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In the understanding of the nanocomposites (NC) properties improvement, a major role was attributed to the interphase area between the nanoparticle and the matrix. However, the interphase properties impact on macroscale dielectric properties remains poorly understood, particularly at high temperatures. In this study, a multiscale characterization of polyimide/silicon nitride (PI/Si3N4) nanocomposite dielectric properties is performed at various temperatures. Neat PI and PI/Si3N4 NC with untreated and silane-treated nanoparticles are characterized in terms of macro/nanoscale relative dielectric permittivity (εr), breakdown strength and interphase thickness. Different behaviors are observed depending on the temperature range. At low temperatures (T<150 °C), the NC macroscale (εr) and breakdown strength are lower than the PI ones. Considering that the interphase permittivity is increasing with temperature, mixing law models manage to reproduce the macroscale (εr) value for untreated nanoparticles. At medium temperatures (150°C -200°C), NC and PI have very similar properties and the interphase (εr) remains quite constant. At high temperatures (T>200 °C) an improvement of the NC properties is observed and attributed to the reduction of ion charge carriers mobility due to the presence of the interphase. For untreated NC, an extrapolation of the mixing law indicates that the interphase (εr) could be higher than the matrix one, which could explain the breakdown strength improvement.

Introduction

Polymer dielectric materials are commonly used in advanced electronic devices and electric power systems insulation. However, even if polymer dielectrics possess excellent mechanical properties, low leakage current and high electric breakdown strength, their dielectric properties (space charge accumulation, electric breakdown field, …) at high temperature need to be improved [START_REF] Ma | A review on high temperature resistant polyimide films: Heterocyclicstructures and nanocomposites[END_REF][START_REF] Zhou | Advanced polymer dielectrics for high temperature capacitive energy storage[END_REF]. Particularly, for polyimide (PI), which is broadly used in the fields of electronic packaging and automotive applications, a degradation of its electrical resistivity [START_REF] Sessler | Electrical conduction in polyimide films[END_REF], dielectric properties [START_REF] Diaham | Conductivity spectroscopy in aromatic polyimide from 200 to 400[END_REF] and failure field [START_REF] Miyairi | Frequency dependent dielectric breakdown of thin polyimide films prepared by vapor deposition polymerization[END_REF] is observed at high temperature. According to the litterature, polymer-nanocomposites (p-NC) appear as the best candidates to improve the polymer dielectric properties at both ambiant [START_REF] Adnan | In situ synthesis of hybrid inorganic-polymer nanocomposites[END_REF] and high temperature [START_REF] Ma | A review on high temperature resistant polyimide films: Heterocyclicstructures and nanocomposites[END_REF][START_REF] Hassan | Current status of polymer nanocomposite dielectrics for high-temperature applications[END_REF]. For example, PI-based nanocomposites with a small amount of nanofillers exhibit improved mechanical, thermal [START_REF] Nikolaeva | Polyimide-Based Nanocomposites with Binary CeO2/Nanocarbon Fillers: Conjointly Enhanced Thermal and Mechanical Properties[END_REF] and dielectric properties at high temperature, as an increase of relative dielectric permittivity [START_REF] Chen | Dielectric property and space charge behavior of polyimide/silicon nitride nanocomposite films[END_REF], a limitation of space charge building [START_REF] Chen | Dielectric property and space charge behavior of polyimide/silicon nitride nanocomposite films[END_REF][START_REF] Yang | Thermal Stabilization Effect" of Al2O3 nano-dopants improves the high-temperature dielectric performance of polyimide[END_REF], an improvement of breakdown strength [START_REF] Chen | Dielectric property and space charge behavior of polyimide/silicon nitride nanocomposite films[END_REF][START_REF] Tanaka | Polymer nanocomposites as dielectric and electrical insulation -perspectives for processing technologies, materials characterization and future applications[END_REF] and/or energy density [START_REF] Li | Tuning nanofillers in in situ prepared polyimide nanocomposites for high-temperature capacitive energy storage[END_REF][START_REF] Hu | Large energy density at high-temperature and excellent thermal stability in polyimide nanocomposite contained with small loading of BaTiO3 nanofibers[END_REF] compared to the neat PI.

