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Failures in tribological components such as bearings can significantly affect the performance and lifespan of machinery, necessitating the implementation of effective condition monitoring technologies. This study verified the feasibility of dielectric spectroscopy (DES) as a method for detecting abnormalities before damage occurs. A comparative evaluation was conducted between dielectric relaxation parameters and measurements from size exclusion chromatography, total acid number, and viscosity for oxidatively degraded poly (α-olefin) oils. The results confirmed that DES is an effective method for assessing the oxidative degradation state of lubricants. These findings suggest that DES could be applied to oil film condition monitoring and predictive maintenance.
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1 INTRODUCTION
Failures in tribological components such as bearings have a significant impact on the overall performance and lifespan of machinery, necessitating the implementation of appropriate condition monitoring technologies. Traditionally, abnormal vibration sensing has been widely employed to monitor the condition of bearings (Kiral and Karagülle, 2003; Al-Badour et al., 2011; Zarei et al., 2014; Cambow et al., 2018). However, abnormal vibrations typically manifest as a result of damage caused by lubrication failure at the sliding surfaces, and by the time such vibrations are detected, component replacement is often required. In contrast, monitoring the condition of the lubricating oil film offers the potential to detect abnormalities before surface damage occurs. If this method is established, it could allow for methods other than part replacement, such as lubricant replacement, leading to significant reductions in maintenance costs. Additionally, it could serve as a means to identify the specific causes of failure within components, such as incorrect lubricant selection or improper design and installation methods. While optical techniques, such as optical interferometry (Johnston et al., 1991; Kaneta et al., 1993; Sugimura et al., 1998; Maruyama and Saitoh, 2010), are commonly used for monitoring oil films, they cannot be applied to metal components. Therefore, electrical methods have gained attention as potential oil film monitoring techniques for metal-to-metal sliding surfaces.
The capacitance method calculates oil film thickness from the film capacitance and can be applied to thin oil films, ranging from tens to hundreds of nanometers, formed under EHL (elastohydrodynamic lubrication) conditions (Crook, 1961; Prashad, 1988; Jablonka et al., 2012). Moreover, the impedance method, which builds upon the capacitance technique, allows for high-precision oil film thickness measurement and simultaneously provides information on metal contact (Nakano and Akiyama, 2006; Manabe and Nakano, 2008; Nihira et al., 2015; Schnabel et al., 2016; Maruyama and Nakano, 2018). Consequently, this method has been actively studied in recent years as a predictive maintenance (PdM) technique for rolling bearings (Becker-Dombrowsky and Kirchner, 2024; Maruyama and Nakano, 2018; Maruyama et al., 2024).
Thus, monitoring oil film thickness using electrical methods is considered a promising advanced condition monitoring technology for bearings, but it does not predict lubrication failure leading to metal contact. Generally, lubrication failure is caused by factors such as a decrease in lubricant quantity due to leakage or evaporation, as well as changes in lubricant properties caused by oxidation degradation or contamination. In particular, when lubricant oxidation progresses, it is expected that while the oil film may temporarily thicken due to the increased viscosity of the lubricant based on the Hamrock and Dowson theory (Hamrock and Dowson, 1977), it may simultaneously undergo viscosity reduction due to a rise in temperature caused by increased shear resistance. In other words, monitoring only oil film thickness may not allow for the prediction of damage due to lubrication failure until just before it occurs. If changes in the chemical properties of the lubricant, such as viscosity or acid number, can be monitored, it may become possible to predict the time remaining until lubrication failure during the steady state, when changes in oil film thickness are minimal, thus enabling the realization of PdM for bearings. This means that condition-based maintenance can be implemented, rather than the conventional time-based maintenance. For bearings equipped with oil circulation systems, sensors capable of monitoring lubricant degradation can be installed within the circulation mechanism, making it possible to apply previously reported diagnostic techniques (Patocka et al., 2020). However, particularly in the case of rolling bearings, the lubricant is often sealed, leaving no space to insert a sensor. Therefore, direct sensing in the oil film area is more desirable.
