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EFFECT OF ASYMMETRIC ELECTRODES ON DC CURRENT IN SILICONE RUBBER

INTRODUCTION

After decades of developments in HVDC technologies for power transmission, attention has been devoted to new studies for MVDC applications in order to turn DC power distribution a reality. Among them, the validation or improvements of insulating systems is a challenging one because materials and designs change considerably between HV and MV systems, and between AC and DC. In any case, one particular aspect that is systematic on real HV/MV equipment is the use of asymmetric electrodes, i.e., electrodes that differs in nature and design on each side of the insulation. Into bushings, for example, the insulating material is associated with the conductor (usually copper or aluminum) in one side and a screen on the other side (potentially some other metal, as steel). In laboratory scale, dielectric samples are often sputter-coated either for the application of an external voltage or as a technique to improve the contact with the sample and reduce roughness effects. Contrary to the application, the same metal is usually sputtered on both sides, normally gold (Au) or platinum (Pt), since they are chemically inert and shouldn't oxidate nor interfere with migration effects. As consequence, there is a difference between measures performed at the laboratory and the application design that can make validation procedures difficult. It has been reported in literature that the nature of electrodes can interfere on injection and distribution of charges [START_REF] Ko | Contact-injected space charge in PET[END_REF][START_REF] Hirsch | Contact-injected space charge in PET[END_REF][START_REF] Thielen | Heat treatment effects on the metal-polymer interface and space-charge formation in thin metallized polyethylene terephthalate films[END_REF][START_REF] Viertel | Electrode Influence on DC Conductivity Measurements of Low Density Poly Ethylene[END_REF]. This has been attributed to energy barriers associated to each metal. Polarity should also play a major role since the energy barriers varies for electron and hole injection. For a positive polarity, an impact on current measurements up to one order of magnitude has been reported for low-density polyethylene (LDPE) [START_REF] Viertel | Electrode Influence on DC Conductivity Measurements of Low Density Poly Ethylene[END_REF] and high-temperature vulcanized silicone rubber (HTV SiR) [START_REF] Silva | Investigating the I-V characteristics of an HTV silicone rubber for MVDC electrical insulation[END_REF] just because of the change of the metal that coats the sample. For liquid silicone rubber [START_REF] Freye | DC Conductivity Measurements of Liquid Silicone Rubber: Influence Analysis and Repeatability[END_REF], the electrode system also interferes on repeatability of results. For additive-free LDPE, space charge measurements with samples sputter-coated with an asymmetric design (gold on one side and aluminum on the other side) have shown an increase of charges in the bulk when compared to symmetric electrodes [START_REF] Chen | Electrodes and Charge Injection in Low-density Polyethylene Using the Pulsed Electroacoustic Technique[END_REF]. Similar studies were carried out for cross-linked polyethylene (XLPE) [START_REF] Hao | The effect of electrode material and semicon bonding on space charge dynamics of XLPE[END_REF], Polyethylene terephthalate (PET) [START_REF] Rain | Influence of the electrode metal on the injection of space charges in PET and epoxy resin[END_REF], and Polyimide (PI) [START_REF] Kaneko | Effects of Electrode Material on Injection and Space Charge Formation in Polyimide[END_REF]. For XLPE, injection has occurred with dominated charge depending on the electrode nature. For PI, also injection has been identified, but no dependence of electrode material has been found. In the case of PET with gold electrodes, negative and positive injections were observed, the former being larger than the latter. This work aims to associate both approaches with a focus on an High Temperature Vulcanized Silicone Rubber (HTV SiR), which is a material mostly applied in MV applications. In the first part, the current mechanism of both symmetric and asymmetric configurations is presented. Then, measures of space charge will be presented. They should support the comprehension about the mechanisms responsible for conduction and the impact of asymmetric systems on conductivity. At the end, the influence of polarity is discussed.

MATERIALS AND METHODS

Material of the Study

An HTV SiR filled with silica has been shaped in 1 mm thickness disks of 70 mm in diameter (for current measurements) and 110 mm (for space charge measurements). As any real industrial material, the presence of all kind of additives, such as antioxidants, plasticizers, demolding and pigments has to be taken into account.

