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Abstract

This study concentrates on developing and tuning various oil analysis methods to meet the
requirements of modern industry and environmental analytics. Oil analysis methods form a vital part
of techniques used to monitor the condition of machines and may help to improve the overall
equipment effectiveness value of a factory in a significant manner.

Worm gears are used in various production machines, and their breakdowns may cause significant
production losses. Wearing of these gears is relatively difficult to monitor with vibration analysis.
Analysis of two indicator metals, copper and iron, may reveal wearing phenomena of worm gears
effectively, and savings can be significant.

Effective wear metal analysis requires good tools. ICP-OES with kerosene dilution is widely used
in wear metal analysis, but purchasing and using of ICP-OES is expensive. A cheaper FAAS
technique with similar pre-treatment of oil samples was tested and it proved to be useful especially in
analyzing small amounts of samples. The accuracy of FAAS was sufficient for quantitative work in
machine diagnostics and waste oil characterization. Solid debris analyses are useful in oil
contamination control as well as in detection of wearing mechanisms. Membrane filtration, optical
microscopy, SEM and automatic particle counting were applied in analysis of rolling and gear oils.
Particle counting is an effective way to detect oil contamination, but in the studied cases even larger
particles than those detected in normal ISO classes would be informative. However, membrane
filtration and optical microscopy may reveal the wearing machine element exactly. Additives provide
oils with desired properties thus they should be monitored intensively. A FTIR method for
quantitative analysis of fatty alcohols and fatty acid esters in machinery oils was developed during
this work. It has already been used successfully in quantitative and qualitative analysis of machinery
oil samples.

Various kinds of oils may be spilled into the soil during use and in accident situations, and they
can migrate to groundwater layers. Biodegradation of oils can remove them from the soil or water
completely or at least diminish the amount of harmful substances. An automatic, respirometric BOD
OxiTop method was used to evaluate the biodegradability of various oils in water and soil media. The
biodegradation of certain bio and mineral hydraulic oils was evaluated in groundwater, where bio oils
usually biodegraded more effectively than mineral oils. The use of oils in machines weakened
especially the biodegradability of bio oils. Biodegradability of bio oils was also studied in standard
conditions of OECD 301 F and bio oils usually biodegraded moderately good in these conditions. The
biodegradation of forestry chain oils and wood preservative oils was evaluated in forest soils. Linseed
oil biodegraded moderately, but certain experimental wood preservatives biodegraded more
effectively. Widely used creosote oil biodegraded in a lesser degree. Rapeseed oil-based chain oils
biodegraded more effectively than corresponding tall oil.

Keywords: additives, biodegradation, machine diagnostics, oil analysis, solid debris, wear
metals






“The difficulty in most scientific work lies in framing
the questions rather than in finding the answers”
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Abbreviations and definitions

2D two-dimensional

a Bunsen absorption coefficient

a acceleration

AAS atomic absorption spectroscopy

AES/OES atomic/optical emission spectroscopy

ANN artificial neural network

ANOVA analysis of variance

ASTM American Society for Testing and Materials
BCF bioconcentration factor

BOD/BOD, biological oxygen demand (in n days)
BSTFA [N, O-bis(trimethylsilyl)trifluoroacetamide]
CEC Coordinating European Council

Cc=0 carbonyl group

Crest factor the ratio of peak value to rms value

D, deuterium

DAT digital audio tape

DIBK di-isobutylketone

DIN German organization for standardization
DO dissolved oxygen

EC electrical conductivity

EDS energy dispersive spectrometer

EP extreme pressure additive

EPA Environmental Protection Agency of the United States
FA fatty alcohol

FAAS flame atomic absorption spectroscopy

FAE fatty acid ester

FFT fast Fourier transform



FTIR/IR
GC/GC-MS
ICP-MS
ICP-OES
ISO

KOW
Kurtosis
LC

LCso

LCA
LCC
MCD
MIBK
MS
NDT
NF
NMR
NPG
NPK
OECD
OEE
OH

p

p.a.
ppm
PSK

R2
RDE-OES
rms

RSD

SD

SEM

SFS

TAN
ThOD
TOC
TOFA
TPM

Fourier transform infrared spectroscopy

gas chromatography/ -mass spectrometry

inductively coupled plasma-mass spectrometry

inductively coupled plasma-optical emission spectroscopy
International Organization for Standardization

water/octanol distribution factor

fourth moments normalized with respect to the standard deviation
liquid chromatography

concentration of a chemical that kills 50% of the test animals in a given
time

life cycle assessment or life cycle analysis

life cycle costs

magnetic chip detector

methylisobutylketone

mass spectrometry

non-destructive testing

standard of AFNOR (French organization for standardization)
nuclear magnetic resonance spectroscopy

neopentylglycol

nitrogen-phosphorus-potassium fertilizer

Organisation for Economic Co-operation and Development
overall equipment effectiveness

hydroxyl group

significance level

pro analysis grade

parts per million = mg/kg

Organization for standardization of the Finnish process industry
gas constant

coefficient of determination or correlation factor

rotary disk electrode-optical emission spectroscopy
root-mean-square value

relative standard deviation

standard deviation

scanning electron microscopy

Finnish Standards Association

total acid number

theoretical oxygen demand

total organic carbon

tall oil fatty acid

total productive maintenance



uv

v

VG

v/v, W/V, WIW
WGK

x, x®

XRD

XRF

ultraviolet (spectroscopy)

velocity

viscosity grade

volume-to-volume, weight-to-volume, weight-to-weight
water hazard class according to German norms
displacement, n™ time derivative of displacement

x-ray diffraction

x-ray fluorescence (spectroscopy)
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1 Introduction

Without exaggerating, it can be said that modern industry rests on a layer of lubricant
which separates moving machine elements from each other. In Finland alone, over 84,500
tons of oil-based lubricants were used in 2004 (1). The condition of oil or grease used as
a lubricant affects the working condition of the machine significantly. The chemical and
physical properties of a lubricant have a direct effect on the lubrication situation. On the
other hand, the lubricant provides secondary information about the condition of the
machine. Just as a blood test can reveal several illnesses in people, a thorough oil analysis
can inform about several malfunctions within a machine. If optimal lubrication conditions
are not met, metal surfaces will touch each other and wearing is inevitable. Wearing in
itself may cause significant expenses to industry. It has been evaluated that the total
expenses due to friction and wearing could be as high as 2.7 billion euros a year in
Finland and almost one third of that sum could be saved if the latest tribological
knowledge were utilized (2). Without any doubt, effective use of oil analysis is one part
of these cost-saving actions, hence it is included as a vital part of maintenance policies
nowadays. (3)

Maintenance has developed from repairing maintenance via scheduled maintenance to
predictive and even improving maintenance. Repairing maintenance meant that machines
were repaired after their breakage. Scheduled maintenance added the use of a calendar to
maintenance. For instance, oil changes and replacement of certain machine elements
were carried out after a suitable time period or number of work hours without knowing if
this was necessary or not. This kind of maintenance action is naturally justifiable if the
changed oil volumes are very small, machine elements are cheap and maintenance breaks
do not cause production delays. If the machine is larger or even a part of a bigger
aggregate, like a paper machine, unnoticed malfunctions may cause downtime and
significant production losses. Undetected malfunctions are possible if the condition of
machines is not monitored intensively. Condition monitoring forms an important part of
predictive maintenance and it can be carried out using e.g., oil analysis, vibration
monitoring or process parameter monitoring. If condition monitoring reveals a significant
constructive fault in the machine, for instance strong unbalance due to a weak base of the
machine or incorrectly chosen oil type, and the machine construction or process
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parameters are changed due to these observations, then the maintenance is improving. (4-
6)

In today’s industrial production, the significance of environmental issues is
continuously increasing and developing. The life cycle of industrial products should be
evaluated by the manufacturer. The term “life cycle assessment” (LCA) is often used
when the environmental effects of industrial products are evaluated. LCA includes e.g.,
production, storage, transportation, handling, use and disposal of the product and all
environmental effects therein. (7) On the other hand, if the costs of certain products are
evaluated, life cycle cost (LCC) terminology is used (4). Oil analysis includes quite a big
portion of the total LCA and LCC of lubricating oils, namely use, disposal and possible
recycling or reuse. If oil analysis is used for condition monitoring of oils and machines
during use of the oils, it will be able to diminish the total life cycle costs and improve the
efficiency of whole production lines (8). Oil changes or top-ups can be made based on
analysis results instead of a calendar, hence diminishing the amount of waste oils and the
need for new oils. Oil analysis can also help in determining the condition of machines
and in predicting possible malfunctions before catastrophic failures occur, thereby
decreasing repair costs and preventing production losses. It should also be noted that a
properly working machine usually consumes less energy than a faulty one. The
environmental effects of different oils can also be evaluated with the help of oil analysis,
like the impact of oils on nature after their useful lifetime.

Oil manufacturers develop their products continuously in order to meet the
requirements of modern industry. Several analysis laboratories and maintenance
enterprises solve problems of lubrication, which include a wide area extending from
lubrication of a single machine to development of maintenance programs for entire plants
or companies. International organizations at the head of ASTM, ISO and OECD, have
developed a great number of standards for oil analysis. In addition to that, national
organizations, oil manufacturers or single enterprises may have oil analysis standards of
their own. Nevertheless, new problems still arise and oil analysis strategies and new
analysis methods developed just for certain targets are required and will also be required
in the future. This dictates the justification for this and various other studies related to the
vast area of oil analysis.



2 On the methods of monitoring the condition of machinery

A vast and diverse group of different methods for monitoring the condition of machines
has been presented in the literature during the past few decades. These methods can be
roughly divided into four groups:

— Methods for analyzing machinery oils or greases (6, 9)

— Methods for analyzing machine vibrations, e.g., vibration analysis (5, 10-11) or shock
pulse method (12)

— Non-destructive testing methods (NDT) like acoustic emission (13-14), thermography
(15) or ultrasound (15)

— Simple following of process parameters like temperatures, pressures, flow velocities,
loadings or torques (5)

This literature survey concentrates on the most important oil analysis methods as well as
on vibration analysis.

2.1 Oil analysis methods

Oil analysis methods can be divided into laboratory-scale (off-line) or continuously
working (on-line/in-line) methods. On-line and in-line methods can be used to determine,
for instance particle quantities in oils, water content and general oil condition, like oil
degradation, based on, e.g., IR spectroscopy or electrical conductivity (16-19). On the
other hand, on-line methods can be used to collect wear particles by means of magnetic
chip detectors (MCD) (20). Deeper inspection of the wear particles can then be carried
out with microscopic methods. On-line instruments are situated in oil circulation systems
and a part of the oil circulates through the measuring device. If the device is assembled
in-line, then the whole oil volume will go through the measurement system. Off-line
analyses require taking a representative oil sample. (6, 16) Despite the constantly
growing significance of the on-line oil condition monitoring methods, in this study, the
focus is especially on laboratory-scale, off-line oil analysis methods. The current
literature related to wear metal analysis, solid debris analysis and additive analysis of oils
is reviewed briefly.
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2.1.1 Wear metal analysis

Increased metal concentrations in oils may tell the maintenance personnel about wearing
of machine elements or oil contamination with other oils, process chemicals or airborne
dust. On the other hand, a decrease in concentrations of various additive metals can be
detected for top-up purposes. Techniques used for wear metal analysis are numerous, for
example, atomic absorption spectroscopy (AAS), atomic/optical emission spectroscopy
(AES/OES), mass spectrometry (MS), X-ray fluorescence spectroscopy (XRF),
ferrography and magnetic chip detectors (5-6, 9, 16). Spectroscopic methods usually
require pre-treatment of oil samples before analysis, whereas instruments based on
magnetism allow analysis to be carried out directly from the oil. Nevertheless,
spectroscopic techniques are more versatile than methods based on ferromagnetism.
Spectroscopic methods can be used in determinations of most metals and even with some
non-metals, depending on the application.

In atomic spectroscopic methods the sample often first has to be nebulized into an
excitation source, which atomizes and often also ionizes the elements of the sample. In
the AAS method a light with the characteristic wavelength of the determined metal is
emitted from a hollow cathode lamp and the light is absorbed by the metal atoms. The
degree of absorption is detected. In OES techniques the metal atoms and/or ions are
excited with the thermal energy of the excitation source. When the excitation state dies,
an element-specific emission spectrum is produced. With the selection and isolation of a
certain emission line, the concentration of the metal can be determined. (6, 21-22).

