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Abstract  

This study investigates the crystallization behavior and microstructural evolution of lithium 

metasilicate (Li₂SiO₃) glass subjected to thermal histories designed to emulate the cooling stage 

of zirconia infiltration in dental restorations. Three thermal routes were examined: (i) a non-

isothermal schedule to identify crystallization and melting events, (ii) a controlled isothermal 

schedule to obtain homogeneous glass–ceramic microstructures, and (iii) a quasi-isothermal 

natural cooling schedule from the molten state to mimic the thermal profile during infiltration 

without reproducing actual capillary flow or interfacial reactions. Phase identification and 

quantitative analysis were performed by X-ray diffraction with Rietveld refinement, and the 

resulting microstructures were characterized by field-emission scanning electron microscopy. 

Under isothermal conditions, lithium metasilicate (Li₂SiO₃), lithium disilicate (Li₂Si₂O₅), γ-

spodumene (γ-LiAlSi₂O₆), β-lithium phosphate (β-Li₃PO₄), and quartz crystallized with an overall 

crystallized fraction of approximately 62 ±0.9 wt.%. In contrast, quasi-isothermal cooling produced 

a crystallized fraction exceeding 87 ±1 wt.%, dominated by lithium metasilicate (Li₂SiO₃), β-

lithium phosphate, quartz, and cristobalite, with neither lithium disilicate (Li2Si2O5) nor γ-

spodumene (γ-LiAlSi₂O₆) detected under the present XRD conditions. The quasi-isothermal route 

also generated significantly coarser morphologies: average crystal length and thickness were 

roughly 10-fold and 31-fold larger, respectively, than those in the isothermally treated sample. 

These results demonstrate that the thermal path strongly governs phase assemblage, crystallized 

volume fraction, and crystal morphology in lithium silicate glass–ceramics. By clarifying how 

controlled versus quasi-isothermal cooling histories shape the final microstructure, this work 

provides a structural basis for optimizing lithium silicate glasses used in zirconia infiltration 
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technology and for guiding future studies on the mechanical and functional performance of these 

materials. 

Keywords: Lithium metasilicate glass-ceramics; thermal treatment pathways; crystallization; 

microstructure; glass infiltration; all-ceramic restorations. 

 

1. Introduction   

The design and fabrication of high-performance and naturally aesthetic dental restorations have 

always been key challenges in restorative dentistry. All-ceramic monolithic restorations have 

recently become an attractive option for replacing metal-ceramic restorations due to their favorable 

optical properties, high biocompatibility, and aesthetic appeal [1-4]. However, achieving a balance 

between mechanical properties, processability, and aesthetics remains an open issue [5-9]. In this 

context, the novel glass infiltration technique into a porous zirconia framework has been 

introduced as a bioinspired (biomimetic) approach to overcome traditional limitations. In this 

method, the infiltration of a low-viscosity glass into the porous zirconia structure forms a gradient 

structure in terms of composition and elastic modulus. This structure not only improves stress 

distribution and enhances mechanical strength but also significantly elevates the optical properties 

and aesthetics of the restoration by creating a glass surface layer [10-14]. This glass surface layer 

increases the fracture resistance of the restoration by reducing surface stresses and preventing 

crack propagation [15-21]. At the same time, by reducing antagonist teeth, protects the zirconia 

from the moist oral environment and enhances bond strength with resin adhesives due to increased 

etch-ability, ensuring the long-term stability of the restoration [22-26]. 
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Previously, the main focus in the infiltration process within porous zirconia frameworks was on 

the use of amorphous glasses. In these studies, compositions such as lanthanide glasses [27-29], 

borosilicate glasses [30, 31], and aluminosilicate glasses [32-34] were utilized, which retained 

their non-crystalline structure after infiltration. These glasses were considered suitable for dental 

applications due to their high chemical stability, tunable thermal expansion coefficients, relatively 

low melting temperatures that provide high melt fluidity, and the ability to control color through 

compositional adjustments, enabling effective filling of zirconia framework porosities during 

infiltration.  However, in recent years, a novel approach has been emerging that focuses on the use 

of glasses with controlled crystallization capabilities, particularly in lithium silicate-based systems. 

These systems, due to their ability to engineer crystalline structures, enhanced mechanical 

properties, and good compatibility with dental zirconia, have opened new horizons in the 

development of infiltrative materials for all-ceramic restorations. 

In this context, the glass-ceramics present in the lithium silicate system, especially lithium 

disilicate (Li2Si2O5), have been proposed as one of the most promising options for infiltration into 

porous zirconia. This material, which has previously been widely used in monolithic dental 

restorations [35], demonstrates reliable performance in dental environments due to its features 

such as high optical transparency [36], favorable biocompatibility [37], good strength and fracture 

toughness [38], and controllable crystallization [39]. These unique properties have drawn 

researchers' attention to the possibility of using it in infiltration technology, to the extent that in a 

pioneering study, this glass was tested for the first time in the infiltration process into porous 

zirconia [21]. However, in that research, the crystallization behavior of the glass during and after 

the infiltration process and its impact on the final structure and functional properties of the 

restorative material were not investigated. 
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One of the emerging glass-ceramics in the lithium silicate system that has recently been developed 

by Zanotto and colleagues [40, 41] is lithium metasilicate (Li2SiO3) glass-ceramic; a composition 

with high fracture toughness, significant mechanical strength, and suitable machinability. Unlike 

the common glasses in this system, whose final phase is lithium disilicate (Li2Si2O5), in this 

composition, the predominant phase after crystallization remains lithium metasilicate (Li₂SiO₃). 

