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Riquieri H. Impacto do processo de cristalizacdo na microestrutura e na
resisténcia a flexdo de ceramicas de silicato de litio refor¢adas por zircOnia
[tese]. Sdo José dos Campos (SP): Universidade Estadual Paulista (Unesp),
Instituto de Ciéncia e Tecnologia; 2017.

RESUMO

O objetivo deste trabalho foi avaliar o silicato de litio refor¢cado por zirconia
quanto a sua microestrutura ¢ as mesmas propriedades mecanicas em diferentes
fases de cristalizacdo. Cento e vinte amostras de discos de silicato de litio
refor¢ado por zirconia foram usinados de acordo com as normas ISO 6872
(12x1,2mm) para o ensaio de flexdo biaxial. Foram separados em 4 grupos de
acordo com a fase de cristalizacdo. Grupo I: 30 amostras de Celtra pre
cristalizado (CNC); Grupo II: 30 amostras de Celtra cristalizado (CC); Grupo
III: 30 amostras de Suprinity Ndo Cristalizado (SNC) e Grupo IV: 30 amostras
de Suprinity Cristalizado (SC). Os corpos de prova foram submetidos ao ensaio
mecanico de flexdo biaxial e em seguida realizadas analises qualitativas e
quantitativas. Por meio microscopia eletronica de varredura, microscopia
eletronica com emissdao de campo MEV-FEG, EDS e difracdo de raios X (n=4),
foi realizada a caracterizacdo completa dos materiais e analise morfoldgica da
microestrutura  para todos os grupos. Para as andlises estatisticas foram
utilizados o0 mdédulo Weibull (m) e resisténcia caracteristica (o).

Palavras-chave: Ceramicas, Vitroceramicas, Resisténcia de materiais, Silicato de
Litio Refor¢ado por Zirconia.



Riguieri H. Impact of crystallization firing process on the microstructure and
flexural strength of zirconia-reinforced lithium silicate glass-ceramics
[doctorate thesis]. Sdo José dos Campos (SP): Sdo Paulo State University
(Unesp), Institute of Science and Technology,; 2017.

ABSTRACT

The objective of this work was to evaluate the lithium silicate reinforced by
zirconia as to its microstructure and the same mechanical properties in different
phases of crystallization. One hundred and twenty samples of zirconia-
reinforced lithium silicate discs were machined according to ISO 6872
(12x1,2mm) standards for the biaxial flexural test. They were separated into 4
groups according to the crystallization step. Group I: 30 samples of Pre-
Crystallized Celtra (CPC); Group II: 30 samples of Crystallized Celtra (CC);
Group III: 30 samples of Uncrystallized Suprinity (SNC) and Group IV: 30
samples of Crystallized Suprinity (SC). The specimens were submitted to the
mechanical biaxial flexion test and qualitative and quantitative analyzes were
performed. Scanning Electron Microscopy, Electron Microscopy with Field
emission SEM-FEG, EDS and X-ray diffraction (n = 4) were carried out to
characterize the materials and morphological analysis of the microstructure for
all groups. The Weibull (m) and characteristic resistance (c0) were used for the
statistical analysis.

Keywords: Ceramics. Vitroceramics. Resistance of Materials. Zirconia
Reinforced Lithium Silicate.
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1 INTRODUCAO

Os materiais ceramicos odontoldgicos sdo usados em tratamentos
reabilitadores por apresentarem biocompatibilidade, estética e propriedades
mecanicas (Albakry et al, 2003). Essas propriedades aliadas as
propriedades Opticas as tornam similares as estruturas dentarias (Mainjot et
al., 2016).

Ceramicas que ja sdo consagradas para uso clinico devido as suas
excelentes propriedades Opticas e resisténcia mecanica sdo a base de
dissilicato de litio, dada a possibilidade de uma série de aplicacdes clinicas,
como laminados, restauracdes do tipo inlay e onlay, coroas parciais e
coroas totais unitarias anteriores e posteriores (Zarone et al., 2016). E um
material confiavel o suficiente para ser usado em espessuras de até¢ 0,5 mm
e proporciona restauragdes mais duradouras do que aquelas feitas de
infraestrutura de zirconia recobertas com porcelana (Guess et al., 2010;
Silva et al., 2012).

A apresentacdo comercial ¢ em forma de pastilhas para inje¢do ou
blocos para usinagem em CAD/CAM (Computer Aided Design/Computer
Aided Manufacture), sendo que os blocos também apresentam um estado
intermediario de cristalizagdo que necessitam de tratamento térmico para o
crescimento dos metassilicatos de litio, os quais evoluem e formam os
cristais de dissilicato de litio, aumentando a resisténcia a flexao e a fratura
(Lien et al., 2015).

A busca constante por materiais restauradores totalmente ceramicos
que associem estética e resisténcia contribuiu para o desenvolvimento de
vitro-ceramicas, como aquelas a base de silicato de litio refor¢ado com

zirconia (Vita Zahnfabrik, 2014) e sdo indicadas para restauragdes tipo
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inlays, onlays, coroas totais anteriores, coroas totais posteriores € protese
implanto suportada (Elsaka, Elnaghy, 2016).

