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Abstract 
 

The purpose of this dissertation is to summarize the research carried out that led 

to the development of measurement techniques which measure the water content of 

lubricating grease. Calcium sulphonate complex (CaS-X) grease was used in all 

experiments for Papers A through E, with some additional greases used in Paper D. 

A simple and effective grease mixing method for preparing grease samples was 

developed and tested for repeatability. The water content of these samples was also 

tested with time and temperature as added variables to study if and how much water 

will evaporate from the samples. 

Additionally, three measurement principles were investigated: optical 

attenuation in the visible and near-infrared (NIR) region, a dielectric measurement 

method, and a galvanic current method.  

The optical attenuation investigation found that the attenuation ratio of two 

wavelengths of light appear to approximate the water content of grease samples with 

an acceptable coefficient of determination. Additionally, aged and oxidized grease 

samples were measured in the experiment and were not found to affect the 

measurement results. The dielectric method uses the temperature dependence on the 

dielectric properties of water-contaminated grease to approximate the water content 

of the grease samples. An additional parameter of incomplete fill/coverage of the 

sensor has been investigated as a prestudy. The dielectric method was further 

optimized with computer automated measurements where an improved and 

miniaturized sensor was developed and used. A different method using the galvanic 

current between two different metals from the galvanic series was used to estimate 

water content as well. All three methods were found to provide measurements of 

water content in the prepared grease samples (ranging from 0.22% to 5.5% added 

water). The dielectric measurement is likely going to be better for applications 

requiring the possibility of measuring a larger bulk of the grease within the bearing, 

with the capability of using several different configurations of sensors for different 

types of bearings and applications. It shows promise for providing an accurate and 

robust system for monitoring grease condition as well as the amount of grease 

contained. The optical measurement will likely provide additional information; 

however, it will only measure small point samples within the bearing instead of the 

larger bulk. This could be of use though, because the sensors could be small (in the 

several millimeter scale) and could measure where water damage is determined to 

be most important to detect at. The galvanic current method was also found to 

provide a useful correlation to water content but may provide additional information 

about how corrosive the grease has become, indirectly estimating the water content.  
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The research contained herein has shown promise for future development for 

developing new grease condition monitoring tools. The optical, dielectric, and 

galvanic methods have their own unique challenges and may provide useful 

information in different applications, or perhaps be used in conjunction with each 

other to provide a more complete diagnostic tool.  
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Part I 

1. Introduction 
As society has progressed throughout history, humanity has become more 

dependent on machines. These machines move us around, produce our electricity in 

industry and generally make life easier. When they fail however, they cause 

significant hardship and economic loss for their users, and sometimes loss of human 

life. Practically all machines have rolling element bearings within to reduce friction 

between rotating components and most of these bearings are grease lubricated. 

Grease lubricated bearings exist in all sizes in products and machines we see every 

day from roller skate wheel bearings, to train wheel bearings to the main shaft 

bearings on wind turbines with blades of 150 meters in diameter.  

When a roller skate bearing fails, it may be a minor inconvenience. However, 

when a single wheel bearing fails on a freight train with 300 cars with up to eight 

wheel bearings each, the entire train must stop. There are examples where a wheel 

bearing has seized causing accidents and loss of life in passenger trains. On large 

wind turbines, the main bearing can be several meters in diameter and cost well over 

a million US dollars to replace.  

 

 Problem Formulation 
The first widespread use of offline condition monitoring principles for 

lubricants began soon after World War II in the railroad industry when engineers 

discovered they could detect wear particles in lubricants. These methods however 

were limited to simple wet chemical analysis [1], such as ASTM D811: Chemical 

Analysis for Metals in New and Used Lubricating Oils. It can be used to measure 

aluminum, barium, calcium, magnesium, potassium, silicon, sodium, tin and zinc 

[2]. To this day, most condition monitoring methods are off-line lab tests. Now 

however, they are typically viscosity measurements, pH measurements and various 

spectroscopy measurements (UV-Visible and Infrared spectrophotometric analysis) 

[3]. These methods require expertise to operate and do not provide real time 

information. Thus, they are not sufficient for proper fault management [4]. 

Maintenance costs can represent 15 to 60% of the total cost for machinery [5]. 

For example, up to 25% of the costs of wind energy generation can be attributed to 

maintenance alone [6]. Much of this percentile can be ascribed to the performance 

and reliability of the bearings, much of which is strongly determined by the quality 

of the lubricant. This lubricant for the main bearing is often a lubricating grease. In 
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Section 2 I discuss the reason why detecting water in grease is important and why 

we are working on developing sensors to detect water contamination in lubricating 

grease. 

Knowing when to do lubrication maintenance will reduce costs, downtime and 

possibly make the product last longer. The time for relubrication of a grease-

lubricated bearing can be estimated if the lubrication conditions are known. In many 

applications, this does not apply and continuous in situ monitoring of the lubricant 

condition will help in determining the point in time where relubrication is required. 

This motivates the development of a way to detect when large or mission critical 

bearings will fail. An in situ and online lubricant condition monitoring system could 

achieve the goal of giving an early warning before a bearing has failed. There are 

two research questions which arise from this goal: 

Q1: What measurements can be performed to quantify water content in 

lubricating grease?  

Q2: What measurements from Q1 can potentially fit within a bearing, i.e. which 

sensor can be made small, robust and simple enough? 

Measuring properties of water contaminated grease will help answer these 

questions and lead to the development of a future sensor. 

 

 Outline 
This is a compilation thesis which includes several parts. Information about 

why detecting water in grease is of benefit to machine health is given in Section 2. 

A brief state of the art review is included in Section 3. Section 4 is an overview of 

the equipment and setup used in the experiments that were performed in this thesis. 

Section 5 reviews the research contributions from each paper including the 

unpublished results from experiments related to Papers B and C. A summary and 

conclusions are given in Section 6, followed by suggestions for future work in 

Section 7. 
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2. Condition Monitoring of Grease 
The purpose of detecting grease condition is to reduce failures and downtime. 

Maintenance is normally responsible for reducing these impacts, but the 

maintenance interval is a typical question for those in charge of attending to upkeep. 

Maintenance of bearings often consists of changing the lubricant with the goal of 

increasing machine life. The simplest maintenance intervals are merely determined 

by time or leakage. We can refer to this as preventive maintenance, but predictive 

maintenance is based on heuristics or lab tests. The most sophisticated maintenance 

intervals are typically determined by heuristic algorithms which take into account 

the operating conditions but do not actually monitor the properties of the lubricant  

[7], [8]. Predictive maintenance can reduce the cost of maintenance by up to 80% 

through longer machine life and reduced ancillary costs, such as personnel hours 

and the cost of lubricants [8]. Lubricant change interval algorithms do exist [9], but 

condition monitoring will still benefit by directly knowing lubricant parameters real 

time instead of making educated guesses based on algorithms. 

Various methods exist for the condition monitoring of lubricants in real time, 

but a gap exists in the knowledge relating to the in situ and real time grease condition 

monitoring of grease lubricated bearings. The goal of this research is to hopefully 

understand the gap better to reduce it in the future. 

 Why is detecting water in grease important? 
The performance of lubricating grease is greatly affected by the presence of 

water. A 90% reduction of service life of a journal bearing can be caused by the 

contamination of only 1% water in the lubricant [10]. Already in the 1970s, it was 

shown that water-in-oil had a negative effect on bearing life. It was shown that 

bearing life was significantly reduced at concentrations larger than 100 ppm [11]. In 

gear oil tests, there was no effect for Polyglycol oil with 2% water [12]. There are 

no published results for grease lubricated bearings yet. Free water is known to be 

detrimental and knowledge of the absorption of water is therefore of great 

importance [13]. Water can age lubricants up to ten times faster due to the depletion 

of additives and destruction of base oils causing acid formation [14]. Because of 

these reasons, it becomes apparent why detecting water is important as it is often the 

cause of false identification of failure [15]. Machines with lubricants often run into 

many problems once contaminated with water. Water contamination can cause rust 

and corrosion, water etching, erosion, vaporous cavitation, hydrogen embrittlement 

among other problems [5, 12]. Water also depletes oxidation inhibitors and 

demulsifiers, causes the precipitation of some additives (which then contributes to 

sludge) and competes with polar additives for metal surfaces [16]. When water 

becomes adsorbed onto metal surfaces displacing the oil and its additives, it causes 

further exposure to harsh environments and even direct metal on metal contact [17], 

which hastens the wear of the components. Corrosion is the electrochemical reaction 
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of the metal surface due to the presence of oxygen. Water etching can be caused by 

the formation of hydrogen sulfide and sulfuric acid from the lubricant degradation. 

Erosion occurs when water flash vaporizes on hot metals causing pitting [18]. 

Vaporous cavitation is common in pure clean lubricants as well, but water causes 

the lubricant to be much more susceptible to this process. The implosion caused by 

the near instantaneous vaporization and condensing implosion of water can cause 

micropitting [4, 14]. Hydrogen embrittlement occurs when extreme conditions allow 

for the separation of the fundamental atoms. The hydrogen atoms can absorb into 

the metal surfaces making it brittle and more susceptible to high pressure damages 

[19]. The hydrogen can also collect in cracks and in metal grains resulting in crack 

propagation and spalling [17].  

For a tribosystem (a system of lubricated components), water will contribute to 

the degradation of both the lubricant and surfaces. Lubricant oxidation has been 

shown to be strongly related to the content of water, since oxidation of a lubricant 

is catalyzed by the presence of water. A higher water content increases the rate of 

lubricant degradation [20]–[22].  

Water can be dissolved in the lubricant in small quantities without a visible 

difference. To some extent, water in lubricants is analogous to the humidity in air. 

Until the relative humidity of air is 100%, water does not condense and does not 

form visible droplets and thus is not visible to the human eye over short distances. 

This is the same case for lubricants. The water molecules are individually dispersed 

between the lubricant molecules and will not be visible until either the concentration 

is increased, or the temperature is dropped to cause the water molecules to 

“condense” and form a water “fog” within the lubricant. This is called an emulsified 

mixture of oil and water and will become milky in appearance [15], [21]. Emulsified 

water is much more damaging than dissolved water so being able to detect when 

water becomes emulsified would likely be a good design requirement for a sensor. 

Free standing separated water will be the most damaging of all water-lubricant 

mixtures [17]. Grease can have all three of these states at the same time. An example 

of water contaminated grease is shown in Figure 1, using a micro x-ray tomography 

measurement to visualize an emulsified mixture of water and grease.  

Because of the differences between the states of water in lubricants (dissolved, 

emulsified and free water), water content alone could be useful to detect, but may in 

some cases not be helpful because different lubricants have different saturation 

points and the saturation point may be an important piece of information. Knowing 

the water saturation points at the desired operating temperatures will help determine 

the upper limits for water content [17]. These values will have to be determined for 

each type of grease. This topic will have to be thoroughly investigated as this 

information for grease is not widely known and will likely be very different from 
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grease to grease, as there are so many varieties and variations of grease in use [23]. 

It could also be that water will change the structure of grease. 

 

Figure 1 µx-ray tomography image representing a mixture of calcium sulphonate 

complex grease with approximately 5% added water. This sample was in a small plastic 

tube (digitally removed from image). It is thought that the “particles” shown on the 

plastic-grease interface are films or droplets of water. The larger the “particle”, the 

brighter the color. The grid represents 0.1mm.  

 Grease 
Grease is a semi-solid, so it does not flow as lubricating oil does. Typically, 

grease will be tested by standardized ASTM mechanical or instrumental tests to 

establish and classify the properties of the grease. For example, weight loss tests 

after aging, dropping point (when the grease “melts”), cone penetration (how hard 

the grease is), infrared spectroscopy (how oxidized the grease is), rheometer tests 

(how viscous the grease is), pin on disc tests and other friction and wear studies 

(how well it protects tribological interfaces from wear) [24]. However, these 

methods cannot be used on-line.  

Grease is only a general description of thickened oil, not thick oil and contains 

about 85% base oil, 10% thickener and 5% additives, though this varies significantly 

between varieties [25]. The base oil is either a synthetic or a mineral-based oil. The 

thickener can be thought of as a sponge that holds the oil and the additives. Additives 
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can be used for a multitude of reasons from increasing oxidation stability to 

improving the extreme pressure performance. The difference in the thickeners will 

likely pose a problem for developing sensors as they range from metallic soaps (such 

as lithium or lithium-calcium), functional complex thickeners (which are 

combinations of metal salts and soaps such as lithium complex which contribute to 

the lubrication properties), to non-soap thickeners such as polytetrafluoroethylene 

(PTFE) or clay [25]. Additives can vary as well, as they can include different types 

of antioxidants, metal deactivators, corrosion inhibitors, extreme pressure, and anti-

wear additives [22]. There are two types of antioxidants: primary and secondary. A 

lubricant can contain one or both. Primary antioxidants are radical scavengers and 

include amines and hindered phenols. Secondary antioxidants eliminate 

hydroperoxide decomposers (which form non-reactive products) and include zinc 

dithiophosphates or sulphurated phenols [22]. 

Figure 2 shows the visual appearance of several different greases, some used in 

the experiments contained within this dissertation. These physical characteristics are 

typically unique to each formulation and make developing sensing methods a 

challenge. 

 

Figure 2 Examples of different greases with different physical appearances. All these 

greases were tested in various experiments throughout the research. Not all of them 

were used in published results.  



 

7 | P a g e  

3. Lubricant Condition Monitoring Technologies 
At the time of this writing, only a very limited number of products are made 

for the condition monitoring of grease. One of which is made by Schaeffler [26], 

and it is based on optical measurements. Unfortunately, this sensor is an expensive 

device with limited functionality so it essentially prohibits the use in applications 

such as train wheel bearings where hundreds of them would be required.  

The purpose of this section is to broaden the view by introducing potential 

condition monitoring candidates and to discuss their implementations. First, some 

physical properties of contaminated grease that could be utilized in a sensor are 

introduced. In particular, the electromagnetic properties of bulk grease and how they 

change with added water and other contaminations are of interest. In the following 

section, the response of a general electrical sensor because of a change in the 

electromagnetic properties is schematically introduced. In the following four 

subsections, specific implementations utilizing in turn capacitance, inductance, 

resistance, and electrochemistry are detailed. Various forms of spectroscopy are 

introduced in Section 3.7 where special emphasis is put on absorption spectroscopy. 

This section ends with a discussion on the use of ultrasound for condition monitoring 

of grease. 

 Physical Model of Grease 
Figure 1 shows a 3D image of a mixture of CaS-X with approximately 5% 

added water. This image represents density variations across the grease sample and 

was acquired by a micro X-ray tomography machine (Zeiss Xradia 510). The scan 

was performed with a resolution of approximately 1 m. This grease sample is seen 

to be a highly heterogenous material with properties changing rapidly across the 

volume. The sample contains a significant amount of unresolved water as pockets 

of droplets of various sizes shown colored. This heterogeneity is thought to 

influence the bulk physical properties of grease and in the following some physical 

properties of importance for a sensor will be introduced briefly. 

For a sensor, the most important property is the dielectric constant,  

  𝜀 = 𝜀0𝜀𝑟,     (3.1) 

of the grease sample where 𝜀0 = 8.854 × 10−12 F/m is the permittivity of free space 

and 𝜀𝑟 is a dimensionless variable known as the relative permittivity or relative 

dielectric constant. Although termed a constant, the relative dielectric constant 

changes with frequency so it may only be regarded as constant in specific frequency 

bands. In theory, water should be easy to detect because the relative dielectric 

constant of grease (or oil for that matter) is much lower than for water. Because of 

the non-polar nature of hydrocarbons, the relative dielectric constant is around 2 to 
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5 for most greases and oil-based lubricants while the relative dielectric constant for 

25°C water is about 80.6 at higher frequencies (i.e. GHz). More about the dielectric 

properties of water is given in appended Papers C and D. It is well known that 

different materials have intrinsic dielectric properties so different lubricants with 

different chemistries will have different dielectric constants and will change when 

the lubricant and additives degrade. The dielectric measurement of a lubricant 

assumes dielectric changes are due to degradation or contamination or by some other 

variable, such as temperature [7], [27]. An increase in the dielectric constant can be 

from an increased polarizability of oxidation products and contaminants. Most 

sensors for oil condition monitoring use the change in dielectric constant as a 

method of determining degradation [7], [27]–[29]. For a heterogenous mixture of 

materials, the combined relative dielectric constant may be modelled as [30], 

  𝜀𝑟 = (∑ 𝑥𝑖√𝜀𝑖
𝑛
𝑖=1 )2,    (3.2) 

where 𝑥𝑖 and 𝜀𝑖 are the volume fraction and relative dielectric constant for the i’th 

constituent, respectively, and n is the number of constituents considered. For 

example, as the volume fraction of water increases so does the dielectric constant. 

Since this research is entirely about the contamination of one dielectric material 

with another (water and grease), it is important to note the equation for adding two 

dielectrics together. Since the dielectric constant of water and grease can be 

estimated, the dielectric constant for a mixture of the two components can 

represented by the following equation where 𝜺𝟏 represents the water and 𝜺𝟐 is grease 

and d is the volume percentage of water: 

𝜀𝑠𝑢𝑚 = (𝑑 √𝜀1 + (1 − 𝑑) √𝜀2)
2                  (3.3)  

At DC and low frequencies, the dielectric has enough time to orient the polar 

molecules in tune with an external electric field. As the frequency increases, some 

polar molecules require so much time to change orientation and overcome the 

vibrations due to the existence of temperature (since nothing is absolute zero), which 

results in the generation of heat. This dissipation of energy is known as dielectric 

loss or dissipation factor, which for example is what causes microwave ovens to 

generate heat in food [35]. In simpler words, the dielectric cannot polarize fast 

enough. As the material properties and conditions change, the dielectric loss will 

change as well. The common way to include this effect in the dielectric constant is 

to introduce the complex dielectric constant, 

  𝜀�̃� = 𝜀𝑟 + 𝑖𝜀𝑖,     (3.4) 

where 𝜀𝑖 is a factor that represents loss. The mechanisms that cause loss change with 

frequency. For frequencies up to a few GHz, loss is dominated by temperature 



 

9 | P a g e  

effects. For higher frequencies the external field starts to interact with intrinsic 

molecule vibrations and for even higher frequencies with atomic energy levels. At 

these high frequencies, we are in the optical regime and the external field is most 

likely a propagating electromagnetic wave. Instead of the complex dielectric 

constant, in this regime, it is customary to introduce the complex refractive index, 

  �̃� = √𝜀�̃� = 𝑛 + 𝑖𝜅,    (3.5) 

where n is the real refractive index and  is the complex refractive index that model 

absorption. More details are found in section 3.7. 

The magnetic response in matter is classically modelled as 

  𝜇 = 𝜇0𝜇𝑟,     (3.6) 

where 𝜇0 = 1.257 × 10−6 H/m is known as the magnetic permeability of free space 

and 𝜇𝑟 as the dimensionless relative magnetic constant. Unlike the electric response 

where all materials have a unique dielectric constant, the relative magnetic constant 

will only take on significant values larger than unity for magnetic material. For most 

greases and contaminations, therefore, the magnetic constant will be not change. 

The most common exception is ferrous contamination caused by for example wear. 

 An Electrical Sensing System 
A sketch of a general closed loop electrical sensing system is shown in Figure 

3. It consists of a capacitance C, an inductance L, and a resistance R together with a 

sensing unit. Since the sensor has its own intrinsic capacitance but has a nearly 

infinite resistance component with no grease, the grease adds an additional 

capacitance and resistance, represented in the schematic. Depending on how the 

system is driven and what properties are considered important, different aspects of 

the system can be used to monitor the condition of the grease. In this section, a few 

general features are highlighted. Specific implementations are discussed in the 

sections that follow.  
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Figure 3 Schematic of sensor with capacitance meter and cables. The resistance of the 

cables and inductance of the sensor is assumed negligible in the system. The capacitance 

meter is treated as a “black box”. 

Equations 3.7-3.11 are given by or derived from [30]. If the grease is placed 

between two parallel plates of equal size, the capacitance can be described by 

𝐶 =
𝜀0𝜀𝑟𝐴

𝑑
,       (3.7) 

where A is the area of the capacitor plates, d the distance between them and 𝜀𝑟 is 

given by Eq. (2). Hence, the relative dielectric constant in the grease, and indirectly 

the volume fraction of water, can be measured by monitoring the capacitance. 

However, as a capacitor behaves as an open circuit in DC and 𝜀𝑟 changes with 

frequency, the most efficient frequency domain to monitor these changes must be 

found. More details of this is found in Papers C and D. For the general circuit shown 

in Figure 3, the Eigenfrequency 𝑓𝑟 = 𝜔 2𝜋⁄  is related to the capacitance, inductance 

and resistance of the circuit as 

𝜔2 =
1

𝐿𝐶
−

𝑅2

4𝐿2
,      (3.8) 

where it is assumed that 1 𝐿𝐶⁄ > 𝑅2 4𝐿2⁄ . For an essentially negligible resistance 

and constant inductance it is seen that the Eigenfrequency changes with the 

capacitance. Such an oscillatory circuit is known as an LC circuit.  
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 Methods Based on Capacitance 
This section introduces standard methods in subsection 3.3.1, while more exotic 

concepts are briefly described in 3.3.2. The information contained is a rough 

background for the research in this dissertation.  

 Measurement of Capacitance 

Equations (3.2), (3.7) and (3.8) can be used with the available data from the 

sensor to calculate changes in the measurement system. As the dielectric constant 

changes from the addition of water, the resonance frequency will change. According 

to following equations, the system is only in resonance when the inductive and 

capacitive reactance is equal.  

 𝑋𝐶 =
1

𝜔𝐶
=

1

2𝜋𝑓𝑟𝐶
,      (3.9) 

 𝑋𝐿 = 𝜔𝐿 = 2𝜋𝑓𝑟𝐿.     (3.10) 

Since the inductance of the system is designed to remain constant, the change 

in the capacitance will lead to a different resonance frequency. When a DC signal is 

applied to the LC oscillator, the circuit will create the resonance frequency. A 

frequency counter could be used to monitor the frequency. Knowing that a lower 

frequency means a higher capacitance, thresholds could be developed for when 

conditions change too much.  

The capacitance measurement instrument used in the experiments for Papers C 

and D (Hameg HM8118) essentially uses a sine generator and measures the phase 

difference between current and amplitude to estimate capacitance and inductance 

instead of measuring the resonant frequency of the system. 

An even simpler method could model the system as an RC oscillator. This 

would be the same capacitive sensor in the previous LC circuit minus the inductor. 

The resonance frequency is given by  

 𝑓𝑟 =
1

2𝜋𝑅𝐶
.      (3.11) 

Instead of measuring the resonance frequency of the system, this circuit is 

excited by external square wave pulses. Designs exist describing the construction 

and functionality of these circuits for sensor design to measure capacitance or 

resistance [31], [32]. In its most basic form, the timer circuit is set up with a 

threshold voltage. The RC circuit is excited by a pulse. This pulse charges the 

capacitor and since it is going through a known resistance, the time it takes to go up 

to the threshold voltage is directly relative to the capacitance value. The next step is 

taken care of by the timer. It is set to wait a certain amount of time and the cycle is 
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completed again. The total time between pulses can be set up as an output signal 

where it can be further interpreted by a microcontroller. This is a simple system that 

has been used in a vast variety of sensors from digital thermometers (where the 

resistance is variable instead of the capacitance), hygrometers and even pressure 

sensors (where the capacitance changes respectively due to humidity and pressure). 

Other circuits designed for measuring the dielectric constant of a material will likely 

be a useful model even if the material is different than what is being investigated 

[31]. More about capacitive theory can be found in papers C and D. 

The following method is not currently known to be in use as a principle of 

condition monitoring but is included in the capacitive section because of the direct 

relation. This method is based on the dielectric loss or dissipation factor mentioned 

in section 3.1. Another term is equivalent series resistance (ESR) which is relative 

to the dissipation factor. Dielectric loss is what causes microwave ovens to generate 

heat in food. At DC, the dielectric has enough time to orient the polar molecules 

with the electric field. As the frequency increases, some polar molecules require 

time to change orientation and overcome the vibrations due to the existence of 

temperature (since nothing is absolute zero), heat is generated within the capacitor. 

This dissipation of energy is the dielectric loss [35]. As the material properties and 

conditions change, the dielectric loss will change as well.  

To neglect dielectric loss, capacitive measurements should be carried out at 

around 100 Hz or less [7] which represents part of the reason why the experiments 

in Papers C and D were made at low frequencies. More information about the 

dielectric properties of water are given in Papers C and D in the Dielectric 

Thermoscopy Functionality sections. 

 Other Uses of Capacitance 

Research has shown that capacitive methods can detect moving debris in 

flowing oil samples. The biggest problem is that the sensor must be very small and 

the wear debris must be very close to the surface of the sensor [33]. By measuring 

the capacitance in their “microfluidic device,” it was claimed that metallic particles 

between 10 and 25 μm could be detected but could not differentiate between ferrous 

and non-ferrous debris [33]. This is useful information because typical break in wear 

starts with particles between 1 and 20 μm and damaging wear can be 50 to 100 μm 

and up [34]. This method would not work for grease, as it would be difficult to force 

grease to flow through what is essentially a capillary tube. There would also be 

problems with the sensor being plugged with debris over time. If a sensor such as 

this could be developed, potentially it could measure water as well but due to the 

sensor design it would be difficult if not impossible to use with grease due to the 

high viscosities and lack of forced lubrication in rolling element bearings.  
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 Inductive Methods 
This method is used for measuring metallic wear particles. The concept 

corresponds to capacitance but measures the magnetic permeability of the lubricant 

instead of measuring the dielectric constant (or relative permittivity). The magnetic 

permeability is represented by the inductance. This means however, it would be 

impossible to measure water as the magnetic permeability of water is essentially that 

of air and oil [33].  

Typically, a coil of wire is used where the fluid lubricant is allowed to flow 

through it. This coil could be situated within the fluid system or even around a 

nonconductive pipe. The sensitivity is directly proportional to the size and 

dimensions of the coil, smaller coils (meaning smaller inside diameter, radius of 

turns and smaller wires) lead to higher sensitivities to smaller particles [34].  

The differentiation between ferrous and non-ferrous debris might be useful 

information on some machines. Inductive sensors can make this distinction when 

measured properly [33], [36]. A ferrous particle will generate a positive inductive 

pulse and a non-ferrous particle will generate a negative inductive pulse. Both 

ferrous and non-ferrous metals generate an eddy current within, but at low 

frequencies the eddy current is small which causes the effect of magnetic 

permeability to be governing. A material with a high magnetic permeability will 

have a positive inductive pulse due to the enhancement of the magnetic flux [33]. 

Size differentiation is also possible because the amplitude of the peak due to a 

ferrous particle is proportional to the mass and the amplitude due to a non-ferrous 

metal particle is proportional to the surface area. It was also stated that it is only 

possible to detect wear debris limited to particles 100 μm and larger unless a planar 

coil is used to increase sensitivity [33]. Unfortunately, this method also scales in 

such a way that debris size sensitivity is directly proportional to sensor size. This 

means that it is also prone to becoming obstructed with debris or sludge if the very 

small particles are required to be detected. 

  Resistance/Conduction Methods 
Products have been patented to measure the resistance of lubricating oil. 

Simply, it is a drain plug with a magnet and two or more electrodes where the 

resistance between them is measured. As iron particles collect, the resistance will 

decrease [37]. Unfortunately, this method only detects ferrous debris, and will not 

likely help measure water content, unless possibly it is a very high percent when 

separated liquid water is present. This method could be modeled using the same 

illustration in Figure 3, albeit with the consideration that the measurement signal is 

DC and thus the inductance and capacitance are zero.  

The inverse of resistance is conductivity, which is typically given with the units 

of pS/m (picoSiemens per meter). Conductivity is dependent on contamination, base 
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oil and additive configuration, lubricant polarity and temperature. Unfortunately, the 

temperature/conductivity relationship is not linear, and each lubricant has its own 

curve. Conductivity sensors have not shown to give useful information about 

lubricant condition. It does however have a significance in determining if 

electrostatic discharges will become a problem if conductivity is too low [38]. 

Another method used to analyze lubricants is called Linear Sweep Voltammetry 

(LSV). Sometimes it is also referred to as the RULER method (Routine Useful Life 

Evaluation Routine) and is useful to identify changes in lubricant quality [1]. This 

method uses a voltage sweep over a defined time to study the electron transfer 

kinetics and properties of electrolysis reactions [39]. These electrolysis reactions are 

proportional to the level of oxidation occurring in the lubricant and inversely 

proportional to the quantity of antioxidants contained [8], [22], [40], [41]. Once the 

lubricant is dissolved into a suitable electrolyte, the current is measured with respect 

to the voltage during the linear voltage sweep. The current will rise to a peak and 

fall to a constant value where the position of the peak is relative to the electron 

transfer rate and when compared to the original reference lubricant, it can tell you 

the level of antioxidants present still in the fluid [40].  

 Galvanic Current 
Industry and academia only have limited examples of sensors and measurement 

principles using galvanic current, as outlined in Paper E. However, in that research 

it has showed promise for disposable sensors.  

