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Glass-ceramics containing potassium-fluorrichterite (KNaCaMg5Si8O22F2) as the primary crystalline phase are known for their high bending strength and fracture toughness. It is also recognized that cristobalite precipitates in the commercial product as a secondary phase. This study investigated the response to indentation to identify the effect of cristobalite in potassium-fluorrichterite glass-ceramics with a chemical composition similar to that of the commercial product. The results revealed that the addition of 0.79 wt% Li2O promoted the precipitation of cristobalite during heat treatment at temperatures up to 1000 °C. A distinct volume change associated with the α–β phase transition of cristobalite was observed at approximately 200 °C. Vickers indentation tests indicated that hardness decreased with the growth of potassium-fluorrichterite crystals and further declined with the precipitation of cristobalite. The glass-ceramics containing both potassium-fluorrichterite and cristobalite exhibited permanent, hemispherical surface deformation in ball indentation tests. Synchrotron radiation X-ray computed tomography revealed the formation of microcracks in the cristobalite-containing glass-ceramics. It was suggested that the microcracks generated by stresses arising from the cristobalite phase transition led to the deformation and consequently contributed to the ductile behavior of the material. The findings of this study are expected to provide valuable insights into the microstructural design of cristobalite-containing glass-ceramics with enhanced mechanical performance.
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1. Introduction
Glass-ceramics are produced by the precipitation of crystals within glass through heat treatment, resulting in exceptional properties that cannot be achieved with glass alone.1,2) This versatility has led to a wide range of applications, including in the home (such as cookers, stoves, and fire windows), healthcare (including dental restorations and bioactive materials for bone replacement), astronomy (for telescope mirrors), electronics (such as circuit boards, electronic packaging, and hard disk drives), as well as in construction, coatings, and sealants.2) 
One of the significant advantages of glass-ceramics is their superior fracture toughness compared to traditional glass products.3) The propagation of cracks can be suppressed by the crystalline phases in glass-ceramics through various mechanisms, such as crack deflection,4,5) crack bridging,6) crack trapping, and bowing,7) resulting in increased fracture toughness. 
Among various glass-ceramics, the one that precipitates potassium-fluorrichterite (KNaCaMg5Si8O22F2) as its primary crystalline phase is renowned for its high bending strength, fracture toughness, and excellent thermal shock resistance.3,8) Due to these advantages, this material has been developed for use in tableware.9) Several glass compositions have been studied including a stoichiometric composition of potassium-fluorrichterite10) and a multi-alkali containing composition11). The composition and crystallization process of commercial products are well-documented in the literature.8,9) The precursor glass contains an excess of silica compared to stoichiometric potassium-fluorrichterite to optimize forming capability of the precursor glass.8) Consequently, the final product contains a cristobalite phase in addition to the primary crystalline phase of potassium-fluorrichterite. 
  Cristobalite, one of the polymorphs of SiO2 minerals, is known to exhibit a phase transition from the α (low) phase to the β (high) phase at temperatures ranging from  200 ºC to 270 ºC12,13), with a volume change as significant as 2.8%.14) Due to this substantial volume change, fused silica products can experience fracture issues caused by the stress generated during α‒β transition of  cristobalite that has devitrified within the products.15) Numerous studies have been conducted to investigate the kinetics of cristobalite formation from fused silica.16-19)
However, it is also known that the residual stress in the glass-ceramics body can enhance its fracture toughness if the precipitation of cristobalite is well-controlled.14) We recently studied glass-ceramics containing cristobalite, along with xonotlite and CaF2.20) Our findings indicated that the material exhibited ductile (“quasi-plastic” 21)) behavior similar to that of glass-ceramics containing mica22,23) or hexagonal CaAl2Si2O8 crystals24). These glass-ceramics demonstrate permanent deformation even when subjected to a blunt indenter, such as a ball indenter, similar to metallic materials. The deformation is caused by microcracks generated under indentation. Since mica and hexagonal CaAl2Si2O8 crystals25) possess a layered structure with cleavage planes, microcracks are easily generated by the stress field induced by indentation. In the case of cristobalite containing glass-ceramics, microcracks arise from the stress caused by the volume change during the α‒β transition of cristobalite20). 
 Although fracture toughness (KIC) is a parameter used to describe the strength of materials, it primarily indicates resistance to crack propagation under tensile stress. Therefore, it serves as a good indicator of resistance to fracture in bending modes and thermal shock. In contrast, in situations such as impact fractures, the ductile behavior of materials plays a crucial role in determining resistance to fracture, as deformation can absorb energy that would otherwise contribute to breaking the materials. However, no information on potassium-fluorrichterite glass-ceramics has been provided to date.
In light of these considerations, the aim of this study is to identify the effect of cristobalite precipitation in potassium-fluorrichterite glass-ceramics on ductile behavior, to optimize the material's mechanical properties for a wide range of applications. For this purpose, we present the results of indentation tests conducted on the glass-ceramics, both with and without cristobalite precipitation, using Vickers and ball indenters.

