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Microwave sintering is a method presenting the following advantages for flash sintering: contactless/volumetric heating, the possibility to control the heating cycle by the microwave power. In this study, the transition from typical 100 K/min to ultra-rapid heating rate 500 K/min is studied. The heating homogeneity of the typical hybrid configuration using silicon carbide susceptors is tested up to the stability limit of the system. We show that zirconia specimen as thick as 10 mm can be heated and sintered up to 500 K/min heating rate at which thermal cracks appear. However, the centimetric size of the specimens seems to favor coarsening implying an important remaining porosity in the end. A comprehensive simulation including the microwave heating and convection has allowed the determination of the heating regime transition during the flash process and the quantification of each specimen cooling fluxes.

Introduction

Microwave energy is an efficient way to enable a fast heating of ceramics [START_REF] Rybakov | Microwave Sintering: Fundamentals and Modeling[END_REF][START_REF] Olevsky | Field-Assisted Sintering[END_REF][START_REF] Bordia | Current understanding and future research directions at the onset of the next century of sintering science and technology[END_REF] . Unlike resistive processes, a microwaves cavity can be designed to significantly amplify the electric field by resonance and allows the heating of dielectric materials [START_REF] Croquesel | Development of an instrumented and automated single mode cavity for ceramic microwave sintering: Application to an alpha pure alumina powder[END_REF] by dielectric dissipation [START_REF] Sun | Review on Microwave-Matter Interaction Fundamentals and Efficient Microwave-Associated Heating Strategies[END_REF] . Numerous studies report a decrease of the sintering temperature by microwave assisted sintering [START_REF] Croquesel | Development of an instrumented and automated single mode cavity for ceramic microwave sintering: Application to an alpha pure alumina powder[END_REF][START_REF] Zuo | Non-thermal effect on densification kinetics during microwave sintering of α-alumina[END_REF][START_REF] Wroe | Evidence for a non-thermal microwave effect in the sintering of partially stabilized zirconia[END_REF] . The ponderomotive forces is one of the most cited mechanisms for explaining such field effects 8- 10 . Nevertheless, the latter phenomenon is not clearly evidenced [START_REF] Macaigne | Sintering paths and mechanisms of pure MgAl2O4 conventionally and microwave sintered[END_REF] and other thermal, kinetic mechanisms [START_REF] Olevsky | Consolidation enhancement in spark-plasma sintering: Impact of high heating rates[END_REF][START_REF] Hansen | Combined-Stage Sintering Model[END_REF][START_REF] Parker | Ultra-fast firing: Effect of heating rate on sintering of 3YSZ, with and without an electric field[END_REF] may be present. In the field of 3D printing, debinding and industry, microwave energy has an interest to provide a hybrid heating [START_REF] Rybakov | Microwave Sintering: Fundamentals and Modeling[END_REF][START_REF] Oghbaei | Microwave versus conventional sintering: A review of fundamentals, advantages and applications[END_REF][START_REF] Croquesel | Direct microwave sintering of pure alumina in a single mode cavity: Grain size and phase transformation effects[END_REF][START_REF] Manière | Fully coupled electromagnetic-thermal-mechanical comparative simulation of direct vs hybrid microwave sintering of 3Y-ZrO2[END_REF][START_REF] Yakovlev | Computational Study of Microwave Processing of thermal runaway in microwave processing Zirconia[END_REF] reducing the temperature/debinding/sintering differences between the external surfaces and the core of thick specimens (> 5 mm) where crack may appear [START_REF] Bae | Influence of Residual Monomer on Cracking in Ceramics Fabricated by Stereolithography[END_REF][START_REF] Li | Dental ceramic prostheses by stereolithographybased additive manufacturing: potentials and challenges[END_REF][START_REF] Manière | Fluid dynamics thermo-mechanical simulation of sintering: Uniformity of temperature and density distributions[END_REF] . In the flash sintering domain [START_REF] Cologna | Flash Sintering of Nanograin Zirconia in <5 s at 850°C[END_REF][START_REF] Biesuz | Flash sintering of ceramics[END_REF][START_REF] Dancer | Flash sintering of ceramic materials[END_REF][START_REF] Yu | Review of flash sintering: materials, mechanisms and modelling[END_REF][START_REF] Luo | The scientific questions and technological opportunities of flash sintering: From a case study of ZnO to other ceramics[END_REF] , previous cited advantages make microwave energy a very interesting way to provide a fast, volumetric and contactless heating to the specimen. Despite this amazing prospect, there are few studies [START_REF] Bykov | Flash Microwave Sintering of Transparent Yb:(LaY) 2 O 3 Ceramics[END_REF][START_REF] Bykov | On the Mechanism of Microwave Flash Sintering of Ceramics[END_REF][START_REF] Manière | Flash microwave pressing of zirconia[END_REF][START_REF] Bykov | Flash Sintering of Oxide Ceramics under Microwave Heating[END_REF] on flash microwave sintering because the following technological issues need to be addressed: (i) in resistive flash sintering, the whole process can be controlled by a voltage/current control transition making the control of the flash sintering relatively easy because highly sensitive to the electrical current response [START_REF] Cologna | Flash Sintering of Nanograin Zirconia in <5 s at 850°C[END_REF][START_REF] Dancer | Flash sintering of ceramic materials[END_REF][START_REF] Biesuz | Flash sintering of ceramics[END_REF] .