By carefully designing the initial composition and applying an engineered thermal cycle, this phase 

can be stabilized as a final stable structure. This glass-ceramic not only possesses flexural strength 

and fracture toughness at the level of lithium disilicate (Li2Si2O5) but also has suitable 

machinability during the CAD/CAM stage and creates a crack-resistant microstructure after 

crystallization [40, 41]. An important advantage of this composition is its lower melting 

temperature and lower viscosity of the melt, which allows the infiltration process to occur at lower 

temperatures, reduces the risk of undesirable phase changes in zirconia, facilitates the melt's 

penetration into the micro-pores of the zirconia framework, and simplifies thermal cycle control; 

factors that collectively can improve the quality and durability of the final structure. 

Despite these advantages, there has yet to be a report on the practical use of lithium metasilicate 

(Li₂SiO₃) glass-ceramic in the infiltration process in porous dental zirconia frameworks. 

Therefore, there exists a significant research gap in understanding the behavior of this material 

under thermal conditions similar to those of infiltration. Therefore, the aim of the present study is 

to investigate how uncontrolled thermal treatment conditions specifically natural cooling from the 

melt to room temperature inside the furnace affect the crystallization pathway and microstructural 

evolution of lithium metasilicate (Li₂SiO₃) glass. These thermal conditions were selected to 

reproduce only the thermal profile of the cooling stage in zirconia glass-infiltration processes, 

without conducting practical infiltration or evaluating mechanical performance. The outcomes of 
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this work are compared with fully controlled (isothermal) heat-treatment conditions derived from 

DTA analysis to clarify how different thermal histories govern phase formation and 

microstructure. To the best of our knowledge, no previous study has systematically examined 

lithium metasilicate (Li₂SiO₃) glass under quasi-isothermal cooling conditions simulating the 

thermal behavior associated with infiltration processes. 

 

2- Materials and Methods 

2-1 Preparation of Glass and Glass-Ceramics in the Li₂O-SiO₂ System 

A glass with the chemical composition (in molar percentages) of 52.6 SiO₂ - 40.2 Li₂O - 1.6 B₂O₃ 

- 1.4 CaO - 1.4 TiO₂ - 0.8 P₂O₅ - 0.6 Al₂O₃ - 0.4 ZrO₂ - 0.4 ZnO - 0.3 K₂O - 0.2 SrO - 0.2 BaO 

was prepared from laboratory-grade chemicals. The raw materials were carefully weighed and then 

thoroughly mixed to achieve the desired homogeneity. The resulting homogeneous mixture was 

placed in a high-purity silica crucible and melted in an electric furnace at 1250°C for 30 minutes 

to obtain a homogeneous melt. To investigate the behavior of the glass after the melting process, 

three different thermal protocols were applied, the details of which are provided below. In the first 

pathway, a portion of the molten glass was immediately quenched in distilled water to obtain a 

fritted sample with an amorphous structure. The purpose of this step was to assess the amorphous 

nature of the sample and to examine its crystallization behavior using differential thermal analysis 

(DTA). The DTA test was conducted to determine key temperatures, including the glass transition 

temperature (Tg), crystallization temperature, melting temperature, and to identify potential 

polymorphic transformations. To study phase transformations at the specified endothermic and 

exothermic temperatures indicated in the DTA curve, approximately 5 grams of the amorphous 
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glass powder were transferred to a furnace at the corresponding temperature and subjected to non-

isothermal heat treatment for 30 minutes. After the thermal process, the samples were rapidly 

cooled in air and analyzed for phase content using X-ray diffraction (XRD). In the second pathway, 

a portion of the glass melt was poured into a pre-heated stainless-steel mold with dimensions of 

10 mm x 50 mm x 50 mm. To relieve stress and eliminate thermal history, the sample was 

immediately transferred to a furnace set at 475°C, corresponding to the glass transition temperature 

(Tg) of the glass in question. The sample was held at this temperature for 2 hours and then naturally 

cooled in the furnace to ambient temperature. In the next step, the resulting glass block was cut 

into pieces with final dimensions of 3 x 4 x 30 mm3 (with an accuracy of ±0.2 mm) using a low-

speed diamond saw with a water-cooling system. These dimensions were selected according to 

ISO 6872 standards for three-point Flexural strength testing of dental ceramics. After cutting, the 

surfaces of the samples were polished sequentially using silicon carbide sandpaper with grit sizes 

of 320, 600, 800, 1200, 2000, 2500, and 3000 in the presence of water, and finally finished with a 

diamond paste of 0.3 microns. The samples were divided into two groups: 

Group One: Without any additional thermal treatment, these served as bulk glass samples for 

characterization tests. These samples are referred to in the text with the suffix code "LS-Glass." 

Group Two: These were subjected to isothermal heat treatment at temperatures extracted from the 

DTA test (corresponding to the temperatures for nucleation and growth of desired crystalline 

phases). In this phase, the samples were heated at a rate of 10°C/min to temperatures of 549°C and 

711°C, and after holding for 120 minutes at each temperature, they were naturally cooled in the 

furnace. These samples are referred to in the text with the suffix code "LS-HT." 

