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ABSTRACT

Four designs of drilled (cylindrically hollow) balls were
tested in modified One Ball Test Machines for resistance to bend-
ing fatigue. Bending fatigue has been demonstrated to be a limit-

ing factor in previous evaluations of the drilled ball concept.

A web-reinforced drilled ball was.most successful in

resisting bending fatigue.

Another design of through drilled design, involving aheavier
wali than the Sfandard reference ball, also showed'significant

1mprov ment in reswstance to bendlng fatlgue.

Balls with carburized outer surfaces failed to demonstrate
the improved resistance to bending fatigue to be expected of the

lower hardness (brittleness) bore material,

150-mm bore-ball bearings, incorporating-étandérd réfefence
_drllled balls and web-reinforced drilled balls, were operated at
20,000 RPM (3 mllllonADN) at light to moderate axial loads. |
~Errvatic ball tracking and dynamic instability,limlted_the_perfore_

mance of bearings with web-reinforced drilled balls at high speed

. and under heavy loads,

A,150—mmwbore ball bearlng, 1ncorporat1ng drilled balls with
| heavier than standard walls, was operated at 20,000 RPM (3 million
DN) under 30@80 newtons (6850 lbs) axlal load for 28. 9 hours Test-.

| 1ng was. termlnated by fracture of a drllled ball,



INTRODUCTTON

Recent trends in gas turbine design and development have
been toward engines with higher thrust-weight ratios and increased
power.output, which result in a'réqﬁirément for high shaft speeds'
and larger shaft dlameters. Bearings in current productlon air-
craft turblne engines operate in the range from 1.5 mllllon to
2.3 million DN (product gf bearlng bore in mllllmeters and_shaft
speed,in rpm), Engine designers_antibipate that‘tﬁrbine bearing

DN values will increase to 3.0 million by 1980.

When ball bearings are operated at DN values above 1.5
million, centrifugal forces produced by the balls can become
significant, by increasing Hertz stresses at the outer race-ball
contacts, to seriously shorten Beariﬁg fatigue life. Tt is -
therefofé 1ogicél ﬁo:coﬁéider methods for redudiﬁg‘the factors
that contrlbute to ball centrlfugal 1oad1ng, such as ball mass.
Theory 1ndlcates that reductlons in ball mass can be effeotlve '

in extendlng”bearlng fatigue life at high speeds.

Both thin-wall spherically hollow and drilled balls have

. been evaluated in short time, high speed bearing ‘experiments.

The drilled ball concept, wherein ball mass is veduced as much as

50%'by=machiniﬁg'aﬂ-accuraté:cOncentrié'hole-through the ball,
showedrpérticular promise for 3 million DN bearing épplicatidns

(refs 2,3,4).

Drllled balls, as compared w1th welded hollow balls, have
several advanﬁagesa_
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(1) Fabrléatlon is accomplishedby standard ball processes;
E2g They can be easily inspected for flaws;
Hole concentricity can be maintained very accurately,
thus alleviating problems of ball unbalance at high
. speed; and
(4) A smooth surface finish can be achieved, without the
irregularities present in the weld area of a spherlcally
hollow ball.
In the designs_of bearings incorporating drilled balls,
special cages are reguired, with ball alinement restraints,.to
prevent the edge of the hole from damd 1ng the race grooves

durlng bearing start—up. (Reference 1)

- Previous testing with drilled balls has been generally con-
cerned with ball mass reduction of 50% (refs. 2,3,4,5). BSuch
 balls have experienced bending fatigue failures. Analyseés of
bending stress have demonstrated fhat, under maximum loads of
" normal main shaft bearing applications, drilled balls with 50%
mass reduction do experlence dangerously high stress (ref. 6).
Analyses descrlbed in Ref. 4 indicate that 20.638-mm (.8125-inch)
:dlameter balls, w1th 50% weight reduction are subjected to loads
of appro 1mately 900 1bs, in rnpresentatlve maln shaft bearlng

s_'appllcatlons,

This program was set up to evaluate drilled balls which should -
resist beﬁdiﬁg forces by'virtﬁe of heavier walls:(less weight re-
“duction), an internal reinforcing web, or more ductile metallurgipal :
structure, Balls fabricated to incdrporate.thesé design features
~Were.ruﬁ_underﬁrelativély‘high_radial'loads'inbedified_One Ball . o~
Test Rigs. The most successful designs, from one Balllfest'ﬁig
'results;_waS-incorporated'inté 150—mm;bore'béil'bearings-which*were ;'
“run at 3 millibn DN under fhrust loads representafive of the Jjet

© éngine main shaft applicatiom. . =~ -~ o EEREE R A



BALL DESIGNS

Four designs of drilled balls were fabricated for this pro-
gram, A1l were 20.638 mm-(.8125-in.) outer diameter. Designs |
A, B, C, Figures 1, 2 and 3 respectively, were made from a single
batch of cbhéumable-electrode;.vécuum—meltéd ATST M—SO steel
balls. Design D was identical in configuration to Design A but

was made from one heat of AMS 9310 steel, carburized.

Design A balls were made to the same specifications as
were the drilled balls reported by Holmes in Refs. 3 and 4.
Data from testing these balls provided a reference against which

the other designs could be compared.

Désign B balls incéfporated a stiffeniﬁg web, pefpendiculaf
to the axis of the drilled hole and midway between the_epds.
The bore of the drilled hole was the same diameter as that in
Design A, hence, Design B balls were_somewhat heaviér fhanvDesign
.A balls; Analysés_performed.at NASA‘S Leﬁis Research Cenﬁerrhave
~ indicated avsubStantial reduotiqn in bending,stress in the webbed

configuration compared with the standard design (Ref. 6).

