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The solid-state phase transformation in a lithium disilicate-based glass-ceramic (IPS e.max® CAD) was revisited on the basis of quantitative data. IPS e.max® CAD is widely used as material for the dental restoration in the dental industry. In-situ X-ray diffraction and differential scanning calorimetry accompanied by scanning electron microscopy observations were applied to understand phase transformation during heat treatment in a dental ceramic. In-situ X-ray diffraction evidences the concomitant formation of cristobalite and lithium orthophosphate at 770 °C. Then, the formation of lithium disilicate occurred at the expense of a complete dissolution of cristobalite and lithium metasilicate. No phase transformation occurred during cooling. The quantitative results of microstructural features (amount of each phase, morphology, and number density of lithium disilicate and lithium metasilicate) indicate that lithium disilicate is probably formed by diffusional process at the lithium metasilicate/cristobalite interface, which acts as favorable nucleation sites. The energy barrier is probably too high for lithium disilicate nucleation in the amorphous matrix. The quantitative results will provide the background for further modeling of phase transformation kinetics, which may have potential industrial benefits.

Introduction

Over the last decade, the development of new dental crowns has undergone rapid expansion with the huge interest in cosmetic dentistry. The actors in this sector aim to produce ceramic crowns that are more transparent and sustainable (e.g. preventing the appearance of a grey border at the base of the tooth) over time. From ceramic crowns, the development of Lithium Disilicate Glass Ceramic (LD GC) has been a milestone at that respect [START_REF] Wassell | Crowns and extra-coronal restorations: materials selection[END_REF][START_REF] Boitelle | A systematic review of CAD/CAM fit restoration evaluations[END_REF]. Among the LD GCs, IPS e.max® CAD bloc is widely used as material for dental crowns and three unit bridge for anterior teeth. At the end of solidification, the microstructure of the IPS e.max® CAD bloc is partially crystallized and is fine with many li thium metasilicate precipitates of uniform size homogeneously dis persed in an amorphous matrix. Such a microstructure strongly affects the mechanical properties, and hence their potential engineering ap plications. Therefore, a second heat treatment needs to be performed in order to get a fully crystallized state and thus obtain the appropriate mechanical properties. Extensive research [3 6] was carried out on the study of thermal decomposition of the lithium metasilicate (Li 2 Si0 3 , LS) but the detailed pathways of phase transformation were not clarified. According to the previous studies, it is commonly admitted that the sequence of the phase transformation in this system during heat treat ment is: SiO 2 + Li 2 SiO 3 → Li 2 Si 2 O 5 [START_REF] Deubener | Induction time analysis of nucleation and crystal growth in di-and metasilicate glasses[END_REF]. The mechanical properties after heat treatment are due to the interlocked microstructure and the morphology of the precipitates [START_REF] Denry | Ceramics for dental applications: a review[END_REF] as well as the thermal path and the nominal chemical composition [8 12]. As an example, a good bending strength is achieved by lithium disilicate (Li 2 Si 2 O 5, LS2) crystals in corporated in the amorphous matrix. Thus, a flexural strength of the order of 400 MPa higher than that of dentin is obtained [13 15].

The nucleation of lithium disilicate takes place around 800 °C in the presence of a P 2 0 5 catalyst. Volume and surface nucleation mechanisms have been proposed with a predominance that depends on the nominal chemical composition and the nucleating agents [START_REF] Höland | Control of nucleation in glass ceramics[END_REF]. The P 2 O 5 oxide would promote the nucleation rate of LS2 precipitates that act as the heterogeneous nucleation sites via the formation of lithium orthopho sphate precipitates (Li 3 PO 4 , LP) in Li rich regions at low temperature [START_REF] Zheng | Effects of P2O5 and heat treatment on crystallization and microstructure in lithium disilicate glass ceramics[END_REF][START_REF] Clausbruch | The effect of P 2 O 5 on the crystallization and microstructure of glass-ceramics in the SiO 2 -Li 2 O-K 2 O-ZnO-P 2 O 5 system[END_REF]. The higher the amount of P 2 O 5 oxide, the smaller the size of the LS2 precipitates to become spherical. The optimum concentration for maintaining good mechanical properties is between 1.0 mol% and 2.5 mol% P 2 O 5 [START_REF] Clausbruch | The effect of P 2 O 5 on the crystallization and microstructure of glass-ceramics in the SiO 2 -Li 2 O-K 2 O-ZnO-P 2 O 5 system[END_REF]. Other studies have shown that during the phase transformation, β cristobalite and lithium disilicate grow by epitaxy on lithium orthophosphates [START_REF] Headley | Crystallization of a glass-ceramic by epitaxial growth[END_REF]. The growth kinetics of LS2 could be ac celerated when the maximum formation of Li 2 SiO 3 has ended [START_REF] Höland | Studies of crystal phase formations in high-strength lithium disilicate glass-ceramics[END_REF] [START_REF] Lien | Microstructural evolution and physical behavior of a lithium disilicate glass-ceramic[END_REF] and the β cristobalite could contribute to the phase transformation [START_REF] Höland | Studies of crystal phase formations in high-strength lithium disilicate glass-ceramics[END_REF].

