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Aging behavior of a 1.5 mol% yttria doped zirconia exhibiting optimized toughness and strength

Introduction

Yttria-doped Tetragonal Zirconia Polycrystalline (Y-TZP) ceramics have become a popular choice in engineering and in particular biomedical applications due to their biocompatibility, and their mechanical properties including high strength and high toughness. This can be attributed to the retention of the high temperature tetragonal phase of zirconia at room temperature by addition of yttria (Y2O3), typically in the range of 2 to 3.5 mol%, leading to the transformation toughening mechanism due to stress-induced martensitic tetragonal to monoclinic (t-m) phase transformation [START_REF] Evans | Transformation toughening in ceramics: Martensitic transformations in crack-tip stress fields[END_REF][START_REF] Hannink | Transformation toughening in zirconia-containing ceramics[END_REF][START_REF] Chevalier | The tetragonalmonoclinic transformation in zirconia: lessons learned and future trends[END_REF].

One point of vigilance with Y-TZPs is their sensitivity to a spontaneous (i.e. without the need of applied stress) and progressive t-m phase transformation in a humid environment, within a temperature range typically from room temperature to 400°C [START_REF] Kobayashi | Phase change and mechanical properties of ZrO2-Y2O3 solid electrolyte after ageing[END_REF][START_REF] Lawson | Environmental degradation of zirconia ceramics[END_REF][START_REF] Ban | Biaxial flexure strength and low temperature degradation of Ce-TZP/Al2O3 nanocomposite and Y-TZP as dental restoratives[END_REF][START_REF] Ramesh | A review on the hydrothermal ageing behaviour of Y-TZP ceramics[END_REF][START_REF] Matsui | Low-temperature degradation in yttria-stabilized tetragonal zirconia polycrystal: Effect of Y3+ distribution in grain interiors[END_REF][START_REF] Deng | Effect of grain boundary segregation on aging resistance and mechanical properties of tetravalent element-doped 3Y-TZP ceramics for dental restoration[END_REF]. This phenomenon known as aging or Low Temperature Degradation (LTD), may have negative effects as surface roughening, enhanced wear rates or loss of mechanical properties [START_REF] Ban | Biaxial flexure strength and low temperature degradation of Ce-TZP/Al2O3 nanocomposite and Y-TZP as dental restoratives[END_REF][START_REF] Chevalier | What future for zirconia as a biomaterial ?[END_REF][START_REF] Chevalier | Low-temperature degradation of zirconia and implications for biomedical implants[END_REF][START_REF] Roy | Phase transformation, roughness, and microhardness of artificially aged yttria-and magnesiastabilized zirconia femoral heads[END_REF][START_REF] Pereira | Low-temperature degradation of Y-TZP ceramics: A systematic review and meta-analysis[END_REF]. Most of the experimental work on LTD in Y-TZP was focused on accelerated aging of 3Y-TZP (i.e., 3 mol.% yttria doped zirconia) in autoclave conditions with water vapor, as well documented in numerous review articles such as [START_REF] Chevalier | The tetragonalmonoclinic transformation in zirconia: lessons learned and future trends[END_REF][START_REF] Ramesh | A review on the hydrothermal ageing behaviour of Y-TZP ceramics[END_REF][START_REF] Pereira | Low-temperature degradation of Y-TZP ceramics: A systematic review and meta-analysis[END_REF][START_REF] Yang | Low-temperature degradation of zirconia-based all-ceramic crowns materials: a mini review and outlook[END_REF]. Indeed, for biomedical applications, aging at 134 °C under 2 bars pressure for 5 h corresponds roughly to 20 years in vivo [START_REF] Chevalier | Low temperature ageing behaviour of zirconia hip joint heads[END_REF]. The prevailing explanation for the mechanism of LTD revolves around the increase of internal stresses caused by the intrusion of water molecules into the lattice structure [START_REF] Chevalier | Low-temperature degradation of zirconia and implications for biomedical implants[END_REF][START_REF] Yoshimura | Role of H2O on the degradation process of Y-TZP[END_REF][START_REF] Schubert | Stability of Y-TZP during hydrothermal treatment: neutron experiments and stability considerations[END_REF]. This process triggers the t-m phase transformation, setting off a sequence of events where the transformation initially takes place within individual grains and progressively extends to the surface of the sample