Design C balls had the same mass as Design B balls but had
a_straight—through bore;' Therefbre, fhese balls pqssessed a

heavier cross—section than did thé.reféfeﬁoe'balls{“l‘“

- -Design D balls had essentizlly the same mass- and Cross sec-
tion as the reference balls, but were made from carburized AISI

.¥9310'Stee1,-*ﬁt



Measured masses of representative balls of the various designs

were:
PERCENT OF PERCENT
MASS ORIGINAT, MASS MASS REDUCTION

Solid Ball 35.8228 grams 100.0 = e
Design A 17. 3342 grams 48,4 51.6
Design B 19.1848 grams 53,6 46 .4
Design C 18.8274 grams 52.6 074
Solid Carburized

Ball 35.9727 grams 100.0 memee-
Design D 17.4150 grams 48,4 51.6

Drilled balls were fabricated froy AFBMA Gradie 10 balls.
Two parallel flats 14.5-millimeters (.571-in.) apart and equidis-
tant from a parallel plane through the center of the ball were
gfound on each ball. Then balls were drilled, perpendicular to
the parallel flats, by a combinabtion of elecfric discharge

machining (EDM) and conventional grinding.

. In the first 50 design A balls, the diameter of the EDM
holes was 12,A~millimeteré (0.488-in.5. The hoiesvwere theﬁ |
finish ground to 12.57~millimeters_(0.495-in;). The edges of
the hole were chamfered and corners_were blended. Afﬁer a nﬁmber
of early failures were-experienced:in_these balls,}lGAmore were -
processed by installing 11.43-millimeters (0.45O-in.)Adiameter
holes by EDM, then grinding to finish size. Concentricity.of the.
finished hole was maintained to within 0.025-millimeter (0.001-in.).
Surface finish of the hole was held to 0.1l5-micrometer rms (6-p in.
rms). i

Design B balls were all drilled after the question of

adeqﬁate grihding allowance had arisen., It was-nécéséary to drill
.'in:frdm;boﬁh eﬁds; stopping at planes squidistant from the ends, %o

prOVide an interior wall or "web".  The holes produced by EDM-were
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finished web by .51 - .64~mm (0.020-0.025-in.). The holes were
then finished by grinding to an 0.15-micrometer rms (6-p in. rms)

surface, and corners were blended.

Design C balls were drilled straight through by EDM, provid-
ing sall,.8-mm (0.465-in,) diameter hole. This hole was then
finish ground to 12.0-mm (0.472-in.) diameter, and corners wire
blended. As in other designs, hole concentricity was held to
within 0.025-mm (0,001-in.) and surface Zinish of the hole and

ends was within 0,15-micrometer rms (6~ in. rms),

Design D balls were drilled to the same specifications as
were the second group'of Design A balls, above. |

TEST BEARTNGS

" The test bearlng spe01f1catlons are llsted in Table I. The
beérlngs were 150—mm~bore, angular—contact spllt—lnner-race ball
.bearlugs with 20. 6h—mm (O 8125-in, ) dlameter balls. The oneapleoe
machlned cages were locet 4 on the outer race and incorporated
: machlned restralnlng ribs in the ball pockets to 1ocate the drllled
'balls. (Ref. 5). These rlbs restricted twisting movement of |
the. ball tq_abbut 37_ and prevented the edge of the hole from
riding on the race groove during bearing operation.

- In each mating face of the immer-race halves, there were 12 ..
radisl slots of 1.3-mm (0.050-in.) radius extending from the bore

to the raceway.



APPARATUS AND INSTRUMENTATION
BALL TEST APPARATUS

Dynamic testing of individual balls was conducted on special
One~Ball Test Rigs, ehOWH schematically ih'Figure 4o A 1.5 %kw
| (ZrHP), 220/ 440 volt, three-phase electric mobtor with an integral
veriable-sheave speed changer, drove each test rig through a V- |
belt. Rig speed was infinitely variable from approx1mately 900 rpm
to the scheduled 7, 700 rpm. At a shaft speed of 7,700 rpm, ball |
rotational speed was approxmmately 39, 500 ‘rpm. Figure 5 is a
photograph of a test machine.

A test ball was loaded between two bearlng inner racee, one

of which was mounted on the main shaft of the rig, and_the other |
Wes mounted on an idlef shaft. Each race corresponded te the
inner race of a lightnseries, deep—groove, 90-mm-bore ball beering
(MRC 218-8). Races were made from ATST 52100 “teél ahd their |
radii of eurveture were 52% of ball diameter Load was accompllshed
by a hydraulic cyllnder pushing through the rig's idler shaft An
accumulator in the load_system minimized load variation due to
thermal effects., o . |

Each ball was positioned by a separator block. At the for-
ward end of this ball "pocket" was meunted a small arbor with
its axis parallel to the race axis. The test ball contacted
a circumferential V-groove in this erbor; As the ball rotated,
‘iteWae'prevénted-from relling:out_Offpositien-by the arbor, which . -
was mounted on 10-mm bore, extremely 1ight seriee, deep-groove,
. ball bearings (MRC 1900-S). = This eliminated most. of the slldlng
friction between ball and guide. The oontact between ball and
'arbor occurred along two lines which were outside of the- ‘ball-race

vcontact



Maximum speed of this positioning arbor was approximately 60,000
~ rpm at full rig speed.

The lubrication system included an oil sump with electric
heating elements, a supply pump and a filter. 0il, Mobil Jet II,
meeting specification MIL-L-23699B was Jetted into the tegt ball
at 0.9 kg (2 1bsﬁ) per minute. Temperature of the test oil was
389 K (2&00 F.). Additional quantities of the same oil were used
to lubricate support bearings. ‘

In later testing, a V-groove race with 100° included angle
was substituted for the upper race. Several Design B balls were
run in the rigs between one eonventional race and one V-groove
race. This was done to provide off-set loading tests.

