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Standard Practice for
Lubrication and Hydraulic Filter Debris Analysis (FDA) for
Condition Monitoring of Machinery1

This standard is issued under the fixed designation D7898; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (´) indicates an editorial change since the last revision or reapproval.

INTRODUCTION

The purpose of this practice is to describe best practice methods for the analysis of filter debris from
machinery lubrication or hydraulic systems primarily for the purpose of machinery condition
monitoring. The purpose of Filter Debris Analysis (FDA) is to determine the health of oil-wetted
machinery by analyzing the size, quantity, morphology, and composition of debris trapped by the
system filter. FDA is emerging as an important condition monitoring technique as fine filtration
becomes more common and the associated reduction of metallic particulates makes traditional
elemental analysis of the lubricant less effective. System filters have an added advantage over
traditional sample-based techniques in that they capture a high percentage of the total system debris
(metallic, non-metallic, and organic particulate contamination) within the size range useful for
machinery condition monitoring.

1. Scope

1.1 This practice is intended to cover the extraction,
analysis, and information management pertaining to visible
wear debris collected from oil system filters or debris retention
screens. Further, it is intended that this practice be a practical
reference for those involved in FDA.

1.2 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:2

D7684 Guide for Microscopic Characterization of Particles
from In-Service Lubricants

D7685 Practice for In-Line, Full Flow, Inductive Sensor for
Ferromagnetic and Non-ferromagnetic Wear Debris De-
termination and Diagnostics for Aero-Derivative and Air-
craft Gas Turbine Engine Bearings

D7720 Guide for Statistically Evaluating Measurand Alarm
Limits when Using Oil Analysis to Monitor Equipment
and Oil for Fitness and Contamination

D7690 Practice for Microscopic Characterization of Par-
ticles from In-Service Lubricants by Analytical Ferrogra-
phy

F316 Test Methods for Pore Size Characteristics of Mem-
brane Filters by Bubble Point and Mean Flow Pore Test

G40 Terminology Relating to Wear and Erosion
D4175 Terminology Relating to Petroleum, Petroleum

Products, and Lubricants

2.2 Other Standards:
TTCP-AER-TP3-TR01-2010 Guide for Filter Debris Analy-

sis3

3. Terminology

3.1 Definitions:
3.1.1 abrasive wear—wear due to hard particles or hard

protuberances forced against and moving along a solid surface.
D4175

3.1.1.1 Discussion—Also called cutting wear in some in-
stances such as machining swarf.

1 This practice is under the jurisdiction of ASTM Committee D02 on Petroleum
Products, Liquid Fuels, and Lubricants and is the direct responsibility of Subcom-
mittee D02.96 on In-Service Lubricant Testing and Condition Monitoring Services.

Current edition approved Jan. 15, 2014. Published February 2014. DOI:
10.1520/D7898-14.

2 For referenced ASTM standards, visit the ASTM website, www.astm.org, or
contact ASTM Customer Service at service@astm.org. For Annual Book of ASTM
Standards volume information, refer to the standard’s Document Summary page on
the ASTM website. 3 Published by the Technical Co-operation Program (TTCP), July 2010.
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3.1.1.2 abrasive wear particles—long wire-like particles in
the form of loops or spirals that are generated due to hard,
abrasive particles present between wearing surfaces of unequal
hardness; sometimes called cutting wear particles or ribbons.

D7684

3.1.1.3 three body abrasive wear—form of abrasive wear in
which wear is produced by loose particles introduced or
generated between the contacting surfaces. D7684

3.1.1.4 two body abrasive wear—form of abrasive wear in
which the hard particles or protuberances that produce the wear
of one body are fixed on the surface of the opposing body. G40

3.1.2 adhesive wear—wear due to localized bonding be-
tween contacting solid surfaces leading to material transfer
between the two surfaces or loss from either surface. G40

3.1.2.1 Discussion—Also called sliding wear or rubbing
wear.

3.1.2.1 rubbing wear particles—particles generated as a
result of sliding wear in a machine, sometimes called mild
adhesive wear. Rubbing particles are free metal platelets with
smooth surfaces, from approximately 0.5 to 15 µm in major
dimension and with major dimension-to-thickness ratios from
about ten to one for larger particles to about three to one for
smaller particles. Any free metal particle <5 µm is classified as
a rubbing wear particle regardless of shape factor unless it is a
sphere. D7684

3.1.2.1 Discussion—Rubbing particles can also be attributed
to the benign removal of asperities (polishing) of wear surfaces
during run-in of machine.

3.1.2.2 severe sliding wear particles—in tribology, severe
sliding wear particles are >15 µm and several times longer than
they are wide. Some of these particles have surface striations as
a result of sliding, and they frequently have straight edges.
Their major dimension-to-thickness ratio is approximately ten
to one. D7684

3.1.2.1 Discussion—Severe Sliding Particles can be gener-
ated as a result of inadequate lubrication, wrong lubricant,
extreme loading, or no lubricant. Ferrous particles can often
exhibit heat tinting coloration on their surface as a result of the
high frictional temperatures experienced during this process.

3.1.3 asperity—a protuberance in the small-scale topo-
graphical irregularities of a solid surface. G40

3.1.4 contaminant particles—particles introduced from an
extraneous source into the lubricant of a machine or engine.

D7690

3.1.5 debris—in tribology, particles that have become de-
tached in a wear or erosion process. G40

3.1.6 debris—in tribology, solid or semi-solid particulate
matter introduced to lubricant through contamination or de-
tached from a surface due to wear, corrosion, or erosion
process. D7684

3.1.7 debris—in internal combustion engines, solid con-
taminant materials unintentionally introduced into the engine
or resulting from wear. D4175

3.1.8 filter debris analysis (FDA)—in tribology, a process
for extracting and inspecting debris accumulated on the filter

media taken from an in-line circulating lubricating system.
D7684

3.1.9 non-ferrous metal particles—free metal particle com-
posed of any metal except iron. All common nonferrous metals
behave nonmagnetically except nickel. D7690

3.1.10 nonmetallic particles—particles comprised of
compounds, organic material, glasses, etc. that have bound
electrons in their atomic structure. D7690

3.1.10.1 nonmetallic amorphous particles—particles with-
out long range atomic order that are transparent and that do not
appear bright in polarized light. D7690

3.1.10.2 nonmetallic crystalline particles—particles with
long range atomic structure that appear bright in polarized
light. These may be single crystals but are most likely
polycrystalline or polycrystalline agglomerates. D7690

3.1.11 rolling contact fatigue—damage process in a tribo-
element subjected to repeated rolling contact loads, involving
the initiation and propagation of fatigue cracks in or under the
contact surface, eventually culminating in surface pits or spalls.

