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Introduction

Advancements in 3D printing technologies based on photopolymerization reactions have permitted a great breakthrough in dentistry. The high accuracy of stereolithography and digital light processing enables to reproduce and manufacture dental appliances and prosthetics with fine details [START_REF] Del | Fundamentals of stereolithography, an useful tool for diagnosis in dentistry[END_REF], [START_REF]Stereolithography: The Future of Dental Fabrication[END_REF]. With the growing needs and utilization, the relatively high cost of all-ceramic restoration at present could be reasonably reduced in the future [START_REF] Li | Dental ceramic prostheses by stereolithography-based additive manufacturing: potentials and challenges[END_REF]. The 3 mol% Y2O3, tetragonal zirconia polycrystals (3Y-TZP), known for their high mechanical resistance (fracture toughness 6-7 MPa m 1/2 [START_REF] Chevalier | Low-temperature aging of Y-TZP ceramics[END_REF] and strength 1200-1500 MPa [START_REF]INIS Repository Search -Single Result[END_REF]) are considered as a standard material to manufacture dental crowns and bridges. However, the aging of this material reveals weaknesses such as fractures or cracks. The origin of these defaults was related to the well-known low temperature degradation (LTD) mechanism encountered when such a material is subject to a humid environment and exposed in the same time at moderate temperatures [START_REF] Chevalier | Low-temperature aging of Y-TZP ceramics[END_REF] , [START_REF] Chevalier | The Tetragonal-Monoclinic Transformation in Zirconia: Lessons Learned and Future Trends[END_REF] , [START_REF]Full Text PDF[END_REF]. To overcome the Y-TZP issue present in the oral environment, zirconia polycrystals doped with ceria are thought to be interesting candidates according to their high hydrothermal stability [START_REF] Inokoshi | Aging resistance of surface-treated dental zirconia[END_REF] and fracture toughness [START_REF] Niihara | New design concept of structural ceramics[END_REF][START_REF] Hagiwara | Application of Ce-TZP/Al2O3 nanocomposite to the framework of an implant-fixed complete dental prosthesis and a complete denture[END_REF][START_REF] Sawada | Biaxial flexural strength of the bilayered disk composed of ceria-stabilized zirconia/alumina nanocomposite (Ce-TZP/A) and veneering porcelain[END_REF][START_REF] Fischer | Compatibility of machined Ce-TZP/Al2O3 nanocomposite and a veneering ceramic[END_REF][START_REF] Benzaid | Fracture toughness, strength and slow crack growth in a ceria stabilized zirconia-alumina nanocomposite for medical applications[END_REF][START_REF] Zuo | Influence of whisker-aspect-ratio on densification, microstructure and mechanical properties of Al2O3 whiskers-reinforced CeO2-stabilized ZrO2 composites[END_REF][START_REF] Lopez-Píriz | Performance of a New Al2O3/Ce-TZP Ceramic Nanocomposite Dental Implant: A Pilot Study in Dogs[END_REF][START_REF] Cailliet | Sintering Ce-TZP/alumina composites using aluminum isopropoxide as a precursor[END_REF] MPa m 1/2 2 [START_REF] Tsukuma | Strength, fracture toughness and Vickers hardness of CeO2stabilized tetragonal ZrO2 polycrystals (Ce-TZP)[END_REF]). Nevertheless Ce-TZP materials with a doping content between 10-12 mol% exhibit a low strength at room temperature (500-800 MPa [START_REF] Tsukuma | Strength, fracture toughness and Vickers hardness of CeO2stabilized tetragonal ZrO2 polycrystals (Ce-TZP)[END_REF]) mainly due to a large grain size around 1 µm. Niihara and al [START_REF] Niihara | New design concept of structural ceramics[END_REF] have described in details the effect of adding a second oxide phase on the limitation of grain growth and correlated improvement of strength. Many publications report the adjunction of alumina in Ce-TZP materials [START_REF] Hagiwara | Application of Ce-TZP/Al2O3 nanocomposite to the framework of an implant-fixed complete dental prosthesis and a complete denture[END_REF]- [START_REF] Cailliet | Sintering Ce-TZP/alumina composites using aluminum isopropoxide as a precursor[END_REF] to mechanically reinforce the material. These studies reveal that a content of 30 vol % of alumina in Ce-TZP doped with 10 vol% of ceria (NANOZR material) is by far the most efficient in terms of fracture toughness at room temperature (18 MPa.m 1/2 , in the same time, the biaxial bending strength is measured around 1500 MPa).

The printing of ceramic parts by DLP includes three steps: the development of a photocurable formulation loaded with ceramic particles, the layer-wise printing and the thermal treatment to burn out the organic compounds and densify the ceramic skeleton. To achieve a highly dense material, a minimum of 45 vol% of ceramic is required. The loading content and the curing behavior depend on the particle size distribution, the specific surface area and the optical properties of the powder.

