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Densification and grain growth mechanisms of Yttria-Stabilized Zirconia sintered by Spark Plasma Sintering are investigated. Sintering trajectories of four commercial submicronic powders with different average particle sizes and yttria amounts have been established and sintering regimes determined. Densification mechanisms are determined in the regime where densification is occurring without grain growth using a model derived from hotpressing. Grain growth mechanisms are determined using the conventional power law in the regime where ceramics are fully densified. Densification occurs by grain boundary sliding accommodated by an in-series interface-reaction/lattice diffusion of cations or by an overlapping of surface diffusion and grain boundary sliding mechanisms for tetragonal stabilized zirconia and by dislocation climbing for fully stabilized zirconia. A normal grain growth occurs for each ceramic, all composed of a single phase, contrary to the two-phased ceramics obtained in literature where grain growth occurs by segregation at grain boundaries.

Introduction

Yttria-Stabilized-Zirconia (YSZ), one of the most industrially used ceramics, has many applications in the field of biomaterials (dental implant) [START_REF] Chevalier | What future for zirconia as a biomaterial?[END_REF], energy (fuel cells electrolyte) [START_REF] Weber | Materials and concepts for solid oxide fuel cells (SOFCs) in stationary and mobile applications[END_REF], aeronautics (thermal barrier) [START_REF] Monceau | Thermal barrier systems and multi-layered coatings fabricated by spark plasma sintering for the protection of Ni-Base superalloys[END_REF] and luxury industry (jewelry) [4]. Spark Plasma Sintering (SPS) is an advanced technique with a high potential for the processing of materials with tailored properties [START_REF] Cao | Spark plasma sintering. Current Status, New Developments and Challenges[END_REF]. Recently, SPS has experienced a technological leap with the development of a methodology for developing materials with 3D complex shapes [START_REF] Manière | How to overcome the main challenges of SPS technology: reproductibility, multi-samples and elaboration of complex shapes[END_REF]. This considerable advance has been made possible by the development of reliable digital tool, in which densification and grain growth mechanisms have been implemented, to simulate the densification of a complex shape by SPS [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]. SPS of YSZ complex shapes would certainly lead to new applications as well as significant technological advances in the aforementioned fields of application. To be able to develop complex shapes, it is necessary to model the SPS sintering and therefore to determine the sintering mechanisms (densification and grain growth). Even if SPS is known for decades now, literature on densification and grain growth sintering mechanisms is scarce [START_REF] Chaim | Grain growth during spark plasma and flash sintering of ceramic nanoparticles : a review[END_REF]. To the best of our knowledge, only three studies are conducted on SPS mechanisms of YSZ: two on densification mechanisms by Bernard-Granger et al. [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] and Langer et al. [START_REF] Langer | Electric field-assisted sintering in comparison with the hot pressing of yttria-stabilized zirconia[END_REF] and one on grain growth mechanisms by P. Dahl et al. [START_REF] Dahl | Densification and properties of zirconia prepared by three different sintering techniques[END_REF].

The objective of the present work is to determine YSZ densification and grain growth mechanisms during SPS using different powders of various yttria amounts, crystallographic structures and particle sizes. The possible effects of the previous parameters on the SPS mechanisms is discussed.

Material and methods

Raw materials

In this paper, four commercial powders are studied, two zirconia powders stabilized with 3 mol. %. of yttria and two stabilized with 8 mol. % of yttria. The two powders from Tosoh company (Japan) stabilized with 3 mol. % and 8 mol. % yttria are denoted here after TZ-3Y and TZ-8Y, respectively. The two from the US-Nano company (USA) are denoted here after US-3Y and US-8Y.

Sintering

Ceramics have been consolidated by SPS (SPS 632LX, Fuji Electronic Industrial CO., Japan) located at the Plateforme Nationale CNRS de Frittage Flash (Université Toulouse III -Paul Sabatier). About 0.6 g of powder are loaded into an 8 mm inner-diameter graphite die. A graphitic foil (PERMA-FOIL®Toyo Tanso) is placed between punches and die and between die and powder to allow an easy removal after sintering. Before the thermal cycle, a pre-compaction step at 25 MPa during 2 min is systemically applied at room temperature in the SPS in order to guarantee the powder beds the same initial relative density (D) = of 35 %. Then, the samples are sintered in vacuum (residual cell pressure < 5 Pa). A direct current pulse pattern of 40 ms : 7 ms (pulse on : pulse off) is used and temperature is controlled by an optical pyrometer (with a 570 • C threshold temperature detection) focused on a hole at the external surface of the die. A heating rate of 200 • C/min from room temperature until 600 • C is used. During heating, a 100 MPa pressure is gradually applied and maintained until the end of the full cycle. After a 7 min dwell at 600 • C in order to have a homogenous temperature in the entire sample, a 100 • C/min heating rate is used until the chosen temperature of sintering (from 700 • C to 1400 • C). The final temperature is maintained from 3 to 30 min, depending of the study (sintering trajectory, densification mechanism or grain growth mechanism, specific parameters will be detailed before each part). The sintered specimens are in the form of pellets 8 mm in diameter and in the range of 2-3 mm thick. Residual graphitic paper is removed either by polishing (for samples sintered under 900 • C) or by a thermal treatment in air at 800 • C during 4 h (4 h heating and cooling). Some of the samples are reduced during sintering, as evidenced by the grey color of the corresponding pellets, so the thermal treatment has also the objective to reoxidize these samples.

Characterizations

Powders and the pellets are characterized by Raman Spectroscopy (633 nm laser, LabRAM 800 Jobin-Yvon, presented spectra averaged on three spectra). Selected samples are observed by field-emission-gun scanning electron microscopy (FESEM, JEOL JEM 7800 F) and/or by transmission electron microscopy (TEM, JEOL JEM 2100 F). A platinum coat (few nanometers thick) is applied in order to prevent charge accumulation on the surfaces during FESEM observations. For each powder, particle size distribution and average particle size are estimated from the measurement of several hundred particles. For sintered specimen, average grain size is determined from images of the fracture surfaces using the linear intercept method [START_REF] Mendelson | Average grain size in polycrystalline ceramics[END_REF]. Two selected sintered sample are observed by TEM and one is further analyzed by X-ray energy dispersive spectroscopy (EDS). A thin foil of the corresponding samples is prepared by grinding with SiC paper followed by dimpling (GATAN 656) with a 1 μm diamond suspension and finally by cold ion milling at 4 kV (GATAN PIPS 691). Density is first estimated from the weight and dimensions of the pellets and also measured by the Archimedes' method using a hydrostatic balance (Sartorius MSE22S-YDK03) only for samples presenting low porosity rate (relative density > 90 %). The relative density is calculated using theoretical densities of 5.817 g.cm -3 [13], 6.134 g.cm -3 [14] and 6.045 g.cm -3 [START_REF] Wang | Crystal structure of zirconia by Rietveld refinement[END_REF] for pure monoclinic, 3YSZ (3 mol. % YSZ) tetragonal and 8YSZ (8 mol. % YSZ) cubic zirconia, respectively and corresponding volumetric phases proportions in each sample.