The literature presents several pre-treatment methods which are employed when
determining metals in oils using AAS and OES methods. A common way is to use
organic solvents to dissolve and dilute oils and to nebulize the oil/solvent mixture as such
to the atomizer unit of the spectrometer used. Various solvents have been proposed,
depending on the technique used. MIBK, DIBK, alcohols, xylene and naphtolite, among
others, have been used with FAAS. Xylene and kerosene are the usual solvents with the
ICP-OES technique. Dilution with organic solvents is a very rapid pre-treatment method
and as such very suitable for quick check-ups of metal concentrations. It is extremely
useful when metal atoms are attached to organic molecules, like in many additive
substances or in metal soaps, or when the solid metal particles are mainly small in size.
(23-29) The obvious drawback of the dilution method is that organic solvents do not
dissolve large solid particles. These particles will not be atomized perfectly in absorption
or emission spectrometric methods. In addition, very large particles are not necessary
nebulized to the atomizer, but are removed to waste. The size limit for 100% atomization
depends on the technique used, being the smallest for FAAS (30) and the biggest for
RDE-OES (31-32). Because instrumental factors affect the limit value significantly, the
literature proposes different limit values even for similar methods. But, 10 pm could be
considered some kind of a rough maximum limit (29-35). The sensitivity of atomization
decreases in all methods after this limit. The amount of small particles can also be
significant in certain situations (29), hence the use of organic solvents as a pre-treatment
method is justifiable also in wear metal analysis. The size distribution of the wear
particles has no influence on the atomization efficiency if acid digested oil samples are
used. The most common ways of digesting oil samples are wet digestion with different



21

acid mixtures in refluxing conditions or microwave-assisted acid digestion (25, 36-38).
Dry ashing has also been used in some studies, but it is possible that easily volatile metals
volatilize during the sample treatment (39-40). One popular pre-treatment method is to
use microemulsions, which means mixing the oil with water and surfactants. The
drawbacks of this pre-treatment method are problems with the stability of the emulsion,
difficult preparation of standards and the same problem with the nebulization/atomization
efficiency of large solid particles as with the use of organic solvents. However, it should
be noted that adding acid to emulsified samples will dissolve the solid metal particles and
improve the accuracy of the determination. (41-46)

FAAS is relatively inexpensive to purchase and use, and its routine operation is quite
simple. On the other hand, sample consumption of the FAAS instrument is high, its linear
determination range is narrow, determining of refractory elements is difficult and
chemical interferences are possible. Only one element at a time can be determined with
the FAAS instrument. Some ICP-OES and RDE-OES instruments offer a possibility to
simultaneously measure almost all metals and some non-metals. These methods are
almost free of chemical interference and possible spectral interferences and matrix effects
can be minimized with careful planning of the measurement. RDE-OES instruments do
not necessarily require any sample treatment and measurements are cheap to carry out.
The drawbacks of ICP-OES are higher purchasing and use expenses than with FAAS or
RDE-OES, and expertise is often required. One difficulty with RDE-OES is the strong
influence of changes in instrumental factors on the results. (6, 21-22, 32) The detection
limits of both atomic absorption and emission spectrometric techniques are very
sufficient for condition monitoring purposes, but if even lower detection limits are
required, ICP-MS can be applied (47-48). However, ICP-MS is very expensive to
purchase and use, and matrix effects in the form of several molecular ions formed in the
plasma can be difficult to remove (21-22).

In the XRF instrument each atom emits radiation in the X-ray region after stimulation.
The detection system can measure the amount of metal atoms in the sample by
determining the amount of X-ray energy produced by the atoms at their characteristic
wavelengths. The XRF technique has been used successfully to determine additive metals
and wear metals in oil samples, as well as wear metals in lubricant filters. Lighter metals
(like magnesium and aluminum) can not be analyzed with XRF, and matrix effects can
sometimes be difficult to remove. (6, 49-51) X-ray related technologies can also be used
to analyze non-metallic particles in oils by means of X-ray diffraction (52).

Ferrographs are divided into direct reading types and analytical ferrographs. A direct
reading ferrograph determines the concentration of ferromagnetic particles above and
below 5 pm based on an optical measurement. In analytical ferrography metal particles in
the oil are precipitated on a specific slide, which is then studied under a microscope.
Particle types, concentrations, sizes and morphologies can be determined. Ferrographic
analyzers can also be used in on-line measurements of wear debris (6, 16, 53-57).
Magnetic chip detectors can also be used to collect ferrous particles. The easiest
application is a simple plug routinely checked visually by maintenance personnel.
Morphological analysis of the collected ferrous wear debris can be carried out with
microscopic methods (20).
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2.1.2 Solid debris analysis

Metallic solid debris in oils can originate from machine elements due to wearing. Filters,
seals and other non-metallic machine parts can introduce non-metallic solid debris into
oil. Severe oxidation of oil can produce solid sludge with carbon deposits. Contamination
with process chemicals and environmental dust can increase the amount of solid particles
in oils. (5-6, 16) The concentration of metallic solid debris can be naturally monitored
with the techniques presented in Chapter 2.1.1. This chapter concentrates mostly on
automatic particle counters and certain microscopic methods.

Automatic particle counting is a commonly used method for monitoring the
cleanliness of hydraulic oils in particular. Automatic particle counters can be divided into
three classes, as presented by Toms (6): methods based on light extinction, flow decay
and mesh obscuration. Methods based on light extinction are commonly used in
commercial instruments (17, 58-59) because their measurement range is wider than with
instruments based on the pressure difference before and after the filters of the instrument.
Particle counters based on light extinction may have problems with highly viscous and
dark-colored oils and with high particle quantities. In addition, air bubbles and water
introduce bias to the determined results. Air can be removed in some instruments and
water is also harmful to the lubrication system, hence the detection of water can be seen
as a good property, depending on the requirements. Commercial instruments are available
as laboratory, portable and on-line devices. (6, 17, 58-63)

Optical microscopy is often used as a supporting technique for automatic particle
counters. The quality, morphology, size and color of solid debris can be detected if the oil
sample is first filtered through a membrane filter. In some cases particle counting can also
be carried out with optical microscopes, but it should be noted that manual counting with
a microscope seldom produces the same results as an automatic particle counter. Manual
particle counting with microscopes may yet be the only possible method with some oils.
(6, 16, 64-65) Scanning electron microscopy (SEM) can produce extra information about
solid debris because the elemental distribution can be detected from the solid particles on
a filter membrane in a way similar to the XRF technique. However, SEM is more difficult
and expensive to use than a normal optical microscope. SEM analysis also requires that
the samples are conductive, hence the membrane filters have to be pre-treated, whereas
membranes can be studied visually as such in optical microscopy. SEM could also be
used to visualize wearing in different lubrication situations. (6, 16, 66-67) A great number
of other kinds of microscopes presented here are also suitable for wear debris analysis of
oils (52, 68-69). Numerous wear and contaminant particle images from different sources
have been gathered into large debris libraries that are commercially available, which
eases the identification and classification of solid debris (16). Various microscopic
methods can even be automated by means of image analysis, hence diminishing the time
and human expertise required (69-71).
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2.1.3 Additive analysis

Additives are used to improve certain properties of the base oils used. They can be used,
for instance, as detergents, dispersants, anti-wear agents, antioxidants, extreme pressure
agents (EP), viscosity index improvers, corrosion inhibitors, pour point depressants or
defoamants. (6, 72-73) A wide variety of different types of substances can be used for
these purposes and their analysis is often very specific. However, additives are usually
organic molecules and can be detected e.g., using infrared spectroscopy (IR), nuclear
magnetic resonance spectroscopy (NMR), mass spectrometry (MS) or chromatographic
methods. For example, vibrational spectroscopy (e.g., IR) is molecule-specific and
produces information about functional groups of the molecule without destructing the
samples. (21-22) The most usual methods used in additive analysis are presented in this
chapter with a few application remarks.

In IR spectroscopy infrared radiation emitted by the light source is absorbed by the
molecules of the sample and the amount of absorption is detected. Fourier transform
infrared spectroscopy (FTIR) has been used extensively to analyze additives of
lubricating oils as well as to monitor oxidation and contamination of oils. Many sensors
developed for rapid on-line controlling of oil condition are based on IR spectroscopy. In
these sensors data is collected from spectral areas which are the most significant for oil
condition evaluation. For instance, the carbonyl band tells about the oxidation of oil or
depletion of an ester additive in some oils (19, 74-75). The FTIR instrument produces a
molecular spectrum of the oil sample and the amount of additives can be detected by
comparing the used oil sample with new oil or against a standard series made of the
additives under study. The FTIR method has been applied, for instance, in the analysis of
alcohols, esters, antioxidants (like 2,6-ditertiarybutyl-p-cresol), polybutenes and
organozincdithiophosphates used as oil additives (76-82). The FTIR instrument can also
be used as a detector for gas and liquid chromatographs. (21-22)

Chromatographic methods are often used to separate additives from the base oil. In
gas chromatography (GC) separation of the analytes is based on the partition of the
molecules between the mobile gas phase and the immobilized liquid phase on a solid
support material. In liquid chromatography (LC) the mobile phase is liquid and the
stationary phase can be e.g., a liquid on a solid material packed in a column. (21-22) GC
and/or LC as individual methods have been used, for instance, in determining fatty acids,
fatty acid esters, di- and triglycerides, organophosphorus compounds or polar emulsifiers
in oils (77, 83-85). On the other hand, chromatographic methods can be used only for
separation of analytes and mass spectrometry is used as a detector. Mass spectrometry as
such or combined with chromatographic methods can be an effective tool in the analysis
of base oils and additives. MS has been used e.g., in determining antioxidants, metal
passivators, lubricity improvers or anti-wear agents in lubricating oils (86-88).

The basis of NMR spectroscopy is to measure absorption of electromagnetic radiation
in the radio frequency region. The sample is in an intense magnetic field, where the
nuclei of atoms form energy states suitable for absorption (21-22). 'H and *C NMR are
the basic methods used for characterization and quantitative analysis of a great deal of
different additives, like fatty alcohols, fatty acids, fatty acid esters or antioxidants. *'P
NMR is suitable for analyzing organophosphorus additives. (76, 78). Two-dimensional
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(2D) NMR methods have also been applied in the quantitative analysis of certain
aliphatic components of oils (89).

2.2 Vibration analysis methods

Vibration measurements of machines are based on the following facts (90):

— all machines vibrate as a result of faults of different severities
— excessive vibration indicates that the faults have developed into mechanical problems
— different faults cause vibrations in different ways

Vibration of machines can be measured as displacement, velocity or acceleration with a
suitable sensor. On the other hand, a vibration signal can be differentiated or integrated.
For example, velocity can be obtained from an acceleration signal by integration.
Displacement is useful at low frequencies, whereas acceleration is far more sensitive at
higher frequencies. Measurements can often be carried out as effective value
measurements, which tell if the machine is in good condition or not. These kinds of
measurements have been standardized, like the ISO 2372 standard (91) or the Finnish
standard PSK 5704 (92), which use a v,,; value in the frequency range 10-1000 Hz,
where it is thought that vibrations with the same value are equal from the viewpoint of
the severity of the faults. In acceleration measurements a similar area is between 1000 Hz
and 4000 Hz or between 1000 Hz and 10,000 Hz, depending on the study (93). Effective
value measurements do not indicate the precise cause of the fault. Peak values of signals
are also used, and especially when information about impact-like phenomena is required.
The next stage is to study the time domain signal more effectively. It can reveal numerous
faults, like failures in gears and bearings causing strong impacts, unstable operation of an
electric motor or beating phenomenon. Detected vibrations can also be thought of as
periodic functions, and they can be presented as pure sine functions with certain
frequency ratios. The physical basis of frequency analysis is that the overall movement of
a measuring point is caused by forces with different frequencies. A frequency spectrum
can be calculated using a fast Fourier transform (FFT). When the frequencies at which the
vibration amplitudes are the highest are known, the cause of the fault can be found out
using vibration identification charts in which different faults with their specific
frequencies are given. (5, 10-11, 93-94)

Vibration signals can often be weak or the information about the cause of the fault is
hidden beneath the “normal” vibration of the machine. There are several ways to process
the signal in order to make identification of the fault possible. Of course, the sensitivity
and the signal/noise ratio of the sensor should be suitable for the measurement. Very
weak signals can be amplified or excessive vibration at high frequencies can be filtered
away in order to enhance the signal/noise ratio. On the other hand, the measured
parameter should be suitable. For example, it is not beneficial to measure displacement if
vibrations at gear mesh frequencies are studied. Especially with slowly rotating machines
it has been observed that it is reliable to use the third or fourth time derivatives of the
displacement, which react better to impacts caused by faults as acceleration. With some
faults it is not exaggeration to use even higher order time derivatives of displacement.
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The order of differentiation does not even have to be an integer; it can be any real number
or even a complex number. In some cases it is beneficial to integrate displacement with
respect to time. For instance, oil whirl in the machine can be indicated in this way. The
measured signals can also be treated in several ways such as time averaging, cepstrum
analysis or enveloping in order to ease the detection of faults at an early stage. (5, 10-11,
95-100)

Vibration analysis and oil analysis used together have been observed by many
researchers to be very efficient in the condition monitoring of several kinds of machines
(101-105). Oil analysis can indicate failures in lubrication or wearing phenomena of
different machine elements earlier than vibration analysis. Oil analysis often provides
information about the wearing mechanisms. Vibration analysis can reveal faults like
unbalance or misalignment, which are not seen in oil analysis unless wearing happens.
Vibration analysis is often more efficient in detecting the exact cause and point of failure.
However, both methods can usually reveal most faults eventually, and one of the methods
is often used to detect the fault and the other is used to confirm the detection (102).