G40

3.1.12 scoring—in tribology, a consequence of severe slid-
ing wear characterized by formation of extensive grooves and
scratches in the direction of sliding; also called striation.

D7684

3.1.13 spalling—in tribology, the separation of macroscopic
particles from a surface in the form of flakes or chips, usually
associated with rolling element bearings and gear teeth, but
also resulting from impact events. G40

3.1.14 wear particles—particles generated from a wearing
surface of a machine. D7684

3.2 Definitions of Terms Specific to This Standard:
3.2.1 debris—particulate recovered from a machine contain-

ing both wear-related, benign (for example, residual overhaul
swarf), or organic material, or combinations thereof, foreign to
the system.

3.2.2 Feret’s diameter—the largest distance between two
parallel lines that just touches the edge of an irregularly shaped
particle. Also known as calliper diameter.

3.2.3 ferrous debris—metallic debris consisting mainly of
iron (Fe) and exhibiting ferro-magnetic behavior (that is, the
material is attracted or repelled when exposed to a magnetic
field). Recommended abbreviation: Fe.

3.2.4 filter bypass system—a system by which circulating
fluid can bypass the filter element if the differential pressure
across the filter becomes excessive due to blockage by con-
tamination. Under bypass conditions, fluid can continue to
circulate but will be unfiltered.

3.2.5 filter debris—any matter captured in a system filter
element.

3.2.6 filter patch—a piece of filter material of known
permeability (mesh opening dimension) used to capture debris
sized greater than the rated mesh opening; usually specified in
µm. Also known as membrane patch.
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3.2.7 filter patch mesh size—the diameter of the largest
sphere that can pass through the filter patch mesh opening.

3.2.8 fine filtration—filtration applied to a lubrication or
hydraulic system that meets or exceeds a Beta ratio of 200 for
5 µm (c) particles (that is, β5(c) ≥ 200).

3.2.9 graticule—fine lines of known spacing used to deter-
mine the scaling of microscopic images.

3.2.10 metal map—a list of components within a machine
by part number or function together with the component’s alloy
specification and composition. Also known as materials atlas or
component material specification list.

3.2.11 parent system—the mechanical system from which
the debris sample originated from, for example, helicopter
main rotor gearbox.

3.2.12 particle areas—this measurement is used by some
aircraft manufacturers to define the criticality of wear debris. It
is not recommended since it is almost impossible to obtain an
accurate measurement of an individual particle in the field
without using appropriate particle image processing software.

3.2.13 particle aspect ratio—the length of a predominantly
two-dimensional particle divided by its width.

3.2.14 rolling contact fatigue particles—these particles are
generated in a load/unload (cyclic) environment and is a typical
failure mode for rolling element bearings and gears. Particles
are generated when subsurface cracks, generated by the sig-
nificant sub-surface shear stress associated with Hertzian
contact stresses, propagate to a point where a spall is liberated
from the load surface. These particles can be tens of microns up
to millimetres in length. Particles may show evidence of the
machined load-bearing surface on one face and a rough
crystalline surface (where the crack propagated) on the reverse.
Particles may be rolled and reworked by subsequent rolling
elements or gear teeth and may then appear as a flattened flake
with characteristic radial cracking from the edges and a
fissured or crazed edge. Particles are hard and brittle, not
deformable without cracking when load is applied.

3.2.15 scale bar—a reference measurement embedded into
or applied on an image to enable scaling of other objects
present in that image. The units of measurement must be
clearly presented with the scale bar.

3.2.16 striations—fine parallel lines or scores on a particle
surface.

3.2.17 slurry—mixture of debris suspended in solvent.

3.2.18 wear debris analysis—the analysis of metallic debris
with particular emphasis on size, count, morphology, and
composition. May also provide some indication of the critical-
ity.

3.2.19 wear particle atlas—a compilation of high resolution
images showing the key features of the different types of pure
wear debris (fatigue, adhesive, and abrasive).

4. Summary of Practice

4.1 Lubrication and hydraulic system filters are a rich
source of information about system health that are seldom
exploited for machinery condition monitoring purposes. This

practice seeks to define some procedures that ensure consistent
extraction and analysis of filter debris in order to assess system
health.

5. Significance of Use

5.1 The objective of FDA is to diagnose the operational
condition of oil-wetted machinery systems in order to identify
abnormal wear or incipient component failures. Oil system
filters (typically lubrication system or hydraulic systems)
capture the vast majority of metallic and non-metallic debris
generated or contained within a system. The exploitation of
this potential source of information for machinery condition
monitoring purposes has been difficult in the past due to the
absence of a clear automated or manual method for extracting,
analyzing, reporting, and archiving the debris. This practice is
provided to enable a consistent approach to the analysis of
in-service debris captured in filters and is intended primarily
for lubrication or hydraulic systems.

5.2 Caution shall be exercised when drawing conclusions
based on particle quantity, composition, and morphology. Any
maintenance or operational actions shall be carefully consid-
ered and take into consideration any extant limits provided by
the manufacturer as well as any historical information known
about the subject system.

6. Filter Elements

6.1 Filter elements may be broadly classified as either
reusable or disposable. Prior to processing a filter element, it
should be understood whether the element is disposable or
reusable so that appropriate processing techniques can be
applied.

6.2 This is to ensure disposable elements are not inadver-
tently reused following extraction of debris.

6.3 Reusable filter elements are typically made from sin-
tered metal or woven metal fiber (mesh), but can also employ
other media types.

6.3.1 If a reusable filter is to be reinstalled into a machine,
then the filter element should be treated as a serviceable part,
and as such the following observed:

6.3.1.1 Any process, solvent, etc. used to extract wear debris
must be in accordance with the approved maintenance manual.
This will typically include a predefined cleaning and drying
procedure that must be conducted prior to reinstalling the
element. Failure to follow approved procedures could result in
degraded filter performance or contamination of the oil system
with residual cleaning solvent, or both. Some filters may
require a bubble point test (for example, Test Methods F316) to
confirm the integrity prior to reinstallation.

6.3.1.2 If the approved maintenance manual does not
specify a suitable method for cleaning the reusable filter that
sufficiently extracts debris for analysis, then the filter element
manufacturer should be consulted to determine an appropriate
method. Ultrasonic extraction in particular can cause visually
undetectable damage to some reusable filter media.

6.3.1.3 The number of times a filter can be cleaned and
reused should also be determined. Some reusable filter ele-
ments will only tolerate a finite number of cleaning processes
before becoming degraded beyond acceptable performance
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limits. Where a maximum permissible number of cleans is
determined, this needs to be tracked (for example, engraving an
inspection marking on the filter element each time it undergoes
cleaning/debris removal).

