Annealing aged zirconia: study of surface mechanical properties at the micrometric length scale
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Abstract

The annealing of hydrothermal aged zirconia has been studied by analysing the changes in microstructure and surface mechanical properties in terms of the annealing temperature. In this experimental work, a systematic micro- and nanomechanical study has been conducted in 3 mol% yttria-stabilized tetragonal polycrystalline zirconia (3Y-TZP) aged at 134 ºC for 60 hours and annealed at 600 ºC and 850 ºC for 1 hour. Advance characterization techniques (micro-Raman, field emission scanning electron microscopy and focused ion beam) have been used to study the near surface microstructural changes induced by these treatments.  The mechanical properties and resistance to damage of the near surface are determined by means of nanoindentation and nanoscratch testing. The observed behaviour is discussed in terms of the phases that are induced after ageing and annealing.
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1. Introduction

Zirconia ceramic materials are widely and increasingly used in dentistry due to their outstanding biocompatibility and aesthetics [
]. One of these materials that has received increasing attention in recent years is 3 mol% yttria-stabilized tetragonal polycrystalline zirconia (3Y-TZP), which is widely used to fabricate multiunit fixed partial dentures [
,
], inlays [2,
,
] and implants [
], due to its excellent mechanical, thermal, and tribological properties, biocompatibility and corrosion resistance [
]. 
However, with the presence of water, 3Y-TZP undergoes a spontaneous unfavourable phase transformation from tetragonal to monoclinic t-m at relatively low temperatures [
,
]. The phase transformation starts at the surface and progresses as a surface transformed layer that grows very slowly in thickness [
]. The transformation strain (~ 8% shear strain and 4-5% volume increase) produces surface roughening [
], grain pull out, macro- or even microcracks and loss of surface mechanical properties. This phenomenon is referred to as low temperature degradation (LTD) which may be very detrimental for implants in biomedical applications [
] for which surface integrity is of paramount importance for their functionality. Both, t-m transformation and microcracking, are confined into a surface layer with a thickness that depends on the composition, porosity, grain size, temperature of ageing, time and pressure [
].  
In this paper we address the question of whether the mechanical properties of 3Y-TZP can be recovered by annealing after ageing. It is well known that the t-m transformation can be fully reversed by suitable annealing, but there is a lack of information on whether the mechanical properties of the degraded surface layer are also fully recovered at relatively low annealing temperatures. Since intergranular microcracks are induced during ageing, the objective of the present work is to clarify if annealing is able to rebuild microcracked grain boundaries with the same original strength. Therefore, the present study aims to evaluate the effect of phase transformation and microcracking into the surface in terms of mechanical and tribological properties at micro- and nanometric length scale. 
2. Experimental procedure

2.1. Sample preparation
Specimens were processed from zirconia powder stabilized with 3mol % yttria (TZ-3YSB-E, Tosoh, Tokyo, Japan). The green body was obtained through cold isostatic pressing at 200 MPa, forming rods 10 mm in diameter. The material was sintered for 2h at 1450ºC, with heating and cooling rate of 3 ºC·min-1. The rods were cut in disks 2 mm thick. After sintering, the samples were characterized with respect to their final density, grain size and crystalline phases present. For determining the density of the sintered samples, the Archimedes technique was used with distilled water as the buoyant medium, being 6.03 ± 0.01 g·cm-3 for the tetragonal 3Y-TZP. Grain size for the as-sintered specimen was provided by analysis imaging using field emission scanning electron microscopy, resulting in a material with grain size 0.34 ± 0.02 m. Further details on these materials and on the preparation of specimens can be found elsewhere [
,
].
Prior to the low temperature degradation (LTD) test, the disk specimens were previously polished with SiC paper and diamond paste finishing with colloidal silica, in an ordinary metallographic polisher. The quality of the finishing was checked by confocal laser scanning microscopy in order to avoid the presence of scratches on the surfaces prior to testing. Finally, all specimens were cleaned ultrasonically with distilled water for 5 minutes and dried with a pure air.
Subsequently, specimens were degraded in an autoclave in the presence of water steam at 134ºC and 0.2 MPa pressure during 60 h (60H). These conditions are roughly equivalent to many years at human body temperature (more than a human lifetime) [
,
]. The thickness of the degraded layer after 60 hours reached values of approximately 12 m. Also, disks of 60H were sectioned and carefully polished in order to measure the volume fraction of monoclinic phase and the elastic modulus at different depths below the surface. 
The degraded specimens were thermally treated at 600 and 850 ºC during 1 hour in order to reverse the phase transformation created during the LTD process (from monoclinic to tetragonal phase, m-t). The codes used for the specimens tested in the present work are shown in Table 1.

