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PREFACE

This work is based on experience gained over a period of about 10 years since the
development of ferrography in 1971. The revised Wear Particie Atias incorporates
information published in 1976 in the Wear Particie Atlas, Volume 1, authored by E.
Roderic Bowen and Vernon C. Westcott under the sponsorship of the Naval Air
Engineering Center, Lakehurst, New Jersey, USA. The first Atias was made possible
by intensive research at several laboratories in this country as well as in the United
Kingdom. Contracts from the Naval Air Engineering Center aimed to produce
knowledge about the types of particies generated by various wear situations on actuai
machine mechanisms. This latter work inciuded contracts at SKF Research
Laboratories, Valley Forge, Pennsylvania; the Franklin Institute in Philadeiphia,
Pennsylvania; and the Navul Air Propuision Center, Trenton, New Jersey. The work at
the National Engineering Laboratory, East Kilbride, Scotland, Mr. Douglas Scott; the
Admiralty Materials Labcratory, Holton Health, Poole, Dorset, England, Dr. Gerald
Heath and Dr. Geoffrey Pocock; and the University College of Swansea, Wales,
Professor Frederick Barwell; is recognized.

The analytical studies concerning X-ray analysis of particles on ferrograms performed
at the National Bureau of Standards by Dr. William Ruff are gratefully acknowledged.

Contributions from the following. who have released materiai for use in this Atlas, are
gratefully acknowledged:

R. C. Moore Colorado Interstate Gas Company

Michael D. Perkins  Ccrpus Christi Army Depot

Nannaji Saka Massachusetts Institute of Technology

Glenn R. Taylor The Dow Chemical Company, Texas Division
== = Solvay and Cie, S A, Belgium

A.R. Jones Eastern Airlines

Technical advice and support from the following Foxboro employees are acknowledged:

E. Roderic Bowen Roger H. Rotondi
Raymond J. Dalley Irma E. Ruggles
Richard D. Driver Anthony P. Russell
Shirley M. Hodder Vernon C. Westcott

The support and guidance of Mr. Peter M. O'Donnell of the Naval Air Engineering
Center Advanced Technology Office (Code 92A3), technical liaison, is gratefully
acknowledged. Special recognition is given to Mrs. P. Hamilton (Editor), aiso of
NAVAIRENGCEN (Code 92A1C), whose talents contributed to this report.
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INTRODUCTION

Wear particle analysis is a powerful technique for non-intrusive examination of the
oil-wetted parts of a machine. The particles contained ir. th2 lubricating oil carry
detailed and iraportantinformation abcut the condition of the machine. This information
may be deduced from particle shape, composition, size distribution, and concentration.
The particle characteristics are sufficiently specific so that the operating wear modes
within the machine may be determined, allowing prediction of the imminent behavior
ofthe machine. Often, action may be takento correct the abnormial wear mode without
overhaul, such as when abrasive contamination indicates a change of oil and oil filter.
Alternatively, timely overhaul car: prevent costly secondary damage.

Tne Wear Particle Atlas provides information for the identification of various wear
particle types, the descript on of wear modes that gererate these particles, the
consequence of these wear mades, and description of the techniques that facilitate
wear particle analysis.

This Wear Particle Atlas is a revised and expanded edition cf the Wear Particle Atlas,
Volume |, published in 1976, which contains a description of various unoxidized
ferrous particles and information on ferrographic techniques. The description of
ferrous particles is presented in Section 1.0, paragraphs 1.1to 1.5, in the revised Atlas
with all the original photomicrographs and with only minor editorial changes to the
text. The information on ferrographic techniques from the old Atlas is incorporated in
Section 3.0, Operational Procedures, of the new Atlas which describes ferrographic
techniques inore completely and which discusses quantitative aspects of wear particles
to permit interpretation of quantitative data. Paragraphs 1.6 to 1.9 have been added to
the new Atlas to describe nonferrous metals, oxides, lubricant degradation products,
and contaminants. Section 2.0 of the new Atlas presents cases that act as a teaching
aid for those devoted to the practical application of wear debris analysis for mechanical
system monitoring.

PISUOICRVIN-- P WNSNOUoN
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% PARTICLE IDENTIFICATION

The particles described in this Atlas have been isolated for examination by
ferrography,'? although other separation techniques are possible for wear particle
analysis. Ferrograchy uses a high gradient magnetic field to attract and hold particles |
from afluidsamplew.. ch flows down a specially prepared microscope slide/substrate ;

inclined at a small angle to the horizontal. After the sample has been passed across the $
glass substrate, the substrate is washed with soivent to remove residual fluid ‘When the :
solvent dries, a ferrogram stitable for analysis results. ;

Figure 1.1 shows the depositior pattern on a ferrogram. Position alony a ferrogram is |
referenced from the exit end. The entry, where the fluid first touches down on the
substrate, is approximately 56 mm from the exit end where the sample flows off the
substrate and is collected by a drain tube. The largest magnetic particles are depositer

— ENTRY REGION WHERE 4
FLUID FIRST TOUCHES
DOWN ON FERRCGRAM

IN MILLIMETERS

l — SCMM POSITION

0 'Rl N— NON WETTING BARRIER
/ ~FERAOUS PARIICLES
EXIT END NEAR EXIT ARE 3

DISTANCE FROM EXIT END

SUBMICROSCOPIC

“——DRAIN TUBE

Figure 1.1 Deposition Pattern on a Ferrogram

at the entry region of the ferrogram because the magnetic force which attracts the
particles is proportional to volume whereas the viscous resistance of the particles to
motionin the fluid is proportionai to surface area. If particle shape is the same, motion
downward through the fluid as a function of size is goverr.ed by the ratio of the particle
diameter cubed to the particle diameter squared. Therefore, the largest magnetic
particles are deposited first. When the sample reaches the 50 mm position, magnetic
particles larger than about 2 or 3 um in major dimension have already been removed.

] Ref. 1. Seifert, W.W. and Westcott.V.C. "A Method for the Study of Wear Particles in Lubricating
s Oil", Wear, 21 (1972) 22-42.

2 Bowen, ER. Scott. D. Seifert, WW and Westcott, V.C. “Ferrugraphy”. Tribology
International. Y 3) (1976) 109-115.
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Ferrous particles are ~* or below the lower limit of resolution (about 0.5 um) of the
optical microscope at the exit end of the ferrogram. Ferrous {magnetic) particles are
depcsited in strings which follow the field lines of the magnet assembly positioned
pelow the ferrogram substra'e. The strings are perpendicular to flow direction. The
photomicrographs in this Atlas are presented with the flow direction from the top of the
page to the bottcm.

The particles described in paragraphs 1.1 through 1.5 are those primarily generated by
steel or steel-based alloys. Othe: metals and alloys give similarly shaped particles, with
only a slight difference being attributable to hardness and crystal structure of that
material These sections cover the free metal (similar to parent metal, not compounded)
.articles generated and are divided into the following five subsections:

1.1 Rubbing Wear and Break-In Wear _
The usually normal benign wear of sliding surfaces.

1.2 Cutting Wear
Abnormal abrasive wear due to interpenetration of sliding surfaces.

1.3 Rolling Fatigue (Rolling Element Bearings and Gear Systems)
The fatigue wear of rolling contact bearings.

1.4 Comhined Rolling and Sliding
The abncrmal wear regimes of fatigue and scuffing as associated
with gears.

1.5 Severe Siiding Wear
Excessive load and high speed wear of sliding surfaces.

The remainder of Section 1.0 describes nonferrous metal particles, ferrous oxides,
lubricant degradation products, and contaminant particles.

Both optical and scanning electron microscopes have their advantages in particle
analysis. The bichromatic microscope which utilizes both transmitted and reflected
light can determine the degree of light attenuation and color of the particle. This
information easily enable. one to discern whether a particie is free metal or is a
compound. Further analysis in polarized light yields information on the crystal structure
of various compounds. See paragraph 3.2.1 on Onptical Examination of Ferrograms.

The scanning electron microscope (SEM) is particularly useful in research where it is
desired to photograph assembilies of particles requiring alarge depth of focus. However,
the SEM shows only the shupe of the particles and does not, for example, distinguish
between atranslucent sand particle and a chunk of metal. Consequently, itis necessary
to examine ferrograms with an optical microscope, or by other means, in order to
obtain the maximum information about thc particle’'s composition and source. The
higher magnifications allowable witha SEM are occasionally useful but the maximum
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of approximately 1000X ontained with an optical microscope is usually found to be
adequate for wear particle analysis.

1.1 RUBBING WEAR AND BREAK-IN WEAR

Rubbing wear or normal wear particles are generated as the rzsult of normal sliding
wear in a machine.

Duringanorma! break-in of a wear surface, aunique layer is formed at the surtace. The
break-in of a wear surface may be defined as the period of transition of the “as
finished” surface to a smooth low wearing surface. Mechanical work at the surface
breaks down the crystal structure of the metal resulting v a thin layer of short range
crystalline order (approximately 30 nanometers) and about 1 um thick for steel. The
layer is known as the shear mixed layer.

The shear mixed layer exhibits super ductility and may flow along the surface a
distance several hundred times its thickness. its ability to flow when subjected to stress
resultsin avery smooth wear track. As long as this iayer is stable the surface will wear
normally. If the removal rate is increased to the point that the layer is removed faster
than it is generated, the wear rate increases and the meximum particle size changes
from 5to 15 urn to as much as 50 to 200 um. See Section 1.5, Severe Sliding Wear.

Rubbing wear or normal wear particles are generated as the result of normal sliding
wear in a machine and result from exfoliation of parts of the shear mixed layer.

Rubbing wear particles are platelets typically ranging in size from 15 um down to 0.5
um, or less, in major dimension. They have a smooth surface and range between 0.15
um and 1 um in thickness. The major dimension-to-thickness ratio varies from about
10:1 for the larger particles to about 3:1 for a 0.5 um particle.

During break-in, rubbing wear particles in combination with other larger particles are
seen. The larger particles are pieces of grinding ridges and other surface irregularities
which break off in the process of smoothing the surface. During break-in the shear
mixed layer covers over scratches and irregularities. Gccasionally pieces of the layer
cantilever over scratches and other depressionsin the surface and break off. This is the
source of some of the larger rubbing wear particles.

After astable wearing surface is achieved. the shear mixed layer continues to exfoliate
and supplies the normal rubbing wear particles.

Excessive quantities of particulate contamination, such as sand in alubrication system,
can increase the rubbing wear generation rate by more than an order of magnitude
without completely removing the shear mixed layer. Although catastrophic faiure is
unlikely, such systems can wear out rapidly. In these cases, although all the wear
debris may be principally rubbing wear, impending trouble may be forecast by the
dramatically increased quantity of particles. The actual quantitative increase in wear

10
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debris is dependent on the size, concentration, composition, and morphology of the
contaminant. Components prone to this problem are those with opposing surfaces of
ronghiy the saime hardness, for example, diesel engine cylinder walls and piston rings.
The particle analysis of such an oil sample will reveal the contaminant particles as well
as the wear debris.

Figures 1.1.1 through 1.1.5 display normai rubbing wear as generated by a diesel
engine. The photoqraphs are taken at the same location with differing magnification.
Figure 1.1.1 dispiays the entry deposit at the top of the photograph. Figures 1.1.3 and
1.1.4 show the largest particles present to be around 10 um. Generally the maximum
size of normal rubbing wear is approximately 15 ym.

Figure 1.1.6 is a photograph of the actual entry deposit. Some of the particles are
oriented such that they can be seen to be thin platelets no more than 1 um thick.

Figure 1.1.7 is a bichromatic view of Figure 1.1.2.

Figures 1.1.8 through 1.1.10 indicate the maximum rerromagnetic particle size at
diftering locations on a ferrogram. Figure 1.1.8 displays the particles immediately after
the entry point. Here the maximum particle size is that of the largest particles in the
sample; in this case 15 um.

Figure 1.1.9is a photograph taken at 50 mm. The largest particles at this location are 2
um. Figure 1.1.10 is a photograph taken at 10 mm. The white particles seen in this
photocgraph are. in fact, short strings of particles individually no larger thari 0.2 um.

It must be noted that these sizes are representative of ferromagnetic materials. Weakly
magnetic particles are deposited further down the ferrogram. See paragraph 1.6 on
Nonierrous Metals.

Figures 1.1.11 through 1.1.14 display particles typical of the break-in period for
components having a ground or machined surface finish. During the break-in period,
the ridges on the wear surface are flattened and form cornices along the ridge peaks.
These cornices subsequently break away in the form of the long flat particles shownin
the photograph. These particles are formed in decreasing quantity until the original
finishing marks are covered over or worn away.

Figure 1.1.15 displays a few of the individual particles.

Figure 1.1.16 displays the smaller particles immediately after the entrv deposit. Although
not as wide, several of these particles still have the long. thin, straight-edged shape
characteristic of the break-in process.

1.2 CUTTING WEAR

Cutting wear particles are generated as a result ot one surface penetrating another.
The effectis to generate particles much as a lathe creates machining swarf, excepton
a microscopic scale

IR
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There are two wavs of generating this effect. A relatively hard component can become
misaligned or fractured, resulting in a hard sharp edge penetrating a softer surface.
Particles generated this way are generally coarse and large, averaging 2 to 5 um wide
and 25 to 100 um long.

Alternatively hard abrasive particles in the lubrication system, either as contaminants
such as sand or wear debris from another part of the system, may become embedded
in a soft wear surface (two body abrasion) such as a lead/tin alloy bearing. The
abrasive particles protrude from the soft surface and penetrate the opposing wear
surface. The maximum size of cutting wear particles generated in this way is proportional
to the sizc o7 the abrasive particles in the lubricant. Again. very fine wire-like particles
can be genera’ed with thicknesses as low as 0.25 um. Occasionally small particles,
about 5 um long by 0.25 um thick, may be generated due to the presence of hard
inclusions in one of the wearing surfaces.

The presence of abrasive contaminants in a lubrication system does not necessitate
the generation of cutting wear, althcugh the wear rate of the system may increase. Two
wearing surfaces of comparable hardnesses, where particulate contaminant does not
embed in one surface, will probably not generate cutting wear as a result of the
presence of abrasive contaminants (see paragraph 1.1). Thisis a three body abrasion
wear process.

Cutting wear particles are abnormal. Their presence and quantity should be carefully
monitored. It the majority of cutting wear particies in a system are around a few
micrometers long and a fraction of a micrometer wide, the presence of particulate
contaminants should be suspected. If a system shows increasing quantities of large
(50 um long) cutting wear particles, a componerit failure is potentially imminent.

Figures 1.2.1through 1.2.4 areviews of the same iocation on aferrogram made from an
oil sample of afailing jet engine. As the majority of the cutting wear particles are large
iong strips, a component failure should be suspected. The absence of any aonormal
contaminants reinforces this judgment.

Figures 1.2.5 and 1.2.6 are optical and scanning electron photographs of the same
location. These photographs display the variation of size and shape possible with
cutting wear.

Figures 1.2.7 through 1.2.9 display the heavy cutting wear generated as a coisequence
of abrasive coniaminants (Arizona road dust) in a hydraulic system. The rock-like
particles are the actual contaminants. Virtually ali the remaining material on the
ferrogram 1s metallic cutting wear.

Figures 1.2.10 through 1.2.12 are reflected white, bichromatic. and SEM photograpns
of the same cutting wear particle
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Figures 1.2.13 and 1.2.14 are bichromatic and SEM photographs of fine cutting wear
particles. The height of the largest particie is greater than the depth of focus of the
optical microscope. The bent portion above the glass substrate cannot be brought into
focus simultaneously with the substrate.

Figures 1.2.15 through 1.2.18 are SEM micrographs of a selection of cutting wear
particles.

1.3 ROLLING FATIGUE (ROLLING ELEMENT BEARINGS)

This section deals primarily with particles generated as a result of rolling bearing
fatigue. The particles associated with other bearing problems, such as roller end wear,
skidding, and any other contact involving sliding are discussed in paragraphs 1.1 and
1.5.

