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During the sintering process of ceramic pieces, temperature gradients may arise inside the piece if the thermal cycle is too fast with regards to the size of the ceramic body. Too large temperature gradients may lead to density gradients, thus to strain gradients which may result in defects or in the fracture of the pieces. This article presents both an experimental setup and the first steps towards a numerical method to evaluate these thermal gradients and their evolutions during sintering, in the case of large zirconia, alumina and zirconia-toughened alumina balls. Finally it discusses the advantages of Rate Controlled Sintering thermal cycles in terms of diminishing the temperature gradients during densification.

Introduction

The aim of Total Hip Arthroplasty is to rebuild a functional hip joint. Charnley first used a femoral head with a diameter of 41.5 mm [START_REF] Wroblewski | The Charnley Hip Replacement -43 Years of Clinical Success[END_REF]. At that time (the early 1960's) he unfortunately had to abandon this large head size because of the limitations of the materials wear performances. After a trend to decrease the size of the femoral heads (down to 22.2 mm diameter, allowing lower wear debris generation) larger and larger femoral heads have been recently developed. They now reach 46 mm diameter (sometimes up to 51), which allows more flexibility for the surgeon, more comfort for the patient and lower risks of dislocation. New materials and techniques serve this will of increasing the femoral head diameter toward the size of the natural hip joint (usually between 45 and 55 mm). The use of ceramic-onceramic bearing couples give most promising results compared to other bearing couples (lower friction, very few wear debris). Moreover the third generation ceramic-on-ceramic articulation could be of particular benefit for young and/or active adults, with the use of large ceramic femoral heads [START_REF] Byun | Third-Generation Ceramic-On-Ceramic Total Hip Arthroplasty in Patients Younger Than 30 Years with Osteonecrosis of Femoral Head[END_REF]. This diameter evolution is supported by many studies insisting on the improvement of the living quality: increased Range Of Motion [START_REF] Burroughs | Range of Motion and Stability in Total Hip Arthroplasty With 28-, 32-, 38-, and 44-mm Femoral Head Sizes: An In Vitro Study[END_REF], decreased risk of dislocation [START_REF] Burroughs | Range of Motion and Stability in Total Hip Arthroplasty With 28-, 32-, 38-, and 44-mm Femoral Head Sizes: An In Vitro Study[END_REF][START_REF] Jameson | Lower rates of dislocation with increased femoral head size after primary total hip replacement: a five-year analysis of NHS patients in England[END_REF][START_REF] Triclot | Update -"Big-head": The solution to the problem of hip implant dislocation?[END_REF][START_REF] Conroy | Risk Factors for Revision for Early Dislocation in Total Hip Arthroplasty[END_REF], decrease of wear debris amount [START_REF] Slonaker | Review of wear mechanisms in hip implants: Paper IIceramics IG004712[END_REF], increased stability of the hip [START_REF] Burroughs | Range of Motion and Stability in Total Hip Arthroplasty With 28-, 32-, 38-, and 44-mm Femoral Head Sizes: An In Vitro Study[END_REF] and decreased risk of impingement [START_REF] Kluess | Influence of femoral head size on impingement, dislocation and stress distribution in total hip replacement[END_REF][START_REF] Marchetti | Component impingement in total hip arthroplasty: Frequency and risk factors. A continuous retrieval analysis series of 416Â cup[END_REF]. However large technical ceramic pieces face an important, intrinsic processing difficulty: their large size and low thermal conductivity make them susceptible to the apparition of potentially large thermal gradients during sintering. Moreover, industrial ceramic components are commonly produced by Cold Isostatic Pressing (CIP) or Uniaxial Pressing, followed by sintering in air. This process can induce defects such as density gradients in the component
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which will be exaggerated by sintering [START_REF] Green | Constrained sintering: A delicate balance of scales[END_REF]. In fact, sintering leads to consolidation of the material through particle bonding and porosity elimination. During the heat treatment, mass transfer takes place to minimize surface energies and large microstructural changes occur, leading to densification and grain growth. Since temperature directly influences the shrinkage rate, the generated thermal gradients linked to the relatively low density gradient may result in differential shrinkage throughout the piece, thus distortion, potential cracking or even premature end of the shrinkage [START_REF] Missiaen | Modelling of sintering: recent developments and perspectives[END_REF]. This is even more pronounced with the application of recent, fast sintering techniques such as Spark Plasma Sintering and Microwave Sintering. Consequently, successful near net shape forming of ceramic powder based components can be made easier by a more careful consideration of thermal gradients, through both experimental and simulation works.

