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A B S T R A C T   

After testing over 50 experimental lithium disilicate (LS2)-based glass-ceramic (GC) compositions and evaluating 
their glass-forming ability and the effect of various heat treatments on their crystallized fraction, crystal size, and 
morphology, a particularly promising formulation was selected for the optimization of the mechanical properties 
of materials. The specimens were divided into groups submitted to a nucleation heat treatment at different times 
and temperatures, i.e., T1 (500 ◦C/90′), T2 (500 ◦C/180′), T3 (500 ◦C/360′) and T4 (480 ◦C/360′), followed by a 
crystal growth treatment to induce the lithium metasilicate (700 ◦C) and LS2 (840 ◦C) phases. However, a third 
(minor) phase, lithium phosphate, also precipitated. IPS e.max CAD was used as the control group (C, 500 ◦C/ 
360′). The elastic modulus (E) was measured by the impulse excitation technique (ASTM E 1876-15), while the 
Vickers hardness (HV) and biaxial flexural strength (BFS) were determined by indentation and the piston-on- 
three balls test (ISO 6872), respectively. The E and HV results were analyzed by ANOVA one-way with Game-
s–Howell post-hoc test, whereas the BFS data were investigated by Kruskal-Wallis with Dunn’s post-hoc test (α =
0.05). The E of all GCs were within the expected range for commercial LS2 glass-ceramics. The T2 and T4 GCs 
exhibited the best properties when compared to the C group, and despite their relatively small crystallized 
fraction (~57 %), they showed a hardness of 5.8 ± 0.2 GPa, a value that is adequate and statistically equal to 
that of the control group. The same groups reached BFS values of 359 ± 89 MPa and 493 ± 147 MPa, respec-
tively, which are also statistically equal to that of the C group (338 ± 61 MPa). The mechanical properties of the 
material studied was successfully optimized through variations in the nucleation temperature and time, reaching 
values comparable to (but not better than) commercial dental glass-ceramics.   

1. Introduction 

Glass-ceramics (GCs) are inorganic, non-metallic materials prepared 
by the controlled crystallization of glasses via different processing 
methods. They contain at least one type of functional crystalline phase 
and residual glass, reaching a crystallized volume fraction that may vary 
from ppm to almost 100 % [1]. Glass-ceramics have been the material of 
choice for aesthetic restorations, especially anterior teeth, due to their 
ability to mimic dental tissues, biocompatibility, chemical durability in 
the buccal environment, and adequate mechanical properties [2–6]. 

Lithium disilicate-based glass-ceramics (Li2O⋅2SiO2) are one of the 
most successful commercial materials in dentistry [7], being widely 
chosen by many professionals because of their wide range of application 

in veneers, crowns, and fixed dental prostheses with up to three-units. 
These GCs exhibit a high flexural strength of 300–400 MPa, a high 
fracture toughness of 2.8–3.5 MPa m½, a hardness similar to that of 
natural teeth, high chemical durability, translucency, and attractive 
aesthetics [8–10]. The possibility of being easily milled (in a partially 
crystallized state containing lithium metasilicate crystals) is also crucial, 
as it simplifies the prosthesis manufacturing methods and allows their 
production in laboratories and chairside systems through 
computer-aided design/computer-aided manufacturing (CAD/CAM) 
technology, resulting in worldwide clinical approval [11,12]. Despite 
these positive combinations of properties, the strength of these 
glass-ceramics is not yet sufficient to produce dental prostheses with a 
greater number of elements, as well as fixed implant-supported 
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prostheses, such as those produced with yttria-stabilized tetragonal 
zirconia polycrystal (Y-TZP) [13–17]. 

The properties of GCs depend on their chemical composition and the 
heat treatment adopted, which in turn impact their microstructural 
characteristics, e.g., crystal type, size and morphology, and crystallized 
fraction [1,7,18,19]. The conventional route for glass-ceramic produc-
tion involves the development of a base glass, which is melted and 
vitrified, followed by a double heat treatment: one for internal nucle-
ation, normally around the glass transition temperature (Tg), and 
another to foster crystal growth, which significantly affects the phases 
formed, the crystal size distribution and the crystallized volume fraction 
[1]. These microstructural characteristics are therefore controlled 
through parent glass composition, nucleation, and crystal growth 
treatments [18,20–22], which strongly influence the mechanical [10,23, 
24], chemical and optical [6,25,26] properties of GCs. 

