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Dielectrophoretic Chain Assembly of BaTiO 3 Particles in Silicone Gel Composites

Composite insulating materials with enhanced dielectric permittivity, like silicone gel with barium titanate particles (BaTiO3) are promising candidates in the context of advanced field grading encapsulants for power electronic applications. The recent developments of field-assisted assembly techniques for particle structuration in polymeric matrix enable to obtain anisotropic material properties in the direction where it is the most suitable. This approach allows going beyond some composite intrinsic limitations and paves new ways to improve insulating materials to reach higher voltage performances at power system level. This paper aims to present the effect of dielectrophoretic electric field waveform and frequency on the anisotropic structuration of BaTiO3 particles in silicone gel and to report on the impact of these parameters on the chain formation.

I. INTRODUCTION

The acceleration of climate change pushes us to reduce of greenhouse gas emissions. As a result, faster development of transport electrification as well as greener energy production must continue. This will not be achievable without a significant improvement in the electrical insulation to enable the operating voltage increase in most of the power conversion systems. SiC and GaN wide bandgap semi-conductor power devices with higher operating electric field are becoming readily available and they might be a more efficient alternative for replacing the conventional silicon IGBTs with their advantages of faster switching speed, higher operating temperature, lower conduction resistance and especially a higher working voltage capability [START_REF]SiC & GaN Power Semiconductors Report -2021[END_REF]. With increasing the voltage rating in power modules, the encapsulation materials used like silicone gel can be more easily subjected to electrical degradations (i.e. partial discharges, electrical treeing, breakdown) due to higher localized electrical field at triple points [START_REF] Bayer | Simulation of the electric field strength in the vicinity of metallization edges on dielectric substrates[END_REF] [START_REF] Han | Electrical Tree Initiation and Growth in Silicone Rubber under Combined DC-Pulse Voltage[END_REF]. To figure out such issues, current researches in the field have seen a rise in the development of functionnaly graded or anisotropic polymer composites with field grading properties. The obtained composites present adjusted dielectric properties acting as electrical constraint spreader within the insulation. This might participate to improve the overall reliability by mitigating strong localized electric fields. As homogeneously-mixed polymer composites can present some limitation due to the filler content it is reasonably possible to add to the matrix, the dielectric properties can flatten accordingly [START_REF] Ham | Electrical Properties of SrTiO3epoxy Composite Thick Films on Cu Plate PCB substrates[END_REF] [START_REF] Kume | High-Thermal-Conductivity AlN Filler for Polymer/Ceramics Composites[END_REF]. In order to overcome this limitation, the composite filler architecture can be modified by using specific 3D electric field assembly techniques that enable to increase the composite dielectric properties.(e.g. its permittivity). The strength of this approach is to allow to structure the composites directly in-situ within the system to isolate by using the different metal electrodes and without modifying the design or the layout [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis -Part 1: Principle and Permittivity Gradient in Uniform Electric Field[END_REF] [START_REF] Diaham | Field Grading Composites Tailored by Electrophoresis-Part 3: Application to Power Electronics Modules Encapsulation[END_REF]. In some of the embodiments to apply the electric field during the composite assembly, particles can spatially arrange each other around the sharp electrodes to lower the local electrical field by acting as an electrical stress-control or field grading material (FGM).

An alternative approach consists in the possibility to structure the particles dielectrophoretically in a "pearl chain" fashion way between the system electrodes to favor the anisotropy of the properties. Famous examples have reported composites with enhanced thermal [START_REF] Hone | Thermal conductivity of single-walled carbon nanotubes[END_REF][9] or electrical conduction [START_REF] Kane | Temperature-dependent resistivity of single-wall carbon nanotubes[END_REF] [START_REF] Mohan | Graphene-based materials and their composites: A review on production, applications and product limitations[END_REF]. The use of anisotropic composites can efficiently improve a property in one specific direction or obtain the same property with a lower initial filler content [START_REF] Wang | Computational study of filler microstructure and effective property relations in dielectric composites[END_REF] [START_REF] Belijar | Particle chain formation in a liquid polymer under ac electric field: Model and experiments[END_REF].

Despite various papers have reported particle chain assemblies under dielectrophoretic field in epoxy resin [START_REF] Belijar | Dielectric breakdown of high-k epoxy-based anisotropic composites[END_REF] [START_REF] Park | Electric-field-induced ordering and pattern formation in colloidal suspensions[END_REF], studies in softer materials like silicone gel used as encapsulation in power modules are more rare. More specifically, this paper presents some guideline for structuring anisotropic insulating polymer composites using dielectrophoresis with a various electrical and temporal parameters (e.g. frequency, waveform, time).

