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FILTRATION EVYFECTS ON BALL BEARING LIFE AND
CONDITION ":v A CONTAMINATED LUBRICANT
by Stuart H. Loewenthal! and Donald W Mu_ycrz

National Acronautics and Space Administration
lLewis Research Center
Cleveland, Ohio 44135

ABSTRACT

Ball bearings were fatigue tested with a noncontaminated MI1L-L-23699
lubricant and with a contaminated MIL-L-23699 lubricant under four levels
of filtration. The test filters had absolute particle removal ratings of 3, 30,
49, and 105 microns. Aircraft turbine engine contaminants were injected into
the filter's supply line at a constant rate of 125 milligrams per bearing hour.
Bearing life and running track condition generally improved with finer filtra-
tion. The experimental lives of 3- and 30-micron filter bearings were statis-
tically equivalent, approaching those obtained with the noncontaminated lubri-
cant bearings. Compared to these bearings, the lives of the 49-micron bearings
were statistically lower. The 105-micron bearings experienced gross wear,
The degree of surface distress, weight loss, and probable failure mode were
dependent on filtration level, with finer filtration being clearly beneficial .

INTRODUCTION

It is generally accepted that rolling-element fatigue failures are a conse-
quence of competitive failure modes developing primarily from either surface
or subsurface defects [1-5). Surtace initiated fatigue, often originating at the
trailing edge of a localized surface defect, comprises a significant percentage
of bearing fatigue failures [3,6]. This is particularly true in machinery where
strict lubricant cleanliness and/or sufficient elastohydrodynamic film thickness

are difficult to maintain. However, the failure theory of Lundberg and Palmgren
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[7], the commonly accepted basis lor bearing serviee lile ratings, is based
only on subsurfuce originated spalling. Recently, Tallian has published an
expunded latigue life predicetion wodel which considers surface initiated spall-
ing lor rolling=clemaent bearings with surface defeets [ 4],

The presence of contaminants in rolling-clement lubrication systems can
have a large detrimental elfect on bearing service life as well as lead to a
signilicant degree ol component surlace distress. The rescarch of [9] has
shown that & 80 to 90 percent reduction in bearing lile compared to that as
measured in c¢lean oil resulted when ceramie, silica and [ron particles were
continuously fed into the bearing lubrication system ot 12 milligrams per hour,
Furthermore, the bearing tests conducted in [10], in which an isolated, "ultra-
clean, " recirculating bearing lubrication system was used, suggest that the use
of an "ultraclean" lubrication system in place ol & conventionally clean (10 mi-
cron filtration) system may improve bearing life several [old.

In rolling-element systems where significant amouts of combined sliding
and rolling contact occur, such as for the contact between gear teeth and the
cone-rib contact in a tapered-roller bearing [11], the presence of debris in the
oil can lead to gross wear damage and premature lfailure. Experiments per-
formed in [11] on tapered-roller bearings have shown that wear is proportional
to the amount of contaminant in the lubricant and that the wear rate generally
Increases as the contaminant paiticle size is increased, TFurthermore, the
wedar proceess will continue as long as the contaminant particle size exceeds the
thicimess ol lubricant film separating the bearing surfaces,

I'he potential for a drastic reduction in bearing service life due to the pres-
ence of contaminants gives great incentive for [ine oil filtration, particularly
for critical rotating machinery. Until recently liltration levels for aireraflt tur-
bine engine lubrication systems have been mainly limited to metallic screens ol
100 to 150 mesh (150 to 110 microns) {12]. However this situation seems to be
changing. The study performed in [ 13], in which the production 40-micron

nominal main oil filter from a T-53 gas turbine engine lubrication system was
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replaced by a 3-micron absolute filfer, demonstrated some of the advantages

of liner [itration. The new filter elewments provided a much eleaner tubricant
with less component wear, whis  greatly extending the time between filter re-
movals lor clogging and oil changes. This was accomplished with a modest In-
crease in filter size and weight and with a new {ilter clean pressure drop neariy
the sume as the original production unit. Recently, 3-micron absolute filiralion
was selected for use on the T-700 gas turbine engine which power advance
hellcopters,

