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This study aimed to produce a new SiOy+Y-TZP ceramic via uniaxial/isostatic compression that was structurally
and chemically characterized relating to its translucency and flexural strength. SiO, and Y-TZP were mixed using
a ball mill, pressed and sintered at 1150 °C. The optical and mechanical properties of the specimens were
compared to lithium disilicate (LD) and zirconia-reinforced lithium silicate (ZLS) (Kruskal-Wallis, « = 0.05). The
Fourier Transform Infrared Spectroscopy bands suggested an interaction between Si, O and Zr. Contrast ratio and
translucency parameter of the experimental ceramic were higher and lower, (p = 0.000001) respectively, than
those of the LD and ZLS. The experimental ceramic presented similar flexural strength to ZLS, but lower than LD
(p < 0.0001). It can be concluded that this processing method is efficient to obtain a SiO2+Y-TZP ceramic and
1150 °C crystallizes SiOy without inducing t-m transformation. The SiO2+Y-TZP ceramic presented lower
translucency and higher masking ability than the commercially available glass-ceramics, but similar flexural
strength to one glass-ceramics.

1. Introduction

Dental ceramics are used as restorative materials due to their
inherited properties, such as the color stability, resistance to wear, high
strength, biocompatibility and low biofilm accumulation (Kelly and
Benetti, 2011; Kelly, 2008). Polycrystalline ceramics, such as zirconia
(ZrO2), own a much higher fracture toughness than glass ceramics,
which in turn are more translucent and esthetically appealing. These
characteristics are important to be taken into consideration depending
on the area these materials are being indicated by the dental
practitioner.

In glass ceramics, silicon oxide (SiO2) is often present (Kelly and
Benetti, 2011; Kelly, 2008), and, as an attempt to enhance the me-
chanical properties of glass ceramics, crystalline materials, such as ZrO,

are used in these materials (Kelly and Benetti, 2011; Kelly, 2008;
Riquieri et al., 2018). Zirconia can be found at three allotropic phases:
monoclinic (m), tetragonal (t) and cubic (c¢). Under room temperature
until 1,170 °C the monoclinic phase can be seen. From 1170 until 2,370
°C ZrOy is in its tetragonal form, and above that temperature, in cubic
form (Chavalier et al., 2007; Kelly and Denry, 2008; El-Gahny and
Sherief, 2016). The tetragonal to monoclinic (t-m) transformation result
in 4.5% volumetric expansion, which is held responsible for the higher
fracture toughness of zirconia. Hence, with the intention to stabilize
t-zirconia under room temperature, dopants such as yttrium oxide
(Y203) are used, originating yttria-stabilized tetragonal zirconia (Y-TZP)
(Guazzato et al., 2004; Ramos et al., 2015). However, as the
zirconia/Y-TZP is known to be opaque, its use in esthetical areas is
limited. Therefore, new ceramic materials containing SiO5 and enriched
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by ZrO,/Y-TZP has been processed by many different routes, such as
sol-gel, slip-casting and uniaxial/isostatic powder compression in order
to achieve good optical properties (Mouzon et al., 2008; Jiang et al.,
2011; Persson et al., 2012).

The uniaxial/isostatic powder compression technique is a low-cost
technique used to produce large amounts of ceramic materials using
powders as starting points. This technique is based on applying pressure
to a mold so the powder in it can be compressed. Thereafter, this green-
body material is submitted to a sintering protocol with an attempt to
density the material. Densification is important to reduce porosities,
irregularities and internal spaces generated during the fabrication
method (Volpato et al., 2011; McCabe et al., 2008), which are also
related to the mechanical properties and transmittance of light inside
the materials bulk (Jiang et al., 2011). Also, nano-sized powders are
used in order to generate more uniform and smoother surfaces, which,
associated with proper heating protocols could lead to good mechanical
behavior and proper light transmittance, i.e., translucency.

Translucency can be defined as the amount of light that is trans-
mitted or reflected from a materials surface through a turbid medium
(Brodbelt et al., 1980). As shown in previous studies (Jiang et al., 2011;
Heffernan et al., 2001), the size, the amount of crystals in the material
and also its porosity play important roles regarding the amount of light
transmitted through the material, consequently interfering in the
translucency of a given substrate. For these reasons, high levels of po-
rosities, as well as the amount of crystalline content composing one
specific material can lead to light scattering and diffuse reflection of
light due to different refractive indices between the matrix, the air inside
those pores and the crystals used for enrichment purposes, resulting in
low translucency which is seen as undesired opaqueness (Jiang et al.,
2011).

