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Abstract

Elevated oil power factor has been observed in a small number of relatively young power
transformersin recent years. This phenomenon is characterized by an initial low power factor that
increases over a brief 1-3 years for some transformers and then returns to normal over the next
severa years. While oil power factor is dynamically changing, critical oil properties like dielectric
strength and interfacial tension remain largely unchanged. Investigation of this power factor
phenomenon has provided a new insight into the dynamics of oil aging in electrical equipment. It
has been assumed that the materials used in electrical equipment are stable on exposure to oil over
time. Thisisavery reasonable assumption based on the fact that these materials exhibit very little
change over years of servicein the field. New materials are tested in accordance with ASTM
D3455-95, which has been assumed to be a reasonable accelerated aging test. However, recent
transformer tests have suggested that there are other considerations. Residual chemical
compounds in some materials are extracted by the oil without significantly changing the physical
properties of the materials but that do affect the electrical performance of the system as awhole.
Thisisthefirst paper by the authors that documents the unexpected impact, on the performance
of electrical equipment, of subtle chemical interactions between the oil and other materials
present. This paper documents the presence of extractable contaminants in transformer
components and some of the conditions that result in the extraction of these contaminants from
the components into the oil.

Introduction

The design of electrical power equipment is a mature technology. The performance of specific
equipment has been confidently predicted based on established mathematical and engineering
models. These theoretical models assume that we understand the properties of the materials used
in these systems and that these properties don’'t significantly modify the physical model upon
which equipment designsrely. It has been further assumed that the oil, though it changes with
time, will not affect the performance of the equipment. These assumptions are now being
challenged based on test results from the field and laboratory tests of materials that are consistent
with those field tests. Some materials are now found to be dynamic and interactive and some
chemical interactions are in fact, found to impact equipment performance.
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In the early Fall of 2004 field data from a utility in the southern US indicated a slight unexpected
increase in the winding power factor tests for atransformer that had been in service for only afew
years. When the oil was tested all results were nominal (interfacial surface tension with respect to
water (D971), dissipation factor (D924), acid acceptance (D974), dielectric breakdown voltage
(D877), dielectric constant (D924), and color (D1500)) except the power factor at 100° Celsius.
The power factor at 100° Celsius was 16%, while the preferred value would be less than 1%.

This discovery initiated the testing of the oil in alarge number of relatively new transformersin
order to assess the frequency of this phenomenon. A small number of other transformers were
found to have similar power factors, nearly all in the southern half of the US. One utility had
noticed this phenomenon in two of its newer transformers and had run the oil through Fuller’s
Earth. The power factor of the oil dropped to less than 1% but a year later it was climbing again.
The investigation that followed demonstrated that this was a relatively short term phenomenon of
1 to 3 years that occurred under certain conditions of external and internal temperature for the
transformer in question. The oil then dropped back below 1%. In the process of this
investigation a new perspective was gained regarding the interaction between the oil and other
materials in the equipment.

Observations

Infrared Analysis

Fuller’s Earth was known to remove the responsible agent from the high power factor oil. Inthe
laboratory the equivalent to Fuller’s Earthissilicagel. A slicagel column was prepared and
some of the high power factor oils were passed through the silica. The silicawas washed with
hexane to remove residual oil. The silicawas then

flushed with methylene chloride and acetone. The
solvent was evaporated and the residue was analyzed
using infrared spectophotometry. Figure #1 (attached)
shows the resulting spectra for three of the high power
factor oils. All three had the same combination of
chemical compounds as shown by the similarity of the
spectra.