In the third pathway, the experiment was designed to simulate only the thermal cooling profile 

associated with infiltration processes, without performing actual glass infiltration, capillary flow, 
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wetting, or interfacial reactions with zirconia. Accordingly, a portion of the molten glass was 

poured into a stainless-steel mold (50 × 50 × 10 mm³) preheated to 1000 °C, and immediately 

transferred into a furnace at the same temperature. The sample was held at 1000 °C for 5 minutes 

to ensure thermal equilibration and then allowed to cool naturally inside the furnace to room 

temperature, without any forced or rapid cooling step. Following cooling, the samples were 

prepared for characterization (cutting, polishing, and surface finishing) according to the procedure 

described previously. These specimens are denoted in the text by the code “LS-1000” 

To more accurately illustrate the thermal treatment process in the three defined pathways, the 

temperature changes over time for each pathway are presented in Figure 1. These graphs provide 

an overview of the differences in cooling and heating conditions for each pathway and offer a 

better understanding of the relationship between thermal parameters and the final characteristics 

of the samples. 

 

Figure 1. Specifications of the thermal treatment performed on lithium metasilicate (Li₂SiO₃) glass for 

phase evaluation using XRD testing. Method I: Non-isothermal heat treatment with very rapid heating to 

the temperatures specified in the DTA graph, holding for 30 minutes, and then rapid cooling to ambient 

temperature; Method II: Isothermal heat treatment at temperatures of 475°C, 549°C, and 711°C with a 

holding time of 120 minutes at each temperature and a heating rate of 10°C per minute; Method III: 

Quasi- isothermal heat treatment to simulate the glass cooling process during the infiltration process. 
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2-2 Characterization Tests 

To investigate the thermal behavior of lithium metasilicate (Li₂SiO₃) glass and to determine the 

glass transition temperature (Tg), nucleation temperature (Tn), crystallization temperature (Tc), and 

melting temperature (Tm), differential thermal analysis (DTA) was employed. For DTA analysis, 

amorphous glass powders previously ground in an agate mortar and sieved through a 100-mesh 

screen (<150 µm) were used to ensure uniform particle size and stable thermal response.  DTA was 

performed on approximately 20 mg of glass powder, heated from room temperature to 1000 °C at 

a rate of 10 °C·min⁻¹ in alumina crucibles under air atmosphere. To determine the amorphous 

nature of the cast glass and to identify the phases formed during thermal treatment, X-ray 

diffraction (XRD) analysis was utilized. Prior to XRD testing, bulk specimens were manually 

ground in an agate mortar and sieved through a 200-mesh screen (<75 µm) to obtain homogeneous 

fine powders suitable for quantitative diffraction. XRD measurements were performed using a 

Philips PW3710 diffractometer operated at 30 kV and 40 mA, with Cu Kα radiation (λ = 1.5406 

Å). Diffraction patterns were collected over a 2θ range of 5–80° at a scanning rate of 0.02°/s. Phase 

identification was carried out using XPert HighScore Plus 3.0.5 software. After phase 

identification, quantitative phase analysis was performed using the Rietveld refinement method, 

and the volume fraction of each phase was calculated using MAUD software. Rietveld refinement 

was carried out using a pseudo-Voigt peak profile and a fifth-order polynomial background 

function. Refinement proceeded sequentially through four parameter groups: (i) background and 

scale factors, (ii) basic phase parameters including lattice constants and zero-shift, (iii) 

microstructural parameters (crystallite size and microstrain, modeled isotropically), and (iv) 

structural parameters, which were constrained using standard CIF files. Preferred orientation 
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effects were evaluated using the March–Dollase model when necessary. Refinement quality was 

assessed using standard reliability indices (Rp, Rwp, Rexp, and χ²), which confirmed satisfactory 

convergence and an adequate match between the observed and calculated diffraction profiles for 

all samples. In addition, Sig and Rw values were consistently reduced to near-unity (Sig < 1.5) and 

below 20%, ensuring the accuracy and stability of the refinement. The isotropic size–strain model 

was applied to estimate crystallite sizes. Because no dedicated instrumental standard was measured 

concurrently with the samples, these crystallite size values are interpreted as relative comparative 

indicators rather than absolute measurements. Nevertheless, all samples were analyzed under 

identical instrumental settings, ensuring that the observed differences in peak broadening reliably 

reflect the influence of thermal history on crystallization behavior.  CIF structural files from the 

Crystallography Open Database (COD) were used for precise pattern processing, including COD-

2003027 for lithium disilicate (Li2Si2O5), COD-1572506 for lithium metasilicate (Li₂SiO₃), COD-

9012821 for β-lithium orthophosphate (β-Li₃PO₄), COD-1011097 for β-quartz, COD-1010938 for 

β-cristobalite, and COD-9002380 for γ-spodumene (γ-LiAlSi₂O₆). Texture analysis of the lithium 

metasilicate (Li₂SiO₃) phase was also examined using March–Dollase functions within MAUD. 