A matriz vitrea das vitro-ceramicas ¢ bastante susceptivel a
propagac¢do de trincas (Borba et al., 2011) e para melhorar este aspecto,
materiais de menor modulo de elasticidade podem ser incorporados na
matriz ceramica (Mark, 1996; Petrini et al., 2013). As empresas Vita
Zahnfabrik e Dentsply anunciaram que o contetido de didxido de zirconio
incorporado ¢ dez vezes maior se comparada as outras vitro-ceramicas
(Vita Zahnfabrik, 2014; Dentsply — DeguDent GmbH, 2014). Este
conteudo esta disposto de forma homogénea e com pequeno tamanho de
graos, 0o que acarretaria alta resisténcia e excelente polimento superficial
(Traini et al., 2016).

No que diz respeito a cristalizacdo, os blocos em CAD/CAM
apresentam um estado intermedidrio, que depois de fresados, ainda
necessitam de tratamento térmico para crescimento dos cristais de silicato
de litio. Este fato se torna imprescindivel pois ndo causa alteracdes na fase
cristalina do material, o que parece nio modificar a microestrutura
ceramica original (Aurélio et al., 2017).

A introdugdao da fase de cristalizagdo em ceramicas vitreas tem
como principal intencdo criar mecanismos de tenacificacdo que aumentam
sua tolerancia ao dano (Lohbauer et al., 2010). Assim, a microestrutura do
material tem relagdo direta com sua tenacidade a fratura (Kjc), pois
expressa sua capacidade de resistir a propagacao da trinca. As fraturas das
ceramicas ocorrem quando o fator de intensidade de tensdo na ponta da
trinca (K;) atinge um valor critico (K;¢) (Quinn, 2007).

As ceramicas com alto conteido de matriz vitrea mostraram-se
susceptiveis a degradacdo por fadiga, estimulando o desenvolvimento de
novos materiais para suprir essa deficiéncia (Belli et al., 2017). Desse

modo, a incorporagdo de Oxido de zircOnio resultou no aumento da
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resisténcia mecanica, melhorando polimento superficial. Além disso, conter
particulas de zirconia em sua matriz, trata-se de uma ceramica vitrea cuja
superficie pode ser condicionada com acido fluoridrico (Sato et al., 2016).

O silicato de litio pode se apresentar em um estado de pré-
processamento € pronto para o uso. Também sdo totalmente produzidas em
ambiente industrial ideal, permitindo um alto padrao de qualidade em nivel
laboratorial, deixando de ser manual/aditivo para ser mecanizado/subtrativo
(Rinke et al., 2015). Esses materiais sdo oferecidos em um estagio meta-
cristalizado para facilitar a usinagem e para alcancar os ideais de cor so
depois passar pela queima de cristalizacao final (Belli et al., 2017).

Diante do exposto, por serem novos materiais ¢ adequados a uma
tecnologia que ganha cada vez mais espaco, ha a necessidade de se
conhecer o comportamento biomecdnico e as caracteristicas
microestruturais das diferentes formas de apresentacdo concernente a
cristalizacdo desses novos materiais, onde um dos fabricantes recomenda o
uso do material ndo s6 na forma cristalizada, mas também na forma

parcialmente cristalizada.
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2 ARTIGO

2.1 Artigo — Riquieri H, Monteiro J, Viegas DC, Campos TMB, Melo
RM, Saavedra GSFA. Impacto do processo de cristalizacio na
microestrutura e na resisténcia a flexao de ceramicas de silicato de litio
reforcadas por zirconia / Impact of crystallization firing process on the
microstructure and flexural strength of zirconia-reinforced lithium

silicate glass-ceramics

RESUMO

O objetivo deste estudo foi caracterizar a microestrutura de duas ceramicas
de silicatos de litio reforcadas com zirconia com resina em diferentes
estagios de cristalizacdo e avaliar suas propriedades mecanicas antes e
depois do tratamento térmico.

M¢étodos: MEV-FEG e EDS foram realizados para caracterizagdo
microestrutural. Para avaliar o padrdao de cristalizacdo da ceramica e a
composicao molecular, utilizou-se DRX. A dureza de Vickers, a resisténcia
a fratura pelo método de indugdo e a resisténcia a flexdo também foram
medidas. Foram produzidos cento e quarenta discos ceramicos (12 mm de
didmetro e 1,2 mm de espessura) e alocados em quatro grupos (n = 30), de
acordo com dois fatores: material cerdmico (Vita Suprinity e Celtra Duo) e
estadios de cristalizagdo (parcialmente cristalizados e cristalizados) . Os
espécimes foram testados em agua para a determinacdo dos pardmetros de
Weibull.

Resultados: CC apresentou maior resisténcia caracteristica (251,25 MPa) e
dureza (693,333 + 10,85 GPa). Por outro lado, o SPC revelou a menor
resisténcia  caracteristica (106,95  MPa), apresentou  dureza
significativamente menor (597,533 + 33,97 GPa). De acordo com o modulo
Weibull, o SPC revelou uma maior probabilidade de falha (m = 7.07),
enquanto SC ¢ o menor (m = 5,38). A FEG-SEM mostrou que ¢ necessario
realizar o tratamento térmico em ceramicas parcialmente cristalizadas para
cristalizagdo em zirconia. SC mostra menor teor de zirconia cristalizada do
que CC. A andlise fractografica mostrou a origem da fratura em um defeito
critico inicial, com ondas de propagacdo de energia direcionadas
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transversalmente ao estresse de tragao principal.

Conclusao: o tratamento térmico tem uma influéncia direta sobre a
resisténcia a flexdo e a microestrutura de ceramica de silicato de litio
refor¢ada com zircOnia com resina.