6.4 Disposable filters are intended for single use and should
not be reused once removed from the machine for FDA.

6.4.1 The specific filter media in these types of filter varies
but are typically made of one of the following materials:

(1) Cellulose fiber
(2) Fiberglass
(3) Ceramic

6.4.2 As disposable filters are not reinstalled in machinery,
any method that best extracts debris may be used.

6.4.3 Where screw-on cartridges are used, if manually
cleaning, the cartridge outer casing may need to be cut open to
reveal the filter element.

6.4.3.1 This is best achieved using a dedicated filter cutter
(Fig. 1) that uses a continuous cutting action similar to a
domestic can opener; sawing should be avoided as it generates
substantial swarf that can become intermixed with the true
wear debris. Note, there is still the possibility of swarf
contamination from the casing material.

6.5 The procedure by which a filter element is removed
from a system and prepared for wear debris sampling should be
defined and consistent.

6.5.1 Often a significant amount of oil containing debris can
drain from the filter element when removed or may remain in
the filter bowl/housing assembly.

6.5.2 The quantity of residual oil will be different for each
specific system filter assembly design; therefore, it is recom-
mended a specified procedure be developed for each type as
appropriate.

6.5.3 The following filter removal process is recommended:
6.5.3.1 Filter Element—Remove filter element and place it

vertically in a clean tray, allow residual oil to drain off for
approximately 1 min. The drained filter element may then be
prepared for wear debris extraction. If debris extraction is to be
done off site (for example, in a laboratory) package filter (see
Note 1), indelibly label, and dispatch to the analyzing labora-
tory with documentation relevant to the parent machine (ma-

chine serial number, aircraft tail number, date the filter was
removed, hours filter installed, location, and reason for re-
moval). If debris extraction is to be done on site, carry out
extraction using manual or automated method as appropriate.

NOTE 1—When sending filter elements or oil samples, they must be
packaged in accordance with local rules to ensure oil does not leak out and
to also prevent ingress of foreign debris. Typically this involves placing
the item in two containers and placing absorbent material in the box
around the bagged items.

6.5.3.2 Residual Oil—Inspect the residual oil drained from
the filter element itself and residual oil in the filter bowl
assembly (if applicable). If debris is visible, then collect the
residual oil/debris in a clean bottle, indelibly label the bottle,
and dispatch with the filter element to the analyzing laboratory.
If no debris is present, then dispose of residual oil appropri-
ately. Debris greater than 100 µm can appear as scintillating
particles in the oil when backlit illumination is applied (for
example, flashlight).

7. Extraction of Filter Debris

7.1 The exact process to best extract filter debris is some-
what dependant on the filter type, equipment and personnel
available. If filter debris is to be robustly trended, the estab-
lished method for debris extraction should be applied consis-
tently and subject to process controls. Semi and fully auto-
mated filter debris extraction equipment can offer significant
benefits in this regard.

7.2 The manual extraction method involves simple equip-
ment that can effectively extract debris from a filter element
and is particularly useful where machinery is employed in
remote localities.

7.2.1 The manual extraction process is shown in Annex A1.
7.2.2 The following items (or their equivalent) will be

required to manually extract debris from a filter element:
7.2.2.1 A sealable robust (impact resistant) polypropylene

cylindrical bottle;
7.2.2.2 Rubber stoppers to plug the filter element clean oil

exit port(s);
7.2.2.3 A suitable solvent. This will vary depending on the

oil used.
7.2.2.4 A flusher bottle or tweezers to enable persistent

debris to be removed from the element.
7.2.3 When this method and its associated equipment are

used for filter elements from different machines, a strict
cleaning regime is essential to prevent possible cross-
contamination and subsequent false attribution of FDA results.

7.2.3.1 To achieve this, all equipment should be cleaned
prior to and following each filter debris extraction (that is, a
double clean). In particular, the sealable bottle should be
cleaned using a small quantity of clean solvent followed by a
thorough wipe out using lint-free disposable cloth.

7.2.3.2 Appropriate personal protective equipment must
also be used when handling solvents.

7.3 Ultrasonic agitation is an effective method for extracting
debris from a filter element. This method requires the follow-
ing equipment:

(1) Ultrasonic bath,
(2) Clean solvent, andFIG. 1 Example of a Filter Element Cutter
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(3) A container to house the element and contain the
subsequent slurry.

7.3.1 The following provides the recommended minimum
processing time for ultrasonic bath extraction:

7.3.1.1 Five minutes where entire element is submerged in
solvent and exposed to ultrasonic waves, followed by a further
five minutes with the element inverted (vertical orientation).

7.3.1.2 Five minutes per side where only half of the element
can be submerged in solvent and exposed to ultrasonic waves
(horizontal orientation).

7.3.2 Some reusable filter elements cannot be cleaned using
ultrasonic baths as damage to the element filter media may
result.

7.3.2.1 Instead of ultrasonic extraction, an alternative
method known as sub-sonic (or electro-sonic) extraction may
be employed.

7.4 Removable diagnostic layers are available that can
provide an effective means of removing significant debris from
a filter element.

7.4.1 The removable outer layer is sacrificial and provides a
rapid method of extraction.

7.5 Typical filter element designs use a folded pleat element
design. Due to the flow path through the element, this results in
debris collecting in the valleys of the pleats. Some filter media
types can trap debris in these valleys, which the above methods
cannot always remove. This is particularly the case for ele-
ments that do not have metallic wire gauze over the filtration
media.

7.5.1 In this case, debris may be extracted by manually
forcing apart adjacent pleats and using tweezers, etc. to remove
large debris.

7.5.2 The filter media can also be removed by circumferen-
tially cutting through the filter media top and bottom with a
sharp instrument, removing, and flattening out the filter media.
Annex A2 shows this process.

7.5.3 Once the media is removed, debris can be extracted by
immersion in solvent and application of ultrasonic agitation.

7.5.4 In general, sectioning of filter elements is time con-
suming and should only be done if necessary or an in-depth
analysis for a failure investigation is required.

7.5.5 Care should be taken to ensure debris generated by the
cutting of the filter element is not mistakenly analyzed as wear
debris.

7.5.6 The filter manufacturer should be consulted prior to
cutting any filter media to identify any hazards associated with
the filter media.

8. Preparation of Extracted Debris

8.1 Once the debris has been extracted and contained in a
slurry, it must be captured to enable analysis to take place.

8.2 A filter patch is a piece of filter material of known
porosity that will capture particulate of greater size than the
rated porosity. Filter patches come in a variety of sizes;
however, typically the filter patches are either 47 mm diameter
or 25 mm diameter. Forty seven millimetre diameter patches
are recommended for FDA.

8.2.1 Nylon filter patches in the 20 to 100 µm range have
been found to be effective at capturing significant debris, while
allowing finer particles, particularly oil degradation products,
to pass through and prevent filter patch clogging.

