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Nomenclature

Introduction

Pressure assisted sintering includes different methods such as Hot Isostatic Pressing (HIP), Hot Pressing (HP) or faster technique like Spark Plasma Sintering (SPS). These advanced sintering methods allow decreasing the sintering temperature, favor the total elimination of residual porosity and enable the sintering of ultra-refractories having strong covalent bonds that cannot be sintered by pressureless sintering [START_REF] Bordia | Current understanding and future research directions at the onset of the next century of sintering science and technology[END_REF][START_REF] Grasso | Electric current activated/assisted sintering ( ECAS ): a review of patents 1906-2008[END_REF][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] German | Sintering With External Pressure[END_REF][START_REF] Rahaman | Sintering of Ceramics[END_REF][START_REF] Golla | Review on ultra-high temperature boride ceramics[END_REF]. Such conditions allow retaining nanograin microstructure, producing transparent ceramics or high temperature materials [START_REF] Xiao | Materials development and potential applications of transparent ceramics: A review[END_REF][START_REF] Goldstein | Transparent Ceramics at 50: Progress Made and Further Prospects[END_REF][START_REF] Orrù | Ultra-high temperature ceramics by spark plasma sintering[END_REF][START_REF] Olevsky | Field-Assisted Sintering[END_REF].

The sintering of these materials involves different sintering mechanisms highly sensitive to the applied stress exponent (called "n" in below equation). For instance, the sintering model of HP and SPS is detailed below [START_REF] Rahaman | Sintering of Ceramics[END_REF]. ones are dislocation based mechanisms or grain boundary sliding [START_REF] Bordia | Current understanding and future research directions at the onset of the next century of sintering science and technology[END_REF][START_REF] Rahaman | Sintering of Ceramics[END_REF][START_REF] German | Sintering Theory and Practice[END_REF]. For certain materials like metals, the stress exponent is not constant but may evolve from dislocation mechanisms at low temperature to diffusional mechanisms at higher temperatures [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] Xue | Densification modeling of titanium alloy powder during hot isostatic pressing[END_REF].

Consequently, the experimental determination of the stress exponent is of key importance and is generally the first step of a simulation study. Different methods exist in the literature to identify the stress exponent: (i) the direct regression method, (ii) fully dense creep tests and (iii) porous stage tests.

Direct identification methods are based on logarithmic linear regression of the applied stress [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]. In these approaches, the regression curves assume theoretical functions for the relative density dependence of the stress intensification factor [START_REF] Helle | Hot-isostatic pressing diagrams: New developments[END_REF]. These methods are direct and require a few tests but the theoretical porosity function may influence the "n" determination and imply unstable results [START_REF] Guyot | Hot pressing and spark plasma sintering of alumina: Discussion about an analytical modelling used for sintering mechanism determination[END_REF].

Another method consists of conducting creep tests [START_REF] Mukherjee | High-Temperature Creep[END_REF]. The studied powder is first fully sintered into dense specimens that are subjected to creep tests to determine the stress exponent and the temperature behavior [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] 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] Abouaf | A numerical model for hot deformation of metal powders[END_REF]. This method is ideal for large particle metals but for ceramics where the creep behavior is strongly influenced by the grain size [START_REF] Besson | Rheology of Porous Alumina and Simulation of Hot Isostatic Pressing[END_REF] ("m" exponent in equation ( 1)), the large sintered grains may imply a very different creep regime.

To solve later issues, different porous stage methods should be preferred to identify the exponent in the low grain growth zone [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]. The identification methods are in isothermal conditions and for temperatures where the grain growth is low (G m ~ constant) so the terms 1) is constant. In addition, the tests compare the sintering shrinkage rate ) acceleration at different pressures (𝜎 𝑧 ) for similar (or close) relative density (𝜌) to negate the influence of the stress intensification factor (𝜙), which is a function of the relative density generally unknown. Among the existing porous methods which identify the stress exponent by sintering curves, we can cite the "stepwise" approaches and the "constant porosity" multiple tests approach at different pressures. Both approaches principles are represented in figure 1.