To explain the nanofiller influence on nanodielectric properties, T.J. Lewis has proposed in 1994 the hypothesis that a transition area named the "interphase" is created between the nanofiller and the polymeric matrix [START_REF] Lewis | Nanometric Dielectrics[END_REF]. Since then, different models have been proposed to describe the interphase morphology and structure [START_REF] Lewis | Nanometric Dielectrics[END_REF][START_REF] Tanaka | Proposal a multi-core model for polymer nanocomposite dielectrics[END_REF][START_REF] Raetzke | Role of interphase on the resistance to high-voltage arcing, on tracking and erosion of silicone/SiO2 nanocomposites[END_REF][START_REF] Kubyshkina | Impact of the interfacial structure on the charge dynamics in nanocomposite dielectric[END_REF]. In addition to these theoretical approaches, some authors have proposed to extract the interphase properties from macroscale experimental characterization methods [START_REF] Bashir | Use of dynamic mechnical analysis (DMA) for characterizing interfacial interactions in filled polymers[END_REF][START_REF] Maity | On the size and dielectric properties of the interphase in epoxy-alumina nanocomposites[END_REF][START_REF] Daily | Modeling the interphase of a polymer-based nanodielectric[END_REF][START_REF] Wang | A Transition of Interface Characteristics in LDPE/Al2O3 Nanocomposites by Permittivity Simulation[END_REF]. However, the interphase properties and its impact on p-NC ones remain poorly understood. To improve this understanding, techniques derived from the Atomic Force Microscopy (AFM) were used:

the Peak Force Quantitative Nanomechanical (PF-QNM) mode for the interphase mechanical properties and dimension determination [START_REF] Houssat | AFM Measurements of Polyimide/Silicon Nitride Nanocomposite Interphase[END_REF][START_REF] Moussa | Novel three-dimensional interphase characterization of polymer nanocomposites using nanoscalled topography[END_REF], the Electrostatic Force Microscopy (EFM) mode for the dielectric permittivity [START_REF] Khoury | Characterization of Dielectric Nanocomposites with Electrostatic Force Microscopy[END_REF][START_REF] Peng | Local Dielectric Property Detection of the Interface between Nanoparticle and Polymer in Nanocomposite Dielectrics[END_REF] or space charge probing [START_REF] Han | Study on micro interfacial charge motion of polythylene nanocomposite based on electrostatic force microscopy[END_REF] and the Kelvin Probe Force Microscopy (KPFM) for space charge measurement [START_REF] Peng | Mapping the space charge at nanoscale in dielectric polymer nanocomposites[END_REF]. All of these existing studies provide only an interphase characterization at room temperature and a partial description of dielectric properties as some assumptions are requested for their entire determination.

In this study, we propose to investigate the high temperature dielectric properties (relative dielectric permittivity and breakdown strength) of PI based nanocomposite (NC) at macro and nano scales. More particularly, our interest is focused on the relative dielectric permitivity temperature dependence of each of the PI and the interphase. To reach this goal, PI/silicon nitride (Si3N4) NC is investigated as it has demonstrated improved properties (e.g. dielectric breakdown) at high temperature [START_REF] Chen | Dielectric property and space charge behavior of polyimide/silicon nitride nanocomposite films[END_REF][START_REF] Diaham | Huge improvements of electrical conduction and dielectric breakdown in polyimide/BN nanocomposites[END_REF]. Moreover, as the interphase dimension and/or properties depend on the nanoparticles (NP)

surface treatment [START_REF] Luo | Interface design for high energy density polymer nanocomposites[END_REF][START_REF] Andritsch | Proposal of the polymer chain alignment model[END_REF][START_REF] Yang | The role of interfacial H-bonding on the electrical properties of UVcured resin filled with hydroxylated Al2O3 nanoparticles[END_REF], samples with functionalized Si3N4 were prepared and compared to samples with untreated NP.

