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ENDURANCE TESTS WITH LARGE-BURE TAPERED-ROLLER
BEARINGS TO 2.2 MILLION DN
by Richard J. Parker
Nationa! Aeronautics and Space Administration
Lewis Research Center
Cleveland, Chio 44135
and
d. R. Signer and S. [. Pinel
industrial Tectonics, Inc.
Compton, California 90221
ABSTRACT
Endurance life tests were run with standard design and optimized high-
speed design 120.65-mm-(4.750-1n.-) bore tapered-roller bearings at shaft
speeds of 12 500 and 18 500 rpm, respectively. Standard design bearings of
vacuum melted AISI 4320 and CB8S-1000M, and high-speed design bearings of
C85-100UM and through-hardened AISI M-50 were run under neavy combined radial
and thrust load until fatigue failure or until a preset cutoff time of 1100
hours was reached. Standard design bearings made from CBS 1000M material
ran to a l0-percent life approximately six times rated catalog life. Twelve
identical bearings of AISI 4320 material ran to ten times rated catalog life
without failure. Cracking and fracture of the cones of AISI M-50 high-speed
design bearings occurred at 18 500 rpm due to high tensile hoop stresses.
Four CBS 1000M high-speed design pearings ran to twenty-four times rated
catalog life without any spalling, cracking or fracture failures.
INTRODUCTION
lapered-roller bearings are being used 1n some helicopter transmissions to

carry combined radial, thrust and moment loads and in particular, those loads

from bevel gears such as high-speed input pinions. For this application,
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tapered-roller bearings have gredter ioad capacity for a given envelope or for

a given pearing weight than the more commonly used ball and cy'indrical roller
pearings.

Research directed toward high speed applications of tapered roller bear-
ings has extended their high speed capabilities. Stable operation at speeds
as hign as 2.4 million DN have been attained under combined radial and thrust
loads with computer-optimized, high-speed design tapered-roller bearings
[ljl. These bearings showed a 33 percent improvement in speed capability
and a lo percent decrease in heat generation over a modified baseline design
bearing.

Under tnrust-load-only conditions, for applications sucn as turbine engine
main-shaft thrust bearings, speeds as high as 3.5 million UN have been at-
tained [2). Life tests with these specially designed bearings at 3 million DN
yléloeu an estimated experimental life of approximately ! times the unadjusted
manufacturer's catalog life.

Aavanced helicopter transmissions which require higher speed capability of
tapered-roller bearings also require higher temperature capability [3]. Thus,
materials with temperature capabilities nigher than the conventional carburiz-
ing steels are required to withstand the higher operating temperatures at
maximum conditions.

Several carpburizing type steel nave peen developed for higner temperature
use, primarily through the adaition of alloying elements such as Cr and Mo.
CB>-1UUUM, for example, nas been developed for continuous service up to 589 K
(000° F). Another candiaate material for higher temperature transmission
bearing use 1s AISI M-50, the through-nardened material used for nearly all

turvine engine main snaft bearings.

lNumuers In brackets denote reference at end of paper.



The objective of the research reported herein was to determine an experi-
mental life estimate for 120.65-mm-(4.750-in.-) bore tapered roller bearings
of two designs under combined radial and thrust loads. A modified standard
bearing design [4] was life tested at 12 500 rpm. A computer-optimized, high-
speed design was life tested at 18 500 rpm. Both designs were tested at a
combined load of 26 700 N (0000 1b) radial load and 53 400 N (12 000 1b)
thrust load.

APPARATUS AND PROCEDURE
High-Speed Tapered Roller Bearing Test Rig

Three test rigs of the type used in the performance tests of [1 and 4]
were used for these life tests. Two bearings are tested simultaneously in
each test rig, one of which is shown in figure 1. For these endurance tests,
the cone-face temperature was measured with an infrared pyrometer aimed
through an air-purged sight tube. The test rig vibration levels were measured
with piezoelectric accelerometers which automatically shut down the test when
vibration due to a bearing failure exceeded a predetermined level. Chip de-
tectors were located in the oil drain lines from each test bearing for addi-
tional failure detection. The test rigs are descrioed in detail in [4].