𝐻𝐷(𝑇) 𝐺 𝑚 𝑘𝑇 of equation (
The stepwise approach applied different brief pressure "jumps" to identify the "n" exponent by the acceleration of the sintering shrinkage strain rate before and after the "jump" [START_REF] Li | Densification mechanisms of spark plasma sintering: multi-step pressure dilatometry[END_REF][START_REF] Manière | A spark plasma sintering densification modeling approach: from polymer, metals to ceramics[END_REF][START_REF] Lee | Oxidation effects on spark plasma sintering of molybdenum nanopowders[END_REF][START_REF] Lee | Effect of electric current on densification behavior of conductive ceramic powders consolidated by spark plasma sintering[END_REF] (see figure 1a). This approach is one of the most simple as it can be performed is one single test. However, the pressure "jump" should be fast to avoid a high relative density variation that would change the value of the stress intensification factor (𝜙) assumed to be constant. Li et al [START_REF] Li | Densification mechanisms of spark plasma sintering: multi-step pressure dilatometry[END_REF], present a theoretical approach to take into account the porosity change at the transient stage of the pressure "jump" by a hypothesis on the sintering moduli. One of the advantages of this method is to allow a fast exploration of the sintering behavior in a wide pressure range. Different use of Li et al [START_REF] Li | Densification mechanisms of spark plasma sintering: multi-step pressure dilatometry[END_REF] method can be cited in the literature for the SPS of Mo [START_REF] Lee | Consolidation of Molybdenum nanopowders by spark plasma sintering: Densification mechanism and first mirror application[END_REF], W [START_REF] Lee | Densification mechanism and mechanical properties of tungsten powder consolidated by spark plasma sintering[END_REF], different metals, oxides and plastics [START_REF] Manière | A spark plasma sintering densification modeling approach: from polymer, metals to ceramics[END_REF].

The other method compares different isothermal strain rates tests at "constant porosity" and for different pressures (see figure 1b). This method can be applied to SPS, HP [START_REF] Lee | Electric current effects in spark plasma sintering: From the evidence of physical phenomenon to constitutive equation formulation[END_REF] and to sinter-forging [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]. Similar to the formula in figure 1b, the "n" can be identified by the strain rate/pressure ratio or by a regression approach on three or more tests [START_REF] Langer | Direct comparison between hot pressing and electric field-assisted sintering of submicron alumina[END_REF][START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering: application to hot pressing and spark plasma sintering of alumina[END_REF][START_REF] Fahrenholtz | Densification of ultra-refractory transition metal diboride ceramics[END_REF]. The "constant porosity" approaches requires more sintering tests but it ensures no disturbance from the stress intensification factor ( 𝜙 ) which is relative density dependent. Nevertheless, the sintering time between the tests can be very long and variations of 𝜙 can still happen at the same porosity if surface diffusion is highly active.

Figure 1 Stress exponent identification methods: stepwise pressure approach (A), multiple pressure isothermal test approach (B)

In summary, the pros and cons of later methods are the following: the "stepwise" is rapid, less influenced by surface diffusion but sensitive to porosity variations, the "constant porosity" method requires multiple tests but assure no disturbance from porosity variation. In this article, the "stepwise" and "constant porosity" methods are tested and compared with SPS and sinter forging methods, respectively. The aim is to verify their accuracy for a submicronic alumina powder sintering. Such a powder has a significant sintering stress (from capillarity Time

Porosity (A) (B)
forces) that may have an impact on the identification of the stress exponent. Consequently, the study will also compare the methods with and without the actions of the capillarity forces.