Materials and methods

Materials processing

In this paper, a PI-based NC is investigated using a 1wt.% addition of Si3N4 spherical amorphous NP provided by SkySpring Nanomaterials Inc. (Houston, USA). The PI host matrix is processed using a mix of commercial biphenyltetracarboxilic dianhydride and p-phenylene diamine precursor monomers (BPDA-PDA) supplied as a polyamic acid (PAA) precursor solution in N-methyl-2-pyrrolidone solvent. Raw materials properties are reported in table 1. The NP surface functionalization is obtained by using (3-Aminopropyl) triethoxysilane (APTES, 98%) purchased from Sigma-Aldrich. The NC fabrication process is composed of four steps (detailed in [START_REF] Houssat | AFM Measurements of Polyimide/Silicon Nitride Nanocomposite Interphase[END_REF]). (i) 5 g of polyamic acid (PAA) are mixed, during 15 min, with 0.05 g of Si3N4-NP (treated or not with silane coupling agent) to obtain an homogeneous 1 wt.% aqueous solution. (ii) One hour of ultra-sonication process (70 °C, 300 W) and 25 min centrifugal decantation (14 400 rpm) are used to reduce the size of agglomerates formed during the mechanical dispersion. After that, only the supernatant mixture is used (1 ml). (iii) The NC solution is spin-coated (30 s at 3000 rpm), on 2-inch highly-doped Si wafers (N-type, resistivity 0.002-0.008 Ω.cm, thickness 275 ± 25 µm) to obtain a thin film with controlled thickness. (iv)

The obtained PAA/ Si3N4 NC thin films are annealled in air at 100 °C for 1 min and at 175 °C for 3 min. Finally, in order to obtain the PI imidization from PAA, the thin films are thermally cured in a SPX Blue-M convection oven in nitrogen atmosphere. Pure PI films have been elaborated as well (using the same two last process steps), for comparison. and treated (T-NC) NP respectively and a pure PI film thickness of 5.8 µm.

Density (g.cm

For macroscale characterization (dielectric spectroscopy and breakdown strength), capacitive Metal-Insulator-Semiconductor (MIS) structures are needed. To produce such structures a 150 nm-thick gold layer is deposited by sputtering over the entire top surface of the film samples. A wet etching step through a resin mask, made by photolithography, has permitted to define the top circular electrode with a diameter of 5 mm and 0.6 mm for dielectric spectroscopy and breakdown measurements respectively. Moreover, as PI is sensitive to the water absorption, a heating treatment (150 °C during 48 h) is applied to PI and NC films before macroscopic measurements.

Multiscale characterization

The dielectric properties are measured by the broadband dielectric spectroscopy (DS) using a Novocontrol Alpha-A spectrometer. Measurements are performed under a nitrogen gas flow and at a temperature range from -150 °C to 350 °C (step of 10 °C) and a frequency range from 0.1 Hz to 100 kHz. The data are obtained in the form of the dielectric complex permittivity:

𝜀 * = 𝜀 " -𝑖 𝜀" (1) 
where ε' and ε" are respectively the dielectric permittivity and the dielectric loss index, and i 2 = -1.

The breakdown field measurements are carried out using a Signatone S-1160 probe station equipped with micrometric positioners and a sample holder regulated at 25, 100, 200 and 300 °C thanks to the S-1600R heating system. A DC voltage ramp of 150 V/s is supplied using a FI 9035HT source. When the breakdown occurs, the used voltage source switches into a current source applying a short-circuit limited to 1 mA. Dielectric breakdown field has been calculated as:

F #$ = 𝑉 #$ d ( 2 
)
where Vbr is the measured breakdown voltage and d the insulating film thickness.

A Weibull statistical analysis on a population of 10 samples is performed to extract the scale parameter of the breakdown for each regulated temperature.

AFM measurements are performed using a Bruker Multimode 8 apparatus. PF-QNM mode is used to map the surface topography and the mechanical properties of NC films using a TAP525 tip. A contact force of 600 nN is applied to obtain a 2 nm-deformation on the bare PI. According to the stiff contact and the low adhesion observed on PI, the Young modulus is calculated using the Derjaguin-Muller-Toropov (DMT) model [START_REF] Derjaguin | Effect of contact deformations on the adhesion of particles[END_REF][START_REF] Greenwood | An Adhesion Map for the Contact of Elastic Spheres[END_REF]. To insure reliable and quantitative results a three steps calibration process is applied [START_REF] Houssat | Effect of particles surface functionalization on interphase properties of PI/Si3N4 nanocomposite[END_REF]. (i) Force Distance Curves are used to determine static and dynamic deflection sensitivity on hard sapphire sample. (ii) Scanning Electronic Microscopy (SEM) is used to determine tip geometrical parameters in order to calculate the tip spring constant k using Sader method. (iii) The effective tip radius is determined using a polystyrene (2.7 GPa modulus) reference film whose mechanical properties are close to PI ones. The measurements are done using 384x384 pixel, which corresponds to a pixel size of 5.2nm for a 2µmx2µm scanned area.