Presently there {s o scareity of test data relating the guantitative effects ol
filter performance on rolling-element component life. The o' jective ol the re-
seureh reported herein wits to quantily the etfects of {iltration level on the ser~
vice life and condition of rolling-element bearvings which operate in 2 controlled
contaminated lubricant environment,

Fatigue tests were conducted on a multiple bearing fatigue test machine
with 65-mm bore dinmeter, deep-groove ball bearings lubricated with MIL-L~
23699 qualified, tetraester oil. TFour levels of filtration were investigated uti-
lizing static filters with absolite particie removal rvatings of 3, 30, 49, and
105 mierons (0.45, 10, 30, and 70 micrens nominal), The results of these tests
were compared to a controlled baseline sevies of tests in which no contaminants
were added to the test lubricant. Test conditions consisted of a bearing shaft
speed of 15 000 vpm, a radial load of 4580 newtons (1030 lb) and an oil in tem-
perature of 347 K (165° F).

TEST BEARINGS, LUBRICANT, FILTERS AND CONTAMINANTS

The test bearings were ABEC-3 grade, deep groove ball bearings with a
g5-mun bore diameter, a 9¢-mm outer diameter, a 13-mm width and contained
18 balls having a 7.94-mm (5/16~in.) diameter. The inner and ouler races as
well as the balls were manufactured from a single heat of carbon vacuum-
degassed (CVD) AlS 52100 steel. The nominal hardness of the races and balls
was Rockwell C 6221.0. The ball retainer was a rivetted, two-piece, machined

inner-land riding cage made {rom iron-silicon-bronze. The raceways were



ground Lo o nominal surfoce Hnish ol 001 mieron ¢ pdn.y rms and the balls to a
surtace finish of 0. 05 micron (& pin.) rms.

I'he lubricant utilized lor this test program was a S-contistoke at 372 K
R 10V Iy neopentylpolyol ety ester for which a substantial amount of test data
is available [ 14]. This oil is qualilied for use in gas tacbine engine lubrieation
systems under M1 L- L-23699 specifications.

All ol the test Lilters used during the course of this study were of porous
depth-media construction.  Manufacturer's specifications of these commereinlly
available test filters along with the test series number in which they were used
are presented in Table 1.

The absolute removal ritbings shown in Table 1 were determined by tradi-
Lional filter test methods per M1L-F=27656. This method uses a known distribu-
Lion of graduated glass beads which are fed "onve through' the test filter to de-
termine the largest pure size of the lilter media,  (An bnproved [ilter perlor-
mance rating method (ANSI-1903, 31-1973) is now being adopted which can deter-
mine the filter's parvticle removal efliciency as a lunction of particle size inn
recireulating lubrication system with continuous test dust addition. This method,
based largely on researveh perfornied at Oklahoma State Universily ! 15, 16],
provides useful time dependent {ilter performance data for reciveulating lubri-
etition systems.)

The contaminants used in this study cousisted of & mixture of earbon dust,
Arizona a test dust, and stainless steel powder. The composition ol this con-
taminant mixture, as listed in Table 2, was similar to the composition of par-
ticulate matter found in the lubricant Lilters ol typical aircraft gas turbine en-
gines, based on a ficld survey of 50 JTSD commercial engines. Analysis of
debris from the engine lubrication system showed that up to 90 percent ol the
pavticles were earbonnceous i composition with the remainder being primavily
siliceous and metallie. ‘To give a physical appreciation of the [ineness of the

test contaminant mixture in which nearly all of the particles are less than
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40 microns in size, the period at the end ol this sentence is greater than
500 microns In dinmeter.
BEARING FATIGUE TESTER

A cross scetion of the bearing fatigte tegter utilized in this investigation
Is shown in Fig. 1. This tester is described in detail in [17]. Two identical
bearing fatigue testers, cach containing four test bearings were operated con-~
currently. Each bearing tester is driven by a quill shaft system connected to
the 347.3 kW (60 hp) variable speed drive system (not shown in the illustration).
The bearings are loaded only in a radial divection by a hydraulic eylinder, The
radial load is transmitted equally to the two center bearings through a wiffletree
and is reacted by the two outboard bearings as shown. Thermocouples were
mounted to the outer-race of each of the test bearings.