Palavras-chave: Materiais dentarios. Ceramica dental. Fabricacao assistida
por computador. Resisténcia a flexao biaxial.

ABSTRACT

The objective of this study was to characterize the microstructure of two
resin-bonded zirconia-reinforced lithium silicates ceramics in different
crystallization stages and evaluate their mechanical properties before and
after the thermal treatment.

Methods: SEM-FEG and EDS were performed for microstructural
characterization. For evaluation of the pattern of crystallization of the
ceramics and the molecular composition, XRD was used. Vickers hardness,
fracture toughness by indentation method and flexural strength were also
measured. One hundred and forty ceramic discs were produced (12mm
diameter and 1.2mm thick) and allocated into four groups (n = 30),
according to two factors. ceramic material (Vita Suprinity and Celtra Duo)
and crystallization stages (partially crystallized and crystallized). The
specimens were further tested in water for determination of Weibull
parameters.

Results: CC showed higher characteristic strength (251.25 MPa) and
hardness (693.333 = 10.85 GPa). On the other hand, PCS revealed the
lowest characteristic strength (106.95 MPa), had significantly mildest
hardness (597.533 + 33.97 GPa). According to the Weibull modulus, PCS
revealed a higher probability of failure (m = 7.07) while CS the lowest (m
= 5.38). FEG-SEM showed that it is necessary to perform the heat
treatment in partially crystallized ceramics for crystallization to zirconia.
CS shows lower content of crystallized zirconia than CC. The fractographic
analysis showed the origin of the fracture in an initial critical defect, with
energy propagation waves directed transversely to the main tensile stress.
Conclusion: The heat treatment has a direct influence on the flexural
strength and microstructure of resin-bonded zirconia-reinforced lithium
silicate ceramics.

Keywords: Dental Materials. Dental ceramics. Computer-aided
manufacturing. Biaxial flexural strength.
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Introduction

Ceramic materials in dentistry are widely used to rehabilitation
treatments (such as teeth replacement) by presenting biocompatibility and
good mechanical properties (Albakry et al., 2003). Besides, the mimetic
ability of their optical properties makes this material similar to tooth
structure (D'Arcangelo et al., 2016; Mainjot et al., 2016). The constant
search for all-ceramic restorative materials that unite aesthetic and strength
contributed to development of glass-ceramics (i.e., zirconia reinforced
lithium silicate glass-ceramics) by the companies Vita and Dentsply in
conjunction with the Fraunhofer Institute for Silicate Research (Germany),
and marketed separately under different product brands, i.e., Vita Suprinity
(VITA) and Celtra Duo (Dentsply) (Belli et al., 2017; Wendler et al.,
2017). Both ZLS glass-ceramics are recommended to inlays, onlays, full-
contour anterior and posterior crowns, and also implant-supported

prosthesis (Rinke et al., 2015; Elsaka e Elnaghy, 2016).

The glassy matrix of vitreous ceramics is quite susceptible to
crack propagation (Borba et al., 2011), and to degradation under fatigue
loads (Belli et al., 2017). In this sense, reinforced microstructures have
been purposed to make up those deficiencies and get ceramic materials
even more better (Belli et al., 2017). The manufacturers announced that the
zirconia dioxide content incorporated in ZLS ceramic materials is ten times
higher when compared to other glass-ceramic materials (Vita Zahnfabrik,
2014; Dentsply, 2014). This compound is homogeneously arranged and has
small grains, which could result in higher resistance, and also better
superficial polishing (Traini et al., 2016). Even with dioxide zirconia on its
glass matrix, ZLS glass-ceramic materials belong to a class of sensitive
acid ceramics, and it means that their surface can be etched by hydrofluoric

acid (Sato et al., 2016).
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ZLS glass-ceramics are marketed in a pre-processing state,
available as pre-fabricated ceramic blocks, which allow less internal flaws
and bubbles and a high quality and reliability of ceramic restorations
produced by these blocks in a mechanized/subtractive way (Rinke et al.,
2015). To make easier the machining process, ZLS glass-ceramics are
available in a meta-sintered stage (intermediate), and only after a heat
treatment, on which the lithium silicate will grow up, the ceramic gets the
final color and strength (D'Arcangelo et al., 2016; Belli et al., 2017). The
crystallization process is essential because it do not change the crystalline
phase of ceramic material, what seems do not change the original ZLS
microstructure (Aurélio et al.,, 2017). Also, the introduction of this
crystallization phase in vitreous ceramics has as main intention to create
toughness mechanisms, that will increase its damage tolerance (Lohbauer
et al., 2017), since the microstructure has a direct relation with the fracture
toughness (Kjc), expressing the material’s ability to resist the crack
propagation (Quinn, 2007).

Given the aforementioned concepts, and taking into account that
ZLS glass-ceramics are a relatively new material, developed for a
technology which is gaining more and more space in dentistry, there is a
great interesting of the scientific community about the biomechanical
behavior and microstructure characteristics of the different ZLS ceramic
available concerning the heat treatment (D'Arcangelo et al., 2016). In this
sense, the present study evaluated the microstructure of zirconia-reinforced
lithium silicate glass-ceramics in a state partial or fully crystallized, and
also the mechanical properties of these ceramic materials before and after
the crystallization process. The null hypotheses tested was that the ZLS
glass-ceramics would have the same mechanical properties and

microstructural characteristics before and after the heat treatment.
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Materials and methods

Two zirconia-reinforced lithium disilicate ceramic materials (Vita
Suprinity - VITA Zahnfabrik H. Rauter GmbH & Co., Bad Sickingen,
Germany, lote 49270, and Celtra Duo - Degudent GmbH, Hanau,
Wolfgang, Germany, lote 18018171) were used to produce one hundred
and forty ceramic discs. The specimens were divided into two test
conditions (no crystallization firing process; with crystallization firing

process).

