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RESUMO

COMPORTAMENTO MECANICO DE UMA CERAMICA Y-TZP: EFEITO DE
TRATAMENTOS DE SUPERFICIE E TECNICAS DE PROCESSAMENTO

AUTORA: CAMILA PAULESKI ZUCUNI
ORIENTADOR: PROF. DR. LUIZ FELIPE VALANDRO

A presente dissertagdo estd composta por trés estudos com respectivos objetivos: estudo 1-
avaliar o efeito de tratamentos de superficie (polimento, tratamento térmico e glaze),
associados ou nao ao envelhecimento em autoclave (LTD), na micromorfologia de superficie,
na transformacdo de fase (#-m), na resisténcia a flexdo biaxial e na confiabilidade estrutural
(Anélise de Weibull) de uma ceramica Y-TZP desgastada por ponta diamantada; estudo 2-
avaliar o efeito de diferentes tratamentos de superficie e de suas associacdes (polimento,
tratamento térmico, glaze, polimento + tratamento térmico, polimento + glaze) na
micromorfologia de superficie, na transformagao de fase (¢-m) e no comportamento em fadiga
de uma ceramica Y-TZP desgastada por ponta diamantada; estudo 3- avaliar o efeito de
diferentes métodos de confec¢do de amostras pré-sinterizadas (usinagem em CAD/CAM x
técnicas de confecgdo em laboratorio) nos desfechos acima mencionados. Para os trés estudos,
discos de ceramica Y-TZP foram confeccionados conforme ISO 6872/2008. No estudo 1, os
espécimes foram alocados em 10 grupos de acordo com o fator ‘tratamento de
superficie’(Ctrl: sem tratamento; Ctrl + Aut: sem tratamento e envelhecido; Gr: desgastado;
Gr + Aut: desgastado e envelhecido; Gr + HT: desgastado e tratado termicamente; Gr + HT
+ Aut: desgastado, tratado termicamente e envelhecido; Gr + Pol: desgastado e polido; Gr +
Pol + Aut: desgastado, polido e envelhecido; Gr + GI: desgastado e glazeado; Gr + Gl + Aut:
desgastado, glazeado e envelhecido e o fator‘envelhecimento’ (com ou sem). No estudo 2, os
espécimes foram alocados em 7 grupos de acordo com o tratamento de superficie: Ctrl: sem
tratamento; Gr: desgastado; Gr + HT: desgastado e tratado termicamente; Gr + Pol:
desgastado e polido; Gr + Pol + HT: desgastado, polido e tratado termicamente; Gr + GI:
desgastado e glazeado; Gr + Pol + GI: desgastado, polido e glazeado. Para o estudo 3, os
espécimes ceramicos foram divididos em 5 grupos: Polished: grupo polido (confecgdo
convencional); Machined: usinados pelo sistema CAD/CAM; grupos Fine, XFine e SiC:
discos obtidos em maquina de corte e desgastados com ponta diamantada fine, com ponta
diamantada xfine, e com lixa de carbeto de silicio, respectivamente. Todos os desgastes do
estudo 3 foram realizados antes da sinterizacdo. Em relagcdo ao estudo 1, observou-se que o
polimento gerou maior resisténcia caracteristica quando comparado aos demais tratamentos
de superficie, além de ter reduzido a rugosidade. Esses dados corroboram com os resultados
do estudo 2: polimento gerou maior resisténcia a fadiga. De acordo com o estudo 3, o
desgaste com ponta diamantada de granulacdo fina (46pum) previamente a sinterizagao,
apresentou o maior potencial em mimetizar tanto as caracteristicas superficiais, quanto o
comportamento mecanico gerado pela usinagem CAD/CAM.

Palavras-chave: CAD/CAM. Degradacdo hidrotérmica. Envelhecimento em baixa
temperatura. Fadiga. Resisténcia a flexdo. Tratamento de superficie. Zirconia policristalina
parcialmente estabilizada por 6xido de itrio.



ABSTRACT

MECHANICAL BEHAVIOR OF A Y-TZP CERAMIC: EFFECT OF SURFACE
TREATMENTS AND PROCESSING TECHNICS

AUTHOR: CAMILA PAULESKI ZUCUNI
ADVISOR: LUIZ FELIPE VALANDRO

This study is composed by three studies with respective goals: 1* study- to evaluate the effect
of post-processing surface treatments (polishing, heat treatment/annealing and glazing),
associated or not with autoclave aging (LTD— Low Temperature Degradation) on the surface
micro-morphology, phase transformation (z-m) and mechanical behavior (flexural strength
and structural reliability) of a Y-TZP ceramic; 2nd study- to evaluate the effect of post-
processing surface treatments and associations (polishing, heat treatment, glazing, polishing +
heat treatment and polishing + glazing) on the surface micro-morphology, phase
transformation (¢#-m) and fatigue behavior of Y-TZP ceramic; 31 study- to evaluate the effect
of different pre-sintering fabrication processing techniques (CAD/CAM milling x in-lab
fabrication processing techniques) on the outcomes aforementioned. For three studies, discs of
Y-TZP ceramic were manufactured according to ISO: 6872-2008. To the first study, the
specimens were divided into 10 groups according to the aging (with or without) and surface
treatment (Ctrl; “as-sintered”; Ctrl + Aut: ‘as-sintered” + aging; Gr: ground with diamond
bur; Gr + Aut: ground with diamond bur + aging; Gr + HT: ground with diamond bur + heat
treatment; Gr + HT + Aut: ground with diamond bur + heat treatment+ aging; Gr + Pol:
ground with diamond bur + polishing; Gr + Pol + Aut: ground with diamond bur + polishing
+ aging; Gr + GI: ground with diamond bur + glazing; Gr + Gl + Aut: ground with diamond
bur + glazing + aging. To the second study, the specimens were divided into 7 groups: Ctrl:
“as-sintered”; Gr: ground; Gr + HT: ground and heat treatment; Gr + Pol: ground and
polishing; Gr + Pol + HT: ground, polishing and heat treatment; Gr + GI/: ground and
glazing; Gr + Pol + Gl: ground, polishing and glazing. To the third study, the specimens were
divided into 5 groups: Polished: polishing group (conventional process); Machined:
CAD/CAM milling; Fine, Xfine and SiC: fabrication using a cutting machine followed by
grinding with diamond bur fine, xfine and 220-grit silicon carbide, respectively. All of the
grinding procedures of the third study were performed before sintering. Regarding the first
study, it observed that polishing generated higher characteristic strength than the other surface
treatments and reduced the surface roughness. These findings corroborate to ones from the
second study: the polishing promoted higher fatigue strength. According to the third study,
the grinding with fine diamond burs (46pm) before sintering showed to be the best protocol to
mimic the surface and the mechanical behavior of Y-TZP ceramic milled by CAD/CAM.

