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Abstract

Particles collected from insulation oil have been very useful in characterizing the current
condition of transformers, load tap changers, and oil filled circuit breakers.  This paper
addresses the metal particles in particular and documents the features used to characterize
these particles.  Metal wear particles are generated any time two metal surfaces move
against one another.  The size, shape, and surface texture of these particles indicates the
severity of the wear, the relative motion between the contacting surfaces, the relative
pressure between the contacting surfaces, and if foreign particles are causing abrasion.
Another source of metal particles in insulation oils is arc generated metal spheres.  These
metal spheres can be used to identify the arcing path and indicate the energy in the arc.
Metal particles are also sensitive to corrosion in these environments.  Moisture in the oil
will preferentially become attached to metal particles.  The corrosion of these particles in
a system is both an indication of age and of moisture.  All of these metal particles can be
quantified relative to one another to provide additional information on the condition of
the system in question.  Metal particles that have sedimented to the bottom of a unit can
be useful in documenting the history of the unit.  Metal particles from the original
assembly of the unit will be mixed with the event generated particles in these samples but
the two populations can generally be easily distinguished from one another.

Introduction

 The degradation of a metal surface as a result of use produces particles. These particles
carry the artifacts of the forces that were responsible for their generation.  These forces
can be distinguished by the types of artifacts they produce.  
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Figure 1:  How Particles Indicate Events
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This is not a new idea.  A very brief summary article was written by Douglas Godfrey in
1987 based on work done over the preceding thirty years.  It listed eleven types of wear in
lubrication or hydraulic systems that could be distinguished based on the appearance of
the particles they produced.  These are listed here:

· Mild Adhesion
· Severe Adhesion
· Abrasion
· Erosion
· Polishing
· Contact Fatigue

· Corrosion
· Fretting Corrosion
· Galvanic Corrosion
· Arcing
· Cavitation

In the case of metal particles seen in electrical power distribution equipment a few
additional processes or forces can be added:

· Thermal Induced Wear · Chemical Reduction Reactions

The metal particles seen in insulation oil samples are not just particles, they are an
archive of information with regard to the events that have taken place in the equipment
from which the oil sample was taken.  The challenge is to learn to read the particles in
such a way that the history of the equipment is revealed.  This approach is routinely
applied for hydraulic and lubrication systems2,3,4 and has been applied to aerospace5 and
high-tech industries6,7.  It has also been used to characterize the sources of urban air
pollution8,9.  Its application to the problems of equipment maintenance in the electrical
power industry is fairly recent10,11.

Before the particles can be read they must be collected.  Sampling is always critical to the
value of the final results.  That is especially the case with event generated metal particles.
Metal particles are relatively heavy and will  sediment out of oil if  that oil is not in
motion.  The convection currents in the oil of an operating piece of equipment is adequate
to keep most of the particles suspended.  Samples should be collected as soon as is
reasonable from the unit of interest.  The convection currents slow down dramatically as
soon as the system is taken off line.  For units taken completely out of service the
sediment at the bottom of the unit contains most of the metal particles generated over the
recent life of the unit.  This material can be informative if you still  have similar units in
service or if this system is to be place back in service.  Once an oil sample is collected the
particles will  begin to settle out in the sample bottle.  If oil is poured out with out
agitating the bottle then the particles are retained in a smaller volume in the original
sample bottle and are at much lower levels in the oil poured off.  This biasing can result
in a miss-diagnosis of the unit.  It is sometimes evident that the sample is biased or
contaminated based on the types of particles present in the sample but it is better to
receive a good sample.  The procedures below begin with a sample received that is
believed to be a good representation of the oil in the system or the sludge from the bottom
of a unit. 

Method
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The methods included here are:

· the recovery of the particles from the oil and preparing the particles for analysis,
· microscope configuration, and 
· examining the particles.

The procedures that have been found to be most useful over the last several years are
described briefly here.