Although there are currently no reported methods for monitoring the chemical property changes of lubricants in oil films formed between metal sliding surfaces, it is possible that existing electrical measurement techniques for bulk lubricants between parallel electrodes could be adapted. Dielectric spectroscopy (DES), which observes the AC frequency response of the complex permittivity, provides direct information on molecular dynamics, making it a promising measurement technique for monitoring chemical property changes, such as lubricant degradation. Guan et al. reported that the total acid number (TAN) and sludge content could be predicted by analyzing DES measurement data (Guan et al., 2011). Additionally, Gong et al. stated that the quantification of nitrogen compounds and sulfur oxides generated in the oil could be achieved by analyzing the temperature dependence of the complex permittivity obtained from two-dimensional DES measurements (Gong et al., 2016; Gong et al., 2017).
However, DES measurements of lubricants reported so far have mainly focused on degradation state prediction based on statistical analysis, and a systematic theoretical framework regarding the underlying physical mechanisms has not yet been sufficiently established. Thus, the challenges associated with applying DES to oil film monitoring remain unclear.
Therefore, in this study, we aim to utilize DES measurements of oil films for the PdM of bearings and consider the information obtained from DES measurements of lubricants under static conditions from the perspective of dielectric relaxation theory. Specifically, we conduct DES measurements of degraded oils using parallel plate capacitors and discuss the relationships between the dielectric properties obtained and the concentration of degradation products, molecular weight, kinematic viscosity, and TAN obtained from various chemical analyses. Additionally, we will discuss the potential for applying oil film DES measurements to PdM and the challenges involved. The insights gained from this report on the dielectric relaxation properties of oils associated with lubricant degradation will contribute to advancements in lubricant degradation monitoring technology for tribological components, further supporting the realization of PdM.
2 EXPERIMENTAL DETAILS
In this section, we explain the principles and techniques of dielectric spectroscopy. We also explore various models used to describe the relaxation phenomena observed in the frequency characteristics of complex permittivity obtained through measurement, and provide a detailed explanation of the fitting methods applied to these models.
2.1 DES and dielectric relaxation
Except for purely non-polar oils, most lubricants contain polar molecules within their components. Examples of such components include ester-based oils, grease thickeners, certain additives, and oxidative degradation products of lubricants. The complex permittivity [image: image] [F/m] of materials that contain internal polar molecules, i.e., permanent dipoles, is expressed by the following equation. For the derivation of this equation, please refer to the relevant literature (Böttcher and Bordewijk, 1980).
[image: image]
Here, [image: image] [-] represents the complex relative permittivity. The real part, [image: image] [-], is referred to as the storage permittivity, or simply the relative permittivity. The imaginary part, [image: image] [-], is commonly known as the dielectric loss factor.
Dielectric relaxation refers to the phenomenon where polarization of a dielectric material lags behind the applied alternating electric field. Dielectric relaxation appears as the frequency characteristics of complex permittivity in DES measurements. An example of DES measurements is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Conceptual diagram of DES measurement.
In the low-frequency region, the permanent dipoles align with the external electric field, resulting in a high [image: image] value. As the frequency increases, the permanent dipoles gradually fail to follow the polarity reversals of the external electric field, and at sufficiently high frequencies, [image: image] asymptotically approaches a low value. [image: image] reaches its maximum value at the relaxation frequency [image: image], which corresponds to the inflection point of [image: image]. The relaxation time τ is expressed as [image: image] and represents the time required for the dipoles to reorient.
The equivalent circuit for dielectric spectroscopy measurements of lubricants using parallel plate electrodes is shown in Figure 2.
[image: Figure 2]FIGURE 2 | DES measurement method for lubricants, (A) Schematic diagram, (B) Equivalent circuit.
Since lubricants may exhibit conductivity due to additives or oxidation degradation products, they should be considered as a parallel circuit of a capacitor and a resistor. The complex admittance [image: image] [S] of the dielectric material inserted between the electrodes is generally expressed using conductance [image: image] [S] and capacitance [image: image] [F] by the following equation.
[image: image]
Here, [image: image] [rad/s] represents the angular frequency, and using the alternating current frequency [image: image] [Hz], [image: image] is expressed as [image: image]. Furthermore, Equation 2 can be expressed in terms of the electrode area [image: image] [m2] and the distance between the electrodes [image: image] [m] as follows.
