar to those in item (2), and 0.D., sealing is
similarly by O-ring. Oil jet sizing initially was 3/64 inch diemeter
(.0469), two jets per bearing, as shown. Face slots and transfer holes
are provided in items (2) and (3) to allow oil dresinege and venting from
bearing outboard sides to the center sump, from which all oil is scavenged
through a single port.

The piston/cylinder clearance as menufactured was ,0015/.0025 inch (on
diameter). The housing (cylinder) bore was subsequently honed snd the
mating pair "lapped-in" to provide a satisfactory fit.

The shaft, item (6), supports the two 35mm (bore) test besrings on a com-
mon diameter, separated by a sleeve, item (8), the stack being clemped by
the nut, item (11). Tk shaft driven-end protrudes through a lasbyrinth
seal, item (10), and contsins two 1/8 inch-diemeter pins engaging slots in
the driving spindle, item (9). The spindle is centered in a bore in the
shaft with a light interference fit,
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PRINT DEVIATIONS ON 35MM AUSFORMED BEARINGS

Serial Number

Print Range

MDA

MDA

MDA

MDA

MDA

MDA

MDA

MDA

MDA

MDA

E0001

E0002

E0003

E0004

E0005

E0006

E0007

EO008

E0009

EO0010

.5512 -

Inner Width

. 5497

.5442

.95232

. 9207

.5307

.5282

.5252

. 0217

.5307

.9312

62

.5462

Outer Width
.3937 - ,3887
.3912
.3892
.3897
.3897
.3895
.3929
.3897
.3902
.3897

. 3899
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TABLE 6

MAJOR PARTS LIST - 35MM HIGH-SPEED BEARING TESTER

Part List

Pt. Description Dwg. No.
1 Housing, Test Rig 6742-739
2 Housing, Bearing 6742-740
3 Adapter, Bearing 6742-741
4 Load Piston 6742-~-742
5 Cover Plsate 6742-743
6 Shaft 6742-790
7 Ring Nut 6742-745
g 0il Jet Assembly 6742-792
9 Drive Spindle 6742-735

10 Lebyrinth Seal 6742-747

11 Locknut 6742~-791

12 Bearing, Ball, 35mm 6742 -806

13 Bearing Sleeve 6742-807P02

14 Bearing Sleeve 6742-807P01

15 "0" Ring, Parker #2-156, 4.237ID X ,103" W

Parker Compound #77-545
16 "0" Ring, Parker #2-42, 3.239ID X ,070" W
Parker Compound #77-545
17 Dowel Pin (Rollpin) .125" Dia X .500"-Lg.
18 Torque Arm, 1/8" Sch. 40 Pipe, 8" Lg.
NPT Both Ends
19 Baseplate Assembly 6742-749
20 Dowe.! Pin .250" Dia X .750" Lg.

63



- g e ‘:ﬂﬁwﬂJ

— AN o e e e e St e .

Axial load is applied to the test assembly by either of two methods. The
assembly shown is provided with an O-ring sealed cover plste, item (5),
which allows pressurizing of the cavity between cover plate and piston with
lube 0il; leskage flow past the piston perimeter is scavenged from the
annulus in the housing wall at piston mid-length. The second load method
utilizes a spring loading assembly mounted in a plate interchangesable with
item (5); a single die spring of 640 1b. maximum (solid) cspability, 480
1b/in rste, is used and is calibrated prior to use.

The hydrsulic load system is used when measurement of bearing torque out-
put is required, since the piston is then free floating. Hydrostatic pads
are milled into the outside diameter of the piston in two patterns of four,
equally spaced circumferentially; pressurizing oil is applied through pene-
tration in the stationary housing wall adjacent to each pad, while orifices
and valves at each entry allow manual adjustment of oil flow until optimum
piston ""float" is achieved. Lube 0il from the common system is used for
pad pressurization so that oil leakvge past the piston into the test besar-
ing sump does not contaminate the test oil,

The mechanical (spring) load system is used for fatigue test runs of long
duration and was the method used for all tests described in this report.

Material used for all rig components except baseplate, spring load system
and drive spindle was AISI 4340, The shaft was heat treated to 33-38 Rc;
other parts were heat treated to 28-32 Rc. Sump internal parts were black
oxide coated for corrosion resistance. The drive spindle was AISI C1050.

The test oil system provides 3.0 gpm, maximum, to a 100-psi header, with
bypass heat exchenge returning spill to the reservoir, Full-flow 10-micron
filtration is provided for besaring and pressurizing oil. A 2/1 scavenge
ratio is meintained for "dry sump” operation.

The rig is driven through a 3/16-inch-diameter spindle which provides »a
flexible connection to the power source, a 2-inch Barbour-Stockwell Company
air turbine, special model 1500, rated 10 HP at 65,000 RPM on 90 psia,

75°F air with atmospheric exhsust. The menufacturer's performance curve
for this turbine is shown in Figure 29. The turbine is o0il mist lubricated
by a package unit mounted on the test frame,

Assembly of the rig is a bench operation, with the shaft, besrings, housing
adapter and piston being preassembled and inserted into the cylindrical
housing through the uncovered opposite drive end. Alignment between tur-
bine and rig assembly is established upaon each reassembly by use of a butt-
plate dowelled to the common baseplate; b reference surface (see Figure 28)
on the rig housing mates with a ground surface on the butt-plate. The
butt-plate reference surface was initially located by taking indicator
runout readings between the test shaft and the turbine shaft extension.
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Turbine speed control originates with a six-impulse/rev msgnetic pickup
mounted on the turbine. The pickup signal is amplified and rectified to s
D.C. voltage linear with shaft spc-~<; the D.C. signal is applied to the
bridge circuit of an electropneumatic controller which controls turbine sair
supply by pneumatic valve. A msnually operated bypass valve sllows initiel
setting of turbine speed. The D.C. signal is also epplied to a D.C. volt
meter with high and low trip to allow adjustable overspeed and underspeed
shutdown of the facility.

