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Lithium disilicate (Li2Si2O5, referred as LD) glass ceramics with unique aesthetic properties are ideal dental restorative materials. However, their applications are limited due to the lower flexural strength than polycrystalline ceramics. Herein, micro-nano-LD whiskers were utilized to facilitate the formation of crystallization sites and further growth of crystals in SiO2-Li2O glasses during the heat treatment process. Meanwhile, an orthogonal experiment with four-factor three-level was designed, and the optimum heat treatment conditions for preparing LD glass-ceramics with excellent flexural strength were found. The order of influencing extent of heat treatment conditions is crystallization temperature > crystallization time > nucleation temperature > nucleation time. In addition, the crystallization behavior, phase formation, microstructure and flexural strength of glass were measured at different heat treatment temperatures. Remarkably, the optimal LD glass-ceramics sample has a strong flexural strength at 342 MPa, in which plentiful crystal grains with uniform and dense distribution are observed. These results indicate that micro-nano-LD whisker-reinforced glass-ceramics obtained by optimized heat treatment program offer a potential candidate for dental applications.
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1 INTRODUCTION
As polyphase solid materials crystallizing in suitable glasses, the nucleation and crystal growth of glass-ceramics can be promoted by controlling the heat treatment process (Höland and Beall, 2002). Concentrated the advantages of ceramics and glasses, glass-ceramics have excellent light transmittance, aesthetics and biocompatibility, and mechanical properties have been significantly improved. Therefore, they play important roles in all-ceramic restorative materials as ideal oral aesthetic restorative materials. Recently, LD glass-ceramics were widely used in dental restoration, including veneers, inlays, onlays, single crowns and anterior three-unit fixed bridges, due to their superior mechanical properties compared with other types of glass-ceramics, such as leucite glass-ceramics and mica-type glass-ceramics and so on (Della Bona and Kelly, 2008; Kern et al., 2012; Gehrt et al., 2013; Fu et al., 2020). However, the flexural strength of LD glass-ceramics is still much lower than that of zirconia, and the application in posterior and multi-unit fixed bridges is still limited (Tinschert et al., 2001; Esquivel-Upshaw et al., 2004; Makarouna et al., 2011).
In order to improve the strength of LD glass-ceramics for dental applications, extensive efforts had been done by adjusting the original composition or controlling the heat-treatment process. On one hand, LD glass-ceramics with high mechanical strength can be prepared by using TiO2 and P2O5 as nucleating agents, which promote phase separation and crystallization (Khater and Idris, 2007). Al2O3 and K2O doping in glass play a crucial role of glass network formers, modifiers and densification, resulting in well-densified and mechanically strong glass (Fernandes et al., 2010; 2014). Huang et al. prepared zirconia-toughened LD glass by adding 15 wt% tetragonal zirconia (3Y-TZP), which increased the mechanical properties to 340 MPa and 3.5 MPa·m1/2 (Huang et al., 2014). However, the addition of heterogeneous phases (3Y-TZP) also had some adverse effects such as the difficulty of uniform distribution and the obstacle to densification (Zhang et al., 2019a). The introduction of micro-nano-LD whiskers in the LD glass system is an effective solution to the above problems. LD whiskers with nanometer and micro scale grown from single crystal can provide more crystallization sites, which is conducive to the formation of crystallization sites and further growth of crystals. The mechanical properties are greatly improved by compressive stress reinforcement, phase transformation and bridging toughening mechanisms (Zhang et al., 2019b; Zhao et al., 2021; Yan et al., 2022). On the other hand, heat treatment processes are most efficient for intensifying the performance by adjusting crystallization phases and microstructure, such as grain shape, grain size, and distribution (Sun et al., 2021). There are, however, few systematic studies on the heat treatment of micro-nano-LD whisker-reinforced glass-ceramics, which are essential data in the fabrication process.
In this paper, 3 wt% micro-nano-LD whiskers were added into the LD glasses, and the heat treatment process was optimized by orthogonal experiment to maximize the flexural strength of the glass-ceramics for the application of dental restorative materials. And the crystallization behavior, phase formation, microstructure and flexural strength at different heat treatment temperatures were also studied.
2 MATERIALS AND METHODS
2.1Preparation of the micro-nano-LD whiskers
Micro-nano-LD whiskers were synthesized by hydrothermal method. LiOH·H2O and SiO2 were mixed evenly as raw materials according to the molar ratio of Li/Si at 1, and soaked in deionized water for 4 h. Next, the solutions were placed in an autoclave and heated to 150°C holding for 6 h, followed by cooling to room temperature, centrifuging, washing, and finally dried at 80°C for 24 h to obtain the micro-nano LD whiskers.