Using microwaves, this way of controlling the flash event cannot be used;

(ii) for microwave sintering, the control needs to be done by non-contact temperature measurement via a pyrometer where a PID (proportional integral derivative) regulation drives the flash event avoiding uncontrolled thermal runaway;

(iii) a microwave device requires managing numerous additional parameters closely connected to each other such as the resonance and the efficiency of the heating of the sample affected by the specimen dielectric properties changing with temperature and the frequency variations of the magnetron source;

(iv) the last aspect is the heating stability. In the microwave sintering domain, the direct heating is often very unstable and generates hot spots due to the cooling fluxes at the surfaces and the NTC (negative temperature coefficient) resistivity [START_REF] Yakovlev | Computational Study of Microwave Processing of thermal runaway in microwave processing Zirconia[END_REF][START_REF] Gaone | Electromagnetic heating control via highfrequencyresonance of a triple-layer laminate[END_REF][START_REF] Mohekar | Plane wave irradiation of a layered system: resonance-based control over thermal runaway[END_REF] of some ceramics like zirconia, silicon carbide, zinc oxide, etc [START_REF] Garnault | Is direct microwave heating well suited for sintering ceramics?[END_REF] .

Susceptors are classically used to follow the heating cycle and balance the thermal field in the specimen [START_REF] Heuguet | Effects of the Susceptor Dielectric Properties on the Microwave Sintering of Alumina. Reimanis I[END_REF][START_REF] Manière | Impact of convection and radiation on direct/hybrid heating stability of field assisted sintering[END_REF] .

The last point is the most important, if the specimen is directly heated, the sintering profile starts from the center and slowly propagates toward the edge [START_REF] Rybakov | Ultra-rapid microwave sintering employing thermal instability and resonant absorption[END_REF] . This generally implies cracks in the ceramic if the propagation front is too fast. Most of the time, the propagation front stops as a thermal equilibrium is achieved between the center and the cooler edge. A core shell microstructure distribution is generally observed [START_REF] Manière | Flash microwave pressing of zirconia[END_REF] . In the design of a hybrid heated microwave applicator, the source of cooling fluxes must be identified. In general, the three cooling fluxes are the radiative/convective fluxes toward adjacent refactories insulators and the thermal conduction in the refractory in contact. At high temperature (~1000°C) and for a direct heating configuration, the proportion of each thermal fluxes loss is about 10% conductive, 20% convective and 70% radiative [START_REF] Manière | Impact of convection and radiation on direct/hybrid heating stability of field assisted sintering[END_REF] . In function of the configuration, these proportions may evolve depending on the mass of cold refractory in contact, the proportion of air in the cavity (heat losses by convection) and the total area of cold adjacent refractories surfaces, respectively. The multiphysics numerical tool is of great help for assessing these fluxes [START_REF] Manière | Fully coupled electromagnetic-thermal-mechanical comparative simulation of direct vs hybrid microwave sintering of 3Y-ZrO2[END_REF][START_REF] Manière | Fluid dynamics thermo-mechanical simulation of sintering: Uniformity of temperature and density distributions[END_REF][START_REF] Hachem | Immersed volume method for solving natural convection, conduction and radiation of a hat-shaped disk inside a 3D enclosure[END_REF][START_REF] Grasso | Modeling of the temperature distribution of flash sintered zirconia[END_REF][START_REF] Hewitt | A Mathematical Model for Flash Sintering[END_REF] . If the cooling fluxes are too important, the thermal runaway may not appear [START_REF] Manière | Inherent heating instability of direct microwave sintering process: Sample analysis for porous 3Y-ZrO2[END_REF] .