2. Experimental Procedure
2-1 Sample preparation and characterization 
The glass compositions used in this study are listed in Table 1. Two model glass compositions, derived from commercial productions documented in the literature8) were employed. These compositions contain the same concentration of the components as the commercial products that form the potassium-fluorrichterite crystalline phase (SiO2, Na2O, K2O, MgO, CaO, and F), along with minor amounts of Al2O3 and Li2O (Glass-A). Li2O was not included in Glass-B to assess its effect on the crystallization.  The reagents SiO2 (>99.9%), Al2O3 (>99.99%), Na2CO3 (>99.8%), K2CO3 (>99.5%), MgO (>98%), CaF2 (>98%), and Li2CO3 (>99.0%) (all from FUJIFILM Wako Pure Chemical Corporation) were used as raw materials. The mixture of raw materials to produce 35 g of glass was placed in an alumina crucible and calcined at 700 ºC for 1 hour to desorb CO2, then melted at 1400 °C for 1 hour. The molten glass was poured onto a brass plate preheated to 300 °C. The bulk glass was immediately transferred to an electric furnace preheated to 550 °C, where it was held for 1 hour before being slowly cooled to room temperature (1°C/min). The resulting glass samples were cut and subjected to heat treatment for crystallization. DTA measurements were performed on powdered glass (< 75 μm) in a nitrogen atmosphere using a NETZSCH STA 449F5 Jupiter instrument, with a heating rate of 10 ºC/min. Since the crystalline phase evolution in this system is well studied in the previous works 8,10), two temperatures of 1000 ºC and 1100 ºC were selected for the crystallization in this study to ensure the precipitation of potassium-fluorrichterite. Glass-A was heat-treated at 1000 ºC, while Glass-B underwent heat treatment at both 1000 ºC and 1100 ºC for 5 hours (with a heating rate of 5 ºC/min and a cooling rate of 1 ºC/min). The crystallized glasses after heat treatment were designated as GC-A-1000, GC-B-1000, and GC-B-1100, respectively. The crystalline phases in the glass-ceramics were identified using powder X-ray diffraction (XRD; XRD-6100, Shimadzu). The thermal expansion of the two samples, GC-A-1000 and GC-B-1000, was measured using a Rigaku Thermoplus TMA8310 at a heating rate of 5 ºC/min.

[image: ]Table 1 Glass compositions in this study.