2.2 Preparation of LD glass powders
Homogeneous mixture of 65.5SiO2-27.5 Li2O-1.2P2O5-2.0Al2O3-1.8K2O-2.0La2O3 (in mol%) was melted in an alumina crucible at 1,480°C for 2 h in air, then quickly quenched into deionized water to obtain the basic glasses. The basic glasses were dried, ground and then sieved to powders with particle size <48 μm for use.
2.3 DTA
Differential thermal analysis (DTA) measurements were performed on the powders composed of glass powders and the glass powders doped with 3 wt% whiskers using differential thermal analyser (HCT-4, Beijing Henven Instruments Co., Ltd., Beijing, Chain). Weighed powder samples (.1 g) were placed into alumina sample holders and an alumina standard was used as a reference material. The samples were tested from room temperature to 1,200°C at a rate of 10°C/min.
2.4 Blending and heat treatment of the glasses
The glass powders were doped with 3 wt% micro-nano-LD whiskers. Then the mixed powders were uniaxially pressed at 15 MPa in a hardened-steel die to produce cylindrical form. Then, the samples were sintered in a muffle furnace with different heat treatment process. Finally, the sintered products were cooled in the furnace to obtain the micro-nano-LD whisker-reinforced glass-ceramics.
2.5 Characterization
According to the standard of ISO 6872-2015, ten discs (12 mm × 2 mm) of glass-ceramics were prepared. The discs were ground to 1.2 ± .2 mm thickness and polished to a 3 μm finish using silicon carbide papers. The biaxial flexural strength was determined using a universal mechanical machine (UMT 6130, Shenzhen Suns Instruments Co., Ltd., Shenzhen, China) with a 1000 N load cell at a cross-head speed of 1 mm/min. The discs were placed at a support device with three steel balls on ring arrangement, and then load 1000 N at their centers at a cross-head speed of 1 mm/min. After fracture, the thickness of the discs was accurately measured with a digital caliper (Mitutoyo, Japan). The biaxial flexural strength is calculated using the following equation:
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Where σ is the maximum tensile stress, P is the measured load at fracture in Newtons, ν is the Poisson’s ratio (set as .25 in ISO 6872), r1 is the radius of support circle in mm, r2 is the radius of loaded area in mm, r3 is the radius of specimen in mm and b is the sample thickness in mm.
X-ray diffraction (XRD) analysis on the heat-treated glass-ceramic samples could be used to determine the crystalline of phases using a diffractometer (SmartLab, Riguka, Japan). The samples were ground into a powder, and X-ray diffraction analysis was performed with Cu-Kα radiation with the scanning speed of 2°/min under 40 kV and 30 mA working conditions. The XRD patterns were analyzed using MDI JADE software (version 6.0).
The size and morphology and quantity of the crystal phases in the samples were observed by scanning electron microscopy (SEM, Jeol JSM-7900F, Tokyo, Japan). Samples were prepared by cutting and polishing a section, which was then etched in 5 mass% HF for 30 s, cleaned with distilled water, coated with gold to make them conductive.
3 RESULTS AND DISCUSSIONS
3.1 DTA
As shown in Figure 1, two exothermic peaks are observed. A phase transition process from lithium metasilicate (Li2SiO3, referred as LM) to LD was generated by the increased temperature as the following equations (Wen et al., 2007):
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[image: Figure 1]FIGURE 1 | DTA curves of the basic glass (0%) and the glass powder doped with 3 wt% micro-nano-LD whiskers (3%).
Hence the two exothermic peaks in the DTA curves can be attributed to LM and LD crystallization respectively. And the peak temperatures are crystallization temperature, referred as Tc1 and Tc2, respectively. Tx is the onset temperature of the crystallization of LD phase. The heat treatment temperature below Tm should be adopted to avoid the melting of LD glasses. The specific characteristic temperatures could be seen in Table 1.
TABLE 1 | DTA results of the basic glass (0%) and the glass powder doped with 3wt% whiskers (3%).
[image: Table 1]For samples doped with 3 wt% whiskers (3%) compared to the basic glass (0%), Tc1 increases from 687°C to 695°C, proving thus that the presence of whiskers inhibits the formation of LM. The glass transition temperature (Tg) gradually increases from 485°C to 491°C, while the temperature difference (ΔT1) between Tg and Tx decreases from 234°C to 227°C, indicating that the crystallization ability is enhanced. At the same time, the temperature difference (ΔT2) between Tc2 and Tm is noted. The smaller ΔT2 indicates a relatively narrow stable region and a more sensitivity to heat for the samples doped with 3% whiskers. Further, a two-peak structure could be suggested in the temperature region where LD crystallizes in the DTA curves. This may be an indication of the formation of a metastable LD precursor (Bischoff et al., 2011).
