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Introduction

Glass-ceramics are attractive materials, which are produced by precipitating microcrystals or nanocrystals inside glass matrix through controllable crystallization.

Their physical, chemical, and mechanical properties are tunable by adjusting the composition of the crystal and the glass matrix. The ductility of the amorphous glass matrix and the strength of the crystal combine to contribute to the excellent mechanical properties, making glass-ceramics potential for the application of display screen and dental restorations [START_REF] Zanotto | A bright future for glass-ceramics[END_REF][START_REF] Holand | Glass-ceramic technology[END_REF][START_REF] Höland | Studies of crystal phase formations in high-strength lithium disilicate glass-ceramics[END_REF][START_REF] Gaddam | Lithium disilicate based glass-ceramics for dental applications[END_REF]. While with the increasing popularity of touch screens, people's requirements for the performance of microcrystalline glass panels are also increasing, and the development of panel glass materials with high transmittance and high impact resistance has become even more important.

The multicomponent lithium disilicate (L2S) glass-ceramics have demonstrated high flexural strength and fracture toughness. By adjusting the internal crystalline phase, glass-ceramics can improve their physical, chemical, and mechanical properties.

However, the early phase separation of the parent glass during heat treatment is a critical factor that impacts the nucleation and crystallization of glass-ceramics. Separating the composition into two phases can reduce interfacial free energy, and the phase separation state is conducive to the formation of crystal nuclei [START_REF] Shelby | Introduction to glass science and technology[END_REF]. In 2010, Anantharayanan et al.

detected atomic scale heterogeneity through MAS-NMR spectroscopy after nucleation treatment, facilitating the subsequent lithium disilicate crystallization [START_REF] Ananthanarayanan | MAS-NMR investigations of the crystallization behaviour of lithium aluminum silicate (LAS) J o u r n a l P r e -p r o o f glasses containing P2O5 and TiO2 nucleants[END_REF]. Additionally, J o u r n a l P r e -p r o o f phase separation can be used to control microcrystalline phases, allowing for the adjustment of the properties of microcrystalline glass [START_REF] Li | Nucleating role of P2O5 in nepheline-based transparent glass-ceramics[END_REF].

Generally speaking, small concentrations of ZrO2 as well as of Al2O3 act both as nucleation inhibitors in L2S glasses [START_REF] Zhu | Dual effect of ZrO2 on phase separation and crystallization in Li2O-Al2O3-SiO2-P2O5 glasses[END_REF][START_REF] Leenakul | Effect of increasing the Al2O3 content on the phase formation and mechanical properties of lithium disilicate glass-ceramics[END_REF][START_REF] Zhou | Influences of Al2O3 content on crystallization and physical properties of LAS glass-ceramics prepared from spodumene[END_REF], while P2O5 is commonly used as a nucleating agent due to its easy induction of glass phase separation [START_REF] Li | Nucleating role of P2O5 in nepheline-based transparent glass-ceramics[END_REF]. Although the separation of phosphorus-rich phase is an inevitable course before the homogeneous nucleation of silicate crystals [START_REF] Glatz | Different roles of phosphorus in the nucleation of lithium aluminosilicate glasses[END_REF], the exact mechanism is still unclear and controversial. The formation of Li2SiO3 and Li2Si2O5 crystals can be explained as an epitaxial growth process on Li3PO4 crystals. In 1984, Headley and Loehman provided the first direct evidence by TEM, that glass-ceramics can crystallize through epitaxial growth on Li3PO4 heterogeneous nuclei [START_REF] Headley | Crystallization of a glass-ceramic by epitaxial growth[END_REF]. Furthermore, some studies have used XRD to show that crystalline Li3PO4 appears as a precursor to Li2SiO3 and Li2Si2O5, gradually supporting the epitaxial growth theory [START_REF] Zheng | Effects of P2O5 and heat treatment on crystallization and microstructure in lithium disilicate glass ceramics[END_REF][START_REF] O'donnell | Real time neutron diffraction and NMR of the Empress II glass-ceramic system[END_REF]. The other viewpoint is that nucleation of Li2SiO3 and Li2Si2O5 is induced at the interface between the glass matrix and the amorphous Li3PO4 phase separation [START_REF] Gaddam | The roles of P2O5 and SiO2/Li2O ratio on the network structure and crystallization kinetics of nonstoichiometric lithium disilicate based glasses[END_REF]. This mechanism was supported by Bischoff et al. [START_REF] Bischoff | Phase evolution in lithium disilicate glassceramics based on non-stoichiometric compositions of a multi-component system: structural studies by 29 Si single and double resonance solid state NMR[END_REF], the nucleation of Li2SiO3 was not associated with the presence of well-crystallized Li3PO4, but was related to the highly disordered phosphate species.

