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This work was focused on the determination of densification mechanisms during Spark Plasma Sintering (SPS) of Ho:Lu2O3 nanopowders. Strong variation of the stress exponent n was evidenced during the sintering process. At low relative density (i.e. ρ < 66%), n=3 and powder particles rearrangement and coalescence take place because of high value of effective stress and low size of primary nanoparticles. Then, for ρ between 66% and 85%, the stress exponent decreases to n = 2 then n = 1. Such values were related to Rachinger then Lifshitz sliding mechanisms, the last one was associated with an average activation energy of 565 kJ.mol -1 . At the final densification stage (ρ > 85%), the stress exponent suddenly increases to 4 in accordance with a power-law creep. From these investigations, an optimized thermomechanical cycle was proposed to obtain highly transparent Ho:Lu2O3 ceramics suitable for laser applications.

Introduction

For a decade, 2 µm active laser ceramics have been mainly studied for their great potential in high power applications [START_REF] Zhang | Fabrication, properties and laser performance of Ho:YAG transparent ceramic[END_REF][2] and more particularly for medical field because of absorption band of water at this wavelength [3][4]. Among 2 µm emitting ions, Ho 3+ presents the largest emission cross-section which allows its use as efficient active ion for solid-state lasers [START_REF] Payne | Infrared cross section measurements for crystals doped with Er 3+ , Tm 3+ , and Ho 3+[END_REF]. Garnet structures like Yttrium Aluminum Garnet (YAG) are widely used as host matrix [6-8] for laser ions. However, some studies have shown that rare-earth sesquioxides (Sc2O3, Y2O3 and Lu2O3) present some advantages in comparison to YAG [9] [START_REF] Antipov | Optical properties and efficient laser oscillation at 2066 nm of novel Tm:Lu2O3 ceramics[END_REF]. More precisely, they exhibit a higher thermal conductivity, and Lu2O3 keeps enhanced thermal conductivity for high concentration of Ho 3+ ions [START_REF] Ikesue | Ceramic Lasers[END_REF]. Unfortunately, this compound has a very refractory behavior (Tmelting = 2450°C against 1980°C for YAG), so pressure-assisted sintering methods are needed to reach a fully dense and transparent material such as Hot Isostatic Pressing (HIP) [START_REF] Serivalsatit | Synthesis of Er-doped Lu2O3 nanoparticles and transparent ceramics[END_REF] or Spark Plasma Sintering (SPS) [START_REF] An | Fabrication of Transparent Lutetium Oxide by Spark Plasma Sintering[END_REF].

Spark Plasma Sintering is often used for the manufacturing of nanocrystalline refractory ceramics [START_REF] Orrù | Consolidation/synthesis of materials by electric current activated/assisted sintering[END_REF] because of its numerous advantages including short heat treatments, very fast densification and limited grain growth [START_REF] Schwarz | Two step sintering of cubic yttria stabilized zirconia using Field Assisted Sintering Technique/Spark Plasma Sintering[END_REF]. But the physical-chemistry mechanisms occurring in the green compact during the heat treatment and leading to a fast shrinkage are still under debate [START_REF] Hulbert | The absence of plasma in "spark plasma sintering[END_REF][17], as same as the effect on grain growth [START_REF] Raj | Influence of Externally Imposed and Internally Generated Electrical Field on Grain Growth, Diffusional Creep, Sintering and Related Phenomena in Ceramics[END_REF]. In order to identify the related densification mechanisms, some analytical models have been developed and applied to the experimental data obtained from SPS measurements [START_REF] Langer | Direct comparison between hot pressing and electric field-assisted sintering of submicron alumina[END_REF]. One of them is the G.-Bernard-Granger's approach (GBG model), often used for ceramic oxides [20] [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]. It is based on the determination of the stress exponent at a given thermomechanical treatment. This model allows to draw conclusions on densification controlling mechanism by estimating the effective stress applied on the powder compact thanks to an analytical expression developed by Coble for HIP configuration [START_REF] Helle | Hot-isostatic pressing diagrams: New developments[END_REF]. Nevertheless, this GBG approach suffers from the strong dependence of the thus-identified values of densification parameters (i.e. stress exponent and apparent activation energy) on the precise evaluations of the effective stress acting on the powder bed. Another approach, suggested in a previous paper by G. Antou et al. [START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering : application to hot pressing and spark plasma sintering of alumina[END_REF], consists in comparing the normalized shrinkage rates in isothermal and isobar conditions at fixed microstructural features, especially at given relative density. Therefore, by applying different macroscopic stresses, the comparison of shrinkage rates at fixed density allows identifying the stress exponent value, and finally its potential evolution during the densification process. This model was applied to the study of SPS densification behavior on alumina and was compared with densification by Hot Pressing (HP) [START_REF] Antou | Identification of densification mechanisms of pressure-assisted sintering : application to hot pressing and spark plasma sintering of alumina[END_REF]. The obtained results for both sintering ways were compared with corresponding creep tests at high temperature. Proposed densification mechanisms were in good agreement with microstructural observations and it was demonstrated the robustness of this new approach.