Emergency shutdown of the facility is effected by interruption of sny unit
in a series circuit through the following devices:

a) Pressure switch on test rig oil supply.

b) Pressure switch on turbine air supply.

¢) Pressure switch on turbine oil-mist unit air supply.

d) Trip switch activated by vibration meter.

e) Oil-level-actuated flonat switch in turbine mist unit oil reservoir.

f) High-temperature trip switch on bearing O.R, temperature recorder.

g) Turbine overspeed/underspeed trips (on D.C. volt meter).

h) Chip detector in rig o0il scavenge line,
Test bearing outer-race temperatures are determined by Chromel. Alumel
thermocouples held against the outer-race exposed faces in the sumps by
spring clips. Thermocouple leads are pulled through an access hole in the

drive end bearing housing, item (2). Two thermocouples are used for each
bearing.

In prectice, the turbine required 75-80 psi air to meintsin a test shaft
speed of 65,000 RPM with the bearings under axial test load of 500 1b.

Since the required airflow is close to the maximum availsble from the 90

psi supply header, deterioration of the test beuarings usually resulted in
shutdown of the facility via underspeed trip in the control circuit prior

to serious damage to the facility. The underspeed trip proved to be more
sensitive than vib pickup in this respect, while turbine air demand provided
a good indication of test bearing deteriorstion via increase in power loss,

Test Facility Checkout

The contractually required test conditions, i.e., shaft speed of 65,000 RPM
and bearing axial load of 500 1b, were achieved for 15 hours total running
time during which period all emergency shutdown systems described above
were activated and found to perform properly.
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Because of the limited number of bearings available for the baseline tests,
slave bearings having the same dimensional envelopes &s the test bearings
were utilized for these tests.

Test Rig,Modifications

As reported in the checkout and baseline bearing test summary (Table 1),
various modifications were undertaken to limit an apparent nonuniform
temperature distribution in the test bearings. Figure 30 is 8 cross sec-
tion of the modified rig assembly, with under-race oil supply into the
shaft, and other changes as listed in order of implementation.

a) Shaft redesign: Early disassemblies of the rig for interim inspec-
tion proved to be difficult due to the necessity of pulling the
separating sleeve (item 8 in Figure 30) and the shoulder-end bear-
ing off of the full-length interference fit; this resulted in cumu-
lative galling damage to the bearing fit surfaces. The 6742-744
shaft (Figuré 31) was redesigned to eliminate the sleeve. The
6742~-790 shaft (Figure 32) was used for tests following the rig
checkout runs, up to test #25 (see Table 1).

b) Additional oil jets: These were added to supply o0il to the sump
sides of the test bearings. One pair of the two added is shown in
the cross section, Additional oil passages drilled into the oppo-
site-drive-end bearing adapter, item (3), provide the oil supply;
0il delivery is through 1/8-inch-diameter tubing, plug welded and
drilled at the ends to provide jet sizing. Similar tube jets were
added to the drive-end side of the drive-end bearing to make jet
exit positions identical for both bearings. Simultaneously, all
jets were plug welded and resized to ,030 inch diameter (from .0469
inch diameter) to allow increase of supply pressure to 4C psig with
resultant higher jet velocity. Theoretical flow of MIL-L-7808 oil
at 75°F and Ap of 40 psi is 0.84 1lb/min per jet, using a flow coef-
ficient of 0.65.

Coincident with the above, the test bearing C.D. supports were
changed to provide "soft" mountings to alleviate transient thermal
expansion effects which could result in changes to besring internal
radial clearesnces during startup, prior to temperature stabiliza-
tion of the rig.

The thin-wall cylinders (item 14, sleeves) were sdded by press fit
into the item (2) housing snd item (3) adapter. Nominsl sleeve
wall thickness is .10 inch.,

c) Under-race cooling: The assembly of Figure 30 incorporates the re-
designed shaft 6742-853 of Figure 33, used to introduce under-race
cooling for the besrings of test #27 and thereafter. Separate 1/8-~
inch tubing jets were provided to separately supply the besrings,
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oil separation in the bore being effected by a dam. The tubes were
brazed into drilled passages in the item (3) sdapter, s shown,
Eight ,032-inch-diameter feed holes to a supply annulus under esch
bearing inner race split line were provided in the shaft. Metering
normally tskes place in the oil trensfer slots in the bearing inner
ring split faces; hence o0il supply to the shaft bore is maintained
in excess to produce constant spillover of the iip et the shaft
opposite drive end. The dam allows metering of o0il inlet, through
supply limitation, as an alternative,

Coincident with the above, a hardened bushing was added to the
spindle-fit in the shaft end, as shown, to alleviaste wear; @ similar
bushing was added to the turbine shaft at the spindle end to ensure
continuous close-clearsnce fit and support of the spindle mid-length;
replacement spindles were hardened at wesr points by heat treatment.

TEST CONDITIONS AND TEST RESULTS

The standard practice when running bearing fatigue tests is to run at over-

load conditions to reduce running time. The loads were selected based on pre-
3§

vious testing on the NASA program, and testing accomplished on CF6 and

F101 main engine besarings.