3 Environmental fate of lubricants

Used oil products are hazardous wastes and should be treated properly in hazardous
waste treatment plants after their operational use. The possibilities are to produce
recycled oils for rougher use, like chain oils or ship oils, or to burn the oils for energy.
The guidelines of the European Environmental Agency (106) propose that reuse and on-
site recycling of waste could be called waste minimization techniques, whereas energy
recovery is seen as just waste management. Reuse and recycling should be used as a
primary treatment of oils, whereas energy recovery of oil waste is used as a secondary
option. However, there are many estimates concerning Finland and other countries that a
great deal of the oils used are not treated in hazardous waste treatment plants. For
instance, 60,000 tons of new oils that could be collected after use were sold in Finland in
2001 (the overall sales of oil-based lubricants was about 87,200 tons (1)), and only
27,500 tons of oil were collected and handled properly at Ekokem Oy (107). Bartz (108)
has evaluated in 1998 that the amount of lubricants returning into the environment could
be as high as 12 million tons annually worldwide. Hence, a significant portion of oils is
spilled into the environment. Some oils, like forest and agriculture chain oils or two-
stroke engine oils, contaminate environment directly after use. Other oils may be released
into the environment due to accidents, like leakages of oil tubing and containers.
However, the environmental fate of lubricants is strongly dependent on the type of oil
(mineral, synthetic or vegetable/animal oil) as well as the environment where they were
used (e.g., industrial plant, forest or water system). The environmental effects of oils can
be evaluated on the basis of four parameters: biodegradation, bioaccumulation, mobility
and toxicity. Biodegradation means degradation of organic matter due to microbial
functions, either totally to carbon dioxide and water or partially to less harmful
compounds. There are many standards and instruments for biodegradation tests available
on the market. Bioaccumulation refers to the concentration of a substance in living
organisms, and it is measured as a water/octanol distribution factor (K,,) or a
bioconcentration factor (BCF). Mobility refers to the tendency of a substance to be
transported in nature. For instance, water-soluble oils may move in groundwater
significantly far from the original contamination spot. Toxicity means the acute and
chronic influences of a chemical on the functions of organisms. Toxicity can be measured
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e.g., by means of an LCs, value (i.e., lethal concentration, 50%) or a WGK value (i.e.,
German water hazard class). (108-112)

This literature survey concentrates on biodegradation and biodegradation
measurement instruments, especially from the viewpoint of oil biodegradation.

3.1 Biodegradation measurements

Knowledge of the biodegradability potential of oils is important for both manufacturers
and users of oil products. The biodegradability of oils is not, however, so easy to
determine. One problem with biodegradability measurements of oils in water is their low
solubility, which may cause a need for specific techniques (113). In addition, if optimal
conditions for oil biodegradation are sought, then mineral concentrations, pH, moisture in
soils, soil/water type, types of microbes and temperature should be adjusted to suitable
levels (111). Also, the difference between aerobic, anaerobic and abiotic degradation
reactions should be taken into account. Various biodegradation measurements of
chemicals have been standardized e.g., by OECD, CEC, ISO and national organizations
(114-117). The standards are often developed for measurements in a water medium.
OECD 301 A-F (114) also gives a classification of aerobic biodegradation measurements,
which can be tests of ready or inherent biodegradability or simulation tests carried out in
different natural conditions. The standardized tests usually propose suitable conditions for
optimal biodegradation containing suitable microbial, nutrient and sample concentrations.

Various different methods have been used to evaluate oil biodegradation in the
literature. A widely used way to determine oil biodegradation, as described in the CEC-L-
33-A-93 (115) standard, is to periodically collect samples from the biodegradation test
vessel and extract them with a suitable solvent, like carbon tetrachloride or 1,1,2-
trichlorofluoroethane. Then the infrared absorbances of the samples are measured at 2930
cm™ and amount of hydrocarbons in the sample can be calculated against a standard
series. The Finnish standard SFS 3010 (117) is quite similar (IR absorbances are
measured at 2960 and 2925 cm™), and it can also be applied to soil samples. However,
these methods are quite laborious. They contain problems in sampling, i.e., how to take a
representative sample from a heterogeneous oil/water or oil/soil mixture. Evaporation of
volatile compounds may also increase the total uncertainty of the determined degree of
biodegradation (115, 117-118).

GC and GC-MS methods are suitable for evaluating biodegradation reactions. They
can be used to monitor concentrations of certain hydrocarbon groups, like aromatics, for
instance. On the other hand, these methods can detect new products that are not present in
the original samples, but are forming in the biodegradation reactions. The ability to detect
certain organic compounds is a significant benefit, but it should be noted that
chromatographic separation and detection of certain compounds can be quite difficult,
especially if quantitative information is required. (119-122)

Different kinds of respirometric methods have been used in biodegradability
measurements for decades, already. They can measure dissolved oxygen (DO) in water or
determine CO, evolution or O, consumption, for example. DO is usually measured with
an oxygen probe, CO, evolution can be determined with titration and O, consumption
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from pressure measurements, when CO, is absorbed. It is also possible to label certain
organic carbon-containing compounds with '“C and then follow the reactions of the
radioactive carbon isotope. This kind of radiochemical method can be used e.g., as a
reference test for respirometric tests. The significant benefit of some respirometers is the
possibility to automate the measurement, i.e., no sample taking is required. Various
respirometric applications have been developed and commercialized for different
measurements, like biodegradability or toxicity evaluations of chemicals. (123-130)

Biological oxygen demand (BOD), which can be used in determinations of the
biodegradability of chemicals, is a very important parameter in various fields of industry,
for instance in controlling the function of a wastewater treatment plant. However, when
the results of traditional BODs or BOD; determinations (131-132) are ready, the situation
can be totally different at the plant. So, new methods for continuous on-line BOD
determination and prediction of BODs or BOD;, which is required to fulfil the
requirements of environmental authorities, have been developed (133-135).

Highly sophisticated methods for evaluating oil biodegradation have also been
developed, like the use of artificial neural networks (ANN) (136). ANNs can calculate a
prediction for the oil biodegradability value based on the chemical composition, viscosity
and viscosity index of the studied oil. The ANN method can be used as an aid in
producing an evaluation of the degree of biodegradation before longer-lasting traditional
determinations. The effects of the chemical and physical properties of oils on their
biodegradation have also been studied intensively using traditional methods (137-141).



4 Aims of the study

This thesis summarizes the results and conclusions of six articles (appendices I-VI), and
also presents a brief literature survey of methods of monitoring the condition of
machinery and the environmental effects of oil products.

Modern industry benefits financially from condition monitoring of machines.
However, condition monitoring is not always straightforward, because different machines
require specific condition monitoring programs. The condition of worm gears is quite
difficult to monitor, and the aim was to develop and use suitable methods for their
analysis. A successful study of failure monitoring of different worm gears is described in
Article I. Oil analysis alone and also oil analysis and vibration analysis together were
used with good success and significant financial savings. Oil analysis was also used for
typical oil condition monitoring in Article I.

Any condition monitoring program can only be as good as the sum of its parts. The
aim was to tune existing oil analysis methods for monitoring of selected targets in
industry. Novel methods were also developed.

Wear metal analysis plays an important part in monitoring of various machine
elements. ICP-OES employing kerosene dilution of samples can be used successfully in
determining wear metals in oils. Because ICP-OES is expensive to purchase and use,
cheaper FAAS was also tested with the kerosene dilution method in order to get a quick
check up method for certain indicator metals. This study is described in Article II. Wear
metals and other contaminants may exist in oils as solid particles. By studying the
morphology, size and composition of solid debris in oils, information on the wearing
mechanisms of machine elements and sources of contamination may be gathered.
Suitable solid debris analysis methods were sought and tested for two different oil types,
i.e., rolling oils of stainless steel and gear oils of a certain production crane. Optical
microscopy, SEM, automatic particle counting and ICP-OES were used, and the
experiences gained from using these methods in solid debris analysis are presented in
Article III.

Modern lubricating oils consist of a base oil and various additives. The right amount
of additives may sometimes be vital for proper functioning of oils. The types of analyses
carried out depend on the studied additives. The aim was to develop a suitable method for
quantitative analysis of fatty alcohols and fatty acid esters. An infrared spectroscopic
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method for analyzing these additives was developed and tested experimentally and
statistically with industrial oil samples. The results of this method development are
presented in Article IV.

Different oils may enter the environment during use due to an accident (spillage) or as
designed (chain oils or two-stroke engine oils). Oils may cause hazards to humans,
animals and plants on the ground, but in the end they will enter the soil and then be
transported in the soil layer and even into the groundwater layer. Large amounts of oils
can contaminate the soil and groundwater for a long time. Of course, there are various
anthropogenic methods for removing oils from soil and water, but there are also natural
methods. One natural method of decontamination is biodegradation due to microbial
actions. This method can also be implemented artificially. There are several methods of
evaluating the rate of biodegradation. The intent was to test a new, automatic method, i.e.,
the respirometric BOD OxiTop method, in oil biodegradation studies. This method was
tested with certain model substances and with real oil samples in different waters as well
as in forest soils. The suitability of the BOD OxiTop method for determining the
biodegradation of oils was studied with forestry hydraulic oils in groundwater and in
standard conditions in water described by OECD 301 F as presented in Article V. The
same method was tested with chain oils and wood preservative oils in a forest soil
medium and the results are given in Article VI.

In all, one significant aim of this study was to show to people working in the area of
condition monitoring and maintenance how broad the area of possible methods of oil
analysis is. It is also worth noting that analysis methods for certain applications should be
carefully tested and compared with each other before they are selected for routine use.
The reference list of this thesis also contains samples of the literature of oil analysis and it
could be used as a source when interested in finding out suitable methods for oil analysis.



5 Experimental work

5.1 Overview of the oil samples and sampling methods (I-VI)

The oil samples of different machines used in the condition monitoring studies were
taken using four different methods:

— straight from the oil circulation system using a hydraulic lock and hose specially
designed for sampling

from an oil tank via an emptying valve

— from an oil tank using vacuum suction

straight from an oil tank or oil circulation system using a suitable vessel

Sampling was carried out either while the machines were running or immediately after
stoppage. The time interval between samples varied depending on the studied machines.
At the Mondo Minerals Oy talc factory and the Draka NK Cables Ltd cable factory the
sampling interval was first two months and finally it was extended to ten months. The
total oil volume in the talc and cable manufacturing machines was a few hundred liters at
a maximum, often significantly less. The sampling interval of cold rolling oils at
Outokumpu Stainless Oy and gear oils at Ruukki Production (Raahe Steelworks) was
either three or four months. The total oil volumes in the cold rolling oil systems were
several hundreds of cubic meters, and in the gears at Ruukki Production, about 220 liters.
Samples were taken mainly by the maintenance personnel of each factory according to
their routine sampling methods and/or instructions given by the author. All the oils except
certain ones from Mondo Minerals Oy were mineral oil-based with different additive
packages and viscosities, depending on application. The certain oils at Mondo Minerals
Oy were synthetic polyalkyleneglycols.

The hydraulic oil samples used in the biodegradation tests were either new
commercial oils or similar oils taken from the hydraulic systems of forest machines after
use. They were either mineral oils or synthetic bio oils. Chain oils were commercial bio
oils (tall oil and rapeseed oils). The wood preservative oils were either commercial
products (linseed oil and creosote oil) or substances from a SUNARE project (142),
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which is implementing environmentally sound wood preservation using tall oil-based
substances at the University of Oulu.

5.2 Wear metal analysis (I, 11, II1, V)

Typical wear and additive metals: iron, chromium, nickel, copper and zinc were
measured. In some cases also magnesium, tin and lead were determined. Two different
methods of pre-treating oil samples were used: a kerosene dilution method, applying the
method presented by Kuokkanen et al. (143), and wet digestion with sulphuric
acid/hydrogen peroxide (144). In the kerosene dilution method, oil samples were diluted
with kerosene (Fluka, purum) using 1/10 (w/v) or 1/20 (w/v) dilutions. Standards were
made from commercial organometallic standard Conostan S 21 (500 mg/kg or 900
mg/kg, Conoco Specialty Products, Inc., Ponka City, OK, USA). In order to obtain
matrix-matched standards, Conostan 20 Base Oil (Conoco Specialty Products, Inc.,
Ponka City, OK, USA) was added to all the standards and to a blank solution. All the
standards were diluted 1/10 (w/v) with kerosene. Recovery samples for testing the
developed methods were made of the real oil samples spiked with the Conostan S 21
standard. One test with a reference material Wear Metal Multi-Element Standard, Accu
Standard WM-21-NMS-30X (Accu Standard, New Haven, CT, USA) diluted with
kerosene and matrix-matched with the Conostan 20 Base Oil was also carried out. In the
degradation method, oil samples (0.5 g, synthetic polyalkyleneglycols in this case) were
refluxed with concentrated sulphuric acid (6 ml) and 30% hydrogen peroxide at 400 °C
(H,O, was added until the solution brightened). The degraded samples were diluted 1/100
(w/v) with hydrochloric acid and distilled water. Standards were made of 1000 mg/1 stock
standards. The benefits of the kerosene dilution method are its simplicity and fast
treatment. The drawback of this method is that it does not dissolve > 10 um solid
particles, and their nebulization, atomization and detecting sensitivity may be weak with
ICP-OES or FAAS. The benefit of the H,SO,/H,0, degradation method (144) is that it
degrades also the biggest solid particles in oil. The drawbacks are its labor-intensity and
the possibility of evaporation of volatile elements during treatment.