Over the years, a vast literature have shown that glass-ceramics are 
being used in many fields due to their unique combination of positive 
features, attracting the interest of academic scientists and industrial 
researchers, especially in dentistry [18]. The focus of many researches is 
to understand glass-ceramics in order to further improve their properties 
[1,3,7,18,21,27–30]. For example, Riquieri et al. [27] observed impor-
tant effects of crystallized fraction on the flexural strength of GCs. 
Albakry et al. [31] and Serbena et al. [7] also analyzed the importance of 
crystallized fraction and concluded that it directly impacts the me-
chanical properties of materials by increasing their elastic modulus and 
producing crack bowing and deflection at crystalline grains/residual 
glass interfaces [7,31,32]. This effect is largely associated with the 
lath-shaped morphology of LS2 crystals. During crack bowing or 
deflection, the crack path increases and more energy is consumed to 
improve the material toughness [7,18,25,33]. 

In the intermediate stages of crystallization, when lithium meta-
silicate crystals precipitate, LS2-based glass-ceramics can be easily 
machined into desired shapes. Afterwards, an additional heat treatment 
forms lithium disilicate crystals, which in turn further increases their 
fracture strength and toughness [7]. This microstructure is characterized 
by a high crystallinity ranging from 50 % to 80 %, and a high aspect ratio 
of the grains, which impairs crack propagation [7,10,25,28,29,33–40]. 

It is usually hypothesized that the greater the translucency and 
aesthetics of these glass-ceramics, the lower their fracture strength 
because of the larger fraction of residual glass. In the case of LS2 glass- 
ceramics, the microstructure is typically composed of one or more 
crystalline phases embedded in a glassy matrix [7], resulting in a high 
crystallinity, with the lath-like lithium disilicate crystals ranging from 1 
to 10 μm [7,18]. In addition to lithium disilicate (Li2Si2O5), other crystal 
phases are normally present, for instance, lithium metasilicate (Li2SiO3), 
lithium phosphate (Li3PO4), and α-quartz (SiO2) [41]. This configura-
tion of interlocked lath-shaped or plate-like crystals is responsible for 
their superior mechanical strength [7,28]. 

Even though there are hundreds of papers and patents on LS2-LS 
glass-ceramics, a crucial question still remains: Is it still possible to 
further optimize their properties? 

After testing over 50 new, experimental lithium disilicate (LS2) 
glass-ceramic compositions over the past 6 years [30] and evaluating the 
effect of various heat treatments on the crystallized fraction, crystal size 
and morphology of these materials, as well as on their resulting me-
chanical properties as reported in our previous work [30], for this study 
we selected a particularly promising composition intended for 
CAD/CAM, which in preliminary tests showed properties similar to 
those of successful commercial glass-ceramics. During a particular heat 
treatment, it was possible to observe a microstructure of lath-shaped 
interlocked crystals smaller than 3.5 μm. Furthermore, the lithium 
metasilicate and disilicate phases exhibited distinct plate-like and 
lath-shaped morphologies, respectively, and were easily identified after 
their respective crystal growth heat treatments [30]. Thus, it can be 
inferred that this experimental glass-ceramic material has potential for 
further exploration and optimization. 

Therefore, this study focused on the evaluation of the above- 
described lithium disilicate (LS2)- and lithium metasilicate (LS)-based 
glass-ceramic composition named LSM CAD developed at the Laboratory 
of Vitreous Materials (LaMaV) of the Federal University of São Carlos 
(UFSCar). In the case of this specific lithium disilicate developed, the 
primary purpose was to expand the range of applications for lithium 
disilicate material, ultimately aiming to create a final product capable of 
producing larger prosthetic components, characteristics do not present 
in the commercial one. Thus, continually aiming to advance materials 
with a particular focus on improving their microstructural characteris-
tics in order to improve their mechanical properties. The aim was to 
investigate if its mechanical properties could be further improved in 
relation to those of the (already) excellent commercial glass-ceramics. 
For this purpose, different nucleation times and temperatures were 
used, always keeping the crystal growth treatment constant to promote 
microstructural changes. Then, crystal phase and microstructure ana-
lyses, along with elastic modulus, Vickers hardness, and biaxial flexural 
strength measurements, were performed. Ivoclar’s IPS e.max CAD was 
adopted as a reference material. 

The study in question presents two defined null hypotheses (H0) as 
follows: H01 - There is no difference in the microstructural characteris-
tics between the commercial material IPS e.max CAD (Ivoclar Vivadent) 
and the experimental materials; H02 - There is no difference in the me-
chanical properties between the commercial material IPS e.max CAD 
(Ivoclar Vivadent) and the experimental materials. 

