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The need for improved mechanical properties in regions of higher masticatory loads led to the introduction of
zirconia in dentistry. However, zirconia needs a characterization and glaze to have a more natural, tooth-like
appearance. An experimental glass was produced based on the sol-gel method to exhibit a thermal expansion
coefficient similar to that presented by zirconia. The experimental glass was used as glazing material on the
previously sintered zirconia (vita YZ) surface. There was a significant reduction in the roughness and hardness of
the material, caused by the formation of smooth, void-free and highly uniform glass coating. The glass infiltrated
among superficial zirconia grains and caused the formation of monoclinic zirconia at the zirconia/glass interface.
A consequent decrease in surface roughness and an increase in flexural strength and reliability was then observed
in the experimental glass group. On the other hand, a significant decrease in the reliability of conventionally
glazed group was observed. Therefore, the use of experimental glass instead of conventional glaze can improve
the mechanical properties, smoothness, and mechanical reliability of fully sintered zirconia.

1. Introduction
The continuous search for biocompatible materials able to offering
high resistance and fracture toughness, longevity, which allow
achievement of restorations in regions of aesthetic demand, led to the
development of zirconium oxide-based ceramics stabilized by yttrium
oxide (Y-TZP) (Miyazaki et al., 2013). Single and multiple full crowns
with metallic infrastructures result in possible darkening of the marginal
gingiva in thinner profiles because of the presence of the metal band,
even when a ceramic on top of it simulates the optical properties of
natural teeth (Tao et al., 2014). Lately, zirconia-based ceramics have
gained prestige by replacing the metallic crowns (Swain, 2009).
The main limitations of a bilayer comprising zirconia and veneering
ceramic are related to thermal incompatibility caused by differences in
the coefficient of thermal expansion and low thermal conductivity of
zirconia. These factors accumulate residual stresses in the zirconia-

porcelain interface and create micro-cracks towards the infrastructure,
causing porcelain chipping (Swain, 2009).
To solve the problem of chipping, the translucent zirconia was
developed to produce monolithic crowns (Miyazaki et al., 2013). Even
though there is no need for a veneering ceramic, for aesthetic reasons
these materials require applying stains and glaze to create a more nat
ural appearance on the crowns. The major limitations related to glazing
are antagonist wear (Janyavula et al., 2013; Passos et al., 2014) and
reduction of the flexural strength, which can reach up to 40% - despite
some studies show an increase in strength with glazing (Zucuni et al.,
2019) - and delamination (Yener et al., 2011). Another critical point is
the increased degradation rate in the mechanical properties of glazed
zirconia under fatigue (Oblak et al., 2017). Several factors cause these
problems such as stresses that happen because of thermal in
compatibility and internal defects as pores and bubbles, common in
glaze coatings (Janyavula et al., 2013; Kumchai et al., 2018; Oblak et al.,
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Fig. 1. Images obtained by optical profilometry of Zr (a), Zr-g (b) and Zr-g2 (c).

conventionally.

Table 1
Roughness (Ra), characteristic strength (σ0)), Weibull modulus (m), hardness,
fracture toughness (KIc) and elastic modulus (E) of Zr, Zr-g and Zr-g2. Numbers
in parentheses are standard deviations. Same letters in the columns mean no
statistical differences, based on the overlapping of the confidence intervals, and
different letters mean the statistical differences.
Property

Zr

Zr-g

Zr-g2

p

RoughnessMean –Ra
(nm)
σ0 (CI) (MPa)

663a(19)

84,3b(3)

0

775a
(731–822)

762,5a
(175,8)
844 ab
(757–941)

7,09a
(5,18-9,70)

3,75b
(2,7-5,22)

8,51a
(6,3111,46)

1374a
(200)

547,4b
(37,6)

697,3b
(39,5)

0

~ 5,00
Belli et al.
(2018)

1,69
(0,16)

3,82
(0,36)

0

222,6a
(22,1)

82,50b
(11,88)

77,229b
(0,995)

m (CI)

Vickers hardness (GPa)
KIc (MPa.m1/2)

E (GPa)

2. Materials and methods
2.1. Glaze preparation
Glaze powder was made by means of sol-gel method. The source of
silica was silicic acid which was obtained through the passage of a 10%
w/w aqueous sodium silicate solution (Synth, São Paulo, Brazil) by an
ion exchange resin (IR120, Dow Corning). After synthesis of silicic acid
(0.5 mol/L), it was mixed with aluminium nitrate (Synth São Paulo,
Brazil), calcium nitrate (Synth São Paulo, Brazil), sodium nitrate (Synth
São Paulo, Brazil) and potassium nitrate (Synth, São Paulo, Brazil) to
obtain the following composition of mass oxides SiO2 -68%, Al2O3
-11.7%, CaO 3.0%, Na2O − 7.3% and K2O − 10.0%. This mixture was
placed in an oven at 100 ◦ C for 24 h, and then the material was calcined
in an oven for 5 h at 650 ◦ C. After calcination, the resulting material was
ground and sieved (200 mesh).