Three distinct particle types have been associated with rolling bearing fatigue: namely,
fatigue spall particles, spherical particles, and laminar particles.

Fatigue spall particles constitute the actual material removed as a pit or spall opens up.
These particles reach a maximum size of 100 um during the microspalling process.
When the spalling becomes macroscopic and failure occurs. the particle size may
increase still further. The initial abnormality can be deduced from the increasing
quantity of particles larger than 10 um. The fatigue particles are flat platelets with a
major dimension-to-thickness ratio of approximately 10:1. They have a smooth surface
and arandom, irregularly shaped circumference. The ability to recognize these particles
1S very important as the quantity of wear debris that results in a serious loss of
performance is much lower for bearings than for other devices.

The spherical particles associated with rolling bearing fatigue are generated in the
bearing fatigue cracks. If generated, their presence gives an improved warning of
impending trouble as they are detectable before any actual spalling occurs. It has been
observed that bearings undergoing test at higher than normal loads and in clean
lubrication systems have fatigued without generating any significant quantities of
spheres Consequently, in an abnormai wear situation, the possibility of rolling bearing
fatigue should not be ruled out due to the absence of spherical debris. However, in
many industrial systems monitored so far, rolling bearing fatique spalling has been
preceded by the generation of quantities of steei spheres having diameters ranging
between one and five micrometers  Fatiguing bearings have been estimated to
generate several million spheres in the course of a failure.

Ret 3 Scott D .andMilis.GH “Spherical Particlesin Rolling Contact Fatigue™ Nature (London).
241 (1973) 115-116

4  Scott.D . andMills. GH “SphericalDebns - ItsOccurrence. Formation. and Signihicance
in Rolling Contact Fatigue”. Wear, 24 (1973) 235-242
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Rolling bearing fatigue is not the only source of spherical metallic particles. They are
known to be generated by cavitation erosion and more importantly by welding or
grinding processes. Spheres produced in fatigue cracks may be differentiated from
those produced by other mechanisms through their size distribution. Rolling fatigue
generates few spheres over 3 um while the spheres generated by welding, grinding,
and erosion are frequently over 10 um. Lubricating oils, as supplied by manufacturers,
frequently contain metal particles including metal spheres and other contaminant
particles. Consequently, cale must be taken to avoid confusing these contaminant
spheres with those generated as the result of bearing fatigue.

Laminar particles are very thin free metal particles between 20 and 50 yum in major
dimension with a thickness ratio of approximately 30:1. It is thought that laminar
particles are formed by the passage of a wear particle through a rolling contact,
possibly after adheringto arolling element. The frequent occurrence of holes inthese
particles is in agreement with this explanation. Laminar particles may be generated
throughout the life of a bearing, but at the onset of fatigue spalling, the quantity
generated increases. Consequently, their increased presence, along wit" severe wear
of uncertain origin, suggests a problem with a rolling contact bearing. Similarly, an
increasing quantity of laminar particles together with quantities of spheres is taken as
anindication of the presence of rolling bearing fatigue microcracks whichin turn leads
to spalling.

Figure 1.3.1 displays a typical distribution of particles during the normal running of
rolling-element bearings.

Figures 1.3.2 through 1.3.5 display in increasing magnification particles generated by
rolling-element bearing fatigue spalls. Note the smooth surfaces and irregular contours.
Also, what appear to be micropits on the particle surfaces in the optical micrograph are
in fact smaller pieces of wear debris.

Figures 1.3.6 through 1.3.8 display another sequence of increasing magnification
photographs of rolling-element bearing fatigue particles. Figure 1.3.6 clearly shows
the relative absence of rubbing wear particles. This high ratio of large (20 um) particles
to small (2 um) particles is typical of pure rolling-element fatigue. The relative absence
of rubbing wear particles is seldom seen in oil samples of complete machines, because
many other parts besides the bearing contribute wear particles.

Figures 1.3.9 and 1.3.10 display the irregular shape and size of a particle that rolling-
element fatigue can generate.

Figures 1.3.11 through 1.3.13 are photographs of metallic spheres. They are much
larger than the spheres normally generated by bearing fatigue. These spheres may be
from an extraneous source. However, they serve the purpose of displaying the optical
characteristics of these spheres. The curvature of the sphere causes light from above
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to be reflected off to the side and not directly back into the objective lens. An objective
lens that accepts light from awide angle is needed in order to show the spheres. Such a
lens is called ahigh numerical aperture (NA) objective, the NA being the sine of the half
angle. The numerical aperture should be 0.85 or higher for adequate observation - f
spheres. Because of the convex mirror effect of the spherical surface, an object
inserted at the right pointin the reflected light source beam will appear in focus on the
spherical surface. Figure 1.3.11 has a needle point inserted into the beam while Figure
1.3.12 has a red filter partially inserted. The alternating light and dark bands on the
particles is the image of the lamp filament. This characteristic of reflecting images
enables the spheres to be readily identified in an optical microscope.

Figure 1.3.14 is a SIM photograph at a higher magnification of the previous example.

itshould be noted that some lubrication systems can generate plastic spheres that are
unrelated to the wear surfaces. The optical microscone can distinguish these by their
ability to transmit light. In bichromatic illumination such spheres appear green while
metal spheres appear red.

Figures 1.3.15and 1.3.16 display a general view of spheres as gyenerated by a fatiguing
bearing. Figure 1.3.17 is a SEM photograph at a higher magnification of the same
spheres

Figures 1.3.18 through 1.3.20 display laminar particles as generated by rolling-eiement
bearings. None of these particles are over 1 um thick. Note the holes in the latter
example, Figures 1.3.19 and 1.3.20.

1.4 COMBINED ROLLING AND SLIDING (GEAR SYSTEMS)

The modes of gear wear considered in this section are pitch line fatigue and scuffing or
scoring. Overload wear, the infrequent result of very high loads at low speeds is
classified as severe sliding wear; see paragraph 1.5. Similarly, the effects of abrasive
contaminants in the lubricant are covered by paragraphs 1.1 and 1.2.

Fatigue particles from a gear pitch line have much in common with rolling-element
bearing fatigue particles. They generally have a smooth surface and are frequently
irregularly shaped. Depending on the gear design, the particles may have a major
dimension-to-thickness ratio between 4:1 and 10:1. The chunkier particles result from
tensile stresses on the gear surface causing the fatigue cracks to propagate deeper
into the gear tooth prior to spalling.

A high ratio of large particles to small particles is also found as in rolling-element
bearing fatigue.

Scuffing of gears is caused by too high aload and/or speed. Excessive heat generation
breaks down the lubricant film and causes adhesion of the mating gear teeth.
Roughening of the wear surfaces ensues with subsequent increase in wear rate. The
regions of the gear teeth affected are between the pitch line and both gear root and tip.
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Onceinitiated, scuffing usually affects each tooth on a gear, resulting in alarge volume
of wear debris.

Since there is a large variation in both sliding and rolling velccities at ihe wear
contacts, there are corresponding variations in the characteristics of the particles
generated. The ratio of large-to-small particles in a scuffing situation is small. All the
particles tend to have a rough surface and a jagged circumference. Even the small
particles may be discerned from rubbing wear by these characteristics. Some of the
large particles have striations on their surface indicating asliding contact. Becaise of
the thermal nature of scuffing, quantities of oxide are usuaily present and somie of the
particles may show evidence of partial oxidation, that is, tan or blue temper colors. The
degree of oxidation is dependent on the lubricant and the severity of scuffing.

Figures 1.4.1 through 1.4.4 are increasing magnification photographs of gear fatigue
particles. A high ratio of large to small particles is evident and the surfaces of the large
particles are smooth.

Figures 1.4.5 through 1.4.10 display four individual gear fatigue particles. Figures 1.4.5,
1.4.6, 1.4.9, and 1.4.10 show the irregular shape obtainable with gear fatigue while the
particle in Figures 1.4.7 and 1.4.8 is typical cf the chunky type. This latter particleis 7
um thick, giving a shape ratio of 5:1.

Figures 1.4.11 through 1.4.14 are photographs of a typical scuffing wear particle
distribution. !f Figures 1.4.13 and 1.4.44 are compared with 1.1.3 and 1.1.4, the difference
between the smaller scuffing particie and rubbing wear becomes more apparent. The
larger particles which show striations have probably been generated near the tip or
root of the gear tooth where the sliding velocity is highest, while the particles with no
striations may have been generated nearer the pitch line.

Figures 1.4.15 through 1.4.17 are individual scuffing wear particles. The dark parts on
the particles in these optical photographs are the result ¢f oxidation.

1.5 SEVERE SLIDING WEAR

Severe sliding wear commences when the wear surface stresses become excessive
due to load and/or speed. The shear mixed layer then becomes unstable and large
particles break away causing an increase in the wear rate. If the stresses applied to the
surtace are increased further, asecond transition point is reached when the complete
surface breaks down and a catastrophic wear rate ensues. The relationship between
sliding wear particles and the generating surfaces is described in reference 5.

The ratio of large-to-small particles depends on how far the surface stress limit is
exceeded. The higher the stress level, the higher the ratio becomes. If the stress level

Ref. 5. Reda. A.A. Bowen. C.R., and Westcott. V.C. “Characteristics of Particles Generated at
the interface Between Sliding Steel Surfaces”. Wear, 34 (1975) 261-273.
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rises slowly, one may notice asignificantincrease in the quantity of rubbing wear prior
to the development of any large severe wear particles.

Severesliding wear particlesrangeinsize from 15 um up. Some of these particles have
surface striations as a result of sliding. They frequently have straight edges and their
major dimension-to-thickness ratio is approximately 10:1. As the wear becomes more
severe within this wear mode, the striations and straight edges on particles become
more prominent.

Figures 1.5.1 through 1.5.4 are photographs of typical severe wear particles. i 2 high
ratio of large-to-small particles is indicative of stress levels far above that which the
surface can tolerate.

Figures 1.5.5 through 1.5.7 are optical micrographs of individual severe sliding wear
particles. The particle in Figure 1.5.7 shows colors caused by surface heating resulting
from a high sliding speed.

1.6  NONFERROUS METALS

Metal particles are recognized to be nonferrous by their nonmagnetic deposition
pattern on ferrograms. Instead of lining up with the magnatic field to occupy a place in
an orderly string of ferrous particles, a nonterrous particle will be deposited with
random orientation, quite likely off. or between, strings of ferrous particles. Figure
1.6.1 shows an aluminum particle deposited between strings of ferrous particles near
the entry region of the ferrogram. Ferrous particles are oriented with their major
dimension closely aligned with the direction of the string, whereas aluminum particles
are randomly oriented. Nonferrous particles deposit along the entire length of the
ferrogram, whereas ferrous particles larger than 2 or 3 ;»m in major dimension do not
penetrate past the 50 mm pesition. Therefore, if a metal particle larger than a few
micrometers is seen some distance down from the entry, itis nonterrous. Figure 1.6.2
shows an aluminum particle deposited near the exit end of the ferrogram. Notice how
small the ferrous debris 1s In the adjoining strings

1.6.1 White Nonferrous Metals

White nonferrous metal particles are virtually indistinguishable when examined with
the optical microscope. All are white and lustrous unless coated with oxides or
compounds.

Table 1.6.1is presented as a guide to identifying wt ite nonferrous metals when SEM
X-ray analysis is unavailable. The first two columns summarize results of wet chemical
analysis usingeitherd.1 N acid or 0.1 N base applied in small droplets onto aferrogram
heated to 90° C/195°F on alaboratory hot plate. Heating encourages the reaction and
hastens eveporation of the acid or base solution. The size of the droplet delivered onto
the ferrogram should be kept small since the liquid has atendency to move particles so
thatlocating a particle after treatment can be difticult. The last four columns of Table
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1.6.1 describe the color changes the various nonferrous metals undergo when they are
heat treated on a ferrogram to the temperatures indicated. Paragraph 3.2.6, Heating of
Ferrograms, describes this technique in detail. Between wet chemistry and heat
treatment, all the white nonferrous metals can be distinguished from one another with
the exception of silver and chrome which behave similarly. If either silver or chrome is
, suspected, knowledge of the lubricant-wetted path (material survey data) in the
1 system under scrutiny may resolve the question. Also, chrome particles usually are
quite small because chrome is such a hard material. Softer metais tend to generate
larger particles. Bear in mind that the test resuits given by Table 1.6.1 were obtained
using commercially pure metals. Alloys, even when the alloying elements are present
in fractions of a percent, can have much different physical properties and can, therefore,
react differently to the identification procedures suggested in Table 1.6 1.

e

As a practical matter, aluminum is the most frequently encountered white nonferrous
metal found on ferrograms. Magnesium, molybdenum, and zinc would not normalily
be found in an oil-wetted contact. Titanium is used in aircraft gas turbines, but more 4
frequently inthe gas path section of the engine than the oil-wetted path. Titanium parts |
in wear contacts must be well lubricated because of the tendency for titanium to gall.
Chromeis used as a hard, wear resistant coating, and as an alloying element 1or steel.
Parts are never fabricated from chrome because it is too brittle. Silver is occasionally
used as an overlay in high quality bearings. Cadmium is sometimes used as acomponent
in bearing alloy or as a ceating.

i,

1.6.2 Copper Alloys

Copper alloys are easily recognized by their characteristic reddish-yellow color. No

other common metal is so colored, with the exception of gold, which is used only in

exotic applications. However, other metal particles can display yellow or tan interference |
(temper) colors due to excessive heat during their generatiion which may cause them i
to be confused with copper alloy particles. See paragraph 3.2.6, Heating ot Ferrograms. 9
Tan ferrous particles will not be easily confused because of their magnetic deposition
pattern on a ferrogram (copper is nonmagnetic). Other particles, such as titanium,

austenitic stainless steel, or batbitt metal could be tan given the right fcrmation

3 conditions, but in most instances the colo. will not be as even as copper alloy and in

3 any circumstances the color will not be as reddish as somc copper alloys are. If some

i tan, temper colored, nonferrous metal particles are present of the type which could be ‘
mistaken for copper alloy, there should also be particles of the same metal which have

not been affected and some which show further coloring (temper blue or puiple). Itis
unlhkely that any wear process will consistently temper all particles to the same color

Copper alloys, themselves, will form temper colors when heat treated on a ferrogram
or when subjected to heat during their formation. However, these color changes are
not useful for identifying specific copper alloys because of the many possible alloys
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IDENTIFICATION OF WHITE NONFERROUS METALS

01N [0.1N |330°C/gpgofF |400°C/750°F |480°C/g00°F|540°C/1000°F
HCI | NaOH
Al |sol sol N.C. N.C N.C. N.C*
Ag|insol | insol N.C NC. N.C. N.C.
Cr insol | insol NC. N.C. NC. N.C.
Cdjinsol | insol tan — - —
Mgisol insol NC. N C. NC. N.C.
Molinsol | insol N.C. tan with straw to some —
ceep purple
Ti [insol | insol N.C. hght tan tan deeper tan
Zn {sol insol NC N.C tan tan with
blue
NOTE. Put Each test above 1s done by putting ferrogram on a hot

ferrogram on

90°C/195°F hot
plate. Add drop
of acid or base

Leave ferrogram
on hot plate until
drop evaporates

Abbreviations

plate of the specified temperature for 90 seconds.

sol soluble
insol insoluble
NC no change

" may become brighter in some circumstances
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and because the same alloy may have a different reaction depending upon grain
structure, phase segregation, and previous plastic deformation caused by the wear
process.

Figure 1.6..2.1 shows a copper particle deposited between strings of ferrous particles
near the entry of a ferrogram. Figure 1.6.2.2 shows the same view after heat treating the
ferrogram to 330°C/625°F. Fiqure 1.6.2.3 shows a copper particle obtained from a
grease sample from arailroad axle rolling element bearing. Copper grounding brushes
are used to prevent electropitting of the bearings. In this case the copper has partially
oxidized to a dull gray color. Quite a few copper particles from this sample were
entirely gray. The last three photographs show the range of surface colors possible for
copper alloys depending upon their history.