Relative peak intensities were compared with reference CIF values to detect deviations from 

random orientation, and representative pole figure plots were generated to visualize the dominant 

crystal orientations and their possible influence on microstructural development. The morphology 

of the microstructure, as well as the size and distribution of the phases, was examined using a field 

emission scanning electron microscope (FESEM). The glass-ceramic samples were etched in a 2.5 

vol.% HF solution for 30 s prior to FESEM observation. It is noteworthy that to prevent charging 

of the samples during imaging, all surfaces were coated with gold for 45 seconds prior to 

microstructural examination. For quantitative ImageJ measurements, multiple FESEM 
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micrographs from different regions of each specimen were analyzed. Regions were selected based 

on uniform contrast, absence of imaging artifacts, and clear visibility of individual crystal 

boundaries to avoid area-specific bias. 

 

3- Results and Discussion 

3-1 Evaluation of Crystallization Behavior (DTA) 

Figure 2 shows the DTA and DDTA curves of lithium metasilicate (Li₂SiO₃) glass powder. An 

endothermic inflection near 475 °C is evident on the DDTA trace, marking the glass transition 

temperature (Tg). Three exothermic peaks are observed at approximately 549°C, 711°C, and 

920°C, which correspond to the crystallization of the respective phases.  A relatively weak 

exothermic peak is observed at 549°C, which is low in intensity and only detectable in the DDTA 

graph. This peak is likely attributed to the crystallization of the lithium metasilicate phase 

(Li₂SiO₃). Part of this phase at higher temperatures (around 711°C) may transform into the lithium 

disilicate phase (Li₂Si₂O₅) [35]. The second peak, appearing at 711°C, has a high intensity and is 

likely associated with the crystallization of the lithium disilicate (Li2Si2O5) phase [35]. The third 

peak, around 920°C, may result from the crystallization of silica phases such as cristobalite or 

quartz, or from increased order in the amorphous β-lithium orthophosphate (β-Li₃PO₄) phase [35, 

37]. Additionally, two endothermic peaks are observed at 946°C and 981°C, which may relate to 

polymorphic transitions or the melting of crystalline phases present in the sample. For a more 

precise identification of the nature of the thermal peaks observed in the DTA test, X-ray diffraction 

(XRD) patterns corresponding to the thermally treated samples at the respective temperatures will 

be examined in the next section. 

 [
 D

O
I:

 1
0.

22
06

8/
ijm

se
.4

36
3 

] 
 [

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.iu

st
.a

c.
ir

 o
n 

20
26

-0
1-

08
 ]

 

                            11 / 33

http://dx.doi.org/10.22068/ijmse.4363
https://www.iust.ac.ir/ijmse/article-1-4363-en.html


 

12 
 

 

Figure 2. DTA and DDTA curves obtained from lithium metasilicate (LS) glass powder. 

 

3-2 Evaluation of Crystalline Phases (XRD) and Determination of Phase Crystallization 

Percentages 

lithium metasilicate (Li₂SiO₃) glass was subjected to X-ray diffraction (XRD) testing after thermal 

treatment at various temperatures. The resulting XRD patterns are presented in Figure 3, along 

with the phase analysis and quantification results in Table 1 and Figure 4. The identified phases 

include lithium metasilicate (Li₂SiO₃), lithium disilicate (Li₂Si₂O₅), β-lithium orthophosphate (β-

Li₃PO₄), quartz (SiO₂), cristobalite (SiO₂), and γ-spodumene (γ-LiAlSi₂O₆). 
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Based on Figure 3a, the initial lithium metasilicate (Li₂SiO₃) glass sample is completely 

amorphous and lacks any crystallization peaks. In the non-isothermal heat treatment, up to 475°C 

(corresponding to Tg), the structure remains amorphous (Figure 3b), with only a very small amount 

(0.8 wt.%) of the Li₂SiO₃ phase identified in the glassy matrix. Considering the typical detection 

limits of laboratory XRD (LOD ≈ 0.1–0.2 wt%), this fraction lies above the minimum detectable 

threshold and is therefore regarded as physically meaningful within the refinement accuracy. In 

the temperature range of 500–590°C, the presence of P₂O₅ leads to the formation of β-lithium 

orthophosphate (β-Li₃PO₄) nanophases. The high field strength 𝑃5+ions facilitate the asymmetric 

separation of phosphates by absorbing O2- ions from the silica network, and subsequently, by 

absorbing Li+ ions, the formation of β-lithium orthophosphate (β-Li₃PO₄) becomes possible 

according to Equations 1 and 2 [43]. This process creates lithium-rich areas around Li₃PO₄, 

providing nucleation sites for the crystallization of Li₂SiO₃ at temperatures of 520–590°C 

(Equations 3 and 4). 

(Si − O⋯Li+)(𝑔𝑙𝑎𝑠𝑠) + 𝑃2𝑂5(𝑔𝑙𝑎𝑠𝑠) = 3(𝑆𝑖 − 𝑂 − 𝑆𝑖)𝑔𝑙𝑎𝑠𝑠 + 2𝐿𝑖3𝑃𝑂4(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)
               Equation (1) 

𝑃2𝑂5(𝑔𝑙𝑎𝑠𝑠) +  3𝐿𝑖2𝑂(𝑔𝑙𝑎𝑠𝑠) =  2𝐿𝑖3𝑃𝑂4(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)                                                                      Equation (2) 

𝐿𝑖2𝑂(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + 𝑄2
(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) =  𝐿𝑖2𝑆𝑖𝑂3(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)

                                                           Equation (3) 

𝐿𝑖2𝑂(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) + 𝑄3
(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠) =  𝐿𝑖2𝑆𝑖𝑂3(𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑒)

+ 𝑄4
(𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠)                        Equation (4) 

 

Thus, at 549°C, there is good compatibility between the XRD pattern (Figure 3c) and the reactions 

occurring in Equations 1 to 4. Although the Li₃PO₄ phase cannot be detected due to its amorphous 

nature, low crystallinity, nanometric size, or XRD detection limitations. Research findings indicate 
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that the identification of phases such as Li₃PO₄ in glasses containing less than 3 mol% P₂O₅, which 

have been thermally treated at 450-550°C, is not feasible [44, 45]. 