With tweaking of the material selections, it may provide new ways of 

interpreting the corrosivity of materials. This can be accomplished due to the 

different corrosion properties of common metals. The corrosion rates of different 

metals are often vastly different, even in the same conditions. Take for example the 

corrosion rate versus pH for aluminum, steel, and zinc in Figure 4. With the data in 

Figure 4, it would be important to note that the cathode in the chosen galvanic sensor 

should align with the expected corrosive environment that the sensor is expected to 

be capable of detecting and also what components in the installed machine the 

sensor should provide useful corrosion information about. The galvanic sensor 

concept requires corrosion to occur for a current to be measured. In Paper E, zinc 

was used as the sacrificial cathode simply due to its ease of electroplating and lack 

of sputter deposition instruments. It is important to note that it might not be suitable 

for every application.  

Aluminum and zinc create a passive surface layer due to the oxide being 

impermeable to oxygen under pH conditions more typically found in nature [42]–

[44]. This is evidenced in the very low corrosion rate of aluminum and zinc in the 

middle of the plot, in a pH range where steel cannot create an effective passivation 

layer. Iron oxide is permeable and thus allows continued oxidation, up to a high pH 
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[42]. This is likely a factor to consider for a future sensor, as the passivation layer 

will change the performance over time. There are many additional factors in the 

corrosion rate, such as temperature, oxygen availability, and flow rate, and 

concentration gradients (for components submerged in fluid) [42]–[44]. Some 

conditions (e.g. elevated temperature) can even reverse the protection offered by 

sacrificial coatings, such as zinc [43]. In some applications, this could be a limiting 

factor. However, this experiment was completed in a laboratory environment at 

room temperature. 

 

Figure 4 Corrosion rate of common engineering metals vs pH of environment, using 

data adapted from [42], [43], [45]. 
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  Spectroscopy 
Spectroscopy is a measurement method that uses various wavelengths of visible 

or non-visible light to determine the chemical nature of a material. The concepts and 

principles that describe how spectroscopy functions will be in the following 

sections.  

The following examples are a sampling of the different methods available in 

spectroscopy: absorption, scattering or diffraction/ reflection, emission, resonance 

or coherence, impedance and inelastic scattering. Infrared spectroscopy are 

measurements that are generally relative in nature and can be used to detect any of 

the following depending on the method used: acid number, base number, oxidation, 

nitration, sulfation, additive depletion, and water, glycol, and soot contamination 

[41], [46], [47]. Absorption and reflection are likely the only methods that can be 

scaled down to the size that is needed for making small and low power sensors, so 

this is what will be reviewed in this thesis. Emission is either by burning or 

fluorescence. Resonance or coherence uses high energy radiation like x-rays and 

impedance and inelastic scattering uses methods to measure light wavelength 

changes within materials. Methods that require destructive testing (i.e. burning) or 

high energy radiation (x-ray resonance scattering) and other methods that require 

complicated devices (which are typically large bench top devices) such as 

impedance or full spectrum spectroscopy will not likely be feasible in small 

inexpensive sensors given the amount of resources and space required for their 

operation.  

If attenuation bands are already known to represent the desired analyte change, 

spectroscopy that uses single or several bands of light should be relatively simple as 

they do not require diffraction gratings, beam splitters or any other number of 

typically space and energy consuming optical, mechanical or electrical devices. 

 

 Concepts 

Consider a monochromatic electromagnetic wave, u(z, t), that propagates in a 

grease described by the complex refractive index �̃� along a path described by the 

position z. The complex amplitude at position z is then expressed as [48], 

𝑈(𝑧) = 𝐴0 exp(𝑖𝑘0�̃�𝑧) = 𝐴0 exp(−𝑘0𝜅𝑧) exp(𝑖𝑘0𝑛𝑧),  (3.12) 

where 𝐴0 = √𝐼0 is the initial amplitude of the wave and I0 its initial intensity. 

Further, 𝑘0 = 2𝜋 𝜆0⁄  is the vacuum wavenumber of the wave and 𝜆0 its vacuum 

wavelength while the material parameters n an 𝜅 are described in connection with 

Eq. (3.4). Spectroscopic information is in general associated with the measured 

intensity in Eq. (3.13) known as Beer’s (or Beer-Lambert’s) law, 
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 𝐼(𝑧) = 𝐼0 exp(−2𝑘0𝜅𝑧) = 𝐼0exp(−𝛼𝑧),   (3.13) 

where 𝛼 = 2𝑘0𝜅 is known as the absorption coefficient. In a quantum mechanical 

framework the absorption coefficient can be thought of as the probability that the 

photon is absorbed. Thus, by detecting the decay in intensity for a given propagation 

distance the absorption coefficient can be estimated. If the measurement is 

performed in transmission the propagation distance is simply the thickness of the 

sample. However, if the measurement is performed in reflection a mean interaction 

pathlength must be estimated.  

As briefly discussed in Section 3.1 the interaction mechanisms between an 

electromagnetic field and matter vary with the frequency (and hence the 

wavelength) of the field. In spectroscopy it is customary to divide the 

electromagnetic spectrum in UV/VIS (wavelength 200-780 nm), IR (780 nm – 

1mm). Longer waves are referred to as THz-waves and even longer wavelengths as 

Microwaves. The distinction between these regions is somewhat floating but in 

principle they also define the fundamental interaction mechanism between the 

electromagnetic field and the matter. In UV/VIS and partly in the near-IR region the 

electromagnetic photons interact with the outer electron bands in the molecules. In 

the IR region, in general, the photons interact with molecular vibrations and 

rotations. The set of wavelengths for which these interactions are strongest are 

unique for specific molecules and are said to represent the spectrum of the molecule. 

As an example, the absorption spectrum of water in the visible and near-IR 

wavelength range can be seen in Figure 5 (data derived and verified from tables and 

charts in [49], [50]). In this figure absorbance is defined as  

 𝐴 = −𝑙𝑜𝑔10 (
𝐼

𝐼0
),      (3.14) 

for a typical propagation distance, which is merely the logarithm of the ratio of 

remaining light intensity and the light source intensity. Zero represents no 

absorbance and one represents one order of magnitude, so 10% transmittance. Three 

absorption peaks are indicated; one at 970 nm, one at 1450 nm and one at 1950 nm. 

The latter would be harder to use for embedded sensors because InGaAs-based 

technologies do not work past ~1700nm, and thus require more complicated, 

expensive, and exotic materials. Wavelength absorbance peaks are likely candidates 

for detecting water. A comparison of water and grease (and grease’s degradation 

products) would have to be done to verify which wavelengths are suitable.  
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Figure 5 Water absorbance spectra.  

 

 UV/Visible 

The wavelength range for UV-VIS is from 190 to 800 nm. It also operates on a 

completely different principle than IR as the photons in UV-VIS light are of a higher 

energy. They are high enough energy to cause electronic excitations in the valence 

shells of atoms and molecules. The type of interaction is the same though; based 

upon absorbance. Absorbance spectra are due to transitions between the ground state 

and the other various possible energy states. Organic compounds are capable of 

absorbing electromagnetic radiation because they have valence electrons that are 

capable of being excited to a higher level. 

Ultraviolet and visible light fundamentally provides different information about 

materials than infrared. UV-VIS molecular absorption is likely the most common 

quantitative analysis technique currently used for chemical analysis [51]. For 

lubricants, it can be used to show changes in chromophores (molecules which are 

responsible for color) and carbonyl groups (C=O groups) [2]. These carbonyl groups 

can represent the level of oxidation products [52]. The UV-VIS spectra can show 

characteristic peaks for chromophores as well: Ar-N=N-Ar (where Ar = aromatic 

group), C=O and –NO2 which are present between 165 and 280 nm. Oxidation and 

nitration (when nitrogen oxides are attached as a functional group, such as –NO2) 

[8] and could possibly be detected in a lubricant with UV-VIS spectroscopy. 

Alkene (C=C) groups can represent degradation and oxidation of the lubricant 

due to the presence of radicals, as radicals break the double bond and steal a valence 

electron leaving an Alkane (C-C) [53]. The oxidation process for lubricating oils 
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and greases is much the same due to the scavenging of the free radicals [14]. 

Polycyclic aromatic chromophores are also visible at around 400 nm and are also 

the result of aromatic and hydrocarbon degradation [54]. Four hundred nanometers 

is at the edge of our visible range, so if it absorbs more at that wavelength, it would 

tend to appear more yellow. This is readily apparent in most aged lubricants. 

Most ions and complexes of elements absorb bands of visible light and are 

colored as a result. This brings about the idea that monitoring the color of the grease 

could tell interesting information about the oxidation state or contamination level 

just by quantitatively measuring the color of the grease.  

Many reagents change selectively with non-absorbing molecules to produce a 

product that absorbs in the UV-VIS spectrum. This can be used to complete 

quantitative analysis because the molar absorptivity can be several orders of 

magnitude more than the species before the reaction took place [51]. It could be that 

adding a compound that changes color due to environmental or chemical changes 

would be an area of further research. 

UV-VIS spectroscopy is susceptible to three different types of deviations in the 

Beer’s law of absorptivity: real, chemical and instrument deviations. The following 

summary of these deviations is compiled from an Instrumental Analysis textbook: 

[51].  

Real deviations can happen when the concentrations of the analyte (the 

chemical or compound of analytical interest) are of a high enough concentration that 

the absorptivity is changed due to solute-solvent or solute-solute interactions or 

hydrogen bonding. For this reason, dissolved water in lubricants may be difficult to 

detect accurately with spectroscopy. As the water condenses and water droplets form 

within the lubricant, hydrogen bonding may increase the absorption at certain 

wavelengths. High concentrations reduce the average distances between molecules, 

so they are more capable of affecting the charge distribution of its neighbors. This 

could cause spectra shifts but since this appears to be an unstudied topic in grease, 

investigations will have to be made to see what happens when increasing amounts 

of water are added.  

Another real deviation is due to molecular interactions of large molecules. Since 

grease has fairly long carbon chains within, it is possible that there could be 

unforeseen or unexpected changes. 

The refractive index of grease and water is also likely to be different and causes 

yet another real deviation. This could be an interesting measurement “error” that 

could be measured. More research will have to be done to figure out the feasibility 

of this.  
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Chemical deviations will probably be unlikely to change when water is added 

to grease. These deviations occur when a chemical reaction takes place where the 

molecular structure changes shape. A common example is a swimming pool pH 

tester that changes color based on the pH of the water. This happens because the 

chemical used has a change in the electron bond distribution and thus changes the 

resonance of the molecule. This then changes the optical absorption characteristics. 

Since grease is intended to be quite stable and non-reactive to water, chemical 

reactions are unlikely to take place over a short period of time with the addition of 

water. 

Instrumental deviations can be caused by light of more than one wavelength 

being present. Normally in UV/Visible spectrometers, a diffraction grating, or other 

method is used to separate very narrow bands of light. If more than one wavelength 

of light is used, Beer’s law will not apply because the absorbance could be different 

for the different wavelengths. Low power LED emitters are typically very close to 

a monochromatic light source so once it is understood which absorbance spectra to 

investigate, LEDs may end up being an important source of light. There are other 

sources of instrumental deviation but aside from the obvious (like stray outside 

radiation), none of them appear to apply to our project because they do not apply to 

the investigated methods.   

  Infrared Spectroscopy 

The infrared spectrum provides considerable information about the state of a 

lubricant. Fourier Transform Infrared Spectroscopy (FTIR) is one of the most 

common methods used to detect water and impurities [47]. Each different lubricant 

sample will absorb infrared energy differently giving a “fingerprint” of information, 

the reasons of which will be later discussed in this section. This method is also often 

used to inspect oxidation and contamination such as fuel or soot [20], [46]. A study 

was done to identify infrared oxidation bands in engine oils [55] but used mid and 

far infrared which may be impossible to use in small sensors. Unfortunately, though 

petroleum hydrocarbons are relatively well defined in the IR spectrum, synthetic 

oils and degradation products are not [46].  

Since water detection is the main focus of this paper, it is important to note that 

some sources say that the lower limit of water detection with IR spectroscopy for 

lubricants is about 0.1% (1000 ppm) [17] but the realistic limit is likely around 0.5% 

due to the requirement of having an identical lubricant with no water to create a 

baseline to compare to. The baseline must to be used to understand the extra 

absorbance due to the presence of water. Infrared spectroscopy is (as of yet) not a 

system which is integrated into a bearing or machine but an external device which 

is capable of taking the desired measurements of a lubricating oil. One example is 

an infrared absorption sensor by Kytola [56]. There are however systems for 

monitoring the condition of various lubricants such as hydraulic fluid. These devices 
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typically consist of a control box with an IR light source and a detector to measure 

the absorbance of the fluid [57].  

There are three ranges of IR wavelengths that are typically defined as near, mid 

and far IR. Near ranges from 780 to 2,500 nm, mid from 2,500 to 50,000 nm and far 

50 to 1,000μm. The most basic explanation from Principles of Instrumental Analysis 

is as follows:  

 “IR absorption, emission and reflection spectra for molecular species can be 

rationalized by assuming that all arise from various changes in energy brought 

about by transitions of molecules from one vibrational or rotational energy state to 

another” [51] 

 This means that every different molecule will have its own “fingerprint” in 

absorption peaks due the different bonds, atomic masses and orientations. Near 

infrared (NIR) will be of most interest because of the emitters available. The longest 

wavelength and relatively cheap LED emitters are around 1600 nm, which is half 

way into the NIR region. Anything with a longer wavelength is a heat source such 

as a simple tungsten filament lamp which consumes energy and is not suitable for 

low power sensor designs. The only other type of emitter is a sophisticated variation 

of laser diode which is very expensive (sometimes called a quantum cascade or 

interband cascade laser) [58].  

In the instrumental analysis community, the wavenumber unit 𝑐𝑚−1 may be 

used but it simply represents the number of electromagnetic waves per centimeter. 

That is an important aspect to note because it may be unfamiliar to people outside 

of the field of instrumental analysis. This unit is used instead of wavelength because 

it has a direct proportionality to both energy and frequency. The frequency is the 

molecular vibrational frequency of the absorption due to the resonance of the atoms 

or molecules. This is directly analogous to a mass/spring system which is excited by 

an external vibration. The atomic mass and bond strength will directly change the 

resonance frequency. Almost all molecules absorb IR light due to this reason. The 

only molecules that do not are homonuclear molecules such as O2, N2 or Cl2. IR 

light is not energetic enough to cause electronic transitions in the valence shells so 

these small molecular vibrations are the parameters of interest [51]. 

The bonds involved with most NIR absorbance spectra are C-H, N-H and O-H 

but absorption is low and limits the detection of most species at 0.1%. Because of 

this, it should be possible to detect water due to the absorbance of O-H bonds [51]. 

Quantitative detection of water is possible in various food, agricultural, petroleum 

and chemical industries. In these industries, diffuse reflection is the most common 

method, but transmission is also used in some cases. Mid-IR is supposedly more 

useful for identification of molecular species but NIR is quite capable of giving 
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accurate quantitative analyses of materials containing the hydrogen bonds stated 

above [51]. Water molecules should give an easy differentiation from the base oils 

and thickeners in grease. 

IR spectroscopy can also yield information about additive condition. Oxidation 

products are detectable. Some additives have carbonyl groups which when oxidized, 

creates carboxylic acids. Any acids will increase the acid number which will cause 

more corrosion. FTIR can be used to detect the presence of these acids [3]. A 

feasibility study was carried out to verify how useful IR spectroscopy is for studying 

the degradation of synthetic lubricants [47]. They found that the mid infrared range 

was particularly useful for measuring the degradation of additive packages and ester 

groups. The specific additives were not stated. Unfortunately, mid infrared is not a 

possibility for the purposes of this research since all mid infrared emitters are 

essentially heat sources which require a considerable amount of energy. 

In addition to what was stated above, material choice will be important for 

designing our sensors. A material will be needed which is non-reactive with grease 

and water and will be stable and remain transparent to IR for a long period of time. 

Various types of glass will be satisfactory. Fused silica is used in some 

spectrometers due to the wide range of transparency in the IR spectra and the 

insolubility in water and solvents. Some plastics may be adequate as well for this 

application. 

 Photonic Equipment used for Absorption Spectroscopy 

Typical emitters for UV/Visible spectroscopy devices include tungsten 

filament, halogen, deuterium and hydrogen lamps. Quartz windows must be used 

instead of standard glass for wavelengths less than 350 nm because normal glass 

absorbs below that. The lower limit for UV is about 190 nm because quartz starts to 

significantly absorb the UV light below 190 nm. Halogen lamps are capable of 

wavelengths from below 350 nm to 2500 nm but they use orders of magnitude more 

energy so they will likely not work for small self-powered sensors. 

Fortunately, LEDs range from 365 nm to approximately 1600 nm with mostly 

5-10nm increments. All of them are very efficient in comparison to traditional 

emitters. Research has shown new UV LEDs that can produce wavelengths as small 

as 210 nm [59] so this may be useful for identifying certain lubricant aging 

components in grease in the future once they become commercially available.  

Although not used in the experiments in this dissertation, it is important to note 

that photometer probes (with fiber optics that transmit and receive light signals) exist 

in industry and the scientific community [60], [61]. This method could be used for 

reflective, transmissive, fluorescence and scattering spectroscopy of translucent 

materials for any spectrum that can be transmitted with fibers [61]. These probes 
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have the added benefit of being able to integrate the measurement device while being 

a distance away from the bearing or machine to make access or design easier. This 

principle could also be used for infrared wavelengths as well assuming a suitable 

fiber optic material is selected. 

 Inelastic Scattering 

In Eq. (3.13) and for the applications of 3.7.2 and 3.7.3 it is intrinsically 

assumed that the energy of a photon is completely lost once absorbed and turned 

into heat. This is not necessarily always the case. For energetic photons 

(predominantly in the blue or UV part of the spectrum), it often happens that only 

part of the energy of the photon is absorbed and the excess energy is re-emitted as a 

new photon with a longer wavelength. All processes that lead to a wavelength shift 

of this kind are collectively referred to as inelastic scattering.  

The most common, and strongest, of these processes is fluorescence. In 

fluorescence, a high energetic photon matches an energy transition in the molecule 

and gets absorbed. Though some non-radiative processes (most common) the 

molecule relaxes to a higher state from which it relaxes to the ground state by 

emission of a photon of longer wavelength (lower frequency/energy). In other 

words, fluorescence spectroscopy works on the properties of materials that reemit 

light at the same or longer wavelengths when excited by external radiation [62]. This 

is for example the process that makes it possible to visualize blood using a UV-

lamp. Fluorescence therefore requires knowledge of specific absorption bands from 

which the molecule fluoresces. Not all molecules of interest have efficient 

absorption bands of this kind, which limits the number of molecules that can be 

detected. For example, water does not have these absorption bands.  

A feasibility study about the monitoring of the degradation of synthetic 

lubricants with fluorescence emission found that fluorescence would be possible to 

integrate into an in situ measurement system [47]. It was found that an excitation 

wavelength of 360 nm provided for the most significant fluorescence emission in 

the range between 400 and 450 nm. Unfortunately, though it was found that 

correlations exist between the fluorescence spectra and some chemical or physical 

conditions (e.g. aging reduced fluorescence), it might not be possible to find 

substantive correlations.  

Fluorometers exist for measuring properties of crude oil [63]. The manufacturer 

of those instruments states that the fluorescent properties of crude oils are largely 

due to aromatic compounds that exist in the complex mix of molecules. More 

research needs to be carried out to verify the viability of this method.  

Another common method that utilizes inelastic scattering is Raman 

spectroscopy. It uses the molecular vibrational wavelength shifts in light when a 
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monochromatic laser is directed on a surface. These emitted wavelengths of light, 

or “Raman lines,” can be detected but are often only a small fraction of the laser 

source energy (as small as 0.0001%) [51]. Akin to fluorescence, the wavelength of 

a photon can be altered by interaction with matter, but the Raman effect requires no 

distinct energy band. Instead, part of the energy of the photon can be used to trigger 

a vibration mode in the molecule (the opposite is also possible) and thereby red-shift 

the photon. The magnitude of wavelength change corresponds exactly to the 

vibrational energy in the molecule which makes Raman spectroscopy extremely 

species specific. It is therefore sometimes used to test lubricants. Since both IR 

spectroscopy and Raman spectroscopy target vibrational modes of molecules, they 

are often used complementary and are collectively referred to as vibrational 

spectroscopy. Unfortunately, being a very weak process, Raman spectroscopy 

requires sophisticated detection methods and long integration times, which makes it 

impractical for condition monitoring. Also, it is unaffected by the presence of water 

making it impossible for use in this research.  
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 Ultrasonic Methods 
There are several names for this method listed by various sources. These 

measurement names include but are not limited to: sonic impedance, sonic velocity 

and sonic scattering.  

In the simplest form, the ultrasonic sensor is an ultrasonic emitter and a detector 

some short distance away with the flowing lubricating oil in between. Changes in 

viscosity will change the received signal. In addition, if more sophisticated 

monitoring techniques are used, some wear debris can also be detected as particles 

attenuate the signal as it passes between. Some level of distinction can be made as 

to the size of the particles (claims are made all the way down to 3 μm) but they have 

problems distinguishing the difference between air bubbles (small or big) and debris 

as bubbles cause scattering of the ultrasonic signal as well [33]. 

Some research has shown that water content could be measured with ultrasonic 

sensors [64] but it is usually for detecting debris flowing through a system [4]. In its 

simplest form, it could be described as an ultrasonic emitter and detector which were 

both submerged in liquid oil. In this case, it was a type of cooling oil for high power 

electronics so the principle may still be applicable to other oils. The signal is an 

ultrasonic pulse where the dissipation is measured. Unfortunately, these researchers 

did not publish the parameters they developed to detect water, but the differences 

appear to be very small and difficult to detect without a fast oscilloscope (2.5 

MSamples/sec). To develop a lower cost sensor, analyzing a signal response in the 

order hundreds of kilohertz will probably not be possible considering there are easier 

methods out there. That added to the fact that maintaining a perfectly consistent 

amount of grease between two transducers and the very nonlinear mechanical 

properties of grease make this method an unlikely choice. Oils however would 

probably work if enough electrical and processing power were available.  
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4. Equipment and Setup 
The experiments in this thesis were carried out at LTU with standard laboratory 

equipment. Grease samples were prepared and analyzed with a Karl-Fischer titration 

instrument as described in Paper A. Those grease samples were also measured with 

optical attenuation spectroscopy in Paper B and were additionally characterized with 

dielectric measurements in Papers C and E, as they were run concurrently, and it 

was possible to use the same prepared samples. Paper D had different samples 

prepared for the experiment.  

 Experimental Equipment and Methods 
The greases used throughout the five papers included in this dissertation are 

summarized in Table 1. 

 Grease Selection 

In all the appended papers, one type grease was used (SKF LGWM 2). It is a 

calcium sulphonate complex (CaS-X) thickener with mineral and synthetic base oil. 

This was used because SKF had requested the research be carried out with this 

grease. It is one of the better greases available and is used in high performance 

bearings and was used for this reason in all five appended papers. One of the 

properties of the thickener allows it to absorb a significant amount of water. In Paper 

A, two more grease types were used. The first is another variation of the CaS-X 

grease (SKF LGHB 2) that was used. It was reported to be water resistant and 

include only mineral oil and no synthetic where the other is a mixture. The other 

grease was a lithium complex (Li-X) grease with mineral oil. This Li-X grease was 

used because it was measured and observed to be drier and less able to mix with 

water. Since Paper A was done to study how water mixes with grease, the CaS-X 

and Li-X greases were used because they are common greases in demanding bearing 

applications.  

Papers B and C only used the SKF LGWM 2 grease for the proof of concept 

study. Paper D used multiple greases, as shown in Table 1 (Table 10 in Paper D). 

The publication requirements of the journal disallowed the use of trade names, so 

the product names are listed here. CaS-X and Li-X were used due to the high-

performance properties of the grease, making them likely choices in expensive 

bearings which would be economically viable to implement a condition monitoring 

sensor. Unadditivized lithium grease was used as a preliminary attempt to see if 

additives would influence the properties of the sensor. Since plain lithium grease is 

very common in inexpensive machine parts, it was considered important to include 

that in the experiment as well.  
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Table 1 The greases used in experiments. *This grease is unadditivized. 

Grease Thickener Base Oil 

CaS-X-A Calcium Sulphonate 
Complex –  

SKF LGWM 2 

 
 

PAO + Mineral 
CaS-X-B Calcium Sulphonate 

Complex –  
SKF LGHB 2 

 
 

Mineral 
CaS-X-C Calcium Sulphonate 

Complex –  
Total Ceran XM220 

 
Unknown (not 

advertised) 
Li-A Lithium –  

SKF LGEP 2  Mineral 
Li-B Lithium –  

Swedol OF-9004 Mineral 
Li-C Lithium –  

Biltema Lithium 
Multipurpose Grease Mineral 

Li-X Lithium Complex – Swedol 
OF-9005 Mineral 

Plain-Li* Lithium  
(no brand) PAO 
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 Karl-Fischer Titration 

The Karl-Fischer (KF) titration method is used in labs everywhere where water 

content needs to be measured. However, in addition to how the method is described 

in the appended papers, the instrument needed additional modification to better 

improve the measurement of grease. Since the KF method is a standard laboratory 

measurement, the function and theory are not necessarily of importance here other 

than that the instrument and reagents used in the experiments were purchased for 

the purpose of measuring oil-based lubricants. As shown in Figure 6, the instrument 

(Aquamax KF Coulometric) by GR Scientific is of the coulometric measurement 

principle and has an additional oil evaporator with a dry nitrogen gas supply. As this 

is a commercially available instrument, information about the functionality of the 

instrument can be found elsewhere, though a brief summary about the functionality 

of the instrument will be included here.  

 

 

Figure 6 Karl-Fischer Titration instrument. (A) is the titration vessel. (B) is the oil 

evaporator (Aquamax KF Oil Evaporator). 

The “standard” Karl-Fischer titrator has a titration vessel as shown in Figure 7. 

The reagents are contained within the titration vessel and within the generator 

electrode. The titration vessel contains 100 ml of the anode solution. The generator 

electrode is submersed in the anode solution. This electrode contains about 5 ml of 

(A) 

(B) 
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the cathode solution and has a selectively permeable membrane separating the two 

solutions. Iodine in the solution reacts with water and a known electric charge is 

required to generate iodine from iodide in the solution. With a constant current 

across the detector electrode in Figure 7, it is then possible to detect when all the 

water in the solution has reacted. This is marked when the voltage at a constant 

current abruptly drops. Thus, the instrument can estimate when the reactions have 

completed. The measured charge required to generate the iodine is then used to 

estimate the water content.  

 

 

Figure 7 Diagram of titration vessel and components contained within and used with 

permission from [65]. Part (A) in Figure 6. 

The oil evaporator (shown as B in Figure 6) is simply a small glass vessel which 

is heated. It contains a dry oil with a metered dry nitrogen gas supply bubbling 

through it. This is used in the case that the measured chemical is damaging to the 
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titration vessel. In the case of lubricants, some additives can coat the electrodes 

(which are made from thin platinum), causing inaccurate measurements. The 

thickeners in greases will also be extremely difficult to clean from within the 

titration chamber as well. Grease will also not readily dissolve in the solution, 

causing inaccurate results.  

 

Figure 8 The modified oil evaporator.  

The procedure for water in grease measurement had to be modified to provide 

quality and quick results. Even with the oil evaporator set to 140°C, the grease 

tended to stay as a clump and not release the water in a reasonable amount of time. 

The measurement time was between 30 and 45 minutes and had considerable error 

introduced by the extended water release time. Additionally, foam was a 

considerable problem. The oil evaporator chamber would fill with oil/grease foam 

and be pumped into the titration chamber. The foam presumably held onto water 

vapor contributing to the excessive measurement time. Also, since the grease 

samples ranged significantly in water content (from approximately 0.03 to 6.6% 

water), sample sizes ranged dramatically. The instrument is most accurate when 

titrating between 500 and 3000 micrograms of water and thus the sample sizes 
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should be chosen accordingly. A syringe was found to be next to impossible to use 

correctly when adding the sample because extremely small samples (e.g. 30 mg) 

were not possible to dispense into the oil evaporator and be certain that the weight 

difference was correct or repeatable.  

There were solutions to all these problems. A small stirrer was manufactured to 

break apart the grease within the oil evaporator. This is shown in Figure 8. An M8 

bolt was drilled through such that a small shaft could fit through the middle. The 

PTFE cap of the oil evaporator was counterbored and tapped such that this M8 bolt 

could be threaded into with a stop at the bottom. A suitable gasket was placed at the 

bottom where the shaft could go through and be sealed such that no gasses could 

escape. The shaft is driven by a small DC motor. The stirrer is a small piece of PTFE 

held in place by wire which is soldered to the shaft. This brought the measurement 

time from over 30 minutes down to typically less than 5 minutes. This also 

contributed to reducing the foam problem as well by adding enough turbulence such 

that foam could not form from the bubbling nitrogen gas. The rubber plug also 

needed to be added because the existing opening was not large enough for the large 

grease samples. Additionally, the oil evaporator was insulated with fiberglass cloth. 

This was to help ensure the entire vessel was heated, reducing the chance of water 

condensing anywhere inside. 

