Investigating the physiochemical effects of aging silicone oil using sonication as a means of mimicking electrical aging
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    Abstract- Silicone oils are used in cable sealing ends owing to their combination of excellent dielectric properties, high oxidation resistance, and thermal stability. This paper aims to investigate how electrical stresses induced by sharp edges and protrusions inside the insulating device could lead to alterations in the chemical and dielectric properties of the silicone oil. Herein, electrical stress in the silicone oil samples is induced using a sonication technique. The physicochemical changes in the aged oil samples are analyzed using UV-vis spectroscopy, Fourier-Transform Infrared spectroscopy and dielectric response spectroscopy. The results provide experimental evidence that the proposed method can be adopted as an alternative method for reproducing the effects of electrical stress on oil samples.
I.    INTRODUCTION
   Cable accessories such as joints and sealing ends are often susceptible to high electrical stress inside the specially designed insulation housing used for their termination. To provide sufficient dielectric strength to suppress the effect of high electric field, silicone oils are employed inside the cable sealing ends (CSE) for polymeric cables. Typically, a CSE is expected to run service-free for 30-40 years, which makes it important to analyze the behavior of the silicone oil under the high-stress scenario. It is useful to be able to detect degradation or changes in the oil that renders it unsuitable for use before a catastrophic failure occurs, to allow effective asset management. Reports of high electrical stress inside the CSE and around the stalk of the cable have underlined the need to understand the behavior of the insulating oil under such circumstances [1]. At points of high electrical stress, oil gets exposed to continuous electrical discharges. These discharges are observed to transform the insulating liquids into gases, radicals and gels [2], [3].
Accelerated aging under controlled laboratory conditions, is frequently used to reproduce the effect of high electrical stress on oil in a significantly shorter timescale than the 30-40 year service life. Hamdi et al. [4] have made use of a Merell-based test cell defined in ASTM test method D 6180 and applied a voltage of 10kV for 5 hours. They used the increase in pressure due to the evolved gas as an indicator to understand the effect of electrical stress on a mineral and ester oil mixture. Elsewhere, Chetbi et al. [5], used low energy DC voltage discharge to induce electrical stress on different insulating oils reporting a higher conductivity as a consequence of exposure to high electrical stress. 
It is generally agreed upon that when exposed to high electrical stress the silicone oil is altered, which, over time, affects its insulating capability. This paper proposes reproducing aging effects similar to high electrical stresses using cavitations produced by sonication. The cavitations in the oil produced by the sonication will cause momentary yet extremely high pressures and temperatures. This results in the formation of free radicals, via the breakdown of the chemical bonds, due to the shear forces or the dissociation of vapors from the cavitations [6]. Free radicals are highly reactive and, depending on their nature could plausibly lead to chain scission [2]. As such, we suggest that sonication can be viewed as a possible technique to replicate the effects of electrical stress.
II.    EXPERIMENTAL ANALYSIS
A.    Samples and Sonication Aging
To understand the effect of electrical stress mimicked by sonication, four fresh silicone oil (polydimethylsiloxanes (PDMS)) samples were aged in a sonication bath. The bath used for aging was a Sonocool 225 supplied by Bandelin, operating at 100 % power, 40 °C for 420 hours. The aged oils were then analyzed and compared with the fresh oils. Manufacturer details and the corresponding sample nomenclature used herein are given in TABLE I.
B.    Moisture Measurement 

The moisture content of the oil samples was measured using Karl Fischer titration using a GR Scientific Aquamax KF coulometric unit, following British Standard 60814.

C.    UV-vis Analysis
The UV-visible spectroscopy of the oil samples was obtained using Perkin Elmer Lambda 35 spectrometer. A 10 mL PMMA cuvette (path length 10 mm) was used for measurement over the wavelength range 200 to 1100 nm. 
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D.    FT-IR Spectroscopy
A Nicolet is5 by ThermoScientific instrument was used to conduct the Fourier-Transform Infrared (FT-IR spectroscopy using ATR (attenuated total reflection) method. The data were normalized using Z‑scores (also known as standard score) to allow comparison between samples. 

E.    Dielectric Response Analysis

The dielectric response of the oil samples was measured at room temperature (20 °C) in a liquid test cell (Solartron Analytical, model 12964A). The dielectric dissipation factor (tan δ) and permittivity values were obtained by applying 200 V using an Omicron Spectano 100. The calibration of the test cell was carried out before each sample by measuring the permittivity of air and adjusting the electrode distance to obtain an ε’ (real part of the dielectric permittivity) value of 1 before the oil sample was added to the test cell for the measurement to be conducted. The measurements were carried out over a frequency range of 10‑1 Hz to 5 kHz in Frequency Domain Spectroscopy (FDS) mode.