then continues inward, via a nucleation-and-growth (N-G) mechanism [START_REF] Chevalier | Low-temperature degradation of zirconia and implications for biomedical implants[END_REF][START_REF] Schmauder | Significance of internal stresses for the martensitic transformation in Yttria-stabilized tetragonal zirconia polycrystals during degradation[END_REF][START_REF] Gremillard | Modeling the aging kinetics of zirconia ceramics[END_REF][START_REF] Schneider | Lowtemperature aging behavior of alumina-toughened zirconia[END_REF][START_REF] Lucas | Phase transformation of dental zirconia following artificial aging[END_REF], leading to the development of micro-cracks [START_REF] Sato | Transformation of yttria-doped tetragonal ZrO2 polycrystals by annealing in water[END_REF][START_REF] Lee | Surface crack initiation in 2Y-TZP ceramics by low temperature aging[END_REF]. Various strategies have been employed to avoid or reduce the effect of aging in Y-TZP, among which, decreasing the grain size [START_REF] Lange | Transformation toughening: Part 3 Experimental observations in the ZrO2-Y2O3 system[END_REF][START_REF] Masaki | Mechanical properties of Y-PSZ after aging at low temperature[END_REF][START_REF] Li | Phase transformation in Y2O3-partially-stabilized ZrO2 polycrystals of various grain sizes during low-temperature aging in water[END_REF][START_REF] Munoz-Saldana | Mechanical properties and low-temperature aging of tetragonal zirconia polycrystals processed by hot isostatic pressing[END_REF], and increasing the yttria content [START_REF] Hernandez | Subeutectoid Degradation of Yttria-Stabilized Tetragonal Zirconia Polycrystal and Ceria-Doped Yttria-Stabilized Tetragonal Zirconia Polycrystal Ceramics[END_REF][START_REF] Swab | Low temperature degradation of Y-TZP materials[END_REF][START_REF] Guo | Property degradation of tetragonal zirconia induced by low-temperature defect reaction with water molecules[END_REF][START_REF] Paul | Hydrothermal aging behavior of nanocrystalline Y-TZP ceramics[END_REF][START_REF] Zhang | Critical influence of alumina content on the low temperature degradation of 2-3 mol% yttria-stabilized TZP for dental restorations[END_REF], both resulting in less t-m phase transformability, which may have a negative impact on mechanical properties. Resistance to LTD can also be improved by increasing Y 3+ ion concentration in the tetragonal phase by decreasing the sintering temperature [START_REF] Matsui | Low-temperature degradation in yttria-stabilized tetragonal zirconia polycrystal: Effect of Y3+ distribution in grain interiors[END_REF][START_REF] Matsui | Nanocrystalline, ultra-degradation-resistant zirconia: Its grain boundary nanostructure and nanochemistry[END_REF], or by using additional dopants such as silica glassy phase [START_REF] Gremillard | Improving the durability of a biomedical-grade zirconia ceramic by the addition of silica[END_REF][START_REF] Samodurova | The combined effect of alumina and silica co-doping on the ageing resistance of 3Y-TZP bioceramics[END_REF], CeO2 [START_REF] Jansen | Effects of grain size and ceria addition on ageing behaviour and tribological properties of Y-TZP ceramics[END_REF] or alumina [START_REF] Zhang | Critical influence of alumina content on the low temperature degradation of 2-3 mol% yttria-stabilized TZP for dental restorations[END_REF][START_REF] Li | Influence of a small amount of Al2O3 addition on the transformation of Y2O3-partially stabilized ZrO2 during annealing[END_REF][START_REF] Tsubakino | Isothermal tetragonal-to-monoclinic phase transformation in a zirconia-yttria system[END_REF].

For Y-TZP ceramics, LTD kinetics has been often fitted by the Mehl-Avrami-Johnson (MAJ) equation [START_REF] Chevalier | Low-temperature aging of Y-TZP ceramics[END_REF][START_REF] Li | Degradation of yttria stabilized zirconia at 370 K under a low applied stress[END_REF][START_REF] Lughi | Low-temperature transformation kinetics of electronbeam deposited 5 wt.% yttria-stabilized zirconia[END_REF][START_REF] Takigawa | Effect of small amount of insoluble dopant on tetragonal to monoclinic phase transformation in tetragonal zirconia polycrystal[END_REF][START_REF] Wei | Towards the prediction of hydrothermal ageing of 3Y-TZP bioceramics from processing parameters[END_REF]:

Vm = 1-exp (-(b.t) n ) ( 1 
)
where Vm is the volume fraction of the monoclinic phase, t is the time, and b and n are constants depending on the temperature.