To completely solve the foam problem, silicone oil partly replaced the mineral 

oil typically used otherwise. Silicone oil is used in industry as a defoaming agent. 

The standard procedure required using 10 ml of mineral oil, but instead 2 ml of 

silicone oil and 8 ml of mineral oil were used. This seemed to further decrease the 

measurement time, presumably because silicone oil is very hydrophobic. This was 

used as a mixture because silicone oil is more commonly used as an additive and 

not the base oil itself. 

The sample dispensing problem was solved using thin strips of low-density 

polyethylene (LDPE). LDPE melts at 80°C and was found to be significantly dry 

enough as to not skew the results. After the strips were cut, they were “dipped” into 

the grease samples and weighed. The strip holding the grease sample is then dropped 

into the oil evaporator. The LDPE melts and becomes part of the mixture. The stirrer 

appears to perform adequately in homogenizing the mixture where the nitrogen gas 

is better able to draw away the moisture.  

With these minor procedure/instrument modifications, the grease measurement 

was significantly better in terms of accuracy and repeatability.  

 Optical Measurements 

For paper B, the measurements used an OceanOptics HR4000 UV-visible 

spectrometer and a StellarNet Dwarfstar NIR spectrometer to measure the 
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attenuation in grease between 500 and 1700 nm. A diagram and photo of the setup 

are given in Figure 9. The UV-Visible spectrometer measured between 500 and 

1000nm. The NIR spectrometer used has measurement range of 876 to 1756nm. 

This spectrometer was included for future work, not for the main interest of Paper 

B which was to investigate the visible spectrum measurement range given by the 

OceanOptics HR4000 spectrometer. Wavelengths below 500 nm were not used due 

to a limitation in the glass used in the sample holder. 

Grease samples for the optical measurements were prepared as outlined in the 

appended Paper B. These included water contaminated samples which were of new 

grease, but also of aged samples. Three samples were aged at 24, 48 and 72 hours at 

135°C in an oven to simulate an accelerated oxidation process. The final sample was 

from a previously made water contaminated sample from Paper A. This sample was 

left out on an aluminum plate open to the atmosphere for about 9 months. The 

starting water content was approximately 10% but ended up at about 0.76% and 

visually appeared to the naked eye much darker than otherwise expected. The idea 

behind this was to see what changes we could produce in the grease samples to 

verify what factors change the optical water content measurement. Additional 

results not included in Paper B will be presented in Section 5.4.  
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Figure 9 Diagram and photo of measurement setup. Lens focal length: F1=25mm, 

F2=F3=15mm. 
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 Dielectric Measurements 

The dielectric measurement experiments used a standard benchtop RCL bridge 

(Hameg HM8118). Three test cells were manufactured and are described in further 

detail in Paper C. They include a parallel plate, coaxial, and an interdigited fringe 

field capacitor.  

In Paper C, the capacitance is measured over a temperature change. The 

experiment used a temperature change between 30 and 60°C. A custom made water 

block coupled with a heating and cooling unit was used to provide precise control 

over the temperature of the test cells. A standard thermocouple reader was used to 

provide temperature measurements of the test cell. 

Paper D used a custom-made fringe field capacitor plate, as shown in Figure 83 

on page 156. Several iterations were used based on the benefits and problems found 

in certain designs. More information on the different iterations are shown in Section 

5.5. An Arduino Mega 2560 with a Protovoltaics PT100 RTD (platinum 100-ohm 

resistance thermal device) shield was used with MATLAB to log temperature. This 

was used because it could use two, three, and four wire RTD connections and had a 

very high resolution (experimentally, approximately 0.02°C). MATLAB was also 

used to log data directly from the Hameg HM8118 capacitance meter. Running in 

parallel to the data logging script, MATLAB also controlled a standard off the shelf 

serial programmable power supply to vary the power input into the Peltier heat pump 

which was used to control the temperature of the sensor. Diagrams and further 

explanation can be found in Paper D.  

 Galvanic Measurements 

The measurement device used in this experiment was a Keithley 2450 

Sourcemeter. This was used because of the exceptionally small resolution in the 

order of 10 fA (femto amperes) on the 1 nA (nano ampere) scale. The data was 

logged directly to USB and later interpreted in MATLAB and Microsoft Excel. 

The sensor was a repurposed fringe field sensor as seen in Figure 94 on page 184.  
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5. Research Contributions 
This section outlines methods and results from the papers. Some additional 

results not included in the papers are shown here to outlined. Section 5.1 covers the 

methods used to create the grease samples used in all five papers. 5.2 briefly 

describes the changes made to the Karl-Fischer titration instrument. 5.3 covers the 

dielectric methods tested in the early experiments, including the early dielectric 

thermoscopy results that led to the experiments in Paper C and D. It also covers 

some unpublished results regarding potential uses for dielectric spectroscopy 

(measurement of the dielectric constant over a frequency change) and information 

found about the sensor when it was cleaned.  

 Grease 
The first step of this research was to find a way to produce grease samples which 

could be used in experiments. A cost-effective method for preparing grease samples 

was developed, tested and verified for repeatability and consistency. An added 

benefit is that the system is sealed to the atmosphere and allows for easy dispensing 

after it is mixed. This way, the environmental conditions should not affect the water 

content of the grease since it is sealed. The mixing method was required because 

something repeatable needed to be developed using simple materials. Refer to Paper 

A to learn more about this method. 

Water transport within grease was also investigated. It was found that the 

calcium sulphonate complex (CaS-X) grease tended to mix with water very well and 

hold onto it for a long period of time. The relationship between temperature, time 

and water content was also briefly investigated. The complete method, results and 

discussion about how the sample preparation method and lab analysis is made is 

given in Paper A.  

 Karl-Fischer Titration 
Once grease samples are prepared, they must be measured with lab equipment 

to understand how much water is in the samples. That way, any developed sensors 

can be compared to values. An improved procedure for measuring water content 

with a Karl-Fischer titration instrument was developed. The instrument was slightly 

modified with a motorized stirrer in the oil evaporator among other small changes. 

When combined with the procedural changes described in 4.1.2, a much more 

repeatable and consistent result was possible. The spread in the data went from 5% 

down to less than 1% and the measurement time went from up to 30 minutes down 

to 5 minutes or less, depending on the sample size. 
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 Dielectric Measurements and Dielectric 
Thermoscopy 

This section will cover the thought process behind the research that led to the 

Dielectric Thermoscopy (DT) method. Some results will be given from the DT 

method from early experiments and the final design of the sensor in Paper D. Then 

a prestudy on water phase is considered in 5.3.1, a continuation of dielectric 

measurement principles called dielectric spectroscopy is shown in 5.3.2, and the 

repeatability of the sensor from Paper D is shown in 5.3.3 in a brief assessment.  

The literature search that helped develop the text in Section 3 showed that 

capacitance measurements are the most common tool to estimate the water content 

of everything from oils, wood products to food. The reason for this is that water 

significantly changes the dielectric constant of most materials, and thus the 

capacitance. However, the typical capacitance measurement runs into several 

problems requiring a new concept to be developed. Grease does not flow into test 

cells easily. Once in a bearing, it is not guaranteed that the grease will sit in one 

location or that a representative sample can be measured where the sensor happens 

to be. Temperature will lead to variations in the measurement and the temperature 

dependence of grease and water is significantly different. Typically, high 

frequencies (MHz or GHz) are also chosen, which is what is normally used for 

dielectric characterization. This makes the measurement system much more 

complicated than if low frequencies are used. However, when a low frequency is 

used (e.g. 10’s or 100’s of Hz), the temperature dependence is greatly exaggerated 

once water is introduced. But if this is used as the measurement principle, e.g. the 

capacitance measurement is taken over a small temperature change, this gradient 

can be used to estimate the water content. This is because dry oils and greases can 

even have a negative temperature dependence, due to the fact they are very non-

polar, and they expand when heated. Water is very polar and has a strong positive 

temperature dependence. Thus, the measurement takes advantage of the properties 

of water to make an estimate of its amount. The term Dielectric Thermoscopy was 

used in Paper C. More about this experiment can be read in Paper C. 

One of the first experiments used a standard bearing where the bearing seals 

were used as the sensing element for a capacitance measurement. This is shown in 

Figure 10. The goal was to find if it might be possible to measure the dielectric 

properties of a bearing across the width of the bearing. This way, the contents of the 

bearing could be measured. Grease samples were prepared, injected into the bearing, 

and the bearing weighed to ensure the same quantity of grease within. The grease 

was a generic lithium grease with mineral oil. 
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Figure 10 The first dielectric measurement setup. The seals had electrically isolated steel 

rings surrounded by the gasket rubber. A thermocouple was epoxied to the outside of 

the bearing seal to allow for a temperature measurement.  

The bearing was rotated with a cordless drill to allow the grease to settle into a 

similar position for each measurement. Then the bearing was placed into an oven on 

a hangar with cables connected to the RCL bridge (Hameg HM8118) and measured 

at 90 Hz. This frequency was chosen because it is not a multiple of 50 or 60 Hz 

which could cause interference from power lines. This arrangement allowed for 

temperature control and measurement of the capacitance at the same time. 

Unfortunately, due to human error and the improbability of the grease being situated 

in the same place each measurement, there was no correlation to the capacitance and 

the water content. However, when temperature was included as a variable, the 

capacitance temperature slope was found to have excellent correlation as can be seen 

in Figure 11 despite there being no correlation to the capacitance values. Note that 

the first data point with new uncontaminated grease has a negative capacitance 

temperature slope. This is because the new lithium grease used in this experiment 

was extremely dry and the grease and/or bearing itself must expand enough such 

that the amount of dielectric material in the sensing area is reduced, thus reducing 

the measured capacitive value at an increased temperature. Once water is added 

however, this effect is entirely cancelled out and resultingly has a positive 

capacitance temperature slope.  
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Figure 11 First experiment with measuring the capacitance temperature slope using the 

bearing seals as the sensing element. Even though investigating the capacitance alone 

had no value as a measurement (i.e. no correlation with water content), the capacitance 

temperature slope had a very good relationship with the measured water content. 

This early experiment brought forth the concept of using the capacitance 

temperature slope as a measurement in itself because it appeared to reduce the 

impact of grease migrating within the measurement system. It was later termed 

dielectric thermoscopy, which is in the title of Paper C.  

Paper C is titled “Dielectric Thermoscopy Characterization of Water 

Contaminated Grease.” This paper contributes to answering the research questions 

by providing much needed information about said properties. Before this paper, 

there was no known research on this topic. Now it is understood how to estimate 

water content of grease with a very simple and inexpensive measurement technique. 

It also outlined the difficulty of using a traditional capacitance measurement to 

estimate water content, due to the large temperature dependence on the dielectric 

constant and the fact that grease is not likely to cover sensors completely and 

reproducibly.  

Additionally, this DT measurement allows for the rough approximation on the 

amount of grease contained in or on the sensor. This was shown to provide useful 

information because a typical capacitance measurement would have problems if 
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there was significant grease loss at the same time a small amount of water was 

added. This could lead to the same capacitance measurement. But with measuring 

the dielectric thermoscopy characterization, the water content can still be estimated 

while the amount of grease can be roughly monitored as well. Thresholds could be 

set, or trends could be monitored to identify grease failure or damage to the bearing. 

Damage could be simply a worn or broken seal that allows grease to go out or water 

to come into the system. More information on the method, results and discussion is 

included in Paper C.  

Paper D showed that the measurement is likely to work effectively with 

different types of greases, with finer steps between water contaminated samples, and 

with an automated measurement configuration. The sensor was also miniaturized 

(20x50mm) which is potentially small enough to fit within some bearing housings. 

This research was essentially a continuation of Paper C. Figure 12 is a plot of one 

of the findings from Paper D with precisely produced low water content grease 

samples. This is SKF LGWM2 CaS-X grease. Note that even when new, it contains 

approximately 0.3% water.  

 

Figure 12 The low water content measurement results from Paper D. The grease is SKF 

LGWM2 CaS-X grease. Note that the first datapoint (new grease) contains 

approximately 0.3% water. 
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 Prestudy on Water Phase 

A prestudy was done in conjunction with the experiments in Paper C where 

more information about sensor configurations and theory about dielectric 

measurements is given. An interesting and potentially useful parameter could be 

extracted from the same measurement in the paper. Water state was mentioned 

earlier in the dissertation in Section 2. It was stated that dissolved water is not 

typically damaging to a lubricated system. Emulsified water is more damaging 

because it consists of larger water droplets instead of homogenously distributed 

water molecules. Free standing water is obviously the most damaging of all because 

it displaces the lubricant. Being able to differentiate this could be useful for the 

measurement. For example, a drop of water inside the bearing could be more 

damaging than the same amount of water dissolved within the grease pack of the 

bearing.  

 

Figure 13 Photo of grease samples showing the different physical appearance of heavily 

water contaminated grease and grease with less water content. Notice that up to 1.71% 

water contamination, the grease appears essentially the same as new grease. Image is 

from Paper B (Figure 59 in appended papers).  

It was theorized and later discovered that the dissipation factor would contain 

information about the water in grease mixture. The dissipation factor can be thought 

of as a measure of how much energy is lost in an oscillatory system, in this case in 

the capacitance measurement which uses an AC electric field. The dissipation factor 

is calculated automatically in the RCL bridge but is represented by the ratio of the 

resistive power loss to the reactive power stored within the capacitor. 

A few measurements showed that the dissipation would rise with increasing 

water content in well mixed samples, but only up to the saturation point. Then as the 

mixture became visibly emulsified, the dissipation factor would drop. However, 

large individual drops of water accurately placed within the grease upon the sensor 

surface would not have this same behavior. Figure 14 shows this in a plot and Figure 

13 shows the visual appearance of the grease. It is possible to see the saturation point 

of this grease where it rather abruptly becomes milky in appearance. The dielectric 

thermoscopy measurement also continues to function properly, showing that it can 

continue to properly identify the increase of water content even if the water state 

significantly changes. 
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The “water drops” line represents measurements taken when a precision syringe 

injected small water droplets on the surface of the interdigitated fringe field 

capacitor plate. The percent water is estimated based on the estimated measurement 

volume above the surface of the sensor, however, this appeared to not matter in 

terms of making the plot because the dissipation factor did not change. 

 

 

Figure 14 Representative plot with data from measurements. (A) is the region where 

free water exists. (B) is the region where the quantity of dissolved water is increasing. 

(C) is the region where emulsified water starts to form with water droplets instead of 

evenly distributed water molecules. Arrows denote increasing dC/dT (dielectric 

thermoscopy) measurement, which correlates well with actual water content. 

This measurement may provide useful information in the future. These 

preliminary tests show that free water could be differentiated from dissolved or 

emulsified water which will likely be a useful addition to the measurement device. 

Unfortunately, there was not enough time, resources, or expertise available at the 

time to properly analyze this observation. It was also not the primary goal of the 

research. 

The age of the water contaminated grease sample also appeared to affect 

measurements. Figure 15 shows two samples of the same grease with the same 

amount of water but prepared at a different time. The bottom sample was prepared 
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a few days before and clearly becomes milkier in appearance. This is likely due to 

water droplets being absorbed into the thickener matrix, which apparently is a slow 

process. Interestingly, dissipation factor measurements in Figure 16 show a general 

agreement with the observations in Figure 14 where a more emulsified mixture (i.e. 

an older sample) has a higher dissipation factor. One potential explanation is that 

smaller droplets of water will have more dielectric loss since there is more 

interaction with non-water molecules than if there are fewer, but larger drops of 

water within the mixture. Likewise, dissolved water with individual water molecules 

would have the greatest interaction with surrounding molecules and may be more 

resistant to polarization in an AC electric field. 

 

Figure 15 Example of ~5% water contaminated LGWM 2 (CaS-X) grease. Top: freshly 

prepared sample. Bottom: same grease with same amount of water, but after sitting in 

a sealed syringe for several days. It appears that the water becomes more emulsified 

with time.  
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Figure 16 Plot of the dissipation factor for new and water contaminated grease samples.  

 Dielectric Spectroscopy 

Dielectric spectroscopy showed some promise to distinguish different types of 

grease. It was observed that the ratio of two frequencies may have a correlation to 

the type of grease. This could be an important diagnostic tool for future 

development. Figure 17 shows an example of an early test of new greases. Lithium 

greases tended to have a lower ratio of the capacitance at 90 Hz and 60 kHz, as 

shown in Figure 18. Although not a robust model due to one lithium grease being 

very close to the value of the lowest CaS-X grease, the data shows a ratio threshold 

of 1.5 that differentiates the two chemistries of grease. The reason for this is 

unknown but may provide interesting insight in the future with further development. 

There were no obvious correlations to water content that spanned between types of 

grease. 
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Figure 17 Dielectric Spectroscopy measurements of various greases. 
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Figure 18 Ratio of capacitance at 90Hz and 60 kHz for the greases used in tests.  

 

 Sensor Repeatability 

The repeatability of a sensor is a very important aspect of its performance. This 

was studied by testing four trials of the same grease sample with 0.97% water 

contamination, each with 12 dielectric thermoscopy measurements taken over 

approximately 20 hours, as shown in Figure 19. It was found that the measurement 

method repeatability was similar the Karl-Fischer lab measurement in Paper A. The 

results of that experiment showed that the error (standard deviation of normalized 

water measurement data) was approximately ±3.9%. The result of these four trials 

with 12 dielectric thermoscopy measurements each gave an error of ±2.9%.  
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Figure 19 Repeatability of the LGWM 2 CaS-X grease with 0.97% water contamination. 

Each trial was measured 12 times over approximately 20 hours and is plotted in the 

graph. 

 Optical Measurement Results 
In Section 3.7, different principles of optical measurements were briefly 

discussed. Optical measurement methods are in use in industry and the scientific 

community for measuring water content in various analytes. Small optical 

components are inexpensive and readily available. Simple experiments followed, 

showing that it may be possible to develop better sensors in the future. 

Before the setup shown in Figure 9 was set up, an early experiment using single 

wavelengths of light was tested. This is shown in Section 5.4.1 and describes some 

of the early experiments that led to the ideas that helped develop the experiments in 

Paper B. Sections 5.4.2 and 5.4.3 describe an additional analysis of the same 

measurements used in Paper B to extract potentially useful information about the 

level of oxidation and the age of the grease. These aspects were not included due to 

limited space for results. It was found that in a prestudy of grease age and oxidation, 

parameters could be additionally extracted that at least superficially correlated with 

what one might expect from the conditions applied to the samples. This additional 

research contributes to providing more information about grease condition, even if 

it does not measure the primary analyte of interest: water.  Section 5.4.4 shows some 

of the results found in Paper B that correlate with water content and 5.4.5 provides 

some concluding remarks.  
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 Early Experiments 

One of the early studies used a simple IR LED and IR detector with a 741 op-

amp to detect water content through optical transmission. The idea was that water 

would either scatter or absorb light as the water content increased. This was found 

to work with initial measurements. The setup is shown in Figure 20. 

Figure 20 Photos of the emitter and detector. Polystyrene sample holders were used to 

hold grease for measurement. 
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Figure 21 A comparison of the three initial experimental sensors using the same grease 

samples in parallel experiments. The capacitance sensor is shown in Figure 11. It used 

the DT method. 

Two LEDs with the wavelengths of 950 and 1310 nm were used. The 

capacitance sensor in Figure 21 is shown and further explained in Section 5.3 and 

the experiments used the same grease samples. These optical experiments led to the 

ideas behind Paper B due to the clear possibility of making an optical sensor from 

very simple components. It also showed the problems with making a sensor that uses 

only one wavelength, as it was shown in the paper that a ratio of two wavelengths 

was required to have repeatable results due to the grease samples changing in 

properties over time. Please see Paper B for more information. 

Before the research in Paper B, there was no available data on the optical 

properties of grease. This paper went one step further and included measurements 

with water contaminated and aged greases. Since this method was shown to work 

with single wavelengths of light which are easily attainable with common and low 

power LEDs, this research has contributed to the research questions in this project. 

It has shown a new method of estimating water content of grease and shows promise 

in developing a sensor which could be small and energy efficient enough to be 

placed within a bearing. The complete method, results and discussion is given in 

Paper B. 
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 Oxidation Estimation 

In addition to the water estimation in Paper B, oxidized grease samples were 

tested to see if a correlation could be found. The appearance of the aged samples 

was different, as shown in Figure 22. With increased time in the oven, as expected, 

the samples became slightly darker in appearance. This may be difficult to see in 

print but was slightly visible to the eye and clearly distinguishable with a 

spectrometer. The same grease exposed to the atmosphere at room temperature for 

nine months was also considerably darker in appearance even though it was not aged 

in the oven, but as the spectrum shows in Figure 23, the slope of the curve is 

significantly different between 500 and 600nm. It shows that the color is in fact 

different from the samples which were not open to the atmosphere for a long period 

of time. It is interesting to point out that the nine-month sample was darker than the 

other samples not only in appearance but also in part of the visible spectrum that 

was included in the measurement. Unfortunately, the measurement does not include 

the blue light of the visible spectrum, although by visual inspection it appears to 

absorb significantly in that part of the spectrum. Note that attenuation is defined in 

Equation 7 in Section 3.7. 

 

 

Figure 22 From left to right: aged grease samples, 24 hours, 48 hours and 72 hours at 

135°C in well ventilated oven. Last sample: open to atmosphere and office lighting for 9 

months.  
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Figure 23 Visible attenuation of aged samples. 

Upon comparison of the sample attenuation plots in Figure 23, it was observed 

that the average absorbance at 825 and 1000 nm correlated reasonably well with 

how much the samples were expected to be oxidized. This region was chosen to get 

an average value in a measurement range that does not appear to be affected by the 

change in age. The results can be seen in Figure 24. It could be assumed that even 

though the open-air sample was not in an oven, it could have been oxidizing over 

time as well since water is a known initiator of oxidation. This is briefly mentioned 

in Section 2.1. 
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Figure 24 Chart depicting the average attenuation at 825 and 1000nm. This 

measurement appears to correlate with the oxidation level of the grease. The “New 

pumped” sample is simply a new grease sample which is prepared as a control for the 

mixing methods used to prepare the water contaminated samples. It was to show if any 

preparation techniques changed any measurements. 

As we can see, the oxidized samples have a higher average absorbance than the 

other samples. The water-contaminated samples were not included in this plot 

because we can assume that an alarm for grease failure would already be raised once 

water has been detected.  

 Age Estimation 

The second parameter which was not included in the paper is grease age. The 

visible spectra of the aged samples in Figure 23 shows that there is a different slope 

between 500 and 600nm. As grease is exposed to the atmosphere, the color changes. 

It can be seen in Figure 23 that the slope between 500 and 600 nm is essentially 

identical for the chosen samples. This was an interesting find because if an “age” 

parameter were to be extracted, then we should look for changes such as this. Figure 

25 shows this ratio in the form of a bar chart, with error bars. This analysis appears 

to demonstrate the ability to differentiate the visible difference in aged samples. 

Although it is unknown why this CaS-X grease becomes darker, it is a parameter 

that would have to be considered if a sensor should continue performing over time. 
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As with the previous plot, the water-contaminated samples were not included 

because we can assume that an alarm for grease failure would already be raised once 

water has been detected. 

 

Figure 25 Chart depicting ratio of absorbance at 500 and 600 nm. The y-axis is thus a 

unitless scale. The bars are in order from left to right in the age of the sample. The “New 

pumped” sample is again included as a control. 

This shows that an old sample can be a different color and have a differentiable 

parameter that can at least superficially describe its age. The water content 

relationship as given in Paper B is shown in Figure 26 shows that this parameter can 

still be shown separately from the other parameters. Developing a sensor to work 

with as many changing variables would be a challenging task. The preliminary 

research shown with age and oxidation is at least a start in the effort of 

accomplishing this. 

 Water Estimation 

As shown in Paper B, Figure 26 shows how the methodology discovered the 

quadratic relationship between the ratio of 500 and 1000 nm. This was not an ideal 

relationship to estimate water content, since a quadratic has two solutions. It was 

discussed in the paper that the attenuation with high water concentration is more 

than one A.U. higher, most certainly due to the large amount of scattering visible to 
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the eye from large water droplets forming. Water droplets are very effective at 

scattering light. 

 

Figure 26 Plot of known water content versus the ratio of the attenuation at 500 and 

1000nm for all measured samples. A quadratic curve fit was applied and has a 

coefficient of determination of 0.98 indicating a nearly perfect fit. All 11 grease samples 

are represented here, which includes the aged and oxidized samples (Paper B).  

Further investigation in Paper B led to the analysis of the first derivative of the 

data. The analysis showed that there may be a more reliable attenuation ratio in the 

datasets. It was shown that the attenuation ratio of 900 and 1000 nm had a closer to 

linear behavior, with the tradeoff of the residual not being quite as good.  
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Figure 27 Plot of known water content versus the ratio of the attenuation at 900 and 

1000nm for all measured samples. A linear curve fit was applied and has a coefficient of 

determination of 0.95 indicating a quality fit. All 11 grease samples are represented here, 

which includes the aged and oxidized samples (Paper B). 

 Optical Measurements Conclusions 

This additional research has shown that with simple optical attenuation 

measurements, we can extract information about water content and the approximate 

grease age and oxidation levels. With this information, we get a better picture of 

what is happening to the grease. This could be useful if there are multiple property 

changes in the grease lubricated system. Since water has been shown to be an 

initiator of grease failure, it is a good indicator of grease condition. However, it will 

not always be the case that water is present when the grease fails. If further research 

shows that grease age and oxidation levels correlate well with these measurements, 

this could provide a unique and simple measurement system to estimate grease 

quality in addition to simply water content alone.  
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 Evolution and Evaluation of Capacitance Sensor 
Design 

This section describes the evolution of the capacitance sensor developed and 

used in papers C and D. There were many design considerations which were made 

to arrive at certain sensor configurations. Problems with measurements caused these 

designs to evolve and though some were successful, some changes including 

coatings only raised more questions. Section 5.5.1 covers the main challenges that 

were discovered in the course of the project. 5.5.2 gives an overview of a few of the 

sensor designs used in early experiments, and 5.5.3 talks about the attempts at using 

sensor coatings to improve sensor performance and behaviors. 

 Challenges with Measurements 

There were many unforeseen measurement problems with early sensor designs. 

It is thought that different greases distribute water differently. Some greases, like 

CaS-X, is very hydrophilic. This has been shown in literature [13] and in the 

research in this dissertation. Other greases, like Li, Li-X, and Al-X have been 

observationally comparatively hydrophobic and are much less likely to absorb water 

and hold onto it. It appeared that fringe field sensors with a very narrow separation 

distance between the electrodes had problems with water droplets forming on the 

surface and creating a direct path for current to flow between causing a drastically 

reduced impedance and a very high capacitance.  

Micro x-ray tomography measurements were attempted to visualize water in 

grease distributions, as shown in Figure 1. One successful measurement was made 

where some information was potentially representative of water in grease mixtures. 

The particles that are potentially water droplets or films happen to be approximately 

the size of the separation distance in the early custom sensors shown in Figure 30. 

It was theorized that the water in grease mixture was behaving as illustrated in 

Figure 28. 
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Figure 28 Simplified diagrams of potential measurement problems. Drawn roughly to 

scale. Lower diagram is 5x larger. 
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 Fringe Field Sensor Configurations 

The first sensor was from an off the shelf “raindrop” detector application. It had 

nickel plated traces with a trace width of 1.2mm and separation of 1mm which was 

perfect for the experiment. Although it was originally designed for measuring DC 

resistance across the traces, it appeared to essentially be a fringe field sensor. It was 

desired to test something simple before designing and testing other custom 

configurations. This was used in Paper C. 

Figure 29 Diagram of fringe field capacitor plate used in experiment. The traces are 

1.2mm wide and are approximately 0.01 mm thick. The traces on the board measure 38 

by 41.5mm.  

Although this sensor worked well, a smaller configuration was desired. A 

mathematical model was found to make capacitance estimations based on the 

dimensions of the sensor, as outlined in Paper C section 2.4 on page 137, and in 

further detail in Paper D section 2.1 on page 155.  

Several parameters could be varied with traditional PCB manufacturing 

methods: trace width, trace separation distance, and number of traces. It was quickly 

realized that the largest separation distance was required, with the narrowest trace 

width, and the fewest number of traces possible to have the smallest sensor possible 

while having a large enough capacitance such that typical measurement devices can 

measure it. It also must fit within a bearing and not have the problems associated 

with traces being too close and water droplets bridging the gap (as conveyed in 

Figure 28). One benefit of having a larger trace separation distance is the fringe field 

depth is larger, thus measuring a larger volume of grease and thus measuring a more 

representative sample. This larger separation of course comes at a cost of having a 

lower capacitance.  

Seven configurations with a built-in position for an RTD (resistance thermal 

device) sensor and a trace for heating were made, illustrated in Figure 31. The first 

iteration of fringe field sensors was simply miniaturizing the off the shelf design in 
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Figure 29. This is shown in Figure 30. It was designed to have the same capacitance, 

but have a much smaller footprint.  The smallest available trace width and separation 

distance was used, based on manufacturing limitations with the PCB supplier that 

was chosen.  