Test Bearings

Botn designs of the tapered-roller test bearings had a bore of 120.05 mm
(4.750 in.). Other significant geometry and dimensions are given in table 1.

The standard bearings were catalog design with modification of the roller
ends which were ground to a spherical radius equal to 80 percent of the apex
length. The cone was also modified with forty oil holes, 1.016 mm (0.040 in.)
in diameter, drilled through from a manifold on the cone bore o the undercut
at the cone-rib surface. The cage was AISI 1010 steel which was silver plated

and of the standard roller riding design. Two groups of bearings of this de-



sign were used: one group was made from consumable-electrode, vacuum-melted
(CVM) AISI 4320 steel, ana the otner from CViM CBS 1000M. Both were case car-
burized and finisned to tne specifications shown in table <.

Tne AISI 4320 material 1s representative of the conventional carpurizing
steels with nign industrial usage. CBS 1000M is a material alloyed for hard-
ness retention to service temperatures up to 589 K (000" F). The particular
neat of CB8S 1UOUM used for both the standara and the high speed design bear-
ings was the same as that used for tne bearings tested in [2). Chemical com-
positions of the materials used for cups, cones, and rollers are shown in
table 3.

Tne selection of the computer optimized high-speed bearing design was
pased on bearing fatigue life, total neat generation, and cone-rib contact
stress and heat generation at speeds up to 20 000 rpm as descriteg in (1].
MaJor differences from the standard bearing design were smaller cup angle,
smaller pitch and outside diameters, ard tewer rollers. The cage of the high
speed design bDearing was made of silver-plated AISI 4340 and aesigned to be
guiaed by lanas on the cone. The cone contained 48 011 holes, 1.0lo mm
(0.040 n.) n drameter at each end, drilled through from manifolds on the
cone bore to tne undercuts at each raceway end. In addition, six oil holes
of tne same size were darilled at eacnh end to lubricate the cage-land riding
surtaces.

[wo material groups of nigh-speed design bearings were used. One group
was made of case-carpburized CVM CBS 100UM and the second group from through-
naragened, douole vacuum melted AISI M-50. (Douple vacuum melting refers to
vacuum induction melting followed ty vacuum arc remelting or VIM-VAR). The
specifications on hardness, case depth and suriace finishes for the CBS 1000M

pearings are shown in taple ¢. The AISI M-50 bearings were through-hardenea



to Rockwell C ol to 63 and were ground and lapped to the same finishes as the

¢8> 1UUUM bearings.

Tne pasic dynamic load ratings and AFBMA dynamic load ratings of pboth
bearing designs are given in taole 4. The nigh-speea design has approximately
L0 percent less capacity than the standard bearing due to its optiumization of
performance at nigner speeds and ihe fewer number of rollers to accomodate the
higher strength cage.

Life Testing Procedure
A set of two test bearings was examined visually on all contacting sur-

faces to assure that no defects which could lead to early failure were pre-

sent. Ouring life testing, the test hearing cup and support-bearing outer-
ring temperatures, and tne lubricant 1n and out temperatures were continuously
recorded. Tne test pearing cone temperature, lubricant flow rates to test
pearings and support bearings, spindle rotational speed, test rig vibration
level, ana load system pressures were monitored and recorded twice each day.

Testing continued until a failure was indicated or until a predetermined
cutoff time of 110U hours was reachea. wWhen one of the two bearings on test
failed, tne other was later mated with another suspended bearing and continued
on test until failure or 1100 hour cutoff.