ICP-OES determinations were carried out with a radially-viewed Philips PU 7000
ICP-OES instrument equipped with an autosampler (Gilson), a Hildebrand grid nebulizer
(Leeman Labs, Inc.), a Scott-type double-pass spray chamber (Leeman Labs, Inc.) and a
Fassel-type torch (CP international). Some tests were carried out in a different laboratory
which used the French standard NF T60-106 (145). The manufacturer of their ICP-OES
instrument is not known. FAAS determinations were carried out with a Perkin Elmer
AAnalyst 100 FAAS equipped with D, background correction. The specifications of the
FAAS instrument were: a corrosion-resistant universal GemTip™™ nebulizer (plastic), a
standard flow spoiler (plastic), a single slot 10 cm air-acetylene burner head and a burner
mixing chamber. Typical operating conditions of both devices with oil/kerosene solutions
are given in Article II. With water solutions auxiliary argon was not used and the
nebulization pressure was usually 40 psi in the ICP-OES determinations.
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5.3 Solid debris analysis (III)

For solid debris analysis, oil samples were dissolved with toluene (Labscan Ltd, Dublin,
Ireland, p.a.) 1:1 (v/v) and filtered through dried and pre-weighed Schleicher&Schuell
cellulose nitrate membranes (types NC 45, AE 98 and AE 100). The filtered volume
depended on the oil studied. The pore sizes of the membranes were 0.45, 5 and 12 um.
The membrane filtration residue was weighed and the solid matter concentration was
calculated in the unit mg/l. The solid debris was studied qualitatively by means of a
Nikon Epiphot TME optical microscope equipped with a Polaroid DMC 2.0 camera.
Optical microscopic analysis was carried out with all samples. SEM analysis was carried
out with a Zeiss ZSM 62 SEM with an EDS detector. The membranes were used as such
in the normal microscopic analysis and real pictures were taken. Before the SEM
analysis, part of the membrane was cut off, glued on an aluminum holder, treated with
silver for better conductivity and sputtered with gold (25 seconds). Back scattering
images of the membrane surfaces were taken, the particle sizes were measured and
spectral analyses were carried out with the SEM. The SEM analysis supported the
information obtained from the normal microscopic analysis, but in addition it was
possible to determine the elemental distribution of the particles. SEM analysis was
carried out with certain rolling oil samples. Particle quantities in 100 ml of rolling oil
were detected from bottle samples and given as ISO classes (146) by means of a portable
HYDAC FCU 2210-4 automatic particle counter. The particle counter was calibrated by
the manufacturer. Automatic particle counting was carried out with certain rolling oil
samples.

The purpose was to determine typical particle types, their morphologies, size and
elemental distribution in rolling oils in order to categorize the particles and discuss their
influence on pebble formation and also to monitor the efficiency of rolling oil filtration in
the oil circulation systems. Another objective was to determine normal particle
morphologies and sizes within gear oils of the production crane at Ruukki Production and
possibly to react quickly in abnormal failure situations.

5.4 Additive analysis (IV)

Fatty alcohols and fatty acid esters are used in boundary lubrication situations, and their
quantity may be vital for proper functioning of certain oils. A quantitative analysis
method for determining the amounts of these additives is proposed in Article V.

First, a qualitative analysis was done in order to clarify the exact additive molecules in
the oil samples and to ease the planning of quantitative analysis. For qualitative analysis,
the oil samples were diluted with dichloromethane 1:1 (v/v) and shaken in a separating
funnel with an ethanol/water mixture 4:1 (v/v), as recommended by Tusset and Hancart
(84). The layers were allowed to separate and aliquots from both layers were taken. The
fatty acid esters were analyzed directly from these samples. To identify the fatty alcohols,
the samples were silylized with a Pierce BSTFA reagent (Rockford, IL, USA) in order to
form easily identifiable trimethylsilylesters. A Hewlett Packard 5973 GC-MS mass
selective detector equipped with a Supelco Equity-5 column (15m/250 pm/0.250 pm)



34

was used in the determinations. The temperature program of the GC oven was: initial
temperature (35 °C, 1.5 min), ramp 1 (5 °C/min up to 60 °C), ramp 2 (15 °C/min up to
360 °C) and final temperature (360 °C, 5 min).

For quantitative analysis, the oil samples were diluted 1:3 (w/w) or 1:5 (w/w) with
toluene (Labscan Ltd, Dublin, Ireland, p.a.). Mixture standards were made of dodecanol,
tetradecanol, octadecanol, methyl palmitate and methyl stearate, which were diluted with
a 1:3 (w/w) mixture of Conostan 20 Base Oil (Conoco Specialty Products, Inc., Ponka
City, OK, USA) and toluene. A 1:3 (w/w) mixture of Conostan 20 Base Oil and toluene
was used as a blank solution. Recovery samples were made of tetradecanol, methyl
stearate, certain real oil samples and toluene. IR measurements were carried out with a
Bruker IFS 66 FTIR spectrometer equipped with an Opus 4.0 software. Demountable
potassium bromide (KBr) cuvettes with a path length of 0.5 mm were used. The peak
values of the OH and C=0 groups were observed at approximately 3604 cm™ and 1743
cm™, respectively. Comparison measurements were carried out with a Perkin Elmer
Spectrum One FTIR instrument. The operating conditions of both instruments are given
in Article IV. The hydroxyl concentration of certain samples was also measured applying
the German standard DIN 53240 (147). In this standard, the oil sample is refluxed with
pyridine/acetic acid anhydride and then titrated with a potassium hydroxide/methanol
solution. The method is, however, laborious and was only used with a couple of samples.

5.5 Vibration analysis (I)

Vibration analysis was used together with oil analysis to monitor the condition of certain
worm gears at the Draka NK Cables Ltd cable factory. Acceleration was detected with a
Wilcoxon accelerometer model 726 attached to the machine under study with a
permanent magnet. Acceleration signals were recorded with a Casio DAT recorder DA-7
in the frequency range from 10 Hz to 20 kHz. The acceleration signals were analyzed
with Ono Sokki CF 1200 and CF 5220 FFT analyzers. Analogue differentiations were
carried out with a Mitsol differentiator DV-971. The acceleration signal was also
differentiated numerically and analyzed with a LabVIEW 7.1 software.

Effective values of vibration velocity (v,ys) were detected in the range from 10 to 1000
Hz. Acceleration, x® and x® time domain signals were also analyzed, e.g., kurtosis, crest
factor and rms values were calculated. Besides this, velocity, acceleration, x® and x*
spectra were calculated and analyzed. The acceleration signals were also listened to
thoroughly.

5.6 Biodegradation measurements (V, VI)

The suitability of the respirometric BOD OxiTop method (WTW, Weilheim, Germany)
for determining oil biodegradation was tested in a water medium in Article V. The
method is based on a very accurate pressure measurement in a closed bottle. When
organic matter biodegrades; it demands a certain amount of oxygen. When oxygen is
consumed, pressure falls. At the same time carbon dioxide is produced, but in this method
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it is absorbed onto solid sodium hydroxide pellets; hence it does not affect the measured
pressure. The measurement is fully automated and the instrument calculates biological
oxygen demand (BOD) in the unit mg/l using the ideal gas law modified for conditions in
a closed bottle, as described in equation (1). Operation and sealing of the BOD OxiTop
device in the BOD measurements was tested with OxiTop PM calibrating tablets applying
instructions given by the manufacturer. The results of these measurements had to be 310
+ 30 mg/1 after five days when the device was working correctly. The determined results
with different OxiTop C measurement heads varied between 304 and 315 mg/] after five
days.

BOD [mg/l] = M(O2)/RTw " [(Vie=V1)/Vi + 0T/ To] - Ap(O2) (1

M(0O,) is the molecular weight of oxygen (32,000 mg/mol), R is the gas constant (83.144
1 hPa mol™ K™), T, is the measuring temperature (K), T, is 273.15 K, Vo, is the bottle
volume (ml), V;is the liquid phase volume (ml), o is the Bunsen absorption coefficient
(0.03103) and Ap(O,) is the difference in partial oxygen pressure (hPa). BOD [mg/l] was
converted to BOD [mg/mg], where the sample mass [mg] is taken into consideration, and
divided by the theoretical oxygen demand ThOD [mg/mg] in order to get the degree of
biodegradation as described in equation (2).

Degree of biodegradation = BOD/ThOD -100% 2)

However, the theoretical oxygen demand was calculated using only carbon contents of
the sample. Carbon is the main component of hydrocarbons and it consumes most of the
oxygen. However, hydrogen also consumes oxygen and if there is oxygen in the degraded
molecule it diminishes the need to use oxygen from the gas phase of the bottle. Carbon
and hydrogen contents could be determined with our elemental analyzer (Perkin Elmer
2400 Series II), but oxygen content could not be measured. So, degrees of biodegradation
were calculated using only the main component of the oil samples, i.e., carbon and the
results of BOD/ThOD may be somewhat too big, but at least comparable with each other.

Experiments were carried out in different waters, i.e., in ultra-pure water, Oulu
municipal water, Liminka river water and groundwater from Paavola. Because it
represents typical groundwater from Northern Finland and its property data were always
easily available, Paavola groundwater, whose physical and chemical properties are
discussed in more detail in Article V, was used in all the experiments done in a
groundwater medium. Some experiments were also carried out in the conditions
described by OECD 301 F (114), and abiotic degradation of certain samples was also
tested. All the tests were carried out at a temperature of 20.0 + 0.2 °C and the measuring
time was 28 days. In the groundwater experiments, no other substances than the Paavola
groundwater and oil samples (oil concentration 100 mg/l) were used. In the conditions
described by OECD 301 F, the experiments were carried out in a mineral solution into
which wastewater from the Taskila wastewater treatment plant in Oulu was added to
serve as a microbe source, and nitrification was prevented with n-allylthiourea. The oil
concentration used in these experiments was 150-200 mg/l. For abiotic control the oil
samples (oil concentration 80-140 mg/l) were heated in an autoclave 15 minutes at a
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temperature of over 100 °C and at the pressure of 1.5 bar in order to kill all the microbes
within the sample.

The suitability of the respirometric BOD OxiTop method for determining oil
biodegradation was also tested in a soil medium in Article VI. The same kind of BOD
OxiTop measuring device was used as in the water experiments. The difference here was
the measurement bottle (MG 1.0, WTW, Weilheim, Germany) specified for soil samples.
In the water experiments, the OxiTop instrument could calculate the biological oxygen
demand automatically, but in measurements in a soil medium the instrument gives
pressure readings in hPa and the BOD value has to be calculated manually, as described
in Article VI. Another difference is that carbon dioxide was absorbed with a 1 M NaOH
solution instead of solid NaOH pellets.

The studied oils were added to the soil in concentrations of about 1000 mg/kg, which
is one recommended limit value for oil contamination in Finland, but which depends
greatly on soil type and will be evaluated on a case basis. Measurements were carried out
at a temperature of 20.0 + 0.2 °C and the measuring time was 14 days. The soil samples
used as measurement media were gathered from different forests in Alavieska in August
2003. The soils were sampled near the surface. One forest area had been fertilized with
NPK fertilizer earlier. The soil type, pH, conductivity and the amount of major nutrients
(Ca, P, K and Mg) in the soil were determined before the biodegradation experiments in a
laboratory specified for soil fertility studies.

5.7 Other oil analysis methods (I)

The water contents of the oil samples were measured by means of an automatic Mettler
Toledo DL 36 Karl Fischer titrator as averages of ten measurements. The total acid
numbers (TAN values) of the oils were determined with traditional acid-base titration
using potassium hydroxide in ethanol as a titration agent. The oil samples (5 g) were
dissolved with a propan-2-ol, toluene, dimethylsulphoxide mixture (15 ml) in order to
improve the reaction of the titration agent and organic acids. The whole sample was
titrated at a time. The TAN values were calculated as averages of two measurements.
Viscosities were measured as dynamic viscosities with a Brookfield DV II+ viscometer at
various different temperatures.



6 Results and discussion

This study concentrates on using oil analysis in the field of machine diagnostics,
maintenance and environmental analytics. The research consists of different industrial
case studies in which oil analysis was beneficial. However, every condition monitoring
program can be only as good as the sum of its parts. Hence, proper analysis methods are
required and a significant effort was made in different studies to develop new oil analysis
methods or to tune the performance of existing methods. This study can also be seen as a
part of life cycle assessment (LCA) of the studied oil products, including studies of their
monitoring during use but also evaluating their environmental effects.

6.1 Oil analysis in industrial machine diagnostics (I)

Oil analysis alone was used as a monitoring method in case 1 to detect wearing
phenomena of certain machine elements and in case 2 oil analysis was combined with
vibration analysis. In case 3 oil analysis was used to clarify the condition of gear oil.

6.1.1 Case study 1 (1)

The studied machine is used in talc production to agglomerate talc powder into bigger
particles. The analyzed oil lubricates a worm wheel and a worm in the gearbox of the
machine. The worm wheel is made of zinc bronze and the worm is made of steel. As seen
in Fig. 1, the concentrations of typical wear metals possibly detaching from either the
worm wheel or the worm were at a moderately high level during measurements 1-5, but
they remained quite static. The concentration of these wear metals increased significantly
between the fifth and sixth measurement (ten-month time interval).
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Fig. 1. Typical metals originating from the worm wheel and the worm. (I)

Wearing of both the worm wheel and the worm was obvious. As seen in Fig. 1, the
behaviour of copper and zinc, as well as the behaviour of iron and chromium, was quite
similar. The explanation for this observation is that copper and zinc originate from the
worm wheel made of zinc bronze, whereas iron and chromium originate from the worm
made of steel. Hence, measurements of copper and iron alone are sufficient in monitoring
the condition of worm gears. This is justifiable because worm wheels contain copper and
worms contain iron as their main components, although the material compositions can
vary over a large scale (148-150). This brings savings not only in laboratory work but
also in maintenance. The machine does not need to be opened and use of the machine can
be continued if a failure is detected at an early stage. A new spare part can be ordered and
replacement can be carried out during downtime planned beforehand with minimum
production losses. Of course, the construction and materials of the machine have to be
known well before a measurement of this kind of failure mode indicator can be applied in
machine diagnostics. For example, if the oil is circulated in a larger system and it also
lubricates parts other than only the gear, then measurement of just a couple of indicator
metals may not necessarily suffice (6).

The maintenance personnel were warned about the possible wear process of the gear.
However, all scheduled production use that was planned was carried out before the
machine was repaired. If the wearing phenomenon had not been detected at an early stage
and the worm wheel and the worm were damaged completely, the repair costs would
have been almost five times as high as they were now. The savings achieved with the help
of oil analysis were about 200,000 euros in this case in the form of reduced repair costs
and prevented production losses.