 

Figure 30 Version 1.2: 0.2mm separation, 0.2mm trace width. Traces for a 4-wire 

connection to the RTD are included to ensure that the most consistent temperature 

measurement is possible in case grease, particles, or other variables change the 

connectors on the board. The back side is shown on the right. Printed approximately to 

scale.  

Although it had a similar capacitance (with new grease applied) to the larger 

sensor that it was based on, it had problems. Water appeared to collect on the surface 

of the sensor and cause the capacitance measurement to rise dramatically, by orders 

of magnitude. It was quickly realized that this miniaturized design was unusable.  

All versions include heating element traces as follows in Figure 31. Although it 

worked very well to heat the sensor, having it connected to a grounded power source 

created a ground loop, causing the capacitance measurement to drop significantly. 

This was due to the properties of the measurement device (Hameg HM8118) used 

in the experiments. The AC signal source had a high impedance, so even a very 

slight ground loop would lower the magnitude, thus causing a measurement error to 

occur.   
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Figure 31 Heating element traces. The resistance is approximately 10 Ohms. Enlarged 

to show detail. 

 

 

Figure 32 Version 1.3: 0.2mm separation, 0.2mm trace width including solder mask 

(epoxy resin) coating over traces. Same as version 1.2, but with a solder mask over the 

traces.  

Version 1.3 was an attempt to prevent water from bridging (or “shorting”) the 

gap between the traces by using a low dielectric coating. The PCB manufacturer 

used a two-part epoxy resin. This appeared to work for the more hydrophobic 

greases like the Lithium grease tested in early experiments, but paradoxically not 

for hydrophilic greases like CaS-X. 

Anecdotally, it appeared to function more as a “grease humidity” sensor, with 

extremely high sensitivity below the water saturation point. Figure 33 has data from 

many grease samples. Coincidentally, the inflection point shown in the plot 

coincides with the visual change in appearance as the water content increases, as 

was shown previously in Figure 13. Noticing the y-axis scale, the change in 

capacitance was very large even with only slight changes in water content and over 

1°C. Even as the water content increased towards 100%, the capacitance 

temperature slope remained practically unchanged, unlike the first six datapoints. 
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Figure 33 Example capacitance temperature slope data from sensor version 1.3 and 

CaS-X grease samples. Increasing water content, up to 100%, continued with 

approximately the same capacitance temperature slope. 
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Figure 34 shows the sensor design that was intended to combine the high 

sensitivity for low water content using traces with a narrow separation distance and 

the epoxy resin solder mask as a coating, and traces with a larger separation distance 

that appeared to work well with a higher water content. Unfortunately, this did not 

work. The concept was expected to show the inflection point and thus the saturation 

point while still providing information about water content, but it did not provide 

useful information due to the different order of magnitude of the sensitivity before 

and after the inflection point.   

 

Figure 34 Version 2.0: “Hybrid” with 0.2mm separation over middle section and 1mm 

separation over remaining. Trace width: 0.2mm.   

Figures 35 to 37 are the next iterations. They all functioned well enough to work 

in experiments. Version 2.3 was used in Paper D as the final design. It was 

determined that 1mm was an approximate minimum separation distance to work 

well.  

 

Figure 35 Version 2.1: 1mm separation, except for middle traces with 0.8mm to allow 

for better fit on board. 0.2mm trace width.  

 

Figure 36 Version 2.2: 1.4mm separation on all traces. 
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Figure 37 Version 2.3: Exactly 1mm separation on all traces.  

 Sensor Coatings 

Coatings were desired to reduce or eliminate the problems described in the 

previous section when small trace separation distances were used (i.e. 0.2mm). No 

clear solution could be found without extensive knowledge of the hydrophobicity of 

different greases relative to coatings, it would be extremely difficult to make a 

coating that worked with multiple greases. It was discovered that while some 

coatings worked with a hydrophilic grease, a hydrophobic grease would no longer 

function as expected, potentially due to the accumulation of water on the surface of 

the sensor.  

Single component coatings tended to contribute significantly with their own 

dielectric properties. Not only did they have non-linear dielectric properties as the 

temperature was varied, but the capacitance contribution to the measurement was 

nearly as much as the great mixture. This eliminated the possibility of using a single 

component coating.  

Two-component coatings yielded better results, however the problem remained 

with water accumulating on the surface of the sensor, seemingly being rejected from 

the water and grease mixture.  

The next and final trial was using an aluminum oxide (sapphire) coating. It was 

supposedly 10 microns thick, and an electrical insulator. A water drop test showed 

that it created a very hydrophilic coating, as a water drop quickly spread out over 

the entire surface. This caused the sensor to not measure a representative sample of 

the grease. It exasperated the measurement problem that narrow trace separation 

distances had (in the case of sensor version 1.2, as shown in Figure 30). Being a 

metal oxide, it was presumed to be hydrophilic. 

 Cleaning 

Cleaning was found to be a critical factor for sensor functionality. Some greases 

were discovered to be very difficult to remove all traces of. Anecdotally, aluminum 

complex for example was challenging to remove residues of. Even with a series of 

solvents (heptane, 95% ethanol, then acetone) with lint-free wipes, it was discovered 

that the sensor measurements were being influenced by previous grease samples and 

would build up over time if insufficient cleaning practices were employed. Acetone 
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was used last because the ethanol used unexpectedly appeared to leave behind a non-

volatile residue that increased the measured capacitance of a cleaned sensor by a 

small amount, compared to a new and unused sensor. After studying the sensor 

cleaning process in detail as shown in Figure 38, it was decided to clean the sensor 

with heptane, ethanol, and acetone with lint-free paper wipes three times to ensure 

that the sensor is as clean as practically possible such that no samples are affecting 

the next measurements. Heavily contaminated sensors that were used for multiple 

different types of greases were found to be more difficult to get clean than as shown 

in Figure 38. Figure 39 shows a heavily contaminated sensor, soon after the 

lingering contamination was discovered. Note that when both sensors are as clean 

as is possible, the capacitance at 90, 900, and 9kHz are very close to the same value. 

 

Figure 38 Capacitance of the sensor version 2.3 after several stages of cleaning the SKF 

LGWM 2 grease from the surface. The sensor was first thoroughly wiped with paper 

wipes, such that no visible oil or grease film could be seen. It was then subsequently 

cleaned three times, each with the same paper wipes using heptane, ethanol, and 

acetone. 
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Figure 39 Capacitance of the sensor version 2.1 after several stages of cleaning heavy 

contamination from the surface. The contamination was due to unwittingly using 

insufficient cleaning methods and having many types of grease tested, each of which 

likely left small amounts of unique deposits. Each cleaning step used paper wipes with 

heptane, ethanol, and acetone. The last measurement was with another solvent, ethyl 

acetate to check if this solvent cleaned additional deposits off. 
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 Galvanic Measurements 
Paper E presented a new way to measure the water content of grease using the 

galvanic current of two dissimilar metals. It was desired to have a method that would 

passively give water content information and not have the complicated circuitry that 

capacitance measurements would have or the specialized hardware that optical 

measurements would require. Previous experiments showed that the saturation point 

of water contaminated grease varied significantly between grease types and had 

unexpected effects on the sensors. It was thought that measuring the corrosivity of 

a grease sample might yield more useful information since the same water content 

in one grease might be more or less harmful than in another, due to antioxidant 

properties, or how well it becomes emulsified. For theory behind this method, refer 

to Paper E Section 2 on page 181.  

Even as a proof of concept study, the sensor performed with a nearly linear 

response to increasing water content. Figure 40 shows the results from the sensor in 

Paper E. For reference, the identical grease samples were used in Paper B, as the 

experiments were completed concurrently.  

 

Figure 40 Corrosion rate as found from sensor in Paper E. Each datapoint represents 

the time integration of the parametric model from Eq. (5.1) for the first 12 hours of 

measurements.  

An important aspect of this sensor is that it was very inexpensive to 

manufacture. Even in the one-off prototyping, the cost was about $5. This means 

that it could be made disposable.  
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A model was developed in Eq. (5.1) to describe the behavior of the galvanic 

current over time. Varying a, b, c, d, and f yields a remarkably good curve fit.  

𝐼(𝑡) = 𝑎 ∙ 𝑒−𝑏𝑡 + 𝑐𝑒−𝑑𝑡 + 𝑓    (5.1) 

where f = Ifinal and  Iinitial =  a + c + f and t is measured in hours. 

 

Table 2 Variables used in the parametric model in Eq. (5.1). Parameters b and d can be 

divided by 3600 to use seconds instead of hours for time. The other parameters do not 

change. 

 a b c d f 

New 1.54 8.5 0.7 0.15 0.65 

Sample 1 3.78 7.5 1.0 0.08 0.70 

Sample 2 2.56 13 0.1 0.60 2.20 

Sample 3 2.40 8.0 0.9 0.40 2.50 

Sample 4 3.40 0.95 0.7 0.10 2.70 

Sample 5 13.40 0.95 5.5 0.10 3.10 

 

Although a correlation with the parameters a water content is not immediately 

obvious, changes happen with the grease and the measurement. The final current in 

the parametric model (Ifinal) is represented by the parameter f where a trend can be 

found. A stronger correlation can be found however, as shown in Figure 40 where 

the data is derived from an integration of the parametric model over the first 12 

hours of operation. The coefficient of determination was studied to find the best fit 

according to the integration time. The parameter f is considered to be the value at 

which the trend appears to asymptotically approach after the experiment concludes, 

after approximately 18 hours. 

Figure 41 shows an example of the measurements of new grease and Sample 3. 

The remainder of the plots can be found in Paper E. An interesting cross-paper 

observation is that the noise in these plots coincidentally stops after ~6 hours for all 

measurements, where the DT measurements in Paper D start to settle closer to their 

final value. This can be seen in Figure 89 on page 166. This was a plot selected to 

represent the “settling” of the measurement and was visible in most measurements 

across different types of grease. The observation between these two measurements 

likely indicates further that the grease and water mixture is physically moving at the 

microscopic scale, causing the measurements to change.  
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Figure 41 Using Eq. (1) as a model, the variables can be varied to approximate the 

behavior of the sensor over time. The measurements for new grease and Sample 3 are 

given. 
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 Patents 
Five patent applications were made during this project. Two were granted in the 

United States and are pending in Germany and China.  

 

 US9995344B2 Capacitive Measurement in a Bearing 

This patent covers the Dielectric Thermoscopy measurement as was published 

in papers C and D.  

Abstract from patent: 

A bearing arrangement includes a bearing having an inner race and an outer 

race and a plurality of rolling elements arranged between the inner and outer race 

such that the first race is rotatable relative the second race; bearing lubricant 

arranged within the bearing to lubricate the rolling elements. The bearing 

arrangement provides a first electrically conductive portion and a second electrically 

conductive portion, the first and second electrically conductive portion being 

electrically insulated and arranged such that at least a portion of the bearing lubricant 

is located between the first and second electrically conductive portion; and a 

capacitance meter having a first electrode connected to the first electrically 

conductive portion and a second electrode connected to the second electrically 

conductive portion, configured to measure a capacitance between the first ring and 

the second ring to determine a water content in the lubricant based on the measured 

capacitance. 
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 US9933018B2 Galvanic Current Measurements in Grease 

Lubricated Bearings 

This patent covers the measurement method that was published in Paper E 

Abstract from patent: 

A bearing arrangement is disclosed. The bearing arrangement includes a 

bearing with a bearing lubricant. A first electrically conductive portion and a second 

electrically conductive portion, which have different electronegativities, are in direct 

contact with the bearing lubricant. The bearing lubricant and the first and second 

electrically conductive portions form an electrolyte and two electrodes, respectively, 

of an electrochemical cell. The bearing arrangement further includes a sensor 

connected to the first electrically conductive portion and to the second electrically 

conductive portion, the sensor being configured to measure at least one of a current 

and a galvanic potential between the first and second electrically conductive 

portions and to determine a water content in the bearing lubricant based on the 

measurement. 
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6. Summary and Conclusion 
The research and experiments carried out and described in this thesis were all 

to find a way to measure grease quality for the purpose of installing a sensor in a 

bearing for in situ and online condition monitoring. Sample preparation techniques 

were made; lab tests of water content were improved through changes to the 

instrument and the instrument procedure. Additionally, optical measurement 

methods as well as dielectric measurements were carried out to characterize those 

properties. This allows for a better understanding of measurement principles that 

could be used in future sensors. Lastly, a galvanic sensor was developed and tested 

that showed promise for future work.  

Grease is a difficult material to measure. There are many different types each 

with sometimes drastically different chemistries and physical properties. It does not 

flow as an oil does and can migrate and unpredictably change position within a 

bearing over time. These challenges make developing a sensor more difficult.  

All three measurement methods developed in the research contained in this 

dissertation may provide useful information in and of themselves, but they could 

also be used in conjunction with each other to provide a more complete view of the 

grease condition as well as the condition of the bearing. With the optical 

measurement, it was shown that water content and approximations of age and 

oxidation level could be identified with only a few wavelengths of light. If this was 

combined with the dielectric measurement, another robust way of measuring water 

content could be used as well to ensure a representative measurement is made. The 

dielectric measurement could also indicate more reliably than the optical method if 

grease has been lost, simply because dielectric measurements can be configured to 

measure a larger volume of grease which would be more likely to represent the total 

grease sample. It also showed promise giving estimates on the grease content within 

the bearing. It has also been shown in preliminary tests to measure the difference 

between the water states (free standing, emulsified or dissolved). The dielectric 

sensor can be designed to measure a volume of grease according to the application; 

i.e. the size of the bearing application may partly determine the amount of grease 

that should be measured. The optical measurement could be made into cheap and 

very small sensors measuring at multiple point locations within the bearing. This 

could allow for monitoring critical locations closer to the rolling contact, or perhaps 

near the bearing seals to give immediate warnings for damaged seals. The galvanic 

measurement provided a correlation to both the dielectric and optical methods with 

increasing water content. This sensor had the advantage of being passive and 

inexpensive to manufacture.  

In the research of the dielectric properties of water contaminated calcium 

sulphonate complex grease, significant water contamination ranging from 
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approximately 0.3% to 6% was investigated. This grease has been chosen because 

it is a high-performance grease typically used in expensive bearings. It is also used 

in applications where water contamination is possible. To compare to lab-based 

analysis using Karl-Fischer titration, a novel measurement method called dielectric 

thermoscopy was used. The dielectric thermoscopy (DT) method was developed 

from early measurements using the electrically isolated bearing seals on a standard 

bearing as the sensing elements. Measuring the capacitance across the bearing 

showed that it is possible to make water content measurements when measuring over 

a temperature change at a low frequency in the range of 10’s or 100’s of Hz. As an 

initial study, a temperature difference of approximately 30°C was used but it was 

also found that smaller temperature changes (e.g. 2.5°C) worked as well. The 

capacitance temperature relationship in the studied range (above 0 and below 60°C) 

was found to be sufficiently linear to be able to rely on it for this measurement. 

Many grease lubricated bearings operate within this range, so it is expected to 

provide useful information in applications.  

The DT method was shown to be reasonably accurate using three different 

configurations of test cells: parallel plate, coaxial and multiple interdigited fringe 

field capacitor plates. Since the method appears to function in these three 

significantly different configurations, it shows promise to work in other 

configurations as well.  

Since incomplete coverage/fill in sensors was a consideration, this was also 

investigated, and the measurement was found to not only continue providing useful 

data on water content but would also give an idea on how much grease is remaining 

on the sensor. A fringe field capacitor was used for this experiment where 75% and 

100% coverage was used. While the goal was to give 75% coverage, the sensor 

provided a calculated 74.8% and 76.3% with 20Hz and 90Hz respectively using the 

average of all the test samples in the experiment while still showing an increase in 

water content versus new, uncontaminated grease. This method should provide 

useable data regarding water content and an approximation of how much grease has 

been lost in the measurement system. Concluding the DT method, between the water 

content range of approximately 0.3% and 6% water, the dielectric thermoscopy 

measurement provided a useful correlation to water content. The correlation was 

likely good enough to be able to develop a model in the future.  

For the optical attenuation measurement, early experiments using individual 

wavelengths of light using LED emitters and detectors showed that it might be 

possible to make a very simple sensor to detect the water content of grease. 

Unfortunately, this was later discovered to be problematic, as the measurement of 

freshly prepared samples changed as the samples aged over time. This was thought 

to be due to changes in the level of water emulsification within the samples, but 

further research showed that the ratio between two chosen wavelengths of light 
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approximated water content of grease with an acceptable coefficient of 

determination. More research will need to be carried out to ensure that the 

measurement functions over a longer period in a real-life environment, but initial 

studies show promising results even with samples prepared a few months before 

measurement. Calcium sulphonate complex grease samples were prepared using a 

method verified to homogenously mix water with grease. They were examined in a 

custom-made spectrometer to measure attenuation between 500 and 1000 nm in 

order to discover if a model of water content in grease can be found. Additionally, 

four more samples were made which were either aged or oxidized because it was 

found that calcium sulphonate complex grease would change color over time or 

darken when heated in an oven. 

The optical attenuation study has shown that a parameter representing water 

content can be extracted from part of the visible and NIR spectrums. It was shown 

that the attenuation ratio between 500 and 1000 nm and 900 and 1000 nm provides 

a usable measurement technique to estimate water content in CaS-X grease with up 

to approximately 6.3% added water, even if aged and oxidized samples are included 

in the experiment. The coefficient of determination was found to be acceptable 

which indicates a good model to measure water content in grease. Future work could 

include calibrating the instrument with further characterization measurements so 

that a capability of measuring different types of grease chemistries could be used. 

Additionally, other information about the age and oxidation level of the grease could 

be extracted. These parameters are merely observations on the optical property 

changes but could provide further insight into grease condition allowing better 

informed decisions to be made about future maintenance actions. 

The research in this thesis can be applied in future measurements. It could be 

possible to use them in conjunction with each other to have a better indication of the 

actual grease condition. Some indicators may not be useful alone but could be used 

to give clues about the system.   
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In summary: 

• Grease sample preparation and lab analysis methods were developed 

successfully.  

• Optical attenuation spectroscopy in the visible and near-IR has been 

investigated and was shown to give grease condition information about 

water content, oxidation and the age of the grease.   

• Dielectric measurements called Dielectric Thermoscopy were shown 

to provide information about water content and the phase of the water 

in grease. It could also measure grease loss in the system. 

• Galvanic current measurements appear to provide a similar correlation 

to increasing water content compared to the previous two methods. 

• The investigated measurement methods can provide a greater picture 

of the grease condition if used in conjunction with each other.  

7. Future Work 
The experiments described in this paper have not completely answered the 

research questions of this project. Future work will need to be done with other 

greases and with better control over conditions. For example, a study will need to 

be done on grease ageing and oxidation to ensure that the measurements are robust 

over time. Potentially, other variables could be extracted from these measurements, 

but more experiments and research will need to be done. A study will need to be 

completed on water phase and how this affects the measurements, particularly the 

dielectric measurements. The prestudy showed differences in water phase, but more 

work will need to be done to ensure that the measurement is reliable and robust. This 

could be an additional paper but will require more research into the mechanisms 

behind what makes this work. 

After enough studies are done, it may be possible to make a sensor fit within a 

bearing for testing. Designing an experiment for an in-situ grease condition 

measurement could be productive work to continue this project. A rig for such 

measurements was built in 2013, as shown in Figure 42. It was fitted with two 

capacitive sensors in 2018.  
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Figure 42 Test rig built for in situ experiments. The center two bearings are temperature 

controlled with a custom-made water block. The bearings can be loaded with 

approximately 1000 kg on the center bearing pair with a pneumatic cylinder. 
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Part II: Appended Papers 
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Mixing Grease with Water 

 

Nicholas Dittes 

Advisors: Dr. Pär Marklund, Dr. Anders Pettersson 

Abstract 
The purpose of this paper is to convey a simple and effective method to mix 

water with grease and verify the homogeneity of the mixture using Karl-Fischer 

(KF) titration as the analysis tool. This is required to better develop a future water 

in grease sensor for on-line condition monitoring. This paper will also attempt to 

investigate how well KF titration functions as a tool for measuring water content in 

grease. Additional investigations include how the water content varies with time in 

grease samples open to atmosphere at different temperature. This research verifies 

a simple grease mixing method and investigates the water transport in water 

contaminated grease samples. 

 

Keywords: grease; water contamination; water evaporation; Karl-Fischer 

titration  

1. Introduction 
 

Continuous in situ monitoring is important because maintenance costs can 

represent between 15 and 30% of the total cost of the machine [5].  Up to 25% of 

the costs of wind energy generation can be attributed to maintenance alone [6]. 

Knowing when to do maintenance will reduce costs, downtime and possibly make 

the product last longer.  

A lubricant’s performance is greatly affected by the presence of water; 

therefore, an increased understanding of the mechanisms behind how lubricants and 

water mix is of great importance. A 90% reduction in life of a journal bearing can 

be caused by the contamination of only 1% water in the lubricant [10]. Rolling 

element bearings are even more susceptible to damage from water and water content 

as low as 0.02% (200ppm) will negatively affect the service life [17]. Water reduces 
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film thickness, causes flash vaporization and the resulting erosive wear and 

hydrolysis will cause hydrogen embrittlement. Water can age lubricants up to ten 

times faster due to the depletion of additives and destruction of base oils causing 

acid formation. These are a few of the reasons why detecting water is important as 

it is often the cause of false identification of failure [15]. 

Maintenance is often related to changing a lubricant with the goal of increasing 

the machine life. The simplest maintenance intervals are solely determined by time 

alone. This would be called preventative maintenance, but predictive maintenance 

would be based on heuristics or lab tests. Typically, the most sophisticated 

maintenance intervals are determined by heuristic algorithms which take operating 

and/or environmental conditions into account but do not actually measure the 

properties of the lubricant [8], [66]. Predictive maintenance has shown to have 

significant reductions in maintenance costs at 60 to 80% through longer machine 

life and reduced ancillary costs, such as personnel hours and lubricant costs [8]. 

Although various algorithms exist for determining lubricant change intervals [9], 

maintenance personnel and engineers would still benefit from making laboratory 

based tests to compile enough data to produce decisions. 

For a tribosystem, water will contribute to the degradation of both the lubricant 

and surfaces. Lubricant oxidation has been shown to be strongly related to the 

content of water. The oxidation of a lubricant is catalyzed by the presence of water. 

A higher water content increases the rate of lubricant degradation [20]–[22]. Water 

can be dissolved in the lubricant in small quantities without a visible difference. To 

some extent, water in lubricants is analogous to the humidity in air. Until the relative 

humidity of air is 100%, water does not condense and does not form visible droplets 

and thus is not visible to the human eye over short distances. This is the same case 

for lubricants. The water molecules are individually dispersed between the lubricant 

molecules and will not be visible until either the concentration is increased, or the 

temperature is dropped to cause the water molecules to “condense” and form a water 

“fog” within the lubricant. This is now called an emulsified mixture of oil and water 

and will become milky in appearance [15], [21]. Emulsified water is much more 

damaging than dissolved water so being able to detect when water becomes 

emulsified would likely be a good design requirement for a sensor. Free standing 

separated water will be the most damaging of all [17] because it could be that at 

some point, a quantity of water could completely displace a lubricant where the 

lubricant is normally supposed to be protecting components. Because of the 

differences between the states of water in lubricants (dissolved, emulsified and free 

water), water content alone may not be helpful because different lubricants have 

different saturation points (e.g. 1% water in one grease may be completely 

emulsified yet may not be in another grease). Knowing the water saturation points 

at the desired operating temperatures will help determine the upper limits for water 

content [17]. These values will have to be determined for each type of grease. This 
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topic will have to be thoroughly investigated as this information for grease is not 

widely known and will likely be very different from grease to grease, as there are so 

many varieties and variations of grease in use.   

Lubricants begin to have many problems once contaminated with water. Water 

contamination can cause rust and corrosion, water etching, erosion, vaporous 

cavitation, hydrogen embrittlement and also a reduced hydrodynamic film thickness 

[15], [16]. Water also degrades or consumes some additives and causes oils to 

degrade faster and cause the formation of acids, particularly synthetics. It also 

depletes oxidation inhibitors and demulsifiers, causes the precipitation of some 

additives (which then contributes to sludge) and competes with polar additives for 

metal surfaces [16]. Depletion of additives can indicate a chemical failure of the 

lubricant and can be used to judge when replacement is necessary [22]. When water 

becomes adsorbed onto metal surfaces displacing the oil and its additives, it causes 

further exposure to harsh environments and even direct metal on metal contact [17]. 

This hastens the wear of the components. Corrosion is the electrochemical reaction 

of the metal surface due to the presence of oxygen. Corrosion can be caused by the 

increasing total acid number (TAN). Once the TAN is above a certain value, it can 

cause corrosion of machine components and the lubricant [20], [40]. The amount of 

corrosion is also dependent on materials and environmental or operating conditions. 

Water etching can be caused by the formation of hydrogen sulfide and sulfuric acid 

from the lubricant degradation. Erosion occurs when water flash vaporizes on hot 

metals causing pitting [18]. Vaporous cavitation is common in pure clean lubricants 

as well, but water causes the lubricant to be much more susceptible to this process. 

The implosion caused by the near instantaneous vaporization and condensing 

implosion of water can cause micropitting [17], [18]. Hydrogen embrittlement 

occurs when extreme conditions allow for the separation of the fundamental atoms. 

The hydrogen atoms can absorb into the metal surfaces making it brittle and more 

susceptible to high pressure damages [19]. The hydrogen can also collect in cracks 

and in metal grains resulting in crack propagation and spalling [17].  

Grease is only a general description of thickened oil, not thick oil [25]. It 

typically consists of a base oil, thickener and additives. The thickener can be thought 

of as a sponge that holds the oil and the additives. Additives can be used for a 

multitude of reasons from increasing oxidation stability to improving the extreme 

pressure performance. Grease is a semi-solid, so it does not flow as lubricating oil 

does because it requires an external shearing force to cause displacement, if the 

grease is used in its normal operating temperature range. Most types of grease will 

essentially “melt” if used above their “drop point” temperature and may not return 

to the original condition. Typically, grease will be tested by standardized ASTM 

mechanical or instrumental tests to establish the properties of the grease. These tests 

could include weight loss after aging, dropping point (when it “melts”), cone 

penetration (how hard it is), infrared spectroscopy (how oxidized it is), rheometer 
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tests (how viscous it is), pin on disc tests and other friction and wear studies (how 

well it protects metals) [24]. 

Grease typically contains about 85% base oil, 10% thickener and 5% additives, 

though this varies significantly between different varieties [25]. The difference in 

the thickeners will likely pose a problem for developing sensors as they range from 

metallic soaps (such as lithium or lithium-calcium), complex thickeners (which are 

combinations of metal salts and soaps such as lithium complex), functional 

thickeners (where the thickener contributes to the lubricating properties, such as 

calcium-sulphonate) to non-soap thickeners such as polytetrafluoroethylene (PTFE) 

or clay [25]. Additives can vary as well, as they can include antioxidants, metal 

deactivators, corrosion inhibitors, extreme pressure, and anti-wear additives [22]. 

There are two types of antioxidants: primary and secondary. A lubricant can contain 

one or both. Primary antioxidants are radical scavengers and include amines and 

hindered phenols. Secondary antioxidants eliminate hydroperoxide decomposers 

(which form non-reactive products) and include zinc dithiophosphates or 

sulphurized phenols[22]. More research will have to be carried out to verify which 

additives will pose any problems for developing sensors due to the often different 

mechanical, electrical and optical properties.  

The base oils are typically mineral or synthetic oils. The choice criterion are 

similar to when deciding which lubricating oil to use. Viscosity, oxidation stability 

and other properties are equally as important. The difference between base oils is 

likely to be smaller than the difference between thickeners, so base oil will likely 

contribute to fewer sensor design difficulties than thickeners will.  

Research will have to be carried out to see which affects the various base oils, 

thickeners and additives will have on sensor design. Though not investigated in this 

paper, the oxidation of grease takes place on every component of the grease [22]. 

Now that it is known that water increases the oxidation rate, the oxide products of 

grease components may be interesting to investigate in future research. 

 

2. Method 
The experiment and mixing method will be discussed here.  

 Karl-Fischer Titration 
This analytical technique has several variations in principle. For the purposes 

of this paper, only the coulometric principle will be discussed. Coulometric Karl-

Fischer titration uses a two-part reagent system where 1 mole of water will 

stoichiometrically react with 1 mole of iodine. Additionally, a known amount of 
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electric charge is required to cause the titration to occur so the amount of water 

present in the reagents can be very precisely measured [65]. 

Normally, the sample is added directly into the reagent chamber, but another 

accessory can add greater functionality. It is called an oil evaporator. It uses a small 

vessel of pure dry base oil that is heated to around 150°C. It has an accurate 

temperature control. The vessel is airtight and uses a precisely metered flow of dry 

nitrogen gas. The nitrogen bubbles up through the hot base oil. The sample is 

dropped into this oil evaporator chamber so that the water can be turned into vapor 

and carried by the nitrogen gas into the reagent chamber. Since the reagents are 

extremely dry and very hydrophilic (it contains dry alcohols), the water vapor is 

very quickly absorbed, and the instrument can titrate out the water.  