NMR is currently the preferred method for verifying phase separations. Although transmission electron microscopy can also be used to study the early stages of phase separation and nucleation, it may not detect amorphous phase separation at the nanoscale in these glasses. This is because phase separation can dissipate rapidly under J o u r n a l P r e -p r o o f electron radiation, making it challenging to capture its elemental distribution. Therefore, nanoscale detection of phase separation remains a challenging area of research.

Here, we raise the direct evidence of nanoscale clustering and phase separation in the glassy phase prior to formal nucleation and crystallization by element distribution.

HRTEM and EELS revealed Li-riched region with P surrounding at the phase separation stage. The evolution of the phosphorous local environment and the moving path of P element during the process from phase separation to nucleation of the silicate and aluminosilicate phases were directly observed. The mechanism of P2O5-assisted nucleating was promoting phase separation to form amorphous Li3PO4 phase on the boundary between the phase separation area and residual glass matrix first. Then the nucleation in the glass tended to start on this phase boundary. Finally, we proposed phase-separation controlling to change the composition of microcrystals precipitated in the glass. The stimulative formation of Li2Si2O5 and LiAlSi4O10 was helpful to improve the mechanical properties and transparency of the glass.

Materials and methods

Glass synthesis

The glass-ceramic sample was synthesized by melting-quenching technique. The chemical composition of the studied glass was (69~71) SiO2-(4~5) Al2O3-(1~2) P2O5- [START_REF] Mysen | The structural role of phosphorus in silicate melts[END_REF][START_REF] O'donnell | Effect of P2O5 content in two series of soda lime phosphosilicate glasses on structure and properties -Part I: NMR[END_REF][START_REF] Zanotto | Thirty-year quest for structurenucleation relationships in oxide glasses[END_REF] Li2O-(2~3) ZrO2 in mol %. Trace of P2O5 was used as a nucleation agent to induce phase separation. Analytical 150 g grade reagents SiO2 (≥99.98%), Al2O3

J o u r n a l P r e -p r o o f 6 (≥99.8%), NH4H2PO4 (≥99.0%), Li2CO3 (≥99.9%), ZrO2(≥99.8%) were mixed using an agate pestle and mortar. Then the mixed raw materials were melted at 1590 ℃ for 3 h in a Pt-Rh (90/10 wt%) crucible. The bulk glasses were prepared by pouring the melt onto a copper plate for rapid quenching and then quickly pressed with another copper plate. The as-quenched glasses were cut into small pieces before heat-treating at different temperatures and durations, as shown in Table 1. The first step heat-treatment was carried out at 580 ℃ or 605 ℃ for 1 h or 2 h for sufficient nucleation. The second step heat-treatment was 740 ℃ for 1 h for growing up of the crystal nucleus. To understand the role of nucleation, the as-quenched glass specie was also heat-treated for one step at 740 ℃ for 1 h as a reference. A Talos F200S scanning transmission electron microscope (STEM) was used to characterize the compositional separation of heat-treated glass sample. The point scan resolution of STEM mode was 0.25 nm. A Titan Cubed Themis G2 300 operating was used to detect the presence of Li + by electron energy loss spectroscopy (EELS). The specimens for STEM and EELS analysis were prepared by bombarding the sample with argon gas as accelerating ions to sputter surface atoms using a multifunctional beam ion dilution device (Gatan PIPS 695). The thickness of the specimen is 30-40 nm. 27 Al, 29 Si and 31 P MAS-NMR spectra were all recorded at 500 MHz on a Bruker AVANCE spectrometers with 4 mm probes. 27 Al MAS-NMR was carried out at the spinning rate of 12.0 kHz, with 90° pulse length of 2.5 µs and a recycle delay of 0.5 s.