It has been shown [START_REF] Gremillard | Modeling the aging kinetics of zirconia ceramics[END_REF] that the exponent n, typically ranged from 0.3 to 4, is related to the ratio between nucleation and growth rates. Specifically, when n takes low values, typically < 1, nucleation is the dominant mechanism, whereas high values of n indicate that growth plays a more significant role. As indicated in Table 1, the majority of studies reported low values for the parameter n for temperatures below 200°C, which suggests that the nucleation process is dominant at this temperature range.

Combining the data obtained at different temperatures, the transformation kinetics form ''C''shaped curves on a time-temperature-transformation (TTT) plot [START_REF] Tsubakino | Isothermal tetragonal-to-monoclinic phase transformation in a zirconia-yttria system[END_REF][START_REF] Lughi | Low-temperature transformation kinetics of electronbeam deposited 5 wt.% yttria-stabilized zirconia[END_REF][START_REF] Tsubakino | Martensite transformation behaviour during isothermal ageing in partially stabilized zirconia with and without alumina addition[END_REF][START_REF] Hayakawa | Isothermal and athermal martensitic transformations in a zirconia-yttria alloy[END_REF][START_REF] Tsubakino | Relationship between Transformation Temperature and Time-Temperature-Transformation Curves of Tetragonal-to-Monoclinic Martensitic Transformation in Zirconia-Yttria System[END_REF][START_REF] Pee | The kinetics of isothermal martensitic transformation of zirconia containing a small amount of yttria[END_REF][START_REF] Pee | Isothermal martensitic transformation of zirconia doped with small amount of yttria[END_REF]. At temperatures well below the nose, the kinetics follow an Arrhenius dependence:
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where the term b0 is a constant (pre-exponential factor), R is the gas constant, T is the temperature and Q is the activation energy for which the reported values are close to 100 kJ/mol (tab1), which correspond to the activation energy for oxygen vacancy diffusion [START_REF] Chevalier | The tetragonalmonoclinic transformation in zirconia: lessons learned and future trends[END_REF].

Besides hydrothermal accelerated aging, it is also important to characterize LTD in air as it can occur during cooling after sintering or heat treatments, or simply during the use for engineering applications other than the biomedical field. However, only a few studies were dedicated to the aging of Y-TZP ceramics in air and they have almost been performed separately, without a direct comparison with the results in the presence of water vapor. Moreover, the values of the kinetics exponent n in MAJ law (eq.2) are lacking for temperatures above 200°C and Y2O3 content less than 3% mol. (tab 1).

In the present work, the aging behavior of a 1.5Y-TZP zirconia with 0.25 wt % Al2O3 developed by Tosoh (Japan) under the tradename 'Zgaia 1.5Y-HT' [START_REF] Tosoh | Technical Data Sheet Zgaia™ 1.5Y-HT[END_REF] is deeply investigated both in water vapor and in air, within the temperature range from 100 to 400°C. In a previous work [START_REF] Imariouane | Lowyttria doped zirconia: Bridging the gap between strong and tough ceramics[END_REF], it has been shown that this material exhibits high level of both strength (1 GPa) and toughness (8.5 MPa√m), near the optimum between a brittle (crack propagation followed by transformation-toughening) and a ductile (transformation induced plasticity, before crack propagation) behavior [START_REF] Chevalier | Forty years after the promise of «ceramic steel?»: Zirconia-based composites with a metal-like mechanical behavior[END_REF]. It could thus be used in structural applications requiring high toughness and thus flaw tolerance. The question of metastability and thus aging might be raised for such low yttria content and high transformability under stress. However, the material was designed to be sintered at low temperature (e.g., full density already reached at 1350°C for 2 h), thanks in part to the addition of 0.25 mass% Al2O3, leading to a homogeneous distribution of yttria in the grains and no yttria depletion to grain boundaries [START_REF] Matsui | Ultrahigh toughness zirconia ceramics[END_REF]. It was thus one objective of the present study, beside the comparison of aging mechanisms in water and air, to assess the stability of this material during isothermal treatments and upon cooling. 

