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Abstract

:

One of the most important causes of insulation system failure is the breakdown of the interface between two solid dielectrics; understanding the mechanisms governing this breakdown phenomenon is therefore critical. To that end, investigating and reviewing the practical limitations of the electrical breakdown strength of solid–solid interfaces present in insulating components is the primary objective of this work. The published literature from experimental and theoretical studies carried out in order to scrutinize the effects of the presence of solid–solid interfaces is investigated and discussed, considering macro, micro, and nano-scale characteristics. The reviewed literature suggests that solid–solid interfaces in accessories have non-uniform distributions of electrical fields within them in comparison to cables, where the distribution is mostly radial and symmetrical. Many agree that the elastic modulus (elasticity), radial/tangential pressure, surface smoothness/roughness, and dielectric strength of the ambient environment are the main parameters determining the tangential AC breakdown strength of solid–solid interfaces.
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1. Introduction


Various insulating and conductive materials are used in electrical insulation systems. The alternating current (AC) breakdown strength (BDS) of an insulation system can be as high as the dielectric strength of the weakest link in the system. One of the most critical failure mechanisms within the insulation system is the electrical breakdown of the interface between two solid dielectrics. Therefore, it is essential to discover the breakdown mechanisms occurring at solid–solid interfaces. An electrical breakdown at the interface between two solid dielectrics has been reported to be the leading cause of insulation system failure [1]. Hence, studying the mechanisms governing this breakdown phenomenon is essential for improving insulation systems.



Surface irregularities cause discrete contact points that form when two rough, nominally flat surfaces are brought into contact. Numerous cavities arise between the contact spots. The factors influencing the interfacial dielectric strength are then related to the insulation properties of cavities (dimension, shape, and dielectric medium inside) and the contact area (treeing/tracking resistance, etc.). Therefore, this review concentrates on the dielectric properties of both cavities and contact spots in the macro, micro, and nano-scale to offer a holistic overview of the problem.



In this paper, a brief introduction to state-of-the-art connectors and cable apparatuses containing interfaces is provided. Particular attention is paid to the solid–solid interfaces, considering the causes of interfacial failure and important factors that influence the dielectric strength of an interface. Second, publications relevant to the scope of this review paper are summarized into two main categories: empirical studies on solid–solid interfaces and theoretical studies modeling the rough contact surfaces at solid–solid interfaces. The scope of the literature survey is illustrated in Figure 1.




2. Interfaces in State-of-the-Art Cable Connectors


In this section, an overview of modern connectors and the limiting factors involved in the design phase and in practice are given. In addition, a more general overview of solid–solid interfaces in polymer-insulated power cables is provided.



2.1. Interfaces in Subsea Cable Connections


Subsea cable connectors are a pertinent example of modern, sophisticated connector solutions available for cable connectors. They are categorized as “wet-mate” connectors, “dry-mate” connectors, and penetrators. A modern wet-mate connector is composed of a plug and a receptacle, as presented in Figure 2 [2]. In subsea applications, the retrieval of pumps or transformers for repairs on the surface is of paramount importance, and wet-mate connectors significantly facilitate performing this task [3,4,5]. Wet-mate connectors can be connected/disconnected underwater, allowing the equipment to be disconnected before retrieval to the surface and to be connected after being installed in the subsea grid [3,4,5,6,7]. On the other hand, dry-mate connectors require equipment to be assembled on a vessel along with the cable before being lowered to the seabed. Penetrators are essentially cable terminations, allowing high-voltage cables to be run through equipment enclosures [3]. High differential pressures are often tolerated by penetrators, and hence they allow equipment requiring a 1-atm environment to be connected [3].



Wet-mate subsea connectors have been in operation in the oil and gas industry for a long time because the plugging can take place in water/underwater effortlessly [3,4,5,7,8]. As the transition to “green energy” is gaining pace recently thanks to the increased awareness of climate change, wet-mate connectors are becoming increasingly popular in renewable energy applications such as offshore wind farms (both floating and fixed-bottom), tidal energy systems, and floating-type photovoltaic power stations (solar farms). However, recent and future subsea extensions require that the wet-mate connector technology be improved in a cost-effective manner so that it can provide higher power ratings with reduced losses and operate at higher voltages and higher temperatures, in deeper waters, and with longer tiebacks [3,4,5].



Currently, wet-mate cable connectors up to 45 kV (dry-mate connectors/penetrators up to 145 kV) are commercially available and applicable for deepwater and dynamic applications, including power umbilicals. Wet-mate connectors are crucial to future subsea substations or mid-point compensation for long high-voltage AC cables. The inter-array voltage level of 33 kV has been upgraded to 66 kV in modern offshore wind parks. The average capacity of an individual wind turbine is likely to increase to above 14 MW, which means the average total capacity of modern wind parks will also rise along with it. Within a few years, inter-array connections in offshore systems will likely require even higher voltage levels above 100 kV. This calls for higher voltage ratings, especially for wet-mate connectors used as vital components in future subsea inter-array grids (e.g., in junction boxes or subsea substations). Thus, further steps must be taken to achieve higher voltage levels (>220 kV for dry-mate, >100 kV for wet-mate) needed for AC longer step-out offshore electrification as a cost-efficient alternative to high-voltage DC.



A connector includes two different insulation systems within a controlled environment: one oil chamber is placed in the other, separated by a diaphragm, as illustrated in Figure 3. The main potentially weak parts in subsea connectors are the interfaces between the solid–solid and solid–liquid dielectric materials. Leading causes of failure are the presence of imperfections, defects, impurities at the interfaces, and water intrusion [1]. They are likely to result in locally high field stresses that, in turn, initiate surface discharges through the guide pin, possibly leading to a premature electrical breakdown.



Figure 4a illustrates an engaged subsea connector in operation. The main causes of failure are illustrated in Figure 4b–e at the plug component. Water ingress adversely influences the dielectric performance of insulating oil [6]. Several options exist, allowing water to penetrate the connector’s insulation; diffusion through the primary diaphragm is the most common mechanism. In fact, diffusion through the diaphragms inevitably occurs to some extent. Although diffusion is a gradual process, it leads to moderately elevated relative humidity (RH) inside the connector. Increased RH can easily be measured using pertinent readily available humidity sensors [6]. Additionally, dirt or water residue on the guide pin or diaphragms as well as mechanical damage may lead to water ingress (Figure 4b,c) [6]. Last but not least, while wet-mating, water may enter the oil. A thin conductive layer may also form on the guide pin as a result of inadequate contact pressure between the seal and the guide pin (Figure 4d) as well as the deformation/damage/aging/fatigue of the sealing material. The presence of conductive material will lead to locally high field stresses. Surface discharges through the guide pin may ensue, possibly leading to a complete flashover [6].