Considering these obstacles at reaching proper translucency, the
processing methods play an important role at achieving the desired
optical properties (Mouzon et al., 2008; Jiang et al., 2011; Persson et al.,
2012). Though, these processing methods used to obtain experimental
ceramics are not commonly used to create ceramics with dental pur-
poses, justifying the need to structurally characterize the materials
produced by them and evaluate their desired properties. Therefore,
since new glass ceramics enriched by polycrystalline materials has been
produced by different processing methods and achieved interesting re-
sults, the aim of this study was to produce a new glass ceramic con-
taining SiO+Y-TZP via uniaxial/isostatic powder compression and
structurally and chemically characterize this material relating to its
mechanical and optical properties.

2. Materials and methods

The materials used in this study were Tetraethyl orthosilicate (TEOS,
99.9%, Sigma-Aldrich, San Luis, Missouri, USA), absolute alcohol
(CoHs0H, 99.8%), ammonium hydroxide (NH4O0H, 99.9%), Zpex®
(Tosoh Corporation, Tokyo, Japan; batch no. Z306234P; surface area of
15.1 mz/g), which contained Y503 (5.35 =+ 0.2 wt.%), HfO5 (<5.0 wt.%),
Al,O3 (<0.1 wt.%), NayO (<0.04 wt.%), SiOy (<0.02 wt.%), Fe,0s
(<£0.01 wt.%), lithium disilicate (LD) CAD/CAM block (IPS e.max
CAD®, Ivoclar Vivadent, Schaan, Liechtenstein), zirconia-reinforced
lithium silicate (ZLS) CAD/CAM block (Celtra Duo®, Dentsply, York,
Pennsylvania, USA).

2.1. Synthesis of silica

The synthesis of silica from TEOS was performed according to the
methodology used by Li et al. (2012), from the modified Stober method.
This method consists in adding 10 mL of milli-q water and 4 mL of TEOS
to a beaker, which was maintained in an ultrasonic machine for 5 min to
allow the emulsion of the reagents. Then, 50 mL of absolute alcohol was
dispensed into the beaker, followed by 15 mL of NH4OH, which were
dripped into the solution under magnetic stirring (400 rpm) at 40 °C to
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allow the hydrolysis and condensation of TEOS. The reaction was
maintained for 6 h to obtain the white, amorphous silica suspension.

2.2. Initial characterization

The obtained silica and the powder of partially stabilized poly-
crystalline tetragonal zirconia (Y-TZP) were morphologically, chemi-
cally and structurally analyzed by Scanning Electron Microscope/
Energy Dispersive X-ray Spectroscopy (SEM/EDX), by X-ray Diffraction
(XRD), by a Electron Microscope (TEM) and by Fourier Transform
Infrared Spectroscopy (FTIR).

2.2.1. SEM/EDX

Images were obtained using a JEOL-JSM 5600LV microscope (Tokyo,
Japan), which is equipped with an X-ray detector (Voyager, Noran In-
struments) and allowed the chemical elements analysis to be conducted
by EDX under vacuum and in backscattered electron mode.

2.2.2. TEM
The silica and the Y-TZP powders were observed in TEM (CM200
model, Philips, Amsterdam, Netherlands) with a LaBg filament
(lanthanum hexaboride) and operated at a maximum voltage of 200 kV.
The size of the particles was measured using the Adobe Photoshop CC
2015 software (Adobe Inc., San José, California, USA).

2.2.3. XRD

The X-ray diffractometer (Shimadzu model XDR 7000, Kyoto, Japan)
was used with Cu Ka radiation, angular scan between 10° and 70°, with
a scan speed of 2 min~'. New analyses were performed after the syn-
thesis of the experimental ceramic, following the specifications of each
method, as follows.

The crystalline phases of the initial Y-TZP powder were identified
and the amorphous characteristic of the initial silica powder was vali-
dated by XRD. After sintering the experimental ceramic, a sample un-
derwent a XRD analysis as well.

The crystalline phases were identified by comparing the spectra
obtained with the standard datasheets of the Joint Committee on Pow-
der Diffraction Standards (JCPDS) using the Crystalographica Search-
Match software.