Lubrication of the standard bearing was accomplished with a combination of
f low through holes 1n the cone directly to the cone-rib-roller-end contact and
Jet flow at the roller small end as shown 1n figure Z2(71). For the high-speed
design, all lubricant was suppliea througn noles in tne cone at poth ends of
the roller and tnrougn the cage-riding lands as snown in figure 2(b). Flow
rates, including cup cooling, were bdased on the results of parametric studies

witn each pearing design in [1 and 4.



The test conditions for these life tests are given in table 5. The test
speeds were selected based on the results of the performance tests of (4] for
the standard design bearings and [1] for the high-speed design bearings. The
selected speeds were, in each case, less than the maximum speed capability
with each design and at dynamically smooth operating speeds of the test rig.

During initial testing with the standard bearings, superficial surface
peeling failures occurred rather than spalling fatigue failures. Several
changes 1n lubricant temperatures and flow rates were made as will be dis-
cussed in a later section. Tne conditions listed in table 5 are those final
conditions after the peeling failures were eliminated.

RESULTS and DISCUSSION
Standard Uesign Bearings

Life testing was initiated with stanaara design bearings of AISI 4320
material at 12 500 rpm, a thrust load of 53 400 N (12 00C 1b) and a radial
loaa of 20 700 N (6000 1b). Lubricant flow rates were a cone-rib flow rate of
0.0019 m3/min. (0.5 gpm), a jet flow rate of 0.0038 mjlmin (1.0 gpm) and a
cup cooling flow rate of 0.0020 mjlmin (0.7 gpm). The lubricant-in tempera-
ture was 3606 K (200" F). These conditions were selected to maintain cup and
cone temperatures less than 433 K (300' F) based on results of performance
tests with identical bearings reported in [4]. ™easured cup and cone tempera-
tures ranged from 416 to 422 K (290" to 300" F) in these initial tests.

Peeling surface distress. - Inspection of the test bearings from the first

two tests, which were stopped due to test facility malfuncticn and support
bearing failure after 330 and 509 hours, revealed that a snallow surface dis-
tress was occurring on the raceway and roller taper surfaces. This type dis-
tress 1s called peeling (5] and appears as a very shallow area, uniform in

deptn. Typical peeled areas in these bearings, approximately 0.008 mm



(U.0003 in,) deep, are shown in figure 3. The peeling tended to initiate at
minor surface derects such as the deeper surface scratcnes or indentations.

The peeling also tended to be concentrated near the axial center of the
raceways ana rolier with a slignt bias toward tne roller large end. Tnis
effect may be expected since the rollers are sligntly crowned and the contact
stress 1s somewnat higner in the center of the raceway. Profile traces across
tne raceways and along tne roller tapers of the initial test bearings revealed
that the roller crown radius had been decreased to approximately one-third of
1ts original value. This exaggerated crown caused further stress concentra-
tion at the center of the roller ana further aggravated tne peeling.

This exaggeratea crown was also opserved in similar tests reported in (3]
and was attriputed to an uneven transformation of retained austenite. The
leve |l of retained austenite in the case of the AlLl 4320 bearings 1s approxi-
mately 30 percent. Austenite is a relatively unstable phase and transforms to
martensite at a rate that depends on temperature and stress conditions. As it
transforms, a growth of the material occurs. Since stresses and temperatures
are higner near tne center of the roller raceway contact, greater transforina-
tion, ana thus growtn occurs there, and 1t pbecomes a self aggravating condi-
tion. >Some measurements of retained austenite on the rollers from the initial
test bearings indicated thdat nearly all of tne austenite had transformed near
tne center. [t 1s pelieved tnat the growth from this transformation could
account tor the exaggerated crown tnat was measured. [ne cup and cone race-
ways also experienced some crown increase but to a lesser extent than tne
rollers.

The major cause of peeling type surface distress 1s believed to pe due to
an 1nadequate lubricant film parameter, which 1s the ratio of the elasto-

nydrogynamic film tnickness 1n the roller-raceway contact to the composite



surface roughness. The composite surface roughness is the square root of the
sum of the squares of the RMS roughnesses of the two surfaces.