A methylene chloride extract of two cured paints

commonly used in electrical equipment was then Photograph #1: MicroCell Used to
examined using infrared analysis. The result is shown in Test Qils for Film-Forming

Figure #2. Many of the peaks seen in Figure #1 were Compounds

also present in these spectra. The difference in

preparation was important. Some of the compounds The cell isabout an inch and a
absorbed by the silica were not extracted by the guarter in diameter and designed to
methylene chloride and acetone rinse. When a copper fit on the stage of a microscope.
plate was set in with one of the high power factor oils The center bar is a copper plated
and then rinsed with hexane, afilm remained on the heating element on which the filmis
copper. Thisfilm was removed by the methylene deposited as the oil flows through

chloride. Its spectrum was compared to one of the paint | the cell.
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extracts and found to match almost identically (see Figure #3). There was a good reason to
examine the film that formed on the copper. It was discovered early in the investigation that these
high power factor oils quickly cast a film on heated copper and that after a three hour exposure to
acopper rod heated to 120° Celsius the power factor dropped to about 1%. The agent causing
the high power factor was in the film on the copper. It was also trapped by the silica but it could
not be completely recovered from the silica by methylene chloride and acetone. This tendency to
cast films on copper was discovered using a device called aMicroCell. The MicroCell has
become away of rapidly concentrating foreign compounds from oil used in electrical equipment.

MicroCell Testing

Two of the authors (Crutcher and Warner) had been working with TIH2b Analytical Associates
Inc. on an EPRI supported research project” focused on the formation of films on copper surfaces
inload tap changers. In the course of this research a special test called the MicroCell (see
Photograph 1) test” was developed for detecting the presence of the film-producing chemicals.
When thistest was applied to one of the high power factor oils, an unusual film was quickly
formed on the heated copper element. At low temperatures the spectrum of the films formed
from the high power factor oil matched that from the methylene chloride extract of the cured
paint. An examination was made of a number of oils from load tap changers that generated films
in this apparatus. Only one of the eight oils tested matched the paint spectrum (see Figure #4).
That indicated that this material was not only seen in transformers but could also be found in oil
from load tap changers. It also indicated that other materials were more common in the oil that
also formed films but were not associated with high power factor. The LTC oil samples were
from a number of different types of LTC's and represented multiple manufacturers.

The striking similarity of the spectra seen in Figures #3 and #4 suggests a cause and effect
relationship between the extractable compounds from some paints, elevated power factor, and
film formation on copper.

Paint Extraction Tests Sample New Oil PF | Aged Oil PF
A series of tests was then conducted using ol :

Paint #1 No Change +1.2
from athree year old transformer that had a low _ J
power factor at 100° Celsius of 0.9%. Fully Paint #2 No Change +0.2
cured paint samples were added to both new Paint #3 101 10.6
transformer oil and to the aged oil. The samples

in the new oil were tested per ASTM D3455-95.
The paint panelsin the aged oil were tested at 80° | Table#1: Changein Power Factor at 100 C
Celsius, 20° Celsius lower than required by
ASTM D3455-95, and for 120 hours rather than | Thenew oil exposure was for 164 hoursin
the 164 hours prescribed by ASTM D3455-95. oil at 100° Celsius (ASTM D3455-95). The
The results are shown in Table #1. Paints#1 and | Aged oil test was for about 120 hours at 80°
#2 were the two paints extracted with methylene | Celsius.

chloride whose infrared spectra are shown in
Figure#2. As can be seen, the paints easily pass
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the ASTM D3455-95 test but are extracted by the aged oil under much milder environmental
conditions of both a shorter time and a lower temperature.

The aged oils exposed to these paints were exposed to heated copper and the resulting film on the
copper was examined using infrared spectrophotometry. The infrared spectrum was nearly
identical to the methylene chloride extract from the cured paint (see Figure #3). The collection of
the film also dropped the power factor of the oil back to its value prior to exposure to the cured
paint.

It is evident from these tests that the ability of aged oil to withdraw chemicals from cured paint is
comparable to that of methylene chloride. The aged oil may not be nearly as efficient. A drop of
aged oil on the cured paint would not produce the same results as seen with methylene chloride,
but at elevated temperature, 80° Celsius, for five days, the same chemicals are extracted in the
same proportion.