Since the 1960's, many researches have been conducted to describe and/or model the sintering mechanisms and processes. Modeling of the sintering process is thoroughly investigated, via an important numbers of methods at different scales (mostly scale of the grains, and scale of the parts). The most advanced studies take into account multi-scale modeling [START_REF] Green | Constrained sintering: A delicate balance of scales[END_REF][START_REF] Missiaen | Modelling of sintering: recent developments and perspectives[END_REF][START_REF] Maximenko | Direct Multi-Scale Modeling of Sintering[END_REF]. Macroscopic models of sintering generally aim to describe shape evolution and mechanical constraints at large scale, with the hypothesis of a homogeneous microstructure by finite elements methods (FEM). More recent developments also take into account the heterogeneity of the initial microstructure. For example, X-Ray Computed Micro-Tomography (XRCT) [START_REF] Bernard | First direct 3D visualisation of microstructural evolutions during sintering through X-ray computed microtomography[END_REF] combined with modeling revealed itself a useful tool to obtain 3D visualization of microstructural evolutions during isothermal sintering. These observations served as a basis for the analysis of sintering phenomena in order to extract more statistical results and experimental data to improve modeling. [START_REF] Chaix | Quantitative analysis of microstructure and modeling of sintering[END_REF] As an example, Schoenberg et al. [15,[START_REF] Schoenberg | Stresses and distorsion due to green density gradients during densification[END_REF] recently used finite element analysis to calculate the stresses resulting from the variations in green density. The approach involved measurements of the viscosity constants as a function of green density, combined with X-ray computed tomography to describe the density variations prior to sintering. The finite element analysis then allowed a simulation of the stresses and strains occurring in the densification process of a specific sample. This allowed regions of high stress to be identified and this was correlated to the observed damage.

However, only few of these studies even mention the existence of a thermal gradient during sintering [START_REF] Vallauri | Simulation of Solid State Sintering through FE Modeling for the Optimum Design of 3D Parts[END_REF][START_REF] Zhang | Stress evolution in graded materials during densification by sintering processes[END_REF]. The goal of this paper is thus to characterize experimentally the thermal gradients in large ceramic spheres during sintering and make a first attempt at simulating them using a finite element model. The latest would give information about the global shrinkage kinetics. This is a first step towards a finite element simulation that could also predict distortions of the compact during and after sintering and internal stresses during sintering.

Materials and methods

Finite Element Model

Finite Element Simulations (with the software ANSYS 14.5) of the heating and plateau phases of a sintering thermal cycle were conducted on 51 mm diameter spheres (diameter before simulation) made of zirconia-toughened alumina, monolithic alumina or zirconia (3Y-TZP) ceramics. The calculations were conducted on an axisymmetric 2D model with a regular mesh (PLANE13 quadrangle elements [START_REF]ANSYS, 4.13 PLANE13 2-D Coupled-Field Solid (UP19980821[END_REF], (2-D coupled field solid)), coupling mechanical and thermal analyses in transitory regime. The output of the calculation was the temperature field in the ceramic sphere versus time. From this output, the evolutions with time of three parameters were specially considered: the temperature on the center of the sphere (T C ), on its surface (T S ) and the difference between those (T=T S -T C ). Since we were only interested in Gremillard et al.
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the temperature gradient inside the sphere, the issues linked to heat transfer between the furnace and the sphere were ignored using Dirichlet conditions, i.e. by setting the sphere surface temperature to the furnace temperature. All materials properties necessary for the simulation vary during sintering, both with temperature and density. They are represented on Figure 1, and explained below. The properties of ZTA were approximated using a simple proportionality between those of zirconia (10%) and those of alumina (90%). The evolution of density versus temperature, (T), was determined experimentally by dilatometry on small cylinders ( 1 cm diameter, 5 mm thickness), following a typical thermal sintering cycle (1K•min -1 until 473 K, 2h dwell, 5 K•min -1 up to 1793 K, 2 h dwell and ~5 K•min -1 down to room temperature), giving directly access to the variations of porosity with temperature P(T). It was then translated in the simulation by assimilating the density variation with temperatures to a thermal shrinkage. A secant apparent thermal expansion coefficient varying with temperature, () T  , was therefore defined according to eq. 1:

          00 00 L T L T T T T 3 T T        eq.1
Where L(T) is the length of the sample used for the dilatometry measurement at a temperature T, L 0 is its initial length (at room temperature T 0 ), and  and  0 are the density of the same sample at temperature T and room temperature. Eq.1 is valid for an isotropic shrinkage, which is reasonable for samples pressed by CIP. The increase in density with temperature results in a negative apparent thermal expansion coefficient. One should note that the densification versus temperature curve is strongly dependent on the powder and pressing parameters, and may vary greatly from one powder to another even if they have the same nominal composition. Conversely, powders of different nature may present the same densification versus temperature curve. Therefore, for the sake of comparison, the same densification vs temperature curve was used for all materials considered here.
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All other material parameters were expressed as a function of density (or porosity) and temperature (when applicable). As density itself is expressed as a function of temperature, the variation of every single parameter during simulation can be expressed as a function of temperature only (but this variation accounts for both the effects of temperature and density). This approach greatly simplifies the simulation inputs.

The material was considered as purely linear-elastic. Although this is a huge approximation, especially at higher temperatures, this should not influence the thermal gradients. Young's modulus was considered as varying linearly with porosity, following Dewey-Mackenzie relations [START_REF] Pabst | Elasticity of porous ceramics-A critical study of modulus-porosity relations[END_REF] as:

         00 00 E 3 1 9 T T E 5 1P 2 7 5    νν ν eq. 2
Where E(T) is the Young's modulus during the sintering cycle, E 0 the Young's modulus of the 100% dense material at T 0 ,  0 =0.26 the Poisson's coefficient, and P(T) the porosity of the material (varying with temperature). E 0 was considered as constant with temperature [START_REF] Pabst | Elasticity of porous ceramics-A critical study of modulus-porosity relations[END_REF]: 400 GPa for alumina et 200 GPa for zirconia. Although in truth E 0 varies slightly with temperature [START_REF] Mignard | Thermal shock behaviour of a coarse grain porous alumina[END_REF], this variation does not impact the thermal behavior.

The thermal conductivity

K(T) (W•m -1 •K -1
) is described by equation 3(a), [START_REF] Litovsky | Gas Pressure and Temperature Dependences of Thermal Conductivity of Porous Ceramic Materials: Part 1, Refractories and Ceramics with Porosity below 30%[END_REF] in which K D (T) is the thermal conductivity of the dense material (depends on temperature), and n is a dimensionless coefficient chosen equal to 8 [START_REF] Rhee | Porosity -Thermal conductivity correlations for ceramic materials[END_REF]. K D varies with temperature following the phenomenological equations 3(b) [START_REF] Auerkari | Mechanical and Physical Properties of Engineering Alumina Ceramics[END_REF], and 3(c) [START_REF] Auerkari | Mechanical and Physical Properties of Engineering Alumina Ceramics[END_REF][START_REF] Swain | Thermal diffusivity, heat capacity and thermal conductivity of porous partially stabilized zirconia[END_REF][START_REF] Mévrel | Thermal diffusivity and conductivity of Zr1-xYxO2-x/2[END_REF][START_REF] Limarga | The grain size and temperature dependence of the thermal conductivity of polycrystalline, tetragonal yttria-stabilized zirconia[END_REF] for alumina and zirconia respectively (T expressed in Kelvin). These equations are derived from the data measured by the cited authors. Note that K(T) varies both with porosity and temperature. However, since a dependence of porosity on temperature only was postulated, K(T) can be expressed (in this simulation) as varying only with temperature.