The dominant crystallization mechanism (surface or internal) was determined by DTA (Palou et al., 2009). The method considers (δT)p, Tp and the ratio Tp2/(ΔT)p on the basic of DTA measurements, where (δT)p is the maximum height of the DTA peak, Tp is the temperature at (δT)p, and (ΔT)p is the peak half-width. For samples doped with 3 wt% whiskers (3%), decreasing value of Tp2/(ΔT)p implies the surface crystallization mechanism.
According to previous McMillan’s claim, the optimal nucleation temperature is usually between Tg and higher than Tg 50°C (McMillan, 1997).
3.2 Results of orthogonal experiments
Based on previous DTA results in Figure 1 and Table 1, a four-factor three-level orthogonal experiments was designed to explore the respective effects of nucleation temperature, nucleation time, crystallization temperature, and crystallization time for optimizing the preparation process, as shown in Table 2. For samples from each group, the biaxial flexural strength was tested, and the average value was taken as the final result. The results of orthogonal experiments are presented in Table 3.
TABLE 2 | Orthogonal test table.
[image: Table 2]TABLE 3 | Orthogonal Experiment Design and Corresponding mechanical properties Results.
[image: Table 3]The influence of four factors evaluated using the range analysis approach is displayed in Figure 2. Where R, represented the range values, refers to the extreme difference of each factor, and the larger the range refers to the greater the influence of the factor on the flexural strength of the glass-ceramics. The range analysis of the orthogonal experiment elucidates the order of influence (from greatest to least) of the four factors affecting the flexural strength of the glass-ceramics: Factor C > Factor D > Factor A > Factor B. Remarkably, the optimal levels of A, B, C, and D are A2, B2, C3, D1, corresponding to nucleation temperature of 540°C, nucleation time of 1 h, crystallization temperature of 910°C, and crystallization time of .5 h. Under these conditions, the flexural strength of the glass-ceramics reaches at 342 MPa. RC is 77.33, significantly higher than RD, RA, RB, which are 16.67, 14.33 and 10.33, respectively. Therefore, crystallization temperature has the greatest effect on the flexural strength, while crystallization time, nucleation temperature and nucleation time have slight difference on it. The optimum nucleation temperature of 540°C (49°C above Tg = 491°C) are in agreement with the previous claim (McMillan, 1997).
[image: Figure 2]FIGURE 2 | Influence of various factors on the compressive strength of glass-ceramics: (Factor A) nucleation temperature, (Factor B) nucleation time, (Factor C) crystallization temperature, and (Factor D) crystallization time.
3.3 Effects of heat treatment on microstructure and flexural strength
To investigate the mechanisms of heat treatment temperature factors from the standpoint of microstructural transformation, the properties of glass-ceramics in lithium silicate system were determined by controlled crystallization. Samples of glass-ceramics without LD whiskers and micro-nano-LD whisker-reinforced glass-ceramics with different crystallization temperatures were prepared by one-step heat treatment processes (Table 4).
TABLE 4 | Heat treatment processes of micro-nano-LD whisker-reinforced glass-ceramics.
[image: Table 4]As shown in Figure 3, the XRD patterns of the samples indicate the phase formations of glass-ceramic specimens incorporated different temperatures of heat treatment. There were four characteristic peaks representing the presence of four prominent crystalline phase of LM (PDF #29-0829), LD (PDF #40-0376), quartz (PDF #47-1144), lithium phosphate (Li3PO4, PDF #76-0556) and kalsilite (KAlSiO4, PDF #76-0635). In W1, LM phases formed as the main phase could be determined after heat treatment at 700°C, while LD and KAlSiO4 phases presented as the minor phases. In W2 treated at 840°C, the phases of LM and KAlSiO4 were disappeared, which showed the main crystal phase for LD. When the temperature reached at 875°C and 910°C, a small amount of quartz and Li3PO4 phases were precipitated and the intensity of each diffraction peak gradually increased. In addition, well-defined diffraction patterns with sharp and robust diffraction peaks indicated a better precipitation and crystallinity of LD as heat treatment temperature increased. Compared to W0, W3 showed a similar diffraction peak pattern, and the intensity of the peaks was enhanced significantly, especially the peaks of LD crystals. It indicates that for W0 and W3, the two kinds of glass-ceramics with different composition under an identical preparation process, crystallinities of the samples are increased with the addition of micro-nano-LD whiskers.