Y-TZP is one of the most printed material [START_REF] Li | Dental ceramic prostheses by stereolithography-based additive manufacturing: potentials and challenges[END_REF], [START_REF] Borlaf | Development of UV-curable ZrO2 slurries for additive manufacturing (LCM-DLP) technology[END_REF]- [START_REF] He | Fabrication of complex-shaped zirconia ceramic parts via a DLPstereolithography-based 3D printing method[END_REF] by stereolithography or digital light processing as almost one hundred of publications including the "zirconia" term are published. The loading rate can reach 50 vol% even for zirconia whose refractive index is high compared to the resin one. No reference was reported on the development of a resin based devoted to Ce-TZP and Ce-TZP filled with alumina.

In the present paper, we are introducing the development of photocurable formulations with a high loading rate of Y-TZP, Ce-TZP and Ce-TZP/30 vol% Al2O3 materials and with a curing behavior suitable to DLP printing.

The three powders have different specific surface areas, particle size distributions and UVabsorbing properties. The influence of the specific surface area and the particle size distribution on the loading rate in the photocurable formulation was investigated, as well as the effect of the nature and amount of dispersant added to improve the wettability between the resin and the particles. The optical properties, more specifically the absorbance of the three powders, were assessed and the photopolymerization profiles were determined according to the UV absorbing properties of the ceramic powders.

Materials and methods

Preparation of the ceramic photocurable formulations

Ceramic photocurable formulations for Digital Light Processing or Stereolithography printing are prepared from a mixture of oligomer/monomer acrylates, photoinitiators, a ceramic powder and a dispersant.

The resin is a blend of a 1,6-hexanediol diacrylate (HDDA -SR238, Sartomer, a di-functional monomer) and a trifunctional oligomer (CN509, Sartomer product of the reaction between trimethylolpropane triacrylate ethoxylated and diethylamine). The ratio between the two compounds is 20 vol% HDDA / 80 vol% CN509.

The formulations investigated are reported in the Table 1. Photoinitiators are a 2,2-dimethoxy-2-phenylacetophenone (DMPA -Sigma Aldrich), a 2-methyl-4'-methylthio-2morpholinopropiophenone (MMMP -Sigma Aldrich), and a phenylbis (2,4, 6-trimethylbenzoyl)phosphine oxide (BAPO -Sigma Aldrich). The three photoinitiators absorb efficiently the UV light in the range 300 -400 nm and beyond up to 450 nm for the BAPO. The absorption measurements were assessed directly on the resin to observe the behavior of photoinitiators in their organic media.

The molar extinction coefficients are measured in acetonitrile at 365 nm and reported in Two commercially available zirconia powders stabilized in the tetragonal phase species by doping with 3 mol% of Yttria (TZ-3YS-E, Tosoh Corporation -TZ3Y) and 12 mol% of Ceria (CEZ-12, Daiichi Kigenso Kagalu Kogyo), respectively, were used as starting materials. The Ce-TZP/30 vol% Al2O3 composite material known for its interest in dental applications was also selected [START_REF] Tsukuma | Strength, fracture toughness and Vickers hardness of CeO2stabilized tetragonal ZrO2 polycrystals (Ce-TZP)[END_REF]. The homogeneously dispersed alumina phase increases the mechanical properties of Ce-TZP especially hardness, Young's modulus, fracture toughness and confers to the material a higher hydrothermal stability in comparison to Y-TZP materials [START_REF] Hirano | Fracture toughness, strength and Vickers hardness of yttria-ceriadoped tetragonal zirconia/alumina composites fabricated by hot isostatic pressing[END_REF], [START_REF] Fischer | Compatibility of machined Ce-TZP/Al2O3 nanocomposite and a veneering ceramic[END_REF].

The synthesis of the composite is based on the blend of the commercial CEZ-12 powder with aluminum isopropoxide that plays the role of precursor of the alpha alumina phase. Once the powder-system is mixed and dried in air, a calcination step is performed during 1h in air at 800 °C, with a heating rate fixed to 300°C/h to burn out all the organic media. For this purpose, the powder is then de-agglomerated by ball milling during 1 min at a fixed speed rate of 250 rpm. The synthesis protocol of the composite calcined at 800°C, noted Comp800, was described in details in a previous paper [START_REF] Cailliet | Sintering Ce-TZP/alumina composites using aluminum isopropoxide as a precursor[END_REF].

The ceramic powders are then dispersed, by adding a specific dispersant compound, to improve the wettability of the particles by the resin and to reach a loading rate above 45 vol%. The dispersant and the ceramic powders were mixed in a solvent, using a planetary ball mill (Pulverisette 6, Fritsch GmBH), at a speed rate of 250 rpm for 30 min. To avoid powder contamination, the jar and the grinding media (balls with a 20 mm diameter) are made of TZ3Y. The grinding media to powder ratio in weight is fixed to 2.3. The suspension is then dried during 12h in air to remove the solvent. Finally, in addition, a dry deagglomeration is then performed by ball milling during 1 min at 250 rpm.