[image: image]
Here, [image: image] [S/m] represents the DC conductivity, and [image: image] [F/m] denotes the absorptive dielectric loss caused by relaxation. Additionally, the complex admittance [image: image] can also be expressed using the complex impedance [image: image] [Ω], which is obtained through measurements, as follows.
[image: image]
Here, [image: image] [Ω] represents the magnitude of the impedance of the measured object, and θ [deg] denotes the phase difference between the applied voltage and the response current. By comparing the real and imaginary parts of Equations 3, 4, Equations 5, 6 can be derived.
[image: image]
[image: image]
The first term on the left-hand side of Equation 6 represents the conductive dielectric loss due to the conductive component. The equation including the conductive dielectric loss term is also described in the review by Woodward et al.; for further details, please refer to that source (Woodward, 2021).
2.2 Curve fitting
In this report, the Cole-Cole relaxation model was adopted to describe the relaxation phenomena. The Cole-Cole relaxation equation is a semi-empirical extension of the theoretical Debye relaxation equation and is commonly used in the analysis of dielectric relaxation (Kremer and Schönhals, 2003). However, the Cole-Cole model addresses only absorptive losses and does not take conductive losses into account. Specifically, it does not include the contribution of the first term on the left-hand side of Equation 6. As mentioned earlier, the conductivity of lubricants, which emerges due to oxidative degradation, can serve as an important indicator for estimating lubricant degradation. Therefore, in this study, the Cole-Cole relaxation model was directly applied to fit [image: image] (Equation 7), while for fitting [image: image], a modified version of the Cole-Cole equation with an added term for conductive losses was used (Equation 8).
[image: image]
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where [image: image]. Here, [image: image], [image: image], [image: image], [image: image] and [image: image] are fitting parameters, which are explained in detail in Section 4.1. By using these equations, the behavior of dielectric relaxation and the changes in conductivity can be simultaneously evaluated.
3 EXPERIMENTAL METHOD
3.1 Materials
In this experiment, two types of PAO (Poly (α-olefin)) with different viscosities were used. Each sample was placed in a glass beaker and subjected to thermal degradation by heating in an oven at 160°C. The heating duration and kinematic viscosity of each sample are presented in Table 1. Additionally, the values of TAN, which is commonly used as an indicator of oxidative degradation, are also provided.
TABLE 1 | Test oil properties.
[image: Table 1]3.2 Apparatus
The electrodes used in this study were Keysight 16452A. The electrode material was nickel-plated kovar (Fe: 54%, Co.: 17%, Ni: 29%), with an electrode gap of 0.3 mm and an electrode diameter of 38 mm. Complex impedance was measured using the HIOKI IM3536 impedance analyzer. For kinematic viscosity measurements, the Omnitek S-flow 1,200 capillary viscometer was used, following ASTM D445. The total acid number (TAN) was measured according to ASTM D 664, with automatic titration performed using the HIRANUMA COMTITE-550. SEC (size exclusion chromatography) measurements were carried out using the Nexera™ GPC System by Shimadzu, with a Shodex 803L column. Tetrahydrofuran was used as the measurement solvent. A refractive index detector was employed, and the molecular weights were calculated using polyethylene standards for calibration.
3.3 Measurement procedure for DES
The complex impedance was obtained using the apparatus described in Section 3.2 and measured by the four-terminal pair method. The applied voltage was set to 1 V, and the AC frequency was swept from 30 Hz to 1 MHz. The cell temperature during measurement was monitored with a thermocouple and maintained at 20°C for all experiments. Moreover, preliminary evaluations confirmed that the variation in complex impedance measurements is negligibly small, with minimal impact on the results. Consequently, all data presented in this paper were derived from a single measurement.
4 RESULTS
4.1 DES measurements
From the values of TAN and kinematic viscosity shown in Table 1, it can be seen that the degree of oxidative degradation of the prepared samples increased in the order of L0 < L1 < L2 < L3 for the low viscosity oil, and H0 < H1 < H2 < H3 for the high viscosity oil.
Figure 3 shows an example of DES measurements (sample L3) and the results of curve fitting.
[image: Figure 3]FIGURE 3 | Curve fitting results of [image: image] and [image: image]; The black circle plot shows the dielectric spectroscopy measurements of L3. The red solid line represents the fitting results using Equations 6, 7. The blue dashed line represents the fitting results using the Cole-Cole relaxation model.
