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ABSTRACT

Ferrographic analysis was used to determine the types and quantities of wear
particles generated during accelerated rolling contact fatigue tests, The NASA five-
ball rolling contact fatigue tester was used, Ball specimens were made of AMS 5749,
a corrosion resistant, high-temperature bearing steel. The lubricant was a super-
refined naphthenic mineral oil. Conditions included a maximum Hertz stress of
5, 52x10° Pa and a shaft speed of 10 000 rpm, Four types of wear particles were ob-
served, normal rubbing wear particles, fatigue spall particles, spheres, é.nd friction
polymer,

INTRODUCTION

The goals of oil analysis are to diagnose the current state of health of operating
machines and to be able to predict any future problems, A variety of different tech-
niques (1) are being employed to effect these goals, These include: spectrometric
oil analysis (SOAP), magnetic chip detectors, vibration sensors, and particle coun-

‘ters, Each of these techniques have certain advantages, but most suffer from the

disadvantage of not being able to distinguish between the various wear modes that can
occur,

A new instrument, the Ferrograph, has been developed which magnetically pre-
cipitates wear debris from used lubricants onto a glass slide to yield a Ferrogram
(2 to 4). The precipitated particles range in size from approximately 0.02 to a few
micrometers and are arranged according to size on the slide, Individual particles
may be observed with a unique bichromatic microscope, the Ferroscope, or with a
conventional scanning electron microscope.

A number of investigators (5 to 10) have identified the characteristic wear parti-

cles associated with the various wear mechanisms, In particular, three distinct
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particle types have been related to rolling contact fatigue: spheres, spall, and
laminar particles (10). Indeed the occurrence of spherical particles in oil samples
has been shown to be a precursor of bearing fatigue in some cases (9, 10, 11),

The objective of this investigation was to use the Ferrograph to determine the
types and quantities of wear particles generated during accelerated rolling-contact
fatigue tests. Test materials were AMS 5749 steel balls and a super-refined naph-
thenic mineral oil. Tests were conducted in the NASA five-ball fatigue tester at a
maximum Hertz stress of 5. 52x107 Pa (800 000 psi), a contact angle of 30°, a shaft
speed of 10 000 rpm, and a temperature of 340 K (150° F).

EXPERIMENTAL APPARATUS AND PROCEDURE
Five-Ball Fatigue Tester

The NASA five-ball fatigue tester was used for all tests, The apparatus is de~
scribed in detail in reference 12, The five-ball test assembly is shown in figure 1,
This fatigue tester consists essentially of an upper test ball pyramided upon four
lower balls that are positioned by a separator and are free to rotate in an angular-
contact raceway. System loading and drive are supplied through a vertical drive
shaft, which grips the upper-test ball, For every revolution of the drive shaft, the
upper-test ball receives three stress cycles from the lower balls, The upper-test
ball and raceway are analogous in operation to the inner and outer races of a bearing,
respectively, The separator and lower balls function in a manner similar to the cage
and the balls in a bearing,

The 1, 27-cm- (1/2-in, -) diameter, grade 10, VIM-VAR AMS 5749 steel balls
used in these tests were from a single heat of material, A typical chemical analysis
(wt %) of this material is as follows: C, 1.15; Si, 0,30; Mn, 0,50, Cr, 14.5, Mo,
4,0; V, 1,2; and the halance Fe,

Lubrication is provided by a once-through, mist lubrication system, The lubri-
cant was a super-refined naphthenic mineral oil with a viscosity of 79><10'6 m2/ sec
(79 ¢S at 311 K (100° F). Vibration instrumentation detects a fatigue spall on either
the upper or the lower ball and automatically shuts down the tester. This provision

allows unmonitored operation and a consistent criterion for failure, The test assem-



bly is blanketed with nitrogen during operation, Tests were conducted at a maximum

Hertz stress of 5, 52><109 Pa (800 000 psi). This higher than normal stress acceler-

ates the fatigue process so that data may be obtained in a reasonable length of time.
Fatigue Testing Procedure

Before they were assembled in the five-ball fatigue tester, all test-section com-
ponents were flushed and scrubbed with ethyl alcohol and wiped dry with clean cheese-
cloth, The test assembly was coated with lubricant to prevent wear at startup. A new
set of five balls was used for each test. Each test was suspended when a fatigue fail-
ure occurred on either a lower or an upper test ball or when a preset cutoff time was
reached, The speed, outer-race temperature, and oil flow were monitored and re-
corded at regular intervals, After each test, the outer race of the five-ball system
was examined visually for damage. I any damage was discovered, the race would be
replaced before further testing,

Ferrograph

The Ferrograph (2 to 4) is an instrument used to magnetically precipitate wear
particles from a used oil onto a specially prepared glass slide. A mixture of 3x10™8
cubic meter (3 ml) of used oil and 1><10'6 cubic meter (1 ml) of solvent is prepared,
This mixture is then slowly pumped over the slide as shown in figure 2. A wash and
drying cycle follows which removes residual oil and permanently attaches the parti-
cles to the slide., The resulting slide with its associated particles is called a
Ferrogram.