Discussion

The ail in electrical systems has long been known to be chemically very complex. An
accommodation of this fact can be found in the way transformer oil is specified per ASTM
D3487. Thereisno precise chemical definition nor any chemical constraints on the oil other than
limiting the amount of “reactive sulfur”. The oil is controlled by its performance in specific
electrical and physical environments. The interfacial surface tension with respect to water
(D971), dissipation factor (D924), acid acceptance (D974), dielectric breakdown voltage (D877
and D1816), dielectric constant (D924), and color (D1500) are all tests specified to monitor
changesin the oil with exposure to the equipment and the operational environment over time.
These tests provide all the information required to know if the oil will perform adequately. All of
these values degrade with time, generally at different rates. Degraded properties can often be
recovered by drying, filtering, or treating with Fuller’s Earth. Each of these operations removes
chemical entities and/or particles from the oil.

The change in transformer oil over time has always been acknowledged as a chemical process but
the nature of the processis very poorly understood and has been assumed to involve the
composition of the oil aone as acted upon by the heat, copper catalysis, moisture, and oxygen
typical of the operating environment. Inload tap changers and oil filled circuit breakers arcing is
another process that has added complexity to the composition of the oil. Oxidation,
polymerization, and “reverse refining” are terms that have been applied to the composite process.
These are different aspects of the aging process that have been viewed as largely beyond our
control due to the chaotic and complex nature of the reactions involved. Recent research funded
by EPRI® and independently by Kuhlman Electric Corperation’ and TJH2b® has begun to open a
new window into the mystery of “aging” oil in electrical equipment. Important additional parts of
that process seem to be related to solubility, solubilization, and solvolysis®"®,
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Solubility is the extent to which a substance can be mixed with a solvent to produce a
homogeneous system. Solubilization is a process by which the ability of a solvent to carry a
substance is enhanced by the addition of another substance. Solvolysisisaterm indicating the
formation of new chemical speciesin the solution as a result of dissolving the solute in the
solvent. Solubility, solubilization, and solvolysis are processes that can be evaluated in the
laboratory. They can be used to evaluate the performance of materials over time and to control
the precise chemical composition of materials to be used in electrical equipment. They offer akey
to understanding many of the processes that impact the performance of equipment in the field.
More importantly, they provide a key to controlling those processes.

Transformer Oil as a Solvent

A solvent can be smply defined as aliquid that dissolves another substance without any change in
the liquid’s molecular structure. Its properties as a solvent can be expressed in a variety of ways.
With respect to a single solute it can be expressed as the quantity of that solute per unit volume of
the solvent that will form a solution at a given temperature. These values are listed in various
standard handbooks of chemistry and physics. Unfortunately, these tables are largely limited to a
few common solvents and arelatively few organic compounds. There are many theoretical
models that can be used to predict the solubility of a solute in a solvent or blend of solvents.
These include the “regular solution theory (RST) of Hilderbrand and Scott, the “Hansen Model”,
the “universal functional activity coefficient” (UNIFAC) model, and the “modified separation of
cohesive energy density” (MOSCED) model. The difficulty with all of these models s that they
require knowledge of the compounds that constitute the solvent blend and the identity of the
compound that would be taken into solution™. Most transformer oils are a complex mixture of
organic compounds derived from different crude oils and having different fundamental
constituents that can only be empirically modeled. This situation is briefly described by Joone in
relation to using mineral oils in the formulation of inks™. Similarly, the compounds that may be
taken into solution are diverse and are often unexpected products of curing side reactions, trace
additives to coatings, polymers, or composite components. The knowledge necessary to usefully
apply any of these modelsis not yet available. The models do provide insight into trends that may
be applicable.