2.2.4. FTIR

The initial Y-TZP powder and the silica powder were placed on an
FTIR spectrometer (Shimadzu Corporation, Model IR Prestige 21, Kyoto,
Honshu, Japan) attached to a ATR device (Smart Miracle™ containing a
diamond plate, Pike Technologies, Madison, Wisconsin, USA). Before
each reading, each powder was compressed against the ATR diamond
crystal using a micrometric low-pressure clamp (408 psi) to allow
optimal contact with it. The transmittance spectra were obtained be-
tween 4000 and 450cm ! with 32 scans at 4 cm ™. After sintering, one
specimen was taken to the FTIR spectrometer to be analyzed following
these same parameters.

2.3. Acquisition of the experimental ceramic (silica + Y-TZP)

The experimental ceramic was obtained using the commercial Zpex®
injection powder on a nanometric scale (0.04 pm) and the aforemen-
tioned silica powder. This mixture respected a 97:3.0 wt.% ratio (Silica:
Y-TZP).

The Y-TZP and silica powders were placed in a polyethylene jug,
which was filled with 28.25 g of isopropyl alcohol, 513 g of ZrO, spheres
and 0.145 g of polyvinyl butyral (PVB). Then the jug was kept in a
rotatory mill for 2 h. After that time, 1.305 g of polyvinyl butyral (PVB)
diluted into 26.1 g of isopropyl alcohol were inserted into the mixture
and the jug was again kept in a rotatory mill for another 10 min.

Thereafter, the contents of the jug were dried and sieved through a
180 pm sieve. The mixture was compacted in a metal device previously
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lubricated with oleic acid to obtain cold uniaxial compression bars at 80
MPa. The bars were subjected to isostatic compress at 206 MPa for 1min
and then sintered at 1150 °C in a MoSi; furnace for 2 h, with a heating
rate displayed in Fig. 1.

2.4. Theoretical density analysis

After sintering, five specimens of the experimental ceramic were
submitted to a theoretical density analysis, which is based on Archi-
medes’s principle. For that, each sample was weighted on an analytical
scale (Adventurer Analytical balance, Ohaus, Parsippany, New Jersey,
USA) three times: when dried, underwater and after immersed in water
for 24 h (damp). Their final density is calculated using the equation (1),
where psample corresponds to the final density of the sample; mq to the
specimen’s mass when dry; mq to the specimen’s mass after immersion
in deionized water (damp); m to the specimen’s mass when measured
underwater (disregarding the mass of water); and pliquid to the density
of the deionized water (0.99777) used to immerge the sample.

my
mg — ny

Psample = ( ) *Pliquid @

2.5. Optical properties tests

2.5.1. Sample acquisition (silica + Y-TZP, IPS e.max CAD® and Celtra
Duo®)

Ten bars of the experimental ceramic (silica + Y-TZP), one lithium
disilicate C14 HT A1 block and one zirconia-reinforced lithium silicate
C14 HT A1l block were stabilized on an Isomet 1000 digital cutting
machine (Buehler, LakeBluff, IL, USA). Using a diamond wafering blade
(Extec XL12205 High Concentration, Extec Corp., Enfield, Connecticut,
USA) at 300 rpm under refrigeration, the specimens were cut into 5 mm
wide x 7 mm high and 2 mm thick (n = 10/group).

After cutting, the LD specimens were taken to a furnace (Programat
EP3000, Ivoclar Vivadent, Schaan, Liechtenstein) for crystallization
according to the manufacturer’s recommendations in order to obtain
their final mechanical and optical properties.

The optical properties of each material were tested on a CM 3700d
spectrophotometer (Konica Minolta, Tokyo, Japan), whose wavelength
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(400 nm-700 nm with intervals of 10 nm) lies in the visible light
spectrum and is emitted by a xenon arc lamp. For this test, each spec-
imen was polished using a semi-automatic polishing machine (Automet,
2000; Buehler, Lake Bluff, IL, USA) with 45, 15, 9, 6, 3 and 1 pm
granulated diamond disks (Allied High Tech Products, Rancho Domi-
nguez, CA, USA) with diamond suspensions up to 1 pm. Then, they were
positioned in the equipment with the 35 mm? side facing the light
source. Thus, the ten specimens of each group were analyzed only once,
acquiring values following the CIELab* (Commission Internationale de
I’Eclairage/International Commission of Illumination) parameter on
white background (Yw) and on black background (Yb). From these data,
the contrast ratio (CR) and the translucency parameter (TP) were
calculated, as performed by Nogueira and Della Bona (Nogueira and
Della Bona, 2013), and dos Santos et al. (dos Santos et al., 2017).

