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[bookmark: _Hlk138662529][bookmark: OLE_LINK17][bookmark: _Hlk176096334][bookmark: OLE_LINK16]The application of nonlinear conductivity coatings in high-voltage power module is a promising strategy for significantly improving electrical insulation performance. The core of the improvement principle is that the nonlinear conductivity realizes a dynamic optimization of the discharge risk inside the material. The realization of this nonlinear conductivity requires sufficient microscopic arrangement of fillers that align with the macroscopic insulation structure. However, conventional methods fail at precise arrangement control so that typically require high filler concentration, which markedly increases dielectric loss and leakage current. Drawing inspiration from the bamboo structure, metamaterials offer an efficient tuning of nonlinear characteristics with lower filler concentrations through thoughtful design. In this context, we introduce a novel approach to fabricate SiC whisker / silicon elastomer metamaterial coatings leveraging the dielectrophoretic effect. Comprehensive testing of the physical and chemical properties of the composites confirmed the successful preparation of the material. And the metamaterial exhibits excellent nonlinear conductivity and low dielectric loss across various temperatures. Notably, after applying the metamaterial coating, the maximum electric field stress within the power module was reduced by nearly ten times, and the partial discharge inception voltage (PDIV) increased by 58.9%, 74.7%, and 32.8% at 30°C, 60°C, and 90°C, respectively. From solid physical mechanism to exquisite material design and practical device-level implementation, this study offers valuable insights into enhancing the insulation performance of power module and demonstrates substantial potential for further industrial applications.