Analyzing a simplified geometry of a subsea connector using finite element methods (FEM) can help reveal problematic areas, as presented in Figure 5a. FEM analysis indicates that the edges where the guide pin engages with the first diaphragm have the greatest local electric field strength. The locally high electric stress holds a high potential for failure based on the voltage rating and material properties of the connector. Electric field grading techniques seem necessary to distribute the electric field more uniformly inside the connector. The tangential component of the electric field (along the pin), depicted in Figure 5b, suggests that the primary diaphragm and contact areas are likely to experience surface discharges. The reason for this is that, in the case that several of the mechanisms become present simultaneously, surface tracking or arcing along the dry bands between impurities, e.g., water droplets, may ensue, as illustrated in Figure 4e. The causes of failure presented here are not inherent only to subsea connectors. In the next section, we focus on solid–solid interfaces.




2.2. Interfaces in Polymer-Insulated Cable Connections


The simple structure of the insulation in cross-linked polyethylene (XLPE) cables led to the early development of easy-fit prefabricated joints and terminations, whose field control elements are prefabricated and tested in the factory [8]. In the past, such accessories were initially developed for medium-voltage (MV) applications, which were then upgraded for the high-voltage (HV) and extra-high-voltage fields (EHV). However, a large number of alternative solutions are currently competing with these prefabricated elements.



Recent developments have progressed to prefabricated and routine-tested slip-on units, even for straight joints and polymer-insulated cables [8]. Field control components are already incorporated in these joints [9]. Accessories with slip-on stress cones for HV and EHV cables usually utilize field control deflectors, as shown in Figure 6a [8,10]. Properly contoured deflectors made from an elastic conductive material are positioned into a similar elastic insulator permanently, then pressed in one piece onto the suitably prepared polymer-insulated cable precisely, such as EPR (ethylene propylene rubber), PE (polyethylene), LDPE (low-density polyethylene), or XLPE.



Figure 6a shows the cross-section of a slip-on joint, consisting of two opposing control deflectors and a field smoothing sheet for the conductor connection [8]. A conductive coating for the surface of the joint is needed to provide the outer screening. Lastly, a metal housing (durable against corrosion) is used to avoid ingress of moisture and mechanical damage [8].




2.3. Factors Affecting the Interfacial Breakdown Strength


Solid–solid interfaces in cable joints usually arise between a soft material (elastomer/ polymer) and a hard (polymer) material such as XLPE–EPDM (EPDM: ethylene propylene diene monomer), XLPE–SiR (SiR: silicone rubber), XLPE–EPR, and XLPE–PEEK (PEEK: polyether ether ketone), or between the same materials. With soft materials, improved contact and sealing is possible even at low and moderate contact pressures.



Despite the presence of deflectors with identical structures, different field conditions arise in joints to those in sealing ends. In particular, the tangential component of the electrical field that is locally enhanced at the interface between the cable dielectric and joint insulation becomes more significant relative to the maximum field strength within the body of the joint [8]. Accurate field calculations, as illustrated in Figure 6, are essential to avoid intolerably high stresses and to optimize the shape of the joint. Figure 6b,c depicts the results of field calculations in the form of the potential distribution and the field distribution of the normal and tangential components in a 400 kV slip-on joint, respectively [8].



The electrical performance of solid–solid interfaces are dependent on the following:




	
Surface roughness;



	
Contact force;



	
Mechanical and electrical characteristics of the insulation materials, such as elasticity and tracking resistance;



	
Surrounding/insulating dielectric medium; and



	
Care exercised and conditions during assembly.








In the next section, the individual effect of each above-listed parameter is present.




2.4. Contact Surfaces at Solid–Solid Interfaces


Prefabricated and pretested/qualified cable accessories do not necessarily guarantee ideal assembly conditions because the site conditions in which they are usually assembled may be suboptimal and hard-to-control [8]. As long as the fitting is not performed in a laboratory or cleanroom environment, the interfaces will be vulnerable during installation. Consequently, cavities, protrusions, and impurities are likely to develop at solid–solid interfaces [1]. Figure 6c illustrates the locally enhanced electric field stresses originating from imperfections at an interface (complementary to Figure 5). To be more specific, rough surfaces lead to various cavities at the interfaces, whereas contact force affects the size and deformation of the cavities and contact areas, as shown in Figure 7. Mechanical and electrical characteristics of the insulation materials, such as elasticity and interfacial tracking resistance, strongly affect the interfacial BDS. The type and quantity of lubricant/grease used during assembly, water penetration to the interface, or assembly at dry and optimal conditions change the insulating dielectric medium filling the cavities. Lastly, poor workmanship, wear and tear of materials, contaminants, and impurities cause a substantial reduction in the BDS [8].



As previously stated, the presence of the solid–solid interfaces (i.e., imperfect contact) increases the risk of locally high electric field stresses, leading to partial discharges (PD) and eventually a premature flashover [1,8,13,14,15,16,17,18,19].



A major failure process for power cable connectors is the breakdown of the interfacial layer between two solid insulating materials, as reported in [1,8,13,15,17,18]. When dimensioning the thickness of the insulation walls of the cable and joint body, Peschke and Olshausen [8] recommend restricting the operational stress on the outer conductive layer to around 6–7 kV/mm even if the installation is performed with due care, and the mechanical and electrical design of the apparatus is optimal [8].



Cavities on a dielectric surface differ in size and distribution based on the surface roughness, contact force, and mechanical properties of the material, as well as the care taken during manufacturing and installation [1,8]. Surface irregularities cause discrete contact points that form when two rough, nominally flat surfaces are brought into contact. Figure 8a,b illustrates the formation of numerous cavities between contact spots. Figure 8b elucidates the significantly low ratio of “actual contact area” to “nominal contact area”. An interfacial cavity along the tangential axis (x- or y-axis) is generally considerably larger, as illustrated in Figure 8c [20].



In light of the overview of the important parameters discussed in this section, the primary parameters influencing the distribution and size of microcavities and hence the electrical breakdown strength of solid–solid interfaces are summarized in Figure 9a with their individual effects on the interfacial dielectric strength illustrated in Figure 9b.





3. Empirical Studies on Dielectric Strength of Polymers and Solid–Solid Interfaces


Experimental work regarding the electrical properties of solid–solid interfaces in insulating materials, HV apparatuses, and cable accessories has been extensively studied in the literature. The papers referred to in this section have predominately focused on the BDS and PD inception field strength (PDIV) of solid–solid interfaces by focusing on interfacial discharge and breakdown mechanisms induced by enclosed cavities (either spherical or elongated in the field direction) and interfacial tracking resistance (PD resistance) of the polymers. Besides this, a few papers have correlated the intensity of discharge images with the interfacial BDS values. In the experiments, cable joints as a whole, interfaces assembled between pieces of polymers cut from commercial cables, or polymers cast in laboratories have reportedly been used. Casting custom-made polymers in laboratories using molds in desired shapes and sizes has been popular among researchers because it allows metal electrodes or air-filled cavities to be embedded in diverse shapes and sizes in the specimens. Below, a summary of findings from the selected publications is provided.