Chemical shifts were obtained according to the referential Al(H2O) 3+ 6 species at 0 ppm J o u r n a l P r e -p r o o f in 1 M Al(NO3)3 solution. 29 Si MAS-NMR was carried out at the spinning rate of 6.0 kHz, with 90° pulse length of 6 µs and a recycle delay of 300 s. The delay is sufficient to detect Si-containing phases. Chemical shifts were achieved from the referential Tetrakis (tetramethyl) silicate silane (TTMS) at -9.7 ppm. 31 P MAS-NMR was carried out at the spinning rate of 12.0 kHz, with 90° pulse length of 2.6 µs and a recycle delay of 100 s. Chemical shifts were achieved from the referential Adenosine Diphosphate (ADP) at 1.12 ppm. The Gaussian fitting of NMR spectra was carried out using DM-FIT software.

Field-emission SEM (Hitachi S-4800, 5 kV, Japan) was used to observe the crystal morphology and size after crystallization. The fracture surface of glass was etched with 2% (in vol%) aqueous hydrofluoric acid (HF) for 30 s, cleaned by ultrasonication deionized water for 5 min, and then sputter coated with about 4 nm-thick platinum to avoid the charging effect during the SEM analysis.

The transmission spectra were obtained by a UV-Vis-NIR spectrophotometer (Lambda 750s, PerkinElmer) in the wavelength range of 200nm-800nm. The size of the polished glass sample used for transmittance measurement was 20mm×20mm, and the thickness was 1mm.

The Vickers hardness (HV) was evaluated by a nanoindentation using a microhardness Vickers tester (Q10A+, QNESS, Austria) with a Berkovich diamond tip.

By applying a load of 1.96 N for 10 s to the glass to obtain the indentation, and then J o u r n a l P r e -p r o o f calculate HV using the diagonal length of the indentation. HV was the average value of the test results over 10 times.

Result and Discussion

Direct observation of phase separation

To investigate the energy and phase variation involving in the phase separation and crystallization process, the as-prepared glass samples were pre-heated at different temperatures. These samples were then measured by differential scanning calorimetry and X-ray diffraction, as shown in Figure 1. The as-quenched sample showed three distinct exothermic peaks at 665 ℃, 696 ℃, and 740 ℃. However, the peak at 665 ℃ disappeared completely after preheating at 580 ℃, while the exothermic peak at 696 ℃ gradually weakened and shifted to lower temperatures as the preheating temperature increased. Since the preheating temperature was much lower than 740 ℃, the change in the exothermic peak at 740 ℃ was relatively minor (Figure 1a). It should be noted that the exothermic peak at 696 ℃ was almost completely disappeared when the sample pre-heated at 630 ℃ for 2 h, and even the beginning of crystal growth (Li2SiO3 and Li2Si2O5), as shown in Figure 1b. Therefore, the exothermic peak at 696 ℃ can be determined as the crystallization peak of Li2SiO3 and Li2Si2O5. While the nature of the exothermic peak at 740 ℃ would be discussed later (Figure 9). Other samples did not show obvious diffraction peak due to the quite small proportion of crystalline phase in the preheating process (Figure 1b). Interestingly, the as-quenched sample exhibited an J o u r n a l P r e -p r o o f extra peak at 665 ℃ (Figure 1a). After preheating at 580 ℃ for 2 h, the small peak completely disappeared, and the corresponding XRD and TEM (Figure 2b) did not detect the presence of crystal phases. In addition, its peak shape would be sharper if it is a crystallization peak. In view of this, we speculate that this small peak be caused by phase separation before nucleation stage. When the phase separation reached a certain level, crystal nuclei began to form inside the glass. From the perspective of the kinetics of glass nucleation, the atomic movement inside the glass intensified during preheating.