1. [bookmark: 1_Introduction]Introduction
[bookmark: OLE_LINK52][bookmark: OLE_LINK53]The widespread access of various new energy sources places increasing demands on highly efficient power conversion in power systems. Advanced power modules are poised to become the core components of these systems due to their high power density and rapid switching speeds [1, 2]. To meet the growing demands for high power density, power modules are being developed with higher voltage capabilities and more compact designs [3]. However, this trend significantly elevates the risk of partial discharges within the electrical insulation, presenting a major challenge to the reliability of power system [4].
In recent years, utilizing nonlinear conductive coatings has proven to be an efficient approach for enhancing the insulation performance of power modules [5-7]. The electric field stress taken by material is inversely proportional to its conductivity, and usually the conductivity is fixed thus the electric field distribution is fixed. However, if we design a material with nonlinear conductivity varying with electric field stress, a negative regulation loop of electric field distribution will form: where the electric field exceed switch-field stress (Eth), the conductivity sharply increases with a slope of the nonlinear coefficient (γ), then the electric field stress decreases inversely with the conductivity increase [8]. This mechanism lowers the risk of electrical discharges under high electric fields, and the negative regulation loop makes this strategy even more effective in challenging conditions.
[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Uniformly doping semiconductor fillers into the insulating matrix can result in composites with exceptional nonlinear conductivity properties [9, 10]. Two critical factors are necessary for these composites to exhibit significant nonlinear conductivity: 1) a substantial effective contact area between fillers, which generates nonlinear potential barriers and increases the nonlinear coefficient γ; 2) the formation of a complete conductance path, which reduces path resistance and the switch-field strength Eth. It has been found that establishing effective contact between fillers in the insulation is crucial for achieving nonlinear conductivity. Currently, this is primarily accomplished by increasing the filler concentration, but this approach inevitably raises the dielectric loss and accelerates insulation degradation [11]. Moreover, traditional approaches often fail to adapt to varying power module structures. An inappropriate coupling between the structures and nonlinear parameters (γ and Eth) can even degrade insulation performance, worsening the overall power system reliability. Therefore, achieving widely applicable nonlinear parameters with low filler concentrations is of critical importance.
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[bookmark: 2_Experiment_systems][bookmark: OLE_LINK56][bookmark: OLE_LINK57]Fortunately, controlling filler orientation within the insulating matrix to fabricate metamaterials tailored to specific needs aligns well with these requirements. Inspired by the anisotropic structure of vertically arranged fiber channels in natural bamboo, researchers are increasingly employing structural manipulation to enhance the mechanical, thermal, and dielectric properties of materials [12, 13]. Specific methods for controlling filler orientation include magnetic field induction, electrospinning, and AC dielectrophoresis. Luzinov et al. [14] used a magnetic field to induce the orientation of SiC whisker (SiCw), modified with magnetic particles, resulting in composites with superior thermomechanical properties compared to randomly doped samples. Deng et al. [15] employed electrospinning to fabricate highly oriented SiC@SiO2 whiskers, resulting in a material with outstanding thermal performance. Shen et al. [16], leveraging the polarization effect of BaTiO3 fillers under an AC electric field, induced the formation of filler chains through dielectrophoretic forces, creating a functionally graded composite insulation with exceptional dielectric properties. In contrast, the AC dielectrophoresis method offers unique advantages: 1) It is applicable to a broader range of material types without requiring particle surface modification; 2) It does not necessitate direct contact with the sample during filler orientation, thereby avoiding potential contamination and damage. However, due to the limited theoretical foundation and preparation technology, current research remains confined to the material preparation stage and has yet to achieve practical application in power module.
[bookmark: OLE_LINK73][bookmark: OLE_LINK75][bookmark: OLE_LINK76]Inspired by the bamboo’s microscopic structure and dielectrophoretic orientation control method, we develop a metamaterial with adjustable nonlinear characteristics at low filler concentrations, based on the dielectrophoretic effect. Here, silicone elastomer (SE) serves as the insulating matrix, and SiCw acts as the nonlinear conductive filler, providing enhanced conductive properties. Initially, metamaterials with varying filler orientation degrees were prepared, and their physical and chemical properties were thoroughly characterized, including filler morphology, cross-sectional observation, and XRD testing, all of which validated the successful preparation of the designed sample. Subsequently, the nonlinear conductivity, trap characteristics, and dielectric response of the metamaterials were thoroughly analyzed to elucidate the mechanisms by which metamaterials enhance conductivity. Notably, we implemented the preparation and testing of metamaterial coatings in chipless power modules, achieving a significant reduction in partial discharge inception voltage (PDIV) across different temperatures. 
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]Fundamentally, the nonlinear conductivity, which is the core of this strategy, were further explained through the charge transport mechanism, providing solid theoretical basis. This work has achieved excellent insulation performance improvement effect, providing a breakthrough and comprehensive reference from material design to device application.
2. Experimental section
2.1. [bookmark: OLE_LINK26][bookmark: OLE_LINK29]Experimental materials
In this study, SE was chosen as the insulation matrix, consisting of components A and B. Component A is side-chain hydrogenated silicone oil, serving as a crosslinker, while component B is polymethyl-vinylsiloxane, the base silicone oil, which contains a platinum catalyst. One-dimensional SiC whisker, known for its excellent nonlinear conductivity and high aspect ratio, was selected as the filler. To enhance filler dispersion, KH560 was grafted on the surface of SiCw. SiCw has an aspect ratio of approximately 100 and a length of about 10 μm, and was supplied by Shanghai Aladdin Biochemical. 
In addition, the filler volume fraction was optimized by considering both the viscosity of the SiCw/SE suspension and nonlinear conductivity characteristics of the composites. When the filler volume fraction is below 8%, the viscosity of the suspension remains relatively stable at approximately 10 Pa·s, showing little change with increasing volume fraction. However, when the filler volume fraction exceeds 8%, the viscosity increases rapidly, reaching 50 Pa·s. At this point, the suspension loses its fluidity and no longer meets the requirements for material preparation. On the other hand, we pursue a superior nonlinear conductivity characteristic which is attributed to a higher filler content [11]. Considering these factors, the volume fraction of SiCw was set at 8%.
2.2. The preparation of metamaterials
The preparation process of metamaterials is shown in Fig. 1, which mainly includes the following steps: 1) SiCw with a volume fraction of 8% were added to the A and B components of the SE in a mass ratio of 10:1. To minimize bubble formation during mixing, the uncured SE/SiCw mixture was stirred at 1500 r/min for 8 minutes under vacuum 1500 r/min. 2) The mixture was then carefully poured into an electrode mold using a glass rod. The mold consisted of parallel electrode plates, with the upper and lower plates separated by a 0.4 mm high polytetrafluoroethylene ring. After the upper electrode was removed, the mold was placed in a vacuum oven for multiple decompression cycles and degassed for 20 minutes. 3) An AC voltage with a frequency of 1 kHz and different amplitudes was then applied between the electrodes to create electric field stress of 0 V/mm, 200 V/mm, 400 V/mm, 600 V/mm, and 800 V/mm for one minute, aligning the SiCw fillers in the mixture along the direction of the electric field. Finally, the sample was cured at 80°C. The samples prepared under the five auxiliary electric field stress were labeled D0~D4, while the pure silicone elastomer sample was labeled SE.
2.3. The mechanism of fillers orientation
The orientation of SiCw is mainly due to the dielectrophoresis effect under AC voltage. SiCw undergoes electrical polarization at the AC electric field, leading to the separation of positive and negative charges within it, effectively forming a dipole. Due to the significant disparity between the long and short axis lengths of SiCw, polarization along the long axis is predominant. Consequently, the motion of SiCw can be approximated using a two-dimensional model [17, 18].
Assuming the angle between the filler particles and the electric field lines at a particular moment is . The expressions for the dielectrophoretic force (FDEP) and the alignment torque (Talign) exerted on the filler can be derived:

