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Introduction

Zirconia, precisely the Tetragonal Zirconia Polycrystal stabilized by 3 mol. % Y 2 O 3 (3Y-TZP) was introduced in orthopaedics in the early 1990s for the fabrication of femoral heads for total hip arthroplasty. Indeed, this material is the monolithic oxide ceramic presenting the highest fracture strength (up to 1.5 GPa). Despite concerns over roughening and wear issues observed on explanted heads in the late 1990s, it was continuously used until 2001, when a few hundred zirconia heads fractured within two years of implantation. These early failures could be related to the tetragonal to monoclinic (t-m) phase transformation inherent to zirconia ceramics. Indeed, t-m phase transformation in the vicinity of a propagating crack is the origin of phase transformation toughening [START_REF] Garvie | Ceramic steel?[END_REF][START_REF] Lange | Transformation toughening. 1 Size effects associated with the thermodynamics of constrained transformations[END_REF], explaining the high strength of 3Y-TZP. However, as first described by Kobayashi in 1984 [START_REF] Kobayashi | Phase change and mechanical properties of ZrO2-Y2O3 solid electrolyte after ageing[END_REF], it is known that zirconia ceramics are prone to a degradation mechanism referred to as "hydrothermal ageing" or "Low Temperature Degradation" (LTD). This mechanism also implies t-m phase transformation, on the surfaces exposed to humidity. It results in increased roughness of the exposed surfaces (reduced wear resistance) and microcracking (due to the high volume increase of 4-6% associated with the tm transformation). Some yttria-stabilized zirconia materials such as fully-stabilized zirconia (stabilized in the cubic phase) do not suffer from hydrothermal ageing since they contain no tetragonal phase. However their mechanical properties are not high enough to warrant their use in orthopaedics [START_REF] Chevalier | The Tetragonal-Monoclinic Transformation in Zirconia: Lessons Learned and Future Trends[END_REF]. The consequences of hydrothermal ageing of 3Y-TZP ceramics are well documented, both from laboratory studies [START_REF] Gremillard | Combining ageing and wear to assess the durability of zirconia-based ceramic heads for total hip arthroplasty[END_REF][START_REF] Douillard | Comparative ageing behaviour of commercial, unworn and worn 3Y-TZP and zirconia-toughened alumina hip joint heads[END_REF][START_REF] Chevalier | Low-temperature degradation of Zirconia and implications for biomedical implants[END_REF][START_REF] Tsubakino | Surface relief associated with isothermal martensite in zirconia-3-mol%-yttria ceramics observed by atomic force microscopy[END_REF][START_REF] Muñoz-Tabares | Subsurface evaluation of hydrothermal degradation of zirconia[END_REF][START_REF] Cattani-Lorente | Low temperature degradation of a Y-TZP dental ceramic[END_REF][START_REF] Samodurova | The combined effect of alumina and silica co-doping on the ageing resistance of 3Y-TZP bioceramics[END_REF][START_REF] Lughi | Low temperature degradation -aging-of zirconia: A critical review of the relevant aspects in dentistry[END_REF] and clinical feedbacks [START_REF] Clarke | Current status of zirconia used in total hip implants[END_REF][START_REF] Haraguchi | Phase transformation of a zirconia ceramic head after total hip arthroplasty[END_REF][START_REF] Catledge | Surface crystalline phases and nanoindentation hardness of explanted zirconia femoral heads[END_REF][START_REF] Santos | Examination of surface and material properties of explanted zirconia femoral heads[END_REF][START_REF] Kim | Tribological and material analyses of retrieved alumina and zirconia ceramic heads correlated with polyethylene wear after total hip replacement[END_REF]. Conversely, only few studies exist on hydrothermal ageing of the more recent zirconiatoughened alumina (ZTA) materials, comprised of zirconia grains dispersed in an alumina matrix [START_REF] Gremillard | Combining ageing and wear to assess the durability of zirconia-based ceramic heads for total hip arthroplasty[END_REF][START_REF] Douillard | Comparative ageing behaviour of commercial, unworn and worn 3Y-TZP and zirconia-toughened alumina hip joint heads[END_REF][START_REF] Reyes-Rojas | X-ray diffraction and atomic force microscopy study in aged zirconiatoughened alumina composite with dispersion of m-ZrO2 nanoparticles[END_REF][START_REF] Fabbri | Lifetime estimation of a zirconia-alumina composite for biomedical applications[END_REF][START_REF] Pezzotti | Nano-scale topography of bearing surface in advanced alumina/zirconia hip joint before and after severe exposure in water vapor environment[END_REF][START_REF] Chevalier | On the kinetics and impact of tetragonal to monoclinic transformation in an alumina/zirconia composite for arthroplasty applications[END_REF][START_REF] Chevalier | Reliability assessment in advanced nanocomposite materials for orthopaedic applications[END_REF]. ZTA might present also an ageing phenomenon related to the decomposition of alumina into AlOOH or Al(OH) 3 [START_REF] Hirata | Dissolution behavior of α-alumina in solutions containing Mg2+ ions[END_REF][START_REF] Lefèvre | Hydration of <gamma>-Alumina in Water and Its Effects on Surface Reactivity[END_REF]. However this effect is neglected here, since previous work has shown that no detectable mass loss was taking place in ZTA femoral heads submitted to hydrothermal ageing [START_REF] Gremillard | Combining ageing and wear to assess the durability of zirconia-based ceramic heads for total hip arthroplasty[END_REF]. Most of the available studies dealing with hydrothermal ageing of ZTA highlight the reduced roughening of ZTA compared to 3Y-TZP [START_REF] Reyes-Rojas | X-ray diffraction and atomic force microscopy study in aged zirconiatoughened alumina composite with dispersion of m-ZrO2 nanoparticles[END_REF][START_REF] Pezzotti | Nano-scale topography of bearing surface in advanced alumina/zirconia hip joint before and after severe exposure in water vapor environment[END_REF][START_REF] Chevalier | On the kinetics and impact of tetragonal to monoclinic transformation in an alumina/zirconia composite for arthroplasty applications[END_REF], making the consequences of hydrothermal ageing much less problematic for ZTA. These findings seem to be corroborated by the few available studies on explanted ZTA components [START_REF] Kurtz | Advances in zirconia toughened alumina biomaterials for total joint replacement[END_REF][START_REF] Lombardi | Delta Ceramic-on-Alumina Ceramic Articulation in Primary THA: Prospective, Randomized FDA-IDE Study and Retrieval Analysis[END_REF][START_REF] Clarke | Hip-simulator wear studies of an alumina-matrix composite (AMC) ceramic compared to retrieval studies of AMC balls with 1-7 years follow-up[END_REF] that specifically examine this point. The literature on hydrothermal ageing of Alumina-Toughened Zirconia (ATZ), consisting of alumina grains dispersed in a zirconia matrix is even less extended [START_REF] Schneider | Low-Temperature Aging Behavior of Alumina-Toughened Zirconia[END_REF][START_REF] Oberbach | Investigation of aged dispersion ceramics by means of hip simulator[END_REF][START_REF] Kohorst | Lowtemperature degradation of different zirconia ceramics for dental applications[END_REF][START_REF] Kawai | Phase transformation of zirconia ceramics by hydrothermal degradation[END_REF], and the authors could find no paper examining the hydrothermal ageing on explanted ATZ components. Moreover, majority of studies are conducted on flat samples, that do not perfectly reproduce the surface characteristics (roughness, residual stresses) of implanted components. Therefore, the aim of the current evaluation is to characterize hydrothermal ageing on readyto-implant hip prostheses heads made of two biomedical grade zirconia-based materials (ZTA and ATZ). The ageing kinetics are measured at different temperatures, allowing an estimation at body temperature. The microstructural evolutions on the first few microns below the surface are assessed, from the point of view of the phases present in the material and of the micro-cracking, and compared to a reference material (3Y-TZP).