Meanwhile according to the nucleation rate curve, the nucleation rate increased with heat treatment temperature at a certain temperature range above Tg temperature [START_REF] Shelby | Introduction to glass science and technology[END_REF].

Meanwhile, Due to the gradual change of phase separation, the glass transition temperature (Tg) of the glass increased, indicating the glass network connectivity was higher [START_REF] Gibbs | Nature of the glass transition and the glassy state[END_REF][START_REF] Micoulaut | The slope equations: A universal relationship between local structure and glass transition temperature[END_REF]. The element distribution is important evidence for the origin of phase separation.

Figure 3 shows the Energy Dispersive Spectroscopy (EDS) of the sample pre-heated at 580 ℃ for 2 h. The distribution of element Zr is relatively uniform, implying the very J o u r n a l P r e -p r o o f small contribution to phase separation. Although ZrO2 can act as a nucleating agent in L2S glasses [START_REF] Huang | Fabrication of a high-strength lithium disilicate glass-ceramic in a complex glass system[END_REF], P2O5 preferred to act as the only nucleating agent when glass with low concentration of Al2O3 and P2O5 [START_REF] Zhu | Dual effect of ZrO2 on phase separation and crystallization in Li2O-Al2O3-SiO2-P2O5 glasses[END_REF]. P2O5 induced nucleation started from a Li-rich phase and a Si-rich phase [START_REF] Ananthanarayanan | MAS-NMR investigations of the crystallization behaviour of lithium aluminum silicate (LAS) J o u r n a l P r e -p r o o f glasses containing P2O5 and TiO2 nucleants[END_REF], corresponding to the enrichment and distribution of element Si in the glass matrix as shown in Figure 3. Element Li was difficult to be detected by EDS, however, it can be inferred a Li-rich phase within the spherical phase separation according to charge balance. Since the content of P is only 1 mol%, EDS cannot clearly show its distribution. However, it can be seen that P and Al tend to gather at the outer edge of the spherical cluster. Due to the large ionic field strength of P atoms, it is easy to attract alkali metal ions to form phosphate groups and aggregate in the network, so it is reasonable that P is distributed around the Li-rich phase [START_REF] Mysen | The structural role of phosphorus in silicate melts[END_REF][START_REF] O'donnell | Effect of P2O5 content in two series of soda lime phosphosilicate glasses on structure and properties -Part I: NMR[END_REF]. 

Structure evolution from phase separation to nucleation

Figure 5 shows the 29 Si MAS-NMR spectra of the as-quenched glass and heattreated glasses at different temperatures. The amorphous nature of these samples was obvious. The spectra can be analyzed in terms of three Gaussian peaks, representing the contributions of Q (2) , Q (3) and Q (4) units. These units, usually described as Q (n) (where n is the number of bridging oxygen atoms per tetrahedron), reflect the connection state between Si atoms in the glass and provide important information about the glass structure. The corresponding NMR parameters of simulations and the relative amounts of each species are presented in Table 2. Due to the randomness of the testing and fitting process, there will inevitably be certain errors in the chemical displacement and fitting area parameters [START_REF] Zanotto | Thirty-year quest for structurenucleation relationships in oxide glasses[END_REF]. According to the previous work reported by Schneider et al. [START_REF] Schneider | Qn distribution in stoichiometric silicate glasses: thermodynamic calculations and 29 Si high resolution NMR measurements[END_REF],

we provide the error values presented in the Table 2 [START_REF] Bradtmüller | Structural rearrangements during sub-Tg relaxation and nucleation in lithium disilicate glass revealed by a solid-state NMR and MD strategy[END_REF][START_REF] Iqbal | Metastable phase formation in the early stage crystallisation of lithium disilicate glass[END_REF]. Within the allowable range of errors, it is clear that after nucleation treatment and increasing nucleation temperature Q (4) is increasing at the expense of Q (3) , and Q (2) is basically unchanged. The increase of Q (4) is the evidence of Si rich phase produced by liquid-liquid separation caused by J o u r n a l P r e -p r o o f phase separation, indicating that the degree of polymerization of glass network increases, which is consistent with the results of DSC curve and TEM-EDS analysis.