When using the Cole-Cole relaxation model, a significant deviation in [image: image] was observed in the low-frequency region. However, by using Equation 8, a good fit was obtained for [image: image] across the entire frequency range. This allowed for the quantification of the relaxation parameters [image: image] [-], [image: image] [-], [image: image] [s], [image: image] [-], and [image: image] [S/m]. Here, [image: image] represents the permittivity at the high-frequency limit, and [image: image] corresponds to the relaxation strength (the difference between the static permittivity and [image: image], i.e., the peak height). [image: image] is the relaxation time, which, as mentioned earlier, depends on the frequency at the peak of [image: image]. [image: image] represents the distribution of relaxation times and takes a value between 0 and 1; the closer [image: image] is to 0, the broader the relaxation peak. [image: image] is the DC conductivity, and the larger the value, the greater the increase in [image: image] in the low-frequency region.
Figure 4A shows the DES measurement results for low viscosity PAO, and Figure 4B shows those for high viscosity PAO. In the undegraded state (L0, H0), [image: image] remained constant across all frequencies, and [image: image] was 0 across the entire frequency range. In the oxidatively degraded samples (L1, L2, L3, H1, H2, H3), dielectric relaxation was observed. In addition, high-precision curve fitting was applied to all samples. The relaxation parameters obtained from the fitting are shown in Table 2. As degradation progressed, [image: image], [image: image], and [image: image] increased, while [image: image] decreased.
[image: Figure 4]FIGURE 4 | The [image: image] and [image: image] obtaind from DES measurement; (A) Low viscosity PAO: blue circle plot, green triangle plot, yellow diamond plot, and red square plot represent the measurements of L0, L1, L2, and L3, respectively. (B) High viscosity PAO: blue circle plot, green triangle plot, yellow diamond plot, and red square plot represent the measurements of H0, H1, H2, and H3, respectively. The solid lines in the figures represent curve fittings based on Equations 7, 8.
TABLE 2 | Relaxation parameters of degraded PAO obtained from curve fitting.
[image: Table 2]4.2 SEC analysis
SEC measurements were conducted to obtain information on the molecular weight and concentration of components generated by degradation. The results of the SEC measurements for low viscosity PAO are shown in Figure 5. The intensity shown on the vertical axis in Figure 5 was normalized using the peak derived from the fresh component detected around log M = 2.8. Compared to the undegraded sample (L0), an increase in high molecular weight components was observed as degradation progressed. The calculated values of the mass concentration of degraded components, [image: image] [g/mL], weight-average molecular weight, [image: image] [-], and polydispersity index, PDI [-], are presented in Table 3. The methods used for [image: image], [image: image], and PDI are described in the Supplementary Information.
[image: Figure 5]FIGURE 5 | SEC results of low viscosity PAO; blue, green, yellow, and red line represent the measurements of L0, L1, L2, and L3, respectively.
TABLE 3 | Parameters of degraded components obtained from SEC.
[image: Table 3]5 DISCUSSION
DES measurements were conducted on oxidatively degraded PAO. As the oxidative degradation progressed, changes were observed in the relaxation strength, [image: image], relaxation time, [image: image], relaxation time distribution parameter, [image: image], and DC conductivity, [image: image]. In the following sections, the changes in each of these relaxation parameters are discussed using the results from SEC, TAN, and viscosity measurements.
5.1 Relationship between [image: image] and [image: image]
[image: image] is generally known to be proportional to the number of dipoles per unit volume (Kremer and Schönhals, 2003), as shown in Equation 9.
[image: image]
Here, [image: image] and [image: image] represent the Boltzmann constant, absolute temperature, magnitude of dipole moment, number of dipoles, and volume, respectively. Figure 6 illustrates the relationship between [image: image] and the mass concentration of degradation products, [image: image].
[image: Figure 6]FIGURE 6 | Relationship between [image: image] and [image: image]; Red circles represent samples H1, H2, and H3, while blue triangles represent samples L1, L2, and L3.