Lubricant flow rates and lubricant-in temperature were varied to improve
the EHD film thickness conditions. Cup and cone temperatures were reduced to
less than 394 K (250° F), but the peeling failures continued to occur.
[dentical tests were also run with CBS 10COM bearings, and the results were
the same.

Improved surface finish, - Further reduction of bearing temperatures to

improve the lubricant film parameter were considered to be impractical since
Tower lubricant-in temperatures would not be representative of helicopter
transmissions, and further increase in flow rate would not result in signifi-
cantly lower bearing temperatures based on the work of [4]. The alternate
means of increasing the film pdrameter is improving the surface roujhness of
the raceways and/or rollers. The remaining untested bearings were returned to
the manufacturer, and the raceways and roller tapers were nhoned to improve the
surfaces from the values given in table 2 to 0.10 um (4 uin.) or better.
After honing, the measured roughness of the raceways and roller tapers were
typically 0.09 uym (3.5 win.) and 0.06 um (2.5 win.), respectiveiy. Also, the
number of deeper surface scratches appeared to be minimized.

After honing, the bearings were reassembled, and testing was resumed at
previous conditions selected to maintain pearing temnperatures at 394 K
(250° F) or less. A shutdown for test bearing inspection after 640 hours
revealed no peeling or distress on any surface of the bearings. The life test
conditions were thus established for the remaining tests with the standard
bearings of both materials. A summary of the effect of the lubricant film

parameter on peeling surface distress 1s shown in table 6.



Life tests at 12 500 rpm. - The remaining test bearings of both materials,

after re-noning, were run at the test conditions shown in table 5. Twelve
bearings of the AISI 4320 material ran io the 1100 hour cutoff without failure
of any type. At these corditions, the rated catalog life of this bearing
design is 102 hours, so that the experimental l0-percent life is greater than
ten times the catalog life. (Tne l0-percent life is the life within which

10 percent of the bearings can be expected to fail by rolling-element fatigue
spalliing; this 10-percent life is equivalent to a 90-percent probability of
survival,)

Sixteen re-honed bearings of the CBS 1000M material were run to spailing
fatigue failure or to the 1100 hour cutoff. Twelve of the bearings ran to
1100 hours without failure. Three bearings experienced spalls on the cup or
cone raceways. One bearing was suspended at 820 hours without spalling fail-
ure, since 1t had received surface damage on the cone-rib due to an obstruc-
tion in a lubricant orifice. These data are plotted on Weibull coordinates
according to the procedures of (6] in figure 4. A least .quares iine drawn
through the three failure points shows an estimated l0-percent life of ap-
proximately 600 hours, or about 6 times the rated catalog life.

A comparison of the resuits with the two materials show that the CBS 1000M
bearing life 1s less than the AISI 4320 bearing life. However, a quantitative
estimate of the difference 1s not made from these results since no fatique
failures occurred with the AISI 4320 bearings.

High-Speed Design Bearings

AISI M-50 bearing tests. - Life testing with the computer optimized, high-

speed design tapered-roller bearings was initiated with the AISI M-50 bearings
at 18 500 rpm. The externally applied load was identical to that for the

standard design bearings, that is, a thrust load of 53 400 N (12 000 1b) and a



radial load of 20 700 N (600C 1b). Lubricant flow was through the cone with
0.0055 m3/min (1.45 gpm) at each end of the roller. Cup cooling flow of
0.0023 mjlmin (0.6 gpm). With the lubricant-in temperature of 355 X

(180° F), the average cup and cone-face temperatures were 419 K (295° F) and
425 K (305° F), respectively. Under these load and speed concitions, the
rated catalog life of this bearing design is 46 hours.

Five pairs of the AISI M-50 of bearings were run at these conditicns. Two
tests (four bearings) were stopped after 3o and 283 hours due to failures in
the lubrication system. Another pair of bearings ran to the 1100 hour cutoff
without failure. Another test was stopped after 106 hours due to a test rig
malfunction, and upon inspection of the test bearings, a very small spall was
found on one of tne rollers.