Materials and methods

Materials

The tests were conducted on 32 mm femoral heads used for hip prostheses, made of aluminatoughened zirconia (ATZ, ceramys®, composed of 80 wt.% 3 Y-TZP and 20 wt.% -Al 2 O 3 , i.e. 72.4 and 27.6 vol.% respectively) and zirconia-toughened alumina (ZTA, symarec®, composed of 75 wt.% -Al 2 O 3 and , 25 wt.% 3 Y-TZPi.e. 82 and 18 vol.% respectively) processed by Mathys Orthopaedie GmbH. No 3Y-TZP heads were available. ATZ, ZTA and 3Y-TZP polished disks (25 mm diameter, 2 mm thickness, polished to a Ra between 10 and 17 nm, measured by a tactile profilometer (HOMMEL-ETAMIC T8000, JENOPTIK)) were also used for some of the measurements presented below.

Hydrothermal ageing

The sensitivity to hydrothermal ageing of the different materials was assessed on 32 mm diameter hip prostheses balls, by measuring the fraction of monoclinic zirconia phase after accelerated ageing in water vapour in autoclave, between 90°C and 134°C (Wolf Sanoclav LA-MCS, Germany, using deionised water). The monoclinic fraction was measured by X-ray diffraction (XRD), using a Bruker D8 diffractometer in Bragg-Brentano configuration and with CuK radiations, between 27 and 32 ° (2) (step size 0.05 °, 0.2 °/min.). The monoclinic volume fraction V m was calculated according to Garvie and Nicholson equation [START_REF] Garvie | Phases analysis in zirconia systems[END_REF] modified by Toraya [START_REF] Toraya | Calibration curves for the quantitative analysis of the monoclinic-tetragonal ZrO2 system by X-ray diffraction[END_REF]: where I p hkl is the area of the diffraction peak related to the (hkl) plane of the phase p (m for monoclinic and t for tetragonal). With the measurement conditions used, the sensitivity of this method is around 1% for all materials used here. Ageing kinetics measured by XRD can be well fitted by Mehl-Avrami-Johnson law (Eq. 2, in which V m is the monoclinic phase fraction, the time, n an exponent related to the ratio between nucleation and growth during the t-m transformation; V m 0 and V m Max being respectively the initial (measured) and maximum monoclinic content). In equation 2, b is thermally activated [START_REF] Chevalier | Low-temperature degradation of Zirconia and implications for biomedical implants[END_REF]. The activation energy Q was calculated for each materials by measuring the ageing kinetics in water vapour at different temperatures (90, 111, 134 and 143°C) as described in details by Chevalier et al. [START_REF] Chevalier | Low-Temperature Aging of Y-TZP Ceramics[END_REF]. This approach enables the extrapolation of ageing kinetics to lower temperatures, in particular to the body temperature. Equation 3, derived from Eq. 2, explains this extrapolation: the same monoclinic fraction is reached for both ( 1 ,T 1 ) and ( 2 ,T 2 ) conditions (in these equations,  is the ageing duration and T is the absolute temperature of ageing, R is the perfect gas constant).
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The depth profile of transformation below the surface was also evaluated by X-ray diffraction, using a technique described in a past study [START_REF] Gremillard | A new method to measure monoclinic depth profile in zirconia-based ceramics from X-ray diffraction data[END_REF]. Measurements of the depth profile could not be conducted on heads. Instead they were conducted on flat polished disks aged up to 100h at 134°C. First monoclinic depth profiles were measured on all three materials after 0, 10 and 50h ageing at 134°C. For Y-TZP, since saturation of monoclinic fraction was almost reached at 50h, an intermediate point was taken at 24h. For ATZ, at 50h the monoclinic fraction reached ~50% of the saturation level, thus two more points were taken at 65 and 100h. Briefly, scans were acquired at different, fixed incidence angles ( i = 0.5, 1, 2, 5, 10 and 15 deg). The transformation profile f m (z) was then deduced from the evolution of X m with the incidence angle. To use this technique, it is convenient to introduce the "reciprocal depth" u given by Eq. 4 with the substitution:

        2 sin cos sin sin 2 b b i i b i u           Eq. 4
( is the linear absorption coefficient, considered as independent on the amount of monoclinic phase,  b and  i are the Bragg angle and the incidence angle respectively). From the Beer -Lambert law and the geometry of the experiment, the depth of analysis D (depth contributing for a fraction S to the diffracted intensity) is related to u by:

  ln 1 S D u   or   ln 1 S u D   Eq. 5
Note that in all that follows, X m (D) or X m (u) refer to the average monoclinic fraction over a total depth D (or a reciprocal depth u), whereas f m (z) refers to the actual monoclinic fraction at a given depth z. The equation chosen to describe f m (z) (monoclinic fraction at a given depth z) depends on the mathematical equation used to describe the evolution of X m with the reciprocal depth (u). Since different fitting equations can give quite similar errors, two sets of equations were used for each material and each ageing time, one modelling a gradient of monoclinic phase (expressed by an exponential decay combined or not with a linear growth for the small depths) and the second expressing a step in monoclinic fraction in a given depth range. Supposing an exponential decay for f m , the transformation profiles in ZTA were fitted with the following equations (Eq. 6, in which a and u 0 are fitting variables):

    2 0   Xm u au u uu , with ln(10) u z  Eq. 6(a)     0 exp  fm z a u z Eq. 6(b)
Still for the exponential behaviour, for a simple exponential decay could not be applied for ATZ and 3Y-TZP. For these materials the profiles had to be fitted so that f m first increases from 0, then decays exponentially. The equations 7(a) and 7(b) were used (with b and u 0 as fitting variables):

    2 0 Xm u b u uu   Eq. 7(a)     0 exp fm z bz u z  Eq. 7(b)
However, for 3Y-TZP after 50 hours ageing and ATZ after 100h of ageing, these previous equations were not adequate, and instead the profiles could be fitted with equations 8(a) and 8(b), that modulate the exponential decay (with c, u 0 and u 1 the fitting variables):

     01   Xm u c u u u u u Eq. 8(a)       01 10 exp exp        c fm z u z u z uu Eq. 8(b)
It should be noted that Eq. 7(a) and 7(b) are respectively the limiting cases of Eq. 8(a) and 8(b) when u 1 =u 0 . Indeed, fits attempted on all other ATZ and 3Y-TZP materials with eq. 8(a) gave precisely this result and thus are not shown here.