8.2.2 The filter patch porosity may need to be a compromise
of significant particle isolation and prevention of clogging; this
can vary from system to system and should be determined from
fleet experience for the actual system to be monitored.

8.2.3 In general, the following filter patch porosities are
recommended to ensure significant debris is retained:

(a) 60 µm nylon filter patch is for lubricant filter analysis,
and

(b) 20 µm nylon filter patch for hydraulic filter analysis.
Sequential filtering of the slurry in decreasing porosity (for

example, 20 µm followed by 5 µm) can also be used to ensure
fine debris is captured. This is typically only required in
hydraulic systems where fine component tolerances exist.

8.2.4 Where high particulate concentration is encountered, a
vacuum pump (hand or power) may be required to draw the
slurry through the filter patch.

8.2.5 Filter patches finer than 20 µm are generally not
recommended for FDA for the following reasons:

8.2.5.1 The severity of component wear is approximately
proportional to particle size.

8.2.5.2 Experience has shown that generally particles less
than approximately 100 µm captured in the filter are of limited
practical use when diagnosing incipient wear-related failures.

8.2.5.3 However, for some systems, it may be appropriate to
analyze smaller particles in order to detect failure modes that
primarily produce “fines;” this is contingent on having equip-
ment available to analyze such small particles as manual
separation of individual particles is impractical.

8.2.5.4 Normal non-metallic filter debris (oil degradation
products, sand, grit, etc.) have a propensity to rapidly clog
these fine filter patches and obscure relevant wear particles by
overlaying.

8.2.5.5 Where fine filter patches are made of cellulose, they
can be extremely brittle and removing debris for further
analysis extremely difficult.

8.3 Some equipment can extract debris automatically and
then quantify the size of ferrous and non-ferrous debris for
trending.

8.3.1 The output data from this type of instrument is via an
inductive wear debris sensor (see Practice D7685).

8.3.2 The following particle size bins are recommended:
8.3.2.1 Ferrous:

(1) 100 to 250 µm
(2) 250 to 500 µm
(3) 500 to 1000 µm
(4) 1000+ µm

8.3.2.2 Non-ferrous:
(1) 500 to 1000 µm
(2) 1000+ µm

8.3.3 After passing through the inductive sensor, the debris
is deposited on a filter patch to allow further elemental analysis
if required.

8.3.4 Some equipment also incorporates elemental analysis
capability.
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8.4 Since the vast majority of load bearing elements of
machinery are made from various alloy steels, the extraction
and quantification of ferrous debris is a very useful step,
particularly if equipment to quantify ferrous debris (inductive
sensor) is not available.

8.4.1 Either a wet or dry method can be used for extracting
ferrous debris from the extracted slurry. Both use a magnet to
attract the ferrous debris and then deposit it on a separate
receptacle for further analysis.

8.4.2 The dry method involves passing a magnetic tool over
the parent filter patch in order to attract ferrous debris out of the
bulk debris.

8.4.2.1 One of the simplest tools consists of a permanent
magnet inner stem that fits into an outer non-magnetic sheath
(Fig. 2).

8.4.2.2 The sheath tip is typically made of non-magnetic
polymer. Inserting the stem into the sheath makes the sheath tip
appear magnetic and enables debris to be attracted. Retracting
the stem turns the tool off and allows the extracted ferrous
debris to be deposited in a separate receptacle.

8.4.2.3 Alternatively a hand-held electro-magnet can be
used.

8.4.2.4 Tools used for this technique should have a magnetic
field strength of approximately 400 Gauss or greater.

8.4.2.5 Whilst the exact height that the tool is passed over
the filter patch is not critical, it is recommended that the tool be
within 3 to 7 mm from the filter patch surface.

8.4.2.6 Care should be taken to avoid contacting the tool
with the surface of the filter patch as this can cause non-
magnetic particles to be inadvertently collected via static or
adhesion.

8.4.2.7 For this method to work effectively, the filter debris
should have no residual oil and must be completely dry. If
residual oil is suspected, then the filter patch may be rewashed
using an appropriate solvent and dried.

8.4.2.8 To dry a filter patch, either place it in an oven at low
temperature (40 to 60°C) or allow to air dry. Alternatively,
place the filter patch under a high wattage lamp (250 W
minimum) until dry.

8.5 The wet method involves externally offering a magnet
(with a magnetic strength of no less than 400 Gauss) to the
slurry external to the container (usually a glass beaker) and
then pour the remaining solvent slurry out while holding the
magnet in place; the ferrous debris will remain in the beaker
and can then be extracted onto a dedicated filter patch.

8.5.1 Alternatively, the magnetic tool in its sheath can be
passed through the slurry until all ferrous debris is attracted to
it.

8.5.2 The magnetic tool is then removed from the slurry,
rinsed with solvent, and the magnet withdrawn allowing the
ferrous debris to be deposited in a suitable receptacle.

8.6 Due to the size range of significant particles assessed in
FDA (100 to 1000+ µm range), static can influence the
analysis.

8.6.1 In particular, static can cause non-ferrous particles to
inadvertently adhere to the sleeved magnetic tool during
extraction of the ferromagnetic debris.

8.6.2 Without access to elemental analysis, non-ferrous
particles could be erroneously counted as ferrous. To avoid
this, it is recommended that isopropyl alcohol swabs be used to
clean the sleeved magnetic tool (or electromagnet) and are then
allowed to dry thoroughly before use.

8.6.3 Excessive rubbing of the tool tip should be avoided if
static is to be avoided.

9. Analysis of Filter Debris

9.1 The analysis of debris from a filter can be very time
consuming if using manual techniques; however, the following
guidelines are recommended to efficiently gain meaningful
results.

9.2 Some equipment manufacturers may provide guidance
on the quantity of debris allowable, and this should be
followed.

9.3 FDA can include the assessment of quantity, size, color,
morphology, elemental makeup, and alloy identification of
significant debris extracted from the filter element.

FIG. 2 Example of Sheathed Magnetic Tool
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9.4 The method of analysis will largely depend on the
equipment available.

9.5 Particles are typically quantified using the following
methods:

(1) Particle count (for example, visual or inductive debris
sensor since conventional particle counters do not typically
count particles greater than 100 µm),

(2) Non-dimensional number representing the magnetic
flux change caused by a sample,

(3) Weight, or
(4) Inferred mass by inductive wear debris sensor.

9.5.1 A count of the particles in each of the desired size bins
is usually accomplished manually or using particle counting
software. Where extremely large quantities of debris are
present, a minimum of 30 particles randomly selected from the
sample is sufficient to form an inference of the bulk quantity.

9.5.2 A measure of the weight of the debris present requires
sensitive scales to accomplish with any meaning.

9.5.3 One method for rapidly quantifying the debris from
filter elements is to use a bench-top inductive or magnetic
interference instrument. This method is particularly useful for
rapid screening of filter elements or where there is no labora-
tory support.