EFM mode is used to probe NC films dielectric permittivity at the nanoscale [START_REF] Khoury | Characterization of Dielectric Nanocomposites with Electrostatic Force Microscopy[END_REF][START_REF] Riedel | Nanodielectric mapping of a model plystyrene-poly(vinyl acetate) blend by electrostatic force microscopy[END_REF]. A PtIR-coated silicon tip with a resonance frequency 𝑓 % of 66.1 kHz, a spring constant k of 2.74N/m and a radius of 26nm is used. The tip frequency shift Δf0(V0) is probed for DC voltage V0 equal to 0 V and 10 V with a 50 nm-lift and the resulting frequency shift parameter aΔf is determined:

𝑎 ∆' = ∆𝑓 % (10𝑉) -∆𝑓 % (0𝑉) (10)² (3)
where Δf0(Vi) is the frequency shift measured with a DC voltage Vi applied on the tip.

To extract the relative dielectric permittivity from this measurement a 2D-axisymetric Finite Element Model on COMSOL [START_REF] Houssat | Effect of particles surface functionalization on interphase properties of PI/Si3N4 nanocomposite[END_REF] is developped, taking into account the NP (radius 10 nm), the PI matrix (NC films thickness), the interphase (relative dielctric permittivity and thickness to be determined) and the surrounding atmosphere (air box whose dimensions are fixed to avoid edge effect). As for the experiment, the DC voltage is applied on the tip and the NC/PI backside is grounded. The frequency shift parameter aΔf is computed as follows:

𝑎 ∆' = 𝑓 % 4𝑘 𝑑²𝐶 𝑑𝑧² ( 4 
)
where f0 is the resonance frequency, C is the capacitance between the AFM tip and the sample, z is the vertical distance and k is the stiffness of the cantilever.

The capacitance second derivative d²C/dz² is deduced from the electrostatic force Fe gradient, as:

𝑑 ( 𝐶 𝑑𝑧 ( = 2 𝑑𝐹 ) 𝑑𝑧 ( 5 
)
Results emphasize that the computed frequency shift parameter is negative and increases when the material permittivity decreases.

Results and discussion

For the PI sample (Figure 1a), an increase in the relative dielectric permittivity is observed at temperatures higher than 100 °C for different frequencies. This relaxation phenomenon is usually attributed to the electrodes polarization due to space charge accumulation [START_REF] Diaham | BPDA-PDA Polyimide: Synthesis, Characterizations, Aging and Semiconductor Device Passivation[END_REF]. Indeed, when thermally activated, positive (or negative) charge carriers can drift to the negative (or positive) polarized electrode in order to build up a space charge at the sample-electrode interface. Usually, the electrical conduction in PI films is influenced by a macroscopic migration of H+ ions (coming from unreacted PAA [START_REF] Ito | Effect of Degree of Imidization in Polyimide Thin Films Prepared by Vapor Deposition Polymerization on the Electrical Conduction[END_REF]) to the interfaces. Figures 1b and1c show the same relaxation phenomenon (relative dielectric permittivity increasing) at high temperature for PI/Si3N4 NC with untreated and treated NP respectively, whatever the frequency is.

Figure 1d emphasizes that, at low frequency, the NC relative dielectric permittivity is lower than the PI one. Moreover, this decrease is more significant for the NC with silane-treated NP. At high temperature, where ion charge carriers are highly mobile, the presence of NP seems to disturb the ions mobility. Indeed, the interphase region around nanoparticles could be a region where H+ ions are blocked and could less reach the sample-electrode interface.