Particle Recovery and Preparation for Analysis
 
There are two basic ways to prepare the samples.  The first is to simply filter a fixed
volume of oil through a membrane filter (see Figure 2, left).  The membrane filter used is
an aluminum hydroxide material that has a refractive index of 1.605.  After filtering the
oil the filter with the particles it contains are mounted on a microscope slide with Cargille
Melt Mount 1.605 liquid (see Figure 2, center).  The finished product is optically
transparent for both transmitted light and reflected light observation (see Figure 2, right).

Figure 2:  Preparation of Particles by Filtration

The sequence of photographs above indicate the process of preparing particles in oil for
analysis.  The first frame shows the filtration apparatus sitting in a down-flow clean work
station.  This environment is free of any foreign airborne particles that might contaminate
the sample.  The second frame shows the mounted sample (above) and an unused filter
(below) showing the results of optically clearing the filter.  The last frame shows the
mounted particles as seen through the microscope.

The other preparation technique is to centrifuge a fixed volume of oil and then wash the
collected particles with naphtha and centrifuge again.  The final collection of dense
particles includes all of the metal particles but can lose some of the lighter materials.  For
the purpose of this paper the lighter particles are not of interest (they will be the subject of
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a future paper).  These cleaned particles can then be filter or they can be mounted in
encapsulating resin and prepared for metallographic analysis.

The selection of which particle collection and mounting technique is used is based on the
condition of the sample as received.  If the sample is heavily contaminated with carbon or
sludge then the centrifuge technique is necessary to remove the interfering debris.  If the
sample were just filtered all of the particles would be coated with a layer of amorphous
carbon and all useful features would be hidden.  After the non-metallic debris is removed
then the particles can be mounted, either by filtering the cleaned particles or by mounting
them in encapsulating resin.  Generally the particles are filtered.  This is a much faster
mounting technique and the majority of the features used to characterized the particles
can not be seen in cross-section.  When a new set of wear conditions are being considered
or when directly inspecting the surface of a particle introduces some ambiguity then a
cross-sectional analysis can often add essential detail.  One example is in the
characterization of the primary wear mechanism of an Elkonite arc guard discussed later
in this paper.

Microscope Configuration 

Once the sample is prepare the analysis begins.  The samples prepared on a membrane
filter are examined using transmitted polarized light and top light.  These particles are
mounted under a coverslip so direct (brightfield) reflected light is of limited use.  The
reflection off of the top of the coverslip often obscures subtle features that are important
to understanding the origin of the particles with this type of illumination.  The most
effective types of top illumination is provided by a ringlight illuminator, by using
reflected cross polarized light, or by using a darkfield reflected light objective.  Each of
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Figure 3:  Particles Collected from Sludge by Centrifugation

The particles shown here have been washed into a watchglass (left), then transferred to a
vial and encapsulated (center), and finally polished in cross-section and examined under
the microscope (right).
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these illumination techniques provides different information about the materials
examined.

      The samples that have been selected for metallographic analysis are examined with
reflected brightfield , reflected polarized, and reflected darkfield illumination.  As before,
each of these illumination techniques provides different information about the materials
examined.  This approach allows for the characterization of different metallic phases and
for the characterization of coking films.

Examining the Particles

The particles are characterized by shape, surface texture, striations, color, size, and
associates.  A particle's shape is three-dimensional.  It includes an outline, a contour, and
a depth.  A sphere and a round disc have the same outline but not the same contour or
depth. A rectangular outline may be a flake from a poorly lubricated rubbing surface or a
block from severe fatigue wear.  A flake may be tabular or thicker in the middle than at
the edge.  The outline may be smooth and simple or jagged and complex.  It may have
"tags", extended peninsulas of metal from plastic deformation of the metal as it was being
pulled from the parent surface.  The particle may be extended into a ribbon, a wire, or a
corkscrew.  All of these shape characteristics are significant in terms of the manor in
which forces were applied to create the particle.