9.5.3.1 After extracting the debris from the filter element,
the sample is passed through the sensor where the size of the
debris is inferred from the magnetic flux cutting capability of
the sample.

9.5.3.2 The mass is then calculated by the instrument based
on scaling from a known response to a spherical test particle of
known size and made of a particular steel alloy.

9.5.3.3 These assumptions are a source of inherent over-
estimation of the mass when compared to the physically
measured mass because wear particles are almost never spheri-
cal. Despite this, very useful information can be obtained if
valid limits are set based on samples analyzed by that type of
instrument.

9.5.3.4 Other instruments rely on the debris being sus-
pended in oil; in order to use this type of instrument for FDA,
it is possible to extract the debris from the filter element and
then put the debris in an oil solution prior to analyzing. It is
recommended that when using this type of instrument, a
consistent volume of oil and sample/instrument interface area
(that is, sample bottle diameter) are used.

9.5.3.5 Where an inductive instrument displays the output in
terms of a physical unit (for example, mg or ppm), the results
should be annotated in reports as inferred (for example, mg
(inferred), or mg* with a footnote to that effect). This clearly
discriminates between physically measured mass and induc-
tively inferred mass.

9.5.3.6 Some instruments present the results in terms of
non-dimensional numbers to avoid any confusion with physical
units; however, these units tend to be less intuitive.

9.6 When quantifying particles, quantity descriptors can be
used. The following descriptors are indicative only and will
vary by machine size applications:

(1) Extreme: more than 100 particles present in sample;
(2) Large: 26 to 100 particles;
(3) Few: 6 to 25 particles; and

(4) Small: 1 to 5 particles.
9.6.1 Alternatively, the following quantity descriptors can

be used: Extreme: greater than 50 % of all metallic particles;
Large: between 10 and 50 % of all metallic particles; Few:
between 5 and 10 % of all metallic particles; and Small: up to
5 % of all metallic particles.

9.6.2 The specific thresholds listed here can be adjusted for
individual machinery.

9.6.3 It does not usually add value to an analysis to report
oil degradation products (that is, soot granules), dirt, or sand
unless these substances are present in extreme quantities.

9.6.4 Whilst the total number of particles is usually key to
assessing the machinery health, two other important aspects for
the analysis are:

(1) The rate of particle generation. This can only be
determined if the number of installed filter operating hours are
accurately known.

(2) A cumulative particle count. This approach could be
considered over a suitable inspection period and captures
information where ad hoc filter examinations can be called for
within a set inspection period. For example, if a machine has a
routine filter inspection every 200 h, then the results from any
unplanned filter inspections that occur within the 200 h period
should be added together and assessed collectively at the end of
the usual period.

9.6.5 All sizes are measured by Feret’s diameter for conve-
nience.

9.6.5.1 The Feret diameter of particles can be measured in
the field using a portable digital microscope or manually using
precision vernier callipers.

9.6.6 Particle size distributions can be obtained by:
(1) Manual sizing (use of the filter patch mesh as an optical

reference can be useful).
(2) Commercially available digital image analysis software

(provided sufficient particle separation is achievable),
(3) Mechanical sieving, or
(4) Inferred size using an inductive sensor.

9.7 Morphology in the FDA context means an assessment of
the particle characteristics or form as described in Guide
D7684. Additionally, Appendix X3 provides images of the key
features relevant to wear particle identification.

9.7.1 Particle morphology assessment software or a recog-
nized wear particle atlas may also aid morphological assess-
ment.

9.8 An essential part of filter debris analysis is determining
the elemental composition of the debris. This information
combined with a metal map for the specific machine enables an
accurate assessment to take place regarding criticality of the
debris.

9.8.1 The two typical methods for obtaining elemental
composition of debris are the Scanning Electron Microscopy
(SEM) with Energy Dispersive Spectroscopy (EDS) and X-ray
Fluorescence (XRF).

9.8.2 Unless an automated piece of equipment is available,
elemental analysis of every individual particle on a patch is
generally not practical. Therefore, it is critical that debris of
significance be identified and extracted from the population on
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the entire patch. This requires a small representative sample of
each type of significant debris to be isolated for elemental
analysis.

9.8.3 SEM EDS is an effective method for identifying the
elemental composition of particles and in particular, the com-
position of individual particles of interest. It can, however, be
time consuming to determine the composition of a large
quantity of particles. In this case it is possible to use an area
scan or analyze a randomly-selected representative sample of
particles to infer the global composition.

9.8.4 X-ray Fluorescence (XRF) is a similar technique to
SEM EDS and produces a similar elemental spectrum output.
Instruments may provide a composite spectrum of the sample
patch or individual particles may be analyzed. This depends on
whether broad beam or narrow beam XRF is utilized and on the
algorithms utilized for analysis (for example, fundamental
parameters or spectral matching).

9.8.4.1 Typically XRF instruments are used to screen
samples for the presence of tell-tale alloying elements or
analyzing samples of single particles that have been extracted
from the bulk sample. Statistical analysis of composite spectra
results can be used to correlate various elemental profiles to be
known failure modes.

9.8.5 Spectrometric Oil Analysis (SOA) has occasionally
been used for filter debris analysis. Due to the inherent particle
size limitation of this technique (that is, cannot resolve
particles greater than approximately 8 µm), a process of acid
digestion can be conducted first.

9.8.5.1 It is reported that metallic particles are placed in
nitric acid (HNO3), hydrochloric acid (HCL) and sulfuric acid
(H2SO4) and then heated in a microwave oven to hasten
digestion.4 The resulting solution is then analyzed.

9.8.5.2 This method is not typically recommended since all
size and morphological information is destroyed during the
digestion process.

9.8.6 SEM EDS and XRF analysis reports can include a
spectrum obtained from each sample and any related informa-
tion for each of the typical alloying elements associated with
ferrous debris. The minimum recommended reportable ele-
ments for ferrous debris are:

(1) Titanium (Ti)
(2) Vanadium (V)
(3) Chromium (Cr)
(4) Manganese (Mn)
(5) Iron (Fe)
(6) Nickel (Ni)
(7) Molybdenum (Mo)

9.8.7 If individual particles are analyzed, an exact alloy
match can be determined by SEM EDS or narrow beam XRF
analysis using spectral matching.

9.8.8 A significant amount of additional information can
also be gained by identifying non-ferrous alloys. For example,
many aeronautical rolling element bearings use silver plating
as a sacrificial rub surface on bearing cages. Identification of
silver plating flakes can indicate bearing distress has occurred,
which can be a precursor to bearing failure.

9.8.8.1 Some machinery uses journal bearings typically
with a bronze or Babbitt surface finish. Degradation of this
type of bearing may generate bronze or Babbitt debris, or both,
prior to failure.

