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Introduction

Due to their excellent mechanical properties, aesthetics and biocompatibility, Yttria-Stabilized-Zirconia ceramics (in particular with 3 mol.% of yttria or 3Y-TZP) have been extensively used in the dental field, especially for restorations and implants. Their outstanding mechanical properties, above all toughness (when compared to other ceramics), result from i) the stress-induced tetragonal to monoclinic (t-m) zirconia phase transformation, a mechanism referred to as "phase transformation toughening" [1-2] and ii) from the possibility to reach full-densification while retaining very fine zirconia grains (typically < 200 nm). The stressinduced t-m transformation starts at the crack-tip and is accompanied by 3-4 vol.% expansion.

As a consequence of the volume expansion, the crack is put under compression and its propagation is hindered.

Unfortunately, 3Y-TZP can undergo an unfavourable spontaneous t-m zirconia phase transformation at the surfaces in contact with water, be it liquid or vapour. This phenomenon, known as Low Temperature Degradation (LTD) or "aging", may lead to microcracking, grain pull-out and an increase of the surface roughness. In the worst of cases, it has led to deleterious effects on implants in vivo, premature failures or degradation of the osseous integration [3-7]. It is noteworthy that aging issues have led to the abandon of 3Y-TZP in the orthopaedic field, after the failure of hundreds of Prozyr® femoral ball heads only few months after implantation [START_REF] Chevalier | The tetragonal-monoclinic transformation in zirconia: Lessons learned and future trends[END_REF]. Moreover, 3Y-TZP remains substantially flaw-sensitive, which increases the failure probability if the ceramic processing is not well controlled. To overcome all these issues, additions of other oxides or microstructural improvements have been applied on Y-TZP systems [8-13], but even so, aging remains a concern, especially when trivalent cations are used. This is due to the fact that aging is directly linked to the oxygen vacancies created when stabilizing with a trivalent cation, as is the case with yttrium addition [START_REF] Chevalier | The tetragonal-monoclinic transformation in zirconia: Lessons learned and future trends[END_REF]. For this reason, cerium is an attractive alternative for stabilizing biomedical-grade zirconia: the tetravalent nature of cerium maintains the charge neutrality of the system after the substitution (no oxygen vacancies are generated) and, consequently, the aging resistance is excellent [START_REF] Lughi | Low temperature degradation -aging-of zirconia: a critical review of the relevant aspects in dentistry[END_REF][START_REF] Kohorst | Lowtemperature degradation of different zirconia ceramics for dental applications[END_REF].

Ceria-stabilized (Ce-TZP) ceramics display also higher toughness when compared with 3Y-TZP (> 10.0 MPa.√m), due to their ability to initiate stress-induced t-m phase transformation at lower stresses [START_REF] Tsukuma | Strength, fracture toughness and Vickers hardness of CeO 2stabilized tetragonal ZrO 2 polycrystals (Ce-TZP)[END_REF]. The only limitation of pure Ce-TZP ceramics is their relatively low strength (∼500-600 MPa): firstly, lower strength is associated with the inevitable grain growth that occurs during sintering when zirconia is stabilized with ceria [START_REF] Attaoui | Static and cyclic crack propagation in Ce-TZP ceramics with different amounts of transformation toughening[END_REF].

Secondly, in very transformable Ce-TZP ceramics, the t-m transformation takes place before failure and the strength will be dictated by the critical stress to induce the t-m zirconia phase transformation (σ c t-m ): the higher the critical stress, the higher the ceramic strength provided significant pre-existing flaws are not present [START_REF] Swain | Strength Limitations of Transformation-Toughened Zirconia Alloys[END_REF]. This is often called "transformation-limited strength phenomenon".

During the past two decades, researchers have increased Ce-TZP strength by developing composites since the immiscible second phases can hinder the grain growth.

Among them, the Ce-TZP/alumina system has been widely studied and developed [START_REF] Sato | Postsintering hot isostatic pressing of ceria-doped tetragonal zirconia/alumina composites in an argon-oxygen gas atmosphere[END_REF]. Ce-TZP/alumina composites have shown attractive mechanical properties due to zirconia grain refinement compared to pure Ce-TZP ceramics [START_REF] Tsai | Fatigue crack propagation in ceria-partially-stabilized zirconia (Ce-TZP)-alumina composites[END_REF][START_REF] Yu | Transformation zone shape effects on crack shielding in ceria-partially-stabilized zirconia (Ce-TZP)-alumina composites[END_REF][START_REF] Schmid | Redistribution of Ce and La during processing of Ce(La)-TZP/Al 2 O 3 composites[END_REF][START_REF] Nawa | Tough and strong Ce-TZP/Alumina nanocomposites doped with Titania[END_REF][START_REF] Benzaid | Slow-crack propagation behavior in Ce-TZP/Al 2 O 3 nanocomposites[END_REF]. Other Ce-TZP-based systems containing aluminates have also shown improved strength [START_REF] Morita | Synthesis of dense nanoscrystalline ZrO 2 -MgAl 2 O 4 spinel composite[END_REF][START_REF] Apel | Introduction to a tough, strong and stable Ce-TZP/MgAl 2 O 4 composite for biomedical applications[END_REF][START_REF] Cutler | High-toughness Ce-TZP/ Al 2 O 3 ceramics with improved hardness and strength[END_REF][START_REF] Miura | Formation of plate-like lanthanum-βaluminate crystal in Ce-TZP matrix[END_REF][START_REF] Maschio | Effect of LaNbO 4 addition on the mechanical properties of ceria-tetragonal zirconia polycrystal matrices[END_REF][START_REF] Ori | Fabrication of Ce-TZP/bhexaaluminate composites using amorphous precursor of the second phase[END_REF][START_REF] Yamaguchi | In situ formation of Ce-TZP/Ba-hexaaluminate composites[END_REF][START_REF] Kern | A comparison of microstructure and mechanical properties of 12Ce-TZP reinforced with alumina and in situ formed strontium-or lanthanum-hexaaluminate precipitates[END_REF]. However, even though the strength and toughness of Ce-TZP based composites were enhanced due to the introduction of second and third phases, most of these materials still behave as brittle ceramics, since their failure occurs before extensive t-m phase transformation, which in turn translates in relatively low Weibull moduli [START_REF] Lambrigger | Evaluation of Weibull master curves of zirconia ceramics and zirconia/alumina composites[END_REF]. Therefore, there is still room for improvements in the field of highly transformable Ce-TZP-based ceramics, in order to reach acceptable strength, high toughness and a significant amount of transformation-induced plasticity before failure. To achieve this goal, the simultaneous control of several interacting factors must be accomplished: stabilization degree, cation nature, zirconia grain size and secondary phases' nature and shape.