The lubrication supply system, delivers a total of 1090 kg/hy (2400 lb/hr)
of oil through the test filter to the eight test bearings. The {low is equally
divided among the test bearings by a calibrated ovifice at an oil supply pressure
of 0.28 MPa (40 ps1). Each test bearing was lubricated by its own calibrated
oil jet,

From the test bearings the oil gravity drains into a collector pan {rom
where it is returned to the oil supply tank by a scavenge pump. On this return
line is an oil-water heat exchanger that regulates the oil in temperature to the
bearings at the required 347 K (1650 ).

TFor the contaminated lubricant tests, the test contaminant and replenish-
ment oil are mixed together in an oil sturry lorm. This slurry was periodi-
cally (approximately cvery 10 min) injected by a hydraulic piston into the test
filter lubricant supply line in 12-milliliter quantities, containing approximately
170 milligrams of contaminant. This produced a contamination rate of 125 milli-
grams of contaminants per hour per bearing or roughly a level teaspoon ol con-
taminant powder every 16 hours,

The test stand instrumentation ineluded an accelerometer system which

detected bearing failures as well as protective circuits which shut down the
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drive system, il any of the test paramoters deviate from the programmed con-
ditions  Parameters monitored and recorded during the test included bearing
inner race speed, oil How to cach tester, test beartng auter race tempe ature,
lubricant supply and seiavenge temperature, and bearing vibration level.
RESULTS AND DISCUSSION
Bearing Fatigue Resulls

Bearings werce tested at speeds ab 15 000 rpm ander a radial load of 4550
newtons (1030 by resulting i an inner rece maximum Hertz stress of 2410 M Pa
(350 000 psi).  Lubricant supply temperatove was maintained at 347 K (1(550 .
Bascd on the average outer race temperature of 361 K (1900 I), the isothermal
clastohydrodynamic [Hm thickness al the imner race contact was 0. 373 micron
(14.7 pin.) [18). This resulted b a minimum {ilm thickness to composite
roughness ratio of 3.3 which provides full film lubrication {19).

The test study was divided into five test seriex. in test sevies |, 32 bear-~
ings were {atigue tested W provide baseline data for a clean lubrication system
under 49-micron absolute filtration with no contaminants added to the system.
The bearing tester was disassembled and {lushed clean after every {ailure.

Test series 1 to V were conducted in the same mamer as test series 1 with the
exception that lilters ol different ratings weve installed into the lubrication sys-
tem {sec Table 1) and test contaminants of a prescribed composition (sce Ta~
ble 2) were metered into the lubrication Jine ahead of the test filter. During all
testing, periodic oil samples were taken {rom the tubrication line downstream
of the test bearings and subjected to viscosily, total acid number and particulate
oll analyses.

Fatigue life results of the bearings tested were statistically analyzed in ac-
cordance with the methods of [20] and arc summarized according to lubricant
contamination ievel in Table 3. A summary of their Weibull failure distribu~
tions are presented in Fig. 2.

In test series 1, nine of the 32 bearings experienced fatigue {ailure prior

to the 2000-hour suspension time. All of the remaining bearings completed the



S e s o B I R w

test undumaged exeept for two early suspensions due to rough operatior.