For the "step" behaviour, the equations used were Eq. 9(a) and 9(b), f m0 , z 1 and z 2 being the fitting variable, with 0≤z 1 ≤z 2 :

    12 0   z u z u m Xm u f ee uu
Eq. 9(a)

1 0 1 2 2 0 if < if z 0 if          mm zz f f z z zz
Eq. 9(b)

Microstructural analyses

The capabilities of FIB/SEM's upgraded with in situ gas injection system (GIS) have been widely reviewed over recent years. In material science, preparation of cross-sections is a usual application of such well-equipped instruments. FIB cross sectioning associated with SEM imaging is well suited to determine the extent of monoclinic transformation. The original concept of sequential slicing tomography can also be achieved in these so called double-column systems: once a region of interest has been selected in the sample, it is milled layer by layer with the ion beam, and electronic images are successively taken from each fresh milled section with the SEM. In a second phase, all slices are assembled in a stack, after a few steps of image processing, to represent the volume of matter or rather segmented elements of the microstructure. The FIB/SEM tomography method has demonstrated the ability to provide volumetric data with a voxel dimension down to a few nanometers which justifies the designation of Focused Ion Beam nano-tomography (FIB-nt). Thus, FIB-nt method covers spatially-resolved volumes not available with other 3D characterization technique. We have taken advantage of this technique to evaluate the volume content of porosity and alumina grains and to have information on the micro-crack network associated to the transformation. Experiments were performed using a FIB/SEM workstation (NVision 40; Carl Zeiss Microscopy GmbH, Oberkochen, Germany) combining a SIINT zeta FIB column (Seiko Instruments Inc. NanoTechnology, Japan) with a Gemini I column. The NVision 40 platform is also equipped with a multi-nozzle SIINT gas injection system (GIS). Special care was taken during all FIB experiments to minimise curtain effect and surface implantation, and to avoid any ion beam induced monoclinic transformation. Prior to serial sectioning, a sufficient cross-sectional surface was freed to minimise as much as possible the shading effects. To perform this step, coarse ion beam currents ranging from 13 nA to 3 nA at 30 keV were used. Then, careful milling at 30keV/700pA was applied for serial sectioning. FIB-nt of ATZ was done with a voxel size of 5nm x 5nm x 10nm whereas this voxel size was set to (10nm) 3 for 3Y-TZP and ZTA. Whatever the experience, simultaneous Secondary Electron imaging and Energy filtered Backscattered Electron imaging were performed with an accelerating voltage of 1.5keV. All FIB experiments were conducted on disks.

Image analysis was then conducted with the FIJI software. First voids were assigned to a phase using segmentation. Then a morphological parameter was used to discriminate pores from cracks: for each void a sphericity criterion (S p ) was calculated, defined as: (where S is the surface of a void and V its volume); S p is 1 for a sphere, less otherwise. This filter is avalaible in the FIJI plugin 3D analysis [START_REF] Boulos | Investigating performance variations of an optimized GPU-ported granulometry algorithm[END_REF]. The continuity (C) or intra-connectivity of the microcracks was determined by a counting procedure detecting the 3D independent ensemble of connected voxels [START_REF] Elmoutaouakkil | 2D and 3D characterization of metal foams using x-ray tomography[END_REF]. The intra-connectivity was then quantified as the volume fraction of the most voluminous cluster of this material/phase in the analyzed volume.

Statistics

All monoclinic fraction measurements were conducted at least in triplicate (at least 3 samples from the same batch aged in the same conditions). Results on monoclinic fraction are given as average plus or minus one standard deviation. Numerical fits of the data were performed using Golden Software Gapher 12. For each fit, a 95% confidence interval was calculated, to calculate the uncertainty on each fitting parameter.

Orders of magnitude of these uncertainties are provided in the figures or tables captions when necessary.

Results

Hydrothermal ageing kinetics

The ageing kinetics at different temperatures are reported on Figure 1 for ATZ and ZTA.

By fitting these experimental results by an Avrami law, any monoclinic content at any time and temperature can now be estimated using equations 2 and 3. The parameters obtained from the data are summarized in Table 1, and allow the extrapolation of the ageing kinetics at 37°C as shown in Figure 1. In ZTA, the small quantity of zirconia in the material and the small monoclinic fractions measured for ZTA lead to high relative uncertainties, and thus at least two sets of parameters are equally available for ZTA (depending on the fitting procedure: ZTA(1) (for which each measurement point was given an equal weight in the fitting procedure) and ZTA(2) (for which the measured kinetics at each temperature was given an equal weight), and reported also in Table 1. From these parameters, one can deduce that 1 year ageing in vivo (at 37°C) can be simulated by autoclaving at 134°C for about 1.3 hours (for ATZ) or 71 to 87 hours (for ZTA, resp. with parameters ZTA(1) and ZTA(2)). 

Distribution of the monoclinic phase below the surface from grazing angles experiments

To gain access to the depth profile distribution of monoclinic phase, following the method exposed in [START_REF] Gremillard | A new method to measure monoclinic depth profile in zirconia-based ceramics from X-ray diffraction data[END_REF], one must first acquire XRD scans with various incidence angles (thus probing various depths) and then fit the evolution of X m (Eq. 1) with a mathematical equation.