2-2 Indentation test
Indentation tests were conducted on the polished surfaces of the glass-ceramics using a Vickers hardness tester (HMVG20, Shimadzu) and a Rockwell hardness tester (HR-430R, Mitsutoyo). For the Vickers indentation, the test was performed at a load of 19.62 N. The imprints, associated cracks, and the microstructure of the glass-ceramics were observed using scanning electron microscopy (SEM; Gemini SEM 360, Carl Zeiss Microscopy) equipped with energy dispersive X-ray spectroscopy (EDX; XFlash SVE 6, Bruker). The crystal width distribution was evaluated using 30 crystals from the SEM image. A ball indentation test was conducted at 294 N using a tungsten carbide ball indenter with a diameter of Φ = 1/16 inch (1.59 mm). Since the depth of indenter penetration was insufficient to calculate the hardness number, this study focused solely on evaluating the depth and microstructural changes in the subsurface caused by the indenter. The circular imprints left on the surface were examined using a laser confocal microscope (KEYENCE, VK-X3000). The damage zone under the indentation of GC-A-1000 was analyzed using multi-scale X-ray computed tomography (CT) at SPring-8 (BL20XU). 26,27) The sample was machined into a cylindrical shape, with imprints from the ball indentation remaining on the surface. The complete image was obtained using micro-CT mode, while a detailed image of the area under indentation was captured using nano-CT mode. CT reconstruction was performed with homemade software based on the convolution back-projection method. Cross-sectional 2D images were processed from the CT images using Fiji Image-J. The voxel size in an arbitrary slice of the CT was 0.493 μm/voxel in micro-CT mode and 0.0313 μm/voxel in nano-CT mode, respectively.

3. Results and Discussion
3-1 Phase Identification and thermal expansion behavior
[image: ]Figure 1 shows the DTA traces of Glass-A and Glass-B. The glass transition temperature (Tg) and crystallization temperature of Glass-A were observed 11‒17 ºC lower than those of Glass-B. Therefore, it was revealed that the addition of Li2O into glass lowered the viscosity of the glass and promoted crystallization.  
Fig. 1 DTA traces of parent glass samples.

Figure 2 presents the X-ray diffraction (XRD) results of three glass-ceramic samples. The precipitation of potassium-fluorrichterite was observed in all samples. Additionally, cristobalite was found to precipitate in the GC-A-1000 sample. Cristobalite did not precipitate even at 1100 ºC in Glass-B (GC-B-1100). Therefore, it was revealed that the addition of Li2O was required for the precipitation of cristobalite. The thermal expansion curves for GC-A-1000 and GC-B-1000 are illustrated in Fig. 3. While the GC-B-1000 sample exhibited linear expansion, a distinct jump in the expansion curve, attributed to the α‒β transition of cristobalite, was observed for GC-A-1000 at approximately 200 ºC. Although the α‒β transition of pure cristobalite typically occurs between 200-270 ºC12,13), it was observed at a lower temperature in the glass-ceramic samples analyzed in this study. Although the reason of this is not clear yet, the addition of a small amount of Al2O3 to the precursor glass may have contributed to a lower purity of cristobalite due to the substitution of Al for Si at the lattice sites.28)
[image: ]Fig. 2 XRD results of glass-ceramic samples.
[image: ]
Fig. 3 Thermal expansion curves of glass-ceramic samples.

3-2 Vickers indentation 
[bookmark: _Hlk204072005]Figure 3 displays images of the imprints and cracks following Vickers indentation for three glass-ceramic samples. Radial (or half-penny 29)) cracks, which typically occur in glassy materials, are evident in all samples. Notably, significant crack deflection is observed in GC-A-1000 and GC-B-1100, while the cracks in GC-B-1000 traveled almost straight. The interlocking microstructure of rod-shaped potassium-fluorrichterite, previously documented in studies 8, 31), is clearly visible in both GC-A-1000 and GC-B-1100, (see Fig. 4, FE-SEM image). The EDX mapping of GC-A-1000, illustrated in Fig. 5, further indicates that the white area in the SEM image corresponds to potassium-fluorrichterite crystals, as magnesium is concentrated in this region.30) Consequently, the crack deflection is attributed to the potassium-fluorrichterite crystals that developed significantly due to the increased crystallization temperature in GC-B-1100 or the addition of Li2O in GC-A-1000, in comparison to GC-B-1000. The Vickers hardness of each sample is presented in Table 2. Comparing GC-B-1000 and GC-B-1100, the hardness decreased as the potassium-fluorrichterite crystals increased in size (see Fig. 4, size distribution of crystals). However, in GC-A-1000, where cristobalite precipitated, the hardness further diminished despite the fact that the potassium-fluorrichterite crystals were smaller than those in GC-B-1100. This indicates that the hardness also decreased with the precipitation of cristobalite.