At these test conditions the Anti-Friction Bearing Manufacturers Assocla-
Lion (AFBMA) catalug 10-percent life is 47 hours. The experimental 10-
pereent lHe of the baseline bearings was 672 hours or more than 14 #*mes the
ATMBA predicted life.  Using the bearing life adjustment {actors of [ 19], the
predicted 10-percent life is increased by a lactor of 5.2 to 245 hours, still
2.7 times less than measured.

In comparing the test results shown in Table 3 and Fig. 2, good fatigue
lives, approaching those ol the noncontaminated tubricant, baseline bearings,
were obtained in tests with 8-micron (series 1[) and 30-micron (series 1)
absolu [liltration in a contaminated lubricant. The experimental lives of
bearings tested with these filters were statist cally equivalent. These lives
were approximately 80 percent and 40 percent of those of the baseline bearings
at the 10-percent and 50-percent life levels, respectively. However, the ex-
perimental life differences among these three groups of bearings varied from
being statistically insignilicant at the 10-percent life level to highly significant
at the 50-percent level as indicated by the confidence numbers tabulated in Ta -
ble 3. The fatigue lives obtained with the test bearings [rom the 49-micron
filter test series (series 1V) with a contaminated lubricant were approximately
50 percent and 25 percent of the baseline bearings (series I) 10— and 50-percent
lives, respectively.

In tests conducted with 105-micron absolute filtration in contaminated oil,
all 16 test bearings experienced excessive wear without prominent spalling
within 500 hours of testing. The rivet heads on three of the test bearings failed
causing cage separation, presumably due to debris generated high ball-race
traction forces and buildup of debris in the ball pockets. It is apparent from
the fatigue lile results shown in Fig. 2(e) that the life dispersion parameter or
Weilbull slope steadily increased with coarser filter size. According to the con-
aminated lubricant, fatigue life model advanced in [ 8], the Weibull slop * should

increase [or bearings experiencing progressive surface damage while running.



Damage accumulating at a linenr rate would be expected to double the slope of
rolling-clement life associated with bearings which had an unehanging number
of preexisting surface defects. Quadratic damage accumulation would be ex-
peeted to triple the slope.  Although it is not possible to accurately assess the
damage accumulation rate associnted with the various bearing test series, an
experimental Weibull slope variation in excess of 3 to 1 was obtained, as listed
in Table 3, which lends gualitutive support to the fatigue Hie model of [8].
Effect of Contaminants on Test Jearing Surface Distress and Wear

Post test examination o, . @ raceways of the long-lived, suupended test
bearings from test series 1, 11, and III showed great differences in the degree
of surlace distress in relation to liltration level. These dilferences in running
track condition are distinetly greater than the differences obtained in fatigue
lile. Figure 3 shows representative macro and scanning electron microscope
(SEM) photographs of test bearing inner races that were suspended from test
without fatigue failure. Included for comparison are photos of an untested
bearing. It is apparent from these photos that the amount of surface distress
and wear progressively increases with coarser filter size. This is reflected
by an increase in the intensity and width of the wear track coupled with the in-
creasing absence of grinding marks, The original grinding marks clearly
present on both the untested and clean lubricant test bearings ave still visible
on the bearings [rogn the 3-micron absolute [ilter tests alter nearly 1200 hours
of testing but are saly faintly visible on bearings tested with the 30-micron fil-
ters, 'The grinding marks on the bearings [rom the 49- and 105-micron [ilter
tests are completely worn away and only a matted surface remains,

The progressive disappearance of grinding marks with an inerease in filter
size is indicative of a degradation of the local elastohydrodynamic film thick-
ness, Debris particles breach the clearance between contacting elements caus-
ing an interruption of the protective film which in turn leads to surface distress.
A loss of film thickness can cause an increase in the tangentinl shear forces on

or near the surface and hasten the onset of surface initiated fatigue fnilure.