        D 2 1P KT 1 n P T K T T     eq. 3(a)       3 D K T 5.5 34.5exp 3.3 10 T 273       eq. 3(b)       3 D K T 1.89 0.974exp 1.85 10 T 273       eq. 3(c)
The specific heat capacities C P of alumina and zirconia were respectively calculated using the approximations shown in eq. 4(a) [START_REF] Miyayama | Engineering properties of single oxides[END_REF] and 4(b) [START_REF] Swain | Thermal diffusivity, heat capacity and thermal conductivity of porous partially stabilized zirconia[END_REF] (T in Kelvin and C p in J•kg - 

     eq. 4(b)
The properties of zirconia-toughened alumina composites were calculated using a simple rule of mixtures.

Different thermal cycles were used during the simulations, in order to evaluate their effect on temperature homogeneity in the spheres. The first one (EC, standing for Experimental Cycle) reproduces the sintering cycle used for the experiments. Others reproduce typical sintering cycles, with heating rates of [START_REF] Triclot | Update -"Big-head": The solution to the problem of hip implant dislocation?[END_REF][START_REF] Green | Constrained sintering: A delicate balance of scales[END_REF][START_REF] Pabst | Elasticity of porous ceramics-A critical study of modulus-porosity relations[END_REF]30,40 or 50 K•min -1 until 1793 K. The last two reproduce Rate Controlled Sintering cycles (5RCS and 19RCS: respectively 5 or 19 K•min -1 up to 1430 K, followed by a heating rate proportional to the densification rate so that the duration of the 19 RCS cycle is the same as that of a typical 5 K•min -1 cycle).

A convergence analysis was conducted on a sintering cycle at 10 K•min -1 applied to zirconia, with a number of elements between 700 and 7000. In these calculations the maximum difference between the temperatures on the surface and in the center of the sphere (T Max ) was picked up. Figure 2 shows a maximum difference of 0.5 K between the different T Max calculated with the different meshes. Thus it was decided to use a 1100 elements mesh, providing both adequate accuracy and fast simulations. slow ramp (1K•min -1 ) followed by a dwell at 473 K, then a 5 K•min -1 up to 1793 K, followed by a 2 h dwell and a ~5 K•min -1 cooling ramp, which is consistent with sintering cycles used in real industrial conditions. The experimental setup is described on Figure 3, together with the applied thermal cycle. 

Results

Finite Element Model

The temperature differences between the surface and the center of a sphere (T=Ts-Tc) obtained with the FE simulations are presented in Figure 4 for alumina and zirconia (simulations for ZTA do not differ significantly from those of alumina). As expected from their relative thermal conductivity, for all thermal cycles the temperature inside zirconia spheres is more heterogeneous than inside alumina or ZTA spheres. The simulations with Rate-Controlled Sintering conditions show that at the beginning, during the fast heating rate T logically increases at the same pace as it would with a 5K•min -1 or 19K•min -1 heating rate. However, when densification starts and thus the heating rate decreases (down to near 1 K•min -1 ), T dramatically decreases and becomes the lowest of all simulated conditions: in average during the densification steps (between 1440 K and 1793 K),

T is 68% lower during Rate Controlled Sintering (whatever the initial heating rate) than during a sintering at 5 K•min -1 constant heating rate for alumina, and 64% lower for zirconia (Figure 6). A comparison of T obtained for a 5K•min -1 cycle and a 19RCS cycle in zirconia between 100 and 1700 K is shown on figures 7, Reducing the initial heating rate (5RCS cycle) further reduces the temperature gradient before densification starts, without affecting it after. This is illustrated on zirconia on figure 8.
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In-situ measurement of temperatures during sintering

The temperature differences between the surface (T S ) and center (T c ) of the spheres were only measured on ZTA. Erreur ! Source du renvoi introuvable.The results are presented on Figure 9. A small difference exists at low temperature, but is removed by the plateau at 473 K. After this plateau, the temperature difference increases steadily until it reaches almost 50 K at an external temperature around 800 K. Then it mostly decreases until it reaches 30 K at an external temperature of 1600 K. Finally, the temperature difference decreases in two significant steps: the first step takes place at an external temperature of 1650 K (internal temperature of 1620 K), when a significant densification has already taken place in the whole body (porosity below 30 %) and thus the thermal conductivity increases (arrow indicated in Figure 9). The second decrease takes place when the external temperature reaches the soaking temperature (1793 K) and stops increasing, and the temperature naturally homogenizes with time in the body.

