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A B S T R A C T   

Glass-ceramics have found widespread use in dentistry due to their favorable properties: biocompatibility, 
chemical inertness, high fracture strength and toughness, superior esthetics, color stability, and translucence. The 
objective of this work was to develop a new tough, strong and machinable glass-ceramic based on the lithium 
metasilicate (LS) crystal phase. We designed a glass composition aimed to yield LS crystals after proper treat
ment. We melted, casted, and crystallized the glass for a favorable microstructure. We then characterized its 
microstructure and relevant mechanical, optical and chemical properties with several experimental tools. We 
also measured the residual stresses. This newly developed glass-ceramic shows a house-of-cards microstructure 
composed of 50% vol. plate-like LS crystals of 5–25 μm, randomly dispersed in a glassy matrix. Lithium disilicate 
(12% vol.), two minor crystal phases, and 34% vol. residual glass are also present. The average fracture 
toughness measured by the double torsion technique is 3.5 ± 0.5 MPa m1/2. The average fracture strength, 
evaluated by the ball-on-three balls (B3B) technique, is 450 ± 40 MPa. The elastic modulus, determined by 
nanoindentation, is 124 ± 2 GPa, the linear thermal expansion coefficient is 13.6 × 10− 6 ◦C-1, and the solubility 
in 4%vol. acetic acid is 215 ± 30 μg/cm2, which is below the limit established by the ISO 6872 standard for some 
applications, but improper for uncoated use. These properties could still be optimized. The improved toughness, 
strength, and reasonable machinability indicate that, after optimization, this glass-ceramic could be a very 
promising candidate for dental restorative applications.   

1. Introduction 

Glass-ceramics (GCs) are inorganic, non-metallic materials prepared 
by controlled crystallization of glasses via different processing methods. 
They contain at least one type of functional crystalline phase and a re
sidual glass. The crystallized volume fraction may vary from ppm to 
almost 100% [1]. GCs have become popular in dentistry because of their 
biocompatibility, chemical inertness, high fracture strength and tough
ness, superior esthetics, color stability, translucency and machinability. 
The development and use of GCs for dental applications have been 
thoroughly described in Ref. [2,3]. 

With the advance in computer-aided design and computer-aided 
manufacturing technology (CAD/CAM) [4,5], ceramic dental restora
tions can be machined from a solid ceramic block instead of multiple 
conventional firings of feldspathic porcelain or injected into a mold at 

high temperature by hot-pressing. The main advantage of the CAD/CAM 
technique is to precisely reproduce the shape and size of the prosthesis, 
which leads to a final piece with minimal defects or flaws ensuring better 
mechanical properties than conventional porcelains [6,7]. 

The first glass-ceramic (GC) specifically developed for dental appli
cations was based on tetrasilic mica, KMg2.5Si4O10F2 (DiCOR ®, Corning 
Inc./Dentsply Int.) [8]. This type of GC was used to produce dental 
restorations by the injection molding technology. Further investigations 
and improvement on this material led to a product that could be pro
cessed using CAD/CAM technology. 

The lithium disilicate (LS2) machinable GCs for CAD/CAM restora
tion were launched in the dental market around 2005 [2,9]. Nowadays, 
they are widely used in dental clinics due to their high chemical dura
bility, strength and toughness combined with superior aesthetics, which 
ensure a tooth-like appearance [10]. The machinable type lithium 
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disilicate GCs are machined in a pre-crystallized step, when the piece 
contains around 40% vol. of lithium metasilicate (LS) crystals. It is then 
crystallized to form 60–70%vol needle-like disilicate crystals. This final 
heat treatment ensures translucency, appropriate color, chemical dura
bility and strength to the prosthesis [11]. The intricated microstructure 
is accountable for the excellent fracture strength and toughness. Com
mercial machinable dental GCs have a fracture strength of ~360 MPa 
(biaxial flexure) and fracture toughness (SENV) from 2.0 to 2.5 MPa 
m1/2 [9,12–14]. 

In this research, we developed a new GC based on the Li2O–SiO2 
system having approximately 50% vol. LS crystals, which yielded high 
toughness and strength, as well as translucency, and some degree of 
machinability to the GC. The continuous search for GCs with greater 
toughness, fracture strength, machinability and improvement of the 
processing technique (one-step crystallization and machining) was the 
driving force behind our effort to obtain this material. 

2. Experimental procedure 

A glass with the chemical composition (mol%): 52.5 SiO2; 39.9 Li2O; 
0.8 P2O5;1.4 TiO2; 1.4 CaO; 1.6 B2O3; 0.6 K2O; 0.6 Al2O3; 0.4 ZrO2; 0.4 
ZnO; 0.2 SrO; 0.2 BaO was obtained from analytical-grade chemicals. 
The main differences between this glass composition and the commer
cial compositions are the higher amount of Li2O used (around 40 mol %) 
and the lack of coloring agents or rare earth elements. The mixture of 
precursor powders was melted in a platinum crucible at 1250 ◦C for 4 h 
in an electrical furnace. The melts were poured between two stainless 
steel plates every 1 h, crushed and re-melted three times to homogenize 
the liquid. Finally, they were cast in a stainless-steel mold, and the 
resulting glass pieces (cylinders of 12 mm in diameter, and bars of 15 ×
30 × 3 mm3 and 30 × 50 × 2 mm3) were annealed at 400 ◦C for 2 h for 
stress relief. 