Key words: CAD/CAM. Fatigue. Flexural strength. Hydrothermal degradation. Low
temperature aging. Surface treatments. Zirconium oxide partially stabilized by yttrium.
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1.INTRODUCAO GERAL

As ceramicas a base de zirconia tetragonal policristalina parcialmente estabilizada com
3mol% de itrio (Y-TZP) tém sido indicadas como infraestrutura de proteses dentais fixas,
assim como restauragdes monoliticas (KIM et al., 2010), devido a sua biocompatibilidade
(XIE et al., 2016), maior resisténcia a flexdo e tenacidade a fratura quando comparada a todas
as outras ceramicas odontoldgicas disponiveis atualmente (DENRY & KELLY, 2014).

A zirconia ¢ um polimorfo que ocorre na natureza sob trés formas cristalinas, cada
qual relacionada primariamente a temperatura em que se encontram. Sao elas (com os valores
mencionados de temperatura referentes a zircOnia pura): monoclinica (m), desde a
temperatura ambiente at¢ 1170°C; tetragonal (t), para temperaturas acima de 1170°C; e
cubica, quando a temperatura se eleva acima de 2370°C (PICONI & MACCAURO, 1999).
Para que a zircOnia se mantenha na fase tetragonal a temperatura ambiente, alguns 6xidos
estabilizadores sdo adicionados, tais como: CaO, MgO, CeO,, Y,03 (ALGHAZZAWTI et al.,
2012).

Porém, mesmo com a adicdo de oOxidos que estabilizem a fase tetragonal em
temperatura ambiente, a zirconia pode sofrer transformacdo de fase (¢-m) quando submetida a
estimulos fisico-quimicos, como procedimentos de desgaste e jateamento, e pela degradacao
em baixas temperaturas (Low Temperature Degradation - LTD) (DENRY & KELLY, 2008;
CHEVALIER & GREMILLARD, 2009). A transformag¢dao de fase (#-m) também esta
associada a outros fatores, tais como: tipo e concentragao do 6xido estabilizador, tamanho do
grao da ceramica (CHEVALIER & GREMILLARD, 2009) e condi¢des de sinterizacao
(DENRY & KELLY, 2008).

A transformacao de fase (#-m) ¢ acompanhada por um aumento restrito de volume de
aproximadamente 3-5% nas regides de trincas (KOSMAC, 1999), pois os graos monoclinicos
sdo maiores em volume que os graos tetragonais (HJERPPE et al., 2016). Este aumento de
volume ao redor da trinca estd associado ao desenvolvimento de uma camada de tensdo
compressiva, que dificulta a propagacao da trinca para o interior do material, melhorando as
propriedades mecanicas da zirconia (DENRY & HOLLOWAY, 2006; GARVIE, HANNINK
e PASCOE, 1975).

Como mencionado anteriormente, a zirconia ¢ susceptivel a LTD quando exposta a um
ambiente imido (CHEVALIER, CALES e DROUIN, 1999). A LTD ¢ dependente do tempo,
sendo que ocorre mais rapidamente em temperaturas entre 200-300°C (CHEVALIER,
CALES e DROUIN 1999). O processo de envelhecimento ¢ considerado indesejavel, pois o



excesso de tensdes residuais geradas pela transformacdo de fase também pode levar a
introdu¢@o de micro-trincas, que podem comprometer as propriedades mecanicas da ceramica
ao longo do tempo (ALGHAZZAWT et al., 2012; PAPANAGIOTOU et al., 2006).

Dentre os métodos utilizados para a fabricagdo de restauracdes ceramicas, os sistemas
CAD/CAM (Computer Aided Design-Computer Aided Machining) vém sendo utilizados cada
vez mais, pois apresentam como vantagens: maior precisdo, eficacia e acuracia, redugdo no
tempo de trabalho e menor possibilidade de erro para a confec¢ao destas restauragdes quando
comparadas as restauragdes confeccionadas de forma convencional (manual) (MIYAZAKI et
al., 2009).

Porém, apesar da alta precisdo deste sistema de processamento, geralmente ajustes da
restauracdo se fazem necessarios, os quais usualmente sdo executados com instrumentos
diamantados acoplados a motores de baixa/alta rotacdo, visando o aprimoramento da
anatomia final, adapta¢do marginal, perfil de emergéncia e relagdes oclusais (PREIS et al.,
2015%). A literatura mostra que este procedimento pode desencadear dois principais eventos:
1- um aumento dos valores de resisténcia a flexdo através do desenvolvimento de uma
camada de tensao residual superficial (LUTHARD et al., 2004); 2- a introdugdo de diferentes
tipos de danos, como trincas, que variam em profundidade e que podem penetrar em direcao
ao interior do material, o que comprometeria as propriedades mecanicas da ceramica
(PEREIRA et al., 2014; PREIS et al., 2015 KOSMAC et al., 1999; GUAZZATO et al.,
2005); além de gerar a perda do glaze e da lisura superficial (PREIS et al., 2015%).

De acordo com as recomendagdes dos fabricantes, apds a execucdo de ajustes que
visam restabelecer a integridade (remocdo dos danos introduzidos), o brilho e a lisura
superficial, torna-se necessario a realizagdo de um protocolo de polimento e/ou a aplicacdo de
uma fina camada de porcelana vitrea de baixa fusdo (glaze) e/ou a realizacdo de um
tratamento térmico especifico. Ainda nao esta estabelecido na literatura qual o tratamento de
superficie mais adequado para ser realizado apods a execucao do desgaste, visto que cada tipo
de tratamento interage através de diferentes tipos de mecanismos com a superficie ceramica, e
dessa forma, podem influenciar positiva ou negativamente as propriedades mecanicas do
material.