Moreover, the silane coupling agent should act as a more efficient grafting link between the PI macromolecular chains and the Si3N4 improving the interphase volume where the ion charge mobility is reduced. Breakdown tests are performed on neat PI and PI/Si3N4 NC with untreated and silane-treated NP. Figure 2a shows breakdown results under 25 °C for all samples. A Weibull statistical analysis is performed giving a breakdown value at each regulated temperature for all samples and plotted in Figure 2b. At low temperature (<200 °C), PI presents a slight higher breakdown strength than both NC. However, at high temperature (>200 °C), PI presents a much lower breakdown strength compared to NC one. In comparison with neat PI, which becomes a semi-insulating material above 200 °C, it seems that PI/Si3N4 NC with treated and untreated particles are able to keep an extended insulating behavior up to 300 °C (as similarly also observed with PI/BN NC [START_REF] Diaham | Huge improvements of electrical conduction and dielectric breakdown in polyimide/BN nanocomposites[END_REF]). This phenomenon could be related to the "Thermal Stabilization Effect" introduce by Yang et al. [START_REF] Yang | The role of interfacial H-bonding on the electrical properties of UVcured resin filled with hydroxylated Al2O3 nanoparticles[END_REF] for PI/Al2O3 nanocomposite. According to this effect, the interphase region within NC contains new shallow traps compared to the neat matrix, which modifies the charge trapping and transport mainly at high temperature. Hence, the charge injection and accumulation are restrained, the local electric field is alleviated and the breakdown field is increased. From a macroscale point of view the NP (treated or not) presence decreases the relative dielectric permittivity (Figure 1c) and improves the breakdown strength (Figure 2b) at high temperature. Moreover, this effect apprears to be related to the interphase dielectric properties evolution with temperature. So, in order to identify this behaviour, the interphase properties at high temperature need to be characterized at the local scale. To reach this goal PF-QNM and EFM are used to determine the interphase dimension and relative dielectric permittivity.

The NC surface topography comparison between untreated (Figure 3a) and treated (Figure 3b) NP emphasizes that protruding isolated NP could be identified. For untreated NP, Figure 3c compares surface topography and Young modulus profiles over an isolated NP. On the topography profile, a 15 nm-height bump reveals the presence of the NP.

On Young modulus profile, two areas are identified. The first one (white area), located above and laterally far from the NP, has a Young modulus of 20 GPa and is attributed to the matrix. The second one (grey area), located around the NP, exhibits an apparent Young modulus higher than the matrix one. This area is attributed to the interphase and its width Wi is determined as the lateral dimension of this area. The interphase width is determined for at least ten NP and a mean value of 30 nm ± 2 nm is obtained. For treated NP, quite the same results are obtained. A similar bump is chosen (i.e. heigth close to 15 nm) for comparision as depicted on Figure 3d. The same Young modulus behaviour is observed.

As previously, the interphase width is determined for at least ten NP and a mean value of 42 nm ± 3 nm is obtained.

The measured interphase width is higher for treated NP than untreated ones. Indeed, the coupling agent used for the NP surface treatment increases the interaction strength between the NP and the matrix, which leads to the interphase dimension increase [START_REF] Luo | Interface design for high energy density polymer nanocomposites[END_REF][START_REF] Andritsch | Proposal of the polymer chain alignment model[END_REF][START_REF] Yang | The role of interfacial H-bonding on the electrical properties of UVcured resin filled with hydroxylated Al2O3 nanoparticles[END_REF]. 4d) and frequency shift parameter aΔf (Figures 4b and4e) maps acquired for both treated and untreated PI/Si3N4 NC in EFM mode at 25 °C. Arrows are used to identify isolated NP.

For both treated and untreated NP, the presence of an embedded NP induces a higher frequency shift parameter aΔf compared to the matrix one. This implies that the apparent relative dielectric permittivity over NP is lower than the matrix one. However, knowing that the NP dielectric permittivity is higher than PI one (Table 1), the lower permittivity value is attributed to the interphase. At room temperature, an interphase relative dielectric permittivity lower than the matrix was already observed for other NC materials [START_REF] Peng | Local Dielectric Property Detection of the Interface between Nanoparticle and Polymer in Nanocomposite Dielectrics[END_REF].