Sample Conditioning and Preparation

All disks were dried into an oven at 70°C and under vacuum conditions for at least 2 days. Two main reasons supports the drying step: (1) it helps us to control the water content, to which conductivity seems to be very sensitive [START_REF] Hirsch | Contact-injected space charge in PET[END_REF]; (2) it removes some volatiles and byproducts that can biase the analysis. Only dry samples are tested in this work. Then, samples are sputter-coated with a turbomolecular pumped coater at 10 -3 mbar. Four different configurations were applied, as shown in Figure 1. A sputter-coat metallization consisted of a 200 nm thick layer of gold and/or copper. In a first moment, a positive high-voltage source will be connected to the bottom electrode for all measurements. Then the bottom electrode becomes the anode (A) and the upper one the cathode (K) when sample are under voltage. One can notice that inverting copper and gold arrangements as in designs (c) and (d) corresponds to a polarity invertion. Upper and bottom coats have different sizes in order to follow the design of electrodes of current and space charge measurement cells, sizes are available in TABLE 1. For current measurements, the guard electrodes surfaces have not been coated. Current-Voltage (I-V) Set-up and Protocol I-V measurements were conducted by simply connecting sample to an HV source from one side and to an electrometer on the other side. A vessel was to hold the samples. It can be hermetically closed and dried air can be injected, enabling the increase of voltage without risk of discharges. As it can seen in Figure 2, conductive silicone tapes have been installed as cell electrodes so that the electrodes could deform and ensure a good contact with the material. By sputtercoating the sample, the effect of these electrodes should be eliminated.

The vessel is closed and, after vacuum application, dry air is pumped in under 1.5 -2 bars. The vessel is located inside a climatic chamber with relative humidity (RH) control. Current measurements have been executed at 40°C with environment inside the vessel controlled within 1-3% RH, so that the sample could not absorb moisture during the test. After 4 hours of discharging and temperature stabilization, tests were performed from 1 kV to 5 kV by steps of 1 kV. For each voltage level, the method consisted of 1 hour of polarization and 1 hour of depolarization (so called 1h/1h method).

Figure 2 Scheme of I-V test arrangement (a); external view of test cell (b); view of electrodes arrangement (c).

The conduction current (Ic) is obtained by the sum of currents at the end of polarization (Ip) and depolarization (Id) steps. No relevant offset has been identified. The current density J is calculated by dividing Ic by the effective surface of the sample.

Space Charge Set-up and Protocol

Space charges were measured using the laser induced pressure pulse (LIPP) method which consists of a pressure pulse excited by a laser source that propagates through the sample thickness, generating a signal in voltage or current proportional to the charge or field distribution [START_REF] Sessler | Measurement of Charge Distribution in Polymer Electrets by a New Pressure-Pulse Method[END_REF]. Details about the main steps (calibration, volt-on and volt-off measures) as well as all the data treatment strategy can be found in [START_REF] Rain | Field and temperature dependence of space charge injection in a silicone rubber[END_REF]. The measures were conducted at similar conditions as I-V measures, i.e. dried samples at 40°C with volt-on and volt-off measures.

The voltage of 5 kV has been applied for 1 hour. The entire set-up can be seen in Figure 3.

RESULTS

Current-Voltage (I-V) Measurements

The current density as a function of the electric field for Au/Au, Cu/Cu, Au/Cu and Cu/Au are presented in Figure 4. Note that the values of J are divided by 𝐽 0 , that is the lowest value among all the results. Each curve can be divided in two regions: one linear or ohmic, in which the current density is proportional to the field, and another non-linear or non-ohmic. In Figure 4, the linear domain is suggested by the gray line in which a slope equals to 1 has been extrapolated from data at 1kV/mm. Some additional datapoints for Au/Au samples have been measured and added to the graph in order to verify this transition. The non-linear region is underlined by a slope higher than the unity, with their values listed in the table.

In general, current density values of symmetric gold electrode samples are one order of magnitude lower than all the other systems of the study. The non-linear region has a slope equals to 3.43. The current density of symmetric copper electrode samples has a slope in the non-linear region equals to 2.47. The systems with two different electrodes presented a non-linear mechanism with a slope close to 2 (slope = 1.86 and 1.87). Both symmetric copper sputter-coated and asymmetric samples presented close values of J.

It is worth to note that the threshold (represented by the circle) seems to be the same for symmetric samples (E = 1.64 kV/mm), and also the same for asymmetric ones (E = 1.88 kV/mm).

One may ask if a slope of 2 is systematic for asymmetrical systems. Additional measurements have been executed for new samples in which just one side has been sputter-coated. The other side stayed in contact with the conductive silicone tape (SiR-C, i.e. filled with carbon black, so as the conductor is made of carbon) that has always present (Figure 2). The result, that can be seen in Figure 5, shows that all the profiles in the non-linear region can be fit with a slope very close to 2 as well, including symmetric SiR-C electrodes (i.e. without any coating).

In Figure 5, all the asymmetric systems exhibits higher currents than the symmetric one. In addition, the polarity applied to the conductive silicone separates regions of current amplitude with close values for Au/C and Cu/C, or for C/Au and C/Cu. Again, a slope equal to 1 has been extrapolated from 1 kV/mm and presented as the gray line. In this case, the threshold seems to be higher when gold was applied as sputter-coat.

Because the insulating materal is the same, it leads to conclude that the measure of the current density (so as the volumetric conductivity itself) cannot be dissociated from the electrode system. In other words, conductivity seems to be a property of the electric insulated system, which includes the metallic contacts. 