946b
(901–994)

2.2. Sample preparation

0

One hundred and twenty discs were obtained from pre-sintered
blocks of Y-TZP zirconia (InCeram YZ, Vita Zahnfabrik, Bad
Säckingen, Germany). The blocks were cut under refrigeration (ac
cording to ISO 6872) and discs of 1.5 mm × 15 mm were obtained (20%
larger to compensate the sintering contraction). The specimens were
polished with carbide silicon #600, 800 and 1200. The previously pre
pared glaze was mixed in distilled water and applied onto the sintered
zirconia with a brush. After drying, the samples were calcined at 1530 ◦ C
for 2 h inside a crucible. The following groups were formed: without
glaze – Zr; with the commercial glaze – Zr-g; experimental glaze – Zr-g2.
After sintering, all specimens had dimensions of 1.2 mm × 12 mm.

2017; Passos et al., 2014; Yener et al., 2011).
The greatest problem with applying of glaze in zirconia is the weak
interface that the vitreous material has with zirconia creating a region of
fragility that can give rise to peeling or production of critical defects
leading to loss of strength of the material (Janyavula et al., 2013;
Kumchai et al., 2018; Oblak et al., 2017; Passos et al., 2014; Yener et al.,
2011). The temperature at which we apply commercial glazes is around
900 ◦ C, a temperature well below the sintering temperature of zirconia
(1450–1550 ◦ C) (Alves et al., 2019; Campos et al., 2016; Prado et al.,
2020; Toyama et al., 2019). At the zirconia sintering temperature, the
grains can undergo diffusion process or even fill a defect on the surface,
this effect has already been observed in zirconia/alumina composites
that at 1350 ◦ C can present a superplastic behavior (Calderón-Moreno
et al., 2002). Therefore, applying a glaze at the same sintering temper
ature as the already sintered and dense zirconia, can be a way of moving
the zirconia grains favoring the entrence of molten glass. A process in
which glass is applied onto porous zirconia and, at the sintering tem
perature and a glass gradient is formed, resulted in improved mechan
ical properties of zirconia (Mao et al., 2018). Based on the composition
of such glass (Mao et al., 2018; Cividanes et al., 2010), we got a new
glass by the sol-gel method with the composition SiO2 -68%, Al2O3
-11.7%, CaO 3.0%, Na2O – 7.3% and K2O − 10.0%. This composition
presents stability at 1550 ◦ C and has a coefficient of thermal expansion
close to zirconia.
The present study aimed to test how a glaze thermally compatible
with densely sintered zirconia will affect the mechanical properties of
this material and compare it with the glazed zirconia made

2.3. Surface analyses
The ceramic surfaces were further analyzed using a Field Emission
Gun Scanning Electron Microscopy (FEG-SEM; Mira 3, Tescan, Brno,
Czech Republic). The specimens (n = 2) were coated with a goldpalladium alloy spray and each surface was then inspected. For perfil
ometry, a software (WykoVision 32, Veeco Instruments Inc) was used for
three-dimensional parameter measurements at 203 magnification in an
area of 301.3× 229.2 μm of five samples from each group. The profil
ometer was connected to a computer with the Wyko software package
(Wyko Vision 32, Veeco, Tucson, Arizona, EUA).
2.4. Topographic and microstructural analysis
To characterize the specimens’ topography and microstructure, highresolution Field Emission Gun Scanning Electron Microscopy (FEG-SEM)
analyses (Magellan 400L, FEI Company, Brno, Czech Republic) were
performed in a randomly selected sample of groups (without glaze – Zr;
with commercial glaze – Zr-g; experimental glaze – Zr-g2) with a
2
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Fig. 2. FEG-SEM micrographs of Zr (a), Zr-g (b–c) Zr-g2 (d) surface; (e) image of a cross-section of Zr-g sample; micrographs of Zr-g2 surface images (f and g) treated
with HF, (h and i) images of a cross-section of Zr-g2 sample. Images a, b, c, f, and g were obtained using secondary electrons and images e, h and i using back
scattered electrons.