Despite a large number of investigations, most of the proposed difference between the measured and calculated profiles as shown in Fig. 3 and by the reliability factors Rwp, which is lower than 10. The volume fraction of LS was found to be 40%. The volume fraction of LS determined by Rietveld refinement was compared to that determined by image analysis in order to validate the hypothesis that the amorphous phase can be described as a nanocrys talline structure in the model. Thus, the volume fraction was found to be 42%, which implies that the data processing methods are self con sistent and have acceptable precision. In addition, the average length and width of the LS precipitates were 0.8 μm and 0.25 μm, respectively. The number density was 1.5.10 -6 particles/mm 2 .

Characterization after heat treatment

The resulting microstructure after heat treatment is shown in Fig. 4. No significant difference was found in the spatial distribution of the precipitates and in the number density (1.5.10 -6 precipitates/mm 2 ). However, the average length (0.95 μm) and width (0.3 μm) of the stick shaped precipitates are higher as compared to the as received state and their shape appears to be much more faceted.

Fig. 5 displays the XRD pattern recorded after heat treatment. This pattern was consistently indexed on the basis of amorphous phase and orthorhombic, LS2 type structure (space group: C1c1) identified from the Pearson's Crystal Data database with the mean lattice parameters: a = 5.843 Å, b = 14.624 Å and c = 4.784 Å. Traces of Li 3 PO 4 was also detected. The volume fraction of LS2 calculated by Rietveld refinement was found to be 60%, and is in agreement with the value obtained by image analysis. Based on this quantitative approach, it can be con sidered that a complete conversion of LS was achieved after heat treatment and that a substantial part of the amorphous phase (20%) max® CAD aged at 820 °C for 3 min with a heating rate of 100 °C/min and furnace cooling to room temperature (the stick-shaped precipitates is in dark grey and the matrix is white). The sample was observed without prior etching so as not to significantly alter the shape of precipitates. was transformed into LS2.

In situ characterization of phase transformation

For a better understanding of the structural changes during heat treatment, further characterizations were developed. Fig. 6a displays the XRD pattern recorded on heating. From room temperature to 775 °C, only amorphous phase and Li 2 SiO 3 phase are confirmed. In this temperature range, the peak positions of Li 2 SiO 3 phase are shifted to lower angles or higher interplanar spacing, indicating thermal expan sion of the phase. At 800 °C, the presence of the new phase is detected. This phase was indexed as β cristobalite (SiO 2 ) cubic structure with Fd3m space group and a mean lattice parameter 7.137 Å [START_REF] Peacor | High-temperature single-crystal study of the cristobalite inversion[END_REF]. The β cristobalite is considered as stable above 1470 °C [START_REF] Hallstedt | Thermodynamic assessment of the silicon -oxygen system[END_REF] but can exist as metastable at lower temperature [START_REF] Hatch | The α-β phase transition in cristobalite, SiO2[END_REF]. The Rietveld refinement of the XRD pattern with the three phases (amorphous phase, Li 2 SiO 3 and β cristobalite) gives the following volume fractions: 40% amorphous phase, 20% β cristobalite and 40% Li 2 SiO 3 . The volume fraction of Li 2 SiO 3 do not change as compared to the as received state. This means a partial crystallization of amorphous matrix.

At 825 °C, a new phase began to appear and the volume fractions of β cristobalite and Li 2 SiO 3 decreased. This new phase can be assigned to the LS2 (Li 2 Si 2 O 5 ). The volume fraction of β cristobalite, LS and LS2 was found to be 7%, 23% and 28%, respectively. It is noteworthy that the volume fraction of amorphous phase remains constant (42 vol%). Based on this observation, we can conclude that the formation of LS2 at the expense of LS requires a partial crystallization of the amorphous matrix.

At 850 °C, it can be found a complete transformation of β cristo balite and Li 2 SiO 3 into Li 2 Si 2 O 5 . The volume fractions of Li 2 Si 2 O 5 and amorphous phase were found to be 60% and 40%, respectively. Traces of Li 3 PO 4 were also detected with very low volume fraction when β cristobalite appeared. During cooling, no obvious change is observed, with the exception of the angular positions that are shifted due to the thermal contraction (Fig. 6b). Fig. 7 gives the DSC curve with exo thermic reaction in the range of 770 °C and 830 °C whose area is pro portional to the volume fraction. The temperature reaction domain is comparable to that identified by in situ XRD. Moreover, the observed shoulder suggests two distinct mechanisms that could correspond to those also identified by in situ XRD.