[image: Figure 3]FIGURE 3 | X-ray diffraction patterns of LD glass-ceramic samples treated by different temperature.
The order of crystal precipitation is closely related to temperature (Headley and Loehman, 1984). P2O5 is added to the LD glass as nucleating agent, which reduces the interfacial energy between the crystal nucleus and the glass matrix at the early period of crystallization. And then Li3PO4 transition phase containing Li forms subsequently, which is induced at the interface between the amorphous Li3PO4 and the glass matrix (Zheng et al., 2008, 5). As the temperature rises, LD crystals are generated due to the combination of LM and SiO2, meaning, LM mesophases is formed before LD crystals (Iqbal et al., 1998; Bischoff et al., 2011).
At the temperature within the first exothermic peak of DTA (∼700°C), LD was detected in addition to LM formation as main phase. The result was different from previous studies (Soares et al., 2015; Zhang et al., 2015; Kraipok et al., 2022), which LD could only be transformed from LM at higher temperature. Additionally, Li3PO4 was not detected because the amorphous form existed at low temperature, with less size and content (Höland et al., 2006; Sun et al., 2021). When the temperature increased to 840°C, the crystal phase of LM was unstable, and then LD formed and grew outwardly (Huang et al., 2013). The concomitant existence of Li3PO4 crystals and quartz could be a result of nucleation and growth on Li3PO4 nuclei and micro-nano-LD whiskers (Zhao et al., 2019). With the increase of temperature, LD phases of sample W1–W4 gradually increased, owing to the decrease in viscosity of glass and the increase mobility, which promoted the growth of crystal (Diaz-Mora et al., 1998). The detected minor KAlSiO4 phase was due to the reaction between K, Al and SiO2 in low temperature (below 840°C).
Figure 4 shows SEM images of the micro-nano-LD whiskers and LD glass-ceramics without whiskers after heat treatment at 875°C for 1 h. In Figure 4A, the whiskers were rod-like crystals with a length of .4–1.4 μm, a width of .05–.13 μm and the aspect ratio of 7–14. In Figure 4B, the specimens showed multi-directionally interlocked microstructure of numerous rod-like LD crystals protruding from the glass matrix, which the grain size and distribution of crystals were both uniform.
[image: Figure 4]FIGURE 4 | SEM images of micro-nano-LD whiskers (A) and sample W0 of LD glass-ceramics without whiskers (B).
The SEM images of glass-ceramic samples treated by different temperature are demonstrated in Figure 5, which illustrates the influence of the temperature on microstructures of micro-nano-LD whisker-reinforced glass-ceramics. Figure 5A exhibited less dense, porous and mesh-like microstructure, in which a few small LD crystals scattered induced by whiskers after treated at 700°C. It revealed the crystallization induced by whiskers was still in an early stage combining the XRD results. At the same time, LM and Li3PO4 phases were not observed because they were highly soluble in HF acid solutions, and many voids could be seen in etched samples due to the dissolution of LM and Li3PO4 phases (Serbena et al., 2015; Li et al., 2016; Sun et al., 2021).
[image: Figure 5]FIGURE 5 | SEM images of LD glass-ceramics treated by different temperature: (A) W1; (B) W2; (C) W3; (D) W4.
As shown in Figures 5B–D, rod-like LD crystals precipitated and formed multi-directionally interlocking microstructures. The crystal size gradually increased and the residual glass gradually decreased as the temperature increased. Additionally, it showed a bimodal crystal size distribution in which some larger grains with high aspect ratio embedded in a smaller grained matrix were observed.
Compared to W3, the grain size of W0 was more uniform and no larger grain was found, while crystallinity of W0 was not better than W3 according to the result of XRD. Consequently, considering the same thermal history, it can be concluded that in the compositions of W0 and W3 glass-ceramics, micro-nano-LD whisker is the main additive which causes the difference of crystallization mechanism between them. It can be believed a large number of fine short rod-like LD grains formed by the spontaneous surface nucleation of the glass powders and a small number of elongated rod-like crystals formed by whiskers epitaxial growth. Thus, the addition of whiskers as nucleating agent promotes heterogeneous crystallization of LD glass-ceramics. Whiskers are introduced to provide new nucleation sites for crystal formation, which induce crystallization process of LD with Li3PO4 together and greatly enhance the degree of crystallization (Yan et al., 2022). In addition, the addition of whiskers as a nucleating agent competes with Li3PO4 for the consumption of Li and Si, and thus inhibits the formation of LM.
When the temperature increased, the residual glass gradually decreased, and the crystal size of samples gradually increased both in the direction of length and width and apparently a small number of large grains appeared (Figures 5B–D). In Figure 6, the results showed the average length and width of the LD crystals increased from 1.36 to 4.02 μm and .31–.71 μm, respectively, and meanwhile, the average aspect ratio increased from 4.42 to 5.82.