After 188 hours, the other test was stopped due to severe rig vibrations.
Disassembly revealed that both test bearings had cracked cones. One cone had
cracked entirely through tne cone section. The crack in the other cone was
entirely contained in the load zone of the raceway.

The cone of bearing S/N 78-9 is shown in figure 5. Evidence of an axial
crack is seen in the spalled area. The cone was subsequently cut partially
through and fractured at that location to reveal the crack. The extent of the
crack i1s shown in figure o. The dimensions are approximately 9.5 mm
(0.37 in.) iong and 1 mm (0.04 in.) deep.

The cone of bearing S/N 78-10, with the compliete fracture, is shown in
figure /. A portion of the initial crack and advanced stages of fracture are
shown in figure 8. Initial crack dimensions are approximately 22 mm
{0.87 in.) long and & mm (0.24 1in.; Zeep.

Fatigie spalling is noted in figures 5 and 7 adjacent to the cracks. It

15 believed that the fatique cracks, related initially to the spaliing pro-

10
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Cess, propagated at an accelerated rate due to the presence of the super-

imposed high houp tensile stress field in tne cones. In tne case of bearing
serial number 78-10, the crack propagated to its critical value and destruc-
tive fracture occurred. rortunately, tne test rig was shut down before com-
plete fragmentation of the cone occurred. Tne crack in bearing S/N 78-Y,
although at an advanced stage, haa not yet reacnea the critical fracture stage.

The average tangential tensile hoop stress, basea on the assumption of
thin rings, was estimated for the 18 500 rpm condition to be approximately
0.145 GPa (21 000 psi). This calculated stress also includes effects of the
cone-shaft interference fit., This stress 1s at the lower end of the range
where in [/ and 8], it was shown that the critical crack size can readily be
reached in tnrough-nardened AISI M-50, and fracture of inner races (or cones
in the case of tapered roller pearings) is provable,

Bamoerger (Y] reported that fracture of pall bearing inner rings running
at 3.0 miilion UN occurred where hoop stress due to high rotational speed was
calculated to be V.23 wPa (34 VUV psi). Fracture occurred only after con-
sigerable fatigue spalling. In the present tapered-roller bearing tests,
where calculatea noop stresses were somewhat lower, fracture occurred before
signiticant spalling occurred. In the cases discussed by Clark [7], there was
a greater tendency tuward inner ring cracking without significant spalling
with roller pearings than with ball bearings at similar stress levels. This
tendency may be related to the relative spall propagation rates with ball and
roller bearings. Tne results witn tapered-roller bearings appear to be con-
sistent with ths trend.

[hese results indicate that tne use 0° a through-haragened material such as
AlSI M-5U0, to accomodate high temper:tures in hign-speed taperec-roller bear-

1ng applications, involves tne same, if not more, severe risks of catastropnic
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fracture of the cone as reyorted in (7 to 9] for ball bearing inner rings at
nigh speeds. [t 1s apparent that materials for high-speed tapered-ro!ller
bearings must have higher fracture toughness such as that associated with
case-hardened materials.

CB8S 1000M bearing tests. - Five computer optimized, high-speed design

tapered roller bearings made of case-carburized CBS 1000M material were also
life tested at conditions identical to those of the AISI M-50 bearings. Four
of tnese bearings ran to the 1100 hour cutoff time without failure. One test
resuited in a severe failure of one test bearing after 135 hours as a resuli
of failure detection and shutdown system malfunction. The extent of damage
was too great to determine the origin or cause of the failure. However, close
observation revealed at least two spalls in the cone raceway. The largest
spall is shown 1n figure 9. No cracks or fracture of the cone were observed
although consideraple damage to the raceway, cone rib and cage occurred. This
result offers some, although admittedly meager, evidence that a high-

~

temperature, case-carburized .aterial such as CBS 100UM can resist fracture or
cracking at conditions of high tensile hoop stress after spalling and signifi-
cant cone raceway damage had occurred.