6.1.2 Case study 2 (1)

The studied machine (presser 1) is used in copper cable production to press warmed
plastic granulates onto copper cables. The studied oil lubricates the gear and roller
bearings of the machine. Different malfunctions in the use of this machine were observed
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earlier, and the maintenance personnel reasoned that some part of the machine could be
wearing at the moment. According to wear metal analysis of the gear oil, the copper
concentration of the oil was high (79 ppm), whereas a similar presser (presser 2) having
similar problems gave a significantly lower copper concentration (15 ppm). There was
reason to believe that the worm wheels (made of tin bronze) of these machines had worn
and that the situation was worse with presser 1. Of course, part of the copper in the gear
oil could originate from the production of copper cables. According to oil analysis results
obtained from other copper cable manufacturing machines at the same factory, its
significance is probably minor in this case. The worm wheel of presser 1 was replaced
and use of the worm wheel of presser 2 was continued. Oil samples were taken again two
years after the failures were detected and then again after one more year (see the results
in Table 1).

Table 1. Certain metal concentrations in the gear oils of the pressers two and three years
after failure detection. (Modified from I and partially new data added)

Machine Fe [ppm] Cu [ppm]
Presser 1 (December 2003) <2 12
Presser 1 (November 2004) 2 28
Presser 2 (October 2003) 21 36
Presser 2 (November 2004) 2 22

As seen in Table 1, wear metal concentrations were at a relatively low level in the gear oil
of presser 1 still long after its repair. The observed copper concentration is most likely
due to a lack of sufficient rinsing of the system. The wear metal concentrations in the
gear oil of presser 2 rose moderately in two years (2001-2003), e.g., copper concentration
rose from 15 ppm to 36 ppm. An oil change in December 2003 decreased the
concentrations, but an indication of wearing of the worm wheel still existed in November
2004. However, the worm wheel of presser 2 still has not been replaced and the machine
works reliably.

Information about the condition of presser 1 was also gathered using vibration analysis
before and long after the repair. Listening to the acceleration signal revealed that there
was a slight sound of friction with a high frequency at one measurement point in the
measurements done before the repair. The sound changed after the repair and only a slight
rustle was emitted by the motor and/or plastic granulates moving in a feed tube. The root-
mean-square velocity measurements in the frequency range of 10-1000 Hz were not a
good indicator for observing wearing of the worm gear. The levels of v, were low and
changes in the measurements before and after the repair were minor. However, it can be
seen from frequency spectra of x®, i.e., the jerk spectra before and after the repair
presented in Fig. 2, that significant changes have happened in the frequency range from
1350 to 2250 Hz. Friction can be observed as vibrations at high frequencies and it is the
obvious reason for the changes in the given frequency range. A vibration component can
also be observed at 300 Hz (6 x line frequency of 50 Hz). This peak is probably due to an
electrical fault and it may on its part explain the rustle heard from the motor.
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Fig. 2. The rms spectra of x® at the vertical measurement point 2 p before (on the left) and
long after the repair (on the right) of the worm gear. (I)

Table 2 shows the relationships which give the sensitivities of different values in failure
detection, calculated with a LabVIEW 7.1 software in different frequency ranges for a,
= x(2),ms, x(3),mS and )((4),17,S from measurements before and after the repair. These results are
averages from six measurements. The sensitivity of a feature in this analysis can be

defined as the relationship between features before and after the repair.

Table 2. Sensitivities of different rms values at the measurement point 2 p. (I)

Frequency range A X g XWrs
10-1000 Hz 0.917 1.631 2.242
10-2000 Hz 1.887 2.399 2.063
10-3000 Hz 1.715 1.583 1.309

The rms value of jerk in the range of 10-2000 Hz is the most sensitive feature of failure in
this case. Similar results were observed when the acceleration signal was analyzed with a
FFT analyzer and differentiations were carried out analogically. The sensitivities of ays,
xP s and x,¢ (averages of 10 measurements) in the range of 10-2000 Hz in this
analysis were 1.947, 2.635 and 2.227, respectively. Jerk was again observed to be the
most sensitive. Small differences between these results and the ones given in Table 2 are
mainly due to the use of a different low-pass filter in the case of Table 2.

Kurtosis and crest factor are often used as features in fault detection. However, these
values did not seem to have any significance in failure detection in this particular case.
One reason for this was that the fault was caused by friction, which is stochastic and not
as impact-like and is not observed well in kurtosis and crest factor values.

In all, the wearing phenomenon was more easily observed with oil analysis. Vibration
analysis produced similar results, but the analysis of the vibration signals of worm gears
is not easy. This emphasizes the need to combine oil analysis and vibration analysis
results together, as proposed by various authors (101-105).

6.1.3 Case study 3 (I)

Oil analysis is not only a good tool for analyzing the wearing phenomena of machines,
but also for analyzing the condition and lubrication capacity of oil. An example is a
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drawing machine. The oil used in this machine lubricates a gearbox. The oil had
somewhat high concentrations of copper, iron and zinc (see Table 3). This was probably
due to the earlier wearing process of a gear selector. When the oil circulation system is
not rinsed thoroughly, some residues of former metals may exist in the changed new oil.
However, these particles did not cause significant wearing, because the concentrations of
the mentioned metals remained quite the same during the whole follow-up period of two
years. These metals probably did not catalyze oil oxidation either, because the TAN (total
acid number) value of the oil did not rise at all during the follow-up (see Table 3).
Measurements 1-3 were carried out in 2001, measurement 4 in September 2002 and
measurement 5 in August 2003.

Table 3. Certain metal concentrations and the TAN value of the gear oil of the drawing
machine. (I)

Measurement Copper [ppm] Iron [ppm] Zinc [ppm] TAN [mgKOH/g]
1 18 17 2 0.57
2 38 56 16 0.55
3 40 59 19 0.53
4 35 60 33 0.46
5 49 42 15 0.49

The water concentration and viscosity of the oil increased significantly between the 4™
and 5™ measurements (time interval about ten months). The water content more than
doubled from 306 ppm to 638 ppm and the viscosity value corresponded to ISO VG 220
oil when it should have been ISO VG 150. The high water content was observed to be
due to a large amount of condensed water in the machine. The increase in the viscosity of
the oil was due to human error. Maintenance workers had added ISO VG 220 oil instead
of ISO VG 150 oil at the latest oil change. However, the change in oil viscosity had no
major effect on condition and production efficiency in this case. But, this again gives a
reason to emphasize the meaning of sufficient documentation. The amount of human
errors can be minimized if there is sufficient information about each machine.

6.2 On the wear metal analysis of oils (II)

Wear metals in oils can be easily analyzed with an ICP-OES instrument. A kerosene
dilution method is often used as a method for pre-treating oil samples (6, 25, 143). ICP-
OES instruments are still relatively expensive to purchase and use. For that reason, a
significantly cheaper FAAS instrument with a quick kerosene dilution method was
studied to determine if it can be used as a quick check-up method for certain indicator
metals for purposes of machine diagnostics and waste oil characterization. Comparison
tests with ICP-OES were carried out by analyzing the same samples.
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6.2.1 ICP-OES method (I1I)

The ICP-OES technique that was used is routinely applied in oil analysis, and similar
results should be obtained in different laboratories using this technique. To clarify the
functioning of the method, other sets of oil samples taken at the same time as our samples
were sent to another laboratory for ICP-OES analysis. The method used there was based
on the French standard NF T60-106 (145) for additive, wear metal and contaminant
analysis of oils. Although sampling can affect the results, its significance was thought to
be relatively minor. A paired #-test was used to compare the results of the different ICP-
OES analyses. However, since the iron concentrations of the different samples varied
significantly, the basic assumption of the #-test, that errors do not depend on
concentration, may be violated. For this reason the #-test was divided into two categories
with the results of the iron determinations: small concentrations and large concentrations.
The results of the #-test are given in Table 4.

Table 4. t-test of the results of two ICP-OES analyses. (Modified thoroughly based on II
and additional data)

Analyte Average Deviation Degrees of freedom Calculated Critical
difference t-value t-value (95%)
Fe small 0.50 1.29 3 0.39 3.18
Fe large 21.50 35.42 5 1.49 2.57
Cr 3.89 9.78 8 1.19 2.31
Ni 9.29 9.41 5 242 2.57
Zn 0.50 2.26 5 0.54 2.57
Cu 2.25 3.01 7 2.11 2.36

The results obtained with our ICP-OES apparatus were statistically the same as the ones
determined at the other laboratory. Hence, it was thought that the accuracy of our method
was sufficient for the purposes of this research. Naturally, a larger amount of comparison
samples would give a better picture of the properties of this method, but unfortunately
that was not possible during this study.

Later, reference material (Wear Metal Multi-Element Standard, Accu Standard WM-
21-NMS-30X) for wear metal analyses was purchased. However, its viscosity was very
low and it was matrix-matched with Conostan 20 Base oil before it was diluted with
kerosene. The results of an analysis of a 14.98 mg/l concentration of the studied metals in
a kerosene solution are given as yield percentages in Table 5.
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Table 5. Analysis of the reference material with ICP-OES. (New data)

Analyte Recovery [%)] RSD [%]
Fe 102.4 1.8
Cr 97.6 2.1
Ni 79.6 2.7
Zn 110.3 3.8
Cu 104.1 1.9

Recovery [%] = (Average result / 14.98 mg/l) - 100%
RSD [%] = (Standard deviation / Average result) - 100%, n = 10

A big problem with this reference material was that it was not dissolved very well with
Conostan S 20 Base oil and kerosene, and it tended to settle on the bottom of the ICP-
OES auto sampler tubes unless shaken vigorously. However, the results of iron,
chromium and copper succeeded very well indeed (results between 90-110%). The result
of zinc (110.3%) is little too big and the result of nickel (79.6%) is too small. Perhaps the
weak dissolution of the reference material introduced bias to these results. In addition, in
some cases nickel may suffer from ionization interference. In all, the results determined
with ICP-OES seemed to be accurate enough for maintenance purposes according to the
reference material test, the paired #-test and various recovery tests, in which real samples
were spiked with a standard material, carried out during measurements of real samples.

6.2.2 Comparison tests of ICP-OES and FAAS (1)

The results of ICP-OES were compared with FAAS by means of regression analysis at a
confidence level of 95%. Both techniques employed a kerosene dilution method as a
method for pre-treating oil samples. Regression analysis can reveal systematic constant
errors and systematic errors depending on the concentration of the samples very
effectively. The results of the regression analyses are given in Table 6.

Table 6. Regression analysis data of the comparison of ICP-OES and FAAS. (1I)

Analyte Intercept Lower Upper Slope Lower Upper Adjusted Obser-

O 95% 95% (S) 95% 95% R vations
of of of S of S

Fe 1.368 -13.275 16.010 1.014 0.971 1.057 0.991 23

Cr 6.060 -4.190 16.309 1.033 0.966 1.099 0.978 24

Ni 1.684 -0.512 3.880 0.877 0.837 0.917 0.989 24

Zn -1.037 -2.267 0.194 0.893 0.802 0.985 0.945 24

Cu 0.065 -1.806 1.935 0.904 0.811 0.998 0.964 17

It is apparent from Table 6 that the metal concentrations determined by FAAS are
relatively near to the results obtained with ICP-OES. In discussing the regression
analyses of the results obtained in this study, the following observations can be made:

(1) Determinations of nickel, copper and zinc using FAAS have no systematic constant
error, but when compared with the results of ICP-OES, they have a small systematic error
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that depends on concentration; (2) Determinations of iron and chromium using FAAS
have no errors revealed by regression analysis when compared with the results of ICP-
OES.

Nonetheless, the errors in FAAS analysis revealed by regression analysis were
relatively small when compared with ICP-OES analysis. Nickel seems to have the largest
error. This is probably not related to the weak recovery of the reference material when
determined with ICP-OES, because the nickel determinations of the other samples
succeeded well with ICP-OES. The accuracy of FAAS together with the kerosene dilution
method can be sufficient enough, at least when only the magnitude of a certain metal
(below or above a certain limit) is checked, i.e., in so-called semi-quantitative analysis.
The observed error in the FAAS analyses that depended on concentration could possibly
be diminished by using even more dilute solutions in determinations of high
concentrations of metals, because the linear determination ranges of the FAAS method
are narrow. When the measurements are carried out carefully, using kerosene as a solvent
with FAAS does not seem to have any safety or instrumental problems with air-acetylene
flame. This observation is in agreement with the study by Burrows et al. (23).

Recovery tests, in which real oil samples where spiked with varying amounts of
Conostan S 21 standard, were used to reveal matrix effects in the measurements. The
results of these recovery tests are presented in Table 7.

Table 7. Recovery tests determined by ICP-OES and FAAS. (1I)

Analyte ICP-OES [%] FAAS [%] n
Fe 104.5+£0.5 106.2+9.3 18
Cr 98.9+5.1 96.4 +25.7 30
Ni 97.7+9.8 983+11.9 30
Zn 96.4+7.8 97.6+9.9 30
Cu 952+25 95.1+£2.5 21

n = total number of replications of different recovery tests

When determinations were carried out using ICP-OES, recoveries between 95.2% and
104.5% were obtained, depending on the studied metal. The viscosity of the oils slightly
affects the recoveries. Low viscosity rolling oils are more easily nebulized into plasma
than calibration standards. The recoveries of spiked metals in these oils were often
between 100 and 110%. On the other hand, recovery tests in high viscosity gear oils often
produced recoveries less than 100%. Variability between the times of measurement was
random. In all, the recoveries were sufficient for quantitative work.