3.1. Studies on the Insulation Properties of Polymers


Albayrak et al. [23], Roy et al. [24], and Ding and Varlow [25] observed improved electrical insulation properties when the elastic modulus was increased by putting in micro and nano-scaled zinc oxide, nano-scaled zirconia particles, and silica nanoparticles. In these studies, the dielectric strengths of different dielectric materials were tested by changing the chemical and material properties of the bulk insulation material.



In addition, Du et al. [26,27] studied the interface charge behavior of multi-layer insulations extensively. These studies were performed under direct current (DC) voltage, in which the influence of fillers in bulk materials of LDPE and EPDM on the overall breakdown strength of interfaces was investigated. It was concluded that suppressed/reduced charge accumulation by 50% at the interface increases the BDS and PDIE. Besides, in [28], the correlation between space charge behavior and the mechanical stress was studied using polypropylene (PP) blended with polyolefin elastomer (POE), i.e., PP/POE blend, under DC excitation. After mechanical stretching, the microstructure of the PP/POE blend altered, causing a greater accumulation of space charges in stretched specimens. All in all, these results provide a useful insight into the electrical performance of polymer interfaces.



Tracking failure in HV cable insulations has been the subject of various studies since a solid insulation under high electrical stress is likely to undergo breakdown due to tracking [29]. Several experimental configurations of needle-plane electrodes have extensively been used in the literature to test insulation materials for tracking resistance by inducing a high non-homogeneous field to stimulate the initiation of surface or interface tracking [29,30,31,32]. Using empirical data, Fothergill [31] developed an analytical expression to estimate the interfacial tracking resistance of polymers. There, the interfacial tracking resistance is linearly correlated to the fourth root of the elastic modulus. Chen et al. [30] used Fothergill’s model to investigate the interfacial tracking behavior in XLPE cable insulation samples. Both Fothergill [31] and Chen et al. [30] used needle-plane electrode configurations to generate a strong electric field owing to the non-homogeneous field generated. Mason [33] investigated the PD resistance of XLPE samples using nine different combinations of needle, plane, and rod electrodes.



Eichhorn [32] published a review paper on interfacial tracking in solid dielectrics in 1977. In his conclusion, the most commonly investigated interfacial tracking phenomena were those that result from the degradation of organic materials and most dielectrics by internal electrical discharges. Even though the presence of voids and contaminants in electrode–insulation interfaces that contain defects is undesirable, the damage which is caused by moderate AC voltages is of greater commercial importance [32]. There may be very high, localized stress gradients in this case, which would facilitate tree initiation and growth and eventually would lead to tree breakdown. To estimate these localized stress gradients, Eichhorn [32] provided a thorough review of the mathematical formulas for enhanced field stress at the tip of sharp metallic electrodes.



Finally, Gubanski et al. [29,34,35,36,37,38,39,40,41,42,43] contributed to the literature with numerous extensive and thorough studies on the interfacial tracking resistances of polymeric materials, such as SiR, PE, XLPE, and LDPE under AC excitation. The essence of the findings from [29,34,35,36,37,38,39,40,41,42,43] is that charges injected from the needle substantially reduce the electric stress at the needle tip. The results indicate that the maximum electric field emerges in the bulk material very close to the needle tip, and an electrical tree might form as a result of induced changes in the material.




3.2. Studies on the Dielectric Strength of Solid–Solid Interfaces


3.2.1. Studies with a Focus on Electrical Breakdown


In the 1990s, Fournier et al. [14,15,16,44,45,46] studied solid–solid interfaces thoroughly using needle-plate electrodes under AC or DC excitation across the interfaces formed between XLPE–XLPE, EPDM–EPDM, and EPDM–XLPE samples. In [14,15,45], dry interfaces and greased/lubricated interfaces were examined. In both cases, the interfacial breakdown strength was reported to increase by a factor of 2.7 and 1.5, respectively, when the applied pressure was increased from 0 kPa to 80 kPa. It was also shown that lubricated interfaces had a six times higher breakdown strength than that of an interface without grease. Moreover, Fournier [16] studied the influence of surface roughness at dry and greased (similar to oil-mate) EPDM–XLPE and EPDM–EPDM interfaces. After sanding and greasing the XLPE surface, EPDM–XLPE interfaces had dielectric strengths that were three to four times greater than those of unsanded and ungreased interfaces. The dielectric strength of unsanded EPDM–XLPE interfaces improved slightly after greasing the interface. Moreover, EPDM–EPDM interfaces demonstrated higher breakdown strengths in comparison to EPDM–XLPE interfaces, whose strengths depended on the chosen grease type. As EPDM is softer than XLPE, the interfaces between softer materials achieve higher BDS than those between hard materials. Lastly, Dang and Fournier [14,44] found that the interfacial breakdown voltage increased at elevated interface pressures; however, aged cable accessories could cause a reduction in the interface pressure, leading to a reduced interface dielectric strength. These findings fully agree with the trends Kantar et al. observed in [47,48]. They tested the breakdown strength of dry-mate and oil-mate XLPE–XLPE and SiR–SiR interfaces. The breakdown strength of oil-mate interfaces were significantly higher than those for dry-mate samples: 2.8-fold and 1.6-fold improvements were detected in XLPE–XLPE and SiR–SiR interfaces, respectively.



Kunze et al. [1,49] studied the design of interfaces in HV cable accessories by varying the surface roughness and contact pressure. XLPE–SiR interfaces under AC and impulse voltages were tested, and the experimental results indicated that surface roughness and radial pressure significantly influence the longitudinal electrical strength of interfaces. To be more specific, the increase in the surface roughness (mean height of surface asperities varied from 5 µm to 50 µm) of the XLPE samples reduced the interfacial BDS by 50%.



Takahashi et al. [13] studied the interfacial breakdown strength and PD patterns of interfaces between the SiR and epoxy utilizing two different samples with orthogonal orientations that allow for the electric field to be applied tangentially or perpendicularly to the interface. The effect of delaminations between interfaces filled with air on the interfacial breakdown voltage was also investigated. They concluded that the tangential component of the electrical field governs the interfacial breakdown, where AC surface breakdown voltage values rose by a factor of 1.5 as the thickness of the air delamination was decreased from 1 mm to 0.01 mm.