In this context, within the framework of the LONGLIFE European Project (''Advanced multifunctional zirconia ceramics for long-lasting implants", 7 th European Framework Program) a new type of Ce-TZP-based composite was developed [START_REF] Palmero | Towards long lasting zirconia-based composites for dental implants. Part I: Innovative synthesis, microstructural characterization and in vitro stability[END_REF]. Specifically, a fully dense ceramic, with a ceria-stabilized zirconia matrix (10.5 mol.% Ce-TZP), containing equiaxed alumina (8 vol.% Al 2 O 3 ) and elongated strontium hexa-aluminate (8 vol.% SrAl 12 O 19 ) as second phases, has resulted in an extremely fine-grained ceramic (< 1 µm for the zirconia phase), with relatively high strength, full resistance to LTD and very high reliability (Weibull modulus m=60) [START_REF] Reveron | Towards long lasting zirconia-based composites for dental implants: Transformation induced plasticity and its consequence on ceramic reliability[END_REF]. Mechanical tests performed on this composite revealed a behaviour which was not purely elastic, with a significant strain to failure for a ceramic material. This behaviour can be related to a transformation-induced plasticity mechanism [35-40] first described by Garvie et al. in 1975 [39] from which the concept of "ceramic steel" was developed. Indeed, the t-m phase transformation generated parallel transformation bands (when the composite was tested in four-point bending, 4PB) or starshaped zones (when tested in piston-on-three balls fixtures, P3B); transformed regions started As previously reported, the mechanical characterization by loading-unloading tests did not reveal a significant change of the Young's modulus in the plastic region, which behaviour was confirmed by ultrasonic resonance measurements [START_REF] Reveron | Towards long lasting zirconia-based composites for dental implants: Transformation induced plasticity and its consequence on ceramic reliability[END_REF].

In the literature, a few studies have shown that after mechanical loading (e.g. indentation of Ce-TZP ceramics), the t-m zirconia phase transformation can generate microcracking and dislocations, associated with deep scratches, gouges or cracks within the grains [40, 48-50]. However, cracks at the grain boundaries and also dislocations were mainly attributed to the very high stresses reached in indented regions and not specifically to the t-m transformation. Cross sections of 3-YTZ aged samples have also been examined by SEM and TEM to demonstrate that microcracking, here related to the spontaneous t-m transformation, occurred at the surface of the material during aging [51, 52].

Less conventional X-ray refraction techniques (not to be confused with the more standard X-Ray Diffraction, XRD) can also be used for microcracking characterization, as these techniques allow determining the internal surfaces and interfaces in the nanomicrometer range [53-58]. One of the main advantages of X-ray refraction is that nanoparticles, cracks and pores can be easily detected in as-prepared materials, avoiding, for example, TEM thin foil preparation. Also, as X-ray refraction is sensitive to orientation, preferential alignment or positioning of cracks can be examined [START_REF] Kupsch | Microstructure characterisation of ceramics via 2D and 3D X-ray refraction techniques[END_REF]. An investigation of SiC and alumina materials has shown that the internal surface density, pores sizes and their spatial distribution can be quantitatively characterized by X-ray refraction topography (XRRT) [START_REF] Harbich | Microstructural characterization of porous materials by two-dimensional X-ray refraction topography[END_REF].

This technique was also used for characterizing fibre cracks, microcracks and debonding on a glass-fibre reinforced polyoximethylene (POM-GF) composite, after mechanical loading and accelerated aging [START_REF] Rudolph | Application of X-ray refraction topography to fibre reinforced plastics[END_REF]. Several techniques based on the X-ray refraction phenomenon can be applied for 2D/3D microstructural characterization as for example i) X-ray refraction topography (XRRT, based on the scanning of the sample using a X-ray beam), ii) X-ray refraction radiography (XRRR, or direct 2D imaging typically implemented using a synchrotron source) and iii) X-ray refraction tomography (XRCT). In particular, XRRT techniques are based on Ultra Small Angle Scattering (USAXS) produced on microstructural features causing refraction at small angles of between several seconds and a few minutes of arc, as the refractive index of X-rays is nearly unity. Moreover, due to the short X-ray wavelength (~0.1 nm), deviations of the X-ray beam due to the refraction can reveal internal surfaces and interfaces of nanometer dimensions (1 nm). The term topography indicates that the technique is concerned with the topography of internal refracting microstructural features (characteristics and distribution). For further details regarding X-ray refraction, the reader can refer to [START_REF] Kupsch | Microstructure characterisation of ceramics via 2D and 3D X-ray refraction techniques[END_REF].

The main goal of this work is to clarify if the elastic-plastic transformation behaviour observed during the mechanical loading of Ce-TZP-based composites occurs with or without damage. In this study, we use XRRT to determine the internal specific surface in transformed and untransformed zones in Ce-TZP/Al 2 O 3 /SrAl 12 O 19 and SEM/TEM for direct observations. As it will be shown, our results corroborate and support the absence of significant microcracking.