The amount of wear debris on a Ferrogram was determined by measuring the
optical density (percent area covered) of the deposit at seven positions along the slide,
entry, 54, 50, 40, 30, 20, and 10 mm. A composite Ferrogram density was deter-
mined for each set of conditions by averaging the seven readings.

Sample Collecting Procedure

The five-ball fatigue tester is mist-lubricated in a once-through system by a very

small quantity of lubricant (<0, 5 ml/hr), Samples (~5 ml) were collected periodically

from the gravity drain tube below the tester, Sample times were somewhat erratic



because of the low and sometimes varying mist flow rate and because the rig was un-
attended overnight,
RESULTS AND DISCUSSION

The oil samples analyzed in this study were obtained from two series of tests in-
cluded in a larger fatigue test program reported in reference 13, The two test series
included a total of 52 fatigue tests, 16 of which were monitored by Ferrography, Of
these 16 tests, fatigue failures occurred in 7 of them after test durations ranging
from 22 to 98 hours, The remaining 9 tests were suspensions. I a fatigue failure
had not occurred by a certain preset time (~100 hr), the test was terminated, Test
times for the suspensions ranged from 100 to 118 hours., In this study, the tests re-
sulting in failure will be designated as F-1, F-2, etc,, and the suspensions as S-1,
8-2, etc. A typical fatigue spall is shown in figure 3(a), An enlarged area of the
spall appears in figure 3(b). The massive (~0.1 mm in major dimension) spall parti-
cles resulting from the failure are easily visible,

Wear Particle Types

Although a variety of different kinds of wear particles were observed in this
study, only four types consistently appeared in most samples, These types were:
normal rubbing wear particles, fatigue spall particles, spherical particles and fric-
tion polymer. Table I contains a summary of the wear particle types observed in this
study, Three of these types are evident in figure 4 which is an optical micrograph of
the Ferrogram entry deposit from test F-6 (76 hr sample),

Normal Rubbing Wear Particles

Oil samples from almost any source contain some normal rubbing wear particles.
This particle type normally represents a benign form of wear and most samples in
this study contained at least a few such particles, These particles consist of small
(<5 pm in major dimension and <1 um thick) asymmetrical metallic flakes. When
many of these particles are present in a sample, they will appear as strings on the
Ferrograms due to alignment by the magnetic field, An electron micrograph of such
a string of normal rubbing wear particles appears in figure 5(a). These particles

were in the oil sampled at the conclusion of the 98 hour test, F-7, Energy-dispersive



X-ray analysis (EDAX) of the particle labelled A in figure 5(a) is shown in fig-
ure 5(b). The analysis indicates that the particle is from the bearing steel test
specimens, Figure 5(¢) contains the background EDAX analysis for the Ferrogram
slide, In addition, most Ferrograms were gold-plated prior to analysis,
Fatigue Spall Particles

As one would expect, fatigue spall particles were observed on many Ferrograms,
However, these particles are not to be confused with the massive spall particles oc-
curring at failure and shown in figure 3(b). These macroscopic (tenths of millimeters
in major dimension) spall fragments were not observed in this study. This is to be
expected since the rig and lubricant flow are shut down immediately as a spall occurs.

However, prior to fatigue failure and as the major spall is developing, microspall
particles are generated, Typically, these particles were 5 to 20 um in length and
1 to 2 pm in thickness, They appeared as flat platelets having smooth surfaces and
irregular shapes. Examples appear in figure 4,

Spherical Particles

Metallic microspheres (1 to 10 um in diameter) were observed in most samples,
However, most of the spheres were less than 5 um in diameter. An electron micro-
graph of a sphere appears in figure 6(a), Typical EDAX analyses for the spherical
particles appear in figures 6(b) and (c), As can be seen the spheres were composed
of either Mn and Fe or Fe, Cr, V, Mo, and Mn, The latter, of course, corresponds
to the composition of AMS 5749, The origin of the Fe and Mn spheres is not known,
However it should be noted that Ferrograms prepared from unused oils will some-
times contain a few spheres, Therefore it is felt that sphere counts of less than 10
are probably not significant.