Gremillard et al.
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Discussion

In general, the orders of magnitude of the temperature differences between the surface and center of the spheres computed using the finite element model are in good agreement with the measured ones, for similar conditions. Given the difficulty of the experiments, it is difficult to know whether the experiments or the model are most precise. Indeed, the experimental measurement may be impaired by many factors. These factors are:

-The electromagnetic fields inside the furnace that can change the potentials in the thermocouples.

-The thermal conductivity of the thermocouples can also change the measured temperature, mostly in the center of the heads (thus the temperature of the center would be overestimated during heating, and the measured thermal gradient artificially decreased).

-The thermocouples are bent during the CIP step; this can affect their metallurgical state and thus the temperature measurement.

The most important finding of this study is perhaps the demonstration of the existence of very low thermal gradients during densification when using Rate Controlled Sintering thermal cycles. RCS thermal cycles should be separated in two different phases: heating and densification. During the heating phase, the first heating rate can be large (it was limited here to 19 K / min), and give rise to high temperature differences between the surface and the core (44 K in alumina, 115 K in zirconia, both at a surface temperature of 1433 K, for a 19RCS cycle). Since the temperatures during the heating phase are compatible with an elastic behavior of the materials, with the Young's modulus given in Figure 1 (or Eq. 2) (resp. 84 and 42 GPa for alumina and zirconia), and using a Coefficient of Thermal Expansion of 6.3•10 -6 for alumina and 11 •10 -6 for zirconia, one can calculate maximum elastic stresses of about 23 MPa for alumina and 53 MPa for zirconia. Of course these values should be taken only as orders of magnitudes. But they still exceed by far the strength of green ceramic bodies (a few MPa at most [START_REF] Pizette | Green strength of binder-free ceramics[END_REF]). Thus heating at such a high rate may result in cracking of the body. However, the initial heating rate applied here for 19RCS was calculated so that the total duration of RCS thermal cycle is the same as the duration of a 5K/min thermal cycle. Since the initial heating rate has no influence on densification, it is easy to decrease it to avoid this problem, as it is shown by the 5RCS cycles. As soon as the densification phase starts and microstructures start to develop, the thermal gradients reach very low values (maximum 2 K for alumina and 5K for zirconia above 1573 K, when densification takes place) since simultaneously the heating rate becomes low and the conductivity starts to increase. This presents two advantages: it should produce pieces with very low distortions and with very homogeneous microstructures (because of the very low thermal gradients, every location of the body will experiment the same thermal history). Thus an ideal sintering cycle for large ceramic bodies, in terms of homogeneity and distortions, may be constituted by a slow heating rate up to the temperature where densification starts (1560K here) followed by a ratecontrolled sintering cycle during densification. Some other results of the finite element analysis are expected, such as the proportionality of the maximum thermal gradient with the heating rate. However, the (applied) temperature for which the maximal thermal gradient is observed (T(T Max )) lays between 1500 and 1700K, depending on the material and the sintering conditions. This indicates first that the temperature gradient decreases between the temperature at which the densification starts (~1500 K) and the soaking temperature (1793 K). This is explained by an increase of the thermal conductivity due to densification. Densification starts at the surface, where the temperature is the highest, and the densification front "propagates" to the interior. When density is high enough everywhere in the sintering body, the thermal gradient can start to decrease. This is reached for an internal temperature of around 1500 K for the three materials, corresponding to a 2% density increase (from 60 to 61.2% theoretical density in the center of the pieces).

As for now, this purely phenomenological model shows three main limitations: -The simulations do not take into account the elasto-visco-plastic behavior of the materials, which prevents an analysis of internal stresses. However, the model could be improved with further development based on experimental data.

-An important point for a more accurate modeling of the thermal gradient is accounting for density inhomogeneity. Indeed, all the simulations presented here consider a perfectly homogeneous starting material. However, in green bodies, especially in large ones, particles may be heterogeneously packed. These heterogeneities can affect densification either directly or indirectly. The direct effect results from density itself: the less dense parts will sinter with more difficulty, and be submitted to a larger shrinkage (thus larger distortions). The indirect effect is a thermal effect: less dense parts have a lower thermal conductivity and will be submitted to larger thermal gradients, thus to larger distortions.

