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FOREWORD

This report was prepared in the Air Force Materials Laboratory,
Fluids, Lubricants, and Elastomers Branch (MBT), Nonmetallic Materials
Division, Wright-Patterson AFB, Ohio. The investigation was performed
under Project 2421,"Aerospace Fluids, Lubricants, and Fluid Containment,"
Task 242102, "Lubricating Materials and Tribology," Work Unit 24210201,
"Accelerated Tests and Liée Prediction for Space Bearing/Lubricants'"and

covered the period October 1976 through September 1977.
This technical report was submitted by the author in April 1979.

The author wishes to thank Mr. James Snodgrass, Midwest Research
Institute, for his assistance in some of the photography and Jerold
Kannel, Tom Dow, and David Srnediker of Battelle Memorial Institute,
Columbus Laboratories, for their assistance in the failure analyses. The
bearirz test apparatus was designed and the tests were performed at
Southwest Research Institute under Air Force Contract F33615-7§-C-5123.

The assistance of Herb Carper, John Tyler, and P. M. Ku is also appreciated.
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SECTION I

INTRODUCTION

Several years ago, it was recognized that it was no longer practical

or desirable to perform real-time life tests on lubricated moving mechani~

cal assemhlies designed for long-term space missions and that techniques
which enable accurate prediction of life expectancy and probability of
successful mission accomplishment were needed. To address this need, as
well as the equally critical requirement to develop a better understanding
of those factors which influence the quality of performance and/or cause
anomalous performance in components such as the Despin Mechanical Assembly
| (DMA) (Figure 1), our laboratory has developed a comprehensive, multi-
phased in-house and contractual program. The initial phase of this program
consisted of an extensive survey (Reference 1) of the aerospace industry

including vehicle system, sub-system, and component manufacturers and

sponsors. This investigation resulted in the identification of several
potential causitive factors or failure modes, each requiring substantial

additional investigation and confirmation. Among the potential failure

modes identified were lubricant degradation, slip ring and brush wear,
improper lubricant transfer, lubricant dewetting, lubricant volatility,

inadequate lubricant quantity, separator wear, separator instability, etc.

The potential failure mode identified as "lack of adequate DMA bearing
film thickness" has been investigated and the results of this investigation
have been reported previously (Reference 2). This report presents the
results of the post-test analysis of test specimen ball bearings which

failed to survive extended life testing in a simulated space environment

R AR ‘ P N S N - < s L NN ARSI,




4 T " A & Moliaiiad oot e it G i T TR T T e e
A W 24 v s gl 0, 4By Rl Ymr R s g il ‘

wsiueyday uidsag 33L|1930S AJeqL|Ld LedtdA] | @unbi4

N ; . AT8W3SSY ONIY
Y&/ \ 19VINOD V1819313

N
2z . ;
SHIOAY3SIY \ SNIYds
1dwns INVOIHENY wosow’/ QGvVO13ud

$S3THSNUE

WSINVHIIW NidS3a 317T131VS




R I T e

in the course of the investigation into the effects of inadequate DMA
bearing film thickness. This post-mortem included superficial examination
followed by careful disassembly and analysis of the individual bearing

components. Each step in the sejquence will be described and conclusions

will be supported by physical evidence, photographs, and chemical evidence.
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SECTION II

APPROACH

The investigation of the effects of variations in bearing film
thickness included both short-term and long-term DMA bearing testing in
a simulated space environment with some acceleration of operating
parameters. In part, the latter was accomplished by varying the surface
finish of the bearing races and through the use of lubricants formulated
from a family of base stocks of differing viscosities. A convenient
method to identify varying initial bearing conditions is through the use
of the film thickness ratio, A, defined as the ratio of the film thickness
to the composite surface roughness of the balls and races. In this way,
the three initial longer-term bearing tests conducted were described as
having nominally low, medium, and high film thickness ratios. After
operating satisfactorily in an environment which simulated the actual
operational environment, i.e. a vacuum of about 1.3 x 10~ * newton/m?

(1 x 10~% torr), for periods of approximately 5.3 and 5.9 months, respec-
tively, the tests utilizing bearings having initial conditions described
as low and medium film thickness ratios each suddenly experienced a per-
formance excursion which manifested itself as a demand for drive torque

which exceeded the capability of the drive system.