The aim of this work is to confirm consistency of this second model to SPS sintering of Ho:Lu2O3 ceramics. The corresponding shrinkages have been obtained under different thermomechanical cycles. Experimental conditions were designed to make varying in a large extent the effective stress and temperature applied to the powder compact. As a result, stress exponent and apparent activation energy values for densification will be identified. These densification parameters will be correlated with microstructural observations before drawing conclusions on involved densification mechanism and its evolution. Finally, the conclusions of the model will be used to define optimized sintering schedule in order to obtain fully dense and transparent Ho:Lu2O3 ceramics.

Experimental

2.1.

Synthesis of Ho:Lu2O3 nanopowders

Ho-doped Lu2O3 nanopowders were synthesized by inverse co-precipitation route using rare-earth nitrates as precursor and ammonium bicarbonate as precipitant. (Scanning Transmission Electronic Microscopy) (2100F, JEOL, Tokyo, Japan). Figure 1 shows a slightly edged shape and narrow size distribution of particles with mean diameter of about 63 nm. Particles also appear well crystallized in the well-known bixbyite structure (Ia-3, cubic C-type) as revealed by diffraction pattern (Figure 1b). Also, no holmium segregation was detected as illustrated by STEM micrographs in Figure 1c,d. As a result, the Ho:Lu2O3 powder can be considered as a Lu(2-x)HoxO3 homogeneous solid-solution (x = 0.02 for 1at.% holmium doping content) with cubic crystalline structure. 

Densification by Spark Plasma Sintering

SPS experiments were achieved using a commercial device (825 serie 8000 A, FUJI-SPS, Saitama, Japan) under primary vacuum (P < 20 Pa) with a pulse sequence 12:2. The synthesized powder was put in a 13 mm diameter graphite die with Papyex® foil (MERSEN, La Défense, France). Thermal regulation was operated by a digital IR pyrometer on the surface of the graphite die with lower temperature detection limit at 573°C.

For all treatments used for the determination of mechanisms, the heating rate was fixed to 100°C.min -1 after a regulation dwell at 600°C for 2 min and was decreased 30°C before the soaking dwell to 50°C.min -1 to avoid a high thermal overshoot. The stress was applied in 2 min from the end of the regulation dwell whatever the thermomechanical cycle. The range of dwell time was 10-20 min. For each sintering schedule, a blank was performed on the obtained fully dense sample to suppress thermoelastic response of the graphite system to the recorded displacement data. The Figure 2 summarizes the thermomechanical cycle for a 20 min dwell time. 

Characterization of sintered samples

To determine the instantaneous relative density during the entire isothermal dwell, the following equation was applied on SPS displacement measurements:

ρ t ρ . h h t (1) 
where is the instantaneous relative density, is the final relative density measured by Archimedes method in absolute ethanol (with temperature correction of liquid density), ℎ the thickness of sintered sample, ℎ the instantaneous thickness of the sample during sintering from lower piston displacement. The computation of the average grain size of sintered ceramic samples was performed on a minimum of 300 grains (obtained from at least three different FESEM micrographs) by grains contouring and treatment on ImageJ software (ImageJ, NIMH, Bethesda, Maryland, USA). The equivalent disc area diameter and an intensification factor of 1.56 was used to obtain the equivalent grain diameter G and mean grain diameter Gmean [START_REF] Mendelson | Average Grain Size in Polycrystalline Ceramics[END_REF]. The transmission curves were obtained from transparent samples on a Cary 5000 (Agilent, Santa Clara, California, USA). Samples were mirror-polished by colloidal silica of 30 nm after pre-polishing with SiC papers and diamond slurries. The spectra resolution was 1 nm with an integration time equals to 0.1 s.