Differential scanning calorimetry (DSC) experiments were carried 
out using small pieces in a Netzsch DSC 404 equipment to determine the 
characteristic temperatures of the glass, with a heating rate of 10 ◦C. 
min− 1 up to 1150 ◦C. After preliminary screening, we picked one 
particular composition for detailed characterization, as explained 
below. 

To obtain GCs, glass pieces were heat-treated in a tubular electrical 
furnace, with a variation of ±1 ◦C. The selected heat treatment was 5 
min at 455 ◦C for nucleation and 3 min at 800 ◦C for crystal growth. 
Longer nucleation treatments lead to smaller crystals; for instance, 
nucleation for 24 h results in crystal sizes < 5 μm. The samples were 
cooled inside the annealing furnace using a cooling rate of approxi
mately 15 ◦C.min− 1. The GCs were subsequently ground with SiC 
abrasive papers of different granulometries down to a 1200 grit, and 
then polished using a fine suspension of CeO2 in water. Scanning elec
tron microscopy (SEM, Phillips FEG) was used to observe the micro
structure before and after etching by a 5 vol% HF solution for 10 s. 

Before any mechanical testing, such as hardness, all samples were 
annealed at 440 ◦C for 2 h and cooled at a rate slower than 1 ◦C.min− 1 to 
room temperature to relieve any surface residual stress caused by the 
grinding procedure. The internal residual stresses owing to the thermal 
expansion coefficient (TEC) mismatch between the crystals and the re
sidual glass phases are permanent and cannot be eliminated. We will 
address these stresses later on in this article. 

The crystalline volume fraction was determined by X-ray diffraction. 
α-alumina powder (99% purity, grain size < 3 μm, Alcoa) was mixed to a 
powdered sample in a 1:1 proportion by weight. The diffractograms 
were recorded using CuKα radiation and were measured in the θ–θ ge
ometry at room temperature using a Rigaku Ultima IV diffractometer in 
the Bragg-Brentano geometry. The 2θ range was scanned from 10 to 80◦, 
with a step size of 0.02◦ in the 2θ scale, 10 s for each step. The volume 
fraction of the crystalline phases and alumina were determined by 
Rietveld refinement of the XRD patterns where the amorphous glass 
contribution was considered as part of the background. Rietveld 

refinement of the crystal structures was performed using the GSAS 
program [15] with the EXPGUI interface [16] and the TOPAS-Academic 
software [17]. Using the known amount of alumina added to the 
powdered GC and its estimated volume fraction obtained by Rietveld 
refinement, a simple rule of mixture allowed us to calculate the volume 
fractions of each crystalline phase and of the residual glass. 

The hardness (H) and elastic modulus (E) of the GC were measured 
using instrumented indentation with a Nanoindenter XP indenter (MTS 
Instruments) with a Berkovich diamond tip. The maximum applied load 
was 400 mN in 10 loading-unloading cycles. A matrix of 25 indentations 
was made in each sample, and the values of H and E were calculated 
following the procedure proposed by Oliver and Pharr [18]. Therefore, 
the values of H and E are the averages of all indentations. 

The fracture strength was measured using a ball-on-three-balls (B3B) 
apparatus [19,20] using three 4 mm (radius) alumina balls under the 
samples and a fourth ball centralized on the upper surface of the sam
ples. The jig was made of stainless steel. The tests were carried out using 
a universal testing machine (AGS-5 kN, Shimadzu) with a displacement 
rate of 1 mm min− 1 at 80% relative humidity. The samples had a disk 
format with 12 mm in diameter and 1.2 ± 0.1 mm thickness, a total of 11 
samples were tested. In this work, all samples were polished using a 
1200 grit SiC paper, which corresponds to a grain size of 15 μm, fol
lowed by annealing at 440 ◦C for 35 min and a furnace cooled to room 
temperature at a rate of 2 ◦C.min− 1 for stress relief from the polishing 
process. 

The biaxial fracture strength, σ, was calculated by Ref. [20]: 

σ = f (R,Rc, t, ν)
P
t2⋅, (1)  

where f is a dimensionless factor, which depends on the sample radius 
(R), ball radius (Rc), sample thickness (t), and sample Poisson’s ratio (ν), 
and P is the failure load. A minimum of 9 GC samples were tested. 