2. Materials and methods 

The material designated for analysis was the experimental CAD/ 
CAM material lithium disilicate-based glass (LSM CAD), which has the 
following composition: 50–60 % SiO2, 20–30 % Li2O, 0–10 % K2O, 0–10 
% P2O5, 0–5% CaO, 0–5% BaO, 0–5% Al2O3, 0–5% MgO, 0–5% Sb2O3. 
To prepare this selected material, the following analytical grade chem-
icals were used: aluminum oxide (Alfa Aesar, 99.9 %), antimony oxide 
III (Vetec, 99.5 %), barium carbonate (Qhemis, 99.0 %), calcium car-
bonate (J.T. Baker, 99.3 %), lithium carbonate (Synth,99.0 %), mag-
nesium oxide (Synth, 96 %), monobasic potassium phosphate (Vetec, 
99.0 %), potassium carbonate (Sigma-Aldrich, 99.0 %), silicon dioxide 
(Vitrovita quartz #4, 99.99 %). The mixture of reagents was homoge-
nized in a Turbula® (Wab Group, Muttenz, Switzerland) for 4 h and then 
melted in a platinum crucible placed in an electric furnace at 1450 ◦C for 
3 h. The melt was quenched in air onto a steel plate and re-melted three 
times to eliminate bubbles and streaks and homogenize the viscous 
liquid. Finally, it was cast in a stainless-steel cylindrical mold (12 mm in 
diameter x 35 mm in length). 

The annealing procedure of the glass samples was carried out in an 
EDG 7000 (EDG, São Carlos, São Paulo, Brazil) furnace at 380 ◦C (53 ◦C 
below Tg = 433 ◦C) for 2 h to relieve residual thermal stresses. The 
specimens were cut using an SYJ-150 Low-Speed Diamond Saw (MTI, 
Richmond, California, USA) with a diamond blade (Series 15LC Dia-
mond, Buehler, Illinois, USA) at 200 rpm and water-cooled. 

The cylindrical glass samples obtained were cut into discs of 12 mm 
in diameter x 1.2 mm in thickness following the ISO 6872 [42] for 
flexural strength measurements, that is biaxial flexural strength (by the 
piston-on-three balls test, n = 10 per group). In addition, the same 
dimension of samples were used to determine the crystalline fraction (n 
= 3 images per group), crystal size distribution (n = 3 images per group), 
elastic modulus (n = 4 per group, 4 measurement in one sample) and 
Vickers hardness (n = 6 per group, 3 measurement in one sample). The 
sample dimensions were measured using a digital caliper (500-144B, 
Mitutoyo Sul Americana, Suzano, SP, Brazil), accepting a variation of 
±0.01 mm. Each value represents the average of three measurements. 

The samples were randomly divided and submitted to three crys-
tallization steps, namely, nucleation, lithium metasilicate (LS) growth, 
and LS2 growth. The time and temperature of the nucleation heat 
treatment were varied to obtain different microstructures in an attempt 
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to optimize the mechanical properties of the glass-ceramics, forming 
four groups: T1, T2, T3, and T4, as shown in Table 1. 

After the heat treatments, the samples were ground using silicon 
carbide (SiC) abrasive papers of different granulometry (from 150 to 
1200 grit) followed by polishing on an aqueous suspension with 1 μm 
cerium oxide (CeO2). 

Ivoclar’s IPS e.max CAD was used as the control group (C group), and 
the blocks were machined into a cylindrical shape. The cylinders were 
cut in the same dimension for all the experimental groups to yield discs 
with 12 mm in diameter x 1.2 mm in thickness. The crystallization cycle 
was carried out in a Programat P310 furnace (Ivoclar Vivadent, Schaan, 
Liechtenstein), according to the manufacturer’s recommendations. The 
finishing and polishing of the IPS e.max CAD specimens followed the 
same procedures described for the LSM groups. 

All groups were analyzed on an X-ray diffractometer (XRD) (RINT- 
2000, RIGAKU, Tokyo, Japan) with Cu-Kα radiation in a scan range 
between 10◦ and 80◦ at 3◦/min. The crystalline phases were identified 
with the aid of the JCPDS-ICDD database [43,44]. The crystallized 
volume fraction (CF - %) was obtained from the ratio of the crystalline 
area (AC) to the total area (AT) of the diffractograms using Equation (1) 
below [33,45,46]: 

CF=(AC /AT) x 100 (1) 

The crystal size distributions, morphologies, and crystallized frac-
tions of the heat-treated samples were measured using the images ob-
tained on a scanning electron microscope (SEM Jeol, JSM6610LV, 
Akishima, Tokyo, Japan). The samples were cleaned by ultrasound and 
covered with a thin layer of Au–Pd. Three images from each group were 
selected. Standardization of contrast and brightness was performed 
using Fotor Photo Editor (version 3.5.1), excluding image borders and 
information bars. The crystal sizes and crystallized fractions were 
measured with the aid of Image J software (National Institutes of Health, 
Bethesda, Maryland, USA) [47,48] with the Make Binary function, 
which converts the images to black and white, allowing a more accurate 
estimate of the desired features. 