Based on the life and stresses calculated by the Bearing Design Technology
Computer program RECAP3 and a comparison to AFBMA predicted life, the fol-
lowing test conditions were established:

Bearing Load = 500 1b
Shaft Speed = 65,000 RPM
0il-In Tempersture = 160°-180°F
Effective Contact Angle = 16.8°
Outer-Race Hertz Stress (Spgx) = 301,000 PSI
Inner-Race Hertz Stress (Sp,y) = 297,000 PSI

6.7 Hr (26.3 x 10% revolutions)
5.4 Hr (21.1 x 106 revolutions)

Computer Cslculated Life (Bjq)
AFBMA Celculsted Life (Byg,)

The difference in AFBMA and computer life calculations 1is due to the approx-
imations used in the AFBMA method, The computer life is considered the /
more accurate, but the AFBMA life is normsally quoted to provide a common
base to parties who would not have sccess to the computer results.

In a previous section, the problem of operating the test besrings was out-

lined. Table 1 presents a chronological tabulation of sheskedown testing
to obtain proper operstion.
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Table 7 presents the endurance test results for the control, or baseline,
and the ausformed bearings. Four control bearings and ten ausformed bear-
ings were tested. Two bearings in the ausformed group are not considered
as legitimate fatigue failures (S/N 0007 and 0008), Bearing S/N 0008 ap-
peared to fail due to overhesting and caused sufficient damege to S/N 0007
to preclude additionasl running. The rig was running unattended when the
failure occurred, and shutdown was due to overtorque. No evidence was
found in the control system to indicate o0il loss, but the possibility of
oil interruption due to under-race cooling passage blockage exists. No
fatigue was evident, and the fsilure is not included in the following
statistical analysis,

The test results in Table 7 are presented graphicelly in Figure 34 end
Figure 35 using the statisticel techniques developed by Weibull, (17 In
calculating the two curves, the suspended tests are included using the
industry-wide sccepted practice per Reference 18, The two curves are com-
bined in Figure 36, which illustrates the improvement in fatigue life ob-
tained by utilizing the ausforming process. The slight divergence in the
slope of the two curves (~.7 for the standsrd bearing versus ~1 for the
ausformed) is typical, having been observed in all of the previous aus-
formed bearing test programs, The steeper slope is indicstive of less
scatter and effectively indicates a more homogeneous materiel. The elimi-
nation or attenuation by susforming of some of the more massive carbide
particles snd/or agglomeration normally found in M-50 is believed to be
mainly responsible for this appsrent higher level of homogeneity.

Admittedly, the number of tests performed is minimal in terms of the usual
bearing test programs. Yet it is encouraging to note the directionsl trend
of the data that was generated; more importantly, it can be reinforced by
previous test results on similar size bearings. This will be discussed in
greater detail in the ensuing discussion section of this report.

35MM BEARING FAILURE EVALUATION

One of the more frustrating problems in the testing of ultrahigh-speed
small bore bearings, is the fact that despite the most sensitive failure
detection control, termination of the test upon failure is rarely repid
enough to prevent a relatively massive failure propagation. This problem
was compounded in the present case by the recognized marginality of the
cage. Consequently, only a few of the failures, either standerd or aus-
formed besring, were as ''clesn” as would ideally be desirsble. Neverthe-
less, failure initistion (and propagation) wes adequately tracesble to
permit a valid engineering evaluation. In Figure 37 through Figure 45,
typical examples of failed and unfailed bearings are presented. In sll
but one cesse (S/N MDA 0009) the initiasl fetigue failure wes on the inner
race, with subsequent and probably immediate ball and cage distress. 1In
S/N MDA 0009, fatigue failure initintion was at the outer racewsy, agein
followed closely by ball and cege failure. The photographs are essen-
tislly self-explenatory. It is interesting to note that in the tester
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TABLE 7

BASELINE AND AUSFORMED BEARING TEST RESULTS

Baseline Test Summary

*Overtemperature failure - no fatigue.

74

Total
Bearing Speed Load Time
S/N (rpm) (1b) (hr) Remarks
20 65,000 500 371.0 Suspended
21 65,000 500 30.5 Failed
22 65,000 500 180.6 Failed
23 65,000 500 521.1 Failed
Ausformed Bearing Test Summary
Total
Bearing Speed Load Time
S/N (rpm) (1b) (hr) Remarks
0001 65,000 500 373.1 Suspended
0002 65,000 500 373.1 Failed
0003 65,000 500 482,0 Suspended
0004 65,000 500 482.0 Failed
0005 65,000 500 500,.0 Suspended
0006 65,000 500 500.0 Suspended
0007 65,000 500 34.1 Suspended*
0008 65,000 500 34.1 Failed*
0009 65,000 500 92,3 Failed
0010 65,000 500 92,3 Suspended
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Figure 38.

1TI|III|I|I|||||I'I|I|I|I ||||||||||||||||||||||| |
12 | 20 ., 28 l 4 ) 3

20 o4

Condition of Inner Races & Cage of Bearing S/N 0006 After
500 Hours of Test. Except for Slight Extrusion of Silver

Plate on Ball Pockets, All Components Are in Excellent
Condition
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Figure 39,

Condition of Outer Racewa
S/N 0006 After 500 Hour-Test
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y and Balls of Bearing
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Figure 40.

: »...--n.gi?%;’gg ]

Ausformed Bearing (S/N 0004) After 482 Hours at 65,000 rpm
and at an Axial Load of 500 1b., Initial Outer-Race Fatigue

Failure (Top) Followed by Cage Distress (Bottom) and Ball
Damage (Figure 41.)
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Figure 41.