The fracture toughness (KDTIC) of the GC samples was measured 
using the double torsion technique at room temperature in air as 
described in Refs. [21]. Seven plates of 30 × 15 × 1.5 mm3 were cut and 
their surfaces were ground and subjected to polishing in a CeO2 water 
suspension to obtain parallel faces. A 10 mm long 450 μm wide notch 
was introduced using a diamond disk. Samples were stress relieved 
before and after introducing the notch by annealing at 440 ◦C for 2 h and 
cooled at a rate slower than 1 ◦C.min− 1. An initial crack was produced 
by a 10 N Vickers indentation near the notch tip, which was subse
quently propagated at a displacement rate of 0.01 mm min− 1, to pro
mote crack growth. The testing apparatus consisted of a jig in a universal 
testing machine (Shimadzu AGS-X 5 kN). The jig consisted of four 
stainless steel spheres, all 3 mm in radius, fixed onto a plate and sepa
rated by 11 mm in width and 20 mm in length. An alumina sphere with a 
5 mm radius was placed between the edges of the notch and used to 
apply the compression load, forming a bending arm with the lower 
spheres of 5.5 mm. The load was applied at a displacement rate of 2 mm 
min− 1. 

The fracture toughness was calculated using the method described in 
Ref. [22,23]: 

KDTIC =PCWm

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
3

Wt4(1 − ν)ψ

√

⋅, (2)  

where Wm is the moment arm, PC is the load at fracture, t is the sample 
thickness, ν is the Poisson ratio, and ψ is equal to 1–0.6302τ + 1.20τ.exp 
(-π/τ), where τ = 2 t/W. 

Surface scanning profiles of the fractured surfaces of the double 
torsion test samples were obtained using a laser confocal microscope 
(LEXT OLS4100) with a 20x objective lens. These profiles were 
measured on six different regions of the fractured surface. They were 
250 μm in length. The crack angle at each point was determined based 
on the profile derivative, similar to the study reported in Ref. [24], and 
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was calculated as arctan[Δy/Δx], where Δy is the difference in height 
between two neighbor measurement points separated by the step Δx. 
The step Δx was 0.25 μm. 

The TEC of the glass and the GC were determined using a Netzsch DIL 
402 (Netzsch, Selb, Germany) PC dilatometer and a heating rate of 5 ◦C. 
min− 1 in air. Samples of 3 × 2x40 mm3 were prepared by cutting and 
polishing them to obtain parallel faces. 

The residual stresses in the crystalline phases were measured by X- 
ray diffraction (XRD). The experimental conditions were the same as 
described earlier. A stress-free reference powder sample was prepared 
by crushing a bulk sample in an agate mortar, sieving, and annealing at 
440 ◦C for 30 min, followed by slow cooling to room temperature. The 
average particle size measured by laser scattering using a Horiba LA930 
device was 8 μm. The anisotropic strains εi in each phase were calculated 
from the change of the unit cell parameters of each crystalline phase by 
comparing bulk (stressed) and powder (stress-free) samples [25,26] as 
Δa/a0, where Δa is the difference between the crystal unit cell dimen
sion in the bulk and powder samples along a particular crystallographic 
direction i, and a0 is the unit cell parameter of the powder sample in that 
specific direction, as calculated by the Rietveld refinement. The average 
strain ε in each phase was calculated as (εa+εb+εc)/3. The average stress 
σexp in each phase was obtained from Hooke’s law as σexp = Ei /(1 −

2νi).ε. 
A spectrophotometer (Lambda 1050; Perkin Elmer) with an inte

grating sphere was used to evaluate the total transmittance of light in 
percentage (Tt%). Measurement conditions were set as follows: wave
length range of 380–780 nm, bandwidth 4.0 nm, scan speed 60 nm 
min− 1, data interval 1.0 nm, and a xenon light source. The new GC was 
compared to commercial lithium disilicate GCs: IPS e.max Press A1 High 
Translucency (Press A1 HT); IPS e.max Press A3 Low Translucency 
(Press A3 LT); IPS e.max Press A3 Medium Opacity (Press A3 MO) 
produced by Ivoclar Vivadent. The samples were cut from each block 
with a diamond wheel, ground with a surface grinding sheet (220 up to 
1200 mesh), and polished with diamond paste (3–0.25 μm) to produce 
thicknesses of 0.95 ± 0.02 mm. The Tt% values at the wavelength of 555 
nm were used to compare the specimens. Since the human eye is most 
sensitive to 555 nm, this wavelength is used by the CIE and JIS. 
Therefore, we selected this wavelength based on the definition of the 
International Commission on Illumination (CIE S 017) [27] and the 
Japanese Industrial Standard (JIS Z 8113) [28]. 

The machinability of the designed GC was only qualitatively evalu
ated. A sample of 12 × 18 × 20 mm3 was prepared and machined using a 
CAD/CAM system (Cerec inLab Sirona®) using their standard milling 
program to obtain a molar tooth, chosen due to its high complexity. 

The chemical durability was determined according to the ISO 6872 
[29]. Three samples of 30 × 50 × 2 mm3 were prepared and washed in 
deionized water, dried at 150 ◦C for 4 h and weighed on a balance ac
curate to 0.1 mg. Each sample was immersed in a 4%vol. acid acetic 
solution at 80 ◦C for 16 h, using 100 ml of the solution to 30 cm2 of 
exposed surface area. Then, the samples were washed, dried at 150 ◦C 
for 4 h, and weighed again. The mass loss was calculated in micrograms 
per square centimeters. 