The as-prepared ceramic powder is manually pre-mixed with the organic media. The homogenization of the ceramic photocurable formulation is performed with a "three roll mills" system (Three roll mills T65B -Torrey Hills technology). To obtain a homogeneously dispersed ceramic paste, three runs of three roll mills are required.

Powder investigations

A minimum of 45 vol% of ceramic loading is required to ensure enough mechanical strength during the printing step and to obtain parts with a high density after sintering. The loading rate depends on the UV absorption of the powder, the particle size distribution (PSD), the specific surface area (SSA) of the particles, and the porosity of the powder.

Optical properties were determined in the wavelength range of 250 -850 nm with a Lambda 950 Perkin Elmer spectrophometer coupled to an integrating sphere. The ceramic powder is poured into a 10 cm 3 quartz cell at room temperature with an optical path length of 1 cm. No transmission is measured in such a condition. The absorption is then calculated from the measured total reflectivity. Specific surface area was investigated by gas adsorption with a Beckman Coulter SA 3100 Surface Area Analyzer equipment (BELSORP-max, MicrotracBEL). Adsorption-desorption isotherms of N2 were measured at 77 K by an N2 adsorption system. Each sample was purged at 300 °C for 240 min before the beginning of analyzes. The surface areas and the pore size distributions were calculated by the BET and BJH methods, respectively.

Particle size distribution of the ceramic powders was carried out using the laser diffraction technique with a Malvern Mastersize 2000 apparatus. The ceramic particles are dispersed in ethanol. Two ultrasonic agitation cycles were applied before each measurement.

The particles morphology was also characterized by scanning electron microscopy (Zeiss LEO 1530).

Dispersant characterization

Dispersants in the ceramic formulation aim to help break down the agglomerates to obtain a homogeneous powder/resin mixture and to reduce the viscosity of the compound. As the dispersant plays an important role and considering that the incorporated content is equivalent or even higher than the photoinitiator one, investigations should be carried out regarding this constituent.

Absorption spectra in the wavelength range 200 nm to 800 nm were recorded with a Lambda 950 Perkin Elmer spectrophometer using, as before, a 10 cm 3 quartz cells, at room temperature. However, only the absorbance at 365 nm was recorded. The dispersants were blended with the photocurable resin at representative contents to disperse 45 vol% of powder. The optimum dispersant of ceramic formulations was characterized by rheological tests. All experiments were conducted at 25 °C using a rotational rheometer MCR300 (Anton Paar).

The parallel plate diameter used was 50 mm, and the gap between the plates was 0.1 mm, corresponding to the thickness of a layer to print. Measurements were carried out in four steps: i/ at a fixed shear rate of 2 s -1 for 3 min to stabilize the movement of the upper plate, ii/ followed by a ramp with an ascending shear rate up to 150 s -1 for 30 min, iii/ a dwell shear rate at 150 s -1 during 3 min, with 30 points of viscosity data collected, is then applied. This dwell enables to calculate the mean values of viscosity according to the mean shear rate, iv/ to finish the cycle, a descending shear rate ramp up to 2 s -1 is imposed.

Photocuring behavior characterization

2.4.1. Cured thickness Cured thickness of a ceramic formulation versus the exposure time to UV irradiation at 365 nm with an irradiance of 110 mW/cm² is a parameter to investigate to assess the printability of a photocurable formulation. Accordingly, the photocurable formulation is spread on a glass substrate. A UV square pattern is projected onto the surface during 0.2, 0.5, 1, 1.5, 2 and 5 s, which corresponds to energies of 22, 55, 110, 165, 220 and 550 mJ.cm -2 , respectively. The cured layer is cleaned with dipropylene glycol n-butyl ether (DPnB -Sigma Aldrich) and the thickness is measured with a digital micrometer.

A minimum of a 25 µm-cured thickness is required to print parts by DLP. The DLP elementary printing sequence is as follows: i/ a layer of the photocurable formulation is spread on the platform, ii/ then exposed to UV light to be cured, iii/ a second layer is spread on the top surface of the cured layer and irradiated. The sequence is then repeated as necessary.

To print 3D parts, each layer should receive a sufficient curing energy to be bonded to the layer below. In this study, the energy required is converted in cured thickness. Therefore, the minimum thickness was targeted to 50 µm. In that case, the minimum printing thickness is 25 µm. The maximum printing thickness is fixed to 150 µm to manufacture parts with a high resolution.