1.6.3 Lead/Tin Alloys

It is unusual to encounter many free metal Pb/Sn alloy particles on ferrograms,
probably because the metal is so ductile that it will smear rather than break to form
particles. When Pb/Sn particles are found on ferrograms, it is likely that the particles
will be oxidized. This is because Pb/Sn is extremely susceptible to oxidation at
temperatures that are considered low in ferrous metallurgy. In fact, one faiture mode
encountered for journal bearings is an oxidative wear mode associated with poor
lubrication and/or problems establishing or maintaining a hydrodynamic oil filmwhen
starting or stopping. Disassembly of a bearing with such a problem shows a "black
scab’ from Pb/Sn oxides.

Two other principal failure modes for Pb/Sn bearings are contamination and corrosive
wear. Contamination is indicated by nonmetallic crystaliine particles and cutting wear
from the shaft. Corrosive wear causes a heavy deposit of very fine particles at the exit
end of the ferrogram. Corrosive wear 1s most often encountered in internal combustion
engines, most notably in diesels where sulfur in the fuel forms sulfuric acid. but In
gasoline or gas-fired engines by the formation of organic acids as the crankcase oil
oxidizes. These acids attack Pb Sn bearings as well as cause accelerated ring/piston
wear. Lead 1s more susceptible to corrosion than tin.

In sorne journal bearing fallures monitored by ferrography. copper alloy particles,
which are extremely easy to recognize. are found in addition to oxidized Pb/Sn
particles Inthesebearings. athinlaver of babbitt metal coats copper alloy. resulting in
superior fatigue strength due to the copper alloy but with the desired surface properties
of babbitt metal Bearings constructed this way are particularly amenable to ferrographic
analysis because if a number of copper alloy particles are found., it is reasonably
certain that the bearing has been stripped Knowledge of the bearing design in the
machine being monitored should be obtained in order to make a proper analysis.

In order to be able to recognize bearing alloys. old bearings should be obtained from
some of the various machines being monitored Using fine emery paper or silicon
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carbide paper, abrade some of the bearing metal, di erse itinfiltered oil, and prepare
a ferrogram. Observe what the metal looks ltke, then heat treat on a hot plate for 90
seconds up to 1000°F (the practical maximum temperature above which the ferrogram
glass will most likely warp) in steps of about 100° F. Observe the babbitt particles after
each heat treatment. Typically, oxidized Pb/Sn particles will have a multicolored,
stippled appearance. At low magnification they will be blackish, but at 400x or 1000x,
dots of blue and orange color will be seen on the surface (see Figures 1.6.3.1 and
1.6.3.2). Often the particles will be rather chunky, but sometimes they are flat with
rounded edges where partial melting has taken place. Figure 1.6.3.3 shows a Pb/Sn
alloy particle obtained from a reciprocating aircraft engine. This photograph was
taken prior to any heat treatment of the ferrogram.

Be aware that the melting temperature for the Pb/Sn alloy system is below the first heat
challenge temperature (330° C/625° F) for distinguishing ferrous alloys on ferrograms.
Therefore, if a free metal Pb/Sn particle is present on a ferrogram, the first heat
treatment, normally done to distinguish low alloy steel from cast iron, will exceed the
melting point. However, the Pb/Sn particle, instead of melting and pulling itself
together into a globule by surface tension forces, will become grossly oxidized and
have ti.« ..aulticolored, stippled appearance described above. This is due to the great
affinity Pb/Sn alloys have for oxygen at elevated temperatures and is part of the reason
why, if a pot of lead is melted on a stove, scale forms on the surface.

Figures 1.6.3.4 and 1.6.3.5show a high tin babtbitt particle before and after heat treating
to 330° C/625° F. This particle was obtained from an oil sample taken from the hearing
cavity of an 800 horsepower centrifugal fan in a power plant.

1.7 FERROUS OXIDES

Ferrous oxides are divided into two groups for purposes of identification, namely, red
oxides and black oxides. The situation is actually more complicated due to the
existence of three stoichiometric compounds, Fe0. Fep03, and Fe304, as well as
several crystalline forms of these compounds. However, as a general rule, red oxides,
which are the final reaction product of iron and oxygen at room temperature, indicate
moisture in the lubrication system. whereas black oxides indicate inadequate lubrication
and excessive heat during particle generation

1.7.1 Red Oxides of lron

In work done to characterize regimes of wear between sliding steei surfaces®, red
oxides, which were determined to be hematite (aFe203) by X-ray diffraction analysis,
were p.oduced under poorly lubricated wear conditions. The particles were of two
types. The first type 1s polycrystalline and appears orange in reflected white light
(Figure 1.7.1.1) and appears saturated orange in polarized reflected light (Figure
1.7.1.2) This type 1s referred to as red oxide and 1s the common type of hematite
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produced when water gets into an cil system. Red oxides are difficult to obtain under
lubricated conditions but are common when water has entered the lubricant Red
oxides are familiar to everyone as rust.

Water need not beintheoil sample at the time the sample is taken for red oxides to be
present. if water had been in the oil at some previous time, red oxides could form and
be present in a later sample. Usually, however, water will be present in the oil sample if
many red oxides (especially large ones) arz present.

Red oxides show varying color and appearance because (1) aFep03 is not the only
crystalline form of Fe203; (2) in the presence of excess water hv' L.cd iron oxide of
various stoichiometry will occur; (3) in the presencc ui vther elements or compounds
red iron containing compounds occur; and (4) the size of the crystals in polycrystalline
clusters will influence their appearance in polarized light.

The alpha hematite form of iron oxide, encountered as orange/red polycrystalline
agglomerates, is paramagnetic and will, therefore, not deposit in a strongly magnetic
manner so that large red oxide particles are found at all locations on a ferrogram.

The second type of red oxide particles produced under poorly lubricated wear
conditions are flat, sliding wear particles which appear gray in whitereflected light but
are dull reddish-brown in white transmitted light. The surfaces of these particles are
highly reflective so that even in bichromatic light (red reflected and green transmitted
light) they can be mistaken for metal wear particles. Careful examination, however,
shcws that these particles are not as bright red in bichromatic light as are free metal
particles, and in extremely thin sections some green light will penetrate from below.
Figure 1.7.1.3 shows several of these iron oxide particles in bichromatic light. Figure
1.7.1.4 shows the same view in white reflected and green transmitted light, and Figure
1.7.1.5, taken with white transmitted light. shows these particles are reddish-brown.
These flat iron oxide particles are clearly generated by a wear contact so that when
these are present, either with or without polycrystalline red oxides, apoorly lubricated
wear contact is indicated.

If an oil sample is analyzed and red oxides are found. it is a simple matter to test for
water in the oil by placing a drop of oil on a hot plate at about 300°F. The water will
sputter or sizzle if more than approximately 0.25% water is present.

1.7..2 Black Oxides of Iron

Black oxides of iron are associated with amore severe form of inadequately lubricated
wear than are red oxides. X-ray diffraction analysis done in conjunction
with work to characterizeregimes of wear” identified black oxides as a nonstoichiometric
compound containing a mixture of Fe304. aFep03, and Fe0. Water in oil does not
produce black oxides; rather, it produces red oxides.
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Black oxide particles appear as clusters with a pebbled surface and have small dots of
blue and orange color near the lower limit of resolution of the optical microscope.
Figures 1.7.2.1 and 1.7.2.2 show a black oxide agglomerate deposited at the entry
region of a ferrogram prepared from an oil sample of a diesel engine undergoing
severe cylinder scoring. The edges of black oxide particles will permit the transmittance
of some hght because of their nonmetallic structure. However, they do not shine
brilliantly in polarized light because they are efficient light absorbers. Figure 1.7.2.2
shows a field of view with black oxides and black-oxide-coated ferrous particles. Black
oxides look similar to babbitt metal oxides since they have black, pebbled surfaces.
However, Fe304, magnetite, is ferromagnetic so that black uxide agglomerates will
deposit in @ manner similar to other ferromagnetic materials.

1.7.3 Dark Metallo-Oxides

Partially oxidized ferrous wear particles ar¢ classified as dark metallo-oxides. These
indicate the presence of heat during their generation and may indicate lubricant
starvatisn. Large dark metallo-oxides are clearly an indication of catastrophic surface
failure. Much smaller dark metallo-oxides, as are codeposited with strings of normal
rubbing wear particles, may not indicate imminent failure. Nevertheless, the presence
of any dark metallo-oxides is considered to be a sign of abnormal wear.

Figure 1.7.3.1 shows a string of wear particles comprised of normal rubbing wear
particles and dark metallo-oxides. Both particle types deposit ferromagnetically. The
dark metallo-oxides are duli gray whereas the free metal rubbing wear particles are
white and lustrous. Figure 1.7.3.2 shows the same view after heat treatment of the
ferrogram to the first heat challenge temperature for the identification of ferrous alloys.
See paragraph 3.2.6. Notice that the dark metalio-oxides remain unaffected whereas
the free metal wear particles show blue or straw temper color depending upon their
metailurgy. The dark metallo-oxides remain unaffected because these particles already
had a thick oxide layer before heat treatment of the ferrogram. The blue or straw
temper colors on the other particles are a result of the growth of a thin oxide layer, as
explained in paragraph 3.2.6. In fact, it is not unusual to see particles oxidized to
varying degrees from samples where the machine has been undergoing lubricant
starvation. Some of the particles may show temper colors, others are dark metallo-
oxides, and others are black oxides. Figure 1.7.3.3, from a diesel engine undergoing
cylinder scoring, shows particles with varying degrees of oxidation.

1.8 LUBRICANT DEGRADATION PRODUCTS AND FRICTION POLYMERS
1.8.1 Corrosive Wear Debris

The three photographs presented in this section were obtained from a ferrogram
prepared with oil from a diesel engine that was purposely subjected to a corrosive wear
test. The effect of the test was to produce many fine particles, most of which are below
the lower limit of resolution of the optical microscope; that  ;, the particulate matter
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may be described as submicron. An unusual feature of the ferrograms obtained from
this test is that the optical density reading (percent area covered) at the 10 mm position
was greater than atthe 50 mm position. Corrosive wear is indicated by a heavy deposit ]
of fine particles at the exit end of the ferrogram.

Figure 1.8.1.1 shows a heavy deposit of fine particles at the exitend of a corrosive wear :
debris ferrogram. Figures 1.8.1.2 and 1.8.1.3 are successively higher magnification -
views at the exitend. Notice that even atthe highest magnification individual particles i
are not readily distinguishable.

Thisdepositwas subjected to an area scan using an X-ray analyze- attached to a SEM
with the result that the major metallurgical elements present were iron, aluminum, and
lead.

1.8.2 Friction Polymers

Friction polymers are characterized by metal wear particles embedded in an amorphous
matrix. They are thoughtto be created by overstress on alubricant in a critical contact.
Theirstructure is apparently aresult of the polymerization of the oil molecules to form
alarge coherent structure. If an oil sample contains friction polymers, these polymers
always have metal particles embedded within the amorphous structure. This observation
indicates that friction polymers are formed in high stress zones of critical contact and
that the presence of metal may be necessary to catalyze their formation.

T T Y

The presence of friction polymers in an oil sample may or may not be worrisome
depending upon circumstances. With the right oil, friction polymers are produced
under the influence of heavy load. For certain applications, especially high performance
gears such as in helicopter transmissions, the formation of friction polymers prevents
scuffing that would otherwise occur. However, too many friction polymers are
deleterious ic machine health because (1) the viscosity of the oil will increase due to ]
the presence of foreign bodies: and (2) the friction polymers canrapidly clog oil filters,
causing them to bypass. thus allowing large coritaminants and wear particles to reach
working i.arts of the machine.

Friction polymers are encountered in il from many types of equipment. The presence
! of friction polymers in an oil sample from a type of machine that usually does not
3 produce them is interpreted to mean that overload has occurred. Figures 1.8.2.1 and
i 1.8.2.2 show friction polymers generated by a steel-on-steel wear test with conditions
of high load. Severe wear particles and cutting wear particles were also present on this
ferrogram which are symptomatic of overload. Bichromatic illumination is the best
i way to view friction polymers because it highlights the metal wear particles (red), while
showing the transparent (green) nature of the matrix.

Figures 1.8.2.3 and 1.8.2.4 show friction polymer from a trac:ion transmission. This
application, wherein power is transmitted by the tractive mating of two smooth steel
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surfaces, may he one of the most demanding in regard to the formatior of, or more
correctly, the suppression of the formatior of friction polymer. It is theorized thatin a
traction transmission, the lubricant, when st. .ssed in critical contact, forms a solid; but
when the contact is relieved the lubricant reverses to a liquid. Eviaence of irreversibility
was found in the oil by the presence of many large friction polymers. Figures 1.8.2.3
and 1.8.2.4 show the same view using bichromatic illumination at two different
magnifications. Figure 1.3.2.5 shows the same view as Figure 1.8.2.4 in white reflected
and green transmitted light. The large bright metal particles embedded in the friction
polymer are aluminum, which is what the transmission case was made from.

Most friction polymers are quite resistant to heat degradation. Heat treatment tc the
first challenge temperature (330°C/625°F) for the classification of ferrous alloys,
usually causes no discernible change to friction polymers. Even heat treatment to
480° C/900°F, which is devastaling to most biologically formed organic
materials, causes only partial volatilization of the amorphous friction polymer material
whirh attests to the stability of these lubricant by-products. Friction polymers are also
quite resistant to attack by organic solvents. Therefore, once friction polymers are
formed in a lubrication system, they are nct easily agestroyed.

1.8.3 Molybdenum Disulfide

Molybdenum disulfide particles can cause confusion when they are present on a
ferrogram because they look and behave much like nonferrous metal particles. However,
onceitislearned how torecognize MoSo particles, they are quite obvious. Molybdenum
disulfide is used as a solid additive in oils and greases in applications where high
temperature aad high load are anticipated. Itis an effective solid luhricant because it
has high compressive strength to carry ioad but low shear strength, which causesitto
be slippery. Because of the low shear strength Mot particles show many shear planes
and have straight edges with regular angles. Figure 1.8.3.1 shows a typical MoS2
paiticle. The color is a grayish-purple and is quite distinct from the white, lustrous
appearance of nonferrous metals. Molybdenum disulfide particles cause confusion
with nonferrous metals because they block light like metal particles although
MoS» is acompound. Molybdenum disulfide 1s described as a semimetallic compound
because of its metallic characteristics.

Figure ©.8.3.2 shows small MoS» particles deposited along the non-wetting barrier of a
ferrogram. This ferrogram was prepared from an unused oil sample with MoS2 additive.
In this oil, the MoS2 was much more finely dispersed than for the oil from which Figure
1.8.3.1 was obtained. Molybdenum disulfide has a negative magnetic
susceptibility so that, inits pure form, it should be repulsed by the magnetic field of the
ferrograph. Deposition along the non-wetting barrier is evidence of its repulsion by the
ferrograph. Presumably, for this sample, most of the MoSo was repelied by the
magnetic field of the ferrograph and was rejected with the fluid as it flowed cff the exit
end of the ferrogram.
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Figure 1.8.3.3 shows wear depris on a ferrogra:n made from used oil of the same type
as described above. The ferrogram was heat treated to 330° C/625°F so that the steel
partizles turn blue. The MoSy particles remain unaffected (as they do tc even the
highest heat treatment temperature used for ferrograms), and are therefore easily
distinguished from the ferrous wear particles. This ferrogram was prepared from a
1000:1 diiution whereas the ferrogram for Figure 1.8.3.2, made from unused oil, was
undiluted. The used oil appears to contain many more MoSo particles, considering the
dilution factor, than the unused oil. This is due to the intimate contact between the
Mo0So and the ferrous surfaces which magnetizes the MoSo to some degree. Also, for
this sample, many friction polymers were present in which both ferrous particles and
Mo0So particles were embedded. The ferrous particles make the friction polymers
sufficiently magne’ ¢ so that they are efficiently deposited on the ferrogram.

