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Modeling the spark plasma sintering of ceramics can be a very time-consuming task requiring high temperature sintering tests with fully dense/porous specimens in different configurations. Final stage sintering requires a particular attention as the densification kinetic is closely related to the grain growth phenomenon. In this work, we describe a combined master sintering curve and regression method which is able to determine all sintering model parameters. The original approach of this study lies in the possibility to estimate the grain size curve with the grain growth disturbance on the densification kinetics at the final stage. The model and grain size curve estimation reproduce well the experimental data points.

Spark Plasma Sintering (SPS) is a pressure assisted sintering process involving high heating rates (~100 K/min) and external applied pressure (50-100 MPa) [START_REF] Guillon | Field-Assisted Sintering Technology/Spark Plasma Sintering: Mechanisms, Materials, and Technology Developments[END_REF][START_REF] Orrù | Consolidation/synthesis of materials by electric current activated/assisted sintering[END_REF][START_REF] Risbud | Preface and historical perspective on spark plasma sintering[END_REF][START_REF] Chen | Fundamental investigations on the spark plasma sintering/synthesis process[END_REF][START_REF] Cao | Spark Plasma Sintering[END_REF][START_REF] Olevsky | Field-Assisted Sintering[END_REF]. With these conditions, the sintering of ceramics takes place in a few minutes or even a few seconds in flash SPS conditions [START_REF] Yu | Review of flash sintering: materials, mechanisms and modelling[END_REF][START_REF] Biesuz | Flash sintering of ceramics[END_REF]. SPS is very efficient to eliminate the porosity [START_REF] Jiang | Optically Transparent Polycrystalline Al2O3 Produced by Spark Plasma Sintering[END_REF] and decrease the sintering temperature which significantly limits the grain growth compared to conventional sintering [START_REF] Hu | A review of multiphysical fields induced phenomena and effects in spark plasma sintering: Fundamentals and applications[END_REF][START_REF] Herisson De Beauvoir | Cool-SPS: an opportunity for low temperature sintering of thermodynamically fragile materials[END_REF].

The modeling of SPS sintering of ceramic is a challenge requiring determining the temperature/pressure dependent creep behavior, the sintering shear and bulk moduli and the final stage sintering grain growth [START_REF] Olevsky | Theory of sintering: from discrete to continuum[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]. The identification of all these parameters can be very time consuming because it requires high temperature sintering tests on fully dense and porous samples in different configurations [START_REF] Abouaf | Modélisation de la compaction de poudres métalliques frittées, approches par la mécanique des milieux continus[END_REF][START_REF] Besson | Rheology of Porous Alumina and Simulation of Hot Isostatic Pressing[END_REF][START_REF] Nicolle | Mise en forme de poudre de bore par compression isostatique à chaud: determination des propriétés rhéologiques et simulation numérique du procédé[END_REF][START_REF] Geindreau | Constitutive behaviour of metal powder during hot forming. Part I: Experimental investigation with lead powder as a simulation material[END_REF][START_REF] Wolff | Thermal-electricalmechanical simulation of the nickel densification by Spark Plasma Sintering. Comparison with experiments[END_REF][START_REF] Xue | Densification modeling of titanium alloy powder during hot isostatic pressing[END_REF][START_REF] Manière | Identification of the Norton-Green Compaction Model for the Prediction of the Ti-6Al-4V Densification During the Spark Plasma Sintering Process[END_REF][START_REF] Martins | In-situ creep law determination for modeling Spark Plasma Sintering of TiAl 48-2-2 powder[END_REF][START_REF] Manière | Porosity dependence of powder compaction constitutive parameters: Determination based on spark plasma sintering tests[END_REF]. It is difficult to identify independently the creep behavior without the grain growth disturbance of the final stage. A solution has been developed to determine the moduli from instrumented sinter-forging tests but this requires a lot of tests [START_REF] Manière | Porous stage assessment of pressure assisted sintering modeling parameters: a ceramic identification method insensitive to final stage grain growth disturbance[END_REF]. Direct regression approaches exist to identify the sintering behavior directly from the densification curve. However, such approaches require using theoretical hypotheses on the sintering moduli with values often far from the real grains structures behavior. [START_REF] Bernard-Granger | Spark plasma sintering of a commercially available granulated zirconia powder: I. Sintering path and hypotheses about the mechanism(s) controlling densification[END_REF][START_REF] Manière | A spark plasma sintering densification modeling approach: from polymer, metals to ceramics[END_REF]. Moreover, unlike zirconia that has a very limited grain growth, alumina final stage sintering is strongly influenced by grain growth [START_REF] Manière | A predictive model to reflect the final stage of spark plasma sintering of submicronic α-alumina[END_REF]. In a previous work, we show that taking into account the grain growth in the model is mandatory to reproduce realistic final stage relative density where the grain growth significantly decreases the densification kinetics [START_REF] Manière | Spark-plasma-sintering and finite element method: From the identification of the sintering parameters of a submicronic α -alumina powder to the development of complex shapes[END_REF].