Space Charge Measurements

The charge density profile through the symmetric goldcoated sample under voltage (Volt-on) and immediately after short-circuit (Volt-off) is showed in Figure 6. On both curves, the charge distribution seems homogeneous inside the bulk, and the volt-off curve reveals that the material has been slightly negatively charged. The presence of negative charge is confirmed by positive induced charges at the electrodes on both sides of Voltoff measure.

When the sample is copper-coated on both sides, this profile is altered, as depicted in Figure 7. Induced peaks in Volt-on curves are lower but wider. An accumulation of charges is evidenced by the negative charge-packet located on the cathode side both on Volt-off and Volton curve. Either under volt-on or volt-off, the peaks at the electrodes are broader than for Au/Au sample. Under volt-on, these broad peaks can be attributed to homocharges injected under both polarities. Under voltoff, positive homocharges are still observed but negative homocharges are not. Conversely, a slight concentration of positive heterocharges is detected under volt-off at the cathode. In the case of the asymmetric electrode system with gold as cathode and copper as anode, qualitative observations are similar as for Figure 7 with slight differences. The negative charge-packet is centred deeper inside the sample, as portrayed in Figure 8. This logically increased the peak induced under volt-off at the cathode which is larger than in Figure 7. The increase of the induced peak at the anode reveals a larger concentration of these negative space charges as a whole with the gold cathode. The Au/Cu sample has been discharged and tested again at the same voltage level, but with an opposite polarity. Figure 9 shows a similar Volt-on profile as in Figure 8, as if the curve were reflected by the y axis, i.e. an accumulation of positive charges into the bulk instead of negative charges. It can be noted that the peak at the copper side in Figure 9 (representing an injection of electrons) is broader than its equivalent in Figure 8 (injection of holes). It suggests that the copper injects easily electrons than holes. These electrons are not found in the volume, but near the anode, as the Volt-off curve suggests. Even if profiles looks similar, the quantity of charge is not. More charge was accumulated when a positive polarity was applied, as if gold had an easier facility to inject electrons than holes (or the opposite, as if copper has a facility to inject holes instead of electrons). Considering these two figures, the dominant polarity of the space charges inside the gap is imposed by the polarity of the gold electrode: with a gold cathode, space charges are thoroughly negatives whereas with a gold anode, space charges are thoroughly positives. 

DISCUSSION

Space Charge Profiles and current mechanisms

In a previous work [START_REF] Hirsch | Contact-injected space charge in PET[END_REF], the effects of electrode nature on current measurements in this HTV SiR as well as the linear caracteristics of lnJ vs square(E) suggested a mechanism limited by injection of charges (particularly Schottky injection). Nevertheless, an ionic conduction should not be entirely excluded since the sample is not free of additives. The Au/Au current, with a slope of 3.43, could fit with a model of SCLC mechanism with different trap levels.

However, the flat profile of the low density space charges pictured in Figure 6 as well as the low amplitude of the current density lead rather to the hypothesis of a current limited by a Schottky injection as proposed in [START_REF] Silva | Investigating the I-V characteristics of an HTV silicone rubber for MVDC electrical insulation[END_REF].

As for gold electrodes, current measurements with copper electrodes could also fit a Schottky injection as seen in [START_REF] Silva | Investigating the I-V characteristics of an HTV silicone rubber for MVDC electrical insulation[END_REF]. However, with a slope of 2.47, it may also correspond to a SCLC mechanism with different levels of traps. The profile seen in Figure 7 for Cu/Cu looks like a smoothed version of Figure 8, with a chargepacket closer to the cathode side. A mechanism of SCLC would be in better accordance with this charge accumulation. Space charge limited current (SCLC) mechanism with no traps, or with traps of a single level of energy, is characterized by a slope of 2 in the lnJ vs lnV curves.

The investigated asymmetric electrode systems all exhibit a slope of 2, suggesting a SCLC regime. The accumulation of space charges presented Figure 8 for Au/Cu sample is consistent with a model of SCLC. The higher attenuation expected at the cathode should be compensated by a higher enhancement at the anode. Higher enhancement induces higher stresses, and higher stresses increase the injection of charges. The current is no longer limited by injection but by charge transport.

Polarity of the space charges with respect to the metal of the electrodes Figures 6 to 9 exhibit space charge distributions with a dominant polarity. A first attempt of interpretation is to compare injection at both sides. For example in Figure 6, dominant negative space charges within the gap suggest a larger injection of negative charge at the cathode than of positive charges at the anode. Figure 7 leads to the same deduction for Cu/Cu system. As concerns asymetric electrodes, Figure 8 suggests a larger injection of negative charges at the Au cathode than of positive charges at the Cu anode and Figure 9 suggests a larger injection of positive charges at the Au anode than of positive charges at the Cu cathode. Therefore, a scale of easier injection can be deduced at this field of 5 kV/mm in the silicone rubber: Au cathode > Au anode > Cu cathode > Cu anode. However this classification does not explain the observed quantitative differences in the space charge concentration. Further explanations are needed.