Theory and calculations

In this section, "n" stress exponent identification analytic equations are detailed for the "stepwise" method applied to SPS and the "constant porosity" method applied to sinter forging. This analysis starts from the general equations of the continuum theory of sintering [START_REF] Olevsky | Theory of sintering: from discrete to continuum[END_REF]. In particular the contribution of the sintering stress (Pl) to the "n" exponent identification will be detailed for the two methods.

Stepwise n identification equation for SPS

The general equation describing the continuum theory of sintering behavior is the following:

𝜎 = 𝜎 𝑒𝑞 𝜀̇𝑒 𝑞 (𝜑(𝜃)𝜀̇+ (𝜓(𝜃) - 1 3 𝜑(𝜃)) 𝑒i) + 𝑃 𝑙 𝕚 (2) 
with Skorohod's theoretical expression of the sintering stress liking the porosity with the surface energy (1.12 J/m 2 for alumina [START_REF] Olevsky | Fundamental Aspects of Spark Plasma Sintering: II. Finite Element Analysis of Scalability[END_REF]) and the particle radius that can be assumed constant in high porosity tests where grain growth is limited.

𝑃 𝑙 = 3𝛼 𝑟 (1 -𝜃) 2 (3) 
In SPS case, if the radial displacement is assumed close to zero (die confinement), the specimen temperature is homogeneous and the sintering is in the domain of low grain growth, the above general equation reduces to the following analytical equation [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].

𝜃 (1-𝜃) = 𝜀ż = 𝐴 (𝜓 + 2 3 𝜑) -𝑛-1 2 (1 -𝜃) 1-𝑛 2 (𝜎 𝑧 -𝑃 𝑙 ) 𝑛 (4) 
Isolating the "n" exponent terms we have:

𝜀̇𝑧 = 𝐴 √1-𝜃 √𝜓+ 2 3 𝜑 ( 𝜎 𝑧 -𝑃 𝑙 √1-𝜃√𝜓+ 2 3 𝜑 ) 𝑛 (5) 
From later equation, if we assume that the pressure "jump" of the stepwise approach reported in figure 1a implies no porosity variation, the ratio of strain rates before and after the "jump" 𝜀1/𝜀2 eliminates all porosity dependent terms (𝜓 , 𝜑 and θ) in equation ( 5) and the "n" exponent can be calculated by the equation below that includes the contribution of Pl.

𝑛 = 𝑙𝑛( 𝜀̇1 𝜀̇2 ) 𝑙𝑛( 𝜎 1 -𝑃 𝑙 𝜎 2 -𝑃 𝑙 ) (6) 
If the transition of pressure implies a porosity evolution which is not negligible (𝜃 2 < 𝜃 1 ), the porosity dependent terms should be considered and the ratio 𝜀1/𝜀2 is:

𝜀̇1 𝜀̇2 = √1-𝜃 1 √𝜓 2 + 2 3 𝜑 2 √1-𝜃 2 √𝜓 1 + 2 3 𝜑 1 ( (𝜎 1 -𝑃 𝑙1 )√1-𝜃 2 √𝜓 2 + 2 3 𝜑 2 (𝜎 2 -𝑃 𝑙2 )√1-𝜃 1 √𝜓 1 + 2 3 𝜑 1 ) 𝑛 (7) 
Isolating the "n" term, and taking the logarithm, we have the identification equation below.

𝑛 = 𝑙𝑛( 𝜀̇1 𝜀̇2 √1-𝜃 2 √𝜓 1 + 2 3 𝜑 1 √1-𝜃 1 √𝜓 2 + 2 3 𝜑 2 ) 𝑙𝑛( (𝜎 1 -𝑃 𝑙1 ) (𝜎 2 -𝑃 𝑙2 ) √1-𝜃 2 √1-𝜃 1 √𝜓 2 + 2 3 𝜑 2 √𝜓 1 + 2 3 𝜑 1 ) (8) 
This equation allows considering the small porosity variation during the pressure "jump".