Du et al. [17,50] studied the impact of contact pressure using XLPE and SiR samples under AC voltage using needle-plane electrodes. A 1.7-fold rise in the initial discharge voltage was observed as the contact pressure was raised from 20 kPa to 300 kPa. They concluded that in order to increase the lifetime of power cables, it is necessary to avoid the loss of interfacial pressure between solid materials; in this case, XLPE–SiR. In [18], the effect of surface roughness on the tracking mechanisms at XLPE–SiR interfaces under AC voltage was studied. The results concluded that as the surface roughness was decreased (surfaces sanded with #100 to #1000 in a sequence), rising trends in the PDIV, breakdown voltage, and time to breakdown were observed by factors of 1.8, 1.4, and 2.3, respectively, whereas the intensity of the emitted discharge light decreased. In a similar research paper, Chen et al. [51] investigated the tracking failure of XLPE–SiR interfaces under AC and impulse voltages and concluded that at AC excitation, there is a longer period of overvoltage in each cycle, resulting in an immediate interface tracking failure.



Hasheminezhad [11,52,53,54,55,56] studied the interfacial breakdown strength of solid–solid interfaces between 2007 and 2011 within the scope of his Ph.D. work. During this time, he investigated the BDS and PD inception field strength of XLPE–XLPE interfaces under a homogeneous AC field by varying the contact pressure (  p a  ) and surface roughness. The core results from his thesis are summarized in Figure 10, and they agree with the reported results in the literature above and with the results to be shown in the following work performed by Kantar and his peers.



Kantar et al. [47,48,57,58,59,60,61,62,63] continued Hasheminezhad’s work. They studied the effect of mechanical pressure, elasticity, and surface roughness on the longitudinal electrical AC breakdown strength using different insulation materials (i.e., solid–solid interfaces between rectangular-shaped lab-made samples) and various surface roughnesses under dry-mate and wet-mate conditions. The surface of the materials was prepared using sandpapers with different grit sizes attached to a rotating sanding machine at a predetermined pressure to examine the relation between the surface roughness and the longitudinal AC BDS at solid–solid interfaces. Interfaces were named after the sandpaper grit that they were sanded with: #180 (roughest), #500, #1000, and #2400 (smoothest). Different mechanical loads to apply various contact pressures were used to test the interfaces between the same materials: XLPE, epoxy, PEEK, and SiR (XLPE–XLPE, SiR–SiR, etc.). Details of the test setup and experimental design can be found in [48,60,61].



Dry-assembled vs. wet-assembled interfaces under various contact pressure [47,48]



The results of the dry-mate and wet-mate interfaces formed using the XLPE #500 and SiR #500 samples are summarized in Figure 11. The 63.2% BDS values (Weibull distribution used) in the case of dry-mate XLPE–XLPE #500 were higher than those in the case of wet-mate XLPE–XLPE #500 by a factor ranging from 2.6 to 2.9 as the contact pressure was increased from 0.5 to 1.16 MPa. Increasing the contact pressure from 0.5 to 1.16 MPa resulted in an increase by a factor of 1.2 in the 63.2% BDS for the dry-mate XLPE–XLPE #500. On the other hand, in the case of wet-mate XLPE–XLPE #500, from 0.5 to 1.16 MPa, the 63.2% BDS increased by a factor of 1.7. These findings indicate that the increase in contact pressure is likely to squeeze some water droplets out of the interface. Thus, air-filled and water-filled cavities are likely to coexist at higher contact pressures, which in turn increases the interfacial BDS significantly.



In Figure 11, the BDS of air is also shown for reference. It was measured using the same test setup in the air with a 4 mm distance between the electrodes. In accordance with the field simulations shown in [47], Figure 11 indicates that having water at the interface adversely impacts the BDS in the AC breakdown experiments. Particularly at low interfacial pressures, the dielectric strength of an interface is comparable with that of air.



Similarly, the 63.2% BDS values in the case of dry-mate SiR–SiR #500 were higher than those for the wet-mate SiR–SiR #500 interfaces by a factor ranging from 3.3 to 3.9, following the contact pressure change from 0.16 to 0.27 MPa. In the case of dry-mate SiR–SiR #500, the 63.2% BDS increased by a factor of 1.4 as the pressure increased from 0.16 to 0.27 MPa. Similar to wet-mate XLPE–XLPE, the BDS of the wet-mate SiR–SiR is comparable to that of air at 0.16 MPa. Hence, it can be deduced that water intrusion is a serious concern in the design of any HV equipment incorporating solid–solid interfaces.



The increased pressure from 0.16 to 0.27 MPa led to higher BDS for the wet-mate SiR–SiR #500 by a factor of 1.2. It can be argued that the SiR samples are more hydrophilic than the XLPE samples [64], which might have resulted in the removal of fewer water droplets from the interface.



Effect of surface roughness under various contact pressures [60,62]



In order to study the correlation between surface roughness and electrical interface breakdown, XLPE samples of four different surface roughnesses were used in the experiments to form the dry-mate polymer interfaces in [60,62]. At 0.5, 0.86, and 1.16 MPa contact pressures, the effect of surface roughness on the interfacial BDS was explored, and the main results are shown in Table 1. The surface roughness of each interface was determined using a 3D optical profilometer that returned the mean asperity height   R a   as the first-hand quantitative parameter to compare the surface roughnesses resulting from the roughest to the smoothest sandpaper.



The results suggest that increased surface roughness gives rise to a lower BDS, whereas a higher contact pressure yields augmented BDS. In fact, the 63.2% BDS was nearly twice as high in the case of #2400 as it was for #180 at each contact pressure. A 30-fold reduction in the mean asperity height   R a   from #180 to #2400 yielded a 1.85-fold rise in the BDS at    p a  = 0.5   MPa and a 2.15-fold increase at    p a  = 1.16   MPa. At all pressure levels, the BDS increased as the interfaces became smoother—i.e., from #1000 to #2400—where the highest increase (1.6-fold) was detected at 1.16 MPa. To sum up, the surface roughness of the interfaces has a significant impact on the overall BDS in dry-mate conditions.



From 0.5 to 1.16 MPa, the 63.2% BDS increased by factors of 1.4 and 1.7 in the cases of #180 (   R a  = 8.9  μ m  ) and #2400 (   R a  = 0.30  μ m  ), respectively. Thus, the smoothest interface shows the strongest dependency on the contact pressure.



Effect of elasticity under various contact pressures [61,63]



In [61], the tangential AC breakdown strength at solid–solid interfaces as a function of the elastic modulus was studied. Interfaces between identical materials of SiR, XLPE, EPOXY, and PEEK were analyzed at several interfacial contact pressures, and all sample surfaces were prepared using the same sandpaper with grit #500. Preliminary tests were conducted to determine the applied pressure levels, in which samples and interfaces were examined for deformation. The SiR–SiR interface, for example, could not be tested at contact pressures above 0.27 MPa due to the deformation of the samples.



Table 2 presents the 63.2% values for each interface. The results suggest that a higher elastic modulus gives rise to a reduction in the BDS. It is also evident that contact pressure has a significant effect such that an increase of around three times the contact pressure resulted in a 1.4-fold increase in interfacial BDS at SiR–SiR (softest interface–lowest elastic modulus). On the other hand, the BDS for the highest modulus (PEEK–PEEK) was higher by a factor of 2.4. These results signify a strong influence of elasticity on the BDS of solid–solid interfaces. BDS values for SiR and XLPE, both with relatively low moduli, were thus found to be higher even at relatively low contact pressures.




