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Resumo

KAIZER, Marina da Rosa.Particulas inorgéanicas funcionalizadas e materiais
restauradores hibridos em Odontologia.2015.135f. Tese (Doutorado em
Odontologia) - Programa de Poés-Graduagdo em Odontologia, Faculdade de
Odontologia, Universidade Federal de Pelotas, Pelotas, 2015.

A maioria dos materiais restauradores odontologicos constitui-se de estruturas
hibridas, nas quais uma fase de refor¢o tenaz coexiste com uma matriz mais
complacente, de forma a obter-se um balanco entre propriedades estéticas e
mecanicas. O reforco entre as duas fases somente €& obtido por meio de uma
interagao interfacial efetiva. Desta forma, este estudo buscou:(1) Obter evidéncia de
como 0s compaositos resinosos nanoparticulados, submicrométricos e microhibridos,
em uso em odontologia,reagem a procedimentos de polimento e envelhecimento por
meio de uma reviséo sistematica de estudos in vitro; (2) Desenvolver um método de
recobrimento por silica para nanoparticulas ceramicas cristalinasque nido contém
silicio. O recobrimento foi obtido por imersio destas particulas em solucdo de TEQOS,
seguida de calcinagdo; e, (3) Aplicar particulas micrométricas de alumina
policristalina nanoestruturada ou monocristalina translucida, recobertas ou ndo por
silica, para modelar propriedades 6pticas e mecanicas de uma porcelana feldspatica
no desenvolvimento de novos materiais restauradores hibridos porcelana-ceramica
processados por termoinjecdo. Os estudos laboratoriais envolveram uma série de
metodologias para caracterizacdo dos tratamentos e materiais, incluindo
microscopias eletrénicas de varredura e transmissao, mapeamento elementar por
EDS, caracterizagado das fases cristalinas por DRX, andlise por BET, analises de
constantes elasticase propriedades 6pticas e analises mecanicas. Os resultados da
revisdo sistematica indicaram que nao ha evidéncia in vitro de que compdsitos
resinosos nanoparticulados e submicromeétricos demonstram menor rugosidade e
maior brilho que os compdsitos microhibridos tradicionais. Ainda, os compositos
resinosos estudados, em geral, fazem uso de particulas vitreas contendo siliciocomo
reforco da fase polimérica. Na segunda fase deste estudo observou-se que o
método de recobrimento por silica proposto resultou nadeposicdo de uma camada
de silica na superficie das nanoparticulas; ou ainda, na formagao de aglomerados de
nanoparticulas envoltas em uma matriz de silica. As particulas funcionalizadas
demonstraram alta reatividade superficial, de forma que antecipam-se resultados
promissores na sua interagao interfacial com silanos ou porcelanas, ou mesmo na
formacdo de estruturas porosas tridimensionais para materiais restauradores
indiretos. O uso do método de recobrimento por silica também mostrou-se efetivo
com microparticulas de alumina na terceira fase deste estudo. Para estes
experimentos, foram sintetizadas particulas nanoestruturadas de alumina
policristalina pelo método dos precursores polimeéricos. Estas particulas, bem como
p6 de alumina monocristalina (adquirido comercialmente),foram recobertos ou nao
por silica e empregados na obtengdo de materiais hibridos porcelana-ceramica. As
particulas policristalinas parecem funcionar como nanoaglomerados na matriz vitrea



dos materiais obtidos, apresentando deslocamento de nanocristais por fricgdo. Os
materiais com adi¢cao de particulas monocristalinas foram consideravelmente mais
translucidos que os demais. O efeito de refor¢co da adi¢do das particulas de alumina
na matriz de porcelana ndo foi observado devido a porosidade presente nos
materiais hibridos testados. A alta reatividade das particulas recobertas por silica e a
efetiva interagdo superficial entre porcelana e particulas recobertas, observadas
nesteestudo, sdo resultados promissores para o desenvolvimento de materiais
restauradores hibridos reforcados por particulas ceramicas cristalinas, com
propriedades distintas e melhoradas em relacdo aos atuais materiais restauradores
hibridos em uso em odontologia.

Palavras-chave:ceramicas; estética; materiais dentarios; particulas; porcelanas;
propriedades mecanicas; resinas compostas.



Abstract

KAIZER, Marina da Rosa.Functionalized inorganic particles and hybrid
restorative materials in Dentistry. 2015. 135p. Thesis (PhD in Dentistry) -
Programa de Pds-Graduagdo em Odontologia, Faculdade de Odontologia,
Universidade Federal de Pelotas, Pelotas, 2015.

Most dental restorative materials present hybrid structures,where a tough
reinforcement phase coexists with a more compliant matrix, in order to exhibit a
balance of aesthetic and mechanical properties. The reinforcement can only be
achieved withan effective interfacial interactionbetween the two phases. Therefore,
this study aimed to: (1) gather evidence on how nanofill, submicron, and
microhybridresin composites, currently used in dentistry,react to polishing and aging
procedures by means of a systematic review of in vitro studies; (2) Develop asilica
coating methodfornon-silicate crystalline ceramic nanoparticles. The proposed
method was obtained by immersing the particles in TEOS solution, followed by
calcination; and, (3) Evaluate the effect of the addition of alumina particles
(nanostructured: polycrystalline or translucent: monocrystalline), with or without silica
coating, on the optical and mechanical properties of feldspar-based porcelain.The
laboratory studies involved a series of methodologies for characterization of the
materials and treatments, including scanning and transmission eletron microscopy,
elemental mapping by EDS, characterization of crystalline phases by XRD, BET
analysis, analysis of elastic constants and optical properties, and mechanical
tests.The results of the systematic review indicated that there is no current in vitro
evidence that nanofill or submicron resin composites show improved smoothness or
gloss over traditional microhybrids. It was also observed that, in general, the resin
composites evaluated in the systematic review have vitreous particles containing
silicion as reinforcing phase for the polymer matrix. In the second phase of this study,
the silica coating method proposed resulted in the deposition of a silica shell on the
surface of the nanoparticles; or, yet in the clustering of nanoparticles embedded in a
silica matrix. The functionalized particles showed a high surface reactivity, thus
promising results are anticipated for the interfacial interaction of these particles with
silanes or porcelain matrixes, or in the building of 3D scaffolds for indirect restorative
materials. The silica coating method was also proved effective with alumina
microparticles in the third phase of this study. For these experiments, polycrystalline
nanostructured alumina particles were synthesized by a polymeric precursors
method. The polycrystalline particles, as well as a monocrystalline alumina powder
acquired, were coated or not with silica and added to afeldspar-porcelain to
produceporcelain-ceramic hybrid materials. The polycrystalline particles seemed to
work as nanoclusters in the glass matrix of the hybrid material, showingdislodgment
of nanocrystals caused by friction. The hybrid materials with addition of
monocrystalline particles were considerably more translucent than the other hybrid
materials. The effect of addition of alumina particles on the strength of the hybrid



materials was not clear due to the porosity observed. As observed in this study, the
high surface reactivity of the silica coated particles, as well as the effective interfacial
interaction between porcelain and coated particlesare promising results for the
development of novel and improved hybrid restorative dental materials reinforced
with non-silicate crystalline ceramic particles.

Key-words:aesthetics;ceramics; dental materials; mechanical properties; particles;
porcelains; resin composites.
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1 Introducao

As duas grandes classes de materiais restauradores na odontologia
atualmente sdo as ceramicas e os compoésitos resinosos. Materiais dessas classes
apresentam desempenho mecanico e clinico satisfatorios respeitadas suas
indicagbes (DA ROSA RODOLPHO et al, 2012, LARSSON; WENNERBERG, 2014,
OZER et al, 2014). Enquanto restauragbes ceramicas apresentam melhor adaptacéo
marginal, forma anatdmica e estabilidade de cor (LANGE; PFEIFFER, 2009),estes
sdo materiais intrinsecamente friaveis, propensos a fraturas e lascamento quando
em fungdo (RAIGRODSKI et al, 2007). Por outro lado, compésitos resinosospodem
ser indicados para aplicagdes diretas e indiretas (JOHNSON et al, 2014) e suas
restauragdes sao de facil reparo; ainda, tendem a ndo promover desgaste do dente
antagonista (GIORDANO, 2006; MIYAZAKI et al, 2009).

A classe dos compdsitos resinosos abrange materiais hibridos compostos de
distintas fases: uma matriz organica polimérica que € reforcada por particulas
vitreas/ceramicas (KAIZER et al, 2014),ou por uma estrutura porosatridimensional
ceramica (DELLA BONA; CORAZZA; ZHANG, 2014). Assim como na classe dos
compaositos resinosos, a grande maioria dos sistemas ceramicos odontoldgicos séo
materiais hibridos, nos quais uma fase ceramica vitrea coexiste com uma ou mais
fases ceramicas cristalinas (DENRY; KELLY, 2014). O refor¢co entre as duas fases
somente é obtido por meio de uma interacao interfacial efetiva. Para que isso ocorra
€ necessario que as fases sejam quimicamente compativeis ou que exista outro
material entre as superficies para fazer ainteracdo entre estas. Neste contexto,
ceramicas cristalinas comumente usadas em odontologia, embora apresentem
propriedades mecanicas superiores a ceramicas vitreas (DENRY; KELLY, 2014),
usualmentendo apresentam silicio em sua composicao (THOMPSON at al, 2011).
Dessa forma, nao saosilanizaveis para adequada interagdo com a matriz polimérica
de compdsitos resinosos, tdo pouco séo propiciasa uma efetiva interagao interfacial

com a matriz ceramica vitrea das porcelanas odontologicas.
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Para compdsitos resinosos em uso em odontologia, o reforgo por particulas
ceramicas cristalinas que ndo contém silicioé um desafio, e a unica estratégia
efetivamente viavel para contornar isso disponivel até o momento é o método de
agregacgao de nanoparticulas de silica e zircénia (MITRA; WU; HOLMES, 2003).
Apesar de efetivo, este método envolve interferéncia quimica com as particulas
durante sua sintese, de forma que nao é aplicavel para a modificacdo de pods
ceramicos cristalinos ja sintetizados. Ainda, esta tecnologia é protegida por patente,
e desde sua publicacido, seu uso € limitado a nanoparticulas de zircdnia.Também
para materiais hibridos ceramicos, zircdnia é o unico tipo de particula cristalina sem
silicio empregada no reforgo de materiais comercialmente disponiveis: Vita Suprinity
(VITA Zahnfabrik, Bad Sackingen, Alemanha) e Celtra DeguDent (DeguDent, Hanau,
Alemanha).Apesar do atual interesse em zircbnia no campo dos materiais
restauradores dentais, a viabilizacdo do uso de toda e qualquer particula ceramica
cristalina sem silicio como fase de reforco de materiais restauradores hibridos
ampliaria o campo para investigagao, desenvolvimento e aprimoramento destes
materiais.

Em vista do vasto campo abrangido pela classificagcdo “materiais
restauradores hibridos em Odontologia”, e do exposto anteriormente, osobjetivosda
presente tese de doutoradoséao:

e Buscar evidéncia naliteratura, por meio de uma revisao sistematica de estudos in
vitrode como compaositos resinosos nanoparticulados e submicrométricos,
comparados aos compositos microhibridos, reagem a procedimentos de
polimento e envelhecimento;

e Desenvolver e caracterizar um método de recobrimento por silica para
nanoparticulas ceramicas cristalinas, de forma que estas tornem-se silanizaveis
para uso em compoésitos resinosos, bem como apresentem superficie
quimicamente compativel para indicagdo como fase de reforgo de porcelanas; e

e Aplicar particulas de alumina policristalina nanoestruturada ou
monocristalinamicrométricas para modelar propriedades Opticas e mecanicas de
uma porcelana feldspatica, bem como de recobrimento das particulas por
silica,com o propdsito de obter interacao interfacial das particulas de alumina com
a matriz de porcelana no desenvolvimento de novos materiais hibridos

restauradores.
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2.1 Abstract

Objectives: Despite nanofill and submicron composites’ aim to provide high initial
polishing combined with superior smoothness and gloss retention, the question still
remains whether clinicians should consider using these new materials over traditional
microhybrids. The aim of this paper was to systematically review the literature on how
nanofills and submicrons react to polishing procedures and surface challenges in
vitro compared with microhybrids. The paper has also given an overview of the
compositional characteristics of all resin composites and polishing systems whose
performance was presented herein.

Data: The database search for the effect of filler size on surface smoothness and
gloss of commercial composites retrieved 702 eligible studies. After deduplication,
438 records were examined by the titles and abstracts; 400 studies were excluded
and 38 articles were assessed for full-text reading. An additional 11 papers were
selected by hand-searching. In total, 28 articles met inclusion criteria and were
included in the study.

Sources: The databases analyzed were MEDLINE/PubMed, ISI Web of Science, and
SciVerse Scopus.

Study selection: Papers were selected if they presented a comparison between
nanofill or submicron and microhybrid composites with quantitative analysis of
smoothness and/or gloss on baseline and/or after any aging protocol to assess
smoothness and gloss retention. Only in vitro studies written in English were
included.

Conclusions: There is no in vitro evidence to support the choice for nanofill or
submicron composites over traditional microhybrids based on better surface
smoothness and/or gloss, or based upon maintenance of those superficial

characteristics after surface challenges.

Keywords: aging; finishing/polishing; gloss; nanofill composites; submicron

composites; surface challenge; surface roughness; surface smoothness.
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2.2 Introduction

Resin-based composites have been used extensively as direct dental
restorative materials due to their good esthetic properties and long-lasting clinical
performance. Several industry manufacturers offer a wide range of resin composite
materials for use in both anterior and posterior areas. Current differences among
materials are mainly related to their inorganic filler components, which might affect
their handling characteristics [1] and physical properties [2, 3], ultimately influencing
the clinical service of restorations [4, 5]. It is known that well-dispersed inorganic
particles in a resin matrix effectively improve the polymer strength [6]. Therefore,
dental composites have wusually been classified according to their filler
characteristics, especially particle size.

Numerous adjustments in filler characteristics — most recently, the introduction
of nano- and submicron-sized particles — have been proposed in an endeavor to
provide a material with high initial polishing combined with superior polish and gloss
retention. It is a general belief that smaller filler particles protect the softer resin
phase from wear and reduce surface alterations resulting from loss of particles. The
size of the fillers is usually ascribed to having a significant impact on composites’
surface properties, such as smoothness and gloss [7, 8]. In the same way,
appearance and surface luster are often related to clinical performance of
restorations, especially in anterior teeth. There is no clinical evidence, however, that
nanofill or submicron restoratives show better performance compared to microhybrids
regarding restorations’ esthetic and surface qualities.

Despite manufacturers’ efforts in development and marketing of new
materials, the question still remains whether clinicians should consider using nanofill
or submicron composites over traditional microhybrids. This question cannot be
indisputably answered based on the scarce clinical evidence available; however, in
vitro evaluations on the surface characteristics of nanofill and submicron resin-based
restoratives are abundant in the literature. Several studies have addressed the
effects that challenges such as toothbrushing, thermal cycling, or pH cycling may
have on the surface properties of composites. In vitro investigations have the
shortcoming of employing different finishing and/or polishing procedures, or distinct
methods to evaluate surface properties of the composites, sometimes hindering

comparisons among studies or materials.
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The aim of this study was to systematically review the literature to gather
information on how nanofil and submicron dental composites react to
finishing/polishing procedures and surface challenges in vitro, compared with
traditional microhybrids regarding surface characteristics. The hypothesis tested was
that there is no laboratory evidence to support the choice of nanofill or submicron
composites over traditional microhybrid materials based upon better performance

regarding surface properties.

2.3 Methods

This systematic review was conducted in accordance with the guidelines of
Transparent Reporting of Systematic Reviews and Meta-Analyses [9]. The research
question was: Do nanofill or submicron resin composites attain and maintain

improved smoothness and gloss in comparison to microhybrid materials?

2.3.1 Search strategy

Three online international scientific databases were used to search for
appropriate articles that satisfied the study purposes: National Library of Medicine
(MEDLINE/PubMed), ISI Web of Science, and SciVerse Scopus. The databases
were searched for studies conducted in the period up to and including August 1,
2012. The structured search strategy was designed to include any published papers
that evaluated the effect of filler size on surface smoothness and gloss of
commercially available resin composites. The following detailed search terms were
used:
* PubMed: (nanofill* OR nanostructure®* OR nanocomposite* OR nanoparticle* OR
nanoscale* OR submicron*) AND (hybrid®* OR microhybrid* OR nanohybrid*) AND
(rough* OR smooth* OR luster® OR gloss* OR polish*) AND (resin* OR composite*
OR restorative®)
* ISI Web of Science and SciVerse Scopus: (nano* OR submicron*) AND
(microhybrid* OR hybrid*) AND (rough* OR smooth* OR luster* OR gloss* OR
polish*) AND (resin* OR composite* OR restorative™)
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2.3.2 Eligibility criteria

The following eligibility criteria were used:
* Type of studies: in vitro;
» Language: papers written in English;
 Intervention: comparison between nanofill or submicron and microhybrid resin
composites;
* Outcomes: quantitative measures of smoothness and/or gloss on baseline and/or
after any aging protocol (to assess retention of smoothness and gloss).

Classification of the composites was based on the size range of the particles:
nanofills (particle size up to 100 nm), submicrons (particle size between 0.1 and 0.9

pMm), and microhybrids (maximum particle size between 1 and 10 um) [10, 11].

2.3.3 Screening and selection

Two reviewers (A.0.0. and M.R.K.) independently screened titles and
abstracts for eligible papers. Whenever information relevant to the eligibility criteria
was unavailable in the abstract or if the abstract itself was unavailable, the article
was selected for full-text reading. Papers that fulfilled the eligibility criteria were
included in the study. The reviewers hand-searched the reference lists of included
articles for additional papers. Papers that fulfiled the selection criteria were
processed for data extraction. Heterogeneity across the studies was detailed
according to the following factors:
« Smoothness: type of polishing system, type of method used to measure the
outcome, materials tested, surface challenge protocol (when applicable);
* Gloss: type of polishing system, angle of analysis, materials tested, surface

challenge protocol (when applicable).

2.3.4 Data extraction

Data were extracted with regard to smoothness (baseline and post-challenge
values, when applicable) and/or gloss (baseline and post-challenge values, when
applicable) of nanofill and submicron resin composites compared with microhybrids.
Baseline and final evaluation data were used for studies presenting intermediate
assessments. Average values and standard deviations were extracted independently
by two reviewers (A.0.O. and M.R.K.).
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2.3.5 Data analysis

Considerable heterogeneity was present in the selected studies regarding the
research design, methods used, outcome variables, and results. Since meta-analysis
was considered inappropriate, a descriptive presentation of difference in means was
used. Any disagreement between the two reviewers (A.0.0. and M.R.K.) was

resolved after additional discussion or after judgment by a third reviewer (R.R.M.).

2.4 Results

2.4.1 Search and selection

The search resulted in 438 unique papers, as shown in Figure 2.1. The
screening of titles and abstracts initially resulted in 38 full-text articles. Eleven papers
were found by hand-searching. In total, 21 papers were excluded after a full-text
reading for the following reasons: 10 studies did not provide statistical comparisons
among the materials tested [8, 12-20]; 3 studies did not provide statistical
comparisons among the materials tested separately according to the polishing
systems applied [21-23]; 3 studies presented initial roughness values only after
surface treatments [24-26]; 5 studies did not describe sufficiently their statistical
results or tests [27-31].

In total, 28 papers were identified as eligible for inclusion in this review and
were processed for assessment of heterogeneity and data extraction. Not all data
presented by these 28 papers were included in the present review, mainly because
some data did not meet the scope of the study or inclusion criteria. Data regarding
materials not classified as microhybrid, submicron, or nanofill composites were not
considered (e.g., macrofills or microfills). Data regarding smoothness from da Costa
et al. [32] were not considered as there were no statistical comparisons among the
materials separately for each polishing system; however, this paper was included
because the gloss data met the inclusion criteria. Data regarding smoothness of the
control group of Erglcu & Turkin [33] were not considered as there were no
statistical comparisons among the composites; this paper was included because data
of the other groups met the inclusion criteria. Smoothness data of the test groups of
Attar [34] were not included as there were no statistical comparisons among the
composites separately for each polishing system; this paper was included because
data of the control group met the inclusion criteria. Three papers were not included in
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the polish retention analyses as comparisons among the materials regarding final
roughness values were lacking [35-37]; these 3 papers presented statistical
comparisons required to be included in the baseline smoothness analysis. Finally,
the gloss values from Kakaboura et al. [38] were not presented in the paper, but
smoothness data met the inclusion criteria. Tables 2.1 and 2.2 present the
formulation of the resin composites and finishing/polishing systems tested in the
studies selected, as gathered from papers published in the literature or from

manufacturers’ information.
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Figure 2.1— Flow diagram of the systematic review.