The establishment of a flash sintering configuration should consider the thermal problem and adjusts the critical size of the specimen [START_REF] Dong | On the Hotspot Problem in Flash Sintering[END_REF] with the thermal environment [START_REF] Biesuz | Flash sintering of ceramics[END_REF][START_REF] Biesuz | Thermally-insulated flash sintering[END_REF] . This point is discussed in ref [START_REF] Jones | Promoting microstructural homogeneity during flash sintering of ceramics through thermal management[END_REF] .

In this context, the present study focuses on the establishment of stable conditions of ultrarapid microwave sintering of centimetric size zirconia. This study uses a hybrid heating configuration to decrease the specimen cooling fluxes and the thermal gradients in situ generated. Interesting zirconia microstructure/mechanical properties where obtained by microwave sintering [START_REF] Wilson | Microwave Sintering of Partially Stabilized Zirconia[END_REF][START_REF] Nightingale | Sintering and grain growth of 3 mol% yttria zirconia in a microwave field[END_REF][START_REF] Upadhyaya | Microwave sintering of zirconia ceramics[END_REF] on few millimeters samples and for typical heating rates of about 50K/min. The purpose of this work is to estimate the sintering speed limit (heating rate limit) of these thick specimen size in terms microstructures, cracks and heating stability. This study includes in situ dilatometry to conduct a master sintering curve and investigate the sintering regime of ultra-rapid heating.

Experiment and method

Experimental configuration

The microwave configuration is reported in figure 1. It includes a 2.45GHz microwave generator adapted to an 86×43 mm 2 rectangular waveguide (WR340). This type of waveguide is designed to propagate a 2.45GHz TE 10 microwave mode. The microwave generator was a 2kW from Sairem (GMP20) coupled with a 2-ports waveguide isolator from Sairem protecting the generator by absorbing the reflected power. This generator part is connected to a resonant cavity made of a 32×36 mm 2 aperture iris and an automated movable short circuit (PCCMOTSBS/EB WR340) from Sairem. In order to ensure a good transmission of the microwaves towards the resonant cavity, a three-stubs impedance tuner (AI3SMWR340 D24×25 from Sairem) is placed between the iris and the isolator. The configuration in the heating zone (applicator) is described in figure 1b, 1c, 1d. Two 20×20×6 mm 3 silicon carbide susceptors are employed to heat in hybrid conditions the zirconia green specimen obtained by cold isostatic pressing (CIP) at 400 MPa. In order to optimize the heating, these susceptors are placed in the electrical field/wave vector plane. In this way, the microwave dissipation is optimal and this configuration is less sensitive to the offsets of the maximum electric field location [START_REF] Marinel | Microwave Sintering of Alumina at 915 MHz: Modeling, Process Control, and Microstructure Distribution[END_REF][START_REF] Marinel | Tuning, Impedance Matching, and Temperature Regulation during High-Temperature Microwave Sintering of Ceramics[END_REF][START_REF] Ghorbel | Experimental and numerical thermal analysis for direct microwave heating of silicon carbide[END_REF] . The pyrometer was placed under the heated sample to provide a measure minimizing the influence of the radiation coming from the susceptor. In addition, this configuration allows measuring the displacement of the specimen during the sintering by a displacement sensor placed on the top (magnescale DS812SLR purchased from sensel measurements, with measure length 12 mm, resolution 1 µm). An alumina rod is used to penetrate the microwave cavity and transmit the specimen displacement. Each test were duplicated using a fully dense zirconia to retrieve the thermal expansion and calculate the relative density curves. The microstructures have been analyzed via SEM on polished surfaces with ZEISS Supra 55 scanning electron microscope (ZEISS, Oberkochen, Germany). 