II. EXPERIMENTAL PART

A. Materials and Sample Preparation

The matrix used in this study is a two-components SilGel® 612 (A:B 1:1) from Wacker with a room temperature vulcanization reaction. The mixture of part A and part B has a density of 0.97 g/cm 3 and a viscosity of 1000 mPa/s. The curing is achieved by a crosslinking process, initiated by mixing the two components and occurs by condensation with addition reaction of platinum catalyst (part B). The final silicone gel is obtained after 150 min at room temperature. It is optically fully transparent before and after curing which is especially important to observe the particle chaining by transmission microscopy and to check structuration. Barium titanate (BaTiO3) particles with a density of 5.997±0.0181 g/cm 3 were added at 1 vol% for all the experiments and were mixed in a planetary mixer under primary vacuum. The polyhedral-shaped particles have an average diameter of 462 nm. Because of the short pot life of the mixture, all the dielectrophoretic structuration have been realized just after the mixing. One hour after the mixing, the viscosity rapidly increases ending by freezing the structure permanently.

B. Dielectrophoretic experiments with optical observation

Dielectrophoresis (DEP) structuration is based on applying an electric field between two parallel electrodes filled in with the mixture of silicone gel with the BaTiO3 particles. For the process optimization, two parallel copper electrodes with a gap of 0.5 mm using insulating spacer were used. The two electrodes were glued on a glass slide by using a transparent epoxy resin, as shown in Fig. 1. To ensure the highest observation quality, the mixture was poured up to half the height of the spacer to avoid parasitic optical meniscus induced by the DEP forces at the electrode edges,. Transmission light coming from backside of the sample cell was used to get a better contrast for particle chain observation.

Particle chaining was performed under DC, AC sine wave and bipolar square wave in a large frequency range. In DC, the voltage was applied using a Keithley SMU 2410 at an electric field of 500 V/mm. Both for AC sine and square wave experiments, the voltage was applied using a HV amplifier controlled by a function generator. The voltage was set at 500 Vpp/mm with frequency ranging from 10 mHz to 1 kHz. The maximum time of each experiment was 30 minutes because of the late movements of the particles after 25 minutes. Real-time observation was realized with a Keyence VH-Z500R microscope. 

III. RESULTS AND DISCUSSION

A. Particle Chaining in Silicone Gel in AC Sine Wave

The result of optical observation of a compound under a sinusoidal electric field at a frequency of 1 Hz is presented in Fig. 2. Firstly, this confirms the structuration of particle chain starts immediately when the electric field is applied. However, and more surprisingly, after the BaTiO3 particles start chaining parallel to applied the electric field, then, they start sidely stacking to take the form of larger columns aligned with the electric field. The length of the chains can reach the 500 µm electrode gap spacing only after 8 s in these experimental conditions. Some of the chains appear as not perfectly aligned in the direction of the applied electric field because of the lateral dielectric interactions with their closest chain neighbor when they grow. Simultaneously with the evolution of the length, the number of chains is increased too. After 20 s, all the chains has reached their maximum length. From this stage, only lateral chain column movements are observed. This result is effectively in agreement with previous study [START_REF] Belijar | Particle chain formation in a liquid polymer under ac electric field: Model and experiments[END_REF]. When particles are closer to each other, the local volume fraction increases consequently, leading to stronger dielectrophoretic force. Increasing in dielectrophoretic force leads to the assembly of particles and makes the columns to stack laterally. 

B. Influence of Frequency

Chain formation depends not only from DEP forces, but also from complex electro-hydrodynamic phenomena that is triggered by charge transport along the volume of the composite material in liquid state. Phenomena are in competition as the former creates the pearl-like particle chains from near-range movements of the particles in suspension, and the later induces the displacement of the liquid and particles in the full volume of the sample. It is known that the change in applied frequency can modify the equilibrium of these two phenomena to favor particle-chain formation or to 'break' or avoid the arrangement [START_REF] Belijar | Particle chain formation in a liquid polymer under ac electric field: Model and experiments[END_REF]. In the studied frequency range, 10 mHz to 1 kHz, we observe that frequency has an important influence in the structure and kinetics of chain formation. In Fig. 3, we can observe very large difference in the structures of the particle chains obtained when applying 1 kHz and 10 mHz, after 2 mins and 30mins.

Under high frequency (1 kHz), first, the chains form in the direction of field, with many chains being formed within the In low frequency (10 mHz), chains form also during the application of a half-cycle. However, every time the polarity is reversed in the next half-cycle, the movement of the liquid and particles break the chains partially. This leads to a very large difference of the structure, where at 1 kHz frequency, the final structure has longer and narrower chains when compared to a structure obtained from the application of 10 mHz (Fig. 3). This partial breakup of the chains on each alternance of the low-frequency field, leads to a twofold result: a subset of isolated chains with very short length (< 20 µm), and other chains that are composed of many laterally-stacked chains as a result of the coalescence of short chains under DEP forces.