Material and Methods

The material used in this study was a 1.5 mol% Yttria stabilized zirconia (1.5Y-TZP), provided by Tosoh (Japan) in the form of sintered and polished samples (with diamond pastes down to 1 µm). Addition of 0.25 wt.% Al2O3 allowed for its sintering at relatively low temperature (1350°C for 2 hours) compared to conventional Y-TZP. In a previous study [START_REF] Imariouane | Lowyttria doped zirconia: Bridging the gap between strong and tough ceramics[END_REF], it was shown that the average grain size of the material, evaluated by the linear-intercept method, was 440 nm and that it exhibited a strong transformability under stress, leading to a high toughness (8.5

MPa√m) while keeping a bending strength of around 1 GPa.

To investigate the susceptibility of the material to LTD, hydrothermal and dry aging tests were carried out on polished samples, respectively in a humid environment and in air. The progress of aging was monitored by the variation of the volume fraction of the monoclinic content, determined as indicated in [START_REF] Garvie | Phase analysis in zirconia systems[END_REF][START_REF] Toraya | Calibration curve for quantitative analysis of the monoclinic-tetragonal ZrO2 system by X-ray diffraction[END_REF], from X-Ray Diffraction (XRD) patterns recorded on the polished surfaces within the 2θ angular range of 27° to 32°, using a D8 Advanced Bruker AXS diffractometer (Billerica, USA, CuKα1). Hydrothermal aging tests were carried out using a stainless-steel autoclave where the samples were exposed to water vapor under a pressure of 2 bars, for different durations, at temperatures between 100 and 140°C. Dry isothermal transformation was investigated at various temperatures between 120 and 400°C, with in situ high temperature X-ray diffraction (HTXRD). Intensity data were collected by a linear detector (LynxEye) in PSD fixed scan mode. High temperature experiments were performed in air atmosphere using an Anton Paar HTK 1200 furnace chamber. The samples were first heated from ambient temperature to the desired temperature, at a heating rate of 0.5°C/s. After a holding time of 5 seconds, XRD patterns were recorded with a frequency varying from 3 minutes to 1 hour, depending on the rate of transformation that varied with the temperature.

The effect of the cooling rate on the t-m transformation after annealing was investigated using HTXRD. Some samples were heated with a heating rate of 0.5°C/s up to a temperature of 600°C, where they were held for 20 minutes, then they were cooled down to room temperature at cooling rates ranging from 1 to 12°C/min. XRD patterns were recorded during cooling at different frequencies depending on the cooling rate. The reverse transformation from monoclinic to tetragonal phase during heating was also investigated using HTXRD. Samples were subjected to heating from room temperature up to 1200°C at a rate of 5°C per minute.

During the heating process, XRD patterns were recorded at intervals of 4 minutes.

Optical microscopy (ZEISS Axiophot) was used with Nomarski contrast to observe the evolution of the surface topography of the samples after different heat treatments or aging tests.

Results

Hydrothermal aging

Figure 1 shows the variation over time of the monoclinic content, Vm, during hydrothermal aging at temperatures ranging from 100 to 140°C. The monoclinic phase content increases with time, with increasing transformation rate with rising temperature. After 30 hours in autoclave, Vm is less than 20% at 100°C and reached respectively 39%, and 48% at 134, and 140°C.

Dry aging

Figure 2 shows an example of in-situ HTXRD patterns during aging in air at 250°C. At this temperature, the monoclinic content increases rapidly, from 3% to 85% within less than 8.10 3 seconds (i.e., roughly 2 hours). Figure 3 illustrates the variation with aging time in air of the monoclinic content at various temperatures ranging from 120 to 360°C. Transformation rate increases first from 120°C to 275°C, for which the kinetics is the most rapid, and then decreases again. At that 'nose' temperature, the monoclinic content reached 80% (saturation) after only half an hour. An isothermal test was also carried out at 400°C, but no transformation occurred at this temperature after more than 50 hours (not presented in the figure, since showing a constant value of Vm). This temperature can thus be considered as an approximate value of the start temperature for the martensitic t-m transformation, Ms. Figure 5 shows the monoclinic content as a function of temperature during heating from room temperature up to 1200°C, at a rate of 5°C/min, of a sample with an initial monoclinic content of 87% (obtained after prior annealing at 1200°C and cooling at a rate of 5°C/min). The arrow in the figure indicates the direction of temperature variation. No transformation was observed before the temperature of 380°C at which the reverse m-t transformation was initiated and then continued slightly until the temperature of 580°C, at which an abrupt loss of the monoclinic content to 4% was observed. This temperature can thus be considered as the austenite start temperature (As) and agrees well with a roughly 200°C difference between As and Ms in zirconia systems [START_REF] Stevens | An introduction to zirconia: zirconia and zirconia ceramics 2nd ed[END_REF]. The fact that the monoclinic content already slightly but significantly varies before As and even starting at 200C° would require further exploration, but seems in line with the saturation level of monoclinic content during the aging experiments presented in figure 3, with a maximum value of Vm of about 90% at temperatures below 200°C and of roughly 70% at 350°C.