With FAAS, recovery was usually satisfactory, but standard deviations in the results
were larger than with ICP-OES. For instance, with chromium the standard deviation of
the recoveries was 25.7%. The reason for this might be the reduced absorption of
chromium in the presence of iron and nickel and other difficulties in determination of
chromium with FAAS. (151) Use of a nitrous oxide/acetylene flame could have
eliminated the possible interference, (151) but introducing kerosene into a nitrous
oxide/acetylene flame causes a possible safety risk. Two other possible reasons for the
large standard deviations in the recovery tests with FAAS can be proposed. Particles in
oil cause more atomization difficulties in a flame than in plasma due to the lower thermal



45

energy of the flame. In addition, some recovery samples had to be diluted more than the
corresponding real samples in the FAAS analysis of almost all metals. Additional
dilutions could increase the total uncertainty of the measurement. However, the
recoveries determined with FAAS varied randomly, and FAAS with kerosene dilution is
satisfactory for quantitative work with the metals studied. For instance, copper was
recovered as effectively with FAAS as with ICP-OES. At least, FAAS analyses were
sufficient for semi-quantitative check-ups of certain indicator metals, which are often
needed by maintenance personnel.

The kerosene dilution method is a quick and effective pre-treatment method and it can
be applied as well with FAAS as with ICP-OES. It can be applied with various different
oils with varying metal concentrations, from low viscosity rolling oils to high viscosity
gear oils.

Nevertheless, it should be noticed that metals can exist in oils in three different forms;
metallic, metallic oxide or organic. The existence of certain forms depends on the metal.
(34). Metallic oxides and metallo-organic species are usually very small in size
(submicrons to a few microns) and easily dissolved with kerosene and detected with ICP-
OES or FAAS. However, solid metal particles bigger than about 5-10 um (the proposed
critical size varies depending on the applied instrument and its properties) can not be
dissolved with kerosene. Hence, the sensitivity of ICP-OES and FAAS to detect those
particles decreases because plasma or a flame can not atomize them and part of them can
already be lost during nebulization. The critical particle size with FAAS could be even
smaller (30) than the proposed value of 5-10 um. Nonetheless, the kerosene dilution
method is widely used in wear metal analysis and wearing phenomena can usually be
detected using it (see e.g., Chapters 6.1.2 and 6.1.3). Methods independent of particle
size, like microwave-assisted acid digestion and ICP-OES analysis, will be developed by
our research group by applying the existing standard (36) in the near future.

6.3 On the solid debris analysis of oils (I1I)

Solid debris analysis of oils can be used e.g., to reveal wearing mechanisms of machine
elements or just to evaluate the amount of solid contaminants within lubricating oils. As
seen in the literature part of this thesis (see Chapter 2.1.2) the ways of analyzing solid
debris are numerous, both qualitatively and quantitatively. Experiences with the use of
some methods in the analysis of stainless steel rolling oils and gear oils of a production
crane are discussed in this section.

6.3.1 Membrane filtration (I111)

Membrane filtration of oils is a relatively laborious and time-consuming method of
studying solid matter in oils, but an estimate of oil contamination can be given by means
of the solid matter concentration. Solid debris can then be studied with microscopic
methods once it has been filtered out of the oil. So, membrane filtration is still an
important analysis method just on its own, and especially if solid debris needs to be
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studied more specifically. The amount of solid matter accepted in the oil circulation
system depends significantly on the application area of the oil, e.g., cold rolling oils and
hydraulics require very low contamination levels. The solid matter concentration data of a
certain rolling oil and gear oil is presented in Table 8.

Table 8. Solid matter concentrations (> 0.45 um) of a certain rolling oil and gear oil.
(Data partially taken from III and partially new)

Measurement Rolling oil [mg/1] Gear oil [mg/1]
November 2004 1 230
February 2005 <0.5 200

June 2005 10 147.5

The rolling oil is filtered through 2 um filter cartridges in the oil circulation system of the
roller. The solid matter concentration should stay at a low level (the long-term average is
under 20 mg/l) and the solid particles in rolling oil should be small, because bigger
particles may cause quality defects. Black strip rolling oil is exceptional by having solid
debris concentrations of over 1000 mg/l. It should be noted that black strip rolling is a
different type of process than bright strip rolling, and filtration in a black strip rolling
system is carried out with 50 um band filter, thus higher solid matter concentrations are
applicable. An increased solid matter concentration, like tens of mg/l, can indicate
breakage of several filter cartridges in the bright strip rolling systems. As seen in Table 8,
the studied gear oil has a significantly higher solid matter concentration. But these
concentrations can be seen as very small when talking about gears. A solid debris level of
0.1-0.3 mass percentages i.c., even ten times as big as here, can be possible for some
gears. (152)

6.3.2 Optical microscopy (111)

Optical microscopy was used to clarify the typical morphologies, quality and sizes of
solid debris in certain rolling oils and gear oils of a production crane. Depending on the
morphological and size properties, the particles were categorized into six different classes
(rubbing, cutting, laminar, fatigue, severe sliding-type and spherical particles) according
to the classification proposed by Roylance and Hunt (16).

Wear debris in rolling oils can originate from various parts of the rolling process.
Possible particles may be chafed or peeled off from the product strip or worn from
machine elements of the roller and then flushed into the oil circulation system. Fibreglass
particles detached from oil filters may get into rolling oils during the filtration process
and other non-metallic particles may be detached from coatings, valves and seals.
Examples of certain categorized particles found in rolling oils are given in Figures 3 and
4.
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Fig. 4. Fatigue chunk (on the left) and severe sliding-type particle (on the right). (New and
110)

The most common particles were from so-called normal wearing, i.e., rubbing particles,
whose dimensions were below 20 pm. Cutting and laminar types were the most common
large particles in all the oils except black strip rolling oil, where severe sliding-type
particles were the most common large particles based on qualitative visual inspection.
The sizes of laminars varied from 20 to even hundreds of micrometers, depending on the
oil studied. Cutting-type particles could exist as long steel wires with lengths of over
1000 pm. Accurate amounts of particles could not be calculated with the microscope that
was used, and therefore the evaluation of the population density of different particle
categories was fully qualitative. Oxidized particles, i.e., black metal or rust, were often
observed. Such particles are from the former annealing process (scale), since stainless
steel does not become oxidized in the rolling process. More detailed information about
the particles in rolling oils can be found in Article III.

Possible wear and contaminant particles in the gear oils of the production crane might
originate from gears (steel), bearings (steel), cages (brass), axles (steel), seals (non-
metals) and the environment as dust (slag, steel). The purpose was to identify and
categorize the most usual solid particles in the studied gear oils in a normal situation.
Examples of the particles observed in these gear oils are presented in Fig. 5.
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Fig. 5. Laminar-type particle (on the left) and oxidized cutting type-particle (on the right).
am

The particles of gear oils were mainly categorized as the normal wearing type, i.e.,
rubbing particles. On the basis of the qualitative visual inspection, the most common
large particles were bright cutting and especially laminar-type metal particles. Laminar
particles may be found in sizes of 30 to hundreds of micrometers and they could be
bright, partially or fully oxidized. Cutting-type particles were found, e.g., in the form of
long steel wires. Oxidation produced mainly black metal and sometimes rust-containing
particles. If abnormal wearing of these gears occurs, the solid matter concentration should
rise significantly and the morphology and quantities of the wear debris should indicate
the origin and wear mechanism of those particles accurately. In a wearing situation, the
amount of laminar and cutting-type particles would increase first, and in a case of severe
wearing the amount of severe sliding-type particles would also begin to increase. This is
in agreement with Roylance and Hunt (16), who stated that especially laminar, fatigue
and severe sliding-type particles are often found in gear wear situations.

6.3.3 Scanning electron microscopy (I11)

Scanning electron microscopy (SEM) can be used to determine the morphology, size and
elemental distribution of solid particles captured on filter membranes. Because SEM
produced elemental distribution data of solid particles, tracing their origin was possible.
The solid debris of certain rolling oil samples were studied with SEM. However, SEM is
not very suitable as a routine instrument, because of the moderately time-consuming pre-
treatment of the membranes. In addition, only a small part of the membrane is usually cut
off for SEM analysis, whereas with optical microscopy the whole membrane can be
studied without destroying it. Examples of SEM images are shown in Fig. 6.



Fig. 6. Particles found in oils of bright strip rolling (on the left) and black strip rolling (on the
right). (I1I)

Most of the particles within the samples were either non-reacted stainless steel from strip
(Fe, Cr, Ni, Mn) or oxidized steel (Fe, Cr, Ni, Mn, O). Oxidized steel was in the form of
chromium or iron oxides and was possibly scale. Oxidized steel also contained
phosphorus in some cases. Phosphorus might be from the steel itself (a trace component
in steel) or from an oil additive. The most typical non-metal particles were either bits of
filter cartridges (e.g., C, Si, O, Cl with possible steel particles attached) or dust and slag
particles (e.g., Si, O, Na, Al, K, Mg). Certain particles had a composition of Ca, O, Si and
F or just Ca and F with steel. Fluorine could originate from as far as the annealing-
pickling process or more likely it could be detached from the ring seals of certain
bearings or hydraulic seals.

6.3.4 Automatic particle counting (I11)

The total amount of particles in oils can be monitored by means of total concentrations by
using membrane filtration. However, this is quite laborious, and if no
qualitative/quantitative microscopic analysis is needed, then membrane filters have no
extra use. The possibility of using a portable particle counter to detect particle amounts in
rolling oils was checked. Determination of the amount and size distribution of solid
debris in rolling oils is important in order to assure proper functioning of the filtration
systems of the rollers. These tests were carried out with two different oil types from three
rollers, and the oils were gathered after the machine oil filter cartridges. Particle counting
data, as averages of eight or nine measurements, and membrane filtration data for the
studied rolling oils are given in Table 9.



50

Table 9. Membrane filtration and particle counting data of certain rolling oils. (1II)

Sample Solid matter ISO Classes
> 0.45 pm [mg/1] >4pm/>6 um/>14 pm
in 100 ml of oil
Oil 1 in roller 1 in November 2004 9 24/21/17
Oil 1 in roller 1 in February 2005 10 24/22/13
Oil 1 in roller 2 in November 2004 5 23/21/20
Oil 1 in roller 2 in February 2005 <0.5 23/19/13
Oil 2 in November 2004 1 24/22/19
0Oil 2 in February 2005 <0.5 21/16/12

Automatic particle counting produced particle quantity data accurate enough for the
determination of rolling oil contamination in light of the rough comparison test made
here. The low viscosity of rolling oils or the large amounts of particles, when compared
with the usual application of particle counters, i.e., hydraulic oils, did not cause any
observable problems. However, more tests should be carried out with other instruments in
a laboratory and in the real rolling environment or even as on-line measurements.
Continuous on-line measurements would probably also detect with high accuracy the
very large particles (hundreds to thousands of micrometers) which are extremely harmful
because of their ability to cause pebbles on the strip. But, it should be noted that it would
be justifiable to use larger particle size distributions than the normal ISO classes, like
particles > 50 um and > 100 pum, in these cases. Although particle counters totally
exclude particles between 0.45 pm and 4 pm, the results of the particle counter and
traditional membrane filtration seemed to be somewhat comparable on a rough scale.
When the total solid matter concentrations decreased, the amounts of particles detected
by the particle counter decreased at least in some ISO classes (146), and vice versa. An
increase in the amount of particles was also detected with both methods. Hence,
automatic particle counting seems to be applicable in determining the amount of solid
debris in rolling oils, at least on a rough scale. A different kind of portable particle
counting system than the one used in this study has already been taken into use in
monitoring the solid debris of rolling oils, and experiences with its use have been
positive.

6.4 On the additive analysis of oils (IV)

Additives are vital for proper functioning of most oils. This study concentrates on
analysis of fatty alcohols and fatty acid esters, which work in boundary lubrication and
decrease friction in ways shown in Fig. 7.
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Fig. 7. Physical adsorption of fatty alcohols (on the left) and chemical adsorption of fatty acid
esters and fatty acids (on the right). (Modified from Kivioja et al. (153))

6.4.1 A FTIR method for analysis of fatty alcohols and fatty acid esters
av)
The oil samples were first studied qualitatively by means of GC-MS in order to develop a
FTIR method for quantitative analysis of fatty alcohols and fatty acid esters. The

determined fatty alcohols and fatty acid esters in the samples are presented in Table 10.

Table 10. Fatty alcohols and fatty acid esters identified in the studied oil samples. (IV)

Fatty alcohols Fatty acid esters

1-dodecanol Hexadecanoic acid methylester = methyl palmitate
1-hexadecanol Octadecanoic acid methylester = methyl stearate
1-octadecanol 9-octadecenoic acid methylester

di-2-ethylhexyladipate

Standards for quantitative FTIR analysis were chosen based on the results of the
qualitative GC-MS analysis. A mixture of dodecanol, tetradecanol and octadecanol was
used as hydroxyl standards in order to take into consideration the influence of the
hydrocarbon chain length (82). Correspondingly, methyl palmitate and methyl stearate,
which were detected in the qualitative analysis, were selected as carbonyl standards.
These standards together correspond to typical fatty alcohols and fatty acid esters found
in industrial oils. Toluene was used as a solvent. It has no significant spectral interference
in the ranges of OH and C=0 bands, and it dissolves mineral oils perfectly. It would be



52

better if no solvents were required at all, but production of a suitable concentration range
for measurements and dilution of the standards was easier when a solvent was used.
A suitable dilution was selected after several qualitative IR measurements.