[image: Figure 6]FIGURE 6 | Crystal size of LD glass-ceramics treated by different temperature.
For glass system, viscosity is the main factor affecting the crystal growth rate. The higher the viscosity of the system lead to more difficult crystal growth and slower growth rate. The viscosity of the body system is mainly related to the temperature. The following Fulcher formula is usually used to describe them quantitatively (Diaz-Mora et al., 1998).
[image: image]
η shows the viscosity of the body system, and A, B, T0 are constant numbers associated with the body system. Accordingly with the increase of heat treatment temperature, viscosity of system reduces, and the crystal growth rate increases.
Figure 7 shows the flexural strength of micro-nano-LD whisker-reinforced glass-ceramics. The lowest flexural strength was found at 700 °C, owing to the porous structure of glass-ceramics with main phase of LM. However, it is also an advantage for dental materials using Computer-Aided Design/Computer-Aided Machining (CAD/CAM) milling, because the low strength glass-ceramics is more processable and can still achieve excellent properties by phase transition from LM to LD after secondary heat treatment (Xiang et al., 2020; Daguano et al., 2021). When the temperature reached to 840°C, the strength was greatly increased due to phase transformation from LM to LD.
[image: Figure 7]FIGURE 7 | Flexural strength of LD glass-ceramics treated by different temperature.
As the temperature increased, the flexural strength could be enhanced by the increase crystal size and crystallization, which reached to the maximum of 304 MPa at 875°C. Interestingly, the flexural strength decreased slightly when the temperature reached to 910°C, though the size was larger and crystallization was better. This result can be interpreted that the flexural strength of glass-ceramics depends on interlocking effect and the residual stress effect. The interlocking effect is generated by the irregular distribution of rod-like crystals (Serbena et al., 2015). The residual stresses also exist in LD glass-ceramics due to the thermal expansion coefficient mismatch between the glass matrix and the crystals (Serbena and Zanotto, 2012). The average linear TECs of LD phase and the corresponding glass matrix are estimated to be 10.1–10.8 × 10-6/K and 12.2–12.8 × 10-6/K, respectively. Residual compressive stresses inside the crystals along the radial direction and the balancing residual tensile stresses in the glass matrix along the tangential direction would exist at room temperature (Mastelaro and Zanotto, 1999; Pinto et al., 2007). When the crystal size increases, the interlocking effect is conducive to the enhancement of the flexural strength, but it is also accompanied by the increase of the residual stresses in the glass matrix. In the flexural strength test, the residual stress overlaps with the macroscopic external tensile stress of the specimen, thus reducing the flexural strength (Li et al., 2016). Therefore, it is important to control the crystal size and avoid the abnormal crystal growth during heat treatment process. In this study, sample NO.5 showed a small and homogeneously distributed microstructure (Figure 8) formed by control of crystal size due to sufficient nucleation as the reason for the highest strength (342 MPa), which further proved the above conclusion. And at the optimal heat treatment of sample NO.5, the crystals had lengths and widths of 1.4–3.8 and .2–.6 μm, respectively. The small crystal formed by the crystallization of glass matrix reduces the residual stress, while the large crystal formed by the addition of whiskers increases the interlocking effect, thus realizing the mechanical enhancement. This is also the advantage of micro-nano-LD whisker-reinforced glass-ceramics.
[image: Figure 8]FIGURE 8 | The SEM image of LD glass-ceramics treated by optimal heat treatment scheme (sample NO.5).
4 CONCLUSION
A four-factor three-level orthogonal experiment design was used to optimize the heat treatment for preparing micro-nano-LD whisker-reinforced glass-ceramics. The orders that affect the flexural strength of glass-ceramics are the crystallization temperature > crystallization time > nucleation temperature > nucleation time. The optimal heat treatment scheme is determined as follows: nucleating at 540°C for 1 h and crystallizing at 910°C for .5 h. This scheme aims to improve the flexural strength of LD glass-ceramics and promote the applicability of restorative materials in dentistry.
With the increase of heat treatment temperature, LD gradually becomes the main crystalline phase, and the crystallinity increases, the crystal size increases, the residual glass decreases, and the flexural strength increases firstly and then slightly decreases.
The micro-nano-LD whisker-reinforced glass-ceramics produced with the optimal heat treatment system exhibited flexural strength up to 342 MPa. The large number of crystal grains, medium sizes, and uniform and compact distribution were the main reasons for improvement of the flexural strength of the glass-ceramics following process optimization.
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