	 	

	 	
where, Vp is the volume of one-dimensional filler; m is the relative permittivity of the insulating matrix; * is the equivalent Clausius-Mossotti (CM) factor, and its expression is:

	 	
where, p is the permittivity of the filler; P is the depolarisation factor.
In addition, once the rod-shaped fillers are polarized, equivalent macroscopic charges are generated at their ends, resulting in an interaction force between the fillers. The force is [19]:

	 	

	 	
where, r is the length of the minor semi-axis of the filler; x is the distance between the fillers; * is the repolarization factor.
Under the action of AC voltage, the microscopic arrangement of the one-dimensional filler in the insulating matrix will change, showing a dynamic process of random alignment → rotation → mutual attraction → complete orientation, as shown in Fig. 1(b).
2.4. The filler morphology and orientation test
To qualitatively analyze the morphology of SiCw and its arrangement in the composite, the sample's cross-section was observed using a Zeiss GeminiSEM-500 field emission scanning electron microscope (SEM), with a maximum resolution of 0.9 nm and a measurement voltage of 1 kV. For quantitative characterization of SiCw orientation, the sample was tested using a Bruker X-ray diffractometer (XRD-D8), operating in Theta-2Theta scanning mode, with an operating voltage of 40 kV and a current of 40 mA.[image: ]
[bookmark: OLE_LINK60][bookmark: OLE_LINK61]Fig. 1. The design of bamboo-inspired metamaterials with dielectrophoretic orientation. (a) The orientation structure of bamboo. (b) The schematic diagram of dielectrophoresis. (c) The preparation process of metamaterial.

2.5. Nonlinear conductivity characteristics test
The nonlinear conductivity characteristics of the samples at different temperatures was measured using 6517B electrometer. The test electric field stress ranged from 0.25 to 3 kV/mm. The measurements were taken at 30°C, 60°C, and 90°C, respectively. This temperature range was chosen because power modules typically operate from ambient to elevated temperatures. When inactive, the module's temperature approaches ambient levels. In contrast, during operation, the maximum temperature reaches approximately 90°C, largely due to the cooling system’s effectiveness [20].
2.6. Thermally stimulated depolarization current test
[bookmark: OLE_LINK45][bookmark: OLE_LINK46]The rise in temperature triggers the release of charges as depolarization current, effectively revealing the trapping characteristics within the composites. This process is known as thermally stimulated depolarization current (TSDC) testing. TSDC measurements were performed using Concept 80 equipment from Novocontrol, Germany. The sample is first heated to a specific temperature (polarization temperature, 80°C) to excite the carriers within the material. A DC voltage (polarization voltage, 1 kV) is then applied to fully polarize the sample. Defects, such as dipoles or carriers, actively respond to the temperature and electric fields, leading to redistribution or the formation of a metastable state. The sample temperature is then rapidly reduced to -70°C by injecting liquid nitrogen, significantly decreasing the charge transport rate. Finally, the polarization voltage is removed, and the two ends of the sample are short-circuited to measure the depolarization current. During the depolarization process, the temperature is increased at a rate of 5°C/min, resulting in the TSDC curve.
2.7. Dielectric properties test
The dielectric loss and relative permittivity were measured at various temperatures and frequencies using the DIRANA analyzer from Omicron, Austria. The measurements covered a frequency range of 1 mHz to 5 kHz, and the test temperatures were set at 30°C, 60°C, and 90°C.
2.8. [bookmark: OLE_LINK38][bookmark: OLE_LINK40]Partial discharge characteristics test
In the tested chipless power module, the left upper electrode is connected to high voltage, while the right upper and lower electrodes are grounded. partial discharge (PD) detection is performed using the Omicron MPD600, in accordance with the IEC 60270 standard [21]. The step-by-step voltage increase method was employed, starting at 1 kV, with an interval of two seconds, ensuring no partial discharge occurred during the process. At each stage, the voltage was incrementally increased and then held steady for five minutes until partial discharge was observed. The voltage at which discharge first occurred was recorded as the PDIV. Each sample was tested 12 times to ensure accuracy.
3. Results and discussion[image: ]
Fig. 2. The physical and chemical properties of metamaterials. (a) The overall SEM image of SiCw. (b) The local SEM of SiCw. (c) The prepared samples. (d) The SEM of SE cross section. (e) The SEM of D0 cross section. (f) The SEM of D1 cross section. (g) The SEM of D2 cross section. (h) The SEM of D3 cross section. (i) The SEM of D4 cross section. 