Significant metal-to-metal contaet will cause n substantial inerease in Lractive
forces that can lead to plastic flew and microcracking. Alt of the Iniled bear-
ings tested with a d9-micron absolute [ilter in contamhated oil showed evidence
of extensive microcracking. The microerack network on these bearing races
would usually eralesce Lo form multiple patches of shallow mieropits. Prom’'-
nent spalls were generally found within tnese patches ol micropits. Figure 4
shows a typleal surface initiated fatigue spall from test series 1V (49 micron
absolute {iltery which emanated in this manner.

In conjunction with the observed increase in bearing surface damage with
filter size is an increase in bearing average weight loss of the suspended test
bearings as listed in ‘Table 4. On the basis of grams per 100 test hours the
suspended bearings tested with 8-, 30-, 49=-, and 105-micron absolute [ilters
had, respectively, 1.9, 3.2, 4.2, and 89 times Lhe weight loss of the suspended
baseline bearings tested with uncontaminated oil. It is instructive to note from
Table 4 that failed test bearings penerually cxperienced a welight loss several
times that of a suspended bearing. This factor became a reliable means of
selecting the failed bearing or bearings from those unfailed without resorting
to bearing disassembly.

The observed increase in surface distress with filter size is a direct con-
sequence of the number andgd size of debris particles suspended in the oil passing
through the test bearing contacts. Particulate counts were made on oil sansples
taken periodically at a point downstream of the test bearings. A summary of
the particle count readings for the various test series can be found in Table 5.
Exeluding occasional inconsistencies, the particle count readings showed a
trend of decreasing particle levels with {iner {iltration. In addition, the debris
levels show, for the most part, no significant increases with time. This indi-
cates that the filter was performing stably and the debris generation rates as-
socisted with the bearings were relatively constant, Comparison of particle
count readings obtained during these tests with those taken during contaminant

injection system calibration where the test [ilter was not installed, indicated
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that the test filters were porforming efficiontly. Except for the 105-micron
absolute filter, all test [ilters prevented greater than 99 pereent of the incom-
ing purticles that were 5 microns or lurger from reaching the test bearings.
Rearing Failure kxamination

Metallurre tentl exemination of the test bearing failures were made with the
intent of detecrmining the origin of the [ilure, In most cases, direet evidence
of u surfaze defect initiated spall was eradicated by spall propagation and/or
camouflaged by secondary spall debris damage. In several cases where the
bearings were suspected of subsurface initiated failure, metallographic cross
sections were made through the spall aren, These examinations failed to un-
cover any metallurgical anomalous conditions such as faulty microstructure,
nonmetallie inclusions or carbide agglomeration whieh would conclusively
verily subsurface origin. Microscopic examination of the shape and depth of
the spall generally gave the best indication of the mose probable failure mode.

Many of the ineipient spalis on [ailed bearings fron: th2 baseline, noncon-
taminated lubricant test series were clliptically shaped, relatively deep and
steep sloped, giving the appearance of being subsurface initiated, Examination
of the spalls [rom the other test sevies with a contaminated lubricant revealed
that [atigue failures were both surface and subsur{ace initiated with a trend
toward more surface initiated spalls with an Ihcerease in {ilter size, Also the
mechanism of surfuce spall initiation appeared to shift with filter size, Point
sarface originated spalls, characterized by a shallow, arrow-head patterned
spull [ 2, 3], appeared te be ti.e most prevalent in the case of the 3-micron abso-
lute filter tests., Micropitting, the result of debris particles interrupting the
elastohydrodynamie film, was the most prevalent in tests with 49-micron f{iltra-
tion as described earlier,

Occasionally debris dents significantly larger than the "absolute' pore size
of the filter were found on suspended test bearings, indicating the debris parti-
cles can be generated within the bearing assembly itself, However, the number

of these particles and their potential to initiate [atigue .s judged relatively small
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fn comparisor to debris ingested externnlly or generated within the lubrication
system und not removed by the titer. Therclore, to provide masimum compo=
nerd Mo, a concerted effort must be made o prevent contaminants frem guining
entey tnto the syslem o ough proper sealing and sceondly, o provide an cffee-
tive means of removing particlies that have hecome suspended in the ol through
tine filtration.