For the two points in the region where [image: image] is small (H1, L1), a proportional relationship between [image: image] and [image: image] was observed. However, in the region where [image: image] is large, [image: image] exhibited a regular change, approximately following the square of [image: image]. According to studies by Onsager and Kirkwood, it has been reported that when the dipole concentration in a system is high, interactions between the relaxation species become prominent, leading to an increase in ∆ε (Böttcher and Bordewijk, 1973). Although the detailed mechanism remains open to further discussion, it has been demonstrated that, at least for PAO-based oils, the concentration of degradation products can be calculated as a simple power function using ∆ε obtained from DES measurements, regardless of the initial oil viscosity.
5.2 Relationship between [image: image] and [image: image]
According to Debye’s theory (Debye, 1929), [image: image] is expressed by the following equation.
[image: image]
Here, [image: image] represents the effective radius of the dipole. While [image: image] generally refers to the solvent viscosity, Iwamoto et al. reported that when the solute concentration is high, the interactions between solute molecules become stronger, and it is preferable to use the solution viscosity (Iwamoto and Kumagai, 1998). Therefore, the relationship between the relaxation time [image: image] obtained from DES and the solution viscosity [image: image] of each sample was evaluated. [image: image] was calculated by converting the kinematic viscosity at each temperature (Table 1) to the viscosity at 20°C using Walther’s equation, and then multiplying by the measured density (see Supplementary Table S1). As shown in Figure 7, [image: image] generally increased proportionally to [image: image], regardless of the initial viscosity of the sample. This result suggests that by calculating [image: image] from DES measurements, it is possible to predict the viscosity of lubricating oil.
[image: Figure 7]FIGURE 7 | Relationship between τ and η; Red circles represent samples H1, H2, and H3, while blue triangles represent samples L1, L2, and L3.
As shown in Figure 8, R remained nearly constant value regardless of the weight-average molecular weight, [image: image] of the degradation products. Although further validation of the accuracy of this value is necessary, it is evident that, at least in the dielectric relaxation phenomena caused by the oxidative degradation of PAO, the domains responding to the electric field are not the entire molecule but rather small units within the molecular chain. Furthermore, it is clear that this response is strongly correlated with the viscosity of the lubricant.
[image: Figure 8]FIGURE 8 | Relationship between R and Mw; Red circles represent samples H1, H2, and H3, while blue triangles represent samples L1, L2, and L3.
5.3 Relationship between [image: image] and PDI
The parameter [image: image] indicates the degree of distribution of relaxation times. When [image: image], this corresponds to a state where only a single relaxation mode is present. However, even in pure substances, [image: image] rarely equals 1 because dipoles interact with surrounding molecules, and these interactions vary slightly depending on location. Moreover, in cases like the current study, where multiple relaxation species with different molecular weights and chemical structures exist within the system, [image: image] is expected to be smaller. The PDI represents the breadth of the molecular weight distribution of polymers, with larger values indicating greater dispersion. As the ester-based polymers generated by lubricant degradation follow a step-growth polymerization mechanism, it is expected that PDI will increase as degradation progresses.
Figure 9 shows the relationship between [image: image] and PDI. As degradation progressed, PDI increased and [image: image] decreased. This is likely due to the broadening of the molecular weight distribution and the increased complexity of the constituents as oxidative degradation progressed, resulting in an increase in the number of relaxation modes. On the other hand, when comparing the two types of oils, although the range of PDI variation differed significantly, there was no substantial difference in the range where the value of [image: image] existed. If the molecules themselves, generated by degradation, were aligning with the electric field, the plots for both oils in Figure 10 would overlap on the same line. Therefore, this result suggests that the size of the relaxation species is not significantly different between the two oils. As mentioned in section 5.2, this indicates that the dielectric relaxation is related to the movement of small segments within the polymer chains, and that these segments, as well as the surrounding environment, do not differ significantly between the two oils.
[image: Figure 9]FIGURE 9 | Relationship between [image: image] and PDI; Red circles represent samples H1, H2, and H3, while blue triangles represent samples L1, L2, and L3.
[image: Figure 10]FIGURE 10 | Relationship between σ0τ and TAN; Red circles represent samples H1, H2, and H3, while blue triangles represent samples L1, L2, and L3.
5.4 Relationship between [image: image], [image: image] and TAN
TAN is a parameter that indicates the concentration of fatty acids produced by degradation and is widely used as an indicator of oxidative degradation of lubricants. Additionally, the concentration of fatty acids significantly affects the conductivity of the oil (Kajimoto et al., 2003), as it has been reported that the increase in ionicity is due to the high acid dissociation constant (Wada et al., 2014). The conductivity of a solution is generally expressed by equation Equation 11.