The CR corresponds to the property that measures transparency (CR
= 0) and opacity (CR = 1) of the material obtained through the ratio
between the reflectance of the specimen, both on the black background
(Yb) and on the white background (Yw) (Nogueira and Della Bona,
2013; Della Bona et al., 2014), which is given by equation (2):

CR=Yb/Yw 2

The masking ability of the material corresponds to the TP. This data
was obtained by calculating the color difference (AE), which was
calculated from the L *, a * and b * parameters of the material on the
black and white backgrounds (Nogueira and Della Bona, 2013; Della
Bona et al., 2014; Chu et al., 2007). The value of AE was calculated from
the following equation (3):

AE = [(L* - L*W)Z + (@%p — a*W)Z + (b*, — b*w)2]1/2 3)

The subscripts b* (black) and w* (white) correspond to the color of
the background on which the specimen was positioned in the
spectrophotometer.

2.6. Mechanical properties

Following the standards of ISO 6872:2015, the 3-point bending test
(of) was performed using a 500 N load cell at a constant speed of 0.5
mm/min using an Instron 3342 universal test machine (Instron Co.,
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Fig. 1. Heating rate at which the specimens of the experimental group were submitted during sintering.
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Canton, MA, USA). For the 3-point bending test, the specimens (n = 10/
group) were placed on a metal device, maintaining a distance of 12 mm
between the lower cylindrical supports and the load applied at the
center of the upper metal rod. During the tests, the bending device was
stored submerged in distilled water under a temperature of 37 °C. The
values of flexural strength were determined according to equation (4),
where P refers to the value of the fracture load in Newtons (N), I refers to
the span, which was standardized at 12mm, w refers to the specimen
width (approximately 4 + 0.2 mm) and b refers to the thickness of the
specimen (approximately 2.1 + 1.1 mm).

of = 3Pl / 2wb? 4

2.7. Division into groups

For the optical properties analysis, 30 specimens were used in the
dimensions of 5 mm wide x 7 mm high and 2 mm thick, totaling 10
specimens for each material (n = 10/group). For the three-point bending
test, 30 specimens were used in the dimensions of 4 mm wide x 14 mm
high and 2 mm thick, totaling 10 specimens for each material (n = 10/
group). The materials were divided into 3 groups, as described in
Table 1.

2.8. Statistical analysis

The data regarding the optical and mechanical properties tests were
organized on Excel spreadsheets and statistically analyzed using IBM
SPSS software (SPSS Inc., Chicago, IL, USA). The normal distribution of
data was checked using the Kolmogorov-Smirnov test. As there was no
normal distribution to both tests, Kruskal-Wallis followed by post-hoc
Dunn tests were applied. All analyses were performed with the level of
significance set at 5%.

3. Results
3.1. SEM/EDX

The chemical characterization of Y-TZP and silica was conducted
using SEM/EDX. The analysis conducted on silica detected small ag-
glomerations of smaller spherical primary particles of silica (Fig. 2A).
Also, the EDX analysis detected silicon (Si) and oxygen (O), in 47.88 wt.
% and 52.12 wt.%, respectively (Fig. 2F).

As performed on silica, the Y-TZP powder was also submitted to the
same analysis. The SEM analysis indicated several agglomerations of the
nano-sized particles (Fig. 2B). The EDX assessment indicated the pres-
ence of mainly four chemical elements: zirconium (Zr), oxygen (O) and
yttrium (Y) and hafnium (Hf) in 67.06 wt.%, 27.79 wt.%, 4.19 wt.% and
0.95 wt.%, respectively (Fig. 2G).

After sintering, SEM was conducted on a fracture area. In Fig. 2C it is
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possible to notice the insufficient densification of the sample and the
presence of silica grains, characterized by their spherical character. In
Fig. 2D-E it can be seen some pores and cracks in the material, which
could have functioned as origins of the catastrophic failure.

3.2. TEM

Under TEM analysis, it was possible to confirm that the particles
were spherical and amorphous (Fig. 3A, B and 3C). The size of silica
particles and their distribution are represented in Fig. 4.

The Y-TZP powder is commercialized in a 40nm scale, therefore a
TEM analysis was necessary to properly confirm this statement. Under
the TEM analysis, it was possible to observe the heterogeneity of the
sample, both in the particles’ shape and size (Fig. 3D, E, 3F, 3G).

After mixing the two powder in the determined proportion, the
resulting powder was taken to an analysis under TEM. In the acquired
images, a particle of Y-TZP can be seen inside the grain of silica (Fig. 3H
and I). Also, the amorphous character of silica can be seen due to the lack
of a crystallographic pattern, different from Y-TZP, which owns crys-
tallographic patterns, seen in Fig. 3F and G.