The elastic modulus (E) was determined using the impulse excitation 
technique (Sonelastic, ATCP, Brazil) following ASTM E 1876-15 stan-
dard [49]. The dynamic elastic modulus is calculated by Sonelastic 
Software using equations provided by the ASTM standard, which con-
siders the geometry, mass, sample dimensions, and frequencies obtained 
through the equipment [49,50]. The results were obtained from four 
specimens of each group, with an average of four measurements per 
specimen. 

Microhardness was evaluated by the Vickers indentation (HV) 
technique with the aid of a microhardness tester (Future-Tech F-7e, 
Tokyo, Japan) with a Vickers-type diamond indenter, according to 
ASTM C 1327-03 [51]. The experiments were carried out by applying 
500 gf at a loading time of 15 s at room temperature (20 ◦C, 52 % of air 
humidity). A distance of at least 0.5 mm between the indentations was 
considered to avoid interference from the residual stress fields of the 
previous indentations. For statistics, at least six indentations were per-
formed in each sample. 

Biaxial flexural strength (BFS) was measured by the piston-on-three 
balls test at room temperature (24 ◦C, 56 % of air humidity) on a uni-
versal testing machine (EMIC DL 200 Equipment and Systems Testing 

Ltd.). Each specimen was centrally placed over three spheres (with a 
diameter of 2.5 mm, positioned 120◦ apart on a support circle with a 
diameter of 12 mm) and loaded by the piston in the center of the 
opposite surface, following ISO 6872 standard [42]. A 0.5 mm/min 
displacement rate was adopted, and 10 samples were tested for each 
glass-ceramic. 

The biaxial bending strength (BFS) of the materials was evaluated 
using Equations (2)–(4), as proposed by Ref. [42]: 

S=
− 0.2387 P (X − Y)

d2 , (2)  

where S is the biaxial flexural strength (MPa), P is the total load causing 
fracture (N), and d is the specimen thickness at the fracture origin (mm). 
X and Y were determined according to Equations (3) and (4) [42]: 
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, (4)  

where ν is the Poisson’s ratio (the value assumed for the present study 
was 0.25), r1 is the radius of the support circle, r2 is the radius of the 
loaded area, r3 is the radius of the specimen, and d is the specimen 
thickness at the fracture origin. 

The E and HV data were statistically analyzed using ANOVA one-way 
with Games–Howell post-hoc (α = 0.05), while the BFS and CSD results 
were statistically analyzed by Kruskal-Wallis with Dunn’s post-hoc test 
(α = 0.05), and the CF data were analyzed by descriptive statistics. 

3. Results 

A visually homogeneous transparent glass was obtained after melting 
and annealing. The glass was named LSM CAD. It is composed of 50–60 
% SiO2, 20–30 % Li2O, 0–10 % K2O, 0–10 % P2O5, 0–5% CaO, 0–5% 
BaO, 0–5% Al2O3, 0–5% MgO, 0–5% Sb2O3, a composition similar to 
that of the control group (IPS e.max CAD), which is 57–80 % SiO2, 
11–19 % Li2O, 0–13 % K2O, 0–11 % P2O5, 0–8% ZrO2–ZnO,0–5% Al2O3, 
0–5% MgO, and coloring oxides. 

Four different nucleation heat treatments were carried out, namely, 
T1 (500 ◦C–90 min), T2 (500 ◦C–180 min), T3 (500 ◦C–360 min), and T4 
(480 ◦C–360 min), as described in Table 1. SEM micrographs were ob-
tained after each heat treatment (Fig. 1). 

The micrographs in Fig. 1 show a fine microstructure of lath-shaped 
crystals embedded in a glassy matrix with uniform dimensions, in 
addition to an interlocking pattern of crystals that resemble the control 
group (Fig. 1 e − IPS e.max CAD). However, the images of T2 and T3 
(Fig. 1 b and c, respectively) reveal two distinct crystal sizes. 

The XRD patterns of each heat treatment are shown in Fig. 2. All 
crystalline phases were identified. 