Methods

Materials processing and initial characterization

The studied materials have a composition of 84 vol% ZrO 2 [START_REF] Zhang | 3Y-TZP ceramics with improved hydrothermal degradation resistance and fracture toughness[END_REF] [START_REF] Palmero | Towards long lasting zirconia-based composites for dental implants. Part I: Innovative synthesis, microstructural characterization and in vitro stability[END_REF][START_REF] Reveron | Towards long lasting zirconia-based composites for dental implants: Transformation induced plasticity and its consequence on ceramic reliability[END_REF], the content of CeO 2 was set to 11 mol.% in order to compensate microstructural changes related to the scaling-up (powder-synthesis, pressing and sintering were conducted at the industrial-scale and as a consequence, larger zirconia grains were obtained). Ceramics were manufactured by DOCERAM GmbH (Dortmund, Germany) from spray-dried powders synthesized and provided by DAIICHI KIGENSO KAGAKU KOGYO CO. LTD (Osaka, Japan). The powders were Cold Isostatic Pressed (CIP) at 300 MPa and pressureless sintered at 1450°C for 1h in air. The average grain size of zirconia was estimated from the linear-intercept method using 1.56 as correction factor. For alumina, only the maximum diameter was considered, as grains are spherical-shaped. To evaluate the size of aluminate grains, the maximum length and width of elongated grains were estimated. The spontaneous t-m transformation temperature (T t-m ) was assessed by cooling a four-point bending bar (width b = 4 mm; thickness h = 3 mm and length l 0 = 41 mm) suspended over a liquid nitrogen bath: the T t-m was assumed to be the surface temperature of the sample, measured with a thermocouple, when the martensitic transformation took place and the sample spontaneously cracked due to the generalized volume expansion (3-4 vol.% that accompanies t-m transformation). Density was determined by Archimedes' method according to the C373-88(2006) ASTM standard and the relative density by correlating it with the theoretical density of a ZA 8 Sr 8 Ce 11 composite (5.86 g/cm 3 ). Zirconia phase identification on as-sintered samples was performed by XRD (X-ray Bruker D8 diffractometer, Billerica, USA) using Ni-filtered Cu Ka radiation (0.1541 nm) between 2q=27-33° (step width of 0.05° and an exposure time of 2 s). The range 2q=27-33° includes reflections of (111) m , (-111) m and (101) t peaks used in determining the volumetric fractions of the m-ZrO 2 (V m ) and t-ZrO 2 (V t ) phases from the intensities (I m and I t ) of the diffraction peaks as [59]:
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Where, The Young's modulus (E) was estimated by the resonance vibration method (ASTM C1259-01, Grindo-Sonic tester) on 4PB samples before and after being deformed to 95% of the failure load. For each sample, 30 resonant frequency measurements were carried-out and the standard deviation (SD) was calculated. The 4PB geometry was preferred for measurements because the frequency of vibration in bending mode is only a function of the cross-section and the length of the bar. During plastic deformation, the Young's modulus evolution was computed from the elastic region that appears in the stress-strain curve at each cycle (i.e. slopes of the loading/unloading curves).
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Mechanical tests

Characterisation of the t-m transformation features

The transformed zones of SrAl 

Characterisation of potential microcracking by X-Ray Refraction Topography (XRRT)

Untransformed and t-m transformed zones of P3B tested sample were characterized by XRRT. This mechanical test was preferred because it leads to a larger transformed area, easier to analyze [START_REF] Reveron | Towards long lasting zirconia-based composites for dental implants: Transformation induced plasticity and its consequence on ceramic reliability[END_REF]. After the failure, one-half of the tested disc was mechanically ground, starting from the compression side until reaching a thickness of 230 µm by using 15 µm diamond wheel. This thinning procedure was necessary for decreasing the X-ray absorption by the sample and getting enough transmitted signal with the laboratory X-ray source here employed.

For XRRT analysis, the sample was scanned in two perpendicular orientations (hereafter referred to as 0° and 90°) [START_REF] Kupsch | Microstructure characterisation of ceramics via 2D and 3D X-ray refraction techniques[END_REF]. Two-dimensional images of the material with a spatial resolution of 1000x50 µm 2 (width x height) were processed.

Two detectors were used to measure the transmitted intensity (I T ) and the refracted intensity (I R ) and this was done with and without the sample (index 0). The refraction value C m multiplied by the thickness d is calculated as follow:

• • . • = [ ( • • • •• )/( • ! • !• )] -1 (3) 
The linear absorption coefficient µ multiplied by the thickness d can be obtained by:

# . • = -ln • ! • !• (4) 
The term C m /µ was computed in the two orientations (0° and 90°) for both transformed (centre of the disc) and untransformed (periphery of the disc) zones. Values of C m /µ are proportional to the relative specific internal scattering surfaces of the investigated regions.

XRRT experiment was performed on the same sample in order to avoid possible variations of the internal scattering surfaces due to microstructural changes in between different samples.

Transmission Electron Microsocopy inside a transformation zone

For performing TEM characterization of transformed material, a thin foil was milled in a transformation band of a tested 4PB specimen using the Focus Ion Beam (FIB) technique (FIB/SEM NVision 40 dual beam station, Carl Zeiss Microscopy GmbH, Oberkochen,

Germany). This microscope combines a SIINT zeta FIB column (Seiko Instruments Inc.

NanoTechnology, Japan) with a Gemini column. Firstly, a transformed band was localized by Scanning Electron Microscopy and then the TEM foil was prepared by successive abrasions using FIB (Ga + ions accelerated between 2 and 30 keV). SEM imaging was done in high vacuum and with an accelerating voltage of 1.5 kV during the FIB preparation of the TEM slice. To prepare the TEM foil, the analysed sample was first glued with a silver paint onto an aluminum stub. Then, the zone was coated with a carbon layer of about 30 nm using thermal evaporation (EM SCD500, Leica Microsystems GmbH, Wetzlar, Germany), in order to make the surface electrically conductive for FIB cutting. A first abrasion at 45 nA for 30 µm was followed by a second abrasion at 13 nA for 5 µm and then followed by a cleaning step performed at 3 nA for 30 µm. Thereafter, the foil was glued on the TEM sample holder. In order to make the foil transparent to the electron beam, its thickness was decreased by successive abrasions at 700, 150, 50, 40 and 10 pA respectively, until reaching a thickness around 100 nm. Finally, thickness was further reduced in a Precision Ion Polishing System (PIPS, GATAN INC, Pleasanton, USA) at a voltage of 1.7 KeV for 10 minutes, using a double modulator and a gun angle of +/-5°. The conditions for the TEM foil preparation have been carefully adapted to avoid any zirconia phase transformation during these operations.