-The influence of heating rate on the sintering kinetics was neglected. It is known that faster heating rate can result in faster densification (not taking into account the thermal gradients). This effect is neglected here and could be accounted through the establishment of Master Sintering Curves.

Other, less important, points could be more easily refined:

-Most physical characteristics of materials were not measured, but extrapolated from literature.

-The evolution of density with temperature was measured on ZTA only, and was used for the simulations for the three materials. This is of limited importance, since the densification behavior varies greatly with the pre-sintering processing steps (pressing, casting…) and the nature of the powder (particle size, dopants…).

-The simulations are conducted only on the heating part of the cycle and on the plateau, preventing the analysis of thermal gradients during cooling. Simulating the cooling would necessitate to inject the results obtained by the present model after the plateau into a second
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model in which the density remains constant with temperature (unlike during heating) while all other physical properties vary with temperature. This is also of limited importance, since cooling in industrial furnaces is generally very slow due to the size and thermal inertia of the furnaces.

The main interest of running such simulation is to obtain a useful and effective tool in order to simulate the sintering behavior of large ceramic parts. This model is quite simple and easily transferable to other geometries but also to other materials. Materials properties and sintering conditions can be easily modified to adapt in every situation. Finally the calculation time is relatively fast, as it takes less than one hour on a commercial laptop, which put this model as a useful tool for calculating sintering thermal cycles.

Conclusion

This article aimed at establishing a macroscopic finite element model of sintering, and comparing these simulations to the measured thermal gradients inside a ceramic sphere during sintering. Both experiments and model give results with comparable orders of magnitudes.

The model shows that the temperature gradients inside a large ceramic piece vary linearly with the heating rate, and that the maximum gradient is reached just above the temperature where shrinkage begins. Moreover, it may allow the determination of optimal sintering cycles taking into account the temperature (thus microstructural) homogeneity inside the pieces. It might however not be sufficient in its current version to predict the shape changes during sintering, as these changes are related to temperature gradients via shrinkage and mechanical stresses, which are highly influenced by the thermo-mechanical behavior of the materials (approximated here as purely elastic). ,nbligne,1,1, MPTEMP,,298.15,323.15,358.15,373.15,398.15,423.15 ! Variation de la température MPTEMP,,448.15,473.15,498.15,523.15,548.15,573.15 ! Pour propriétés mécaniques et thermiques MPTEMP,, 598.15, 623.15, 648.15, 673.15, 698.15, 723.15 MPTEMP,, 748.15, 773.15, 798.15,823.15,848.15, 873.15 MPTEMP,, 898.15, 923.15, 958.15, 973.15, 998.15, 1023.15 MPTEMP,, 1048.15, 1073.15, 1098.15,1123.15,1148.15, 1173.15 MPTEMP,, 1198.15, 1223.15, 1248.15, 1273.15, 1298.15, 1323.15 MPTEMP,, 1348.15, 1373.15, 1398.15,1423.15, 1428.15, 1433.15 MPTEMP,, 1438.15,1443.15,1448.15,1453.15,1458.15, 1463.15 MPTEMP,, 1468.15,1473.15,1478.15,1483.15,1488.15, 1493.15 MPTEMP,, 1498.15,1503.15,1508.15,1513.15,1518.15, 1523.15 MPTEMP,, 1528.15,1533.15,1538.15,1543.15,1548.15, 1553.15 MPTEMP,, 1558.15,1563.15,1568.15,1573.15,1598.15, 1623.15 MPTEMP,, 1648.15, 1673.15, 1698.15,1723.15,1748.15, 1773.15 MPTEMP,, 1793 PLVAR,[START_REF] Burroughs | Range of Motion and Stability in Total Hip Arthroplasty With 28-, 32-, 38-, and 44-mm Femoral Head Sizes: An In Vitro Study[END_REF][START_REF] Jameson | Lower rates of dislocation with increased femoral head size after primary total hip replacement: a five-year analysis of NHS patients in England[END_REF]FILLDATA,192,,,,0,0 FILLDATA,193,,,,[START_REF] Wroblewski | The Charnley Hip Replacement -43 Years of Clinical Success[END_REF]0 FILLDATA,194,,,,0 FILLDATA,195,,,,[START_REF] Wroblewski | The Charnley Hip Replacement -43 Years of Clinical Success[END_REF]1 VARNAME,195,NSET 

Figure 1 :

 1 Figure 1: Materials properties used for the simulation vs temperature (blue squares: zirconia; black circles: alumina. (a): Specific heat capacity (Cp, J•kg-1•K-1); (b): Thermal conductivity (K, W•m-1•K-1); (c): porosity (measured by dilatometry, the same for all materials); (d): Young's modulus (E, GPa).