3. Results 

The DSC curve of the selected parent glass is shown in Fig. 1. The 
glass transition temperature (Tg) is 443 ◦C, the temperature of the first 
crystallization peak (Tc1) is 589 ◦C, and the temperature of the second 
crystallization peak (Tc2) is 750 ◦C. Three endothermic peaks are 
observed at 905 ◦C, 965 ◦C and 1080 ◦C, and can be attributed to the 
melting of the crystalline phases. The liquidus temperature is thus 
somewhat above 1080 ◦C. The optimized heat treatment to obtain the 
GC was 455 ◦C during 5 min for nucleation, 800 ◦C for 3 min for crystal 
growth, followed by cooling at 15 ◦C.min− 1. 

The resulting microstructures are shown in Fig. 2. Fig. 2(a) shows a 
polished surface of the GC after severe chemical etching in HF, with a 

“house-of-cards”, i.e., a network of plate-like interlocked LS crystals. The 
size of the plates is in the range of 5–25 μm, with an average length of 9 
± 3 μm. Fig. 2(b) and (c) show BSE images of the polished GC surface. 
The microstructure consists of large plate-like LS crystals (1), smaller 
rounded LS2 crystals (2), LS crystals (3) and the residual glass (4). 
Several 1–2 μm microcracks or smaller, indicated by arrows in Fig. 2(b), 
are observed along the LS2 crystal-glass interfaces and in the residual 
glass. 

Fig. 3 shows the XRD pattern of the GC mixed with α-alumina for 
phase quantification. The crystalline phases identified are alumina 
(Al2O3), lithium metasilicate (Li2SiO3), lithium disilicate (Li2Si2O5), 
lithium phosphate (Li3PO4) and α-quartz (SiO2). The crystallized volume 
fractions in the GC determined by Rietveld refinement are: 50 ± 2 % 
Li2SiO3, 12.5 ± 0.9 % Li2Si2O5, 1.9 ± 0.3 % Li3PO4, 1.9 ± 0.3 SiO2 and 
33.7 ± 2 % residual glass. 

The hardness (H) and elastic modulus (E) were determined by 
instrumented indentation as a function of the contact depth. At the 
deepest contact depth, they are 6.9 ± 0.5 GPa and 124 ± 2 GPa, 
respectively. The developed GC has values of hardness and elastic 
modulus higher than those of other dental GCs [25,26,30,31]. Com
mercial lithium disilicate GCs, for example, usually have a hardness in 
the 5.0–7.0 GPa range [14,32]. However, many ZrO2 based dental 
glass-ceramics have H around 9 GPa and E higher than 120 GPa (up to 
240 GPa for ytria-stabilized zirconia [33]) and are still used as dental 
prosthesis [34]. S. Galia et al. found that the mechanical strength of 
zirconia toughened mica GCs (containing 20 wt% YSZ) achieved a 
Vickers hardness of 9.2 GPa, an E of 125 GPa, and an indentation frac
ture toughness of 3.6 MPa m1/2, which E was close to that for the 
developed GC [35]. 

The fracture strength measured using the B3B technique was 450 ±
40 MPa. The fracture toughness, KDTIC, measured by the double-torsion 
technique, was 3.5 ± 0.5 MPa m1/2. 

Fig. 4(a) shows a laser confocal micrograph of a fractured surface. A 
typical topography of the fracture surface is illustrated in Fig. 4 (b), 
whereas Fig. 4 (c) shows the frequency distribution of fracture surface 
angles. There is a wide distribution that includes angles close to 90◦, 
which indicates significant crack deflection. A pseudo-Voigt function PV 
was fitted to the data and is also shown in Fig. 4 (c). From the calculated 
cumulative frequency (not shown), the median angle is 23.4◦. This value 
is higher than for fully crystallized Li2O⋅2SiO2, 18.7◦ [24], which shows 
similar fracture toughness. 

Fig. 5 shows the thermal expansion curves of the parent glass and the 
GC. The average GC linear TEC is 13.6 × 10-6 ◦C-1 in the temperature 
range50–440 ◦C. This value is very close to that of the TEC of parent 

Fig. 1. DSC curve of the selected parent glass (bulk sample), using a heating 
rate of 10 ◦C.min− 1. 
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glass, 14 × 10 -6 ◦C-1, in the same temperature range. The GC TEC in
creases as the temperature increases, reaching 27 × 10-6 ◦C-1 in the 
temperature interval 510–710 ◦C. This large change in TEC is associated 
with the Tg of the residual glass phase, which is 510 ◦C, i.e., it is 67 ◦C 
higher than the Tg of the parent glass. The softening point of the lithium 
metasilicate GC is 807 ◦C. 