2.1 Specimens preparation

The ceramic blocks were machined in a conventional lathe
(Nardini, Americana, S3o Paulo, Brazil) in order to get cylinders (final
diameter: 12 mm). The cylinders were cut by a precision cutting machine
(Isomet 1000, Buehler, Lake Bluff, Illinois, USA) in discs with the final
thickness of 1.2 mm.

The ceramic specimens were randomly separately, and a half of
both ceramic materials was submitted to a crystallization cycle in a specific
oven for each ZLS ceramic (Vita Vacumat 6000MP, Vita Zahnfabrik, Bad
Siackingen, Alemanha; Multimat, DentslySirona, Hanau, Alemanha),
according to temperature recommendations provided by the manufacturers

(Table 1).



Table 1: Cycle of crystallization of Vita Suprinity and Celtra Duo.
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Vita Suprinity Celtra Duo
Beginning chamber temperature (°C) 400 400
Time at the initial temperature (min) 8 8
Temperature rate increase (°C/min) 55 55
Crystallization temperature (°C) 840 830
Holding time (min) 8 10
Ending temperature (°C) 680 700

For this process, the specimens were positioned inside the oven on

top of a porous refractory material allowing homogeneous heat distribution

(Wendler et al., 2017). A metallic device with a central cavity and the

desired dimensions (¢= 12 mm; 1,2 mm thick) (Figure 1) was built up to

allow the better polishing of the specimens in a polishing machine (Ecomet

250 Grinder Polisher, Buehler, Illinois, USA), with silicon carbide papers
of #400-,600-, 1200, and 2500 grit (Buehler Carbimet, Illinois, USA). The

specimens had the final dimensions according to ISO 6872 (2008), being

that 12 mm in diameter and 1.2 mm thickness. The effective polishing

improves the strength of glass-ceramic following surface damage by

removing a zone of deformation surrounding surface defects (Cook et al.,

1981).
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Figure 1: Stainless steel metallic device made with a central cavity with dimensions of 12 mm
and 1.2 mm of thickness to aid in the polishing of the ceramic discs.

Twenty samples were randomly allocated to complementary
analysis, and received a manual polishing with felt wool discs (Kota, Sao
Paulo, Brazil) at 5,000 rpm, under refrigeration by the same abrasive liquid
solution with a diamond powder in suspension (grit of 15 um and 0.6 pm;
Extec Corp, Enfield, CT, USA) for 30 s each, until the discs surfaces were

shining and without scratches.

2.2 Biaxial flexural strength tests and Weibull analysis

To determine the flexural strength, the samples (n= 120) were
subject to a biaxial flexural strength test according to ISO 6872:2008. Disc-
shaped specimens were positioned on three support balls (3.2 mm in
diameter), which were placed 10 mm equidistant each other in a triangular
position. The tests were performed in water, and a flat circular piston
(diameter: 1.6 mm) accomplished to a load cell of 1,000 kgF in a universal
testing machine (Emic DL-1000, Emic, Sao Jos¢ dos Pinhais, Parana,
Brazil) applied the load (I mm/min) in the center of a superior surface of

the samples until the catastrophic failure occurred. An adhesive tape (3M
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ESPE, USA) was placed in the compressive side of the samples to provide
better contact distribution between the piston and the ceramic discs, and to
avoid spreading the fragments (Pereira et al., 2015). The biaxial flexure
strength (o) (MPa) was calculated according to ISO 6872, previously
described by Ramos et al., 2016, and the strength calculations were based

on the following equation:

c=-0,2387P (X-Y)
b2

Where P is the load in Kgf, X and Y are the parameters related to
elastic properties of the material (Poisson’s ration and Young’s modulus,
previously described by Wendler et al., 2017), and b is the specimen
thickness in the origin of fracture in mm.

The data obtained in the flexural strength test were recorded, and
submitted to Weibull analysis, using the biparametric distribution described

by Quinn and Quinn (2010), in the following equations:

Pr=1-exp -(o)"
Om
1n<1-Pf)={g] "
Om

ln[ln[ 1 }=nln0-mln09

1- P,

The statistical differences among the characteristic strength data
were determined by no overlap of the 95% confidence intervals. Mean and
standard deviation of flexural strength were also submitted to 2-way Anova

(a=.5) and Tukey’s test.
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2.3 Vickers hardness and fracture strength toughness (K;c) by the
indentation method

Extra ceramic specimens of both ZLS materials were submitted to
a mirror-polished face indented in a Vickers microhardness tester
(Shimadzu Micro Hardness tester, HMV-G 21DT model, Shimadzu,
Kyoto, Japan) with a load of 0.1 N for 10 s, which produces an acceptable
crack pattern, following the ASTM C 1327-03 (ASTM Standard C1327)

recommendations (Fig. 2A-C).