3.3. XRD

The structural analysis was conducted by XRD. According to the
standard datasheets of the Joint Committee on Powder Diffraction
Standards (JCPDS), this structural analysis showed that the silica ac-
quired by the modified Stober method is amorphous (Fig. 5).

The structural analysis was also performed on the Y-TZP powder.
This analysis is expressed in Fig. 5, where more intense peaks are seen in
the region of 28, 31 and 35°, attributed to the monoclinic phase of ZrO,,
whilst the ones at 30, 50 and 60° can be attributed to the tetragonal
phase. Less intense peaks are also seen at 24, 40, 53, 55 and 62 and are to
the monoclinic phase, excepting 55°, which can also be attributed to the
tetragonal allotropic phase (Fig. 5) (Hanawalt et al., 1938; Ruff et al.,
1929). In this case, unlike what is stated by the manufacturer, the
powder is not commercialized solely in its tetragonal form.

The Y-TZP and silica powders were mixed in a ball-mill in the pro-
portions described in the item 2.3 of this paper. Before being submitted
to the sintering treatment, it was analyzed structurally. The graph that
resulted from this analysis corresponded to an overlapping of the
amorphous characteristic attributed to the silica powder and the peaks
attributed to the Y-TZP powder. However, the intensity of the peaks
detected at 28, 30, 35, 50 and 60° decreased, and the ones located at 53
and 55 could not be seen. Also, the peaks at 24 and 31 were dislocated to
26 and 33°, respectively (Fig. 5). This dislocation can be associated with
the formation of ZrSiO4 (Hanawalt et al., 1938).

After sintering at 1150 °C for 2 h, it can be stated that the temper-
ature at which the specimens were sintered was sufficient to crystallize
the amorphous silica, once a new peak at the 22° can be seen (Wyckoff,
1925). Also, two delicate new peaks can be seen at 27 and 36°, attrib-
uted to the formation of ZrSiO4 (Hanawalt et al., 1938; Liu et al., 2012).

Table 1
Classification and composition of the ceramics used in this study.
GROUP MATERIAL CLASSIFICATION COMPOSITION
EC (Experimental Experimental ceramic containing silica and Y-TZP Silica reinforced with 3% of Y-TZP 3% Y-TZP
Ceramic) nanoparticles 97% SILICA
LD IPS e.max CAD® Lithium disilicate 57-80% SiO,
11-19% Li,O
0-13% K20
0-11% P05
0-8% ZrO,
0-8% ZnO
0-5% Al,O5
0-5% MgO
ZLS Celtra Duo® Zirconia-reinforced lithium Lithium silicate with approximately 10% of

silicate ZrOy




V. Mosquim et al.

ENT=1500W  SgniAzSEl e~y
WO= 80mm  Mag= 280KX wmiiar

ENT=1500W/  SgnuA= SE1

Wosf26mm  Meg= 30X~ |t ] G WO 75mm

Journal of the Mechanical Behavior of Biomedical Materials 106 (2020) 103749

EHT=1500K  SgmlA=SEl v
WO= BOmm  Mag= 1.00KX wiac

ENT=1500KV  SgnlA=SEl oy

Mog= 600X i

Fig. 2. SEM assessment conducted on the initial silica powder (A); on the Y-TZP initial powder (B) and on a fracture area of a specimen after sintering (C). Pores and
cracks can be seen on the fractured area of the specimen (D and E). The EDX analysis was conducted on both silica (F) and Y-TZP (G).
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Fig. 4. The TEM images allowed the silica particles to be measured. Most
grains of silica (50.12%) was between 0.4 and 0.49 pm, followed by the grains
between 0.5 and 0.59 pm (26.41%) and the ones between 0.6 and 0.69
pm (23.47%).

All other peaks related to Y-TZP could not be seen, excepting the ones at
30 and 60°, which are representing the tetragonal allotropic phase of
Zr0, (Fig. 5).