Concerning NC with untreated NP, the temperature dependence of the frequency shift profile over an isolated NP is depicted on Figure 4c. The same profile is observed for 25 °C and 50 °C, which shows that there is no real modification of the relative dielectric permittivity of both the interphase and the matrix at this temperature. For temperature higher than 50 °C the frequency shift parameter baseline, which corresponds to the matrix, decreases with temperature. This implies that the matrix relative dielectric permittivity increases with temperature. Moreover, the bump amplitude on the profile, attributed to the combined effect of the interphase and NP, tends to disappear when the temperaure increases. At 140 °C, the NP/interphase influence is no longer observable. The same behaviour is observed for NC with treated NP (Figure 4f). However, at 140 °C the NP/interphase influence is yet a little bit visible. Indeed, the hypothesis of a retarding effect of the silane treatment compared to untreated NP is addressed. To summarize, at room temperature , the interphase presents a higher Young modulus and a lower relative dielectric permittivity than the PI matrix, which indicates that polymer chains present a better organization at the interphase [START_REF] Fuse | Possible Mechanism of Superior Partial-discharge Resistance of Polyamide Nanocomposites[END_REF] and/or a restricted movement due to the nanoparticles presence [START_REF] Nelson | The Impact of Nanocomposite Formulations on Electrical Voltage Endurance[END_REF].

To go further, the matrix (𝜀 * ) and the interphase (𝜀 + ) relative dielectric permittivity values are extracted from frequency shift parameter aΔf profiles (Figure 4b and Figure 4e) using the 2D-axisymetric FEM model combined with equations ( 4) - [START_REF] Miyairi | Frequency dependent dielectric breakdown of thin polyimide films prepared by vapor deposition polymerization[END_REF]. Concerning the PI matrix, results obtained from local measurements (EFM) are plotted on Figure 5a and compared to the PI relative dielectric permittivity evolution obtained from macroscopic DS measurements. It could be noticed that the nanoscale matrix permittivity (𝜀 * ) behaviours are similar for both treated and untreated NC and are in good agreement with the PI macroscopic permittivity evolution.

For the interphase permittivity (𝜀 + ) determination, the interphase width (Wi) is fixed at 30 nm and 40 nm for untreated and treated NP respectively, according to PF-QNM results. As a first approximation, it is concidered that Wi is not modified with the temperature, as the temperature range remains lower than the glass transition one (Tg > 370 °C) [START_REF] Diaham | High Temperature Dielectric Behavior of Al/Polyimide/Al Capacitor Structures[END_REF].

Using these width values, the temperature dependence of the interphase permittivity is reported on Figure 5a. For both NC (𝜀 + ) increases with temperature. For the untreated NP, (𝜀 + ) reaches the same value as PI at 150 °C, wheareas it remains a little bit lower for treated NP.

Around 150°C, the interphase, the matrix and the NP have quite the same relative dielectric permittivity, which could explain the fact that all materials have quite the same breakdown strength at this temperature (Figure 2b).

Finally, in order to compare nano-and macro-scale approaches, the NC relative dielectric permittivity 𝜀 $ is computed using those of the matrix (𝜀 * ), the NP (𝜀 ,-) and the interphase (𝜀 + ) with two different models:

• Simple mixing law [START_REF] Praeger | A simple theoretical model for the bulk properties of nanocomposite materials[END_REF] 𝜀 $ = 𝑓 * 𝜀 * + 𝑓 ,-𝜀 ,-+ 𝑓 + 𝜀 +

where fm, fNP and fi are the matrix, the NP and the interphase volume fractions respectively.

• Interphase Power Law (IPL) model [START_REF] Todd | Complex permittivity of composite systems: A comprehensive interphase approach[END_REF] 𝜀 $ . = 𝑓 * 𝜀 * . + 𝑓 ,-𝜀 ,- . + 𝑓 + 𝜀 + .

where 𝛽 = 1/3 for spherical NP, fm, fNP and fi are the matrix, the NP and the interphase volume fractions respectively.