This equation is interesting as it allows testing different theoretical hypotheses of shear and bulk moduli. Indeed, the theoretical value of the moduli are often higher than the experimental one that has more energetic and responsive microstructure and then lower values [START_REF] Besson | Rheology of Porous Alumina and Simulation of Hot Isostatic Pressing[END_REF][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][START_REF] Wolff | Modeling of conventional hot compaction and Spark Plasma Sintering based on modified micromechanical models of porous materials[END_REF].

If Skorohod [START_REF] Skorohod | Rheological basis of the theory of sintering[END_REF] theoretical moduli are used, equation ( 8) becomes the expression below as expressed by Li et al [START_REF] Li | Densification mechanisms of spark plasma sintering: multi-step pressure dilatometry[END_REF].

𝑛 = 𝑙𝑛(√ (1-𝜃 1 )𝜃 2 (1-𝜃 2 )𝜃 1 |𝜀̇1| |𝜀̇2| ) 𝑙𝑛( 𝜎 1 -𝑃 𝑙1 𝜎 2 -𝑃 𝑙2 √ (1-𝜃 2 )𝜃 1 (1-𝜃 1 )𝜃 2 (1-𝜃 2 ) (1-𝜃 1 ) ) (9)

Constant porosity n identification method, equations for sinter forging

The analytical formulation of sinter forging is detailed in ref [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]. Assuming homogeneous temperature, a negligible friction with the support and taking into account the sintering stress

Pl, the analytic model is the following.

𝜀̇𝑧 = 𝐴 ( 2|𝜎 𝑧 | 2 3𝜑 + (- |𝜎 𝑧 | 3 -𝑃 𝑙 ) 2 𝜓 1-𝜃 ) 𝑛-1 2 (- 2|𝜎 𝑧 | 3𝜑 + (- |𝜎 𝑧 | 3 -𝑃 𝑙 ) 3𝜓 ) (10) 
The "constant porosity" approach compares two strain rates from two isothermal tests at different pressures and for the same porosity (see figure 1b). Like the "stepwise" approach, below strain rate ratio is used to determine the stress exponent.

𝜀̇1 𝜀̇2 = ( 2|𝜎 1 | 2 3𝜑 + (- |𝜎 1 | 3 -𝑃 𝑙1 ) 2 𝜓 2|𝜎 2 | 2 3𝜑 + (- |𝜎 2 | 3 -𝑃 𝑙2 ) 2 𝜓 ) 𝑛-1 2 ( - 2|𝜎 1 | 3𝜑 + (- |𝜎 1 | 3 -𝑃 𝑙1 ) 3𝜓 - 2|𝜎 2 | 3𝜑 + (- |𝜎 2 | 3 -𝑃 𝑙2 ) 3𝜓 ) (11) 
Isolating the "n" term, we obtain the following identification equation.

𝑛 = 1 + 𝑙𝑛 ( 𝜀̇1 𝜀̇2 ( - 2|𝜎 2 | 3𝜑 + (- |𝜎 2 | 3 -𝑃 𝑙2 ) 3𝜓 - 2|𝜎 1 | 3𝜑 + (- |𝜎 1 | 3 -𝑃 𝑙1 ) 3𝜓 ) ) 𝑙𝑛 √ 2|𝜎 1 | 2 3𝜑 + (- |𝜎 1 | 3 -𝑃 𝑙1 ) 2 𝜓 2|𝜎 2 | 2 3𝜑 + (- |𝜎 2 | 3 -𝑃 𝑙2 ) 2 𝜓 (12) 
Because of the presence of the Pl term, the shear and bulk moduli cannot be fully eliminated.

Nevertheless, because the analysis compares strain rates at the same porosity, the contributions of the moduli (that are porosity functions) should be negligible and simple Skorohod [START_REF] Skorohod | Rheological basis of the theory of sintering[END_REF] theoretical functions are used. If the sintering stress Pl is neglected, the moduli terms disappear and the identification expression is as below [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].