SUMMARY

Fatigue tests were conducted on groups of 65-mm bore diameter doep-
groove ball bearings with o noncontaminated M1L-L-23699 lubricant and with a
contaminated lubrizant under four levels of filtration, The noncontaminated
lubricant test series, which provided baseline data, used prefiltered oil in a
recirculating lubrication system containing o 49-micron absolute (30-micron
nominal) full flow filter. In the remaining scries of tests, contaminants, of
a compusition similar to that found in filters from aireraft gas turbine engines,
were mjected into the test filter's supply line at a constant rate of 125 milli-
grams per hour per bearing. 'The tust filters, of porous depth media construe-
tion, had absolute particle removal watings of 3, 30, 48, and 105 microns
(0.45, 10, 30, and 70 micron nominal), respectively. Test conditions included
a bearing shaft speed of 15 000 rpm, a radial load of 4580 newtons (1030 1b)
producing & maximuwm Hertz siress of approximately 2110 M2 (350 000 psi)
on the bearing inner rice, The temperature of the lubricaut into the test benr-
ing and the sump temperature v.ore maintained at 347 K (165° T). ‘The folluwing
results were obtained.

1. Bearing running track condition and fatigue life, to a lesser extent, gen-
erzily improved with fines tiltration, ‘Tests with the baseline nonconttninated
lubricant bearings preduced the longest fatigue lives. Dilferences in the 10—
percent lives of these benrings and those in contaminated lubricant tests with
3- and 30-micron absolute filtration were statistically insignificant, but were

statistically significant for the bearing tested with a 49-micron nbseclute filter.
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2, Surfuce distress and wear of the test bearings' running track markedly
increased with convger filter slze. Gross weanr of bearings tested with a 1056~
micron absclute (70-micron nominal) filter precluded the onset of rolling-
clement Iatlgue,

4. The bearing life dispersion parameter of Weibull slope increased with
coarser [Hltration.

4, Fatipue faflures were both surince and subsurface initiated with a trend
toward more surface initioted failures with coarser filbration. All of the failed
bearings tested with 49-micron absolute filtration in a contaminated lubricant

oxhibited evidence of micropitting and surface initiated failure.
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TABLE 1. = TEST FILTER SPECIFICATIONS

Test series™ Removil ratings, p
R , A taC
Numinal Mean Absolute
] Jo 40 19
I LD ) 3.0
i1 10 20 30
aY J0 10 .
dy 70 N/A 106

Tpest sertes T used elean oil, in all others
contaminants were added,
BN 1L-1-5504.
CMIL-F-27056.
dSintcwd square weave stainless stee!, wire
cloth lilter media, all others resin impreg-
nated organic/inorganic libers.
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TABLE 2. - TEST CONTAMINANT COM POSITION
Constituent Parts per Particle distribution
mixture
by weight
Stainless steel 1 100 pereent less than 44 microns
particles
Arizona coarse 10 12 percent less than 5 microns
test dust 24 percent less than 10 microns
38 percent less than 20 microns
61 percent less than 40 microns
91 percent less than 50 microns
100 percent less than 200 microns
Carbon-graphite 80 75 percent less than 10 microns
test dust 92 pereent less than 20 microns
100 percent less than 40 microns
Total contaminant 91 70 percent less than 10 microns

mixture

36 percent !ess than 20 microns
96 percent less than 40 microns
4 percent greater than 40 microns




TABLE 3. - FATIGUE-LIFE RESULTS OF 65 MILLIMETER BORE BALL BEARING TESTS

FOR VARIOUS LEVELS OF FILTRATION IN A CONTAMINATED LUBRICANT

[Radial load, 4580 N (1030 lbf); speed, 15 000 rpm; temperature, 347 K (165° F);
test lubricant, MIL-L-23690 type. ]