 

Figure 3. XRD patterns of lithium metasilicate glass after different thermal treatments  

at various temperatures. 
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As the temperature increases from 549°C to 711°C, the phases of Li₂Si₂O₅, beta-quartz, and beta-

cristobalite form alongside Li₂SiO₃. The transformation reaction of Li₂SiO₃ to Li₂Si₂O₅ occurs 

according to Equation 5 in the presence of glassy silica. At this temperature, Li₂SiO₃ is the 

dominant phase (65.7 wt.%), while Li₂Si₂O₅ (12.8 wt.%), beta-cristobalite (0.4 wt.%), and quartz 

(0.3 wt.%) are identified as secondary phases. Since the formation of Li₂Si₂O₅ requires higher 

activation energy compared to Li₂SiO₃, Li₂SiO₃ is initially formed during thermal treatment, and 

then Li₂Si₂O₅ appears through its transformation [41]. 

 

𝐿𝑖2𝑆𝑖𝑂3(𝑐𝑟𝑦𝑠𝑡𝑎𝑙)
+ 𝑆𝑖𝑂2(𝑔𝑙𝑎𝑠𝑠) =  𝐿𝑖2𝑆𝑖2𝑂5(𝑐𝑟𝑦𝑠𝑡𝑎𝑙)                                                                       Equation (5) 

 

As the temperature rises to 920°C, the peaks of Li₂Si₂O₅ disappear, and weak peaks of Li₃PO₄ 

appear at 19.90° and 23.14° in 2θ. The absence of an endothermic event in the DTA and the 

observation of an exothermic peak at this temperature confirm the crystallization of Li₃PO₄. The 

disappearance of Li₂Si₂O₅ may be due to thermal decomposition or kinetic limitations in the non-

isothermal treatment. 

According to reports by Holland et al. [42], lithium disilicate melts around 950°C according to 

Reaction 6. However, in the DTA graph of the lithium metasilicate (Li₂SiO₃) glass powder (Figure 

2), no endothermic event was observed around 920°C, and the existing peak is exothermic. This 

peak may be due to the crystallization of the β-lithium orthophosphate phase (β-Li₃PO₄), which 

also aligns with the XRD pattern; although the intensity of this phase's peak, like that of beta-

cristobalite and beta-quartz, is weak at this temperature. The disappearance of lithium disilicate 

(Li2Si2O5) at 920°C may relate to its thermal decomposition at high temperatures or the nature of 
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the non-isothermal heat treatment, as the rapid increase in temperature to 920°C may hinder the 

kinetic formation of this phase. 

 

𝐿𝑖2𝑆𝑖2𝑂5(𝑐𝑟𝑦𝑠𝑡𝑎𝑙)
 =  𝐿𝑖2𝑆𝑖𝑂3(𝑐𝑟𝑦𝑠𝑡𝑎𝑙)

+  𝑆𝑖𝑂2(𝑔𝑙𝑎𝑠𝑠)                                                                      Equation (6) 

 

In general, crystallization behavior is influenced by the initial composition of the glass, the 

presence of nucleating agents, and stabilizing oxides (such as Al₂O₃, B₂O₃, CaO, ZnO, and ZrO₂). 

The molar ratio of SiO₂/Li₂O plays an important role in phase stability; higher ratios above 2 

facilitate the transformation of Li₂SiO₃ to Li₂Si₂O₅ [42], while ratios below 2 reduce the activation 

energy for the crystallization of Li₂SiO₃ and increase its stability at temperatures above 800°C 

[43]. In this study, the SiO₂/Li₂O ratio is 1.31; therefore, lithium metasilicate (Li₂SiO₃) is expected 

to be the dominant and stable phase in the glass-ceramic. Additionally, the duration of thermal 

treatment also affects the process, where a short duration at an appropriate temperature can 

facilitate the growth and nucleation of this phase. 

At 946°C, the phase composition is similar to that at 920°C, but the weight percentages of all 

phases have decreased, which may indicate a phase transition to an amorphous or molten state. 

The endothermic peak in the DTA at this temperature is likely related to the melting or 

simultaneous decomposition of Li₂SiO₃ and Li₃PO₄, with the two phases of Li₂SiO₃ and Li₃PO₄ 

decreasing from 58.1 wt.% and 1.2 wt.% at 920°C to 49.9 wt.% and 0.9 wt.% at 946°C, 

respectively. 