III.   RESULTS

A.    Initial observations
The samples obtained after aging underwent changes observable to the eye, as the aged oil appeared more viscous and had transformed into a partial gel-like state. Gel-formation could be a result of the cross-linking of PDMS, which would hinder the flow of chains. However, according to the literature, this is only possible in the presence of chemical contaminants, such as boric acid or sulfur-containing compounds [7]. The aged oils should have been free of such species thus the apparent cross-linking is a surprising effect. 
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[image: image3] Oil A3, one of the four aged oil samples, showed a remarkable change in appearance from transparent to translucent white (Fig. 1). This could be attributed to a possible intake of moisture. Boudraa et al. [8] have reported that an increase in moisture content accompanied by a reduction in interfacial tension as a consequence of electrical aging in mineral oil. TABLE II shows the change in moisture content in different oil samples. The standard deviation in moisture measurements obtained is within ± 6 ppm. Given the change in appearance and the amount of moisture change compared to N3, it was initially suspected that at some point during aging, external moisture contaminated the sample. To test this hypothesis, the aging of N3 was repeated with extra care being taken to prevent any contamination with external moisture, however similar results were obtained. This would indicate that N3 undergoes an additional chemical transformation during aging, which results in either the evolution of water or the absorption of extra moisture. Chen et al. [1] have reported similar observations in which one of the three ex-service silicone oils from a cable termination that they examined exhibited excessive water content accompanied by a translucent appearance with white floc at the bottom. This could be due to the presence of contaminants that could dissolve in the N3 but could not dissolve in the A3 and result in cross linking of chains of PDMS. We intend to explore the effect of possible contaminants in a CSE on the electrical aging of silicone oil as a natural extension of this work.
B. FTIR spectroscopy
Fig. 2
 shows that the FT-IR spectroscopy results of the silicone oil samples are identical for N1, N2, N3 and N4 (solid lines) with A1. A2, A3 and A4 (dash lines). It can be noted that that there are no new chemical species detected in the aged oil, this is reassuring as it means that oxidation and formation of hydroxyl groups are not occurring as a result of the sonication at concentrations detectable in FT-IR spectroscopy. 
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C.    UV-vis analysis 
The UV-vis data obtained for the virgin and aged oils are shown in Fig. 3
. The absorption peak is observed to increase in intensity and shift slightly towards higher wavelength for A2 and more notably for A3 suggesting the presence of a significant amount of particulate matter in the oil. Elsewhere, an aging experiment using a car spark plug to simulate high electrical stress in oil created a significant amount of particulate matter (to the point of changing the color of the oil to grey and then black). The corresponding UV-vis analysis found the transmission dropped to <70 % as a direct result [9]. In light of this, we suggest that the degradation of the oil under sonication stress forms particulates in the oil
. This is concerning as particulates typically aggregate at points of maximum electrical field strength and can subsequently lead to particle-induced premature breakdown [9]. 
To quantify the amount of particulates formed in each oil sample, the UV-vis absorption data can be used. As per ASTM D6802, the area under the absorbance curve between 360 to 600 nm gives the Dissolved Decay Product (DDP) of the oil samples. Fofana et al. [10] have reported a similar increase in the DDP values as a consequence of electrical‑stress induced in oil. Similar analysis carried out by NÇho et al. [11] has shown that service aged ester oils have higher DDP values compared to fresh oil. The DDP values for the oil samples are given in TABLE II. It can be seen that there is an increase in the DDP content in aged oils compared to their virgin samples: A4 shows the least change, whereas A3 shows a significant increase in the DDP value. The content of DDP in insulating oils is made up of a variety of compounds, such as peroxides, aldehydes, ketones, and organic acids as mentioned in ASTM D6802. Due to the high sensitivity of the spectral analysis, the deterioration of oil purity can be assessed in the early stages of the decay process and form a useful advanced-warning monitoring technique. 
D.    Dielectric response analysis

The dielectric parameters of the four fresh oils are shown in Fig. 4. (shown by empty circles). In Fig. 4(a) it can be seen that the values of the ε’ obtained are frequency independent and close the value of 2.75.

[image: image5]Fig. 4(b) shows the imaginary part of the dielectric permittivity (ε’’) where it is observed that N2 and N4 display lower losses compared with oils N1 and N3, in the low-frequency range. This behavior is consistent for the largest part of the frequency spectrum as revealed in the logarithmically scaled plot of the loss factor (tanδ) against frequency (Fig. 4(c)).