RT-FTIR

The curing behavior (final conversion, polymerization rate and inhibition time) was analyzed by RT-FTIR (Real-Time Fourier Transform Infrared) measurements. The equipment used is a Vertex 70 spectrophotometer (Bruker Optics), operating in rapid scan mode and equipped with a MCT (Mercury -Cadmium -Tellurium) detector. The spectral resolution is 4 cm -1 . A specific enclosure enables to work in transmission mode for IR analytical beam and expose simultaneously the sample to UV irradiation. The UV exposure was carried out with a 365 nm LED (UFIBER from UWave) and an irradiation of 110 mW/cm². The measurements were monitored at ambient temperature in air. The ceramic photocurable formulation was applied on a polypropylene (PP) film installed on a CaF2 window with a bar coater set to a 10 µmthick layer.

The decay of the stretching or vibrational band of the C=C bond (acrylate group) centered at 1620 -1636 cm -1 and 1410 cm -1 , respectively was followed during the UV irradiation to assess the conversion profile. The stretching band of the carbonyl group C=O centered at 1725 cm -1 was also monitored. This band absorption remains constant during the measurement and provides an internal reference for quantification of the C=C peak area reduction.

The acrylate conversion is calculated according to equation (1):

% = 100 * 1 - * 1
with: the irradiation time, , , and peak areas at 1410 et 1725 cm -1 , respectively, before (0) and after irradiation (t). A similar equation could also be written for the double band centered at 1620-1636 cm -1 .

The rate of polymerization was calculated from the first derivatives of the conversion versus the UV irradiation time by the way of equation ( 2): The composite exhibits a bimodal DV. The first mode is around 0.2 µm diameter. The second mode is clearly micrometric, around 5 µm. The distribution in number is monomodal and positioned on a 0.4 µm mode diameter. The micrometer-sized population in the volume distribution likely corresponds to agglomerates or aggregates resulting from the synthesis of the Comp800 (modified Pechini synthesis and/or calcination step possibly leading to presintering of the elemental particles) or a re-agglomeration of particles under ultrasonic agitation before the PSD measurement.

= % + 1 -% -1 + 1 --1 2

Results and discussion

Loading rate

The morphology of the particles reported on the Figure 2 shows a monomodal distribution for the Y-TZP and Comp800 material. The size of the particles constituting the agglomerates of the Y-TZP and Comp800 powders, measured on the SEM images, are between 100 and 400 nm, respectively, as shown on Figure 2. For the Comp 800, the micrometric distribution is not observed, confirming a low number of aggregates or agglomerates of 5 µm diameter. The specific surface areas (SSA) of the powders investigated are mentioned in Table 3. Y-TZP and Ce-TZP particles have a low specific surface area value. The adsorption/desorption isotherms method based on the capillary condensation to extract the distribution pore size shows the absence of pores. The Comp800 composite has a 4 to 7 times higher SSA value and includes also mesoporous pores with a mean diameter around 4 nm.

First investigations of loading particles in a photocurable resin have shown a high wettability of the Y-TZP and Ce-TZP particles. The filler rate of 45 vol% is easily achieved after the optimization step of the dispersant concentration required. The Comp800 powder presents a lower wettability of the particle in the resin despite the addition of dispersant. The filler rate was limited to 25 -30 vol% in the photocurable resin.

For an equivalent particle size, a high SSA and the presence of pores in the particles implies a more complex dispersion of the Comp800 powder in the photocurable resin in comparison to both other ceramic powders. 

.2. Calcination temperature of the Comp800 powder

To investigate the behavior of specific surface area and porosity distribution of the particles, the composite powder was calcined in air at 900, 1000 and 1200 °C. The temperature of 1200°C corresponds to a maximum temperature of synthesis as sintering of the individual particles starts. Above 1200°C, sintering of the powder is well engaged and the further ball milling step to obtain fine particles requires more energy, time and cost to be interesting in an industrial application.

Table 4 summarizes SSA and particles porosity values for each calcination temperature investigated.

Porosities are classified according to their size in the International Union of Pure and Applied Chemistry (IUPAC classification). The maximum diameter of micropores is fixed to 2 nm (20 Ǻ). Mesopores have a diameter in the range 2 -50 nm and macropores have a diameter above 50 nm [START_REF] Sing | Characterization Of Porous Solids: An Introductory Survey[END_REF].

For a calcination temperature ranging from 800 to 1000°C, the mean pore diameter is between 4 and 8 nm, and therefore the particles of the as-synthesized Comp800, Comp900 and Comp1000 materials contain mesopores. The increase of the mean pore diameter at 1000 °C is explained by porosity coalescence before the complete disappearance of pores at high temperature. At 1200 °C, the residual porosity is closed and the SSA value is around 5 m²/g. The decrease of the specific surface area with the increase of the calcination temperature is likely handled by the conversion of the alumina precursor (isopropoxide) into alpha alumina [START_REF] Cailliet | Sintering Ce-TZP/alumina composites using aluminum isopropoxide as a precursor[END_REF].

Some important parameters regarding the particle size distribution of Comp1200 are reported in Table 5 and compared to the ones obtained for Comp800. The results highlight an increase of the characteristic particle size parameters of the Comp1200, especially DV(90), corroborating the ignition of sintering for the powder treated at 1200°C.

