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1. Introduction
Motor oils are based on base oil and additive systems to 
reduce wear of parts, protect against gearboxes, remove 
contaminants, heat removal, and primary foam formation. 
Lubricating oil undergoes gradual degradation under 
the influence of high temperatures, water, air, and acidic 
contaminants (oil oxidation products). Accurate monitoring 
of oil wear is necessary for both technical and economic 
reasons. 
Standard physicochemical testing methods used to control 
the quality and safety of motor oils are typically labor-
intensive, expensive, destructive, and require multiple 
sampling. Electrical methods have some advantages over 
other methods: speed of measurement, low cost, and high 
testing efficiency. The electrical properties of technical 

materials are among the least studied. Several research 
centers around the world deal specifically with this area of 
research [1].
Kardoš and Pietriková [2] showed interest in monitoring the 
condition of motor oils from the point of view of determining 
degradation factors and diagnostics. The use of sensors and 
systems for real-time characteristic monitoring to control 
engine oil aging. For analysis, the dielectric constant and 
conductivity were examined. These characteristics are 
discussed as the basis for continuous oil diagnostics.
Schober et al. [3] investigated the conductivity of insulating 
oil, which is an important quantity for the design, diagnosis, 
and evaluation of the insulation condition of high-voltage 
DC systems. The paper presents and discusses conductivity 
estimates for the condition of insulation systems at various 
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Abstract
The study of marine lubricants using modern methods for quality control and diagnostics of engine conditions is an important task. The solution 
to this task determines the technical condition of ships, their performance, and accident-free operation in maritime transport. In this study, the 
properties of several marine motor oils were studied using broadband dielectric spectroscopy. The complex dielectric constant, conductivity, and 
loss tangent of base oil, Shell Rimula 15W40 oil fresh and used for 250 and 500 h were studied. The influence of the test voltage frequency and 
temperature on the selected electrical parameters was determined. In used oils, the DC conductivity decreases slightly, which is apparently due 
to the depletion of additives. The increase in the conductivity of all studied oils with increasing current frequency is caused by the displacement 
current. It is shown that dielectric losses increase with frequency as long as the polarization has time to follow the change in the field. A shift in the 
frequency at which the maximum loss occurs with a change in temperature was discovered. The activation energies of polarization and conductivity 
were determined. The thermal activation energies obtained from the conductivity and dielectric constant are not significantly different. For the 
first time, the distributions of the dielectric constant relaxation times for the studied lubricating oils have been obtained. The dielectric relaxation 
time distribution function depends on the composition of additives in the oil, wear particles, contaminants, and the chemical degradation of the 
oil during operation. For the first time, correlations have been established between conductivity and dielectric constant at different temperatures 
and frequencies. These correlations can be used to select frequency ranges that provide stable parameter values and maximum diagnostic ability.
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temperatures, field strengths, and for various types of oils. 
It has been established that electrical insulating oil has 
conductivity that depends nonlinearly on field strength, 
temperature, water content, and aging. In addition, its 
conductivity depends on time because of the drift of charge 
carriers. 
Measurements of fresh and old oil are compared and taken 
into account when diagnosing oil-filled HVDC systems. 
Baturlya et al. [4] presented the results of a study of used 
motor oils using dielectric spectroscopy. A method for 
diagnosing oil using capacitive sensors is proposed, which is 
also suitable for mobile units.
Xu et al. [5] investigated the electrical conductivity of 
an oil film used in displays. Their study showed that the 
electrical conductivity of the oil film varies from pixel to 
pixel. This work shows that it is possible to characterize oil 
film resistance and heterogeneity using electrical impedance 
spectroscopy.
Barnoss et al. [6] studied the mechanisms of electrical 
conductivity of nanofluids based on motor oil saturated with 
graphite and multi-walled carbon nanotubes in different 
concentrations by the impedance spectroscopy method. 
The measurements were carried out at temperatures of 300-
400 K in the frequency range 100 Hz-1 MHz. This work 
shows that the presence of carbon nanotubes significantly 
affects the electrical properties of motor oil. Analysis of the 
temperature dependence of direct current conductivity and 
relaxation time showed that the addition of carbon nanotubes 
increases the activation energy.
Popov et al. [7] proposed some criteria that can be used 
to check the analytical results of an expression describing 
data related to complex conductivity. It is shown that the 
polarization of the electrode is indirectly related to the 
relaxation phenomenon. The theoretical and experimental 
foundations of dielectric spectroscopy were considered 
by Sidambarompoulé et al. [8]. The main focus here is on 
insulating liquids and the study of diffusion and ion mobility.
Wolak et al. [9] assessed the suitability of the capacity 
and conductivity of fresh motor oils tested in a wide range 
of frequencies to determine the quality of the oil and its 
identification by physicochemical properties. Frequency 
ranges that provide maximum diagnostic efficiency have 
been identified.
Polarization caused by the injection current was studied by 
Zhou et al. [10]. A new model was proposed that considers 
the injection current. The frequency responses of the three 
different types of mineral oil were measured, and this new 
polarization model was used to interpret the experimental 
data. The new model allows us to better understand the 
phenomenon of electrical conductivity in mineral oil.