From Fig. 2., it is possible to observe that the specimens of groups T1, 
T2, T3, and T4 showed a predominance of lithium disilicate crystals – 
Li2Si2O5 (ICDD Card. no.82-2396), in addition to the presence of lithium 
phosphate – Li3PO4 (ICDD Card. no.83-339) and lithium metasilicate 
crystals – Li2SiO3 (ICDD Card. no.70-330). The results are similar to that 
of the control group, except for that fact the latter does not have lithium 
metasilicate in its composition. 

The crystallized volume fractions were estimated from the ratio of 
the crystalline area to the total area of the diffractograms [33,45,46]. 
Table 2 shows the resulting phase percentages. 

The X-ray diffraction analysis indicated that all experimental groups 
had a slight variation in the phase quantities, with values ranging be-
tween 47 and 50 % for lithium disilicate, 4–5% for lithium phosphate, 
and 3–4% for lithium metasilicate (Table 2). The control group, in 
contrast, showed a predominance of lithium disilicate (59 %), with the 

Table 1 
Time and temperature of nucleation, lithium metasilicate and lithium disilicate 
growth treatments applied to the four experimental groups.  

Group Time 
(min) 

Temperature 
(◦C) 

LS Crystal Growth 
(◦C) 

LS2 Crystal 
Growth (◦C) 

T1 90 500 700 840 
T2 180 500 700 840 
T3 360 500 700 840 
T4 360 480 700 840  
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presence of lithium phosphate (6 %) and the absence of lithium meta-
silicate, corroborating the values obtained by Lubauer et al. [52] (~63 
and 7 %, respectively). It is worth mentioning that in this work the 
crystallized fraction was calculated by the peak area method (Equation 
(1)). 

Regarding the crystallized fraction and residual glass phase, from 
Table 2 it is possible to observe a small crystallized fraction for the 
experimental groups (T1, T2, T3 and T4) in comparison with the control 
sample. Considering constant crystal growth temperatures and times, as 
the nucleation time (Table 1) increased from 90 to 180 min at 500 ◦C for 
samples T1 and T2, respectively, the crystallized fraction slightly 
increased from 54 to 58 %. 

As for groups T3 and T4, even with the decrease in the nucleation 
temperature from 500 to 480 ◦C, respectively, the crystallized fraction 
remained practically constant (57 %), indicating that there was a satu-
ration of the number of nuclei at 480 ◦C for 360 min, which did not affect 
the total crystallized fraction. Despite this small crystallized fraction of 
our samples compared to the control group and the consequent increase 
in the residual glass phase, this microstructure is still promising due to 
its reasonably high crystallized volumetric fraction (54%–58 %), a 
parameter that strongly affects the flexural strength of materials, as 
reported by Peitl et al. [53] and Serbena et al. [7]. 

Table 3 summarizes the means of crystal size distribution (CSD), 

elastic modulus (E), Vickers hardness (HV), and biaxial flexural strength 
(BFS) obtained for T1, T2, T3 and T4 in comparison with the control 
group (IPS e.max CAD). 

As observed in Table 3, the crystal size distributions of groups T1 and 
T2 were approximately 2 μm and did not differ statistically from those of 
the control group, unlike T3 and T4, which exhibited larger and smaller 
crystal sizes (3.1 μm and 1.6 μm), respectively. The elastic modulus of T1 
and T4 did not differ statistically, reaching a value of ~95 GPa. Only the 
E of T3 was statistically equal to that of the control group, with a value of 
~100 GPa. With respect to Vickers hardness, only groups T2 and T4 
presented a value (~5.8 GPa) comparable to the control (6 GPa), yet not 
statistically different. In contrast, groups T1 and T3 showed lower and 
significantly different values (5.6 and 5.5 GPa, respectively). 

Despite the differences between the crystallized fractions of the 
control group and the GCs studied herein, they were not enough to 
significantly affect the results of biaxial bending strength, since T1, T2, 
and T4 did not differ statistically. Among all groups tested, T4 showed 
the best strength (493 ± 147 MPa) (Table 3), while the lowest value was 
achieved by T3 (225 ± 52 MPa). This lowest value may be explained by 
the different crystal morphology present in the microstructure and the 
relatively large variability in the crystal sizes, as observed in Fig. 1 c. and 
Table 3. 

Fig. 1. SEM micrographs of a) T1 (500 ◦C–90 min), b) T2 (500 ◦C–180 min), c) T3 (500 ◦C–360 min), d) T4 (480 ◦C–360 min) and e) IPS e.max CAD glass-ceramics.  
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4. Discussion 

The properties of glass-ceramics depend on their composition and 
the thermal treatments to which they are submitted [19,22]. As already 
reported, these thermal treatments have a significant effect on the 
crystallization process of GCs [22], controlling their phase formation, 
crystallinity, and crystal size [6]. As a result, they have been widely used 
to optimize the type and content of phases as well as the overall 
microstructure of crystals for the development of materials with desired 
properties [54,55]. 