𝑛 = 𝑙𝑛( 𝜀̇1 𝜀̇2 ) 𝑙𝑛( 𝜎 1 𝜎 2 ) (13) 

Experiment and method

The methodology employed in this paper consists of a comparison of the stress exponent by different methods including stepwise approach conducted on an SPS device and the "constant porosity" approach based on sinter forging tests. A submicronic alumina powder Baikowski® BMA15 with average particle size of 120 nm is used for this study. We use 15 mm diameter punches and 15 mm thick die with heights of 50 mm for the die and 30 mm for the punches.

For the stepwise approach, different pressures ranging from 16 MPa to 54 MPa were applied with different 10 MPa pressures "jump" (as short as 10s) at the isothermal temperature of 1200°C. The evolution of the SPS powder height (h) was calculated from the final pellet measured height as reference and the SPS displacement curve (see figure A in appendix).

Only the isothermal displacement part was selected to avoid thermal expansion disturbances.

From the height curves, the true strain rate curve was determined by 𝜀ż = ℎ ḣ. The SPS device "FCT system HPD25" was used with 15 mm inner die and punches. The SPS configuration, calculation of experimental parameters like the strain rate (𝜀̇𝑧), the applied stress (𝜎 𝑧 ) and the porosity curve (𝜃) are reported in figure 2a. The profile and the response of the "stepwise" experiment are reported in figure 2b. As shown, the pressure "jump" may implicate a small evolution of the porosity (𝜃 2 < 𝜃 1 ). This evolution can rigidify the porous skeleton and may decrease the value of the measured strain rate after sintering (𝜀̇2). To correct this aspect, the shear and bulk moduli generally approximated theoretically (Skorohod [START_REF] Skorohod | Rheological basis of the theory of sintering[END_REF]) must be actualized ( 𝜑 2 > 𝜑 1 , 𝜓 2 > 𝜓 1 𝑎𝑛𝑑 𝑃 𝑙2 > 𝑃 𝑙1 ). The identification equations ( 6) and [START_REF] Xiao | Materials development and potential applications of transparent ceramics: A review[END_REF] reported in figure 2c must be used to identify the "n" in four ways:

(i)

The "simple" approach using equation ( 6) neglecting the porosity evolution and the sintering stress (Pl = 0).

(ii)

The "simple" approach using equation ( 6) neglecting the porosity evolution but taking into account Pl.

(iii) The approach using (8) with the porosity variation and neglecting the sintering stress (Pl = 0).

(iv)

The approach using (8) with the porosity variation and Pl.

Figure 2 Stepwise multiple pressure method applied to SPS, (A) identification of the sintering main variables, (B) typical scheme of the stepwise approach and (C) stress exponent identification equations with and without taking into account the porosity variation during the pressure "jump".

Later four identified n values are compared with a method less sensitive to the microstructure evolution, the "constant porosity" method applied to sinter forging. The experiment is implemented in a microwave press device (SAIREM® LABOTRON IWASP2000 2TE) able to apply similar heating profiles as close as possible as SPS ones. The device used is a 2.45 GHz solid-state microwave generator (SAIREM® GMS1000MS) with an auto-adaptive PID regulation (SAIREM® EUROTHERM2408) that controls the temperature of the specimen heated in sinter forging configuration. To ensure a homogeneous heating, SiC microwave susceptors were added to the upper and lower contacts of the specimen and on the two lateral sides (see configuration in figure 3a). A displacement sensor magnescale DS830SLR [START_REF] Manière | Rapid microwave sintering of centimetric zirconia: Scalability and electromagnetic-thermalfluid-dynamic simulation[END_REF] was used to record the pellet diametric expansion during the test and to "simple" approach for n identification neglecting the porosity variation at the pressure "jump" n identification with the porosity variation at the pressure "jump" (C) actualize the calculation of the applied stress and the porosity (figure 3a). The principle of the "constant porosity" test is schematically represented in figure 3b. Two tests at 20 and 30 MPa, were performed. Like in the SPS tests, the isothermal temperature was 1200°C. The stress exponent identification uses equations ( 12) and ( 13) for identification with and without Pl respectively (see figure 3c). 