BEARTING TEST RIG

Dynamic testing of‘the 150-mm~bore ball bearings was con-
ducted on the three-bearing test spindle shown schematically in
Figure 6. PFigrure 7 is a photograph of the spindle, with oil
lines and instrumentation attached. A 56-kw (75-HP), 440-volt,
three-phase AC electridé motor with integral variable pitch pulleys
and belts drove the rigf Between the drive unit and the spindle
were a magnetic coupling and 5X geared speed increesef. Minimum
stabilized speed of the arrangemeht.Was.T 000 fpm?:hbweVEr'-fhee
magnetic coupllng permltted ﬁhls speed +o be reached over a period
of aboub one minute after start up ' Thereafter, speed was 1nf1n1te1y '
variable through 20,000 rpm. _ _

: . .The test bearlng was centllever mounfed on the tesﬁ splndle,
_as shown on Flgure 6 The bearlng was mounted on the shaft w1th a

,.0 0655—mm (O 0025—1n.) 1nterference fit.



Thrust load was applied to the test bearing by pressurizing a
hydraulic cylinder connected to the bearing housing by a O.7l—meter
- (28-in.) length of 7.9-mm (5/16-in.) diameter cable. This method
of loading minimized possibilities of misalinement and produced
~only slight torque tare. The thrust load produced by the hydraulic
cyliﬁder was calculated from pressure gage readings. Reaction

to the thrust loadkwas provided by an 80-mm-bore ball support
bearing. This ball bearing and anothew 80-mm-bore ball bearing
provided radial support for the shaft. A preload spring, plus

a sliding housing fit for the outboard support bearing maintained
axiai preload on the support bearings at all times, assuring.
radial rigidity.

The lubrication system included a common oil sump with
electric heating elements, a supply pump, and a filter. Separate
voil supply lines were used for the support bearings and the test
‘bearing. The oil supply to the test bearing was heated or cooled
as necessary to maintain a constant oil inlet temperature of 389K
(2400 F). Support bearing oil had an additional cooler to provide
lower oil inlet temperature'to the support bearings. All lubrlcant
Aand coolant to the test bearlng was Jetted into an oil scoop i
the bore of the hollow shaft, O0il reached the outer diameter of
’ the shalt near the unloaded half of the inner race, then passed |
”_undef the lnnev race ﬁhrough 12 equally spaced ax1al passages, each.
:"2 38-mm (O 0938-1n ) deep by 4 78 mm—(O 188-in. ) wide. At the. -
| Juncture of the awo lnner race halves, a portlon of the oil was.
'forced by‘centrlfugal Force, into the bearlng through radlal

passages at the interface.



The remaining oil passed on to the end of the axial passages and
was discharged separately. During actual testing, most of the
oil entered the bearing. Multiple oll-outlet holes were provided
on each side of the bearing housing for lubricant scavenge, and
ad@itional multiple holes were provided for cooling-oil scavenge.'
0il-inlet flow rate was measured by a volumetric-type flow meter.
0il-outlet flow rates were measured at intervals by graduated
cylinder and stop-watch. | |

Temperatures were measured by Chromel-Alumel thermocouples
and recorded'on millivolt strip-chart recorders. Temperatures -
were measured at the followmng locations: |

El) 011—1nlet

2; Test bearing outer ring
Oil-outlet on the inboard side of the test hous*ng
(4) Oil-outlet on the outboard side of the test housing
(5) O0il-outlet for test bearing under race cooling oil
{6) 0il sump- - : :
(7) Outer rings of both support bearlngs
) Ind1V1dua1 011-out1et temperatures were measured in the 11nes
from the test bearlng whloh came out at the six o clock p051tlons
and thermocouples were located 5.1 to 7. 6—oent1meters ( 2 to 3—1n,)
from the be:rlng A1l bearlng and 011 temperatures were aocurate
to W1th1n + 1K (& 29 F.) of the xndlcated readings. -

The torque of bhe test bearlng was measured by u51ng a stralnp
gage mounted on the restralnlng arm. The strarn—gage 51gnal was
ampllfwed and recorded The force, determlred from the straln« o
N gage readlngs multlplled by the 1engfh of the torque arm, repre-_‘

sented the bearing torque. The recorded torque was correoted for |

the,rotation.inouoed_on.thezload cable by axial load, .
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Speed was meésured by a magnetic pick-up, with the sigual
displayed on an electronic counter.

BALL TEST PROCEDURE

- Each test ball was run between new pairs of races, (except
in a few tests in which an infant faiiure problem was being inves-
tigated). The separator was changed only when it was damaged,
which fréqueﬁﬁly occurred with ball breakage. |

Before start-up, oil_was preheated to approximately 339K
(150° F.) and jetted into the test logation at .9.kg (2 1vs.)
per minute, - Approximately one-third of the scheduled load was
applied and the rig was started at minimum speed. The.bil tempera-
ture was advanced to 389K (240° F.) as rapidly as possible. Speed
was then increased to full value, 7,700 rpm. Load was increased
to scheduled value over a period of several minutes,:'

Balls were run to failure dr to TUﬂrout; the latter being
250,000,000 cycles which required 53 hours running for normal
tests, or 500,000,000 cycles (106 hours running), for endurance
- tests. At failure, there was an increase in vibration, highly
audible, which triggeréd an automatic shut down device.

 Basic procedure with each lot of balls was 0 run five balls
under 6,008 newkons (1,350 1bs.) radial load to failure or for
53;hours."'If*aﬁy failures occurred, five more balls were runm at

5,340 newtons (1 200 1bs. ). If any failures occurred at the

 second 1oad condltlon, five more balls' were Tun at &4, 005 newtons

(9001bs ) radial load
C Ifa group of five balls all achleved scheduled runrout at
dne load level flve moxre balls from the ‘same lot were run under

that same 1oad untll fallure, or for 106 hours.