Table 2.1 - Resin composites evaluated in the included studies
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Resin composite | Manufacturer Classification F\zlts,/:)load Filler type g\:}rage particle Particle size range
Voco, Anton- Barium-Aluminium-Fluoro-Silicate [53]
Admira Flettner, Cuxhaven, | Microhybrid 78 " 0.7 ym 0.04 - 1.2 um [54]
Germany Silica [53]
, - Bisco, Glass filler 0.7 um [48]
Aelite Aesthetic | g o imburg, IL, | Microhybrid | 73 — 0.04 - 5.0 um
Enamel USA Amorphous silica 0.04 um [48]
Barium glass
Ivoclar Vivadent Ytterbium trifluoride
Artemis AG, Schaan, Microhybrid 75-77 Barium-Aluminium-fluoro-silicate glass | 0.6 ym 0.04 - 3.0 ym
Liechtenstein Silica
Spheroid mixed oxide
Aluminofluoro-borosilicate glass
Beautifil Il Shofu, Kyoto, Microhybrid | 83.3 uminofy ficake g 0.8 um 0.01- 4 ym
Japan Alumina
Dentsolv/Caulk Barium-aluminium-borosilicate glass 1.1-1.5um n.i.
. entsply/Caulk, . . i — -
CerameX Milford, DE, USA Microhybrid 76-75 Silica 10 nm n.i.
Organically modified ceramic 2-3nm n.i.
Kuraray Noritake Barium glass 0.7 ym [55] 0.37 - 1.5 um
Clearfil Majesty Dental, Kurashiki, Microhybrid 78 [55] ) )
Okayama, Japan Prepolymer n.i. n.i.
Concept Vigodent, RJ, Brazil | Microhybrid | 7.5 [56]  |-oanum-Aluminium-silicate glass [56] | . 0.01 - 2 um [56]
i , RJ, Brazi i i . — . .01 -
Advanced 9 y Silica [56] H
Concept 67 (v)*
Advanced Magic | Vigodent Microhybrid [37] Barium-Aluminium-silicate glass [37] 0.4 um [37] n.i.
Kids
Micerium - GDF, . . Glass filler 0.7 ym n.i.
Enamel Plus HFO | pospach, Germany | Microhybrid & Silica 0.04 pm n.i.
Estelite 3 Tokuyama, Taitou- | o\ i 82 Silica-zirconia 0.2 um 0.1-0.3 um
ku, Tokyo, Japan
Estelite £ Quick Tokuyama Submicron 82 [55] Silica-zirconia 0.2 ym 0.1-0.3 um**
Esthet-X Dentsply DeTrey, Microhybrid 73.3 [53] Barium fluoro alumino silicate glass 1 um 0.02 - 2.5 ym [57]
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Konstanz, Germany Silica 0.04 ym 10 - 20 nm [57]
Filtek P60 3M ESPE, St. Paul, | pricronybrid | 78.8 [53] | Zirconia-silica 0.6 um 0.01- 3.5 um
MN, USA
Filtek S 3M ESPE Nanofil 78.5 Silica 20 nm n
i rem nofi .
e stpreme ano Zirconia-silica clusters n.i. 0.6-1.4pum
i ili 2
Filtek Supreme | 3y espE Nanofill 78.5 Siica 0 nm n
Plus Zirconia-silica clusters n.i. 0.6 - 1.4 um
Filtek Supreme . Silica 20 nm n.i.
3M ESPE Nanofill 78.5
XT anotl Zirconia-silica clusters n.i. 0.6 - 1.4 um
Filtek Z100 3M ESPE Microhybrid 85 Zirconia-silica n.i. 0.01-3.5um
Filtek Z250 3M ESPE Microhybrid 77.5[53] | Zirconia-silica 0.6 ym 0.01-3.5um
Sili 20
Filtek Z350 3M ESPE Nanofill 78.5 e — - nm n
Zirconia-silica clusters n.i. 0.6-1.4pum
77 [57] Fluoro alumino sicate glass )
N GC America, Alsip, . . - 0.85 um [58] n.i.
Gradia Direct Microhybrid Silica
IL, USA
Prepolymer n.i. n.i.
i ) . 87 Glass-ceramic 1 um [59] 0,1-2,5 um [60]
Grandio Voco Microhybrid
' ICTORYRN Silica 20-60 nm [59] | 20 - 60 nm [60]
: Kerr, Orange, CA . , Aluminium-Boro-Silicate glass [61] 0.75-1.25 uym [63]
Herculite XRV ' S Microhybrid 79 [61 0.6 ym [62
v USA ICTOnYDN 1 FSiica 61] hm [62] 0.3- 0.5 um [63]
Strontium alumino silicate glass [38
Micronew Bisco Microhybrid | 72 trontium alumino silicate glass [38] | 1 3] 0.04 - 7 um [64]
Silica [38]
Coltene Whaledent, Barium glass
Miris Altstatten, Microhybrid 80 . 0.6 um 0.02-2.5um
Switzerland Silica
FGM - Dent Barium-aluminum
. - Dentscare, . . —
Opallis Joinville, SC, Brazil Microhybrid 79.8 Silicate 0.5 um 40 nm - 3.0 um
Silica
Palfique Estelite Tokuyama Submicron 82 Silica-zirconia 0.2 uym [47] 0.08 - 0.4 pm™***
i i i Silica [38] n.i.
Point 4 Kerr Microhybrid 76 0.4 ym

Barium Aluminium-Silicate [38]

n.i.
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Barium glass 0.4 ym
Premise Kerr Microhybrid 84 Silica 0.04 um Max. 1.25 ym [63]
Prepolymer 30 - 50 ym
) ) ) Barium boro-alumino silicate glass n.i. 2.0-3.5um [63]
Prisma AP.H Dentsply/Caulk Microhybrid 77.5[65
Py y 531 Siica ni. 0.5-1.0 um [63]
Barium boro-alumino silicate glass 0.6 - 0.7 um [52]
Simile Pentron Clinical, | \nerohybrid | 75[66] | Silica 20-40nm[52] | n.i
Orange, CA, USA y -
Zirconium silicate 5-20 nm [66]
R . . Barium glass
Synergy D6 Coltene Whaledent | Microhybrid 80 Silica 0.6 um 0.02-2.5um
. . . Barium glass
Synergy Duo Coltene Whaledent | Microhybrid 77 Silica 0.6 um 0.04-2.9 um
Ivoclar North Silica
Tetric Ceram America, Amherst, | Microhybrid 74.7 [53] Barium-Aluminium-fluorsilicate glass 0.7 um [53] 0,04 - 3 um [48]
NY, USA Barium glass
Barium glass
Ytterbium trifluorid 5.5 40 - 3000
Tetric EvoCeram | voclar North Microhybrid | 82 - 83 rerblum Tifuonde Hm nm
America Mixed oxide
Prepolymer n.i. 0.4 - 3 ym [57]
Barium alumino boro silicate glass 1 um
TPH 3 Dentsply/Caulk Microhybrid 73 [67] Barium fluoro alumino silicate glass H Max. 4.0 um [63]
Silica 10 - 20 nm
, ) Barium alumino boro silicate glass 1 um
TPH t Dentsply/Caulk Microhybrid 77 [34 0.04-5 68
spectrum entsply/Cau icrohybri [34] Silica 0.04 pm pum [68]
Barium aluminium fluoride glass 0.7 ym
Venus Heraeus Kulzer, | \norohvbrid | 73.3[69]  fmomoi SUMINIUM TUONAE 9 H 0.7 - 2 um [48]
Hanau, Germany Silica 0.04 ym
Vit-l-escence Ultradent, South | \noonvbrid | 75 Barium alumina silicate [70] 0.7 um ni.

Jordan, UT, USA

* Filler load by weight not found.
** Estelite Z Quick technical report, provided by Tokuyama, informs that this materials has the same filler composition of Estelite Z.
*** Information regarding proprietary spherical filler particle used by Tokuyama.
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n.i. = not informed: information regarding average abrasive particle size was not found in the scientific literature or manufacture's informative or technical
publications.

Most of the data presented herein were collected from manufacturer's technical or informative publications. When the data required were not found in
manufacturer's publications, it was gathered from the scientific literature according to the citations presented within the table.



Table 2.2 - Polishing systems used in the included studies
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Polishing system

Manufacturer

Description

Average abrasive particle
size

Bristles made of polyamide with silicon carbide incorporated as the

Astrobrush Ivoclar Vivadent AG ; : n.i.
abrasive medium
Astropol F - Finishing: silicon rubber and silicon carbide particles Grey - 45 uym [71]
Astropol lvoclar Vivadent AG Astropol P - Pol?shing: silicor'1 rlfbber'e?nd silicon carpide particle;: Green-1 ym [71]
Astrqpol HP -'ngh gloss pqhshmg. silicon rubber, diamond particles, Dusky pink - 0.3 um [71]
alumina, titania and iron oxide
Diatech Dental AC, .
Heerbrugg, Switzerland # CF 379-018, tungsten carbide [72] 30-fluted [72]
Carbide bur gg %?;i?lse”’ Baruerl, | 4 284, cylindrical with ogive top, 10.4 mm active point [43] 30 blades [43]
Edenta AG, 9434 AU/SG, | £4enta CH, tungsten carbide finishing burs [59] 16-fluted [59]
Switzerland
ComposiPro Brasseler USA, . . . Green - 20 um [32]
Diacomp Savannah, GA Diamond impregnated knife [32] Grey - 5 um [32]
ComposiPro one- Brasseler USA Silicon-carbide particles brush [32] n.i.
step brush
Blue - 50 um
Compo System Eomet - Gebr. Brasseler, Transparent discs with honey-comb alumina coating on both sides Red - 30 um
engo, Germany
White - 5 uym
Diatech Dental AC # 859-014, extra-fine diamond [72] n.i.
Diamond bur KG Sorensenl ﬁoﬁ:[gég]: cylindrical with ogive top, extra-fine granules, 10 mm active 30 um [43]
MDT Dental, Afula, Israel | # 859/014XF, extra-fine diamond finishing bur [59] n.i.
Diamond Excel FGM - Dentscare Paste with micronized diamond, lubricant base, thickener and emulsifier 2-4pum
Diamond Flex FGM - Dentscare Polyester disc, adhesive, micro polyester bristles and silicone rubber n.a.
Diamond Pro FGM - Dentscare Polyester disc, adhesive, abrasive (four grit) and silicone rubber 130 - 3 um [41]
Extra-fine diamond finishing bur [59] n.i.
Edenta AG Edenta AG Arkansas stone [59] n.i.
Yellow rubber [59] n.i.
Enamelize Cosmedent, Chicago, IL, | Ajymina paste [32] 1.5 um [32]

USA
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Enhance Dentsply/Caulk Polymerized urethane dimethacrylate resin, alumina, silica 40 uym [73]
Alumina [46] 40 - 100/ 40 - 60 ym [46]
Enhance Flex NST | Dentsply/Caulk i
Py Diamond-silica [46] 1 um (diamond),
nanoscale silica [46]
C |
Silicon carbide coated discs oar.se (manual)
EP Esthetic Medium - 40 um [63]
Polishing System | Brasseler USA Fine - 28 pm [63]
Alumina coated discs -
Super fine - 12 ym [63]
EXL-695 3M ESPE Proprietary abrasives [45] n.i.
Hiluster Plus KerrHawe, Bioggio, GlossPlus - alumina particle-integrated polishers [58] 10 um [58]
System Switzerland HilusterPlus - diamond particle-integrated polishers [58] 5 um [58]
Green - 40 um [32]
Jiffy polishers Ultradent Silica impregnated disc [32] Yellow - 30 um [32]
White - 5 um [32]
One Gloss Shofu Synthetic rubber (Polyvinylsiloxiane), abrasive grain (Alumina), silica [33] n.i.
OptraPol Ivoclar Vivadent AG Caoutchouc, silicon carbide, alumina, titania and iron oxide 12 um [74]
PoGo Dentsply/Caulk Polymerized urethane dimethacrylate resin, fine diamond powder, silica 20 [74]
p North Medium - 40 pm
. . remier, Northeast ; : ;
Poli-Pro Disks Philadelphia, PA, USA Alumina coated discs [58] Fine - 30 ym
Extra-fine - 9 ym
Coarse - 100 um [71]
Medium - 40 pm [71
Sof-Lex 3M ESPE Cured urethane backing, alumina grit and binder, paper - |u bm [71]
Fine - 24 um [71]
Extra-fine - 8 ym [71]
Sof-Lex Brushes 3M ESPE Brusr_]es made_ from thermoplastlc polyester elastomer impregnated with ni.
alumina abrasive particles
Medium - 40 pm [75]
Sof-Lex PoP-On 3M ESPE Alumina disc [75] Fine - 24 um [75]
Extra-fine - 8 ym [75]
) . . . Dark-orange - Coarse
Sof-Lex XT 3M ESPE Polyester film, alumina grit and binder

Orange - Medium
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Light-orange - Fine

Yellow - Superfine

Shofu Dental Corp., Green - Fine

Super-snap

California, USA Alumina coated disc system [72]

Red - Superfine

n.i. = not informed: information regarding average abrasive particle size was not found in the scientific literature or manufacture's informative or technical
publications.

n.a. = not applicable: the polishing system Diamond Flex consists on felt discs with no abrasive particles.
Most of the data presented herein were collected from manufacturer's technical or informative publications. When the data required were not found in
manufacturer's publications, it was gathered from the scientific literature according to the citations presented within the table.
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2.4.2 Outcomes

Description of the outcomes was based on the results of comparisons; by
‘comparison” we mean each particular contrast among materials using a different
polishing system, method of analysis, or aging process, regardless if those were
presented within the same study or in distinct papers. Three possible results were
considered when comparing nanofills versus microhybrids: (1) better — all nanofills
performed better than all microhybrids tested in the same comparison; (2) poorer — at
least one nanofill performed poorer than at least one microhybrid in the same
comparison; (3) not different — at least one nanofill tested performed similarly to at
least one microhybrid, and no nanofill performed poorer than a microhybrid material
in the same comparison. The same situations were considered when comparing

submicrons versus microhybrids and nanofills versus submicrons.

2.4.2.1 Initial surface smoothness based on polishing system

In total, 69 initial smoothness comparisons reported in 25 papers were
analyzed (Table 2.3). About 60% of those comparisons showed no significant
differences among microhybrids and nanofills or submicrons, and around 20% of the
comparisons showed better results for the nanofill or submicron materials. Positive
results for the nanofills were presented by 6 papers and included 3 different
smoothness analyses and 10 finishing methods; they reported 11 microhybrids to be
rougher than the nanofills tested. From those 11 composites, 8 had similar or better
smoothness to nanofills in other comparisons, and the remaining 3 were tested only
once or twice. Poorer results for nanofills compared to microhybrids were found in 11
comparisons from 8 papers, and they included 3 different smoothness analyses and
6 finishing methods. They reported 11 microhybrids as smoother than the nanofills
tested. From those 11 composites, 10 had similar or poorer smoothness than did the
nanofills in other comparisons.

Four variations of nanofill composites were tested. Filtek Supreme Plus was
compared 9 times and was always similar to at least one of the microhybrids tested in
the same study. Filtek Supreme XT was compared 35 times and presented varied
results in relation to microhybrids. In 63% of the comparisons, Filtek Supreme XT
was not different from the microhybrids, whereas it performed better than
microhybrids in 11% and poorer in 26% of the comparisons. Filtek Supreme was
compared 18 times; it was not different from microhybrids in 56% of the comparisons
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and performed better in 44% of the comparisons. Filtek Z350 was tested 5 times and
was found similar to microhybrids in 80% of the tests, while it performed better than
microhybrids in only 1 comparison. Comparing nanofill and submicron materials,
there were 5 comparisons, with 2 of them presenting better results for the submicrons
and 3 comparisons showing no significant differences. Ten comparisons between
submicron and microhybrid composites were analyzed; submicrons were smoother in
5 comparisons and rougher in 1 comparison. No differences were observed in the
other 4 comparisons.

With 69 comparisons among materials, 47 were performed with a rugosimeter,
12 with an atomic force microscope (AFM), 4 with a laser profilometer, 3 with an
optical profilometer, and 3 with a laser scanning microscope. Considering the most-
used methods for analyzing smoothness — rugosimeter, AFM, and laser profilometer
— more than 60% of the comparisons showed no significant differences between
nanofills and microhybrids. Better results for the nanofills were observed in ~17% of
comparisons made with a rugosimeter or AFM. Laser profilometer was used 4 times,
and no differences were found between nanofills and microhybrids in any of those.
However, when an optical profilometer was used for analyzing smoothness, nanofills
performed better twice and poorer once. The laser scanning microscope was used
only in comparisons between submicrons and microhybrids, and it was observed that
submicrons were always smoother.

Regarding the surface finishing/polishing protocols before testing, the methods
mostly used were Sof-Lex discs (13), polyester matrix (11), carbide bur+polishing
system (8), diamond bur+polishing system (5), and SiC abrasive papers (7). When
Sof-Lex discs were used, ~61% of comparisons indicated no significant differences
between nanofills or submicrons and microhybrids, while ~23% indicated better
results for nanofills or submicrons, and ~15% indicated better results for
microhybrids. When polyester matrix was used, 55% of the comparisons showed no
significant differences among the materials, 36% showed poorer results for nandfills,
and 9% showed better results for nanofills. For the use of carbide bur+polishing
system, ~63% showed no significant differences, 25% indicated better results for
nanofills, and ~12% showed poorer results for nanofills. When the combination of
diamond bur+polishing system was employed, 40% of the comparisons showed
similar results for nanofills and microhybrids, 40% showed better results for nanofills,
and 20% showed poorer results for nanofills. For SiC papers, there were 4
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comparisons for nanofills and microhybrids; 3 indicated no significant differences,
while 1 indicated better results for nanofills. Three comparisons for submicrons and
microhybrids were performed with SiC papers as the finishing method; all showed

better results for submicrons.



Table 2.3 - Baseline smoothness measurements according to the different polishing systems used
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Polishing Author Method_ of N Material Roughness Conclusion
system analysis (Ra, ym)
Filtek Supreme ) )
Antonson et al., Laser 5 | Plus 0.13 (0.03) There were no differences among the materials
2011 [45] Profilometer Esthet-X 0.12 (0.02) tested.
Filtek Supreme XT
(dentin shade) 0.038 (0.009)
Filtek Supreme XT
(transparent 0.038 (0.006)
A | shade)
stropo ; i i i i
p Senawongse & Filtek Z350 0.020 (0.003) Nanofills together WI.th the supmlcrqn composite
. . and three microhybrids (Premise, Filtek Z250 and
Pongprueksa, Rugosimeter | 10 Estelite > 0.049 (0.041) Tetric C dthe | h
2007 [71] etric Ceran) presented the lowest roughness
CerameX 0.088 (0.010) values.
Filtek Z250 0.040 (0.012)
Premise 0.035 (0.009)
Tetric Ceram 0.054 (0.013)
Tetric EvoCeram 0.085 (0.017)
Carbide bur Botta etal., 2008 | -\, 4 Filtek Supreme XT | 0.284 (0.054) There were no differences among the materials
(30 blades) [43] Point 4 0.344 (0.127) | tested.
Filtek Supreme XT
(transparent 0.83 (0.13)
shade)
Filtek Supreme XT : ; ; ; ;
Carbide bur Géniilol & Yilmaz, . .y , (dentin shade) 0.77 (0.38) Nanoﬂl: tggl;ether W|thhone m|cr|ohybtr||1d (Ftll!ltek ch250)
(16 blades) 2012 [59] ugosimeter ! ) presented lower roughness values than the other
Ae“te Aesthet|c 1 04 (O 39) m|Cr0hybr|dS.
Enamel ) )
Filtek Z250 0.70 (0.19)
Grandio 1.51 (0.53)
Filtek Supreme XT
Carbide bur Gondlol & Yilmaz, : (transparent 0.41 (0.09) Only one of the microhybrids (Grandio) was
(16 blades) + Rugosimeter 7 shade) " ;
2012 [59] - rougher than the nanofill composite.
Astropol Filtek Supreme XT 0.51 (0.13)

(dentin shade)




Aelite Aesthetic

34

Enamel 0.44 (0.16)
Filtek Z250 0.47 (0.08)
Grandio 0.97 (0.21)
Carbide bur Filtek Supreme 0.33 (0.02) _ _
(30 blades) + Baseren, 2004 Rugosimeter 10 Admira 0.29 (0.03) There were no differences among the materials
Astropol + [72] tested.
Astrobrush Grandio 0.32 (001)
Filtek Supreme XT
(transparent 0.34 (0.08)
shade)
i Filtek Supreme XT
Carbide bur Géniilol & Yilmaz, . (dontinshade) | 037 (0.07) Only one of the microhybrids (Grandio) was
(16 blades) + 2012 [59 Rugosimeter 7 . . her than th il .
Enhance [59] Aclite Aesthetic rougher than the nanofill composite.
0.62 (0.13)
Enamel
Filtek Z250 0.48 (0.13)
Grandio 0.72 (0.16)
8?2'%% %lljr—;des) Turssi et al., 2005 Rugosimeter | 10 Filtek Supreme 0.1057 (0.0181) | Nanofill composite presented lower roughness
+ PoGo [76] Filtek Z250 0.1061 (0.0179) | values than the microhybrid.
Filtek Supreme XT
(transparent 0.26 (0.15)
shade)
Carbide bur - , Filtek Supreme XT | -« (0.16) One nanofill composite (Filtek Supreme XT dentin
(16 blades) + ;351”2“}%'9? Yilmaz, Rugosimeter | 7 | (dentin shade) shade) together with one microhybrid (Grandio)
PoGo éﬁgﬁ QeSthet'C 0.47 (0.14) presented the highest roughness values.
Filtek Z250 0.57 (0.14)
Grandio 0.91 (0.28)
Carbide burs Turssi et al., 2005 . Filtek Supreme 0.1154 (0.0142) | Nanofill composite presented lower roughness
(12 + 30 blades) 76 Rugosimeter | 10 ) | han the microhvbrid
+ Sof-Lex Brush | [7®] Filtek Z250 0.1231 (0.0237) | values than the microhybrid.
Carbide b Filtek Supreme XT
(%r blla(cejesu)r+ Goniilol & Yilmaz, | o oo | 7 (transparent 0.24 (0.07) There were no differences among the materials
Sof-Lex 2012 [59] 9 shade) tested.