[image: ]
Fig. 4 Observation of imprints and cracks by Vickers Indentation. Upper: Optical microscope images. Middle: SEM images. Lower: Size distribution of crystals.
[image: グラフィカル ユーザー インターフェイス が含まれている画像
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Fig. 5 EDX mapping of GC-A-1000.
Table 2 Vickers Hardness of each sample.
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3-3 Ball indentation 
The results of indentation using a ball indenter are presented in Fig. 6. While only a ring crack was observed on the surface of the GC-B-1000 sample, a distinct depression is evident in the GC-A-1000 and GC-B-1100 samples. The depression in the GC-A-1000 sample is deeper and exhibits a rounded shape (approximately 2.0 μm), whereas the GC-B-1100 sample displays a shallower and rectangular shape (approximately 1.2 μm). These findings suggest that the larger size of potassium-fluorrichterite promotes plastic deformation behavior, and the precipitation of cristobalite further enhances this effect, which corresponds to the results of the Vickers indentation test. The internal microstructure and the cross-sectional images of the indentations in GC-A-1000, captured using X-ray micro-CT, are presented in Fig. 7. A cone crack was observed beneath the indentation, along with numerous cavities within the GC-A-1000 material. These cavities were distributed throughout the entire sample, indicating that they formed prior to the indentation during the crystal growth process. The cavities can be visualized on the polished surface of the glass-ceramics using an optical microscope, as illustrated in Fig. 8. In contrast, these cavities were not present in GC-B-1100 (see Fig. 8, right), suggesting that the cavities in GC-A-1000 resulted from the precipitation of cristobalite.
[image: ]
Fig. 6 Images of imprints left by a ball indenter (r = 0.794 mm) at a load of 294 N observed using a laser confocal microscope.

To identify the cavities more clearly, nano-CT observation was conducted in the central region of the imprint, approximately 80 μm deep from the surface (point A in Fig. 7). Figure 9 presents the results, revealing that the observed features were aggregated microcracks rather than pores. From a vertical perspective, it was noted that the microcracks bridged each aggregation of microcracks. The microcracks extended horizontally, exhibiting the behavior similar to that observed in previous studies.20) Based on these observations, it is suggested that the aggregation of microcracks was generated by the α‒β transition of
[image: ]




















Fig. 7 Horizontal cross-sectional view (top) and vertical cross-sectional view of GC-A-1000 sample by X-ray micro-CT. Dotted line in top picture indicates the location of the vertical cross-section. 
[image: 草, グリーン, 記号, 座る が含まれている画像
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Fig. 8 Optical microscope images of polished surface of GC-A-1000 (left) and GC-B-1100 (right).
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Fig. 9 Horizontal cross-sectional view (top) and vertical cross-sectional view (bottom) of GC-A-1000 sample by X-ray nano-CT. Dotted line in the top picture indicates the location of the vertical cross-section.
cristobalite and contributed to the ductile behavior of GC-A-1000. However, since GC-A-1000 also exhibited cone cracks characteristic of elastic materials, it is proposed that GC-A-1000 exists in a transition region between elastic and ductile behavior. It is expected that the ductile behavior can be enhanced by adjusting the quantity, size, and morphology of cristobalite. Therefore, further investigations involving a wider range of glass compositions and heat treatment conditions are necessary to clarify the effects of cristobalite and to achieve improved performance of the glass-ceramics for various applications.

4. Conclusion
The indentation tests of glass-ceramics containing potassium-fluorrichterite and cristobalite were conducted using laboratory-synthesized samples with compositions similar to those found in commercial products. The results indicated that the addition of Li2O promoted the precipitation of cristobalite, which resulted in a decrease in Vickers hardness. Ball indentation tests revealed that cristobalite enhanced the ductile behavior of the material. This finding provides new insights into the application of potassium-fluorrichterite glass-ceramics.
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