Figure 3 (A) Scheme of the sinter forging tests with calculation of the main sintering parameter and representation the heating configuration, (B) typical scheme of the constant porosity approach and (C) stress exponent identification equations with and without Pl.
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Results and discussions

In this section, the results of the two stress exponent identification methods are detailed and compared.

Sinter-forging based identification of n by the "constant porosity" method

The method presented in figure 3 is applied 20 30MPa 1200°C. In isobar, regime, sinter recorded rates are reported vs porosity figure As expected, the strain rate is clearly higher for higher applied stress and in graph different strain rate ratios have been taken for different fixed porosities. Using the corrected applied stress (which takes into account the specimen diametric expansion), "n" stress exponent values have been identified in figure 4b the equations ( 12) and ( 13). The raw experimental data imply a certain noise in the "n" values with standard-deviation of 0.8 for the expression with Pl and 0.4 for the one without Pl. The expression [START_REF] German | Sintering Theory and Practice[END_REF] with Pl has two main consequences, the noise in the "n" data is bigger and the average value of n evolves from 1.4 (for the expression without Pl) to 2.3 for the expression with Pl. From these data, the possible mechanisms are between diffusion (n = 1) and grain boundary sliding (n = 2) [START_REF] Rahaman | Sintering of Ceramics[END_REF][START_REF] German | Sintering Theory and Practice[END_REF].

For alumina, n values close to 1 were identified for field assisted sintering at 1100°C and 1200°C and for 150 nm TMDAR Taimei alumina [START_REF] Langer | Direct comparison between hot pressing and electric field-assisted sintering of submicron alumina[END_REF]. For the same powder and at 1000°C, n values of 2 and 2.3 where identified for HP and SPS, respectively [START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering: application to hot pressing and spark plasma sintering of alumina[END_REF]. These values are identified neglecting the sintering stress Pl. Nevertheless, they are in a similar range to our study. In the following section, the comparison with the stepwise method help discussing the origin of this rise of "n" values with Pl (see last section discussion).

Figure 4 (A) Isobar, isotherm sinter forging strain rate vs specimen porosity, (B) obtained stress exponent with the constant porosity method vs porosity using the equation with and without the Pl term.

SPS based identification of n by the "stepwise" method

The stepwise method includes one "simple" approach using equation ( 6) with and without sintering Pl. This equation assumes the "jump" fast and the evolution before and after the is the same. However, as Li al showed, the porosity variation can be corrected using equation ( 9) based on Skorohod [START_REF] Skorohod | Rheological basis of the theory of sintering[END_REF] theoretical moduli or equation [START_REF] Xiao | Materials development and potential applications of transparent ceramics: A review[END_REF] which allows correcting such moduli function. Indeed, these theoretical moduli like other plasticity/creep based theoretical approaches [START_REF] Green | A plasticity theory for porous solids[END_REF][START_REF] Sofronis | Creep of Power-Law Material Containing Spherical Voids[END_REF][START_REF] Castañeda | The effective mechanical properties of nonlinear isotropic composites[END_REF][START_REF] Du | Constitutive models for the sintering of ceramic components-I. Material models[END_REF][START_REF] Cocks | Inelastic deformation of porous materials[END_REF] assume spherical porosity which corresponds well to the final stage sintering but not to the initial stage where the particle contact makes these moduli close to zero. Consequently, in this article we investigate the impact of modified theoretical moduli that correct the initial stage reactivity by a critical porosity inspired from Abouaf et al [START_REF] Abouaf | Modélisation de la compaction de poudres métalliques frittées, approches par la mécanique des milieux continus[END_REF][START_REF] Abouaf | Finite element simulation of hot isostatic pressing of metal powders[END_REF] moduli function. The modified Skorohod moduli are plotted in figure 5.