The mean lattice parameters of LS were also determined during heat treatment. The relative lattice parameter evolutions of LS on heating are displays in Fig. 8a. In the temperature range 20 °C and 775 °C, the mean lattice parameters follow linear expansion trend. The apparent Coefficient of Thermal Expansion (CTE) along the a and b directions of LS phase are in the same order of magnitude and are close to 20.10 -6 K -1 . The CTE along the c direction was found to be close to 13.10 -6 K -1 . Above 775 °C, as the transformation occurs, a deviation from linearity is observed, regardless of the lattice parameter. These deviations are probably caused by the formation of β cristobalite be cause no significant variation in solubility in the LS phase is expected with temperature according to the phase diagram of the Li0 2 Si0 2 system. The relative lattice parameters evolutions of LS2 at the end of the heating and during cooling are shown in Fig. 8b. The open symbols are the measures of lattice parameters of LS2 relating to the end of the heating. We can see that the mean lattice parameters are clearly dif ferent at equivalent temperature (825 °C), which implies a large con tribution of the involved phases (β cristobalite and LS) on the internal stress state. During cooling, the mean lattice parameters progress lin early with a slope change at about 500 °C. The respective slopes for each lattice parameter notably change regardless of the considered temperature domain.

Discussion

The complementarity of techniques allowing microstructural ob servation (SEM) and the identification of phases (XRD) made it possible to highlight the microstructural changes during a heat treatment in a glass ceramic containing LS as crystalline phase. Thus, it has been possible to monitor on heating the transformation of LS (metastable phase) into LS2 (stable phase) in the temperature range between 775 °C and 850 °C. The temperature range is fairly similar to that determined by Lien el al. [START_REF] Lien | Microstructural evolution and physical behavior of a lithium disilicate glass-ceramic[END_REF], which consider that the phase transformation ki netics is rapid. In our study, we showed that this phase transformation can be described by two stages that are quite distinct: 60% Residual glass +40% LS → 40% Residual glass +20% β cris tobalite +40% LS.

40% Residual glass +20% β cristobalite +40% LS → 40% Residual glass +60% LS2.

At first stage, β cristobalite is nucleated at the LS/amorphous matrix interface because the number density of crystalline phase remains constant after heat treatment and then grow at the expense of the amorphous matrix. At the second stage, LS2 precipitates are nucleated at the LS/β cristobalite interface and then grow at the expense of the LS and β cristobalite.

The transformation requires the concomitant formation of a suffi cient amount of β cristobalite and lithium orthophosphate. Many works report the same finding without providing any explanation of the me chanisms involved. Most authors assume that the lithium orthopho sphate precipitates facilitate the formation of LS2 by acting as a het erogeneous nucleation site [START_REF] Wen | Effects of P 2 O 5 and sintering temperature on microstructure and mechanical properties of lithium disilicate glass-ceramics[END_REF] while others suggest that the lithium orthophosphate precipitates are less likely to increase the nucleation rate of LS2 [START_REF] Headley | Crystallization of a glass-ceramic by epitaxial growth[END_REF].

In our current study, quantitative image analysis showed that the number density of LS2 precipitate after heat treatment is similar to that of LS in the as received state. Only the average size increases after heat treatment with more faceted shapes compared to that in the as received state. The similar number density before and after heat treatment in dicates that the nucleation of LS2 occurs mainly at pre existing inter faces. Thus, the nucleation of LS2 precipitates inside the amorphous matrix can be considered negligible. These results suggest also that the growth of LS2 is not governed by a coalescence regime, which means that the phase transformation takes place without long range diffusion, with mass transport on the distance scale of the LS precipitate in the amorphous matrix.

LS2 is nucleated at the LS/β cristobalite interface. This hypothesis is supported again by the number density of crystalline phase, which re mains constant after heat treatment and by the shape of LS2 pre cipitates after heat treatment, which often exhibits a more faceted stick shape as compared to the as received state. In the case of a crystalline phase surrounded by an amorphous phase, the shape is often de termined by minimizing the elastic strain energy and the interfacial energy is negligible. For a crystalline phase surrounded by a crystalline matrix (β cristobalite in our case), the growth is expected to take place in configurations that ensure a minimum of strain and interfacial en ergies. Consequently, the more faceted shape of LS2 precipitates can be explain by the prior nucleation of β cristobalite at the LS/amorphous matrix interface, before that of the LS2 precipitates. Lien et al. [START_REF] Lien | Microstructural evolution and physical behavior of a lithium disilicate glass-ceramic[END_REF] also showed an evolution in the shape of crystalline phases as a function of temperature range (e.g. irregularly oblate like precipitates of LS2 above 780 °C). Moreover, the transformation of amorphous phase into β cristobalite at the LS/amorphous matrix interface is accompanied by a change of free energy, including strain energy in individual phase and interfacial energy LS/β cristobalite. This change probably reduces the nucleation barrier and enhances the solute diffusion.