9.8.8.2 Bronze particles will be indicated by copper based
particles with typical alloying elements of lead and tin. Babbitt
metal will typically be indicated by particles of varying
compositions of lead, tin, and antimony.

9.8.9 The recommended minimum reportable elements for
non-ferrous debris are:

(1) Silver (Ag)
(2) Copper (Cu)
(3) Lead (Pb)
(4) Tin (Sn)
(5) Zinc (Zn)
(6) Aluminum (Al)
(7) Magnesium (Mg)
(8) Antimony (Sb)

9.8.9.1 The above recommended reportable elements cover
the typical alloys found in machinery; however, the metal map
(if available) for the specific machine should take precedence
when trying to identify elements of interest.

9.9 Microscopic examination is an important part of filter
debris analysis.

9.9.1 Whether optical or digital microscopes are used, there
are some fundamental requirements that must be met such as
calibration of the image and annotation where light filtering has
been used (for example, polarization or red/green filters).

9.9.2 Regardless of the type of microscope, it is recom-
mended that a calibration image be taken to confirm the
magnification level being used. This is usually achieved by
imaging an object of known dimensions (usually a graticule or
finely graduated precision ruler).

9.9.2.1 Once the image has been taken, a measurement is
made (longest possible to minimizer error) and compared to the
known measurement.

9.9.2.2 An error of less than 10 % is considered acceptable.
9.9.2.3 Once a calibration has been completed, a permanent

scale bar of suitable length must be embedded into the image.
9.9.2.4 Typical lengths used for scale bars associated with

images of wear debris are 250 µm, 500 µm, 1000 µm; however,
the length used is not critical provided it can be used to
determine the size of other particles or objects in the image.

9.9.2.5 Where a filter patch is used, a measurement of the
internal grid spacing can be used as a check prior to measuring
particles.

9.10 Magnification of ×10 is usually available for in-field
assessments; however, this will not usually provide sufficient
detail for an accurate assessment to be made.

9.10.1 Modern portable digital microscopes that operate in
conjunction with a computer can provide magnifications up to
(and exceeding) ×200. In a laboratory, a magnification of at
least ×40 is required to identify the requisite detail.

9.10.2 Microscopes typically capture reflected or transmit-
ted light and in some cases both images might be required. For
example, transmitted light might best reveal edge detailing,
whilst reflected light is suitable for surface feature identifica-
tion.

4 Roylance, B. J. and Hunt, T. M., Wear Debris Analysis, Coxmoor, 1999, table
4.1.
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9.10.2.1 In order to capture useful information using trans-
mitted light, the debris should be transferred to a glass slide or
equivalent transparent substrate.

9.10.2.2 Should glare obscure the particle details, then
polarized light can be used.

9.10.2.3 Other techniques have been used in the past such as
green and red light filters.

9.10.3 Where non-traditional lighting techniques are used,
an annotation on the image file name or in the caption should
be made to that effect.

9.11 The rate of wear particle generation can provide a
satisfactory indicator of incipient failure of components.

9.11.1 The rate can be based on the change in quantity of
debris (count, mass, non-dimensional number) over a known
interval.

9.11.1.1 The recommended interval for calculation of wear
particle generation is operating hours of the specific machine.
Calendar time may be used as an alternative depending on the
machinery context.

9.11.2 The fundamental equation is as follows:

Wear Rate 5
Change in quantity
Selected Interval

(1)

10. Reporting

10.1 One essential part of FDA is the management of the
associated data and traceability of the physical samples during
and after an analysis has taken place. This is particularly
important where FDA is undertaken as part of an investigation
into an incident or accident. It is also important where
opportunistic FDA is done by other agencies such as univer-
sities where rigorous procedures may not be in place.

10.1.1 It is essential that there be continuity of the evidence
trail from the time the filter element is removed from the
machine through to the report being released and subsequent
archiving of the physical and electronic evidence.

10.1.2 At any stage of the process, either data or the
physical debris must be able to be correctly related back to the
parent system.

10.2 The purpose of this section is to provide guidance on
how to ensure these requirements are met.

10.2.1 All samples must be traceable in terms of:
(1) The specific machine the filter came from,
(2) The system the filter came from (for example, gearbox

serial number, etc.)
(3) The date the filter was removed from the machine,
(4) The time the filter had been in service (that is, installed

time) to determine rate of wear, and
(5) The reason for filter removal.

10.2.2 All particles removed from the filter element for
further processing must be traceable back to the parent system.

10.2.3 All analytical data (including images) and reports
associated with the analysis must be traceable back to the
actual sample and hence parent system.

10.3 To meet the traceability requirements, the following
procedures are recommended:

(1) All sample holders and sample containers must be
indelibly marked, labelled, or coded at all stages of processing.

(2) Each sample should be processed and stored in separate
enclosures (that is, filter debris from a given parent system
should have its own receptacle or sample holder).

(3) All reports and electronic data (such as images) should
use a consistent file naming convention that enables traceabil-
ity back to the parent system and either the processing date or
filter removal date.

(4) Where adhesive stubs are used for SEM EDS analysis,
particles cannot easily be retrieved from the adhesive stub
following analysis. In this case, the particle and adhesive patch
can be removed from the stub and placed in a labelled
container. Alternatively, the entire stub can be archived so that
inadvertent damage to particles does not occur.

10.4 It is recommended that upon completion of the FDA,
all physical debris be placed in a suitable container and
archived for a suitable period. The duration of archiving is
dependant on local requirements; however, it is recommended
that all physical debris from a filter be kept for a minimum of
six months. Electronic reports and data pertaining to the report
should also be archived in accordance with local requirements.

10.5 Ideally, the report summary should be limited to one
page; however, additional information such as SEM EDS
reports or images of significant debris can be added as
appendixes as required. Appendix X1 contains a suggested
format for the reporting of FDA results.

10.5.1 Prior to release, the report should be electronically
locked to prevent alterations or tampering.

10.5.2 The FDA Triplex plot is included as a simplified
alternative for reporting the results of FDA. The Triplex plot
can be quickly and intuitively interpreted by personnel who are
not skilled in the assessment of wear debris analysis.

10.5.2.1 The plot can be used where no explicit guidance is
provided by the machinery manufacturer for the assessment of
filter debris.

10.5.2.2 It is recommended that this type of plot be used as
a screening tool to identify where further deeper-level analysis
is required.

10.5.2.3 The plot is shown in Appendix X2 (Fig. X2.1) and
consists of a series of concentric color zones (green, yellow,
and red) representing three index values (1, 2, and 3) used to
assess each segment.

10.5.2.4 Three segments represent a Size-Count index, Mor-
phology Index, and a Composition Index.

10.5.2.5 The Size-Count index is a simplified metric used to
summarize the size and quantity of debris found in the various
categories and size ranges.