Both SEM (ZEISS Supra 55, Oberkochen, Germany, with an accelerating voltage of 1.5 kV and without conductive coating) and TEM (HRTEM-JEOL 2010F, Tokyo, Japan) characterizations were performed on the prepared TEM foil.

Results

Materials characterization

The as-sintered ceramics were composed of zirconia (Z: 0.9 ± 0.4 µm), alumina (A: 0.3 ± 0.1 µm) and hexa-aluminate (S: 2.8 ± 1.7 µm, aspect ratio of 4±4) grains (Figure 1a), homogeneously distributed (Figure 1b). Composites were fully dense (> 99.9% of the theoretical density) and fully tetragonal (t-ZrO 2 ) zirconia was obtained [34] as confirmed by X-ray diffraction (XRD) (Figure 1c). The t-m transformation temperature (T t-m ) of ZA 8 Sr 8 Ce 11 composite sintered at 1450°C for 1h was found to be near -40°C. This temperature can provide qualitative information about the material transformability as the lower the T t-m the higher the zirconia stability. The studied material shows thus a considerable transformability as its spontaneous t-m temperature is close to room temperature, in agreement with our previous work [64].

Macroscopic features of transformed-zones in P3B and 4PB

Optical Raman maps in false colour image (Figures 3a and3b) corroborated that the transformation from the tetragonal to the monoclinic zirconia phase occurred in the optically observed transformed-zones. As shown from the quantitative Raman maps, the highest amount of monoclinic phase (~65 and ~40 vol.% for P3B and 4PB respectively) was localized at the centre of the star (Figure 3a) and at the location of fracture (x=0 in Figure 3b). The volume fraction of monoclinic phase along the length (x) of the 4PB sample is also displayed in Figure 3b. Starting from the rupture point, the content of monoclinic phase in adjacent bands reached values of around 30 vol.% and then decreased to 20 vol.% moving away from the failure point. Consequently, the overall transformation degree on 4PB tested sample seems to be partial (i.e. only 20 to 30% of the grains are transformed inside transformed zones).

Ductile mechanical behaviour

A typical four-point bending (4PB) load/unload stress-strain curve obtained from ZA 8 Sr 8 Ce 11 material is shown in Figure 4a. The stress was calculated following equation [START_REF] Chevalier | Low-Temperature Degradation of Zirconia and Implications for Biomedical Implants[END_REF] (ISO 6872).
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where, F is the applied load, L and l the outer and inner spans lengths, b the sample's width and h its thickness. The strain was estimated from LVDT data after correcting for the elastic contribution (deformation) of the fixture. Clearly, an elastic-plastic behaviour is observed with a significant strain to failure (0.38%) and the deviation from the elastic behaviour started at a stress of 417 MPa (Figure 4a). The evolution of the Young's modulus (E), estimated from loading/unloading slopes, is presented in Figure 4b. The Young's modulus remained practically constant as the strain increased with a mean value of 214 ± 4 GPa, in agreement with previous results on the same material's composition and chemistry [35].

Young's modulus values measured by resonant frequency method and summarized in Table 1, were the same on both non-tested and 4PB bars loaded up to 95% of the failure load

X-ray RefractionTopography (XRRT) characterization of P3B tested sample

The 

Microscopic features of transformed-zones in P3B and 4PB

The SEM characterization of the tensile surface in P3B tested samples shows transformed monoclinic zirconia grains characterized by different grey levels in the shape of "twins", showing a typical stack of self-accommodating martensitic variant pairs (Figure 6).

Very few microcracks were observed at the surface of transformed zones, even near the breaking point.

Inside a 4PB band, SEM characterization of the FIB-prepared TEM foil (Figure 7)

shows transformed zirconia monoclinic grains with visible monoclinic laths (m-laths), indicative of twins. The absence of both microcracks and debonding between the different phases inside the analysed transformation band was established at the SEM scale. Only at the top surface of the foil very few microcracks were observed, typically limited to the first layer of grains (less than 1 µm depth) as shown in Figures 7.

On a smaller scale, Figure 8 displays the TEM images obtained on the same thin-foil.

Transformed zirconia grains showing monoclinic laths can be seen (clearly visible Figure 8f).

Aluminate grains appeared deformed (dislocation like contrast or Bragg's fringes as revealed by the grey lines in Figure 8c). This behavior is related to the high compressive stresses around these grains due to the volume expansion resulting from t-m phase transformation of the surrounding monoclinic grains. This behavior was also clearly observed in a 12mol% Ce-TZP ceramic [START_REF] Swain | Metastability of the Martensitic Transformation in a 12 mol% Ceria-Zirconia Alloy: II, Grinding Studies[END_REF]. As for the SEM observations, neither micro/nanocracks nor debonding between the different phases were detected inside the transformation band by TEM (Figures 8e and8f).

Discussion

The first transformed regions in P3B and 4PB tested samples were clearly visible at stress values between 355 to 432 MPa (Figure 2). The onset of the non-linear stress-strain behaviour coincided well with the development of the first zirconia t-m transformation bands on the tensile surfaces of 4PB bars (417 MPa) (Figure 4). The increase of the transformedzones area was also related to an increased plastic strain. Therefore, the relatively large strain before failure (0.38% in 4PB, 0.55% in P3B [41]) can be related to the stress-induced zirconia 
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Where σ max is the maximum strength, σ y the yield strength and σ c t-m the critical stress to induce the t-m phase transformation.

Hence, the measured value of σ = 417 MPa could be considered as the yield Overall, in the present case the maximum strength values are overestimated in 4PB and P3B, as a purely linear elastic behaviour was considered for the strength determination (i.e. as soon as the onset of plasticity is reached, the calculated stresses are overestimated and this effect becomes more and more pronounced as the load is increased). It is important to note also that as the ZA 8 Sr 8 Ce 11 strength is highly dependent upon the testing method [41], P3B test yielded higher transformation stress (> 500 MPa), higher strength (>1 GPa) and higher rupture strain (~ 0.55% [41]) compared to 4PB test.