secondary electron (SE) detector allowing for grain size determination
as well as analysis of the transformation due to hydrothermal wear
under magnification of 15,000 × . To better understand the structure
formed by the interaction of glass with zirconia, Zr-g2 sample was
dipped in 40% hydrofluoric acid (HF) for 3 min to remove the excess of
glass.

recommendations (ASTM, 2019). The software (HMV-G Series Test
Software, Shimadzu Corporation, Japan) automatically calculated the
indentation area from microscopic measurements of the diagonals of the
impressions (ASTM, 2017). The block surface was divided into quad
rants so that one impression was made on each. The Vickers micro
hardness means and standard deviations (GPa) were obtained and
analyzed by one-way ANOVA and Tukey’s test (α < 0.05).
Fracture toughness was measured by the indentation technique and
calculated by the model developed by Lawn (1995) with Equation (1):

2.5. Mechanical characterization by instrumental indentation
Three samples from each group were subjected to face indentation in
a Vickers microhardness tester (Shimadzu Micro Hardness tester, HMVG 21DT model, Shimadzu, Kyoto, Japan) with 5 N loading for 8 s in Zr-g
group and 20 N for 20s in Zr-g2 group, which produced an acceptable
diamond-shaped crack pattern, in accordance with the ASTM C 1327-03

(
KIC =

E
Hv

)12
.

P
C3/2

(1)

with KC- fracture toughness; E− modulus of elasticity (GPa); P applied load (mN); H - Vickers hardness (GPa); and C - largest lateral
3
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samples were collected with a LabRAM HR Evolution Raman Spec
trometer (Horiba, Kyoto, Japan) equipped with a camera and using an
Ar laser (532 nm). The spectra were taken between 50 and 900 cm− 1
with an acquisition time of 30sec, 2 cycles and a slit size of 100 μm.
2.8. Flexural strength, Weibull parameters and surface analysis
Thirty-three samples were prepared for each group. In order to
determine the flexural strength, each disc was placed on a circular base
with three metallic beads with diameters of 3.2 mm equidistant from
each other, forming a plane. A flat tip with the diameter of 1.6 mm was
attached to a testing machine (EMIC DL-1000, EMIC, São José dos
Pinhais, PR, Brazil), and a load was applied (1.000 kgf) until fracture at
the constant speed of 1 mm/min. Afterwards, fracture analyses were
performed by stereomicroscopy (Discovery V20, Carl Zeiss, Jena,
Thuringia, Germany) in order to determine the failure modes. The
biaxial flexural strength (σ) (MPa) of the discs was obtained according to
the ISO 6872, expressed in Equation (2).
(
)
Y
σ = − 0, 2387 P X − 2
(2)
d

Fig. 3. X-Ray diffractograms of Zr, Zr-g and Zr-g2; t = tetragonal zirconia, c =
cubic zirconia and m = monoclinic zirconia.

where P is the load (N), X and Y are the parameters related to the elastic
properties of the material [Poisson’s ratio (0.3) and elastic module
(0.33)], and d is the thickness of the specimen in mm at the fracture
origin.
The Weibull modulus (shape parameter) and characteristic strength
(scale parameter) were obtained from the maximum likelihood estima
tion (Minitab 16, Minitab Inc., State College, PA, USA), with a confi
dence interval of 95%.
Topographic and fracture analyses were performed by stereomicroscopy (Discovery V20, Carl Zeiss, Jena, Germany) and scanning
electron microscopy (SEM) (Inspect S50, FEI Company, Brno, Czech
Republic).

crack extension (m).
The measurement of Young’s modulus (E) was conducted in a
nanoindenter (NHT2, Anton Paar, Graz, Austria). An optical microscope
(Nikon Eclipse L150) displayed the indentations for Zr, Zr-g and Zr-g2
groups. A Berkovich diamond indenter was used to make nano
indentations in the material with 10-Hz resonance frequency and 50-mN
loads, with a time of 15 s for loading and 15 s for unloading. Between the
loading and unloading periods, the load was kept constant for a period of
10s. The depth of indentation was 10% of the thickness of the film (~ 10
μm). Approximately seven indentations were made for calculation of
modulus of elasticity (E).