Studies on multicomponent bioactive silicate glasses have revealed 
that when network-modifying ions are introduced, they cause a decrease 
in the glass transition temperature, along with an increase in the 

crystallization temperature. This effectively expands the processing 
window of the material under investigation [56,57]. Due to their 
excellent properties, such as good chemical stability, biocompatibility, 
translucency, and mechanical strength, these glass-ceramics have been 
widely used, for instance, in commercial dental restorations [58]. Dental 
materials with a restorative function must, therefore, demonstrate 
durability in the oral environment, resemble the natural structure of the 
tooth, and exhibit high mechanical strength and wear resistance [9]. 

Therefore, the addition of Al2O3 and ZrO2 enhances the chemical 
stability of the glass, which is of great importance for dental materials 
[59,60],as Zr4+ promotes a more polymerized silicate network [61]. 
Meanwhile, CaO and K2O reduce the melting temperature. In addition to 
lowering the melting temperature, K2O favors the preferential nucle-
ation of the metasilicate phase instead of the disilicate phase, as this 
reagent hinders the diffusion of Li2O into the SiO2-rich region [60], a 
crucial crystalline phase in the initial stage of crystallization (commonly 
used in commercial glass-ceramics) for the material machining step 
[62]. Utilizing efficient processing and manufacturing techniques can 
lead to dental restorative materials that boast a cost-effective produc-
tion, exceptional aesthetics, and sustained mechanical and chemical 
performance over the long term following implantation [63]. 

The findings related to the XRD patterns (Fig. 2) of the LSM CAD 
groups comply with those reported in the literature for commercial GCs 
[5,7,29,64–66],which show a predominance of lithium disilicate. Huang 
et al. [66] and Lien et al. [29] observed that when glass-ceramics of this 
family are subjected to an additional crystallization treatment at tem-
peratures above 780 ◦C, there is an increase in the transformation of 
lithium metasilicate into lithium disilicate, leading to an improvement 
in their mechanical properties [29,66]. Herein, both the commercial 
material and the LSM CAD were submitted to a heat treatment above 
780 ◦C, that is, 820 ◦C for 7 min and 840 ◦C for 10 min, respectively. 
However, in the experimental materials the extra heat treatment adop-
ted (840 ◦C/10 min) was not enough to transform all the lithium met-
asilicate into lithium disilicate, as seen by the residual lithium 
metasilicate (3–4%) shown in Table 2. 

Thus, according to Fig. 2 and Table 2 the control group showed a 
predominance of lithium disilicate (59 %), with the presence of lithium 
phosphate (6 %) and the absence of lithium metasilicate, totaling 65 % 

Fig. 2. X-ray diffractograms of T1 (500 ◦C–90 min), T2 (500 ◦C–180 min), T3 (500 ◦C–360 min), T4 (480 ◦C–360 min) and IPS e.max CAD (control) glass-ceramics.  

Table 2 
Quantitative analysis of lithium disilicate (LD), lithium phosphate (LP), lithium 
metasilicate (LM), overall crystallized fraction (CF), and residual glass phase 
(RG) present in the specimens.  

Group LD (%) LP (%) LM (%) CCF (%) RRG (%) 

Control 59 6 – 65 35 
T1 47 4 3 54 46 
T2 50 5 3 58 42 
T3 49 4 4 57 43 
T4 49 5 3 57 43  

Table 3 
Means of crystal size distribution (CSD, in μm), elastic modulus (E), Vickers 
hardness, and biaxial flexural strength (BFS) of the studied glass-ceramic groups.  

GROUP CSD (μm) E (GPa) HV (GPa) BFS (MPa) 

Control 2.2 (0.4)a 101 (2)a 6.0 (0.1)a 338 (61)a 

T1 2.1 (0.5)a 95 (7)bc 5.6 (0.2)bc 400 (94)a 

T2 2.0 (0.6)a 92 (9)b 5.8 (0.2)ab 359 (89)a 

T3 3.1 (0.6)b 99 (1)ac 5.5 (0.2)c 225 (52)b 

T4 1.6 (0.4)c 97 (4)bc 5.8 (0.1)ab 493 (147)a 

* Lowercase superscript letters indicate a statistically significant difference be-
tween rows (p < 0.05). 
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of crystallized volume fraction, in agreement with Belli et al. [67], who 
reported a crystallinity of 67–70 %. In our work, it was possible to 
observe that variations in the heat treatments did not cause major 
changes in the present phases, since all studied experimental groups 
exhibited an extra minority phase of lithium metasilicate (3–4%). 