Filtek Supreme XT

0.32 (0.11)




(dentin shade)

Aelite Aesthetic
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E 0.44 (0.10)
namel
Filtek 2250 0.23 (0.09)
Grandio 0.39 (0.10)
Carbide bur Filtek Supreme 0.11 (0.02) _ _
(30 blades) + Baseren, 2004 Rugosimeter 10 Admira 0.13 (0.02) There were no differences among the materials
Super-snap [72] tested.
Rainbow Grandio 0.14 (021)
Filtek Supreme XT | 0.123 (0.01)
Combo Svstern | J@nus etal., 2010 | Optical 5 Grandio 0.212 (0.017) Nanofill composite presented lower roughness
PO Sy [42] Profilometer Synergy D6 0.133 (0.01) values than the microhybrids.
Tetric Ceram 0.14 (0.011)
Botta et al., 2008 | -\, 4 Filtek Supreme XT | 0.510 (0.066) There were no differences among the materials
[43] Point 4 0.532 (0.057) | tested.
Filtek Supreme XT
(transparent 2.28 (0.62)
shade)
Diamond bur Filtek Supreme XT 211 (0.4
Gonulol & Yilmaz, . (dentin shade) 11(0.47) There were no differences among the materials
Rugosimeter 7
2012 [59] Aelite Aesthetic tested.
2.08 (0.55)
Enamel
Filtek Z250 2.36 (0.74)
Grandio 2.15 (0.25)
Filtek Supreme XT
(transparent 0.89 (0.24)
shade)
Diamond bur + - , Filtek Supreme XT | o o1 (4 09 One microhybrid (Filtek Z250) presented lower
Arkansas Stone g&nzul[%lgi& Yilmaz, Rugosimeter 7 (deptm shade). (0.09) roughness values than one of the nanofills (Filtek
+ rubber points Aelite Aesthetic | g g ¢ 13) Supreme XT transparent shade).
Enamel ) )
Filtek Z250 0.49 (0.09)
Grandio 1.14 (0.29)
Diamond bur + Baseren, 2004 Rugosimeter | 10 Filtek Supreme 0.39 (0.04) There were no differences among the materials
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Astropol + [72] Admira 0.31 (0.03) tested.
Astrobrush Grandio 0.34 (0.02)
Diamond bur + | Turssietal., 2005 | o .| 4o Filtek Supreme 0.2845 (0.0652) | Nanofill composite presented lower roughness
PoGo [76] 9 Filtek Z250 0.3350 (0.0741) | values than the microhybrid.
Diamond bur + | Turssietal., 2005 | o - | 4o Filtek Supreme 0.1516 (0.0226) | Nanofill composite presented lower roughness
Sof-Lex Brush [76] 9 Filtek Z250 0.1564 (0.0366) | values than the microhybrid.
; Filtek Supreme 0.13 (0.08)
g|amond bur + Baseren, 2004 . . There were no differences among the materials
uper-snap [72] Rugosimeter 10 Admira 0.27 (0.05) tested.
Rainbow Grandio 0.15 (0.05)
Oi J4F Botta ot al.. 2009 Filtek Supreme XT | 0.058 (0.006) Nanofil " red | N
iamond Flex + otta et al., . anofill composite presented lower roughness
Diamond Excel | [41] AFM 4 | Point4 0.074(0.004) | 41yes than the microhybrids.
Tetric Ceram 0.150 (0.007)
Botta et al.. 2009 Filtek Supreme XT | 0.049 (0.001) Nanofill composite together with one microhybrid
Diamond Pro [41] " AFM 4 Point 4 0.045 (0.004) (Point 4) presented lower roughness values than
Tetric Ceram 0.062 (0.008) | the other microhybrid.
Diamond Pro+ | 5 W ' 5009 Filtek Supreme XT | 0.122 (0.003) Nanofill composite presented intermediate results
Diamond Flex + [41] o AFM 4 Point 4 0.079 (0.004) compared with the microhybrids: lower than Tetric
Diamond Excel Tetric Ceram 0.156 (0.006) Ceram and higher than Point 4.
Filtek Supreme 0.22 (0.04)
Plus ) ) _ _
Erérjrance Flex ggﬁo[ztg] etal, Rugosimeter 5 Esthet-X 0.24 (0.04) ;l('ahscta;((aj were no differences among the materials
Filtek Z250 0.23 (0.02) ’
Premise 0.21 (0.01)
Filtek Supreme
Antonson et al., Laser 5 |:,I|uS up 0.14 (0.02) There were no differences among the materials
2011 [45] Profilometer tested.
Esthet-X 0.12 (0.02)
Filtek Supreme
0.04 (0.04
Enhance / PoGo da Costa et al., R imet 5 Plus ( ) There were no differences among the materials
2010 [35] ugosimeter Filtek Z250 0.05 (0.04) tested.
Premise 0.05 (0.05)
da Silva et al., Rugosimeter | 12 Filtek Z350 0.32 (n.i.)* Nanofill composite together with one of the




2010 [36]

Esthet-X

0.41 (n.i.)*

Opallis

0.30 (n.i)*
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microhybrids (Opallis) presented lower roughness
values than the other microhybrid.

Filtek Supreme
Plus

0.0014 (0.0002)

EP Esthetic Melander et al Filtek ;250 0.0014 (0.0002) Nanofill composite together with three microhybrids
Polishing 2011[63] | AFM 10 | Herculite XRV 0.0017 (0.0003) | (Filtek Z250, Herculite XRV and Premise)
System** Premise 0.0014 (0.0004) | presented the lowest roughness values.
Prisma AP.H 0.0036 (0.0003)
TPH 3 0.0024 (0.0003)
Filtek Supreme . .
Antonson et al., Laser = 0.11(0.03) There were no differences among the materials
EXL-695 2011 [45] Profilometer | 2 us tested
Esthet-X 0.12 (0.01) '
Hiluster Erdemir et al., Rugosimeter | 7 Filtek Supreme XT | 0.74 (0.41) There were no differences among the materials
2012 [38] Gradia Direct 1.02 (0.47) tested.
Filtek Supreme XT | 0.528 (0.078)
CerameX 0.346 (0.049) Two of the microhybrids presented the lowest
Erglict & Turkdn, . ; roughness values (Premise and CerameX). Among
One Gloss 2007 [33] Rugosimeter 10 Granc.jlo 0.507 (0.099) the other composites including the nandfill, there
Premise 0.338 (0.037) | were no differences.
Tetric EvoCeram 0.584 (0.059)
Filtek Supreme XT | 0.392 (0.048)
Eraiici & Tiirki CerameX 0.518 (0.057) Nanofil " ted | h
rgiict & Turkin, . . anofill composite presented lower roughness
2007 [33] Rugosimeter | 10 | Grandio 0.497 (0.114) | \alues than the microhybrids.
Premise 0.470 (0.068)
Tetric EvoCeram 0.696 (0.096)
OptraPol Filtc.ak Supremg XT | 0.12 (0.05)
polite flesthelic 1 0.14 (0.04)
Korkmaz et al Nanofill composite together with three microhybrids
2008 [75] N Rugosimeter | 5 CeramsX 0.12 (0.05) (CerameX, Aelite Aesthetic Enamel and Filtek
Filtek 2250 0.16 (0.03) Z250) presented the lowest roughness values.
Grandio 0.44 (0.17)

Tetric EvoCeram

0.36 (0.11)
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Filtek Supreme XT

0.198 (0.045)

Erqiici & Tiirkin Cerame«X 0.179 (0.046) Nanofill composite together with two microhybrids
20%7 [33] | Rugosimeter 10 Grandio 0.171 (0.041) (Grandio and Ceram<X) presented the lowest
Premise 0.237 (0.044) | roughness values.
Tetric EvoCeram 0.223 (0.036)
PoGo Filt'ek Suprem'e XT | 0.12 (0.06)
polite flesthetic 1 0.13 (0.03)
Korkmaz et al Nanofill composite together with three microhybrids
2008 [75] " Rugosimeter | 5 Ceram-X 0.12 (0.02) (CerameX, Aelite Aesthetic Enamel and Filtek
Filtek Z250 0.20 (0.02) Z250) presented the lowest roughness values.
Grandio 0.55 (0.21)
Tetric EvoCeram 0.38 (0.04)
Filtek Supreme 0.09 (0.02)
Attar, 2007 [34] Ruaosimeter | 7 Artemis 0.33 (0.03) Nanofill composite presented lower roughness
’ 9 Filtek P60 0.51 (0.07 values than the microhybrids.
(0.07)
TPH spectrum 0.29 (0.07)
Baseren. 2004 Filtek Supreme 0.04 (n.a.)™ Nanofill composite together with one microhybrid
[72] ’ Rugosimeter 10 Admira 0.09 (n.a.)*** (Grandio) presented lower roughness values than
Grandio 0.03 (n‘a‘)*** the other micrOhybrid.
Botta etal., 2008 | -\, 4 Filtek Supreme XT | 0.024 (0.003) Nanofill composite presented higher roughness
[43] Point 4 0.013 (0.003) values than the microhybrid.
Polyester matrix Filtek Supreme XT | 0.024 (0.003)
Botta et al., 2009 AEM 4 Point 4 0.013 (0.001) There were no differences among the materials
[41] . . tested.
Tetric Ceram 0.015 (0.002)
da Silva et al Filtek 2350 0.18 (0.02) Nanofill composite together with one microhybrid
2010 [36] " Rugosimeter | 12 Esthet-X 0.23 (0.04) (Esthet-X) presented higher roughness values than
Opallis 0.14 (0.02) the other microhybrid.
Erdemir et al., Rugosimeter | 7 Filtek Supreme XT | 0.33 (0.17) There were no differences among the materials
2012 [58] Gradia Direct 0.44 (0.11) tested.
Gondlol & Yilmaz, Rugosimeter 7 Filtek Supreme XT 0.20 (0.09) There were no differences among the materials

2012 [59]

(transparent

tested.
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shade)

Filtek Supreme XT

(dentin shade) 0.22(0.09)
Aeclite Aesthetic 0.22 (0.07)
Enamel

Filtek 2250 0.16 (0.08)
Grandio 0.18 (0.09)

Janus et al., 2010

Optical

Filtek Supreme XT

0.025 (0.003)

Grandio

0.017 (0.004)

Nanofill composite presented higher roughness

[42] Profilometer 6 Synergy D6 0.018 (0.003) values than the microhybrids.

Tetric Ceram 0.017 (0.002)

Filtek Supreme XT | 0.03 (0.01)

pelite flesthetic 1 0,06 (0.01)
Korkmaz et al Nanofill composite together with one microhybrid
2008 [75] " Rugosimeter | 5 Ceram-X 0.07 (0.00) (Filtek Z250) presented lower roughness values

Filtek Z250 0.05 (0.00) than the other microhybrids.

Grandio 0.07 (0.02)

Tetric EvoCeram 0.08 (0.01)

Filtek Supreme XT

(dentin shade) 0.016 (0.003)

Filtek Supreme XT

(transparent 0.020 (0.004)

shade)
Senawongse & Filtek Z350 0.017 (0.003) _ _
Pongprueksa, Rugosimeter | 10 Estelite = 0.021 (0.002) ’2;?;3 were no differences among the materials
2007 [71] CerameX 0.018 (0.003) '

Filtek Z250 0.017 (0.002)

Premise 0.026 (0.003)

Tetric Ceram 0.024 (0.003)

Tetric EvoCeram 0.029 (0.009)
Yap et al., 2004 Rugosimeter 8 Filtek Supreme XT 0.16 (0.04) Nanofills together with one microhybrid (Admira)

[77]

(body shade)

presented higher roughness values than the other



Filtek Supreme XT

microhybrids.
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(transparent 0.15 (0.04)
shade)
Admira 0.11 (0.04)
Filtek Z100 0.04 (0.01)
. . Erdemir et al. . Filtek Supreme XT | 1.20 (0.37) There were no differences among the materials
- ’ R
Poli-prodisk 1 2012 [5g] ugosimeter Gradia Direct 0.99 (0.35) tested.
Estelite = Quick
(regular shade) 1.41(0.29)
Estelite ~ Quick
(opaque shade) 1.93 (0.44)
Estelite  Quick
(enamel shade) 1.86 (0.18)
Beauitifil Il (regular 5.99 (0.51)
shade) — Submi it ted | h
SIC paper — Hosova et al Laser Boautifil ] ubmicron composite presented lower roughness
1;30 P f 2010y55 N scaning e shade) 6.00 (0.48) values than the microhybrids, regardless of the
or [55] microscope (opaqg. shade.
Beautifil Il (enamel 5.59 (0.43)
shade) ) )
Clearfil Majesty
(regular shade) 6.24 (0.51)
Clearfil Majesty
(opaque shade) 6.10 (0.44)
Clearfil Majesty
(enamel shade) 6.45(0.75)
Estelite ¥ Quick
(regular shade) 0.90(0.21)
Estelite ¥ Quick
(opaque shade) 1.55(0.23)
. | Laser Estelite IZ r?alggk 0.71 (0.10) Submicron composite presented lower roughness
13(')%0939?" ) ggfgygset &l scaning ganar??l ISI )I values than the microhybrids, regardless of the
g [59] microscope eautifil Il (regular 4.68 (0.42) shade.
shade)
Beautifil Il
(opaque shade) 4.76 (0.27)
Beauitifil Il (enamel 4.70 (0.25)

shade)




Clearfil Majesty

(regular shade) 4.56 (0.26)
Clearfil Majesty

(opaque shade) | 462 (0-12)
Clearfil Majesty 5.10 (0.27)

(enamel shade)
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Teixeira et al., AFM 10 Filtek Supreme 0.017 (0.006) | There were no differences among the materials
2005 [78] Filtek Z250 0.051 (0.041) | tested.
SiC paper - Teixeira et al., Rugosimeter 10 | Filtek Supreme 0.200 (0.000) There were no differences among the materials
1200 grit 2005 [78] 9 Filtek Z250 0.200 (0.000) | tested.
Turssi etal., 2005 | o ool 10 Filtek Supreme 0.1266 (0.0180) | Nanofill composite presented lower roughness
[76] 9 Filtek Z250 0.1394 (0.0277) | values than the microhybrid.
Estelite  Quick
(regular shade) 0.32(0.04)
Estelite = Quick
(opaque shade) 1.52(0.29)
Estelite ¥ Quick
(enamel shade) 0.30(0.03)
Beautifil Il (regular 463 (0.32)
SiC paper - Hosova et al Laser SBZaacljﬁ%c" T Submicron composite presented lower roughness
pap y " scaning 3 4.77 (0.49) values than the microhybrids, regardless the
3000 grit 2010 [55] : (opaque shade)
microscope — shade.
Beautifil Il (enamel 4.55 (0.58)
shade) ) )
Clearfil Majesty
(regular shade) 5.01(0.32)
Clearfil Majesty
(opaque shade) 4.89(0.49)
Clearfil Majesty
(enamel shade) 4.64(0.67)
Filtek Supreme 0.0264 (0.0030)
SiC paper - Barucci-Pfister & Artemis 0.0315 (0.0028) | Nanofill composite together with one microhybrid
4000pg|E)it Gohring, 2009 Rugosimeter [ 10 | CerameX 0.0357 (0.0024) | (Enamel Plus HFO) presented lower roughness

[48]

Enamel Plus HFO

0.0297 (0.0028)

Miris

0.0315 (0.0040)

values than the other microhybrids.



Tetric Ceram

0.0337 (0.0041)
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Venus 0.0335 (0.0024)

Filtek Supreme
Antonson et al., Laser Plus P 0.08 (0.01) There were no differences among the materials
2011 [45] Profilometer Esthet-X 0.10 (0.02) tested.

E'I'lt;k Supreme | 4 15 (0.03)
da Costa et al., Rugosimeter Esthet-X 0.12 (0.04) There were no differences among the materials
2011 [46] 9 . tested.

Filtek Z250 0.19 (0.08)

Premise 0.15 (0.02)

Filtek Supreme XT | 0.09 (0.02)

Concept 0.09 (0.01)

Advanced . . . . .
de Moraes et al - Nanofill composite together with two microhybrids
2009 [56] " | Rugosimeter Filtek 2250 0.24 (0.09) (Premise and Concept Advanced) presented lower

Grandio 0.24 (0.04) roughness values than the other microhybrids.

Premise 0.08 (0.01)

SofL TPH 3 0.25 (0.08)
of-Le :
X Erdemir et al., Rugosimeter Filtek Supreme XT | 2.05 (0.92) Nanofill composite presented higher roughness
2012 [58] 9 Gradia Direct 0.65 (0.24 values than the microhybrid.
(0.24)
Filtek Supreme XT | 0.094 (0.007)
Janus et al., 2010 | Optical Grandio 0.162 (0.02) Nanofill composite presented lower roughness
[42] Profilometer Synergy D6 0.109 (0.01) values than the microhybrids.
Tetric Ceram 0.12 (0.009)
Palfique Estelite 0.03 (0.01)
Kakaboura et al.. | AEM Esthet-X 0.10 (0.02) Submicron composite together with one
2007 [38] ” (Sa™**) Point 4 0.05 (0.01) microhybrid (Point 4) presented lower roughness
Synergy Duo 0.12 (0.03) values than the other microhybrids.
TPH spectrum 0.14 (0.05)
Kakaboura et al Palfique Estelite 0.53 (0.06) Submicron composite together with two
2007 [38] " | Rugosimeter Esthet-X 0.30 (0.03) microhybrids (Point 4 and Synergy Duo) presented
Point 4 0.52 (0.06) higher roughness values than the other two




Synergy Duo

0.56 (0.07)

TPH spectrum

0.39 (0.05)
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microhybrids.