2.2. Structure characterization 
Raman spectra were collected with a spectrometer Jobin-Yvon LabRam HR 800 coupled to an Olympus optical microscope BXFM with an objective of 100x and to a CCD detector cooled with liquid nitrogen. Raman spectra were recorded using the 532 nm laser wavelength excitation and an acquisition range from 100 up to 3000 cm-1. The spectrum integration time was 60s, with averaging the recorded spectra over three successive measurements. The measurements for 60 H were carried out not only on the surface of the disks, but also in the cross section at different depths. For the AR and annealed specimens only three measurements were done on the surface. 

Finally, in order to estimate the monoclinic volume fraction for the different specimen conditions, the following expression was used [
]:
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where Im and It represent the integrated intensities of the monoclinic and tetragonal peaks, respectively. The super-indexes identify the -Raman shift in cm-1. For all spectra, a linear substraction of the background was made and, the integrated intensity bands were calculated by fitting Lorenzian distribution functions.
2.3. Mechanical response
The mechanical characterization at micro- and nanometric length scale included the evaluation of the effective hardness (H) and elastic modulus (E) through a nanoindenter XP apparatus from MTS. It was equipped with a continuous stiffness measurements (CSM) modulus, allowing a dynamic determination of the mechanical properties during indentation [
]. Indentations were organized in a regularly spaced array of 16 imprints (4 by 4) and  2000 nm of maximum displacement into the surface (or until reaching the maximum applied load, i.e. 650 mN), and the results were averaged in order to have statistical signification. The distance between imprints were kept constant to 50 m in order to avoid any overlapping effect. The strain rate was held constant at 005 s-1. The indenter shape was carefully calibrated for true penetration depths as small as 60 nm by indenting a standard specimen of fused silica of accurately known Young´s modulus (72 GPa). The values of hardness and elastic modulus were directly calculated using the Oliver and Pharr analysis [19,
]. The elastic modulus was also determined by indenting the section of the discs at different depths. For each depth at least three measurements were done.

Sliding contact tests at nanometer length scale were carried out by means of a nanoscratch fixture attached to the nanoindenter system refereed above. A Berkovich indenter was employed to scratch the different sets of specimens under constant loads of 50 mN and 100 mN and at a velocity of 10 m/s over a length of 200 m. Two different scans were done in each specimen.
2.4. Damage and fracture assessment
Surface damage associated with residual nanoindentation imprints were visualized by field emission scanning electron microscopy (FESEM, JEOL-7001F) at 20 kV and atomic force microscopy (AFM, Dimension D3100 from Bruker), working in tapping mode. All the images were processed with the WSxM software [
]. 
Regarding subsurface damage induced during indentation, it was inspected by means of focused ion beam (FIB). Cross-sectioning and microscopy was conducted using a dual beam workstation (Zeiss Neon 40). A thin platinum layer was deposited on the sample prior to milling with the aim of reducing ion-beam damage. A Ga+ ion source was used to mill the surface at a voltage of 30 kV. The final polishing of the cross-section was performed at a current of 200 pA and 30 kV acceleration voltage. 

3. Results and discussion
3.1. Microstructure

The cross-section microstructure images for the degraded and annealed samples are summarized in Figure 1. From the sub-superficial observation published in a previous works for the AS specimen [
], no microcracks or monoclinic plates can be appreciated. On the contrary, in the microstructure of 60H (see Figure 1a), monoclinic plates and microcracks are present, which are created by the volumetric expansion than accompanies t-m transformation. These observations are in line with previous works reported elsewhere [
,
,
]. For 60H+600ºC the appearance is similar to 60H with large amount of monoclinic zirconia and the presence of many intergranular microcracks, see Figure 1b. Very often it is observed that close to the surface (about 3 (m in depth) the amount of transformation and microcracking seems to be greater that at deeper regions inside the degraded zone. For 60H+850ºC, the thermal treatment practically reverts all the monoclinic content to tetragonal (see section 3.2), but still a small number of grains and microcracks can be detected in the first few grains near the surface, see Figure 1c. 
3.2. Raman spectroscopy
Raman spectrum of 3Y-TZP is characterized by double set of peaks at 147 and 265    cm-1, which are ascribed to the tetragonal phase. Furthermore, a double set of peaks at 181 and 190 cm-1 are ascribed to monoclinic phase. The Raman spectrum for 60H and 60H+600ºC is shown in Figure 2. The monoclinic content was calculated using equation (1) for all the specimens investigated here and it is summarized in Table 1. Because a confocal microscope was used, the amount of monoclinic detected is mainly related to the monoclinic content of shallow surface layer of about 2 (m in depth. The Raman spectra was measured in the section of the 60H disk; the volume fractions of monoclinic phase from points close to the border (at 1-3 mfrom the surface) were very similar to the values detected from the surface of the disk. However, the analysis of deeper sections showed that the monoclinic fraction drops rapidly in the depth interval 4-8 m and then slowly until practically disappearing at depths of about 10 m. 