Surface texture may be smooth, frosted, sugary, granular, globular, folded, etched, or
corroded.  Striations produce a surface texture but they are complex enough to have their
own list of features.  The surface texture of a particle may not be the same on both sides.
In a sample prepared as a metallographic mount the texture may be seen in cross-section
on either side of the particle but in a membrane filter mount only one side of the particle
can be seen in sufficient detail to determine the surface texture.  The nature of the texture
on the opposite surface of the particle must be inferred by the examination of multiple
particles and the association of all other attributes.  Any alternative explanation for a
particle with the same attributes but different textures must be eliminated.

Striations on the surface of a particle may be parallel to the long axis, perpendicular to the
long axis, in multiple directions on the same particle, on only one side of a particle, or
may cover only a small area on the particle. All of these possibilities indicate different
conditions of formation, different types of events.

Color can indicate the type of alloy wearing or the chemical and thermal environment at
the time of the formation of the particle.  The color of the particle is the result of the
reflectivity of the particle as a function of the wavelength of light and of the presence of
surface films on the particle.  The metals all have characteristic reflectivity.  Copper
alloys and gold alloys both show differences in their reflectivity as a function of
wavelength.  Both of these metals reflect more strongly for the longer wavelengths (red)
than they do for the shorter wavelengths (blue).  Gold is a better reflector in the middle
wavelengths (green) than is copper.  Copper appear more red than gold as a result.  For
metals like silver, aluminum, tungsten, and iron the differences in reflectivity are across
the entire visible spectrum.  Silver and aluminum are very strong reflectors and appear
bright white under the microscope.  Tungsten and iron are relatively poor reflectors and
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appear more gray (tungsten) or even dark gray (iron).  Carbon appears black but as it
begins to crystallize toward graphene (turbostratic graphite) it begins to reflect light, the
higher the crystallinity the stronger the reflection though it never reflects as strongly as
iron.  Thin film interference colors can modify the appearance of the color coming from a
metal.  These films can be oxides, sulfides, or polymer films but to produce an effect they
must be transparent and between 40 and 500 nanometers in thickness.  For the "white"
metals, silver, aluminum, tungsten, and iron, they produce the standard Newtonian
Interference Series of colors.  For copper the series is modified by the selective
reflectivity of the copper itself.  The presence of these films generally indicates high
temperatures and the availability of oxygen or reduced sulfur in the system.

Size is important in considering the nature of the force that generated the metal particle
and the potential impact on the component's life.  Normally the larger the particle the
more severe the problem.  That is true if the particle was generated by wear.  In many
systems tooling debris or other manufacturing debris many be collected in the sample.
The large size of these particles and other characteristic feature can be used to establish
that they are manufacturing debris and not system wear.  If the population of similar
particles is large and they have multiple sources the sources can often be distinguished by
a bimodal or multi-modal size distribution.

Associates are different particles that have a similar origin.  Fore instance, copper and
tungsten arcing spheres in a sample suggest an Elkonite arc guard is wearing; magnetite
spheres and platy, iron sub-oxide scale indicate manufacturing residues; natural minerals,
pollens, and insect parts indicate exposure to the natural environment.  An important part
of any particle analysis is relating the individual particle to the whole assemblage of other
particles.

Examples

The examples given here illustrate what metal
particles seen in an oil sample can indicate about the
system from which it came.  The first example, Figure
4, is of scuffing wear, also known as rubbing wear.
This occurs when metal surface rub against one
another under conditions of poor lubricity.  The
particles tend to be tabular and strongly striated (see
Figure 4).  The color of these particles indicate both a
copper (orange) and a bronze (yellow) contact
surface.  The striations are the result of the breakdown
in lubricity.  Oils in electrical distribution equipment
are not selected for their lubricity.  At very low rubbing
velocities the lubricity of the oil is sufficient to produce
rubbing wear particles with very faint or no striations.
At higher velocities the lubricating film breaks down
and the particles become heavily striated.  The copper
wear particles in this sample show heavy striations and
the bronze particles show weak to no striations.  Notice
that the striations on a given metal wear particle all run
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Figure 4:
 Scuffing or Rubbing Wear
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in the same direction and that the particles are not
strongly elongated in any given direction.  These are
also characteristics of rubbing or scuffing wear
particles.