Method

The objective of this work is to study the ultra-rapid microwave heating and sintering of zirconia in order to determine its feasibility, the sintering kinetics involved and its technological limitations. A zirconia powder (3 mol% Y 2 O 3 "TZ-3Y-E", 40nm) was purchased from Tosoh for this study. Similarly to a dilatometry protocol, a first experiment was conducted to record the sintering shrinkage and a second one was done on a fully sintered specimen to subtract the thermal expansion. The relative density curve is then calculated from the corrected sample height curve, the heterogeneity of microwave heating compared to conventional furnace implicates about 2 % of errors in the final relative density curves. The imposed sintering cycles are reported in figure 2. In the first three minutes, the autoadaptative PID system (proportional integral derivative) applied two thermal pulses at a forward power of 500 W to calculate the PID coefficients. This operation helps ensure a good regulation quality. Nevertheless, as we apply ultra-rapid heating rates (500 K/min), a slowing of the heating rate down to 50 K/min is applied starting from 1450°C. This slowing down is suitable to avoid overshot and it helps stabilize the final stage while continuing the heating for one minute. The obtained dilatometry data were used in a master sintering curve study via a homemade octave-forge script.

Figure 2 Programmed heating cycles of the study.

In order to complete this experimental study and gain a better understanding of the electromagnetic-thermal behavior of the cavity, a simulation study was conducted with the software COMSOL Multiphysics 5.5. In the following, the model construction and boundary conditions are defined. The simulation work was divided into two parts. In a first stage, a parametric study of a pure electromagnetic problem was solved at room temperature to locate the cavity length at which the resonance is taking place and to plot the internal distribution of the E and H fields. In COMSOL, this problem is solved by Maxwell's equations that can be combined in below equation [START_REF] Manière | Fully coupled electromagnetic-thermal-mechanical comparative simulation of direct vs hybrid microwave sintering of 3Y-ZrO2[END_REF][START_REF] Otin | Regularized Maxwell Equations and Nodal Finite Elements for Electromagnetic Field Computations[END_REF] :

Theory and calculations

Microwave heating physics

∇ × (𝜇 𝑟 -1 ∇ × 𝑬 𝒓 ) = 𝑘 0 2 (𝜀 𝑟 - 𝑗𝜎 𝜔 𝜀 0 ) 𝑬 𝒓 (1) 
with 𝑬 𝒓 the harmonic electric field expression 𝑬 = 𝑬 𝒓 𝑒𝑥𝑝(𝑗𝜔𝑡).

Once the resonance cavity length was determined, this length was selected to model the electromagnetic-thermal problem. This fully coupled model calculates the heat transfer (2) based on the volumetric dissipated power (3). In return, the heating part helps actualize the temperature dependent electromagnetic properties of the materials.

𝜌𝐶 𝑝 𝜕𝑇 𝜕𝑡 + ∇. (-𝜅∇𝑇) = 𝑄 𝑒 (2) 
𝑄 𝑒 = 𝜔 2 (𝜀 0 𝜀 𝑟 ′′ 𝑬 2 + 𝜇 0 𝜇 𝑟 ′′ 𝑯 2 ) (3) 
The heat transfer by air convection is modeled through the fluid dynamic equations previously used in [START_REF] Manière | Fluid dynamics thermo-mechanical simulation of sintering: Uniformity of temperature and density distributions[END_REF][START_REF] Manière | Impact of convection and radiation on direct/hybrid heating stability of field assisted sintering[END_REF][START_REF] Egorov | Role of convective heat removal and electromagnetic field structure in the microwave heating of materials[END_REF] . The temperature dependent electromagnetic properties of the materials can be found in the appendix table of ref [START_REF] Manière | Microwave flash sintering of metal powders: From experimental evidence to multiphysics simulation[END_REF] . In these data, the effective medium approximation (EMA) was employed to determine the porosity dependence of electromagnetic and thermal conductivity functions. For the density and specific heat product, we have the following relation 𝜌𝐶 𝑝 = (1 -𝜃)𝜌 𝑑𝑒𝑛𝑠𝑒 𝐶 𝑝 𝑑𝑒𝑛𝑠𝑒 for the porous zirconia specimen [START_REF] Goto | Relations between the thermal properties and porosity of sediments in the eastern flank of the Juan de Fuca Ridge[END_REF] .