3.3. Mechanical properties
3.3.1. Hardness and elastic modulus from nanoindentation
Typical load-displacement (P-h) curves generated with the Berkovich indenter into the surface for monotonic loadings at 2000 nm of maximum penetration depth (or until reaching maximum load of 650 mN) are shown in Figure 3 for AS and 60H, with tetragonal and monoclinic phases, respectively. The P-h curve for AS shows the lowest penetration depth under maximum displacement into surface and the highest residual depth of the indenter after the indenter is completely withdrawn, confirming that this specimen is harder and stiffer than 60H and pointing out that the mechanical parameters are strongly modified by LTD. No discontinuities during the loading curve can be detected for AS and 60H. As can be appreciated in Figure 3, the hydrothermal degradation process has a clear effect on the loading-unloading curve: the maximum indentation depth reached by the 650 mN indentation increases in the specimen with higher monoclinic content.
The hardness and elastic modulus as a function of the displacement into the surface are shown in Figure 4a and 4b, respectively. The hardness (Figure 4a) remains nearly constant for penetration depths higher than 500 nm. For lower penetrations depths, the hardness may be affected by the superficial defects, such as roughness, microcracks, and residual stresses, among others. 
The lower hardness of 60H ((12 GPa) with respect to AS ((17 GPa) could be attributed to the influence of microcracks parallel to the surface as well as to an intrinsic lower hardness of the monoclinic phase. These values are also consistent with several works reported elsewhere [
,
]. However, it is not well known the hardness of monoclinic 3Y-TZP since few experimental values exist and they are often obtained in porous monoclinic and microcracked ZrO2 (6.6 GPa) [
], or in single crystals which is strongly anisotropic [
]. It can be observed that the hardness trend for 60H is also reaching a constant value at great penetration depths, as shown by the plateau in hardness close to 12 GPa. For larger penetration depths, the hardness starts to increase until reaching a value close to 14 GPa at about 5000 nm penetration depth (not shown in the Figure) where it keeps constant until the maximum penetration depth evaluated (8000 nm). This suggests that the hardness of the degraded layer is actually measured at 2000 nm depth without any significant contribution from the underneath tetragonal phase.  For the same reason, in the degraded layer there is not a strong hardness gradient since the values measured at different depths do not change significantly. But this does not exclude small variations, as can be seen in Figure 5 where the elastic modulus measured on the section of the disks is represented in terms of the distance to the surface (Figure 5). 
For 60H+600ºC and 60H+850ºC the hardness and elastic modulus are quite similar to 60H and AS, respectively. As most of the monoclinic phase is reversed to tetragonal by the annealing treatment at 850 ºC, this is pointing out to a large effect of monoclinic content on the hardness. By contrast, in 60H+600ºC the amount of tetragonal phase increases substantially (about 40%, see Table 1) but the hardness does not change,  that is, this later observation points out to the opposite conclusion on the effect of monoclinic phase on hardness. Therefore, it seems that another mechanism should be present for the change in hardness besides the contribution of the monoclinic phase.  
Regarding the elastic modulus for AS and 60H+850ºC, the values reported here are very similar and they are in the range 240-250 GPa. These values are slightly greater than the generally accepted value of 210 GPa for 3Y-TZP as several authors reported elsewhere [
]. The elastic modulus for 3Y-TZP measured by nanoindentation is close to the values reported by Gaillard et al. [28]. Furthermore, the indentation elastic modulus presented in Figure 4b for 60H and 60H+600ºC is in agreement with comparable results (190-199 GPa) of elastic modulus of Eichler et al. [
]. 
It can be appreciated that the change in elastic modulus with depth for 60H and 60H+600ºC presents the same trend. Therefore, the heat treatment performed at 600 ºC does not produce any significant change in elastic modulus. Furthermore, the elastic modulus does not remain stable at different penetration depths. It means that as penetration depth increases the elastic field increasingly interacts with the underneath tetragonal phase. This is shown in Figure 5 where the variation with depth of the hardness and elastic modulus are plotted for 60H as determined directly on the cross-section. The change in hardness and elastic modulus are from about 11 GPa and 175 GPa close to the surface, to 14 GPa and 235 GPa at depths where only tetragonal phase is present. These values are in reasonable agreement with those determined by indenting on the degraded disk surface (see Figure 4).    
The hardness and elastic modulus for a constant displacement of 500 nm can be read from Figure 4 and are presented in Table 2. At this small depth there is a smaller contribution to the hardness and elastic modulus coming from deeper regions. So, as the response is in larger proportion from the layers closer to the surface, the measured H and E values for the different treatments are slightly smaller than at higher depths. 
3.3.2. Damage events during nanoindentation