The unexpected failure of these test specimen bearings dictated the
need to better understand the relationship between bearing design, opera-
tional environment, and long-term performance. To this end, a post-test

analysis of the failed bearings from the test employing the initial low

film thickness ratio was conducted. Initial microscopic examination of

i




the assembled test article was supplemented by a more in-depth evaluation
of the individual bearing components. Included in this were examinations
of the wear debris and lubricants recovered from the bearing components.
For the most part, the techniques used were those which have been des-
cribed previously (References 3 and 4). The post-test analysis led to
some conclusions about the cause of the premature failures and resulted
in some recommendations concerning design changes to minimize the

recurrence of this type of failure.
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SECTION III

DMA BEARING TEST DESCRIPTION AND RESULTS

1. TEST SPECIMEN DESCRIPTION

The bearings utilized in the low film thickness DMA performance
evaluation are 440C steel, ABEC-7, 100 mm bore, 26° * 1° angular contact
ball bearings having a relieved inner race land and specially prepared
raceways of approximately 0.204 pm (8 pin.) roughness. This is approxi-
mately twice the roughness of the '"standard" surface finish, which is
0.102 uym (3-4 pin.). Each bearing has a complement of 19 balls of 15.9 mm
(.625 in.) diameter having a surface finish of approximately 0.025 um

(1 pin.), separated by an outer land guided porous cotton phenolic retainer.

The bearings were processed, i.e., cleaned and lubricated, commercially.
The metallic components were coated and the porous retainer was vacuum
impregnated with a specially prepared fluid, formulated using Apiezon A
base stock and containing 5 percent of a concentrate of lead naphthenate
and 1.5 percent of an oxidation inhibitor identified as a p,p'-dioctyl-

diphenylamine.

i

2. TEST CONFIGURATION AND RESULTS
F The bearing test chamber was designed and constructed and bearing

testing was performed at Southwest Research Institute, San Antonio, Texas.

A detailed description of the test chamber as well as the test procedure

can be found in Reference 2 and, therefore, will be but briefly summarized

here.




e

The bearings were installed in the stainless steel test chamber

(Figure 2) and loaded against each other with an 890 newton (200 pound)
axial load. The outer race of one of the bearings was placed in a dia-
phragm to which was attached a linear variable differential transformer
(LVDT), while the outer race of the other bearing was placed in a sta-

tionary housing. During the test, speed was maintained at approximately

100 rpm via the utilization of a magnetically coupled DC drive motor having

a maximum torque capacity of 0.64 newton meter (90 ounce-inch). The test

chamber was equipped with a solid base plate containing a 1 cm hole and
the simulated space environment was attained via attachment of this
chamber to an ion pumped ultra high vacuum system. The vacuum obtained
in this manner was maintained at the equilibrium vapor pressure of the
formulated fluid, i.e., about 1.3 x 10”"* newton/m®> (1 x 10”° torr), thus
simulating the anticipated operational environment. In this configura-
tion, the bearing whose outer race is in the diaphragm and adjacent to
the vacuum chamber is designated as the "forward" bearing; the bearing
nearest the magnetically coupled drive motor is designated as the "aft"

hearing.

The test conducted utilizing this system operated satisfactorily for
a period of 3,836 hours with the chamber pressure, bearing temperatures,

and total drive torque varying as shown in Figure 3. During this period,

the minimum film thickness, calculated from measured displacements of the

LVDT core, increased from an initial value of approximately 0.07 um

(2.7 uin.) to a final value of approximately 0.17 um (6.9 pin.) for one
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ball race contact. At the end of this period of satisfactory performance,
the test bearings suddenly and without prior warning demanded a drive
torque beyond the capability of the drive system, thus terminating the

accelerated performance evaluation.

3. POST-TEST DISASSEMBLY

The bearing test chamber was removed from the vacuum system approxi-
mately 2.5 months after the test was terminated. (Since the vacuum system
was common to all three DMA life tests, this bearing test chamber was
allowed to remain under vacuum in order not to disturb the other tests,
which continued). Upon removal of the inner housing (containing the
bearings) from the bearing test chamber, it was observed that the retainer
of the bearing closest to the magnetically coupled DC drive system had
become wedged against the outer race land on one side and was being held
firmly in place by the balls, as shown in Figure 4. What appeared to be
ample amounts of lubricant were observed in and around the bearing which
suggests that lack of an adequate lubricant film in the ball/race contact

did not cause the bearing retainer seizure.