One Electrode is Likely to Impact What's Happening with Another

If we have the same cathode for Au/Au (Figure 6) and Au/Cu (Figure 8), why much more negative charges are observed in the last case? Two hypothesis can be raised. First, copper can simply injects more easily (both holes and electrons) than gold. For the case of the positive polarity applied to Au/Cu, holes would cross the sample and accumulate at the cathode, reinforcing the field there. The higher the field, the higher the stress, the higher the injection. When a negative polarity is applied for Au/Cu sample, as the gold will inject less holes, copper will inject less electrons, so the magnitude of the charge density should be lower in comparison with the positive polarity. Consequently, a current should be limited by injection when no other mechanism is involved and when the material doesn't inject so much. If so, the current will rapidly turn into a SCLC. Second, the energy barriers of both sides are somewhat modified and ultimately related since the beginning. The modification of the enegy barriers is possible because many events, such as reactions and rearrangements at the interface, can change their nature, creating a density of states that possess its own energy barrier 𝜙 𝐼𝑆 [START_REF] Viertel | Electrode Influence on DC Conductivity Measurements of Low Density Poly Ethylene[END_REF]. Nevertheless, the proof that the energy barrier of the cathode is related to the energy barrier of the anode since the beginning is more difficult to achieve. An approach based on the Double Schottky effect sounds promising. There, the Schottky injection is considered to occur on both sides, with each contact seen as resistances in parallel to the insulating. As the electrical current through all resistances is the same, and as the equationing of Schottky injection take into acount the energy barrier, a relationship between energy barriers is possible [START_REF] Grillo | A currentvoltage model for double Schottky barrier devices[END_REF].

Limitations of the Study

As mentioned before, as the sample is not additive-free, there is no guarantee that ionisation, dissociation, and migration won't occur and have an impact on space charge results. On the contrary, these phenomena would partially justify a density of states that deviates the energy barrier heights from theoretical ones. It is known that copper can easily oxidize, and this should change the electrode properties. In addition, it was not excluded that oxidized copper can migrate within the sample. However, an analysis of Scanning Electron Microscopy with EDS have shown no trace of copper into the bulk or close to the surface. It is worth to mention that the mechanical pressure during the electrical tests was not controlled. It is also supposed that the difference of the electrode's surfaces would not play a major impact on the mechanisms studied.

CONCLUSIONS

In this study, I-V tests and Space Charge Measurements via the LIPP method have been performed with 1 mm thick samples of High-Temperature Vulcanized Silicone Rubber (HTV SiR). Samples have been coated by sputtering and divided in two categories: symmetrics (when anode and cathode were made of the same material) and assymetrics (when the material of the anode differed from the one of the cathode). Gold, copper and conductive SiR have been used as electrode materials.

As main conclusions, it can be set that:

-Au/Au samples presented a non-linear current mechanism attributed to injection of Schottky type, whereas Cu/Cu samples behaviour suggested a SCLC mechanism.

Proceeding of the International Electrical Insulation Conference -INSUCON 2023 / IET Centre, Birmingham, UK, 18-20 April 2023 -Assymetric samples presented systematically a SCLC in the non-linear region, no matter the nature of the anode and cathode.

-Accumulation of charges was considerably higher in assymetric samples or when copper was used as electrode material than with the Au/Au system. Space charge observations are thus consistent with current fitting laws.

-I-V characteristics of silicone rubber are related to the entire system, which includes the electrode system, and not just to the insulating material. The impact of mechanical pressure has to be evaluated, since silicone rubbers are elastomers and their densities can change under mechanical pressure.
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 1 Figure 1 Electrode designs for symmetrical (a and b) and asymmetrical (c and d) configurations.
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 3 Figure 3. Scheme of the LIPP method.
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 5 Figure 5 Current density as a function of electric field for samples with electrode systems made of carbon (C) on both sides, or by gold (Au) or copper (Cu) replacing one of the carbon electrodes.
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 617 Figure 6 Charge distribution under Volt-on and Volt-off. Au electrodes. Applied voltage: +5000V for 1 hour.
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 89 Figure 8 Charge distribution of SiR. Cathode Au and anode Cu. Applied voltage: +5000V for 1 hour.

TABLE 1 Electrode diameters for current and space charge measurements Electrode Current meas. (mm) Space charge meas. (mm)

 1 

	Upper electrode	50	40
	Botton electrode	54	33

Figure 4 Current density as a function of electric field for silicone rubber samples associated with different electrode systems: Au or Cu on both sides, and Au/Cu at both polarities.
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