The GR Scientific Coulometric KF instrument with oil evaporator will be 

studied to verify how consistent the results can be so that later measurements have 

a baseline of how consistent the data can be expected to be. It cannot likely be 

expected a mixed sample to have a lower standard deviation than new 

uncontaminated grease. 

 Mixing grease with water 
The test setup is essentially two 50 ml syringes connected end to end such that 

they are sealed. The pumping action between the two syringes is intended to 

homogenously mix grease with water. This method was chosen because of the low 

material cost and the simplicity of use. Therefore, it was desired to investigate how 

effective the method is for mixing water with grease.  

A jig was made to hold the syringes to allow for easier operation. Once fastened 

to a table, this jig prevents the syringes from coming apart and holds it in place 

making it easier to pump the plungers. A short length of vinyl tubing of appropriate 

diameter is used to join the two syringes such that it is tight to a friction fit and does 

not leak. The system is airtight. 

 



 

90 | P a g e  

 

Figure 43. Grease mixing jig. 

The samples were prepared on a standard four-digit scale on a stand. Another 

syringe was used to inject fresh grease into the syringe on the scale. Thirty grams of 

grease were put in and different amounts of water were added in different amounts, 

ranging from approximately 0.1 grams to 3 grams to end up with 0.3% to 10% water. 

Water is added with a 3ml disposable pipette, drop by drop to meter the quantity of 

water. To arrive at smaller quantities of water in a sample, a portion of the already 

prepared grease samples could be added to fresh grease and mixed accordingly.  

Thirty grams of grease corresponds to approximately 30 milliliters in the 

syringe. Before joining the syringes with the vinyl tubing, the plunger was put into 

the syringe with the grease and water inside and pushed in to read 40 ml. This leaves 

approximately 10ml of air inside.  

Alternating cycles of pushing twice and pulling twice were used. When the 

plunger was pulled, the air bubble facilitated in making a more homogenous 

mixture. This is apparent when a negative gauge pressure is pulled and the 10ml air 

bubble is suddenly released, making a “pop” and distributing the grease and water 

mixture within the syringe being pulled upon. The grease may expand and become 

more like a foam as well, due to the reduced pressure. It appears to go back to its 

original state and does not retain the gas bubbles formed by the reduced pressure. It 

may be able to be assumed that the water in the mixture is evaporating and 

condensing over a larger surface in the process, thus facilitating the mixing of the 

two components.   

Three types of greases were used, as shown in Table 3. These were chosen 

because calcium-sulphonate and lithium greases are common high performing 

greases used in bearings. Two calcium sulphonate greases were used because the 

mineral base oil was supposedly more water resistant. 
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Table 3. The greases used in this paper. 

Grease Thickener Base Oil 

A Wide Temp Range Calcium-Sulphonate 
Complex 

Mineral + PAO 

B High Temp Calcium-Sulphonate Complex Mineral (water 
resistant) 

C Low Temp Lithium Complex Mineral 

 

 Homogeneity of water mixed with grease 
Several samples were made only to investigate how homogenous the sample 

became after mixing. For approximately 30 grams of grease in the syringe, ten 

samples were taken and measured in the Karl-Fischer instrument plus two more, 

representing the very first and the very last grease in the syringe.  

Small samples of grease were taken with small strips of low-density 

polyethylene (LDPE) taken from disposable pipettes. This solved the problem of 

measuring very small samples of grease and placing them into the oil evaporator. 

Using syringes to inject the samples and other methods (such as with a spatula) 

proved very difficult, as it was easy to accidentally apply the grease to the wall of 

the oil evaporator chamber opening and consistent sample sizes were next to 

impossible.  

The KF instrument operates best within a certain range of measured water. This 

means that dry samples require a larger sample size than wet samples with larger 

quantities of water. Since the exact water content of each sample was not known 

before testing, trial and error needed to be used such that each sample contained 

between 500 and 3000 micrograms of water. For the very dry Grease C, this was not 

possible to be within that range as it required such a large sample that it was simply 

too big to fit inside the opening of the oil evaporator. Because of this, a sacrifice of 

accuracy had to be made. This meant that grease samples with high water content 

only required samples as small as ~40 mg and the very dry samples required over 

600mg and still contained less than 300 micrograms of water. This will be discussed 

more in detail in the results.  

LDPE was chosen because it is a dry plastic with a low melting temperature. It 

is also easy to cut and work with. Grease samples were taken by dragging the small 

strip of LDPE into the grease. It was weighed before and after to find a precise 

weight. The KF instrument is then started and the sample is dropped into the oil 

evaporator.  
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 Time dependence of water content in grease open to 
atmosphere 

Grease samples mixed with water were left open to the atmosphere and later 

measured to see how well the water stays mixed. Scraping tools were made using a 

milling machine from square aluminum tubing with one- and five-mm cutouts to 

allow for spreading the grease at different thicknesses. 

 

Figure 44. Aluminum scraper tools to apply grease in a layer. Left: 1mm cutout. Right: 

5mm cutout. 

The grease from the syringe was injected into the aluminum scraper as it was 

dragged along an aluminum plate. The layers were approximately one and five mm 

thick.  
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Figure 45. Example of the grease directly after application. 

The samples were initially measured at least once per day to try to understand 

the water evaporation trend. Measurement samples were taken in the same way as 

described in the previous section with strips of LDPE. For the one mm thick layer, 

the strip was dragged through the entire layer. The five mm layer required scraping 

off the top 4mm with the scraping tool to expose the grease underneath, which was 

measured.  

  Temperature dependence of water content  
Grease samples contaminated with water were placed an oven at 65 and 90°C 

to see how quickly water can be evaporated out of the grease.  

3. Results 
The measurement results will be given here.  

 Results from KF titration 
Table 4 contains the approximate amount of water added to the grease, 

according to the scale. Grease A was supposed to be a grease naturally containing a 

little bit more water than other greases, therefore less water was added.  
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Table 4. The approximate amount of added water to the grease samples. 

Grease Sample Added Water 

A High water 
contamination 

3.00% 

B Low water 
contamination 

0.26% 

B High water 
contamination 

3.50% 

C Low water 
contamination 

0.29% 

C High water 
contamination 

3.5% 

 

The KF instrument operates best when approximately the same quantity of 

water is titrated for each measurement. Thus, mixtures of grease and water with 

higher concentrations of water will need to be measured in smaller sample sizes. 

The instrument operates well when measurements contain between 500 and 3000 

micrograms of water for each sample. If too much water is present, the titration takes 

too much time and much more reagent is consumed. Too little water and the 

measurement can become less accurate. This was apparent in grease C that had about 

90% less water in uncontaminated grease. All measurements for grease A, B and the 

high water contaminated grease C were all intentionally within the known reliable 

range of 500-3000 micrograms of water. 

First, it was necessary to test the machine to verify the repeatability of the 

results so that it can be determined if the tested samples have a larger spread than 

the inherent error of the instrument. If there is a larger spread, it is important to know 

how much. 

Figure 46-6 show the results of the machine test. For comparison, the data was 

normalized by dividing each data point by the average and the standard deviation 

was taken so it becomes comparable between data sets.  
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Average 0.318 

Standard Deviation of 

Normalized Data 

0.029 

Figure 46. Plot of new grease A water content and statistics. 

 

 

Average 0.273 

Standard Deviation of 

Normalized Data 

0.038 

Figure 47. Plot of new grease B water content and statistics. 
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Average 0.038 

Standard Deviation of 

Normalized Data 

0.150 

Figure 48. Plot of new grease C water content and statistics. 

 Homogeneity of syringe prepared samples 
Results in this section verify how consistent the mixing is from the syringe 

mixing method. Each syringe has approximately 30 grams of grease within. The 

density is 0.9 g/ml. Twelve samples were taken out of the syringes in approximate 

quantities of 3ml at a time. The first sample is measured on each end of the extruded 

sample of grease since it was desired to be known if the grease within the very end 

of the syringe was the same. The twelfth sample was taken from the inside the 

syringe nozzle to provide additional information as well.  

Figures 49-53 represent the water contaminated syringe samples. 
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Average 3.290 

Standard Deviation of 

Normalized Data 

0.039 

Figure 49. Plot of water contaminated grease A water content and statistics. 

 

Average 0.533 

Standard Deviation of 

Normalized Data 

0.038 

Figure 50. Plot of water contaminated grease B and statistics. 
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Average 3.886 

Standard Deviation of 

Relative Data 

.043 

Figure 51. Plot of water contaminated grease B and statistics. 

 

Average .117 

Standard Deviation of 

Relative Data 

.120 

Figure 52. Plot of water contaminated grease C and statistics. 
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Average 3.293 

Standard Deviation of 

Relative Data 

.057 

Figure 53. Plot of water contaminated grease C and statistics. 

Note that the high water contaminated grease C has the first data point omitted 

due to poor sealing on the cap. The data from all the measurements shows that the 

instrument is capable of consistently measuring very dry to highly water 

contaminated grease samples and provide useful data. The standard deviation was 

comparable between datasets, except for the samples for grease C. There is an 

additional source of error when using this grease.  
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 Time dependence of atmosphere exposed water 
contaminated grease samples 

Time was a significant factor when samples were left open to the atmosphere at 

room temperature and humidity. 

A curve fit was made using a custom least-squares regression curve following 

the form of Equation 1 where wi is initial water content, wss is steady state water 

content after a significant amount of time, t is time and τ is a time constant 

(representing evaporation rate). It is a standard exponential curve fit allowing for a 

time constant and a y-axis offset. 

%𝑤𝑎𝑡𝑒𝑟 = (𝑤𝑖 − 𝑤𝑠𝑠) ∗ 𝑒
𝑡
𝜏 + 𝑤𝑠𝑠 

Equation 1. Assumed curve fit function. 

 

 

Figure 54. Water content at room temperature. 

The r2 is 0.822 for the 1mm layer and 0.500 for the 5mm layer. Two 

measurements were made at the very end of the test to represent what the end value 

will be. A least squares curve fit was then applied. The 5mm layer was the most 

difficult to measure, due to the highly user dependent nature of the measurement. If 

the layer was slightly thinner or thicker or the sample was taken slightly differently 
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due to human error, the result would contain more scatter in the data. This explains 

the poor r2 value. The 5mm curve fit is not especially good but at least shows what 

the expected trend can be. The average humidity at each measurement time was 

approximately 18% throughout the test and the average temperature was 21°C (the 

measurements were carried out in the winter). It was clear that the grease formed a 

dry layer on the outside, which acted as a barrier for further water transport to the 

atmosphere.  

 

 Temperature dependence of samples placed in oven 
Temperature had a significant factor in the water content of the grease. A higher 

temperature resulted in a significantly different curve.  

 

Figure 55. Water content in oven at 65°C 

The time scale is obviously significantly different compared to the room 

temperature test. The measurements were made during the day and two follow-up 

measurements were made the following morning. The r2 for the 1mm layer is 0.970 

and 0.861 for the 5mm layer, indicating a reliable fit.  
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Figure 56. Water content in oven at 90°C. 

The curve fit has an r2 of 0.967 and 0.909 respectively for the 1mm and 5mm 

samples. This again indicates a very good fit to the data.  The higher temperature 

led to an even greater difference between the thin and thicker layers of grease. 

Again, a dry layer formed on the outside and appears to prevent water from being 

released into the surrounding atmosphere.  

The grease visibly formed a dry layer on the surface of the water contaminated 

grease, as can be seen in Figure 57-Figure 58. 
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Figure 57. Example of water-contaminated grease after one week at room temperature. 

Approximately 5mm thick layer. 

 

 

Figure 58. Example of water-contaminated grease. Approximately 1mm thick layer. 

The dry layer in the 5mm thick sample is very visible and appears to be 

approximately as thick as the 1mm thick layer of grease. These photos were taken 

approximately 20 days after the grease sample was left open to the atmosphere at 

room temperature. 
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4. Summary 
 

This grease mixing method is suitable for use in continued development of 

sensor design. The normalized standard deviation of the water content of new grease 

was shown to be 0.029 to 0.038 for calcium-sulphonate complex grease, the latter 

being the water-resistant grease with a slightly lower uncontaminated water content. 

The lithium complex grease was an order of magnitude dryer, thus leading to error 

that is more significant than with samples of higher water content. It had a 

normalized standard deviation of 0.150. Samples that were mixed with very low 

water content (approximately one drop of water per 30 grams of grease) had a higher 

normalized standard deviation and appeared to have a slightly downward slope. The 

samples contaminated with water led to a similar result, all of which otherwise had 

a standard deviation of 0.120 or less. The experiment has shown that this mixing 

method can be used to provide homogenously mixed samples for further sensor 

development. This is an important step because it must be known if our sensors are 

measuring reliably produced samples.  

Furthermore, knowledge of the water transport activity within grease may be 

important for sensor design in the future. This research has shown that this subject 

is complicated and warrants further research in the future. It also shows that grease 

may not release water into the surrounding air, even when heated to high 

temperatures and completely open to a dry atmosphere. It cannot be assumed that 

grease in a bearing will release water, even if it is heated to a high temperature. 
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Abstract 
Water contaminated grease samples are investigated with attenuation spectra in the 

visible and near-infrared (NIR) region in this paper. The purpose of this investigation 

was to identify a model with optical attenuation spectra such that water content of 

grease samples could be characterized with a simple measurement setup using common 

methodology from the field of instrumental chemistry. The ratio between two chosen 

wavelengths of light appear to approximate water content of grease samples with an 

acceptable coefficient of determination using a methodology to show what can 

potentially be done to develop condition monitoring tools. To illustrate the outlined 

method, a prestudy of grease aging and oxidation levels are also investigated to show 

that other variables do not significantly change the measurement. 
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1. Introduction 
The reasons for improving condition monitoring of lubricants and lubricating 

grease are discussed in a previous article [67]. To summarize, water presents itself as a 

challenging issue in terms of bulk lubricant problems, surface problems and relative 

lack of condition monitoring tools for lubricating grease.  

This paper investigates of the visible and NIR attenuation spectra of water 

contaminated lubricating grease which fits into the field of condition monitoring. We 

use a methodology from the field of instrumental chemistry to analyze these spectra 

with the goal of detecting a parameter of lubricating grease (water content). At the time 

of the writing of this paper, there is no known research on optical parameters of water 

contaminated grease. The basics of the composition of grease are also described in a 

previous publication [67]. Because of the large number of very different lubricating 

greases on the market, research will have to be carried out to verify which grease 

components (oils, thickeners, and additives) will pose any problems for developing 

sensors due to the often-different mechanical, electrical and optical properties.  

2. Method 
The experiment and mixing method will be discussed in this section. Every grease 

sample was a calcium sulphonate complex (CaS-X) grease with PAO and mineral base 

oil. This grease was chosen because it is generally considered to be one of the better 

lubricating greases available [23] which could mean it is a good candidate for 

investigation. Additionally, being a methodology paper, only one grease is examined. 

Sample preparation, water measurement, grease ageing and the optical attenuation 

experimental measurement will be explained here.  

 

 Water contaminated grease sample preparation 
The grease mixing setup was prepared in 50ml syringes. The method was 

previously described in [67], [68] and was found to be sufficiently homogenous and 

acceptable for scientific studies. The first set of samples from [67] were used in the 

experiments in this paper due to the very small sample size required for measurements.  

Table 5 contains the water content in the samples used. The range in quantity of 

water was chosen because several drops of added water ended up increasing the water 

content of the 30 gram sample of grease by 0.27%. This was thought to be a reasonable 

starting point, as many typical bearings can contain that order of magnitude of grease. 

Additionally, several drops of water subjectively seemed like a good starting point to 

be able to detect, which could easily be caused by either water ingress or condensation. 

The amounts were increased arbitrarily until it was apparent that the saturation point of 
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the grease was surpassed and the visible appearance changed. Also, anything higher 

than the 6.6% water content of sample 5 would likely not be useful information, as it is 

already a very significant level of contamination and bearing damage could follow 

shortly. 

 

Figure 59 Photo of grease samples showing the different physical appearance of heavily 

water contaminated grease and grease with less water content. Notice that up to 1.71% 

water contamination, the grease appears essentially the same as new grease. This grease is 

a commercially available calcium sulphonate complex grease with polyalphaolefin (PAO) 

and mineral oil. 

 

 Karl-Fischer Titration 
After the grease samples were prepared, the precise water content measurement 

was made with a coulometric Karl-Fischer (KF) titration instrument to ensure that the 

water content is precisely known. The method is previously described in [67]. 

 

 Grease Ageing 
Grease was spread onto an uncoated steel plate in a layer of approximately 2mm in 

an oven set to 135°C and samples were taken at one, two and three days. The oven used 

was a laboratory oven with an adjustable speed fan and ventilation flap. The fan was set 

to 100% and flap to 50% to allow for sufficient air circulation. This temperature was 

used because oil oxidation tests (such as ASTM D6514-03(2014)) test at 135°C with 

metered air being bubbled through. Obviously, this cannot be done with grease, but a 

thin layer should be sufficient for providing a surface area to allow for oxidation. Oven 

heated samples continue to hold onto a considerable amount of water, at approximately 

0.19%, as determined by KF titration.  

Another single sample was left open to the atmosphere at room temperature for 9 

months as a several millimeter layer on an aluminum plate. It was originally mixed to 

approximately 10% water and the resulting water content was 0.73%, as determined by 

KF titration. The sample was reused from a previous experiment in [68]. This was used 

in the experiment because it was clear that the color changed significantly over time.  
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CaS-X Grease 
Samples 

Added Water Total Water  

New 0% 0.31% ±0.063 

New (Pumped) 0% 0.31% ±0.06 

24 hr 135°C 0% 0.19% ±0.06 

48 hr 135°C 0% 0.19% ±0.06 

72 hr 135°C 0% 0.19% ±0.06 
9 Month Aged ~10% 

(initially) 
0.76% ±0.06 

1 0.27% 0.58% ±0.06 
2 0.76% 1.07% ±0.03 
3 1.4% 1.71% ±0.06 
4 3.05% 3.36% ±0.2 
5 6.29% 6.60% ±0.35 

Table 5 Karl-Fischer determined water content of grease samples. The “9 month aged” 

sample was left open to the atmosphere at room temperature on a metal plate. The “New 

(Pumped)” sample was “pumped” in the syringes as the water contaminated samples were, 

but with no added water. This was added as a control to show any dependence on the mixing 

process in the measurements. The maximum value of 6.6% was chosen because research 

has shown that 10% is an approximate upper limit for water contamination in some greases 

[13]. 

 Experimental Setup 
This experiment measures the optical attenuation of grease samples. A range of 

visible and NIR spectra were considered because this region in the electromagnetic 

spectrum allows for inexpensive sensor development with commonly available LEDs 

and photodetectors. The optical attenuation is measured through transmission with a 

halogen light source and a fiber-coupled spectrometer. Attenuation is defined in [62] as 

the logarithmic ratio of the intensity of light before and after transmission through a 

sample. Figure 60 represents a diagram and image of the measurement setup. In this 

configuration, a fiber optic coupled UV-Vis spectrometer was used to obtain the spectra 

within a range of 500 and 1000nm where noise was considered acceptable (instrument 

capable range: 195-1128nm). Additionally, a fiber optic coupled NIR spectrometer was 

used and has an instrument capable range of 876 to 1756nm, but this spectrometer was 

included for future work, not for the main interest of this paper which was to investigate 

                                                           

 

3 The accuracy has been estimated by testing the instrument for repeatability. The 

Karl-Fischer Titration method operates best within a certain range of titrated water, 

which explains the range in accuracy values. Sample size limitations additionally 

contribute to error. 
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the measurement range given by the UV-Vis spectrometer. The spectral resolution is 

0.26 and 1.75nm, respectively. The sample holder is hidden in the image but rests in the 

x-y stage. A pure 50:50 beam splitter was used to allow the full spectrum of light to be 

measurable by both spectrometers. The reflected component was chosen to go to the IR 

spectrometer in case the transmission component had its own spectrum. The experiment 

was carried out on two different sample holders, but it was discovered that the 

commercially available zinc selenide sample holder shown in Figure 61worked better 

due to the more reproducible sample preparation and thickness. Even so, the two sets of 

measurements led to essentially the same results. Only the results from the ZnSe 

windowed sample holder are given in this paper to reduce redundancy.  
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Figure 60 Diagram and photo of measurement setup. F1=25mm, F2=F3=15mm.  
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The visible spectra in Figure 62 was only usable from 500 nm upwards due to the 

limitation of the sample holder. The sample holder shown in Figure 61 was borrowed 

from an FTIR instrument with glass windows made from zinc selenide (ZnSe), which 

blocks blue light. A 1mm spacer was used. This sample holder was used due to the ease 

in sample preparation. It was designed for this purpose, though the glass was intended 

for a different spectrum. The light source was an adjustable intensity halogen light with 

a spectrum typical of an incandescent light source. 

 

Figure 61 Sample holder used in experiment. 

A small grease sample was placed in a 3ml syringe and injected into the sample 

holder. When injected into the sample holder, the grease is pushed between the ZnSe 

plates allowing for the light transmission measurement. The Luer fittings on the sample 

holder and 3ml syringe allowed for a leak free seal. As stated before, the sample 

thickness between the ZnSe plates was 1mm. It was found to be a suitable thickness for 

this measurement setup. Thinner samples were observed to not have a sufficient signal, 

but this is more a limitation of the instrument and not of the measurement itself. 

Because the prepared samples were small and were used for other concurrent 

experiments in [67], only two measurements of each sample were made to verify the 

repeatability. In total, there were 11 grease samples measured. 

 Data Acquisition 
In the software associated with each spectrometer, a background measurement with 

an empty and sufficiently cleaned sample holder was taken. Additionally, the empty cell 

integration time was adjusted so that the signal was approximately 90% of the saturation 

level. Then, the fiber optic cable from the light source was removed to take a dark 

measurement. The light source was not turned off to ensure that the halogen bulb in the 

fiber optic light source was at a steady state temperature.  

A 10 nm moving average was applied to the data post-measurement to reduce noise. 

The raw data from the spectrometer software is given in attenuation and no post 
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processing is required to attain attenuation in terms of light transmitted through the 

sample. 

3. Results and Discussion 
In developing any model for a future sensor, as many variables as possible will 

need to be considered. The objective of this paper is to investigate the development of 

a model to detect water in grease using a methodology from the field of instrumental 

chemistry, but it was thought that other variables such as age and oxidation would skew 

or offset water content readings leading to inconsistent or unpredictable results. Because 

of this, aged samples were included to verify if the model is robust enough to give useful 

information as other variables change. In order to study these variables on a single type 

of grease in terms of spectroscopy, it was decided to investigate visible and NIR 

attenuation spectra. This range was chosen because mid-IR wavelengths of light are 

typically heat sources and do not allow for future implementation as cheap, small, 

simple and low power measurement devices. 

As this is a methodology paper, only one grease is tested, though likely each 

different grease chemistry may require different calibrations. Additionally, temperature 

could represent another variable, which could change the measurement properties. This 

methodology was intended to be used in other greases and lubricants in the future. 

Visible spectroscopy is a measurement that is typically used for qualitative analyses 

of transition metal ions, conjugated organic compounds and biological molecules where 

the electron states of the atoms determine the absorbed or transmitted wavelengths of 

light [62]. Grease is a compound with many components with long molecular chains, 

so individual components will not be easily detected but the aim of this paper is to find 

trends in the changing spectra, not necessarily identify individual components.  

Attenuation in the NIR region are due to molecular vibration overtones from the 

mid-IR region, but as in visible spectroscopy with complicated compounds explained 

above, there may be no clear attenuation peaks in this region either. Despite the known 

drawbacks, the purpose of researching visible and NIR spectroscopy is because some 

simple sensors could be developed based on these wavelengths to indirectly measure 

changes in grease. 

 Water Contamination 

 Attenuation Absolute Values 

The measured attenuation for the non-aged samples in Table 5 is presented in 

Figure 62. An initial logical consideration would be the absolute values of the spectra 

at different wavelengths. One distinctive feature is that the attenuation is reduced overall 

with the relatively small amount of water added in samples two and three. For example, 
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the attenuation of sample two is significantly reduced, which is not entirely explained 

by the addition of water, which is far more transparent than grease in these wavelengths. 

The plot in Figure 63 represents the attenuation of water when scaled to the same 

thickness as the grease samples in this experiment (1mm). It is very clear that the 

attenuation is orders of magnitude less than the attenuation of the grease. Neglecting 

scattering effects and because of the comparatively transparent properties of water, 

adding the quantity of water present in sample two (1.4%) compared to new grease 

would result in a 1.4% reduction in attenuation. However, it should be noted that the 

approximate reduction in attenuation at 500nm is 18% and 50% at 1000nm, which is 

significantly more than could be expected by the addition of water. Thus, another effect 

must be present causing the higher transmissivity with small additions of water. This 

feature will likely be difficult to explain but could potentially be due to a structure 

change of the grease thickener caused by the change in water content.  

 

 

Figure 62 Total visible attenuation of water contaminated grease samples. Note that 

attenuation is defined as 𝑨𝝀 = −𝐥𝐨𝐠𝟏𝟎(
𝚽𝒐

𝚽𝒕
) which represents a logarithmic ratio of the input 

and transmitted intensity. Thus, the absorbing and scattering components of attenuation 

are not differentiated. The samples are as given in Table 5. Note that sample 1, new and new 

pumped data represent lines in the plot which are essentially the same and are overlapping. 

The markers are present to identify the lines. 

 Water Phase Considerations 

This grease has a dissolved water carrying capacity, or saturation point, that is 

around the 1.71% water content of sample three. Above the saturation point, the phase 
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of water will change, and the grease will have emulsified water droplets inside. Below 

the saturation point, it appears that small amounts of water decrease the attenuation. 

This was repeated with both sample holders previously mentioned. A small quantity of 

dissolved water is not likely to significantly increase or decrease the attenuation due to 

the low attenuation of water in these wavelengths (shown in Figure 63) and the fact that 

dissolved water will not cause light scattering typical of water droplets. Samples one, 

two and three in Figure 13 look practically identical to the new grease. Samples four 

and five are relative outliers in appearance and are correspondingly outliers in Figure 

62. This means that the measurements and physical observations agree, at least 

superficially.  

 

Figure 63 Optical attenuation of water (data adapted from [49]) to give a value that 

corresponds to the same thickness of grease used in the experiment (1 mm). Note the 

attenuation is orders of magnitude less than the measured grease samples in this 

experiment.  

 

Above the water content of sample three, the water appears to be in an emulsified 

state with water droplets large enough to cause quite significant light scattering in the 

visible spectrum. In this case, the primary mode of light loss moves from absorption to 

scattering.  
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  Spectral Variations  

The average slope of the spectra between two points can also be considered. The 

slope can be investigated between any two wavelengths to give an idea of how that 

value is changing with increasing water content. When a ratio of the attenuation at 500 

and 1000 nm is used, the resulting value correlates reasonably well with smaller 

contamination levels of water. This is shown in Figure 64.  

For smaller quantities of water, the grease becomes more “red” according to the 

spectrometer because in terms of a ratio, it absorbs more at 500nm than at 1000nm. This 

appears to only apply up to sample three at 1.71% water. This color change could 

possibly be ascribed to the known thickener size and shape (roughly spherical at 

~300nm [69]). Because it is in the same order of magnitude of the wavelength of light 

that we are investigating, changes in size or distance between the thickener particles 

could contribute to attenuation changes at different colors since the thickener is 

presumably absorbing most of the water. Note that although the quadratic in Figure 64 

has two solutions, the average of the two attenuation values used in the second solution 

have an attenuation value of approximately one higher than the first solution. This 

makes it an easily distinguishable feature. 

The color change is present particularly in the dissolved-water-state but in the case 

of sample four and five, another component of attenuation becomes more prevalent: 

light scattering. This is apparent in the physical appearance to the observer Figure 13 

where samples four and five are milky in appearance. 
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Figure 64 Plot of known water content versus the ratio of the attenuation at 500 and 1000nm 

for all measured samples. A quadratic curve fit was applied and has a coefficient of 

determination of 0.98 indicating a quality fit. All 11 grease samples are represented here, 

which includes the aged and oxidized samples.  

Since Figure 64 includes all the measured samples, the measurement appears to be 

robust enough to provide reliable data even with aged and oxidized samples 

To find where the greatest difference is between any two wavelengths, each spectra 

is turned into a square matrix where the ratios of attenuation for every wavelength 

combination are represented. An example of this from sample five is given in Figure 

65. The largest difference is clearly between 500 and 1000 nm.  
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Figure 65 Plot of each wavelength divided by every other wavelength of light. A line of y=x 

represents a value of one and is reflected and inverted along that line. The plot shows where 

there is the biggest difference between any two wavelengths of light for one measurement. 

This example is sample five, with 6.6% water.  The values are calculated as such: 

 

 [𝐴𝑖,𝑗] =
𝑎𝑖

𝑎𝑗
𝑤ℎ𝑒𝑟𝑒 {

500 ≤ 𝑖 ≤ 1000
500 ≤ 𝑗 ≤ 1000

 

Once the data is calculated as in Figure 65 for all 11 samples, a curve fit can be 

made between the attenuation ratios of all possible wavelength combinations. 