Results and discussion

Sintering trajectories

At first, samples microstructure was observed by SEM as a function of the thermomechanical cycle parameters. An example of such observations is given in Figure 3.

From these micrographs, it is clear that not only densification, but also significant grain growth occur during SPS treatment. The grains appeared to be separated by well-defined grain boundaries, allowing determining the grain size with pretty good accuracy. The porosity is located at triple points and/or at grain boundaries, indicating that its elimination should be linked to classical densification mechanisms. Average grain size (Gmean) and relative density (ρ) of Lu2O3 ceramics were obtained for different thermomechanical conditions during SPS treatment (Table 1 Before comparing and analyzing the shrinkage rates evolution, sintering trajectories Gmean = f(ρ) were plotted in Figure 6 to determine the domains of densification and coarsening stages. To obtain the stress exponent values, the model will be applied only where densification is predominant over grain growth. Therefore, in these conditions, the increase of G can been neglected in the model. At 100 MPa, grain growth occurs tardily at 97% of relative density, whereas it occurs at 92% for 50 MPa and around 88-90% for 30 MPa. So, the increase of applied stress permits to delay grain growth and to limit the average grains diameter. It is clear that high pressures lead to an increase of the ratio between densification rate and grain growth rate. Thanks to these observations, the determination of densification mechanisms will be more accurate for relative density below 90%, i.e. where grain growth contribution could be neglected. Moreover, Ho 3+ is isovalent of Lu 3+ and no holmium segregation was detected in the samples. Thus Ho:Lu2O3 ceramics were considered as a Lu(2-x)HoxO3 (x = 0.02 for 1at.% holmium doping content) homogeneous solid-solution with cubic crystalline structure. As a result, holmium was considered to have no specific influence on Ho:Lu2O3 sintering mechanisms.

Stress exponent determination

To determine the value of stress exponent as a function of the applied stress in isothermal conditions, the equation (2) was used in absence of significant grain growth (i.e.

Gmean < 2G0, see section 3.1).

1 ρ dρ dt B′ σ (2) 
where is the densification rate, B' a constant depending on relative density and σ the macroscopic applied stress.

The equation ( 2 As a result, it is possible to obtain the value of stress exponent from the slope of the line, and finally to get the possible mechanism acting on densification. All these results

(example for one temperature in Figure 8) confirms the reliability of this model by the linear fit of all data at different temperatures. Moreover, the hypothesis of an invariant microstructure (i.e. limited grain growth) has been previously checked. The maximal standard deviation obtained is under 10%. The Figure 9 summarizes all stress exponent values obtained from linear fits. At low relative density (i.e. ρ < 67%), the stress exponent is above 3. Its value progressively decreases to reach a plateau at a value close to 1 from ρ = 76% to 85%. For higher values of relative density, the stress exponent rapidly increases to values close to 3 or even higher. From Figure 9, a high value of stress exponent was registered for low relative density.

That means the densification rate is very sensitive to the applied stress. Such behaviour can be explained by grains coalescence and rearrangement caused by the high stress perceived by nanograins, namely the effective stress σ ! , given by Eq. ( 4) from Helle stacking model [START_REF] Helle | Hot-isostatic pressing diagrams: New developments[END_REF].