Balls From Bearing S/N 0004,
of Outer-Race Fatigue Failure

82

Showing Damage as a Result
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Figure 43. Primary Fatigue
Bearing S 'N 0009
Inner-Race Segment (Bottom)

Failure on Puller Groove Half Inner-Race
. Slight Split-Line Damage on Plain
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Figure 44. Secondary Outer Race and Cage

Damage on Bearing S’/N 0009
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Figure 45.
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c 6 7 8

Typical Inner Ring Surface Fatigue Failure and Cage Distress
on M-50 Control Bearing, With Bearing in Original Configuration
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checkout runs with 2 besring utilizing s lerge diameter ball (Split-Ball
P/N HDB-007), failure wes on the outer race, obviously initiasting at the
site of the split line (see Figure 46), but did not result in cage and/or
ball demage.

Metallurgicel evalustion did not reveal any unusual condition in either

the standard or the ausformed bearings which could be construed as sbnormal.
Failures were subsurface initisted and appesred to be classical spalling
type rolling element fatigue,

DISCUSSION AND RECOMMENDAT IONS

The prime objective of the work reported herein was the evaluation of roll-
ing-element bearings utilizing thermomechanically processed components in
the size range common to U.S. Army propulsion systems. A second objective
was to establish a feasible production process for this type of bearing.
Both of these objectives were successfully accomplished.

As is often the case, relatively straightforward tasks such as the two
cited in the preceding parsgraphs can generate complementary activities
which are at least as difficult and complex as the primary objectives.

This program was no exception. The report has covered these ereas in de-
tail, The two sppendixes are a direct result of these excursions; and
while they were not a contract requirement, it is felt thet their inclusion
will provide a more complete story and serve as a practical guide in future,
similar efforts.

The beneficial influence of the ausforming procedure has been demonstrated
on a bearing which, at best, was of marginal design. There is no doubt
that the results would have been equally satisfactory, and perhaps even
more so, with 8 properly designed high-speed besring. It is interesting to
note that the degree of improvement (~7X) achieved over s stendard pro-
cessed bearing is in e?cellent agreement with previously published data on
similer size bearings. 12) This latter fact is demonstrated in Figure 47.
This agreement is especially beneficial from the standpoint that the pre-
sent test series were performed with 8 minimal number of tests snd conse-
quently stonding by itself would have a relatively low statisticel confi-
dence level. The results of the previous program, however, are based on
an sdequately large test populetion, such that a totally valid statistical
judgement can be made. The agreement between the two programs thus vali-
dates to a great extent the results of the test program reported herein.

It will be recognized that thermomechanical processing does incorporsate
several more or less difficult steps into the manufacturing cycle of roll-
ing-element bearings. Based on past experience, the degree of difficulty
is an almost linear function of bearing size., In the size range of
interest to the U,S. Army, i.e,, ~25mm -75mm, the metal-working processes
required for ausforming are on thke lower order of the difficulty scale;
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Figure

16,

Outer Race, Cage,

and Balls From Split-Ball Bearing Checkout Run.
Note

Fatigue Spall on Outer Race Originating at Split-Line,
Other Components Are in Excellent Condition
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——

thus ausforming represents a viable approach to fatigue life extension of
critical engine bearings,

Obviously, because of the extra manufscturing steps required, bearing costs
will be increased. The exact cost increase is difficult to assess, since
it depends greatly on besring size and configuration and more specifically
on quantity. Thus, the engine designer will have to mske 8 judgement
weighing the life-improvement potentiasl against the economic considerstion,
In the cases of hypercritical fetigue limited besrings, the srgument will,
sdmittedly, be rather one-sided.

The high-energy-rate forging process utilized for meking the rings is well
suited for the ausforming of smaller dismeter (up to ~ 1C9mm) bore bear-
ings. It is a repeatable and reproducible process and vihould lend itself
well to high-volume production levels. The menufacture of the ball, while
cumbersome, is repeatable, although improvements in the forging of this
part seem warranted.

In summary, ausforming of small to medium size bore rolling element com-
ponents is a viable process and does result in sizable improvements in
bearing fatigue life. It is recommended that work be continued in this
area, concentrating on refining the process to improve ball manufacturing
techniques and increasing the vield from the outer ring forgings. Addi-
tional component testing 1s suggested utilizing sn actual engine bearing
size and contfiguration, with the ultimate aim of introducing thermomechan-
ically processed bearings into operotional U.S., Army propulsion systems,
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APPENDIX A

DETAILED DESIGN OPTIMIZATION STUDIES

As sn integral part of the 35mm susformed bearing program, 8 parametric
study was performed to isolate the critical geometrv and operstional
variables snd to attempt to optimize the besring design around designated
opersting conditions,.

The snslyticel tool utilized for the psrametric studv was the GE Bearing
Design Technology computer program RECAP3. This progrem simulates the
performance of high-speed, thrust-losded angular-contact ball besrings.
Inertisl effects such as ball centrifugal force and primary end secondsry
gyroscopic moments due to ball orbital, rolling and sliding motions are
included in the analysis. Also included sre elastohydrodynamic lubrica-
tion traction forces acting on the balls, viscous drag forces owing to the
ball orbital motion, and cage rail-to-bearing ring land friction forces.
Lubricant viscosity data as a function of pressure and temperature are
resident in the program and are used to determine lubricant film thickness
and traction characteristics in the Hertzian contact zones. A sample pro-
gram output is shown in Figure A-1.