Penteado et al.,

Filtek Supreme

0.055 (0.0086)

There were no differences among the materials

AFM 12
2010 [79] Filtek Z250 0.056 (0.013) | tested.
Filtek Supreme XT
(dentin shade) 0.038 (0.017)
Filtek Supreme XT
(transparent 0.029 (0.005)
shade)
Senawonase & Filtek Z350 0.020 (0.003) Nanofill composites together with the submicron
P 9 . : and three microhybrids (Tetric Ceram, Tetric
ongprueksa, Rugosimeter 10 Estelite > 0.054 (0.009) EvoC d Premi dthe |
2007 [71] voCeram and Premise) presented the lowest
CerameX 0.069 (0.012) roughness values.
Filtek 2250 0.105 (0.027)
Premise 0.057 (0.014)
Tetric Ceram 0.065 (0.015)
Tetric EvoCeram 0.051 (0.013)
Filtek Supreme 0.023 (0.002)
. Palfique Estelite 0.015 (0.001 Nanofill composite presented higher roughness
ggg(sa?f;]al" AFM (S;**) 4 - qu ! ( ) values than the submicron. Those were smoother
Filtek Z250 0.032 (0.002) than the microhybrids.
Tetric Ceram 0.034 (0.002)
Filtek Supreme 0.125 (0.044)
Silikas et al.. _ Palfique Estelite 0.101 (0.039) Nanofill composite prgsented higher roughness
2005 [47] Rugosimeter 4 Filtok 2250 0.161 (0.044 values than the submicron. Those were smoother
e 161 (0.044) | than the microhybrids.
Tetric Ceram 0.169 (0.086)
Filtek Supreme 0,103 (n.a.)***
Concept _ Nanofill composite and one microhybrid (TPH 3)
Valinoti et al., Rugosimeter | 30 | Advanced Magic 0.119 (n.a.)™™* | presented the lowest roughness values, although
2008 [37] 9 Kids there were no differences between the nanofill and
Opallis 0.122 (n.a.)*** | the other microhybrids.
TPH 3 0.099 (n.a.)***
Filtek S XT | 0.09 (0.03 i i i i i
Sof-Lex PoP-On Korkmaz et al., Rugosimeter 5 lItek supreme ( ) Nanofill composite together with three microhybrids

2008 [75]

Aelite Aesthetic

0.14 (0.02)

(CerameX, Aelite Aesthetic Enamel and Filtek
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Enamel Z250) presented the lowest roughness values.
CerameX 0.14 (0.01)
Filtek 2250 0.17 (0.02)
Grandio 0.43 (0.15)
Tetric EvoCeram 0.54 (0.12)
Dok Supreme 1 0,12 (0.03)
ggﬁoztg etal, Rugosimeter Esthet-X 0.13 (0.02) TheriI were no differences among the materials
[46] Filtek 250 0.10 (0.02) tested.
Premise 0.18 (0.1)
Super-Snap Z;';Z'; ir‘]’ggzr;“e XT | 0.33 (0.06)
Filtek Supreme XT Translucent nanofill composite and one of the
Yap et al., 2004 R imet (transparent 0.15 (0.02) microhybrids (Admira) presented lower roughness
[77] ugosimeter shade) values than the other nanofill and the other
Admira 0.15 (0.05) microhybrid.
Filtek Z100 0.32 (0.13)

* The paper does not provide standard deviations for baseline roughness values.
**Polishing system is described in the paper as a sequence of polishing discs and identified as PoGo. However, this material is a one-step rubber-based
polishing system. In communication with the authors of this work, it was informed that the actual polishing system applied was "EP Esthetic Polishing

System".

***The paper presents different baseline roughness means and standard deviations to each material since the groups were already split at that point. We
chose to calculate a single mean to each material, yet the same could not be applied to the standard deviations, which are not described here.
****The paper presents roughness measures analyzed with AFM and expressed in Sa values, which is defined as equivalent to Ra.
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2.4.2.2 Initial surface gloss based on polishing system

In total, 18 gloss comparisons from 7 papers were analyzed (Table 2.4); ~70%
of those showed no significant differences between nanofills or submicrons and
microhybrids, ~20% showed better results for nanofills or submicrons, and ~10%
showed poorer results for nanofills. Positive results for nanofills were reported in 4
papers and included 3 different gloss analyses and 3 finishing methods; they
reported 9 microhybrids as having poorer results than nanofills. Four of those 9
microhybrids performed similar to or better than nanofills in other comparisons; 5
were compared only once. Two studies found poorer gloss results for nanofills
compared with microhybrids and included the same gloss analyses (60° angle), 2
finishing methods, and reported 4 microhybrids as having poorer results than
nanofills. These 4 microhybrids performed similar to or poorer than nanofills in other
comparisons.

Two variations of nanofills were tested. Filtek Supreme Plus was tested 14
times, with ~70% of the comparisons showing no significant difference compared
with at least 1 of the microhybrids tested in the same study. In ~15% of the
comparisons, nanofills were better than microhybrids, while nanofills had poorer
gloss in ~15% of the comparisons. Filtek Supreme was tested 4 times, with 2
comparisons showing similar and the other 2 showing better results than
microhybrids. Only 2 comparisons were observed for nanofills, submicrons, and
microhybrids all together, with results showing no significant differences among
materials in one comparison; in the other, nanofills and submicrons were similar, and
both materials performed better than did microhybrids.

Among the 18 comparisons for initial gloss, 15 performed the analysis using a
60° measurement angle, and in ~73% of these cases, there were no significant
differences between nanofills and microhybrids. Nanofills performed better than
microhybrids in ~13% of the comparisons, and in the other ~13%, nanofills showed
poorer performance. Measurement angles of 20° and 45° were applied in one
comparison each, and the nanofill composite performed better than microhybrids in
both. One study did not inform the measurement angle and found no significant
differences between nanofills and microhybrids. Regarding the surface finishing
protocol, the method mostly employed was Sof-Lex discs (6); ~67% of these studies
indicated no significant differences between nanofills and microhybrids, while 33%

showed better results for nanofills.



Table 2.4 - Baseline gloss measurements according to the different polishing systems used in the studies

Polishing system Author Mﬁtazl:];elze N Material Gloss (GU) Conclusion
Astropol Antonson et al., 60° 5 Filtek Supreme Plus | 57.1 (5.6) There were no differences among the
P 2011 [45] Esthet-X 57.9 (5.6) materials tested.
Filtek Supreme Plus | 26.6 (3.77)
ComposiPro da Costa et al., 2007 60° 5 Esthet-X 20.1(1.38) There were no differences among the
Diacomp [32] Filtek Z100 22.3(8) materials tested.
Filtek 2250 23,6 (6.97)
ComposiPro Filtek Supreme Plus | 23.6 (2.88) Microhybrid composite Filtek Z100 presented
Diacc?m . da Costa et al., 2007 60° 5 Esthet-X 30.5 (6.29) the highest gloss values. Among the other
Enamelipze [32] Filtek Z100 51.2 (7.35) cpmposites, including nanofill, there were no
Filtek 2250 202 (479) | differences.
Filtek Supreme Plus | 36.5 (3.41) Nanofill composite and one microhybrid
ComposiPro one- | da Costa et al., 2007 ) Esthet-X 42.8 (1.44) (Esthet-X) presented the h|ghest gloss values.
step brush [32] 60 5 - However, there were no difference between
P Filtek 2100 28.2 (3.15) the nanofill composite and the other
Filtek Z250 31.0 (9.21) microhybrids.
Filtek Supreme Plus | 44.57 (1.04)
da Costa et al., 2011 o Esthet-X 58.76 (0.94) Nanofill composite presented lower gloss
Enhance Flex NST [46] 60 5 IFitek 2250 51.38 (2.17) | values than the microhybrids.
Premise 57.57 (0.75)
Antonson et al., 60° 5 Filtek Supreme Plus | 56.2 (8.7) There were no differences among the
2011 [45] Esthet-X 56.0 (7.6) materials tested.
Enhance / PoGo Filtek Supreme Plus | 66.67 (n.a.)* ]
da Costa et al., 2010 60° 15 | Filtek 2250 63.00 (n.a.)* There were no differences among the
[35] . i materials tested.
Premise 67.00 (n.a.)*
EXL-695 Antonson et al., 650° 5 | Filtek Supreme Plus | 67.0 (10.0) There were no differences among the
2011 [45] Esthet-X 62.2 (6.6) materials tested.
Jiffy polishers da Costa et al., 2007 60° 5 Filtek Supreme Plus | 28.7 (1.73) There were no differences among the

[32]

Esthet-X

24.5 (3.48)

materials tested.
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Filtek Z100 19.9 (3.80)
Filtek 2250 26.6 (3.74)
Filtek Supreme Plus | 77.4 (4.44)
PoGo da Costa et al., 2007 60° 5 Esthet-X 66.2 (11.07) Nanofill composite presented higher gloss
[32] Filtek Z100 59.5 (3.79) values than the microhybrids.
Filtek 2250 64.05 (14.17)
Filtek Supreme 51.0 (1.4)
Artemis 38.6 (6.1)
CerameX 258 (3.2
SiC paper Barucci-Pfister & 450 10 | Enamel Plus HFO 329 26 4; Nanofill composite presented higher gloss
pap Géring, 2009 [48] _ e (2'4) values than the microhybrids.
iris .9 (2.
Tetric Ceram 38.8 (4.0)
Venus 32.4 (2.4)
Antonson et al., 60° 5 Filtek Supreme Plus | 63.9 (6.0) Nanofill composite presented higher gloss
2011 [45] Esthet-X 47.1 (2.9) values than the microhybrid.
Filtek Supreme Plus | 55.6 (5.03)
Nanofill composite together with one
Esthet-X 47.3 (5.40
da Costa et al., 2007 60° 5 - ( ) microhybrid (Esthet-X) presented the highest
[32] Filtek Z100 35.7 (5.33)
! LA gloss values.
Filtek Z250 43.7 (2.51)
Filtek Supreme Plus | 63.6 (1.43)
da Costa et al., 2011 60° 5 Esthet-X 61.82 (1.20) | There were no differences among the
Sof-Lex [46] Filtek Z250 57.6 (0.84) materials tested.
Premise 60.96 (1.24)
Gurgan Yalcin Cakir, i 30 Filtek Supreme 94.7 (n.a.)* There were no differences among the
2008 [52] " Simile 94.6 (n.a.)* materials tested.
Filtek Supreme 77.8 (2.4)
. : ; Nanofill together with the submicron and one
Palfique Estelite 77.7 (2.1
[84"7"]‘3‘5 etal,, 2005 60° 5 [ onad ! 2.1) microhybrid (Filtek Z250) presented the
Filtek 2250 74.2 (28) hlgheSt glOSS values.
Tetric Ceram 69.5 (1.8)
Silikas et al., 2005 20° 5 Filtek Supreme 24.0 (2.2) Nanofill together with the submicron
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[47] Palfique Estelite 29.2 (3.3) composite presented the highest gloss values.
Filtek 2250 19.5 (3.9)
Tetric Ceram 12.5(1.9)
Filtek Supreme Plus | 64.22 (1.80)
Super-Snap da Costa et al., 2011 60° E§thet-X 62.47 (1.22) There were no differences among the
[46] Filtek Z250 62.60 (1.61) materials tested.
Premise 65.60 (1.00)

* The paper presents different baseline roughness means and standard deviations to each material since the groups were already split at that point. We
chose to calculate a single mean to each material, yet the same could not be applied to the standard deviations, which are not described here.
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2.4.2.3 Smoothness retention

The smoothness retention was tested mainly after simulation of surface wear
(5), toothbrushing (4), or “other methods” (4). Wear and “other methods” did not
generate any differences between nanofills and microhybrids. The tests that applied
toothbrushing indicated better results for nanofills in 1 comparison, poorer
performance in 1 comparison, and no significant differences in the other 2
comparisons.

In total, 13 comparisons from 7 papers were analyzed for the retention of
smoothness (Table 2.5). About 85% of those found no significant differences
between nanofills and microhybrids. Only 1 comparison showed better results for
nanofills, and 1 comparison presented poorer results for nanofills. Those came from
the same paper, varying just the smoothness analysis (rugosimeter versus AFM).
One comparison for submicron, nanofills, and microhybrids all together showed
poorer results for the submicron compared to 3 nanofills and 3 microhybrids,
although the submicron performed better than 2 other microhybrids.

Three variations of nanofills were tested. Filtek Supreme XT was compared 3
times and always performed similar to at least one of the microhybrids. Filtek
Supreme was compared 10 times; in 80% of the comparisons, the material was
similar to microhybrids, while it performed better in 1 comparison and poorer in 1.
Filtek Z350 was tested only once, showing better results than the microhybrids to
which it was compared.

Among 13 comparisons, 9 performed the analysis with a rugosimeter and 3
with an AFM. Between 70% and 90% of the comparisons indicated no significant
differences for nanofills and microhybrids, depending on the method used to
measure the smoothness, while the remaining comparisons indicated 1 better and 1
poorer result for nanofills. Regarding the surface finishing protocols, the methods
mostly used were SiC papers (5) and Sof-Lex discs (3). The studies that used Sof-
Lex discs did not show significant differences between nanofills and microhybrids.
When SiC papers were used, 3 comparisons showed no significant differences
between materials, whereas 1 comparison indicated a better performance, and 1

comparison showed poorer results for nanofills.



Table 2.5 - Smoothness retention according to the different polishing systems used in the studies
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_ Baseline .
Polishing Author Method_of Aging method N Material roughness (Ra, Final roughness AoRa Conclusion
system analysis um) (Ra, um) (%)
; Wear (100K Filtek There were no
gl?rrti'de Turssi et al.,, | Rugosi- cycles, 2 Hz, 20 N 10 Supreme 0.1057 (0.0181) | 0.3212(0.0604) | 204 differences among the
2005 [76] meter - 6 mm linear . final roughness values
PoGo oath) Filtek 2250 0.1061 (0.0179) | 0.3296 (0.0446) | 211 of the materials tested.
; Wear (100K Filtek There were no
gjrraldseof_ Turssi et al.,, | Rugosi- cycles, 2 Hz, 20 N 10 Supreme 0.1154 (0.0142) | 0.3144 (0.0441) 172 differences among the
2005 [76] meter - 6 mm linear . final roughness values
Lex Brush path) Filtek Z250 0.1231 (0.0237) | 0.3372 (0.0354) | 174 of the materials tested.
; Wear (100K Filtek There were no
Elljarrzond Turssi et al.,, | Rugosi- cycles, 2 Hz, 20 N 10 Supreme 0.2845 (0.0652) | 0.3522 (0.0362) 24 differences among the
2005 [76] meter - 6 mm linear . final roughness values
PoGo path) Filtek Z250 0.3350 (0.0741) | 0.3701 (0.0442) 10 of the materials tested.
. Wear (100K Filtek There were no
El:arTOSngf_ Turssi et al., | Rugosi- cycles, 2 Hz, 20 N 10 Supreme 0.1516 (0.0226) | 0.3390 (0.0310) 124 differences among the
2005 [76] meter - 6 mm linear . final roughness values
Lex Brush path) Filtek Z250 0.1564 (0.0366) | 0.3228 (0.0720) | 106 of the materials tested.
Filtek Two nanofills (Filtek
Supreme XT Z350 and Filtek
(dentin 0.016 (0.003) 0.052 (0.016) 213 Supreme XT - dentin
shade) shade) presented the
Filtek lowest final roughness
Supreme XT values. Those were
; (transparent 0.020 (0.004) 0.183 (0.081) 800 followed by the other
Senawongse Toothbrushing e
; shade) nanofill (Filtek
Polyester | & Rugosi- (20K strokes, 80 10 - Subreme XT -
matrix Pongprueksa | meter strokes/min, Filtek 2350 0.017 (0.003) 0.051 (0.009) 194 trarrw)slucent) together
2007 [71] 500 gf) Estelite > 0.021 (0.002) 0.369 (0.115) 1662 with two microgybrids
CerameX 0.018 (0.003) 0.411 (0.131) 2178 | (Filtek Z250 and
Filtek 2250 0.017 (0.002) 0.148 (0.010) 782 | Premise). Submicron
Premise 0.026 (0.003) | 0.207 (0.057) 708 ﬁ?mhpolff'te Ipreser’]‘ted
Tetric Ceram | 0.024 (0.003) | 0.235 (0.074) | 858 | \os o (0 o0 1100
Tetric 0.029 (0.009) 0.428 (0.071) 1383 | aforementioned.




51

EvoCeram
. . i Nanofill composite
Ultraviolet light Filtek i * i * mp
@t g Supreme XT n.i. 0.050 (0.009) n.i.* | together with one
Catelan . . microhybrid (Vit-1-
tal. 2009 Rugosi- Condensation 10 _ . . ted
etal, meter (4 h) + Heat (65 + Opallis n.i. 0.059 (0.011) n.i. escence) presente
[80] 3°C or 45 + 3°C)_ lower roughness
+ 100% hamidity Vit-l-escence | n.i.* 0.052 (0.007) nix | values than the other
microhybrid.
Teixeira Toothbrushing g'l'fer';me 0.017 (0.006) | 0.037 (0.009) 135 N;‘;‘:;'t'e‘;"[g\?v‘;sr'tﬁenal
SiC Paper | etal.,, 2005 | AFM (100K cycles, 1.5 | 10 P foughness valie thar
- 1200 grit | [78] strokes/s, 250 g) Filtek 2250 0.051 (0.041) 0.118 (0.017) 135 the microhybrid,
Teixeira Rugosi. | Toothbrushing gllljterkeme 0.200 (0.000) | 0.536 (0.089) 170 Nraer;‘;fr']'t'e‘;"mpﬁ:'ﬁmal
et al., 2005 me?er (100K cycles, 1.5 | 10 P foughness vglue than
[78] strokes/s, 250 g) Filtek 2250 0.200 (0.000) 0.410 (0.050) 105 the microhybrid.
Wear (100K Filtek There were no
Turssi et al., | Rugosi- cycles, 2 Hz, 20 N 10 Supreme 0.1266 (0.0180) | 0.3444 (0.0455) 172 differences among the
2005 [76] meter - 6 mm linear . final roughness values
path) Filtek Z250 0.1394 (0.0277) | 0.3565 (0.0377) | 156 of the materials tested.
Ethanol bath Filtek 0.0264 (0.0030) | 0.0845 (0.0118) | 208
(240 h, ethanol Supreme Nanofill composite
75%) + Artemis 0.0315 (0.0028) | 0.3304 (0.0499) | 965 fo ethler withptch)
Barucci- Toothbrushing CerameX 0.0357 (0.0024) | 0.0780 (0.0067) | 150 mi%mhybrids
SiC Paper | Pfister & Rugosi- (18K strokes, 10 | Enamel Plus (CerameX and Enamel
- 4000 grit | Goring, 2009 | meter 60 strokes/min, HFO 0.0297 (0.0028) | 0.0659 (0.0052) 133
[48] 250 g) + Thermal Plus HFO) presented
cycling (3K Miris 0.0315 (0.0040) | 0.2044 (0.0334) | 545 | the lowest final
cycles, 5 - 50°C, Tetric Ceram | 0.0337 (0.0041) | 0.2182 (0.0293) | 547 | roughness values.
in artificial saliva) Venus 0.0335 (0.0024) | 0.2645 (0.0264) | 688
Filtek
0.09 (0.02) 0.12 (0.02) 33
gupreme XT Nanofill composite
de Moraes . Toothbrushing oncept 0.09 (0.01) 0.16 (0.01) 78 | together with one
Rugosi- Advanced : - :
Sof-Lex et al., 2009 meter (30K strokes, 8 : microhybrid (Premise)
Grandio 0.24 (0.04) 0.36 (0.04) 50 | final roughness values.
Premise 0.08 (0.01) 0.11 (0.02) 38
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TPH 3 0.25 (0.08) 0.30 (0.09) 20
pH cycling Filtek
Penteado (10 Qays: _6_h Supreme 0.055 (0.006) 0.0522 (0.011) -9,1 T_here were no
et al.. 2010 AEM deml_nerallzmg 12 cﬁfferences among the
[79] " solution + 18 h final roughness values
remineralizing Filtek 2250 0.056 (0.013) 0.0518 (0.0182) -11 | of the materials tested.
solution)
pH cycling
(10 days: 6 h Filtek
demineralizing Supreme 0.055 (0.006) 0.2371 (0.0337) 336
Penteado solution + 18 h There were no
et al.. 2010 AEM remineralizing 12 differences among the
[79] " solution) + final roughness values
Toothbrushing of the materials tested.
(50K cycles, 374 Filtek Z250 0.056 (0.013) 0.2287 (0.0218) | 311
strokes/min,
200 g)

* The paper did not provide baseline roughness values. It was not possible to calculate A Ra.
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2.4.2.4 Gloss retention

Toothbrushing was the surface challenge in 3 comparisons of gloss retention,
and it was observed that nanofills and microhybrids performed similarly in 2 of those.
Five comparisons were carried out after using another challenging methods or a
combination of techniques, and none of those found differences among materials.

In total, 8 comparisons for the retention of gloss from 3 papers were analyzed
(Table 2.6). Seven found no significant differences between materials, and 1 showed
better results for nanofills compared with microhybrids. The positive result found for
nanofills demonstrated that 2 microhybrids were poorer than the nanofill tested. One
of those microhybrids performed similar to the nanofills in other tests. No submicron
composite was tested in the papers selected for analysis of gloss retention.

Two variations of nanofills were tested. Filtek Supreme Plus was compared 3
times; in 2 comparisons, it was not different from at least 1 of the microhybrids to
which it was compared. In the other comparison, the nanofill was better than the
microhybrid. Filtek Supreme was tested 5 times, and it was always similar to at least
one of the microhybrids tested.

Among the 8 comparisons, 4 performed the analysis with a measurement
angle of 60° 3 of these showed similar results for nanofills and microhybrids, and 1
indicated that the nanofill performed better than the microhybrids. The other 4
comparisons did not inform the angle used for analysis; they showed no significant
differences between materials. Sof-Lex discs were the method mostly used for
surface finishing (4), and no significant differences were observed between nanofills
and microhybrids. The other 3 comparisons were performed with Enhance/PoGo as

the finishing method, with only 1 comparison showing better results for nandfills.