CPC

SPC

C

Figure 2: Vickers indentation in one representative investigated specimen for group: (A) CC,
(B) CPC, (C) SPC and (D) SC.
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Five indentations (10 x magnification) were made in each sample,
with at least a 0.5 mm distance each other. The indentation area was
automatically calculated by a software (HMV-G Series Test Software,
Shimadzu Corporation, Japan), from microscopic measurements of the
diagonals of impression (ASTM Designation E384-89). The Vickers
hardness was obtained by the equation: HV = 1.854 F/d*, where HV is the
Vickers hardness, F is the load in Kgf, and d is the arithmetical average
between two diagonals in mm (indentation area). One-way ANOVA and
Tukey’s test (p<.05) were used to find the statistical differences among the
groups, using the data obtained of Vickers hardness (mean and standard
deviation) of each material (n= 15).

The mean length of the cracks was obtained by the indentation
method (Vickers), as soon as possible, after the hardness tests, to avoid the
slow crack grow after the indentation. To determinate the fracture
toughness values, the ASTM Standard C1327 was used. The fracture
toughness of the samples (in MPA.m"?) was estimated from measurement
of the cracks made by indentation according to ISO 15732:2003 and JIS R
1607:2010 (Shimadzu Corporation, 2012), using the following equation:
Kc=0.026 E* P* a/C*?, where Kc is the fracture toughness in MPa.m'?, E
is the elastic modulus in Pa, P is the load in N, C is 72 of the mean length of
the crack in pm, and a is the 72 of the mean length between the diagonal
lines of indentation in m.

The values obtained (mean and standard deviation) of fracture
toughness (K;c) (n= 10), and the mean length of the cracks are presented in
Table 2. Data were analyzed by one-way ANOVA, and Tukey’s test
(p<.05).
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2.4 Field Emission - Scanning Electron Microscope — (FEG-SEM), Energy
dispersive X-ray spectroscopy (EDS), and X-ray Diffraction (XRD)

The FEG-SEM analysis were performed in samples with polished
surfaces that received 10% hydrofluoric acid etching (Dentsply, Brazil) for
20 s, following the manufacturer’s recommendation. The specimens were
examined in a Scanning Electron Microscope (MEV) with a Field Emission
of high resolution (FEI) (Magellan 400L, FEI Company, Brno, Czech
Republic) with a secondary electron detector (SE) and a backscattered
scanning electron (BSE) allowing the size and shape of the grains could be
observed under magnifications of 10000x, 40000%, and 100000x.

The chemical composition of the micro compounds was realized
by Energy Dispersive X-ray spectroscopy (EDS) (Bruker Nano GmbH 410,
Berlin, Germany).

An x-ray diffractometer (XDR) (X'pert Powder, PANalytical,
Almelo, Netherlands) was used to identify the crystalline content in one
specimen per group, by a software with a data base X'Pert HighScore

(PANalytical, Netherlands).

2.5 Fractographic analysis

The deep of defect and the extent of the fractured surface was
analyzed in all tested samples under a stereomicroscope (Discovery V20,
Carl Zeiss, Gottingen, Germany). One representative specimen of each
group was examined in SEM (Inspect S50, FEI Company, Brno, Czech
Republic) at X200 and x1000 magnifications.
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3. Results

3.1 Biaxial flexure strength tests and Weibull parameters
The ceramic materials properties measured in different stages of
crystallization firing process and the Weibull parameters are described in

Table 2.

Table 2: Weibull modulus (m), confidence interval of Weibull modulus (CI), characteristic
strength (09) of the materials, with minimum-—maximum values (MPa), Vickers Hardness (GPa),
fracture toughness (Kc), average crack length (um).

SPC SC CPC ccC
m 7.07 5.38 5.86 5.77
CI (lower - upper) 6.24-8.00 4.01-7.23 5.10-6.74 4.29-7.76
oo (MPa) 106.95 191.02 163.86 251.25
Mininum - maximum 100.94 -
178.10 - 204.89 | 153.21 - 175.26 | 235.36 - 268.21
(c0) 113.33
Vickers Hardness 597,533 + 683,267 + 682,400 + 693,333 +
(GPa) 33,97 B 16,07 * 15314 10,85 *
Kic (MPa.m"?) 2,21+0,11° 2,63+0,14° 2,26 +0,80° 2,51+0,59°

Average crack lenght
55,77 +1,59 52,10+ 0,61 52,14+ 0,58 51,72+ 0,40

(um)

PCC and PCS are statistically similar due to the overlap of
confidence intervals on Weibull coefficient. The CS ceramic presented a
lower Weibull modulus, indicating a lower structural reliability. CC
presented higher characteristic strength (251.25 MPa), and its confidence

interval does not overlap the other ceramic materials (CC > CS > PCC >
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PCS). PCS showed a lower characteristic strength (106.95 MPa), and a
higher reliability. The crystallization firing process had a directly
influence on flexural strength, since the crystallized samples presented

higher characteristic strength values.

3.2 Vickers hardness and fracture strength toughness (K,) by the
indentation method

CC, PCC and CS presented hardness statistically similar while
PCS was statistically different, being that a lower hardness than other

groups.

3.3 Microstructure characterization

The results get with the superficial damage analysis made by
Vickers indentation on four structures studies are presented individually,
and described in Table 2. The images of Vickers indentation on the
sample’s surfaces is presented on Figure 2.