3. Results and discussion

2.6. X-ray diffraction analysis (XRD)

The image obtained by optical profilometry of samples Zr, Zr-g and
Zr-g2 was shown in Fig. 1. The samples are represented by a heightmap
in two dimensions (2D), with the depths varying on a color scale. Fig. 1
(a) revealed the surface of the sintered zirconia (Zr) with valleys similar
to scratches, caused by the processing of these samples. The color scale
bar in Fig. 1 (a) represents a height variation of about 10 μm, which
resulted in a large roughness of 663 ± 19 nm. Whilst, Fig. 1 (b) showed a
variation of about 5,3 μm; with 762,5 ± 175 nm in roughness, and Fig. 1
(c) showed much less variation (~ 2 μm), resulting in a roughness of

To observe the crystalline phases, X-ray diffraction (XRD) (Empy
rean, PANalytical, Westborough, MA, USA) was performed using Cu Kα
radiation in the 10–90◦ range with the scan step of 10.16sec and 0.0170◦
step size.
2.7. Raman spectroscopy
To identify the depths of phase transformation, Raman spectra of the

Fig. 4. Raman spectra, referring to the regions indicated in the schematic figure. Zrt = tetragonal zirconia and Zrm = monoclinic zirconia.
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Fig. 5. Weibull plots for Zr, Zr-g and Zr-g2.

84,3 ± 3 nm, as shown in Table 1. Roughnesses of Zr and Zr-g were
significantly higher than the values of Zr-g2.
The data showed that the experimental glaze reduced zirconia’s
roughness, leading to a better result compared to commercial materials
(Janyavula et al., 2013; Oblak et al., 2017; Passos et al., 2014; Shen
et al., 2017). This improvement on the surface is because of the better
interaction of the molten glass - better wetability- with zirconia, since
there was no regions uncovered by the glass. Another important fact was
the absence of cracks, showing good thermal compatibility between
glass and zirconia.
A micrograph of Zr is presented in Fig. 2 (a), evidencing a charac
teristic zirconia morphology (vita YZ) with rounded grain structure of
diameter around 700 nm. There are also some valleys, which were
probably formed during processing of the samples. Fig. 2(b–c) show the
micrographs of commercial glaze samples. It was observed a lack of
homogeneity of the glazing material and uncovered portions of zirconia.
Fig. 2 (d) represents the surface of Zr-g2 with the same magnification as
Fig. 2 (a). A smooth and uniform surface containing some incrustations
was observed. This result demonstrated good wettability of zirconia
with relation to glass, producing a homogeneous surface, with great
aesthetic appeal. This finding agrees with the previous images obtained
by optical profilometry.
In Fig. 2 (e) a cross-section of Zr-g sample did not show any inter
phase resulting from the interaction between glaze and zirconia grains,
thus, the commercial glaze did not infiltrate between zirconia grains.
The micrographs shown in Fig. 2 (f–g) correspond to the Zrg-2
sample treated with HF. In these figures, a granular structure of
approximately 4 μm diameter grains was seen, which is six times greater
than the grains of non-glazed zirconia. At higher magnification (Fig. 2g), the structure looks porous (Hosseini et al., 2013) and has a different
appearance from conventional zirconia (Fig. 2-a), resembling that of
etched glass ceramics (Balakrishnan et al., 2009; Chai et al., 2015;
Guazzato et al., 2005; Kim et al., 2010; Martins et al., 2010; Shen et al.,
2017; Shi et al., 2012). Based on these micrographs, we concluded that
this coating is susceptible to acid etching and may improve the bonding
between zirconia and resin cement.
The cross-section of Zr-g2 sample is displayed in Fig. 2 (h–i). These
micrographs were obtained using backscattered electrons in order to
indicate differences in atomic weight through color variation. In Fig. 2
(h), a dense bubble-free layer of glass is noticeable and, just below to it,
an interface region where zirconia grains seem larger than those found
far from the interface. Fig. 2 (i) shows the presence of glass infiltrating