Izmestyev and Konyaev [11] the dielectric characteristics of 
some automotive motor oils were studied in the frequency 
range from 100 Hz to 3 MHz. The maximum in the frequency 
dependence of the dielectric loss tangent of used oil is due to 
the oxidation of hydrocarbons and is proposed to be used as 
a rejection indicator.
The polarization, conductivity, and dielectric losses 
of synthetic motor oils were studied by Izmest’ev and 
Kozhevnikova [12]. It is concluded that these oils are non-
polar dielectrics in which electronic polarization occurs 
at high frequencies. In this study, the activation energy of 
conductivity, which depends on both viscosity and the 
presence of additives, is determined.
A review of studies of fresh and used marine motor oils 
conducted at the Kaliningrad Technical University using 
various optical and radio spectroscopic methods is given 
by Sinyavsky [13]. The possibilities of diagnosing a marine 
engine based on the characteristics of the used oil and the 
presence of wear products in it are discussed. Sinyavsky et al. 
[14] analyzed the distributions of dielectric relaxation times 
of some fresh and used marine motor oils. A connection 
between the distributions, the content of additives, and the 
presence of wear particles has been established. Thus, from a 
review of the literature, the electrical parameters of fresh and 
used motor oils can be successfully used to determine their 
physicochemical properties and diagnose their condition.
The purpose of this study was to assess the possibility 
of using the dielectric constant, spectrum of relaxation 
times, conductivity, and loss tangent measured over a wide 
frequency range to assess the quality of marine motor oil and 
its identification. A key step toward achieving this goal is to 
determine the effect of frequency on electrical parameters 
and to test whether there is a correlation between these 
parameters at different frequencies and temperatures. This 
will allow determining the optimal frequency range of the 
test voltage in future research.

2. Experimental Technique
The measurements were performed on a broadband dielectric 
spectrometer “Novokontrol” in the frequency range f=10-2-
105 Hz and at temperatures from -30 to 200 °C. The sample 
temperature during the measurements was controlled with 
an accuracy of 0.5 °C. The measuring cell consisted of 
two gold-plated copper electrodes. The gap between the 
electrodes was 50 μm and was fixed using quartz spacers. 
The diameter of the electrodes was 20 mm. The voltage 
between the electrodes was 1 V.
For simple liquids, polarization decreases with increasing 
frequency with one characteristic relaxation time. In this 
case, the Debye equation for the complex relative dielectric 
constant has the following form [1]:
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(1)

where ω - cyclic frequency, ε∞ - dielectric permittivity at 
ω → ∞, εs - dielectric permittivity at ω → 0, Tr - dielectric 
relaxation time.
Motor oil is a complex mixture of dipole molecules that relax 
with different relaxation times. If the distribution function of 
these relaxation times is denoted as G(Tr), the real dielectric 
permittivity for motor oil can be written as follows:

 
(2)

The spectrum of dielectric relaxation times G(Tr) is 
determined both by the degradation of oil hydrocarbons, 
the additive package, and the presence of wear products. 
The function G(Tr) was obtained by finding the inverse 
transformation of Equation (2), similar to [14].

3. Results and Discussion
Fresh motor oils are non-polar dielectrics. The polar 
component occurs after the oxidation of oil hydrocarbons. 