At 981°C, Li₃PO₄ and cristobalite are eliminated, and Li₂SiO₃ decreases to 38.1 wt.%. Therefore, 

the endothermic peak in the DTA at this temperature may be attributed to the complete melting of 
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Li₃PO₄, partial melting of Li₂SiO₃, or the endothermic transformation of cristobalite to quartz 

[44]. Based on the DTA curve and the X-ray diffraction (XRD) pattern of lithium metasilicate 

(Li₂SiO₃) glass, it is predicted that the lithium metasilicate (Li₂SiO₃) phase along with two other 

phases will melt at temperatures above 1000°C. 

The results of isothermal heat treatment (LS-1000) indicate that during cooling from the melt to 

room temperature, four phases Li₂SiO₃ (84.7± 0.9 wt.%), Li₃PO₄ (1.4± 0.3 wt.%), quartz (0.6± 0.1 

wt.%), and cristobalite (0.3± 0.1 wt.%) are formed. The crystallization mechanism is similar to that 

of non-isothermal treatment, but the high stability of Li₂SiO₃ prevents the formation of Li₂Si₂O₅. 

It is expected that the common reactions in lithium metasilicate (Li₂SiO₃) glasses during non-

isothermal heat treatment will also occur in this process. According to Figure 5, at temperatures 

above 1201°C and within a range of approximately 63 wt.% SiO₂, the only present phase is the 

molten phase. This diagram is plotted for the binary system Li₂O–SiO₂ and shows that upon 

cooling from 1201°C to 1024°C, the lithium metasilicate (Li₂SiO₃) phase forms within the melt. 

However, in lithium metasilicate (Li₂SiO₃) glasses containing oxides such as P₂O₅ and Al₂O₃, the 

crystallization of phases is somewhat different. In such systems, as the temperature decreases from 

the molten state, P₂O₅ initially reacts with Li₂O to form β-lithium orthophosphate (β-Li₃PO₄) 

nuclei (Equation 2). During non-isothermal heat treatment, due to the lack of precise control over 

the cooling rate, these nuclei grow through the Ostwald ripening process, reducing their density 

[45]. Then, with further temperature reduction and the creation of silica-rich regions, the lithium 

metasilicate (Li₂SiO₃) phase precipitates on the β-lithium orthophosphate (β-Li₃PO₄) nuclei. As 

seen in the XRD pattern in Figure 3, alongside the formation of lithium metasilicate (Li₂SiO₃), the 

phases of beta-quartz and beta-cristobalite are also created. Since in non-isothermal heat treatment, 

the lithium metasilicate (Li₂SiO₃) phase is stable in this system and the lithium disilicate (Li2Si2O5) 
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phase completely disappears as the temperature increases from 711°C to 920°C, it is expected that 

in the LS-1000 sample during cooling from the molten state to lower temperatures, lithium 

metasilicate (Li₂SiO₃) will remain stable. As observed, the XRD results also confirm this. 

Figure 4. Quantification of crystalline phases in thermally treated lithium metasilicate (Li₂SiO₃) glass-

ceramic under various conditions and the corresponding residual glass phase. 

A comparison of the diffraction patterns and their quantified results (Figures 3 and 4) indicates 

that thermal treatment conditions play a significant role in the percentage and type of formed 

phases. In the isothermal process (LS-HT), the crystallization percentage (62±0.9 wt.%) is lower 

than that of LS-1000 (87 ±1 wt.%), but the variety of formed phases is greater: (34.7± 0.5 wt.%) 

Li₂SiO₃, (19.8±0.4 wt.%) Li₂Si₂O₅, γ-spodumene (γ-LiAlSi₂O₆) (3.8±0.3 wt.%), quartz (2.6±0.2 

wt.%), and (1.1±0.4 wt.%) Li₃PO₄. The difference in crystallization percentage and phase 

composition is related to the thermal treatment conditions and the mechanisms of nucleation and 
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crystal growth. In LS-1000, due to slow cooling and a thermal gradient, sufficient time for 

nucleation and crystal growth is likely provided, resulting in a higher crystallization percentage 

[51, 52]. In contrast, LS-HT, which undergoes controlled thermal treatment at nucleation and 

crystal growth temperatures, kinetically allows for the crystallization of equilibrium phases; 

however, due to the short nucleation and growth time, there may not be enough opportunity for 

the glass phase to convert into crystalline phases, leading to a lower crystallization percentage 

[53]. The nucleation process is crucial in determining the crystallized phases. Depending on the 

processing conditions, different crystals may exhibit bulk or surface crystallization. Lodesani et 

al. [54] concluded in their studies that lithium disilicate (Li2Si2O5) and β-lithium orthophosphate 

(β-Li₃PO₄) crystallize volumetrically within the glass, while lithium metasilicate (Li₂SiO₃) forms 

on the surface of the glass. Therefore, the continuous cooling of LS-1000 in the furnace and the 

presence of a temperature gradient increase the likelihood of surface crystallization in the sample, 

resulting in a higher ratio of the lithium metasilicate (Li₂SiO₃) phase. Phosphorus oxide is widely 

recognized as an effective nucleating agent in this glass system, promoting the formation of β-

lithium orthophosphate (β-Li₃PO₄), which subsequently facilitates the crystallization of lithium 

metasilicate (Li₂SiO₃) and lithium disilicate (Li₂Si₂O₅) [47]. The LS-1000 sample may provide 

better conditions for the performance of phosphorus oxide and consequently for the nucleation and 

crystallization of β-lithium orthophosphate (β-Li₃PO₄) due to the nature of its thermal treatment 

process, resulting in higher crystallization. In contrast, in the LS-HT thermal treatment, the 

formation of β-lithium orthophosphate (β-Li₃PO₄) with low-range order at low temperatures may 

have prevented the full utilization of the nucleation potential of phosphorus oxide. 
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Figure 5. A part of the phase diagram of the SiO₂–Li₂O binary system [50]. 