3.2.2. Studies with a Focus on Partial Discharges


Illias et al. [65,66,67] performed thorough studies on the measurement and modeling of partial discharges in solid dielectric materials and at polymer interfaces. They extensively used phase-resolved partial discharge analysis (PRPDA) and pulse sequential analysis (PSA) methods to display both experimental and simulation results. They proposed a 2D finite element analysis (FEA) model to simulate PDs in spherical cavities for different voltage frequencies and amplitudes, material temperatures, and cavity sizes. They concluded in [65,66] that the charge/temperature decay time constant, surface conductivity of the cavity, initial electron generation rate, and discharge inception/extinction field in the cavity are the most critical parameters governing the PD activity in cavities. In addition, their findings suggest that as the cavity diameter gets larger, the number of PDs per period diminishes, whereas the total apparent charge per period and the maximum discharge magnitude rise.



Stewart et al. [68,69,70,71,72,73] examined factors affecting the PD activity in internal cavities and surface properties of the cavities and reported on the characteristics of PD in artificially created cavities. The studied cavity types were enclosed cavities, vented channels, and unvented channels in [68,69], and they reported that changes in gas content and by-products from the PD activity in cavities affect the build-up of space charges on the cavity walls, the generation rate of initiating electrons, and the energy of collisions, thus altering the PD characteristics. These studies are found to be very relevant in determining the effect of gas pressure inside the cavities and the surface roughness on the overall BDS of insulation materials. They also reported in [68] that vented channels were likely to be subjected to decreased degradation due to by-products dispersing and gas refresh through the vent. These findings strongly correlate with the results of the experimental and the theoretical work performed in [74] that suggest that, despite the significant difference in elasticity, at high contact pressures, the presence of enclosed cavities was suspected due to the high BDS achieved in the cases of XLPE–XLPE #500, EPOXY–EPOXY #500, and PEEK–PEEK #500 in the AC breakdown experiments. In that case, cavities possibly experience an increase in gas pressure based on the compression extent in the cavity, and hence the dielectric strength of the cavity is augmented based on the ideal gas law [74].




3.2.3. Studies with a Focus on Interfacial Discharge Monitoring


Gu and He [75] examined the effect of microcavities on the interfacial breakdown between XLPE and SiR using a lab-made cable joint using image processing methods by examining the channel widths of discharge light and carbonization extent. They found that microcavities significantly reduce the interfacial dielectric strength and lead to discharge and tracking failure, while an elongated cavity parallel to the tangential component of the electric field leads to interfacial discharge more easily.



Du et al. [17,50] examined the effects of the interface pressure and the interfacial tracking failure between XLPE and SiR by processing the discharge images. They determined the interfacial tracking failure mechanisms at different contact pressures using the distribution characteristics of discharge light and carbonization patterns. Their results suggest that a higher contact pressure notably inhibits the propagation of discharges, delaying the build-up of carbonized species and the interfacial breakdown. They also claimed that a higher contact pressure resulted in decreased discharge activity and less carbonization formation. In [18], the effect of surface roughness on the discharge processes at XLPE–SiR interfaces at AC voltage was studied. The results indicated that as the surface roughness was decreased (surfaces sanded with #100 to #1000 in a sequence), rising trends in the PDIV, breakdown voltage, and time to breakdown were observed by factors of 1.8, 1.4, and 2.3, respectively, whereas the intensity of the emitted discharge light decreased.



Kantar and Ildstad [76] proposed a novel test method to visualize PD activity in microcavities at solid–solid interfaces. Their primary objective was to examine the initiation, development, and propagation of discharge streamers at a solid–solid interface using a CCD camera. They observed that the discharge streamers were wide and long (continuous, connecting vented air gaps) in rougher interfacial surfaces. The rougher the interface was, the thicker the widths of the discharge channel were, as presented in Figure 12a,b. On the other hand, the discharge streamers were notably thin and short for smoother interfaces. In some cases where a smooth interface and high contact pressure are present, they managed to monitor the discharge activity happening solely in the microcavities, as shown in Figure 12c. This signifies that the cavities were isolated under the given specific test circumstances and the electrical tracking resistance of the insulating material (contact spots) had an important function in inhibiting the streamers from spreading further.



These results fully support the findings from several pertinent studies in the literature. Firstly, Kato et al. [77] stated that increased contact pressure at interfaces between high-density polyethylene (HDPE) materials resulted in a higher AC breakdown voltage because the contact area impeded streamer propagation at the regions where the contact pressure was relatively high. In their study, interfacial pressure distribution was measured using pressure-sensitive papers and was inspected using image-processing software to map the real contact area. They ascribed this phenomenon to Young’s modulus of HDPE being low because the contact area of the high-pressure region became larger with increasing contact pressure. To test the opposite effect, they also examined the interfaces between stiffer materials (HDPE–epoxy and epoxy–epoxy), where Young’s modulus of epoxy was larger by a factor of 3.1, and recorded the lowest AC breakdown voltage in the case of an epoxy–epoxy interface. These findings not only support the likely presence of enclosed gaps that were postulated in Kantar’s previous studies [76,78] but also strongly agree with the results reported in [48,57,60,61], where increased contact pressure and elasticity were shown to lead to greater AC breakdown voltages.



The studies reviewed in this section present strongly concordant results. Discharge activities were reportedly affected by the surface condition, pressure, and material properties. Possible physical and chemical phenomena that can be responsible for the local destruction of contact area/spots are further elucidated in the following by referring to studies that focused on the physicochemical state of the material before breakdown takes place.



Physical and Chemical States before and after Electrical Breakdown



Du et al. [79] investigated the PD-initiated light emission phenomenon to understand the mechanisms governing the local breakdown of the contact area. They used the simplified interface contact model, which was formerly proposed in [52,53,58,60]. Using the model, they studied the interface breakdown mechanisms at the interfaces formed between polypropylene and SiR under AC excitation. They examined the breakdown of contact spots in two separate stages, namely the initiation stage and propagation stage, and addressed possible processes responsible for the local deterioration of the contact area at the initiation stage. They suggested that upon breaking down the contact surface between two discharged cavities, the cavities connect and form a larger discharge channel. It was stated that the local contact area must experience degradation and then breakdown to enable the discharge channel to propagate at the interface. The details of their hypothesis are as follows: The duration between the PD inception in the cavities and the complete flashover at the interface is divided into two substages: the initiation stage and the propagation stage. The initiation stage is assumed to be considerably longer than the propagation stage since the propagation of the interfacial tracking is assumed to take place momentarily; i.e., in ≲  10  − 7    s, as empirically modeled in [31].