Fig. 3. TEM images of the silica powder in A, B
and C, where it can be stated that silica particles
were spherical and amorphous due to the lack of
a crystallographic pattern. In D, E, F and G the
images obtained by the analysis of Y-TZP. Low-
magnification TEM image is seen in D, and in E
the corresponding FFT pattern of a single nano-
particle, and the crystallographic pattern of a
single nanoparticle in F and G. In H and I, the
images were obtained before sintering the ma-
terial (physical mixture), where the Y-TZP par-
ticle can be seen in the silica particle (H and I).
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Fig. 5. XRD patterns of the sample before and after sintering at 1150 °C for 2 h
(Monoclic zirconia: PDF Card No. 00-001-0750; Tetragonal zirconia: PDF Card
No. 00-002-0733; ZrSiO4: PDF Card No. 00-001-0679; SiO,: PDF Card No. 00-
001-0424).
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3.4. FTIR

The silica powder and the Y-TZP powders were subjected to analysis
by FTIR in order to detect the chemical interactions present in them.
Three readings were performed in transmittance mode in each powder,
where the band on the axis related to the wave number in cm™' corre-
sponds to a given chemical bond.

The assessment conducted on the silica powder indicated bands at
800 and 961 cm ! assigned to Si—-OH groups and a band around 1000-
1200 cm™! attributed to the stretching vibration of Si-O-Si bonds
(Fig. 6). A delicate band at 1630 cm~! was seen and related to adsorbed
H50. Also, a band at 2300 cm™! can be assigned to COx.

When the Y-TZP was analyzed by FTIR, a broad band at the region of
550-650 cm™ ! was seen, attributed to the Zr-O bonds (Fig. 6). Smaller
bands located between 1000 and 1500 cm ™! can be assigned to different
organic groups used in the manufacturing process of the Y-TZP powder.

The physical mixture (before sintering) was also subjected to FTIR
analysis. This analysis indicated the same bands at the region of
1000-1200 cm ™}, 961 cm ™~ and 800 cm ™! attributed to bonds located in
the silica powder, and bands in the 550-650 cm™! region related to the
Y-TZP powder. Also, the bands at 1630 cm ™! and 2300 cm ™! associated
with adsorbed H,0 and CO,, respectively. The 1100 cm ™! region is also
related to the bond related to the interaction of Si and Zr (Si-O-Zr
bonds).

After sintering, the bands at 2300 em™! (COy), and at 600-700 cm ™!
(Zr-0) were maintained. However, those bands located at 1000-12000
cm ! (Si—O-Si), 961 em ! (Si—-OH), were eliminated and that at 550
cm™! lost intensity. The smaller bands located between 1000 and 1500
cm ! were eliminated due to the temperature at which the specimens
were subjected during sintering.

3.5. Theoretical density test

The theoretical density value of the experimental ceramics (silica +
Y-TZP) was 1.663 g/cm®.

3.6. Optical properties

3.6.1. CR

The CR measures the transparency or opacity of each material. The
EC group showed the highest CR value (more opaque), and it was
significantly different from ZLS and LD groups (p = 0,000001). The ZLS
group showed the lowest CR value (less opaque), which was different
from both LD and EC values. LD showed an intermediate value of CR,

Sio

2

Y-TZP

SiO,+Y-TZP before sintering

Intensity (a.u.)

Sintered SiO_+Y-TZP

T

) T * T L T € T . T . T . T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 6. FTIR spectra of the sample before and after sintering at 1150 °C for 2 h.
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and it differed from the values of ZLS and EC (Table 2).

3.6.2. TP

The TP measures the masking capacity of each material. Lower AE
values indicate a better masking capacity. The EC group showed the
lowest AE value (higher masking capacity), and it was different from
both LD and ZLS values (p = 0,000001). The ZLS group showed the
highest AE value (lower masking capacity), and it was significantly
different from LD and EC groups. LD showed an intermediate value of
AE, and it differed from the values of ZLS and EC.

The medians of CR and AE values are displayed in Table 2, along
with their interquartile range.

3.7. Mechanical properties

The LD group presented the highest values of flexural strength
among all testes materials (p < 0,0001), and it was significantly different
from the ZLS and EC, which presented the lowest values of flexural
strength and were not significantly different from each other (Table 3).

4. Discussion

This study was able to evidence an alternative method to obtain pure
amorphous silica and also evidences an efficient method to synthesize a
new glass ceramic containing 97 wt.% silica and 3.0 wt.% Y-TZP. The
experimental ceramic presented lower translucency than two commer-
cially available glass-ceramics, but similar flexural strength to one glass-
ceramics.