The analytical performance of the developed FTIR method was evaluated with
different tests. Recovery tests were made using two different oils, which were real
samples from industry; one containing fatty alcohols and fatty acid esters (oil 1) and the
other containing only fatty acid esters (oil 2). The added substances were tetradecanol
and methyl stearate. The average results and their standard deviations with a confidence
level of 95% obtained from different measurements during several months of the
recovery tests are given in Fig. 8.
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Fig. 8. Results of the recovery tests of fatty alcohol (A) and fatty acid ester (E). (IV)

The average recovery of fatty alcohol was approximately 90% with the both of the
studied oils. The addition made to oil 1 was usually smaller than the corresponding
addition to oil 2, because oil 1 already contained about 700 mg/kg of fatty alcohols as
hydroxyl in the diluted sample. The original concentrations of fatty acid esters in the
studied oils were about 500 mg/kg as carbonyl in the diluted sample. The average
recovery of fatty acid ester was better in oil 1 than in oil 2; the recoveries were
approximately 97% and 85%, respectively. The decreased recovery with oil 2 is probably
due to the type of oil. The observed standard deviations in the determinations were
mainly from measurement uncertainties that can be evaluated from the repeatability test
results (see Table 11). The amount of added fatty alcohol or fatty acid ester had no
significant effect on the recovery. Correction factors were not utilized, because the
recoveries were sufficient for quantitative work with machinery oils.

The developed method was further tested with repeatability and reproducibility tests,
whose results are given in Table 11. Three determinations were carried out in LAB 1 on
three different days, and the results were tested by means of two-way ANOVA (analysis
of variance). In addition, single measurements of the same samples were carried out in a
different laboratory (LAB 2).
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Table 11. Results of the repeatability and reproducibility tests. (IV)

Sample LAB1 LAB 1 LAB2 Difference® between
OH or C=0 SD? [mg/kg] and OH or C=0 laboratories
in oil (RSD)" [%] in oil [%]
[mg/kg] [mg/ke]
FA%in oil 1 2724 39(1.4) 2776 1.9
FAinoil 3 2688 42 (1.6) 2704 0.6
FAE®in oil 1 2094 44 (2.1) 2158 3.1
FAE in oil 2 2146 28 (1.3) 2131 -0.7
FAE in0il 3 1907 43 (2.3) 1837 -3.7
FAE in oil 4 7613 112 (1.5) 7917 4.0
FAE inoil § 2113 48 (2.3) 2110 -0.2

*SD = standard deviation

®RSD = relative standard deviation = (SD / average) - 100%

°Difference [%] = [(Result of LAB 2 — Average result of LAB 1) / (Average result of LAB 1)] - 100%
¢ Fatty alcohol

¢ Fatty acid ester

As seen in Table 11, the relative standard deviations of the results were very small with
both fatty alcohols and fatty acid esters. No statistical differences in the results within the
days and between the days were observed (two-way ANOVA, p < 0.05). However,
replications are worth doing in routine analyses to evaluate the daily performance of the
FTIR instrument. The reproducibility test results of the fatty alcohol and fatty acid ester
determinations from these samples are statistically similar, i.e., the differences between
laboratories 1 and 2 were quite small.

The hydroxyl value of oils can also be determined by applying the German standard
DIN 53240, but it is relatively laborious (147). A couple of determinations were carried
out using this method for comparison purposes. The hydroxyl concentrations, a.k.a. the
fatty alcohol concentrations, were: fatty alcohol in oil 1 = 2400 mg/kg and fatty alcohol
in oil 3 = 2300 mg/kg. The determined concentrations were about 300 (11.9%) and 400
mg/kg (15.0%) smaller than the corresponding values determined with the IR method,
respectively. This may be due to various reasons, like an improper reaction between the
alcohols and acetic anhydride or problems with detection of the equivalence point or an
unsuitable amount of reagents in the reaction mixture.

Carboxylic acids and water in the oil sample may introduce bias in the measurement
of fatty alcohols and fatty acid esters using the FTIR method. Carboxylic acid in the
sample covered the carbonyl peak of the fatty acid ester beneath its own carbonyl peak
and changed the measured concentration of the carbonyl group significantly. Water
moved the place of the hydroxyl peak, increased the measured concentration of the
hydroxyl group and produced a shoulder next to the studied peak. The influence of the
hydroxyl group of carboxylic acids on the determination of fatty alcohol was minor. The
concentrations of carboxylic acids and water were known to be small in the studied real
samples, hence they did not affect the results in routine measurements. In addition to
chemical interferences caused by carboxylic acids and water, major sources of errors in
the IR measurements are background instability, instrumental factors and scattering due
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to large particle concentrations in used oils. Other minor sources of errors might be cross-
contamination of samples, as well as adsorption and evaporation of the analytes in sample
treatment.

6.4.2 Use of the developed FTIR method in routine analysis (IV)

The FTIR method developed in this work has been used successfully in both quantitative
and qualitative analysis of fatty alcohols and fatty acid esters. The concentrations of these
additives were monitored in the oils of certain production machines over a period of 10
months. The results are given in Fig. 9 where measurements 1-4 were carried out in April
2004, August 2004, November 2004 and February 2005, respectively.
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Fig. 9. Quantitative analysis of fatty alcohols and fatty acid esters. (IV)

In another case, we wanted to know if drawing oil entered into the gear oil and if a
change of the drawing oil and gear oil was required. Contamination of the gear oil with
the drawing oil is a direct indication of breakage of seals in the machine. The gear oil and
all the seals of the machine have to be replaced if the contamination occurs. These repairs
require work by two maintenance workers for one week in addition to production losses.
Hence, replacement of the seals has to happen based on condition and not unnecessarily.
The developed FTIR method was applied to this study. Samples of new drawing oil, new
gear oil, used drawing oil and used gear oil were analyzed with the FTIR method. The
resulting spectra are shown in Fig. 10.
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Fig. 10. Spectra of drawing and gear oil samples. (New)

A very intense peak caused by an ester carbonyl group was observed at 1743 cm™ as well
as several peaks at 1300-1100 cm™ in the spectrum of the new drawing oil. Similar peaks
were observed in the spectrum of the used drawing oil, but significantly weaker. The
lower intensity of these peaks might be due to consumption of corresponding additives.
The significant increment of the background level in the spectrum of the used drawing oil
was due to scattering caused by a large amount of solid particles in this sample. So, the
drawing oil needed to be changed.

As seen from the spectrum of the new gear oil, it has neither peaks at the carbonyl area
nor at 1300-1100 cm™. So, the gear oil and the drawing oil can be separated with the help
of these peaks. When looked at the spectrum of the used gear oil, no peaks at 1743 cm’
or 1300-1100 cm™ are observed. This means there was no drawing oil in the gear oil and
neither the gear oil nor the seals had to be changed. It should be noted that when the gear
oil was mixed with the drawing oil on purpose (10% drawing 0il/90% gear oil), the
carbonyl peak and the peaks at 1300-1100 cm” were observed clearly. So, the
contamination of the gear oil with the drawing oil can be observed at least when it has
greater significance to the functioning of the gear oil and the machine.

6.5 Biodegradability studies of oils (V, VI)

The environmental effects of selected oils were evaluated by means of biodegradability
studies. The biodegradation of certain forestry hydraulic oils (Article V) was studied in
different waters, e.g., in groundwater and in conditions described by OECD 301 F (114).
In addition, the biodegradation of certain forestry chain oils and wood preservative oils
(Article VI) was studied in forest soils. The biodegradation of these oils has also been
studied in a water medium in other articles (154-155). All the measurements were carried
out with the automatic, respirometric BOD OxiTop method.
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6.5.1 Biodegradability of oils in water (V)

The water used in the biodegradability tests naturally has a significant effect on the
biodegradation of oil products. Due to the different microbial and mineral concentrations
of waters, the results in different water media may vary significantly. The OECD 301 F
standard (114) classifies these kinds of tests to simulation tests of natural conditions. The
biological oxygen demands of a few different water types are given in Fig. 11.
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Fig. 11. Oxygen consumption of different waters. (V)

As seen from Fig. 11, oxygen consumption differs slightly between the studied waters.
The municipal water and the river water demanded the most oxygen, and the ultra-pure
water containing the least carbon consumed the least oxygen. The oxygen consumptions
of the groundwater samples seem to be almost similar. Because forestry machines often
work on potential groundwater areas, groundwater was chosen as the measurement
medium. The chosen groundwater was supplied by the Paavola water treatment station
and its properties are given in detail in Article V. The biological oxygen demand of this
groundwater was determined in various tests during a couple of years, and the average
result of the BOD value was 5.8 + 2.5 mg/l (n = 13) after 28 days, which is the standard
time for measuring the biodegradation of chemicals. The BOD values of the groundwater
vary slightly between different batches due to natural causes like a different amount of
carbon, minerals and microbes, but the variations are quite small. One should also keep in
mind that when the same batch of water is used, the BOD values vary only minimally.

6.5.1.1 Biodegradability of hydraulic oils in groundwater (V)

The possibility of using the respirometric BOD OxiTop method to simulate variations
between the biodegradability values of different types of oils in a groundwater medium
was clarified. Degrees of biodegradation vs. time of certain new bio and mineral
hydraulic oils, as well as a couple of reference substances, are given in Fig. 12.
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Fig. 12. Plots of BOD/ThOD vs. time for certain new hydraulic oils and reference substances
in groundwater. (V)

Sodium acetate and sodium benzoate, which should be quickly biodegrading substances,
were used as reference substances. They should reach a BOD/ThOD value of 60% in 10
days in suitable conditions (114). The degree of biodegradation of sodium acetate after 28
days was only 7.3% in the groundwater used. A replication test gave a slightly smaller
BOD/ThOD value of 5% after 28 days. The degree of biodegradation of sodium benzoate
in groundwater was only slightly higher (10.1% after 28 days) than the corresponding
value of sodium acetate. However, some of the oils seemed to biodegrade easier than
sodium acetate and sodium benzoate in groundwater conditions. Sodium acetate and
sodium benzoate could be difficult to biodegrade without minerals, or the groundwater
used does not contain suitable microbes for their degradation. When biodegradation tests
of these reference substances were carried out in the standard conditions described by
OECD 301 F (114), the results were completely different.

Sodium acetate reached the BOD/ThOD value of over 80% already after five days in
the standard conditions and sodium benzoate biodegraded at a similar rate as sodium
acetate. So, the reason for the low degrees of biodegradation of these substances in
groundwater was the lack of suitable microbes and minerals. More likely the reason was
the lack of minerals in groundwater, because the degree of biodegradation of sodium
acetate in groundwater, to which minerals were added in suitable concentrations, was
over 60% after five days. Hence, the microbes in the groundwater used seemed to be
efficient in biodegrading sodium acetate if enough minerals were present.

As seen from Fig. 12, mineral oils biodegraded slowly in groundwater, but bio oils 3
and 4 did not exactly biodegrade any better. Bio oils 1 and 2 seemed to biodegrade
significantly better. The degree of biodegradation of bio oils 1 and 2 after 28 days in
groundwater was over 20%, which could be an indication of a potentially degrading
substance in groundwater. A direct comparison of these results with the results of tests
done under optimal conditions is difficult, because the reference substances behave so
differently in groundwater than in the mineral and microbe-containing medium.

One purpose of this study was to clarify how the use of oils affects the degree of
biodegradation of oils, if at all. Information on the behaviour of used oils in groundwater
is important, because a majority of oil spillages occur during use of oil, and the
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biodegradability data of new oils can not necessarily be applied. Biodegradability tests of
certain new and used hydraulic oils in a groundwater medium are presented in Fig. 13.
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Fig. 13. Plots of BOD/ThOD vs. time for new and corresponding used (taken from oil
changes) hydraulic oils in groundwater. (V)

As seen from Fig. 13, all the used hydraulic oils studied here biodegraded in a lesser
degree than the corresponding new ones, and the change in the biodegradation rate after
use of the bio oils seemed to be significant. With the mineral oils the corresponding
change was smaller. Used bio oil 3 even seemed to biodegrade as slow as mineral oil 1 in
groundwater. Based on this study, used bio oil 3 can not be claimed to be easily
biodegradable in a groundwater environment, when even mineral oil biodegrades at an
equal rate. The reason for the slower biodegradation of used oils might be degradation of
certain components of the oil during use or evaporation of volatile substances. Certain
metals (like zinc and nickel) within oils can catalyze the degradation of oil during use
(156). These kinds of catalyzed reactions were not probable with these oils because their
metal concentrations were very small.

The precision of the BOD OxiTop method in determining the biodegradability of oils
was studied using the following test. The BOD values of three different samples of the
same bio oil (bio oil 5) were determined using the BOD OxiTop method. The average
BOD/ThOD value calculated for this oil was 32.08 £ 0.34% after 32 days, RSD was
1.06%. The precision of the BOD OxiTop method was also tested with chain oils in
another study (154). The RSD values of replication tests carried out in that study varied
between 0.48 and 4.72% (154). So, the precision of the BOD OxiTop method was good
enough for analytical determinations of the BOD values of oils. What is still important to
notice is that bio oil 5 biodegraded quite effectively (BOD/ThOD > 30% after 28 days) in
a groundwater environment.

6.5.1.2 Biodegradability of hydraulic oils in standard conditions (V)

The biodegradation of new bio hydraulic oils studied in a groundwater environment was
also examined in standard conditions described by the OECD 301 F standard (114). The
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degrees of biodegradation of these bio oils in the conditions described by OECD are
shown in Fig. 14.