The Comp1200 powder has a SSA value and pores properties similar to the ones of Y-TZP and Ce-TZP powders and exhibits slightly higher values of particle size. Accordingly, the composite powder Comp1200 looks promising to develop photocurable formulations with a filler rate above 45 vol%. 

Calcination temperature

Effect of dispersant and optimum concentration

UV absorption

The UV absorbance characterization aims at assessing the behavior of dispersants under UV radiation and at selecting the suitable compound for a photocuring reaction. Four dispersants were selected and are reported in Table 6. Disperbyk 111 and Rhodafac-RS-610-E have a steric repulsion effect. Synthron B03 and Darvan C-N are dispersants with an electrosteric effect, a combination of electrostatic and steric dispersions. polymer chain, is adsorbed on the surface of the elemental particles. A steric dispersant usually has a hydrophilic polar group that can interact with the particles surface and a hydrophobic end chain which can prevent the mutual approach of the individual particles in nonpolar media [START_REF][END_REF]. In the case of an electrosteric dispersant, the adsorbed polymer has an electrostatic end chain that helps the development of an electric double layer around the particles during the dispersion. An electrosteric dispersant contains a mix of poly(meth)acrylate acid and ammonium ions. The ions seem therefore to interact with the organic media and generate an absorbing band at 365nm. Polymerization is initiated by the reactive species resulting from the photoinitiator photolysis. Therefore, the absorbance of the photoinitiator at the actinic wavelength is of primary importance for the light penetration in-depth of each layer. It will affect the resolution achieved in additive manufacturing. Others additives, as dispersants, can also absorb a certain amount of light (Figure 3), thus reducing the photon flux available for the photochemical reaction. In order to evaluate the contribution of the dispersant vs the photoinitiator in light absorption, the absorbance at 365 nm of a 25 µm thick layer was calculated using the Beer-Lambert law (3) for the 3 photoinitiators mentioned in Table 1:

Dispersant

A=εLc (3)
where ε is the molar extinction coefficient (mol.L -1 .cm -1 ), L is the optical path length (cm), c is the concentration of the photoinitiator in the solution (mol.L -1 ).

At a concentration of 5 wt% of photoinitiator in the formulation, the absorbance of the DMPA photoinitiator and the BAPO/MMMP photoinitiator systems are respectively 0.099 and 0.373.

In comparison, the absorbance of the most absorbing dispersant, Darvan C-N (at 3.5 wt% in the formulation), is 0.007 for the same layer thickness (25 µm). Absorbance of PIs are between 14 to 53 times higher than the absorbance of the dispersant whose contribution in absorbing the light can be considered as negligible.

However, at a concentration of 0.7 wt% of DMPA photoinitiator in the formulation F1a, the calculated absorbance is 0.013. Absorptions of the dispersant and the photoinitiator are therefore equivalent. In that case, the addition of the dispersant in the resin could affect the photopolymerization reaction,

Dispersant content

The ceramic powders were previously dispersed in the solvent containing the dispersant and then blend with the resin according to the protocol described before. At this step, Darvan C-N and Synthron B03 dispersants lead to a sandy resin/particles blend. Both electrostatic dispersants are known to have an effective stabilization of particles in aqueous formulation. The as-prepared mixtures prove that they are not suitable to obtain a high loading rate of ceramic particles in the acrylate formulations.

Viscosity experiments on 45 vol% photocurable formulations were carried out to determine the minimum of viscosity that is characteristic of the optimum concentration of the steric dispersants incorporated [START_REF] Li | The effect of the surfactants on the formulation of UV-curable SLA alumina suspension[END_REF] , [START_REF] Li | Dispersion and properties of zirconia suspensions for stereolithography[END_REF]. The viscosity of formulations was measured under the shear rate of 150 s -1 .

Figure 4 illustrates the viscosity values measured for formulations containing respectively Y-TZP and Ce-TZP powders and different amounts of dispersant Disperbyk 111. The viscosity of the formulations decreases at first, with the increase of dispersant content until it reaches a minimum and then increased again. The addition of 1 and 3 wt% of Disperbyk, with Y-TZP and Ce-ZTP powders, respectively, leads to a minimum of viscosity. This lower viscosity value corresponds to the optimum of dispersion for both ceramic formulations. Below this optimum, the modifying effect of dispersant to powder is not enough to compensate the Van der Waals attractive forces between particles and to reduce the viscosity. However, when the dispersant concentration exceeds the optimum content, free dispersant remains in the formulation. The excess of dispersant may lead to flocculation of the highly loaded ceramic formulation because of unwanted polymer tangles.