Table 2.6 - Gloss retention according to the different polishing systems used in the studies
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. . . A
Polishing Author Measure- Aging method N Material Baseline | Final gloss GU Conclusion
system ment angle gloss (GU) (GU) (%)
Toothbrushing - Filtek Supreme | o (8) 55 (12.55) | -17 | Nanofill composite together with
da Costa et al., 60° Colgate Total 5 Plus one microhybrid (Premise)
2010 [35] (5760 strokes, Filtek Z250 64 (5.26) | 22(2.13) -66 | presented the highest final
1 Hz, 100 g) Premise 64 (7.61) | 45(8.73) -30 | gloss values.
Toothbrushing - Filtek Supreme )
Colgate baking Plus 68 (10.53) | 36 (6) 47 ) .
da Costa et al soda & peroxide Nanofill composite presented
Enhance / | 2910 [35] N 60° whitening 5 | Filtek Z250 62 (10) 5 (2.25) -92 | higher final gloss values than
PoGo (5760 strokes, ororm T 23 (2 the microhybrids.
1 Hz, 100 g) remise 71 (4.71) 3 (2.83) -68
Toothbrushing - Filtek Supreme
Colgate tartar Plus 66 (84) 33(10.46) | -50 Nanofill composite together with
da Costa et al., o control / . ) one microhybrid (Premise)
2010 [35] 60 whitening 5 | FiltekZ250 |63 (13.31) | 8(3) 87 | bresented the highest final
(5760 strokes, . ) gloss values.
1 Hz, 100 g) Premise 66 (5.34) 27 (3.32) 59
Ethanol bath Filtek Supreme | 51.0 (1.4) | 46.3 (1.4) -9,2
(725‘3)/0)% ethanol Artemis 38.6 (6.1) | 34.6 (3.0) | -10
(o]
; CerameX 25.8 (3.2) | 46.6 (0.8) 81
R Toothbrushing E Pl Nanofill composite together with
Barucci-Pfister (18K Str0kes, name us 32.9 (6 4) 49.2 (1 1) 50 t . K
. v o . HFO . . . . wo microhybrids (CerameX and
SiC paper | & Goring, 2009 60 60 strokes/min, | 10 Enamel Plus HFO) presented
[48] 250 g) + Miris 27.9(2.4) | 37.1(2.8) 33 : . P
. the highest final gloss values.
Thermal cycling Tetric Ceram | 38.8 (4.0) | 37 (2.1) -4.6
(3K cycles,
5-50°C,in Venus 32.4(24) |376(27) | 16
artificial saliva)
0, H . . .
Gurgan & 10% carbamide Filtek Supreme | 94.7 (n.i.) | 92.6 (n.i) 2.2 | There were no differences
Sof-Lex Yalcin Cakir, n.i. Fﬂoc;(;di 10| .. . , , among the final gloss values of
2008 [52] ys, Simile 94.6 (n.|.) 92.6 (n.|) -2.1 the materials tested.

2 h per day)




10% carbamide

95

peroxide Filtek Supreme | 95 (0.84) 90.9 (0.86) | -4.3
Gurgan & (14 days, There were no differences
Yalcin Cakir, n.i. 2 h per day) 10 among the final gloss values of
2008 [52] %r;gll\l/lgo(l.;tgrrl]nse Simile 94.7 (1.25) | 90.7 (1.31) | -4.2 the materials tested.
immersion)
10% carbamide
peroxide Filtek Supreme | 94.7 (1.02) | 89.5(1.01) | -5.5
Gurgan & (14 days, There were no differences
Yalcin Cakir, n.i. 2 h per day) 10 among the final gloss values of
2008 [52] and Mouthrinse . the materials tested.
immersion)
10% carbamide
ff;oé‘;de Filtek Supreme | 94.4 (0.88) | 88.2 (0.94) | 6.6
Gurgan & ys, There were no differences
g . . 2 h per day) ,
Yalcin Cakir, n.i. and Mouthrinse 10 among the final gloss values of
2008 [52] Rembrandt Plus the materials tested.
Simile 94.5 (1.06) | 88.2 (1.04) | -6.7

(12 h
immersion)
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2.4.3 Overall results for polishing systems and composites

Figure 2.2 presents the results of surface roughness for clinically applicable
finishing/polishing systems tested at least with 2 resin composites and evaluated with
3-D methods. The systems that presented the best results were the EP Esthetic
polishing system (based on silicon carbide or aluminum coated discs) and polyester
matrix. Both achieved the lowest roughness values as well as the most consistent
results when applied with different composites. The poorest results were related to
the use of either carbide or diamond burs. The burs were also the only systems
presented herein that achieved roughness values above 0.3 ym, the threshold for
clinical acceptability described by Jones et al. [39]. It is also important to highlight
that Sof-Lex system was tested with 12 different resin composites; with all of them,

Sof-Lex presented results below 0.2 ym, the threshold proposed by Bollen et al. [40].

(.8
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Rubber Discs PM Burs

Figure 2.2 - Scatter chart of the roughness values achieved in 3-D evaluations by polishing system
with clinical applicability, irrespective of the resin composite tested. Rubber = Rubber-based polishing
systems: AP = Astropol, EN = Enhance, PG = PoGo; Discs = Disc-based polishing systems: CS =
Compo system, DF = Diamond flex, DE = Diamond Excel, DP = Diamond pro, EP = EP Esthetic
polishing system, EXL = EXL-695, SL = Sof-Lex; PM = Polyester matrix; Burs: CB (30b) = Carbide bur
(30 blades), DB = Diamond bur.



S57

Figure 2.3 presents the roughness results for resin composites tested with at
least two polishing systems with clinical applicability and evaluated by 3-D methods.
Filtek Supreme Plus, Esthet-X, Filtek 2250, Grandio, Synergy D6, and Tetric Ceram
always presented roughness values lower than 0.3 pym [39]. The above-mentioned
materials, except for Grandio, also presented results below 0.2 ym [40]. Filtek
Supreme XT and Point 4 were the only composites that exceeded either of the

thresholds for clinical acceptance.

0.8
0.6 g 7
O
E 04
© 3 °
o g O - O
0.2 ' 4 8 :
8 g 8 : 8 o
O
0.0 o O Q g o 0
FSP | FSXT | EX FZ GD P4 SD6 TC
Nanofill Microhybrid

Figure 2.3 - Scatter chart of the roughness values achieved in 3-D evaluations by resin composites
tested more than once, irrespective of the polishing system tested. Nanofill: FSP = Filtek Supreme
Plus, FSXT = Filtek Supreme XT; Microhybrid: EX = Esthet-X, FZ = Filtek Z250, GD = Grandio, P4 =
Point 4, SD6 = Synergy D6, TC = Tetric Ceram.

Figure 2.4 presents the roughness results of finishing/polishing systems and
resin composites that behaved consistently when analyzed in Figures 2.2 and 2.3.
Only materials tested more than once with 3-D methods and that did not present
roughness values higher than the threshold of 0.2 um [40] were included. Figure 2.4-
A presents the results separately for finishing/polishing system. It is possible to
observe that the EP Esthetics polishing system achieved much smoother surfaces
than did other systems (consider results presented in logarithmic scale) but was
tested only in one study. This was followed by polyester matrix, with only slight
differences among the other systems. Figure 2.4-B presents the results separately

for resin composites. The materials included herein were not greatly sensitive to the
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polishing system applied except for those using the EP Esthetics polishing system. It
is important to point out, however, that only the materials (finishing/polishing system
+ resin composite) with the best and more consistent results were included in these

analyses.
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i | D6

Figure 2.4 - Smoothness behavior of polishing systems (A) and resin composites (B). Only the resin
composites and polishing systems that presented roughness values lower than 0.2 ym showed in
Figure2.1 and Figure2.2, and also that were tested at least twice were considered in this analysis. (A):
EX = Esthet-X, FSP = Filtek Supreme Plus, FZ = Filtek Z250, SD6 = Synergy D6, TC = Tetric Ceram.
(B) AP = Astropol, DE = Diamond Excel, DF = Diamond Flex, DP = Diamond Pro, EN = Enhance, EP
= EP Esthetic polishing system, EXL = EXL-695, PG = PoGo, PM = Polyester matrix, SL = Sof-Lex.
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2.5 Discussion

Numerous studies have evaluated in vitro the smoothness and gloss of
composites after finishing/polishing procedures, comparing nanofills or submicrons
and traditional microhybrids (Tables 2.3 and 2.4). No solid evidence has been found
to state conclusively that nanofills or submicrons present superior early smoothness
or gloss (after finishing/polishing) than do microhybrids. Submicrons showed a
slightly better smoothness performance than did nanofills when compared to
microhybrids. However, submicrons were tested about six times less than were
nanofills; thus, it is impossible to state that submicrons are indeed better than
nanofills.

Dental materials manufacturers and the literature in general state that nanofills
(and perhaps submicrons) may perform better than microhybrids due to the smaller
size of the particles. The smoothest surfaces that could be extracted from the
included studies were achieved by the EP system when polishing a nandfill
composite and five microhybrid composites. The roughness values achieved with EP
system were at least 3.6 times smother than the best result showed with any other
polishing system tested. The EP system was used for polishing composites in only
one included study. Therefore, a question to be solved in future research is whether
other polishing systems than those normally tested can lead to a smoother surface in
nanofill composites than in microhybrids. Another very smooth surface in the
investigated studies was achieved by a polyester matrix, which is not a clinically
relevant surface as normally the surface has to be shaped and polished after removal
of the matrix.

A superior performance regarding smoothness and gloss cannot be confirmed
currently based on clinical evidence [5]; in addition, there is no summarization of in
vitro evidence abundant in the literature. This may be explained because different
finishing and polishing methods are reported or that different approaches were used
to evaluate the surface properties, hindering comparisons among studies.

Reduction in filler particle size of composites has been traditionally linked to
smoother surfaces. Current microhybrids, in general, have an average particle size
up to 1 um (Table 2.1), which is still significantly higher than the fillers in nanofills and
submicrons. The complexity related to surface smoothness may explain the lack of
differences among materials observed here. The present results indicate that
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different types of finishing/polishing systems affect the performance of materials. In
corroboration, Botta et al. [41] tested three strategies for polishing one nanofill and
two microhybrids and found that the nanofill was smoother than the microhybrids with
one polishing system, no difference with a second system, and rougher with the third
polishing procedure. Another study [42] compared a nanofill with microhybrids using
two polishing systems and found that the nanofill was always better; however, when
a polyester matrix was used as the finishing method in the same study, the nanofill
was rougher than the microhybrids. A similar situation was presented by Botta et al.
[43], who found similar results between a nanofill and microhybrids with two polishing
methods and poorer results for the nanofill when the polyester matrix was used.
These results point to a negative effect of the polyester matrix over nanofill
composites, although the evidence is still too limited. In addition, the results indicate
that the surface properties of dental composites are dependent on both the
restorative material and finishing/polishing system used.

When comparing the four types of nanofill composites studied, the results
indicate that these are similar if not identical materials. Manufacturers tend to sell
materials under different brand names in different countries or continents; further, it is
usually not clear whether there are compositional differences between these
materials, bringing considerable problems for researchers when comparing
proprietary materials. It would be wise if identical materials were sold under the same
brand name worldwide for better comparison among materials in the current
literature.

While the finishing/polishing procedure may affect the ranking of materials, the
influence of the evaluation method should also be considered. Kakaboura et al. [38]
compared submicron and microhybrid materials using both the rugosimeter and AFM.
The authors reported no differences among materials and higher roughness values
when using AFM, while poorer performance for submicron and lower roughness
values were observed with the rugosimeter. Surface topography is naturally 3-D;
however, 2-D tactile profilometry is the most common measurement method (see
Table 2.3) since it is widely available and relatively inexpensive. Tactile profilometry
has been linked to underestimation of dental composites’ surface roughness [38].
About 30% of the comparisons investigated herein were performed with non-contact

3-D methods, while 70% of the investigations used 2-D contact methods. Once
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again, there is no solid evidence that nanofills or submicrons perform better than
microhybrids, irrespective of the evaluation method.

The smoothness level of the surface has a significant impact on the gloss of
resin composites [8, 14], although the gloss is also affected by other factors. Diffuse
reflection is lower in composites with smaller filler particles, making the surface looks
glossy [44]. Based on that, it has been assumed that, after polishing, nanofills and
submicrons would have glossier surfaces than do microhybrids; nonetheless, the
data analyzed in the present review do not support this assumption. Several studies
showed that the polishing system plays an important role on the gloss and
smoothness performance of resin composites [8, 45-47]. da Costa et al. [32] tested
six finishing/polishing systems to compare performance of one nanofill and three
microhybrids, and better gloss for the nanofill occurred with only one of the tested
systems. It is known that metallographic polishing produces more planar, smoother
surfaces than uncontrolled methods; thus, the gloss should also be lower for
specimens polished with uncontrolled methods. However, among the studies
included in the baseline gloss analysis, only one comparison was performed using
metallographic polishing [48], and it presented better results for a nanofill.
Nonetheless, the gloss values presented by Barucci-Pfister & Gdéhring [48] cannot be
numerically compared with those from the other studies included because Barucci-
Pfister & Gohring’s [48] was the only study to apply a 45° measurement angle in the
gloss analysis.

According to ISO 2813, ASTHD 523 and 2457, and DIN 67530, semigloss
surfaces such as resin composites should be measured with a 60° angle of
illumination, which is close to the angle the average person would observe the
surface [38]. The literature seems to disagree on the best measurement angle for
resin composites. According to Silikas et al. [47], a 20° angle produces measurement
that more sensitively resolves differences in specular gloss than does a 60° angle. In
contrast, Barucci-Pfister & Gohring [48] tested angles of 85°, 60°, 45°, and 20° and
demonstrated that a 45° angle better differentiates materials. Considering the studies
included in the baseline gloss analyses (Table 2.4), a 60° angle was used more
often, yet no evidence was found of better performance of nanofills or submicrons
over microhybrids. Interestingly, angles of 20° and 45° were used only once each;
both studies [47, 48] showed that nanofill and submicron materials performed better
than microhybrids.
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Smoothness and gloss properties of resin composites have no agreed
threshold for unacceptable values, although some studies endeavored to draw
correlations between values to other investigations and to their clinical relevance [8,
33, 38, 42]. It has been reported that a material incapable of attaining and/or
maintaining an Ra value below 0.2 ym in vitro would be susceptible to an increase in
plaque accumulation and higher risk for caries and periodontal inflammation [40].
Whether this holds true for all resin composites has not been investigated, and the
overall clinical performance of resin composite restorations is unlikely to be predicted
by in vitro tests alone [49]. A clinical trial has shown that most patients could detect
rough surfaces only when the Ra values were above 0.3 um [39]. In the smoothness
analyses of the present review, nanofills presented final roughness values (after
surface challenges) up to 0.3 ym in about half of the comparisons. However, at least
one microhybrid achieved the same performance in all of those comparisons. Only
one comparison involved a submicron material that presented final roughness value
of 0.4 uym after toothbrushing. Chung [50], in contrast, reported that restorations with
roughness values below 1 uym could still be seen as smooth and glossy in vitro. All
comparisons included in the smoothness retention analyses showed materials with
final roughness values lower than 1 pym; therefore, one could expect that in the gloss
retention analysis, all materials would present acceptable gloss performance. The
gloss behavior of polymers was classified by Cook & Thomas [51], who reported that
with a 60° measurement angle, poor finish is generally considered to be below 60
GU, an acceptable finish between 60 and 70 GU, a good finish between 70 and 80
GU, and an excellent finish above 80 GU. Based on that, all comparisons included in
the gloss retention analyses using a 60° measurement angle could be classified as
having poor final gloss. The materials tested by Gurgan et al. [52] presented final
gloss values above 80 GU; however, the authors did not inform the measurement
angle applied, so the results cannot be classified according to Cook & Thomas [51].
The results of this systematic review of in vitro studies of reported thresholds for
smoothness and gloss, as well as comparisons among nanofills, submicrons, and
microhybrids, again showed no solid evidence to support that nanofills or submicrons

are capable of maintaining smoothness and/or gloss better than are microhybrids.
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2.6 Conclusions

Within the limitations of the present review, our hypothesis was confirmed:
there is no current in vitro evidence that nanofill or submicron resin composites show
improved smoothness or gloss over traditional microhybrids. Nanofills and
submicrons were compared with several microhybrid composites using many
commercial polishing systems and were submitted to different surface challenges.
There is not enough evidence to support the choice of contemporary nandfill or
submicron composites over traditional microhybrid materials based upon better
surface smoothness and/or gloss, or based upon the maintenance of those

superficial characteristics after surface challenges.
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3.1 Abstract

This study was designed to develop and characterize an one-step silica coating
method for

crystalline,non-silicate ceramic nanoparticles (Al,Os, TiO,, and ZrO;).This method
would allow particle silanization and further useof the coatednanoparticles as
reinforcing phase in the prospecting of improvedhybrid biomaterials.The one-step
silica coating was obtained by a sol-gel method. Itinvolved immersing the particles
into an aqueous hydrochloric acid solution, to which tetraethyl orthosilicate was
added, followed by calcination for deposit of crystalline silica around the particles.The
nanopowders had their chemical and microstructural characteristics evaluated before
and after silica-coating by means of EDS, XRD, BET, FE-SEM, and TEM. Results of
all analyses corroborated the success of the purposed one-step silica coating
method. Two distinct aspects were observed depending on the type of
nanoparticlemodified: a silica shell on the nanoparticles’ surface or clustersof
nanoparticles embedded into a silica matrix. Therefore, the one-step silica coating
method presented here is a viable and promising novel strategy for the use of
crystalline,non-silicate ceramics as reinforcing phase of polymeric hybrid

biomaterials.

Keywords: 3D scaffolds; ceramics; composites; core-shell; hybrid materials;
nanoparticles; nanotechnology; non-silicate ceramics; porous structures; sol-gel;

silica coating.
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3.2 Introduction

The use of nanoparticles for the development or modification of hybrid
biomaterials has been vastly investigated in recent years.A wide variety of particles
has been tested, includingcalcium phosphate nanoparticles,'cross-linked polymeric
nanogels,?and titanium dioxideor hydroxyapatitenanofibers.®Nanoparticles used in
hybrid biomaterialscan have markedly distinct composition, characteristics, and
properties, therefore distinct applicability, ranging from structural reinforcement to
drug-delivery functionalityand so on.™

A relevant class within the hybrid biomaterials covers the polymer-based
composites.Those are often reinforced by glass or ceramic nanoparticles®® or, more
recently, by porous 3D scaffoldsof pressed ceramic nanoparticles that are infiltrated
by the polymer matrix."°An effective reinforcement of the polymer matrix is yielded by
usingorgano-silanes,also referred to as silane coupling agents."'®These substances
act at theinterfaceof thematrix and the reinforcing particles,promoting chemical
interfacial interaction between the two phases.'""®

The need for silanizationrestricts the use of non-silicate ceramic particles for
reinforcing hybrid materials, as non-silicate ceramics are not reactive to silanes. To
the authors knowledge, currently only one strategyis effectively used to overcome
this drawback: the clustering of silica and zirconia nanoparticles.'*Although effective,
this approachneeds chemical interference with the crystals during their synthesis,
thus it is notuseful in the modification of crystalized ceramic powders.In addition, it is
a proprietary approach and, since its publication, limited to one type of
ceramicnanoparticle (zirconia).

The development of an innovative method to make each and every type of
non-silicate ceramic particle prone to silanization would widen the investigation,
development, and modification of hybrid biomaterials containing ceramic particles of
varied chemistry and physical characteristics. Therefore, this study was designed to
develop and characterize an one-step silica coating method forcrystalline,non-silicate
ceramic nanoparticles that would allow silanization and further use of the modified

particles as reinforcing agents in polymeric improved hybrid biomaterials.
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3.3Experimental

3.3.1 Materials

Three types of crystalline, non-silicate ceramic nanoparticles were usedas
received(Nanoamor, Houston, USA): aluminum oxide gamma (Al,O3 - 99.97%),
commercially available under the trade name 1020MR; titanium oxide anatase (TiO> -
99%), commercially available under the trade name 5420HT; and zirconium oxide
monoclinic (ZrO; - 99%), commercially available under the trade name 5931HT. For
the one-step silica coating process, the powders were immersed in a
tetraethylorthosilicate (TEOS) solution(Sigma-Aldrich, St. Louis, MO, USA) and
calcinatedas further described in item 3.3.2. Therefore, six groups were tested:
Alumina (Al), Silica-coated alumina (AIS), Titania (Ti), Silica-coated titania (TiS),

Zirconia (Zr), and Silica-coated zirconia (ZrS).