The temperature and frequency dependence of the dielectric 
permittivity contain information about the polarization 
mechanisms and their relative contribution to the resulting 
polarization of the medium.
The dependence of the real part of the dielectric constant 
on frequency at different temperatures for the four oils is 
shown in Figure 1. At low frequencies of voltage applied to 
the sample, molecular dipoles follow changes in the electric 
field.
Motor oils contain several additives, and the charge 
carriers can be ions formed as a result of the dissociation of 
hydrocarbon molecules or impurity molecules. As the degree 
of dissociation increases, the dielectric permittivity increases. 
However, ionic electrical conductivity is determined mainly 
by additives because dissociation of the main oil molecules 
is unlikely. When oil degrades, its conductivity increases 
because of moisture absorption, formation of polymerization 
products, and oil oxidation.
The dependence of the real part of the conductivity and the 
loss tangent on the frequency at different temperatures are 
illustrated in Figure 2 and 3. On the graph  log ( σ   / )  = φ (log 
(f) )  a plateau is observed in the low frequency range. As the 

Figure 1. Dependences of the real part of the complex dielectric permittivity ε' of oils with frequency for different temperatures
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temperature increases, the plateau also extends into the high-
frequency region. The presence of a plateau is related to 
the transport of free charges [15,16]. The transition from a 
plateau to a change in σ/

ac from frequency indicates a change 
in the conduction mechanism. By observing the dielectric 
constant of oil 𝜀’ in the low frequency region, where it is 
constant, it is possible to determine the static conductivity 𝜎s.
Figure 2 shows the effect of temperature on the conductivity 
of the oil samples at different current frequencies. At 
temperature (t=30 ºC), the conductivity of the base oil is 
much lower than that of fresh ShellRimula 15W40 oil and 
gradually increases with temperature. This is due to the 
presence of a package of improving additives in ShellRimula 
15W40 oil. One would expect the conductivity of used oils 
to increase because of waste metal wear particles and soot 
(carbon) particles, but this does not happen. In used oils, the 
DC conductivity decreases somewhat, which is apparently 
due to the depletion of additives. At low frequencies, the 
behavior of electrical conductivity is almost independent of 
frequency and is described by direct current conductivity. The 

increase in the conductivity of all studied oils with increasing 
current frequency is caused by the displacement current. In 
addition, at high frequencies, electrical conductivity occurs 
as a result of translational motion with sudden jumps in the 
electron. As the temperature increases, the polar group of the 
molecules becomes oriented, which facilitates the transfer of 
electrons, leading to an increase in conductivity.
In an alternating electric field, oil losses depend on frequency 
as follows. At low frequencies, they decrease with increasing 
frequency. As the frequency increases, losses increase, reach 
a maximum, and decrease, tending to low values.
In polar dielectrics, power dissipation is mainly determined 
by frictional losses due to the orientation of the dipole 
molecules. Therefore, dielectric losses increase with 
frequency until the polarization has time to follow the 
change in the field, and tgδ also increases (Figure 3). When 
the frequency becomes so high that the dipole molecules 
no longer have time to completely orient themselves in 
the direction of the field, tgδ drops and the losses become 
constant.

Figure 2. Dependence of the real part of the specific conductivity σ/ of oils on the frequency at different temperatures
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The dielectric loss tangent for the Debye model can be 
written as follows:

 
(3)

The frequency at which the maximum dielectric loss occurs 
is found from Equation (3) and has the form: 

 
(4)

A shift in the frequency at which the maximum losses 
occur with a change in temperature is observed in all 
graphs in Figure 3. For the base oil, the tgδ(ω) spectra 
are single-humped; for Shell Rimula 15W40 oil, at 
some temperatures, they are more complex because of 
the presence of several relaxation times for different oil 
components. The dielectric loss tangent is determined by 
the presence of acidic and alkaline additive ions. With 

increasing oil operating time, the value of the Debye loss 
maximum increases and shifts to lower frequencies, which 
is caused by the appearance of dipole molecules and an 
increase in their content.
All oils are non-polar dielectrics with ionic conductivity 
and an exponential increase in conductivity with increasing 
temperature.
The polarization of non-polar dielectrics occurs as a result 
of charge displacement under the influence of an applied 
voltage. As can be seen from the experiments, with increasing 
temperature, the real part of the dielectric constant increases.
The activation energy of conductivity at direct current is 
determined using the Arrhenius formula:

 
(5)

The activation energy of polarizability (dielectric constant) 
is determined using a formula similar to (5). Figure 4 