σ ! 1 -ρ # ρ $ ρ -ρ # σ (4) 
where ρ # is the initial relative density (i.e. green compacity) and σ the applied macroscopic stress in z direction. The Figure 10 plots an estimation of the evolution of σ ! with the relative density for different applied stresses σ according to Eq. ( 4). For low relative density domain where the stress exponent is around 3, the effective stress appears to be at least 4 times higher than the applied macroscopic stress and reaches for example 300 MPa for ρ = Also, due to densification, the effective stress decreases which can explain the decrease of the stress exponent to 2 for intermediate values of ρ (i.e. 67%-76% according to the Figure 9). In this sintering stage, the densification takes place without concomitant elongation of grains by Rachinger sliding in case of absence of a glassy phase [START_REF] Cannon | Review creep of ceramics[END_REF]. In this case, elastic grains sliding phenomenon is accommodated by the presence of porosity at grain boundaries, as shown in Figure 11(a). When the stress exponent is equal to 1 for ρ from 76% to 85%, the local effective stress is accommodated by the denser microstructure. The effect of stress is less important than for low relative density because of the decrease of developed surface area due to the formation of necks and grain boundaries that is well illustrated by in Figure 11 

Activation energy determination

For the first stage of sintering at low relative density, the densification phenomenon is mainly related to particle rearrangement accompanied with coalescence. To have an analytical model of densification at this early stage of sintering, it could be interesting to introduce a physical component describing the particle rearrangement in a granular green body that should be much more sensitive to pressure than temperature. In such conditions, the determination of corresponding activation energy seems thus unsuitable. Nevertheless, it can be argued that the rearrangement and coalescence of grains observed at the early stage of sintering can contribute to explain the very fast densification generally observed during SPS experiments.

For ρ > 75%, it seems possible to determine the corresponding activation energy at a given stress exponent value (i.e. 1 for the intermediate stage of densification). According to Equation ( 5), the apparent activation energy of densification can be obtained at fixed σzz and ρ, e.g. at fixed pressure and similar microstructure, from the slope of the line obtained when ln is plotted as function of 1/T:

ln 1 ρ dρ dt - % & RT + C ( 5 
)
where Ea is the apparent activation energy of densification associated to the limiting mechanism, and C is a constant. These plots were reported in Figure 12. When n is close to 1 (i.e. 75% < ρ < 85% according to Figure 9), an average activation energy of 565±150 kJ.mol -1 is obtained. The values obtained allow to exclude the diffusion of O 

Application to the manufacturing of highly transparent ceramics

Thanks to previous results regarding the determination of densification mechanism, an interpretation of densification observed during a given thermomechanical cycle is proposed in this study to manufacture highly transparent Ho:Lu2O3 ceramics suitable for laser applications. Such sintering schedule was reported in Figure 13(a). In this case, the macroscopic stress is being applied during the entire heating (50°C.min -1 ) after the regulation dwell at 600°C. The maximum temperature of 1400°C is maintained for 20 minutes with the maximum SPS uniaxial pressure of 50 MPa. 
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 1 Figure 1. TEM (a), high-resolution TEM with corresponding diffraction pattern (b), STEM in bright

Figure 2 .

 2 Figure 2. Scheme of the thermomechanical cycle used for SPS experiments.

Figure 3 .

 3 Figure 3. SEM micrographs illustrating the microstructural evolution of SPS samples from 1020°C to

Figure 4a and b illustrate

  Figure 4a and b illustrate the G = f(T,P) and ρ = f(T,P) dependence from data

Figure 4 :

 4 Figure 4 : Evolution of grain size as a function of uniaxial load at fixed temperature (a), or as a

Figure 5 :

 5 Figure 5 : Evolution of relative density as a function of temperature at fixed load.

Figure 6 .

 6 Figure 6. Sintering trajectories G-ρ of Ho:Lu2O3 ceramics during SPS at constant pressures of 30

  Figure 7A were obtained by fitting treatment of experimental data from SPS displacement measurements.

Figure 7 .

 7 Figure 7. A. Densification curves at 1020°C and under different applied stresses (30 to 50 MPa), B.

Figure 8 .

 8 Figure 8. Determination of stress exponent associated to a relative density by plotting in a logarithmic

Figure 9 .