Contact Angle

In discussing the contact angle relationships with bearing operating per-
formance, it is necessary to define the proper contact angle in question,
namely, the effective mounted contact angle or the contact angle that the
bearing will exhibit after the decreases in internal radial clesrsnce
(IRC) due to the effects of interference fit and centrifugal and thermal
growth have been accounted for., It is critically important to define the
proper contact angle ftrom a life prediction viewpoint and to properly
assess the contact angle sensitivity to changes in IRC. A common error

is t) neglect the shaft, bearing and housing expansions due to centrifugal
and thermmsal effects, 8s most computer programs utilize a rigid ring asp-
proach to determine bearing operating performence. For the 35mm bearing
design tested in this program, the average free contact angle was 30°,
Factoring in the IRC reduction due to the interference fit between the
shaft and beering inner race produces an assembled average contact angle
of 23.8°, Further accounting for the IRC reduction due to centrifugsl and
thermal effects decreases the contsct angle to an effective mounted value
of 16.8°, It is this effective mounted contact angle along with the other
geometrical and operationsl varisbles that determines the operating con-
tact angles and associsted bearing performsnce.
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As shown in Figure A-2 for the 35mm bore diameter bearing tested in the
U.S. Army program, and at a specified thrust load of 250 1b, calculated
bearing fatigue life generally increases with effective mounted contact
angle, particularly in the normal range of interest of from 20° to 307,

As shown in Figure A-3 for the same besring, an optimum value of contact
angle can be achieved, but it usually occurs at excessively large values
where the associated IRC and end play levels are prohibitively large for
proper machine assembly and clearance control. The average effective
mounted contact angle of 16,8° for the original bearing design is not con-
sidered to be satisfactory for this application because of fatigue life
reduction and for sensitivity to changes in IRC to be subsequently dis-
cussed. An effective mounted contact angle rsnge from approximately 22°
to 26° is considered to represent s satisfactory compromise between fatigue
life, tolesance to IRC reductions and required machine clearsnce control
requirements. Following the subsequent discussion of the advantages of
increasing the bsall di~meter and totsl curvature, Figures A-4 and A-5 show
the contact angle versus life relationships for a 35mm bore diameter besr-
ing with 15-5/16 inch diameter balls and outer and inner curvature rstios
of 0.51 and 0.56, respectively. The 26.3 average effective mounted con-
tact sngle for this bearing is seen to effect a considerable improvement
in predicted fatigue life at 250 1lb applied thrust load when compered to
Figure A-2 for the 18-3/16 inch ball dismeter configuration.

Curvature

One of the most significant veriables in small bearing technology is the
ratio of racewsy radius of curvature to ball diameter. A common value for
mein shaft size besring inner- and outer-race curvature ratios is 0,52,
Fatigue life increases with decreasing curvature ratio, but a minimum
curvature ratio is not necessarily desirable for a small-diameter bearing
operating at high speeds. For a given contact angle, a @winimum curvature
ratio also produces a minimum internal radial clearance and the greatest
contact angle sensitivity to loss of clearance. An example of this effect
is shown in Figure A6 for a 12mm bore diameter ball besring operating at
88,000 rpm (1.06 x 106 DN). In this bearing design, the initisl curvature
ratios of 0,52 predicted adequate fatigue life, but subsequent testing
indicated that classical subsurface fatigue was not the limiting fsctor.
Loss of clearsnce due to thermal effects produced a significant decrease
in contact angle which led to increased bearing heat generation, further
decreases in clearance and contsct angle, etc., until eventual seizure.
Noting the 0.52 curvature curve in Figure A-6, it can be seen that the
slope of this curve is steeper than the slopes of the other curvature
curves, producing the greatest sensitivity of contact angle change to small
changes in internal clearance. Based on this test experience, the bearing
was subsequently redesigned with curvature ratios of 0.53 to effect a
satisfactory compromise between predicted fatigue life and contact angle
sensitivity to small changes in internal clearance. This besring design
has been demonstrated in a propulsion simuls+z, application for the USAF

96



- ‘#OURS)

L10 FATIGUE LIFE

80

70

60

50

40

30

20

10

D = 3/16 IN.
dm = 1,7720 IN.
fo = 0.52
f1 = 0.52
Fa - 250 LB
N = 65,000 RPM
e e - e e - ——-L--——
|
+— —
vt
|
1
4 [
1
v
|
|
I
|
0 5 10 15 20 25 30
CONTACT ANGLE (DE~)
Figure A-2. U. S. Army 35MM Bearing Fatigue Life vs

Contact Angle

97



218Uy 39e3u0) wnwiadp Surieag WWCE Awly °§ ' ‘g-V aIndig

(93Q) ITONV LOVLNOD

SE 0€ 114 0z ST 01 < 0

lllllllllll

D A D G G D G G GRS G WP G aEP ene o e e

\Rﬁ'"'lll"nﬁll" .'lll.r'lli

1
(SHNOH) FJIT ANDILVd g T

001
WdY¥ 000°C9 = N
471 06z - ey
260 = 13

2S°0

‘NI 0zt
‘NI 91 %

n
=]
-

U]
=

000X

98



LlO FATIGUE LIFE (HOURS)

150
i — — — —— —
100 i
|
|
|
| D = 5/16 IN.
dm = 1,9085 IN.
l fo = 0,51
£i = 0.586
I Fa = 250 LB
] N = B5,000 RPM
50
|
|
I |
0 |
10 20 a0

Figure A-4. U. S. Army 35MM Bearing Fatigue Life vs

CONTACT ANGLE (DEG)

Contact Angle

99



SIS TN VAPPSO

LIU FATIGUE LIFE (HOURS)

|
> - - ——?#\
f
|
100 ]
|
(
|
i
|
| D =5/16 IN,
{ dm = 1.9095 IN,
fo = 0.51
|
f1 = 0,56
| Fa - 250 LB
| N = 65,000 RPM
|
|
|
|
10
|
|
[
|
|
|
|
|
|
|
|
|
|
1 1
25 30 35 40 45 50

CONTACT ANGLE (DEG)
Figure A-5. U. S. Army 35MM Bearing Optimum Contact Angle

100



Buwreaqd isnay] Jojenus uotsyndoad

(STHINT
£2 E2 12 0z 61 BT L1 81 g1

Tl.