Outro importante aspecto que dificilmente ¢ levado em consideragao por trabalhos in
vitro que estudam materiais a base de Y-TZP, ¢ a simulacdo da superficie usinada pelo CAD-
CAM. A porgdo interna de restauragdes obtidas por usinagem CAD/CAM apresenta uma
rugosidade e topografia superficial decorrente do desgaste pela brocas usadas durante a

usinagem, sendo que, ao contrario da superficie externa, estas ndo podem passar por etapas de
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acabamento e polimento, pois isto desencadearia uma desadaptacao da peca protética, além de
ser operacionalmente dificil. Nesse interim, sabe-se que diferentes rugosidades e parametros
de topografia superficial podem afetar o comportamento mecanico do material,
principalmente quando estas estao localizadas em regides de concentragao de tensao.

Levando em consideragdo que a confeccdo de espécimes para estudos in vitro pela
usinagem com sistemas CAD/CAM torna-se muito onerosa, pois em geral, com um bloco de
zirconia € possivel produzir um ou dois espécimes, dependendo das dimensdes do bloco pré-
sinterizado (ADDISON et al., 2012; FRAGA et al., 2015), alguns estudos tém utilizado
técnicas simplificadas de confec¢do, para produzir maior nimero de amostras ceramicas, mas
que ndo simulam a superficie gerada pela usinagem (AMARAL et al., 2013; SOUZA et al.,
2013; OZCAN et al., 2013; PEREIRA et al., 2016; HIERPPE et al., 2016; GUILARDI et al.,
2017). Segundo Wang et al., (2008), a usinagem de blocos pré-sinterizados gera danos na
superficie da ceramica, que podem reduzir sua resisténcia a fratura.

Tendo em vista que a forma de obtencdo de espécimes ird gerar danos no material, e
que estes poderdo interferir no desempenho mecanico do mesmo, torna-se imprescindivel o
uso de um método de confecgdo de amostras em laboratorio que possa simular com mais
acuidade a superficie gerada pela usinagem em sistema CAD/CAM, para que a avaliacdo das
propriedades mecanicas de ceramicas Y-TZP seja realizada de forma mais consistente.

Com base nos conhecimentos acima expostos, o presente trabalho apresenta como
objetivos:

- Estudo 1 (Polishing of ground zirconia is mandatory for improving the mechanical
behavior of polycrystalline zirconium oxide ceramics): avaliar os efeitos do polimento, do
tratamento térmico (annealing) e da aplicagdo de glaze na micromorfologia de superficie, na
transformagao de fase (z-m), na resisténcia a flexdo biaxial e na confiabilidade estrutural
(Anélise de Weibull) de uma ceramica Y-TZP desgastada por ponta diamantada de granulagao
grossa;

-Estudo 2 (Fatigue strength of yttria-stabilized zirconia polycrystals: Effects of grinding
and post-processing treatments): avaliar os efeitos do polimento, tratamento térmico
(annealing), aplicacdo de glaze e da associacdo destes tratamentos (polimento + glaze e
polimento + tratamento térmico) na micromorfologia de superficie, na transformacao de fase
(t-m) e na resisténcia a fadiga de uma cerdmica Y-TZP desgastada por ponta diamantada de
granulacao grossa;

- Estudo 3 (CAD-CAM Machining Vs. pre-sintering in-lab fabrication techniques of Y-TZP

ceramic specimens: effects on their mechanical fatigue behavior): avaliar e comparar o
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efeito de diferentes métodos de confec¢do de amostras pré-sinterizadas (usinagem em
CAD/CAM x técnicas de confec¢do em laboratério), na micromorfologia de superficie, na
transformagao de fase (¢-m), na resisténcia a flexao biaxial, no comportamento em fadiga e na

confiabilidade estrutural (analise de Weibull).
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ABSTRACT

This study evaluated and compared the effect of post-processing surface treatments
(polishing, heat treatment/annealing and glazing) on the superficial characteristics
(micromorphology and roughness), structural stability (phase transformation and
susceptibility to aging - low-temperature degradation) and mechanical behavior (flexural
strength and structural reliability) of a ground Y-TZP ceramic. Discs of Y-TZP ceramic
(VITA In-Ceram YZ) were manufactured (ISO: 6872-2008; final dimensions of 15 mm
diameter and 1.2+0.2 mm thickness) and randomly assigned to 10 groups based on the factors
“aging” (with and without) and “surface treatment” (Ctrl — as-sintered; Gr — ground with
coarse diamond bur; Gr + HT — ground and heat treatment; Gr + Pol — ground and after
polished; Gr + Gl — ground and glazing). Roughness (n=30), biaxial flexure (n=30), phase
transformation (n=2), and surface topography (n=2) evaluations were performed. The
roughness analysis showed that the treatments increased the roughness values (Ra and Rz
parameter) when compared to the as-sintered samples, even though a smoothening effect was
noticed after polishing and glazing. Aging led to an intense increase in m-phase content for all
tested conditions, even though the highest susceptibility to t-m phase transformation was
observed for the as-sintered samples. Aging did not deleteriously change the major evaluated
outcomes (roughness, structural reliability and characteristic strength). No treatment reduced
the Weibull modulus for all conditions evaluated. Additionally, heat treatment and glazing
after grinding led to a decrease in characteristic strength, while polishing presented the
highest characteristic strength values. Thus, polishing is mandatory after grinding the Y-TZP
ceramic, while performing glazing or heat-treatment alone after grinding lead to the worst

mechanical performance.

Key words: Dental Ceramics. Zirconium oxide partially stabilized by yttrium. Glazing.

Annealing. Grinding. Weibull Analysis.

1. Introduction

All-ceramic restorations have been widely used due to their superior aesthetics and
biocompatibility (Matsuzaki et al., 2015). When considering the existing ceramics, yttrium-
stabilized tetragonal zirconia polycrystal (Y-TZP) has been noted for its superior fracture
toughness and has been recommended for manufacturing prosthetic frameworks of fixed

dental prosthesis (FDPs), which are then covered by feldspathic porcelain (Denry & Kelly,
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2014), as well as for full-contour monolithic restorations, where coverage by feldspathic
porcelain is not necessary (Denry & Kelly, 2014).