Figure 2 :

 2 Figure 2: (a) Convergence analysis giving the maximum temperature difference between the center and the surface for different number of elements (left axis) and the difference in this value as compared to the case of 7000 elements (right axis), and (b) representation of the meshing with 1100 elements.

Figure 3 :

 3 Figure 3: Experimental setup (a) and temperature cycle (b) used to measure the thermal gradients in a sphere during sintering.

Figure 4 :

 4 Figure 4: T as a function of temperature simulated in alumina (left) and zirconia (right).

Figure 5 :

 5 Figure 5: (a) Evolutions of TMax and T(TMax) (temperature for which T is maximum) with heating rate, and (b) proportionality between TMax and T(TMax) (the size of the bubbles is proportional to the heating rate).

Figure 6 :

 6 Figure 6: Comparison between Rate-Controlled Sintering (19RCS, thick lines without symbols) and sintering at 5K•min-1 (thin lines with symbols) for alumina (black) and zirconia (blue). Red lines indicate the temperature

Figure 7 : 9 Figure 8 :

 798 Figure 7: Comparison between Rate-Controlled Sintering at two initial heating rates: 19RCS (thick lines) and 5 RCS (thin lines) for zirconia (blue). Red lines indicate the temperature (thick, dashed line: 19RCS; thin, dashed line: 5RCS)

Figure 9 :

 9 Figure 9: Temperature difference between the surface (Ts) and the center (Tc) of a ZTA sphere measured in situ during densification (open diamonds) and calculated using the finite element model (full diamonds).
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 15 , , *TREAD, tempreelsurfAnsys,'tempreelsurfAnsys','txt',, , !****************************************************************************** ! Variables géométriques et données du problème !******************************************************************************************************************************************************** ! Création de la géométrie et choix du maillage !****************************************************************************La température initiale est de 25°C Gremillard et al. Thermal gradients during sintering of ceramic balls 16 ! ****************************************************************************** ! Propriétés matériau ! ******************************************************************************

  .15 mp,dens,1,D ! Application des propriétés du matériau -densité mp,PRXY,1,PR ! Application des propriétés du matériau -coefficient de Poisson ! Application des propriétés du matériau -module d'Young MPDE,EX,1 ! Publication Latella et Liu AMESH,ALL ! ****************************************************************************** ! Résolution ! ****************************************************************************régime transitoire (dépend du temps) OUTRES,ALL,ALL ! Accessibilité des résultats à chaque incrément de temps KBC,0 ! Application progressive du chargement thermique (rampe) ! Conditions aux limites et symétries nsel,all ! On bloque la translation selon x sur l'axe de symétrie LSEL,la ligne à x=0 nsel,r,loc,y,0 ! Sélection d'un point à y=0 dans le ligne D,ALL, , , , , ,UY ! Le centre du cercle est bloqué aussi selon y nsel,all ! Application de la température sur le contour -première phase LSEL,S, , ,1 NSLL,S,1 D,ALL,TEMP,%tempreelsurfAnsys% ! Application de la température grâce au fichier extérieur nsel,all Gremillard et al. Thermal gradients during sintering of ceramic balls 23

  

  •K -1 ). It was considered as constant vs. density.

	  C T 1.126 10 +1.256 10 T 31 p    		2 3.476 10 T 	7	eq. 4(a)
	  C T 5.608 10 +1.104 10 T 21 p 		2 1.050 10 T	7

Example of Ansys code used for the simulations

  

	! Modèle de frittage d'une tête de prothèse de hanche en zircone
	! Etude thermique	
	! Cp tient compte de l'évolution avec la température
	! K lié à température et densité ; K liste au lieu de polynôme
	! rampe de montée à 5°C/min au lieu de 19
	nbligne =883	! Lecture du fichier de température
	*DIM, tempreelsurfAnsys,TABLE	
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