1.9 CONTAMINANT PARTICLES
1.9.1 Contaminants in Unused Qi

Most oil, taken clean from the can or drum, contains varying amounts of particulate
matter. Certainly, any oil intended for diluting samples must be carefully filtered. Good
results can be obtained by filtering through asurface-type filter with a pore size of
about 0.4 um. The damage to machinery resulting from clean oil contaminants depends
mainly on how hard the contaminant particles are, how large they are, their quantity,
and, of couise, how critical the application is. Precision bearings, for example, could
be ruined by the introduction cf contaminated oil. However, many machines are
protected by high efficiency filters betweer: the tank and the machine where the
introduction of particulates in the oil may only increase wear on the high pressure
pump that delivers the oil from the tank, through the filter, to the machine. In this
instance, contaminants are of minor significance as long as the concentration is not
great enough to clog t: .2 filter and cause bypass flow.

Figure 1.9.1.1 shows the entry of a ferrogram prepared from synthetic polyester oi!
(MIL-L-23699) taken from a freshly opened can. The concentration of particles is
severai uimes the concentration normally found in used oil of this type from certain jet
engines. Figure 1.9.1.2 shows a higher magnification view of the entry, and Figure
1.9.1.3 shows the same view in polarized reflected light. Amonry the particles found in
this example are free metal particies. black and red oxides, and nonmetallic crystalline
devris. All of these are potentially harmful due to their size and hardness.

1.9.2 Contaminants iz Unused Grease

Ir: yeneral, grease is used only wheie it is impractical to have a circuiating o1l system.
Grease is oil to which a filler has been added to increasc viscosity to the point where
the mixtureis cohesive. Whenthe grease is squeezed in service between two contacting
~.achine parts, oil is released to lubricate the contact.
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The particles in = grease sample mav be scrutinized by dissolving the grease with o
suitable solvent, then preparing a ferrogram. A mixture of toluol and hexane is
effective at dissolving many commonly available greases. See paragraph 3.2.8.

Large, abrasive particles in grease may be more damaging than the same particles in
oil because once the grease is applied, no opportunity exists for the contaminant
particles to be removed; whereas in oil, the particles may be quickly removed by
filtering.

Figure 1.9.2.1shows some typical contaminant particles on a ferrogram prepared from
about 1 cc of unused military aircraft grease (MIL-G-81322 B) suitable for lubricating
splines. The concentration does not appear exceedingly high considering that 1 cc of
used grease would provide hundreds to thousands times more particles. Many of the
ferrous particles found in this grease were high alloy steel, suggesting they may be
from the equipment that mixes the filler with oil to produce grease. Figure 1.9.2.2
shows the entry view in wiiite reflectec light after heat treatment of the ferrogram to
480° C/900°F. Most of the ferrous particles have turned to a tan color, indicatin 3 high
alloy (stainiess) steel.

Figure 1.9.2.3 shows small fiber-shaped particles that are most likely a component of
the filler. These fine particles were evenly deposited on the exit end of :he ferrogram
below about the 30 mm position.

1.9.3 Road Dust

This section presents photographs taken of a ferrogram which was prepared by
dispersing AC Fine Test Dust, also known as Arizona Road Dust, in oil. The dust is
prepared by General Motors AC Division at a Phoenix laboratory from locally obtained
material. Itis size classified and sold to many different laboratories for a variety of tests
including filter efficiency tests, wear tests. and aerosol measurement tests. It may well
be the most popular test Gust available.

ArizcnaRoad Dust is meant to be t/pical of whiat a car or off-road vehicle is exposed to.
It contains mostly siiica (Si0p), but also contains a wide variety of other materials.
Examination of the Road Dust ferrogram reveals quite a few dark metallo-oxide
particles at the entry, but these are only a smal! fraction, certainly less than 1%, ot the
total. Red oxide (FeoO3) particies are present as well

Figure 1.9.3.1shows alow magnification view of the road dust ferrogram. Ferromagnetic
particles are aligned at the entry but most of the particles are not deposited in a
strongly ragnetic manner. Figure 1.9.3.2 shows a view slightly downstream of the
entry. Strings of ferromagnetic particles are seen aligned with the magnetic iield of the
ferrograph with the {arger, siliceous particles randomly deposited. Figure 1.9.3.3
shows the same view in polarized reflected I'ght in whi.n the nonmetallic material
appears bright in an otherwise dark field
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1.9.4 Coal Dust

Figures 1.9.4.1 and 1.9.4.2 are illustrative of the oil contamination that can result from
ingression of aerosols in an industrial environment. This oil sample was obtained from
the diesel engine of a coal scraper op=rating at a strip mine. Figure 1.9.4.1 was taken
with bichromatic illumination. Figure 1.9.4.2 shows the same view using white reflected
and grzen transmitted light.

Coal dust, as it is found in the air at a mining operation, is a mixture of various
components. Coal itself is rather soft and probably doesn’t cause too much damage to
oil lubricated parts. However, the dust contains quite a bit of silica in the form of quartz
which is hard and abrasive, as well as other materials stich as slate, iron oxides, and
other minerals. These have the potential to do considerable damage. Therefore,
machinery working in coal dust, and other industrial environments such as mining, ore
extraction, cement production, quarrying, etc.. should be protected against the
ingression of contaminants into the oil system.

This sample was prepared by washing the ferrogram, after the oil had been passed
along it, with methanol for a reasonably long time (15 cc was used), which dissolved
some of the coal dust particles to expose the wear particles which were otherwise
difficult to see. This can also be accomplished by adding a suitable solvent (alcohol is a
good coal solvent) to a known quantity of oil sample and agitating the mixture in an
ultrasonic bath to dissolve the unwanted particles.

1.9.5 Asbestos

Asbestos fibers may be distinguished from other common fibers, such as those used
for filters, by their very fine size and by the fact that the fibers are capable of breaking or
splitting to create even finer fibers. Even if asbestos is viewed at 1000x there will be
individual fibers and splinters on larger fibers that will be at the lower limit of resolution
ofthe microscope. Asbestos is the generic name of sevcralmineral fibers. Crocidolite,
as shown on Figure 1.9.5.1, is one type. However, chrysotile is the most commonly
mined type in North America and is characterizea by serpentine (curved) fibers. In
spite of certain morphological differences, all asbestos is capable of becoming verv
finely divided.

Asbestos may be found in oil sampies because it is used for brake linings, clutch
plates, occasionally for special application filters, and insulation. Usually its preserce
in oil will be by ingression from air.

1.9.6 Machine Shop Air Contaminants

A glass slide smeared with petroleum jelly was left exposed for one work shift in asmall
machine shop with six workers. The slide was about 20 feet from the nearest operating
machine. Figure 1.9.6.1 shows the debris deposited on a ferrogram prepared from the
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dissolved petroleum jelly. This provides some indication of the interference that could
be caused if ferrograms are prepared near metal-working maciunery. It also
demonstrates that unprotected machinery is exposed to airborne contaminants which
arques for closed sumps and proper air filters.

Mostof the particles shown on Figuire 1.9 6.1 are ferrous and therefore could easily be
misinterpreted as wear particles if lubricant was sampled from a machine working in
that environment. Other contaminants, such as road dust or coal dust, can cause
similar problems of interpretation because these dusts contain magnetic particles.

1.9.7 Filter Materials

Filters are used extensively in fuel, hydraulic, and lubrication systems to protect
critical components from the ingression of harmful contaminant particles. Oftenfilters
will tear or shed so that filter fibers will be found in samples from these systems. The
deposition of a few fibers on a ferrogram is not considered unusual or cause for
concern, butif many fibers are present along with a higher than normal concentration
of wear particles and contaminant particles, it may be suspected that holes have
deve.oped in the filter.

The most common filter media for routine applications such as gascline and diesel
enginesis paper of various types. Figure 1.9.7.1 shows cellulose in polarized transmitted
lightfrom a commonly used paper filter Heat treatment will cause cellulose tocharto a
noticeable extent. It will usually shrivel somewhat. turn yellow, and become less bright
in polarized light. Glass microfibers, Figure 1.9.7.2. are easily recognized by the fact
that the center of the fibers do not Cisrupt polarized light but the edges are bright due
to reflection and scattering of the polarized light. Synthetic fibers such as rayon,
dacron. polyester, etc.. show birefringent color effects in polarized light. Figure 1.9.7.3
shows polyester fibers in polarized transmitted light Synthetic fibers have smooth
edges like fiberglass. but unlike cellulose.

1.9.8 Carbon Flakes

Tigures 1.9.8.1 and 1.9.8.2 show carbon flakes from seal material at 200x and 400x
magnificationrespectively These particles are not contaminants; they are wear particles.
These particles were deposited on a ferrogram rnade from an oil sample from a smal!
swashplate type piston compressor with carbon seals. The spots of blue color visible
on the 400x view are probably from fine steel particles embedded in the carbon.
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2. CASE HISTORIES

2.1 DIESEL ENGINES

Wear particle analysis for diesel engines, as for other oil lubricated equipment, provides
important information regarding engine condition in three principal ways:

A quantitative change in particle concentration and size distribution from
established baseline values signals an abnormal wear mode,

Examination of the particle morphology will reveal the wear mode such as
severe sliding wear, lubrication starvation, contaminant induced wear, etc.;
and

The metallurgy of the particles may be determined by heat treatment of the
ferrogram so that the part or parts in distress can be identified, or at least
narrowed down to limited possibilities.®” For diesels, heat treatment is used
primarily to distinguish between low alloy steel and cast iron, which points
mainly to crankshaft (steel) versus piston ring/cylinder (cast iron) wear
problems. Although this generality is usually true, the possibilities are so
varied that familiarity with the engine under scrutiny is necessary for specific
conclusions.

In this section, examples of different types of wear problems detected by ferrography
will be presented as follows:

Cast iron wear — excessive piston ring/cylinder wall wear.
Steel wear — crankshaft failure.

Corrosive wear — typical wear debris from engine where the acid neutralizing
additive was depleted.

Abrasive wear — engine failure due to contaminant induced cutting wear.

Nonferrous metal wear — presence of ».opper alloy particles precedes thrust
washer failure.

First, however, a discussion of wear particles from normally operating diesel engines is

given.

Ret 6

Hofman, M.V, and Johnson. JJH “The Development of Ferrography as a Laboratory
Wear Measurement Method for the Study of Engine Operating Conditions on Diesel
Engine Wear”. Wear, 44 (1977) 163-199

Jones. M H “Ferrography Appned to Diesel Engine Oil Analysis”. Wear. 56 (1979) 93-103.
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2.1.1 Normally Operating Diese! Engines

Experience shcows that normally running diesel engines often have oil that is quite
clean in regard tc wear metal particles, although the oil is completely black due to
carbonaceous combustion products. These are repulsed by the magnetic tield of the
ferrograph and some washed away by the fixer. It is not unusual to use 10 ml of oil to
prepare a ferrogram in order that a representative number of particles are deposited
forexamination. The ferrous particles on a ferrogram from an engine in good condition
aremostly a mixture of steel and cast iron normal rubbing wear particles, the proportion
varying depending on the specitic machine. Only a few particles will be large enough
to be classified as severe wear particies. Usually, a few small dark metallo-oxide
particles will be present. Also, a light deposit of corrosive wear particles at the exitend
of the ferrogram is typical.

Occasionally, large black nonmagnetic agglomerate particles are found on diesel oil
ferrograms. These will be principally carbon, calcium, and sulfur. Fine ferrous wear
particles may be in these agglomerates making them mag:aetic enough to be
precipitated. The fine metal particles can sometimes be seen in the agglomerate
particles, using the highest optical microscope magnification. The carbon and sulfur
are from the diesel fuels and are introduced iri the lubricating oil during the combustion
process. The calcium is from calcium compounds added to the lubricating oil to
neutralize the sulfulic acid produced when the fuel burns or when water contamination
is present. Calcium and sulfur have been confirmed to be presentin these particles by
SEM X-ray analysis.

Carbon has too low an atomic number to be detected by energy dispersive X-ray
analysis, but other workers have confirmed its presence in dark agglomerates using
electron micrcprobe analysis.®

Carbon/calcium/sultur compounds are riot hard, so their presence is not considered
harmful regarding wear. However, their presence is an indication that the dispersant
additives in the oil are not tunctioning properly. The purpose of oil filters is not to
capture soct, but to trap abrasive particles. Dispersants are incorporated in diesel
engine oil to keep combustion products from agglomerating. Should they agglomerate,
they have the potential to clog oi! filters or to form sludge on engine parts.

Care must be taken not to confuse dark metalio-oxides with carbon/caicium/suifur
agglomerates. Dark metalio-oxides will line up with strings of magnetic particies on a
ferrogram because they have ferrous cores. The black agglomerates will notbehavein
astronglv magnetic manner. The distinction is important because dark metallo-oxides
are a clear sign of abnormal wear.

Ref 8 Dawies.C B “Identitying Solid Particles in Used Lubricating Oils™, Diesel and Gas Turbine
Worldwide (Apr 1980)
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2.1.2 Castiron Wear

Figure 2.1.2.1 shows the entry deposit at 400x of a ferrogram prenared from a medium
speed marine diesel engine oil sample. This photograph was taken after heat treatment
of the ferrogram to 330° C to distinguish between steel and cast iron. Notice that the
particles display the straw temper color of cast iron where they do not appear black
from oxide formation or from their tortuous shape. The fact that they are heavily
oxidized and showed some spots of temper coloring even before heat treatment
indicates a high temperature wear mode quite likely due to inadequate lubrication.
Also, the number and size of the particles (many may be classified as severe wear
particles) are much greater than normal, frorm which facts alone, an abnormal wear
mode is inferred.

Figure 2.1.2.2 shows a 1000x view of a portion of the entry seen on Figure 2.1.2.1. A
large severe wear particle which may be seen in the center of Figure 2.1.2.1 shows
spots of bluetemper color. These spots should not cause the analyst to misidentiiy the
particles as steel; a steel particle will turn all blue/purple, whereas cast iron often has a
mottled blue/straw appearance due to composition inhomogeneities or variation in
crystalline orientation. On the bottom of Figure 2.1.2.2 and somewhat out of focusis a
large dark metallo-oxide particle. The surface has agrayish-white appearance such as
is seen after heat treating steel particles to 550° C. This appearance and the fact that it
was unaffected by heat treatmen’ of the ferrogram shows that it already had a thick
oxide layer from the wear process from which it was generated.

Figure 2.1.2.3 shows two cast iron severe wear particles at 1000x magnification. Even
the smaller particles are abnormal in that they are oxidized and have twisted, torn
shapes with greater height than is usual for normal rubbing wear platelets.

Some weeks afte: this sample was taken, one of the cylinders froze due to the plugging
of the oil line to that cylinder.

2.1.3 Steel Wear

Just as abnormal wear of ca~t iron parts can be detected by the predominant straw
color of the particles on a fcrrogram after heat treatment to the first heat challenge
temperature, wear of steel parts can be readily detected by a predominant blue/purple
temper color.