Sintering mechanisms determination

Densification mechanisms

Several models can be used for the determination of SPS densification mechanisms [START_REF] Besson | Microstructural changes in Alumina during {HIP}[END_REF][START_REF] Guillon | Master sintering curve applied to the Field-Assisted Sintering Technique[END_REF][START_REF] Addad | Spark plasma sintering of a commercially available granulated zirconia powder: Comparison with hot-pressing[END_REF]. For the sake of comparison, we chose the one used by Bernard-Granger et al. [START_REF] Addad | Spark plasma sintering of a commercially available granulated zirconia powder: Comparison with hot-pressing[END_REF] who also studied 3YSZ SPS densification mechanisms. In this model, matter transport during sintering with or without an external load can be considered as analogous to that occurring in high-temperature creep [START_REF] Brook | Theory and Practice[END_REF][START_REF] Coble | Diffusion models for hot pressing with surface energy and pressure effects as driving forces[END_REF], and the Hot Pressing (HP) kinetic equation can be written in a simplified version [START_REF] Bordia | Sintering of TiO2-Al2O3 composites: a model experimental investigation[END_REF] of the general relationship for steady-state creep strain [START_REF] Mukherjee | Experimmental correlations for high temperature creep[END_REF]. Therefore, the equation ( 1) is considered:

1 D dD dt = BΦ μ eff b kT ( b G ) m ( σ eff μ eff ) n (1)
With D is the instantaneous relative density, t is time, B is a constant, ϕ is the diffusion coefficient, μ eff is the instantaneous shear modulus of the powder bed, k is the Boltzmann's constant, T is temperature, b is the Burgers vector, G is the grain size, σ eff is the instantaneous effective stress applied on the powder bed, and m & n the grain size and stress exponents, respectively. σ eff can be described by (2) according to Helle et al. [START_REF] Helle | Hot-isostatic pressing diagrams: new developments[END_REF] :

σ eff = 1 -D 0 D 2 (D -D 0 ) σ mac (2)
Where D 0 is the starting green density (relative density at 600 • C: 45 %, 46 %, 47 % and 48 % for TZ-3Y, TZ-8Y, US-3Y and US-8Y respectively) and σ mac is the macroscopic compaction pressure (100 MPa). Moreover, μ eff can be calculated with (3) defined by Lam et al. [START_REF] Lam | Mechanical properties of partially dense alumina produced from powder compacts[END_REF]:

μ eff = E th 2 ( 1 + ν eff ) D -D 0 1 -D 0 (3) 
Where E th is the Young modulus and ν eff the Poisson coefficient: 210 GPa [START_REF] Luo | Porosity-dependence of elastic moduli and hardness of 3Y-TZP ceramics[END_REF][START_REF] Adams | Young's modulus, flexual strength, and fracture of yttria-stabilized zirconia versus temperature[END_REF] and 0.31 [START_REF] Cousland | Mechanical properties of zirconia, doped and undoped yttria-stabilized cubic zirconia from first-principles[END_REF] for zirconia. With this model, grains size and stress exponents cannot be determined simultaneously. Densification mechanism can be deducted from the stress exponent n that is determined for a constant grain size, in the so-called densification regime where (1) transforms into (4):

1 μ eff 1 D dD dt = K 0 e -Q d RT T ( σ eff μ eff ) n ( 4 
)
Where K 0 is a constant, R is the gas constant and Q d is the activation energy of the densification mechanism. To determine n, (4) is transformed into its logarithmic form (Eq. ( 5)):

ln

( 1 μ eff 1 D dD dt ) = n ln ( σ eff μ eff ) + K 1 (5) 
Where K 1 is a constant and n is the slope when plotting ln

( 1 μ eff 1 D dD dt ) = f [ ln ( σ eff μ eff ) ]
Finally, the activation energy Q d of the densification mechanism can be calculated by plotting [START_REF] Manière | How to overcome the main challenges of SPS technology: reproductibility, multi-samples and elaboration of complex shapes[END_REF]:

ln ( T μ eff ( μ eff σ eff ) n 1 D dD dt ) = f [ 1 T ] (6) 
The slope corresponding to -Q d R . Thus, for each powder, the couple n, Q d will be determined to identify the densification mechanisms.

Grain growth mechanisms

During the final stage of sintering (closed porosity elimination), grain growth appears to be the main or even the only sintering mechanism whereas during the intermediate stage (open porosity elimination), it is coupled with densification. In order to determine the grain growth mechanism, it will be necessary to analyze the microstructural evolution of the samples during the final stage of sintering. On isothermal conditions, grain growth obeys to the normal law describe in Eq. ( 7) [START_REF] Bernache-Assollant | Chimie-Physique Du Frittage[END_REF]:

G m -G m 0 = k j t ( 7 
)
Where G is the instantaneous average grain size during the temperature dwell, G 0 is the initial average grain size at the temperature dwell beginning, m the grain size exponent depending on the grain growth mechanism, t is time and k j is a constant. With the average grain size determined for each ceramic at different temperatures and dwell times, it is possible to use the normal law (Eq. ( 7)) considering G 0 the average grain size at the end of the heating step and G the average grain size at the end of dwell time. Then, like Chaim et al. [START_REF] Bernard-Granger | Spark plasma sintering of a commercially available granulated zirconia powder-II. Microstructure after sintering and ionic conductivity[END_REF][START_REF] Mondal | Enhanced specific grain boundary conductivity in nanocrystalline Y2O3-stabilized zirconia[END_REF] have shown for Y 2 O 3 , by plotting G m -G m 0 with m = 2, 3, 4 (depending of the grain growth mechanism [START_REF] Bernache-Assollant | Chimie-Physique Du Frittage[END_REF]) as a function of time, the grain growth mechanism occurring during final sintering stage is determined by the linear regression with the correlation coefficient closer to 1.