Figure 5 Modified Skorohod moduli taking into account initial stage sintering high reactivity, (A) bulk modulus, (B) shear modulus.

The recorded SPS specimen height of the 1200°C stepwise experiment is reported in figure 6a. Four successive pressure "jumps" were tested from 16 MPa to 54 MPa. The blue and red parts of the curves indicate the zones of strain rate calculation before and after the pressure "jump". These calculation zones are in isobar/isotherm condition to avoid elastic and In order to verify if the origin of these disturbances and higher identified n values is related to the theoretical moduli that do not correct the initial porosity behavior, the n identified with the modified moduli (figure 5) are reported in figure 6c. This clearly shows the correction of the initial stage behavior does not help stable values to be identified. On the contrary, the n values become bigger when the critical porosity approaches the initial porosity. 

Comparison of the n identified values and discussions

In this section all average n values identified by "constant porosity" method (sinter forging) and the "stepwise" method with and without the Pl and the porosity variation are gathered in figure 7. We can see that the value of n with and without Pl are very close between the sinter forging and SPS tests. Only the method that considers the porosity variation and Pl shows significantly higher values. For the stepwise approach, considering both Pl sintering stress and the porosity variation seems to make the identification method extremely sensitive to the moduli and unstable in all explored zones. In general, the methods comparison clearly shows the expressions with Pl give higher n values. If we consider the fact that the pressure ratio is present at the denominator in equation ( 6 This is particularly true for submicronic ceramic powders having high sintering stress (Pl~10 MPa). For the special case of the use of nano-size metal powder or composite of nanosize powder the capillarity stress (Pl) should also be considered to avoid underestimate the stress exponent value. Compared to hot pressing, SPS of conductive powders many activate different mechanisms (with different "n" and "A" parameters) due to the "current effect" on the sintering behavior [START_REF] Lee | Effect of electric current on densification behavior of conductive ceramic powders consolidated by spark plasma sintering[END_REF][START_REF] Lee | Electric current effects in spark plasma sintering: From the evidence of physical phenomenon to constitutive equation Scr[END_REF][START_REF] Olevsky | Constitutive modeling of spark-plasma sintering of conductive materials[END_REF]. It is also true for the case of high heating rate [START_REF] Olevsky | Consolidation enhancement in spark-plasma sintering: Impact of high heating rates[END_REF] or flash sintering [START_REF] Manière | All-Materials-Inclusive Flash Spark Plasma Sintering[END_REF][START_REF] Manière | Role of microstructure reactivity and surface diffusion in explaining flash (ultra-rapid) sintering kinetics[END_REF]. 

Conclusion

In this study, we present different identification methods of the stress exponent, based on sinter forging and SPS. The methods converge to the same exponent values near 1.4 when neglecting the sintering stress and 2.5 with the sintering stress. For the SPS stepwise approach, taking into account the porosity variation before and after the pressure "jump" seems to destabilize the stress exponent estimation for the low porosity and adding the sintering stress gives even higher out of range exponent values. These instabilities can be explained by an overestimation of the porosity at the pressure "jump". However, considering the identified values of the "simple" model that neglects the porosity evolution gives the same values as sinter-forging method at fixed density, the use of the "simple stepwise" model (which is more stable) is highly recommended. The other main outcome of the study is the impact of the sintering stress that increases the stress exponent in all tested approaches. The sintering stress deserves to be considered in the identification models for nano/submicronic particle size ceramic powder while it can be neglected for large metal particle sintering. 