After determining that approximately 0.70 newton meter (99.7 ounce-
inch) of torque was required to impart any rotational motion to the bear-
ing in the fully loaded, seized condition, the loading was removed in a
stepwise fashion until complete freedom of motion was restored to the
bearing. After an unsuccessful attempt to reinitiate the test, the bear-

ings were removed from the inner housing, packaged, and delivered to our

laboratory for analysis.
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SECTION IV

BEARING FAILURE ANALYSES AND RESULTS

1. FORWARD BEARING
As previously mentioned, the forward bearing (S/N 28) was that which
had been located adjacent to the vacuum system in the test chamber. As
received in our laboratory, the bearing was wrapped in aluminum foil and
had been placed back in the original plastic bag received from the lubri-
cation facility. Removal of the aluminum foil wrapping revealed an
i assembled bearing whose external appearance was excellent except for a
darkened area on the face of the inner race, at the mating point between
the race and drive shaft in the test chamber. Under the microscope,
intermittent small areas of removed material were seen in this darkened
area. This small amouni of fretting corrosion suggests a slight amount
of slippage had occurred, perhaps at the time of seizure. Before
disassembly, unaided visual inspection of the balls and races revealed
: the presence of copious amounts of lubricant. The retainer appearance
was that of a lubricated cotton phenolic retainer, although no significant

quantities of 0il were visible. The assembled bearing was weighed and

then was disassembled and the races, balls, and retainer were individually

|
|
|
|
]

examined.

The inner and outer races were both coated with a film of oil, with
the greatest concentration at those points where they had been in contact
with the balls. Throughout both the inner and outer race ball tracks,

there were deposits of solid, black material mixed with and/or coated

D
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with oil, which, for lack of a more precise term, we have called "mud."
A typical "mud" deposit is shown in Figure 5. In addition, the inner
race surface contained some fibrous material and some shiny fragments,
which appeared metallic. For the most part, the "mud" and other debris
were easily removed under a heptane pressure rinse with the aid of a
rubber policeman, after which it was collected on filter paper as shown
in Figure 6. After cleaning in the above manner, microscopic examination
of the races failed to reveal any evidence of metallic wear; grinding

marks were easily visible and even the ball track appeared undisturbed.

Although the origin of this "mud" cannot be determined absolutely,
there are several possible sources. The bearings could have been contami-
nated during the lubrication process, but, because of the many years of
experience in the fabrication and lubrication of all types of space hard-
ware available at the commercial lubrication facility, this possibility
seems unlikely. Another possible source of contamination is the experi-
ment itself. The stainless steel test chamber, however, was thoroughly
cleaned before use and, as can be seen in Figure 2, the test specimen
bearings are isolated both from the drive system and the LVDT. Torque
data was obtained from the magnetic coupling and temperature data from
a passive thermocouple. There was no data transfer (via slip-rings, for
example) from inside the test chamber, so that the possibility of contami-
nation from the experiment seems equally remote. The only reasonable
explanation, therefore, is that the "mud" is a mixture of finely divided
retainer debris and lubricant. The black appearance may be the result of
degradation of the lubricant, the particle size of the debris, or a

combination of these.

13




¥ora] [Ted aoey JAduuj

~




S90rY WOody anprsay ysem aueldoy 9 2an81g

LS




dasar oo

The balls were also covered with a film of oil, and, like the races,

deposits of black "mud" were visible on the surfaces, but in smaller
concentrations. Figure 7 shows a portion of the surface of one of the
balls with mud deposits in an o0il film visible. In addition, several
balls had an opaque coating and were not as reflective as the others.

For example, Figure 8 is a photograph of a group of balls illuminated
both right and left by a bank of fluorescent lights. In comparing the
dark vertical center line between the two fluorescent light reflections,
it can be seen that the center ball contains an opaque coating absent in
the remainder of the balls. This coating appeared to be a finely divided
material mixed with oil and was easily removed by wiping after a heptane
pressure rinse. Under microscopic examination after cleaning, the ball
surfaces appeared in good condition for the most part. Several ball sur-
faces had minor scratches and at least one ball had two small gouges but
no pitting or other surface degradation was evident. As was the case
with the races, the debris collected on filter paper from washing of the
balls was a mixture of "mud," fibrous material, and a few shiny flakes

which appeared metallic (Figure 9).