11



These procedures were varied slightly because-of the incidence
 of prematufe, or infamt, failures in two lots, (A and C) and because
of very poor performance in_Lot D. Invtesting Design A_and Design c
balls, prematﬁre failurés were disrégarded‘in determinatieh-of the
ablllty of a ball to w1thstand a partlcular load. 'In‘testing Design
D balls, fewer than five Dalls were tested at each of the sdheduled
‘heavier loads and more were tested at the lowest load (4005 newtons)
In supplemental testing, Design B balls were run one at a time,
- between one conventional race and one V-groove race, under the follow—‘

ing radial loads, and resulting contact stresses (at the V-groove in-

terface): | ) - _
| LOAD . MEAW HERTZ STRESS
6 ,008 newtons gl ,350 1lbs.) - 503%,000 N/cm (440,000 pSl
5 340 newtons (1,200 1bs.) 293,000 N/cm% (425 000 pSl
4 450 newtons (l 000 1bs. g 276 000 N/cms (400 000 psi
3, 560 newtons ( 800 1bs. 255 000 N/cm (370 OOO p51'

Two balls were tested at each loadb
BALL TESTING

Results of ﬂestlng 1nd1v1dual balls are summaﬂlzed on Table II

SHAKEDOWN TESTS |

Three De51gn A drllled balls were run at varylng speeds and -
loads up through the max1mum scheduled One ball in each machlne .
ran for several hours under a varlety of condltlons,'lncludlng numerous
’ starts and stops, then ran for seveval hours under max1mum condltlons...
fThe third shakedown ball falled,after 1.2 hours. ThlS ball wes

-subgected to an overload condltlon durlﬁg start—up



TESTING OF DESIGN A BALLS

Five beils were Tun under'6,008 newtons (1,350 1be.) radial
load with three bending fatigue failures, and two suspensions at
scheduled runrout;' These data are plotted ou Figure 6. |

Five balls were then run.under 5, 340 newtons (l 200 1bs.)
radlal load to scheduled runrout |

However, several balls, intended for testing under either 6,008

or 5, 340 newtonslﬁi 350 or 1, 200 1bs.) redial 1oad"experienced'

~ bending fatlgue failure shortly after start, before scheduled load

had been applied, These were de51gnated "infant fallures" and
1nvest1gatlons were conducted to determine the cause.

The first infant fallures had occurred when 011 was preheated
to 389 X (2400 F) before start of testlng Thereafter, testlng was
started with cooler oil and scheduled temperature was not reached
- until the ball had attained full_speed_and load. Subsequent infant
failures under revieed start-up precedures,demonstrated_that thermal
shock was notc the cause. - o

In a further attempt to eliminate thermal cenditions as a
- possible cause of earliy failure, the_lubricatingvsystem:wes_modified
to jet part of the oil to the bore of the ball. Infant failures
}fcontlnued ‘to occur efter this modification. - ‘ -

The p0351b111ty that characteristics of individual test machlne
'-traces were;oontrlbutlng to early fallures;wasglnvestrgated..‘Examlna~_-;
tion of races indicated no discrepancies. A few races Were Te-run
with new balls, after an infant failure. No pattern was established. .
On the other hand, two face failures occurred'during ‘the course of

.testing“loug life balls; in both cases, the spalled race'was'replaced
and the ball was left in test' scheduled run-out was achieved wzth

both ba1ls. "13.'



A_possible cause of early bhall failure was the effect of
a résidual heat-affected zone, resulting from the EDM oﬁefaﬁioﬁ.
Design C balls and part of the Design A balls were drilled with
EDM, leaving 0.15 - 0.20-mm (.006 - .008-in.) dismetral stock
for clean-up by conventional grinding and finishing. Experience
in which fhe\grinding stock allowance had not been sufficiéﬂ£
for clean-up caused diametral allowance to be increaséd to.1.14~mm
(.045-in.).  Several Design C balls had failéd to pass oﬁr visual
inspectiqn Qf the bores, but regrinding an additional 0.05l-mm
(.002-in. ) diaﬁetral stock had removed all visible evidence of EDM.
Metallurgical examination of an infant failure revealed no
residual heat-affected zone. Metallurgical examination of a
ball which had been drilled, but not ground, showed a heat-affected
zone of 0.04-mm (.0016~in.) depth, '
- Sixteen additional Design A balls were obtained which had
1.14-mm (.045-in.) diametral stock removal by grinding. Ten of
these balls were tested, with no infant failures. Fatigue
| endurance data at 6,008 newtons (1,350 1bs.) radial load for
these balls are also plotted on Figure 8. - These data are not
'éignificantly_different from those obtained on the original lot
of balls of the same design, when infant failures are disregarded.
: Failures occurring on the second lot of Design A.balls under
5,340 newtons (1,200 ips.) I‘B..di.a.l' load indicated that this design.
was inadequate for that load. Since Design B and C balls had
: dembnsfrafed“éapabilify'6f sétisfacfofj operéfién-af G;OOSﬁnéWtdﬁS'E 

(1,350 1bs.), testing of Design A balls was terminated.
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TESTING OF DESIGN B BALLS

Five Design B balls (incorporating a reinforcing web) were
run to scheduled shut-down at 250,000,000 cycles under maximum
loéd, 6,008 newtons (1,350 1bs.). Five more Design B balls were
then run to shut-down at 500,000,000 cycles under the same load.
There were no failures in Design B balls during this testing.'>

Tn a further evaluation, %o deterrine the effect of a high
angle oontact load on the Design B ball, ten balls were rUﬂ'bétween
.a.étandard race and asV#ngOVé{f Loads were heavy enough to produce '
_rolllng contact fatigue fallureé, as well as bending fatlgue _
fallures, at the V—groove interface. Under the two hlgher loads,
life was measured in mlnutes At failure, a chunk of the ball
tended to break out In one of the balls tested at 5,340 newtons
(1,200 1bs. ), the fallure appeared to have started as a contact
vfatlgue spall and the test was stopped before cracked areas at
wthe bore had actually broken loose. Lives at h 450 and, 3 560 new-
tons (1, OOO lbs, and 800 1b ) radial load were 1onger, 51gn1flcantly
so at the lowestlload, Fallures s arted as spalls, with cracks
) then‘progressihg to the bore. (See blgure 9),__Qnevtest was stopped.
. before‘cracksgfrom the s@all had;reached:the_bore,f.(See_Figure lQ);

In Vugrooﬁé testing;vthe cenfér of the contact ellipsé’wasA |
.093 radians (5% 211) from edge of ball. Under 6008 newtons |
(1350 1bs.) load, edge of comtact ellipse was approxlmately 0. 28-mm
(. 011-in. ), civcumferentially from the edge of ball.