10.5.2.6 It can be used when a particle size distribution is
produced either by manual counting or using suitable software.

10.5.2.7 Table 1 shows the matrix used to determine the
Size-Count index.

10.5.2.8 The index is read off the matrix by simply inter-
secting the size row with the quantity column.

10.5.2.9 The numerically highest of the four indices (one for
each recommended bin size) is then plotted on the FDA Triplex
plot in the Size-Count segment.

10.5.2.10 Where inferred mass is used as a metric, the
Size-Count index can be replaced by a Mass Index shown in
Table 2.
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10.5.2.11 The thresholds can be adjusted for specific ma-
chinery and operating context (consequence of failure).

10.5.2.12 The Morphology Index is a simplified metric used
to identify the more significant wear modes and is shown in
Table 3.

10.5.2.13 Each wear mode is allocated a numerical index
that is plotted on the appropriate axis.

10.5.2.14 Whilst this is somewhat subjective, fatigue and
adhesive wear are typically the primary wear modes of
concern.

10.5.2.15 The allocation of indices can be modified based
on known failure modes of a particular system.

10.5.2.16 The Composition Index is a simplified metric
used to rank alloys by importance.

10.5.2.17 For typical machinery, alloys associated with
bearings, gears, couplings, and shafts are rated as important.

10.5.2.18 Components associated with known failure modes
that contribute to the system unreliability or unavailability
should also be included.

10.5.2.19 Table 4 shows the Composition Index.
10.5.2.20 The plot functions as follows:

(1) The analysis results are translated into indices as
described above.

(2) A vector is drawn from the origin of the plot out to the
center of the relevant segment at a radius corresponding to the
allocated index.

(3) If any one vector enters the red zone (index value of 3)
then further detailed investigation or maintenance is recom-
mended (Fig. X2.2).

10.5.2.21 If two or more vectors enter the red zone, then
maintenance action, a supplementary FDA, or deeper investi-
gation should be undertaken at the earliest opportunity (Fig.
X2.3 and Fig. X2.4).

11. Establishing Limits

11.1 Priority should be given to any limits published by the
machinery manufacturer.

11.2 Where no published or endorsed limits exist for FDA,
it may be necessary to establish limits.

11.2.1 It is important that feedback from machinery
overhaul/teardown inspections be regularly reviewed to ensure
FDA limits are appropriate (that is, not too low causing
premature rejection, or too generous allowing damage progres-
sion to the point that might cause serious damage to machinery
or personnel).

11.3 Guide D7720 provides guidance on setting statistical
limits.

12. Correlation

12.1 One of the most important aspects of accurate diagno-
sis or prognosis is correlation of filter debris analysis with other
condition monitoring techniques where possible.

12.2 Correlation with techniques such as vibration analysis
can provide added confidence to a maintenance action deci-
sion.

12.3 Whilst it is acknowledged that this is not always
possible, it should remain an aspirational aim of any FDA
program.
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TABLE 1 Size-Count Index

Size

Quantity
Small

1–5 particles
Few
6–25

particles

Large
26–100
particles

Extreme
>100

particles
Very Large
1000+ µm

2 3 3 3

Large
500–1000

µm

2 2 3 3

Medium
250–500 µm

1 2 2 3

Small
100–250 µm

1 1 2 2

TABLE 2 Inferred Mass Index

Reported Mass Mass Index
>100 mg (inferred) 3

50–100 mg (inferred) 2
<50 mg (inferred) 1

TABLE 3 Morphology Index

Morphology Descriptor Morphology Index
Fatigue 3

Adhesive 3
Inconclusive 2

Abrasive 1

TABLE 4 Composition Index

Composition Descriptor Composition Index
Unimportant Alloys (such as alloys

known to be associated with overhaul
debris or components where there is

inherent redundancy)

1

Alloys of unknown importance 2
Known Important Alloys (such as

bearing steels, gear steels, and shaft
steels)

3
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ANNEXES

(Mandatory Information)

A1. PROCEDURE FOR MANUAL FILTER DEBRIS EXTRACTION

NOTE A1.1—This procedure is suitable for filter elements up to
approximately 100 mm diameter by 180 mm long.

A1.1 Clean sealable cylindrical plastic bottle and filter patch
funnel before use.

A1.2 Remove filter element from machine.

A1.3 Plug clean oil exit hole(s) with suitable rubber stop-
pers (Fig. A1.1).

A1.4 Place filter element in cylindrical plastic bottle.

A1.5 Pour suitable solvent into plastic bottle until it is
approximately half full.

A1.6 Shake container for 3 min manually (Fig. A1.2).

A1.7 Remove filter from bottle—solvent can be used to
remove any debris adhering to filter pleats (Fig. A1.3).

A1.8 Put a new filter patch in the holder (Fig. A1.4).

A1.9 Pour contents into the funnel (Fig. A1.4).

A1.10 Ensure waste solvent is captured in an appropriate
receptacle and disposed of in accordance with local require-
ments.

A1.11 Use solvent bottle to remove:
(a) Any residual debris in container.
(b) Any debris clinging to funnel sides.

A1.12 Remove filter patch and carefully place in receptacle
(Fig. A1.5).

A1.13 Label receptacle.

A1.14 Clean bottle and funnel before storage.FIG. A1.1 Plug Clean Oil Exit Holes

FIG. A1.2 Shake Container

FIG. A1.3 Remove Filter from Bottle
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A2. METHOD FOR SECTIONING FILTER MEDIA

NOTE A2.1—Before sectioning any filter media, consult the filter
manufacturer to determine if there are health hazards associated with
sectioning the particular media.

NOTE A2.2—This technique is intended primarily for cellulose filter
media.

A2.1 Using a sharp knife, cut around the entire circumfer-
ence of the filter media close to the end as shown (Fig. A2.1).

A2.2 Repeat A2.1 for other end.

A2.3 Make a cut the entire axial length of the filter media as
shown (Fig. A2.1).

A2.4 Pull end of filter media gently to liberate it from the
filter assembly (Fig. A2.2).

A2.5 Conduct examination of the filter media by expanding
out the filter pleats to reveal debris concentrated in the
“valleys” (Fig. A2.3).