The residual strains along the unit cell directions εa, εb and εc 
measured by XRD, and the average strain and residual stresses at the 
different phases are shown in Table 1. The values of E are 124 GPa and 
120 GPa for the Li2SiO3 and Li2Si2O5 phases, respectively [36]. The 
Poisson ratios were assumed to be 0.24 and 0.19 for Li2SiO3 and 
Li2Si2O5, respectively. The residual strains were anisotropic. The a- and 
c-directions of the Li2SiO3 phase are under compression, whereas the 
b-direction is under tension. For the Li2Si2O5 phase, the a- and b-di
rections are under tension, and the c-direction is under compression. The 
measured average residual stresses are quite low: +60 ± 20 MPa (ten
sile) for the major phase Li2SiO3, and -60 ± 50 MPa (compressive) for 
the Li2Si2O5 crystals. 

The percentage of total transmittance, Tt%, as a function of 

wavelength for the lithium metasilicate GC developed in this work and 
for other commercial GCs are shown in Fig. 6. The Tt% of commercial 
GCs increase with wavelength, whereas our new GC shows a Tt% 
approximately constant up to 700 nm (from 27% to 32%). Considering 
the Tt% measured at 555 nm, the developed GC and Press A1 HT show 
approximately the same value (30%), whereas the Press A3 LT presents 
27%. Press A3 MO reach only 22% in Tt% measured at 555 nm. This 
result was expected because this material has the highest level of opacity 
among the tested commercial samples [14,37]. Therefore, the trans
mittance of the developed lithium metasilicate GC is comparable to that 
of Press A1 HT at 555 nm, which are both more translucent than the 
Press A3 LT and Press A3 MO for wavelengths up to 700 nm. 

To evaluate the machinability, a molar tooth was designed, and a 
sample was machined using a CAD/CAM restorative technique. As 
shown in Fig. 7(a), before machining, the lithium metasilicate GC was 
glued to a metallic support. Fig. 7(b) shows the final tooth. It was, thus, 
possible to obtain a tooth of high complexity, which indicates the 
reasonable machinability of the new GC and the feasibility of producing 
dental prosthesis by this process. 

Fig. 2. SEM micrographs using backscattered electrons. a) Glass-ceramic polished and etched (HF 5%vol. for 10s) revealing a “house-of-cards” network of LS crystals 
of plate-like morphology; b) and c) glass-ceramic polished surface. White arrows in Fig. 2b indicate dark microcracks. In addition to other phases, some round LS 
crystals are also shown in Fig. 2c. 

Fig. 3. XRD (red) and Rietveld refinement (residuals in blue) of the mixture of glass-ceramic and α-Al2O3 for quantification of the crystallized phases. The identified 
phases are: A - α-Al2O3; LS – Li2SiO3; LS2 – Li2Si2O5; LP – Li3PO4; Q - α-quartz. 
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Finally, according to the dental standard ISO 6872 [29], the chemical 
durability after treatment with an acetic acid solution 4% vol. is 215 ±
30 μg/cm2. 

4. Discussion 

4.1. Fracture toughness and strength 

We were able to obtain a new type of lithium metasilicate GC with 
fracture strength of 450 ± 40 MPa (B3B) and KDTIC of 3.5 ± 0.5 MPa m1/ 

2. The value of KDTIC is somewhat higher than that of Ivoclar’s IPS e.max 
CAD (3.1 ± 0.2 MPa m1/2) measured by the same double-torsion tech
nique [38]. According to Belli et al. [39], the fracture toughness of IPS e. 
max CAD and Celtra Duo A2 measured by single edge V-notched 
bending (SEVNB) are 2.3 ± 0.2 MPa m1/2 and 1.7 ± 0.1 MPa m1/2, 
respectively. We cannot compare these values directly with the current 
GC because they were measured by different techniques. Published 
values for other successful commercial GCs, measured by single edge 
V-notched bending (SEVNB) are: Macor (1.5 MPa m1/2) [2,40], IPS e. 
max CAD (2.0–2.8 MPa m1/2) [41,42] and IPS e.max Press (2.8–3.3 MPa 
m1/2) [37,41,43]. However, we emphasize that these two methods - 
SEVNB and DTIC - do not yield the same value of fracture toughness. 

Other bioactive and dental GCs have been reported to have a high 
fracture toughness (KIC). The commercial bioactive Cerabone A/W GC, 
based on the MgO–CaO–SiO2–P2O5 system, shows a fracture strength of 
213 MPa measured by three-point bending and a KDTIC of 2.6 MPa m1/2 

[44]. Its high strength and toughness were attributed to the crystalli
zation of needle-like wollastonite crystals. Apatite-mullite GCs based on 

Fig. 4. (a) Optical laser confocal micrograph, (b) typical topography and (c) the frequency distribution with a pseudo-Voigt function fitted to the experimental data 
of a fracture surface of the lithium metasilicate glass-ceramic. 

Fig. 5. Linear thermal expansion curves of the parent glass and lithium met
asilicate glass-ceramic showing the Tg (510 ◦C) and the softening point (807 ◦C) 
of the residual glass. 