Boundary conditions

A draw of the thermal boundary conditions is reported in figure 3. The external boundary of the insulation box has two surfaces to ambient cooling fluxes conditions (convective and radiative):

𝜑 𝑐𝑠𝑎 = ℎ 𝑖𝑎 (𝑇 𝑎𝑖𝑟 -𝑇) (4) 
𝜑 𝑟𝑠𝑎 = 𝜎 𝑠 ϵ(𝑇 𝑎𝑖𝑟 4 -𝑇 4 ) (5). 
The emissivity ϵ and convection coefficient ℎ 𝑖𝑎 of 0.8 and 5 W•m -2 •K -1 , respectively, are defined for the insulation box external surfaces [START_REF] Manière | Fluid dynamics thermo-mechanical simulation of sintering: Uniformity of temperature and density distributions[END_REF] . For the internal solid/air interfaces surfaceto-surface thermal radiation is modeled in addition to the natural convection [START_REF] Manière | Fully coupled electromagnetic-thermal-mechanical comparative simulation of direct vs hybrid microwave sintering of 3Y-ZrO2[END_REF] . The relationship between the thermal power radiated 𝑒 𝑏 (𝑇) and the incoming thermal irradiation G, is defined by the radiosity J:

𝐽 = 𝜌 𝑟 𝐺 + ϵ𝑒 𝑏 (𝑇) = 𝜌 𝑟 𝐺 + ϵ𝑛 2 𝜎 𝑠 𝑇 4 (6) 
.

With the relationship between the emissivity and reflectivity:

𝜖 = 1 -𝜌 𝑟 (7).
The expression of the net inward radiative heat flux 𝜑 𝑟𝑠𝑠 is:

𝜑 𝑟𝑠𝑠 = ϵ(𝐺 -𝑒 𝑏 (𝑇)) (8) 
.

The electromagnetic boundary conditions are simple: all internal metallic surfaces are assumed perfectly reflective and a TE 10 port is inserted at the generator location to simulate both the generator and the isolator. The simulation also includes a numerical PID on the forward microwave power which imposes the thermal cycle to the specimen bottom face (like in the experiment). The PID has the following expression: 

𝑃 𝑃𝐼𝐷 = 𝐾 𝑝 𝑒(𝑡) + 𝐾 𝐼 ∫ 𝑒(𝑡)𝑑𝜏 𝑡 0 + 𝐾 𝐷 𝑑𝑒(𝑡) 𝑑𝑡 (9) 

Results and discussions

Simulation of the electromagnetic fields

To locate the optimum cavity length from which the resonance phenomenon takes place, the parametric simulation of the cavity has been conducted and is reported in figure 4a.

The reflective scattering parameter (S 11 ) indicates the resonance by a minimum value [START_REF] Manière | Flash microwave pressing of zirconia[END_REF] . At 414mm of the cavity length, the S11 parameter is minimal and the electromagnetic fields (reported in figure 4b) are maximum in the cavity. The distribution of the fields indicates a partial shielding of the fields heated region like in [START_REF] Marinel | Microwave Sintering of Alumina at 915 MHz: Modeling, Process Control, and Microstructure Distribution[END_REF] . Nevertheless, the electrical field in the zirconia specimen is relatively homogeneous without significant electrical field gradients. 

Heating tests

The recorded microwave/thermal data for the experiments 100, 300, 500 K/min are plotted in figure 5. Despite the ultra-rapid heating rates, the regulation follows the set temperature cycle with minimal discrepancies (<1%). The dissipated power is between 200 and 400 W for a transmission of about 65% at high temperature. The cavity and impedance tuner have been fixed to ensure higher heating efficiency at high temperature. The length of the cavity was Figure 5 Recorded microwave/thermal data for the experiments at 100, 300, 500 K/min with, the sample temperature (T pyro ), set temperature cycle (T com ), forward, reflected, dissipated microwave power (P i , P r , P d respectively), return rate (𝜂) and applicator length (Lappli).