Here again, for each powder, the m exponent will be determined to identify the grain growth mechanisms.

Results and discussion

Characterization of commercial powders

Fig. 1 shows the Raman spectra obtained for the four powders. It appears that the powders TZ-3Y and US-3Y are both two-phased monoclinic and tetragonal even if they are presented as Tetragonal Zirconia Polycrystal (TZP). The powder TZ-8Y, presented as Fully Stabilized Zirconia (FSZ), is mono-phased cubic although the US-8Y powder is two-phased monoclinic and cubic.

The phase proportions for the two-phased powders is determined from Raman spectroscopy using the methodology developed by Kim et al. [START_REF] Kim | Quantitative phase analysis in tetragonal-rich tetragonal/monoclinic two phase zirconia by Raman spectroscopy[END_REF]. It consists in measuring the intensity of three bands, two bands corresponding to the monoclinic phase at 192 cm -1 and 180 cm -1 and the third one at 148 cm -1 corresponding to the tetragonal or the cubic phase. Then, using Eq. ( 8) and Eq. ( 9), x m and f m (respectively the intensity ratio and the volume fraction) of monoclinic phase are determined. The phase proportions in each commercial powder are summarized in Table 1.

x m = I m(180 cm -1 ) + I m(192 cm -1 ) I m(180 cm -1 ) + I m(192 cm -1 ) + I q/c(148 cm -1 ) (8) 
f m = ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ̅ 0, 19 - 0, 13 x m -1, 01 √ -0, 56 (9) 
FESEM images, TEM images and particle size distribution of TZ-3Y and US-3Y powders are presented in Fig. 2 and of TZ-8Y and US-8Y powders are presented in Fig. 3. The powders TZ-3Y (Fig. 2 a) and b)) and TZ-8Y (Fig. 3 a) and b)) are constituted of granules themselves constituted of spherical submicronic particles. The powders US-3Y (Fig. 2 c,d) and US-8Y (Fig. 3 c,d) are constituted of micrometric aggregates themselves constituted of submicronic spherical particles. The powders have an average particle size around 20 nm and 50 nm for US-Nano and Tosoh powders, respectively. It is to be noticed that the difference between d 10 and d 90 is larger for Tosoh powders than for the US-Nano ones (Table 2), indicating that the particle size distribution is then larger in the case of Tosoh powders. The d 10 and d 90 are close to d 50 for all the powders, indicating a monomodal particle size distribution. The average particle sizes are very close to d 50 values (Table 2), in agreement with the tight particle size distribution. With phase proportions reported above and Eq. [START_REF] Langer | Electric field-assisted sintering in comparison with the hot pressing of yttria-stabilized zirconia[END_REF], it is then possible to calculate the densities of each powders, summarized in Table 2.

ρ = 1 ( fm ρ m + ( 1 -fm ρ t or c
) )

With ρ m the monoclinic phase density and ρ t or c the tetragonal or cubic (in the case of monoclinic-cubic two phased zirconia) phase density.

Determination of the sintering trajectory

Determination of the sintering regimes requires the establishment of the sintering trajectory of each powder. To determine the ceramic relative density for each sintering temperature, the amount of each phase and their own density has to be considered.

The following experimental conditions are chosen:

-Dwell temperature: 700-1400 • C for each powders -Dwell time: 3 min -Heating rate: 100 • C.min -1 -Macroscopic applied pressure: 100 MPa Fig. 4 presents the Raman spectra of TZ-3Y after sintering at different temperatures, monoclinic phase can be clearly identified with the two bands around 180 cm -1 and 192 cm -1 , those two bands disappear totally at 1100 • C, temperature at which the monoclinic phase transforms into tetragonal phase. Regarding the phase diagram [START_REF] Fabrichnaya | Assessment of thermodynamic parameters in the system ZrO2-Y2O3-Al2O3[END_REF], monoclinic phase should transforms into tetragonal phase at 1170 • C. This temperature difference can be attributed to a lowering of the monoclinic to quadratic phase transformation temperature by the application of the 100 MPa 

Table 1

Phase proportions (vol. %) in commercial powders.

Powders

Phase proportions TZ-3Y 23 % monoclinic / 77 % tetragonal US-3Y 9% monoclinic / 91 % tetragonal TZ-8Y 100 % cubic US-8Y 9% monoclinic / 91 % cubic pressure and/or the difference of temperature between the read one by the optical pyrometer and the real one in the sample which is higher (the optical pyrometer reading temperature at 3 mm of the tool surface and not the temperature at sample center). This latter can moreover be exacerbated by the increase of the ionic conductivity of yttria-stabilized zirconia with temperature [START_REF] Bernard-Granger | Spark plasma sintering of a commercially available granulated zirconia powder-II. Microstructure after sintering and ionic conductivity[END_REF]. It is possible that tetragonal and cubic phases coexist but due to the close lattice parameters of tetragonal (a 0 = 0.5094 nm and c 0 = 0.5177 nm) and cubic structure (a 0 = 0.5124), it is very difficult to discriminate one phase from the other by XRD. This difficulty has already been reported in literature by Mondal et al. [START_REF] Mondal | Enhanced specific grain boundary conductivity in nanocrystalline Y2O3-stabilized zirconia[END_REF] or Nitsche et al. [START_REF] Winterer | Phase stability in nanostructured and coarse grained zirconia at high pressures[END_REF] and needs, for example, an identification using a synchrotron x-radiation source that allows high resolution studies at small or high-angle regions because of its high beam intensity (Srinivasan et al. [START_REF] Srinivasan | Identification of tetragonal and cubic structures of zirconia using synchrotron x-radiation source[END_REF]). Fig. 4 shows that Raman spectra of TZ-3Y sintered during 3 min at 1100 • C and 1400

• C respectively are similar. Moreover, TZ-3Y sintered at 1400 • C spectrum exhibits same bands than the tetragonal spectrum shown by Wulfman et al. [START_REF] Wulfman | Interest of Raman spectroscopy for the study of dental material: the zirconia material example[END_REF]. We can also note (cf. Fig. 1) by comparing the Raman spectra of TZ-8Y, for which it is generally accepted that the cubic phase is the most stable [START_REF] Chevalier | The tetragonal-monoclinic transformation in zirconia: lessons learned and future trends[END_REF], with those of TZ-3Y for which it is generally accepted that the tetragonal phase is the most stable in this temperature range that the bands observed are very close. Thus, it can be suggested that the cubic band present at 628 cm -1 could provoke a shoulder on the tetragonal band profile at 637 cm -1 but as it seems not be present in our spectrum, we suggest that there is no cubic phase formation after monoclinic phase transitioned into tetragonal phase until 1100 • C. Fig. 5 shows the FESEM images of TZ-3Y powder (Fig. 5 a)) and TZ-3Y samples sintered at different temperatures. It can be observed that up to 1000 • C, no grain growth occurs (Fig. 5 b-d), while at 1100 • C grain growth starts (Fig. 5 e)) and at 1300 • C, the sample seems to reach full density combined with high grain growth phenomenon (Fig. 5 f)).