Abrasive wear particles tend to be elongated and striated on
one side but not on the other.  It is not uncommon for the
particle to exhibit a twist along the length as is the case
with the copper abrasive wear particle in Figure 5.  The
bright part of the particle toward the upper left is the
striated side of the particle.  It tends to be smooth between
the striations and so reflects light very efficiently.  The part
of the particle at the lower right is the rough, unstriated side
away from the cutting edge of the abrasive that generated
this particle.  

Arc generated particles tend to be spherical and smooth
on their surface.  As a result they show a bright ring
reflection of the ringlight used to illuminate them in
Figure 6.  Most of these particles are spheres and show a
bright circular reflections.  A few teardrop shaped
particles and elongated ellipsoids can also be seen by
their distinctive reflections.  There are also a few rubbing
wear flakes in this image.  Two metals are present in this
sample, copper and tungsten.  The copper particles are
red-orange or black and the tungsten particles are white
to bluish-white.  The black copper spheres are the result
of oxidation in the oil after the particle solidified.  The
bluish-white of some of the tungsten particles is also the
result of oxidation.  This sample was collected from the
sludge at the bottom of a unit with Elkonite protected
contacts.  Not all of the black spheres in this
sample are oxidized copper.  There are a few
magnetite spheres from manufacturing and
assembly activities such as high speed grinding,
cutting or welding iron alloy materials (Figure 7,
far right).  Occasionally particles of carbon called
cenospheres are also seen in these samples
(Figure 7, upper left).  Cenospheres are created
by liquid droplets of fuel being pyrolyzed in an
oxygen deficient environment.  The most
common source is a diesel engine under
acceleration but an uncontrolled fire of a high
molecular weight hydrocarbon liquid can
also produce cenospheres.  Both of these
particles have distinctive surface textures.  Magnetite spheres are more granular in texture
than arc spheres.  Cenospheres are lacey or exhibit vent holes where volatile compounds
inside the liquid droplet escaped during the pyrolysis of the particle.
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Figure 5:  Abrasive Wear

Figure 6:  Arcing Wear

Figure 7:  Cenosphere and Magnetite Sphere
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Thermally induced wear includes melt.  The particle in
Figure 8 is a particle of melted copper.  The copper melts
and begins to drip.  As the liquid copper moves away from
the hot surface it solidifies and draws more copper with it
until the weight of the solid copper exceeds the cohesive
forces holding the copper together.  At that point the
copper begins to move away rapidly and draws a thinning
tail of copper with it. 

Processing the sample as a metallographic specimen can provide additional insight into
the formation of the particles.  Figure 9 shows a metallographic cross-section of an
Elkonite arc guard.  The sintered tungsten particles are held in a copper metal matrix.
The tungsten particles (bluish metal) are somewhat irregular in shape with a number of
the particles exhibiting sharp corners.  Figure 10 and the far right frame of Figure 3 show
the cross-section of a collection of particles worn from the surface of the arc guard over
time.  The rounded particles are generated by the heat of the arc.  The melted metal
forming spheres or ellipsoids.  The angular particle are "tear-out" particles of tungsten.
Some of these tungsten particles have undergone a phase transition but they were not
melted.  These particles tend to be removed by adhesion to the meeting copper contact.
As the contact moves away the particle is freed and becomes suspended in the oil.

Figure 9:  Elkonite Cross-Section Figure 10:  Particles in Cross-Section

Conclusion

These are just a few examples of how the variety of metal particles found in oil or sludge
samples can be differentiated.  Additional examples are in the literature cited earlier.  The
combination of shape, surface texture, striations, color, size, and associates are sufficient
to characterize a wide variety of conditions that existed at time of the particles formation.
The knowledge of these conditions creates an environmental envelope in which the
system of interest is operating.  This information can be used to limit the use of the
system if wear is excessive, or continue operation if the conditions are within expectation.
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Figure 8:  Thermal Wear
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