PT ET 21

11

01 X T) FONVHVETO TYIOVE TYNEELNI
o1 6 L) L a

*9-y aan3dyg

1l | %
— — 2 — (=] T
— 1=- "3+ ']1=8
1 | v
80°0 - LB _ 1
8O0 = @ X | _ _ ]
¥0'0 = 80 _ — | |
| _ T i
= i ze'o= 3= 4 -
i LR FONVH
e o 55s e L A B M1 L
g _ =
Fonvy out | | T— v _
dn.ﬂ o= 3 F) L Pl
_ _ FONWH OM1 \.—..\c
__. _ — N \ 81
“*qqﬂjﬂma
1 AONYH
.\t\ » ATORY LIVINOD NOISIA 0z
Il.l.ll e — ‘Il — ey e e — — — — — —
..._...n.....t..l..l t44
e \r_\.\
¥2
=T °
2z
| \1\ MILINVIG THOS WM ZT
‘ST 9T/€ = @ 82
JHI SA ITONY LOVINOD
og
I‘:._\\n ze

(93d) 379NV LOVINOD

101



Aero Propulsion Laboratory.(lg) It operates with minimal oil supply flow
rate (30 cc/hr), with bearing cooling being provided by flow path bleed
air. The bearing design, shown in Figure A-7, exhibits excellent toler-
snce to changes in internal clesrance produced by changing operating con-
ditions.

The internal radial clearance (IRC) versus contact sngle relationship for
various values of total curvature (B = fo + f3 - 1 where fo end fy are the
outer and inner raceway curvature ratios, respectively) is shown in I'igure
A-8 for e 35mm bore diameter bearing with a 3/16 inch ball dismeter. The
current beering design has a total curveture velue of 0.04 (f, = 0.52;

fj = 0.52), a free contact angle range of from 28° to 32°, and san un-
assembled IRC renge from 0.0017 to 0.0022 inch. Calculating the loss of
clearance due to the interference fit (0.0007"'T to 0.0012"'T) between the
bearing inner race and shaft (in the test rig the outer race is assembled
with a line-to-line to loose fit into an adapter and does not affect the
bearing IRC), the mounted IRC range is from 0.,0008 inch to 0.0017 inch,
producing a corresponding mounted contact angle range of from 19.5° to
28.2°, Adding the shaft and bearing centrifugal and thermal effects of
65,000 RPM and 250°F operating temperature reduces the IRC further to &n
average of 0.00065 inch snd the contact angle to an averasge of 16.8°
(effective mounted contact angle), Noting Figure A-8, it can be seen thsat
at 1¢.8°, the slope of the contact angle versus IRC curve for B = 0.04 is
quite steep, and any small change in IRC will produce a significent change
in contact angle. As can be seen from the figure, a reduction of the IRC
by 0.0002 inch produces a contact angle decrease to 14.0°, This is @
highly unstable condition with only minor differences in resdisl thermsl
gradient being capable of driving the bearing to seizure. In contrast,
for a total curvature value of 0,07, the effective mounted countact angle
is 23.5° and the corresponding IRC is 00,0022 inch., A reduction in IRC by
0.0002 inch reduces the contact angle to only 22,5°, Therefore, the con-
tact angle sensitivity to change in IRC can be significently reduced by
increasing the totsl curvature, and one would expect a greater tolerance
to operasting condition variestion with the increased curvature design.

Maintaining the other bearing geometry variebles st the ssme value, the
penalty paid for the increessed curvature is loss of predicted fatigue
life. As seen from Figure A-9, increasing the inner-race curvature ratio
from 0,52 to 0.56 while meinteining the outer-rsce curvature ratio at
0,52 reduces the predicted fatigue life from 52 hours to 20 hours, respec-
tively, at 250 1b applied thrust load, With the ball centrifugal loading
at 65,000 rpm, the outer racewasy-ball contacts are limiting in celculsated
fatigue life so that to maximize fatigue 1life at an incressed vslue of
total curvature, it is necessary to maintain or decrease the outer raceway-
ball curvature ratio while increasing the inner racewsy-ball curvature
ratio, Furthermore, it should also be noted that the calculated fatigue
lives quoted assume no life multiple for the use of premium-quality M-50
material and are calculated at a reference contact angle of 25°. The
values specified are primarily for comparison purposes. Part of the
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fatigue life loss can be reclaimed by reducing the outer raceway-ball
curvature to 0.51 as seen in Figure A-9,