The analyzed phase contents varied little among the four groups (T1, 
T2, T3, and T4), although a small increase was noted when the nucle-
ation time was doubled from 90 to 180 min at 500 ◦C, going from 54 to 
58 % for T1 and T2, respectively. Nonetheless, when the nucleation time 
was increased to 360 min at the same temperature or 480 ◦C, the total 
crystallized fraction remained the same for T3 and T4 (~57 %), indi-
cating a saturation of the number of nucleation sites. In their study on 
stoichiometric lithium disilicate, Serbena et al. [7] described an increase 
in the crystallized fraction as a function of nucleation treatment time 
and temperature [7]. Such finding does not corroborate our results, 
which demonstrated that variations in the nucleation time and tem-
perature did not affect the crystallized fraction for groups T2, T3 and T4. 

The nucleation heat treatments had a stronger influence on the 
morphology than on the crystallized fraction, since shorter nucleation 
times may have taken longer to saturate and the increase in time was not 
enough to considerably change the crystallized fraction. However, as we 
are dealing with a non-stoichiometric composition. 

In this way, considering the focus of this research is on the study of 
dental glass-ceramics based on the lithium disilicate system and, 
therefore, on commercially applicable compositions [58], the studied 
composition, have a SiO2/Li2O molar ratio of 2.45, that deviates from 
the stoichiometric ratio (SiO2/Li2O > 2). The crystallization of 
non-stoichiometric glasses (i.e., those with that the glass composition is 
different from those of the precipitating crystalline phases) is a fairly 
common phenomenon in glass-ceramic technology [68], and of 
considerable practical interest (i.e., Soares et al. [69], Lubauer et al. 
[70], Daguano et al. [62], Villas-Boas et al. [30]). In general, the various 
crystalline phases that can precipitate will exhibit considerably different 
nucleation and growth rates. 

Thus, the formation of such phases results in local and, eventually, 
global modifications in the composition of the remaining liquid in 
advanced stages of the phase transformation, when the volumetric 
fraction of the crystalline phases has reached a sufficiently significant 
size [68]. In this way, the number of nuclei may have saturated, i.e., 

reached a limit, owing to the depletion of nucleating agents; this may 
have significantly affected the crystalline fraction, as the temperatures 
and crystal growth times were held constant, making the crystallized 
fraction strongly dependent on the number of nuclei. 

From the micrographs in Fig. 1, it can be seen that the crystal 
morphology found in all groups consists of lath-shaped crystals [9,23, 
25,26] and an interlocked microstructure, which is an important feature 
that influences the material mechanical performance [7,25,29,33,71]. 
The microstructure of T1 (CSD = 2.1 ± 0.5 μm) exhibited characteristics 
that resemble the control group (CSD = 2.2 ± 0.4 μm), resulting in a 
biaxial flexural strength that did not statistically differ despite the low 
crystallized fraction (54 %) compared to the control group (65 %). 
Likewise, T4 achieved statistically comparable values, that is an average 
crystal size of 1.6 ± 0.4 μm and a crystallized fraction of 57 %. 

Samples T2 and T3 showed a wide crystal size distribution, as 
observed in the histogram (Fig. 3) obtained from various crystals in the 
micrographs (Fig. 1). Hallmann et al. [6] and Höland and Beall [63] 
demonstrated that differences in the mechanical properties of materials 
with similar chemical compositions are related to divergent micro-
structures. Thus, the greater crystal size distribution, length and 
morphology of T3 explains why this group showed a lower flexural 
strength (BFS = 225 ± 52 MPa and CSD = 3.1 ± 0.6 μm) despite having 
the same crystallized fraction as T2 and T4. 

As observed, groups T1, T2 and T4 exhibited an interlocked micro-
structure due to a crystallized fraction >50 %, in addition to elongated 
shape lithium disilicate crystals homogeneously embedded in a glassy 
matrix, with a crystal length of 0.5–3 μm. This highly uniform crystal 
size associated with the needle-like morphology and high crystallized 
fraction can hinder crack propagation, forming an interlocked micro-
structure and leading to the appearance of crystals similar to those found 
in natural bones, as described in the literature [6,10,19,25]. 