Effect of the cooling rate on the t-m transformation

Discussion

LTD resistance and Kinetics

XRD results presented in Figure 1 reveal that during accelerated hydrothermal aging at 134°C

(corresponding to the ISO 13356 standard procedure) the variation of the monoclinic fraction reached 14% after 5 hours of aging. In contrast, under the same conditions, standard 3Y-TZP without alumina addition exhibited a variation of the monoclinic fraction of 27% [START_REF] Imariouane | Lowyttria doped zirconia: Bridging the gap between strong and tough ceramics[END_REF]. These findings indicate that the studied 1.5Y-TZP exhibits superior resistance to LTD compared to conventional 3Y-TZP and follows requirements of ISO 13356 standards for biomedical applications. This can be attributed to the addition of alumina that leads to the segregation of Al 3+ cations at the grain boundaries, which contributes to retarding the progression of LTD [START_REF] Zhang | Critical influence of alumina content on the low temperature degradation of 2-3 mol% yttria-stabilized TZP for dental restorations[END_REF][START_REF] Matsui | Mechanism of alumina-enhanced sintering of fine zirconia powder: influence of alumina concentration on the initial stage sintering[END_REF]. Another factor contributing to the resistance to LTD of the present material is its relatively low sintering temperature (1350°C), which helps prevent phase partitioning, yttria depletion towards cubic grains and thus leads to a homogeneous distribution of yttria in the grains [START_REF] Chevalier | The tetragonalmonoclinic transformation in zirconia: lessons learned and future trends[END_REF][START_REF] Matsui | Ultrahigh toughness zirconia ceramics[END_REF]. Yttria depletion occurs for materials sintered at high temperatures and consists of the formation of yttrium-rich cubic and yttrium-poor tetragonal phases. As depleted tetragonal grains are less stable to transformation, they act as preferential nucleation sites for LTD [START_REF] Matsui | Low-temperature degradation in yttria-stabilized tetragonal zirconia polycrystal: Effect of Y3+ distribution in grain interiors[END_REF][START_REF] Bučevac | The influence of yttrium-segregationdependent phase partitioning and residual stresses on the aging and fracture behaviour of 3Y-TZP ceramics[END_REF].

The low sintering temperature of this material, and of Y-TZP in general, is thus a key for improved aging resistance.

The transformation curves (Fig. 1 and3) were fitted by the MAJ law (eq. ( 2)), linear plots of which (ln (ln (1/(1 -Vm)) versus ln t) are presented in figures 6 and 7 respectively for aging in water vapor and air. It can be seen that for both environments, a linear relationship is observed at all temperatures, which suggests nucleation and growth kinetics. The values of the exponent n, derived from the slope of the straight lines are reported as a function of temperature in Figure 8, in which three stages could be distinguished. The first stage corresponds to temperatures below 180 °C, for which n values are about 0.6, independently of temperature and environment. This is in agreement with the majority of the values reported for this range of temperature (Tab.

1) and indicates that there is a high nucleation rate with the growth rate kinetically limited by the growth velocity of the interface between the tetragonal and monoclinic phases [START_REF] Chevalier | The tetragonalmonoclinic transformation in zirconia: lessons learned and future trends[END_REF][START_REF] Gremillard | Modeling the aging kinetics of zirconia ceramics[END_REF][START_REF] Tsubakino | Martensite transformation behaviour during isothermal ageing in partially stabilized zirconia with and without alumina addition[END_REF][START_REF] Tsubakino | Effect of alumina addition on the tetragonal-to-monoclinic phase transformation in zirconia-3 mol% yttria[END_REF].

At around 180°C, n experienced an abrupt increase then stabilized between 3 and 4, until 340°C

(second stage). This can be attributed to a change of transformation kinetics within this temperature range, where three-dimensional growth process became dominant, with the rate of nucleation being limited by the driving force for the nucleation of the monoclinic phase and the growth rate being increased by temperature [START_REF] Chevalier | The tetragonalmonoclinic transformation in zirconia: lessons learned and future trends[END_REF][START_REF] Gremillard | Modeling the aging kinetics of zirconia ceramics[END_REF]. At the third stage corresponding to temperatures above 340°C, the exponent n goes back to small values (~ 0.6), which indicates that the nucleation process becomes again dominant. Overall, at temperatures above 340°C, the aging kinetics were slow since the temperature is approaching Ms.