Video analysis allowed to track individual chains and chaining times. Figure 4 shows a plot of the time required to produce a chain of length of 500 µm. This time has a minimum for an applied frequency of 1 Hz. . From DC to 1 Hz, the electro-hydrodynamic phenomena (EHD) is limiting the formation of particle chains, following the general tendency observed by other studies [START_REF] Belijar | Particle chain formation in a liquid polymer under ac electric field: Model and experiments[END_REF]. As the influence of the EHD phenomena further decreases above 1 Hz, unexpectedly, the chain growth time to reach 500µm increases from 8 s to 35 s at 1 kHz. This could possibly mean that the DEP force is decreasing as frequency increases for the particles contributing to the formation of the observed chain. The DEP force is described by Eq. 1 as follows:

(1) Where em is the particles permittivity, R is particles radius, E the electric field magnitude and K is the Clausius-Mossoti factor that can be analytically written as:

(2) where ep is the particles permittivity.

Two possible explanations are proposed. One would imply that the Clausius-Mossoti factor changes as the particle and/or liquid silicon-based matrix permittivities change as a frequency is increasing. The other possibility is that, if we consider that K remains constant, and with less impact of the EHD forces against chain formation, the chain formation rate increases in the full sample. This would imply that by observing a single chain, the time required to reach a certain length will depend on the total DEP force acting on the particles that are forming it but also on the availability of such particles. If the availability of the particles is reduced, i.e. as many are already part of another chain, the overall rate of growth for a given chain can be reduced.

If we observe the total time required for the full formation of the chained structure, at different frequencies (Fig. 5), it can be noted that the time decreases as frequency increases. The values fit well with a logarit form with f is frenquency applied:

tstable= -88log(f) + 575 (3) After this time, no further particle movement is observed, reaching a 'stable' structure. This comforts the latest hypothesis proposed in the previous paragraph. Further insight on the impact of frequency and waveform to the structure was possible by making an image analysis of the final structured composites, after 30 min of field application. First, gray-scale images were processed to obtain binary images adapted to image processing. Then, the binary images were analyzed to estimate the ratio (chain density) of the surface occupied by the chains (black) in respect to the remaining matrix (white) surface (Fig. 6). It is to note that the transmitted light intensity through the sample will depend on the light interaction with the particles and chains. The resulting image sharpness and brightness will depend, among other parameters, on the particle size, inter-particle distance and depth within the sample. So, it is possible to estimate ratios well above the particle content. However, when comparing samples of equal volume fraction of particles, images will provide an indication of both the chain length and chain width. This chain density is reported in Fig. 7 for all studied frequencies (10 mHz to 1 kHz) and for the different applied waveforms (sine and square). Chain density increases with the applied electric field frequency and, when comparing the waveforms, the sinewave results have a slight increase of the chain density compared to the samples where a square waveform was applied. 

IV. CONCLUSION

In the present work an anisotropic composite was elaborated by electric field-assisted assembly based on dielectrophoretic phenomena. High permittivity BaTiO3 particle chains were structured in a silicon gel insulating matrix.

When increasing the frequency from DC to 1 kHz, the particle chain formation rate follows the increase of the frequency as the electro-hydrodynamical phenomena is reduced with increasing frequency. The observed structuring kinetics and final particle chain density can help to tailor the processing conditions and the final properties of the anisotropic composites in an electrical insulation system.

Further studies are needed to understand the impact of the frequency and waveforms on to the electrical properties of the structured anisotropic composites.
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 1 Fig. 1. Experimental setup of particle chain dielectrophoretic assembly under optical microscope observation.
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 2 Fig. 2. Optical microscopy images with the evolution of chain formation under an AC sine field of 500 Vpp/mm at 1 Hz.

  volume of the material. The chains continue to grow until all particles are incorporated to the chains.
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 3 Fig. 3. Comparison of chain formation under a sinusoidal field of 500 Vpp/mm at frequencies of 1 kHz and 10 mHz and after 2 min and 30 min.
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 4 Fig.[START_REF] Ham | Electrical Properties of SrTiO3epoxy Composite Thick Films on Cu Plate PCB substrates[END_REF]. Time required for a single particle chain to reach 500 µm (the distance between electrodes) at different frequencies.
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 5 Fig.5. Time required to reach a stable state, with no apparent particle movement during sample structuring.
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 6 Fig.6. Image processing to obtain the chain density, i) count the number of chains and their with, ii) conversion of the gray-scale image to a binary format.
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 7 Fig. 7. Chain density after 30 min under sinusoidal, square waveforms with different frequency and DC fields.
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