Considering the loading/unloading curves (Figure 4a), typical hysteresis loops are visible. During the first cycles (calculated plastic strain < 0.1%), a limited hysteresis is obtained and loading and unloading curves are superimposing, indicating an absence of recovery or dissipation. Interestingly, as the sample was reloaded, precisely the same stress and strain were reached before further plastic straining, indicating also an absence of time dependency and in agreement with an absence of recovery or damage. However, as the plastic strain was further increased (> 0.1 %), a slight opening of the hysteresis loops was visible, which could either be a sign of microcracking, reverse phase transformation or twinning phenomena [START_REF] Liu | Plasticity-induced fatigue damage in Ceria-stabilized tetragonal zirconia polycrystlas[END_REF].

Estimated (from stress-strain curves) and measured Young's moduli are reported in

Figure 4b

and Table 1. The relatively constant value of the Young's modulus as the number of loading/unloading cycles increased (and therefore cumulated strain) is assume to be a good evidence of the absence of damage accumulation. Moreover, accurate ultrasound resonance vibration measurements further confirmed that no change of E occurred in permanently deformed samples with respect to non-tested ones (Table 1). These results are in perfect agreement with previous works that show no significant variations of the Young's modulus in the plastic region, when testing by loading/unloading (4PB) either a 9 mol% Ce-TZP materials [START_REF] Gogotsi | Mechanical Property Characterization of a 9 mol% Ce-TZP Ceramic Material -I. Flexural Response[END_REF], or another material with a comparable composition to the present one [START_REF] Reveron | Towards long lasting zirconia-based composites for dental implants: Transformation induced plasticity and its consequence on ceramic reliability[END_REF].

The results obtained at 95% of the failure load (about 214 GPa from the slope analysis and 215 GPa by Grindo-Sonic) are comparable and in agreement with previous results on similar systems [START_REF] Reveron | Towards long lasting zirconia-based composites for dental implants: Transformation induced plasticity and its consequence on ceramic reliability[END_REF][START_REF] Touaiher | Fracture behavior of Ce-TZP/alumina/aluminate composites with different amounts of transformation toughening. Influence of the testing methods[END_REF].

From the microstructural point of view, both microscopy and X-ray refraction techniques showed that neither micro-nor nanocracks or phase debonding were evident inside transformed zones (Figures 5 to 7). The very few microcracks observed at the top surface of a thin slice could be partially explained by a possible relaxation of the substantial internal stresses [68] during the FIB cutting process. However, such microcracks were also observed at the surface of tested but uncut specimens after P3B and 4PB (Figure 6). They were always located inside transformation bands, whereas no microcracks on the upper surface were visible outside the transformation bands. These few microcracks seem therefore directly related to the t-m transformation as they are present only at the very top surface of a transformed zone (i.e. the first grains only, see Figure 8) without affecting the overall mechanical strength of the material. However, further investigation on the influence of such cracks on the fatigue resistance of the material should be performed to confirm such a statement.

A decrease in the Young's modulus as a function of strain is often associated with The model takes the microgeometry of the materials into account for estimating the effect of pores and cracks on the elastic moduli. The microcrack density parameter r of a system of penny-shaped cracks equivalent to those present in the material can be estimated by the relation ( 7):

• • • = ! "#$ (7) 
Where E and E 0 are the Young's moduli of the microcracked and intact materials, and C is a 

∆5 = & # • ln ( 6 • 6 ) (8) 
Using our data, we would obtain a decrease of less than 5% of the unloading Young's modulus, leading to Dr < 1-10´10 -3 which is much smaller than typical values for microcracked materials [71, 73-77]. Taking the Young's modulus measured upon loading, this would lead to a negligible variation. This result is in agreement with an absence of extensive microcrack damage related to the t-m phase transformation, as corroborated by SEM/TEM and XRRT analyses. Furthermore, this very small Young's modulus variation could possibly be related to the assumption the m zirconia exhibits a lower stiffness than that of the t phase (even though this fact has not yet been demonstrated experimentally or numerically).

SEM/TEM images show that the transformation zone deeper than 1 micron from the surface does not exhibit microcracks, as it was concluded in other works done on Mg-PSZ transformation bands. This amount varies from one sample to another and was directly related to the grain size and therefore the transformability of tested materials. The higher the amount of monoclinic phase the larger the grain size (and therefore the ease of transformability). For example, they measured a monoclinic volume fraction of 40% for Ce-TZP grains of 1.4 µm.

This value cannot be compared directly to the value of 20-30 vol.% obtained in this study as we have a different microstructure (with alumina and aluminates as second and third phase) and a smaller zirconia grain size (0.9 µm). However, the magnitude of the transformation between these reported values and those presented here is comparable. Additionally, Rauchs et al. [START_REF] Rauchs | Tetragonal-to-monoclinic phase transformation in CeO 2 -stabilized zirconia under multiaxial loading[END_REF] have also reported that the monoclinic phase content along the diameter of a 9 mol.% Ce-TZP specimen (0.9 µm grain size) tested in biaxial bending ranged between 10 to 14 % whereas along the length axis of a 4PB test bar it ranged from 7 to 10 %. This is again in agreement with the fact that only a part of the tetragonal grains is transformed inside transformation features and that the material's behavior is a function of the test method (more specifically on the homogeneity of the stress field, or lack thereof), with much more transformation (and larger transformed zone) when the stress field is inhomogeneous and localized (P3B), compared to less important transformation features (thin parallel bands)

when the stress field is more homogeneous (4PB) [START_REF] Touaiher | Fracture behavior of Ce-TZP/alumina/aluminate composites with different amounts of transformation toughening. Influence of the testing methods[END_REF]. In another study, Gogotsi et al. [START_REF] Gogotsi | Mechanical Property Characterization of a 9 mol% Ce-TZP Ceramic Material -I. Flexural Response[END_REF] mentioned that, after bending tests on Ce-TZP ceramics, not all the grains were transformed and that this amount was lower than 65 vol.%. This is also in good agreement with Raman spectroscopy measurements performed on Ce-TZP transformed-bands by Becher and Swain

[80] on ceramics with larger grain sizes (from 1.3 to 8 µm). An increase of the measured fraction of monoclinic ZrO 2 was also observed inside transformation bands as the grain size (and therefore the transformability) was increased. Grathwohl and Liu [81] also compared the monoclinic phase content at the tensile surface of different 9 mol.% Ce-TZP ceramics with different grain sizes after various mechanical tests. They showed that monoclinic contents ranged between 5 to 27 % depending on the testing procedure and the materials' grain size.