The depth profile f m (z) obtained with this method are shown in Figure 2 (the choice of the correct profile will be explained in the discussion) together with an example of raw data (measured X m vs analysed depth after 50h ageing, in Figure 2 (d)). Figure 3 shows a comparison of the monoclinic depth profiles in the three materials after an identical ageing treatment (50h at 134°C). Due to a larger penetration depth of the X-rays in ZTA (because of the smaller zirconia content), the profiles may be extrapolated to up to 20 microns for this material, in comparison with about 10 microns for Y-TZP and ATZ. However, in the present work this is of no importance since the transformed depth is very small in ZTA. 3Y-TZP exhibits the fastest ageing behaviour of all three materials. Whether one considers the "step behaviour" or the "exponential behaviour", ZTA sets itself apart by the fact that it presents the maximum monoclinic fraction on its surface, whereas for both Y-TZP and ATZ the maximum monoclinic fraction is reached below the surface, implying the existence of a thin non-transformed layer at the surface. ATZ and 3Y-TZP are also similar in the maximum monoclinic fraction they reach (around 0.7) and in the transformed depth (one to a few micrometers), while ZTA presents both a smaller transformed layer (less than 1 µm after comparable times) and a lower maximum m-fraction (below 0.15). 

Observation of transformed zones below the surface by FIB

In order to measure the thickness of the transformed layer, cross-sections obtained by FIB machining were first observed in SEM mode on the three materials after 50h ageing in autoclave at 134°C. Figure 4 and Figure 5 respectively show this thickness to be around 10 μm for Y-TZP and 5 μm for ATZ. Figure 6 shows that the ageing of ZTA does not induce a homogeneous transformed layer, but rather isolated transformed grains; no transformed grain was found below 2 microns under the surface. 3D reconstructions were made from series of cross section slides. Then image analysis was used to detect pores and microcracks and to separate zirconia from alumina grains. In 3Y-TZP (Figure 7), the porosity is 0.03% of the analysed volume, and alumina grains 0.25%. Microcracks are present in the whole transformed volume (up to 10 µm under the surface); among the 1652 detected cracks, only one was connected to the surface. In ATZ (Figure 8), the porosity is also 0.03% of the volume, and alumina grains 27% (consistent with the starting material). The microcracks are not interconnected, and are limited to the first 3 µm (to compare to the 5 µm depth monoclinic, transformed zone); only 227 cracks were detected, and 2 of them were connected to the surface. In ZTA (Figure 9), the porosity is around 0.02 vol. %. No microcracks are detected. Zirconia grains form a completely percolative phase that occupies around 19% of the volume (again, this is consistent with the starting material). 

Discussion

Extrapolations of ageing kinetics at 37°C are necessary to predict the t-m transformation associated to hydrothermal ageing in-vivo. However, these are not sufficient to characterize the long-term mechanical properties, and should be coupled with an evaluation of the surface mechanical properties (for example using nano-indentation). While available studies have focused on the microstructural and structural characterisations, this article presents a first step towards this goal, since it uses FIB to evaluate the micro-cracks network appearing on the surfaces following ageing.

The correspondence between extrapolated ageing kinetics at 37°C and accelerated ageing at 134°C proved to be very different between ATZ and ZTA (1 year at 37°C being simulated by 1.3h at 134°C for ATZ, or ~ 80 h at 134°C for ZTA). This large difference between ATZ and ZTA is due to the very different activation energies (95.3 and 50-52 kJ/mol for ATZ and ZTA respectively). The 95.3 kJ•mol -1 activation energy found in this study is very similar to the 96.5 kJ•mol -1 found by Schneider et al. on the same material [START_REF] Schneider | Low-Temperature Aging Behavior of Alumina-Toughened Zirconia[END_REF]. However, the value calculated for ZTA is lower than what was already observed for other zirconia-toughened alumina materials (between 70.8 and 108 kJ•mol -1 [START_REF] Fabbri | Lifetime estimation of a zirconia-alumina composite for biomedical applications[END_REF][START_REF] Chevalier | On the kinetics and impact of tetragonal to monoclinic transformation in an alumina/zirconia composite for arthroplasty applications[END_REF][START_REF] Deville | Microstructural investigation of the aging behavior of (3Y-TZP)-Al2O3 composites[END_REF]). It implies a much lower sensitivity of hydrothermal ageing to temperature in the case of this particular ZTA. However, the saturation monoclinic fraction in ZTA is around 8%, meaning that 8% of the zirconia phase may be transformed to monoclinic phase. This is much lower than the saturation levels found in other ZTA materials with similar composition: between ~15% and ~80% [START_REF] Deville | Low-temperature ageing of zirconia-toughened alumina ceramics and its implication in biomedical implants[END_REF]. Since zirconia is only 25% of the ZTA material, this corresponds to only ~2% of the total material being transformed to monoclinic on average in the depth of 5 microns accessible to X-Ray diffraction, the bulk being free of monoclinic phase as shown on Figure 6. Thus the expected impact of ageing on this ZTA material should be very low.