A modification of the dispersion protocol, by adding directly the dispersant to the formulation loaded with the Ce-TZP powder, give an optimum content of 2 wt% of dispersant. The variation in the optimum dispersant content between 2 wt% and 3 wt% for the Ce-TZP powder may be due to the dispersion protocol. Drying of the powder in the first protocol requires a re-dispersion step in the photocurable resin, with a higher energy contribution, to break the new agglomerates compared to the raw spherical Ce-TZP powder. It should be emphasized that the Ce-TZP powder was efficiently dispersed with the use of an optimum amount of 1.5 wt% of Rhodafac-RS-610-E dispersant. However, Disperbyk 111 was selected for the following investigations as UV absorption is negligible.

Curing behavior

Optical properties

Figure 5 shows the absorption spectra calculated from the measured reflectivity of Y-TZP, Ce-TZP and Comp800. Powders doped with 12 mol% of ceria strongly absorb in UV-C (100 -280 nm) and UV-B (280 -315 nm) light regions. absorption of particles decreases in the UV-A (315 to 400 nm) domain to the visible light region from 90 to 10%. Beyond 550 nm to the infrared wavelengths, the absorption remains constant at 10%. As an ultraviolet blocking material, CeO2 nanocrystals have strong absorption properties in the ultraviolet range. The absorption band below 400 nm is due to the charge-transfer transition from O 2- (2p) to Ce 4+ (4f) orbitals in CeO2 [START_REF] Wang | Remarkable Changes in the Optical Properties of CeO2 Nanocrystals Induced by Lanthanide Ions Doping[END_REF]. Cerium oxide mainly manages the absorption properties of Ce-TZP and the composite Ce-TZP/Alumina.

Alumina is an easy to 3D print material using photocuring. It is considered as a non-absorbing material related to its real refractive index (n=1.79) [START_REF] Griffith | Scattering of ultraviolet radiation in turbid suspensions[END_REF]. However, according to the solid particles, scattering UV light phenomenon is observed [START_REF] Hinczezyski | Stereolithography for the fabrication of ceramic threedimensional parts[END_REF]. The measurements performed are not able to do a distinction between absorption and diffusion contributions. The presence of alumina up to 30 vol% also increases the absorption of the material measured in a 1 cm-thick quartz cell. Y-TZP powder exhibits a low absorption from the UV to the infrared regions. Yttria is known to have a low-absorption in the range 240 nm to 12 µm [START_REF] Mishra | Effect of substrate temperature and oxygen partial pressure on microstructure and optical properties of pulsed laser deposited yttrium oxide thin films[END_REF], [START_REF] Harris | Materials for infrared windows and domes: properties and performance[END_REF]. The refractive index of the Y-TZP stabilized with 3 mol% Y2O3 and the Ce-TZP doped with 12 mol% of CeO2 has not been determined. However, the n-value for ZrO2 and ZrO2 stabilized with 12 mol% Y2O3 has reported to be n = 2.24 at 365 nm (Table 7). Therefore, the addition of Y2O3 in ZrO2 does not seem to modify the optical properties at actinic wavelength. It is suggested that the refractive index of Y-TZP containing 3 mol% Y2O3 is 2.24. This refractive index has only one real component, such as for the DLP resin (n=1.5). Consequently, the photopolymerization could be affected by the diffusion of UV light by the ceramic particles.

Ceria, on the other hand, has an extinction coefficient that confirms the significant absorption of UV light by these materials observed on Figure 5.

The curing behavior of the photocurable formulation is strongly dependent on the absorption of the filler at 365 nm. The addition of ceria in the formulation will significantly affect the cured thickness and the kinetics of curing in comparison to formulations involving Y-TZP. n refractive index k extinction coefficient ZrO2 [START_REF] Polyanskiy | Refractive index database[END_REF] 2.24 -Y-TZP 12mol% [START_REF] Polyanskiy | Refractive index database[END_REF] 2.24 -CeO2 [START_REF] Romasanta | Thin Coatings of Cerium Oxide Nanoparticles with Anti-Reflective Properties[END_REF] 1.87 0.1 Y2O3 [START_REF] Polyanskiy | Refractive index database[END_REF] 2.00 -Al2O3 [START_REF] Griffith | Scattering of ultraviolet radiation in turbid suspensions[END_REF] 1.79 - 

Photopolymerization profiles

Figure 6 illustrates the cured thickness of the Y-TZP photocurable formulation F1a at loading rates of 40 vol%, 45 vol% and 50 vol%. Thicknesses of photocured layers are above the minimum target of 50 µm, which demonstrates that the three formulations are suitable to printed by the DLP 3D technology. To print objects, a high loading rate will be preferred to obtain after burn out of the organic media and sintering a dense ceramic part. The thicknesses of layers increase steadily with increasing the UV time exposure up to 5 s. No significant variation of thickness is observed according to the filler content.

The corresponding photopolymerization kinetics are shown on Figure 7 and Figure 8 and are also summarized in Table 8.

Ceramic particles have a low absorption coefficient in the infrared region enabling to investigate reliably the photopolymerization kinetics of the developed formulations by real time infrared spectrometry.