Test Test Experimental hours Weibull| Failure Confidence number, "
series®| filter slope indexb percent
absolute 10-percent | 50-percent
rating, life, LIO life, L50 10-percent | 50-percent

M life life
1 45 672 2276 1.54 9 out of 32 -- -—
II 3 505 993 2.78 | 10 out of 16 63 99
11 30 594 857 5.12 | 11 out of 16 37 99
di/V 49 367 533 5.06 | 20 out of 32 89 99
105 -— -—- ———— | ———— -- -

4Test series I used clean oil, in all others contaminants were added.

b

Number of fatigue failures out of number of bearings tested.

cProbability expressed as a percentage that the fatigue life in the contaminated lubricant
test series will be less than the life with the clean oil in test series 1.
est series V was suspended after 445 test hours on each of the test bearings due to

excessive bearing wear.

No fatigue failures were encountered.
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TABLE 4. - TEST BEARINGS AVERAGE WEIGHT 1LOSS

Test Failed test
series® | tilter bearings bearings
absolute r" R | R Eaiasii FRE
rating, | ®™ /bicg | gm /100 hr | gm/Dbrg |gm /100 hr
M
. S—— — B
1 49 0.0412 0.0031 0.2775 0.0311
11 J4 054 0054 L3157 090
111 30 006 L0100 1679 L0214
v 49 L0809 0130 J288 L0713
by 106 1.0204 2757 | eemee | cmeee
drest series 1 used clean oil, in all others contaminants

were added.

] : . ; ’
Al bearings from test series Vosuspended due to heavy

waar.




TABLE 5.

[Samples taken downstream of test bearings .|

19

COUNT READINGS

-~ SUMMARY OF REPRESENTATIVE PARTICLE

T - R—
Test series Test Test Particle count, 10" particles/100 ml
filter | time,
shaoluts | % AMicron size range
rating, 5-15 16-30 | 31-50 | 51-100]| >100
u

Calibration® - S | 287 000 | 26 700 | 3 400 187 | 19.2
22 1 969 000 | 89 100 | 16 000 462 39.1
Ib 49 139 25.0 4.6 1.8 0.4 0.2
417 23.8 7.1 i 0.5 0.2
1207 80,0 11 1 0.2 0.2 0.2
11 3 2 129 7 0.7 0.3 0.2
T85 145 9 2.7 0.5 0.3
876 102 G 1.9 0.4 0.3
11 30 158 70 N 4.8 1.1 0.6
170 152 15 12.56 1.6 }.0
676 105 19 10.9 2.5 1.7
v 49 200 1732 79 3.0 0.4 0.2
412 255 19 6. 1.0 0.2
663 GO5 g8 8. 2 0.4
\Y 105 116 | 116 900 4 870 257 133 48.2
202 | 221 100 5 490 549 79 20.5

Contaminant injected into system at 3.1 mg/100 ml/hr without filter and

test bearings installed.
chst. series [ used clean oil, in all cthers contaminants were added.
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STATISTICAL PERCENT OF BEARINGS FAILED
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Figure 2. - Effect of filtration level on 65 mm bore ball bearing fatiguu lite in a contaminated lubricant. Spacd, 15 000 rpm; lubricant HIL-1-23699.



(b) Test bearing suspended after 1205 hours from &9-micran-absolute filter tests with clean lubricant (test series |)

(c) Test bearing susper-ed after 1172 hours from 2-micron-absolute filter tests with contaminated lubricant (test series i1)

- Macro and SEM photos of test bearings inner race shawing progressive surface damage of running track with coarser filer si;

Fipure 3

gAY, PAGE B
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(d) Test bearing suspended =fier 387 hours krom ¥ micton-absolute filter tests with contaminated (utwicant (test senies 111)

from 40-micron-absolute filter tests with contaminated lubricant (test series Iv)

ts with contaminated

(1) Test bearing suspended after 443 hours from 105-micron-absolute lilter {e

Conelidad

Fipure 3