Table 1 
Residual strains along the different crystallographic directions of the unit cell 
and average residual strains and stresses at the different phases as measured by 
XRD. The numbers in brackets are the standard deviation.   

εa (%)  εb (%)  εc (%)  ε (%)  σexp (MPa)  

Li2SiO3 -0.0175(7) 0.1666(3) -0.0654(2) 0.028(8) 60(20) 
Li2Si2O5 0.0014(8) 0.385(1) -0.2170(6) -0.03(3) -60(50)  

Fig. 6. Total light transmittance in percentage (Tt%) of the new lithium met
asilicate glass-ceramic compared to commercial lithium disilicate glass- 
ceramics. (All samples were 0.95 ± 0.02 mm thick). 
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the (2-x)SiO2–xP2O5–Al2O3–CaO–yCaF2 system have also been reported 
by Hill et al. [45]. They have KIC values of 1.0–3.3 MPa m1/2 and 
bending strength of 90–330 MPa. Other well-known bioactive GCs are 
the machinable Bioverit I (KIC = 1.2–2.1 MPa m1/2 and σ = 140–180 
MPa) and Bioverit II (KIC = 1.2–1.8 MPa m1/2 and σ = 90–140 MPa), 
which mainly consist of elongated and “cabbage-head” mica crystals, 
respectively [46]. 

The dental LS2 GC IPS.Empress2 shows a maximum 3-point flexural 
strength of 400 MPa and a maximum KIC of 3.3 MPa m1/2 (single edge 
notched beam (SENB) test) [43]. These good mechanical properties 
result from a microstructure that also consists of acicular interlocked 
crystals. 

Another GC with excellent mechanical properties is based on ensta
tite [47]. The presence of clinoenstatite results in a fracture strength of 
200 MPa and a KIC of 4.6 MPa m1/2 (SENB/Chevron-notched beam/
Short bar). The main toughening mechanism was suggested to be the 
clino → protoenstatite phase transformation, which promotes crack 
deflection and fracture surface split due to cleavage. MgO–Al2O3–SiO2 
GCs also present excellent mechanical properties [48]. The crystalliza
tion of enstatite and karrooite, with acicular form, results in a fracture 
strength of 165 MPa (flexure test ASTM C-158-95B) and KIC of 4.3 MPa 
m1/2 measured by the short bar SENB method. The highest fracture 
toughness ever reported refers to a GC with fluorcanasite crystals [49]. 
Due to its lamellar structure, a fracture strength of 300 MPa and a KIC of 
5.0 MPa m1/2 (SENB) were reported. This high toughness was attributed 
to the interlocking structure, cleavage splintering of the crystals and 
microcracking induced by the high thermal anisotropy. 

Some of the toughening mechanisms reported above are likely to be 
active in the microstructure of our new lithium metasilicate GC, which 
shows an interlocked microstructure consisting of “house-of-cards” LS 

crystals. The fracture surface morphology presented in Figs. 2 and 4 
indicates extensive cleavage leading to crack tilt and twist. This might be 
attributed to crack splintering due to cleavage of the LS crystals or along 
the crystal-glass interface, which results in extensive crack deflection. 
The median of the crack deflection calculated from Fig. 4(c) was 23.4◦, 
which is even higher than that of a fully crystallized LS2 GC [24]. This 
higher crack deflection may be the result of the LS crystals as platelets, 
which produces more crack deflection than spheres, the form of LS2 
crystals. 

There are at least two models for calculating the toughening 
contribution of crack tilting and twisting of dispersed platelets in a 
matrix composite. In studies carried out by Faber and Evans [50] and 
Kotoul et al. [51], the tilt and twist angles are described as a function of 
the disk (particle) orientation in respect to the crack front and the 
presence of neighbor disks. The validity of these models is for low vol
ume fraction composites. 

To the best of our knowledge, there are no available models for GCs 
with high crystallized volume fraction. To estimate the contribution of 
crack tilting and twisting on the increase of fracture toughness for our 
GC, we used the frequency distribution, PV, of the fracture surface angle 
fitted to the data in Fig. 4(c). Crack tilting and twisting induces modes II 
and III loading in the crack front. The increase in toughening GC due to 
crack deflection is [51]: 

GC =
Gm

〈G〉
GmC (3)  

where GmC is the critical energy release rate of the matrix and: 
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where λ and φ are the tilt and twist angles, respectively. We assume that 
the function PV is the same angle distribution function both for λ and φ 
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where G/Gm is given by eq. (4). The integrals were performed numeri
cally and the increase in toughness due to crack tilting and twisting, GC/ 
GmC, is 2.83. Since KIC/KmIC =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
GC/GmC

√
, then KIC = 1.68 ​ KmIC, where 

KmIC is the fracture toughness of the matrix without crack deflection. 
Therefore, we estimate that for our GC the increase in fracture toughness 
due to crack deflection is 68%. This leads to a KmIC of 2.08 MPa m1/2 for 
a GC without crack deflection. This is approximately the same fracture 
toughness of IPS e.max CAD of 2.3 ± 0.2 MPa m1/2 [39]. This value is 
within the range shown in Ivoclar’s catalog for this material. 