Figure 2.1.3.1 shows the entry at 400x magnification of a ferrogram prepared from a
truck diesel :ingine oil. The shapes of the particles at the entry are equiaxed (chunky)
and are therefore classified as fatigue chunks. The fact that the strings of finer wear
particles to either side of the entry deposit are out of focus attests to the thickness of
the particles at the entry deposit. These particles, in addition to being thick, had a
twisted or gnarled morphology. and were, in part, covered with black oxide (dark
metallo-oxides). Figure 2.1.3.2 i1s a SEM view of the entry which better shows the
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morphology of the particles. Heat treatment of the ferrogram to the first heat challenge
temperature (330° C) revealed that the majority of the particles were low alloy steel as
evidenced by their blue temper color. There were relatively few straw-colored castiron
particles. Figure 2.1.3.3 shows two large steel cutting wear particles. Cutting wear
particles this large are generated by a highly abnormal wear mode. Onthe basis of the
presence of these various abnormal particles, a status of caution was issued for this
engine, with emphasis on steel parts

Less than two months lat¢  the crankshaft fractured. Figure 2.1.3.4 shows a view just
down from the entry at 400x magnification oi a ferrogram prepared from the crankcase
oil after the failure. Quite a few different abnormal particle types are represented,
including fatigue chunks, spheres, severe wear, cutting wear, and dark metallo-oxide
particles. Notice that, while not dominant, a certain number of straw colored cast iron
particles are also present. This is not surprising, since as the crankshaft w~s undergoing
heavy wear it is quite plausible that the induced vibrations and unstable rotation were
transmitted to other parts of the engine. Problems in the gas path of gas turbine
engines often result in increased wear particle concentration in the engine oil.

Quantitatively. the particle concentration for the post failure sample was much greate -
than for the first sample. The before fracture ferrogram was made using 10 ml of
sample, whereas the after fracture ferrogram was made using 0.3 ml of sample.
Therefore, the second sample had about 30 times the particle concentration as the first
sample.

2.1.4 Corrosive Wear

Diesel fuel contains varying amounts of sulfur. In recent years, the amount of sulfur
has increased because of the inability of refiners to obtain low sulfur crude. During
combustion, sulfuric acid can be formed by the condensation of SO3, sulfur trioxide
gas. Condensation can be prevented by keeping the engine cooling system temperature
as high as possible. As sulfur concentration increases, however, the dew poirt becomes
higher and condensation is more likely. One manufacturer believes that corrosive
wear will be four times worse if the fuel sulfur content increases from 0.5 to 1%.°
Alkaline chemical additives are put into diesel engine lubricating il to neutraiize sulfur
acids as well as to neutralize organic acids which can form as oil oxidation products.
Reference 10 is recommended for a more detailed explanation of the iole of additives
in diesel engine oil. As acid is neutralized the alkaline additive is consumed. When itis
depleted the engine is exposed to aggressive chemical attack causing severe wear,
mostly to the piston rings and cylinder liners, although lead in bearings may also be
attacked.

Ref 9 Caterpillar Service Letter, Caterpillar Tractor Co. (8 May 1979)

10 Hoffman.J G “"Crankcase Lubricants for Four-Cycle Raiiroad and Marine Diesel Engines”,
Lubncation Engineering., V. 35 No. 4 (Apr 1979) 189-197
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To prevent corrosive wear, timely oil changes are necessary, especially when high
sulfur fuelis used. Itis a bitironic that an older engine which consumes or leaks more
oil than a new engine will be better protected from corrosive wear by virtue of the
makeup oil, which centains neutralizing additives, that must be periodically added.
Analytically, corrosive wear is readily detected by a low total base number combined
with high wear metals concentration as reported by the emission spectromcter. Total
base number (ASTM Procecure J2896) is a measure of the neutralizing capacity of an
oil and relates to the amount of alkaline additive in the oil. Corrosive wear can be
effectively controlled if total base number is not allowed to fall below a value of one.

Corrosive wear is quite readily detected by ferrography, although other oil analysis
techniques, as mentioned above, also detect it easily. This is because corrosive wear
generates dissolved metals and very fine debris. Ferrography, of course, is mostly
concerned with larger particles generated by fatigue, abrasion, poor lubrication,
overload, etc.

Corrosive wear will be indicated by the DR (direct reading) ferrograph by much higher
than baseline concentration readings, although the ratio of large to small particles may
be very close to one because of the absence of many large particles. Photomicrographs
of corrosive wear debris are presented in paragraph 1.8.1 of this Atlas.

For one diesel engine test in which corrosive conditions were allowed to occur, it was
found that the concentration of wear particles deposited un ferrograms increased by
more than a factor of 100 compared to baseline. Also, as the test proceeded, the
deposits of very fine particles at the exit end of the ferrogram (those classified as
corrosive wear particles when using the ferrogram analysis report sheet) increased
until they reached a certain concentration and then more or less leveled off. This is the
behavior predicted by the particle equilibrium coricentration model, but itis interesting
to note that it appears to hold even for particles that are mostly submicron in size.
Quantitatively, the ferrogram readings at the 10 mm position were as follows:

% Area % Area Covered at
Covered 10 mm Normalized
Sample Dilution at 10 mm to 1 ml of Sample
Unused Oil 1:1 0.7 0.23
1 1C:1 57 19.0
2 100:1 13.0 433.0
3 100:1 46.4 1547.0
4 100:1 39.5 1317.0
5 100:1 57.8 1927.0

53




NAEC-92-163
2.1.5 Abrasive Wear

An oil sample along with the oil filter from a tri:ck diesel engine were submitted for
ferrographic analysis. This engine had failed much before its expected operating life.
Sabotage by ingestion of abrasive contaminants was suspected. At first, a ferrogram
fromthe oil sample was prepared which showed fine nonmet ‘lic crystaliine particles,
fine ferrous wear particles, dark agglomerates, and smail aluminum and copper alloy
wear particles. The ahsence of large particles is typical of a corrosive wear mode, butin
this case it was suspected that the large particies may have settled from the oil before
the sample was taken. Therefore, theoil filter housing was opened and a piece of filter
paper was ultrasonically scrubbed in oil to redisperse the particles. A ferrogram was
prepared from a 100:1 dilution of this fiiter paper wash. The ferrogram showed heavy
deposits of cutting wear particies consistent with abrasive wear.

Figure 2.1.5.1 shows the entry deposit at 400x magnification. Figure 2.1.5.2 is a SEM
photograph of the same view. Figure 2.1.5.3 shows atypicadl field of view just downstream
from the entry at 1000x. The cutting wear is all low alloy steel. Cutting wear from cast
ironis not often observed, possibly because the typical cast iron structure is interspersed
with carbon flakes which prevent long ribbons from being gouged out. Also, cast iron
is usually more brittle than steel.

This analysisis instructive in several ways. The fact tha* the oil sample did not contain
cutting wear or many large particles indicates that the sample was taken either after
the engine had been shutdown for afew days, allowing the largest particies to settie or,
what appears more likely, the cutting wear mode had ceased because of the
comminution (grindinrg uo) of the abrasive contaminants. This second theory is
supported by the presence of only very fine nonmetallic crystalline particles in the oil
sample and the almost total absence of fine cutting wear particles which would not be
expected to settle rapidly in still oil. Analysis of the filter, however, was able to give a
wear history for the engine since the last filter change. Take note that the oil in which
just a very small portion of the filter paper was washed, certairly the portion was less
than 1% of the total area of the pleated paper filter element, had to be diluted by a factor
of 100:1 to avoid making a ferrogram with too dense 2 deposit. The analysis of filter
elements can provide significant information, especially for post-mortem analysis as
was the case in the above example.

2.1.6 Nonferrous Metal Wear

An oil sample taken from a 12-cylinder General Motors Electromotive Division (EMD)
series 645 engine used for marine propulsion showed a dramatic iricrease in wear
particie concentration compared to the sample taken 2 weeks previously. The DR
results are as follows:
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Fig 2121 Opt .* 400X == 50um —df Fig 2122 Opt M 1000X | 20pm —<4 Fig 21.23 Opt. M. 1000X }— 20um—|

Fig 2333 Opt M 1000X

Fig 2134 Opt M 400X Fig 215% Opt M 400X }—— 5
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L S’
3 Juiy 1980 1.4 1.5
17 July 1980 39.2 36.2

* L = large channel reading,
S = small channel reading

A ferrogram prepared from the second sample indicated a piston/cylinder
failure was imminent based on the presence of many severe wear particles
as well as many normal rubbing wear particles which were predominantly
cast iron as de*~rmined by heat treatment of the ferrogram Also of concern was the
presence of many large, heat aftected, copper lloy wear particies. Figure 2.1.6.1
shows nne of these parti_les. At the time of the analysis it was unclear whether the
copper was from the bearings or from a copper thrust washer locatea between the
1 piston carrier and the piston itself. On 30 July 1980, the ship entered a shipyard
because of noise in the engine. Two cylinder heads were removed and signs of
] excessive wear and scoring of the piston skirt and cylinder liners were observed.
Piston thrust washers cannot be visuaily observed without piston disassembly, but
readings may be taken to check clearance to ascertain wear of the thrust washer. The |
copper particles were from a copper thrust washer which was greatly diminished in ;
size and showed signs of excess heat.

2.2 AIRCRAFT GAS TURBINES !

2.2.1 Introduction
Aircraft jet engines and aircraft-derivative jet engines are subject to various failure }
mechanisms. Some of these failure modes proceed very rapidly whereas others can be ‘
detected many hundreds of operating hours before a shutdown condition s reached.
Most failures to gas turbines occur in the gas path. Some prelim:iary work on
analyzing gas path particles'' has been done, but much more mustbe done in crder to
obtain a representative sample for quantitative analysis and to characterize gas pat
partic.cs so they may be succes. fully related to component deterioration. Gas path
] failur=s sometimes, but not always, cause an increase in wear particle size and
concentr.tioninthe oil system due, most likely, to imbalance forcas being transmitted
to turbine vearings and other oil-wetted parts.

LA e e T il o i
” i

e

Usually more information is needed than that provided by the wear particles themselves,
to pinpoint the cause of abnormal wear pari cle generation in gas turbines because of
the complevity of the oil-wetted path. Typicaliy, several cavities, housing bearings or
gears, will be force lubricated with individual return lines to a tank from which the oil is
pumped, passed through a filter and heat exchanger, from where the cycle is repeated.

Ref. 11.  Scott. D.andMills,GH “AnExpioratory Investigation of the Application of Ferrography
to the Monitoring of Machinery Condition from the Gas Stream”, Wear, 48 (1978) 201-208
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Magnetic chip detectors or magnetic plugs are often installed in the return lines from
the various engine parts. These can help to pinpoint the source of generation in cases
where particle metallurgy, as determined by heat treating ferrograms, is similar for
various engine parts. However, chip detectors will not give a warning until the wear
situation is so severe that extremely large particles are being generated. By this time,
the opportunity for preventive maintenance may be lost. Other analytical technigues,
such as spectrometric oil analysis or vibration analysis, may h«lp to pinpoint the
part(s) in distress but in most cases the engine will have tc be insperted, perhaps by
borescope, but most likely by disassembly. The oil analyst, in this instance, must be
confident “*hat a problem exists. Therefore, a number of techmaues stouid be used to
confirminitial results and a second sample shculd be taken and analyzed to make sure
the first sample I1s not spurious. Wear particle analysis has the advantage that where
abnormai particles are found the analyst can be reasonabiy certain that a problem
exists. However, there is the potential disadvantage of too early a warning; the engine
may e disassembled prematurely when 1t could run for many more hours without
failure or causing secondary damage

2.2.2 Fleet Monitoring

For a four-month pericd in 1976-1977, Eastern Airlines conducted a test pragram to
evaluate ferrography.'- Samples were coliected every 50 operating hours from Rolls-
Royce RB211 engines which power Eastern’s L-1011 aircraft. DR ferrographic analysis
was not performed as the samples were taken, bui was performed at the end of the
four-month period by the National Engineering Laboratory. Glasgow. Scotland. The
analysis effort was directed mainly toward engines which had been removed during
the sampling period. Of the 52 engines removed during the sampling period, the
following "vere tested using the DR ferrograph:

(1) Singlesamples of 25 engines were tested These were the last samples priorto
engine removal.

(2) Singlesamples of 30 engines were tested. These samoles were taken after test
cell runs.

(3) Comprehensive samples were tested for 10 of thz ~bove 25 engines at
increments of approximately 50 engine {light hours going back in operating
history as much as 1000 hours

(4) Comprehensive samples were tested for 3 engines which were not removed
during the sampling period.

The object of this test program was to determine whether DR ferrography couid give a
timely removal alert based on 50 hour samples. In this exercise. two successive DR
samples which were above btaseline would constitute a removal alert.

Ref 12 Blyskal. EP 'RB 211 Ferrographic Analysis Investigation Status Report No 17 Eastern
Airlines. Engineering Report No £-97. Jul 1977
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Table 2.2.2.1 shows the DR readings for the last sample taken before removal for 25
engines along with the symptoms at the time of removal. Most of the removals were
due to gas path failures and in most of these cases the DR readings were iow. Several
of the lubrication system failures were not wear related and theretore the DR readings
forthose engines were also low. Table 2.2.2.2 gives baseline DR readings as determined
from the straight portions of the wear history curves for various engines monitored in
this study. These curves, Figures 2.2.2.1t02.2.2.12, present the DR history fcr some of
the 13 engines which were comprehensively analyzed. Table 2.2.2.3 lists the
abbreviations used on Figures 2.2.2.1 through 2.2.2.12. Sorne curves, mostly those
which showed no abnormalities, were omitted to save space. The readings on these
graphs are plotted cumulatively as a function of operating time. For this type of plot,
each new reading is added to the sum of the previous readings and that sum is plotted
for the number of operating hours at which the sample was taken. This method will
resultinthe plotting of a straight line if the readings are the same and the time intervai
between samples is the same What has been done on these curves is that the distance
along the time axis has been kept constant for each reading in spite of different time
intervals between samples. These graphs. then, show readings plotted at equal intervals
with the time the sample was taken noted at those intervals. If the readings increase,
then the slope of the resulting curve will also increase, thus signaling the onset of
abnormal wear.

Only 9 engines are included in the DR baseline data table because 4 of the
comprehensively analyzed engines did not have straight sections, representing normal
operation, in their DR curves. Frorn Table 2.2.2.2 it appears that the baseline for the L
reading is between 5 and 10. Study of the DR curves presented for the 13 extensi: ely
analyzed engines shows that the L readingis much moreresponsive toincipient failure
than is the S reading In fact, the S channel has practically no response in most
instances. This lack of increase in the S reading appears to be more pronounced for
this enginie than for many other types of equipment.

Of the 13 engines which were comprehensively tested. 3 ran properly during the test
interval and were not removed. The DR ferrograph gave no indtcation thatthey should
be removed.

These engines are as foilows:

Engine Comments

10057 No failure in this engine. and no DR trend indicating removal.
10072 No failure in this engine, and no DR trend indicating removal.

10064 No failure in this engine, and no DK trend indicating removal, althcugh
there was one anomalous sample at 557 operating hours. The next taken

sample returned to baseline.
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TABLE 2.2.2.1

DR READ!NGS FOR LAST TAKEN SAMPLE BEFORE REMOVAL

Engine No. Notes L S Symptoms

044 6.1 20 Takeoff con:pressor stall

051 57 2.5 Turbine damage

054 6.0 2.8 Vibration

056 ‘L 116 1.0 LP location bearing failure

066 147 2.3 Vibration

067 6.5 2.8 Turbine deterioration

093 LA 491 5.1 Compressor stalls, minor LP
bearing damage

101 LA 250 6.4 Sheared starter

113 15.6 34 Turbine problem

134 44 3.3 Stalling

200 A 202 4.4 Turbine deterioration

207 L 383 2.8 High oil consumption

210 6.4 14 Compressor stalls

221 ‘LA 722 2.2 Turbine deterioration. drain
line failure

223 LA 44 3 10.3 LP location pearing failure

224 54 1.8 Compressor stalls

229 12.7 3.6 Internal fire

231 379 39 Turbine damage

232 L 18.2 50 Turbine damage, cracked
gearbox bearing

245 L 64 1.9 High oil consumption

249 7.0 45 LLP (hfe-limited part)

261 6.2 3.2 Cause not stated

364 107 29 LLP (hfe-hmited part)

527 103 24 Cause not stated

536 ‘A 36.7 47 Turbine deterioration

LP

Engines analyzed comprehensively

Lube system problems

Removal alert based on DR trend would have been given.