Figure 3. Dependence of the dielectric loss tangent tg(δ) of oils on frequency at different temperatures
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shows the plots used to fit the linear equation to the above 
equation. On the conductivity graph, we can observe that 
changes occur at the critical temperature Tc= 400 К, which 
indicates a transition in the conductivity mechanism. On 
the one hand, the thermal activation energies obtained 
from the conductivity and dielectric constant do not differ 
significantly. 
However, the conductivity activation energy of used oils 
increases from 0.389 eV to 0.480 eV compared with fresh oil 
(Table 1). In contrast, the activation energy of the dielectric 
constant of waste oils decreases from 0.423 eV to 0.394 eV. 
The activation energy of conductivity below 0.5 eV indicates 
that the samples have higher electrical conductivity than 
ionic conductivity [6].
The activation energies of ionic conductivity in the studied 
oils are determined not only by the viscosity of the dispersion 
medium, which limits the mobility of electric current carriers, 
but also by the dissociation energy of additives [13]. 
Application of Equation (3) and inversion of the integral 
transformation made it possible to find the distribution 
functions G(Tr) of dielectric relaxation times for all studied 
oils at different temperatures (Figure 5). The relaxation 
time distribution functions are unimodal only at low 
temperatures. With increasing temperature, the distributions 
become multimodal because of the appearance of different 
polar molecules after the oxidation of oil hydrocarbons. 
These molecules have different relaxation rates, which are 

also found in the complex form of Debye peaks in the tgδ(ω) 
dependence (Figure 3).
By excluding the frequency ω from the dependence σ(ω) and 
ε(ω), we can obtain a relationship between σ and ε for Shell 
Rimula 15W40 oil fresh and used at different temperatures 
(Figure 6).
From Figure 6 it can be seen that in various dielectric 
constants ε, conductivity σ does not depend on ε. The 
only exceptions are very small and numerous values   of ε. 
The dependence curves for fresh and used oils at different 
temperatures are similar.
Excluding temperature from the dependences σ(T) and 
ε(T), we obtain a relationship between σ and ε for Shell 
Rimula 15W40 oil fresh and used at different current 
frequencies (Figure 7). Here, the conductivity also 
changes sharply only at large and small values   of ε. At 
intermediate values   of ε, the conductivity changes, but 
not so much. The curves for fresh and used oils are similar 
to shape.
In the future, it is planned to study the concentration of wear 
particles in used motor oil using proton NMR spectroscopy 
and determine the elemental composition of oils using 
atomic emission spectroscopy for engine diagnostics.

4. Conclusion
Using broadband dielectric spectroscopy, the electrical 
characteristics of marine diesel lubricants were determined 

Figure 4. Dependences of dielectric constant εs (a) and specific conductivity σs (b) on temperature for base oil SN-150 (1), oil Shell Rimula 
15W40 fresh (2), and oil Shell Rimula 15W40 used for 500 h (3)

Table 1. Activation energies of the DC conductivity and polarizability of oils

No Activation energy Base oil SN-150
Shell Rimula
15W40 fresh

Shell Rimula
15W40 used 250 h

Shell Rimula
15W40 used 500 h

1 Eaσ, эВ 0.605±0.019 0.525±0.020 0.406±0.030 0.480±0.015

2 Eaε,эВ 0.466±0.036 0.431±0.020 0.293±0.023 0.394±0.028
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at different temperatures and frequencies. The methods 
used in this study made it possible to study changes in 
the electrical parameters of used motor oil and establish a 
correlation between them.
- The presented results show good agreement with the 
available literature data and confirm the contribution that the 
proposed methods can make to the study of the characteristics 
of dielectric liquids.

- Analysis of the data obtained in the work made it possible 
to determine the distributions of the dielectric constant, 
electrical conductivity, and dielectric loss tangent.
- The correlations identified during the study can be used to 
select frequency ranges that will provide stable parameter 
values and maximum diagnostic ability.
- Establishing a connection between electrical and 
physicochemical parameters will allow us to create an 
effective algorithm for testing motor oils.

Figure 5. Distributions of relaxation times Tr depending on temperature: base oil SN-150 (a), Shell Rimula 15W40 fresh (b), Shell Rimula 
15W40 used for 250 h (c), Shell Rimula 15W40 used for 500 h (d)

Figure 6. Relationship between the specific conductivity and dielectric constant for oil Shell Rimula 15W40 fresh (a) and used for 500 h 
(b) at different temperatures
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