As seen in Table 1, lithium disilicate (Li2Si2O5) and γ-spodumene (γ-LiAlSi₂O₆) phases were not 

detected in the LS-1000 glass-ceramic under the present XRD conditions, unlike in LS-HT. Given 

the detection limits of XRD, the presence of trace or nanoscale domains of these phases cannot be 

fully ruled out.  The thermal treatment conditions, particularly the continuous cooling from the 

molten state, did not provide the thermodynamic and kinetic requirements necessary for the 

formation of l lithium disilicate (Li2Si2O5) and γ-spodumene (γ-LiAlSi₂O₆). It is also possible that 

these phases were re-dissolved in the melt during the slow cooling process. Overall, differences in 

cooling rates, thermal treatment stages, and the role of nucleating agents are key factors 

determining the amount and type of crystallization, leading to the observed differences in phases 

and crystallization percentages between the two samples. 
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Figure 6 shows a comparison of the XRD patterns of the two glass-ceramics, LS-1000 and LS-HT. 

As observed, the intensity of the diffraction peaks corresponding to the lithium metasilicate 

(Li₂SiO₃) phase in LS-1000, including the (020), (130), (111), (110), (002), and (210) planes, is 

significantly higher than that in LS-HT. This increased intensity can be attributed to the higher 

crystallization percentage (87 ±1 wt.% versus 62 ±0.9 wt.%), larger crystal sizes (337 nm compared 

to 147 nm), and greater crystalline order. The shorter peaks in LS-HT indicate the presence of 

smaller crystals or a higher proportion of the amorphous phase. 

Since the intensity of diffraction peaks depends on the size and order of the crystals, the growth of 

larger crystals in LS-1000, resulting from the nature of its thermal treatment and slow cooling, 

accounts for this difference. Although thermal gradients and variable cooling rates can promote 

preferential growth or orientation, microstructural texture analysis using Maud software revealed 

no preferred orientation in these crystals, and their distribution in the glassy matrix is entirely 

random. 

 

Figure 6. Comparison of the XRD pattern of lithium metasilicate (Li₂SiO₃) glass-ceramics LS-1000 and 

LS-HT. 
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Table 1. Crystalline phases crystallized and the crystallization percentage of  

lithium metasilicate (Li₂SiO₃) glass-ceramics. 

Residual Glass 

Content 

 (Wt. %) 

Crystallinity 

 (Wt. %) 
Crystalline Phases (wt. %) Sample 

99.2±2.3 0.8 ±0.5 0.8± 0.5 Li2SiO3 LS-475 

36.6±1.4 63.4 ±0.8 63.4± 0.8 Li2SiO3 LS-549 

20.8±1.1 79.2 ±0.8 65.7± 0.7 Li2SiO3 – 12.8± 0.4 Li2Si2O5 – 0.3± 0.1 β-Qtz – 0.4± 0.2 β-Crist LS-711 

38.9±1.6 61.1 ±0.8 58.1± 0.7 Li2SiO3 – 0.6± 0.2 β-Qtz – 0.3± 0.1 β-Crist –2.1± 0.4 β-Li3PO4 LS-920 

49.3±1.8 50.7 ±0.7 49.4± 0.6 Li2SiO3 – 0.3± 0.1 β-Qtz – 0.1± 0.1 β-Crist –0.9± 0.3 β-Li3PO4 LS-946 

60.5±0.6 39.5 ±0.5 38.1± 0.4 Li2SiO3 – 0.2± 0.1 β-Qtz –1.2± 0.2 β-Li3PO4 LS-981 

13±0.6 87 ±1 84.7± 0.9 Li2SiO3 – 0.6± 0.1 β-Qtz – 0.3± 0.1 β-Crist –1.4± 0.3 β-Li3PO4 LS-1000 

38±3.2 62 ±0.9 
34.7± 0.5 Li2SiO3 – 19.8± 0.4 Li2Si2O5 – 3.8± 0.3 γ-LiAlSi2O6 – 2.6± 0.2 

β-Qtz–1.1± 0.4 β-Li3PO4 
LS-HT 

 

3-3 Microstructure Evaluation (FESEM) 

Figure 7 shows the microstructure of lithium metasilicate (Li₂SiO₃) glass-ceramics after polishing 

and etching in a 2.5% volumetric solution of hydrofluoric acid for 30 seconds. In the sample 

subjected to controlled thermal treatment (LS-HT) (Figures 7a to b), a combination of plate/strip-

like and rod-like morphologies is observed. According to the studies by Daguan et al. [37] and 

Suárez et al. [35], the plate or strip morphologies are related to the crystallized lithium metasilicate 

(Li₂SiO₃) phase. As previously stated, the phase analysis results confirm the presence of two main 

phases, namely lithium metasilicate (Li₂SiO₃) and lithium disilicate (Li2Si2O5), in the LS-HT 
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sample. Therefore, the rod-like structures observed in this sample likely belong to the lithium 

disilicate (Li2Si2O5) phase. 