Friction Polymer

Most Ferrograms contained varying amounts of friction polymer deposits, Exam-
ples of this material are shown in figures 3 and 6(a), EDAX analysis of the deposit in
figure 6(a) is given in figure 6(d). After allowing for the background elements only a
small amount of Fe and Cu are contained in the deposit. The Fe is most likely from

small rubbing wear particles occluded in the deposit. Unfortunately, carbon cannot



be detected by EDAX, However it is a logical assumption that the majority of the
deposit must be organic in nature,

Actually two types of the friction polymer deposit were observed. These are
illustrated in figure 7. The first type is an amorphous appearing deposit that is
transparent when viewed with transmitted light and appears dark in reflected white
light., This type was not observable when reflected polarized light was used with a
crossed analyzer, The second type appears to be crystalline in nature, When viewed
with reflected white light it appears light blue and is translucent to transmitted light.
Under reflected polarized light viewed with a crossed analyzer, it appears white,

Both forms of depoe’t accurred on almost all Ferrograms, The deposits were
distributed throughout the length of the Ferrograms, but the total amount varied.

The deposits ranged from micror sized to several millimeters in diameter, There
was no apparent correlation between the amounts of these deposits and the amount of
metallic debris or sampling time, This material is continually formed during tests
with the naphthenic mineral oil lubricant, However, no friction polymer was observed

on any of the Ferrograms from the lower stress (3.4x 109

Pa, 500 000 psi) test (S-9).

The materi.l must be only partially soluble in the solvents used in preparing the
Ferrograms. Conceivably, if a different solvent system is used in which the material
is completely soluble, its presence on the Ferrograms could be avoided.

Friction polymer deposits have been observed on Ferrograms in other studies.
Polyphenyl ethers (14) produced characteristic rock-like and cylindrical organo-
metallic debris in pin-on-disk experiments, Other deposits, termed ''polymud, '
were observed with MIL-1~23699 polyester oils in rubbing wear experiments (4).

Correlation of Ferrogram Results with Fatigue Failure

One useful technique for following a developing failure is to monitor the ratio of
large to small wear particles, The ratio is determined by optically measuring the
percent area covered at the entry for the large particles and at the 50 mm position for
the small particles. Bowen and Westcott (10) have advocated the use of two other pa-
rameters, the general wear level parameter and the wear severity index, Both are

calculated from the large and small particle measurements, All three paramcters



will normally increase as failure approaches, However, none of the parameters were
useful in this study because of the friction polymer deposits, The optical densitometer
does not differentiate between the nonmztallic friction polymer and the metallic wear
particles, Composite Ferrogram densities for each test were determined and appear
in Tables I and III. However, since the composite densities also reflect the varying
amounts of friction polymer, no correlation existe between the fatigue results and
these measurements.

The progression of the fatigue process has been studied by other invastigators
(6 to 11). In those studies, a precursor to fatigue failure has been the appearance of
metallic microspheres in the lubricant, In addition, microspall particles and laminar
particles sometimes appear in the oil prior to failure,

It would then appear that fatigue failure should be easy to predict. However, a
number of problems exist which can make prediction difficult, Metallic spheres can
be generated by mechanisms other than fatigue, such as grinding (15, 16), welding
(10), fretting (17), cavitation erosion (18), and possibly burnishing (19). Except for
size differences, spheres from different mechanisms appear morphologically similar,
Also, some rolling contact fatigue studies (20) have yielded few spheres, while others
have shown that millions of spheres can be generated (11),

Another problem area is that of distinguishing between large rubbing wear parti-
cles and small fatigue spall particles, Both have similar major dimensions (~5 um)
and similar morphologies, Both are thin platelets (1 to 2 um thick) with smooth
surfaces,

Bearing these problems in mind, the quantities of both particle types associated
with rolling contact fatigue (spheres and microspall particles) were determined for
each oil sample, Laminar particles reported by others (10) were not observed in this
stndy. The quantity of spheres in a sample was determined by simply counting the
number between approximately 50 and 55 mm on each Ferrogram. The following
rating was used for the fatigue microspall particles: few (+), several (+4), many
(+++), and very many (++++), Although not associated with the fatigue process, the

quantity of normal rubbing wear particles were rated in an identical manner, All



three values are summarized for each sample in Table II {Failures) and Table III
(Suspensions). The composite Ferrogram densities and sample times also appear in
these tables. As can be seen, the results were quite variable, In some instances
the increase in spheres and microspall particles was dramatic (F-6, F-7, S-2, and
S-3). In other cases, there was little if any increase (F-4, F-5, and S-8). However,
in a majority of the tests, one or both of the parameters reached a maximum during
the last one-thkird of the test durations.