Glass crystallization in the studied system is an extremely complex process because a large number of parameters can play a role in its temperature stabilization. It is commonly admitted that the crystal lization rate of the amorphous phase can be thus controlled by adding 

Conclusion

The transformation of lithium metasilicate into lithium disilicate has been studied by in situ X ray diffraction and microstructural ob servations coupled with quantification tools developed to evaluate the evolution of the microstructural parameters during heat treatment.

This study has confirmed previous observations of the simultaneous presence of β cristobalite and lithium orthophosphate during the transformation of lithium metasilicate into lithium disilicate on heating. In addition, based on quantitative analyzes, a probable me chanism is proposed for the phase transformation. Thus, the pre cipitation of β cristobalite probably takes place by diffusional nuclea tion and growth at the LS/amorphous matrix interface and its presence probably leads to a reduction in the nucleation barrier of lithium dis ilicate. In addition, the driving force is not enough for the nucleation of LS2 in the amorphous matrix. The quantitative analysis will provide the background for further modeling of phase transformation kinetics, which may have potential industrial benefits. nucleating agents or by applying heat treatment and/or pressure [START_REF] Johnson | Crystallization of a lithium silicate glass-ceramic under pressure[END_REF].

One of the explanation would be that the glass crystallization might be due to a strong thermodynamic stability at high temperature of the β cristobalite. However, this hypothesis is rejected because it would lead to a complete crystallization of the amorphous phase. Two other explanations might be given by considering a local change in the state of internal stress and a local change in the chemical composition of the amorphous phase.

The changes in mean lattice parameters of lithium metasilicate have shown that this phase expands strongly on heating. This expansion can lead to a compressive state of the amorphous phase on heating and thus create a nanocrystalline periodicity [START_REF] Lee | Deformation-induced nanocrystallization and its influence on work hardening in a bulk amorphous matrix composite[END_REF]. However, the spatial dis tribution of the stick shaped precipitates (small spacing between the sticks) assumes that the distribution of strain field is relatively homo geneous and consequently that the crystallization rate is much greater than that measured experimentally by in situ XRD.

A local change in the chemical composition of the amorphous phase appears to be the most reasonable hypothesis. Indeed, it is very likely that the local equilibrium at the LS/amorphous matrix interface change as a function of temperature. In this case, a change in this local equi librium would be accompanied by the solute diffusion such that the chemical composition in the phases would continually and gradually change towards thermodynamic equilibrium. To prove the presence of the concentration gradient in the amorphous matrix at the LS/amor phous matrix interface, it is necessary to access the local chemical composition of each phase and their kinetics evolution. The identifi cation of concentration gradient will be difficult to demonstrate due to the rapid diffusivity of light elements such as lithium.
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 2 Fig. 2. X-Ray diffractogram at room temperature of the IPS e.max® CAD in the as-received state and the corresponding identified phases.

Fig. 3 .

 3 Fig. 3. Experimental and calculated (Rietveld refinement) XRD patterns for the IPS e.max® CAD in the as-received state at room temperature.
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 4 Fig.[START_REF] Headley | Crystallization of a glass-ceramic by epitaxial growth[END_REF]. BSE micrograph of the final microstructure of the IPS e.max® CAD aged at 820 °C for 3 min with a heating rate of 100 °C/min and furnace cooling to room temperature (the stick-shaped precipitates is in dark grey and the matrix is white). The sample was observed without prior etching so as not to significantly alter the shape of precipitates.
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 5 Fig. 5. Experimental and calculated (Rietveld refinement) XRD patterns for the IPS e.max® CAD aged at 820 °C for 3 min with a heating rate of 100 °C/min and furnace cooling to room temperature.

Fig. 6 .

 6 Fig. 6. In-situ X-ray diffractograms of the IPS e.max® CAD: a) heating at 60 °C/ min interrupted by isothermal holding steps; b) 850 °C and at room temperature after a cooling rate of 60 °C/min.

Fig. 7 .

 7 Fig. 7. DSC thermogram recorded at a heating rate of 50 °C/min from ambient to 850 °C of the IPS e.max® CAD. The figure displays an enlargement of the restricted temperature domain, to show the exothermic peak appearance.

Fig. 8 .

 8 Fig. 8. Evolution of relative lattice parameters: a) LS during heating at 60 °C/ min interrupted by isothermal holding steps; b) LS2 during cooling at 60 °C/min interrupted by isothermal holding steps. The open symbols are the measures of lattice parameters of LS2 relating to the end of the heating. The accuracy of the calculated mean lattice parameters is close to 1.10 -3 Å.
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