The solid triangle markers in Fig. 4 show the dielectric spectra of oils after aging. In terms of real permittivity (Fig. 4 (a)), A4 shows no change, both A1 and A2 shows a slight change and A3 shows the most significant change – an increase starting when moving below 1 Hz to around ε’=3. An increase in permittivity, particularly in the case of A3 could be a result of the presence of water in the system which is consistent with the KF measurements of this oil (TABLE II). However, a corresponding water peak of –OH was not seen in the FT-IR results (Fig. 2). This is an interesting observation and calls for further investigation. The imaginary parameter (Fig. 4 (b)), shows an increase in permittivity below 1 Hz for all the samples, it is just the amount of change that differs between the samples. A4 shows the least amount of change whereas A3 shows the most significant change (with increases to 0.25 beginning at 1 Hz and to 2.75 beginning at 10 Hz respectively). A similar trend is observed in the tanδplots (Fig. 4 (c)). These results reflect a similar effect produced by conventional electrical aging
, where an increase in dissipation factor is observed in aged oil samples. In contrast with thermal aging
, the tanδ values increase more than 120 times the value obtained for virgin oil, the increase in the values post electrical aging was found to reach a maximum of 30 fold [12]. Arief et al. [13] have also reported an increase in tanδ value in electrically aged ester oil samples. They attributed this to the presence of particulates formed as a by-product of aging, which results in reducing the capacitance of oil. In the current analysis, a similar observation is made (as indicated by the DDP value of aged oils in TABLE II), which could explain 
the increase in tanδ losses post aging. These correlations strengthen the case for the suitability of using the sonication technique to study the alterations in oil produced by electrical stress.
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Fig
. 4. (a) Real relative permittivity (b) Imaginary relative permittivity and (c) Dielectric dissipation factor of four silicone oil samples prior and post-aging. 
IV.   CONCLUSIONS

In this paper, four silicone oil samples were aged in the laboratory using a sonication technique to mimic the effects of electrical aging. The resultant oils show physical transformation: gels are formed in aged oil. Although no notable new or changed bonds are identified in FTIR 
analysis, there as a significant increase in the moisture level in one of the four aged oils. In addition to this, the same oil showed an increase in the dissolved decay product characterized by the UV-vis analysis while the dielectric response data indicates that the aging of oil leads to an increase in dielectric losses and permittivity in all the samples but most significantly in the aforementioned oil.

When viewing the results in light of the literature, we believe sonication is an effective tool to induce accelerated aging effects and suggest that this method can be adopted as a promising alternative to conventional electrical aging techniques. Sonication has the advantage of convenience offered by higher speed, safety, simplicity and high throughput. As a result, a future study on the effect of oil aged in the presence of contaminants using sonication is of interest and value.
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TABLE � SEQ Table \* ROMAN �I�


DETAILS AND NOMENCLATURE OF THE OIL SAMPLES 





Silicone Oil Sample�
Nomenclature Used�
�
�
Before Aging�
After Aging�
�
Dow Corning 568�
N1�
A1�
�
Xiameter PMX 561�
N2�
A2�
�
Powersil Fluid TR50�
N3�
A3�
�
Basildon Chemicals 8HCO-MS200�
N4�
A4�
�






�


Fig. � SEQ Figure \* ARABIC �1�. Silicone oil samples (a) before and (b) after aging.





TABLE � SEQ Table \* ROMAN �II�


MOISTURE ANALYSIS AND DISSOLVED DECAY PRODUCT ANALYSIS OF OIL SAMPLES





Silicone Oil Sample (X)�
Moisture Content


(± 6 ppm�)�
Dissolved Decay Product (a. u.)�
�
�
Before Aging


(NX)�
After Aging


(AX)�
Before Aging


(NX)�
After Aging


(AX)�
�
1�
89.1�
122.4�
0.51�
0.9�
�
2�
76.82�
97.4�
1.3�
3.4�
�
3�
76.38�
498.8�
0.3�
34.5 �
�
4�
65.46�
73.1�
0.7�
0.8�
�






�


Fig. � SEQ Figure \* ARABIC �2�. FT-IR analysis of virgin and aged silicone oil samples.





�


Fig. � SEQ Figure \* ARABIC �3�. UV-vis analysis �of virgin and aged silicone oil samples.
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�Same points as with Fig.2


�Are you sure that this isn’t just a dilution effect? Check D9


�Ref?


�What thermal ageing?


�Are you likening particulates to DDP? If so, I don’t think that it is valid to do so.


�Again, anti-aliasing will make these graphs look so much neater


�Be consistent, sometimes you have used FT-IR
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