Too few bearings were run at these conditions, because of availability, to
obtain a reasonable statistical estimate of the rolling-element fatigue life.
However, since four of the five bearings survived the 1100 hour cutoff
(24 tmes ratea catalog Jife) this bearing design/material combination does
show pr« ‘1se for future high-speed tapered-roller bearing applications.

SUMMARY
tndurance life tests were run with two designs of 120.65 nm (4.750-1in.)

bore tapered-roller bearings of three materials under heavy combined racial

and tnrust loads. Bearings of a modified standard design were life tested at

12



12 500 rpm. Computer-optimized design bearings were life tested at 18 500
rom. Bearing temperatures were maintainea in the range from 394 to 433 K
(250° to 300° F).

The following results were obtained:

1. Standarc design bearings of CBS 1000M material gave an estimated ten-
percent life of aoout six times rated catalog life. Twelve identical bearings
of AISI 4320 material ran to a cutoff of ten times rated catalog life without
railure.

2. Under conditions of marginal lubricant-film-thickness-to-composite-
surface-roughness ratio, peeling surface distress was a dominant mode of
failure.

3. Reducing bearing temperatures to increase lubricant film thickness and
re-honing tne raceways and rollers to improve surface finish effectively
elﬁminateo the peeling mode of failure.

4. Cracking and fracture of tne cones of AISI M-50 bearings occurred due
to tne high tensile hoop stresses at 18 500 rpm with the optimized high-speed
design bearings.

5. CBS 1000M pearings of tne optimized high-speea design did not crack or
fracture. Four of these pearings ran to 24 times rated catalog life without
failure.
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TABLE 1. - TEST BEAKING GEOMETRY

Bimension

Cup half angle
Roller halt angle

Standard  Computer

Roller large end diameter, mm (1in,)

No. of rollers

Total roller length, mm (in.)

Pitch diameter, mm (in

(0.7¢0) (0.7¢0)
25
34.17 34.18

design optimized

design

.17' 53
173 173y
18.29 18.29

(1.3452)  (1.345)

<)

Bearing outside aiameter, mm (in. )

Roller crown radius, mm (n.)

Roller spherical end radius,

percent of apex leng

th

1o0.8 155.1
(b.5Y) (6.105)
«We.4 190.5
(8.125 (7.5&3
2o.axl 25.4x10
(1000) (1000)
80

TABLE ¢. - TEST BEARING SPECIFICATIONS

Case hardness, Rockwell C
Core hardness, Rockwell C

Case depth (to 0 5 percent
carbon level after final
grind), cm (in.):

Cup and cone

Roller

Surface finish,C
wm (pin,), rmms:
Cone raceway
Cup raceway
Cone rib
Roller taper
Roller spherical

Standard design@

58 to 64

25 to 48

0.086 to 0.185
(0.034 to 0.073)
0.091 to 0,201
(0.036 to 0.079)

0.15 (b)
.20 (8)
.18 (7)
13 (5)
.15 (b)

Computer optimized design
(CBS 1000M)b

58 to 64

25 to 48

0.061 to 0.185
(0.044 to 0.0/3)
0.0%1 to uv.201
(0.036 to 0.07Y)

0.10 (4)
A0 (4)

3[gentical specifications for botn AISI 4320 and CBS 1000M bearings.
DAISI M-50 bearings through-nardened to Kockwell C ol to b3 ang finished
to the same specifications as the (BS 1000M bearings.

CMeasured values.
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Figure 1. - Pictorial view of high-speed tapered roller bearing test rig.
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Figure 2. - Lubrication and cooling of test bearings.
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Figure 5. - Cone of AIS| M-50 bearing S/N 78-9 showing raceway crack after
188 hours of operation at 18 500 rpm.
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