Previous calculations and observations conducted on TZ-3Y are then made for each powder in order to plot the sintering trajectories. Those sintering trajectories are presented in Fig. 6 and Fig. 7. Fig. 6 evidences different sintering behaviors for TZ-3Y and US-3Y. For TZ-3Y, densification starts at 900 • C and finishes at 1150 • C when grain growth beginning is initiated around 950 • C. For US-3Y, densification starts at a lower temperature (between 700 • C and 800 • C) and finishes at 1050 • C (100 • C earlier than TZ-3Y) when grain growth starts at 950 • C too. This is a direct consequence of the initial powder particle size on the sintering ability which is higher for lower particle sizes [START_REF] Herring | Effect of change of scale on sintering phenomena[END_REF].

The sintering behavior of TZ-8Y and US-8Y (Fig. 7) reveals that US-8Y is fully densified 150 • C before TZ-8Y (1200 • C and 1050 • C for TZ-8Y and US-8Y, respectively) while they both start to densify between 700 and 800 • C. Here again, this lower sintering temperature is a consequence of the lower particle size of US-8Y powder (16 ± 4 nm) than TZ-8Y powder (51 ± 10 nm). Grain growth starts at the same temperature for the two powders (1000 • C).

It can be noticed that grain growth in TZ-8Y and US-8Y samples is more important than in TZ-3Y and US-3Y samples (Fig. 6, Fig. 7). It is attributed by several groups [START_REF] Stoto | Influence of residual impurities on phase partitiioning and grain growth processes of Y-TZP materials[END_REF][START_REF] Yoshizawa | Evolution of microstructure and grain growth in Zr02-Y203 alloys[END_REF][START_REF] Matsui | Cubicformation and grain-growth mechanisms in tetragonal zirconia polycrystal[END_REF][START_REF] Lee | Sintering and grain growth in tetragonal and cubic zirconia[END_REF] to a grain-boundary mobility in Y-TZP markedly lower due to Y 3+ segregation at the grain boundaries and a higher activation energy than in Y 2 O 3 -stabilized cubic stabilized zirconia.

At this stage, it can be appropriate to specify that the US-Nano powders used (3Y and 8Y) present a very low amount of impurities, the highest being Cl with a content less than 0.03 wt. %, other impurities are present with a content lower than 50 ppm (suppliers data). For TZ-3Y powder, Al 2 O 3 is the main impurity and is present at 0.253 wt. % (supplier value), other impurities are present with content less than 0.03 wt. %. Finally, for TZ-8Y powder, amounts of impurities are lower than 0.09 wt.%. With those amounts, it can be suggested that impurities do not have an impact on the sintering behavior of TZ-8Y, US-3Y and US-8Y powders.

Concerning TZ-3Y and its Al 2 O 3 wt. % content which can be considered high, we can refer to the study of Matsui et al. [START_REF] Matsui | Sintering kinetics at isothermal shrinkage: effect of specific surface area on the initial sintering stage of fine zirconia powder[END_REF]. They studied, in four powders, the impact of TZ-3Y specific surface area (that can be related to the evolution of TZ-3Y average grain size) and Al 2 O 3 content. They showed that for powders with a given particle size, the one with the higher amount of Al 2 O 3 shows the higher densification rate whereas for the same amount of Al 2 O 3 , the powder with the lower specific surface area presents the lower densification rate.

In our study, as indicated previously, TZ-3Y powder presents a higher Al 2 O 3 content than US-3Y powder but also higher particle size so no conclusion on which parameter has more effect on densification rate can be made.

For each powder, the sintering trajectory has been established and clear zones of pure densification without any grain growth (regime 1) and of grain growth without any densification (regime 2) have been defined. For all powders, sintering mechanisms can now be determined for each stage.

It has to be noticed that at regime 1), the samples obtained are totally white and they turn into grey color when sintered at higher temperature. This coloration has also been observed by Bernard-Granger et al. in their study and as they suggest, in accordance with the study of Munir et al. [START_REF] Anselmi-Tamburini | Spark plasma sintering and characterization of bulk nanostructured fully stabilized zirconia: part II. Characterization studies[END_REF], zirconia turned into grey color due to its partial reduction with oxygen loss and not because of carbon pollution. The influence of the electric field on oxygen vacancies during grain growth (regime 2) had not been deeply investigate and could be an interesting topic for further study.

Densification mechanism

The value of stress exponent n is determined during regime 1) for each powders. The following experimental conditions are chosen:

-Dwell temperature: depending on the powder (from 825 • C to 1000

• C) -Dwell time: 10 min -Heating rate: 100 • C.min -1 -Macroscopic applied pressure: 100 MPa With the sample density at 600 • C and the electrode displacement measured every 0.5 s, it is possible to calculate the sample instantaneous relative density (D int ) using Eq. [START_REF] Dahl | Densification and properties of zirconia prepared by three different sintering techniques[END_REF]. A part of the displacement measured during the sintering is a consequence of the SPS column (spacers and tool) thermal expansion, it is then necessary to do a correction to know the real displacement of the sample and so to calculate its true thickness l i during the sintering.

D int = ( l f l i ) D f ( 11 
)
With l f the sample thickness (in mm) after sintering, l i the instantaneous sample thickness (in mm) and D f the sample relative density after sintering.

It is to be noted that most of the increase of D (i.e. highest densification rate) is occurring during the first 120 s of the dwell. As it is systematic for each material, n values are determined as the slope of the plot of Eq. ( 5) for the first 120 s of the dwell. Results obtained at 950 • C for TZ-3Y and at 900 • C for the other materials are represented in Fig. 8.

For TZ-3Y, the stress exponent n exhibits value of 2.10 at 950 • C, close to n = 2. For US-3Y, n = 1.58 at 900 • C. This n value is in between 1 and 2 but the average value determined at different temperatures is closest to n = 2. For TZ-8Y and US-8Y, the stress exponents n exhibit values of 2.85 and 3.05 respectively, close to n = 3.