A comparison of the ageing kinetics of ATZ and 3Y-TZP is more difficult, since no zirconia heads were available during this study to establish the time-temperature equivalence. However, a comparison with the work by Chevalier et al. [START_REF] Chevalier | Low-Temperature Aging of Y-TZP Ceramics[END_REF] shows that ageing in ATZ is slower by a factor of almost eight compared to ageing in 3Y-TZP, when considering the kinetics extrapolated at 37°C. For instance, at 37°C saturation is reached at ~1.3•10 5 hours (15 years) for 3Y-TZP in [START_REF] Chevalier | Low-Temperature Aging of Y-TZP Ceramics[END_REF], whereas it is reached at ~10 6 hours (~115 years) for ATZ in this work.

Table 2: total fitting errors in the three materials for the two fits.

Material Error, "Exp." behaviour

Error, "

Step" behaviour ATZ 10.9

•10 -3 2.1•10 -3 3Y-TZP 16.1•10 -3 1.2•10 -3 ZTA 4.8•10 -5 7.6•10 -5
The choice of a mathematical model fitting the depth profile of the transformation is not easy, since for all materials both models give physically reasonable solutions. However, a few considerations can help: 1-The total fitting errors can be calculated as the sum of the squares of the differences between observed X m and calculated X m , as reported in Table 2. They indicate that the step behaviour seems more adequate for ATZ and 3Y-TZP, with fitting errors lower by a factor of 5 to 8, while the exponential fit is slightly better for ZTA. These data are coherent with FIB observations.

2-A monoclinic zone cannot transform back to tetragonal during hydrothermal ageing. This definitely rules out the exponential behaviour for ATZ and 3Y-TZP, since for both materials the maximum transformation would be lower for the longest ageing time than for the previous one. This also rules out the step behaviour for ZTA, in which the maximum transformation amount would decrease between the first and the second point (Figure 2(d)).

Table 3: parameters of the phase transformation depth profile.

Parameters for the step profile: z1: thickness of the non-transformed, top layer; z2: end of the monoclinic layer; fm0: monoclinic fraction in the monoclinic layer (parameters of Eq. 9). Parameter for the exp. profile: f m max: maximum monoclinic fraction; Z (f m max/10): depth where the monoclinic fraction is one tenth of the maximum monoclinic fraction; fm 0 is the maximum monoclinic fraction (on the surface, parameter a in Eq. 6) and z 0 relates to the transformation depth (equal to ln [START_REF] Cattani-Lorente | Low temperature degradation of a Y-TZP dental ceramic[END_REF] The geometrical parameters describing the shape of the transformed zone obtained by FIB and XRD are reported in Table 3. Hence ATZ and 3Y-TZP (both materials being mainly constituted of zirconia) behave similarly with regard to ageing, in the sense that they present a thin (~0.1 µm), non-transformable layer on their surface on top of a completely transformed layer of homogeneous thickness. In addition, the thickness of the transformed layer increases linearly with time, while the monoclinic content in the transformed layer remains stable with time (Figure 10). This is coherent with the low value of n which tends to indicate a fast nucleation of the monoclinic phase [START_REF] Gremillard | Modeling the aging kinetics of zirconia ceramics[END_REF] (thus the surface is quickly converted into an homogenous layer of monoclinic phase that grows into the volume). This finding is coherent with the work of Keuper et al. [START_REF] Keuper | Direct evidence for continuous linear kinetics in the low-temperature degradation of Y-TZP[END_REF], affirming that the monoclinic content is constant in the transformed zone, that maximum content only depends on the material (composition, grade and microstructure) and that ageing duration only affects the thickness of this transformed layer which propagates at a constant rate. This results also comfirm previous findings by Le Coadou et al. [42] on 3Y-TZP, who showed the existence of a completely transformed layer of which thickness increases linearly with ageing time at a rate of ~0.05 µm•h-1 (comparable to the rates found here: 0.06 µm•h-1 for ATZ and 0.13 µm•h-1 for 3Y-TZP, Figure 10). The same rates can be deduced from the data obtained by Kohorst et al. on similar materials [START_REF] Kohorst | Lowtemperature degradation of different zirconia ceramics for dental applications[END_REF].