the spaces between the grains’ contours.
The micrographs allowed to conclude that the applied glass led to the
formation of a smooth and homogeneous surface, as also shown in the
profilometry images. This surface became acid-sensitive, and it was
possible to obtain a porous surface (Fig. 2-f-g) which can probably in
crease adhesion with resin cements, improving the adhesion to zirconia.
The formation of interphase may also improve the mechanical proper
ties of zirconia (Chai et al., 2018).
To understand how the applied glaze affected the zirconia, X-ray
diffraction of Zr, Zr-g, Zr-g2 was performed, as shown in Fig. 3. In the Xray diffractograms of Zr and Zr-g, only the tetragonal zirconia peaks
were present. Zr-g2 sample showed an intense and broad halo with the
center around 25◦ indicating the presence of a glassy phase in the ma
terial. Characteristic peaks of tetragonal zirconia were also observed in
previous studies (Arata et al., 2015, 2014; Campos et al., 2016). The
most relevant fact was the formation of monoclinic zirconia in the Zr-g2
sample, with larger grains close to the interface with glass. That is in
accordance with a previous study that observed the microstructure and
stress of a zirconia submitted to LTD (low temperature degradation) and
showed that the formation of monoclinic phase increased the size of the
grains and the compression stress (Prado et al., 2020). Monoclinic zir
conia grains have lower density and are larger than the tetragonal ones.
Thus, the formation of monoclinic phase may contribute to an increase
of compressive stresses around the cracks, also increasing the strength of
Zr-g2.
Micro Raman was used to understanding how and where the for
mation of monoclinic zirconia happened in the depths of Zr-g2 sample.
Fig. 4 shows the micrograph of the zirconia/glaze interface and the
Raman spectra obtained in the regions indicated.
The region corresponding to spectrum A is related to the glass/zir
conia interface. The spectrum corresponds to the monoclinic zirconia at
the following wavelengths: 174, 184, 215, 328, 343, 377, 470, 500, 533,
558 and 616 cm− 1 (Basahel et al., 2015). Even spectrum A being mostly
composed of monoclinic zirconia, two bands are corresponding to
tetragonal zirconia, at 141 and 256 cm− 1, which confirms that there is
still a fraction of tetragonal zirconia at the interface (Basahel et al.,
2015).
The slice just below the interface, corresponding to spectrum B, ex
hibits all the bands of monoclinic zirconia, similar to the spectrum A.
The intensities of the bands referring to tetragonal zirconia are more
pronounced compared to those of monoclinic zirconia. Spectrum C
corresponds to an area below B, marked by all the characteristic peaks of
5
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which it is possible to see the beginning of the fracture in pure zirconia,
zirconia with commercial glaze and zirconia with experimental glaze
corresponding to Fig. 6 (a-b), (c-d) and (e-h), respectively. It was
possible to observe that the failure mode of zirconia (Zr) occurred from a
superficial defect that spread into the sample, a common failure mode in
zirconia (Alves et al., 2019; Toyama et al., 2019; Cividanes et al., 2010).
The samples with commercial glaze (Fig. 6-c-d)showed similar failure
mode, as delamination of the glaze layer occurred. The samples with
experimental glaze (Zr-g2), presented a critical defect below the
monoclinic zirconia layer (displayed in the Raman spectra), in the ma
terial bulk. In addition, there was no delamination of the glass even in
the presence of a crack between the zirconia and the glass, demon
strating improved adhesion between the materials.
Table 1 presents data of flexural strength, hardness, elastic modulus
and fracture toughness. We analyzed the flexural strength data with
Weibull statistics that showed the strength of Zr-g2 was higher than Zr
(Fig. 5). The failure mode differed in both groups, as zirconia failed by a
defect on the surface whereas the zirconia with experimental glaze failed
from defects below the monoclinic zirconia surface. Moreover, the glass
infiltration increased zirconia’s reliability (based on the nonoverlapping of Weibul moduli confidence intervals).
The commercial glaze could not cover the surface defects homoge
neously so that the strength was like the experimental group’s, but the
Weibull modulus was the lowest. The variations in failure modes were
the major reason for that, as expressed by the delamination of the glaze,
shown in Fig. 6 (c-d).
The values of the elastic modulus and the hardness of the experi
mental and commercial glaze were statistically similar and different
from pure zirconia. However, the fracture toughness of Zr-g2 was
significantly higher than Zr-g. The experimental glaze had an effective
interaction with zirconia, making the material high toughness, allowing
the stress transmission to the material bulk and inhibiting the propa
gation of cracks.
Other implications from using this new glazing material on mono
lithic zirconia may be the reduction of the wear of the antagonist tooth
and less retention of microorganisms. But this needs further
investigation.
4. Conclusion
Based on these findings, the experimental glass applied over sintered
zirconia increased the smoothness, reduced surface defects and led to
phase transformation from tetragonal to monoclinic at the interface. The
new experimental glaze also increased the strength and reliability of
previously sintered zirconia.
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