They also found that cyclic loading leads to enhanced phase transformation compared to static loading or short term loading to higher stress levels. And this was found to be even more pronounced for larger grain size samples. The results of these studies are in good agreement with our findings.

From Raman analyses, the highest amount of monoclinic phase in 4PB is to be found at the point of failure, localized at x=0 (~43 vol.%) (Figure 3b), indicating that excessive localization of the transformation indeed leads to failure at this point. In P3B tested samples, the highest content of monoclinic phase is located just under the piston (~65 vol.%), as the transformation pattern is strongly related to the stress field; again, failure takes place along the transformed material (Figure 3a). The location of the breakage is consistent with the material's behaviour; i.e. failure should occur in a zone that has already transformed and no longer has the capability to accommodate a stress increase by yielding (via phase transformation).

X-ray refraction topography (XRRT) provided further evidence of the absence of microcracks and damage associated with transformation. In fact, microcracks having an aperture as small as 1 nm may be detected by X-ray refraction techniques [53, 82, 83]. However, the results of the quantitative analysis of XRRT data showed that the quantity of internal specific surfaces in ZA 8 Sr 8 Ce 11 was the same for transformed and non-transformed zones (Figure 5), indicating that negligible damage was produced during the t-m phase transformation.

Analogous to visible-light, X-ray refraction occurs when X-rays pass through interfaces of media with different densities or refractive indices. This effect will be significant at for example; solid-solid interfaces with different refractive indices (organic fibers-ceramic matrix interfaces) and solid-gas interfaces (fiber-debonding, porosity or microcracks). In our case, the t-m zirconia interfaces created during the deformation do not affect significantly the X-ray refraction effect (t and m have similar densities and refractive indices) and the normalized refraction value remains stable, corroborating the absence of microcracking.

The overall results suggest that the transformation induced plasticity of the studied Ce-TZP composite is not associated with microcracking and associated damage. that reduced internal mismatch stresses associated with transformation thanks to the size of grain boundaries [START_REF] Lai | Shape Memory and Superplastic Ceramics at Small Scales[END_REF]. Our results also show that microcracking induced by the transformation can be suppressed in polycrystalline ceramics if the grain size of zirconia is reduced. The shape-memory alloy properties of polycrystalline ZA8Sr8Ce11 will be extensively discussed in an upcoming publication.

Conclusions

The ZA 8 Sr 8 Ce 11 composite under study showed transformation-induced plasticity with a significant plastic strain at failure (~0.38% 

  to appear at a given value of stress (σ c t-m ) on the tensile side of samples, and continued developing until fracture [35, 41]. Grain-boundary microcracking associated with transformation plasticity has been reported in pure stabilized Mg-PSZ (8 mol% MgO, 50-µm grain size) [42] and Ce-TZP (12 mol% CeO 2 , 1.2-µm grain size) [43] subjected to uniaxial compressive tests with a superimposed pressure. Microcracks were found to align with the compression axis and their density increased linearly with the extent of transformation [43, 44]. In the case of Ce-TZP, transformation texture of both the remaining tetragonal phase and the newly formed monoclinic phase was observed [43]. It has been proposed that in uniaxial compression tests with superimposed hydrostatic compression, the primary mechanical force responsible for crack formation originates from the shear component of t-m phase transformation, which can generate microcracks along the grain boundaries [44]. Moreover, in brittle zirconia ceramics such as 3Y-TZP, direct TEM (Transmission Electron Microscopy) evidence for substantial microcracking was also reported after fatigue deformation, while transformation plasticity was dominant in Mg-PSZ [42]. However, as only few studies have been devoted to very transformable Ce-TZP based composites with refined microstructure, it remains still unclear if the localized transformation plasticity is accompanied by extensive damage induced by the transformation, limiting therefore the strength (especially in fatigue) of these materials. TEM was used to characterize microcracking at the grain-boundary termination of transformed monoclinic twin laths in a study of the cyclic fatigue of Ce-TZP/Al 2 O 3 [45], but no microcracking was detected within the transformation zones in Ce-TZP/Al 2 O 3 specimens containing MnO (Ce-TZP/Al 2 O 3 /MnO) [46]. Moreover, a shape-memory-like behaviour in Ce-TZP and Ce-TZP/Al 2 O 3 ceramics has been associated with complete reversibility of the t-m zirconia phase transformation, which suggests that microcracking is unlikely [47]. Therefore, in this context, it is important to understand if the t-m stress-induced transformation in the aforementioned recently developed Ce-TZP/Al 2 O 3 /SrAl 12 O 19 composites leads to microcracking triggered by the transformation.

  Disc shaped specimens (diameter 16 mm, thickness 1 mm) and rectangular bars (width b = 4 mm; thickness h = 3 mm and length l 0 = 41 mm) were machined by using a 16 µm diamond wheel followed by polishing down to 1 or 0.03 µm. Polishing was necessary to allow optical (1 µm) and SEM (0.03 µm) characterization of transformed zones. Samples were then annealed (1200°C for 30 minutes in air) to remove possible residual stresses generated when polishing. Piston-on-three balls (P3B) and four-point bending (4PB) tests were performed on an universal hydraulic testing machine (INSTRON 8502, Nordwood, USA), at room temperature in air, at 0.5 mm/min. For P3B, the fixture used was composed of a pin (1.6 ± 0.2 mm diameter) and three 4.0 mm diameter steel balls 120° apart, located on a 12 mm diameter circle, in agreement with the ISO 6872 standard. For 4PB, outer (L) and inner (l) spans' lengths of L=35 and l=10 mm were used. The samples were subjected to load-unload cycles until the fracture. The testing machine was equipped with a linear variable differential transformer (LVDT, put in contact with the tensile surface) for accurate direct measurement of the displacement during tests.