The initiation stage is illustrated in Figure 13a. When microcavities are discharged, “energetic particle bombardment” and light emission from “recombination of particles with opposite polarities” will ensue [79]. The thermal effect of the discharge is not taken into consideration at this stage since the discharge is likely to have low energy; the heat generated at this stage could thus be disregarded [79]. As a result of the energetic particle bombardment, the polymeric covalent bonds may be disrupted. Besides, the light emission contributes to the acceleration of chain dissociation [79]. As illustrated in Figure 13a, during the particle bombardment, part of the energy might be lost, and at the interface, trapped carriers (electrons and holes) may emerge from the contact areas [79]. Such carriers are subjected to a de-trapping process and become recombined with one another, resulting in more light emission and local field distortion [79]. Accordingly, at the interface, low-density regions are formed that relatively simply permit electrical breakdown under AC voltage [80]. Upon the breakdown of the contact surface between two adjacent short-circuited cavities, the cavities connect and form a larger discharge channel. Hence, the local contact area must experience degradation and then breakdown to enable the discharge channel to propagate at the interface. At the propagation stage, as illustrated Figure 13b, the discharge activity is considerably stronger than the discharge in the initiation stage [79]. In this case, the thermal effect of the discharge channel cannot be neglected since gas expansion is likely to take place within the discharged cavities due to the heat generated from the strong discharge channel [79]. Moreover, the gaseous by-products are generated from the degradation of the polymer sample by the discharge activity, leading to a gas expansion in the deformation of the cavity, as depicted in Figure 13b. Due to the strong discharge activity, the degradation and resulting breakdown triggered by the particle bombardment and the light emission originating from the streamers seem to strongly govern the propagation of the discharge channel. On the other hand, the charge injection, trapping, and de-trapping mechanisms have a subordinate role in the degradation of the contact area [79].



In summary, different microtracking resistances of the polymers tend to affect the primary discharge propagation mechanisms of particle bombardment and the light emission from the discharge channel. In contrast, the charge injection, trapping, and de-trapping mechanisms have indirect effects as they result in more intense light emission and local field distortion in the initiation stage.



The initiation and propagation stages discussed above seem to agree with the observed discharge propagation mechanisms in [76]. For instance, the discharged cavities displayed in Figure 12 can stand for the initiation and propagation stages of the contact spot breakdown, respectively, such that only microcavities are discharged in the initiation stage, whereas the contact areas isolating the discharged cavities are bridged in the propagation stage, as illustrated in Figure 13b.






4. Theoretical Studies on Contact Surface Modeling Using Tribology


In the history of tribology, various methods have been used to describe rough surfaces, such as the statistical analysis of contacts, fractal analysis of contacts [20], and approaches based upon the surface power spectrum [81]. Recently, the use of numerical/deterministic roughness models has become widespread as fast processors become available [20,82]. Furthermore, to obtain a more accurate measurement of surface contact area, fractal approaches have been introduced to provide a scale-invariant characterization of surface roughness [81,83,84]. By analyzing the surface roughness at all length scales, fractal characterization can provide information about fractal behavior [84].



4.1. Constituents of Contact Spots in Fractal Dimensions


In this section, firstly, constituents of contact spots are elaborated by considering imperfections that cause deviations from an “ideal contact surface”. The multiscale nature of surface roughness is likely to have a role in the interface breakdown such that a surface’s roughness can be viewed in greater detail—i.e., down to nano-scale—as it is magnified repeatedly. This phenomenon occurs due to the unique property of rough surfaces [20,85,86,87]. Consequently, the surface texture at all magnifications seems somewhat similar in structure, causing the interfacial surface texture to repeat itself in smaller scales, as illustrated in Figure 14. This phenomenon has been studied under fractal analysis in the literature [85,86,87]. Without delving too much into the details of the fractal analysis, the parameter of “interfacial tracking resistance” is elaborated in the following by discussing what it actually represents.



Considering the fractal geometry of a rough surface, contact spots at the microscale incorporate contact spots and cavities at the nano-scale, as illustrated in Figure 14. Thus, the breakdown of contact spots is assumed to be equivalent to the discharge of nano-scale cavities and the breakdown of nano-scale contact spots. In that case, the air-filled, enclosed nanocavities will have as high a dielectric strength as nano-scale contact spots of the bulk material according to the left side of the Paschen minimum for air (see Figure 15). As a consequence, significantly less enhanced local fields are required to break down a nano-scale contact spot than to break down a microscale contact spot.



Results from experimental and theoretical studies in the literature suggest that different mechanisms are involved during interfacial breakdown. When an interfacial failure occurs, both cavities and contact spots are broken down along the discharge path. Only in a hypothetical case, in which vented channels (air gaps) dominate the interface, will the discharge streamers likely propagate by chasing after only interconnected cavities without being obstructed by any contact spots. In practice—i.e., in the case of an interface consisting of not only vented air gaps—air-filled cavities are discharged first while contact spots are subjected to breakdown last. However, discharged cavities will not immediately lead to an interface breakdown because the insulation properties of the solid insulation are likely to affect the endurance of the contact areas against interface breakdown (caused by the enhanced fields generated by the discharged cavities). The endurance of contact spots against discharges at an interface is roughly modeled and is estimated employing the tracking resistances of the solid materials forming the interface.



For clarity, a hypothetical case is exemplified as follows. Assume that cavities at two different homogeneous interfaces (interfaces formed between identical pairs of solid dielectrics) are identical (identical size, number, and shape) and are discharged at the same voltage; the interface formed between the materials with a higher “interfacial tracking resistance” is likely to yield a higher breakdown strength, as observed in the AC breakdown experiments [60,61].



In the following sections, further details on the statistical and deterministic roughness models are provided.




4.2. Statistical Interface Contact Models


Zhuravlev’s (1940) statistical model of contact between rough elastic solids is an early, novel precedent [88]. A contact model of nominally flat surfaces was later proposed by Greenwood and Williamson (G&W) [89], in which the real area of contact was shown to be proportional to the load applied, as demonstrated by the Gaussian and exponential distributions of the asperity peaks.



Contacts that are either elastic or plastic were analyzed between a rough surface and a smooth surface by G&W [89]. Bhushan [20] retrofitted his approach on top of the G&W model [89] to make it more comprehensive. These two models (actually Bhushan’s upgraded model) were utilized to propose a customized contact model in [62].