The interlocked microstructure obtained also improves the GC’s 
strength. The commercial LS2 dental GCs present a microstructure 
having acicular interconnected crystals, which ensure their high 
strength. The 3-point bend flexural strength is 450 ± 53 MPa for IPS e. 
max CAD [52]. According to Wendler et al. [53], the IPS e.max CAD 
shows a characteristic fracture strength (σ0) of 650 MPa in a B3B test of 
disc samples, and 460 MPa in a 4-point bending test. The B3B test yields 
higher values because the area under tensile stress is significantly 
smaller. The high strength and toughness of this new lithium meta
silicate GC are primarily attributed to its “house-of-cards” microstruc
ture. Another study [54] reported the biaxial strength for a 
stoichiometric LS2 GC by B3B with samples similar to this study. For f =
66%, the values were in the range of 210–250 MPa, which are lower 
than the strength value measured in this study. 

Fig. 7. (a) lithium metasilicate glass-ceramic prepared for machine milling; (b) 
molar tooth obtained. 
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It should be emphasized that Wendler et al. [53] reported an average 
value of 650 MPa (B3B) and 460 MPa (4-point bending) for the fracture 
strength of the commercial GC e.max.CAD, whereas the catalog value is 
“only” 360 MPa, as measured by the biaxial strength, Pin-on-3 balls test. 
This enormous difference in strength partially results from different 
sample polishing techniques, and part from the fact that, in each test 
type, the sample volume subjected to tensile stress is different. Thus, 
B3B tests typically result in higher strength values because the volume of 
material under tensile stress is minute, much smaller than on the 
Pin-on-3 balls or in a 4-point bending test. 

The mechanical properties of a GC containing LS as a major phase is 
reported in Refs. [30]. A glass with 44%mol CaSiO3 and 56%mol Li2SiO3 
was heat-treated to obtain a GC containing 54%vol. Li2SiO3 had a crystal 
size of 8.5 μm and 32%vol. CaSiO3 surrounded the LS crystals. This GC 
presented a KDTIC = 2.3 ± 0.5 MPa m1/2 and biaxial strength (B3B) of 
270 ± 20 MPa; these mechanical properties are also considerably lower 
than those obtained in this study. A likely explanation is, thus, the dif
ference in the crystal morphology of the LS phase obtained in Refs. [30] 
when compared to the interlocked plate-like LS microstructure obtained 
in this work. 

When designing a new product, both fracture strength, σf, and frac
ture toughness must be taken into account and be analyzed together. For 
the sake of comparison, the σf and KIC of several GCs were compiled in 
Fig. 8, where we plotted the maximum values of KIC and σf reported for 
each GC group. Theoretically, fracture strength is expected to increase 
with KIC. KIC is a material property that only depends on the material’s 
microstructure and the measurement technique, whereas the fracture 
strength also depends on the sample size, surface condition, etc. 

Dental GCs have superior properties compared to human dentin (KIC 
~ 1.0–2.0 MPa m1/2 and σ = 230–305 MPa) and to natural internal 
enamel (KIC ~ 1.0–4.0 MPa m1/2 and σ = 260–290 MPa) [3,55,56]. 
Their fracture toughness varies from 2 to 3 MPa m1/2, whereas their 
fracture strengths lie in the range of 250–450 MPa. Other tough (non-
dental) GCs display even higher toughness, between 4.2 and 4.8 MPa 
m1/2. However, their fracture strength is relatively low, approximately 
200 MPa, and these values also depend on sample preparation condi
tions and measurement methods. In summary, the GC reported in this 
work seems to exhibit one of the best toughness-to-strength 
combinations. 

Thermal residual stresses are intrinsic to GCs due to the different 
thermal expansion coefficients of crystallized phases and the residual 
glass. They are an important cause of microcracking during cooling or 

under external stresses [24,25,36,57,58]. The average residual stresses 
measured by XRD were +60 ± 20 (tensile) MPa for the LS phase and -60 
± 50 MPa (compressive) for the LS2 phase. Considering the errors in 
these measurements, the residual stress in our GC is very low, close to 
zero. The main reason is probably stress relief caused by the micro
cracking observed in Fig. 2(b). 

From the measurements of the average TEC of the GC and the crys
tallized volume fraction of each phase, it is possible to estimate the TEC 
of the residual glass assuming a rule of mixture. The average TECs of LS 
is 13.6 × 10− 6 ◦C-1, LS2 is 10.4 × 10− 6 ◦C-1, Li3PO4 is 14.1 × 10− 6 ◦C-1 

and α-SiO2 is 13 × 10− 6 ◦C-1 [36,59]. Using the Sciglass® software and 
the chemical composition, the estimated TEC of the residual glass is 
12.2 × 10− 6 ◦C-1. The microcracking observed in Fig. 2(b) is observed in 
the residual glass/LS2 crystal interface. Its origin is attributed to the 
different TECs of the residual glass and the crystals. It is important to 
point out that the LS2 crystal is highly anisotropic (αa = 13.3 ×
10− 6 ◦C-1, αb = 6.5 × 10− 6 ◦C-1, αc = 9.6 × 10− 6 ◦C-1) [36]. 