Figure 5.The 29 Si MAS-NMR spectra of the as-quenched glass and heat-treated glasses at different temperatures.

Table 2 29 Si chemical shifts δiso (± 0.5 ppm) and relative area (± 2%) extracted from MAS-NMR line shape simulations Sample as-quenched 580℃-2h 605℃-2h Q (2) δiso/ppm (± 0. show a major broad resonance near 9 ppm and a minor broad component near 3 ppm, attributing to Q (0) (orthophosphate) and Q (1) (pyrophosphate) units, respectively [START_REF] Glatz | Structural evolution at short and medium range distances during crystallization of a P2O5-Li2O-Al2O3-SiO2 glass[END_REF].

With the increased heat-treatment temperature, the peak belonging to pyrophosphate gradually weakened, while that to orthophosphate became sharper. Simultaneously, this peak gradually shifted approaching ~9.8 ppm (630 ℃), which is the characteristic resonance of Li3PO4 [START_REF] Ananthanarayanan | MAS-NMR investigations of the crystallization behaviour of lithium aluminum silicate (LAS) J o u r n a l P r e -p r o o f glasses containing P2O5 and TiO2 nucleants[END_REF][START_REF] Dupree | A MAS-NMR investigation of lithium silicate glasses and glass ceramics[END_REF], suggesting the formation of Li3PO4 from amorphous phase separation. However, Li3PO4 does not form crystals in this glass, but exists in an amorphous state. The phosphate induced Li-rich matrix and Si-rich cluster further interacted, leading to nucleation of Li2SiO3 and Li2Si2O5, consistent to XRD result. 

J o u r n a l P r e -p r o o f

Nucleation mechanism

P2O5 is a nucleating agent that is effective in L2S glass-ceramics, but the underlying mechanism remains unclear. Two main theories have been proposed to explain this mechanism. In this work, as previously discussed, the glass heat-treated at 580 °C and 605 °C for 2 h remained amorphous, but detectable precipitation of Li2Si2O5 and Li2SiO3 was observed after treatment at 630 °C for 2 h. However, no Li3PO4 crystals were found during nucleation and initial crystallization stages based on XRD and NMR results, indicating that the epitaxial growth theory proposed by Headly et al. [START_REF] Headley | Crystallization of a glass-ceramic by epitaxial growth[END_REF] was not applicable to this glass. Additionally, phosphate existed in a highly disordered lithium orthophosphate form based on 31 P spectra and tended to be distributed around J o u r n a l P r e -p r o o f the phase-separation area according to EDS mapping. These findings are consistent with those of Bischoff et al. [START_REF] Gaddam | The roles of P2O5 and SiO2/Li2O ratio on the network structure and crystallization kinetics of nonstoichiometric lithium disilicate based glasses[END_REF], whose experiments showed that the phosphate species exist in a highly disordered state, even after the crystallization of Li2SiO3. Based on these results, it can be inferred that the nucleation of lithium silicate in this glass preferred to occur at the interface between the amorphous Li3PO4 phase and the glass matrix, rather than the epitaxial growth on Li3PO4 crystals.

Then we can draw a schematic of the evolution from phase separation to nucleation as shown in Figure 8. Elements Al and Zr existed in the form of Si-O-Al and Si-O-Zr as network former of the glass. P2O5 acted as the nucleating agent, promoting phase separation during the heating process. The circled area revealed Li-riched phaseseparation region with a low [SiO4] polymerization. Conversely, the glass matrix surrounding this circled area possessed a high degree of polymerization. Due to the high field strength, P 5+ attracted Li + and extracted it from the glass network [START_REF] Zhu | Dual effect of ZrO2 on phase separation and crystallization in Li2O-Al2O3-SiO2-P2O5 glasses[END_REF], forming amorphous Li3PO4 phase. Meanwhile, the low interfacial free energy of the boundary between the phase-separation region and the glass matrix as well as the sharp concentration gradient at the interface facilitated the ions diffusion [START_REF] James | Crystallisation of silicate and phosphate glasses[END_REF]. According to the theory of heterogeneous nucleation, the boundary between amorphous Li3PO4 and the glass matrix is more suitable for silicate crystal nucleation [START_REF] Bischoff | Phase evolution in lithium disilicate glassceramics based on non-stoichiometric compositions of a multi-component system: structural studies by 29 Si single and double resonance solid state NMR[END_REF]. When the crystallization temperature was 740 ℃, the glass internal started to crystallize.