By the XRD analyses (Figure 3) it is depicted that on PCS, the
large picks correspond to formation of nanocrystalline lithium
metasilicate. The samples CC, PCC and CS show lithium metasilicate
(L1,S103), lithium disilicate  (L1,S1,03), tetragonal cristobalite, alfa
cristobalite (ie., cristobalite correspond to formation of crystalline
siliceous oxide). CC presents a small tetragonal zirconia pick, and it is not
present on the material after crystallization process (PCC), showing that
the crystallization firing process is necessary to crystallize zirconia. CS
did not present a high and clear pick of tetragonal zirconia, indicating a

lower compound of crystallized zirconia.
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Figure 3: (XRD) SPC, SC, CPC, and CC refer respectively to: Partially Crystallized Suprinity;
Crystallized Suprinity; Partially Crystallized Celtra and Crystallized Celtra. ms = lithium
metasilicate, ds = lithium disilicate, ca = cristobalite alfa, ct = tetragonal cristobalite, zr =
tetragonal zirconia.

Table 3 shows the chemical constituents of the studied materials
after crystallization firing process. CC and CS presented similar percentile
values in atomic mass, however, as expected, the lithium, one of the main
compound of both ceramic materials, could not be identified by EDS. In

this sense, it cannot be said that they have the same composition.

Table 3 - Composition in percentage of mass (in percentage) of the ceramics by analysis with
EDS.

SC CC
CERAMICS
Oxigen 52.60 53.09
Silicon 30.95 30.85
Zirconio 13.00 12.50
Potassium 2.06 2.36
Aluminum 1.35 1.17
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The micrographs in FE-SEM corresponding to secondary
electron (SE) and back scattering electron (BSE) are presented in Figure 4.
In the images from CC is possible to see round grains apparently
monodisperse between 1 pm and 500 nm joint by a lower quantity of
glassy phase, being its structure similar to other sintered ceramics, such as
alumina and even zirconia, as previously described by Belli et al. (2017).
It is also possible to identify whiteness points, with a diameter of 25 nm,
that can be corresponding to zirconia grains. However, on PCC, the
zirconia grains have approximately 200 nm and are present most of the
time in the glassy matrix. The grains of the glassy matrix are
monodispersed and bigger (diameter between 1.0 and 1.5 um) (i.e., higher
percentile of glassy matrix). On micrographs corresponding to the back-
scattering electron (BSE), is possible to observe more clearly the
formation of circles, which corresponding to round defects or absence of
glassy matrix in some points of the samples, similar to bubbles. CS
presents a bimodal distribution, being some grains in size of about 500 nm
and 2 pm, joint by a glassy matrix, which presents a higher quantity when
compared to CC. In the same way as on CC, the white points are
indicative of zirconia grains, nevertheless, in a small quantity. PCS has a
continuous matrix with little grains dispersed in a glassy matrix, with
cracks uniformly distributed, and the zirconia grains present the same

diameter as ones of PCC (250 nm).
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Figure 4: Representative micrographs of surface topography of the tested materials, after
conditioning with 10% HF for 20 s of the CC (AF), CPC (GL), SC (MR) and SPC (SY), with
SE and BSE, respectively 10000 x, 40000 x and 100000 X).

Figure 5 shows the SEM micrographs of the fractured surfaces of
SCP, CS, PCC, and CC in different magnifications (X100 until x1000).
All the samples presented waves of energy propagation transversally
directed to the principal stress, with the fracture origins in a critical defect.
In the region of the critical defect is possible to observe zipper cracks (zc)
in samples of CS, PCC, and CC. Debris and splinters are presented on the
tensile side of PCS, compatible with high glassy phase content, and

incomplete crystallization firing.
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CC (100%)

CC (200%)

B

CC (500%)

C

CC (1000x)

E

CPC (200%)

F

CPC (500%)

SC (100x)

SC (200%)

SPC (100)

M

SPC (200)

N

SPC (500)

SPC (1000%)

Figure 5: SEM images of fractured specimens (X 100, x 200, x 500 and x 1000 of
magnification). CC (A-D); CPC (E-H); SC (I-L) and SPC (M-P). The white arrows indicate the
structural flaw on the tensile surface where failure initiated. The fracture marks observed are: zc
(zipper cracks), hl (hackles), th (twist hackles), cc (compression curl), al (arrest line), wl
(warner lines). The zc appear as the main fracture mark in the region of the critical defect of CC,
CPC and SC. The finger points indicate the presence of splinters in SC and SPC.
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4. Discussion

In the present study, the null hypotheses that lithium silicate zirconia-
reinforced ceramics have the same mechanical properties and microstructure
before and after the fire crystallization process was denied. There is influence of
the fire crystallization process on the microstructure, since it is possible to
observe different tetragonal zirconia grain size, and glassy matrix quantity in
both ceramics after the crystallization (Figures 3 and 4). The ceramic materials
tested in their forms partially crystallized present zirconia grains with
approximately 200 and 250 nm in diameter, consistent with the findings of
Lawson and collaborators (2016), which state that the PCC presents a crystalline
phase surrounded by a glassy matrix, with disc-shaped crystals, being probably
the lithium silicate grains. Therefore, after the fire crystallization process, these
crystallites appear in lower quantity, with a decreased size and more
homogeneous crystal size distribution (Belli et al., 2017), and by presenting
zirconia in the glassy matrix, it is believed that this ceramic material presents an
additional mechanism of hardening (Ramos et al., 2016; Traini et al., 2016). In
the partially crystallized forms, is also possible to see some round defects in the
glassy matrix, similar to bubbles (in case of PCC) or defects for extension, such
as cracks spread evenly (Figure 4).