The acrylate conversion after 5 s of UV irradiation is about 78% and increases with the filler content. Photocured layers are rigid. The photopolymerization rate (Rp) is maximum in an extremely short time of 0.242 s for each formulation. Rp and the conversion at Rp increase in the same way as the final conversion, namely with the increase of the filler content. The viscosity of the formulations loaded with 40 vol% and 45 vol% of Y-TZP was measured at 8 and 10 Pa.s -1 , respectively, for a shear rate to 150 s -1 . As the viscosity increases, the oxygen content (inhibitor of the radical photopolymerization) in the formulation decreases as well as its diffusion in the layer, thus improving the acrylate conversion [START_REF] Dufaud | Oxygen diffusion in ceramic suspensions for stereolithography[END_REF]. The acrylate conversion ability is consistent with the observations reported for the optical properties of the powders, namely that materials can be classified in ascending order of absorption as follows: Y-TZP < Ce-TZP < Comp1200.

The final conversion and polymerization rates are thus significantly higher for Y-TPZ based formulations independently of the filler amount. At 45 vol%, the acrylate conversion is 79%, 67% and 51% for Y-TZP, Ce-TZP and Comp1200 formulations, respectively. The photopolymerization rate has drastically decreased from 139 %.s -1 for the Y-TZP formulation to about 17 %.s -1 for the ceria-based ones with a conversion respectively of 23 % and 4-8%.

In addition, the lowest acrylate conversion for formulations containing ceria confirms the soft and brittle character of the photocured layer observed during the measurement of the thickness. Besides, thicknesses of formulations based on ceria were too thin (10 -20 µm) to be suitable to 3D DLP printing, even with a DMPA content of 5 wt% (formulation F1b). A new photoinitiator system loaded at 5 wt% in the formulation was investigated to improve the reactivity of the ceria formulation. The formulation is noted F2 and includes the MMMP and the BAPO photoinitiators, both known for their high efficiency in opaque and pigmented formulations. Figure 9 exhibits the cured thickness of the Comp1200 formulation F2 (Table 1) and a comparison with Y-TZP F1a formulation, both at 45 vol% of powder loading. The thickness of the layer for the Comp1200 achieved 80 µm at 0.7s of UV irradiation, a value similar to the one obtained for Y-TZP formulations. The layer obtained was stiff. The conversion reported in Table 9 confirms a high conversion rate of 82% and a fast reaction, as it was the case for Y-TZP photocurable formulations.

Filler

The photoinitiator system in F2 formulation appears to be efficient for absorbing material even at a molar loading rate of 15.10 -2 mol/L, lower than the DMPA content in the formulation F1b (19.5.10 -2 mol/L).

The new formulation is in agreement to the requirement of the DLP 3D technology. Table 9. Photopolymerization profile at 45 vol% of Comp1200 formulation

Conclusion

Ultraviolet curing of highly loaded ceramic formulations of commercial Y-TZP and Ce-TZP and as-synthesized Ce-TZP/Al2O3 powders is achievable with the help of steric dispersants, specific properties of particles and formulations adapted to optical properties (diffusion or absorption) of particles.

Y-TZP is the most suitable material to be printed by Digital Light Processing at a loading content above 45 vol% since, despite its high refractive index compared to the resin, it remains by far the least UV absorbing materials of the investigated ceramics. The cured thickness are above the target value of 50 µm, obtained in 0.5 s, with a high conversion around 80%. The properties of Ce-TZP particles, like specific surface area and particle size distribution, are similar to the ones of Y-TZP particles, enabling also a high ceramic loading content to be achieved.

For as-synthesized Ce-TZP/Al2O3 material, a low loading rate of 30 vol% with the help of dispersants was reached. To achieve a 45 vol% loading rate, a calcination step was applied to decrease the SSA from 50 m²/g to 5 m²/g, which is close to the one of the Y-TZP powder.

However Ce-TZP and Ce-TZP/Al2O3 are highly UV absorbing powders according to the presence of ceria, which affects significantly the curing behavior of the photocurable resin.

The formulation, and more specifically the photoinitiator system, had to be adapted to overcome the absorption of ceria. The new formulation with BAPO and MMMP enables to achieve cured thicknesses of 75 µm with a conversion of 80% after an UV irradiation during 0.5 s. These formulation characteristics are suitable to be printed by DLP.

3. 1 . 1 .

 11 Effect of particle size distribution and specific surface area 3.1.1.1. Raw ceramic powder Figure 1 shows the particle size distribution (PSD) of the ceramic powders. Y-TZP and Ce-TZP have a monomodal volume distribution (DV) and number distribution (DN) with, respectively a DV(50) of 1 µm and a DN(50) of 0.2 µm.

Table 3 .Figure 1 .Figure 2 .