Low Pressure




TABLE 2.22.2
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BASELINE DR READINGS FOR SEVERAL ENGINES

DR Readings

Engine L S

10057 79 | 28
10072 67 | 3.6
10064 60 | 25
10245 85 18
10232 77 123
10231 727 | 1.7
10093 86" | 52
10223 99" | 3.0°
10101 51| 34°
Average 75 |29 |

* The wear history curves
for these data points are
included in this Atias.

TABLE 22.23

Abbreviations Used in Figures 2.2.2.1 through 2.2.2.12

BRG
FOD
HP/P
HPT
He
IFSD

bearing

foreign chject damage

high pressure intermediate pressure
high pressure turbine

intermediate compressor

in-fhght shutdown

low pressure

time since last service

large reading. direct-reading ferrograph
small reading. direct-reading ferrograph

o1
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Ten ofthe 13 engines were removed for overhaul due to failure. Three of the 10 showed
no DR trend indicating removal. These were:

Engine Comments

10245 | This engine was removed for high oil consumption due to failure of the
HP/IP turbine bearing support oil tube. No DR trend was observed even
though high oil consumption was reported when the last few samples
were taken. This is not unexpected since the faiiure was not to a wearing
part.

10232 | This enaine was shut down in flight due to a cracked step-aside gearbox
housing. On-wing inspection revealed turbine damage/deterioration so
the engine was removed. No DR trend was observed and no removal alert
given, although the sample before removal (L = 18.2, S = 5.0) was about
twice baseline Agaimn, fallure was not to an oil-wetted wearing
component. ﬂ

10056 An in flight shutdown caused this engine to be removed. Figure 2.2.2.1
shows the DR history for this engine. Disassembly revealed an LP location L
bearing failure. Meta!l was found in the ol screen. A sample taken after
engine removal showed a dramatically high DR reading (labeled at 308
hours on the Engine 10056 plot) bui the previously taken sample (40 hours
betore shutdown) was not abnormally high Although the DR dia not
show a trend indicating removal just prior to failure. closer examination of
the DR data. shown later in this section. indicates that Samples 151 and
152. which are some 200 operating hours before the shutdown tailure, are
guite high rigure 2.2.2.13 shows the entry at low magnification of a
ferrogram prepared from Sample 151 Many large free metal particles are
seen inthisbichromatic lightview Figure 2.2.2.14 shows the entry region
in polarized light Both reflected and transmitted light sources were used
intheir tully polarizea modes to highlight the many nonmetallic crystalline
particles presenrt.

Figures 2.2.2.15 and 2.2.2.16 show different views of tne entry at 400x
magnification after heat treating the terrogram to the first heat challenge
temperature (330°C) Present are many large cutting wear particles. large
spheres. dark metallo-oxides. and .evere wear particles. These. along
] with the nonmetallic crystailine particles, are indicative of heavy abrasive
wear. Heat treatment shows that not only low alloy steel parts such as the
bearings are made of. but other parts were beir ; worn. This is consistent
with an abrasive wear mode which indiscriminately wears all the engine
components Although this wear mode abated to a great degree. it may be

il
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Engine Comments

10056 | that the heavy abrasive wear mode imitiated subsurface deformation and
(Cont) cracking in the bearing which later led to the in-flight failure.

Figure 2.2.2.17 shows the entry view at low magnification of a ferrogram
made from Sample 157 taken at the Eastern Service Center after engine
removal The particles on this ferrogram are huge by comparison to
normal wear particles Looking at the DR data for this engine, it appears
thataremoval alert would have been appropriate after Sample 152, since
this was the second sample much above baseline. Unfortunately, it is
impossible to know whether removal of the engine after Sample 152
would have resulted in replacement of the bearing that failled 200 or so
hours later. The 'R data for Engine 10056 1s as follows.

!Samp!e No Date Cum. Hrs. L S

151 10 20 76 77 28 1 55
152 12 176 20 245 57
153 12 876 171 64 37
154 12 12 76 211 93 25
155 12 15 76 235 30 10
156 12 19 76 068 116 10
157 1 11477 308 1310 293
1158 212 77 0 399 160
159 g 277 ' 65 62 50
160 3 © 77 108 119 2
161 316 77 [ 184 [ 185 01

©after removal
** test cell

Ofthe 7 remaining engines. 6 would have been given removal alerts based on sampling ]
every 50 hours The seventh engine (10231} would not have been given a removal alert
although the sample before removal was high These engines are as follows

Engire Comments

10093 | This engine was removed for enane stalling due to turbine deterioration
Some minor LP iocation bearing damage was also found upon
disassembly A removal alert wouid have been given at 492 operating
hours, neariy 200 houirs before removal. Figure 2.2.2.18 shows the entry
reqion ai low magnitcation for Sample 526 taken well before o significant
shift in the L reacding trend For companson, Figure 2.2.2.19 shows the
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Engine

Comm - nts

10093
(Cont)

10101

10200

10221

10223

10231

entry region for Sample 536 just before removal. The same view is shown
on SEM Figure 2.2.2.20. Figure 2.2.2.21 shows some of the particles at
higher magnification. and SEM Figure 2.2.2.22 better shows the heavy
cutting wear in this view Figure 2.2.2.2 shows the DR data for this engine.

This engine was removed as a result of an in-flight shutdown due to loss of
oil. inspection revealed a step-aside gearbox failure and damage to one of
the compressorstages. The first indication of trouble appears to be at 235
hours although the sample after that returned to baseline readings. A
removal alert would have been given 2'. days before in-flight shutdown
based on the 413-hour and 451-hour samples both being above normal.
Figures 2.2.2.3 and 2.2.2.4 show the DR history for this engine. Note that
the DR small channel readings did not respond to this failure.

This engine was removed for turbine deterioration. In this case, there
appears to be a sufficient gradual increase in the L reading slope to
provide a removal alert some 100 hours before removal. Figure 2.2.2.5
shows the data

The failure of the HP IP turbine bearing supplemental drain line and
subsequent internal oil fire caused this engine to be removed. Turbine
deterioration was found after removal. A removal alert would probably
have occurred ar 1469 operating hours. some 400 hours before failure
Figures 2.2.2.6 and 2.2.2.7 show the data

Thisengine was removed after an in-flight shutdown due to an oil pressure
LP hight being on Metal was found in the oll system screen and upon
disassembly. an LP location bearing outer race failure was found. A
removal alert, based on two successive high readings, would have been
given about 6 operating hours before shutdown which probably would
not have allowed for sufficient sample processing time for the alert to have
resulted in engine removal. A monitoring strategy that requires another
sample to be takernnimmediately after itis learned that the previous sample
1sabnormal would give more warning ime. Assuming that the first sample
1s processed in 10 operating hours. an additional 40 hours could be
gainedfortheremoval alert. Figures 2.2.2.8,2.2.2.9, and 2.2.2.10 show the
DR data for this engine

This engine was removed for turbine damage. Figure 2.2.2.11 shows the
cumulative piot of the DR datafor this engine. Although the sample before
removal was quite high (L 379.S 39), and ther2 was a shght upward
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Engine Comments

10231 |increase inthe slope of the L reading curve for some hours prior to the last
(Cont) {sample, it is concluded that no reniovsal alert would nave been given.

10536 | Thisengineincurred anin-flight shutdown. Disassembly revealed various
gas path problems including turbine blade deterioration and combustion
liner deterioration. The removal alert would probably have been given at
1329 operating hours, 709 hours before failure. This example raises the
question as to whether such an early removai was worth losing 700 engine
operating hours, even though an in-flignt shutdown could have been

prevented. Figure 2.2.2.12 shows the DR data for this engine.

2.2.3 Military Oil Analysis Program

The examples in this section were obtained from the oil analysis laboratory at the
Corpus Christi Army Depot where thousands of vil samples are processed each
month. The primary instrument used for analysis at that laboratory, as is the case for all
military oil analysis laboratories, is the rotating disc atomic emission spectrometer
which provides a rapid determination of the wear metals content in an oil sample.
However, this instrumerit is not efficient at detecting large particles (above several
micrometers) for severai reasons.”' For the cases described in this section, the ol
analysis laboratory used ferrography as a secondary check before a decision was
made to recommend maintenance action. In each instance, an abnormality was first
signaled by either a chip detector light or metal on a magnetic plug. Also. in each
instance, spectrometric oil analysis reported that iron concentration was within
acceptable limits. However, when each of these samples was analyzed ferrographically.
enough ferrous wear particles were present to confirm an abnormal wear mode.
Subsequent teardown then revealed the specific problem causing the generation of
the wear debris. Following are five examples from the Corpus Christi Army Depot oil
¢ nalysis laboratory.

(1) Figure 2.2.3.1 is the ferrogram analysis report sheet for a T53 engine which
showed metal on amagnetic plug when it was inspected. Ferrographic analysis
revealed that the principal abnormal particles were severe wear particles and
cutting wear particles. Figure 2.2.3.2 shows the entry deposit of Ferrogram
4359 at low (100x) magnification using bichromatic hght. Comparison with

Ref 13  Eisentraut. KJ Thornton T J . Rhine. WE Constandy S 8. Brown. JR . and Farr.
PS Companscnofthe Analysis Capabilty of Plasma Source Spectrometers vs. Rotating
Disc Atomic Emission and Atomic Absotption Spectrometry for Wear Particles in Oil - Effect
f Wear Metal Particle Size . presented at the 15t International Symposium on Oil Analysis
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Ferrogram Analysis Report Sheet, Ferrogram 4359
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Figure 2.2.3.3 which is the entry deposit of a ferrogram made from an oil
sample from a T53 with a normal operating history shows that this engine was
operating quite abnormally. Figure 2.2.3.4 shows some of the largest particles
from the normally operating engine in bichromatic light at 400x magnification.
These are insignificant in comparison to the particles found ¢cn Ferrogram
4359. Figure 2.2.3.5 shows some of the finer wear particles at 1000x
magnification from the abnormal sample. Fine cutting wear particles and dark
metallo-oxides are present along with normal rubhing wear rarticles. Some of
these particles show blue or straw temper color (the ferrogram was not heat
treated), attesting to high temperature during their generation. Figure 2.2.3.6
shows a severe wear particle with spots of temper color at 1000x magnification
and Figure 2.2.3.7 shows a cutting wear particle that has turned a blue temper
color. also at 1000x magnification. Engine inspection revealed a misaligned
overspeed governor drive shaft and gearbox gearshaft. Grinding
marks were found on the fuel control gearshaft. Figure 2.2.3.8 shows the
overspeed governor shaft after removal.

Figure 2.2.3.8 (B & W Photo) Overspeed Governor Shaft
after Removal from a T53 Engine
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(2) Figure2.2.3.9isthe ferrogram analysis report sheet for another T53 oil sample
which showed many dark metallo-oxides along w'.i' other abnormal particles
present to a lesser extent. On these sheets from thi. ._ _oratory “DMQ" is the
abbreviation for dark metallo-oxide. Figure 2.2.3.10 shows the entry at low
magnification. Once again, comparison with Figur: 2.2.3.3 representing the
normal condition, shows that thisengineis in distress. Figure 2.2.3.11 shows a
string of dark metallo-oxides with a iarge sphere partially covered by a large,
out-of-focus nonmetallic crystalline particle. Figure 2.2.3.12 shows a large
severe wear particle at 1000x magnification. Also present are a few smalier
dark metallo-oxides. Figure 2.2.3.13 shows the oil/air separator shaft gear
bearing after teardown. Both the rolling elements and the races are heavily
spalled.

Figure 2.2.3.9 Ferrogram Analysis Report Sheet, Ferrogram 4204
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Figure 2.2.3.13 (B & W Photo) Shaft Gear Bearing After Removal

Figure 2.2.3.14 is the ferrogram analys. . sheet from another T53 engine in
distress. Figure 2.2.3.15 shows the entry at low magnification. Figure 2.2.3.16
shows the largest particles at the entry at 400x in bichromatic illumination.
Notice the several large spheres present which are typical of a grinding type
wear mode. Figure 2.2.3.17 shows part of this view at 1000x using white
reflected and green transmitted light. Figure 2.2.3.18 shows a typical view of
the particles on this ferrogram just downstream from the entry at 1000x
magnification. The dark metallo-oxides should be classified as more than

few” on the ferrogram analysis report sheet (Figure 2.2.3.14) considering their
relative abundance on ihis ferrogram. Many dark metallo-oxides may be seen
on Figure 2.2.3.18, quite a few of which are out of focus. Figures 2.2.3.1Q »nd
2.2.3.20 show some of the badly worn parts from this engine which include a
fretted #2 bearing, an excessively worn spur gearshaft, a deeply grooved
starter spacer, and a deeply grooved driven gear

Figure 2.2.3.21 is the ferrogram analysis sheet for a T63 engine removed for
suspected abnormal bearing wear Figure 2.2.5.23 is the entry view at low
magnification of Ferrogram 0017 which may be compared with Figure 2.2.3.22
which s a low magnificatior -.ntry view of a ferrogram prepared frorn an oil

ample from a normally operating T63 engine A properly operating 163
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Figure 2.2.3.19

Figure 2.2.3.20

(B & W Photo) Worn Parts from T53 Engine

(B & W Photo) Worn Parts from T53 Engine
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(4) Continued

engine generates very few ferrous wear particles which is also true of the T53
engine discussed in this Section. On the other hand, RB211 engines discussed
in paragraph 2.2.2 generate somewhat more particles during normal operation.
Figure 2.2.3.24 is a 400x view of some of the largest particles on the ferrogram
for the abnormal wear situation. This cluster of particles may be seen on the
top of Figurc 2.2.3.22. The number of particles belonging to the laminar
particle category was overstated.

Although some laminar particles are present, most of the particles are too thick
to be so classified and should be categorized as severe wear particles. Notice
on Figure 2.2.3.24 the background is out of 1ocus, indicating that the large
severe wear particles are at least several micrometers thick. Figure 2.2.3.25
shows a 1000x magnification view of some of these severe wear particles.
Pienty of blue and straw temper color as well as some dark metallo-oxides are
present. attesting to high heat and/or lubricant starvation during particle
generation. Figure 2.2.3.26 shows the failed bearing assembly which appears
to be grossly spalled although the underlying cause for this failure is not
known.

Figure 2.2.3.26 (B & W Photo) Failed Bearing
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(5) Figure 2.2.3.27 is the ferrogram analysis report sheet for a UH-1H helicopter
transmission oil sample. Figure 2.2.3.28, the low magnification entry view,
shows that there is an extremely high wear particle concentration for this unit
compared to a normally operating one, Figure 2.2.3.29. Figure 2.2.3.30 shows
that the types of wear particles present are severe wear particles, spheres,
cutting wear particles, but predominantly dark metailo-oxide particles. Figure
2.2.3.31 shows a copper alloy wear particle which is probabiy frotn the bearing
cage. Copper spheres were also found: cne is shown on Figure 2.2.3.32. Figure j
2.2.3.33 shows the failed support vearing removed from the helicopter i
transmission. It was also reported that a pinion gear had tailed.

A oSl i

)
Figure 2.2.3.27 Ferrogram Analysis Report Sheet, Ferrogram 4270 i
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Figure 2.2.3.33 (B & W Photo) Bearing Removed from a UH-1H Transmission

23 GEARS

Figure 2.3.1shows two wear paiterns that may occur in gear sysiems where combined
rolling and sliding takes place. See paragraph 1.4. At the pitch line, the contact is
rolling so the particles will be similar to rolling contact fatigue particles. The contact
has an increasing sliding component as the root or tip is approached. Therefore, the
particles will show signs of shding. such as striations a’:d a greater ratio of major
dimension to thickness, if they are from this part of the tooth.