The Hansen model would suggest that minera oil, the most common transformer oil, isavery
poor solvent. It further suggests that mineral oil isrelatively incompatible with most common
solvents'?. By implication, transformer oil would not be expected to dissolve or extract
compounds that are difficult to keep in solution even when very effective solvents are used.
Mineral oil does have a reasonable capacity for holding gases in solution. Though the
composition by weight of a gasin a saturated solution is not very high, when viewed as a
composition by volume it can be impressive. The volume percent for a saturated transformer oil
containing hydrogen is 7% at 25 Celsius and about 10% at 80 Celsius. Hydrogen values as high
as atenth of a percent are not unusual in transformer oil at ambient temperatures. Other gases
present in transformer oil include nitrogen, oxygen, methane, ethane, ethylene, acetylene, carbon
dioxide, and carbon monoxide. The presence of these gases in solution may have an important
effect on the solubility of other foreign compounds in the oil.
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New transformer oil is not avery good solvent but it doesn’t have to be. The quantity of oil is
large, temperatures are often elevated, and the gas phase constituents and/or the compounds
formed by the reactions that release the gas, that begin forming immediately after the oil is added
to the equipment, ™ may significantly increase the solubilization for some materials. Tests based
on the changes in a material, such as a paint, or changes in the properties of new transformer oil
after amaterial and the oil have been interacting together for 164 hours at 100 Celsius (ASTM
D3455-95) may not be the best way to evaluate the potential impact of the material on the
electrical performance of a system containing large volumes of both oil and that material over
many years of exposure. Intests conducted by the authors, there was a significant difference in
the electrical properties of “aged” oil after exposure to some materials compared to the changes
seen in new oil exposed under the same conditions to the same material. As aready reported
here, the electric properties of aged oil change on exposure to some paints that have no apparent
effect on new oil.

The oil may not always be affected in ways detected by the standard set of physical tests. That
doesn't mean that there is no extraction of foreign chemical compounds into the oil. Figure #5
shows the extractable compounds from a crepe paper used in transformers. Many common
materials used in electrical equipment contribute
foreign chemicals compounds to the oil contained in

that equipment. The identity of these compounds s
difficult to determine and their presence in agiven
material is often not well documented because these
chemical compounds are not part of the principal
composition of the material. They are essentialy
“ghost” or nascent compounds in the materials.
More work needs to be done to evaluate the
relationship between extractable compounds from a
variety of materials and their possible effects on
electrical equipment over time.

Nascent Compounds in Materials Photograph #2: Gas Released by Sulfites
A nascent compound in this application refers to in Paper Insulation

chemical compounds that facilitate a process or that
are atrace product of the process but do not become | gygium azide in solution with iodine is
afunctional component of the fina material. They catalyzed by the presence of reduced

are residual compounas that may or may not be sulfur (reactive sulfur) to release nitrogen
mobile in the final material and whose removal from gas and form sodium iodide. This simple

that material will not affect the properties of the final test demonstrates the presence of sulfites
material. Their presence in transformer oil may throughout paper insulation.
change or facilitate change in the electrical

performance of the system. Paper and paint are two
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examples of materials that contain nascent compounds. Significant quantities of both are used in
large transformers.

Paper is primarily a product of the processing of wood and is one of the primary insulating
materials used in the transformer. Paper is basically a cellulose product but its chemistry is far
more complex. Wood is only about 65% cellulose. Paper is about 95% cellulose™. In order to
produce paper from wood the wood must go through a number of chemical processes. The goal
of these processesisto remove the lignin “glue” from the wood and thereby release the cellulose
fibers and improve the cellulose content of the wood pulp. The lignin is removed through a
digestive process involving the use of sulfur containing compounds. Care must be taken in this
process not to degrade the physical properties of the cellulose fiber. There is a balance between
the damage done to the cellulose polymer chain by removing the last traces of the lignin and the
quality of the paper with residual lignin. The balance selected for use in transformersis what is
called aKraft paper. The nascent compounds in Kraft paper include sulfites and other sulfur
containing compounds (see Photograph #3), lignin, and a variety of degraded hemi-cellulose
products. Some of these materials are soluble at low levelsin the oil. The effects that the soluble
compounds may have on the performance of the equipment have not been identified but they are
part of the difference between “aged” oil and new oil in transformers.