  12 O 19 specimens after mechanical tests observed on the tensile side were characterized by optical microscopy (ZEISS Axiophot microscope, Oberkochen, Germany) using Nomarski interference contrast. Additionally, SEM (ZEISS Supra 55, Oberkochen, Germany) characterization of the P3B transformed zone was also performed at low accelerating voltage, allowing observation of the microstructure without the usual requirement of a metallized surface coating. Raman spectra were also collected after failure on the tensile side of P3B and 4PB samples using an InVia Raman microscope (Renishaw plc, Wotton-under-Edge, UK) equipped with a high-power 785 nm near infrared diode laser (Toptica Photonics AG, Gräfelfing, Germany) delivering 120 mW of laser power to the sample (x10 objective, N.A. 0.25). Raman data analysis was performed by using the R software environment [60] for statistical computing and graphics and the Fityk software [61]for curve fitting, allowing the mapping of monoclinic/tetragonal phase content. For each spectrum, the monoclinic volume fraction was calculated from peak areas according to Tabares and Anglada [62] based onKatagiri et al. [63] equations.

  images obtained with Nomarski contrast during loading/unloading tests on the tensile sides of P3B and 4PB tested ZA 8 Sr 8 Ce 11 samples are shown in Figure 2. The zirconia transformation was clearly visible in the shape of a star (P3B, Figure 2a) or regularly spaced parallel bands (4PB, Figure 2b). These bands were perpendicular to the main tensile stress direction. The fracture of the sample occurred within the transformed-zone (through a starbranch in P3B or through a transformation band in 4PB).

  2D refraction topographs obtained at 0° and 90° are shown in Figure 5a. The refraction values (C m ) and the linear absorption coefficients (µ) were directly extracted from the refracted and transmitted intensity data, and the calculated ratio C m /µ along the indicated red arrows and mean values in transformed (centre of the disc) and untransformed (outer edge of the disc) regions are shown in Figures5b and 5c, respectively. We observe that the normalized refraction values are almost the same in the two perpendicular orientations and in the two regions (transformed and intact). Indeed, the grey levels and the line profiles (Figures5a and 5brespectively), are comparable in transformed and non-transformed regions, regardless of the orientation. All differences are well within the uncertainty of the measurement.

  microcracking and damage accumulation in ceramics [69]. This evolution of damage can be described by simple micromechanical models, as for example the Differential Scheme [70-72].

= 1 .

 1 64 for n=0.25, as referred to [70]). Equation (8) yields the change of microcrack density with respect to the initial state as:

[ 45 ]

 45 . The mechanical behaviour of ZA 8 Sr 8 Ce 11 composite can therefore be considered as almost purely elastic-plastic (i.e. not significantly affected by damage). In other words, the plasticity is essentially driven by the stress-induced t-m transformation with negligible internal damage. This result is of primary interest as it elucidates that the transformation is the mechanism responsible for the plasticity of the ceramic composite. Indeed, unlike other zirconia-based systems [42-46] the transformation is not detrimental for the reliability of such material under operating conditions or in-vivo, as the overall mechanical properties (exemplified by the Young's modulus) remain intact. The transformation will even act as a toughening mechanism as it promotes unprecedented ductility for a ceramic material [78]. As expected, Raman analyses have shown an increase of the monoclinic ZrO 2 content inside the transformation bands (4PB) or star-like branches (P3B). This is in accordance with previous observations made on the characterization of Ce-TZP ceramics [40], where the hypothesis was advanced that an autocatalytic phase transformation was taking place, with the formation of transformation bands leading to a strongly inhomogeneous and localized distribution of the monoclinic phase. In other study, R. Rauchs et al. [38] have found an average monoclinic fraction between 40 to 60 vol.% perpendicular to individual 4PB

  Moreover, thermal annealing (1200°C-30 min) of 4PB bars initially loaded beyond the yield stress and unloaded exhibit complete recovery of the inelastic deflection due to the m-t transformation (not shown here). Although this effect has been investigated in 4PB bars, it suggests that shear and dilation associated with the t-m transformation can be elastically and plastically accommodated without microcracking or substantial dislocation motion. This shape memory effect has been previously observed in zirconia ceramics [84, 85] and associated to the martensitic transformation but was usually also associated with microcracking [42-44]. The current materials show that microcracking phenomenon has been suppressed by their finescale microstructure with few crystal grains in the shape of pillars (oligocrystalline structures)

  ) and a critical stress to induce the t-m phase transformation of ~400 MPa in 4PB. The t-m transformation was visible on 4PB samples in the shape of dispersed parallel bands. The monoclinic amount inside transformation bands ranged from ~45 vol.% (fracture) to 20-30 vol.% (other adjacent bands). Therefore, the composite exhibited a relatively limited amount of t-m phase transformation, in agreement with previous studies on similar materials. Both SEM and TEM characterization have shown the presence of transformed zirconia monoclinic grains in the form of visible m-laths. Moreover, both SEM and TEM analyses have shown the absence of either microcracks/nanocracks or phase debonding inside transformed bands, except in the close proximity of the external surface, where plane stress conditions are met. Finally, X-ray refraction analyses performed on P3B tested samples unequivocally demonstrated that the developed ZA 8 Sr 8 Ce 11 material present no damage accumulation, even at failure. The key point of our work was the preparation of composites based on Ce-TZP zirconia with the aim of reducing the zirconia grain size, improving the strength and allowing relatively high deformation at failure without damage. Although much more work remains to fully understand the behavior of these materials, especially under cyclic conditions, the unusual transformation plasticity without damage reported here may re-open the discussion on Ce-stabilized zirconia as an engineering ductile material more than 40 years after the concept of "ceramic steel".