The plotting of 1 D dD dt as a function D permits to calculate σ eff and μ eff that are used for the plot of ln

[ T μ eff ( μ eff σ eff ) n 1 D dD dt
] as a function of 1 T (Fig. 9), the slope is therefore equals to -Qd R and permits to determine the activation energy Q d .

The results summarized in Table 3 can be compared with those found in the literature (Table 3). However, all the informations are not always available in the publications cited, in particular the nature of diffusing species.

With TZ-3Y, a stress exponent of 2 is determined. A same value is obtained by Bernard-Granger et al. [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] and corresponds to a densification by grain boundary sliding accommodated by an in-series interface-reaction/lattice diffusion of Zr 4+ and/or Y 3+ cations. A densification is "interface-reaction controlled" when diffusion rate is imposed by local processes occurring at the interface (i e. at grain boundaries) rather than at long range diffusion [START_REF] Arzt | Interface controlled diffusional creep[END_REF]. In our study, the stress exponent is determined when no grain growth had already occurred, the grain size is still in the low part of the submicronic range. With such a small grain size, the diffusing path (grain boundaries) are short and so the diffusing rate are fast which induces a dominant interface-reaction mechanism [START_REF] He | Densification and grain growth during interface reaction controlled sintering of alumina ceramics[END_REF]. In theory the diffusional process of ions requires that grain boundaries act as perfect sources and sinks of vacancies so that all the energy is expended to lead the diffusional flux along the grain boundaries. But in reality some part of this energy will help to the inclusion or the removal of a vacancy from a grain boundary [START_REF] Ashby | On interface-reaction control of Nabarro-Herring creep and sintering[END_REF].

In this study, an activation energy of 673 ± 9 kJ.mol -1 corresponding to a volume diffusion of cation Zr 4+ or Y 3+ is obtained. It is higher than the 450 kJ.mol -1 found by Bernard-Granger et.al. [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] but in the range of values found in the literature (Table 3).

For US-3Y, a same stress value of 2 corresponding to a grain boundary sliding accommodated by interface-reaction densification mechanism is obtained. However, the activation energy (250 ± 3 kJ. mol -1 ) is far lower the one obtained for TZ-3Y (673 ± 9 kJ.mol -1 ). Theunissen et al. [START_REF] Theunissen | Sintering kinetics and microstructure development of nanoscale Y-TZP ceramics[END_REF] studied densification and grain growth mechanisms of nanometric (i.e. ≈ 15 nm) TZP powder. They obtained an activation energy of 100 kJ.mol -1 with a n value of 2 when sintering occurs in the temperature range of 650 • C-900 • C, corresponding to a mechanism of Zr 4+ surface diffusion. In this study the initial particle size of US-3Y is more than half the TZ-3Y one and slightly higher than the one in the Theunissen et al. paper [START_REF] Theunissen | Sintering kinetics and microstructure development of nanoscale Y-TZP ceramics[END_REF]. Then, we suggest that same densification mechanism is occurring for US-3Y as for TZP powder studied by Theunissen et al. [START_REF] Theunissen | Sintering kinetics and microstructure development of nanoscale Y-TZP ceramics[END_REF]. Moreover, in our study densification mechanism is identified when there is no grain growth, at initial relative densities between 61 % and 70 % which corresponds to the end of the initial stage of sintering and the beginning of intermediate stage. We conclude then that concerning US-3Y, it could exist an overlapping of densification mechanisms by surface diffusion and grain boundary sliding accommodated by interface-reaction. Concerning TZ-8Y and US-8Y, a higher n value of 3 (when n = 2 for TZ-3Y) is obtained. It corresponds to a densification by dislocation climbing. TEM observation (Fig. 10) of sample US-8Y (sintered at 900 • C, 10 min and 100 MPa) confirmed this stress exponent value by revealing the presence of dislocation networks (insert Fig. 10). Langer et al. [START_REF] Langer | Electric field-assisted sintering in comparison with the hot pressing of yttria-stabilized zirconia[END_REF] found n = 1 for a polycrystalline cubic zirconia powder (8% mol. YSZ with 150 nm average particle size) densified by SPS, corresponding to a densification by grain boundary diffusion. A stress exponent n = 1 is also reported in two other studies for polycrystalline cubic zirconia (Table 3). The difference of sintering mechanism can be explained by the application of a higher macroscopic stress (100 MPa) in the present study. In literature, all stress exponent determinations are performed at a low sintering pressure (<100 MPa) [START_REF] Langer | Electric field-assisted sintering in comparison with the hot pressing of yttria-stabilized zirconia[END_REF][START_REF] Kumagai | Estimation of stress exponent and activation energy for rapid densification of 8 mol% yttria-stabilized zirconia powder[END_REF][START_REF] Lakki | Mechanical loss, creep, diffusion and ionic conductivity of ZrO2-8 mol%Y2O3 polycrystals[END_REF]. Studies at higher pressures (>100 MPa) are conducted on cubic zirconia single crystals for high temperature creep purpose and evidenced creep by dislocation climb (n > 3) or plastic deformation (n > 4.5) [START_REF] Martinez-Fernandez | High-temperature creep of yttria-stabilized zirconia single crystals[END_REF][START_REF] Domínguez-Rodríguez | Plasticity of zirconia[END_REF][START_REF] Gómez-García | Mechanisms of high-temperature creep of fully stabilized zirconia single crystals as a function of the yttria content[END_REF]. For dislocation climb, activations energy for Zr 4+ or Y 3+ volume diffusion of 577 and 528 kJ. mol -1 are reported [START_REF] Domínguez-Rodríguez | Plasticity of zirconia[END_REF][START_REF] Gómez-García | Mechanisms of high-temperature creep of fully stabilized zirconia single crystals as a function of the yttria content[END_REF], much lower than the one determined in the present study for TZ-8Y (1142 ± 11 kJ.mol -1 ) but in agreement with the one obtained for US-8Y (575 ± 3 kJ.mol -1 ).

Such a high activation energy of 1142 ± 11 kJ.mol -1 is a possible consequence of a low amount of defects. In their study, Bernard-Granger et al. [START_REF] Bernard-Granger | Apparent activation energy for the densification of a commercially available granulated zirconia powder[END_REF] have also obtained a high value of 935 kJ.mol -1 for a TZP powder during intermediate step of sintering (relative density equals to 73 %), they suggest that due to the low relative density (high porosity and low amount of grain boundaries), the creation of point defect is too hard and so controls the densification.