Zirconia is a polymorphic metastable material (Piconi & Maccauro, 1999) that triggers
a phase transformation mechanism (tetragonal — ¢ to monoclinic — m) in response to different
stimuli (e.g. stress concentration or exposure to environment with humidity). This
transformation results in a restricted volumetric expansion (3%—5%) around the defect, which
creates a compressive stress layer at the crack origin and actively restricts crack propagation
(Hannink et al., 2000).

However, surface roughness increases as that phase transformation mechanism
progresses, primarily on superficial grains with water incorporation into the open spaces and
spreading to the surface. This increased surface roughness leads to a decrease in hardness,
fracture toughness and density of zirconia, a process known as low-temperature degradation -
LTD (Kobayashi et al., 1981; Chevalier et al., 2007; Pereira et al., 2015b).

It is important to consider that clinical adjustments (with diamond grinding
instruments) are usually needed to achieve a better fit, create an adequate emergence profile,
or to improve the occlusal relations for both recommended restorative applications of Y-TZP
ceramic (infrastructure of FDPs or full-contour monolithic restorations) after the restorations
have been manufactured by CAD/CAM systems (Computer-Aided Design / Computer-Aided
Machining) (Aboushelib et al., 2009; Preis et al., 2015b; Jing et al., 2014; Pereira et al.,
2016).

Thus, when the Y-TZP surface is ground, clinicians need to be aware that superficial
defects are introduced and m-phase content will appear (Kosmac et al., 2007; Pereira et al.,
2014:Pereira et al., 2016"). The relation between the size of the resulting scratches/cracks and
the depth of the transformed layer determines the crack growth and whether the material will
fail at loads below the critical load value (Zhang et al., 2006; Kosmac et al., 2008; Pereira et
al., 2016°).

After grinding, manufacturers usually recommend a polishing protocol, which should
be executed to achieve a smooth and shining surface (Goo et al., 2016; Preis et al., 2015%);
and/or a glazing procedure, i.e., application of a thin layer of glaze (silica-based amorphous
material) into the surface to promote a smooth and shining surface (Manjuran et al., 2014);
and/or a heat treatment/annealing that consists generally in subjecting the zirconia to a
specific heat treatment, with temperatures around 1000 °C for 15 min, with an aim for

complete m-t phase reversion (Guazzato et al., 2005).
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The literature has shown some advantages for each aforementioned post-processing
treatment related to polishing (surface smoothening effect and decreased wear) (Preis et al,
2015 Schmitter et al., 2015; Manjuram et al., 2014), glazing (decrease in roughness and in
biofilm formation) (Haralur, 2012), and heat treatment (it leads to m-t reverse transformation)
(Guazzato et al., 2005), even though data regarding how those post-processing treatments
affect the mechanical performance of Y-TZP surface are scarce. From these points of view, it
is clinically relevant to investigate the procedures to be performed after grinding the zirconia
surface, since as those procedures might affect the mechanical properties, fatigue behavior
and bacterial adhesion.

Thus, based on the absence of studies that may help clinicians to define a gold-
standard finishing protocol for maintaining the surface quality, smoothness, and structural
stability, this study evaluated and compared the effects of polishing, heat treatment/annealing
and glazing on the superficial characteristics (micromorphology and roughness), structural
stability (phase transformation and susceptibility to aging — low-temperature degradation) and
mechanical behavior (flexural strength and structural reliability — Weibull analysis) of a

ground Y-TZP ceramic.

2. Materials and Methods

2.1. Specimen Preparation

Disc shaped specimens (final dimensions of 15 mm in diameter and 1.2 £ 0.2 mm in
thickness) were manufactured from Y-TZP ceramic blocks (VITA In-Ceram YZ for inLab
YZ-40/19, 40x19x15 mm3, VITA Zahnfabrik, Bad Sackingen, Germany), according to ISO
6872-2008 guidelines for ceramic testing.

The ceramic blocks were detached from the metal holder and 18mm cylindrical metal
rings were carefully fixed to both extremities of the block, caution was taken to keep both
rings parallel. The block was then ground using 600 grit silicon carbide paper attached to a
polishing machine (EcoMet/AutoMet 250, Buehler, Lake Bluff, USA) until a cylindrical form
was achieved. The cylinders were then sectioned under water irrigation using a diamond saw
(ISOMET 1000, Buehler), polished with 1200 grit silicon carbide paper and sintered
according to the manufacturer’s recommendations (Zyrcomat T, Vita Zahnfabrik).

Immediately after sintering, all specimens had their dimensions inspected with a
digital caliper (Mitutoyo ABSOLUTE 500-196-20 Digital Caliper, Takatsu-ku, Kawasaki,
Kanagawa, Japan) to guarantee that they presented values inside the range recommended by

ISO 6872-2008 for ceramic biaxial flexure strength testing (diameter of 12-15 mm; thickness
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of 1.2 £ 0.2 mm). The samples were cleaned in an ultrasonic bath (1440 D — Odontobras, Ind.
E Com. Equip. Méd. Odonto. LTDA, Ribeirao Preto, Brazil) using 78% isopropyl alcohol for

5 min, and randomly allocated to ten groups according to the factors under study (Table 1).

2.2. Surface Treatments
Samples from the control group (Ctrl) remained untouched after the sintering process — “as-

sintered” samples.

2.2.1. Grinding
Grinding was performed by a single trained operator using diamond burs (#3101G — grit size
181 wm; KG Sorensen, Cotia, Brazil) in a slow-speed motor (Kavo Dental, Biberach,
Germany) associated with a contra-angle handpiece (T2 REVO R170 contra-angle handpiece
up to 170,000 rpm, Sirona, Bensheim, Germany) under constant water-cooling (=30mL/min).
Samples were attached to a device that guaranteed parallelism between the surface to be
ground and the diamond bur. The diamond bur was replaced after each specimen (Guilardi et
al., 2017).