FIG. A1.4 Insert New Filter Patch and Pour Contents into Funnel

FIG. A1.5 Remove Filter Patch
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FIG. A2.1 Cut Filter Element

FIG. A2.2 Unravel Filter Media

FIG. A2.3 View of Filter Media Showing Valleys Where Debris is Concentrated
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APPENDIXES

(Nonmandatory Information)

X1. SUGGESTED FDA REPORT FORMAT

TABLE X1.1 Filter Debris Analysis Report

Machine Serial Number: Date Filter Removed:
Parent System: Priority:

Quantity
(number of particles)

Small
100–250 µm

Medium
250–500 µm

Large
500–1000 µm

Very Large
1000+ µm

Ferrous Debris 15 45 9 5
Non-ferrous Debris
(silver-coated)
Non-ferrous Debris
(bronze-colored)
Inferred Ferrous mass
(specify instrument used)

N/A

Composition
(significant debris only)

Significant Alloy Composition Material Specification Possible Origin

Alloy 1 {example only} 1.5 % Cr, 3 % Ni, remainder Fe AISI 9310 gears
Alloy 2
Alloy 3

Morphology Assessment Small
(1 to 5 particles)

Few
(6 to 25 particles)

Large
(26 to 100 particles)

Extreme
(100+ particles)

Shape
Curlicue

Flake Curlicue
Flake
Chunk
Strand

Color
Silver/Gray-colored

Bronze-colored Silver-coloredGold-colored
Heat tint evident

Edge
Fissured

Sharp SmoothSmooth
Sharp

Surface
Ridging

Striations Ridging
Smooth
Striations
Pitted

Primary Wear Mode Fatigue, Adhesive, Abrasive, or inconclusive
Judged CriticalityA Low Medium or High
A IMPORTANT: Criticality assessment should only be provided by organizations with appropriate authority. Where that authority is not held, this section should remain
blank.
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X2. EXAMPLES OF TRIPLEX PLOTS

FIG. X2.1 Blank Triplex Plot

FIG. X2.2 FDA Triplex Plot Indicated Moderate Number and/or Size of Particles with Composition and Morphology Consistent with Be-
nign Debris—No Further Action Required
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FIG. X2.3 FDA Triplex Indicating Particles with Composition and Morphology Consistent with Early Stages of Incipient Failure—Further
Investigation Required

FIG. X2.4 FDA Triplex Plot Indicating Substantial Quantity/Size of Particles with Composition and Morphology Consistent with Incipient
Failure of Known Important Alloy—Immediate Investigation Required
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X3. IMAGES OF WEAR PARTICLE SIGNIFICANT MORPHOLOGICAL FEATURES

NOTE X3.1—The following images and descriptions are provided to
assist with identification of the predominant debris generation mode.
Morphological description of a particle or population of particles should
cover the following four descriptor categories:

X3.1 Overall Shape

X3.1.1 Curlicue—Particle typically has an aspect ratio
greater than three with characteristic curved shape. These
particles typically indicate abrasive wear. Larger particles tend
to be associated with residual overhaul machining swarf (Fig.
X3.1), whilst populations of smaller particles can indicate an
incipient fault (Fig. X3.2). Whilst it may sometimes be difficult
to identify the cause of curlicue debris, residual overhaul debris
often contains many different material types whilst an incipient
failure may have a single dominant material type.

X3.1.2 Flake (Fig. X3.3)—Particle typically has an aspect
ratio of between one and three. Typically associated with
adhesive wear or rolling contact fatigue.

X3.1.3 Chunk (Fig. X3.4)—Particle Typically has an aspect
ratio of between one and three, however also shows depth.
Typically associated with un-rolled fatigue wear or adhesive
wear.

X3.1.4 Strand (Fig. X3.5)—Particle has an aspect ratio
greater than three with very little or no curvature. Typically
associated with abrasive wear.

X3.2 Color

X3.2.1 Heat Tinting (Fig. X3.6)—Particle shows evidence
of tempering colors as a result of adhesive wear.

X3.2.2 Silver/Gray-Colored (Fig. X3.7)—Particle appears
as a gray or silver colored particle when illuminated under
reflected white light. Can appear as either bright (shiny) or dull.

X3.2.3 Gold-Colored (Fig. X3.8)—Particle appears as a
gold-colored particle when illuminated under white reflected
light. Associated with metals such as brass, bronze, and copper.

X3.3 Edge Detail

X3.3.1 Fissured or Crazed Edges with Radial Cracking
(Fig. X3.9)—Particle shows fissured or crazed edge detail with
radial cracking evident. Typically associated with a rolling
contact fatigue spall that has been rolled flat by successive
rolling elements prior to being entrained in the scavenge oil
flow.

X3.3.2 Smooth Edges (Fig. X3.10)—Particle edge is consis-
tent with a smooth flowing shape. Typically associated with
softer, more ductile alloys.

X3.3.3 Sharp Jagged Edges (Fig. X3.7)—Particle shows
sharp jagged edges. Typically associated with an unrolled
rolling contact fatigue particle.

X3.4 Surface Features

X3.4.1 Striations (Fig. X3.11)—Particle shows fine parallel
lines or gouges. Typically associated with adhesive wear.

X3.4.2 Ridged/Crystalline (Fig. X3.12)—Particle shows
mountain-range-like appearance. Fatigue striations may also be
present. Typically associated with the crack propagation-side
of an un-rolled rolling contact fatigue particle.

X3.4.3 Smooth/Machined (Fig. X3.13)—Particle shows evi-
dence of a machined surface. Typically associated with the
load-bearing surface of an un-rolled rolling contact fatigue
particle.

X3.4.4 Pitting—Particle surface shows signs of very small
(typically less than 5 µm diameter) cavities. This surface
feature can be associated with corrosion or electric discharge
damage.

FIG. X3.1 Example of Large Curlicues Indicative of Residual Ma-
chining Swarf
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FIG. X3.2 Example of Small Curlicues Indicative of Incipient Failure

FIG. X3.3 Example of a Flake (Reworked Rolling Contact Fatigue
Debris in this Case)

FIG. X3.4 Example of a Chunk—Dark Area on the Lower Right
Edge Indicates the Particle has Depth

FIG. X3.5 Example of Abrasive Strand Debris
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FIG. X3.6 Example of Adhesive Debris Showing Blue and Straw
Heat Tinting on Striated Surfaces

FIG. X3.7 Example of Silver/Gray-Colored Un-Rolled Fatigue De-
bris

FIG. X3.8 Example of Gold-Colored Debris (Also Showing Adhe-
sive Striations)

FIG. X3.9 Scanning Electron Microscope Image Showing
Fissured/Crazed Edge with Radial Cracking Typical of Rolled

Rolling Contact Fatigue Debris
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FIG. X3.10 Example of Smooth Edged Debris

FIG. X3.11 Example of Adhesive Particle (Due to Oil Starvation)
Showing Striations

NOTE 1—Also the presence of striations in bottom left corner.
FIG. X3.12 Example of a Ridged/Crystalline Underside of Un-

Rolled Rolling Contact Fatigue Debris.
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FIG. X3.13 Example of the Smooth Machined Surface of an Un-Rolled Rolling Contact Fatigue Particle (left) and Smooth Plating Particle
(right)
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