Of all the bearing components examined, the cotton phenolic separator
appeared to have suffered the most damage from the accelerated performance
evaluation. Like the balls and races, the retainer also had considerable
quantities of black "mud" in and around the ball pockets as shown in
Figures 10, 11, and 12. Figure 10 shows a quantity of "mud" to the right
of the ball track in the pocket. The debris in Figure 11 appears to be

the result of a ball rolling over a large piece of "mud" and pushing
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Heptane Wash Residue from Balls

Figure 9.
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portions of it out on both sides of the ball track. Interestingly,

every retainer pocket had a black ball track partially, or completely,
around its inner circumference. From Figure 11, one might conclude that
this black ball path is the result of "“mud," which enters the ball track,
being moved around the pocket by the ball. This suggests that

every ball pocket had "mud" in it at some time. More serious,

is the question of why the ball tracks in the individual pockets show so
much variation. In all cases, both the front and rear portions of the
ball pockets in the plane of rotation were darkened. When examining the
top and bottom of the individual ball pockets, i.e., the portions perpen-
dicular to the plane of rotation, no consistent ball track could be

found. Almost equal numbers of pockets contained a complete ball track
around 360 degrees of the inner circumference as did not. These findings
are not inconsistent with a postulate of considerable retainer instability
and out of plane motion. Although in this case there is no documented
evidence to support this theory, future in-house experimental investiga-
tions will address the critical question of retainer motion and instability
and, with the aid of an advanced bearing dynamics computer program, will

provide answers to this type of fundamental question.

Figure 12 is most interesting, not only because of the piece of "mud"
outside the ball track, but also because of the clearly visible fabric
edge running from the upper inside to the lower outside of the pocket.
The presence in the ball pocket of the edge of the linen fabric has been
noted previously (Reference 3) and the question of its impact on perfor-

mance was raised. From Figure 12, it would appear that no preferential

23




wear, pitting, or other damaging phenomena has occurred at this site,
suggesting that, in this case, its presence in the pocket was not
detrimental. Also visible, particularly in Figures 11 and 12, are black
areas on the outside face of the retainer near the ball pockets. These
dark areas which were visible near eleven of the nineteen pockets, are,
by analogy to the ball pockets themselves, areas in which wear has taken
place in the presence of "mud." Considering the nature of the bearing
failure, i.e., seizure due to excessive retainer instability, and the
obvious rubbing of the retainer face against the outer race land, the

adequacy of the lubrication at these sites is questionable.

The "mud" in the pockets was removed by carefully lifting each large
piece with a spatula and placing it on a piece of filter paper, after
which the retainer was cleaned in a soxhlet extractor using 8000 ml of
filtered heptane. Under microscopic examination (Figure 13), the "mud"
appears to be finely divided retainer debris, some of which is still

orange in color, mixed with darker debris and oil.

As previously mentioned, the balls and races were each pressure rinsed
separately with heptane and the rinse solution was filtered leaving debris
typified by that in Figures 6 and 9. Among this debris, there was a total
of about four shiny metallic looking flakes. Attempts to pick up these
flakes with a pointed magnet were unsuccessful. The fact that the flakes
were not magnetic suggests that perhaps they were flakes of aluminum foil
that found their way into the bearing from packaging. Surprisingly, some

pieces of black debris were attracted to the magnet. At this time, it is
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not known whether this is due simply to a static charge on the small
piece of debris or to the fact that some very fine metallic wear particles

from the bearing may also be imbedded in the '"mud."

The rinse solutions from the balls and races and the heptane from the
soxhlet extractor were each concentrated on a Buchi evaporator to yield
the varying amounts of oil as shown in the weight analysis of the forward
bearing in Table 1. The weight of the complete bearing before disassembly
and cleaning was 1205.6930 g which compares well with the total weight of
1205.9920 g after disassembly. From Table 1, it can be seen that approxi-
mately 887 of the total weight lost from the bearing during cleaning was
from the retainer and approximately 75% of this was recovered. Based upon
the weight loss during cleaning, the absorptivity of the retainer was
approximately 5.867%. Because the weight of the retainer before lubrication
is unknown, the weight of material worn from the retainer itself cannot be
determined. Based on the weight of recovered debris, however, this value

is probably less than 0.2 percent of the original weight of the retainer.