TESTING OF DESIGN C BALLS

Design C balls were drilled with 0,15 - 0.20-mn (.006 -
,008-in. ) stock removal by grinding after the EDM operation.
Several of the balls showed tiny pits in the bore when first
‘received; they were subsequently reground to the maximum
diameter of our tolerance, 0.05-mm (.002-in.) diametral
increase, which removed all indication of the pits.

_ 3ix of the reground balls, above, were put ipto test under
6,008 newtons (1;350.1bs.) load, Four of them achieved 250,000,000
” cycles and two suffered infant failﬁres.

Two other Desigﬁ C balls also experienced infant failures.

Except for the'ihfant-failures,*all-Design-C'balls reached
scheduled shut-down, at 250,000,000 or 500,000,000 cycles, under
6,008 newtons (l 350 1bs Y load.

TESTING OF DESIGN D BALLS

Design D balls were 1dent10a1 in conflguratlon to D951rn A

- balls, but differed in materlal It was expected that. cWack -

arresting propertles of the ATST 9310 steel would resalt in a

. drilled ball which was more resistant to bendlng fatlgue.-

Two each were tested at 6,008 and 5,340 newtons (1 350 and
1,200 1bs.) load with very short lives. Nipe-balls'were testedﬁ
at 4,005 newtons (900 1bs. ) load with lives ranging from the
 infant fallure area-to run-out at ZE0,000,000:cyclesb; )
-Testingfof Design D'balls.was susPenﬂed beéauSé of poor

" performance.
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TNSPECTION OF BALI, FATLURES

Exéﬁination of ball.failﬁfes indicated that fractures
started at %he bore, then progressed more or less radlally
outward, Flgure 11 shows a ball fallure in which the crack.
is only in the bere. In some breaks the crack was dls—
.fiﬁcfly radial. In others_the cféck movéd outward at an
.angle from a true radial plane The two break patterns

- are descrlbed as "radlal" and "dlagonal" 1n Table II A

pictorial representatlon of the various break patterns is

.shown below:

Tnitial .  Radial ~ Diagonal Aggravated Aggravated

CrackA . Break. _ Break _ Radial Diagonal
ST ' S Break Break

If a ball with diagonal break was permitted to run for
a few seoonds, a sécond diagonal break would_often_occur.-'
The resulting chunk wouid drop out of the ball. See
. Figures 12.and“13*for representative failures. _
. If a bali with a radial break were permitted to run for
'3fa few seconds, another radlal break would often oceur; with
a catastrophic fallure. (See Flgure 14),
"“ Within]affewfseoonds:of:running~a£tertéibreak-had"_f'
- occurred, friction at the.interféce‘of the break would

:1"£esult*iﬁ*high 1¢dé1ized'%emperatufeé; “(See Figure 15).



In Design D balls, breaks tended to be non-planar, as
contrésted with breaks in the through-hardened bhalls.
Figures 16, 17, and 18 show characteristic failures in
DeSign D balls.

- Design B balls were most successful in that no failures
occurred under originally scheduled testihg. Vhen these
"~ bBalls were run under very high Hertz stresses against a
V-groove race, the reiﬁforced design demonstrated an
‘ability to retain structural integrity after failure had
initiated. Figures 9 and 10 show spalls cn'Désign B balls
' run against a V-groove race.

Except for infant failures, which were attributable

o insufficient clean-up of EDM effects, Desigu C balls .

were also successful in meeting load-life requirements.

BEARING TESTING

Two setS'cf bearings Wéré tested- the first set had
D931gn B balls while the seccnd set used D851gn c balls.

Bearlng test condltlcns were:

Speed -~ 20,000 RPM
- Load: . - 20 480 newtons (6,850 1lbs.) axial -
Iubrlcatlon ~ MIL-1-23699B oil (Mcbll Jet II) at
0.00757 meter> per minute (2 gallons
_ _ - per minute
. ‘Temperature - Oil-iy at 389.K (240°%).
Duration - Fallure or 100 hours

8 .



BEARTNGS WITH DESIGN B BALLS

Bearings incorporating Design B balls were run_at
20,000 rpm (3,000,00¢ DN) but were umable to operate at
scheduled load, 30480 newtons (6,850 Lbs.). Several tests
were made. In each test, cne or more balls tilted
excessively, wearing into the restraining ribs in the ball

pocket, and abrading one or both sid9§ of the ball, (See

Figures 19 and 20.) . With the braking action which occurred =

at this time, there was light skidding on the races. In
each case, audible indications of bearing distress were -
observed ag load was being increased through the 15, 575

" newtons (3,500 1bs.) range.

Several short runs, using modified procedures or test
specimens, were made to ¢larify the problem. Decreasing
contact angle to approximately 20° (by intermatching
inner and oﬁfer'rings-betwéeﬁ beérings) resulted in the
same sort of damage at the same qperatlng condltlons as had
occurred when contact angle was approx1mately 31 .

In another ‘run, the 20 contact angle, rematched
bearlﬂg, was complemented wlth De51gn A balls...It was
recognlzed that some of the balls mlght be prone to 1niant_-
fallure At 24 L5 newtons (5 500 lbs ) thrust load | |

o audlble indications of bearing dlstress were heard. The



bearing was permitted to run for a few minutes 1onger at
loads between 15,575 and 20,025 newbons (3,500 and 4,500
1bs.) but testing was terminated when further noise wes:
heard. Upon disassembly, a broken ball was found but
none of the balls had tilted enough to contact a pocket
restraining rib.