Table 2 summarizes the components volume fraction used for each untreated and treated NP nanocomposite. Figure 5b compares the temperature dependence of the NC relative dielectric permittivity computed by both laws and measured by DS. Concerning NC with untreated NP, a good agreement is observed between DS (UT DS) measurements and both models with a slight better fit for the IPL model. By using the PI permittivity determined by DS and by extrapolating the IPL to high temperature, we observe that the interphase permittivity remains quite constant between 150 °C and 200 °C, and becomes higher than the matrix one at T > 200 °C. This higher interphase permittivity could explain the higher breakdown strength observed at high temperature (> 200 °C). Concerning NC with treated NP, neither the simple mixing law nor the IPL model manage to fit with DS measurements. Indeed, different approaches could explain this result: (i) the interphase thickness is not constant with temperature when NP are treated with the coupling agent, (ii) a more complex model is needed for the interphase description (two layers model) and/or (iii) the silane coupling agent has an influence on the matrix properties. 

Conclusion

In this paper, a multiscale investigation of NC dielectric properties is proposed. At macroscale, results emphasize that NC relative dielectric permittivity remains lower than PI one whatever the temperature is. However, the NC breakdown strength is improved for NC at high temperature. This improvement could be related to the NP "Thermal Stabilization

Effect" which is related to the modification of charge carriers transport and accumulation at high temperature due to the presence of shallow traps in the interphase area. At nanoscale, the interphase width and relative dielectric permittivity are determined using techniques derived from AFM (PF-QNM and EFM). These results emphasize that both the matrix and the interphase permittivities increase with temperature. Between 25°C and 150°C, this increase is quite the same for treated and untreated NP with a retarding effect for treated NP. The use of both EFM (nano) and DS (macro) results emphasizes that the IPL model for the NC permittivity calculation manages to reproduce macroscale results for untreated NP but fails for treated NP NC.

This study results show the strong impact of the interphase dielectric properties even at high temperature. The next step is to investigate the interphase conduction mechanisms with temperature in order to propose a more accurate description of the interphase dielectric properties.
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Figure 1 .

 1 Figure 1. Temperature dependence of relative dielectric permittivity for (a) neat PI, NC with (b) untreated and (c) treated NP. (d) Evolution of the relative dielectric permittivity at 10 Hz as function of temperature.

Figure 2 .

 2 Figure 2. (a) Weibull statistics for breakdown results of neat PI, PI/Si3N4 and PI/Si3N4-silane samples at 25 °C (dash lines correspond to 90% confidence bounds). (b) Temperature dependence of breakdown strength for neat PI, PI/Si3N4 and PI/Si3N4-silane samples

Figure 3 .

 3 Figure 3. PF-QNM topography map for nanocomposite with (a) untreated and (b) treated NP. Comparison of topography and young modulus profiles over protruding NP (pointed by straight line on topography map) for (c) untreated and (d) treated NP.

Figure 4

 4 Figure 4 compares surface topography (Figures4a and 4d) and frequency shift parameter aΔf (Figures4b and 4e) maps

Figure 4 .

 4 Figure 4. (a) Topography, (b) frequency shift parameter aΔf at 25 °C and (c) frequency shift parameter aΔf profiles at various temperatures for untreated Si3N4 nanoparticles. (d) Topography, (e) frequency shift parameter aΔf at 25 °C and (f) frequency shift parameter aΔf profiles at various temperatures for treated Si3N4 nanoparticles.

Figure 5 .

 5 Figure 5. (a) Evolution of the relative dielectric permittivity of the matrix (εm) and interphase (εi) as function of temperature. Comparison is done with pure PI permittivity obtained by DS (0.1 Hz). (b) Comparison of the evolution of the experimental (DS at 0.1 Hz on untreated (UT) and treated (T) NC) and computed apparent relative dielectric permittivity as function of temperature.

Table 1 .

 1 Materials properties (density, NP radius, relative dielectric permittivity εr)

-3 ) NP Radius (nm) εr

  

	KLA-Tencor mechanical profilometer emphasizes a NC films thickness of 2.3 µm and 3.4 µm for untreated (UT-NC)
	PI	1.48	/	3
	Si3N4	2.67	10-20	7.5

Table 2 .

 2 Matrix (fm), NP (fNP) and interphase (fi) volume fractions for untreated and treated nanocomposites.

		fm	fNP	fi
	Untreated (UT)	0.644	0.005	0.351
	Treated (T)	0.306	0.005	0.689
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