Since its first use (Stober et al., 1968), the Stober method has proven
to be an efficient route to produce pure, spherical and amorphous silica
using tetraethyl orthosilicate (TEOS) as a precursor (Persson et al., 2012;
Bangi et al., 2012). These characteristics were confirmed by SEM/EDX,
TEM and XRD analyses. Size and shape of silica particles are in accor-
dance with the findings of Buckley and Greenblatt (1994), where
ammonia was used as a catalyst (base catalyst), which is responsible for
forming larger and more spherical particles/grains than when an acid is
used as a catalyst (Stober et al., 1968). These characteristics are also able
to control translucency, homogeneity and the deformation suffered by
the specimens during sintering (Jiang et al., 2011; Shui et al., 2002). As
also stated in previous studies (Jiang et al., 2011; Pizette et al., 2013),
higher green-body strength, better densification and, consequently,
improved optical and mechanical properties could be achieved with
smaller primary particles.

According to the manufacturer, the Y-TZP powder used in this study
was also acquired by a hydrolysis method (TOSOH. Advanced, 2020).
Some published studies have already evidence that this route is an
alternative to produce Y-TZP materials (Persson et al., 2012; Padovini
et al., 2014; Leib et al., 2015). The compounds used in this reaction are
not disclosed by the manufacturers, but depending on their composition,
it could justify the FTIR bands seen at 1200-1600 cm ™! when the Y-TZP
powder was analyzed alone. Yet, after sintering, these organic com-
pounds can be eliminated due to the high temperatures at which the
material is submitted.

Also, despite the manufacturer stating that the Zpex® is composed
only by tetragonal zirconia, the XRD analysis proved that the monoclinic
phase is also present. This finding corroborates with the findings of

Table 2
CR and AE median + interquartile range values obtained after statistical
analysis.

Group Contrast Ratio Translucency parameter (AE)
EC 0.999 + 0.008" 00.165 + 0.41¢
LD 0.752 + 0.12% 11.485 + 0.45°
ZLS 0.717 + 0.22€ 13.350 + 1.05*

*Different capital letters indicate difference between groups (p = 0.000001).
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Table 3
Flexural strength values obtained after the statistical analysis.
Group Flexural Strength (median =+ interquartile range)
LD 249.11 + 49.48*
ZLS 105.11 + 13.70®
EC 74.82 + 8.99°

*Different capital letters indicate difference between groups (p < 0.0001).

Gauna et al. (2015). However, if this monoclinic phase is metastable, the
temperature increase promoted by the sintering protocol could be suf-
ficient to transform this monoclinic zirconia into its tetragonal form.
When this reaction happens, during cooling to room temperature, the
zirconia does not transform back to the monoclinic state, preserving its
tetragonal form and, consequently, its fracture toughness mechanism.

After mixing silica and Y-TZP, a reduction in intensity of the Y-TZP
peaks was seen in the XRD patterns. This may be attributed to the pro-
portion of silica/Y-TZP used to prepare the ceramic material. Also, when
these two initial powders were mixed and analyzed under TEM, it is
possible to observe that the nano-sized ZrO, was surrounded by SiOy
grains. This could also indicate the formation of a Zr-O-Si interlayer, as
evidenced by Persson et al. (2012). This interaction between Zr, O and Si
would be shown in the FTIR spectra close the 1100 cm™! region regar-
ded as the asymmetric stretching vibration of this bond (Padovini,
2018), yet, due to the intensity of Si—~O-Si bonds, seen closely to the
same region, this band may not be properly evident.

During mixing, PVB was used as a binding agent in this study. Some
studies have also evidenced that the use of a binder may lead to the
formation of porosities if not properly eliminated, leading to reduced
translucency and strength after sintering (Jiang et al., 2011; Pizette
et al., 2013). However, in ambient conditions, the silicon surface is
readily covered by oxygen, due to their strong affinity. This makes it
difficult to deform these elements and compact then by using a uni-
axial/isostatic press without resorting to a binding agent to provide
green-body strength (Barraclough et al., 2007). Without a binding agent,
the green-body strength of this study’s experimental ceramic would rely
solely on the van der Waals attraction forces, and could make the
compacted specimen susceptible to damage during its removal from the
die and handling (Pizette et al., 2013; Barraclough et al., 2007).

The mixture containing silica, Y-TZP and a binding agent was sub-
mitted to uniaxial/isostatic powder compressing. This technique has
been used to create highly dense and mechanically resistant alternative
ceramic materials (Mouzon et al., 2008; Jiang et al., 2011; Lopes et al.,
2019). In this study, the experimental ceramic presented lower flexural
strength than IPS e.max® CAD and similar value to Celtra Duo®, and
lower translucency than IPS e.max® CAD and Celtra Duo®. This finding
is in accordance with the study of Mouzon et al. (2008), in which the
specimens obtained by the uniaxial/isostatic powder compressing
technique presented lower translucency when compared to the
slip-casting technique.