The FIB cross-sections presented here tend to also show homogeneously transformed monoclinic layers for ATZ and 3Y-TZP. A clear confirmation would necessitate advanced characterization techniques, such as precession diffraction in TEM (ASTAR) since the more classical EBSD (Electron BackScattered Diffraction) lacks spatial resolution, and Transmission Kikuchi Diffraction (TKD) is too sensitive to residual stresses. However the thicknesses measured by FIB are slightly higher than those calculated by XRD. FIB also points to a significant difference between ATZ and 3Y-TZP: while in 3Y-TZP the whole monoclinic layer contains microcracks, in ATZ microcracks are located only in the upper first half of this layer, just below the surface. This might be due to the lower volume increase induced by the t-m transformation in ATZ: since the monoclinic fraction is calculated vs the total zirconia amount, and since ATZ contains only 80% zirconia, for a given degree of transformation the volume increase in ATZ is 80% of the volume increase in zirconia. Moreover in both materials the micro-cracks network is mainly parallel to the surface, and is not highly connected to the surface, similar to other findings [START_REF] Muñoz-Tabares | Subsurface evaluation of hydrothermal degradation of zirconia[END_REF][START_REF] Samodurova | The combined effect of alumina and silica co-doping on the ageing resistance of 3Y-TZP bioceramics[END_REF][START_REF] Jiménez-Piqué | Focused ion beam tomography of zirconia degraded under hydrothermal conditions[END_REF]. This questions the usual assumption that ageing progresses in the volume because of water progressing to the bulk through the microcracks network. However one must consider the resolution of FIB (in the present study, 3 nm at best) as compared to the size of a water molecule (~0.1 nm): even the most advanced image treatments, such as the ones performed in [START_REF] Jiménez-Piqué | Focused ion beam tomography of zirconia degraded under hydrothermal conditions[END_REF], cannot reveal 0.1 nm microcracks in FIB reconstructions. Thus a more careful detection of the microcracks network is necessary to conclude on this point. This might not be attainable by microstructural characterization, but rather by diffusion experiments. Finally, the thin, non-transformable layer is believed to be the result of the presence of machining-or polishing-induced plastification of t-zirconia grains [START_REF] Whalen | Prevention of Low-Temperature Surface Transformation by Surface Recrystallization in Yttria-Doped Tetragonal Zirconia[END_REF]. The presence of a dislocation network may impair the t-m transformation, each original tetragonal grain subsequently behaving like a collection of very small domains rather than as a big single grain. However, one should keep in mind that even if the ageing process seems similar in ATZ and in 3Y-TZP, it is much slower in ATZ as shown in Figure 3 (b): the quantity of monoclinic phase at a given time is much lower in ATZ.

On the other hand, the degree of transformation in aged ZTA samples decreases gradually from the surface with an exponential behaviour (Figure 11), as a result of the transformation of isolated grains, more numerous close to the surface. This is also favourable for the mechanical resistance as compared to the completely transformed and at least partially microcracked layer found in 3Y-TZP and ATZ. Besides, Figure 3 (b) shows that the amount of monoclinic phase in ZTA is very small, which is not likely to provoke detectable microcracking. 

Conclusion:

This article examines the hydrothermal ageing behaviour of three materials: ATZ, ZTA and the 'benchmark' 3Y-TZP. Results showed that 3Y-TZP and ATZ, the two materials with zirconia as the major phase, behave quite similarly. They both exhibit a three-layered microstructure: a thin (0.1 µm) non-transformable layer, above a microcracked, ~70% monoclinic layer (a few microns thick), above the completely tetragonal bulk. However, ageing in ATZ is around thrice slower at 134°C than in 3Y-TZP. Thus the extrapolation of ageing kinetics to body temperature leads to slower kinetics (by a factor of almost 8) for ATZ than what was observed in the literature for 3Y-TZP.

On the other hand, in aged ZTA the maximum monoclinic content is reached on the surface (~10%), and the monoclinic content decreases exponentially with depth over a few microns, as the result of the transformation of isolated grains. Combined with the low amount of zirconia in the material (~25%), even the most transformed zones do not contain more than 2% monoclinic phase (in comparison with the total material, alumina included). This low amount of monoclinic plus the very smooth transition between the maximum transformation zone and the bulk material, probably make hydrothermal ageing much less detrimental for the mechanical properties of ZTA than for those of ATZ and 3Y-TZP. However, since the activation energy of ageing in ZTA is lower, longer accelerated ageing times should be used to ascertain this conclusion.

Figure 1 :

 1 Figure 1: Hydrothermal ageing kinetics in ATZ (a) and ZTA (b) femoral heads (8 XRD measurements for each point). Extrapolations to 37°C are also presented (dotted lines).

Figure 2 :

 2 Figure 2: Monoclinic depth profiles f m (z) for the three materials: (a) 3Y-TZP (step behaviour), (b) ATZ (step behaviour), (c) ZTA (exponential behaviour), (d) Raw data (Xm vs analysed depth) at 50h, fitted by eq. 6(a) for ZTA and eq. 9(a) for 3Y-TZP and ATZ.

Figure 3 :

 3 Figure 3 : Comparison of the monoclinic depth profile in ATZ, ZTA and 3Y-TZP after 50h hours ageing in autoclave at 134°C; (a) monoclinic volume fraction normalized to total zirconia or (b) absolute monoclinic volume fraction.

Figure 4 :

 4 Figure 4 : FIB cross-section of 3Y-TZP after 50h ageing in autoclave at 134°C (a): general view; (b): detail of the transformed zone (microcracks and small pores are visible); (c): detail of the non-transformed zone. On the general view, the transformed, monoclinic zone is indicated by the white arrow; "fuzzy" grains are monoclinic, black ones are alumina (due the use of the Tosoh E grade, with 0.25 vol.% of alumina), and the thin boxes indicate the locations of details (b) and (c). In detail (b), the fuzzy or twinned grains are monoclinic.