Essentially, it comprises many quadratic curve fits from Figure 64 and turning it into a 

three-dimensional plot. This was done in order to ensure that two wavelengths of light 

were not inadvertently chosen that happened to provide this unexpected quadratic curve, 

additional ratios were examined which mostly provided a similar curve fit.  
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Figure 66 The final curve at 1000nm is the same as the quadratic in Figure 64. This 

represents the quadratic curve fit from the ratio of the attenuation at 500 and 500nm, to 

500 and 1000nm.  

It can be seen from the plot in Figure 66 that the ratio of the attenuation at 500nm 

and any other wavelength in the measurements made results in a very similar quadratic 

curve, albeit with different coefficients. Further examination showed similarly good 

coefficients of determination for each other curve fit as well, as shown in Figure 68.  

In order to investigate any other combinations of wavelengths, we can consider the 

first derivative of the attenuation, shown in Figure 69. This plot shows that there are 

many shared inflection points in all the measurements. This confirms that many 

inflection points are in similar locations but become more exaggerated in amplitude 

with increasing water content. The objective of investigating these plots would be to 

find a place where there are changes in the spectra that would allow for quantifying the 

changes in water content. It can be seen that the first derivative has a plateau roughly 

between 900 and 1000 nm. This is where a second order component of the quadratic 

found in the previous curves becomes smaller and the linear component becomes the 

predominant factor. This can be seen in Figure 67.  
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Figure 67 This represents the quadratic curve fit from the ratio of the attenuation at 912 

and 912nm, to 912 and 1000nm. 

Within the water content range that we are investigating, the coefficient of the 

quadratic component moves closer to zero while the coefficient of the linear component 

of the equation becomes the predominant factor in the equation. The evidence of the 

near-linear correlation is shown in the original attenuation plot in Figure 62 where it can 

be seen that the slope between the attenuation at around 900 nm and 1000nm is 

increasing with increasing water content closer to a linear form, instead of in the 

unexpected quadratic. This could possibly indicate that there is a better model found 

between these two wavelengths.  

Figure 68 shows the coefficients of determination (CoD) for Figure 66-67. When 

all 11 samples are included, the CoD is sufficiently high to signify a good relationship 

between water content and the calculated estimation. 
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Figure 68 A plot representing the R2 value (coefficient of determination) for each curve fit 

represented in Figure 66 and 67. The R2 is lower when the difference between the two 

wavelengths is small. 

 



 

123 | P a g e  

 

Figure 69 First derivative of attenuation spectra calculated as the difference between 

recorded data points. Additionally, the “oscillations” are likely due to Mie scattering where 

the period of which is proportional to the water droplet size or even the grease thickener 

particle size. Note that as in the attenuation plot, several lines are very similar and overlap. 

The lines representing the new, new pumped and sample 1 measurements are very similar. 

However, the derivative value from highest to lowest at 1000 nm are the order given in the 

legend. 

4. Conclusion 
The ratio between two chosen wavelengths of light appear to approximate water 

content of grease samples with an acceptable coefficient of determination. Calcium 

sulphonate complex grease samples were prepared using a method verified to 

homogenously mix water with grease. They were examined in a custom-made 

spectrometer to measure attenuation between 500 and 1000 nm in order to discover if a 

model of water content in grease can be found. Additionally, four more samples were 

made which were either aged or oxidized because it was found that calcium sulphonate 

complex grease would change color over time or darken when heated in an oven.  

From what is apparent in this study, a parameter representing water content can be 

extracted from part of the visible and NIR spectrums. It was shown that the attenuation 

ratio between 500 and 1000 nm and 900 and 1000 nm provides a robust measurement 

technique to estimate water content in new grease and grease with up to approximately 

6.3% added water, even if aged and oxidized samples are included in the experiment. 

The coefficient of determination was found to be acceptable which indicates a good 

model to measure water content in grease. Future work could include calibrating the 



 

124 | P a g e  

instrument with further characterization measurements so that a capability of measuring 

different types of grease chemistries could be employed.  

Future work could include studying different grease chemistries. Different 

thickeners, oils, and additives will likely change how the measurement functions. 

Preliminary analyses of the data showed there are parameters which can be derived 

which differentiate grease age and oxidation from water content. This future research 

could provide useful information to machine operators in case extreme operating 

conditions occur. 
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Abstract 
The temperature dependence on the dielectric properties of water-contaminated 

grease is investigated in this paper. The purpose of this investigation was to identify 

what dielectric properties that could be measured which differentiate varying levels of 

water contamination in calcium sulphonate complex (CaS-X) grease with three different 

test cells. Measuring the change in dielectric constant over a small temperature change 

yielded useful estimations of water content and amount of grease where the added water 

content ranged from 0.22% to about 5.5%. Additionally, other parameters such as 

incomplete fill/coverage of the sensors has been investigated as a prestudy. 

 

1. Introduction 
Maintenance expenses can represent 15 to 60% of the total life cycle cost for 

machinery [5]. For example, up to 25% of the costs of wind energy generation can be 

attributed to maintenance alone [6]. Much of these expenses can be ascribed to the 

performance and reliability of the bearings, which is largely determined by the quality 

of the lubricant. This is often a lubricating grease which will be further discussed later. 

Knowing when to perform routine lubrication maintenance will reduce costs, 

downtime and possibly increase the usable life of the machine. Generally, the time for 

relubrication of a grease-lubricated bearing can be estimated if the lubrication 

conditions are known. In many applications, these conditions are not known and 

continuous in situ monitoring of the lubricant condition is better for determining when 

relubrication is required.  

The performance of lubricating grease is significantly affected by the presence of 

water. A 90% reduction of service life of a journal bearing can be caused by the 
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contamination of only 1% water in the lubricant [10]. Rolling bearings are even more 

susceptible to damage from water and small amounts of water can negatively affects the 

service life [11], [17]. Free water is detrimental and knowledge of how water interacts 

with grease is therefore of great importance [13]. Ageing of lubricants can be 

accelerated up to ten times faster due to the depletion of additives and destruction of 

base oils causing acid formation [14]. These reasons and more make it apparent why 

detecting water is important as it is often the cause of false identification of failure [15]. 

Lubricated machine components often run into problems once contaminated with water. 

Water contamination can cause rust and corrosion, water etching, erosion, vaporous 

cavitation, hydrogen embrittlement among other problems [5, 12]. Water also depletes 

oxidation inhibitors and demulsifiers, causes the precipitation of some additives (which 

then contributes to sludge) and competes with polar additives for metal surfaces [16]. 

When water becomes adsorbed onto metal surfaces displacing the oil and its additives, 

it causes further exposure to harsh environments and even direct metal on metal contact 

[17], which hastens the wear of the components. Corrosion is the electrochemical 

reaction of the metal surface due to the presence of oxygen. Water etching can be caused 

by the formation of hydrogen sulfide and sulfuric acid from the lubricant degradation. 

Erosion occurs when water flash vaporizes on hot metals causing pitting [18]. Vaporous 

cavitation is common in pure clean lubricants as well, but water causes the lubricant to 

be much more susceptible to this process. The implosion caused by the near 

instantaneous vaporization and condensing implosion of water can cause micropitting 

[4, 14]. Hydrogen embrittlement occurs when extreme conditions allow for the 

separation of the fundamental atoms. The hydrogen atoms can absorb into the metal 

surfaces making it brittle and more susceptible to high pressure damages [19]. The 

hydrogen can also collect in cracks and in metal grains resulting in crack propagation 

and spalling [17].  

For a tribosystem (a system of lubricated components), water will contribute to the 

degradation of both the lubricant and surfaces. Lubricant oxidation has been shown to 

be strongly related to the content of water, since oxidation of a lubricant is catalyzed by 

the presence of water. A higher water content increases the rate of lubricant degradation 

[20]–[22].  

Water can be dissolved in the lubricant in small quantities without a visible 

difference. To some extent, water in lubricants is analogous to the humidity in air. Until 

the relative humidity of air is 100%, water does not condense and does not form visible 

droplets and thus is not visible to the human eye over short distances. This is the same 

case for lubricants. The water molecules are individually dispersed between the 

lubricant molecules and will not be visible until either the concentration is increased, or 

the temperature is dropped to cause the water molecules to “condense” and form a water 

“fog” within the lubricant. This is called an emulsified mixture of oil and water and will 

become milky in appearance [15], [21]. Emulsified water is much more damaging than 

dissolved water so being able to detect when water becomes emulsified would likely be 
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a good design requirement for a sensor. Free standing separated water will be the most 

damaging of all water-lubricant mixtures [17]. Because of the differences between the 

states of water in lubricants (dissolved, emulsified and free water), water content alone 

could be useful to detect, but may in some cases not be helpful because different 

lubricants have different saturation points. Knowing the water saturation points at the 

desired operating temperatures will help determine the upper limits for water content 

[17]. These values will have to be determined for each type of grease. This topic will 

have to be thoroughly investigated as this information for grease is not widely known 

and will likely be very different from grease to grease, as there are so many varieties 

and variations of grease in use [23]. It also could be that water will change the structure 

of grease. 

Grease is a semi-solid, and because of this it does not flow as lubricating oil does. 

Typically, grease will be tested by standardized ASTM mechanical or instrumental tests 

to classify the properties of the grease. For example, tests for weight loss after aging, 

dropping point (when the grease “melts”), cone penetration (how hard the grease is), 

infrared spectroscopy (how oxidized the grease is), rheometer tests (how viscous the 

grease is), pin on disc tests and other friction and wear studies (how well it protects 

tribological interfaces from wear) [24]. However, these methods cannot be used on-line 

because of the instrumentation involved. 

This paper looks at the dielectric properties of grease which is in the field of 

condition monitoring. To the authors’ knowledge, there is no published research on 

dielectric parameters of grease. Although grease composition can vary widely, 

according to [25] grease is only a general description of thickened oil, not thick oil and 

contains about 85% base oil, 10% thickener and 5% additives. The base oil is either a 

synthetic or a mineral-based oil. The thickener can be thought of as a sponge that holds 

the oil and the additives. Additives can be used for a multitude of reasons, from 

increasing oxidation stability to improving the extreme pressure performance. The 

difference in the thickeners will likely pose a problem for developing sensors as they 

range from metallic soaps (such as lithium or lithium-calcium), complex thickeners 

(which are functional lubricants in themselves and are combinations of metal salts and 

soaps such as lithium complex), to non-soap thickeners such as polytetrafluoroethylene 

(PTFE) or clay [25]. Additives can vary as well, as they can include different types of 

antioxidants, metal deactivators, corrosion inhibitors, extreme pressure, and anti-wear 

additives [22]. More research will have to be carried out to verify which additives will 

pose any problems for developing sensors due to the often-different mechanical, 

electrical and optical properties.  
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2. Method 
The experiment and mixing method will be discussed in this section. The grease 

used in this investigation was a calcium sulphonate complex grease with poly-alpha-

olefin (PAO) and mineral base oil. This grease will be referred to as CaS-X. Sample 

preparation, water measurement and the experimental measurement will be explained 

here.  

 Water contaminated grease sample preparation 
The grease mixing setup is comprised of two 50 ml syringes connected end to end 

with s short length of vinyl tubing such that they are sealed and is airtight. The pumping 

action between the two syringes is intended to homogenously mix grease with water. 

This method was chosen because of the low material cost and the simplicity of use. It 

was previously studied how well it mixes water and grease and it was found to be 

sufficiently homogenous [68]. 

A jig shown in Figure 70 was made to hold the syringes to a table to allow for easier 

operation. Once attached to a table, this jig prevents the syringes from coming apart and 

holds it in place making it easier to pump the plungers.  

 

Figure 70 Grease mixing jig. 1) syringe plunger. 2) grease within syringe. 3) tubing 

connecting syringes. 4) syringe housing. 5) jig holding syringes. 

The samples were prepared on a standard four-digit scale on a stand (not shown) to 

hold the syringe to be filled. Another syringe was used to inject fresh grease into the 

syringe on the scale. Thirty grams of grease were put in and different amounts of water 

were added. Water was added with a 3ml disposable pipette, drop by drop to control the 

quantity of water.  

Thirty grams of grease corresponds to approximately 30 milliliters in the syringe. 

Before joining the syringes with the vinyl tubing, the plunger was put into the syringe 

with the grease and water inside and pushed in to read 40 ml. This leaves approximately 

10 ml of air inside. The air was found to be of benefit in mixing the samples. 
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Alternating cycles of pushing twice and pulling twice were used with a total number 

of 50 cycles. When the plunger was pulled, the air bubble assisted in making a more 

homogenous mixture. This is apparent when a negative gauge pressure is pulled and the 

10 ml air bubble is suddenly released, making a “pop” and distributing the grease and 

water mixture within the syringe being pulled upon. The grease may expand and become 

more like a foam as well due to the reduced pressure. It appears to go back to its original 

state and does not retain the gas bubbles formed by the reduced pressure. It could be 

possible that the water in the mixture is evaporating and condensing over a larger 

surface area in the process, thus facilitating the mixing of the two components.   

Table 6 contains the water content in the samples used in the experiment. The range 

in quantity of water was chosen because several drops of added water ended up 

increasing the water content of the 30 gram sample of grease by 0.27%. This was 

thought to be a rational starting point, as many bearings can contain that order of 

magnitude of grease and several drops of water subjectively seemed like a good starting 

point to be able to distinguish, which could easily be caused by either water ingress or 

condensation. The amounts were increased arbitrarily until it was apparent that the 

saturation point of the grease was surpassed and the visible appearance changed. Also, 

anything higher than the 6.6% water content of sample 5 would likely not be useful 

information, as it is already a very significant level of contamination and bearing 

damage could follow shortly. 

Figure 71 is a photo of the physical appearance of the grease with the varying 

amounts of water contamination used in this investigation. 

 

Figure 71 Photo of grease samples showing the different physical appearance of heavily 

water contaminated grease and grease with less water content. Notice that up to 1.71% 

water contamination, the grease appears essentially the same as new grease. 

 Karl-Fischer Titration 
After the grease samples were prepared, the precise water content measurement 

was made with a Karl-Fischer (KF) titration instrument to ensure that the water content 

is precisely known. The instrument used in this experiment was a coulometric GR 

Scientific Aquamax KF Plus. This analytical technique has several variations in 

principle, but the instrument used was coulometric. An oil evaporator was used in this 

experiment (this is a common accessory for KF instruments). The oil evaporator vessel 
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uses about 30 ml of pure dry base oil that is heated to a set temperature, in this case 

140°C. The oil evaporator was modified to accommodate a high-speed stirrer to allow 

the use of greases, as the grease tended to stay clumped together and caused 

measurement errors due to a long measurement duration. Thin strips of low-density 

polyethylene (LDPE) strips were used to provide an easier method of placing the very 

small grease sample (between 30 and 150 mg depending on water content) into the oil 

evaporator. Experimentally, LDPE was found to be very dry and melts at a low enough 

temperature such that it melts in the oil evaporator and not contribute to the water 

content of the measurement.  

Table 6 Karl-Fischer determined water content of grease samples. The “New (Pumped)” 

sample was “pumped” in the syringes as the water contaminated samples were, but with no 

added water. This was intended to act as a control to expose any dependence on the mixing 

process in the measurements. Due to slight variations in the manufacturing process, the new 

grease water content appears to vary slightly. 

CaS-X Grease 
Samples 

Added 
Water 
Set 1 

Total Water 
Set 1 

Added 
Water Set 

2 

Total Water Set 
2 

New 0% 0.310% ±0.06 0% 0.326% ±0.06 
New (Pumped) 0% 0.310% ±0.06 0% 0.326% ±0.06 

1 0.27% 0.58% ±0.05 0.22% 0.54% ±0.05 

2 0.76% 1.07% ±0.03 0.47% 0.79% ±0.03 

3 1.4% 1.71% ±0.03 1.12% 1.44% ±0.03 

4 3.05% 3.36% ±0.20 3.25% 3.58% ±0.20 

5 6.29% 6.60% ±0.35 5.37% 5.69% ±0.35 

 

 Experimental Setup 
The dielectric measurements were taken manually with a Hameg HM8118 RCL 

bridge. Data was manually recorded from the RCL bridge. There was no internal 

averaging set in the instrument due to acceptably low levels of noise. Calibration of the 

unit was carried out using the measurement cables with connectors that allowed for an 

open and closed-circuit calibration. Capacitance and the dissipation factor were 

recorded from the instrument for this investigation. 

Temperature measurements were taken with a generic type-K thermocouple reader 

with generic thermocouple wire. Three cells were used and were built to have 

approximately the same empty capacitance such that the order of magnitude of the 

measurements would be similar. Three different test cells, (a parallel plate test cell in 

Figure 72, a coaxial test cell in Figure 73, and an interdigitated fringe field capacitor in 

Figure 74) were used in this experiment to verify if different configurations would work 

with this measurement principle. See section 2.3.1 to 2.3.3. 
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 Parallel Plate Capacitor Test Cell 

The test cell was a rectangular parallel plate type capacitor in a two-part PMMA 

(poly methyl methacrylate) enclosure. The plates were uncoated steel with the 

dimensions of 30 by 85 mm. The separation distance was 3 mm. The test cell was made 

with two sides, though only one was used in this experiment. Cables were made from 

50 Ohm coaxial BNC cables and attached with 0.1” standoff pins.  

The test cell sits on top of a water block that is connected to a heating and cooling 

unit. It has a useful temperature range between -18 to 100°C. The test cell is shown in 

Figure 72. 

 

Figure 72 Test cell used in experiment. There are three thermocouples used to measure the 

temperature of the cell. One on the top and two on the sides. The aluminum block 

underneath is a water block attached to a heating and cooling unit. Only one of the cavities 

was used in this experiment.  

Capacitance of this configuration can be approximated with 

𝐶 ≅
𝑘𝜀𝑜𝐴

𝑑
 

as given by [30] for a parallel plate capacitor where 𝜀𝑜 is the permittivity of free 

space (8.85*10-12, k is the dielectric constant, A is area, and d is distance between the 

plates. The cables used were standard 50 Ohm coaxial cables with BNC connectors to 

plug in directly to the RCL bridge. The cables were connected directly to the test cell 

with standard 0.1” header pins. 
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Additionally, a thermally and electrically shielded enclosure (not shown) was 

fabricated to reduce electrical noise and help insulate the test cell. It was made from 

polystyrene foam and stainless-steel fiber cloth. 

Type-K thermocouple probes were manufactured and embedded into the PMMA 

enclosure. Since a small temperature variation was inevitable in a measurement cell 

made of thick plastic, the temperature of the top was averaged with the sides to get an 

approximate temperature of the inside.  

 Coaxial Capacitor Test Cell 

Another test cell was manufactured to reduce time for heating and cooling, shown 

in Figure 73. The body is a solid piece of bronze and the base is a solid copper plate. 

This configuration was also chosen because it was easier to reduce air bubbles in the 

internal cavity which could help reduce experimental variations. It also required a much 

smaller sample size. 
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Figure 73 Sketch and photo of the coaxial test cell.  

Capacitance of the coaxial test cell configuration can be approximated as follows,  

𝐶 ≅ 𝐿
2𝜋𝑘𝜀𝑜

ln(
𝑏
𝑎
)

 

as given by [30] for coaxial capacitor where 𝜀𝑜 is the permittivity of free space, k 

is the dielectric constant, b is the outside diameter of the inner conductor (8mm), a is 

the inner diameter of the outer conductor (12mm) and L is the length of the portion 

inside the inner diameter (60mm). The cables used were standard 50 Ohm coaxial cables 

with BNC connectors to plug in directly to the RCL bridge. The cables were connected 

directly to the test cell with standard 0.1” header pins. Standard type-K thermocouples 

were glued to the bronze housing and onto the end of the inner copper element. 

 

 Fringing Field Capacitor Test Cell 

An additional test cell was used which is capable of measuring with only a surface, 

though it does additionally measure a certain volume. It is called a fringe field capacitor 

and is similar in concept to what is used on many of today’s capacitive touch screen 

devices [70]. This concept was chosen as part of the investigation because research [71] 

showed that the response of such a sensor is the same as with other typical capacitive 

sensor designs, such as the parallel plate and coaxial variation described in this paper.  

 

Figure 74 Diagram of fringe field capacitor plate used in experiment. The traces are 1.2mm 

wide and are approximately 0.01 mm thick. The traces on the board measure 38 by 41.5mm.  

The calculation for an approximation for this configuration of an interdigitated 

fringing field capacitor, where one “line” is as follows (adapted from [72]),  
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𝐶𝑙𝑖𝑛𝑒 = 𝜀0(𝜀𝑝𝑐𝑏 + 𝜀𝑔)
𝐾(𝑘1)

𝐾(𝑘2)
+ 2𝜀0𝜀𝑔

𝑡

𝑠
 

where, εo is the relative permittivity of free space (8.85 ∗ 10−12𝐹/𝑚), εpcb and εg 

are the dielectric constant of the PCB material and grease respectively 

𝑤ℎ𝑒𝑟𝑒, 𝑘1 = √1 − (
𝑤

2(𝑤 + 𝑠)
)
2

, 𝑘2 =
𝑤

2(𝑤 + 𝑠)
 

where, w is the width of the digits, s is the distance between the traces (edge to 

edge), t is the thickness of the digits (the copper traces on the PCB). The capacitance of 

one pair of traces can be then calculated, 

𝐶𝑙𝑖𝑛𝑒 = 𝜀0(𝜀𝑝𝑐𝑏 + 𝜀𝑔)
𝐾(𝑘1)

𝐾(𝑘2)
+ 2𝜀0𝜀𝑔

𝑡

𝑠
 

K represents the complete elliptic integral of the first kind is calculated with the 

estimate in the following equation, using the arithmetic-geometric mean calculated to 

the 4th order where k1 and k2 are substituted into the equation and used respectively. 

𝐾(𝑘) = 

𝜋
2

𝑎𝑔𝑚(1, √1 − 𝑘2)
 

Finally, the total capacitance can be calculated using, 

𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑙𝑖𝑛𝑒(𝑁 − 1)𝐿 

where L and N are the length and number of digits. Temperature measurement was 

carried out by placing a standard type-K thermocouple into the grease on top of the 

sensor. 

The required minimum thickness of the grease sample was determined 

experimentally by reducing the thickness of the sample until the capacitance of the 

sensor was reduced. A plastic plate was raised and lowered until it was certain that a 

certain thickness had no effect on the measured capacitance. This was determined to be 

approximately 1 mm thick and an extra mm was added to ensure that only the grease 

properties were being measured, and not the plastic cover. The grease layer was thus 

approximately 2 mm thick in this experiment. 
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 Theoretical Background 
The objective of this paper is to investigate the development of a method using 

dielectric measurements to detect water in grease. For this experiment, understanding 

the chemistry of water is important to learn what is actually being detected because the 

dissociation of water plays an important role in almost every case where it is present 

[73]. One limitation of a sensor of this type could be that it may not function well below 

0°C. Once water freezes, it has significantly different dielectric properties due to the 

more limited movement of the molecule [74]. However, this is not investigated in this 

work and will be left for future studies. 

With the parallel plate and coaxial test cells which measure a volume in an enclosed 

space, air bubbles posed a problem with keeping the results consistent and linear. 

However, due to the nature of the Dielectric Thermoscopy method, it is not as sensitive 

to the quantity of the mixture inside the test cell as other dielectric measurement 

methods are, such as merely measuring the value of the dielectric constant. This is due 

to the overall capacitance at a given temperature is entirely proportional to the amount 

of material within a test cell, where the Dielectric Thermoscopy measurement is 

measuring the change in properties which correlate to water content. 

Frequencies of 20 Hz, 90 Hz and 100 kHz were chosen for the dielectric 

measurements because they have no close higher order multiples with either 50 or 60 

Hz, which should reduce measurement noise regardless of the local electric network 

where future measurements could be made since some countries use a different network 

frequency. 100 kHz was chosen as a significantly higher measurement frequency to 

better understand the relationships between frequency, temperature and the dielectric 

constant but is not used in any estimations in this investigation at this time. There are 

several advantages of using a low frequency measurement. The test cell geometry and 

configuration are not as important as with radio frequency dielectric measurements [75], 

reducing possible errors with design and manufacture of the measurement device. It was 

also stated in [75] that low frequency measurements are cheaper and easier to 

implement. 

 Dielectric Thermoscopy Functionality 
The term, “Dielectric Thermoscopy” was coined to describe a measurement that 

quantifies the change in the dielectric constant over a change in temperature. Typically, 

in dielectric measurements, a constant temperature and frequency are used to quantify 

dielectric properties but sometimes leads to non-linear or poor relationships with 

estimating the water content of samples [75]. 

There is more than one physical property that contributes to the functionality of this 

measurement. Research shows that the dielectric constant of water rises rapidly as the 

frequency of measurement becomes lower [76]. This is due to two properties of water: 

the first results from the ability of water to separate into ion pairs which can move 
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towards the charged electrodes, increasing susceptance. The second involves the dipole 

pairs which polarize in the electric field [74]. This happens only with low frequencies 

(in the range of 10’s or 100’s of Hz, not MHz or higher) because there is a greater time 

between alternating electric fields, thus allowing for charge to be stored in either 

polarized dipoles or ion pairs due to it being a “slow” process [73]. Normally, dielectric 

properties are measured at frequencies above 1 MHz (i.e. RF-based techniques) to 

reduce the mentioned increases in dielectric constant, but are more complicated than 

low frequency measurements [71]. In other words, more typical dielectric 

measurements use high frequencies (in the range of MHz to GHz) are used so the 

contribution to the impedance of the measurement from ionic conduction is less than 

that of the impedance due to the capacitance [74], [77], [78].   

Additionally, an increase in temperature results in a corresponding increase in the 

dielectric constant due to an increased propensity to separate into ion pairs. This results 

in a decrease in the pH of distilled water [79]. This means that water has a much greater 

temperature dependence on the dielectric constant at low frequencies, which enables the 

measurement outlined in this paper. An example of the effects is given in Figure 75 with 

grease samples from set 1 in Table 6. At the measurement frequency of 90 Hz, the 

temperature dependence on the capacitance is much greater than with the higher 

measurement frequency of 50 kHz.  
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Figure 75 Example of the relationships between capacitance, temperature, frequency and 

water content in the dielectric thermoscopy measurement (actual measurement data used 

in representative plot). (1) represents the change at 50 kHz when the water content is 

increased. The slope is practically unchanged, but the values are shifted upwards. (2) 

represents the change at 90 Hz, where not only the average value changes, but the slope.  

It was also shown in [76] that increased levels of contamination through ions (i.e. 

salt) only amplifies the outlined effects, which indicates that this is a reasonable 

measurement principle for lubricant condition monitoring due to the fact that increased 

conductivity causes a greater rate of oxidation of metal components and is thus more 

damaging to the mechanical system [80].  

3. Results and Discussion 
Measurements from the experiment which vary the amount of water contamination, 

frequency and temperature are given and explained here. 
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 Influence of Frequency 
As was stated earlier, low frequencies give a higher dielectric constant 

measurement with water because of the unique properties of water. Figure 76 shows the 

difference in the capacitance temperature slope relative to water content and frequency. 

 

Figure 76 Frequency considerations for measurement. This plot displays the dramatic 

difference between 20 Hz, 90 Hz and 100 kHz despite the large comparative separation 

between 90 Hz and 100 kHz. This is due to the low frequency effects outlined in [76]. The 

fringe field capacitor was used in this example. 

 Influence of Temperature 
Since it has been established that an increase in temperature results in an increase 

in dielectric constant for water, Figure 77 shows this relationship from experimental 

data. The capacitance follows a line very close to linear, which for the purposes of this 

paper shows that it is acceptable for the outlined measurement. 
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Figure 77 Relationship between capacitance and temperature with a water contaminated 

grease sample on the fringe field capacitor at a measurement frequency of 90 Hz. The 

capacitance rises linearly with temperature. The measurement was with “sample 5” from 

set one of the grease samples. 

One other consideration is how large of a temperature change is required to ensure 

that a good measurement can be taken. It was found that if the temperature has stabilized 

after a reasonable amount of time (around 30 minutes in the case of the fringe field 

capacitor), the dielectric thermoscopy method could be used over a small or large 

temperature difference. Table 7 gives one example of “sample 2” from the fringe field 

capacitor experiment. The capacitance temperature slope is essentially the same, even 

with a small temperature change of only 2.5°C. 
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Table 7 Example of robustness of measurement in the fringe field capacitor. A small 

temperature change of 2.5°C and a large temperature change of 29.1°C were used. The 

measurement was from “sample 2” from set 2 of the grease samples. 

Temperature Change 

(°C) 

dC/dT 

27.5-30.0 0.48 

30.0-59.1 0.47 

 

The capacitance-temperature slope is calculated as 

   

𝐶�̇� = 
𝐶1−𝐶2

𝑇1−𝑇2
   

which represents the term “dielectric thermoscopy”.  

In the initial experiment with the PMMA capacitor plate setup, a frequency of 90 

Hz and a temperature of 30 and 60 °C were used. Small deviations from the desired 

temperature did not seem to contribute significantly to error, as the method itself relies 

on the change in capacitance over a temperature change anyways. Due to the significant 

thermal mass and low thermal conductivity of the test cell, a time of approximately 3 

hours was required to ensure a reasonably uniform temperature.  