3.1. [bookmark: 2.1_Materials_preparation]Metamaterials s morphology characterization
The overall state of SiCw is shown in Fig. 2 (a), and it can be seen that the filler has good dispersion. In addition, Fig. 2 (b) shows the morphological characteristics of SiCw more apparently, which is a rod-like structure with a length and diameter of about 10um and 100nm, respectively. SiCw is doped into SE, and the composite material obtained after applying an auxiliary electric field is shown in Fig. 2 (c). It can be found that the greater the orientation of the filler, the darker the color of the sample surface, which is caused by the filler being arranged perpendicular to the sample surface. Further, the cross section of the prepared sample was also observed by SEM. Fig. 2 (d) shows that SE is not doped with SiCw, and its cross section is very smooth. In Fig. 2 (e), when SiCw is doped without dielectrophoresis induction, SiCw is evenly distributed throughout the matrix without agglomeration. Fig. 2 (f)-(i) show that with the increase of the dielectrophoresis electric field stress, the degree of directional arrangement of SiCw along the electric field direction gradually increases.[image: ]
Fig. 3. The XRD spectrum. (a) The XRD of all samples. (b) The XRD diffraction peak ratio of samples with different filler orientation degrees.

XRD is recognized as an effective method for quantitatively characterizing the orientation of fillers in composites [22, 23]. The XRD spectrum of SiCw exhibits diffraction peaks at 2θ=35°, 60°, and 72°. The XRD spectra of composite materials subjected to different auxiliary field strengths are shown in Fig. 3 (a). Compared to the SE sample, the composite material displays only the XRD diffraction peaks corresponding to pure SE and SiCw, indicating that the addition of fillers has not altered the stacking form of some molecular chains in the matrix. Due to the varying orientations of SiCw, the intensity of the diffraction peaks at 35.7° (111 lattice plane) and 60.0° (220 lattice plane) differ significantly. A higher diffraction peak intensity ratio, I(111) / I(220), corresponds to a stronger alignment of SiCw along the electric field direction. As the auxiliary field strength increases, the orientation index of the sample rises from 1.12 to 10.18, showing a clear upward trend, as depicted in Fig. 3 (b). Thus, the diffraction peak intensity ratio is employed to quantitatively characterize the filler orientation degree.[image: ]
Fig. 4. The nonlinear conductivity characteristics of metamaterials. (a) The J-E curves at 30℃. (b) The J-E curves at 60℃. (c) The J-E curves at 90℃. (d) The effect of filler orientation on γ at different temperature. (e) The effect of filler orientation on Eth at different temperature. (f) The effect of temperature on carrier concentration.

3.2. Nonlinear conductivity characteristics analysis
[bookmark: OLE_LINK79][bookmark: _Hlk181694851][bookmark: _Hlk181695317]Temperature and filler orientation are key factors influencing the nonlinear conductivity of the composite. Conductivity and current density are positively correlated. Fig. 4 (a)-(c) illustrate the effect of filler orientation on current density at three different temperatures. These results align with the predictions of formula [24-26]:

[bookmark: _Hlk181802652]	 	
[bookmark: _Hlk181887949][bookmark: _Hlk181797664][bookmark: _Hlk182592257]where, J is the current density, k is a constant. γ represents nonlinear coefficient. Eth is the switch-field strength, which represents the electric field stress corresponding to a sudden change in current density J. γ and Eth are collectively referred to as the nonlinear parameters. The current density curves at three different temperatures were fitted using (6). The R2 values of the fitting results were all greater than 0.9, proving that the obtained nonlinear parameters were accurate.
[bookmark: OLE_LINK22]Fig. 4 (d)-(e) illustrates the variation of the nonlinear parameters (Eth and ) at different temperatures and orientations. It is worth noting that the changes of sample nonlinear parameters between 30°C and 60°C is more pronounced than that between 60°C and 90°C. The movement of carriers is the primary factor influencing current density. In order to clarify the microscopic hopping conduction process of carriers under the influence of electric field stress and temperature, (6) can be transformed as follows [27]:

	 	
where, n is the carrier concentration, m is the basic charge,  is the average jump distance,  is the charge escape frequency, h is the charge jump barrier, kB is the Boltzmann constant, and T is the temperature. Considering only the effect of temperature, (7) can be rewritten as:

	 	
[bookmark: OLE_LINK80]The nonlinear relationship between carrier concentration and temperature in the composites is depicted in Fig. 4 (f). The analysis reveals that the carrier concentration of the composites lies in the ionization zone between 30°C and 60°C, and in the steady-state zone at 60°C and 90°C. Consequently, when the test temperature shifts from 30°C to 60°C, the carrier concentration term A1 in (8) increases rapidly, term A2 decreases exponentially, and term A3 gradually rises. Overall, γ increases significantly while Eth decreases. As the test temperature changes from 60°C to 90°C, with the carrier concentration term A1 in (8) remaining relatively constant, the changes in γ and Eth become less pronounced.
Additionally, at a constant temperature, as the filler orientation degree increases, Eth gradually decreases and γ steadily increases. This is attributed to the alignment of fillers along the electric field direction, which shortens the conductivity path, facilitating carriers in overcoming the Schottky barrier for transmission, thereby increasing γ. Moreover, the increased of carriers hastens the transition of the composites' conductivity into the nonlinear region, thus reducing Eth.
3.3. Trap characterization analysis
In order to further analyze the charge transport mechanism in metamaterials, their trap characteristics were studied, as shown in Fig. 5. For SE samples, the shallow trap energy level is 0.62 eV, while the deep trap energy level is 1.05 eV. Shallow traps primarily originate from physical traps caused by the disorder in polymer molecules, whereas deep trap energy levels are influenced by matrix defects and impurities [27].
Compared to SE, SiCw/SE composites exhibit lower trap energy levels and densities. Furthermore, as the orientation of SiCw increases, the composite’s trap energy level gradually decreases while the trap density increases. This occurs because the chain structure formed by SiCw alignment reduces the likelihood of deep traps in the matrix capturing charges. This more coherent path reduces the influence of deep traps in the matrix on the charges, leading to a gradual decrease in the overall trap energy level of the composite. Additionally, the orientation of SiCw creates more SiCw-SiCw interfaces, which introduce band bending in the material and result in an increase in trap density.


[bookmark: OLE_LINK6]Fig. 5. The trap characteristics of samples with different filler orientation
These microscopic characteristics significantly impact the composite's macroscopic insulating properties, including nonlinear conductivity, dielectric polarization, and breakdown characteristics. 
Specifically, shallow traps at the interfaces and the ordered SiCw network structure facilitate charge movement. Compared to samples with low filler orientation, the conduction paths dominated by shallow traps in high filler orientation samples allow the material to conduct electricity at lower electric fields. This results in superior nonlinear conductivity, characterized by a higher nonlinear coefficient and lower switch-field strength.
In addition, the easier release of charges from shallow traps enhances space charge polarization under low-frequency electric fields. This process promotes the formation of electric dipole moments, strengthening the space charge polarization effect and its relaxation process, which leads to a rapid increase in the dielectric constant in the low-frequency range.[image: ]
Fig. 6. The dielectric property of metamaterials. (a) The -f curves at 30℃. (b) The -f curves at 60℃. (c) The -f curves at 90℃. (d) The tan-f curves at 30℃.