Figure 5 :

 5 Figure 5 : FIB cross-section of ATZ after 50h ageing in autoclave at 134°C. (a): general view; (b): detail of the transformed zone (no microcrack is visible); (c): detail of the non-transformed zone. On the general view, the transformed, zone is indicated by the white arrow; "fuzzy" grains are monoclinic, homogeneous grey ones are tetragonal, black ones are alumina, and the thin boxes indicate the locations of details (b) and (c). In detail (b), the fuzzy or twinned grains are monoclinic.

Figure 6 :

 6 Figure 6 : FIB cross-section of ZTA after 50h ageing in autoclave at 134°C. (a): general view (the non-regular upper side of the micrograph is the top surface; white arrows point to transformed grains; the thin boxes indicate the locations of details (b) and (c)); (b) : detail of a partially-transformed zone close to the surface; (c): detail of a non-transformed zone. Black zones are alumina grains, twinned zones are monoclinic.

Figure 7 :

 7 Figure 7 : 3D reconstruction by FIB on 3Y-TZP after 50h ageing. Width x Height x Depth: 9.5 x 12 x 3.4 μm³; Voxel size: 10 x 10 x 10 nm³. Left: Microcracks are shown in green and observed in the whole transformation zone; porosities are seen in blue. Right: alumina shown in red.

Figure 8 :

 8 Figure 8 : 3D reconstruction by FIB on ATZ after 50h ageing; Width x Height x Depth: 9.5 x 6.5 x 3.2 μm³; Voxel size: 5 x 5 x 10 nm³. Left: many microcracks are parallel to the surface (in green), but only on the first 3 µm (not on the whole transformed zone); Porosities all over the volume are seen in blue. Right: alumina grains are shown in red and occupy 27% of the volume.

Figure 9 :

 9 Figure 9 : 3D reconstruction by FIB on ZTA after 50h ageing; Width x Height x Depth: 9.5 x 10 x 9 μm³; Voxel size: 10 x 10 x 10 nm³. Left: no microcracks are detected, and only a small number of porosities is seen, homogeneously distributed all over the volume (blue). Right: a completely percolative zirconia phase occupies 19% of the volume.

Figure 10 :

 10 Figure10: evolution of the thickness of the transformed layer and of the maximum monoclinic content with time in ATZ (a) and in 3Y-TZP (b). Green diamonds: z 1 ; blue disks: z 2 ; red triangles: fm 0 . Relative uncertainties on z 1 and z 2 are about 5%.

Figure 11 :

 11 Figure 11 : schematic cross section of the materials after hydrothermal ageing, showing a "step" transformation for ATZ and 3Y-TZP (left) and an exponential decrease of the m content for ZTA (right); darker areas symbolize more transformed areas.

Table 1 :

 1 Parameters of the monoclinic content evolution. Relative uncertainties on n, b 0 and Q are about 5%.

		ATZ	ZTA(1)	ZTA(2)
	V m 0	0.013±0.01	0.017±0.01	0.015±0.01
	V m Max	0.75±0.03	0.077±0.01	0.080±0.01
	n	0.98	0.48	0.45
	b 0 (h -1 )	3.7•10 10	4.9•10 4	2.6•10 4
	Q (kJ•mol -1 )	95.3	52	50
	x hours at 134 °C represent 1 year at 37°C	1.3	71	86

  /u in eq.[START_REF] Douillard | Comparative ageing behaviour of commercial, unworn and worn 3Y-TZP and zirconia-toughened alumina hip joint heads[END_REF]. Relative uncertainties on z 1 and z 2 are about 5%. Absolute uncertainties on monoclinic fractions are around 1%.

			XRD "step" profile		FIB	XRD "exp." profile
		time (h)	z 1 (µm)	z 2 (µm)	fm0	Transformed depth (µm)	Microcracked depth (µm)	f m max	Z (f m max/10) (µm)
		0	0.09 0.20 0.52			0.26	0.35
		10	0.12 0.42 0.61			0.41	0.79
	ATZ	50	0.10	2.1 0.71	5 ±1	3 ±1	0.84	3.2
		65	0.11	3.8 0.73			0.95	4.7
		100	0.05	6.2 0.70			0.82	17
		0	0.06 0.28 0.45			0.43	0.3
	Y-	10	0.09 0.64 0.77			0.76	1
	TZP	24	0.08	3.0 0.75			0.99	3.8
		50	0.05	6.4 0.75	10 ±1	10 ±1	0.80	20
								fm 0	z 0
	ZTA	0 10	0 0	0.28 0.09 0.57 0.08			0.08 0.09	2.9 4.1
		50	0	0.61 0.12	<2	0	0.13	5.0
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