The surface topography (error signal mode) around the Berkovich imprints for AS, 60H, and 60H+850ºC specimens has been observed by AFM in tapping mode to analyse the damage induced surrounding the residual indentation imprints performed at 2000 nm of maximum displacement into the surface, see Figure 6. In AS no deformation mechanisms such as slip lines induced by dislocation movement or fracture events like radial cracks at the corners of the imprints have been detected, see Figure 6a. However, cracking or pull-out events of several grains can be appreciated for 60H, (see Figure 6b). These damage events are associated with the high monoclinic content and the grain boundary microcracks produced by the hydrothermal process. Finally, Figure 6c exhibits the residual imprint for the residual Berkovich imprint performed on 60H+850ºC. In this case, the surface damage surrounding the imprint exhibits the same type of fracture events as for AS, which is consistent with the practical absence of monoclinic phase since it has reversed to tetragonal phase during annealing. To which extent this annealing treatment at 850ºC fully restores the adhesion between the faces of intergranular cracks is not clear. For this a cross-sectioning inspection by means of FIB was carried out in order to analyse whether the grain boundaries behave in a similar manner as before ageing.  
Figure 7 exhibits the field emission scanning electron microscopy (FESEM) for indented 60H (Figure 7a) and 60H+850ºC (Figure 7b) specimens. As seen in these  images, the damage events inside and surrounding the residual indentation are in concordance with the AFM images presented in Figure 6b and 6c, respectively. For 60H, uneven microcracks, grain pull-outs, and severe chipping were the common micro-defects activated during the indentation process, as can be clearly appreciated in Figure 7a. In 60H+850 ºC, by using a backscattered detector it was possible to distinguish some radial cracks activated at the corner of the residual imprint as can be appreciated in the insets of Figure 7b. 
The characterization of the fracture events as well as the deformation mechanisms under the residual indentation imprint was performed by cross-sectional analysis, perpendicularly to the surface and across the residual imprint, using FIB/FESEM (Figure 8). This image shows a general view of the trench of interest obtained by FIB under a residual imprint. FIB-milled cross sections of 60H (Figure 8a) exhibit a zone of differing appearance, which is interpreted to reflect the presence of transformed grains. Only a few grains within this cross-section image seem to be unaffected. The irreversible deformation associated to indentation is mainly absorbed by the material located below the indentation at depths smaller than the thickness of the 60H degraded layer. Furthermore, microcracks which run nearly parallel to the surface can be observed in accordance with other reported works [
,
]. Just under the imprint, their density is smaller because the indentation plastic field (see white dash line) contributes to close them.  Therefore, for 60H the lower hardness and elastic modulus reported in Figure 4 can be partly associated to the microcracking network generated during ageing, due to the decrease in contact stiffness. Similar behaviour as reported above can be clearly appreciated for the 60H+600ºC, see Figure 8b. 
Figure 8c, shows the region just under the imprint for 60H+850ºC. This figure presents no visible microcracking around the residual imprint. This means that, the irreversible deformation is mainly accommodated by other mechanisms, but not by the generation of microcracks as reported elsewhere [28]. However, different microstructure just below the surface for the first 200-500 nm may be seen caused by the residually monoclinic phase (less than 5 % as we determined using -Raman, see Figure 2). 
From this superficial characterization at micro- and nanometric length scale, it may be concluded that the critical annealing temperature is 850ºC where practically no monoclinic phase remains inside the degraded specimen. However, this temperature is not enough to recover the mechanical integrity due to the first superficial layer present lower mechanical properties than the AS specimen as depicted by the nanoindentation measurements (see Figure 4). It is clear that at very superficial level some changes induced by ageing are not completely reversed and further experiments under different contact conditions are required for a more precise characterization of the aging and annealing phenomena.  
3.4. Scratch testing

In the scratch test there is a large shear stress on the surface caused by friction between the indenter and the material. Figure 9 shows top-view FESEM images of nanoscratch tracks at a distance of 150 m from the starting point for the different treatments. On the sides of all grooves one can observe pile-ups as well as loose material in the form of flakes produced by the flow of plastically deformed material and which is responsible of the serrated shape along the scratch track. 