Another possible cause of cracking of the residual glass could be the 
beta-to-alpha-quartz transition, which occurs on the cooling path at 
~450 ◦C, well below the Tg of the residual glass. The key issue is that 
these cracks likely decrease the macroscopic strength of the glass- 
ceramic. Despite this fact, it is still quite high. 

4.2. Transmittance 

Translucency is a key characteristic for dental GCs, and Tt% is an 
accurate and sensitive measurement to characterize the translucency in 
GCs with low and high opacity [60]. The obtained values of Tt% for the 
commercial LS2 GCs agree reasonably well with the results of Harada et. 
al., who reported 27% in Tt% at 555 nm to IPS e.max CAD LT [61]. The 
developed lithium metasilicate GC has a translucency comparable to 
that of Press A1 HT, and it is more translucent than that of Press A3 LT 
and Press A3 MO. 

Considering the crystalline phases in the developed lithium meta
silicate GC, the mean refractive index is around 1.55 for lithium dis
ilicate; and is approximately 1.57 for lithium metasilicate [62]. The 
Li3PO4 crystal has a mean refractive index of 1.59 [63] and α-quartz has 
a mean refractive index of 1.54 [64], but these last two are minor phases 
in this GC. The refractive index of the residual glass estimated by the 
Sciglass® software is approximately 1.59. Therefore, the difference in 
refractive index between the residual glass and the main crystalline 
phases is approximately 0.04. This value is sufficiently low to yield low 
scattering and reasonable translucency. Therefore, with respect to 
translucency, the developed lithium metasilicate GC can be considered 
appropriate for dental application. 

4.3. Machinability 

The lithium metasilicate GC is indeed machinable, as shown by a 
molar tooth in Fig. 7 (b). Boccaccini [65] proposed a parameter for 
estimating the machinability of GCs, called brittleness index (B), which 
is the ratio of the hardness to the fracture toughness. According to 
Boccaccini, for a GC to be machinable, its brittleness index should be 
lower than 4.3 μm− 1/2. Considering the values of hardness and fracture 
toughness of our new GC, its brittleness index is approximately 2 
μm− 1/2, which indeed indicates its machinability. However, these 
approximate estimates must still be compared with the actual values of 
commercial GCs for a better assessment of the actual degree of 
machinability of this new material. 

4.4. Chemical durability 

Considering the chemical durability and the fracture strength of the 
GC, according to ISO 6872 [29], the developed lithium metasilicate GC 
fulfills the requirements (ISO Class 3B) and can be accordingly indicated 
for partially or fully covered substructures for single-unit anterior or 

Fig. 8. Fracture toughness versus fracture strength of different types of tough 
glass-ceramics, including dental glass-ceramics. As the toughness and strengths 
were measured by different techniques, they cannot be directly compared. This 
figure only shows the overall “ball park” of these two properties. 
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posterior prostheses and for three-unit prostheses not involving molar 
restoration adhesively or non-adhesively cemented. However, the 
chemical durability of this new GC must still be improved to meet the 
necessary requirements to be applied as a monolithic ceramic for 
single-unit anterior or posterior prostheses and for three-unit prostheses 
not involving molar restoration adhesively or non-adhesively cemented 
(ISO Class 3A), where a value below 100 μg/cm2 is required. 

Finally, it should be mentioned that we could indeed produce glass 
samples as large as 12 × 12 × 60 mm3, however in some cases a few 
crystals spontaneously precipitated on the cooling path. Therefore, for 
large scale production, the glass-forming ability (GFA) of this material 
must still be improved. On the other hand, addition of certain oxides, 
such as alumina and zirconia will likely improve both the chemical 
durability and GFA. These ideas warrant further research. 

5. Conclusions 

We developed a new GC containing approximately 50% vol. LiSiO3 
as the major phase, 12% vol. LiSi2O5, plus Li3PO4 and α-quartz as sec
ondary phases dispersed in 34% vol. residual glass. Its chemical dura
bility, 215 ± 30 μg/cm2 (ISO 6872), is still above the standard for 
uncoated use, but enough for coated uses. We believe this property could 
be improved via small changes in the chemical composition and thermal 
treatment. This novel lithium metasilicate-based GC has a house-of- 
cards microstructure of randomly dispersed plate-like crystals that 
leads to superior mechanical properties: a high fracture toughness (KIDT 
= 3.5 MPa m1/2) and B3B strength (450 MPa), and machinability. It is 
also translucent. 

Overall, these combined characteristics indicate that the newly 
developed glass-ceramic fulfills the most important requirements of the 
ISO 6872 standard for covered substructures. It is, thus, a promising 
starting material for dental restorative applications, which however 
should still be optimized regarding its glass-forming ability, chemical 
durability, and machinability. 
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