Previously, we show (on conventional sintering of zirconia) that combining a master sintering curve study with an inverse approach, it is possible to calibrate the experimental moduli and estimate the final stage sintering grain growth simply with the final stage dilatometry densification behavior [START_REF] Manière | Estimate microstructure development from sintering shrinkage: A kinetic field approach[END_REF].

The obtained final grain size was very close to the experimental one verified by electron microscopy.

In this work, the SPS sintering equations are adapted to apply the same grain growth estimation method when pressure is applied. In this method (applied to SPS rather than conventional sintering) a master sintering curve (MSC) [START_REF] Guillon | Master sintering curve applied to the Field-Assisted Sintering Technique[END_REF] is first conducted for providing a fixed sintering activation energy used as a reference point to adjust the shear and bulk moduli via a linear regression. Then, like for conventional sintering, the final stage sintering non-linear discrepancies are used to estimate the grain growth curves which explain these discrepancies.

An SPS device SPS FCT HP25 with a binderless 0.12µm Baikowski BMA15 alumina powder was used. A master sintering curve study has been done with three sintering tests at 100, 50 and 20K/min at 50MPa up to 1350°C. The sintering modeling method consists of four stages.

(i)

In the first stage, the sintering activation energy is identified by the master sintering curve method [START_REF] Guillon | Master sintering curve applied to the Field-Assisted Sintering Technique[END_REF].

(ii)

In the next step, Skorohod-Olevsky SPS equation is used [START_REF] Manière | Porous stage assessment of pressure assisted sintering modeling parameters: a ceramic identification method insensitive to final stage grain growth disturbance[END_REF]:
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In the region of inactive grain growth, the term 𝐴(𝑇) = 𝐴 0 𝑇 𝑒𝑥𝑝 ( -𝑄 𝑅𝑇 ) can be isolated in [START_REF] Guillon | Field-Assisted Sintering Technology/Spark Plasma Sintering: Mechanisms, Materials, and Technology Developments[END_REF].

Then, with 𝜌̇= -𝜃 ̇ and taking the logarithm, equation ( 1) gives the following regression equation Y vs (1/RT):
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In the latter, the value of n=2.3 is known from a previous SPS test between 1000 and 1100°C [START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering: application to hot pressing and spark plasma sintering of alumina[END_REF]. Because the activation energy (Q) is known from the master sintering curve, it is possible to correct the Skorohod [START_REF] Skorohod | Rheological basis of the theory of sintering[END_REF] theoretical moduli via the unknown parameters a,b,c,𝜃 𝑐𝑟 (𝜓 = 𝑎
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) to impose the slope of the known activation energy (MSC). It is important to conduct this adjustment in the open porosity zone where the grain growth is not active as linear deviations appear in the final stage due to the grain growth disturbances. After the adjustment of the moduli, the A0 is obtained by the origin value of the regression curve (exp(A0)).

(iii)

Knowing all the densification parameters in inactive grain growth zone, it is possible to estimate the grain growth in the final stage with the following equation.
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Three grain size curves are estimated assuming grain boundary sliding (m=1 by dislocation motion adjacent to the grain boundary [START_REF] Sherby | Superplasticity-Recent advances and future directions[END_REF][START_REF] Langdon | Grain boundary sliding as a deformation mechanism during creep[END_REF]), lattice diffusion (m=2) and grain boundary diffusion (m=3). These mechanisms are typically cited for hot pressing models [START_REF] Rahaman | Sintering of Ceramics[END_REF].

However, grain boundary sliding has 9 different mechanisms with m=1-3 [START_REF] Sherby | Superplasticity-Recent advances and future directions[END_REF] so, in this study, we mainly analyze the grain size sensitivity (m) of the model.

From, these three results and taking the grain size curves that better explain the final grain sizes, it is possible to calculate an estimated normal grain growth law by the following regression.

𝑙𝑛(𝐺 ̇𝐺2 ) = 𝑙𝑛(𝐾 0 ) - 𝑄 𝐺 𝑅𝑇 (4) (iv)
Finally, knowing all model densification parameters and with a final stage estimated grain growth behavior. It is possible to simulate with (1) the three SPS tests to verify if the model fits well the experimental data point. At this stage, a slight adjustment in the fitted regression model (in equation ( 2) and ( 4)) can be done to obtain a model as close as possible to the experiment.

In the following, the stages (i) to (iv) are presented and described.

The densification curves obtained by SPS sintering and for three heating rates are shown in Figure 2 (A). Typically, we can observe a shift towards lower sintering temperature for lower heating rates.