The following torque values were obtained during
testing of the rematched 9130UK29 bearlng using Design A
 balls, at 20,000 RPM,

1OAD . TORQUE
16,020 newtons (3,600 1b. : 10. 71 M-m (7.9 £5, 1b.
18 330 newtons (4,120 1b. 10.99 N-m EB.l . 1b.
20 470 newtons (4,600 1b.) 11,66 N-m (8.6 £t. 1b.
22 920 newtons (5,150 1b.) . 11.93 N-n (8.8 £t. 1b.
24 475 newbons (5,500 1b. A 11.66 N-m (8.6 ft. 1b.

ﬁuriﬂgythe cbufse-bf'béériﬁg testing, both bearings'
Were damaged Multlple Tuns on the same bearing were J
achieved by rehonlng races, replacing damaged balls, and :
__reversmng orlentatlon of cages. |

De51gn B balls, whlch tilted excess1vely in test

_ generally Shlfted 80 that the plane of the relnfor01ng web_’

turned ln.fhe dlrectlon'of the contact angle. Then they

contlnued,to tlp untll they scrubbed fhe restralnlng rlbs o

of the pockets. HOWever, a ball in one test tilted 1n

the. opp081te dlrectlon

: zoi'v



Apparently the Design B balls become dynamically
unstable under angular contact and high load. Perhaps the
deflection of the ball at the inner race contact, with
ﬁuch lesser deflection at the outer race contacf (due to
the load position with respect to the reinforcing web)
creates a coﬁple which is'sufficieht to overcome fhe effects

Wi

of inertial forces.

BEARING WITH DESIGN C BALLS

An MRC 9130-UK29 ball bearing was assembled with
D951gn C drllled balls in further efforts to aohleve 3
million DN operation under hlgh ax1a1 load

Races from the rematched 20 contact angle bearlng
(used w1th De51gn B balls) were honed to remove EV1dence
- of prev1ous runnlng The contactvangle of the-bearlng:
after rehonlng was 21 A.néw cagé was procured.

- New Design C Dballs, which were drilled with 1. 14—mm.
(. 0&5—1n ) grinding stock allowance, were obtalned to
vcomplement the bearing.

The bearing operated for a taotal of 28.9 hours at
#ull speed and load, 20,000 rpm and 30480 newtons (6,850
1bs.). In addition it operatedvfor 16.8*hours.a£ lower
speedS and/of loadsidUring'start-upsVandyrig-cheqkrouts;__

Thefe.were-é'totai 6f'fweniy-one starts and shub-downs

-



during the course of this operatlon.

Testing was bterminated when one drilled ball
fractured.

Durlng the course of testing, average values of
significant parameters, measured at full load and speed

were:

0il-in Temperature - 380K 5240 Fg

Oil-out Temperature - 439K - 3310F

Bearing Outer Race Temperatufe - 527K (L90°F)
Bearing Torque _ , - 12,2 to 12.7 N-m

(9.0-9.4 £t/1bs)
Failure was indicated by noise. The test rig was per-
ﬁitted fo operate for perhaps 30 seconds after the Pirgt
change in n01se, durlng which time the outer race
temperature increased 17K (BOOF) |
Examlnatlon of the bearlng revealed that one ball
ehad broken into several pleces.' See Figure 21, :In
addltlon, all balls had tllTed in their pockets W1th the
result that the s1des of the balls scrubbed heaV11y 1nto
. the alxnement restraints in both sides cf each_pocket.
A1 balls had tilted in the same basic oriemtation -
_s0. that the axis of a drilled bell was essentially
vperpendlcular fo the 11ne of contact from outer race
.~ ‘Through the ball to inner race.. Marklngs on. the sides of
the Dfoken ball 1ndlcated that 1t had also scrubbed on-

. the;cege alepement;restralgts,before,lt collapsedf

22



Apparently, the initial cracking of the failed ball
threw the bearing into an tnstable operational mode; the
bearing continued to run until menual shut down, by ﬁhich
time the one ball had received multiple fractures,

The bearing had been completely disassembled and
‘examined after approximately 20 hours and again after 25
hours of full speed-full load operétion. These examina-
tions showed a number of dents in balls and races and
some incidental contact tetween sides of drilled balls
and pocket.restrﬁints,‘but no serious'damage; Figure 22
is a photograph oi a section of the cage ‘taken at the 20
hour examination, showing only rormal wear. | |

Figure 23 shows a Design C ball as removed from the
failed bearing at 28.9 hours. Figure 24 shows a section
of cage with severely_damaged alinement restraints, after
test; balls in the'sédtion of cage.shdwn were unbroken
but severely scrubbed.

Land ridimg surfaces of-the cage showed contact
~with thes outer rlng. In one area this contact had worn
through the silver, - |

Races showed 1ncldental dents and minor sklddlng
damage, Based on examlnatlons of the bearlng durlng the
course of the run, the skld damage probably occurred at

failure. The lands of the oufer race were well polished

- from contact with the 0.D. of the cage.
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The dynamic instability which occurred in the test
bearing, with Design C balls, after initiation of failure,
produced the same sort of damage to balls and cage as
6ccurred in bearings with Design B balls. One may
épeculafé that the initial crack in fractured Design C
ball started at the bore and proceeded to the sides in
the same mammer as occurred during single ball tests:
during the short interval when the heaviest section of
the ball ﬁas ihtact Eut tﬁe éides Were'fractured,'its
.deflectlon characterlstlcs were changed and a couple was
'created by the race contac» forces, |
While a change in deflectlon characterlstlcs can
.explaln the damage whlch occurred to the 51des of the}
_fractured ball before it collapsed, it does not
explaln the dynamlc insgtability of the remaining ballsf
P. W Holmes, in Ref. 3, noted that drilled balls |
dlmenu‘onally the same as Design A balls, tilted
-excessively at hlgh_loads, and low speeds. Experience
Vwith'Design B ballé undef angular coﬁfact in fhis.prb- |
-gram indicated a relationship between tilting and load.
Tt appeers that excessive deflecﬁion or coliapse of a
51ngle ball could result in. addltlonal load on adaacent A
halls. When a drilled bhall tilts sufficiently to contact

. : a cage restraint its deflection under load changes so that

other balls are mcre heavily loaded. The chain reaction,A

which develops could cause all balls to tilt,
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An slternative possibility - that balls tilted befors
the initial bending fatigue fracture occurred - sppears
unreasonable.