 9 Figure 9. Evolution of stress exponent with relative density of Ho:Lu2O3 ceramics during SPS from

63%

  and σzz = 50 MPa. Such value is significantly lower than the compressive strength reported for RE2O3 (RE = Y, Lu, Sc) based ceramics of 600-1000 MPa depending on temperature[START_REF] Ünal | Compressive Properties of Yttrium Oxide[END_REF]. At those high effective stresses and pretty low temperatures, small nanometric particles are prone to plastic deformation and/or coalescence[START_REF] Calvié | Mechanical behavior law of ceramic nanoparticles from transmission electron microscopy in situ nano-compression tests[END_REF][START_REF] Calvié | Real time TEM observation of alumina ceramic nano-particles during compression[END_REF]. This phenomenon has been already observed by Chaim during SPS sintering of YAG[START_REF] Chaim | Transparent yttrium aluminum garnet (YAG) ceramics by spark plasma sintering[END_REF][START_REF] Chaim | Densification mechanisms in spark plasma sintering of nanocrystalline ceramics[END_REF] or MgO[START_REF] Chaim | Sintering and densification of nanocrystalline ceramic oxide powders: a review[END_REF] nanopowders.

Figure 10 .

 10 Figure 10. Evolution of effective stress with relative density from equation (4).

Figure 11 .

 11 Figure 11. SEM micrographs of Lu2O3 ceramic samples after SPS under different thermomechanical

  (b) and (c). During this stage, the supposed densifying mechanism should be controlled by diffusion kinetics of ionic species, involving a Lifshitz sliding, which explains the lower influence of applied stress on microstructure. In this process, similar to Nabarro-Herring or Coble creep, the grains morphology can evolve because of grain boundary sliding activated by intergranular flow diffusion. This point is supported by the observation of curved grain boundaries as pointed by white arrows in Figure11(c) and (d).Finally, the exponent rises abruptly to 3-3.5 for ρ > 85%. This final evolution indicates a change in densification controlling mechanism between the diffusion creep (n=1) and the power-law creep around 85% (n>3)[34]. According to previous studies [24,33,35], a value of stress exponent greater than 3 even 4 means that densification is controlled by plastic deformation, generally limited by dislocation motion. Deeper characterization of samples, for example by high-resolution TEM, is needed to support this point.

Figure 12 .

 12 Figure 12. Determination of apparent activation energy of densification for diffusion creep (n ≈ 1) for

Figure 13 .Figure 13 (

 1313 Figure 13. SPS thermo-mechanical cycle (a) and corresponding evolution of effective stress with

Figure 14 .

 14 Figure 14. SEM micrographs and view of Ho:Lu2O3 sample sintered by SPS (a). Corresponding

should be noted here that the initial mean grain size G0 (i.e. powder particles diameter) is 63 nm and initial relative density ρ0 (i.e. compacted powder compacity before sintering) is around 55% of the theoretical density.

  

		T° -t (°C -min)	1020-20	1080-20	1140-20	1300-15	1500-20	-
	P = 30 MPa	ρ (%)	78	84.5	90.6	97.2	100	-
		Gmean (nm)	117	137	180	299	651	-
		T° -t (°C -min)	963-20	1020-20	1080-20	1140-20	1427-10	1450-20
	P = 50 MPa	ρ (%)	72.4	82.2	89.3	96.5	99.3	100
		Gmean (nm)	114	129	152	175	508	526
		T° -t (°C -min)	1000-20	1080-20	1140-10	1310-10	-	-
	P = 100 MPa	ρ (%)	85.8	98.3	98.7	99.5	-	-
		Gmean (nm)	100	130	210	246	-	-

). It

Table 1 :

 1 Microstructural features of Lu2O3 ceramics as a function of thermomechanical parametersused during SPS sintering.

  2-in the anionic sub-lattice of

	Lu2O3, whose energy is 125 kJ.mol -1 in the temperature range 1020°C-1297°C [36]. No data
	about RE 3+ (especially Lu 3+ ) diffusion activation energy in Lu2O3 is reported in literature, but
	Wang et al. have obtained a value for Y 3+ grain boundary diffusion in Y2O3 equals to
	410 kJ.mol -1 [37]. Finally, Gallardo-López et al. have found a value of 440 ± 70 kJ.mol -1 for
	creep tests controlled by grain boundary diffusion in Y2O3 ceramics [38]. As Y2O3 has the
	same structure and similar physico-chemical properties than Lu2O3, it can be supposed that
	such values should be similar to the activation energy of Lu 3+ diffusion in Lu2O3. By
	considering the limited precision of the data reported here, it seems reasonable to conclude
	that the intermediate stage of densification is limited by Lu 3+ diffusion at grain boundaries
	and can be similar to Coble creep.
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