Ball Diameter

Another significant bearing geometry variable is the ball diameter, One
school of thought is that the bearing ball diosmeter should be made as small
as practicable in order to minimize the ball centrifugal loading on the
outer race and thus increase the bearing fatigue life. As seen from Figure
A-10, this will be true only at low values of applied thrust load. At
greater thrust loads the larger operating contact angles achieved with the
increased loading produce an inverse effect in that a greater predicted
fatigue life can be achieved with an increase in ball diameter. As noted
in Figure A-10, an increase in ball diasmeter from 3 16 inch to 5/16 inch
nmore than doubles the calculated fatigue life at 250 pounds applied thrust
load. Figure A-1ll shows the effect of ball diamceter versus load for outer
and inner raceway ball curvature ratios of 0.51 and 0,56 respectively.
Comparison of this figure with Figure A-9 indicotes that for larger values
of thrust load, the fatigue life lost through increased total curvature can
be regained by an increase in ball diameter. Furthermore, Figure A-12
shows that the contact angle sensitivity due to small changes in IRC is
also decreased with increased ball diameter, With a 5 16 inch diameter
ball (15-5,16 inch diameter balls versus 18-3°16 inch dismeter balls), the
average contact angle at B = 0,01 and including the effects of interfercnce
fit and centrifugal and thermal growth is 23,2°, and the IRC at this con-
tact angle is 0.002025 inches, Reduction of the IRC by 0,0002 inches re-
sults in a contact angle ot 21.9°, which is a significont improvement from
the 14.0° noted at B = 0,01 for the 3.16 inch ball diameter. In addition,
increasing the total curvoture from 0,04 to 0.07 increnses the effective
mounted contact angle for the 5 16 inch diameter ball to 26,3°, A reduc-
tion of the IRC by 0,0002 inch results in a contact angle of 25,5° and
represents o further reduction in sensitivity ot contact angle with changes
in internal radial clearance

Load

The effects of applied thrust load on the optimization of a given besring
design have already been alluded to in the previous paragraphs, where it
was mentioned that tor thrust loads pgreater than approximately 100 1b,
fatigue life advantage can be gained by increasing the ball diameter,
Although 1t is easy to quantify the effects of load on bearing design,
determining the magnitude of the applied thrust loads in a given applice-
tion can be difficult. Changing operating conditions causes fluctuations
in thrust load and necessitates either a duty cycle life snalysis or an
analysis tnat uses a cubic mean thrust load. The accuracy of such losad
determinations is questionable and, for the loads of the magnitude con-
sidered for the 35mm application, can vary by as much as + 50 1lb, except
for in precisely defined test rig applications. Bearing design optimiza-
tion must therefore usually be attempted for a load range rather than a
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specific load value, which places an additional degree of difficulty into
the process.

The results of the parametric investigation of the 35mm bsll besring design
indicate the following recommendations:

® Increase the total curvature from 0,04 to 0,07 by decreasing the
outer race curvature ratio from 0,52 to 0.51 and by increasing
the inner race curvature ratio from 0.52 to 0,56.

® Increase the ball dismeter from 3/16 inch to 5/16 inch.

® Msintain the free contact angle in its present range of from
28° to 32°,

Decreasing the total curvature increases the effective mounted contact
angle and decreases the contact angle sensitivity to chenges in internsal
clearance. The loss in fatigue life due to the increased total curvature
can be compensated for by increasing the ball diameter to 5/16 inch ss long
as the applied thrust load exceeds approximately 100 lb. The increase in
ball diameter also further reduces the contact angle sensitivity to change
in IRC. The existing free contact angle range should be satisfactory.
Taken in conjunction with the increased total curv:ture and ball diemeter,
the average effective mounted contact angle is increased from 16.8° to
26.3°. Should machine clearance control requirements dictate, smsll changes
in the contact angle range could be accommodated to lower the operating IRC
and end play without significantly affecting the bearing opersting perform-
ance.
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APPENDIX B

ELASTOHYDRODYNAMIC LUBRICATION EFFECTS

Fundamental to the performance of the 35mm bore diameter ball bearing is sn
investigation of the elastohydrodynamic (EHD) lubricetion effects on the
bearing oper~ting performance. The full EHD problem is to cslculate the
pressure and temperature distribution in the Hertzisn contact, sllowing at
the sam2 time for the effects of this pressure and temperature on the fluid
snd on the geometry of the solids. The solution must also provide the
shape of the lubricant film, in particular the minimum clearence between
the solids. This requires the simulteneous solution of the hydrodynamic,
elasticity and energy equations with pressure and temperature dependent
fluid properties and temperature dependent material properties., This is a
lengthy and tedious process which requires numerical analysis utilizing a
digital computer.

The primary concern of the design, however, is the minimum film thickness,
With some simplifying sssumptions, a reasonable estimate can be achieved
for design purposes. Dowson and Higginson(zo) succeeded in obtaining
numerical solutions to the hydrodynamic and elasticity equstions for wide
ranges of three dimensionless parameters, W, U and G which are the loed,
speed and material pasrameters respectively. They assumed thst the lubri-
cent is incompressible, that the elasstic displacements are those of e semi-
infinite solid in a condition of plane strain, and that side leskage and
thermal effects can be neglected. The neglecting of thermal effects was
bssed on the analyticel and experimental evidence which indicated that the
film thickness is not appreciably influenced by the o0il film temperstures
generated in rolling/sliding contacts. They concluded that the isothermsl
film thickness formula gives good approximetions to the measured film thick-
ness if the lubricent viscosity corresponding to the temperature at the
inlet to the contact is considered.

Following the work of Dowson and Higginson, which is primerily applicable
to line contacts (roller bearings), Archsrd snd Cowking(21 extended the
empirical approach to ball bearings. They found that the best represente-
tion of minimum film thickness in & point contact over a wide renge of
operating parameters is given by

Puin _ 2.040°" 7 (u)°*7

X w0074

4
H =

minimum film thickness
ellipticity parameter

where hmin
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= equivalent modulus
= Poisson ratio
E = modulus of elasticity

Subscripts 1 end 2 refer to the contucting solids.