3.3.20ne-step silica coating method

The as-receivednanoparticles were coated with a silica layer applied by a sol—
gel method. For the silica coating, the particles were dispersed in a solution of 1 M
hydrochloric acid P.A. (Synth, Sdo Paulo, SP, Brazil) and 10 M distilled water. The
suspension was kept in vigorous magnetic stirring for 15 min to favor disaggregation
due to ionization of the particles. According to a pilot study, TEOS was added to the
suspension in the proportion of 40vol%relative to the volume of nanoparticles,
adjusting the amount of TEOS according to the density of each material. Vigorous
magnetic stirring was maintained and the temperature risen to 60°C to evaporate the
aqueous content. After drying, the particles were heat-treated in an air atmosphere

oven with 5°C/min heating rate up to 900°C dwell temperature for 2 h.

3.3.3 Microstructural and chemical characterization of the ceramic powders

The micromorphology of the nanoparticles with and without silica coating was
analyzed by field emission scanning electron microscopy — FE-SEM (Merlin, Zeiss,
Jena, Germany) and by transmission electron microscopy — TEM (JEM 1400, JEOL,
Tokyo, Japan). For elemental chemical composition, the nanopowders were
analyzed using energy-dispersive X-ray spectroscopy — EDS (JSM 6610, JEOL).
Crystalline phases and crystal sizes were determined by X-ray diffraction —
XRD(XRD-6000; Shimadzu, Tokyo, Japan) with CuKa radiation at 40 kV and 40 mA,
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scan rate of 4°/min, 10-80°, at room temperature. The specific surface areaand
average particle size of the powders were determined by BET method with a surface
area analyzer (Quantachrome Nova 1000e;Boynton Beach, FL, USA), by means of

N, adsorption/desorption isotherm analysis.

3.4Results and Discussion

Results for the elemental composition, particle size, specific surface area,
crystal size, and crystalline phases of all particles are shown in Table 3.1. The EDS
elemental analysisshowed the presence of silicon only for powders submitted to the
silicacoating method. It was noticed that higher specific surface area of the as-
received powders (Al > Ti > Zr) was associated with higher percentage of silicon after
silica-coating, both weight and atom percent. Nanoparticles have a significant partof
their atoms on their surfaces and the smaller the particle the more pronounced is the
quantum effect on them. The quantum effector quantum confinement of
nanoparticles makes them prone to distinct surface interactions, ranging from simple
agglomeration within the powder particles to adsorption of other substances to which
they are exposed to.?%%'

The particle size analysisbefore the silica coating showed that all three
powders were below 100 nm, aluminabeing the smallest particles, followed by titania,
then zirconia. The BET diameter increased after silica coating, although only TiS
particles were above 100 nm, outside the nanometer range. This finding indicates a
much greater increase in particle size for titania under the conditions of the silica
coating method described here. The crystal size evaluated by XRDalso showed
increase in crystal size for TiS groups, whereas the same did not happen for alumina
or zirconia powders. It may be assumed that the increase in particle size for AIS and
ZrS was due to the crystalline silica shell deposited on the surface of the particles,
with no associationto crystal growth or phase transformation of Al and Zr(Fig.
3.1).?%This is also corroborated by the presence of quartz only in silica-coated
particles. It should be pointed that no silica peaks in the XRD analysis
weredetectedfor any particles tested because the content of quartz phase estimated

in ~0.1% (Table 3.1) is below the 2% accuracy of the equipment.
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TEM images of the nanopowders (Fig. 3.2) indicated the presence of a silica
shell around zirconia and alumina particles. In Figure 3.2-a(red arrows) it is possible
to observethe zirconia nanoparticle(darker areaat the center)surrounded by a silica
layer(grayish area). The thickness of the silica layer seems to vary according the
diameter of the zirconia particles, as visible when the two examples pointed by red
arrows in Fig. 3.2-a are compared. Visual particle sizes corroborate the findings of
BET and XRD, with AlS particles (Fig. 3.2-b)being much smaller than ZrS (Fig. 3.2-a)
and TiS (Fig. 3.2-c) particles.
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Table 3.1 - Characterizations of the ceramic powders: elemental composition (EDS), particle size and specific surface area (BET), crystal size and crystalline

phases (XRD).

EDS _ wt% EDS _ atom% Surface Particle Crystal .
0 * Si 0 * Si area, m°/g  size, nm size, nm Crystalline phases
Al 15.7 84.3 - 24.0 76.0 - 193.2 8.4 4.7 Gamma 100%
AIS 10.7 83.6 5.7 16.9 78.0 5.1 91.1 17.8 5.2 Gamma 99.99% + Quartz 0.1%
Ti 12.9 87.1 - 30.7 69.3 - 91.9 16.7 25.1 Anatase 100%
TiS 54 92.0 2.6 14.5 81.7 3.9 7.3 209.5 88.5 Anatase 97.2% + Rutile 2.7% + Quartz 0.1%
Zr 2.1 98.0 - 10.8 89.2 - 27.3 37.3 32.9 Monoclinic 100%
ZrS 2.4 96.5 1.1 12.1 84.9 3.1 12.5 81.2 36.2 Monoclinic 99.99% + Quartz 0.1%

*Content of Al, Ti, or Zr according to the material under evaluation.
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Figure 3.1 -X-ray diffraction spectra of the nanopowderswith and without silica coating: (a) Spectral
pattern of gamma alumina crystalline phase for Al and AIS. (b) Spectral pattern of anatase crystalline
phase for Ti and predominantly anatase with rutile peaksfor TiS.(c) Spectral pattern of monoclinic
zirconia crystalline phase for Zr and ZrS.Silica peaks are not visible for any of the coated particles
because the estimatedcontent of quartz phase (0.1%) is below the 2% precision of the equipment.
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Figure 3.2 - TEM images of the nanopowders: (a) Silica-coated zirconia particles (x1.2M
magnification). The red arrows indicate the zirconia nanoparticle (darker area at the center)
surrounded by a silica layer (grayish area). The thickness of the silica layer seems to vary according
the diameter of the zirconia particles, as visible when the two examples pointed by red arrows are
compared. (b) Silica-coated alumina particles (x1M magnification). Discrete nanoparticles much
smaller than the other particles are observed. The red arrow points to an example of a coated particle.
(c) Silica-coated titania particles (x100k magnification). Most particles are seen embedded into
clusters with a silica matrix (hollow black arrows), while some coated particles are also present (red
arrows). (d) Silica nanoparticles (x300k magnification) observed most likely as a result of a secondary
phase formation during calcination of TEOS molecules not bounded to the nanopowders in the
solution used in the silica coating method.
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In contrast to the findings for AIS and ZrS particles, the coating method yielded
a substantial increase in titania particle size, which may be attributed tocrystal growth
and phase transformation during coating.?* After the silica-coating ofTi, 2.7% rutile
was detected in the particles that were originally 100% anatase. XRDanalyzes of the
Ti nanopowderswith and without silica coating are other evidences for the increase in
particle size being a result of crystal growth and phase transformation. The TEM
images further indicate that the increased BET diameter is not only explained by
crystal growth and phase transformation, but also by clustering of titania particles
embedded in a silica matrix (hollow black arrows in Figure 3.2-c), while some discrete
coated particles are also present (red arrows). The clusters appear tobe ~200 nm in
diameter in the TEM images, which is in line with BET diameter measured for TiS.
Successful silica coating was demonstrated in this study, with three types of non-
silicate ceramic nanoparticle of distinct chemistry and physical characteristics. The
presented method makes the particles prone to silanization and, therefore, prone to
be used as effective reinforcement of a polymer matrix.""®In the TEM analysis, the
presence of silica nanoparticles was also observed (Figure 3.2-d), most likely a result
of a secondary phase formation during calcination of TEOS molecules not bounded
to the particles in the solution. Those particles are naturally reactive to silanes and
would add to the reinforcement of the polymeric matrix. No negative effect is
expected by their presence.

FE-SEM images of the nanopowdersare presented in Figure 3.3. The FE-SEM
analysis again corroborates that the Al group has the smallestparticles (Fig. 3.3-a). It
is important to point out that the particles of the three groups became highly reactive
after silica coating. The images presented in Figure 3.3-b were taken using a shorter
scanning time and yet for TiS groupa wider field width was necessary for a precise
imaging of the coated particles. These strategies were adopted to prevent fusing and
apparent growth of particles as a reaction to the energyof the microscope beamand
resultingheat generated with it. Most of the TiS particles are embedded into clusters
with a silica matrix, which does not seem to happen with the other particles (Fig. 3.3-
b), corroborating the findings of the TEM analysis. The effects of the high reactivity of
the particles are shown in Figure 3.3-c, represented by the areas in the field pointed
by red arrows showing particles fused together. This effect is clearly seen for ZrS(Fig.
3.3-c), where the fusing started at the reduced focus area in the center of the field. In
addition, Figure 3.3-d shows the uncontrolled fusing of particles caused by the



81

energy of the beam, taking over the entire field, generating a 3D porous
structure.Formation of these porous structures was not the primary aim of the silica
coating method; however, there is potential applicability of those scaffolds as 3D
networks preformed for further polymer infiltration and formation of hybrid
biomaterials for CAD-CAM milling. %228

The investigation, development, and modification of polymer-based
composites reinforced by glass or ceramic nanoparticles®® has been a constant
throughout the years in biomaterials science. More recently, polymer-based
composites with interpenetrating phases, a porous 3D ceramic scaffold infiltrated by
a polymer matrix, has drawn the attention of some researchers with promising
results.’“****However, the use of crystalline,non-silicate particles has not yet been
tested for the development of such materials. Therefore, the success of the versatile
one-step silica coating method for non-silicate crystalline ceramic particles presented
herein prospects the development of novel improved polymer-basedcomposites

reinforced by either ceramic particles or 3D porous scaffolds.
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Figure 3.3— FE-SEM images of the nanopowders: (a) Image of the nanopowders as received in a field
width of 2 ym (equivalent to approximately x180k magnification). Alumina particles are visibly smaller
than the other particles. (b) Image of the nanopowders after silica coating. Alumina and zirconia were
imaged in a field width of 2 ym, while for TiS a field width of 3.931 pym (equivalent to approximately
x90k magnification) was chosen for better imaging. Most of the Ti particles are embedded into clusters
with a silica matrix, which does not seem to happen with the other particles. All particles became
highly reactive after silica coating, as visible in (c), where some areas in the field pointed by red arrows
show the particles fused together as a reaction to the energy of the microscope beam. This is clearly
seen for the ZrS image, where the fusing started by the reduced focus area in the center of the field.
(d) images showing the uncontrolled fusing of particles, caused by the energy of the beam, taking over
the entire field, generating a 3D porous structure. For all images in (c) and (d) a field width of 2 um
was used.
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3.5Conclusion

The one-step silica coating proposed here wasobtained by immersing the
nanopowders in a tetraethyl orthosilicate solution, followed by appropriate
calcination.The method presented in this study was successful,yielding two distinct
aspects depending on the type of nanoparticlemodified: silica shell on the surface of
the nanoparticles, or clusters of nanoparticles embedded into a silica matrix.
Therefore, this one-step silica coating method might be considereda promising novel
strategy for the use of crystalline, non-silicate ceramic nanopowders as reinforcing

phase of polymeric hybrid biomaterials.
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4.1 Abstract

The aim of the present study was to evaluate the effect of the addition of alumina
particles (nanostructured: polycrystalline or translucent: monocrystalline), with or
without silica coating, on the optical and mechanical properties of feldspar-based
porcelain. The groups tested were: Control (C), Polycrystalline alumina (PA),
Polycrystalline alumina-silica (PAS), Monocrystalline alumina (MA), Monocrystalline
alumina-silica (MAS). The polycrystalline alumina powder was synthesized using a
polymeric precursor method; a commercially available monocrystalline alumina
powder (sapphire) was acquired. Silica coating was obtained by immersing alumina
powders in a tetraethyl orthosilicate solution, followed by calcination. Electrostatic
stable suspension method was used to ensure homogenous dispersion of the
alumina particles within the porcelain powder. Porcelain-ceramic hybrid specimens
were obtained by heat-pressing rods of porcelain with or without alumina addition.
Microstructure, translucency parameter, contrast ratio, opalescence index, biaxial
flexural strength, roughness, and elastic constants were characterized. It was noticed
a better interaction between glass matrix and silica coated crystalline particles in
comparison with the non-coated. The materials did not present significant differences
in biaxial flexural strength, due to the presence of porosity in the groups with alumina
addition. Elastic modulus was higher for MA and MAS groups. Also, these were the
groups with optical qualities and roughness closer to control. The PA and PAS
groups were considerably more opaque (Contrast ratio: C — 0.32; PA — 0.94; PAS —
0.93; MA — 0.55; MAS - 0.54), as well as rougher (Ra: C — 0.033; PA — 0.273; PAS —
0.184; MA — 0.054; MAS - 0.056). Therefore, feldspar-based porcelains with addition
of translucent particles presented superior esthetic qualities in comparison to those
with opaque particles. In order to eliminate the porosity in the ceramic materials

investigated herein, processing parameters need to be optimized.

Keywords: ceramics; composites; feldspar; monocrystals; polycrystals; porcelain;

silica coating; single crystals.
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4.2 Introduction

Advanced ceramics have been developed and tailor-made aiming distinct
applications with specific demands: aerospace, nuclear, biomedical, electronics,
cutting tools, and so forth. These materials are produced from high purity ceramic
powders by employing controlled thermal and mechanical processing in order to
attain the required properties. Advanced ceramics are usually divided into functional
and structural categories. Functional ceramics are applied for their physical
properties, having their performance modulated by optical, magnetic, dielectric,
electric, and other characteristics.' Structural ceramics have been developed mainly
to optimize mechanical strength, toughness, and hardness of diverse systems
subjected to high tribological, mechanical, thermal and/or chemical conditions.*’In
general terms, ceramics at the glass state will appear optically transparent and
exhibit only moderate strength whereas fully polycrystalline ceramics will exhibit high
strength but an opaque character.®” When needed, a compromise can be achieved
by using ceramics that contain both glass and crystalline phases; these hybrid
ceramics show higher strength than the glass itself and are more translucent than the
fully crystalline material.

For some highly specialized applications both optical and mechanical
properties are required for an excellent performance of ceramics. Amongst them is
the use of ceramics as dental biomaterials, which need to be constructed into
complex and stable-during-sintering shapes, and are subjected to sliding fatigue
under mastication in a corrosive/moist environment.®'" In addition, dental ceramics
are expected to last decades with an aesthetical natural-tooth-looking
appearance.’®"® Ceramics used in dentistry that try to fulfill these expectations are
usually feldspar-based porcelains with distinct crystal content.®*' The crystalline
phase can be obtained either by nucleation and crystallization within the glass

%%6or by tailoring a hybrid-ceramic adding crystalline particles'” before

matrix
sintering. Final properties of the porcelain-ceramic hybrid material are affected by the
amount of crystalline phase, size and type of crystals, and their dispersion within the
glass matrix.'®?’

To date, only two porcelain-ceramic hybrid materials are commercially
available for dental applications, both having zirconia particles added as crystal

phase into a lithium silicate glass-ceramic system: Vita Suprinity (VITA Zahnfabrik,
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Bad Sackingen, Germany) and Celtra DeguDent (DeguDent, Hanau, Germany).
Despite the current appeal of zirconia, alumina is a technologically important material
that is widely used in numerous applications®? but it is not being used in the tailoring
of hybrid ceramics for dental applications. It is widely believed that alumina exists in

23,24

more than 15 different crystallographic phases, which can determine distinct

microstructures and properties if applied in hybrid ceramics. Nanostructured powders

of simple oxides, such as Al,Os, have been used in established applications,??*%

as
well as considered a possibility for functional advanced materials. In addition,
crystalline alumina has been given a lot of attention in its transparent monocrystalline
state, known as artificial sapphire.?*® To the best of the authors’ knowledge,
monocrystalline alumina powder was not yet tested in the development of porcelain-
ceramic hybrid materials. Therefore, this study was designed to apply nanostructured
polycrystalline or translucent monocrystalline alumina particles in the modeling
optical and mechanical properties of feldspar-based porcelain. Silica coating method
was used aiming a effective interfacial interaction between the alumina particles and

porcelain matrix in the tailoring of porcelain-hybrid materials as dental biomaterials.
4.3Experimental

4.3.1 Materials

The feldspar-based porcelain used as matrix of the porcelain-ceramic hybrid
material is commercially available under the trade name Cerabien (Noritake Dental,
Aichi, Japan). This porcelain was chosen because it has a coefficient of thermal
expansion matching alumina, diminishing residual stresses near the interface of the
two phases. Two types of alumina particles were used to manipulate the properties of
the porcelain-matrix: polycrystalline alumina — sintered by means of a polymeric
precursor method, and monocrystalline alumina — commercially available under the
trade name Sapphire powder (GoodFellow, Huntingdon, England). The alumina
particles were either silica-coated or not coated before addition to the porcelain
powder. For the coating method, tetraethylorthosilicate (TEOS) was used as silica
precursor (Sigma-Aldrich, St. Louis, MO, USA). Therefore, five groups were tested:
Porcelain only (Control, C), Porcelain + Polycrystalline alumina (PA), Porcelain +
Polycrystalline alumina-silica (PAS), Porcelain + Monocrystalline alumina (MA), and
Porcelain + Monocrystalline alumina-silica (MAS).
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4.3.2 Synthesis of polycrystalline alumina by a polymeric precursors method
Nanostructured alumina powder was produced by using a variation of methods
previously described.?® Briefly, 1 M aluminum nitrate (Al(NO3)3.9H,0) P.A. (Synth,
Sao Paulo, SP, Brazil) and 3 M anhydrouscitric acid (CeHgO7) P.A. (Synth) were
dissolved in water at 50°C for 1 h for the formation of aluminum citrate. Ethylene
glycol (CoHeO2) P.A. (Synth) was added at a 60:40 mass ratio of the citric
acid/ethylene glycol. This mixture was then stirred at 80°C for 1 h, the temperature
was then increased to 130°C to promote polymerization and remove excess solvents.
The resin was then heat-treatment in an air atmosphere oven, with 10°C/min heating
rate up to 300°C dwell temperature for 2 h in order to burn the organic matter,
yielding a black solid mass. This mass was finely hand-ground by using mortar and
pestle. The powder obtained is referred as the “precursor”. In the furnace, the
precursor was heat-treated with 10°C/min heating rate up to 1100°C dwell
temperature for 2 h in the air in an Al,O3 boat, then cooled to room temperature. The

final product is a white nanostructured a-alumina powder.

4.3.3 Silica coating of mono and polycrystalline alumina particles

The alumina particles were used either as-received (monocrystalline) and as-
synthesized (polycrystalline) or coated with a silica layer applied by a sol—gel
method. For silica coating, the particles were dispersed in a solution of 1 M
hydrochloric acid (HCI) P.A. (Synth) and 10 M distilled water. The suspension was
kept in vigorous magnetic stirring for 15 min to favor disaggregation. TEOS was
added to the suspension in the proportion of 5 M% relative to the particles molar
mass. Vigorous magnetic stirring was maintained and the temperature risen to 60°C
to evaporate the aqueous content. After drying, the particles were heat-treated in an

air atmosphere oven with 5°C/min heating rate up to 900°C dwell temperature for 2 h.

4.3.4 Microstructural and chemical characterization of the ceramic powders
The micromorphology of the alumina particles with and without silica coating
was analyzed by scanning electron microscopy — SEM (JSM 6610, JEOL, Tokyo,
Japan). For elemental chemical composition, the alumina powders were analyzed
using energy-dispersive spectroscopy — EDS (JSM 6610, JEOL, Tokyo, Japan).
Crystalline spectra were determined by X-ray diffraction — XRD (XRD-6000;
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Shimadzu, Tokyo, Japan) with CuKa radiation at 40 kV and 40 mA, scan rate of

4°/min, 10-80°, at room temperature.

4.3.5 Homogenous dispersion/mixture of the porcelain-ceramic hybrid
materials

A dispersant solution®® was prepared by solubilizing 0.5 M citric acid (Synth) in
deionized water and stirring for 10 min. To this solution 2 M triethylamine (Synth) was
added and magnetic stirring was kept for 2 h, resulting in a solution with pH 7. This
was used as dispersant for the addition of the alumina particles to the porcelain
powder. It is important to notice that it does not leave residues in the material when it
is sintered, does not cause any erosion at the acid sensitive porcelain particles, and it
produces an efficient electrostatic repulsion between ceramic particles.? In order to
incorporate 10 wt% of alumina particles into the porcelain powder in a homogenous,
well dispersed way, these two powders were disaggregated together in a suspension
containing isopropyl alcohol with 5% solid content (total powders). To that
suspension, 10 wt% of the aforementioned dispersion solution®® was poured. The
suspension was sonicated at 9 W for 10 min in pulse mode (1 s cycles), and further
placed into a round-bottom flask and taken to a rotary evaporator (RV10; IKA,
Staufen, Germany) at 40°C under vacuum until complete elimination of the liquid
content. The powder was yet kept in incubation at 150°C for 2 h to ensure complete
solvent removal. After this process, the final material was porcelain-ceramic hybrid
powder ready for use. For the control group, the porcelain powder without the

addition of alumina was processed similarly to the others as described herein.