Kantar et al. [62] proposed a stochastic model for the contact surfaces between solid dielectrics using the above-mentioned tribological principles introduced in [20,21,89,90,91,92,93,94]. Their proposed model was based on multiple-asperity dry contacts formed at a solid–solid interface, which was employed to calculate the average cavity size at a given interface in a two-dimensional space. The proposed contact model suggest that higher contact pressure, stiffer interfaces, and/or surface smoothness generate smaller average-sized cavities and higher ratios of “real contact area to the nominal contact area”,    A  r e   /  A a   . The model then predicted the AC PD inception field strength of an average-sized cavity using Paschen’s law. The model was verified via an experimental study that used XLPE–XLPE interfaces with different surface roughness degrees under various contact pressures. Based on the AC breakdown test results of the XLPE–XLPE interfaces in [62], the cavity discharge inception and the interfacial breakdown phenomenon were found to be closely intertwined, leading to the deduction that the cavity discharge influences the interfacial breakdown phenomenon significantly. This study was extended in [74,95] by using different insulation materials and additional experiments where its performance was compared to a deterministic approach. Details of the extended model are provided in the next section.



Lastly, Zhu et al. [96] utilized the simplified interface contact model proposed in [52,53,58,60]. They studied the correlation between the DC breakdown voltage of XLPE–SiR interfaces and the interfacial morphology using the interface contact model. They combined the analytical model with an image processing algorithm that yielded similar surface simulations as those we obtained by using the deterministic contact model in [74,95], as introduced in the next section. They concluded that although the density of real contact irregularities is high, the real contact area is significantly lower than the nominal contact area. Consequently, there are many interconnected cavities at the interface that are the primary discharge path for an interfacial breakdown, while the contact spots serve as hurdles for the propagating discharge channel. These deductions are found to strongly agree with the main findings reported in [62,74].




4.3. Deterministic Interface Contact Models


With the advent of supercomputers that can perform heavy computations of big data in a matter of hours—if not minutes—deterministic models have increasingly been favored. The outcome is becoming increasingly realistic as computational speed increases. However, simplified models of material topographies are needed, making it necessary to minimize the computing time. In this respect, Almqvist’s Ph.D. thesis [82] is found to be of immense benefit, which was built on the numerical model proposed by Tian and Bhushan [21].



Almqvist [82] proposed a contact model based on the theory of minimum potential complementary energy. The model was fed with the surface profile data of the interface of contact between two surfaces. By minimizing an integral energy equation, he determined the displacement of peaks and valleys in the profile as a function of the material properties and the applied contact pressure.



The model simulates the deformation occurring in the surface profile at the interface between the measured surface profile and an ideal plane [82]. The sizes of all cavities at the interface and total area of contact are definite. Hasheminezhad [11] employed Almqvist’s deterministic model [82] to estimate the length of the largest cavity (in the direction of the electric field) at the XLPE–XLPE interfaces. His study covered scanned 2D surface profiles of XLPE specimens. Kantar’s sequel to Hasheminezhad’s work [61,62] unveiled the necessity of a thorough 3D contact model. To that end, in [74], the proposed model in [11] was further extended using the analytical expressions derived in [82] to incorporate 3D surface profiles in addition to the 2D surface profiles. The deterministic interface contact model provides an insight into how the real area of contact at solid–solid interfaces varies as a function of the contact pressure, surface roughness, elasticity, and hardness of the solid material in 3D. The major upgrade to the 2D contact models is that the 3D contact surface simulations can reveal the interconnection between the cavities and visualize how long an air gap can be in all directions, not only in one horizontal direction as in the case of 2D models.



Kantar et al. [74,95] utilized contour and surface plots to present the results of the deterministic model. Contour lines depict the amplitudes of the asperities and the enclosed area of air gaps, as illustrated in Figure 16. Hence, the area between the air gaps represents the contact area at an interface. Color bars were used to represent peaks and the ground level (contact area) with amplitudes in  μ m. The 3D simulations suggest that the increased contact pressure diminishes the number and length of long air gaps and thus creates more enclosed cavities. The exemplary cases of no-load (Figure 16a) and nominal contact pressure (Figure 16b) for the XLPE–XLPE #180 interface clearly depict this behavior. A selected portion of the original surface profile (yellow) and displacement of surface asperities (red) along with the deformed surface profile (blue) are presented in Figure 17. The surface profiles portray the equivalent rough surfaces while the horizontal axis delineates an ideal smooth plane (no cavities hypothetically). Therefore, the non-flat portions between the neighboring flat areas (contact spots) are the cavities. Differences between the no-load and deformed surface profiles reveal that the increased loading presses the floating edges toward the ideal plane, resulting in new contact points and thus smaller air gaps. Moreover, the discrete distribution of contact pressure along the interface is illustrated in Figure 17 (right-hand side y-axis). As seen, the contact spots enclosing the cavities undergo much higher pressure, in some cases leading to the plastic deformation (equal to the material hardness in the model) of those spots. Otherwise, elastic contact points occur at the contact areas that vary between zero and the material hardness. In [74,95], it was also shown that smoother interfaces lead to more enclosed, smaller cavities. Furthermore, the elasticity of the material proved to affect cavity sizes significantly—-interfaces between relatively hard materials are likely to contain longer and larger cavities (channels).





5. Concluding Remarks


In this paper, a thorough review of the modern and up-to-date literature addressing the electrical performance of cables, connectors, terminations, and other accessories that contain interfaces have been performed. Particular focus has been on the polymeric dielectric solid–solid interfaces, considering the causes of electrical interfacial failure and important factors that influence the dielectric strength of an interface. The following remarks can be made in the light of the thorough literature review:




	
The findings from experimental and theoretical studies indicate that different processes control the discharge of air-filled cavities and the breakdown of contact spots. The main conclusion is that the properties of the cavities and contact spots govern the interface breakdown. On the one hand, the size, shape, and insulating medium inside the cavities determine the discharge inception field of the cavities. On the other hand, the tracking resistance of the contact spots between the discharged cavities heavily affects the interfacial breakdown strength. Different tracking resistances of the polymers tend to affect the primary discharge propagation mechanisms of particle bombardment and the light emission from the discharge channel. In contrast, the charge injection, trapping, and de-trapping mechanisms have indirect effects as they result in more intense light emission and local field distortion in the initiation stage.



	
The breakdown strengths of the dry-mate interfaces are found to be the highest in the cases where the contact pressure is relatively high, and the interface is as smooth as possible. Consequently, solid–solid interfaces can be made to perform better by introducing a smoother surface and sustaining the interface pressure to be high enough throughout the service life.



	
Air-filled (dry-mate) cavities and water-filled (wet-mate) cavities yield breakdown strength values that are significantly lower than those in the case of oil-mate interfaces. Strong local field stresses arising at the edges of the contact area (due to short-circuited/discharged cavities) dramatically reduce the overall breakdown strength when water is present at an interface. Hence, water intrusion is a serious concern in the design of any HV equipment incorporating solid–solid interfaces.



	
The surface roughness has a significant influence on the interfacial breakdown strength. A high correlation between the interfacial breakdown strength and the surface roughness is found. The breakdown strength may potentially become twice as high from the roughest to the smoothest surface.