The present study evaluated the microstructure and flexural strength of
lithium silicate zirconia-reinforced glass ceramics processed by CAD/CAM
technology. The crystallized forms presented similar chemical composition,
based on the percentage of atomic mass of chemical elements, such as oxygenic,
siliceous, zirconia (in a high mass percentage), aluminum and potassium (in a
lower percentage), in agreement with the findings reported in the literature

(Lawson et al., 2016). However, EDS analyses did not detect the chemical
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element lithium, and due to this, it is not possible to ensure that they present the
same chemical composition, different of previous studies that corroborated the
lithium presence using the same method (Lawson et al., 2016; Ramos et al.,
2016).

In Figure 3, X-ray diffraction results show that all ceramics present
large picks of nanocrystalline lithium metasilicate (Li,Si03), similar to the
findings of Aurélio et al. (2017), that reported a phase stability of this material
during the firing process. A previous study showed by Raman spectroscopy and
X-ray diffraction that although the same crystalline and glasse phase
composition were present in Suprinity and Celtra Duo, the last one presents
larger Li,S10; crystallites (~1 pm) than Suprinity (~0.5 pm) (Wendler et al.,
2017). The difference in size of the lithium metasilicate crystals between
Suprinity and Celtra Duo may reflect in differences in crystallization firing
parameters, since Celtra Duo is supplied ready-to-use while Suprinity must
undergo to a shorter crystallization firing process to get ready for use. CC, PCC
and CS presented lithium disilicate (Li,S1,0;), tetragonal cristobalite, and alfa
cristobalite. CC and CS did not present clearly tetragonal zirconia picks.
According to Kriiger et al. (2013) and Aurélio et al. (2017), the absence of
crystalline zirconia after the firing process indicates that the ZrO, remains
amorphous and aggregated to the glass matrix. The reinforcement of the glassy
matrix by the dissolved zirconia particles produces a material with higher
fracture toughness (Elsaka e Elnaghy, 2016; Schwindling, Rues and Schmitter,
2017). In PCC, the tetragonal zirconia also does not appear in a clear way. The
crystallization firing process appear to modify the microstructure established by
the manufacturer, showing that the crystallization process is necessary to change
the crystalline phase.

Strength is an important mechanical property that determines the

performance of brittle materials (Uctasli et al., 1996). In dentistry, the fracture
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strength for a failure probability of 5% (o= 5%) is considered more relevant
clinically then for 63.2 % (c0) (Teixeira et al., 2007; Della Bonna, Anusavice e
DeHoff, 2003; Elsaka e Elnaghy, 2016). Therefore, the values of 65% were
obtained by Weibull analysis. The Weibull modulus (m) is used to illustrate the
variation in strength or asymmetrical strength distribution due to flaws and
microcracks which may develop within the microstructure. A lower Weibull
modulus indicates more flaws and defects into the material. On the other hand, a
higher Weibull modulus indicates a smaller error range and hence, greater
structural reliability (Della Bonna, Anusavice e DeHoff, 2003). In the present
study, the strength data were obtained by biaxial flexure strength tests, and
analyzed with the Weibull parameters, to obtain the characteristic strength (c0)
and Weibull modulus (m) through the maximum probability estimation
approach (EN-843-5, 1997), as well as their confidence intervals (90%) for each
material and samples geometry. In this study, PCC and PCS presented overlap
of confidence intervals in Weibull modulus, being that statistically similar. It is
also important to highlight that CS showed Lower structural reliability because
its Weibull modulus lower than others (m= 5.38). Since there was no statistical
difference between the Weibull modulus for CC, PCC, and CS still supports the
PCC as being the best choice to indirect ceramic restorations in dentistry. This
result is in agreement with Wendler et al. (2017), who found an extremely low
Weibull modulus (~ 5.5) for CS and also CC, and no statistical difference in
terms of strength can be indicated between both materials, even with a tendency
to lower values to CS, this material appears to be reliable for clinical use (Elsaka
e Elnaghy, 2016; Schwindling, Rues and Schmitter, 2017). For CC, there was no
overlap of confidence interval when compared to other ceramics, even having
higher values of characteristic strength (251.25 MPa), so it is possible to allege
that the fracture strength provides a security margin to use clinically this

material, although the Weibull modulus observed for this material is low.
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Among the tested materials, PCS presented lower values of fracture strength (c0
= 106,95 MPa, m = 7.07), which can be explained by the limitated fracture
strength toughness of this material (K;c = 2,21 + 0,11 MPa/ml/z). These results
can infer that the crystallization firing process has a directly influence on the
flexural strength, since the crystallized samples presented higher characteristic
strength values.

Fracture toughness is the considered the amount of energy required to a
fracture some material (bulk fracture or an interface), which for linearly elastic
brittle materials, the K;c is the critical stress intensity factor (Quinn, 2007).
Table 2 shows statistically similar values for fracture toughness of the tested
materials. Among the methods used to evaluate the fracture toughness, the
indentation and crack measurement method is the most common (Munz e Fett,
1999). The Vickers indentation method was used to apply a controlled damage
to the studied samples (Quinn e Bradt, 2007).

The crack formation in the immediate vicinity of the pyramid indent
was examined and characterized and the result is presented in the images of
Figure 2. Observation of the Vicker’s indents in the current study showed that
CC, PCC and CS exhibited any classic Palmquist cracks, as described by Fett et
al. (2005). For these materials, all radial cracks started on the lateral edge of the
pyramid, near to the corner of the pyramid, with the cracks are visible along the
median line of the pyramid indent (Fig. 2), which did not occur with PCS. PCS
presented a cracking pattern with crack ramification, and also the collapse of the
internal part of indentation, suggesting that this material present a strong
indication of lower fracture toughness when compared to the other tested
samples.