As it can be seen in Fig. 4, the high crystallized fraction of T2 and T4 
(58 and 57 %, respectively) in relation to T1 (54 %) increased the 
Vickers hardness, making these samples statistically comparable to the 
control group (IPS e.max CAD). In the case of T3, it followed the same 
trend as that observed by Peitl et al. [53], who verified that the flexural 
strength of samples with the same crystalline volume percentage tends 
to cause an increase in the crystal size, reaching a maximum and sub-
sequently decreasing. In our case, the dependence of flexural strength on 

Fig. 3. Crystal size histogram based on each experimental glass-ceramic.  
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grain size is stronger than on crystallized fraction, since the grain size 
cannot exceed ~3 μm, as is the case of sample T3, whose crystals 
reached more than 4 μm (Fig. 3), significantly decreasing the flexural 
strength. 

This feature can be clearly seen in the micrographs in Fig. 1., which 
show crystals of shorter length and greater number homogeneously 
dispersed in the vitreous matrix, creating an interlocked network and 
hindering the propagation of cracks, consequently increasing the values 
of the analyzed mechanical properties in our study (i.e., elastic modulus, 
Vickers hardness and flexural strength) [7,25,29,33,71]. It was observed 
that the BFS values of T1, T2, and T4 were statistically equal to those of 
the control group (IPS e.max CAD). This can be considered an important 
feature, as it confirms that the material developed has great potential to 
be applied as a dental material. 

As reported by Serbena et al. [7], the elastic modulus and hardness 
increase linearly with the crystallized fraction when five reference 
values (0 %, 10 % 30 % 50 %, and 100 %) of a stoichiometric LS2 are 
analyzed. In the present study, the elastic modulus was statistically 
similar for groups T1, T2, and T4, being within the acceptable values in 
the literature for this type of glass-ceramic [6,18]. In this case, the elastic 
modulus was probably influenced more by the characteristics of the 
crystals and their distribution than by the crystallized fraction itself. 

The GC obtained herein is in accordance with the description of 
Serbena et al. [7], with a crystallized fraction above 50 %, which 
combined with the microstructural characteristics already mentioned 
with random orientation that results in an intertwining between crys-
tals, is responsible for its high flexural strength. 

A strong influence of the crystallized volume fraction [7,72] would 
be expected. But in this study the crystallized fraction of the different 
groups (T1-T4) are very close (ranging between 54 and 58 %). There-
fore, it can be inferred that based on this there is a strong influence of the 
morphology and size of the crystal, which must be smaller than 3 μm to 
achieve hardness and flexural strength values comparable to those of the 
commercial material. This can be explained based on the study of Ser-
bena et al. [7] the main reasons for its high strength are believed to be its 
interlocked lath-shaped microstructure and the incompatibility of 
thermal expansion between the crystal and the glass matrix, which 
causes residual stresses that can contribute to the crack deflection. and 
as observed by the authors in the sample with a crystallized volume 
fraction of 32 %, crack deflection is evident and is associated with the 
change in the path of the crack when it encounters a crystal. 

Thus, this manuscript demonstrates that it is possible to enhance the 

microstructure and morphology of glass ceramics by varying the tem-
peratures and duration of nucleation, and crystalline growth heat 
treatments. It results in improvements in the mechanical properties of 
the experimental materials as observed in groups T2 and T4. Never-
theless, it remains a challenge to create designs that surpass the excel-
lence of materials already available in the dental industry. 

5. Conclusions 

We developed a lithium silicate glass-ceramic with properties similar 
to the IPS e.max CAD commercial material. The time and temperature of 
nucleation heat treatment influenced the size and quantity of crystals 
and the crystallized fraction, as expected. The elastic modulus agreed 
with the expected value for lithium silicate glass-ceramics. The best 
results were found for groups T2 and T4, which were submitted to 
nucleation temperatures and times of 500 ◦C/180 min and 480 ◦C/360 
min, respectively. The same crystal growth treatment was used for the 
formation of LS and LS2 crystalline phases at 700 and 840 ◦C, respec-
tively. As demonstrated, in addition to the crystallized fraction (which 
was similar for T2 and T4, that is, ~57 %), there was a strong influence 
of crystal morphology and size, which must be smaller than 3 μm to 
reach hardness and flexural strength values comparable to those of the 
commercial material. In the case of T3, the presence of longer crystals 
significantly decreased the flexural strength of the material. It was then 
found that the crystallized fraction and crystal morphology have a sig-
nificant impact on the mechanical properties and choice of materials in 
oral rehabilitation, characteristics that are often unknown by dental 
surgeons. Overall, we could optimize the GC properties through varia-
tions in the nucleation time and temperature. Even with a lower crys-
tallized fraction than the control group, we were able to obtain a glass- 
ceramic with properties comparable to (but not better than) those of a 
successful commercial material. 
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