	
The elastic modulus stands out as an important material property for solid materials/interfaces because it strongly impacts the interfacial dielectric strength. Specifically, softer materials with low elastic moduli, such as SiR and XLPE, have a much higher breakdown strength when compared with stiffer materials with high elastic moduli.



	
Increased contact pressure yields higher BDS values irrespective of the surface roughness and elasticity, where elasticity can be a limiting factor in elastic contacts. In plastic contacts, the real area of contact does not increase even if the contact pressure is further increased.



	
Considering practical power cables and connectors, avoiding the loss of interfacial pressure between solid materials and water ingress appears to be of considerable value in practical applications to ensure a high breakdown strength and long service life.
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Figure 1. Categories covered in the literature review. 
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Figure 2. Plug and receptacle of a subsea connector [2]. 
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Figure 3. Illustration of the insulation system of a subsea connector with two nested, oil-filled diaphragms [2]. 
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Figure 4. Illustration of a subsea connector and possible failure mechanisms. Reproduced from [6], NTNU: 2014. 
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Figure 5. Illustration of the tangential electric field distribution in a subsea connector: (a) Contour plot. (b) Surface plot. Reproduced from [6], NTNU: 2014. 
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Figure 6. Illustration of a cable joint highlighting the parts where the solid–solid interfaces exist and why the tangential electric field is of concern: (a) prefabricated EHV silicone joint for 400 kV XLPE-insulated cables. Reproduced from [11], NTNU: 2016. (b) Calculated potential distribution in a prefabricated slip-on joint. Reproduced from [1], CIGRE: 2000. (c) Calculated field patterns in a prefabricated slip-on joint. Reproduced from [1], CIGRE: 2000. 
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Figure 7. Illustration of surface asperities leading to cavities and contact spots at solid–solid interfaces at (a) no-load, (b) increased contact area and reduced cavity size under load. Reproduced from [12], Macedonian Journal of Chemistry and Chemical Engineering: 2018. 
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Figure 8. (a) Demonstration of two rough surfaces in contact. (b) Contact area and cavities at the interface in 3D. (c) A two-dimensional illustration of cavities at the interface. Reproduced from [21], ASME Journal of Tribology: 1996. 
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Figure 9. Parameters influencing the breakdown voltage (dielectric strength) of solid–solid interfaces. (a) Balloon chart summarizing the parameters. (b) Electrical interface strength vs. pressure and roughness. Reproduced from [22], CIGRE: 2002. 
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Figure 10. Overview of the resulting breakdown strength values of dry and wet-mate interfaces using XLPE-insulated cable samples in Hasheminezhad’s Ph.D. thesis [11]. Reproduced from [11], NTNU:2016. 
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Figure 11. Longitudinal AC BDS values of dry-mate and wet-mate XLPE–XLPE #500 and SiR–SiR #500 interfaces vs. the contact pressure (the BDS of air (∼2.8 kV/mm (RMS)) is measured using the same experimental setup in ambient air at the laboratory with an electrode distance of 4 mm, as performed in the interface breakdown experiments). 
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Figure 12. Discharge activity observed at the PEEK#500–glass interface (main discharge source is a 1-mm artificial cavity). Reproduced from [76], IEEE: 2021. (a) Continuous discharge channels with high cross-section. (b) Continuous discharge channels with low cross-section. (c) Isolated, discharged micro-cavities. 
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Figure 13. Processes for the degradation and breakdown of ideal contact areas at different phases of the interfacial discharge. Reproduced from [79], IEEE: 2018. (a) Initiation phase. (b) Propagation phase. 
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Figure 14. Characterization of rough surfaces in a multiscale-form by fractal approaches. 
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Figure 15. The left side of the Paschen minimum for air at atmospheric air pressure (1 bar). 
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Figure 16. Illustration of a measured 3D surface profile of an XLPE sample (polished by sandpaper grit #180) with a filled-contour plot for the projection of the 3D surface on a 2D surface at (a) 0.5 MPa, (b) 4.46 MPa. 
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Figure 17. Measured (no-load) 2D surface profile of the XLPE–XLPE #180 interface, displacement of peaks after loading (4.46 MPa), deformed profile, and distribution of contact pressure at contact spots. Nominal longitudinal distance (  x  r e f   ) is 1.2532 mm. 






Figure 17. Measured (no-load) 2D surface profile of the XLPE–XLPE #180 interface, displacement of peaks after loading (4.46 MPa), deformed profile, and distribution of contact pressure at contact spots. Nominal longitudinal distance (  x  r e f   ) is 1.2532 mm.



[image: Energies 14 08067 g017]







[image: Table] 





Table 1. Overview of the experimental results on the effect of surface roughness. ’#’ stands for the sandpaper grit no. used for each interface while   R a   is the mean arithmetic height of the asperities at each interface.
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XLPE–XLPE Interface

	
    63.2 %  BDS   [ kV / mm ]   at   p a     




	
   0.5  MPa   

	
   0.86  MPa   

	
   1.16  MPa   






	
   # 180    (  R a  = 8.9  μ m )   

	
   5.92   

	
   7.13   

	
   8.67   




	
   # 500    (  R a  = 7.8  μ m )   

	
   6.99   

	
   9.61   

	
   10.26   




	
   # 1000  (  R a  = 1.7  μ m )   

	
   7.56   

	
   10.13   

	
   11.62   




	
   # 2400  (  R a  = 0.3  μ m )   

	
   10.98   

	
   14.69   

	
   18.70   
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Table 2. Overview of the experimental results on the effect of elasticity.
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Contact Pressure

	
SiR–SiR

	
XLPE–XLPE

	
EPOXY–EPOXY

	
PEEK–PEEK




	
   p a   

	
   63.2 %  BDS   

	
   p a   

	
   63.2 %  BDS   

	
   p a   

	
   63.2 %  BDS   

	
   p a   

	
   63.2 %  BDS   




	
   [ MPa ]   

	
   [ kV / mm ]   

	
   [ MPa ]   

	
   [ kV / mm ]   

	
   [ MPa ]   

	
   [ kV / mm ]   

	
   [ MPa ]   

	
   [ kV / mm ]   






	
   p  a 1    

	
   0.16   

	
   10.0   

	
   0.5   

	
   7.0   

	
   1.16   

	
   8.9   

	
   1.16   

	
   6.3   




	
   p  a 2    

	
   0.19   

	
   12.1   

	
   0.86   

	
   9.6   

	
   1.67   

	
   10.0   

	
   1.67   

	
   8.1   




	
   p  a 3    

	
   0.24   

	
   14.3   

	
   1.16   

	
   10.3   

	
   2.25   

	
   12.6   

	
   2.25   

	
   11.1   




	
   p  a 4    

	
   0.27   

	
   14.5   

	
   1.67   

	
   12.8   

	
   3.34   

	
   15.6   

	
   3.34   

	
   15.1   
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