The three stages were confirmed by optical observations, as shown in Figure 9 where examples of optical micrographs obtained under Nomarski contrast of samples aged at various temperatures are presented. At 134°C and for all temperatures within the first stage, only nucleation sites, examples of which are indicated by arrows in the figure, were observed. At 250°C and 275°C (corresponding to the second stage), large domains generated through the growth process were observed, with increasing size as the temperature was increased. After aging at 360°C which is within to third stage, the shape of the surface is similar to that observed at low temperatures, with only nucleation sites.

The apparent activation energy, Q, provides insight into the mechanism of the t-m phase transformation during aging. To determine this parameter, the kinetic parameter, b (eq. ( 2)), was deduced by MAJ fitting (Fig. 6 and7) and ln(b) was plotted versus 1/T. The results presented in figure 10 show a linear relationship and Q was estimated to be 90 kJ/mol independently on the environment, with a correlation coefficient of 98%. This value aligns with previous findings shown in Table 1, and corresponds closely to the activation energy for oxygen vacancies diffusion in Y-TZP ceramics (~ 100 kJ/mol) [START_REF] Chevalier | The tetragonalmonoclinic transformation in zirconia: lessons learned and future trends[END_REF].

The similitude of the exponent n and the apparent activation energy, Q, in air and in water vapor (within the studied temperature range for the latter case, i.e. 120 to 140°C) suggests that the moisture content does not affect significantly the kinetics of aging and the activation energy in this range of humidity content and temperature. Thus, the humidity in the air is sufficient to activate isothermal transformation. As no information is available for n values at high temperatures in humid environment, further work is underway to investigate the effect of humidity on the second and the third stages observed in air.

TTT curves and consequences

A TTT diagram has been derived from aging data in air (Fig. 3) and the results are presented in Figure 11, which indicates the times corresponding to monoclinic contents of 15%, 50%, and 75%. The start temperature for the t-m transformation, Ms, is also indicated in the figure.

Distinctive C-shaped curves can be seen with a "nose" at a temperature of 275°C, corresponding to the fastest transformation. This shape, also observed by others authors for Y-TZP materials [START_REF] Tsubakino | Isothermal tetragonal-to-monoclinic phase transformation in a zirconia-yttria system[END_REF][START_REF] Lughi | Low-temperature transformation kinetics of electronbeam deposited 5 wt.% yttria-stabilized zirconia[END_REF][START_REF] Tsubakino | Martensite transformation behaviour during isothermal ageing in partially stabilized zirconia with and without alumina addition[END_REF][START_REF] Hayakawa | Isothermal and athermal martensitic transformations in a zirconia-yttria alloy[END_REF][START_REF] Tsubakino | Relationship between Transformation Temperature and Time-Temperature-Transformation Curves of Tetragonal-to-Monoclinic Martensitic Transformation in Zirconia-Yttria System[END_REF][START_REF] Pee | The kinetics of isothermal martensitic transformation of zirconia containing a small amount of yttria[END_REF][START_REF] Pee | Isothermal martensitic transformation of zirconia doped with small amount of yttria[END_REF][START_REF] Zhang | The effect of alumina addition on phase transformation and mechanical properties in partially stabilized zirconia[END_REF], can be explained by the competition between the driving forces for nucleation (difference between actual temperature and Ms) and growth mechanisms (temperature itself) [START_REF] Lughi | Low-temperature transformation kinetics of electronbeam deposited 5 wt.% yttria-stabilized zirconia[END_REF]. At temperatures below the nose, the nucleation rate is significantly high, and the growth rate is constrained by the kinetics of the interface between the tetragonal and the monoclinic phases. Conversely, at high temperatures around the nose, the nucleation rate becomes the limiting factor.