100
90 K x X x
80 Xxxx*
T 70 XXX  Bio oil 1
= 60 xx X = Bio oil 2
g s x XX LumE"a Bio oil 3
g x X "LL]
g % XX T Bio oil 4
0 . o
-] zo >(...l-' '...."....004000. X Bio o0il 5
1 xm .
FX 4
105", %
0+t . ; . .
0 5 10 15 20 25 30
Time [days]

Fig. 14. Biodegradability tests of new bio hydraulic oils in an extra mineral and microbe-
containing medium described by OECD 301 F. (V)

Bio oil 5 biodegraded fastest and bio oil 1 slowest; the degrees of biodegradation after 28
days were 89.1% and 25.6% respectively. The behaviour of bio oil 5 was as expected,
because the value of its degree of biodegradation was definitely the biggest (> 30%) also
in the groundwater environment. The behaviour of bio oil 1 was surprising, because when
compared with the results in the groundwater environment, the degrees of biodegradation
were almost the same after 28 days. No simple explanation for this observation can be
given. The microbes of both environments seem to be efficient enough to biodegrade
certain components of bio oil 1. Bio oils 2-4 were all moderately well biodegradable
(BOD/ThOD values varied between 36.9 and 49.0% after 28 days) in the biodegradability
tests in an additional mineral and microbe-containing medium, and the change of
conditions from groundwater to more optimal seemed to double or even triple the degrees
of biodegradation.

OECD 301 F (114) also requires an estimation of abiotic degradation, which can be
significant with quickly biodegrading substances. Bio oils 1-5 were also degraded in
abiotic conditions. The abiotic degradation was rather minor with these oils, the
degradation percentages being between 1.4 and 2.6%, depending on the oil studied.

6.5.2 Biodegradability of oils in soil (VI)

The biodegradation of different chain oils and wood preservative oils was studied in
different soils. The exact properties of these soils (marked as soil 1, 2, 3s and 3d) are
given in detail in Article VI. All the soils were sampled in August 2003. Soils 3s and 3d
were sampled from the same place; 3s from the surface and 3d from deeper. Soil 3s was
most fertile, because the forest area had been fertilized with NPK fertilizer earlier. Soil 3s
also had the biggest content of organic matter. The same soil, when sampled from a
deeper layer (3d), had significantly lower amounts of basic nutrients and organic matter.
All the soils except soil 1 were categorized as coarse mineral soils. All the soils were
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moderately acidic, but the observed acidities were excellent for forest soils. The
conductivity of certain soils (1 and 3s) was rather high.

We wanted to evaluate the suitability of the BOD OxiTop method in determining the
biodegradation of oils in soil, hence the biodegradation of a typical oil sample was
determined in the collected soil samples. Tall oil fatty acid (TOFA) was chosen to be the
model oil in this particular case. It was formerly observed to be moderately biodegradable
in groundwater and in the standard conditions described by OECD 301 F (155).
Biodegradation of TOFA in different soils is presented in Fig. 15.
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Fig. 15. BOD/ThOD value vs. time for tall oil fatty acid (TOFA) in different soils. (VI)

TOFA biodegraded most effectively in soil 3s; the degree of biodegradation was over
45% after 14 days. The obvious reason for this observation is that soil 3s had neither
microbial nor nutrient limitations. Based on the results obtained in this test, soil 3s was
used in all other biodegradation tests in order to facilitate the quickest possible
biodegradation reactions of oils within these soils. Soil 2 and 3d would also have been
moderately good media for measuring the biodegradation of oils; the BOD/ThOD values
of TOFA varied between 34.9% and 37.5% after 14 days. But the biodegradation of
TOFA in soil 1 was quite poor, possibly due to nutrient limitation. Replicate tests of the
biodegradation of TOFA in different soils revealed that the precision of the BOD OxiTop
method in these measurements was rather good.

The suitability of the selected soil 3s for oil biodegradation measurements was also
tested with sodium acetate and sodium benzoate known to be quickly biodegrading in
suitable conditions. A limit value for ready biodegradability is 60% in 10 days, and both
sodium acetate and sodium benzoate reached this limit, and after 14 days their
BOD/ThOD values were 89.9% and 85%, respectively. Hence, the selected soil 3s was
suitable for biodegradability evaluation tests.

The biodegradation of certain wood preservative oils and chain oils was evaluated
with the BOD OxiTop method in the selected soil 3s. When discussing about wood
preservatives, the following observations could be made. Linseed oil reached a moderate
BOD/ThOD value of 42.9% after 14 days, but the experimental substances, which were
derivatives of tall oil fatty acid (TOFA), reached even higher values. Creosote oil also
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biodegraded moderately in this soil, but it reached a stable phase with a BOD/ThOD
value of 25% during the measurement, and most likely it will not biodegrade significantly
better in longer-lasting measurements. On the other hand, biodegradation of the other
wood preservatives was still effective after 14 days, and a longer incubation time would
have produced even higher BOD/ThOD values.

The studied forestry chain oils were rapeseed oils and tall oil. Rapeseed oils
biodegraded better than tall oil in these experiments. Similar observations have been
formerly made in a water medium (154). The degrees of biodegradation of rapeseed oils
after 14 days varied between 33.3% and 44.5% in soil 3s, while tall oil had a BOD/ThOD
value of 27.8% during the same time. However, a longer incubation period will produce
higher values of BOD/ThOD, because none of these oils reached a stable phase of
biodegradation in 14 days. Replicates of rapeseed oil 1 gave quite similar results (the
BOD/ThOD values were 41.4% and 44.5% after 14 days) in soil 3s, hence the precision
of the method was rather good in measurements in a soil medium. Of course, replication
tests give more precise results in water, which is a more homogenous measurement
medium (154).



7 Conclusions

This study gathers together various condition monitoring methods, however, it mainly
concentrates on oil analysis methods. The life cycle of oil products consists of raw oil
utilization, refining and other production processes, transportation and storage of the oil
products, their useful life and oil waste management. This study focuses on the use of oil
products and expanding their useful life by gathering information on the condition of
lubrication oils with oil analysis methods. On the other hand, oil can reveal information
about the condition of machine elements which it lubricates, just like a blood test can tell
about the “condition of a human”. In addition, the environmental effects of certain oil
products were evaluated with biodegradation measurements. The main emphasis of this
study was on developing and tuning oil analysis methods to meet the condition
monitoring requirements of modern industry and the demands of environmental analytics.

As a special case, the condition of worm gears in different fields of industry was
monitored. Worm gears are relatively difficult to monitor with traditional vibration
monitoring because the contact between the worm and the worm wheel is sliding, and not
necessarily periodical impact-like phenomena occur in failure situations as is usual with
other gears. Vibration analysis of worm gears is possible, but detection of wearing
demands thorough analysis of especially the higher frequency area and also the time
domain signal. Normal features, like kurtosis and crest factor, were not useful. The most
sensitive feature in monitoring the studied worm gears seemed to be the rms value of x*’
in the frequency range 10-2000 Hz. Analysis of wear metals in gear oils was usually a
significantly easier way to analyze wearing of worm gears and measurement of copper
and iron was enough, because they are main components in worm wheels and worms,
respectively. A good way is to unite both methods, where wear metal analysis detects
wearing processes and vibration monitoring detects e.g., unbalance and electrical
problems of motors.

Effective wear metal analysis requires suitable analysis methods. ICP-OES employing
the kerosene dilution method is widely used in wear metal analyses. ICP-OES is
expensive to purchase and use, hence the cheaper FAAS method was tested together with
the rapid kerosene dilution method as a pre-treatment of oil samples. One should keep in
mind that the kerosene dilution method always has problems with solid particles bigger
than 10 pm, because kerosene does not dissolve them and their nebulization efficiency to
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plasma or a flame as well as their atomization sensitivity decreases. When comparing the
ICP-OES with FAAS with both employing kerosene dilution, the observations were that
determinations of nickel, copper and zinc using FAAS have no systematic constant error,
but they have a small systematic error that depends on concentration, and determinations
of iron and chromium with FAAS have no errors revealed by regression analysis.
Recoveries obtained with the FAAS method were also usually satisfactory for analyzing
wear metals of oils, but the standard deviations of the recoveries were larger than with
ICP-OES. The largest standard deviations were observed with chromium, but for example
copper was recovered with FAAS as effectively as with ICP-OES. In all, FAAS with the
kerosene dilution showed sufficient accuracy for wear metal analysis in machine
diagnostics and waste oil characterization, at least in a semi-quantitative manner.
Especially if only a couple of indicator metals from a few samples are measured, FAAS is
highly suitable.

Solid debris analysis of certain rolling and gear oils was carried out using different
methods. Membrane filtration can be used to evaluate the solid matter concentrations of
oils and membrane filters can be studied with different microscopic methods. Solid
particles of rolling and gear oils were categorized into different classes by optical
microscopy in order to clarify their origin and wearing mechanism. Cutting and laminar-
type particles were the most common large particles in all rolling oils, except in black
strip rolling oil, where severe sliding-type particles were the most common large
particles. Cutting-type and especially laminar-type particles were typical large particles in
gear oils of the production crane. Optical microscopy is a useful method for analyzing the
morphology, quality and size of solid particles qualitatively, and it does not require any
pre-treatment of the studied membranes. Scanning electron microscopy (SEM) was
suitable for determining the elemental distribution of particles, but it requires pre-
treatment of the samples. The most usual particles in rolling oils were stainless steel-
based as such or in oxidized forms (scale). Sometimes also parts of filter cartridges and
seals could be observed, as well as dust. Because the membrane filtration method is
relatively laborious, other methods for determining particle concentrations of rolling oils
were sought. Automatic particle counting seemed to be suitable for determining particle
quantities in rolling oils, and it has already been taken into use in the rolling plant. But, it
must be emphasized that the normal ISO classes may not be enough, it is often more
useful to determine larger-size classes e.g., > 50 pum and > 100 um. This is also important
with rolling oils, and suitable particle counters are commercially available.

The ability to analyze oil additives is vital in many cases because additives make
proper functioning of the oil possible. A quantitative FTIR analysis method for analyzing
concentrations of fatty alcohols and fatty acid esters in machinery oils was developed in
this study. The developed method does not require highly volatile and toxic solvents, like
CCly, and it proved to be accurate and precise for quantitative work. The applicability of
this method was tested with real oil samples and recovery samples. Its repeatability and
reproducibility was also clarified and some comparison measurements of fatty alcohols
were carried out with a standardized method. Possible errors of the developed method
were also evaluated in a qualitative manner. The method has already been used
successfully in quantitative and qualitative analysis of various oil samples.

Biodegradation measurements were used to evaluate the environmental effects of
certain oils in water and soil media. An automatic, respirometric BOD OxiTop method
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was used in all the measurements. Wood harvesters and forwarders often work in
groundwater areas, hence the biodegradation of certain mineral and bio hydraulic oils
was studied in a groundwater environment. The type of oil influences its biodegradability.
Mineral oils usually biodegraded in a lesser degree than bio oils in groundwater. The use
of oils had a significant effect on the biodegradation ability of hydraulic oils, especially
with bio oils. Used bio oils biodegrade significantly slower than corresponding new ones.
All bio oils except bio oil 1 biodegraded significantly faster in the standard conditions
described by OECD 301 F than in groundwater. Especially the extra minerals seemed to
be important, because the microbes of groundwater could adapt to biodegrade oils.
Abiotic degradation of hydraulic oils was rather minor. The suitability of the BOD
OxiTop method for biodegradation measurements of chemicals was tested with sodium
acetate and sodium benzoate, which are known to be quickly biodegrading substances in
suitable conditions. The precision of the method in measurements of oil biodegradation in
a water medium was also determined, and it was shown to be good.

Forestry chain oils and oils used to preserve wood-based structures may be in contact
with soils. Hence, their biodegradation was studied in different forest soils. The soil
suitable for effective biodegradation of oils was searched for using tall oil fatty acid
(TOFA) as a model substance. Soil 3s seemed to be the most suitable and it was tested as
a measurement medium with sodium acetate and sodium benzoate. The precision of the
BOD OxiTop method also seemed to be rather good in soil measurements. Experimental
wood preservatives biodegraded quite effectively in the selected soil 3s. Linseed oil,
which is used as a natural wood preservative, also biodegraded moderately in soil 3s. On
the other hand, the widely used wood preservative creosote oil biodegraded in a lesser
degree and reached a stable phase during the 14 days of measurement. Rapeseed chain
oils biodegraded more effectively than corresponding tall oil.

However, it should be noted that we had no possibility to measure the oxygen
concentration of the oils and calculations of theoretical oxygen demand were carried out
using only carbon concentrations. Hence, the measured BOD/ThOD values may be too
big in some cases when calculated using only the main component of oils, i.e., carbon,
but at least the results are fully comparable with each other.



8 Future work

There is wide interest in the maintenance departments of our industrial partners in
monitoring the condition of worm gears, because there are no simple methods available
for this purpose. The aim is to use different monitoring methods, like oil analysis and
vibration analysis, to find out the best features for measuring the condition of worm gears
in industrial applications. This study has already started. A laboratory test rig containing a
worm gear will also be constructed in the long run.

A microwave-assisted acid digestion method will be developed applying the standard
US EPA 3051A for pre-treatment of oil samples before wear metal analysis. When the
oils are totally degraded, also the large solid debris particles are detected with ICP-OES
or FAAS very sensitively. The plan is first to optimize the digestion method and then the
ICP-OES measurement. This work has already begun and results will be published in the
near future. The best possible combination of methods for monitoring solid debris
qualities and quantities in different oils will be sought. FTIR methods for determining
other types of additives than in this study would be interesting to develop in the future.

Biodegradation studies of different kinds of chemicals using the BOD OxiTop method
will be continued in the research group both in different waters and in soils. This is an
important issue because according to environmental laws, the biodegradation potential of
all new chemicals has to be evaluated. The study of oil-contaminated soils is already
ongoing. Hopefully, there will also be a possibility to purchase an elemental analyzer
which is capable of determining oxygen, hence making calculations of the degrees of
biodegradation more accurate.
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