Paper naturally degrades over time. That degradation takes many forms depending on the
environment in which the paper isused. In atransformer or similar electrical equipment the
degradation is thermal, mechanical, and/or hydrothermal. Hydrothermal degradation isthe most
common and it produces a variety of chemicalsin the process. Carbon dioxide, carbon monoxide,
water, furans, and a variety of hemi-cellulosic products are produced. All of these become part of
the complex solution that is aged transformer oil.

Paint is a material that contains a wide variety of chemical compounds from the polymer itself to
the pigments, fillers, opacifiers, curing agents, driers, and other chemical residues, such as tin and
aluminum organic compounds, to additives used to process the major constituents'>*°. Most of
the curing agents and driers are metal organic compounds. The most common metals are calcium,
nickel, cobalt, iron, copper, and other transition elements. Tin organics are used as catalystsin
the production of some resins used in paints. Aluminum organics are used as anti-caking agents
for the titanium dioxide pigment of white or light colored paints. The elements calcium, nickel,
tin, and aluminum have been detected in films intentionally grown on heated copper ribbons
(MicroCell test) from transformer oil exposed to paint and in oil exposed to paint. These
meaterials are at trace levelsin the paint and some are unknown and unexpected by the paint
manufacturers. They are certainly unexpected by manufacturers of electrical equipment who
simply want paints that are “stable” in transformer or other electrical equipment oil. The paint is
“stable” but that doesn’'t mean that it has no effect on the performance of the equipment.

Driers, curing agents, anti-caking agents, and reaction catalysts play no role in the cured paint and

are smply locked physically in place by the polymer they help form without becoming part of the
polymer. Over time these metal-organic compounds can move into the oil where they may have a
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significant impact on the power factor of the oil and may affect other performance characteristics
of the equipment. A detailed examination of a specific power factor phenomenon will be the
subject of a subsequent paper in the near future by the authors. Leaching of chemical agents from
paints, even two part epoxies, is a common complaint in many commercial or industrial
applications of paints or coatings.

Most non-metallic materials used in electrical equipment can be evaluated the same way and will
be found to contribute some chemical compound to the mixture that is “aged” oil. Thisis not
necessarily bad, it’sjust afact to be consdered by designers. These extractable compounds will
change with time because these materials change as time goes on. Suppliers are constantly
changing their products as a part of process improvement. The end user is normally not informed
of these changes. Asaresult, new chemical compounds may be extracted from what the end user
believesis the same old material. Understanding how these compounds can affect the
performance of electrical equipment and developing the tools to detect them will minimize their
impact.

The compounds that are extracted are not passive over time but will participate in secondary
reactions. The sequence of reactions that take place in the oil in electrical equipment can be
characterized in general even though the specifics of the reactions are not known. These
subsequent reactions can be a guide to techniques for the removal of chemical contaminants from
the oil or keys to how they may affect the performance of the equipment over time.

Reactions

As soon as oil is added to new equipment, hydrogen
begins to be released™. The hydrogen released tends to
stay in solution. The presence of hydrogen in solution is
a dight modification of the chemistry of the oil. A more
significant result chemically is the change of the molecule
that lost hydrogen. The release of hydrogen leaves
behind free radicals, unsaturated hydrocarbons, and other
reaction products that were not part of the origina oil.
The release of hydrogen has been well documented but
the new compounds left behind have not been

documented or even considered in terms of how they Photograph #3: Suspended Liquid

change the chemical nature of the oil. Droplets In Transformer Oil Exposed to
aCommonly Used Paint

The reactions that release the hydrogen are known in o _

part to be due to catalytic reactions as a result of the This insoluble phase disappears at 80°

copper, silver, and other metal surfacesthat are present | Celsius. The shading on the right side of

in the equipment. Other reactions may be the result of the droplets indicates that they have a

special micro-environments in the equipment that higher refractive index than the oil. That

promote specific types of reactions. The micro- implies a more complex chemical
composition.