 

 

Figure 7. FESEM micrographs of lithium metasilicate (Li₂SiO₃) glass-ceramics: (a–b) correspond to the 

LS-HT sample (controlled thermal treatment), and (c–d) correspond to the LS-1000 sample (quasi-

isothermal cooling). 
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In contrast, the sample subjected to uncontrolled thermal treatment (LS-1000) is primarily 

composed of interlocked strip-like crystals (Figures 7c to d). In Figures 7c and 7d, the aggregation 

of several plate-like crystals leads to the formation of colonies with a striped appearance. 

Additionally, Figure 7d clearly shows the presence of spherical voids resulting from the removal 

of the β-lithium orthophosphate (β-Li₃PO₄) phase due to chemical etching. 

Quantitative analysis results using ImageJ software indicate that the controlled thermal treatment 

in LS-HT leads to the formation of a microstructure with smaller, more uniform crystals, exhibiting 

a more balanced geometry and a random distribution in the glassy matrix. In contrast, the 

uncontrolled thermal treatment in LS-1000, due to thermal gradients and lack of control over the 

cooling rate, significantly increases the dimensions of the crystals and their length-to-thickness 

ratio, resulting in a coarse structure that is potentially prone to a decline in mechanical properties. 

The quantitative values related to the length, thickness, and length-to-thickness ratio of lithium 

metasilicate (Li₂SiO₃) crystals under the two thermal conditions are presented in Table 2. These 

results demonstrate that thermal parameters strongly influence the crystallization pathway and 

final microstructure of lithium metasilicate (Li₂SiO₃) glass-ceramics. The LS-HT sample 

exhibited a more uniform microstructure with smaller and well-distributed crystals, whereas the 

LS-1000 sample showed a coarser and more heterogeneous morphology. While such 

microstructural distinctions are known to affect the functional and mechanical behavior of silicate-

based glass-ceramics, the present study is limited to structural evaluation, and quantitative 

mechanical characterization will be addressed in future work.  It should also be clarified that the 

crystalline phases discussed here are not present during the infiltration stage itself, since the glass 

is fully molten and exists as a single-phase liquid at infiltration temperatures. Their significance 

emerges only during post-infiltration cooling, where the type, morphology, and thermal expansion 
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behavior of the crystallized phases can influence residual stresses, interfacial bonding, and the 

long-term stability of the glass–zirconia composite. Accordingly, the phase assemblages reported 

in this study reflect the behavior of the glass during cooling under simulated thermal histories 

rather than during infiltration itself.  While the present work  focuses solely on structural features, 

it is also important to clarify the scope of the LS-1000 pathway. The LS-1000 pathway represents 

only a thermal simulation of slow furnace cooling and does not reproduce actual glass infiltration, 

capillary flow, wetting, or interfacial reactions with zirconia. Therefore, the results presented here 

describe the crystallization behavior under simulated thermal conditions, and future studies should 

include direct infiltration experiments on porous zirconia to validate structural and interfacial 

responses under real processing conditions. 

Table 2. Quantitative comparison of the microstructural characteristics of lithium metasilicate (Li₂SiO₃) 

crystals under two different thermal conditions. 

Growth Ratio 

(LS-1000/LS-HT   (  
LS-1000 LS-HT Microstructural Feature 

10.4±0.37 54.1±19.2 5.2±0.37 Average crystal length (µm   (  

31.2±9 5.3±1.2 0.17±0.03 Average crystal thickness (µm   (  

0.3±0.17 10.2±4.3 30.6±5.8 Aspect ratio (Length/Thickness    (  

 

4- Conclusion 

The findings of this study indicate that the thermal path applied during the crystallization process 

of lithium metasilicate (Li₂SiO₃) glass plays a decisive role in its phase transformation and final 

microstructure. Under controlled isothermal heat treatment conditions, multiple phases, including 

Li₂SiO₃ and Li₂Si₂O₅, were formed with an overall crystallization percentage of about 62±0.9%, 

resulting in a uniform microstructure with fine grains that may enhance mechanical properties. In 

contrast, the simulated thermal treatment for infiltration (LS-1000) resulted in a higher 
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crystallization percentage of about 87±1% and the predominance of the lithium metasilicate 

(Li₂SiO₃) phase, with no formation of lithium disilicate (Li2Si2O5), but created a coarse and nearly 

heterogeneous structure that likely has lower mechanical strength. Therefore, the precise selection 

and control of the thermal path are essential in designing suitable materials for infiltration. This 

study serves as a first step, providing a deeper understanding of the relationship between thermal 

path and the microstructure of lithium metasilicate (Li₂SiO₃) glass in the absence of a zirconia 

framework, laying a scientific foundation for the development of optimized processes. 

Furthermore, a direct investigation of the infiltration of this glass into porous zirconia and the 

assessment of the effect of operational conditions on adhesion, aesthetics, and the strength of the 

final composite could pave the way for developing durable and high-performance dental 

restorations. Finally, for the practical application of lithium metasilicate (Li₂SiO₃) in all-ceramic 

restorations, future research should focus on optimizing thermal cycles according to actual 

infiltration conditions and conducting a comprehensive study of the mechanical and optical 

properties of the material. Future work will focus on quantifying mechanical and functional 

properties to establish comprehensive structure–property correlations. 
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