4.3.6 Production of hybrid porcelain-ceramic specimens by heat-pressing

The fabrication of both the control and hybrid porcelain-ceramic specimens
followed the lost-wax technique and heat-pressing method for porcelains. For each
group, five pre-sintered rod-shaped ingots (20 mm height, 12 mm diameter) were
obtained by uniaxially pressing 4.5 g of each of the previously prepared porcelain(-
hybrid) powders with 2 mL of distilled water at 3 ton, for 30 s. The green-bodies were
heat-treated with a 45°C/min heating rate from 600°C to 750°C under vacuum, 1 min
dwell at 750°C with vacuum, and 1 min at 750°C without vacuum. Rod-shaped wax
patterns (10 mm height, 12 mm diameter) were produced using a silicone mold. Each

wax pattern was individually attached to a pressing ring using a 3 mm round wax
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sprue and a freshly vacuum mixed investment material was cast on a vibrating table.
Following chemical setting time (45 min), the investment ring was transferred to a
preheated oven at 750°C and left for 1 h to burn out the wax.

A pre-sintered ceramic ingot was placed in the ring and transferred to the
heat-pressing oven (Kerampress; Kota, S&o Paulo, SP, Brazil), which was
programmed to complete the sintering cycle: heating rate of 50°C/min from 700°C to
970°C, dwell 20 min + 8 min pressing at 3 bar (all under vacuum) + 1 min at 970°C
without vacuum. ldeal sintering temperature was previously defined by a pilot study,
considering the higher density and translucency achieved with temperature varying
from 960°C (indicated by the manufacturer of the porcelain) up to 1000°C. One
should consider that the addition of particles changes the viscosity of the porcelain
above Tg, influencing the viscous flow during the heat-pressing process. After
divesting and cleaning, the sintered rods were transversely sectioned using a
precision circular saw coupled with a diamond-coated wafering blade under water
cooling to produce disc-shaped specimens (1.1 mm thickness, 12 mm diameter). The

specimens were polished up to 1 ym on both sides to a final thickness of 1£0.05 mm.

4.3.7 Microstructural and chemical characterization of the hybrid ceramic

The micromorphology of the sintered hybrid samples was analyzed by SEM.
The specimens were imaged both on their polished surface as well as after acid
etching with 5% hydrofluoric acid for 10 s for better view of the crystals. Elemental
chemical composition and mapping was carried out by EDS. The crystalline phases
present in each group were determined by XRD as previously described. Surface
roughness was analyzed by a contact profiler (SJ-410, Mitutoyo, Tokyo, Japan), used

to measure roughness as per amplitude parameter Ra.

4.3.8 Optical properties

Optical properties were evaluated with a spectrophotometer (CM 3700d;
Konica-Minolta, Tokyo, Japan), operating in the wavelength range of visible light (400
to 700 nm), both in reflectance and transmittance modes. Contrast ratio (CR) was
calculated from the spectral reflectance of the light of the specimen (Y) on a black

background (Y}) and on a white background (Yy),>° according to the equation:

CR=Y,/Y,  (Eq.1),
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Translucency parameter (TP) was evaluated by calculating the color

difference® of the specimens on black and white backgrounds by using the equation:

2 2 o 112
TP=[(L*-L*y) +(a*,-a*,) +(b*y-b*,) ] (Eq. 2),

where subscript b refers to color coordinates on the black background and subscript
w refers to color coordinates on the white background.

Opalescence parameter (OP) was estimated as a difference in the
chromaticity between the reflected and transmitted colors,* according to the

equation:

9 o 112
OP=[(a*-a%) +(b*-b*)’] (Eq. 3),

where subscripts t and r indicate the transmitted and the reflected color, respectively.

4.3.9 Elastic constants

The Poisson’s ratio (v) and elastic modulus (E) were determined by the
ultrasonic pulse-echo method® using a 200 MHz ultrasonic pulser-receiver (5900
PR; Panametrics, Waltham, MA, USA), 20 MHz longitudinal and shear transducers
with a delay material, and a coupling paste (Panametrics) applied between the
sample and transducer. The time of flight of ultrasonic pulse was measured with an
oscilloscope (TDS 1002; Tektronix, Shanghai, China) and the thickness of the
sample was measured with a digital micrometer (Mitutoyo). Sonic velocities were
calculated as two times the thickness divided by the time of flight, since in the pulse-
echo method only one transducer (longitudinal or shear mode) is used to emit and

capture the back-reflected wave. v and E values were calculated using the equations:

2 2
v=o.5/'22V;/ (Eq. 4)
VE-v,

VAV2-4vE
V2-V2

E=p (Eqa. 5),

where p is density measured by Archimedes principle, V, is longitudinal velocity, and

Vi is shear velocity.
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4.3.10 Biaxial flexural strength (o)

A ball-on-ring test configuration was used to determine the failure loads of the
materials tested herein. Each disc-shaped specimen was placed in contact with a flat
sheet of Parafilm (Bemis NA, Neenah, WI, USA), which covered the 10 mm diameter
knife-edge ring support, and centrally loaded with a 4 mm diameter ball indenter at 1
mm/min. The Parafilm compensated for geometric variation and permitted small
lateral displacements to minimize friction and shear.** The biaxial flexure stress at

failure was calculated using a monolayer analytical solution:**
of=h32{(1 +v)[0.485In(2)+0.52] +0.48}  (Eq.6),

where or was the maximum tensile stress, P the measured fracture load, a was the
radius of the knife-edge support, h was the mean specimen thickness measured from
fragments at the point of fracture with a digital micrometer, and v was the Poisson's

ratio measured according to item 2.9.

4.3.11 Sample size and statistical analysis

For o 20 specimens were tested. For optical properties, roughness and
elastic constants, 10 specimens were evaluated. Significant differences among
homoscedastic data (o7, E, v, and Ra) were evaluated by calculating 95% confidence
intervals for the mean. Groups were considered significantly different when the 95%
confidence interval bounds did not overlap. Optical properties data were
heteroscedastic, thus were transformed to ranks and submitted to one-way Analysis
of Variance. All pairwise multiple comparison procedures were conducted using the
Student-Newman-Keuls’ method. The significance level of all analyses was set at a =
5%. Weibull analysis of or data was performed with Weibull++ software (Reliasoft,
Tucson, AZ, USA). Weibull modulus (m) and characteristic strength (o) were
calculated based on the maximum likelihood method, and 95% confidence intervals
were calculated using the likelihood ratio.*® For oy, and m groups were considered

significantly different when their confidence interval bounds did not overlap.
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4.4 Results and Discussion

4.4.1 Microstructural and chemical characterization of the alumina powders
Both alumina particles had similar particle size (<60um)yet distinct particle
shape (Figure 4.1): PA particles wereirregular and porous, while MA particleswere
spherical and dense (Fig 4.1-a). A detailed surface observation of the PA particles
denotes the boundaries of the nanosized crystals (red arrows in Fig 4.1-b),
whereasno boundaries are present in MA particles. The silica coating applied is
visible comparing the surfaces of MA and MAS groups (blue arrows in Fig 4.1-b). The
dense structure of MA particles yields a superficial deposition of silica during the
coating process. By comparison, PA had silica deposited both at the surface and
within the porosity of the particles, hindering visualization of a uniform silica layer.
Figure 1-c shows the mapping of Si (red pixels) and Al (blue pixels), being Al
the core of the particles for all groups, and Si identified as a coating layer covering
the surface of the alumina particles for the groups PAS and MAS. Although the silica
layer was not clearly visible by SEM imaging, the presence of Si on the surface of
coatedpowders was clear. The EDS analysis corroborated the SEM images showing
that the size of MA and PA particles is not greatly modified by silica coating. The
hollow arrows identify the presence of silica nanoparticles that were likely crystallized
during calcination of TEOS molecules not bound to the alumina particles during silica
coating. Formation of a secondary silica phase during coating was observed in
previous analyses and will be addressed in a separate report, whilst no negative
effect is anticipated by the presence of silicain porcelain-hybrid materialssince the
particles are chemically alike to the glass matrix (see supplementary information Sl

4.1 for elemental quantification in atom % and weight % - EDS).

4.4.2 Microstructural and chemical characterization of the sintered specimens
Microstructure of the sintered porcelain-ceramic hybrid specimens is shown in
Figure 4.2. Uniform distribution of crystalline phases within the porcelain was
observed for all groups (Fig 4.2-a). Although even the control porcelain had pores,
higher porosity was generally observed for alumina-modified hybrid materials (Fig
4.2-a). Pores may act as stress concentration/magnification areas and reduce the
load bearing capacity of materials, determining a significant reduction in

strength.?"3%3" Porosity also scatter light and may reduce translucency.®3%%
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Therefore, the presence of porosity my be detrimental to materials properties, thus it
needs to be reduced as much as possible in the modified materials.

The group MA had porosity at the interface between alumina particles and
porcelain (red arrows in Figs4.2-a and 4.2-d). The lack of interfacial interaction
between matrix and reinforcing phase compromise any reinforcement effect
expected. The gap between phases prevent the propagation of stress from the matrix
to the tougher particles, but the gap may also work as pores within the matrix.?"*%¥"|n
contrast, the group MAS had no interface porosity, indicating positive effect of the
silica coating in the interaction between MA particles and porcelain matrix. The highly
magnified images of the group MAS showed glass bridging from the porcelain toward
the alumina particles (blue arrows in Fig 4.2-d), again suggesting the effectiveness of
the silica coating in improving the chemical interaction between these two phases.

PA particles seemed not to work as discrete particles but rather as
nanoclusters, which is indicated by thecrystal dislodgement observed during
polishing (yellow arrows in Fig 4.2-d). The use of nanoclusters as reinforcing phase
of polymeric dental biomaterials has been previously described.*>*' This approach
considers that the progressive dislodgment of nanocrystals, instead of the loss of a
whole microparticle during sliding fatigue under mastication,would benefit wear,
fatigue, and esthetic properties.*®*" However, none of this effects has yet been
tested in porcelain-ceramic hybrid materials, whilst the PA particles presented here
may open that possibility.

The elemental mapping for Si and Al across the polished surface of the
specimens (Fig 4.2-b) showed that Si is present both in the glass matrix and in the
crystals nucleated during sintering, while Al is concentrated within the alumina
particles added (see supplementary information Sl 4.1 for elemental quantification in
atom % and weight % - EDS; and, Sl 4.2 for crystalline phase characterization -
XRD). Surface imaging after 5% hydrofluoric acid-etching for 10 s (for better view of
crystals) was able to show the crystalline phases present (Figs4.2-c and 4.2-d): (1)
SiO; crystals (hollow arrows) nucleated and grew in all groups during sintering.It is
important to point out that this silica crystals are not related to the silica nanoparticles
observed within the alumina powders, otherwise those crystals would not be present

in the control group; (2) Al,O3 particles added (white arrows).
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Figure 4.1-SEM images of the alumina powders: Polycrystalline alumina (PA); Polycrystalline alumina
coated with silica (PAS); Monocrystalline alumina (MA); Monocrystalline alumina coated with silica
(MAS). Column (a) shows magnifications of x200, and column (b) magnifications of x10k. The
polycrystalline nanostructure(red arrows) of the irregular-shaped particles is clear in high magnification
of PA and PAS powders. The thin silica coat layer (blue arrows) is visible comparing the highly
magnified regular particles’ surfaces of MA and MAS groups. Column (c) shows the mapping of Si and
Al, being Al the core of the particles for all groups, and Si identified as a coating layer covering the
surface of the alumina particles for the groups PAS and MAS. Red pixels among the alumina main
particles (hollow arrows) identify the presence of silica nanoparticles as a secondary result of the
TEOS calcination.
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Figure 4.2-SEM images of sintered specimens: Polycrystalline alumina (PA); Polycrystalline alumina
coated with silica (PAS); Monocrystalline alumina (MA); Monocrystalline alumina coated with silica
(MAS). a) polished surfaces (x100) showing uniform distribution of crystalline phases as well as
considerable porosity in groups with alumina addition. b) elemental mapping showing Si both in the
glass matrix and crystals nucleated during sintering and Al concentrated within the alumina particles. c
and d) microstructure after acid-etching with 5% hydrofluoric acid for 10 s for better view of the crystals
(magnifications x500 and x4k). Crystalline SiO, (hollow arrow) nucleated and grew in all groups, while
Al,O3 particles (white arrows) were not present in the control group. PA particles seemed to work as
nanoclusters, with crystal dislodgement during polishing procedures (yellow arrows). Pores and
defects were observed in the interface of glass matrix and alumina particles mainly for the group MA
(red arrows). Bridges of glass between alumina particle and porcelain are observed (blue arrows),
indicating that the silica coating was effective in improving the chemical interaction between these two
phases.
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4.4.3 Optical properties

Figure 4.3-a shows the apparent translucency of specimens and Figure 4.3-b
shows the spectra of total light transmittance. C, MA, and MAS are the most
translucent materials, whereas PA and PAS are significantly more opaque having
less than 50% of the total light transmittance of C.Light transmittance generally
increased with the increase in wavelength. Silica coating determined slightly higher
light transmittance, which is explained by a better interfacial interaction of the
porcelain and particles, reducing light scattering and dispersion between these two
phases.****The translucency of all groups with alumina addition could be improved
by reducing porosity, which has been already mentioned as a shortcoming to be
addressed. %94

Results for TP and CR (Table 4.1) corroborate the observations of light
transmittance and visual translucency: C is the most translucent group, closely
followed by MA and MAS. PA and PAS were significantly more opaque than the
other groups. Silica coatingyielded a general slight increase in translucency. CR was
in general ~40% lowerand TP was ~85% higherfor monocrystalline compared to
polycrystalline groups. The addition of particles into a matrix increases opacity due to
increased light scattering, reflection, and dispersion.*? For hybrid-materials with same
crystalline content and particles of similar size, the refractive index mismatch
between the two phases is usually the most important aspect to be considered to
estimate translucency.** PA and MA particles have similar refractive indices
(between 1.71 and 1.79), which are quite different to the refractive index of porcelain
(between 1.5 and 1.53). Therefore, one could expect all hybrid-materials tested to
present high opacity, yet it was only true for PA-modified materials. Two aspects are
hypothesized to be causing this effect: (i) MA particles are intrinsically translucent
and dense,?® minimizing light scattering, while PA particles are intrinsically opaque
and porous, increasing light scattering within the particles;’ (ii) the difference in
particle shape might have a role in light scattering, affecting the translucency of the

experimental materials.*°
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Figure 4.3 - a) apparent translucency of specimens from groups Control (C), Polycrystalline alumina
(PA), Polycrystalline alumina coated with silica (PAS), Monocrystalline alumina (MA), and
Monocrystalline alumina coated with silica (MAS). b) spectra of total light transmittance, indicating that
transmittance increases with the increase in light wavelength. MA and MAS have similar translucency
to C, while PA and PAS are noticeably more opaque.



101

Table 4.1 - Median (25% - 75%) of optical properties: CR = contrast ratio; TP =

translucency parameter; OP = opalescence parameter.

CR TP OP

C 0.32°(0.31-0.32) 35.1% (35.0-35.3) 5.7° (5.6-5.9)
PA 0.94° (0.94-0.95) 2.9% (2.8-3.0) 9.1% (8.9-9.4)
PAS 0.94° (0.93-0.94) 3.2°(3.2-3.3) 8.6° (8.2-8.9)
MA 0.55° (0.54-0.55) 21.6° (21.2-21.8) 4.1° (4.0-4.1)
MAS 0.54° (0.54-0.54) 21.9° (21.7-22.0) 4.2%(4.2-4.2)

Data were transformed to ranks before the analysis. Distinct letters within the same column indicate
significant differences among materials (p<0.05).

A previous study?’ showed that spherical particles scatter more light than
irregular particles, which further reinforces that the higher translucency of MA and
MAS groups in comparison to PA and PAS is mostly due to the translucency of the
MA particles. It is important to notice that the porcelain used in this study is highly
translucent, used in thin increments in dental restorations (usually less than 0.5 mm),
otherwise would render a low-value, unpleasing appearance to the restoration.*®*" In
this context, the addition of MA yielded a degree of translucency close to the
porcelains generally used to build the body of the dental porcelain restorations,**’
thus ideal for monolithic restorations. On the other hand, the opaque character of PA
and PAS groups might be proper for situations where masking a discolored
background is needed.**>"

Addition of PA increased OP, while MA particles decreased OP(Table 4.1). All
OP values measured for the materials under investigation are within the range of
values previously reported for commercial dental ceramics.**°>**The phenomenon of
opalescenceis due to the light scattering of the shorter wavelengths ofthe visible
spectrum in translucent materials.’>°>*® The presence of PA particles containing
nanocrystals and their multiple boundaries is most likely to be causing the scattering
of short wavelength photons, which would explain the increase in OP for groups PA
and PAS.**The presence of dense and translucent MA particles only slightly
attenuated the opalescence. Within the same type of particle, the very discreet
variation observed in OP values for groups with and without silica coating is not

expected to cause any important effect in the final optical appearance.
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4.4.4 Physical properties

Table 4.2 presents comparisons for oy, showing similar results for all groups
except for PA, which presented lower o than the control. The effect of addition of
alumina particles was not clear for the or of the porcelain due to the porosity
observed for these groups. As mentioned, pores are areas of stress concentration
during loading, which causes faster and unstable crack propagation resulting in
fracture in lower maximum loads.?"*®3’A structure with porosity has reduced cross-
section load bearing area of material, having a significant reduction in
strength.?"***"Results for m and o, are also presented in Table 4.2. The maximum
likelihood estimation plot is presented in Figure4.4, showing that most of the groups
fit perfectly to a two-parameter Weibullmodel (for one type of failure mode) and there
was no effect of the experimental factors (no difference in m). The similar mmight be
associated with the high variability in flexural strength values,**whichare associated
with unstable crack propagation and defects population within the structure.?"**This
finding further indicates that the porosity compromised the reinforcing effect of the
alumina particles. The group PA, in contrast, would fit better a five-parameter Weibull
model, indicating that for this group there is a second type of failure mode that is not
active in the other groups, because it has the lowest strength in addition to the shape
of distribution that is characteristic of multiple failure modes. Afive-parameter Weibull
model was also plotted, but the confidence intervals were too wide. Considering that
m and oy values were almost identical between the two models and that the other
groups fitted better the two-parameter Weibull model, this model was chosen to be
reported. Nevertheless, the five-parameter Weibull model confirmed the observation
of the existence of a second type of failure mode for PA group: rate of failure mode 1:
0.54(95% CI 0.33- 0.75);rate of failure mode 2: 0.46(95% CI 0.06 - 0.92).

Table 4.2 also presents comparisons for elastic constants and surface
roughness across groups. Addition of MA increased E, while PAparticles determined
lower E. While higher crystalline content can increase E, higher porosity might
decrease it.***The higher E of MAS in comparison to all other groups indicates that
the silica coating was successful in promoting better interaction of the MA particles
with the glass matrix. In that case, the positive effect of increasedcrystalline content
overcame the negative effect of porosity.”**For PA and PAS groups, the lower
Ecompared toC is explained by the negative effect of porosity within the glass matrix
combined with the inherent porosity of the particles.***No variationinv with the
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addition of alumina particles was observed though,meaningthat the effect of
crystalline content and porosity are much less important in the variation of v
thanE.*"**Finally, regardingthe surface roughness, MA and MAS groups were
rougher than C, yet these three groups presented Ra values consistent with polished
commercial dental porcelains.®®This was not the case for PA and PAS groups,
markedly rougher than the others. For these two latter groups, the cluster-like PA
particles played a key role in increasing surface roughness by allowing crystal
dislodgment during polishing. The same effectislikely to occur if these materialsare

subjected to any type of friction processduring function.
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Table 4.2 - Means (95% confidence interval) of biaxial flexural strength (oy), characteristic strength (oy), Weibull modulus (m), elastic modulus (E), Poisson’s

ratio (v), and surface roughness (Ra)

o (MPa) oo (MPa) m E (GPa) 74 Ra (nm)
o] 1372 (+10) 145° (138-153) 8.6° (6.0-12.0) 70.1° (+0.4) 0.187 (+0.01) 33° (+10)
PA 117° (+6) 122° (117-128) 11.0% (7.7-15.5) 66.7° (+0.6) 0.16 (+0.01) 273% (+52)
PAS 125% (+6) 130° (126-135) 12.2% (8.7-17.0) 65.7° (+0.8) 0.17% (+0.01) 1847 (£37)
MA 128% (+7) 134 (128-140) 10.5% (7.4-14.8) 73.4° (0.5) 0.18% (+0.01) 54° (+9)
MAS 120% (+7) 126° (120-132) 9.4° (6.8-13.0) 74.7° (0.6) 0.17% (+0.01) 56° (+7)

Distinct letters within the same column indicate significant differences among materials. The 95% confidence interval of the mean was calculated for oy, E, v,

and Ra; while the 95% confidence interval for g, and m were calculated using likelihood ratio.