Finally, the density and energy levels of traps directly influence the breakdown characteristics of the material. High-density deep traps help suppress leakage current and enhance breakdown strength. In contrast, materials with shallower traps can release charges more readily under high electric fields, effectively suppressing space charge accumulation. Consequently, although the breakdown field strength of composites is lower than that of SE, these composites, as nonlinear conductive coatings, can rapidly release charges accumulated in high electric field regions of power modules. This can suppress electric field distortion and significantly reduce the risk of insulation breakdown in the device.
3.4. Dielectric property analysis
Due to the low filler doping content, the prepared metamaterial exhibits small dielectric loss. Fig. 6(a) shows the dielectric loss (tan) characteristics of all samples at 30℃. When the frequency is lower than 1 Hz, samples with higher filler orientation show lower tan. Compared with SE, the tan of the prepared composites does not increase significantly in the entire frequency band. It is worth noting that, thanks to the orientation of the filler along the direction of the electric field, the sample achieves excellent nonlinear conductivity properties while maintaining low dielectric loss. 
[bookmark: OLE_LINK81][bookmark: OLE_LINK82]In addition, the effects of temperature and orientation on the relative permittivity () of the samples were also studied, which is shown in Fig. 6(b)-(d). It can be found that at the same temperature and orientation, as the frequency decreases, the  of all samples show a trend of gradual increase, which is consistent with the frequency dependence of the classical Debye model. At a frequency of 50 Hz,  shows a trend of gradual increase with increasing temperature. The increase of  in the 30℃~60℃ stage is significantly greater than that in the 60℃~90℃ stage. This can be explained by the relaxation process of charge crossing barriers. As temperature increases, charge barrier-crossing within the material becomes easier, enhancing the polarization process and leading to an increase in ε, which manifests as a positive temperature coefficient. However, at higher temperatures, intensified thermal motion of charges makes it more challenging to maintain stable polarization. This weakens the polarization strength, resulting in a decrease in ε, which appears as a negative temperature coefficient. When the temperature is relatively low, the thermal motion of charges is weaker and has less influence on polarization, allowing the polarization process to establish more easily. Consequently, within 30~60℃, ε increases significantly with temperature. However, within 60~90℃, as the temperature rises further, the enhanced thermal motion weakens polarization, leading to a reduced rate of increase in ε. At the same temperature, as the filler orientation degree increases,  also gradually increases. This is because the higher the orientation degree formed by the fillers along the electric field direction, the more induced charges can be generated during the dielectric polarization process, and the stronger the ability to weaken the external electric field, thus having a larger .
3.5. Construction and design of SiCw/SE metamaterial coating 
[bookmark: OLE_LINK49][bookmark: OLE_LINK50]In order to suppress the electric field distortion of the power module, a metamaterial coating with an oriented filler structure needs to be formed at the triple point. Fortunately, the in-situ electrodes of the power module are arranged in a parallel structure (Fig. 7(a)). By applying an AC electric field to the in-situ electrodes, the filler orientation in the uncured composites can be controlled. However, determining the optimal filler orientation that aligns with the electric field distribution remains a challenging task.
[image: ]
Fig. 7. The simulation model of power module. (a) The overall schematic diagram of the simulation model. (b) Mesh generation. (c) The equivalent point of the triple point and line L.
The application of the 'simulation-guided experimental research' approach is an effective strategy for material development, as it can significantly reduce R&D costs while enhancing efficiency and success rates. To determine the nonlinear parameters of the coating that correspond to the optimal electric field distribution at different temperatures, a simulation model, as shown in Fig. 7(a), was established.
The model consists of a metal layer, SE, and a ceramic substrate. Additionally, the simulated electric field stress is dependent on the mesh size. As the mesh size increases, the electric field stress gradually decreases. As shown in Fig. 7(b), to account for this, the mesh size at the vertex of the simulation model is set to 6 m (Zone 1), while the rest of the area is set to 60 m (Zone 2), ensuring that the change in electric field stress remains below 1% [28].[image: ]
Fig. 8. The Ex distribution in power module. (a) The Ex distribution with SE. (b) The Ex distribution with D0 coating. (c) The Ex distribution with D1 coating. (d) The Ex distribution with D2 coating. (e) The Ex distribution with D3 coating. (f) The Ex distribution with D4 coating.

Evaluating the electric field optimization effect requires considering both the maximum field stress and electric field uniformity. The maximum electric field stress occurs at the triple point of the power module. However, due to the singularity effect, the electric field stress at this point is theoretically infinite in the simulation model. To avoid this issue, point T, located 10 m away from the triple point in both horizontal and vertical directions, is selected as the reference for maximum electric field stress, denoted as Ex, as shown in Fig. 7(c). The electric field uniformity is represented by the ratio of the average electric field stress to the maximum electric field stress along line L, denoted as η. The expression for η is:

	 	
[bookmark: OLE_LINK51][bookmark: OLE_LINK58]Fig. 8(a)-(f) illustrates the electric field stress along the surface in the x direction (Ex) distribution without coating and with coatings exhibiting different nonlinear parameters at 60°C. The diagram reveals that without the coating, the maximum Ex reaches 74.54 kV/mm, significantly exceeding the insulation strength of the SE, which is 21 kV/mm. This condition will increase the probability of surface discharge. In contrast, the application of metamaterial coating effectively reduces the Ex at the triple point by approximately 59.9%. As the filler orientation degree increases, the Ex at point T becomes smaller. This reduction is attributed to the superior nonlinear conductivity properties of the coating. However, a higher degree of filler orientation will also increase the electric field inhomogeneity, and the maximum Ex will be transferred to the edge of the coating, as shown in the red circle in Fig. 8(f).
[bookmark: OLE_LINK23]The variation curves of Ex at point T and the histograms of electric field uniformity η at 30°C, 60°C, and 90°C were plotted, as shown in Fig. 9(a)-(f). It can be seen from Fig. 9(a) that at 30°C, as the filler orientation degree of coating increases, the Ex at point T first decreases slowly and then decreases rapidly. Under D4 conditions, the electric field stress is below 21 kV/mm, meeting the insulation design requirements. Conversely, electric field uniformity η shows the opposite trend, peaking under the nonlinear parameter corresponding to D4. This results in the D4 sample having the highest PDIV at 30 °C. And Fig. 9(b) shows that the Ex along line L does not experience significant distortion in any of the five cases. As shown in Fig. 9(c) and (e), at 60°C and 90°C, the Ex at point T consistently decreases with increasing filler orientation degree. The η initially rises and then falls, reaching its maximum under the nonlinear parameter corresponding to D3. This occurs because, as the filler orientation degree increases, the coating causes the high electric field stress area to gradually shift from the point T to the edge of the coating, as shown in Fig. 9(d) and (f). This also increases the probability of discharge at the coating edge, resulting in the PDIV of D4 being lower than that of D3.[image: ]
Fig. 9. The Ex of all samples and their changing trends on line L. (a) Ex at point T and  at 30℃, (b) Ex on line L at 30℃, (c) Ex at point T and  at 60℃, (d) Ex on line L at 60℃, (e) Ex at point T and  at 90℃, (f) Ex on line L at 90℃.

In summary, considering both the uniformity of the electric field distribution and the magnitude of Ex at point T, the filler orientation degree of metamaterial coatings corresponding to the optimal electric field distribution at 30°C, 60°C, and 90°C are D4, D3, and D3, respectively. 
In order to verify the validity of the simulation results, the coatings with five different filler orientation degrees were prepared. Fig 10(a) shows the chipless power module used to measure PDIV. Initially, metamaterial was applied to the triple point using a brush, followed by transferring the sample to a vacuum oven for degassing for about ten minutes. Subsequently, four AC voltages of varying amplitude were applied between the upper metal plates at 25°C. This process aligned the filler in the coating with the electric field direction, leading to variations in the nonlinear parameters, as shown in Fig. 10(b)~(c). The samples were then cured in an oven at 80°C for four hours. It should be noted that during the heating and curing process, a balancing electric field stress must be continuously applied to ensure that the filler orientation structure is not destroyed. For rod-shaped fillers, the formula for calculating the balancing electric field stress is as follows [16]:[image: ]
[bookmark: _Hlk181886422][bookmark: _Hlk181886423]Fig. 10. The construction of metamaterial coatings. (a) The chipless power module. (b) The schematic diagram of SiCw/SE metamaterial coating preparation method. (c) The actual picture of SiCw/SE metamaterial coating preparation method. (d) The SEM of the coating cross section after filler orientation.