TechCon™ US, Euro, and Asi a-Pacific H ’ b 10



environments within electrical equipment include activation sites on metals, tightly wrapped paper
on copper, strong electrical and magnetic fields, and dissimilar metals in contact. Surface oxide or
sulfide films on copper or silver provide another microenvironment. All of these areas are areas
of special potential for chemical reactions. The reaction products may be solids, such as polymers
or sudges, or they may be liquids in solution or in suspension as fine droplets in the oil (see
Photograph #3). Their suspension as fine droplets indicates that at one time they were in solution.
These chemicals drop out of solution either by virtue of a decrease of their solubility in the oil,

often aresult of a change in temperature, or by
becoming associated with another chemical
compound that decreases their solubility. An
example might be a polar compound associating
with an aromatic compound in the oil and
thereby pulling both of them out of solution
from the main body of the olil.

These initial reactions create the potential for
solubilization and solvolysis, which is the next
phase in the extraction of compounds from the
materials used in electrical equipment. The
removal of hydrogen from a simple long chain

akane tends to create a molecule that

PHASE ONE REACTIONS

Atmospheric Gases
Gasses
Hydrogen
Methane
Ethane
Free Radicals
Residues of Gas
Production
Unsaturated
Compounds

OIL + MATERIALS

to some degree is polar or has a polar

functional group attached to the main PHASE TWO REACTIONS

chain hydrocarbon. Such a compound

exerts more force on a polar Eamés dical Solubilizati "XI
compound or ion that may be Urne;tuarlalt o S SoI\LonI Isz'asl on » T
available in one or more of the c q y £
materials used in the equipment. It ompoun

may also facilitate catalytic reactions IT
that would not take placein its A
absence. The simple act of orienting

another molecule, suchasagasin EXTRACTABLES L

solution, to react with an active site S
could result in areaction that

otherwise would be unexpected. PHASE THREE REACTIONS

These reactions progress to solvolysis

and solubilization. Solvolysis and Gasses Oxidation Sludges
solubilization then begin extracting Eree Radicals Catalvs s Polymers
chem?cal comppunds from mater_ials Unsaturated Heat Films
.U%d n t.h(? equmer_lt that_ were Inert Compounds Pol_> Mizatiop Precipitates
in the original new oil. Thisisthe Extractables

second phase of the process leading to

aged oil. This phase will continue
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until nothing remains to extract. For some materials that time period may be fairly short,
measured in months. For other materials the time period may be measured in years.

The impact that the extracted compounds may have on the equipment’ s performance may be a
function of the concentration of that compound in solution or of the total amount of compound
that may be extracted. For example, the effect on oil power factor will be proportional to the
concentration of the compound in solution but there may be alimit to that compounds solubility.
That would limit the power factor excursion. If the compound were to be removed by some
process, filtration by Fullers Earth for example, then the power factor would drop but then begin
to increase again as more compound was extracted from the material. This would continue until
the compound was completely removed from the material.

The third phase of the process is the reaction of the compounds in the oil with each other and with
the surfaces inside the equipment that remove them from the oil. These reactionsinclude
polymerization, oxidation, sludge formation, film formation, and precipitation. All of these
processes are different chemically and may be different in terms of their relative effect on
equipment performance. These are the removal processes that draw reaction products and
foreign materials out of solution from the oil. They may result in a colloidal suspension of fine
particlesin the ail, films on metal surfaces, or in the formation of a layer of viscous “sudge’ on
surfaces in the equipment. No detrimental effects have been seen in transformers as a result of the
films generated by the compounds from paint that had caused the increase in power factor.

The first phase continues at some rate, possibly much slower, as time goes on and surfaces and
micro-environments become saturated or passivated. The second and third phases take place
together. The concentration of any compound in the oil will be controlled by the balance between
the rate of its generation and the rate of its removal from the oil. How the equipment is affected
will depend upon the specific operational environment of that equipment, the chemistry taking
place in the oil, and the materials used in that equipment.