Alphabetical terms and abbreviations A

 abbreviations Creep law deformability term (Ks -1 Pa -n ) D Diffusion coefficient (m 2 .S -1 ) 𝑒̇ Trace of the strain rate tensor (s -1 ) H A constant for creep based hot pressing model 𝕚 Identity tensor k Boltzmann Constant (1.380 649 × 10 -23 J.K -1 ) n Creep law stress exponent Pl Sintering stress (N.m -2 ) 𝑟, 𝐺 Particles radius, Grain size (m) T Temperature (K) HIP Hot isostatic pressing SPS Spark Plasma Sintering HP Hot pressing Greek symbols θ Porosity 𝜃 ̇ Porosity elimination rate (s -1 ) 𝜌 Relative density 𝜎 Stress tensor (N.m -2 ) 𝜎 𝑒𝑞 Equivalent stress (N.m -2 ) 𝜀̇ Strain rate tensor (s -1 ) 𝜀̇𝑒 𝑞 Equivalent strain rate (s -1 ) 𝜑 Shear modulus 𝜓 Bulk modulus 𝛼 Surface energy (J.m -2 ) 𝜀̇𝑧 Axial strain rate tensor component (s -1 ) 𝜎 𝑧 Axial stress tensor component (N.m -2 ) 𝜃 𝑐 Critical porosity 𝜙 Stress intensification factor # 1 𝑜𝑟 2 the subscripts 1 or 2 refer to parameters at different pressures

  )𝜙(𝜌) 𝑛 𝜎 𝑧 𝑛 𝐺 𝑚 𝑘𝑇 (1) Where n = 1, m = 2, corresponds lattice diffusion, n = 1, m = 3 grain boundary diffusion, n = 1 or 2, m = 1 grain boundary sliding and n > 3, m = 0 dislocation creep. The H constant gathers all pre-exponential constants of the underlying creep deformation behavior, the term 𝜙(𝜌) is a relative density function called "stress intensification factor" that describes the porous skeleton effective stress at the grain boundary active zones, and D(T) is the diffusion coefficient which is temperature dependent. The stress exponent "n" governs the degree of non-linearity of the sintering model where linear mechanisms (n=1) are the grain boundary/lattice diffusion and highly nonlinear (n>1)

  thermal expansion disturbances. The slope of these zones is clearly higher after the rise of pressure. In figure6b, equation (9) n values identified with Skorohod moduli (with and without Pl) are presented. We can clearly see that typical n values close the sintering forging tests are found between 0.3 and 0.4 of specimen porosity. However, for porosity lower than 0.3, the moduli make significant disturbances on the n values which are out of range. In the same graph, the n values identified from the "simple" model of equation (6) that neglects the porosity variation are presented. This model gives much more stable n values close to the values between 0.3-0.4 of porosity. The average n values are similar to the sinter forging case with n of 2.1 and 1.5 with and without respectively.

Figure 6 (

 6 Figure 6 (A) Experimental specimen height evolution for the SPS stepwise experiment at 1200°C, (B) identified n values Skorohod moduli and the simple model that neglects the porosity variation, in the inset, a zoom is made to present the results of "n" values in stability zone, (C) Evolution of n value at 0.32 of porosity for the modified Skorohod moduli with different critical porosity.

  ) like in all other identification equations, taking into account the Pl term systematically decreases the denominator and increases the value of n. On a mechanistic point of view, high temperatures and low stress favor diffusional mechanisms and n close to 1. Conversely, low temperatures and high stresses favor high n values of dislocation based mechanisms. The sintering stress (Pl) raises the total effective pressure at the grain boundaries ( 𝜎 𝑧 -𝑃 𝑙 ) as we have 𝜎 𝑧 < 0 for applied compressive stress. Consequently, Pl raises the nonlinear sintering behavior. If the model neglects Pl, it will underestimate both the n value and the effective stress. The model predictability of the apparent deformation response will be preserved but it can modify the mechanism interpretation by erroneously indicating diffusional mechanisms with low n values close to 1.

Figure 7

 7 Figure 7 Summary of all average identified n values for all methods.
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Appendix

In order to determine the strain rate curves of the article, the raw experimental data curves reported in figure A were used.

Figure A Main time dependent raw sintering displacement and pressure data for the sinterforging tests (A) and multiple pressure SPS test (B).