In Table 2, the temperature of the fastest transformation and the aging time at which 50% monoclinic content was reached in air, are reported for the present work in comparison to other Y-TZPs. It can be noticed that the temperature of the fastest transformation in the present work is lower than those reported for Y-TZP ceramics without alumina addition and the transformation is retarded compared to materials with comparable yttria content. This could be explained by the presence of alumina in the studied material. Indeed, it has been shown that the position of the C-curve for Y-TZPs in the TTT diagram depends on the grain size and the material's composition, in particular yttria and alumina contents [START_REF] Tsubakino | Isothermal tetragonal-to-monoclinic phase transformation in a zirconia-yttria system[END_REF][START_REF] Tsubakino | Relationship between Transformation Temperature and Time-Temperature-Transformation Curves of Tetragonal-to-Monoclinic Martensitic Transformation in Zirconia-Yttria System[END_REF][START_REF] Pee | The kinetics of isothermal martensitic transformation of zirconia containing a small amount of yttria[END_REF][START_REF] Pee | Isothermal martensitic transformation of zirconia doped with small amount of yttria[END_REF]. Transformation curves shift towards higher temperature and shorted aging time by decreasing the yttria content [START_REF] Tsubakino | Isothermal tetragonal-to-monoclinic phase transformation in a zirconia-yttria system[END_REF][START_REF] Tsubakino | Relationship between Transformation Temperature and Time-Temperature-Transformation Curves of Tetragonal-to-Monoclinic Martensitic Transformation in Zirconia-Yttria System[END_REF][START_REF] Pee | The kinetics of isothermal martensitic transformation of zirconia containing a small amount of yttria[END_REF][START_REF] Pee | Isothermal martensitic transformation of zirconia doped with small amount of yttria[END_REF]. On the other hand, increasing the alumina content retards the transformation [START_REF] Zhang | Critical influence of alumina content on the low temperature degradation of 2-3 mol% yttria-stabilized TZP for dental restorations[END_REF] and consequently shifts the C-curve toward longer aging time [START_REF] Tsubakino | Martensite transformation behaviour during isothermal ageing in partially stabilized zirconia with and without alumina addition[END_REF].

The aging time at which 50% monoclinic content was reached for the present material (22 min) is significantly shorter than for 3Y-TZP without alumina (>150 min). This explains the high influence of the cooling rate on the phase transformation shown in Fig 4. * In hours Finally, the constructed TTT diagram provides evidence that relatively fast cooling is necessary to prevent t-m transformation after sintering or heat treatment of the studied 1.5Y-TZP. A cooling rate of at least 10°C/min is required to prevent transformation and thus the surface deterioration illustrated, as example in figure 12, for a sample cooled at 1°C/min after annealing at 600°C, for which the final volume fraction of the monoclinic phase was 90%, indicating an almost complete transformation of the surface. It is to note that only the first 5 microns below the surface are investigated by XRD in zirconia. Thus, having a 90 vol.% monoclinic content measured by XRD might not be detrimental for the bulk properties, but this remains a point of vigilance, especially for large parts that cannot be cooled down rapidly to avoid thermal shocks.

Conclusion

The studied material combines high mechanical properties and a high resistance to aging in water vapor at 134°C compared to the standard 3Y-TZP, which could be attributed to alumina addition and the relatively low sintering temperature.

Isothermal t-m phase transformation occurred in air at temperature ranged from 120 to 360°C and MAJ type kinetics was successfully applied, as for aging in water vapor between 100 and 140°C. The results indicated a strong dependence of the MAJ law exponent, n, on the temperature, with three separate stages, confirmed by optical observations. For temperatures below 180°C or above 340°C, n takes a low value (~ 0.6) which correspond to high nucleation rate. For a temperature range between 180°C and 340°C, the growth rate became dominant with high n value (between 3 and 4). It was shown that the nucleation stage at low temperatures is independent on the environment. Thus, the humidity in the air is sufficient to activate isothermal transformation.

A TTT diagram was constructed and it was shown that the transformation curves are shifted to lower temperature and to shorter aging time compared to standard 3Y-TZP without alumina addition. Therefore, a relatively high cooling rate, at least 10°C/min, is required to prevent the surface transformation after sintering or thermal treatments of the studied material. 
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Figure 4

 4 Figure 4 presents the variation of the volume fraction of the monoclinic phase with temperature during cooling from 600°C at different cooling rates. The arrow in the figure shows the direction of temperature variation. No transformation was observed for a sample cooled at 12°C/min. As the cooling rate was decreased, t-m phase transformation occurred earlier and earlier, with increasing transformation rate. For a cooling rate of 9°C/min, the transformation started around 350°C then continued slightly and saturated at a temperature about 200°C, with a final monoclinic content of 15%. At cooling rates of 4.5°C and 1°C/min, the transformation started respectively at 380°C and 400°C and the monoclinic content rose rapidly to final rates respectively of 84% and 90%. These results are in line with a martensitic start transformation temperature, Ms, of about 400°C.