Figure 2.3.2shows idealized gear system operating regimes as a function of speed and
load. To the left ofthe overload wear curve, where heavy loads are carried atiow speed,
wear occurs because the oil film is broken. At higher speeds allowable load increases
because the oi! film survives for thisshorter time of contact. Above the fatigue spalling
line, wear is governad by the strength of the gear material. It is not that the lubricant is
inadequate, but that the load is transmitted through the oil film. If trie load is excessive,
fatigue particles from the gear pitch line will be generated. If the load is greater still,
there is the chance that a tooth wiil br2ak. Choice of lubricant has little effect in this
case. since th:s event is governed primarily by material selection and lcad. If speed is
increased. the wear regime will be to the right of the scoring or scutfing ine. Particles
of this type are shown in paragraph 1.4 and are characterized by oxidation and
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evidence of sliding due to the breakdown of the lubricant film and consequent thermal
effects. See the chapter on gears in reference (14) for further details about gear
lubrication.

In this section, the following examples of wear situations investigated by ferrography
will be presented:

(1) Overload on gears due to design deficiency.

(2) Combined severe sliding and overicad due to ineffective lubrication corrected
by EP additive.

(3) Water in the oil.
(4) Abrasive wear.

(5) False warning by emission spectrometer, 3000 ppm Fe content - only normal
rubbing wear present.

(6) Extending service until scheduled overhaul - monitoring of a compressor gear
train.

2.3.1 Overload on Gears

Figure 2.3.1.1shows the entry at low magnification in bichromatic light of a ferrogram
made from oil from a reduction gearbox which drives an agitator in a chemical process
plant. Notice the heavy entry deposit and the many large metal particles which reflect
red light back into the optical train of the microscope. From this firstimpression of the
ferrogram, itis clear thatan abnormal wear situation exists because of the many large
particles. Figure 2.3.1.2 shows a SEM photograph of the same view.

Figure 2.3.1.3 shows the entry view at 400x in bichromatic illumination. The large
particles, which range in size up to about 80 um in major dimension, are all of one type.
They are free metal platelets which do not shew surface striations or signs of surface
oxidation. Figure 2.3.1.4, a SEM photograph of the same view as Figure 2.3.1.3, cleariy
shows that the particle surfaces are very smooth. The lack of surface striations implies
that siiding velocities during generation of the particles were iow. The absence of
oxide particies or surface oxidation on the metal particles rules out any difiicuities due
to high speed, high operating temperature, cr poor lubrication. The major dimension
to thickness ratio of these particles is about 10:1 as determiried from measuring several
particles.

These larger particicc fit the discription of gear fatigue particles as described in
paragraph 1.4 and are similar to fatigue pariicles generated by rolling bearings. In this

Ref 14 “Standard Handhook of Lubnicaiion Engineening” sponsored by the American Society of

Lubrication Engineers (1968). McGraw-Hill Book Company
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case, though, it was considered unlikely (as subsequent events were to confirm) that
these particles were from arolling element because a fatiguing bearing rarely generates
this rnuch debris. !n fact, itis inherently difficult to detect bearing failure when gears
are in the same system because the particles are similar but the quantity produced by
the gears will usually be much greater.' Therefore, it was judged at the time that the
most probable source of difiiculty was either:

(a) Gear tooth overload (not scuffing or scoring) or
(b) Gear tooth fatigue combined with rubbing wear.

Six months after the ferrographic analysis was made, the gearbox failed. The chemical!
ccmpany was able to convince the manufacturer of the gearbox thata design error had
been made with evidence based partly on the wear particle analysis. This resulted in
significant financial savings to the chemical company.

2.3.2 Severe Sliding and Overload Due to Lubricant Deficiency

Figure 2.3.2.1 shows the entry view in bichromatic light at low magnification of a
ferrogram made from an oil sample obtained from a process industry reduction
gearbox. As for the overload case presented in paragraph 2.3.1, cursory examination
of the ferrogram at low magnification using bichromatic light makes it immediately
obvious that an abnormai wear mode is ongoing because of the many large metal
particles present.

This sample, however, differed from that discussed in paragraph 2.3.1 in that many of
the severe wear particles showed striation marks, indicating that sliding was involved
during their generation. Striation marks may be seen on scme of the larger particles
even at the low magnification of 100x. Notice also the huge (by wear particle standards)
size of some of these particles. Also present, although not as plentiful ¢s the sliding
wear particles, were large free metal platelets with smooth surfaces and irregular
edges. such as are typical of rolling element bearing fatigue or gear tooth pitch line
fatigue. Therefore, the wear particies appear to be generated at the pitch lineas well as
atthe tips aind roots of the gear teeth Presentto a lesser extent were large cutting wear
particles and some copper alloy particles. Figute 2.3.2.2 shows the entry deposit in
polarized reflected light which emphasizes the presence of large. flat, red oxide
agglomzrates that may he descrited as scale. the significance of these particles in
relation to the wear situation was not ascertained. Examination of the ferrogram at
1020x magnification shows that the free metal wear particles are virtually free oi
oxidation, such as temper coloring; it can be safely assumed that the abnormal wear
was not due to speed induced scuffing cr scoring as represented on the right side of
the gear system operating regimes diagram (Figure 2.3.2).

Ref 15 Pocock.G .andCourtney.SJ “Ferrography as a Health Monitor and a Design Aid for the
Development of Helicepter Gearboxes”. Paper 80-1.C-6B-4, San Francisco (Aug 1980).
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At the time this sample was analyzed, it was reported to the operator of the gearbox
that the considered judgment of the wear situation was very high (red alert) aue to the
presence of stee! and cast iron severe wear particles. Following the report, inspection
of the gearbox revealed that the gear teeth were heavily worn, especially at the tips
where the case had been worn away. The fact that the case had been worn away
explains the presence of both steel and cast iron particles in this sample. What is often
donein the manufacture of gears, particularly forindustrial applications, isthata gear
will be case hardened; that is, it will be made of steel and then heated in a carbon
atmosphere so that carbon will diffuse into outer layers of the gear. Subsequent
jquenching and temporing of the gear makes the outer case with the high carbon
content hard, but leaves the steel core soft. This results in a hard, wear resistant
surface with atough, shock-resistant core to prevent tooth breakage. When examining
a heat treated ferrogram from such a gear, the particles will range from blue to straw
color depending on their carbon content. As can be seer. on Figure 2.3.2.3 both straw
and blue temper colorad particles are present. The low alloy steel particles (blue) are
consistent with the finding that the case had worn away at the tips of the teeth,
exposing softer stezl. Notice that the steel particles show striation marks, indicating a
sliding contact.

The problem was solved satisfactorily by using a gearbox oil with EP additive which
arrested the excessive wear. EP additives have the ability to move the overload wear
curve in Figure 2.3.2 to the left so that. for this case, an operating regime formerly
outside the no failure envelope is now within it.

2.3.2 Waterin *he Oil

The ferrographic analysic report which is presented in its entirety in paragraph 3.2.5,
Establishing a Condition-Monitoring Program. serves as a good exaraple of what wear
particles look like when water gets in the oil. The samples w: re taken from a 1200 kW
turbine driven reduction gearbox which had just been overhauled. A baseline had
been established after 5 Jays operation Motice there are practically no oxides or
crystalline particles on the ferrogram orepared from that sample. The only reservation
the analyst had was that a certain number of dark metallo-oxides ‘vere found at the
entry deposit. The sample taken after 1 month of operation. however, reflected amuch
deteriorated wear situation. Notice the many red oxides as well as the tortucus
morphology of the metal particles. many of which were oxide coated Figure 2.3.3.1
shcws the entry of that ferrogram in polarized reflected ight. Water in the 'ubricant not
only causes an oxidative attack. but the load carrying ability of the lubricant is
compromised so that large abncrmal wear particles are generated.

Figure 2.3.3.2shows the entry in polarized reflected light of a ferrogram prepared from
an cil sample from a reduction gearbox used to arive an agitator in a pharmaceutical
manufacturing plant. The agitator motor and gearbox are roof mounted with the
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impeller drive shaftcoming down from the ceiling tc the mixing tank inside the plant. In
this case, water has entered the gearbox, which is splash lubricated, and is causing an
abnormally high wear rate. Many red oxides, which are characteristic of water attack,
are present. Practically no free metal wear particles were found in this sample which
could likely be the result of oxidative attack caused by the water during the two-week
storage time before the ferrogram was prepared.

The sample resulted in the following DR readings,

L S
40.6 2.6

which gives an unusually high ratio of large-to-small particles.

This size distribution differs drastically from the nearly equal ratio of large-to-small
particles found in the example of corrosive wea: 1n a diesel engine (paragraph 2.1.4).
This difference is due to the fact that there were practicaily no large particles in the
diesel oil, the wear mode was one of active corrosive attack on the oil-wetted surfaces,
whereas in this case it is hypothesized that the water compromised the load carrying
capacity of the lubricant, causing a severe wear mode.

As mentioned in paragraph 1.7.1., water in oil, at least in concentrations e.bove a few
tenths of a percent, may be easily detected by placing a drop of oil on a hot plate
heated 10 about 150 to 200° C. If water is present it will boil, causing the oil drop to
sputter.

In this case, the oil sample was cloudy because the water had formed an emulsion and
it sputtered vigorously when a drop was put on the hot plate.

2.3.4 Abrasive Wear

Figure 2.3.4.1is the entry view of one of the ferrograms described in paragraph 3.2.5,
Establishing a Condition-Monitoring Frogram. in which a baseline of wear was
established by taking one sample from each of several machines. This ferrogram,
made from Sample 1, shows heavy strings of ferrous wear particles as well as many
large nonmetallic crystalline particies. Compared with a baseline sample, this ferrogram
deposit is extremely heavy. Closer examination. Figure 2.3.4.2, shows that iarge
cutting wear particles dominate the ferrogram. Figure 2.3.4.3 is a SEM protograph of
the same view. Figure 2.3.4.4 shows a large cutting wear particle at 1000x inagnification.
Figure 2.3.4.5 1s a SEM photograph of the same view. Because there are rmany
nonmetallic crystalline particles, the assumption was made that the cutting wear was
due to abrasive contammation, and arecommenacation was made to change the oil and
oil filker and to examine the machine for possible means of ingression of contaminants.

Another sample was submitted a month later from that mach:ne and wear levels had
returned to baseline.
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2.3.5 Spectrometer Warning/Normal Rubbing Wear

In this case, a spectrometer gave a value of 3000 ppm for the iron content of an oil
sample taken from an enclosed railroad gearbox. Although the spectrometer reading
was unusually high, a ferrogram prepared from this oil revealed primarily normal
rubbing wear particles. Subsequent inspection of the gearbox showed it to be in
satisfactory condition. The oil was changed and it was put back in service.

This case illustrates the usetulness of wear particle analysis to confirm or deny
indications given by another analytical method. The iron concentration of the oil was
so high because in an enclosed environment particies were continually being ground
into smaller bits adding to the population that would remain easily suspended. Acidic
oil oxidation products may have played arole as well. As explainec in paragraph 3.1.1
on equilibrium particle concentration, it is expected that spectrometer readings will
Increase in a situation where the same oil is used for an extended period without
adding makeup cil.

2.3.6 Extending Service Until Scheduled Overhaul

In October 1979, the overall vibration level on a steam turbine driven centrifugal air
compressor began increasing. Vibration monitoring showea that a problem was
develcping within the compressor. By December, vibration monitoring was being
conducted daily. The gca! 'was to keep the compressor running until mid-Jaruary
when a plantshutdownwas planned.§'  alignment and whee: balance are important
in this compressor because of highrouv  nal speed. A turbine driven bull gear which
operates at 3450 rpm turns 2 pinion gears on shafts, each of which have blower wheels
on both ends The low speed pinion turns at 22,000 rpm, and the high speed pinion
turns at 33.000 rpm, in this 4-stage compressor.

An oil sample was submitted in early December 1979, for ferrographic analysis 1o
obtain another opinion on tne seriousness of the vibrations in the compressor. Figure
2.3.6.1shows the entry view at low magnification of a ferrogram prepared from 10 ml of
this sample. Although a baseline for this piece of equipment had not been previoLsly
established, the absence of a high concentration of large particles was a favorable
indication Figure 2.2.6.2 shows the string of largest ferrous particles at the entry.
Notice that the morphology of the particles is quite abnormal, with large cutting wear
particles present. Also. temper colors were present on some of the ferrous severe wear
particies, indicative of excessive neat during generation. Since this gearbox operates
atsuch high speed, it may he assumed that the operating regime would be towards the
scuffing/scoring regicn of Figure 2.3.2. Heat treatment showed the ferrous particles to
be low ailoy steel, consistent with the gear matenal. Also noted were red/blackish
nonmetallic crystaliine particles. In spite of the presence of a certairi number of
abnormal wear particles, the wear ='tuation was given a status of caution rather than
very high (red alert) due to the relatively low concentration of particles in the sample.
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On 13 January 1980, the compressor was shut down and a factory consultant was on
hand for inspection and repair. It was found that the bull gear and high-speed pinion
showed irregular wear, and the high-speed shaft bearings (Pb/Sn) were found to be
fretting on their back pads. The bull gear showed both spalling and what appeared to
be a cutting typs wear. The wear was primarily on one side of the pitch line of the teeth
covering 1/3to 1/2the surface. This is consistent with a scuffing or scoring wear mode.

The bull gear, high-speed pinion gear, and high-speed shaft bearings were replaced
and the machine was trial run with the result that the high-speed shaft showed
unacceptably high vibration. This was due to imbalance in the fourth stage wheel
which had to be rebalanced at the factory. Imbalance in the fourth stage wheel may
have caused the initial high vibration and abnormal gear wear.

2.4 NATURAL GAS FIRED INTERNAL COMBUSTION ENGINE

Analytically, a natural gas fired diesel engine is the same as a diesel engine except that
itis less complicated because black agglomerates (carbon-calcium-sulfur compounds)
and corrosive wear debris should not be present. The following report, done for
Colorado Interstate Gas Company, successfully predicted ring/cylinder scoring based
on rather subtle, but identifiable, differences between the wear particles found in 3
samples from 3 differentengines. Figure 2.4.1 presents the summary, text, and ferrogram
analysis sheets from that report. The photomicrographs called out in the text of the
report are not reproduced in the Atlas, but several photomicrographs are included
from these samples and are called out in paragraph 2.4.1.

2.4.1 Discussion of Preceding Analysis Report

Figures 2.4.1.1 and 2.4.1.2 are photographs of the {irst page of the preceding report
showing the entry region tor Unit #2 which had the highest DR readings. Notice that
the strings of ferrous wear particles are quite small. The high DR reading is due to the
nonmetallic crystalline debris present which appears not to be having an adverse
effect on the engine since very few abnormal wear particles are present. If the crystalline
contaminants were injurious, cutting wear would be present. Perhaps the sample
bottle was contaminated or the contaminants were inadvertently introduced when the
sample was taken. In contrast, the entry view, Figure 2.4.1.3 for Unit #6, shows much
thicker strings of ferrous wear particles which are partially oxidized cast iron severe
wear particles. Figure 2.4.1.4 shows some of these particles at 400x after heat treatment
to the first testtemperature (330° C) to reveal straw temper color. Figure 2.4.1.5shows
some cast iron wear particles at 1000x. Figure 2.4.1.6 shows the entry view for Unit #1.
The strings on this ferrogram appear quite benign in comparison with the particles
from Unit #6.
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Fig. 2.3.2.3 Opt. M. 400X — 50um— Fig. 2.3.3.1 Opt. M. 100X

Fig. 23232 Opt.M 100X | 200um——| Fig. 2341 Opt. M. 100X |}— 200um—| Fig. 2.3.4.2 Opt. M. 400X |— 50um—o|
0 >

Fig 2343 SEM 400X |}— 50um—y{ F'; 2344 Opt. M. 1000X  }— 20um—y Fig 2345SEM 1000X jeme 20um—o
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After the report had been submitted to Colorado Interstate Gas Company, two of the
units, #2 and #6, were disassembled and inspected. The #2 unit was not in any severe
distress and likely would have operated for a considerably longer time. The cylinders
of the #6 unit were examined by use of aborescope and the decisiori to overhaul it was
made at that time. Six of the eight cylinders were severely scuffed as were the piston
rings. This unit could not have run any appreciable length of time without getting into
some very severe problems.