[image: image]
Here, [image: image] is the elementary charge, [image: image] represents the carrier concentration, and [image: image] is the carrier mobility. Furthermore, using the Stokes-Einstein equation, it can be expressed in the form of Equation 12.
[image: image]
As mentioned in section 5.2, the viscosity of oxidatively degraded PAO is proportional to the relaxation time [image: image], leading to the derivation of the following equation.
[image: image]
Here, assuming that some of the carriers are fatty acid ions, [image: image] can be regarded as a function of TAN. Consequently, it is expected that [image: image] would correlate with TAN. Therefore, when plotting the product of [image: image] and [image: image] against TAN on a logarithmic scale, a single straight line was obtained, regardless of the initial viscosity (Figure 10).
This suggests that by utilizing two parameters observed in different frequency ranges, the degree of oxidative degradation of PAO can be diagnosed independently of the absolute value of viscosity. In other words, this method implies that when applied to lubricating oil films, it would be possible to diagnose oil degradation in a steady state where there is little change in oil film thickness. However, the plot in Figure 10 shows that [image: image] depends on approximately the fourth power of TAN, suggesting that the carrier concentration in degraded oil is not solely determined by the concentration of fatty acid ions. There are likely other components that significantly contribute to the increase in conductivity. Potential causes may include the presence of ion species other than fatty acid ions in the degraded oil, as well as an increase in dissolved water content resulting from the increased polarity of the oil; however, the precise mechanisms remain unclear.
6 CONCLUSION
In this study, thermal degradation tests were conducted at 160°C using two types of poly (α-olefin) (PAO) with different viscosities to produce multiple samples with varying degrees of degradation. Dielectric spectroscopy (DES) with a parallel plate capacitor was applied to these samples to obtain detailed measurements of complex permittivity over a wide frequency range (30 Hz–1 MHz). The obtained dielectric relaxation parameters ([image: image]: permittivity at the high-frequency limit, [image: image]: relaxation strength, [image: image]: relaxation time, [image: image]: relaxation time distribution, and [image: image]: DC conductivity) were thoroughly analyzed in relation to various properties derived from different analyses ([image: image]: viscosity, TAN: total acid number, [image: image]: mass concentration of degraded components, [image: image]: weight-average molecular weight, and PDI: polydispersity index). The following key findings were obtained:
1. It was demonstrated that [image: image] can be used to estimate the concentration of degradation products as a simple power function, regardless of the initial base oil viscosity. This is likely due to the fact that as the dipole concentration of degradation products increases, interactions among dipoles become significant, thereby affecting dielectric relaxation properties. This result suggests a new method for estimating the concentration of degradation products and evaluating the degree of lubricant degradation by measuring [image: image].
2. A proportional relationship between [image: image] and [image: image] of the degraded oil was identified, consistent with Debye’s theory, which states that relaxation time is proportional to the viscosity of the solution. Additionally, comparisons between [image: image] and [image: image], as well as between [image: image] and PDI, indicate that dielectric relaxation observed in oxidatively degraded PAO is due to the motion of small segments within polymer chains. These findings suggest that the viscosity of mixed oils with varying degradation levels can be estimated from [image: image].
3. The product of [image: image] and [image: image] was found to correlate strongly with the TAN of degraded oil. This relationship is attributed to the fact that the conductivity of the oil is determined by the concentration of ionic substances, such as fatty acids generated by oxidative degradation, as well as by the viscosity at that time. This result implies that by utilizing two parameters appearing at different frequency ranges, the degree of oxidative degradation of PAO can be diagnosed independently of absolute viscosity. In other words, this method can enable the diagnosis of oil degradation in a steady state with minimal changes in oil film thickness if applied to lubricating oil films.
These findings reveal that DES is an effective means of comprehensively evaluating lubricant degradation from the perspective of relaxation phenomena. Although further insights on pressure and temperature effects are needed to apply DES to oil film condition monitoring, the present results suggest the possibility of detecting early signs of lubrication failure, thus supporting the feasibility of implementing predictive maintenance (PdM) for bearings.
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