When this study was initiated it was felt that the suspended tests would provide
the control or baseline data. It was not appreciated that due to the accelerated nature
of these tests, the suipensi i:s could also be in the process of fatiguing. The types
and quantities of wear debris are quite similar from both failures and suspensions,
Some test balls from suspended tests were examined to see if a fatigue process was
interrupted before the primary spall could occur, Upper test balls from five suspended
tests were sectioned and examined optically and in a scanning electron microscope.
All examined balls showed varying degrees of surface damage (i.e., minor spalls and
cracks), An example of a surface crack on the ball from test S-8 (100 hr) appears in
figure 8. An electron micrograph of a number of minor spalls on the ball from test
S-5 (100 hr) is shown in figure 9. Balls from tests S-2, S-3, and S-6 showed similar
types of surface damage.

Therefore, it was felt that a test run at a reduced stress level (3.4><109 Pa,
500 000 ;;si) would provide a hetter baseline for comparison. At this level, fatigue
progression should be slow enough that little damage would be incurred by the test
balls during a 100-hour test, Suspension S-9 run at the above reduced stress did
yield different results compared to the higher stress tests, Although a few spheres
were observed, there were no abrupt increases, Very few microspall particles were
generated but the number of normal rubbing wear particles appeared to increase,
There was also a complete absence of friction polymer deposits,

Correlation of Results with Other Investigators
Qualitatively, the results of this study correlate with the observations of others

(6, 9, 10, and 11) that microspall and spherical particles are associated with rolling



contact fatigue. However, the large number of spheres (>1000/Ferrogram) observed
by Middleton (11) was not confirmed in this study. The maximum number of spheres
appearing on any one Ferrogram was about 50, In addition, laminar particles (20 to
50 um in major dimension, <1 pum thick) which have been associated with fatigue (10)
were not ohserved, These discrepancies may be related to the accelerated nature of
these tests,
Effect of Dissolved Water on Sphere Production

It is well known that dissolved water in a lubricant accelerates :lling contact
fatigue (21). Presumably, this occurs because of water adsorption in fatigue cracks,
This could lead to hydrogen embrittlement of the metal which would greatly accelerate
the rate of crack propagation and thus fatigue, If the spherical pariicles are gener-
ated in propagating fatigue cracks, as has been theorized (9, 10, and 11), one would
expect any process that accelerates crack propagation to cause a decrease in sphere
production, Therefore, under similar test conditions, a ''wet'' lubricant may yield
fewer spheres than a ''dry'' one during fatigue progression, In our program, no at-
tempt was made to dry or control the moisture content of the naphthenic mineral oil.
It was used in the as-received condition (<50 ppm dissolved water content),

Other Observed Particle Types

Iron oxide (rust) particles and some severe wear fragments were occasionally
observed on the Ferrograms, Cutting wear particles were observed in only one set
of samplcs (S-5), None of these particle types appeared to have any connection to
fatigue progress.on,

Predictive Capability of Ferrography

Little can be said about the predictive capability of Ferrography in regard to
these tests. Their accelerated nature, greatly compressed the time scale for failures
to occur, This factor combined with the low lubricant flow rate limited the number of
samples for analysis,

SUMMARY OF RESULTS
The major results of the Ferrographic analysis of wear debris generated during

accelerated rolling contact fatigue tests may be summarized as follows:
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1. Four types of wear debris were observed:
a, Normal rubbing wear particles
b, Fatigue spall narticles
¢, Spheres
d. Friction polymer

2, For a majority of tests (including failures and suspensions), fatigue spall par-
ticle rating and the number of spherical particles reached a maximum during the last
one- third of the test durations,

3, The number of spheres observed (<50 per 3 ml sample) in these acceleraied
tests was much less than others have reported during long duration testing under
lower loads,

4. lLaminar particles, sometimes associated with rolling contact fatigue, were
not observed in this study.
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TABLE [ - SUMMARY OF TYPES OF WEAR PARTICLES OBSERYED ON FERROGRAMS

Type of Morpholog, Size range Comments
wear debris
Metallic | Norma! rubbing | Asrmmetrical flakes | <5 um tn majpr | Normally appear in
wear particles with h sur: & 3! strings
<1 gm thick
Fatigue spail Flat platelets with Sto 20 um in
particler. smocth surfaces, major dimension
{rregularly shaped 1 to 2 ym thick
perimetar
Spheres Spher : =« sarticles 1to 10 um in Most were <5 um in
diameter dismneter
Non- Friction polyme> | Irreguiarty shaped Variable Two types
metallic patches {from a few; m
to a few mm} ! 1 0
Transmitted light
TnnlpamtJ Translucent
Reflected white light
Dark ] Light blue