For standardization of the wear thickness and to guarantee that the entire surface was
ground, the specimens were marked with a permanent marking pen (Pilot, Sdo Paulo, Brazil).
Then, the grinding procedure was performed manually, using oscillatory movements, up to

the point that the marking was completely eliminated (Guilardi et al., 2017).

2.2.2. Polishing
Polishing was executed using the Eve Diapol ceramic polishing kit (Eve Ernst Vetter,
Pforzheim, Germany), which uses rubber tips in three granulations (blue — coarse grit size;
pink — medium grit size; grey — fine grit-size), coupled to an electric motor (W&H Perfecta
300, W&H Dentalwerk, Biirmoos, Austria) that allows control of speed (12,000 rpm).
Samples were attached to a device that guaranteed parallelism between the surface to be
polished and the polishing tips.

For standardization, each specimen was divided into 7 regions (considering the size of
the active point of the rubber tip) and then polishing was executed moving the tip forward and
backwards (whole specimen extension) for approximately 7 seconds in each region of the

specimen (total of approximately 49 seconds for each tip per specimen).

2.2.3. Heat treatment/Annealing
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The heat treatment/annealing was executed as recommended by the manufacturers using a
Vacumat 600MP furnace (Vita Zahnfabrik): initial temperature of 500 °C, heating time of 5
min, heating rate of 100 per minute, and maintenance of the final temperature of 1000 °C for

15 min.

2.2.4. Glazing

A thin layer of glaze material (Vita Akzent, Vita Zahnfabrik) was applied to the ground
surface, following the manufacturer’s instructions. The powder was mixed with distilled water
until a homogeneous paste was achieved. The paste was then applied to the surface using a
specific brush. After drying, the specimens were submitted to glaze firing in the Vacumat
600MP furnace (Vita Zahnfabrik): maintaining the initial temperature of 500 °C for 4 min,
heating time of 5 min, heating rate of 80°C/min, and maintaining the final temperature of 900

°C for 1 min.

2.3. Low-temperature aging

Low-Temperature Degradation (LTD) was simulated using an autoclave (Sercon HS1-0300
n11560389/1, Mogi das Cruzes, Brazil) at 134°C, under a 2 bar pressure, over a period of 20
h (Chevalier et al., 2007; Pereira et al., 2015%).

2.4. Surface topography and roughness analysis

For the qualitative and quantitative determination of the surface topography pattern for each
evaluated condition, specimens were analyzed in a surface roughness tester (n=30, Mitutoyo
SJ-410, Mitutoyo), scanning electron microscope (SEM) (n=2, FE-SEM Inspect F50, FEI,
Hillsboro, Oregon, USA), and atomic force microscope (AFM) (n=2, Agilent Technologies
5500 equipment, Chandler, Arizona, USA).

For surface roughness analysis, six measurements (measured range up to 80 um with
an expected accuracy of 0.001um) were conducted for each specimen (3 along the grinding
direction, 3 in the perpendicular direction), according to the ISO:1997 parameters (Ra —
arithmetical mean of the absolute values of peaks and valleys measured from a medium plane
(um) and Rz — average distance between the five highest peaks and five major valleys found
in the standard (um)) with a cut-off (n=5), AC 0.8 mm and AS 2.5 um. Arithmetic mean values
of all measurements from each specimen were obtained.

For scanning electron microscopy, two specimens from each group were submitted to

sputter-coating with a gold-palladium alloy and images were obtained at a 5000x
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magnification.

For atomic force microscopy, two specimens from each group were submitted to the
analysis and images were obtained using a non-contact methodology and specific probes of a
10 x 10um area (PPP-NCL probes, Nanosensors, Force constant = 48 N/m) and manipulation
with a specific computer software (Gwyddion™ version 2.33, GNU, Free Software
Foundation, Boston, MA, USA).

Prior to the surface topography analysis, all specimens were cleaned in an ultrasonic

bath as described previously.

2.5. Phase analysis (X-Ray Diffractometry - XRD)

Quantitative analysis of phase transformation was conducted (n=2) to determine the relative
amount of m-phase and depth of the transformed layer for each condition. The analysis was
performed using an x-ray diffractometer (Bruker AXS, D8 Advance, Karlsruhe, Germany).
Spectra were collected in the 26 range of 25-35° at a step interval of 1 s and step size of
0.03°. The amount of m-phase (X,,) was calculated using the method developed by Garvie &

Nicholson (1972):

_ MDM+A1D)M
Xm = T1)OM+QA1D)M+(11D)T Eq. (1)

where: (111),and (111),, represent the monoclinic peaks (26=28° and 26=31.2°, respectively)
and (111); indicates the intensity of the respective tetragonal peak (20=30°). The volumetric

fraction (F,,) of the m-phase was calculated according to Toraya and collaborators (1984):

1.311-Xm

Fm = 1+0.311-Xm Eq. (2)
The depth of the transformed layer (TZD) was calculated on the basis of the amount of
the m-phase, considering that a constant fraction of grains had symmetrically transformed to

m-phase along the surface, as described by Kosmac and collaborators (1981):

rzp = (57) [ () Eq. ()

where 6=15° (the angle of reflection), u=0.0642 is the absorption coefficient, and Fy; is the
amount of m-phase obtained using Egs. (1) and (2).

2.6. Biaxial flexure test
The biaxial flexure test was performed by a single trained operator. Samples (n=30) were
subjected to a biaxial flexure strength test according to I1SO:6872-2008. Disc-shaped

specimens were positioned with the treated surface facing down (tensile stress) on three
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support balls (¥=3.2 mm), which were placed 10 mm apart from each other in a triangular
position. The assembly was immersed in water and a flat circular tungsten piston (¥=1.6 mm)
was used to apply an increasing load (1 mm/min) until catastrophic failure using a universal
testing machine (EMIC DL 2000, Sao José dos Pinhais, Brazil). Before testing, adhesive tape
was fixed on the compression side of the discs to avoid spreading the fragments (Quinn,
2007) and also to provide better contact between the piston and the sample (Wachtman et al.,

1972). Flexural strength was calculated according to ISO:6872-2008:

o = —0.2387 - 2520 Eq. (4)

where ¢ is the maximum tensile stress (MPa), P is the total load to fracture (N), b is the

thickness at fracture origin (mm), and X and Y are calculated according to:

x = +on(2) +[57) (2) Eq. (5)

2 3
2 2
Y=(1+v)[1+ln(:—1)]+(1—17)C—1) Eq. (6)
where v is Poisson's ratio (v = 0.25), r,is the radius of the support circle (5 mm), r, is the

radius of the loaded area (0.8 mm), and r; is the radius of the specimen (7.5 mm).