J o u r n a l P r e -p r o o f

Figure 8.Schematic of (a-d) Nucleation and crystallization process (e) Element distribution and Li + migration process in nucleation process.

Crystallization

The XRD patterns in Figure 9 show the different crystallization products with different heat-treatment schedule (Table 1). The as-quenched and the pre-heated glasses were further heat-treated at a high temperature (740 ℃), it can be clearly inferred that the exothermic peak (740 ℃) of the as-quenched sample in DSC was a crystallization peak (Figure 1a). The first-step heat-treatment at low temperature was for generating J o u r n a l P r e -p r o o f as many nuclei as possible, while the second-step heat-treatment at 740 ℃ was for growing these nuclei into the desirable crystalline phases. A controlled sample was directly heat-treated at 740 ℃ (without sufficient nucleation process) for comparison.

Li2Si2O5 and LiAiSi4O10 crystals were the most desired crystallization products for glasses with excellent mechanical property. However, the controlled sample contained lots of unfavorable Li2SiO3, β-quartz and SiO2 crystals, which had adverse effects on the transmittance of microcrystalline glass. Compared with the controlled sample, the main crystalline phases of the pre-heated glass samples are Li2Si2O5 and LiAiSi4O10 crystals due to the sufficient phase separation and nucleation. Further increasing the nucleation temperature and time, the secondary crystalline phases silica and β-quartz solid solutions almost disappeared and Li2SiO3 crystals decreased sharply. The disappearance of the secondary crystal phases was very helpful to improve the mechanical properties and transparency of the glass. Also, it is evidenced that phase separation had an important influence on the crystallization process and products by affecting the nucleation process [START_REF] Zanotto | Effect of liquid phase separation on crystal nucleation in glassformers. Case closed[END_REF].

J o u r n a l P r e -p r o o f The change of the crystalline phases was closely related to the glass structure variation during the nucleation process. It was reported the crystallization of Li2SiO3 and Li2Si2O5 in glass was strongly affected by the degree of the connection between Si-O tetrahedrons, which usually described as Q (n) (where n is the number of bridging oxygen atoms per tetrahedron) [START_REF] Bischoff | Phase evolution in lithium disilicate glassceramics based on non-stoichiometric compositions of a multi-component system: structural studies by 29 Si single and double resonance solid state NMR[END_REF]. Crystalline Li2SiO3 formed not only from the Q (2) component presenting in the glassy precursor, but also from the disproportionation of Q (3) units in the glass according to the process, 2Q (3) (glass) ↔ Q (2) (crystal) + Q (4) (glass)

While the formation of Li2Si2O5 crystals followed the synproportionation reaction, Q (4) (glass) ↔ Q (2) (crystal) + 2Q (3) (crystal)

As shown in Figure 5, after nucleation treatment at 580 ℃ for 2 h and 605 ℃ for 2 h, the proportion of Q (3) gradually decreased and the proportion of Q (4) increased compared to the as-quenched glass. The decrease of Q (3) pushed the chemical reaction

(1) back forward, suppressing the crystallization of Li2SiO3. Meanwhile, the increase of Q (4) pushed the chemical reaction (2) forward, promoting the precipitation of Li2Si2O5. At the same time, Li2Si2O5 can also be converted from Li2SiO3 [START_REF] Huang | Crystalline phase formation, microstructure and mechanical properties of a lithium disilicate glass-ceramic[END_REF] Li2SiO3 (crystal) + SiO2 (glass) = Li2Si2O5 (crystal)

The accompanying consumption of SiO2 was consistent to the XRD results of the samples after nucleation treatment (Figure 9). Then, the Li-riched area produced by the phase separation led to depletion of Li and enrichment of Al in the residual glass matrix.