After compressing this powder, the green-body specimens were sin-
tered at 1150 °C for 2 h in this study. During the sintering stages, at
600-700 °C the binder is burned out (Baklouti et al., 2001). The increase
in the intensity of the FTIR band seen at 2300 cm ™! could be attributed
to the imprisonment of CO, (Sanati and Andersson, 1993) inside the
bulk of the material attributed to the evaporation of the binding agent.

Other studies have shown that silica can be compacted at tempera-
tures close to 1250 °C-1300 °C (Barraclough et al., 2007; Santana and
Jones, 1996). However, previous studies evidenced that a
tetragonal-monoclinic metastable transformation can be seen if zirconia
is submitted to temperatures between 1150°C-1200 °C (Persson et al.,
2012; Nogami and Tomozawa, 1986). These studies contrast with the
findings to this study, once the 1150 °C temperature did not induce the
t-m phase transformation in zirconia under XDR analysis. Yet, under
SEM assessment, it can be seen that the spherical character of silica
particles was maintained. This maintenance in the particles shape could
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also indicate that higher temperature and/or longer periods should be
used to promote a better densification of the experimental material.
Since no proper densification was achieved with the chosen sintering
protocol, the presence of such pores and remaining cracks could have
reduced the mechanical and optical properties of the material. Also, due
to the high number of pores and cracks on the fracture surface, a frac-
tographic analysis of the origin of the catastrophic failure was
unfeasible.

Despite the maintenance of the silica shape, the XRD patterns evi-
dence that this temperature was sufficient to crystallize the amorphous
silica particles. Yet, 2 h seem to be insufficient to promote crystal
growth, once the intensity of the XDR peak attributed to silica crystal-
lization is quite mild. These findings corroborate to the study of Persson
et al. (2012), in which SiO-ZrO5 ceramics were submitted to either 10
or 15-h sintering stages, and it resulted in more intense silica XRD peaks,
in spite of the percentage of silica being smaller than in this study.

Nonetheless, in the study conducted by Jiang et al. (2011), Y-TZP
specimens were sintered for 2 h and translucency was achieved even for
primary particles over 40 nm. It points out that primary particles size
and temperature of sintering are important factors to be taken into ac-
count in order to achieve proper translucency (Jiang et al., 2011). In this
study, however, the temperature used is lower than in Jiang’s study,
which could be held responsible for the lower densification and,
consequently, lower translucency obtained for the experimental
ceramic. In this present study, the residual porosity could be responsible
for the lack of translucency, once the difference in the refractive indexes
between the grains of SiO5 and air inside the pores could have made
light to scatter through the material (Jiang et al., 2011; Heffernan et al.,
2001; Peelen and Metselaar, 1974). Thus, since the amount of light that
was transmitted, absorbed and reflected was disturbed by these different
refractive indexes, the material looked opaque.

In view of what has been discussed, the use of a binding agent
associated with short sintering period and lower temperatures could
have resulted in a high level of porosities, which hindered the trans-
lucency of the experimental material. Yet, it is important to highlight
that this study contributes to the scientific literature by evidencing that
the uniaxial/isostatic powder compression is an efficient processing
method of experimental ceramics with dental purposes.

Further studies are necessary to investigate if different sintering
protocols are sufficient to eliminate the pores of this material even in the
presence of a binding agent and promote crystal growth and better
translucency. Also, if these higher temperatures are tested, the t-m
metastable transformation should also be analyzed, associated with
different mechanical tests (e.g. biaxial flexural strength and fracture
toughness tests) in order to properly evaluate the sintering consequences
in the material’s physical and mechanical properties in order for it to be
used as an alternative dental ceramic.

5. Conclusion

Within the limitations of this study, it can be concluded that the
uniaxial/isostatic powder compression is an efficient method to obtain
experimental ceramics for dental purposes. Also, 1150 °C for 2 h is
sufficient to crystallize SiOy without inducing t-m transformation of
zirconia. Yet, this sintering protocol seems to be insufficient to densify
the experimental ceramic, which consequently resulted in reasonable
flexural strength, but higher contrast ratio and lower translucency
parameter when compared to lithium disilicate and zirconia-reinforced
lithium silicate. Further studies with different sintering protocols are
needed in order to properly achieve a good balance between optical and
mechanical properties for this experimental material.
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