The behaviour at 50 mN applied load of 60H and 60H+600ºC can be clearly discerned from that of AS and  60H+850ºC by comparing the damage features in regions close to track edges. Thus, for AS it is necessary to reach a load to 100 mN to observe slight damage events close to track edges. Both, AS and 60H+850ºC, do not present cracks or even spalling events in the scratch track. 
Figure 10 is a magnification of the scratch tracks, where no radial cracking is appreciated for AS when the applied load is 100 mN or lower. However, 60H exhibits significant grain spalling as well as intergranular cracking as the main damage mechanisms even at 50 mN applied load, pointing out the brittleness of 60H which has a monoclinic and microcracked structure. This spalling effect may be enhanced by the microcracks created during the t-m phase transformation (see Figure 1b). Finally, for the specimen degraded and annealed, several intergranular microcracks can be appreciated in the middle of the scratch track for applied loads between 50-100 mN or even less. Then, the critical loads associated with the first damage event detected along the scratch track are summarized in Table 3. For 60H and 60H+600ºC, grain spalling is the main deformation mechanism and the critical load is similar, (Lc around 50 mN) while for 60H+850ºC  the critical load is in the range 50-100 mN, while it is larger than 100 mN for AS. Therefore, annealing 60H produces less grain spalling and grain pull-out inside the scratch track. This data is in correct agreement with a previous work published by Muñoz-Tabares et al. [
].
Figure 10a, 10b and 10c exhibits the whole scratch track performed under a constant applied load of 50 mN for 60H, 60H+600ºC and 60H+850ºC, respectively. The behaviour is clearly discerned by comparing the micro-fracture events and damage features in regions close to track edges. It is quite clear that 60H presents significantly higher spalling events in the track edge as compared with 60H subjected to subsequent annealings (Figure 10b and 10c). This effect may be attributed to its intrinsic microstructure because 60H has a microcracked monoclinic structure near the surface and the others present a mixture of tetragonal and microcracked monoclinic phases, as reported in Table 1. After annealing 60H, the defects inside the scratch track decrease with increasing annealing temperature, which can be seen in Figure 10d and 10e where high magnification FESEM images are shown from the regions depicted with a dash square. The region magnified of 60H (Figure 10d) is heavily deformed with numerous grain spalling events. In this regard, it should be highlighted that 60H+850ºC was much less prone to such deformation mechanisms (see Figure 10e). 
Therefore, nanoscratch testing allows applying higher stress gradients in the near surface along and below the track. This is clearly revealed by comparing surface features for the AR specimen as well as for the annealed specimen at 850ºC, which still damage events in regions close to track edges or just below the middle of the track.  This means, that a damage layer of several m is still persistent in the annealed specimen, producing a reduction on their mechanical integrity. The reason may be for that surface intergranular microcracks formed during ageing close to the surface are more open so that grain they are more difficult to close and the crack phases to sinter in order to recover the strength of the original grain boundaries during annealing. 
4. Conclusions

The effect of the annealing treatment after hydrothermal degradation was analysed at micro- and nanometric length scale. Based on our results, we can draw the following conclusions:

· Hydtrothermal ageing produces profound effects on the composition and the surface deformation and fracture behaviour. It produces a degraded surface layer which is characterised by complete t-m phase transformation and microcracking, reduction in elastic modulus and hardness very close to the surface and a more brittle behaviour than the tetragonal original phase. 

· Annealing at 600 ºC for one hour is able to reverse a significant amount of monoclinic phase to tetragonal, but the deformation and fracture behaviour of the degraded layer is still very similar to the aged material. 
· Annealing at 850 ºC has a strong effect, practically reversing all the monoclinic phase content, as well as the hardness and elastic modulus, but the mechanical behaviour of the very surface layers is not completely recovered as shown by nanoindentation and nanoscratch testing. Therefore, it is concluded that recovering the tetragonal structure by annealing does not necessarily indicates the recovering of the deformation and fracture behaviour of the original tetragonal phase. It is suggested that this effect is associated to the microcracked grain boundaries induced during ageing which should close and regain its intergranular original strength during annealing needing for this higher temperature than the reverse m-t transformation.  
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