In our present study, the stress exponent is determined between 900 • C and 950 • C, when relative density is between 54 % and 64 % (lower than the range of Bernard-Grander et al. study), so the hard point defects formation can explain the higher activation energy.

For US-8Y, stress exponent is determined also during intermediate step of sintering (between 825 • C and 900 • C) when relative densities are slightly higher in the range between 58 % and 68 % so it should also impact the activation energy by increasing it, but this increase may be partially compensated by the fact that grain size is lower. As found for US-3Y, so the densification of US-8Y may also occur by the formation of point defects.

Grain growth mechanism

In order to determine the grain growth mechanism, the following experimental conditions are chosen:

-Dwell temperature: 1100-1300 • C for TZ-3Y; 1000-1300 • C for TZ-8Y; 1200-1400 • C for US-3Y; 1100-1400 • C for US-8Y -Dwell time: 0, 10, 20, 30 min -Heating rate: 100 • C.min -1 -Macroscopic applied pressure: 100 MPa FESEM observations of the fracture surfaces of 3Y samples are presented in Fig. 11. The fracture mode is intergranular for TZ-3Y sintered at 1100 • C with no dwell time (Fig. 11 a)), some transgranular areas start to appear when sintering is performed at 1300 • C with no dwell time (Fig. 11 b)) and become majority when a dwell time of 30 min is applied at this temperature (Fig. 11 c)). The analysis of transgranular fractures requires a thermal etching (100 • C under the sintering temperature, during 1 min) in order to reveal the grain boundaries to be able to measure the average grain size. Fig. 11 d) is the FESEM image obtained after the thermal etching of TZ-3Y sintered at 1300 • C during 30 min (Fig. 11 c), the grain boundaries are clearly evidenced. When consolidating the US-3Y powder, the fracture profile mainly remains intergranular for the all temperature range explored (Fig. 11 e). However, on Fig. 11f some areas of transgranular rupture can be observed larger in size than those of the rest of the grains. This may reflect the initial particles size distribution of the powder. In addition, it has been clearly shown for the rupture mode on dense samples is first intergranular and becomes progressively transgranular increasing sintering set-point temperature (i.e. grain size). As observed for TZ-3Y, same phenomenon may be evidenced here on US-3Y but at higher temperature due to the smaller initial particle size, compared to TZ-3Y.

Similar observations can be done with the 8Y powders. For TZ-8Y, the fracture profile is intergranular (Fig. 12 a)) when sintering is performed up to 1100 • C for 10 min (Fig. 12 b)) while transgranular areas appear when a dwell time of 20 min is applied at this temperature and these become the majority beyond these conditions (T and t) (Fig. 12 c)). It is to be noted, this transgranular fracture mode starts to appear at lower temperature than for TZ-8Y compare to TZ-3Y (1100 • C for TZ-8Y against 1300 • C for TZ-3Y). Same kind of thermal etching is then necessary in order to measure the average grain size (Fig. 12 d)). For US-8Y (Fig. 12 e) and f)), like for US-3Y material, the fracture profile is mainly intergranular in the temperature range explored and some transgranular fractures start to appear when US-8Y is sintered at 1100 • C for 30 min (Fig. 12 e)).

It can be noticed on Fig. 6 and Fig. 7 that at 1300 • C for TZ-3Y and 1100 • C for TZ-8Y, both samples reached approximatively the same average grain size around 200 nm. At 1300 • C for US-3Y and 1100 • C for US-8Y, the grain size is around 400 nm for both samples. It seems then that fracture mode is directly related to the grain size. For sample sintered with different powders of the same yttria content (TZ-3Y / US-3Y or TZ-8Y / US-8Y), it has been observed that intergranular was the main fracture profile at low grain size and then transgranular fracture started to appear when the grain size reaches 200 nm for TZ powders and 400 nm for US powders. This may suggest that the sample with transgranular fractures show higher quality grain boundaries than the sample with intergranular fractures. These observations made at different temperatures need more investigations and characterizations to make a definitive conclusion and could be the topic of a second study.

The evolution of G m -G m 0 as a function of time is reported in Fig. 13. Using the methodology presented in §2.4.2, the grain growth exponent m is determined. For TZ-3Y, linear regression coefficients are equals to 0.97, 0.93 and 0.88 for m values of 2, 3 and 4 respectively. It is when m = 2 that the coefficient is the closest to 1. This value corresponds, to a grain growth controlled by grain boundaries motion in a pure material [START_REF] Bernache-Assollant | Chimie-Physique Du Frittage[END_REF].

This methodology is applied for each ceramic and the grain growth exponent m is equal to 2 for all the samples whatever the temperature. In the literature, an m value of 3 is generally obtained (Table 4). This m value of 3 is attributed to a grain growth mechanism in impure fully densified materials controlled by the presence of a second phase or impurities at grain boundaries [START_REF] Bernache-Assollant | Chimie-Physique Du Frittage[END_REF].

According to several groups [START_REF] Matsui | Cubicformation and grain-growth mechanisms in tetragonal zirconia polycrystal[END_REF][START_REF] Matsui | Grain boundary segragation-induced phase transformation in yttria-stabilized tetragonal zirconia polycrystal[END_REF][START_REF] Matsui | Grain-boundary structure and microstructure development mechanism in 2-8 mol% yttria-stabilized zirconia polycrystals[END_REF], yttrium segregation at grain boundaries is governing 3YSZ grain growth during sintering in a two-phased tetragonal-cubic zirconia ceramic. In these studies, ceramics are pressureless sintered (under air) at high temperature (T ≥ 1300 • C) with long dwell times (from tens of minutes to tens of hours) which causes the formation of a two-phased tetragonal-cubic zirconia (by segregation of yttrium cations at grains boundaries). EDS analyses are performed on a TZ-3Y ceramic sintered at 1400 • C during 30 min (Fig. 14). It appears that cations Zr 4+ and Y 3+ are homogeneously spread in each grain, so there is no segregation of Y 3+ at grain boundaries during SPS of monophased tetragonal zirconia. A grain growth mechanism governed by Y 3+ grain boundary segregation can thus be ruled out for monophased tetragonal zirconia, suggesting that this latter can be considered like a pure material, contrary to two-phased tetragonal-cubic zirconia.