2.7. Data Analysis

As roughness data (Ra and Rz) assumed a nonparametric distribution (tested by Shapiro-Wilk

normality test), Kruskal-Wallis and the post-hoc Dunn‘s tests were performed, in addition to

the Spearman Correlation test between the Ra and Rz roughness data and biaxial flexural data.
The statistic used to describe the reliability of the ceramic material was based on the

Weibull statistical analysis (Weibull, 1951), which is a way to describe the variation of

resistance obtaining the Weibull modulus (m) and the characteristic strength (c¢) with a

confidence interval of 95%, as determined in a diagram according to DIN ENV 843-5(2007):
Inln (ﬁ) =mlno, —mlnag, Eq. (7)
where F is the failure probability, 6, is the initial strength, o 1s the characteristic strength, and

m is the Weibull modulus. The characteristic strength is considered to be the strength at a
failure probability of approximately 63%, with the Weibull modulus used as a measure of the

distribution of strengths, expressing the reliability of the material.

2.8. Fractography analysis
A fractography examination was performed by a single trained operator using a light

microscope (Stereo Discovery V20; Carl Zeiss, Gottingen, Germany), where representative
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specimens for each evaluated condition were chosen and submitted to further evaluation in a
Scanning Electron Microscope to determine the origin of the fracture.
Additional SEM analysis (n=5) was made on fractured specimens to check the mean

average thickness of the glaze layer.

3. Results

SEM and AFM analysis showed that grinding produces a more irregular surface, introducing
scratches following the direction of the grinding movement. Heat treatment did not promote
any noticeable topographical alteration, resulting in a surface that was similar to the ground
samples. Polishing and glazing result in a more regular surface, demonstrating a smoothening
potential. Aging did not promote any relevant effect on topography (Figure 1). Additionally,
glazing presented an average thickness ranging from 30-55um (Fig. 2).

Roughness analysis (Ra and Rz parameters) showed that there was a statistically
significant increase in roughness after grinding; heat treatment/annealing did not affect
surface roughness, while polishing and glazing lead to a decrease in roughness when
compared to the ground condition. However, polishing and glazing did not re-establish the
roughness observed in the as-sintered condition (Ctrl). Generally, aging did not affect the
surface roughness, although ground aged specimens demonstrated smaller roughness values
(Table 2).

The Spearman correlation tests between roughness (Ra and Rz parameters) and biaxial
flexure strength parameters (Table 2) demonstrated coefficient values smaller than 0.4 (0.0 <
(r) < 0.4). According to Crespo (1997), this range of coefficients indicates very weak/weak
correlations (very weak 0.0 < (r) < 0.3; weak 0.3 < (r) <0.6).

XRD analysis showed that the m-phase was present in all evaluated conditions, except
for the as-sintered (very small quantity, 1.4%) and heat treatment/annealing after grinding (Gr
+ HT) groups. Thus, grinding led to an increase in m-phase content, which was reverted in a
small scale under polishing and glazing, and was completely reverted under heat
treatment/annealing. Aging led to an intense increase in m-phase content under all evaluated
conditions, although different susceptibilities to t-m phase transformation were observed
(Table 2).

Weibull analysis demonstrated higher characteristic strength values for ground and
ground + polished conditions and decreased characteristic strength for heat treatment and
glazing. Aging in an autoclave differently influenced each evaluated condition, although no

deleterious effect was observed for structural reliability (Weibull moduli) (Table 2).
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Fractography analysis showed two patterns of fracture. For the glazed groups, the
fractures originated at the interface between the glaze and Y-TZP or in defects (bubbles)
presented in the glaze layer at the side of the specimen subjected to tensile stress (treated
surface) at the center region. For the other groups, the fracture started at superficial defects on

the side subjected to tensile stress (treated surface) at the center region (Fig. 3).

4. Discussion

Based on our data, polishing appears to be mandatory after grinding Y-TZP ceramic, as it
promotes a decrease in roughness (smoother topography), provides the highest characteristic
strength, and demonstrates the lowest susceptibility to t-m phase transformation during aging
in an autoclave (less prone to LTD).

SEM micrographs demonstrated that, since Y-TZP ceramic exists as a polycrystalline
material without any glass content (Denry & Kelly, 2014), there was no observed healing
effect (decrease in defect size) due to heat treatment; in fact, the defects introduced by
grinding and the resulting topography were maintained after heat treatment, which is in
accordance with previous studies (Caglar & Yanikoglu, 2016; Fonseca et al., 2014).
Alternatively, the heat treatment affected the m-phase content, promoting a complete reversal
of m-phase back to t-phase configuration (Guazzato et al., 2005; Caglar & Yanikoglu, 2016).
As a result, the defects introduced by grinding act as stress concentration factors and lead to a
higher risk of failure under smaller loads (Kosmac et al., 1999; Kosmac et al., 2007; Ramos et
al., 2016; Caglar & Yanikoglu, 2016). Thus, as expected, a decrease in characteristic strength
after heat treatment was found in the current study.