2. AFT BEARING

The aft bearing (S/N 27) ié that which had been located adjacent to
the magnetically coupled DC drive system in the bearing test :hamber. For
the most part, the disassembly procedures and observations concerning the
presence cf "mud" are the same as already discussed for the forward bear-
ing. However, there are some differences. For example, no evidence of
fretting corrosion was visible under microscopic examination of the face

of the inner race, as was apparent with the forward bearing; yet the amount

26
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of collected debris which had a metallic appearance seemed greater. The

ball track on the inner race was more easily visible and had a slight dis-
coloration. Under microscopic examination, the grinding marks on this
race were quite visible but the ball track showed evidence of damage in
the form of many small indentations, some severe, but most hardly visible.
As with the forward bearing, the balls appeared slightly scratched but
their overall condition was excellent. Once again, the retainer showed
the most wear. In addition to the "mud" in the ball pocket, the outer
face of this retainer also contained the blackened areas which had rubbed
against the outer race land. Figure 14 shows Talysurf traces of a non-
discolored portion of the retainer face and of a blackened portion of the
retainer face, respectively. As can be seen, more retainer wear is

evident in the blackened area.

3. LUBRICANT ANALYSIS

One of the major objectives of our overall program is to evaluate
lubricant performance and chemical integrity in simulated operational
environments. The bearings which underwent the accelerated performance
evaluation described above provided an initial opportunity to perform such

an evaluation, which will be discussed in the paragraphs that follow.

As previously mentioned, the disassembled balls and races of the
forward bearing were pressure rinsed with heptane, which was concentrated
to yield 100 mg and 200 mg of fluid each from the balls and races, res-
pectively. The retainer was also cleaned, generally in accordance with
the procedures outlined in References 3 and 4, to yield 1.8 g of a clear,

orange colored fluid. The original lubricant in this bearing was Apiezon A

28




90BJ 193IN(Q 1dUTEIDY JO sadel] jJansAfel T 2an81g |

(ww) TFAVYL
88. 'L 6€'9 80° 8¢ vs'2 21 0
dig. 1 1 1 1 : 1
0 -0
e -r'2 3
=
(2]
n.cm Sy & wcm W
]
2'9L - 29 &
VYV QININOVIE E] i
97101 - 97101 2 .
688 'L ¢€9 805,  18°€ bs2 121 0
1 o | i | 1 1 1 1
0 - _ -0
Q.mN o - 62 “
S
8705 -8°05 M
wv
. w
291 - -2 <
V3¥V 0330709$10-NON LB
9°101 | 9°101




formulated with 5% of a concentrate of lead naphthenate and 1.57% of a

p,p'-dioctyldiphenylamine. In all probability, none of these is a pure
material having a single chemical structure and formula. This is true,
certainly, of Apiezon A, which is simply a narrow cut of molecularly dis-
tilled petroleum hydrocarbon which, by its very nature, is a mixture.
Similarly, lead naphthenate is a generic term for the lead salt of a
mixture of naphthenic acids. Analyses of a mixture of these two materials,
then, is a formidable challenge. Many analytical techniques are available
to the modern scientist. Few, however, yield any meaningful information
in this case because of the nature of the fluid. One technique, however,
which has proven valuable is infrared analysis. Heretofore, infrared
analysis has been used in our laboratory to evaluate lubricant performance
in the four-ball test apparatus. In the four-ball tests, both Apiezon C
base stock and Apiezon C formulated with lead naphthenate and a p,p'-
dioctyldiphenylamine, which is the same additive package as found in the
bearings in the present study, were used. Tables 2 and 3 show the results
of some of the extensive four-ball testing of these fluids. (A more
complete discussion of the four-ball testing of these and other fluids
will be forthcoming in a future report.) In general, these tests were
conducted in accordance with procedures outlined in ASTM Standard Test
Method D-2266-67. Additionally, other temperatures, speeds, test times,
and loads were also employed. Generally, the results indicate that the
wear scar diameter can be heavily influenced by load, temperature, or
speed and that no single factor is dominant over the range of conditions

examined. Also, care must be exercised in the interpretation of the wear
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data. An approach we have found useful is to compare bands of data which
are two times the standard deviation about the average wear scar rather
than to compare the average wear scars themselves. In this way, some
accounting is made for the variations inherent in the test procedures

and real differences in wear scar can be discussed with a confidence level

of 95%.