The experiment order of operation is as follows. 

1. Prepare grease samples 

2. Fill test cell(s) with grease sample 

3. Allow time for stabilization of temperature throughout test cell 

4. Take measurements of temperature, capacitance, dielectric constant and 

resistance. 

5. Change settings on temperature control device and measure at next desired 

temperature and allow for temperature stabilization again.  

6. Measure again.  

The results from each tested sample are given in Figure 78. A trend can be seen 

with an increasing dC/dT with increasing water content.  
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Figure 78 The capacitance-temperature slope given over the known water content of the 

tested samples.  

 Temperature Adjusted Capacitance 
The data  in Figure 79 and 81 and Table 8 and 9 is adjusted by creating a line fit 

between the data points and estimating what the capacitance should be at 30°C. This is 

to make the data comparable due to the strong temperature dependence on the 

measurements and the fact that it was found to be impossible to ensure that every 

measurement was the same temperature. 
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Figure 79 The capacitance scaled to 30°C. Note that the coaxial test cell likely had problems 

with air bubbles in at least the last two measurements, as the capacitance does not increase 

with increasing water content.  

Figure 79 has the temperature-adjusted values of the capacitance in the plot. There 

appears to have been a measurement error in the coaxial test cell, as it can be seen that 

increasing water content does not lead to a higher absolute value for the capacitance. 

Despite this error however, the dielectric thermoscopy measurement as shown in Figure 

78 still clearly shows an increase in the measurement which corresponds to an increase 

in the water content. One possible measurement error could have been air bubbles 

within the coaxial test cell. This would reduce the capacitance of the measurement. 

 

 Air Pocket and Incomplete Coverage Considerations 
The fringe field capacitor was used to show that even with air in place of grease, 

the dielectric thermoscopy method can still be used to provide information about how 

much water is present in the mixture. This sensor was chosen because of the 

comparative ease in providing an incomplete fill. The two other configurations would 

be more challenging to reproducibly apply air pockets inside. 

This experiment scraped a portion of the grease off the surface of the sensor. 

Approximately 25% of the grease was removed. This resulted in a change in capacitance 

as given in Table 8 and 9. Figure 80 and 81 show the difference between the fringe field 
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capacitor fully and partially covered. It can be seen in Figure 81 the absolute value of 

the capacitance measurement is scaled roughly accordingly to the amount of grease on 

the surface. However, the dielectric thermoscopy measurement in Figure 80 is not as 

significantly changed, indicating this could be a reliable measurement that would help 

differentiate between grease loss and small gains in water. Merely measuring the 

dielectric constant would not only lead to problems with temperature as a variable, but 

significant grease loss coupled with a very small addition of water could be 

indistinguishable from a properly operating system. 
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Figure 80 The capacitance-temperature slope is given in this plot to show that the difference 

between fully covered and partially covered is small.  

 
Figure 81 The temperature adjusted absolute value of the capacitance is roughly scaled 

accordingly to the amount of grease on the surface of the sensor in this plot. The 

temperature of this measurement is 30°C. 
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Table 8 Capacitance measurement at 90 Hz scaled to 30°C with the sensor completely 

covered and 75% covered. The percent covered is calculated as follows: 𝑪𝒐𝒗𝒆𝒓𝒆𝒅% =
𝑪𝟕𝟓%−𝑪𝒆𝒎𝒑𝒕𝒚

𝑪𝟏𝟎𝟎%−𝑪𝒆𝒎𝒑𝒕𝒚
∗ 𝟏𝟎𝟎% where C represents capacitance. 

CaS-X  
Samples 

Total 
Water 

100% Covered 
Capacitance (pF) 

75% Covered 
Capacitance (pF) 

Calculated 
% Covered 

 Empty 12.69 --  

New 0.31% 22.36 19.65 72.0% 

New 
(Pumped) 

0.31% 22.51 20.57 80.3% 

1 0.58% 23.20 20.74 76.6% 

2 0.76% 24.07 20.31 67.0% 

3 1.41% 25.62 22.36 74.8% 

4 3.89% 31.85 28.77 81.2% 

5 6.08% 34.39 30.70 83.0% 

Average    76.3% 

     

 

Table 9 Capacitance measurement at 20 Hz adjusted to 30°C with the sensor completely 

covered and 75% covered.  

CaS-X  
Samples 

Total 
Water 

100% Covered 
Capacitance (pF) 

75% Covered 
Capacitance (pF) 

Calculated 
% Covered 

 Empty 10.96 --  

New 0.31% 24.47 20.54 66.6% 

New 
(Pumped) 

0.31% 24.56 20.43 65.6% 

1 0.58% 26.20 22.67 73.9% 

2 0.76% 27.70 22.53 65.6% 

3 1.41% 29.85 27.30 85.1% 

4 3.89% 40.80 34.85 78.8% 

5 6.08% 45.29 39.90 83.5% 

Average    74.8% 
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It can be seen from Table 8 and 9 that the approximate amount of coverage on the 

sensor can be estimated with the given data. Since the 𝐶100% value may not be known, 

a lookup table would likely be required. Based on the capacitance temperature slope, 

the 𝐶100% value could be determined and used in the calculation. The deviations in the 

data are likely caused by human error in the quantity of grease scraped off the surface. 

Since grease has an affinity to stick to surfaces, the grease could have smeared more on 

some samples than others due to slight variations in human error, leading to a higher or 

lower measurement. However, the average of the measurements for both frequencies 

were remarkably close to the goal of 75%.  

 

 Possible Measurement Errors 
A contribution to measurement error which was discovered after the experiments 

is outlined in Figure 82. The process was shown to be non-reversible. After 

approximately 1 hour, the measurement was repeatable during the rapid heating and 

cooling cycles which simulated the measurement. However, during the first hour, the 

measurements followed the trend in Figure 82 while the temperature was being held 

constant. 

 

Figure 82 After first applying grease on the fringe field capacitor, it was discovered that the 

capacitance slowly rises with time. This measurement was taken immediately after 

application and at approximately 60°C.  
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4. Conclusion 
In this paper, water contaminated calcium sulphonate complex grease with a water 

content ranging from approximately 0.3% to 6% in has been investigated with a 

measurement method called dielectric thermoscopy. This measurement quantifies the 

change in dielectric constant over a temperature change. As an initial study, a 

temperature difference of approximately 30°C was used but it was also found that 

smaller temperature changes (2.5°C) also provided similar results. The capacitance 

temperature relationship in the studied range (above 0 and below 60°C) was found to 

be sufficiently linear to be able to rely on it for this measurement.  

The method was shown to be reasonably accurate using three different test cells, 

parallel plate, coaxial and an interdigited fringe field capacitor plate. Since the method 

appears to function in these three significantly different configurations, it shows 

promise to work in other configurations as well.  

Since incomplete coverage/fill in sensors was a consideration, this was also 

investigated, and the measurement was found to not only continue providing useful data 

on water content but would also give an idea on how much grease is remaining on the 

sensor. A fringe field capacitor was used for this experiment and 75% and 100% 

coverage was used. While the goal was to give 75% coverage, the sensor provided a 

calculated 74.8% and 76.3% with 20Hz and 90Hz respectively using the average of all 

the test samples in the experiment.  

Between the water content range of approximately 0.3% and 6% water, the 

dielectric thermoscopy measurement provided a useful correlation to water content with 

the chosen measurement frequencies. The correlation was likely good enough to be able 

to develop a model in the future.  
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Abstract 
Machine maintenance is important for improving machine uptime, reliability, and 

reducing costs. Grease is used in most rolling element bearings, and one common 

failure criterion is water contamination, so developing a sensor which can detect water 

content automatically without human input could be a useful endeavor. The temperature 

dependence on the dielectric properties of water-contaminated grease is investigated in 

this paper with computer logged instrumentation. This method has been termed 

Dielectric Thermoscopy (DT). Several off the shelf (two lithium, one lithium complex, 

and two calcium sulphonate complex) and one unadditivized lithium grease are tested 

with varying amounts of water contamination from 0% to approximately 5%. Another 

grease is tested with small increments of added water from 0% to 0.97% to test the 

resolution of the measurement. The purpose is to use the capacitance temperature slope 

(termed dielectric thermoscopy) to show correlations to the water content of the grease 

sample and investigate if any grease types will pose problems in the measurement. A 

small, custom made fringe field capacitance sensor with an integrated temperature 

sensor has been used for this characterization and data is logged automatically with 

laboratory equipment and a PC. A useable and positive correlation to water content and 

the DT measurement of roughly 0.5 pF per 10°C and percentage of water is found, 

although it was found that some greases have different behavior than others. 
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1. Introduction 
Machine maintenance is important for operating machinery sustainably and as 

cheaply as possible. Grease lubricated bearings are ubiquitous throughout industry and 

everyday life. They exist in everything from roller skate bearings to multi-meter 

diameter wind turbine bearings.  

Large machinery can have maintenance costs that cover 15-60% of the total cost of 

operation [5]. Thus, the performance and cost effectiveness of the machine can be 

improved by appropriate maintenance methods. Since practically all moving machines 

have rolling element bearings, and most rolling element bearings use grease as a 

lubricant, knowing when grease fails is a good start to improving reliability. Methods 

to predict this could include predictive algorithms based on heuristics [9] which use 

operating conditions to approximate the remaining useful life from previously measured 

data, or methods which take direct measurements. The latter requires sensors for 

measuring the component of the machine which failure is desired to be predicted. In the 

case of this paper, it is lubricating grease.  

Some existing technologies include vibration or acoustic emission measurements 

to detect damage or particle contamination [81], however this will only detect failure 

after some damage has already occurred. However, since water is related to decreasing 

lubricant performance but is not guaranteed to cause instant failure [12], [13], detecting 

water and allowing the machine to discontinue operation could prevent costly damage 

to components.   

For a more complete background, a previous thesis discusses reasons why and how 

performing grease lubrication maintenance at intervals determined by condition 

monitoring tools can improve machine reliability, how grease degrades, and how grease 

composition presents a difficult problem for sensor development [82].  

DT is a measurement to estimate the water content of water contaminated 

lubricating grease. It was discovered that the capacitance temperature slope (dC/dT) 

provides a better correlation to water content than a traditional capacitance 

measurement. Essentially, the capacitance is measured over a temperature change and 

the slope is calculated. It was observed that the slope is linear within the temperature 

range used. 

The objective of this paper is to further characterize the use of the DT measurement 

for measuring water content of grease introduced in [67] with automated measurements 

and the next iteration of sensor development. In the previous study, grease sensor 

coverage was already considered and will therefore not be considered in this paper. This 

early research was also a manual experiment, requiring a person to log data and operate 

the measurement equipment manually. It also only considered one type of grease. In 

this new paper, we introduce computer equipment to log the same data as before at 
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consistent time intervals and with a controlled heating system to show trends over time 

and allow for a more complete analysis of sensor performance. This shows that it should 

be possible to use this method in an embedded device to log data in situ in a machine. 

The next iteration of sensor development entails custom made sensor boards, 

miniaturized and optimized according to previous experiments. The temperature change 

also includes a heating and cooling cycle, instead of merely increasing the temperature. 

The cooling cycle is when the sensor passively cools down towards the ambient 

temperature of the room. This enables a better analysis of the measurement in other 

conditions. Additionally, several types of lithium and calcium sulphonate complex 

greases are measured in order to ascertain if some grease chemistries will cause 

problems, which broadens the scope of the technique. Section 2 in this paper reviews 

the concept of Dielectric Thermoscopy and introduces the hardware and measurements 

used in this investigation. Section 3 specifies the different greases used in this 

investigation, the procedure for preparing the grease samples and presents results from 

the experiments performed. The paper ends with a section discussing the scope of this 

paper and some concluding remarks.  

2. Dielectric Thermoscopy 
The configuration of the DT sensor is shown in section 2.1, and the heating system 

for the sensor is described in section 2.2. The data acquisition and analysis are presented 

in section 2.3. Section 2.4 presents the measurement procedure used to verify the 

performance of the sensor in this paper. In this experiment, a custom-made sensor is 

temperature controlled with a heating system to represent the temperature change in an 

application. The capacitance and temperature are logged automatically for calculation 

on a computer.  

 Sensor Design 
The fringe field sensor board used in this experiment is shown in Figure 83. It is a 

custom-made printed circuit board (PCB). The temperature sensor seen in the center of 

the sensor is a PT100 thin-film platinum resistance temperature detector (RTD).  This 

model RTD was chosen for its very small footprint, extremely small thermal mass, non-

electrically conductive case, chemical resistant case, and ease of installation. This was 

epoxied to the surface on the center of the fringe field sensor.   
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Figure 83 The fringe field sensor. The traces are 0.2mm and the separation distance is 1mm. 

The traces are coated with an industry standard ENIG (electroless nickel immersion gold) 

coating to help ensure the surface properties remain constant. The sensor is 20x50mm. The 

PT100 temperature sensor is on the center of the sensor board. 

The theoretical performance of the sensor is given below. A similar derivation is 

given in [67], however the theory has since then been further modified in this paper to 

accommodate estimating the difference due to a thin coating with a different dielectric 

constant in between the traces and on top. This could be useful if it is found that coatings 

of a different hydrophobicity help improve the performance or behavior of the sensor 

with different greases. The coating can be calculated as zero if there is no coating, as is 

the case for this paper.  

The calculation for an approximation for this configuration of an interdigitated 

fringe field capacitor, where the capacitance of one “line” is [72],  

𝑪𝒍𝒊𝒏𝒆 = 𝜺𝟎(𝜺𝒑𝒄𝒃 + 𝜺𝒈𝑨𝒈 + 𝜺𝒄𝑨𝒄)
𝑲(𝒌𝟏)

𝑲(𝒌𝟐)
+ 𝟐𝜺𝟎𝜺𝒄

𝒕

𝒔
   (1) 

where, εo is the electric permittivity of free space (8.85 ∗ 10−12𝐹/𝑚), εpcb, εg, and εc are 

the relative dielectric constants of the PCB material, grease sample on the sensor, and 

coating respectively. A1 and A2 represent the estimated area of the cross section of the 

fringe field above the surface of the sensor traces (the grease and coating, respectively). 

The variable s represents the distance between the traces (edge to edge), and t is the 

thickness of the digits (the copper traces on the PCB). 
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The areas Ag and Ac, can be calculated as, 

𝑨𝒈 =
𝒓𝟐

𝟐
(𝜽 − 𝐬𝐢𝐧(𝜽)), 𝑨𝒄 = 𝝅

𝒓

𝟐

𝟐
− 𝑨𝒈,    (2) 

𝜽 = 𝝅 − 𝟐(𝒕𝒂𝒏−𝟏 (
𝒕𝒄

𝒓
)), 𝒓 = (𝒕 + 𝒔)/𝟐 ,  

where the areas of a thin film coating (solder mask) and grease on the surface are 

assumed to fit within a semicircular profile. The coating thickness is 𝑡𝑐 . The variables 

k1 and k2 can be calculated as,  

𝒌𝟏 = √𝟏 − (
𝒘

𝟐(𝒘+𝒔)
)
𝟐

, 𝒌𝟐 =
𝒘

𝟐(𝒘+𝒔)
 ,    (3) 

where w is the width of the digits, and s again is the distance between the traces (edge 

to edge). The function K in Eq. (1) represents the “complete elliptic integral of the first 

kind” and is calculated with the estimate in the following equation, using the arithmetic-

geometric mean calculated to the 4th order where k1 and k2 are substituted into the 

equation and used respectively 

𝑲(𝒌) = 
𝝅

𝟐

𝒂𝒈𝒎(𝟏,√𝟏−𝒌𝟐)
 .      (4) 

Finally, the total capacitance can be calculated as, 

𝑪𝒕𝒐𝒕𝒂𝒍 = 𝑪𝒍𝒊𝒏𝒆(𝑵 − 𝟏)𝑳 ,      (5) 

where L and N are the length and number of digits, respectively.  
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Figure 84 Typical sensor performance.  

Figure 84 shows a typical change in capacitance as a function of the relative 

dielectric constant, εg of the grease. With no grease on the sensor, the calculations 

provide an estimated capacitance of approximately 8.3 pF with an assumed εpcb of 4 

which is within a few percent of the measured value. For an increase in εg of 1, a 

corresponding increase in capacitance of 1.78 pF can be measured.  

 Heating System 
The heating system used in this investigation uses a programmable variable power 

supply controlled by the same computer logging other data. The power supply is 

connected to a thermoelectric heat pump set up to heat the sensor PCB. A sketch of the 

heating system with the sensor on top is shown in Figure 85. The script used to control 

the instrumentation varies the power provided to the heat pump at a set interval. 
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Figure 85 Heating system. From top to bottom: sensor with grease sample, aluminum heat 

spreader, Peltier element (heat pump), and large fan driven heat sink.  

 Temperature and Capacitance Data Acquisition 
The hardware of the setup will be discussed. The dielectric measurements were 

taken automatically with a commercially available RCL measurement bridge. Data was 

automatically recorded to the PC from the RCL bridge using a script. There was no 

internal averaging set in the instrument to reduce the measurement time and due to there 

being sufficiently low noise. The connections between the different components of the 

measurement system are shown in Figure 86. 
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Figure 86 Connection diagram for instrumentation. 

 

Calibration of the unit was carried out using the measurement cables with 

connectors that allowed for an open and closed-circuit calibration with a clean sensor 

connected. This zero-calibration was performed with no grease on the sensor so that the 

instrument was only displaying the increase in capacitance of the grease samples placed 

on the sensor surface. The capacitance was recorded from the instrument for this 

investigation at 90, 900, 9000, and 150,000 Hz. For the purposes of attempting to 

acquire a correlation with water content, only the capacitance at 90Hz is used. This 

frequency was used because it was shown in previous research to have less noise than 

lower frequencies, provide a useful correlation with water content, and not be a multiple 

of 50 or 60 Hz line frequencies which could likely cause problems with electrical noise 

[67]. The other frequencies are used only to show the frequency dependence to better 

understand the behavior of the sensor. 

The temperature was logged using a commercially available microcontroller board 

with a temperature sensor reader.  

 The Measurement Procedure and Data Analysis 
There are several steps for preparing a single measurement with one grease sample. 

After the grease sample is prepared (see section 3.1), it is applied onto the surface of the 

sensor. Assuming the starting temperature of the sensor plate is approximately room 

temperature, the computer scripts can be started to control temperature and log data.  
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In this paper, a single grease sample measurement series consists of 12 temperature-

capacitance cycles acquired over a time frame of 22 hours using a predefined interval 

to understand the temperature dependence on the capacitance of the grease samples on 

the sensor and how it changes over time. Immediately upon grease sample application, 

the 22-hour process is started.  

The measured capacitance, C, as displayed in Figure 84, depends on the dielectric 

constant, εg, of the grease according to Eq. (1) and may be modeled as a function of 

temperature, frequency, water content, sensor coverage, and grease composition. Thus, 

the measured capacitance can be modeled as,  

𝑪 = 𝑪(𝑻, 𝒕, 𝑤, 𝒇, 𝑨, 𝒈),      (6) 

where T, w, f, A, and g represent temperature, time, water content, frequency, area of 

sensor coverage, and grease type/composition. The exact form of this function is 

unknown and varies between types of grease. 

The Dielectric Thermoscopy method uses the temperature dependence of the 

capacitance. Thus, it measures how much the capacitance changes for a given 

temperature change. There are several underlying assumptions of this method: 

• The temperature dependence on the capacitance increases significantly 

with increasing water content.  

• The capacitance-temperature slope is linear between reasonable operating 

temperatures and is immune to absolute temperature.  

• Grease coverage on the sensor is repeatable.  

• The same trends occur in various types of grease.  

With a clean sensor, the capacitance meter has a zero-calibration performed before 

the grease sample is added so that the meter is only displaying the additional capacitance 

due to the grease sample, instead of the capacitance of the empty sensor. 

To acquire a single temperature-capacitance cycle, the sensor (and grease) is heated 

and cooled in one 15-minute cycle temperature sweep from approximately room 

temperature to around 45°C using the computer controlled programmable power supply 

and a thermoelectric heat pump. The time is divided evenly for heating and cooling. 

This 15-minute cycle is pre-programmed with the scripts running on the PC. The precise 

time appears to be irrelevant, however 15 minutes was chosen because it was estimated 

to be the realistically shortest time for a machine to heat and cool. The script records N 

capacitance and temperature measurements during the cycle (in the case of the script 

used, N=38), though the exact number is irrelevant if there is sufficiently low noise to 

acquire the capacitance temperature slope.  
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The linear regression from this data is used to represent the capacitance temperature 

slope of that sample. Figure 87 shows a result from a Lithium grease containing 2% 

water for four different frequencies. Figure 87(a) plots the capacitance reading as a 

function of temperature in the first cycle. Figure 87(b) plots the corresponding 

capacitance for the last cycle. The dashed lines represent the fit according to Eq. (7) and 

the slope of the line fit represents the capacitance temperature slope: dC/dT (Farads/°C). 

Hysteresis is initially present but is practically absent after time has passed, or several 

subsequent measurements are made. Based on observation, the hysteresis appears to be 

based on the total time on the sensor, instead of the temperature cycle. The slope and 

capacitance have also changed significantly over time, yet normally arrives to a 

repeatable state after the measurement series is over. It can additionally be observed 

that lower frequencies change more with temperature, which is primarily why 90 Hz is 

used instead of a higher frequency. 

The N measurements in a cycle are fit to the linear model of 

 𝒄 = 𝑿𝒃 + 𝒆        (7) 

where 𝐛 = [𝑏0𝑏1]
𝑡 is the parameter vector, X is a Nx2 system matrix, c is a Nx1 vector 

of the measured capacitance values, and e is the Nx1 measurement uncertainty vector. 

The parameter vector b can be solved using the sum of square differences equations.  

The variance, V, of the measurement can be quantified as 

𝑽 = 𝝈𝟐 =
𝟏

(𝑵−𝟏)
∑ 𝐞𝟐𝑵
𝒊=𝟏 (𝒊),     (8) 

where e = c-Xb and 𝜎 is the standard deviation of the fit. The main result of this 

calculation is 𝑏1 = 𝑑𝐶/𝑑𝑇, which provides the sensitivity of the capacitance measure 

to a change in temperature for the given variables, T, t, w, f, A, g. The covariance Vb of 

b is calculated from the model as 𝑽𝒃 = 𝑯−1𝑉,where𝑯 = 𝑿𝑡𝑿 and V is the 

measurement variance given in Eq. (8). Hence, the standard error, 𝜎𝑏, of 𝑏1 becomes 

𝝈𝒃 = √𝑽𝒃(𝟐, 𝟐).       (9) 

This represents the error due to noise in the measured data, given the linear model 

in Eq. (7).  
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In the case of this experiment, 12 such temperature-capacitance cycles are acquired 

that gives 12 estimates of dC/dT and 𝜎𝑏, respectively, with a set duration of 22 hours 

between the first and last measurements. The evolution of 𝜎𝑏 for the 90 Hz frequency 

is shown in Figure 88 for a representative grease sample. As can be seen in the plot, the 

total error present in the linear models approaches a constant value of roughly 0.01 

pF/°C, or equivalently 5% of the dC/dT.  
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Figure 87 (a) top, first measurement, (b) bottom, last measurement. The dashed lines 

represent linear least squares regression line fits. 
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Figure 88 Evolution of total error (gray triangles) and relative error (black circles) over an 

extended measurement period. 

Additional errors for the estimate of dC/dT come from uncertainties in estimating the 

water content of the grease mixing process, 𝜎𝑚 (as found in previous measurements 

from [82]) and errors from the  measurement repeatability, 𝜎𝑟. For the purposes of this 

experiment, the intended water content is assumed to have a 5% error. Thus, 𝜎𝑚 =
𝑑𝐶

𝑑𝑇
× 0.05 for the given linear regression. A typical value is in the order of 0.01 pF/°C, 

that is in the same range as 𝜎𝑏. The value 𝜎𝑟 represents the repeatability of the 

measurement. Using the same grease sample of a 1% water contaminated sample of 

CaS-X “A”, five measurements were made giving a standard deviation of 0.0034 pF/°C 

and is assumed to be representative of a reasonable repeatability error for all other 

grease samples. As a conservative estimate, 𝜎𝑟 is set to 0.0034 pF/°C for the remainder 

of this paper. Finally, the total error 𝜎 = √𝜎𝑏
2 + 𝜎𝑚

2 + 𝜎𝑟
2, assuming the three error 

sources to be uncorrelated and Gaussian distributed. In the remaining sections of the 

paper, the error bars are displayed as ±𝜎unless otherwise noted.  

The estimates of dC/dT over a complete measurement series for a representative 

measurement of a lithium grease with approximately 2% added water and for the 

different frequencies is summarized in Figure 89 together with the error estimates. 

There is a certain settling time for all frequencies, where all frequencies display an 

asymptotic behavior. It is further seen that the sensitivity for a change in temperature is 

significantly larger for the low frequencies as compared to the higher frequencies and 

that the random errors decrease with time. In the remaining part of this paper, a 
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measurement for a certain grease type with a certain water content is therefore measured 

at 90 Hz and is taken as the average of the last four measurement points in the 

measurement series of 12 measurements. 

 

 

Figure 89 Example of Lithium grease “A” with 2% added water. The lower frequencies 

have a much larger dependence on temperature.  
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3. Experiments 
Section 3.1 outlines the grease types used and how the samples were prepared for 

the experiments in this paper. The results from this investigation are summarized in 

section 3.2. 

 Water contaminated grease sample preparation 
The greases examined in this investigation are shown in Table 10. Two common 

and reputable brands of calcium sulphonate complex (CaS-X), and three plain lithium 

(Li) greases were used to verify how the sensor functions when two manufacturers 

produce the same type of grease. Additionally, one type of lithium complex (Li-X) 

grease was used. All new greases were measured with a Karl-Fischer titration 

instrument to quantify their initial water content. This is necessary because it cannot be 

assumed that all new greases contain essentially no water. Additionally, a set of 7 

samples of the CaS-X Brand “A” were made with small quantities of added water up to 

0.97% to characterize the sensor and how well it can measure small changes in water 

content. 

 

Table 10 The greases used in this experiment. *This grease is unadditivized.  

Grease Thickener Base Oil 

CaS-X-A Calcium Sulphonate 
Complex (Brand “A”) 

PAO + Mineral 

CaS-X-B Calcium Sulphonate 
Complex (Brand “B”) 

Unknown 

Li-A 
Lithium (Brand “A”) Mineral 

Li-B 
Lithium (Brand “B”) Mineral 

Li-C 
Lithium (Brand “C”) Mineral 

Li-X 
Lithium Complex Mineral 

Plain-Li* 
Lithium PAO 

 

 

The grease mixing setup is comprised of two syringes connected end to end with a 

short length of vinyl tubing such that they are sealed and airtight. The mixing method 

has been previously described in [83]. Other mixing methods are probably suitable, 

assuming the mixture is sufficiently homogenized. 
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Table 11 contains the water content in the samples used in the experiment. The 

range in quantity of water was chosen because several drops of added water ended up 

increasing the water content of the 30-gram sample of grease by approximately 0.3%. 

This was thought to be a rational starting point, as many bearings can contain that order 

of magnitude of grease and several drops of water subjectively seemed like a reasonable 

quantity to be able to distinguish, since this amount could easily be caused by either 

water ingress or condensation from heating and cooling cycles. The amount was 

increased arbitrarily until it was apparent that the saturation point of the grease was 

surpassed, and the visible appearance changed. Also, anything higher than the ~5% 

water content of the most contaminated samples would likely not be useful information, 

as it is already a very significant level of contamination and bearing damage could 

follow shortly. 

Table 12 specifies the water content of the samples used to characterize the 

capabilities of resolving small changes in water content. A large sample of CaS-X-A 

was made (with approximately 0.97%) and was fractioned appropriately with new 

grease to arrive at the water content in the table. The same mixing method was used, 

albeit with small 10ml syringes, sized for the small samples used. Fractioning the 0.97% 

added water sample with new grease was required because the amount of water was so 

small it would have been impractical to be consistent due to human and measurement 

errors.  
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Table 11 Water content of grease samples. Values are given in weight percent. Added water 

content is assumed to be ± 2.5% of the value given. 

Grease Sample Added Water  Total Water  

CaS-X-A New -- 0.31% 

1 0.14% 0.44% 
2 0.49% 0.80% 
3 0.47% 0.78% 
4 0.78% 1.09% 
5 1.54% 1.85% 
6 2.83% 3.14% 

7 5.10% 5.41% 

CaS-X-B New -- 0.19% 

1 1.03% 1.22% 
2 2.50% 2.69% 
3 5.56% 5.75% 

Lithium-A New -- 0.060% 

1 1.96% 2.02% 

2 3.10% 3.16% 

3 4.68% 4.68% 

Lithium-B New -- 0.055% 

1 1.20% 1.25% 

2 2.51% 2.56% 

3 5.44% 5.49% 

Lithium-C New -- 0.05% 

1 5.28% 5.33% 

Li-X New -- 0.040% 

1 2.83% 2.87% 

2 5.0% 5.04% 

Plain Li -- 0.01% 

1 1.27% 1.28% 
2 2.51% 2.52% 
3 4.85% 4.86% 
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Table 12 Water content for low water content experiment with CaS-X (Brand “A”) samples. 