Future Work

There are a number of specific investigations that could provide useful information and design
improvements in the near term. The adverse effect of paints on power factor in the oil is another
areathat could provide away to optimize equipment performance in the near term. Optimal
formulations for the paints used in the equipment could be identified and things to avoid could be
specified. Waysto control the rates of generation/extraction and the rates of removal from the ol
for specific types of compounds could provide mechanisms to remove problem compounds before
placing equipment in the field or for the removal of these compounds from the oil in equipment
operating in the field. These are just a few areas now open to immediate investigation. The
approach presented here opens a new way of thinking about the materials that are used in
electrical equipment. It isthe beginning of a more sophisticated way of evaluating and selecting
materials to optimize the design of electrical equipment.
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Conclusion

As documented here, “aged” oil extracts chemical compounds from paints and other non-metallic
materials commonly used in electrical equipment and previously considered “inert” in that
environment based on tests with new oil. Some of these chemical compounds have been shown
to affect power factor. Thereis a balance between the rate of the reactions that extract these
chemicals and the reactions that remove them from the ail, the “Phase Two” and “Phase three”
reactions. The conditions that control those rates are affected by the pattern of use, the specific
design, and the exterior environment of the equipment.

Additional papers will follow shortly by the authors discussing some specific effects that
extractables have on equipment performance. As this body of information grows materials can be
selected that will optimize performance and extend the useful life of that equipment. Further
progress in equipment design and in the selection of new oils for use in electrical equipment
requires tighter control of materials and a better understanding of how the chemical properties of
the oil change as a result of the chemical interaction between the solid materias, the chemicalsin
the oil, and the gases created within the oil over time. Tools have been developed now to track
these compounds over time and to assess their impact on equipment performance. There will be
fewer things we have to learn by trial and error, or unexpected performance. We are at the
beginning of a new era of product improvement.
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Figure #1: Material Rinsed from Silica Gel Columns With a Mixture of Methylene Chloride and
Acetone.

The columns were loaded with 10 drops of oil and rinsed with hexane to remove the residual oil first.
Each trace is a different transformer. The oil represented by the red trace had a power factor of over
60%. The power factor values for the other two oils were 14% and 9% respectively. The area
scanned above is known as the “fingerprint” region of the infrared spectrum. Thisis the region that is
most distinctive for most organic chemical compounds. The spectra above do not indicate a single
organic compound but rather a mixture of different compounds in dightly different proportions. The
mixture indicated is the same combination of compounds. This match is essentially identical other
than the quantity of material in the beam path resulting in stronger absorption for the red trace.
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Figure #2: Overlay of the “Fingerprint” Region of the IR Spectra from Extracts from Two Paints
of the Same Genera Type from Two Different Paint Companies

These spectra are methylene chloride extracts of two fully cured paints. The paints are of the same
genera type though they are produced by different companies and have dightly different
compositions. The spectra are nearly identical down to 1000 wavenumbers, where they begin to
show differences.
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Figure #3: Overlay of the “Fingerprint” Region of the IR Spectrafrom a Film formed by an
Aged Oil Exposed to a Paint (upper trace) and the Methylene Chloride Extract from that
Paint

These spectraindicate that the film forming material is from the paint. These spectra
represent a number of different compounds. The differences in amplitude suggest some
compounds are leached less efficiently or the others are leached more efficiently by the oil
than by methylene chloride. The aged oil prior to exposure to the copper had an elevated
power factor. After forming thisfilm it dropped below 1%.
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Figure #4: Overlay of the IR Spectrafrom a Methylene Chloride Extract of a Common Paint (lower
trace) and a Film Cast on Copper by Oil froman LTC (upper Trace)

The remarkable similarity of these spectra would seem to implicate extractable compounds from the
paint as the dominant film forming components seeninthisLTC. There is some difference blow
800 wavenumbers. This may indicate a different paint of basically the same formulation.
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Figure #5: The Infrared Spectrum “Fingerprint” Region of a Hexane Extract from Colored
Crepe Paper Used in a Transformer

Thisisinclude just as an example of extractable compounds from paper, resins, pressboards,
plywood, plastics, and other non-metals used in electrical equipment.
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