Reflected polarized light
with crossed analyzer

Not observed | White




TABLE II. - SUMMARY OF FERROGRAM RESULTS (FAILURES)

(Failures) | Sample | Composite Fatigue | Normal |Spherical
test time, | Ferrogram spall rubbing | particles
hr density, particles; wear total
percent area | rating? | particles
covered mtmga
F-1 23 4.0 0 + 2
31 9.3 0 + 2
47 4.6 0 + 1
49 8.5 + + 12
74 2.2 + + 2
F-2 20 8.9 0 + 1
34 10.5 0 + 2
50 12,9 0 ++ 1
58 11,1 + + 0
74 4.0 ++ +H 3
76 6.3 - ++ 4
F-3 22 9,2 -+ +H+ 8
F-4 43 8.2 0 ++
63 2.5 0 + 1
F-5 6 10 0 +- 1
22 3.0 + + 1
30 6.9 0 + 1
47 1.7 0 + 1
54 3.5 0 + 1
71 3.7 0 + 1
78 .9 + + 3
81 5.1 0 + 1
F-6 8 9,9 + ++ 4
36 8.9 + +++ 2
43 11,7 0 4+ 2
67 28 e+ e 1
74 10,3 ++ Aaad 7
76 13.7 At by 22
F-7 18 12 + + 1
25 5.9 + + 0
32 13 - + 2
49 5.4 it + 6
56 5.3 +4+ + 0
3 10.4 + + 1
80 15,9 it + 2
93 1,1 -+ ++ 16
98 8.4 +H+ ++ 48

3None 0, few + several ++, many ++, very many ++++,
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TABLE I, - SUMMARY OF FERROGRAM RESULTS (8USPENSIONS)

(Suspensions) | Sample | Composite Fatigue Normal | Spherical
test time, | Ferrogram spall rubbing | particles
hr denaity, particles wear total
percent area rattnga particles
covered rat!nga
S-1 66 3.5 0 0 0
73 6,0 + + 16
89 5.5 + + 1
113 2,8 + + [}
5-2 16 1.1 (1] + 0
10 byp - + 1
54 2.1 + + 0
71 2,8 + + 1
95 ND +H + 5
100 ND + + 12
5-3 45 7.8 + + 1
69 1.4 + + 0
76 2,1 0 + ]
100 8,9 0 + 3
118 7.8 4t -+ 10
8-4 27 ND 0 Rand 0
49 ND [i] + 2
57 ND + + 0
73 ND + + 1
81 ND + + 3
103 ND =+ + 1
8-5 21 4,4 [} + 1
16 11,4 0 + 29
54 6.4 + + 15
60 5.3 + + 5
100 8.5 + 4
S-6 6 20,4 0 0 0
29 12.6 - + 3
45 7.1 4 8
52 10,8 ] + 0
67 110 + 1] 2
113 7.7 0 + 1
8-7 64 5.2 =+ 3 1
89 4,1 ++ + 4
93 8,2 + + 1
101 7.8 +4 4 1
S-8 42 3.6 + + [
66 1.0 + + 2
20 2.4 0 + 0
97 2.1 0 + 2
100 12,7 + + 0
°s-9 25 3,3 + + 5
31 3.0 0 +4+ 6
49 2.0 0 ot 1
55 3.0 + 3
71 2.0 [ 4 0
75 1.0 0 + 1
76 2.0 [ 0 [
100 1,0 0 [ 3

AFew + several ++, many 4+,
bND (not determined), none 0.
®Low stress, 3.4<107 Pa (500 000 pst).
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Figure 3, - (a) Typical fatique spall.
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Figure 4. - Ferrogram entry deposit from test F-6 (76 hours),
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Figure 5. - (a) Electron micrograph of wear debris from test F-7 (98 hours), (b) energy
dispersive x-ray analysis (EDAX) of particle A, (c) background EDAX of ferrogram,
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Figure 6. = (a) Electron micrograph of spherical particle and friction polymer from test
F-7 (98 hours), (b) and (c) EDAX of spherical particles, (d) EDAX of friction polymer,



Figure 7. - Friction polymer deposit from test S-4 (27
hours). (a) Reflected light, (b) Reflected polarized
light with crossed analyzer,
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Figure 8. - Optical micrograph of sectioned wear track showing a surface
crack (upper test ball, S-8, 100 hours).

Figure 9. - Electron micrograph of wear track showing surface damage
(upper test ball, S-5, 100 hours),
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