At no time during the final few hours of operation -
did a high load - low speed condition occur. An emergency
shut down under full load was effeoted'at 25 hours, but
subsequent examination reveaied nothing but incidental
contact between-bails and restraints: Tempetature'data
also 1ndloate no abnormal trends untll the final mlnute
of qperatlon. | |

The heavy walled drilled ball, De51gn C, demonstrated
a capability of operating for a 51gn1floant perlod of
time in a ball beering at 3 million DN under loads
”oomperable to. the meximom'ooourfiﬁg in main ehaft'jet
~ engines. In this respect, it is supevior to Design &
(standard drilled ball) end_Design B (web feinfofced
design). Scheduled life of 100 hours was not achieved
‘in this program, and a design with greater resistance_to ____‘

bendiﬁg,fatigue ig required.

CONCLUSIONS

The drllled ball concept has demonstrated the
cepablllty of qperatlng satisfactorily in bearlngs whloh
rotate at three million DN, However,_initiel.designs, o

with about 52% mass reduction, are not strong enough to



resist bending fatigue present in Jjet engine main shaft
applications,

The webbed ball design demomnstrated excellent
resistance to bending fatigue. Testing under high rolling
contact stresses, concentrated near an edge of the drilled
ball, indicated that rolling contact fatigue does not
immediafely result in catastrophic failure. However, the
webbed ball appears to be dynamically unstable when
. operating underihigh loads in an angular contact ball
bearlng

The heav1er walled ball, Design C of this program,'
with 47.4% mass reduction, demonstrated significantly
iﬁprovéd beﬁding fatigue resistance ovef the initial
design. _ | _ | | |
| A bearing'incorporating fhese balls operated.at
three million DIy under heaﬁy axial load for 28.9 hours,_
Failure of this bearlng was due to fracture of a ball
It appears that a stlll heaV1er walled d951gn, or a more
fatigue resistant materlal is requlred for general N
appllcatlon of the concept o _
| Results of this program also demonstrate the need N
_for SpEOlal precautlons in the use of electrlc dlscharge _
machining (EDM) in h;ghly stressed bearlng components. o
L Acgepted industry practices fqr‘grlpding stockrallowanqéqiz
subsequent to: the EDM operation, éﬁé'épparently,iﬁadequate.

- Further investigatiqn in this area is needed.

%
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TABLE I

SPECIFICATIONS FOR MRC 9130 -~ UK

-~ 29 BALL BEARTINGS

Bearings were made to Annular Bearing Engineers Committee
grade 5 tolerances.

RINGS AND BALLS

Material _'

Hardness
Inner-race bore, mm (in.)

Outer-race outside diameter,
mm (in, )

Width, mm (in.)

Number of balls

Ball tutside diameter, mm (in.)
Pitch dismeter, nominal, mm (in)

Contact angle, nominal, rad (deg)

"Radial cleafaﬁce under 147-N

(33-1bf) load, mm (in.)

Inneruraoe'radiﬁs, perceni of ball

Consumable-electrode,
vacuum-melted AIST
M-50 steel

Rockwell C 60 to 63

150 (5.9053)

225 (8.8583)

35 (1.3780

2L _
20.638 (0.8125)

186.89 (7.3578)
0.5110 (29,28)

0.107 bo 0,142

(0.0042 to 0.0056)

52

diameter

Quter-race radius, percent of ball: o

diameter _ 51

. CAGE |

Material | SAE 4340 steel, silver
plated 0.025 to 0.05)-mm
(0.001 to O. OOZ—ln) thlck

| Cper AMS-2412 - - R R
Hardness Rockwell C28 to 32

' Cage width, meximum, mm (in) - 28.04 (1.104)

.635 to 0.838
(o 025 to 0.033)

' Cage—land clearance, dlametral mm(ln) 1. 02 (O 040)

Béll—pocket ciearanbe; diametral,mm(ﬁﬂ




TABLE TT
SUMMARY OF DRILLED BALL TESTING

DESIGN BALL NO. MACHINE _ILOAD  HOURS _____8TATUS

A 1 1 Varied 41,5 Shakedown ball, no failure
A 2 2 Varied 22,0 Shakedown ball, no failure
A 3 2 Varied 1.2 . Shakedown ball, radial break
A 4 2 —————— 0.2 Diag. brsak; infant failure
A 5 1l e 0.2 Diag. treak:; infant failure
A 6 2 6008N 46.3 kadial b“eakﬂ 2.5 hrs. at
' ' : ‘reduced loads -
A 7 1 6008N 38.3 Radial break
A 8 1 60088 14,1 Radial break
A 9 2 6008N 53.5 No failure, suspended
A 10 1 6008N  53.5 N. failure, suspended ,
A 11 1 eeem—— 0.1 Diag. break; infant failure
A 12 2 5340N 53.5 No failure, suspended
A 13 1 ———— 0.1 Rad. break, infant failure
A 14 1 5340N 58.3 No fallure, ‘suspended -
A 15 2 5340N 53,1 No failure, suspended
16 1 e —w—= B8/N given to set of facesonly
A 17 1 53408 2,2 Diagonal Break o
A 18 1l meme—— 0.3 Diagonal Break)Retainer
A 19 1 e 0.2 Hairline Crack)Misaligned
A 20 1 5340N 53.1 No failure, suspended
A 21 2 5340N = 54.1 No failure, suspended
B 22 1 6008N 53.6 No failure, suspended
B 23 2 6008N 53.0 No failure, suspended
B 2L 1 6008N 53.7 No failure, suspended
B 25 2 6008N 54,6 No failure, suspended
B 26 1 6008N 54,2 No failure, suspended
C¥* 27 2 6008N 53.8 No failure, suspended
C#* 28 1 6008N 53.1 No failure, suspended
C# 29 2 6008N  53.0 . No failure, suspended -
C 30 1 6008N 32.6 Rig problem, suspended
c 3L 2 6008N - 0.2 Diag. break; infant failure
c 32 2 6008 0.3 Diag. break; infant failure
Cc* 33 2 6008N - 0.1 Diag. break; infant failure
C* 34 2 . 6008N 0.1 Diag. break°'1nfant failure
B 35 2 6008N 55.3 No failure, suspended
C* 36 1 6008N 61,5 No failure, suspended
AR* 37 1 6008N 20.7 Diagonal break A
Ax¥ 38 2 6008N 53.% No failure, suspended
A% %9 1 6008N 8.7 Diagonal break
Ax% 40 1 6008N 54,3 Radial break
A%¥ 41 2 6008N  ~ 53.8 No failure, suspended
A% b2 1 6008N ~ 14.1 Diagonal break :
B 43 2 6008N 106.5 No failure, suspended
B yvis 2 - - 6008N  106.0 No failure, suspended
3 L5 1 6008N = 108.1 No failuve, suspended =
*