Figure 1 :

 1 Figure 1: Variation of the monoclinic phase content versus time during hydrothermal aging between 100 and 140°C.

Figure 2 :

 2 Figure 2: Example of in-situ XRD pattern during isothermal transformation in air at 250°C.

Figure 3 :

 3 Figure 3: Variation of the monoclinic phase content versus time in air between 120 and 360°C.

Figure 4 :

 4 Figure 4: Effect of the cooling rate on tetragonal to monoclinic phase transformation. Samples were previously annealed at 600°C during 20 min. The arrow indicates the direction of temperature variation.

Figure 5 :

 5 Figure 5: Reverse monoclinic to tetragonal phase transformation during heating. The arrow indicates the direction of temperature variation.

Figure 6 :

 6 Figure 6: Mehl-Avrami-Johnson plot of the experimental data of figure 1, corresponding to hydrothermal aging at various temperatures. For each temperature, the obtained value of the exponent n is indicated in brackets. The unit of time is seconds.

Figure 7 :

 7 Figure 7: Mehl-Avrami-Johnson plot of the experimental data of Figure 3, corresponding to aging at various temperatures in air between 120 and 350°C. For each temperature, the obtained value of the exponent n is indicated in brackets. The unit of time is seconds.

Figure 8 :

 8 Figure 8: Variation of the exponent n of MAJ law (eq. (1)) with temperature. Open symbols correspond to hydrothermal aging in autoclave and solid symbols to aging in air.

Figure 9 :

 9 Figure 9: Representative examples of optical micrographs with Nomarski contrast showing the surface of samples aged in air at temperatures of 134, 250, 275 and 360°C, with a final monoclinic content respectively of 65%, 85%, 85% and 77%. The arrows indicate examples of nucleation sites.

Figure 10 :

 10 Figure 10: ln b versus 1/T (eq. (2)) for aging in water vapor and air.

Figure 11 :

 11 Figure 11: Time-Temperature-Transformation (TTT) curves derived from the results of the isothermal transformations curves of Fig. 3. The dashed line indicates an approximate position of the start temperature for the t-m transformation, Ms.

Figure 12 :

 12 Figure 12: Optical micrograph of a sample cooled at a slow rate of 1°C/min after annealing at 600°C. The final volume fraction of the monoclinic phase measured at the surface was of 90%.
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 12 Figure 1: Variation of the monoclinic phase content versus time during hydrothermal aging between 100 and 140°C.
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 34 Figure 3: Variation of the monoclinic phase content versus time in air between 120 and 360°C.
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 56 Figure 5: Reverse monoclinic to tetragonal phase transformation during heating. The arrow indicates the direction of temperature variation.
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 7 Figure 7: Mehl-Avrami-Johnson plot of the experimental data of Figure 3, corresponding to aging at various temperatures in air between 120 and 350°C. For each temperature, the obtained value of the exponent n is indicated in brackets. The unit of time is seconds.
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 89 Figure 8: Variation of the exponent n of MAJ law (eq. (1)) with temperature. Open symbols correspond to hydrothermal aging in autoclave and solid symbols to aging in air.
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 101112 Figure 10: ln b versus 1/T (eq. (2)) for aging in water vapor and air.

  

Table 1 :

 1 MAJ parameter, n, and activation energy, Q, for Y-TZP ceramics aged in air or in water vapor. TA is the temperature of aging.

	Medium	Y2O3	Al2O3	Grain size	TA	n	Q	Reference
		(% mol)	(% wt)	(nm)	(°C)		(kJ/mol)	

** in mol %

Table 2 :

 2 Position of the transformation curves in the TTT diagram for the studied material in comparison with other Y-TZP materials. TN is the temperature at the "nose" and t50 is the time at which the monoclinic content reached 50%.

	Material composition	Position of the transformation curve	Reference
	Y2O3 (% mol)	Al2O3 (% wt)	TN (°C)	t50 (min)	
	1	0	400	~0	[46]
		0	427	8	[38]
	1.5	0	377	1	[47]
		0.25	275	22	This work
	1.6	0	350	1	[45]
	2	0	377	11	[46]
		0	327	166	[38]
	3	1.2	250	~33*	[44]
		12	250	~208*	[44]
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