As suggested by Quach et al. [START_REF] Quach | Pressure effects and grain growth kinetics in the consolidation of nanostructured fully stabilized zirconia by pulsed electric current sintering[END_REF] and Ghosh et al. [START_REF] Ghosh | A huge effect of weak dc electrical fields on grain growth in zirconia[END_REF], the application of an electrical field could create a space charge near the grain boundaries. This "barrier" would limit the diffusion of cations and then the mobility of the boundaries which slows the grain growth. This hypothesis, probably coupled with high grain growth rate imposed by SPS, could explain why no yttrium segregation can be observed at grain boundaries on our samples and why a different grain growth exponent (i. e. a different grain growth mechanism) is obtained compared to literature.

Finally, Fig. 15 reveals that grain boundaries are curved in both cases for fully tetragonal zirconia (Fig. 15 a)) as well as for fully cubic zirconia (Fig. 15 b)). It is well-known that difference in grain size will create curved boundaries that causes a variation of pressure from one side of the grain boundary to the other (compression forms under the surface of the little grain side and tension under the surface of the big grain side), which engenders the motion of the grain boundary from big grains to the direction of the center of the little one leading to the disappearance of the latter [START_REF] Zhao | Grain Growth of Silica-Added Zirconia Annealed in the Cubic/Tetragonal Two-Phase Region[END_REF][START_REF] Matsui | Grain boundary segragation-induced phase transformation in yttria-stabilized tetragonal zirconia polycrystal[END_REF]. As a consequence, we can conclude that grain growth of monophased TZP and FSZ ceramics by SPS occurs by normal grain growth in a homogenous material. This result is in agreement with those reported by Lee et al. [START_REF] Lee | Sintering and grain growth in tetragonal and cubic zirconia[END_REF] who mention a normal grain growth by grain boundaries migration for TZP and FSZ during pressureless sintering. Moreover, it can be noticed that for 3YSZ ceramics, higher the temperature is, closer are the R 2 during the determination of the grain size exponents when taking a value of 2 and 3. Therefore, it seems that the sintering of YSZ with SPS, delays the formation of cubic phase and a normal grain growth occurs (corresponding to a grain size exponent equal to 2). We suggest that when the temperature will be higher and/or for longer sintering times, a segregation of Y 3+ will probably start at the grain boundaries leading to the formation of cubic phase. With this change, the linear coefficient closest to 1 will slowly passes from 2 to 3, the last one associated to the mechanism mostly found in the literature.

The normal law has been used at lower temperature in order to observe if densification had an impact on the grain growth and the same grain size exponent has been found so we can conclude that with those experimental conditions, densification has no impact on the grain growth mechanism.

Conclusions

The spark plasma sintering of commercial YSZ powders with different yttria amounts (3 mol. % and 8 mol. %) and different particle sizes (between 16 nm and 51 nm) was investigated and sintering mechanisms were determined. To the best author knowledge, this is the first time that such a comparative study on YSZ spark plasma sintering is reported. As expected, sintering trajectories reveal that powders with lowest particle sizes (US-3Y, 21 nm and US-8Y, 16 nm) start to consolidate at a lower temperature than the two other powders with larger particle sizes (TZ-3Y, 47 nm and TZ-8Y, 51 nm). Sintering trajectories also evidence that FSZ (US-8Y and TZ-8Y) present a larger grain growth than TZP (US-3Y and TZ-3Y). In the densification regime, stress exponents and activation energies have been determined using the formalism used by Bernard-Granger et al. [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]. For TZ-3Y (n = 2 and Q d = 673 ± 9 kJ.mol -1 ), densification occurs by grain boundary sliding accommodated by an in-series interface-reaction/lattice diffusion of the Zr 4+ and/or Y 3+ cations. For US-3Y (n = 2 and Q d = 240 ± 4 kJ.mol -1 ), of lower particle size than TZ-3Y, there is an overlapping of surface diffusion and grain boundary sliding densification mechanism. Concerning TZ-8Y (n = 3 and Q d = 1142 ± 11 kJ.mol -1 ) and US-8Y (n = 3 and Q d = 575 ± 3 kJ.mol -1 ), densification may occur via dislocation climbing, as confirmed by HRTEM observations. It appears that densification mechanisms are impacted by the yttria amount (n = 2 for 3Y powders being TZP and n = 3 for 8Y powders being FSZ) while sinterability and activation energies are impacted by the initial powder particle sizes.

Grain growth mechanisms were determined in the final sintering stage by using a conventional power law. A grain size exponent equal to 2 is determined for all the samples. This value corresponds to a grain growth occurring by grain boundaries motion in a mono-phased material. In literature, an exponent of 3 is usually found, corresponding to an yttrium segregation at grain boundaries for two-phased materials. However, our results are completely justified by the mono-phased ceramics obtained (tetragonal for TZP and cubic for FSZ both confirmed by Raman spectroscopy), the absence of yttrium segregation at grain boundaries (influenced by a space charge created by the SPS electrical field slowing the diffusivity of species and the grain growth rate), the absence of a second/glassy phase at grain boundaries and the distribution of grain sizes in ceramics inducing grain boundaries curvatures and thus their motion and grain growth. Neither the particle size, nor the yttria amount impact the grain growth mechanism, it can then be suggested that the densification rate obtained by SPS and the presence of an electrical field creating a space charge limiting the cation segregation and so the boundary mobility is the cause of the grain growth mechanism.
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Fig. 1 .

 1 Fig. 1. Raman spectra of the commercial powders TZ-3Y, US-3Y, TZ-8Y and US-8Y with phase identification (m, t and c are used for monoclinic, tetragonal and cubic phase, respectively).

Fig. 3 .

 3 Fig. 3. FESEM and TEM images and particle size distribution of a) and b) TZ-8Y); c) and d) US-8Y commercial powders.

Fig. 2 .

 2 Fig. 2. FESEM and TEM images and particle size distribution of a) and b) TZ-3Y; c) and d) US-3Y commercial powders.

Fig. 4 .

 4 Fig. 4. Raman spectra of TZ-3Y sintered at different temperatures.

Fig. 5 .

 5 Fig. 5. FESEM images of a) TZ-3Y powder and TZ-3Y samples sintered at b) 700 • C, c) 800, d) 1000 • C, e) 1100 • C and f) 1300 • C.

Fig. 6 .

 6 Fig. 6. Evolution of the relative density and grain size as a function of temperature during TZ-3Y and US-3Y SPS sintering.