Speed Parsmeter

o

U = ——

E' Rx

Ho = atmospheric pressure viscosity

=
]

equivalent velocity

1
u =z (u; + ugp)

dm
o — Q=C)
u =3 QA - y)(@rs)) + s o ©F
dm Y
= — oo
Yo 4 a+v m * cos o

i refers to inner-race contact
o refers to outer-race contact
Wi = rotational speed of inner race, rad/sec

Wy = roller speed sbout its own axis relstive to the
inner race, rad/sec

W, = cege rotational speed, rad/sec

@ = mounted contact angle, °

Load Parsmeters

W' = L
E Rx?
W = 1load in point contact

This film thickness relstionship is the one employed in the Besaring Design
Technology computer program RECAP3 discussed in Appendix A and used for the
performance snalyses conducted on the 35mm bearing.

The work of seversl authors(zz)’(za)"44)has established the dependence of
the fatigue life of rolling element bearings on the elastohydrodynsmic film
thickness in a Hertzian contact.

Generally, a lubricant life factor can be defined as & function of A-,
which is the ratio of the minimum film thickness to the composite surface
roughness:
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h |
JL= min
a
2 2.1/2
g = (01 + 02 )

where 01 and U, are the surface roughnesses for the contacting solids.

Figure B-1 shows the life factor curve as a function of J.ratio. This
curve has been generated as the result of a condensation of the data pre-
sented in References 22, 23 and 24 and a synthesis of engine bearing test
data,

Three lubrication regions are defined in Figure B-1., At A_z 1.8, the full
film region is Jefined in which the contact loads are entirely supported by
the elastohydrodynamic lubricant film. In the mixed film region, 0,9 <

< 1.8, a life derating occurs due to asperity contacts that enhance the
probability of surface-initiated fatigue. As A.approaches 0.9, the asperity
contacts occur with increasing frequency as more of the contact normal load
is supported by the asperity contacts. Finally, at l,< 0.9, the bearing is
operating at full life deration in the boundary lubrication region where
predominant .c~tal-to-metal contact occurs asnd the lubricating function is
provided essentially by the boundary additives in the lubricant.

The primary variables affecting X\ and, thus, the lubricant life factor are
temperature, speed, and surface finish, These effects are shown in Figures
B-2, B-3, and B-4 for a representative main shaft ball bearing using MIL-L-
23699 lubricant. Figure B-2 indicates the dependence of the lube life
factor (Lg) on temperature for a fixed speed and surface finish, while
Figure B-3 shows the effect of increasing speed at constant temperature and
surface finish, and Figure B-1 depicts the surface finish effect at con-
stant temperature and speed. The curve represented in Figure B-1 has been
represented numerically and is used in the RECAP3 computer program to esti-
mate the effect of lubricant film thickness on fatigue life.

The 35mm bearings tested in the U.S. Army ausformed bearing test program
were intended to operate in the full film region with no life degradation
due to EHD lubricent effects being contemplated. Oil supply temperature was
maintained at approximately 170°F, and in combination with the operating
speed and surface finishes, N (h/0) ratios well into the full film region
were consistently calculated by the RECAP3 computer program. Many of the
failures early in the test program, however, were determined to be due to
surface 1nitiated fatigue such as would be generated from the lack of a
proper lubricating film,

This seeming inconsistency can best be explained by considering the operat-

ing clearances, contact angles, cage design, and cooling configuration., The
low contact angle and the inherent low clearances result in bearing operation
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1.6

Pitch Diameter = 7.926 IN.
rpm = 10,000
0 =6.32
Lubricant MIL-L-23699
1.4 ' |
1.2 |
Full Mixed Bcundary
Film Film Lubrication
1.0 Region Region Region
0.8
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!
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0.2

O—I\,
200

301, 500

Temperature, ° F

Figure B-2, Lubrication Life Factor Versus Contact Temperature
for a Main-Shaft Ball Bearing
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Lubrication
1.4 Region
Mixed
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0 =6.32
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Figure B-3. Lubrication Life Factor Versus Shaft rpm
for a Main-Shaft Ball Bearing
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that i8 quite unstable unless extreme care is taken to cool the bearing and
not allow temperature variations. As discussed in the previous section, a
small change in clearance results in a significent change in operating con-
tact angles. The test Learings with jet lubricetion experienced ball speed
variations when none were expected. It is concluded that the ball speed
was unstable under the cooling conditions being used. Therefore, the balls
and cage operate with continuous interference. This casge interference was
determined by the fact that the majority of these early failures exhibited
heavy cage wesr snd/or demage. The cege-ball interference causes excessive
sliding velocity components in the ball-rsceway and ball-cage contacts
which produce »xcessive local heat generstion and lubricant film breskdown.
The meta.i-to-metsl contact thet occurs produces micro-pitting in the balls
and rasceways that eventuslly leads to surface initiated fatigue. This type
of phenomenon has been observed in engine main shaft besr.ngs, where cage-
ball interference snd improper ball treacking occurred. Further evidence

to substantiste this conclusion in the eerly control bearing failures stems
from the fact thsat only after 1 cage redesign to be inner-lsnd riding in
connection with under-race cooiling did consistent subsurfasce initiated fa-
tigue fsilures begin to occur., Implementation of the inner-land riding
cages to the remsining control bearings and to the susformed bearings allow-
ed the remaining testing to be conducted in the full EHD film lubrication
region with no further surfasce-initisted fatigue failures being experienced,
The besrings sre considered to have minimum margin for the test conditions,
however,
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