 312 Figure 1. Particle size distribution in volume and in number of Y-TZP, Ce-TZP and Comp 800 (Ce-TZP/Al2O3 calcined at 800°C)

Figure 3

 3 Figure3displays the absorbance of the different dispersants in the acrylate media at 365 nm, according to the dispersant content. During this study, the dispersant content is between 1 and 3.5 wt%, with respect to a 45 vol% ceramic powder. Steric dispersants exhibit a low absorption of UV light. Darvan C-N and Synthron B03 electrosteric dispersants show in comparison a high absorption of the UV light at 365 nm. The dispersant, consisting in a long

Figure 3 .

 3 Figure 3. . Absorbance at 365nm vs Dispersants content (1 wt% to 3.5 wt%, representative contents to disperse 45 vol% of Y-TZP, Ce-TZP and Comp1200): Disperbyk 111, Darvan C-N, Synthron B03 and Rhodafac RS-610-E in CN509 and SR238 organic media without photoinitiator

Figure 4 .

 4 Figure 4. Influence of the dispersant content (0.5 wt% to 4 wt%) on the viscosity for a solid loading of 45 vol% in the resin (Formulation F1)

Figure 5 .

 5 Figure 5. Absorbance of Y-TZP, Ce-TZP and Comp1200 powders poured in a quartz cell with an optical path length of 1 cm

Figure 6 .Figure 7 .Figure 8 .

 678 Figure 6. Cured thickness versus UV exposure time of F1a formulation filled with Y-TZP at 40 vol%, 45 vol% and 50 vol% in air and with Comp1200 at 45 vol%

Figure 9 .

 9 Figure 9. Cured thickness versus UV exposure time of F2 formulation (BAPO/MMMP photoinitiators) filled with Comp1200 at 45 vol% in air and comparison with T-TZP F1a formulation (DMPA photoinitiator)

  

  

Table 2 .

 2 The PIs are dissolved by stirring in the acrylates resin.

		Acrylates	Photoinitiators
				wt% mol/L
	Formulation F1a	SR238, CN509 DMPA	0.7	2.7.10 -2
	Formulation F1b	SR238, CN509 DMPA	5	19.5.10 -2
	Formulation F2	SR238, CN509 MMMP	2.5	8.9.10 -2
			BAPO	2.5	5.9.10 -2

Table 1 .

 1 Composition of photocurable resins

	Photoinitiator	Molar extinction coefficient ε365 (L. mol -1 .cm -1 )	Molar mass M (g.cm -3 )
	DMPA	203	256
	MMMP	980	279
	BAPO	1032	418

Table 2

 2 

. Molar extinction coefficients and molar mass of the DMPA, MMMP and BAPO photoinitiators in acetonitrile

Table 5 .

 5 Particles size distribution in number of the Comp 800 and Comp1200

			Specific surface area (m²/g) Mean Pore diameter (nm)
	800°C	(Initial	52	4
	Composite)			
	900°C		42	4
	1000°C		27	8
	1200°C		5	x
	Table 4. Specific surface area and mean pore diameter of Ce-TZP / 30 vol% Al2O3 calcined at 800°C, 900°C,
			1000°C and 1200°C in air
		Calcination temperature Material	D10	D50	D90
					(µm)	(µm)	(µm)
		800°C	(Initial	Comp800 0.3	0.5 0.9
		Composite)		
		1200°C		Comp1200 0.4	0.7 1.5

Table 6 .

 6 Dispersants selected and dispersion behavior

		Repulsion	Molecules		wt% active
					molecules
	Disperbyk 111 (Byk)	Steric	phosphoric	acid	100
			polyester		
	Darvan C-N	Electrosteric	ammonium		25 in water
	(Vanderbilt Minerals, LLC)		polymethacrylate		
	Synthron B03	Electrosteric	ammonium polyacrylate 40 in ethanol
	(Synthron)				
	Rhodafac-RS-610-E	Steric	polyoxyethylene tridecyl	100
	(Solvay)		phosphate ester		

Table 7 .

 7 Refractive indices of ZrO2, CeO2, Y2O3 and Al2O3 at 365 nm

Table 8 .

 8 Photopolymerization profiles of the formulation F1a filled with Y-TZP, Ce-TZP and Comp1200 at 35

			rate	35vol%	40vol%	45vol%	50vol%
			Convfinal (%)	76	77	79	82
	Y-TZP	F1a	Rp,max (%.s -1 ) Conversion Rp,max	119 18	125 21	139 23	147 25
			(%)				
			Convfinal (%)	49	61	67	-
	Ce-TZP	F1a	Rp,max (%.s -1 ) Conversion Rp,max	15 -	18 8	17 8	--
			(%)				
	Comp 1200	F1a	Convfinal (%) Rp,max (%.s -1 ) (%) Conversion Rp,max	28 18 3	41 16 4	51 19 4	---
				vol%, 40 vol%, 45 vol% and 50 vol%