		
where, l is the long axis of the filler. CM is the Clausius-Mossotti factor, and εm is the dielectric constant of the liquid SE. Following this, the power module with the cured coating was placed in a mold, and SE was potted around it. The assembled sample and mold were cured at 80°C for an additional 12 hours. Taking the orientation degree of 600 V/mm as an example, the arrangement of SiCw in the coating cross section was observed using the SEM, as shown in Fig. 10(d), proving that the coating was successfully prepared. 
3.6. Insulation performance improvement
[bookmark: _Hlk174437323]The PDIV of different samples at 30°C, 60°C, and 90°C were tested. It can be found from Fig. 11(a)~(c) that the PDIV of the power module with D0 coating at 30°C, 60°C, and 90°C are 3.65 kV, 4.23 kV, and 2.73 kV, respectively. 
At 30°C, when the filler orientation degree in the coating is low, the PDIV does not significantly improve compared to the uncoated module. The PDIV reaches its maximum when the orientation degree is D4, resulting in a 58.9% increase compared to the D0 coating. At both 60°C and 90°C, the PDIV increases with the degree of filler orientation in the coating, peaking at D3, with PDIV increases of 74.7% and 32.8%, respectively. Therefore, the filler orientation degree of NCP coatings corresponding to the optimal electric field distribution at 30°C, 60°C, and 90°C are D4, D3, and D3, respectively. Compared with traditional nonlinear conductive coatings, coatings with adjustable nonlinear parameters prepared based on AC dielectrophoresis can more effectively alleviate local electric field distortion and further improve the PDIV. 
[bookmark: _Hlk181726457]To uncover the mechanism by which nonlinear conductive coatings improve insulation performance, the charge transport mechanism of the sample was analyzed, as illustrated in Fig. 11(d)-(e). SE contains a large number of deep traps where charges are transported via hopping conduction and are easily captured, leading to space charge accumulation at the electrode-interface. This accumulation increases the likelihood of local discharge and decreases the PDIV. When SiCw is introduced into SE, the trap energy level and trap density of the composites decrease (Fig. 5). 
The composite primarily consists of interfaces between SiCw and SE, as well as between SiCw fillers. When the filler orientation is low, as shown in Fig. 11(d), the SiCw fillers are largely separated, with significant distances between them. This creates numerous isolated SiCw-SE interfaces within the composite. These interfaces introduce deep traps that capture charges injected from the electrodes, leading to space charge accumulation near the electrodes and subsequent electric field distortion.
As shown in Fig. 11(e), with increased filler orientation, the number of SiCw-SiCw interfaces rises, and many of these interfaces begin to overlap. This overlap significantly distorts the electric field at the interface, giving electrons higher energy. This facilitates electrons crossing the barrier energy level via the tunnel breakdown effect, accelerating the electron hopping conduction process. As a result, space charges dissipate faster, reducing charge accumulation at the triple point.[image: ]
[bookmark: _Hlk181887385][bookmark: _Hlk181887386]Fig. 11. The insulation performance test and mechanism explanation. (a) PDIV at 30℃. (b) PDIV at 60℃. (c) PDIV at 90℃. (d) Filler orientation is low. (e) Filler orientation is high. (f) Charge transport model.

Fig. 11(f) illustrates the charge transport model in the composite. According to the Poole-Frenkel effect, the trap barrier decreases by qλE/2 along the direction of the external electric field. The probability of charge hopping can be expressed as [29]:

		
[bookmark: _Hlk181903208]where v is the frequency of the thermal vibration, ϕ is the trap energy level, kB is the Boltzmann constant, T is the temperature, q is the charge, λ is the distance between two neighboring traps. From this relationship, it is evident that increased temperatures enhance the probability of charges crossing the barrier, which is equivalent to reducing the trap depth of the composites and significantly improving its conductivity. Under such conditions, the charge transport behavior of the composite approaches that of a conductor. Charges injected at the triple point are rapidly transferred to the coating's edge, leading to space charge accumulation and local electric field distortion.
These findings clearly demonstrate that regulating the nonlinear parameters of the insulating material to match the actual electric distribution is crucial for achieving optimal electric field stress. This approach effectively suppresses electric field distortion in power modules at different temperatures and significantly enhances operational stability. Furthermore, using the in-situ electrodes of the device to control the coating parameters makes the preparation process simple and efficient. This method shows great potential for further industrial applications and offers a practical and efficient solution for improving the insulation reliability of high-voltage power modules.
4. Conclusion
In summary, this paper demonstrates the groundbreaking potential of bamboo-inspired metamaterials in enhancing the insulation performance of power modules. By utilizing the in-situ electrodes of the power module to apply AC voltage, and harnessing the dielectrophoresis effect to induce filler orientation, we have successfully developed a metamaterial coating with adjustable nonlinear parameters that optimizes local electric field stress. The key findings of this study are as follows:
1) Under the influence of dielectrophoretic force, the filler within the composite cross-section forms a distinct chain structure, undergoing sequential processes of random distribution, rotation, and mutual attraction. The scattering effect of the filler lattice causes an increase in the ratio of the diffraction peak I(111) to (220) in the XRD pattern as filler orientation improves, providing a quantitative metric for evaluating filler orientation degree.
2) Conductivity tests reveal that as the filler orientation increases, the nonlinear coefficient γ increases while the switch-field strength Eth decreases. This confirms that precise control of Eth and γ is achievable through the adjustment of filler orientation. Additionally, dielectric response results indicate that the sample maintains low dielectric loss while achieving excellent nonlinear conductivity.
3) Compared to coatings with unoriented fillers, the metamaterial coating enhances the PDIV by 58.9%, 74.7%, and 32.8% at 30°C, 60°C, and 90°C, respectively. The careful management of the charge transport properties in the developed metamaterial is critically important for advancing insulation performance.
[bookmark: _Hlk175297827][bookmark: OLE_LINK31]The preparation strategy proposed in this paper offers an innovative approach to the design and production of nonlinear conductive metamaterials, which hold significant potential for industrial applications.
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