Samples of some of these fluids tested in the four-ball apparatus at
600 rpm for 2 hours under conditions of 75°C (167°F), 10 kg load; 75°C
(167°F), 40 kg load; 75°C (167°F), 75 kg load; and 200°C (390°F), 10 kg
load, with both 52100 and 440C steel balls were analyzed and compared with
untested fluids. Infrared spectra of both formulated and unformulated
Apiezon C, with both 52100 and 440C steel balls, showed only increased
amounts of lower molecular weight hydrocarbon material when tested at
75°C (167°F) (Figure 15). Samples tested at 200°C (390°F), however, ex-
hibited peaks attributable to carbonyl groups, suggesting the possibility
of a temperature dependent formation of carboxylic acids in those samples
(Figure 16). In addition, the neutralization number indicated that greater
amounts of acid are formed with 440C balls than with 52100 balls and that
formulated Apiezon C has a significantly higher acid number than non-formu-
lated Apiezon C. Because of the great similarity between the formulated
Apiezon C used in the four-ball testing and the Apiezon A based lubricant
used in the present study, it was hoped that infrared analysis would again
provide useful information, and indeed it did. As can be seen in Figure 16,
both the oil samples recovered from the races and retainer of the forward

bearing gave infrared spectra containing carbonyl peaks, at least one of
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which was at the same absorption, 1710 cm", as in formulated Apiezon C

stressed at 390°F. Similar infrared absorptions were absent in both

formulated and unformulated Apiezon C, thus confirming that the lubricant

underwent (thermal) degradation during the accelerated life test.
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SECTION V
CONCLUSIONS
There are several conclusions which may be drawn from the test and -

bearing failure analyses. Perhaps the most significant of these is that
Premature test termination was due to a seizure of the bearing caused by

instability and wear of the retainer to the point that it became wedged

against the outer race land by the balls, with a breakaway torque in
excess of that available. Other than that presented in Figure 14, no
metrology data, as such, were obtained on these bearings, nor was the
eccentricity of the races or retainer checked specifically. Similar
bearings, for example S/N 29, not used in this test have been examined,
however, and appear to be of high quality (Reference 4, Bearing E). For l
example, the radial deviation from roundness of the outer and inner races
of S/N 29 is 0.63 um (25 uin.) and 1.25 ym (50 pin.), respectively. In
contrast, the relatively poor quality of cotton phenolic retainers in
general (Reference 3) as well as their eccentricity and instability when
tested under the DMA operating conditions of 60 rpm and light loads is
well documented (References 5 and 6). It seems reasonable to conclude,
therefore, that the greatest part of the responsibility for having caused
this "failure" must be borne by the cotton phenolic retainer; not only
because of its characteristic instability and its role as a major debris
generator, but also because of its inherent inability to provide adequate A
lubrication at the critical retainer-outer race land interface. An
obvious conclusion, therefore, is that an outer land riding separator may

not be the optimum design for successful long-term vacuum operation. It
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can also be stated that wear of metallic components is not a problem,

even under these accelerated conditions. In addition, while the ball

track appeared to contain ample amounts of lubricant, the evidence of
chemical degradation of this material raises a question as to its long-
term performance capability and dictates a need for increased emphasis

on the development of improved lubricants for extended life missions.

This report has attempted to describe the careful analyses needed to

uncover the causitive factors in satellite bearing failures. In this
éase, it appears that the retainer was at fault, reinforcing the need for
a comprehensive program to examine retainer behavior and qualify improved
materials for this critical component. It should be remembered that only
in ground testing do we have the "luxury" of examining failed bearings;
in a malfunctioning operational vehicle, one can only speculate as to the
cause. Finally, lest it be thought that the accelerated test described
herein was not necessarily representative of the operational environment,

it should be pointed out that at the same time this failure analysis was

underway, an operational Defense Satellite Communications Systems (DSCS)
vehicle was tumbling out of control in space because the bearings had

ceased to operate.
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