Polishing and glazing demonstrated a smoothening effect (to some extent), although
they did not lead to similar roughness values when compared to the as-sintered condition.
This may indicate that the defects introduced by grinding were partially removed by those
treatments. Additionally, a slight decrease in m-phase content by polishing and glazing was
noted when compared to the ground condition. Almost certainly, this m-phase reduction may
have been caused by slight heating when performing the polishing and by the high
temperature required to sinter the glaze. During polishing, the superficial temperature may
rise to values above the critical point, from which the m-t reverse transformation may occur
(Kosmac et al., 1999, Kosmac et al., 2007; seri et al., 2012), which might have led to reduced
m-phase content. Alternatively for glazing, the specimens are subjected to firing; although the
cycle is very short (only 1 min at 900°C, while heat treatment is 15 min at 1000°C), it was

enough to promote some reversion (m to t phase).
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It is important to note that the worst mechanical performance (characteristic strength)
was observed for the glazed groups. When the stress applied on a material becomes higher
than the strength, mechanical failure may occur (Della Bona et al., 2003). The stress
concentration is very dependent to the size of preexisting cracks (Mecholsky, 1995). Thus, in
these bilayer assemblies (e.g. Y-TZP + glaze), the strength and fracture mode are influenced
by the properties of the material under tension (Borba et al., 2011) (glaze material in this
case). Our micrographics show the presence of many bubbles (defects) inside the glaze layer
(Fig. 2), additionally the fractography analysis (Fig. 3) showed that the fractures originated at
the glaze/Y-TZP interface in these group. These facts could be the reason why the
characteristic strength decreased in our glaze group.

Anusavice & Philips (2003) states that the application of a thin layer of glaze results in
a fill-up mechanism, from which the glaze filled any existing microcrack and porosity on the
ceramic surface, leading to a smoother surface, with less defects and an increased fracture
strength. These were also observed by Aurelio and collaborators (2015), in which an
alternative glaze protocol enhanced the mechanical performance of a hard-machined leucite
glass ceramic. The current study did not demonstrate this positive effect; on the contrary, the
glaze group had lower strength when compared to the other groups, since the fracture started
at the glaze layer, which is a weaker material. Additionally, there is a weak adhesion between
the zirconia and veneering ceramic, which might have been the cause for failure initiation at
the glaze layer (Aboushelib et al., 2008).

Our findings show that an increase in m-phase content led to higher characteristic
strength (transformation toughening mechanism), which corroborated with the literature
(Hannink et al., 2000; Pereira et al., 2016%). Even when 60% of m-phase content is observed
(Ctrl + Aut), an increased characteristic strength is noticed. However, this outcome may
change when the Y-TZP surface is ground: since the grinding + aging condition demonstrated
a decrease in strength, even though it presented a smaller m-phase content when compared to
the Ctrl + Aut group (approximately 40%). This fact points out that the defects introduced by
grinding may become deleterious when associated with aging (even with an increase in m-
phase content), which confirms the findings observed by Pereira and collaborators (201 6b).

At the same time, our study shows that grinding before aging decreases the
susceptibility to t-m phase transformation — this fact is more evident for post-processing
treatments (polishing, glazing and heat treatment/annealing) subjected to aging. Some studies
report that grinding introduces superficial compressive residual stresses (Chevalier et al.,

2007; Chevalier et al., 2009) and Whalen and collaborators (1989) demonstrated that
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compressive residual stress decreased the susceptibility to t-m phase transformation.
Additionally, Mufioz-Tabares & Anglada (2012) stated that the superficial microstructure
change induced by grinding could play an important role on the susceptibility of m-phase
transformation.

The microstructural changes induced by grinding Y-TZP consist of three well defined
layers which are described as follows, from the surface to the interior: (1) a superficial
crystallized zone, where the grain diameter ranges from 10 to 20 nm approximately; (2) a
plastically deformed zone; (3) a zone in which tetragonal to monoclinic phase transformation
has taken place, which is mainly responsible for the formation of compressive residual
stresses that usually increases the flexure strength and apparent fracture toughness of ground
specimens (Munoz-Tabares et al., 2011).

We observed that heat treatment completely reverted the m-phase content back to the
t-phase; however, a higher resistance to transformation was observed for that scenario, even
though there is no expected residual stress on that surface. Thus, the increased resistance to
aging (transformation) could be possibly related to the existence of this very thin layer of
tetragonal recrystallised nano-grains (10-20 nm), which were generated by grinding, whose
size are smaller than the critical size for transformation in a humid environment (Evans et al.,
1981; Lange, 1982; Mufioz-Tabares et al., 2011).

Even with the limitations of this in vitro study, our data clearly supports the benefit of
polishing after grinding Y-TZP ceramic, instead of glazing and heat treatment. However, we
did not consider an association of factors, such as grinding followed by polishing and heat
treatment, thus more studies are recommended. Additionally, no intermittent mechanical
loading or fatigue were conducted — since dental restorations are known to fail due to fatigue
effects, where cyclic forces below the characteristic strength of the material act on existing
defects, resulting in the progressive growth of these defects until they achieve a critical size
where a fracture occurs (slow crack growth) (Wiskott et al., 1995; Gonzaga et al., 2011).
Therefore, more studies are needed to determine the effects of loading on surface treatments

and crack formation.

5. Conclusions

When taking into account the mechanical outcomes, it can be concluded that:

- Polishing of ground zirconia surfaces improves the mechanical behavior, thus polishing is
the most appropriate surface treatment to be performed after grinding Y-TZP ceramics.

- The strength reduces when only heat treatment is performed after grinding.
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TABLES

Table 1 — Experimental design

Surface treatment LTD Groups’ Codes
) ) Without Ctrl
As-sintered (without treatment, control) -
With Ctrl + Aut
Grinding with Coarse Diamond Bur # 3101G (average grit size Without Gr
181um) With Gr + Aut
Grinding with Coarse Diamond Bur # 3101G (average grit size Without Gr + HT
181um) + Heat treatment With Gr + HT + Aut
Grinding with Coarse Diamond Bur # 3101G (average grit size Without Gr + Pol
181pum) + Polishing With Gr + Pol + Aut
Grinding with Coarse Diamond Bur # 3101G (average grit size Without Gr + Gl
181um) + Glazing With Gr + Gl + Aut




Table 2 — Roughness analysis (parameter Ra and Rz), Spearman Correlation, X-ray Difractometry analysis (% of monoclinic phase and depth of

transformed layer), Weibull modulus (), Characteristic strength (c.) and respective confidence intervals (CI — 95%).