'Task IC design balls which were 1dent111able as havmng mlnlmal
fsnook removal’ by grinding = . . R : .

%% Tagsk IA design balls which were especlally processed to prov1de
_l 14 mm ( 045") minimm stock removal by grlndlng

g



TABLE IT (Continued)

30

DESIGN - BALL NO. MACHINE  LOAD  HOURS STATUS
B b 2 6008N 106,1 No failure, suspended
B b7 1 6008N 106.7 No failure, suspended
A¥% Lg 2 5340N 106.3 No failure, suspended
A¥¥ 49 1 5340N 108.3 No failure, suspended
Axx 50 2 5340N 11,2 Diagonal Break
A¥¥ .51 2 534L0N 33,6 Diag. break, probably re-
. lated to a lubrication :
, failure
c 52 1 6008N 106.3 No failure, suspended
c 53 2 6008N 106.0 No failure, suspended
D 54 1 6008N 1.0 Broken ball
D 55 2 6008N 0.5 Broken bhall
D 56 1 5340N 8.8 Broken bhall
D 5 2 5340N 1.1l Broken hall
D 58 2 4LOO5N 0.15 Broken ball
D 59 1 LOO5N 0.2 Broken ball
D 60 1 4005N 14.6 Broken ball
D 61 2 4005N 0.2 Broken ball
D 62 2 4O05N 53.1 No failure, suspended :
D 63 1 4OO5N 53.1 No failure, suspended
D 64 2 LOO5N 24,7 Broken ball
D 65 1 4005N 2.1 Broken ball
D 66 1 4005N 5.9 Broken ball
C 67 1 6008N © 108.4 No failure, suspended
c 68 2 6008N 104.0 No failure, suspended -
B 69 - 1V 6008N 0.17 Chunk broke out of loaded
area :
B 70 1-v 6008N 0.08 Chunk broke out of loaded
, area
B 71 1~V 5340N 0.10 Churik broke out of loaded,‘
- area :
B 72 - 1=V - 5340N 0.11 Spalled ball, cracks under
. L : ~spall
B 73 - 2-V e mm——— Skidded at start, rig prob.
B 7h 1-V L450N 0.65 Spalled ball, cracks under
' ' spall -
B 75 1-v LL50N 0.30 Spalled ball
B - 2-V ———— e Skidded at start, rlg prob.
B 77 1.V 3560N 15,9 Spalled ball, cracks under
' _ spall
B - 78 1-v 3560N . 11.6 Sgalled ball, additional

breakage under spall

"-V" 51gn1f1es test rig set up w1th one V;groove race and one
' - standard inner race. o . L
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FIGURE 8
Tests of Drilled Balls Bun

on Modified One-Ball Test
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FIGURE 9 - Design B Ball No. 72, Run on a V-Groove Race,
With Spall Which Cracked Through to Bore.

FIGURE 10 - Design B Ball No. 75, Run on a V-Groove Race,
with Fatigue Spall.
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FIGURE 11 - Design A Ball No. 19, Showing Failure Which Did
Not Progress to Ball Outer Surfamce. (Crack is accentuated with
Magnaflux Solution)

FIGURE 12 - Design A Ball No. 11, Showing Failure With Diagonal
Crack. 39



FIGURE 13 - Design A Ball No. 4, Showing Ball With Aggravated
Diagonal Break.

FIGURE 14 - Design A Ball No. 6, which Suffered Two Radial
Fractures. Initial Crack is Discolored from Frictional Heat.
40



S

FIGURE 15 - Design A Ball No. 13, Showing Failure Which
Overnheated at the Crack.

FIGURE 16 - Design D Ball No. 58, Showing Non-Planar Crack
in Bore of Carburized Ball. (Crack is accentuated with

Magnaflux Solution) L1



FIGURE 17 - Design D Ball No. 58, Showing Arrested Crack in
Carburized Ball. (Crack is accentuated with Magnaflux Solution)

FIGURE 18 - Design D Ball No. 60, Showing Fractured Carburized Ball.
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FIGURE 19 - Design B Ball from Ball Bearing Test, Showing
Abraded Side which Scrubbed Cage Rib.
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FIGURE 20 - Typical Damaged Ball Pocket Rib, from Contact with
Tilted Design B Ball.
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FIGURE 21 - Fractured Design C Ball After 28.9 Hours Operation

in MRC 91350-UK-29 Ball Bearing at 20000 rpm with Full Bearing

Thrust Load of 20500 N (6850 1b.)

FIGURE 22 - Cage from MRC 9130-UK-29 Ball Bearing after 20 Hours
Operation at Full Load and Speed. Cage was in Good Condition.



FIGURE 23 - Unbroken Design C Ball Removed from Bearing at Completion
of Test. Ball Shows Severe Contact with Cage Pocket Restraints.

FIGURE 24 - View of Cage After Completion of Test Showing Damaged
Pocket Restraints and 0.D. wear.
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