Note that the total water content is higher due to the comparatively high-water content of 

the new grease. Added water content is assumed to be ± 2.5% of the value given. 

CaS-X “A” Added Water Total Water 

0 0% 0.31% 

1 0.10% 0.41% 

2 0.24% 0.54% 

3 0.38% 0.69% 

4 0.54% 0.85% 

5 0.66% 0.97% 

6 0.81% 1.12% 
7 0.97% 1.28% 

 

 Results 
Each of the 29 samples in Table 11 and the eight samples in Table 12 were 

measured during the 22 hour sequence specified in section 2.4. The data from the low 

water content measurement of the CaS-X Brand “A” Table 12 are compiled in Figure 

90. The results show a linear increase in the DT measurement with a slope ranging from 

0.13 pF/°C to 0.19 pF/°C for an increase in water content from 0.31% (new) to 1.27% 

with sufficient resolution and low enough noise in the capacitance and temperature 

measurements to be able to determine small differences in water content. 

The rate of increase in the DT measurement for CaS-X “A” corresponds to an 

estimated 0.54 pF/(10°C-%w). This value represents a 0.54 pF increase in capacitance 

for a change of 10°C and increase of 1% water in this experiment.  
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Figure 90 Data compiled from all eight CaS-X Brand “A” low water content samples. 
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Figure 91 The dC/dT dependence as function of water content for all tested greases from 

this investigation. 

Figure 91 presents the data for all the tested greases as a function of water content. 

Note that it is theoretically possible for the slope to be slightly negative with a very dry 

material of low dielectric constant. This is likely due to the comparatively low dielectric 

constant and nonpolar properties of the greases. As the grease heats up, the thermal 

expansion is more than the change in dielectric constant. The slope measures α = 

d2C/dTdw, where C, T, and w represent the capacitance, temperature, and water content 

(in weight percent), respectively are summarized in Table 13.  

Of the tested greases, two have a slightly different behavior than the others though 

all show a clear increase in the measurement with increasing water. This lithium “A” 

was subjectively more challenging to mix with water and was observed to be more 

hydrophobic. This difference from the other greases could indicate that water is rejected 

from the water-grease mixture to the surface of the sensor causing a disproportionate 

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.0% 1.0% 2.0% 3.0% 4.0% 5.0% 6.0%

d
C

/d
T

 (
p

F
/ °

C
)

Percent Total Water

Plain Lithium Lithium "A" Lithium "B" Lithium "C"

Li-X CaS-X "A" CaS-X "B"



 

173 | P a g e  

amount of water to be measured. The relationship between the DT measurement and 

water content have a trend that essentially approaches the origin of the plots for all the 

tested lithium-based greases.  

Table 13. The slopes of the lines in Figure 91. 

Grease α [pF/10°C-w%] 

Lithium “A” 0.631 ± 0.032 
CaS-X “A” 0.537 ± 0.025 

Li-X 0.482 ± 0.025 
Lithium “B” 0.472 ± 0.028 
Lithium “C” 0.359 ± 0.028 

Plain Lithium 0.375 ± 0.025 
CaS-X “B” 0.173 ± 0.021 

 

Also, in Figure 91, it can be observed that the two CaS-X greases have a different 

behavior than the lithium greases. The CaS-X greases do not approach the origin of the 

plots but have an offset above the x-axis. CaS-X “A” and “B” have an offset of 

approximately 0.12 and 0.06 pF/°C, respectively which is more than any of the other 

greases.  

It is unclear why the two CaS-X greases in this plot have a similar DT relationship 

with water content with a different offset in the y-axis. This could be due to yet unknown 

grease components whose dielectric properties have a similar relationship to water 

content. It should be noted that the CaS-X “A” and “B” greases have been measured 

with a Karl-Fischer titration instrument and shown to contain 0.31 and 0.19% water, 

respectively, even when new. This is already considered in the plots. More research will 

have to be done to understand why these differences are observed. It should be noted 

however, that regardless of the type of grease used, an increase is always observed, and 

the benefits of the DT method still otherwise apply. 

4. Discussion and Conclusion 
In this paper, a method called Dielectric Thermoscopy was investigated with 

multiple greases with a homogenized water content ranging from 0 to approximately 

5% and one grease between 0% and 0.97% in multiple steps. The automated 

measurement was shown to be consistent and accurate using the interdigited fringe field 

capacitor plate. Since the method previously functioned using larger test cell/sensor 

configurations [67], the latest measurements in this study only shows additional promise 

to work in an application. The automated measurement aspect of this paper appears to 

be a success and shows further promise with future development. 
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The custom-made sensor used in this experiment is shown in Figure 83. The size 

was chosen based on the calculations in section 2.1 to be the smallest possible while 

still having a measurable capacitance with sufficiently low noise using the measurement 

equipment available. There was an evolution with the sensors where certain design 

characteristics were found to not work. If the separation distance was too small, it 

appeared that small droplets within the grease would “short” the sensor. Polymer 

coatings and metal oxide films were also tested but they either introduced significant 

dielectric properties to the sensor or ostensibly caused incompatibilities with some 

greases due to the difference in hydrophobicity between the greases and coatings. Future 

research will have to be done to understand if coatings will help the sensor. 

Twelve measurements of a complete heating and cooling cycle are taken over the 

period of 22 hours for each prepared grease sample. Averaging the last four 

measurements appeared to give the most reliable set of data. The exact time of each 

measurement and between each measurement does not appear to influence the quality 

of the data, though since everything is logged automatically on the PC, the intervals are 

set to make each set of measurements as reproducible as possible and reduce the 

influence of human error. An example of this data is shown in Figure 89. It is observed 

that the measurements at lower frequencies are far more sensitive to a change in water 

content as compared to the higher frequencies. The reason for this can be coupled with 

the dielectric properties of water. While the real component of the dielectric constant 

(𝜀′) of water can be approximated to 78 for most frequencies above 1 MHz [84], the low 

frequency properties are far different. As the frequency is reduced below the range of 

kHz, the dielectric constant increases dramatically due to the formation of dipoles [74] 

and the ability of the protons to migrate distances larger than the normal dimensions of 

water molecules thus increasing conductance [84]. Fundamental research on the 

physical chemistry of water has shown interesting results [76]. Even for filtered water, 

it was revealed that 𝜀′ can be as high as 2x106 at 100 Hz, but drops to around only 400 

at 4 kHz and 28°C. It is primarily due to the electrode polarization from the 

aforementioned proton migration causing electrode polarization with an electric field of 

greater than 100 V/m [85]. In the case of this sensor with a measurement voltage of 

1.5V and a separation distance of 1mm in the fringe field sensor, the electric field is 

1500 V/m. Low frequencies have an advantage of having an 𝜀′ value of orders of 

magnitude higher than the typical higher frequencies used in dielectric measurements 

in addition to the temperature dependence used in this dielectric thermoscopy method. 

A brief background was further described in a previous paper [67].   

As a further observation in Figure 89, there is a certain amount of “settling” in the 

measurement of the sensor, where it increases and stabilizes to a relatively stable value 

after around 8 hours. As displayed in Figure 87, it was often observed that the first few 

measurements after grease application have a significant amount of hysteresis in the 

capacitance measurement as the sensor and grease cools back down. The grease appears 

to “settle” on the surface and change the measurement over time, due to unknown 
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reasons. The hysteresis essentially disappears once the measurement stabilizes if no 

other problems are present. One known problem is if a water droplet is “shorting” the 

traces on the surface of the sensor, which increases the conductance of the sensor and 

greatly exaggerates the water content. For the purposes of a sensor meant to detect 

damaging water in a machine, this is not likely an issue since droplets of water are 

significantly worse for the machine than if it were homogenously mixed within the 

lubricant. The greases which were observed to be significantly more hydrophobic (i.e. 

more difficult to mix properly) caused more problems in the measurement and would 

take longer to “settle” on the sensor or would never reach a steady state value. This was 

attributed to large droplets forming a disproportionate amount on the surface of the 

sensor. Since this is a surface problem, other capacitive sensor embodiments with larger 

distances between the sensing elements could remedy this problem. 

Each grease appears to have a different settling behavior, with no obvious 

correlation to the type of grease or amount of water contamination (though all new 

greases have essentially no settling time). Most well-prepared samples will settle to a 

constant value after 2-8 hours. A worthy note is that subjectively, the limitation of this 

experiment was in sample preparation, instead of the measurement itself. There are 

many components to the grease mixture, and manufacturers are secretive about what 

they contain. Observationally, even though there is no clear correlation, the quantity of 

water contamination has a role. It was experimentally observed that new greases settle 

within a short time, often within the first several measurements. Some greases with 5% 

added water may require a significant time to approach a steady value. This could be 

due to the water not being stationary in the mixture, or water droplets forming on the 

surface of the sensor due to differences in the hydrophobicity of the grease and surface 

of the sensor. One possible explanation to this settling observation is that the AC electric 

field used in the sensor, though only 1.5V RMS, is high enough at 1500 V/m to coalesce 

water droplets if the water and grease have a surface tension properties which encourage 

such behavior [86] causing the measurement to change over time. Presumably, the 

polarity of the grease constituents could play a role as well as that changes the ability 

of any mixture to hold onto water.  

It was desired to test multiple greases to characterize the measurement method and 

verify what problems could occur once the grease type is included as a variable. It was 

shown that all tested greases respond with a linear increase in the DT measurement with 

an increase of water content, however some greases increase at a different rate. The 

results show that the lithium greases all perform in a similar fashion, with one moderate 

outlier. They all start at very close to dC/dT=0 for a water content of 0% and then 

increase in proportion to the water content. The outlier (Lithium “A”) was subjectively 

harder to mix with water, which might cause water to be rejected to the surface of the 

sensor, causing a disproportionately large amount of water to form where the sensor is 

most sensitive. The non-lithium greases, calcium sulphonate complex, have a different 

behavior with a slight positive offset with the second grease having a much lower 
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increase to the DT measurement for the same increase in water content. Part of the 

reason is that they have up to 0.3% water when new, while the lithium greases tested do 

not. The increase in the DT measurement with increasing water is also following a 

different slope. The reasons for this are not known. The CaS-X greases were 

subjectively far easier to mix with large quantities of water, as was observed in literature 

[13]. In connection to the very hydrophobic lithium grease, a possible explanation is 

that this CaS-X grease might absorb water so well that the sensor surface has a 

comparatively lower amount of water to be measured. Otherwise, differences in 

chemistry might influence this measurement.  

Between the water content range of 0% and approximately 5% water, the dielectric 

thermoscopy measurement provided a useful correlation to water content with the 

chosen frequencies in the measurement. The average sensor response of all tested 

greases is 0.44 pF for a temperature change of 10°C and an increase in water content of 

1%. The standard deviation is 0.15 pF. With the CaS-X “B” grease removed, the average 

sensor response becomes 0.48 pF for a temperature of 10°C and an increase in water 

content of 1%, with a standard deviation of 0.10 pF. The correlation is likely good 

enough to be able to develop a model in the future, although different greases behaved 

in a different way, likely requiring calibration data for different applications. 
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Corrosion Sensor for Water Contaminated 

Grease 

 

Nicholas Dittes, Mikael Sjödahl, Anders Pettersson, Defeng Lang 

Abstract 
A simple and inexpensive corrosion sensor has been manufactured to study the 

corrosion rate of new and water contaminated grease using a galvanic cell. This paper 

shows the methodology in using this concept for any application which may require 

quantifying the corrosivity of a liquid or semisolid which could be applied to the surface 

of the sensor. Water contamination is a problem in many grease lubricated machine 

components, so a sensor concept was developed and a correlation between water 

content and the corrosion rate is shown. This method could be used to precisely study 

the corrosion rate of aged or contaminated lubricants and could potentially be used as 

a cheap and simple way to estimate water contamination of grease. 

 

Keywords: lubricating grease; corrosion; water contamination; condition monitoring; 

sensors. 

 

1. Introduction  
Because grease is a common form of lubrication in machines and typically requires 

maintenance, knowing when to perform maintenance before the lubricant fails can be 

very important for machine health while potentially reducing costs. All lubricants 

eventually fail and degrade, causing problems for both the environment and machines. 

Generally, the time for relubrication of a grease-lubricated bearing can be estimated if 

the lubrication conditions are known. In many applications, these conditions are not 

known and continuous in situ monitoring of the lubricant condition is better for 

determining when relubrication is required.  

A sensor has been developed to attempt to provide information on the corrosivity 

of lubricating grease and the water content. The sensor consists of a galvanic cell with 

electroless nickel immersion gold (ENIG) and zinc electrodes where the current 

between two dissimilar metals is measured. This paper looks at the corrosion rate of 
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water contaminated calcium sulphonate complex (CaS-X) grease. This falls into the 

field of condition monitoring. To the authors’ knowledge, there is no published research 

on precise measurements of the corrosion rates or corrosivity of lubricating grease with 

homogenously mixed samples with small amounts of added water (~0.3 to ~5%).  

Corrosion in machines and infrastructure is most often attributed to an 

electrochemical attack on a metal, typically due to an aqueous solution creating an 

electrochemical cell between the metal and the metal oxide which is normally present 

or another dissimilar metal [87], [88]. The performance of a lubricant is also 

significantly affected by the presence of water [11]. Pure water in itself is not typically 

corrosive to many engineering metals, but is virtually never pure and will quickly cause 

damage to most metals in the presence of oxygen, chlorides, and many common 

contaminants like acids and bases [89]. Water can be dissolved in the lubricant in small 

quantities without a visible difference [83] and with little difference in short term 

performance [13]. We can, however, show that there is a difference in corrosion with 

these low levels of water contamination even if the difference is invisible to the human 

eye. This is one reason why a visual inspection of a grease lubricated component is not 

enough to tell if the grease is going to continue protecting the machine.  

At the time of writing of this paper, only one grease condition monitoring tool exists 

[26] and it only gives a rough estimation of the water content through an optical 

measurement instead of a direct measurement of the corrosivity of the grease. The 

corrosivity of a lubricant increases as the lubricant ages and oxidizes and as water 

content increases [90]. Because of the cost and limited availability of such a tool, 

additional sensors could provide useful information about the remaining useful life of 

the grease.  

Corrosion is estimated to cost American society $276 billion due to direct and 

indirect costs [1]. Surprisingly, not many corrosion sensors exist in today’s field of 

condition monitoring. Corrosion sensors have been employed in a number of niche 

applications, such as in monitoring corrosion of steel reinforcements in concrete 

structures due to chloride ions [91]. In that overview of existing technology, it was noted 

that sensitivity, reproducibility, and measurement promptness are disadvantages of in 

situ corrosion sensors. It was also noted that galvanic sensors are typically limited to 

laboratory conditions, likely due to the aforementioned reproducibility challenges. This 

is likely due to the passivation of the cathode in the galvanic cell which reduces the 

initial sensitivity. A galvanic sensor, also measuring the corrosion rate of reinforcing 

steel, uses two differing metals to provide the galvanic cell [92]. Although very different 

in application, the study shows potential measurement challenges and the measurement 

principle is the same. Another niche application was found to be for measuring 

atmospheric corrosivity [93]. In this application, measuring the resistance of an exposed 
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metallic trace over time gave a correlation to the rate of corrosion due to the presence 

of indoor air pollutants. Like other corrosion sensors, this sensing element type is 

consumable and cannot be reused. There is a patent for a corrosion sensor for lubrication 

oils, but it functions in a similar way as the previously mentioned atmospheric 

corrosivity sensor where the resistance of a metallic strip changes as it corrodes [94]. 

There are no known galvanic sensors for lubricants.  

The theoretical background of galvanic current between dissimilar metals will be 

discussed in section 2. The experimental work will be described in section 3, and the 

results and discussion are in section 4.  

2. Sensor Design and Theory 
The sensor is shown in Figure 92. The trace width and separation are both 0.2mm. 

The active area of the sensor is approximately 15 by 40mm with about 1.6 cm2 each of 

zinc and ENIG (electroless nickel immersion gold). Zinc, being significantly more 

electronegative than gold is thus the cathode with gold being the anode. The metal which 

is lower in the galvanic series in the applied conditions will always tend to oxidize first, 

given that there is an electrolyte or conducting path between them. Gold is slightly 

electropositive, which makes it a good metal for the anode. The galvanic sensor concept 

requires corrosion to occur for a current to be measured due to two different metals 

being present. For this experiment, zinc was used simply due to its ease of electroplating 

and lack of sputter deposition instruments, but it is important to note that it might not 

be suitable for every application. The trace width and separation are kept to the smallest 

values possible with the available manufacturing methods to maximize the surface 

interaction between the traces and the grease. As shown in the center of Figure 1, the 

sensor has room for a temperature sensor. However, the temperature sensor is not 

installed on this board because it is not needed for this experiment which was kept at 

room temperature throughout all tests. The size of the sensor board was chosen to be as 

small as possible while still providing a measurable current.  
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Figure 92 Sensor diagram. The ENIG and zinc coatings are represented by gold and white 

traces. The center area is for a temperature sensor which is not used in the experiment.  

The voltage potential of a galvanic cell is unimportant in this experiment because 

current is the value which is proportional to the corrosion rate. Because current is being 

measured, the voltage across the electrodes is effectively zero, due to the electrodes 

being shorted with the current measurement device. An open circuit would presumably 

reduce the corrosion rate, due to the primary electron conducting path being broken. It 

is widely understood in literature that the corrosion rate is directly proportional to the 

galvanic current in a galvanic cell [95]. The proportionality constant for zinc is given in 

literature as 3.9x10-4 g/C, where the measured current can provide a precise estimation 

on how much zinc has oxidized [95]. The weight of the corroded zinc can be calculated 

as, 

𝑤 = 3.9 × 10−4 ∙ 𝐼 ∙ 𝑡  (1) 

and the specific corrosion rate per year and per square centimeter can be calculated as 

𝑤𝑎𝑟𝑒𝑎∙𝑦𝑒𝑎𝑟 = 3.9 × 10−4 ∙ 𝐼 ∙ 𝑡𝑦𝑒𝑎𝑟/𝐴 (2) 

where w is the weight of corroded zinc in grams, I is the average current in amps over 

the measurement interval, t is the time of the measurement in seconds, tyear is the number 

of seconds in one year, and A is the area of the cathode metal. As can be seen from the 

equation, the relationship between corroded metal and current is linear. Given the area 

of the sensor cathode metal (in the case of this sensor, 1.6cm2), the corrosion rate can 

be estimated as µg/(cm2year). These units were chosen because it gives easy to 

understand values. This corrosion rate is expected to be correlated with the water 

content of the lubricating grease. 
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3. Experiments 
The grease used in this investigation was a calcium sulphonate complex grease with 

poly-alpha-olefin (PAO) and mineral base oil. This grease will be referred to as CaS-X. 

Because this grease uses water in the manufacturing process, it contains a considerable 

amount of water even when new, approximately 0.3%. The water content was verified 

using a standard Karl-Fischer titration instrument.  

 Water contaminated grease sample preparation 
The grease samples were prepared in the same fashion as described in a previous 

paper [68] and the same grease samples used in the experiments in [83]. 

For reference, Figure 93 is a photo of the physical appearance of this type of grease 

with a similar range of water contamination used in this investigation. The grease is 

applied to cover the entire surface of the sensor, approximately 5mm thick.  

 

Figure 93 Example photo of CaS-X grease samples showing the different physical 

appearance of heavily water contaminated grease and grease with less water content. Notice 

that up to the 1.71% water contamination example, the grease appears essentially the same 

as new grease. 

 Galvanic Current Experimental Setup 
A high-precision ammeter was used to log data directly to a USB drive. The data 

was later imported into a spreadsheet for analysis. The instrument has a resolution of 10 

fA (femto-amperes) in the 1nA scale. The grease used required using the 10 or 100 nA 

scales due to the higher current of the water contaminated samples albeit with 

correspondingly lower resolution measurements. This meter was used because of the 

exceptional resolution and current measurement range and the consideration a typical 

multimeter does not provide enough resolution to provide quality data. Figures 92, 94, 

and 95 show the sensor with the zinc plating on one electrode set and coated with new 

grease ready for measurements.  
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Figure 94 This sensor was originally developed for other purposes but was modified using 

a zinc electroplating bath to plate one electrode set with zinc. This allows for a galvanic cell 

between the electroless nickel immersion gold (ENIG) coating and zinc. This coating is an 

industry standard for circuit board manufacturing.  

 

Figure 95 The galvanic current sensor with grease applied to the surface. 

Six grease samples were prepared for this investigation, containing a total water 

content of 0.30%, 0.62%, 0.80%, 1.51%, 2.83%, 2.83%, and 5.26%. This is given in 

weight percent. The grease as new contains approximately 0.30% water. The current 

between the two electrodes was logged for approximately 18 hours for each grease 

sample with a freshly prepared zinc electrode. A parametric model was developed to 

create curve fits to the measured current data. These parametric models are time 
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integrated to quantify the electrical charge dissipated within the sensor to provide an 

estimate of the oxidation rate of the zinc electrode. This calculated charge is later used 

in calculations to provide the mass of zinc oxidizing during that time and what might 

be expected if left for a longer period.  

Between measurements, the corrosion sensor required cleaning and replating with 

zinc to provide reproducible results. This is necessary because each subsequent 

application of grease would create a passivation layer from the resulting oxidation of 

zinc and possibly due to any antioxidant additives which may be present in the grease. 

Passivation over time could also potentially affect the sensitivity of the sensor for small 

changes in corrosivity. Creating a new layer of zinc for each measurement allows for 

an essentially identical surface to be used each time. Distilled acetic acid (12%) was 

used to dissolve any passivated layers of zinc on the surface. The zinc electroplating 

bath was made by dissolving approximately 10 grams of zinc into solution with 50% 

sulfuric acid. The acid was neutralized with a base (sodium hydroxide) to provide for a 

pH of around four. Approximately 2% hydrochloric acid was added as a brightening 

agent to improve surface finish. A constant current lab power supply was used at 50 mA 

for approximately 1 minute to provide a coating of fresh zinc on the surface of the 

electrode. The precise thickness of the zinc coating should be irrelevant, assuming the 

desired surface to be coated is entirely coated, yet not so thick to change the surface 

roughness or surface area. It was experimentally found that the procedures used were 

acceptable for making reproducible results.  

4. Results and Discussion 
The relationship between water content and the corrosion measurement performed 

is given here. The galvanic current measurements are shown in Figure 96. An analysis 

of this data is also given. 
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Figure 96 The galvanic current over time. Note that the legend shows the added water, not 

the total water content.  

Some metals like aluminum and zinc create a passive surface layer due to the oxide 

being impermeable to oxygen under pH conditions more typically found in nature [42]–

[44]. Zinc’s surface passivation properties may be an explanation as to why there is a 

quick initial reduction in current shown in Figure 96. Iron oxide for example is 

permeable and thus allows continued oxidation, up to a high pH [42] and might not 

show this behavior as strongly. This is likely a factor to consider for a future sensor, as 

the passivation layer will change the performance over time. There are many additional 

factors in the corrosion rate, such as temperature, oxygen availability, flow rate, and 

concentration gradients (for components submerged in fluid) [42]–[44]. Some 

conditions (e.g. elevated temperature) can even reverse the protection offered by 

sacrificial coatings, such as zinc [43]. In some applications, this could be a limiting 

factor. However, this experiment was performed in a laboratory environment at room 

temperature and temperature was assumed to be essentially constant. 
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A parametric model that consists of two exponentials decaying at different rates 

and a constant that represents the final current in Eq. (3) is used to describe the behavior 

of the galvanic current over time (where the values of t are in hours). The first 

exponential, with parameters a and b, is expected to model the transient behavior where 

an oxide layer is formed while the second exponential, with parameters c and d, 

expresses the steady state decay once an oxide layer is formed. Varying a, b, c, d, and f 

yields a fit to the data and the values are shown in Table 14. The model is not expected 

to maintain accuracy far beyond the end of the experimental results since it is unknown 

what will happen after a long period of time. However, for the measurement duration 

used in this experiment, the model appears to work.  

𝐼(𝑡) = 𝑎 ∙ 𝑒−𝑏𝑡 + 𝑐 ∙ 𝑒−𝑑𝑡 + 𝑓     (3) 

where f = Ifinal and Iinitial = a + c + f. 

Table 14 Values used in the parametric model for Eq. (3). 

 a b c d f 

New 1.54 8.5 0.7 0.15 0.65 

Sample 1 3.78 7.5 1.0 0.08 0.70 

Sample 2 2.56 13 0.1 0.60 2.20 

Sample 3 2.40 8.0 0.9 0.40 2.50 

Sample 4 3.40 0.95 0.7 0.10 2.70 

Sample 5 13.40 0.95 5.5 0.10 3.10 

 

The curve fits from Eq. (3) are superimposed on the data in Figure 97. Small 

deviations from the curve fit can be observed as “spikes” that occur over the period of 

a minute or less, and “waves” that last over the period of hours. The spikes are likely 

attributed to the water and grease settling on the sensor momentarily causing increases 

in the measured current, and not likely electrical noise, simply because it does not 

appear again after 4-5 hours. The waves are most likely due to temperature variations 

in the room in which the experiment took place. Since temperature can affect the rate 

of chemical reactions, this is the most plausible explanation. 
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Figure 97 Data with curve fits for new grease, and samples one through three (continues 

next page).  
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Figure 97 (continued from previous page) Data with curve fits for samples four and five.  

Note that the parameters b and d are divided by 3600 for the following calculations, 

where seconds are used instead of hours since electrical charge is defined as amperes 

per second. Integrating Eq. (3) over time from 0 to T hours where Q represents the 

charge (in Coulombs) transferred through the sensor and t is time in seconds, 

𝑄 = ∫ (𝑎 ∙ 𝑒−𝑏𝑡
𝑇

0
+ 𝑐 ∙ 𝑒−𝑑𝑡 + 𝑓)𝑑𝑡,     (4) 

yields, 

𝑄 =
𝑎

𝑏
(1 − 𝑒−𝑏𝑇) +

𝑐

𝑑
(1 − 𝑒−𝑑𝑇) + 𝑓𝑇 .   (5) 

Modifying Eq. (2) we have: 

𝑤𝑎𝑟𝑒𝑎∙𝑦𝑒𝑎𝑟 = 3.9 × 10−4 ∙
𝑄

𝑇
∙ 𝑡𝑦𝑒𝑎𝑟/𝐴    (6) 

Equation (2) is linear, as it assumes the current is constant. Equation (6) accounts 

for the change in current over time since it uses the parametric model in Eq. (3), and the 

time integral in Eq. (4). Both Eqs. (2) and (6) directly represent the amount of corroded 

metal. 

 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

0 3 6 9 12 15 18

C
u

rr
e
n

t 
(n

A
)

Hours

Sample 4 Curve Fit

0.00

5.00

10.00

15.00

20.00

25.00

0 3 6 9 12 15 18

C
u

rr
e
n

t 
(n

A
)

Hours

Sample 5 Curve Fit



 

190 | P a g e  

The variable b represents how quickly the current initially drops as the passivation 

layer is created on the surface of the sensor. The water content is not clearly proportional 

to how quickly the passivation layer is created. The variable d represents how quickly 

the value approaches the near-steady state current over time, and as such with b>>d, 

the parameter b will only have a minor influence on the final value. These parameters 

also do not appear to correlate with water content. It is possible that the additives in the 

grease perform at non-linear rates as the water content or emulsification state changes.  

Using Eqs. (5) and (6) with T = 12 hours, we can arrive at Figure 98.  

 

Figure 98 The corrosion rate of the first 12 hours, as calculated with Eqs. (5) and (6). 

An interesting observation is that there is a disproportionate increase between 

around 1 and 2% total water content. This could mean that dissolved water is 

disproportionately more corrosive. This result may have implications in future research.  

A time value of 12 hours was chosen based on an analysis of the coefficient of 

determination when the integration time is varied. This is shown in Figure 99. It can be 

clearly seen that a maximum COD is at around 12 hours.  
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Figure 99 Coefficient of Determination for different integration times. 

5. Conclusion 
In this paper, water contaminated calcium sulphonate complex grease with a water 

content ranging from approximately 0.3% to 5% has been investigated with a galvanic 

current sensor. The sensor was custom manufactured and plated with two metals of 

different electronegativity to create a galvanic cell. This sensor uses the current between 

two dissimilar metals to provide a correlation to the water content of the lubricating 

grease.  

The method would require repeated experiments to verify consistent results but 

appeared to provide useful information using zinc and ENIG (electroless nickel 

immersion gold) as the dissimilar metals to provide the galvanic cell. The sensor was 

shown to provide an increase in corrosion of 8.17 µg/(cm2year) of zinc for each percent 

increase in water content. The mass loss of zinc appears to have a correlation to water 

content. New grease was shown to give a corrosion rate of about 6 µg/cm2/year of zinc, 

which may provide insight into the material properties of the lubricant. This method 

shows additional promise to work in a condition monitoring application or possibly in 

other material characterization studies. Additionally, a parametric model was made to 

model the sensor current over time. This provided a better foundation for future 

understanding of the operation of this sensor.  
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Figure 100 The 100th figure. Public domain image (Wikimedia). 
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