Observations and other analyses indicated that the #1 unit is in no distress and that
there was no reason to go into it as of October 1980. The samples were sent 11 April
1980 and the report was sent back to Colorado Interstate Gas Company on 21 May
1980, indicating that the cylinder scuffing problem was detected well in advance of
when the engine was shut down.

2.5 Journal Bearings

Journal or plain bea-'ngs may be made of several different materials, the general
requirement being that the bearing be scfter than the rotating shafi it supports to
prevent the shaft from wearing. Babbitt bearings are made from alloys of lead, tin,
antimony, and often other metals. Being relatively soft, a babbitt bearing allows
contaminant particles tc become embedded, preventing abrasive wear to the shaft.
Other common material choices for bearings are copper, brass, bronze, silver, and
aluminum alloys. These materials are, in general, harder and are consequently less
tulerant to abrasive contamination. These bearing materials, however, are more
conducive to ferrographic analysic .1an babbitt bearings which have a tendency to
smear rather then generate particles. Tests run on a lathe at Foxboro Analytical in
which & lead babbitt metal slider was run with a heavy load against hard steel caused
gross smearing of the babbitt metal. In spite of this extensive deformation, very few
babbitt particles were found in the oil, aithough many steel particles were present.
Examination of oil samples from journal bearing cavities and from other machines
having journal bearings confirm that many babbitt particles are rarely present.

Another difficulty with detecting babbitt particles is that they are easily oxidized by
exposure ‘0 heat. If the heat exposure, in an oxidizing atmosphere, is only of modest
duratiori, the lead/tin particles will have a stippled appearance. Longer exposure at
higher temperatuie will cause extensive oxidation so that the particles will no longer
be metallic, but will be nonmetallic crystalline.

Babbitt metal bearings often have a copper alloy underlay to achieve good bonding to
a steel backing. Once the babbitt overlay has been worn or smeared away, copper
alloy particles will be generated which give a good indication that the bearing has
deteriorated.
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Figure 2.5.1 is the ferrogram analysis sheet for an oil sample taken from the inboard
bearing cavity of a 500 HP blower motor. Subsequent disassembly of the unit showed
: heavy babbitt metal wear on the bearing thrust faces. It was necessary to recast the

babbitt bearings. DR readings subsequent to reassembly were much reduced. Figures
] 2.5.2 and 2.5.3 show a lead/tin alloy particle from the failed bearing before and after
| heat treating to the first ferrogram heat treatment temperature. Notice the many
copper alloy particles present in these views. Figures 2.5.4 and 2.5.5 show another
Pb/Sn particle before and after heating. Figure 2.5.6 shows a copper alloy particle
further along the ferrogram. Notice the large oxide agglomerates in this view. The
dominant features of this ferrogram were copper alloy severe wear particles and oxide
particles. Figure 2.5.7 shows a larger Pb/Sn particle which shows evidence of oxidation
although the photo was taken before heat treatment of the ferrogram.
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2.6 HYDRAULIC SYSTEMS

Ferrography has been used extensively by the Fluid Power Research Center to
measure the quantity and to identify the type of wear debris in hydraulic system
components as well as complete systems. An important result of their work is that
hydraulic pump contaminantsensitivity tests in which pumps are subjected to hydraulic
fluid loaded with various concentrations and size distributions of abrasive test dust
may be conducted at much lower dust concentrations. This is because ferrography
can accurately measure small quantities of wear debris, whereas previously, wear was
measured by flow degradation of the pump. In order to do this, correlation between
flow degradation and the amount of wear debris measured by the ferrograph was
established. The advantage gained is that many more tests can be conducted on the
same test pump before it wears out, thus saving significant expense.

16,17

Hvdraulic system components that were exposed to hydraulic fluid with various
concentration levels and sizes of test dust include a rotary mechanism, a linear
mechanism. _ear type pumps, and hydraulic cylinders. Results show the relation
between wes r as measured by the ferrograph and various test parameters such as dust
concentrat’ - dust size (particles above a certain size are removed so that the dust
includes all p~rticles up to a certain size), fluid pressure, and ditferent designs of the
same mechar:! m. Aninteresting result, although one known from previous studies, is
that for the linear mechanism more wear occurs for dust with a maximum particle size
near the spool clearance dimension than for much coarser or much finer dust at the
same concentration. This is attributed to a wedging action of critical size particles
that are close to the clearance dimensions.

The Fluid Power Research Center also did ferrographic analysis over substantial
portions of the operating life for the following systems: (1) two complete vehicle
hydraulic systems (agricultural tractors); (2) a vehicle hydraulic steering system; (3) a
vehicle transmission lubrication system; and (4} an auxiliary hydraulic system on an
agricultural tractor. Ferrogram readings as well as particle analysis daia are presented
in reference 16 for these systems.

2.7 Splines/Fretting Wear

The spline coupling is *he modern version of a very old idea, namely, using a key and
keyway to lock together a shaft and a hub. Today's spline uses multiple teeth (keys)
with involute profiles which are integral with the shaft to transmit rotary power from the

Fef. 16. Fluid Power Research Center “Wear in Fluid Power Systems"”, Final Report to the Office of
Naval Research, Contract No. N00014-75-C-1157 (Jun 1979).

17. Tessman, R.K., and Fitch, E.C. "Contaminant Induced Wear Debris for Fluid Power
Components”, Tribology 1978 — Materials Performance and Conservation, University
College of Swansea, Wales (3-4 Apr 1978), Published by the I. Mech. E., Paper C45/78
(1978).
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engine to various accessories such as pumps, generators, etc. Spline couplings are
common to aircraft, although they are found in many types of machinery. Military
aircraft can have 100 or more spline couplings in each plane.

Aircraft splines are particularty susceptibie to fretting wear failure. Fretting is a wear
mode that is caused by low amplitude reciprocating motion between two loaded
surfaces in contact. Fretting occurs as a result of vibration or cyclic stressing.
Aircraft solines are subjected to an inherently high vibration environiment which is
compounded by the fact that most splines are grease lubricated because of their
inaccessibility. When the grease dries metal-to-metal contact occurs and fretting
proceeds rapidly. Splines that are oil lubricated suffer much less from fretting wear
problems,'8 but the complexities of forced lubrication are too great for the limited
space and acceee in aircralt applicatiore. Misaligniant of the splines causes 2 8licing
motion between the loaded teeth when the splines are rotated. Even minor misalignment
causes most of the load to be carried by just a few teeth,which then wear quickly. In
practice, sorie misalignmerit is inzvitable. 1t is important to understand that with the
vibration present in aircraft, fretting occurs even if the spline coupling is not rotating to
transriit power.

In the case discussed here, " steel splines (male and female surfaces) were coated with
various thicknesses of softer metals in an attempt to improve grease-lubricated
service: life. The time to failure was determined by testing the splines on aspline testing
machine built by the Southwest Research Institute in which the splines are purposely
misaligned and then oscillated at 4400 cpm. The female spline is held fixed and the
male spline gyrates within it without rotation. A torque is applied to the spline coupling
by ineans of a deadweight. The downward movement of the deadweight as detected
by a linear variable differential transducer (LVDT) is a measurement of wear in the
spling Whot the deadwaight hus Sropped a cortain cistunee cormasponding 1o heayy
wear on the teeth, the splines are judged to have failed and the test is stopped.

The failed splines were prepared for ferrographic analysis by washing them in 100 mi
of 50% MIL-L-23699 synthetic polyester jet oil and 50% hexane using an ultrasonic
bath. Wooden toothpicks were used to pry grease loose from between spline teeth.
The grease was dry and well adhered to the spline, but ultrasonic agitation was
effective in breaking up the dried grease to free the metal wear paiticles. The resulting
wash was then diluted by as much as 2000:1 to obtain ferrograms on which the number
of particles was low enough so that microscopic examination was not difficult due to
piling up of particles.

Rei. 18. Loker, A. “"Aircraft Engine Driven Accessory Shaft Coupling Improvements Using High-

Strength, Low Wear Polyimide Plastic”, Report No. TM76-1 SY, Naval Air Test Center,
Patuxent River, Maryland.

19. Saka,N.,Sin,H.,Suh,N.P. “Prevention of Spline Wear by Soft Metallic Coatings”, Report
to the Office of Naval Research, Contract No. N0O0O14-76-C-0068 (Jul 1980).
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Ferrographic analysis revealed that the wear particles from all the failed splines,
regardless of coating thickness or material (Cd, Ni, Ag, and Auwere used), are similar.
The particles are all quite thick, are large compared to benign wear debris fromroiling
or sliding contacts, ai. ! ar< heavily covered with surface oxides, toth red and black.

Figure 2.7.1 shows some of these particles near the entry at 1000x magnification.
Cracks in the particles are not unidirectional, which is consistent with the equiaxed or
chunky shape of the particles. I terms of reporting, these particles are classified as
dark metallo-oxides and as fatigue chunks since they fi. either category. Quite a bit of
red oxide is also present, and that category must be included as well. Figure 2.7.2
shows a black oxide particle with gold adhered to it. Observe how cracks run in several
difterent directions arross and inlo the particle Figure 2.7.3 is the same view 28 saun
by the SEM. Figure 2.7.4 shows some of these fretting wear particles in polarized
reflected light which highlights the oxide coating which is a non-stoichiometric
compound. See paragraph 1.7 on Ferrous Oxides. Another characteristic of these
particles is that the small particies Icok identical to the larger particles, which is an
indication that they are all produced by the same wear mechanism.

Une teatute of the failure mode 1or these gplitres is that practicatly no wear ocours for
most of the test, but once wear isinitiated, it proceeds very rapidly. Figure 2.7.5 shows
wear versus time curves for splines tested under various conditions. The slopes of the
curves are virtually identical once the rapid wear mode begins. This 1s consistent with
the observation that the wear particles from all the failed splines are the same.

Cycles
10 20 30 40 50x10° 564103
—118
(c) (d) 6
14
—12
—10 £

40 60 80 100 120 140 160 180 200
Time, h

Total vear of unlybricated snd jubricstec aplines aa a function
of teat time. {a) unlubricatad snd uncoatad, (b} unlubricated
and gold-costed (10 ym), (c) lubricsted and uncosted, snd

(T} lubrlu”q snd gold-coated (iC um). (Prom the work of
Saka, et al )

Figure 2.7.5 Spiine Wear Curves
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The test for one gold-coated spline was stopped before the high wear rate failure mode
wa$ reached. This spline was washad in the same manner as the other splines, but in
this case, the wash had to be diluted only by a factor of 10:1 to make a ferrogram with
proper particle density. Therefore, the particle concentration for the unfaileu spline
was on the order of 200 times less than the particle concentration for the failed splines.
Figure 2.7.6 shows strings of particles from tne unfailed spline at 400x magnification.
Inthis case, most of the particles are unoxidized tree metal platelets such as would be
foundin moderate to severe lubricated sliding wear. However, fretting wear chunks are
also riesent. In the center of Figure 2.7.6 a large fretting wear particle is seen out of
focus. Figure 2.7.7 shows this particle in focus, but the rubbing wear platelets in the
background are out of focus. This go:d-coated spline was run for 209 hours which
statistically is longer than the average lifetime for similarly coated splines. The presence
of some fretting wear particles indicates that the final, high wear rate failure mode is
just beginning.

For these splines, the onset of the high wear rate failure mode appears to correspond
to failure of the lubricant. The many millions of low-amplitude oscillatioris, with
attendant heat generation, probably oxidizes the grease until it is dry. Once that
occurs, the friction coefficient increases dramatically, cracks propagate deeper into
the material because of higher tractive stress, chunks break out, and the particles
oxidize because of high temperature and availability of oxygen. Whenever particles of
this type are encountered, a highly abnormal wear mode may be assumed to be
occurring.

28 BALLSCREWS

The effect of ball material on wear was studied in a bench test designed to simulate the
relative motion and operating ccnditions of a ballscrew assembly in fueling machine
heads.

The tests were initiated due to a rash of ballscrew failures that were attributed to the
balls. The balls were broken '1n or suffered damage (chipping, exfoliation) which
resulted in ram failures. It was later established that the problem had originated due to
sintered powder metallurgy balls being substituted for the normal cast load balls.

Ballscrews are used to convert rotary motion to translational motion to drive fueling
machine rams. A ballscrew ccnsists of a helically threaded shaft and nut with balls
which run in the grooves formed by the threads. After rotating a number of times
around the shaft, the balls are fed back to the initial position by means of a deflector
and return tube.

This continuous circulation of the balls reduces the friction between the shaft and the
nut, and as well, transfers theload. When the ballscrew assembly is lubricated with oil,
itis known that the friction is so low that the wear is insignificant. However, whenrunin
water, as it is in a nuclear application, the conditions are severe. The materials used
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must also be impervious to hydrogen embrittiement and to corrosive attack by alkaline
water.

The specifically designed test rig used an axially loaded/water lubricated radial bearing
whose inner and outer races were modified to a gothic arch configuration to simulate
the contact geometry in the ballscrew assembly. The gothic arch thread minimizes
skidding which damages ball surfaces. The test load was applied axially to simulatethe
thrust Igoad experienced by the balls in the baliscrew assembly.

The outer diameter of the stainless steel tearings was 76 mm. Twenty-two bali
bearings were used. The eleven load balls, 6.350 mm in diameter, were cast from
Stoody 2,a CoCrW alloy. The remainder were spacer balls, 6.248 mm in diameter, and
manufactured from an acetal resin.

The tests were conducted at a constant rotational speed of 240 rpm and in the
particular test discussed here, an axial load of 294 N/ball. This lcad condition is very
drastic since, in the field, the ram would not be moving while the force was being
exerted. The direction of rotation and load application were reversed every 1200
revolutions. An axial clearance increase of 0.6 mm was used as a shutdown condition
for the wear test rig as this is well beyond what a field assembly could tolerate. Under
this condition, the deflector would contact the screw, causing the ram to stall so that it
would subsequently need to be replaced.

Ferrograms were prepared at the following operating times: 2.4, 7.4, 11.4, 33.3, and
40.0 hours. A and AS were determined using the ferrogram reader, AL at the entry
and Ag at the 50 mm position using the 10x objective.

The severity of wear calculated from these is as follows:

Operating Time (Hours) A2 - Ag?
2.4 53
7.4 70.7
114 23.0
33.3 41.8
40.0 Test Stopped 238.7

The increase in severity of wear at 7.4 hours is attributed to break-in wear since the
index decreases thereafter. Many spheres are noted at 11.4 hours, forecasting bearing
fatigue. Cutting wear particles are aiso piesent, a result of abrasive wear caused by
hard particles circulating in the unfiltered water.

At 33.3 hours, cutting wear and spheres are again observed. The wear situation
deteriorates significantly thereafter. Fatigue chunks indicating spalling predominate
in the sample at 40 hours, the shutdown condition.
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2.9 TAPERED ROLLER BEARING

Ferrographic analysis of oil from a double reduction low-speed gearbox, of a type
used tor agitation in the process industries, revealed severe wear particles, many
normal rubbing wear particles, and friction polymers. The ferrogram analysis report
sheet, presented as Figure 2.9.1, shows that in addition to the above named particles,
nonmetallic crystalline debris, cutting wear particles, and dark metallo-oxides were
also present, but to alesser extent. Figure 2.9.2 shows the entry atlow magnificationin
bichromatic illumination. An abnormal wear mode is immediately recognized by the
many large wear particles present. Figure 2.9.3 is a SEM photograph of the entry. The
predomin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>