If the heating of all samples was successful, a crack appears for the tests at 450 and 500 K/min. This suggests the thermal gradients become too high after 400 K/min and the sintering shrinkage differences cause cracks. Thus, to determine which thermal gradient threshold generates cracks, a simulation of the 400 K/min heating rate is conducted in the following section.

Electromagnetic-thermal-fluid-dynamic simulation of the heating at 400 K/min

Many physics (electromagnetic waves, heat transfer, air convection and surface to surface radiation) were considered to compute the electromagnetic and temperature fields. The fully coupled electromagnetic-thermal-fluid-dynamic simulation was carried out on half of the cavity to decrease the calculation time to about 2 h. The simulated temperature fields of the 400 K/min heating rate are reported in figure 6a, 6b, 6c. With increasing temperatures, the penetration depth of SiC evolve into millimetric range (near 1200°C [START_REF] Heuguet | Effects of the Susceptor Dielectric Properties on the Microwave Sintering of Alumina. Reimanis I[END_REF] ) while the zirconia specimen dielectric behavior evolves from quasi-dielectric behavior at room temperature to semiconducting NTC type after 400°C [START_REF] Manière | Fully coupled electromagnetic-thermal-mechanical comparative simulation of direct vs hybrid microwave sintering of 3Y-ZrO2[END_REF][START_REF] Manière | Inherent heating instability of direct microwave sintering process: Sample analysis for porous 3Y-ZrO2[END_REF] . Consequently, between 400 and 1200°C, a heating regime transition from the SiC heating to zirconia heating is expected. During this transition, the cooling fluxes are expected to increase at the zirconia boundary implying higher temperatures in the center of the sample, leading to thermal gradients at high temperatures. To characterize the temperature evolution in the specimen, temperature probes were virtually introduced at different locations (figure 6d). As observed, SiC susceptors heat preferentially at the beginning of the thermal cycle up to T ≈ 580 °C. Then the heating regime of the overall process switches with a preferential heating of the 3Y-ZrO 2 sample. Thermal gradients appear and increase drastically to a value of 122 K/mm with a final maximum temperature difference of about 730 °C between the middle (T = 1680 °C) and the top of the sample (T = 950 °C) where the cold alumina probe is in contact. This temperature gradient within the sample generates shrinkage differences and a stress that may exceed the resistance of the porous skeleton during sintering. Fully sintered tosoh® zirconia has a bending stress of 1200 MPa 55 but the resistance of the porous skeleton during sintering is much lower than this value [START_REF] Ryshkewitch | Compression Strength of Porous Sintered Alumina and Zirconia[END_REF] and may generate the cracks experimentally observed for higher heating rates. This high thermal heterogeneity originates from an important cooling by radiation, convection and conduction. To estimate the relative magnitude of those cooling fluxes at the specimen boundaries, the integral of the radiative and convective fluxes in the air/sample interfaces and the integral of the conductive flux (sample/alumina, sample/insulation interfaces) are reported in figure 6e. Using these curves, the ratio of each flux contribution can be determined regarding the process temperature giving the graph presented in figure 6f. It shows a significant drop of the radiative and convective contributions around T ≈ 580°C and demonstrates the switch of the heating regime from SiC susceptors to the 3Y-ZrO 2 sample. This phenomenon is also illustrated by the inversion of the convective velocity field motion during all the process. A video is available in supplementary file. At low temperature, the convection fluxes follow a circular motion from the SiC, as observed in figure 6g. This phenomenon partially stabilizes the heating and contributes (with surface radiation), to heating of the sample. When zirconia starts to heat preferentially, the radiative flux becomes preeminent until it reaches around 78% of the total thermal flux losses. Then, the circular motion of the convection fluxes originates from the sample and represents 17% of the thermal losses (figure 6f andg). Finally, at high temperature, the conductive part, located at the sample/insulation and the sample/alumina rod boundaries, represents only 5 %, which is consistent with the proportion of thermal fluxes loss for a direct heating configuration [START_REF] Manière | Impact of convection and radiation on direct/hybrid heating stability of field assisted sintering[END_REF] . 