Fractography can help to characterize the kind of fracture mode
(Harrer, Morell e Danzer, 2014). Figure 5 presents SEM micrographs of
fractured samples in different magnifications (x100, x200, x500 and x1000). It
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is possible to note that the cracks are propagating in a perpendicular direction to
the principal tensile point, in accordance with previous studies (Ramos et al.,
2016; Prochnow et al., 2017), on which is stated that all the fractures started
from a superficial deffect located in the tensile side of ceramic material (Quinn,
2007). In conclusion, in brittle materials such as ceramics, the appearence of
fractures can occur from pre-existing defects on the surface or inside the whole
structure of the ceramic material, and propagates when subject to high stress
concentration, normally by a tensile stress (Prochnow et al., 2017).

It 1s important to elucidate some limitations of this in vitro study. We
only evaluated the mechanical and structural properties of zirconia-reinforced
lithium silicate glass ceramics. One of the limitations of the present study is that
cementation procedure effect was not studied. Also, some clinical conditions
were not simulated, such as the sliding that occurs during the chew, since only
an axial load was applied in the center of the specimens to reproduce a
monotonic load-to-failure test assembly. It is well-known that clinical stress is
complex, therefore, it is difficult to determinate the condition of exact stress on
which the restoration is subjected (Borba et al., 2011). In this sense, the
evaluation of clinical behavior of glass-ceramics is necessary to provide reliable
information to the clinicians (Rinke et al., 2015; Zimmermann et al., 2017).
Another important factor to note is that the results suggest a good prognosis for
the tested ceramic systems, except to the form partially-crystrallized of
Suprinity. Finally, it is important to highlight that should be noted is that the
polishing protocol used in the present study had only the purpose to eliminate
the cut defects, and avoid pre-existing defects in the ceramic surfaces. However,
this protocol does not appear to be suitable to clinical practice, since the surface
polishing can increases the cement thickness and result in occlusal adjustment

problems.
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5. Conclusion

The conclusion drawn from our findings was as follows:
Crystallizated Celtra presented the better mechanical behavior and the higher

structural homogeneity comparing to others tested materials.
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3 CONSIDERACOES GERAIS

Neste estudo atual, a hipdtese nula de que as ceramicas de silicato de litio
reforcado por =zircOonia possuem as mesmas propriedades mecanicas e
microestruturais antes e apos o tratamento térmico foi rejeitada. H4 influéncia do
tratamento térmico na microestrutura, uma vez que ¢ possivel observar
diferentes tamanhos da zircOnia tetragonal e quantidade de fase vitrea nas duas
ceramicas apds a cristalizacdo. As ceramicas nas suas formas parcialmente
cristalizadas apresentam grdos de zirconia com aproximadamente 200 e 250 nm
de diametro, condizente com os achados da literatura que afirmaram que o CPC
apresenta uma fase cristalina cercada por uma matriz vitrea, com cristais em
forma de disco, que provavelmente sdo graos de silicato de litio. Portanto, apds
o tratamento térmico, esses cristais aparecem em menor quantidade, com
tamanho reduzido e com a distribuicdo mais homogénea dos cristais e por
apresentar zircOnia na matriz vitrea, acredita-se que esse material tem um
mecanismo de endurecimento adicional. Nas formas parcialmente cristalizadas
também ¢ possivel observar alguns defeitos circulares na fase vitrea,
semelhantes as bolhas (no caso da CPC) ou defeitos por extensao, como trincas
espalhadas uniformemente (no caso da SPC).

Este artigo avaliou a microestrutura e a resisténcia a flexdo de ceramicas
de silicato de litio reforcado por zirconia processados pela tecnologia CAD-
CAM. As formas cristalizadas apresentaram composi¢ao quimica equivalente,
com base na porcentagem de massa atOmica de elementos quimicos como
oxigeénio, silicio, zirconio (em maior porcentual de massa) e aluminio e potassio
(em menor percentual), de acordo com os achados relatados na literatura.

Os dados de resisténcia obtidos nesse estudo usando o teste de flexao

biaxial foram analisados usando as estatisticas de Weibull para obter a
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resisténcia caracteristica (c0) e o modulo de Weibull (m) através do
procedimento de estimagdao de maxima probabilidade, bem como seus intervalos
de confianga (90%) para cada material e geometria da amostra. Nesse estudo,
CPC e a SPC apresentaram sobreposi¢do de intervalo de confianca no
coeficiente de Weibull e por isso sdo estatisticamente semelhantes. Também
destacamos que a SC detona menor confiabilidade estrutural por apresentar o
menor mdédulo de Weibull (m = 5.38). O fato de que ndao houve diferenca
significativa entre os valores de m para os grupos CC, CPC e SC ainda apoia o
uso de CPC como material de escolha para restauragcdes ceramicas indiretas na
pratica odontologica. Na CC nao ha sobreposicdo do seu intervalo de confianca
aos das outras ceramicas, além de apresentar valores superiores de resisténcia
caracteristica (251,25 MPa), entdo, podemos afirmar que a resisténcia a fratura
proporciona uma margem de seguranc¢a que suporta o uso clinico deste material,
mesmo que sejam observados valores baixos de m. On the other side, SPC
apresentou a menor forca de fratura inerte entre os materiais testados (o0 =

106,95 MPa, m = 7.07).
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