Fig. 7 .

 7 Fig. 7. Evolution of the relative density and grain size as a function of temperature during TZ-8Y and US-8Y SPS sintering.

Fig. 8 .

 8 Fig. 8. Stress exponent determination at different temperatures for a) TZ-3Y, b) US-3Y, c) TZ-8Y and d) US-8Y.

Fig. 9 .

 9 Fig. 9. Activation energy when n = 2 for TZ-3Y. The slope is equal to -Q d /R.

Fig. 10 .

 10 Fig. 10. TEM observation of dislocation network on US-8Y sample sintered at 900 • C (100 MPa, 10 min).

Fig. 11 .

 11 Fig. 11. FESEM images of ceramics after sintering by SPS: a) TZ-3Y 1100 • C, 0 min dwell, b) TZ-3Y 1300 • C, 0 min dwell time, c) TZ-3Y 1300 • C, 30 min dwell, d), TZ-3Y 1300 • C after 1 min thermal etching at 1200 • C and polishing, e) US-3Y 1100 • C, 0 min dwell, f) US-3Y 1400 • C, 30 min dwell.

Fig. 12 .

 12 Fig. 12. FESEM images of ceramics after sintering by SPS: a) TZ-8Y 1100 • C, 0 min dwell, b) TZ-8Y 1100 • C, 10 min dwell, c) TZ-8Y 1100 • 20 min dwell, d), TZ-8Y 1400 • C after 1 min thermal etching at 1300 • C and polishing, e) US-8Y 1100 • C, 30 min dwell, f) US-8Y 1400 • C, 20 min dwell.

Fig. 13 .

 13 Fig. 13. Formalism used to determine grain size exponent. Slopes are calculating when plotting G m -G 0 m with different values of m as a function of dwell time. The highest slope is related to the grain growth mechanism occurring.

Fig. 14 .

 14 Fig. 14. EDS analysis of Zirconium (red) and Yttrium (green) repartition in TZ-3Y sintered at 1400 • C with a 30 min dwell time. Dash lines represent grain boundaries (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 15 .

 15 Fig. 15. FESEM images of TZ-3Y (left) and TZ-8Y (right) microstructures after sintering at 1400 • C for 30 min and polishing and a thermal etching at 1300 • C for 1 min to reveal grain boundaries.

Table 2 Commercial

 2 

	TZ-3Y	47 ± 10	35	46	60	6.06
	US-3Y	21 ± 6	16	20	28	6.05
	TZ-8Y	51 ± 10	42	54	72	6.10
	US-8Y	16 ± 4	11	15	21	6.02

powders characteristics: Average particle size G and ρ, theoretical density. Powders G (nm) d 10 (nm) d 50 (nm) d 90 (nm) ρ (g. cm -3 )

Table 3

 3 Zirconia densification mechanisms in literature: References (Ref), Zirconia studied (Mat), Sintering method used (Sint: SF for Sinter forging, PlS for Pressureless Sintering and ECAS for Electrical current-activated/assisted sintering), Temperature (T), Relative density at soak end (D f ), stress exponent (n), activation energy (Q d ), V for volume diffusion, GB for grain boundary diffusion and S for surface diffusion.

	Ref	Mat	Sint	T ( • C)	D f (%)	n	Q d (kJ/mol)	Diffusion type (Diffusion species)
	This study [9]	TZ-3Y US-3Y TZ-8Y US-8Y 3Y	SPS SPS SPS SPS SPS	950-975-1000 850-875-900 900-925-950 825-875-900 950-1050	66-83	2 2 3 3 2	673 ± 9 240 ± 3 1142 ± 11 575 ± 3 450	V (Zr 4+ -Y 3+ ) S (Zr 4+ ) V (Zr 4+ -Y 3+ ) V (Zr 4+ -Y 3+ ) V (Zr 4+ )
	[44] [45] [46] [47]	3Y 3Y 3Y 3Y	SF -PlS -	1300-1600 -1400-1600 1250-1450	----	---2	610 506 390-425 515-500 460	V GB V (Zr 4+ -Y 3+ ) V (Zr 4+ -Y 3+ ) GB (Zr 4+ )
	[48]	3Y	PlS	650-900	48-53	-	100	S
	[49]	3Y	PlS	1276-1476	-	-	506	GB
	[50]	3Y	PlS	930-1370	-	-	670	GB
	[42]	3Y	PlS	1000-1100	-	-	683	GB
	[10] [49]	8Y 8Y	SPS PlS	1200-1300 1276-1476	65 -	1 -	630 309	GB GB (Zr 4+ )
	[50]	8Y	PlS	930-1370	-	-	757	GB
	[51] [52] [53] [54] [55] [56]	8Y 8Y 8Y 8Y* 8Y* 8Y*	PlS ECAS PlS High temperature Creep High temperature Creep High temperature Creep	1300-1600 1026-1126 1600 1300-1400 1450-1550 >1500 >1500	50-60 ------	1 1 1 7.3 4.5 3 3	668 350 460 711 586 577 528	V GB (Zr 4+ ) GB (Zr 4+ ) V (Zr 4+ -Y 3+ ) V (Zr 4+ -Y 3+ ) V (Zr 4+ -Y 3+ ) V (Zr 4+ -Y 3+ )

* Studies performed on single crystals.

Table 4

 4 Zirconia grain growth mechanism in literature: Ref for reference; Mat for material; Atm for atmosphere; T for temperature; t for time and G for grain size.

	Ref	Mat	Sint	Atm	T ( • C)	t	D r (%)	G max	Mechanism
	[41]	2Y 8Y	PlS	Air	1300-1700	-	-	-	m = 2 (for both)
	[61]	3Y	PlS	Air	1350-1650	48 min 223 min	-	2 μm	m = 3
	[62]	3Y	PlS	Air	1100-1400	2 h 15 h	95	70 nm	Y 3+ segregationn
						5 min			m = 3
	[63]	6Y	PlS	Air	1400	8 h 24 h	98	3 μm	Y 3+ segregationn
						72 h			
	[64]	3Y	PlS	Air	1400-1800	2 h	98	2.5 μm	m = 3
			PlS HP	Air	1300-1500	1-12 h	97	12 μm	
	[11]	8Y	SPS	N 2 Void	1150-1300 1100-1300	0-6 h 0-10 min	99 99	370 nm 330 nm	m = 3
	[65]	3Y	PlS	Air	1300-1500	0-50 h	95	200 nm	m = 3