Dilatometry and sintering kinetics analysis

The relative density curves are reported in figure 7. The first graph on the left shows the evolution of the relative density as a function of time, the sintering times evolve from 6 minutes for 100 K/min to value close to 1 min for 400 K/min. A high hybrid heating rate allows to significantly decrease the sintering time to values approaching flash sintering (< 60 sec). In the graph on the right, we can see the sintering temperatures range is 1000-1500°C with about 1250°C of sintering inflection point. It is interesting to compare this with conventional sintering of the same powder 57 at 3, 6, 10 K/min where the sintering temperature are between 1000 and 1300°C. The microwave sintering temperatures are similar to those of conventional sintering while lower sintering values are often observed in microwave sintering [START_REF] Croquesel | Development of an instrumented and automated single mode cavity for ceramic microwave sintering: Application to an alpha pure alumina powder[END_REF][START_REF] Zuo | Non-thermal effect on densification kinetics during microwave sintering of α-alumina[END_REF][START_REF] Wroe | Evidence for a non-thermal microwave effect in the sintering of partially stabilized zirconia[END_REF] . However, it should be cautiously interpreted as an underestimation of the temperature can be made (see the temperature differences simulated in the specimen itself in figure 6). The important coupling of zirconia at high temperature tends to generate higher temperatures in the center and sometime hot spots [START_REF] Manière | Fully coupled electromagnetic-thermal-mechanical comparative simulation of direct vs hybrid microwave sintering of 3Y-ZrO2[END_REF][START_REF] Manière | Inherent heating instability of direct microwave sintering process: Sample analysis for porous 3Y-ZrO2[END_REF] , which generate cracks like those occurring on materials subjected to heating rates higher than 400 K/min. Nevertheless, obtaining an estimation of the temperature in the core and at the edge of the sample is very challenging and a microwave or kinetic effects cannot be excluded. To go further with this ultra-rapid microwave dilatometry data, a master sintering curve is conducted with the tests at 100, 200, 400 K/min. The results are reported in figure 8. We obtained an activation energy of 225 kJ/mol which is significantly than the 625 kJ/mol obtained by conventional sintering at the heating rates of 3, 6, 10 K/min [START_REF] Manière | Estimate microstructure development fromsintering shrinkage: a kinetic field approach[END_REF] . The specimen temperature gradients may disturb the sintering kinetics on such a big specimen for high heating rates.

Beside the latter issues which are still difficult to address experimentally, this result suggests that the ultra-rapid microwave sintering has a very different sintering regime compared to conventional sintering. Numerous phenomena may explain this different behavior, such as the ponderomotive forces, a difference on driving force, concentration of defects, by resulting from the fields and also kinetics effects such as a delay in the pore surface diffusion due to the high heating rates [START_REF] Olevsky | Field-Assisted Sintering[END_REF][START_REF] Rybakov | The microwave ponderomotive effect on ceramic sintering[END_REF][START_REF] Olevsky | Ponderomotive effects during contact formation in microwave sintering[END_REF][START_REF] Olevsky | Consolidation enhancement in spark-plasma sintering: Impact of high heating rates[END_REF][START_REF] Parker | Ultra-fast firing: Effect of heating rate on sintering of 3YSZ, with and without an electric field[END_REF][START_REF] Holland | Effects of local Joule heating during the field assisted sintering of ionic ceramics[END_REF] . The SEM images of the sintered specimens are reported in figure 9. All of them show submicronic microstructures with similar grains size close to 350 nm. A high level of porosity (about 10 %) is observed in accordance with the dilatometry curves in figure 7. Compared to conventional sintering, the ultra-rapid sintering seems to favor the fast sintering of highly agglomerated zones (like reported for TEM images of the powder [START_REF] Majidi | Quantitative analysis for in situ sintering of 3% yttria-stablized zirconia in the transmission electron microscope[END_REF] ) generating bigger surrounding pores (see figure 9). For the test at 100 and 400 K/min, it is interesting to see the shape of the internal pore triple point. The later exhibits a very sharp shape suggesting a significant delay of the pore coarsening by surface diffusion. In conventional sintering, the long sintering time typically allowing the pore surface diffusion to quickly stabilize the pore surfaces that become nearly spherical.