Figure 2 (B)

shows the relative density curve from the MSC study, and in the insert, the activation energy of 392 kJ/mol that was determined. This value obtained in this study is close to the 430kJ/mol [START_REF] Langer | Direct comparison between hot pressing and electric field-assisted sintering of submicron alumina[END_REF] and the 487kJ/mol [START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering: application to hot pressing and spark plasma sintering of alumina[END_REF] obtained for a TMDAR alumina powder very close to the BMA15 powder of this study.

Figure 1. Relative density curves at constant heating rate of 20, 50 and 100K/min (A) and sintering activation energy identification by the Master Sintering Curve (B), in the inset, the minimization study

showing the three curves misfit called "error" is reported for each tested activation energy.

In the next step (ii), the linear regression is conducted and the shear and bulk moduli are adjusted to obtain a slope that corresponds to the MSC Q value. 

Q min = 392 KJ/mol (A) (B)
growth disturbance in the final stage is precisely the phenomena exploited to estimate the grain growth in the next step of the study.

Figure 2. Regression analysis using SPS data for correction of the moduli and the identification of A0 ;

the red region is determined by identifying the disturbances of the initial linear behavior; here, the disturbance appears near 1400K and is associated with the grain growth influence on the densification kinetics.

Figure 3 shows the grain size results for each heating rate and for three probable mechanisms (grain boundary sliding, lattice/grain boundary diffusion m=1-3). To compare the 9 curves obtained from equation (3) with the final experimental grain size, scanning electron microscopy measurements were performed at two locations (center and edge) of the sintered samples. The grain size estimated from the model is relatively underestimated without being too far from the final grain sizes. Langdon's grain boundary sliding m=1 [START_REF] Langdon | Grain boundary sliding as a deformation mechanism during creep[END_REF] seems to correspond well to the experimental values as the other mechanisms underestimate more the final grain sizes. Grain boundary sliding is also a relevant mechanism with the stress exponent of n=2.3 used for this powder [START_REF] Rahaman | Sintering of Ceramics[END_REF]. From the estimated grain size curves of grain boundary sliding (m=1), the regression equation ( 4) is calculated to identify the grain growth activation energy (𝑄 𝐺 ) and pre-exponent coefficient (𝐾 0 ). The result is reported in figure 4 (A). The method is applied only to the final stage of sintering. The values obtained for QG and k0 are 196 kJ/mol and 1.04E -16 m 3 s -1 , respectively. The literature grain growth activation energy is closer to 443 kJ/mol [START_REF] Kwon | Densification and Grain Growth of Porous Alumina Compacts[END_REF] for alumina. However, the identified behavior represents the early stage of grain growth which may behave differently from the fully dense ceramic grain growth. Porosity pinning [START_REF] Kerbart | Predicting final stage sintering grain growth affected by porosity[END_REF][START_REF] Olevsky | Fundamental Aspects of Spark Plasma Sintering: II. Finite Element Analysis of Scalability[END_REF][START_REF] Zhao | Effect of Pore Distribution on Microstructure Development: III, Model Experiments[END_REF] or dynamic grain growth [START_REF] Kim | Dynamic grain growth during low-temperature spark plasma sintering of alumina[END_REF][START_REF] Besson | Grain growth enhancement in alumina during hot isostatic pressing[END_REF] may occur involving different grain growth behaviors in the initial stage so the identified behavior is an empirical law aimed at correcting the final stage sintering modeled densification curves.

To verify the model, the experimental densification curves are compared with the simulated sintering curves with and without grain growth in Figure 4 (B). The analytical sintering models highlight the importance of grain growth in the final stage. When the phenomenon of grain growth in the final stage is neglected, the model is unable to reproduce the reduction of the sintering kinetics of the final stage.

On the contrary, the comprehensive model (with grain growth) corrects the final stage sintering densification behavior which fit well all the modeled SPS curves. 
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Figure 2

 2 shows the results of the regression after the moduli adjustment with a fitted value of A0 equal to 7.485E -5 m 3 s -1 . This figure shows that the linear regression was performed on the initial and intermediate stages. The fitting parameters of the shear and bulk moduli are 𝜃 𝑐𝑟 = 0.51, 𝑎 = 2/3, 𝑏 = 3 and 𝑐 = 1. It can be seen in Figure2that the linear regression is less accurate in the final stage of sintering, where grain growth occurs. This grain

Figure 3 .

 3 Figure 3. Estimated grain size as a function of temperature when lattice diffusion (m=2), grainboundary-diffusion (m=3) or grain-boundary-sliding mechanism (m=1) is assumed.

Figure 4 .

 4 Figure 4. Identification of grain growth model based on grain boundary sliding mechanism (A), simulated and experimental relative density curves vs time for the different heating rates (B).
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The interesting aspect of this approach is the possibility to determine both the sintering model parameters and the microstructure development with minimal experimental data and reasonable model hypotheses. The obtain modeling parameters are implementable in a simulation code.