Thus the residual glass with high degree of polymerization facilitated the crystallization of LiAlSi4O10 [START_REF] Glatz | Different roles of phosphorus in the nucleation of lithium aluminosilicate glasses[END_REF].

The micromorphology of the glass ceramic also varied greatly with or without nucleation process, as shown in Figure 10. After nucleation treatment at 580 ℃ or 605 ℃ for 1 h or 2 h, more nucleation sites were generated inside the glass, resulting in smaller crystals than that of the sample directly heat-treated at 740 ℃. It must be mentioned that the average grain size was below 50 nm, which present a uniform and dense crystal distribution in SEM image.

J o u r n a l P r e -p r o o f This difference may arise from different types and sizes of crystals produced in the glass ceramics under different heat-treatment conditions. The high transmittance of glass ceramics can be achieved by two means, their crystal sizes were much smaller than the wavelength of light and the difference between the refractive index of glass matrix and crystal phase was small [START_REF] Berthier | New large grain, highly crystalline, transparent glass-ceramics[END_REF]. On the one hand, after preheating, the crystal size inside the glass decreased significantly (below 50 nm), and the crystal distribution was dense (Figure 9), the large grains generated in the sample after heat-treated at 740 ℃ for 1 h caused a sharp decrease in its transmittance. On the other hand, the main crystal phases in the glass were Li2Si2O5 and LiAlSi4O10 under the condition of two-step heat treatment. The refractive index difference between LiAlSi4O10 (1.51), Li2Si2O5 (1.55) and glass matrix (1.50) was significantly very small [START_REF] Haussühl | Structure-property relations and thermodynamic properties of monoclinic petalite, LiAlSi4O10[END_REF][START_REF] Heffernan | Relative translucency of six all-ceramic systems. Part II: Core and veneer materials[END_REF]. Therefore, through early J o u r n a l P r e -p r o o f phase separation control, the type and size of internal crystals were changed, while the disappearance of impurity crystal phases and the reduction of grain size increased the transmittance of microcrystalline glass. The specific effects of nucleation temperature and time on the properties of glass-ceramics will be reflected in the next paper to be published.

Transmittance and hardness

The Vickers hardness measurements of the glass heat-treated at different schedules were shown in Figure 12. As can be seen that compared with the as-quenched sample, after being heat-treated at 740 ℃ for 1 h, the hardness of glass ceramics improved. In addition, after two-step heat treatment, its hardness further increased. Under the action of external forces, to produce shear deformation in adjacent grains, sufficient stress concentration must be generated at the grain boundaries. Refining grains can produce more grain boundaries, thereby strengthening the material. Meanwhile, according to the Hall-Page relationship, reducing the grain size is beneficial to improving the hardness [START_REF] Kim | Effects of microstructures on the mechanical properties of lithium disilicate glass-ceramics for the SiO2-Li2O-P2O5-K2O-ZnO system[END_REF][START_REF] Zhang | Effects of crystal refining on wear behaviors and mechanical properties of lithium disilicate glass-ceramics[END_REF][START_REF] Li | Effects of crystal size on the mechanical properties of a lithium disilicate glass-ceramic[END_REF]. So after two-step heat treatment, this finer grained structure with small grain size as well as uniform and compact distribution (Figure 10) was helpful to improve the mechanical properties of glass.

J o u r n a l P r e -p r o o f Based on the above transmittance and hardness results, the recrystallized samples after preheating treatment not only improved the hardness, but also ensured the improvement of the transmittance. Meanwhile, the performance improved with the prolongation of preheating time and/or increase of temperature.

Conclusions

In summary, the development and evolution of phase separation and its specific impact on crystallization were investigated. TEM and EELS revealed nanoscale segregation before nucleation, confirming the existence of Li-rich domains. The evolution of the phosphorous local environment and the separation of phosphorous species prior to crystallization of the silicate and aluminosilicate phases were observed. 
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