The presence of large size porosity for increasing heating rates is observed. This may be due to different potential hypothesis like a boating effect of residual organic/carbon pollution as fully densified zones are also present. In principle, this powder is binderless. However, trace of binder, dispersant or plasticizer may still be present. Another explanation can be the difference of the core/edge sintering speed due to the thermal gradient (see simulation figure 6) that may favor coarsening rather than sintering. 

Conclusion

In this work, the microwave sintering of zirconia from typical (100 K. min -1 ) to ultra-rapid (500 K.min -1 ) heating rates has been studied, using typical hybrid heating configuration.

The sintering of zirconia was successful until 400 K.min -1 , allowing sintering time values close of about 60s. High remaining porosity is still present possibly due to the thermal gradients or remaining carbon pollution. Based on dilatometry measurements, a master sintering curve has been conducted. Both ultra-rapid microwave and conventional sintering have been compared. With respectively 225 kJ.mol -1 and 625 kJ.mol -1 , the low activation energy obtained for the ultra-rapid microwave sintering suggests a different sintering regime due to the high heating rates, but precautions must be taken for the interpretation as temperature measurement is always an uneasy task during microwave sintering.

The fully coupled electromagnetic-thermal-fluid-dynamic simulation at 400 K.min -1 demonstrated important thermal gradients. A difference of 570°C has been therefore simulated between the core and the top of the sample, where the cold alumina probe is in contact. This temperature difference undoubtedly led to shrinkage differences during the sintering, responsible for the cracks experimentally observed for the higher heating rates. The contribution of the conductive, convective and radiative cooling fluxes has been also studied during all the process. The switch of the heating regime, from SiC susceptors to the 3Y-ZrO 2 sample around T = 580°C (obtained from modeling), comes with a significant drop of the radiative exchange and the inversion of the convective motion. At high temperature, the quantification of each cooling flux gives 78% radiative, 17% convective, 5% conductive. This numerical tool will allow improving the design of the hybrid configuration to reduce cooling effects and achieve optimal conditions for fast microwave sintering. 

Figure 1

 1 Figure 1 Microwave sintering configuration, (a) applicator geometry, (b) cross-section view, (c) top view photograph, (d) zirconia specimen initial dimensions.

Figure 3

 3 Figure 3 Radiative/convective boundary conditions in the heating zone, the emissivity є values of each material and external conductance h ia are indicated.

Figure 4

 4 Figure 4 Parametric electromagnetic simulation of the microwave cavity at room temperature, (a) determination of the resonant cavity length, (b) electric/magnetic field distribution at resonance.

  the test to avoid multiple parameters changes. Only small impedance adjustments were made during the test if needed.

Figure 6

 6 Figure 6 Electromagnetic-thermal-fluid-dynamic simulation of the 400 K/min test, simulated thermal field at (a) t=90 s (b) t= 180s and (c)=280s, (d) temperature evolution during microwave heating, the PID was based on the average bottom specimen surface temperature, (e) integral of the cooling fluxes through zirconia specimen surfaces and corresponding cooling fluxes ratio diagram (f), simulated air convection relative velocity and temperature at t=100s and 300s (g).

Figure 7

 7 Figure 7 Relative density curves calculated from the displacement sensor and retrieving the thermal expansion by separates tests on fully dense zirconia for the 100, 200,300, 400 K/min tests (the black dashed line indicates the sintering curves inflection point which is about 1250°C).

Figure 8

 8 Figure 8 Master sintering curve study of the 100, 200 and 400 K/min tests.

Figure 9

 9 Figure 9 SEM images of the sintered samples at 100, 200, 300, and 400 K/min
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 2 Figure 2 Programmed heating cycles of the study.
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 5 Figure 5 Recorded microwave/thermal data for the experiments at 100, 300, 500 K/min with,
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 6 Figure 6 Electromagnetic-thermal-fluid-dynamic simulation of the 400 K/min test, simulated
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