»
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Figure 4.4 - Maximum likelihood estimation plots for the Weibull analysis. Most groups (Control (C); Polycrystalline alumina coated with silica (PAS);
Monocrystalline alumina (MA); and Monocrystalline alumina coated with silica (MAS) fitted well a two-parameter Weibull model without effect of the
experimental factors. The group Polycrystalline alumina (PA) would fit better a five-parameter Weibull model, indicating that for this group there is a second
type of failure mode that is not active in the other groups; this group has the lowest strength in addition to the shape of distribution that is characteristic of
multiple failure modes.
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4.5 Conclusion

Mono or polycrystalline alumina porcelain-ceramic hybrid materials presenting
distinct characteristics and, therefore, potential varied applications were prepared by
heat-pressing. Polycrystalline nanostructured alumina powder was synthesized using
a polymeric precursor method, while monocrystalline alumina particles were
purchased. Silica-coating of the alumina particles was obtained by calcination of
tetraethyl orthosilicate precursor and confirmed by SEM-EDS. The presence of glass
bridging from the porcelain to the alumina particles suggested effectiveness of the
silica coating in improving the chemical interaction between these two phases.
Polycrystalline alumina particles seemed to work as nanoclusters, where crystal
dislodgement may occur due to friction. The addition of monocrystalline particles
yielded more translucent hybrid materials, while polycrystalline particles determined
higher opacity. The effect of addition of alumina particles on the strength of the hybrid
materials was not clear due to porosity. In order to eliminate the porosity in the

materials investigated herein, processing parameters need to be further optimized.

4.6Supporting information (SI)

Supporting information is presented in the end of this chapter and consists of:

e Sl4.1- (a) Distinct characterizations of the powders: Elemental composition,

Crystal size, Particle size, Specific surface area; and (b) Chemical

characterizations of the porcelain-ceramic hybrid materials _ Elemental
composition.

e Sl4.2- (a) X-ray diffraction spectra of the alumina and porcelain powders;and (b)

X-ray diffraction spectra of the sintered specimens of each group.

4.7Acknowledgments

CNPq — Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico — Brazil:
Process # 141129/2011-5 (PhD scholarship - GD); Process # 241021/2012-0 (PhD
internship abroad — SWE); Process # 475462/2012-2 (Grant — CNPqg Universal).
CEME-Sul — Centro de Microscopia Eletrénica da Zona Sul at Federal University of
Rio Grande — Brazil.



106

4.8References

1. Delbrtcke, T.; Schmidt, |.; Cava, S.; Sousa, V. C. Electrical Properties of a TiO,-
SrO Varistor System. Advanced Materials Research2014, 975, 168-172.

2. Delbrucke, T.; Gouvéa, R. A.; Moreira, M. L.; Raubach, C. W.; Varela, J. A,;
Longo, E.; Gongalves, M. R. F.; Cava, S. Sintering of porous alumina obtained by
biotemplate fibers for low thermal conductivity applications. Journal of the European
Ceramic Society2013, 33, 1087-1092.

3. Raubach, C. W.; Krolow, M. Z.; Mesko, M. F.; Cava, S.; Moreira, M. L.; Longo, E.;
Carreno, N. L. V. Interfacial photoluminescence emission properties of core/shell
Al203/ZrO2. CRYSTENGCOMM2012, 14, 393-396.

4. Zhang, X. P.; Ouyang, J. H.; Liu, Z. G.; Wang, Y. J.; Wang, Y. M.; Zhou, Y. Crack-
healing ability and strength recovery of different hot-pressed TZ3Y20A-SiC ceramics
by heat treatment in air. Materials & Design2015, 67, 324-329.

5. Michalek, M.; Kasiarova, M.; Michalkova, M.; Galusek, D. Mechanical and
functional properties of Al,03-ZrO,-MWCNTs nanocomposites. Journal Of The
European Ceramic Society2014, 34, 3329-3337.

6. Harianawala, H. H.; Kheur, M. G.; Apte, S. K.; Kale, B. B.; Sethi, T. S.; Kheur, S.
M. Comparative analysis of transmittance for different types of commercially available
zirconia and lithium disilicate materials. The Journal of Advanced
Prosthodontics2014, 6, 456-461.

7. Zhang, Y. Making yttria-stabilized tetragonal zirconia translucent. Dental
Materials2014, 30, 1195-1203.

8. Ferrari, M.; Vichi, A.; Zarone, F. Zirconia abutments and restorations: From
laboratory to clinical investigations. Dental Materials2015. doi:
10.1016/j.dental.2014.11.015.

9. Denry, |.; Kelly, J. R. Emerging ceramic-based materials for dentistry. Journal of
Dental Research2014, 93, 1235-1242.

10. Joshi, G. V.; Duan, Y. Y.; Della Bona, A.; Hill, T. J.; John, K. S.; Griggs, J. A.
Contributions of stress corrosion and cyclic fatigue to subcritical crack growth in a
dental glass-ceramic. Dental Materials, 2014, 30, 884-890.

11. Rekow, E. D.; Silva, N. R.; Coelho, P. G.; Zhang, Y.; Guess, P.; Thompson V. P.
Performance of dental ceramics: challenges for improvements. Journal of Dental
Research2011, 90, 937-952.



107

12. Haff, A.; Lof, H.; Gunne, J.; Sjogren, G. A retrospective evaluation of zirconia-
fixed partial dentures in general practices: An up to 13-year study. Dental
Materials2015, 31, 162-170.

13. Beier, U. S.; Dumfahrt, H. Longevity of silicate ceramic restorations.
Quintessence International2014, 45, 637-644.

14. Li, R. W.; Chow, T. W.; Matinlinna, J. P. Ceramic dental biomaterials and
CAD/CAM technology: state of the art. Journal of Prosthodontic Research2014, 58,
208-216.

15. Fredericci, C.; Yoshimura, H. N.; Molisani, A. L.; Pinto, M. M.; Cesar, P. F. Effect
of temperature and heating rate on the sintering of leucite-based dental porcelains.
Ceramics Internationafl2011, 37, 1073-1078.

16. Denry, I. L.; Holloway, J. A. Elastic constants, Vickers hardness, and fracture
toughness of fluorrichterite-based glass-ceramics. Dental Materials2004, 20, 213-
219.

17. Lohbauer, U.; Frankenberger, R.; Kramer, N. Surface quality controls mechanical
strength and fatigue lifetime of dental ceramics and resin composites. Ceramic
Materials2010, 9, 176-197.

18. Della Bona, A.; Nogueira, A. D.; Pecho, O. E. Optical properties of CAD-CAM
ceramic systems. Journal of Dentistry2014, 42, 1202-1209.

19. Borba, M.; De Araujo, M. D.; Fukushima, K. A.; Yoshimura, H. N.; Cesar, P. F.;
Griggs, J. A.; Della Bona, A. Effect of the microstructure on the lifetime of dental
ceramics. Dental Materials2011, 27, 710-721.

20. Cesar, P. F.; Soki, F. N.; Yoshimura, H. N.; Gonzaga, C. C.; Styopkin, V.
Influence of leucite content on slow crack growth of dental porcelains. Dental
Materials2008, 24, 1114-1122.

21. Albakry, M.; Guazzato, M.; Swain, M.V. Biaxial flexural strength, elastic moduli,
and x-ray diffraction characterization of three pressable all-ceramic materials. The
Journal of Prosthetic Dentistry2003, 89, 374-380.

22. Cava, S.; Tebcherani, S. M.; Souza, I. A.; Paskocimas, C. A.; Longo, E.; Varela,
J. A. Structural and spectroscopic characterization of Al,..Cr,O3 powders obtained by
polymeric precursor method. Journal of Sol-Gel Science and Technology2007, 43,
131-136.



108

23. Cava, S. ; Tebcherani, S. M. ; Souza, |. A. ; Pianaro, S. A. ; Paskocimas, C. A. ;
Longo, E. ; Varela, J. A. .Structural characterization of phase transition of Al,O3
nanopowders obtained by polymeric precursor method. Materials Chemistry and
Physics2007, 103, 394-399.

24. Levin, |.; Brandon, D. Metastable alumina polymorphos: crystal structureand
transition sequences. Journal of the American Ceramic Society1998, 81, 1995-2012.
25. Janeway, P. A. Nanotechnology — it's more than size. American Ceramic Society
Bulletin2003, 82, 31-38.

26. Ozturk, I. K.; Basar, G.; Er, A.; Guzelcimen, F.; Basar, G.; Kreger, S. New energy
levels of atomic niobium by laser induced fluorescence spectroscopy in the near
infrared. Journal Of Physics B-Atomic Molecular And Optical Physics2015, 48,
015005.

27.Yao, G.; Tang, Y. Q.; Fu, Y. J.; Jiang, Z. Q.; An, X. Y.; Chen, Y.; Liu, Y. D.
Fabrication of high-quality ZnCdO epilayers and ZnO/ZnCdO heterojunction on
sapphire substrates by pulsed laser deposition. Applied Surface Science2015, 326,
271-275.

28. Scott, C.; Kaliszewski, M.; Greskovich, C.; Levinson, L. Conversion of
polycrystalline Al(2)O(3) into single-crystal sapphire by abnormal grain growth.
Journal of the American Ceramic Society2002, 85, 1275-1280.

29. De Riccardis, M. F.; Carbone, D.; Rizzo, A. A novel method for preparing and
characterizing alcoholic EPD suspensions. Journal of Colloid and Interface
Science2007, 307, 109-115.

30. Anusavice, K. J.; Zhang, N. Z.; Moorhead, J. E. Influence of P205, AgNO3, and
FeClI3 on color and translucency of lithia-based glass-ceramics. Dental
Materials1994, 10, 230-235.

31. CIE Technical Committee 1.3. CIE colorimetry committee-workingprogram on
color differences. Journal of the Optical Society of Americal1974,64, 894-895.

32. Cho, M. S;; Yu, B.; Lee, Y. K. Opalescence of all-ceramic core and veneer
materials. Dental Materials2009, 25, 695-702.

33. Japanese Industrial Standards. Testing methods for elastic modulus of high
performance ceramics. JIS R 1602, 1986.

34. Addison, O.; Fleming, G. J. Application of analytical stress solutions to bi-axially

loaded dental ceramic-dental cement bilayers. Dental Materials2008, 24, 1336-1342.



109

35. Griggs, J.A.; Zhang, Y. Determining the confidence intervals of Weibull
parameters estimated using a more precise probability estimator. Journal of Materials
Science Letters2003, 22, 1771-1773.

36. Quinn, G. D.; Hoffman, K.; Quinn, J. B. Strength and fracture origins of a
feldspathic porcelain. Dental Materials2012, 28, 502-511.

37. Yoshimura, H. N.; Molisani, A. L.; Narita, N. E.; Cesar, P. F.; Goldenstein, H.
Porosity dependence of elastic constants in aluminum nitride ceramics. Materials
Research2007, 10, 127-133.

38. Lee, Y. K.Influence of scattering/absorption characteristics on the color of resin
composites. Dental Materials2007, 23,124-131.

39. Pecho, O. E.; Ghinea, R.; lonescu, A. M.; Cardona, J. C.; Della Bona, A.; Pérez,
M. Del M. Optical behavior of dental zirconia and dentin analyzed by Kubelka-Munk
theory. Dental Materials2015, 31, 60-67.

40. Kaizer, M. R.; De Oliveira-Ogliari, A.;Cenci, M. S.; Opdam,N. J.; Moraes, R. R.Do
nanofill or submicron composites show improved smoothness and gloss? A
systematic review of in vitro studies. Dental Materials2014, 30, e41-78.

41. Mitra, S. B.; Wu D.; Holmes, B. N.An application of nanotechnology in advanced
dental materials. The Journal of the American Dental Association2003, 134, 1382-
1390.

42. Lee, Y. K. Influence of filler on the difference between the transmitted and
reflected colors of experimental resin composites. Dental Materials2008, 24, 1243-
1247.

43. Yoshimura, H. N.; Goldenstein, H. Light scattering in polycrystalline alumina with
bi-dimensionally large surface grains. Journal of the European Ceramic Society2009,
29, 293-303.

44. Turssi, C. P.; Ferracane, J. L.; Vogel, K. Filler features and their effects on wear
and degree of conversion of particulate dental resin composites. Biomaterials2005,
26, 4932-4937.

45. Kelly, K. L.; Coronado, E.; Zhao, L. L.; Schatz, G. C. The Optical Properties of
Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment. The
Journal of Physical Chemistry B2003, 107, 668-677.

46. Foss Jr., C. A.; Hornyak, G. L.; Stockert, J. A.; Martin, C. R. Template-
Synthesized Nanoscopic Gold Particles: Optical Spectra and the Effects of Particle
Size and Shape. The Journal of Physical Chemistry1994, 98, 2963-2971.



110

47. Arikawa, H.; Kanie, T.; Fujii, K.; Takahashi, H.; Ban, S. Effect of filler properties in
composite resins on light transmittance characteristics and color. Dental Materials
Journal2007, 26, 38-44.

48. Barizon, K. T.; Bergeron, C.; Vargas, M. A_; Qian, F.; Cobb, D. S.; Gratton, D. G.;
Geraldeli, S. Ceramic materials for porcelain veneers. Part |. Correlation between
translucency parameters and contrast ratio. Journal of Prosthetic Dentistry2013, 110,
397-401.

49. Barizon, K. T.; Bergeron, C.; Vargas, M. A.; Qian, F.; Cobb, D. S.; Gratton, D. G,;
Geraldeli, S. Ceramic materials for porcelain veneers: part Il. Effect of material,
shade, and thickness on translucency. Journal of Prosthetic Dentistry2014, 112, 864-
870.

50. Heffernan, M.J.; Aquilino, S. A.; Diaz-Arnold, A. M.; Haselton, D. R.; Stanford, C.
M.; Vargas, M. A. Relative translucency of six all-ceramic systems. Part |: core
materials. Journal of Prosthetic Dentistry2002, 88, 4-9.

51. Heffernan, M.J.; Aquilino, S. A.; Diaz-Arnold, A. M.; Haselton, D. R.; Stanford, C.
M.; Vargas, M. A. Relative translucency of six all-ceramic systems. Part Il: core and
veneer materials. Journal of Prosthetic Dentistry2002, 88, 10-15.

52. Yu, B.; Lee, Y. K. Difference in opalescence of restorative materials by the
illuminant. Dental Materials2009, 25, 1014-1021.

53. Primus, C. M.; Chu, C. C.; Shelby, J. E.; Buldrini, E.; Heckle, C. E. Opalescence
of dental porcelain enamels. Quintessence International2002, 33, 439-449.

54. Yoshimura, H. N.; Gonzaga, C. C.; Cesar, P. F.; Miranda, W. G. Relationship
between elastic and mechanical properties of dental ceramics and their index of
brittleness. Ceramics International2012, 38, 4715-4722.

55. Flury, S.; Lussi, A.; Zimmerli, B. Performance of different polishing techniques for
direct CAD/CAM ceramic restorations. Operative Dentistry2010, 35, 470-481.



111

4.9 Supplementary information

Sl 4.1 (a) - Characterizations of the alumina powders: Elemental composition (EDS _ wt% &
atom%), Particle size (BET _ um), Specific surface area (BET _ m2/g).

EDS _ wt% EDS _ atom%

O Al Si @) Al Si
PA 13.0 87.0 - 20.1 79.9 -
PAS 14.5 81.4 4.0 22.3 74.2 3.5
MA 12.6 87.4 - 19.6 80.4 -
MAS 12.1 68.2 19.7 19.0 63.4 17.6

Sl 4.1 (b) - Chemical characterizations of the porcelain-ceramic hybrid materials _ Elemental
composition (EDS ~ wt% & atom%).
Elemental Composition

o] Na Mg Al Si K
c wt% 16.7 5.2 0.4 7.4 62.7 7.6
atom% 26.2 5.7 0.4 6.8 56.0 4.9
PA wt% 16.1 3.9 0.3 17.3 56.2 6.3
atom% 25.2 4.2 0.3 16.1 50.1 4.0
PAS wt% 20.5 3.9 - 17.7 52.3 5.5
atom% 31.2 4.1 - 16.0 45.3 3.4
MA wt% 10.5 3.9 0.4 15.5 62.3 7.6
atom% 17.1 4.4 04 15.0 58.1 5.1
MAS wt% 14.3 4.0 0.3 14.8 59.4 7.1
atom% 22.8 4.4 0.3 14.0 53.9 4.6

The elemental composition of the alumina powders (S| 4.1-a)indicated that Si
was observed only for powders submitted to silica coating. Si% is much higher for
MAS compared to PAS group.The dense structure of the monocrystalline particles
yields a complete superficial deposition of silica during the coating process, thus the
EDS analysis estimated elevated percentage of Si. By contrast, silica is deposited
both at the surface and within the porosity of the polycrystalline particles. In this case,
due to the limited depth penetration, EDS only partially estimates the percentage of
Si on polycrystalline particles. The full elemental composition (S| 4.1-b) indicates a
typical feldspar porcelain composed of varied combination of Na, Mg, Al, Si, and K
oxides. Groups with addition of alumina particles have higher percentage of Al than
the control. Silica coating only slightly increases the Si content,thus this increase was
not detectable for the sintered specimens that already have a high amount of Si in

the porcelain matrix itself.
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Sl 4.2 - (a) X-ray diffraction spectra of the alumina and porcelain powders. Polycrystalline alumina
(PA) and polycrystalline alumina coated with silica (PAS) show the spectral pattern of alpha alumina
crystalline phase. Monocrystalline alumina (MA) and Monocrystalline alumina coated with silica (MAS)
also matches the main peaks for crystalline alumina lattice. Porcelain _ control (C) group present the
typical slope of amorphous material. (b) X-ray diffraction spectra of the sintered specimens of each
group. For all groups it was observed the slope of the amorphous phase and the peaks of crystalline
SiO2 crystals nucleated and grown during sintering. Crystalline alumina peaks are not present only for
the control group, which did not have addition of alumina particles.



5 Consideracoes finais

Respeitadas as limitagdes do presente estudo, € importante ressaltar os

seguintes achados:

Nao ha evidéncia in vitro de que compodsitos resinosos nanoparticulados e
submicrométricos demonstram menor rugosidade e maior brilho que os
compdésitos microhibridos tradicionais;

Dentre os compositos resinosos estudados pelos artigos incluidos na revisao
sistematica, em geral apenas particulas vitreas contendo silicio sdo empregadas
como reforgo da fase polimérica;

Observou-se que o método de recobrimento por silica proposto resultou na
deposicdo de uma camada de silica na superficie das nanoparticulas; ou ainda,
na formacao de aglomerados de nanoparticulas envoltas em uma matriz de silica;
As particulas funcionalizadas pelo recobrimento por silica cristalina demonstraram
alta reatividade superficial, de forma que antecipam-se resultados promissores na
sua interacao interfacial com silanos ou porcelanas, ou mesmo na formacgao de
estruturas tridimensionais para materiais restauradores indiretos;

O uso do método de recobrimento por silica também mostrou-se efetivo com
microparticulas de alumina em materiais hibridos porcelana-ceramica,
observando-se “pontes” de matriz vitrea unindo porcelana e particulas de alumina;
Particulas de alumina policristalina nanoestruturadas foram sintetizadas pelo
método dos precursores polimeéricos, recobertas ou nao por silica, e empregadas
no desenvolvimento de materiais hibridos porcelana-ceramica. Estas particulas
parecem funcionar como nanoaglomerados na matriz vitrea, apresentando
deslocamento de nanocristais por fricgao.

Também particulas de alumina monocristalina (adquiridas comercialmente)
erecobertas ou nao por silica, foramempregadas na obtencido de materiais
hibridos porcelana-ceramica. Os materiais com adicdo de particulas
monocristalinas foram consideravelmente mais translucidos que aqueles com

particulas policristalinas.
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e O efeito de reforgo pela adicdo das particulas de alumina na matriz de porcelana
nao foi observado devido a porosidade presente nos materiais hibridos testados.
Desta forma, a alta reatividade das particulas recobertas por silica e a efetiva
interagdo superficial entre porcelana e particulas recobertas, observadas neste
estudo, sdo resultados promissores para o desenvolvimento de materiais
restauradores hibridos reforcados por particulas ceramicas cristalinas sem
silicio.Antecipam-se materiais com propriedades distintas e melhoradas em relacéo

aos atuais materiais restauradores hibridos em uso em odontologia.
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