Figure 1 .

 1 Figure 1. (a,b) Microstructural features of the ZA 8 Sr 8 Ce 11 composite (SEM imaging after polishing and thermal etching at 1350°C -20 min ; Z: Zirconia, A: Alumina and S: Strontium Aluminate). (c) XRD pattern in the 2q region of 27-33°, where the peaks for (111) m , (-111) m and (101)t of zirconia should appear, clearly indicating that zirconia is fully tetragonal. The XRD analyzed region (2q=27-33°) does not include diffraction peaks for alumina (JCPDS N° 46-1212). The aluminate phase contains two peaks (2q=31.99° and 32.41°; 55% and 20% of intensity-JCPDS N° 26-0976) but due to the difference in the absorption coefficients, the relative intensity associated to these peaks and the low phase volume content (8vol.%), they are undetectable.

Figure(s)Figure 2 .

 2 Figure(s)

Figure 3 .

 3 Figure 3. Micro-Raman analysis after (a) P3B and (b) 4PB test of the tensile side of ZA 8 Sr 8 Ce 11 samples. Raman map (false color image) and quantification of the monoclinic volume fraction (a) along or across a branch and (b) along the length of the bending bar are shown. The breakage point was positioned at x=0. Different color codes for P3B and 4PB Raman images have been used.

Figure 4 .

 4 Figure 4. (a) Stress-strain curve of ZA 8 Sr 8 Ce 11 composite obtained during 4PB test. (b) Variation of the Young's modulus computed from the slope of stress-strain load/unload curves.

Figure 5 .

 5 Figure 5. (a) X-ray refraction results in the form of the normalized refraction value C m /µ maps at 0° (top) and 90° orientations (bottom). (b) Corresponding line profiles along the red arrows. (c) Histograms of C m /µ in transformed and untransformed regions in the two perpendicular orientations. Errors bars indicate standard deviation of repeated measurements.Lines profiles at 0° appear less noisy since the resolution width was 1000 µm (1 point/mm) while at 90° a higher number of points was considered (height resolution of 50 µm = 20 points/mm).

Figure 6 .

 6 Figure 6. SEM characterization of both transformed and untransformed zones at the tensile surface of a biaxial P3B tested sample. (a) SEM image of the P3B sample with visible transformed zones (the inset shows an optical image). Surface observations show the absence of cracks on untransformed zirconia (b) and few microcracks and debonding (white circles) at the surface of the transformed zone (c,d). Transformed monoclinic grains displaying typical martensitic relief and m-laths are indicated with arrows (d).

Figure 7 .

 7 Figure 7. SEM imaging of a FIB cross-section at the surface and inside a 4PB transformation band show very few microcracks at the upper surface of approximately 1 µm depth and no cracks inside the transformed zone (bulk). Zirconia transformed grains are clearly recognized by different grey contrast in the shape of "twins" (some of them are indicated by arrows).

Figure 8 .

 8 Figure 8. The upper panel shows the location and dimension of the TEM foil obtained by Focus Ion Beam (FIB) milling inside a transformation band: on the left, SEM image of a transformation band visible on a tested 4PB sample with the FIB cutting located in the middle of the band. On the right, related TEM foil prepared from the FIB section. The lower panel shows conventional TEM imaging of the FIB foil (a) extracted from a 4PB transformation band showing very few microcracks near the surface (b, d). (c) Deformed strontium aluminate (S) grain (with dislocation like contrast or Bragg's fringes). (e, f) Deeper inside the transformation band (bulk), no microcracking nor debonding was observed.

  

  

3 and 8 vol.% of SrAl 12 O 19 . Henceforth the material will be referred to as ZA 8 Sr 8 Ce 11 , where Z: Zirconia, A: Alumina and S: Strontium Aluminate. Compared to materials developed in

  

	mol.% CeO 2 ), 8 vol.%
	of Al 2 O

  Sr 8 Ce 11 strain can be completely recovered by heating deformed samples to a temperature above the reverse T m-t temperature.The ZA 8 Sr 8 Ce 11 composite clearly shows a high transformability and its strength is therefore limited by the critical stress necessary to induce the tetragonal to monoclinic

	zirconia phase transformation (σ c	t-m ), as proposed by Swain and Rose [18] and other authors
	[42, 65]. Basically:	
	t-m phase transformation, as already reported for Ce-TZP composites with similar
	composition and/or microstructural features [34-38, 41, 42]. A minor contribution of
	dislocation plasticity (of strontium aluminate, see Figure 8) to the global ZA 8 Sr 8 Ce 11 strain

may be expected. However, this effect is considered to be very minor and not significant compared to the t-m phase transformation since, as discussed later in this section, the global ZA 8

Table 1 .

 1 Young's modulus values calculated by resonance vibration method before and after plastic deformation (4PB up to 95% of maximum load).

		Young's modulus (GPa ± SD)
	Sample N°	Before loading	After loading
	1	216 ± 2	216 ± 2
	2	215 ± 2	215 ± 2

Table(s)

Acknowledgments

We thank colleagues from Politecnico di Torino, Marta Fornabaio, Paola Palmero, Laura Montanaro, who participate to the development of composite materials. We also deeply thank Yunheng Yu, Arnaud Doko, and Christian Olagnon, who took part on some different steps of preliminary mechanical tests. We acknowledge the CLYM (Centre Lyonnais de Microscopie), supported by the CNRS, the "Grand Lyon" and the Rhône-Alpes Region for the access to the FIB/SEM device used in this study. Pietro Tassan and Piero Gherbaz are acknowledged for collecting some of the Raman data.

Funding

This research was undertaken in the framework of the LONGLIFE project (http://www.longlife-project.eu) funded by the European Community's Seventh Framework Program (FP7/2007-2013) [grant agreement n. 280741] and the SISCERA project (http://siscera-project.eu) also funded by E.U. (H2020-FTIPilot-2016), [grant agreement n. 737954].