Roughness Analysis Spearman Correlation XRD Analysis Weibull Analysis
Groups m-phase TZD o Q
Ra (um) Rz (um) (o x Ra) (6 xRz) content (%) (um) m (CI 95%) 6. (CI95%)
Ctrl 0.24+0.83" | 1.93+0.50" | -0.239 (p=0.203) | -0.349 (p=0.059) 1.4 0.1 9.7 (6.8-12.5)"® 964.7 (922.5-1007.5)"
Ctrl + Aut 021+034% | 1.77+0.36" | 0.018 (p=0.926) | -0.193 (p=0.306) 65.6 5.4 26.0 (18.2-33.4)° 1030.3 (1013.2-1047.3)"
Gr 1.55+0.65" | 826+1.26° | 0.029 (p=0.880) | -0.166 (p=0.381) 13.9 0.8 10.7 (7.5-13.7)"® 1183.3 (1136.0-1231.3)°
Gr + Aut 1.33+£0.12° | 8.09+0.89° | 0.086 (p=0.653) 0.037 (p=0.845) 43.2 2.9 14.0 (9.8-18.0)® 1085.7 (1052.5-1118.9)"
Gr+HT 1.35+0.15 | 8.33+0.98" | -0.254 (p=0.175) | -0.399 (p=0.029) 0 0.0 15.3(10.7-19.6)¢ 818.5(795.4-841.3)"
Gr+HT +Aut | 1.35+£0.19° | 827+1.15° | -0.081 (p=0.671) | -0.162 (p=0.392) 26.6 1.6 29.2 (20.5-37.6)° 882.0 (869.0-894.8)¢
Gr + Pol 0.60+0.14° | 3.76+0.79 | -0.069 (p=0.716) | -0.089 (p=0.639) 9.6 0.5 10.0 (7.0-12.8)"® 1286.2 (1231.2-1342.1)°
Gr+Pol+Aut | 0.53+0.12° | 3.16+£0.60° | 0.185 (p=0.327) 0.233 (p=0.215) 20.3 1.2 7.0 (4.9-9.1)* 1309.3 (1230.9-1390.4)°
Gr +Gl 0.62+0.26% | 3.54+1.91° | 0.133 (p=0.482) 0.122 (p=0.519) 7.3 0.4 13.8 (9.6-17.7)® 745.4 (722.2-768.6)"
Gr+Gl+Aut | 0.64+021° | 3.54+143° | 0.321 (p=0.083) 0.259 (p=0.166) 17.2 1.0 14.6 (10.2-18.7)%¢ 732.1 (710.6-753.7)*

* Same letters mean no statistical difference. Different letters correspond to statistical difference.
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FIGURES

Figure 1 —Representative SEM images (5000x magnification) and AFM images (20 um X 20 pm) of Y-TZP surface for different conditions, demonstrating that
grinding with diamond burs (Coarse) modified the topographic pattern of “as sintered” samples creating parallel scratches following the movement of the grinding
tool and deforming the surface. Heat treatment did not promote any change on those aspects, while polishing and glazing successfully demonstrate a smoothening

potential. Aging cause none relevant alteration for any evaluated condition.
SEM images AFM images SEM images AFM images
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Figure2—Representative micrographs (1000x magnification) demonstrating to some extent an
apparent potential of glaze application to fill the defects introduced by grinding and form an
external smooth surface. Additionally it notices that a thin thickness of glaze (approximately
32 — 55 um) was achieved. Further, it highlights that the glaze layer presents of many air

bubbles and defects in the bulk.
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Figure 3 —Representative images of the fractography analysis under SEM (200x and 1000x
magnification): Typical brittle fracture surfaces, which clearly shows that the initial crack
nucleation and propagation region are located in the lower side of the micrographs,
corresponding to the region of maximum tensile stress in the biaxial test. For Ctrl, Gr, Gr + Ht
(and respective aged conditions), it observes that the fracture originates on superficial defects;
for Gr + Pol (with and without aging), it starts on subsurface defects, while Gr + GI (with and
without aging) the fracture originates on the glaze/Y-TZP interface. The b pointer indicates

the fracture origin.
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ABSTRACT

This study aimed to evaluate and compare the effect of different surface post-processing
treatments (polishing, heat treatment, glazing, polishing + heat treatment and polishing +
glazing) on the superficial characteristics (micromorphology and roughness), phase
transformation and fatigue strength of a Y-TZP ceramic ground with diamond bur. Discs of
Y-TZP ceramic were manufactured (ISO:6872-2015; final dimensions of 15mm in diameter
and 1.2 = 0.2mm in thickness) and randomly allocated according to the surface condition:
Ctrl- as-sintered; Gr- ground with coarse diamond bur; Gr+HT- ground and subjected to the
heat treatment; Gr+Pol- ground and polished; Gr+Pol+HT- ground, polished and heat treated,
Gr+Gl- ground and glazed; Gr+Pol+Gl- ground, polished and glazed. The following analyses
were performed: roughness (n=25), surface topography (n=2), phase transformation (n=2)
and fatigue strength by staircase method (n=20). All treatments influenced to some extent
the surface characteristics of Y-TZP, being that polishing reduced the surface roughness, the
m-phase content and improved the fatigue strength; glazing led to the lowest roughness
values (Ra and Rz), although it showed the worst fatigue strength; heat treatment showed
limited effect on surface roughness, led to complete reversion of the existing m-phase content
to t-phase, without enhancing fatigue performance. Thus, a polishing protocol after clinic
adjustment (grinding) of monolithic restorations based on polycrystalline zirconia material is

mandatory for surface characteristics and fatigue performance improvements.

Key words: Dental Ceramics. Zirconium oxide partially stabilized by yttrium. Glazing.

Annealing.

1. INTRODUCTION
Monolithic restorations made of polycrystalline zirconia material have been proposed for
manufacturing high strength and aesthetic (to some extent) rehabilitation on Prosthetic
Dentistry (Marchack et al., 2011). One of the main advantages of this restorative strategy is
the reduced tooth preparation (0.5 mm thickness), which allows a minimally invasive dental
approach (Nakamura et al., 2015). Besides, it avoids the main reason to the reported failure of
conventional zirconia restorations (framework of zirconia + veneering porcelain) namely
chipping of the veneer material (Shi et al., 2016).

The use of zirconia restorations in Dentistry was only possible with the
advances/enhancement on CAD/CAM manufacturing systems (Computer-Aided

Design/ComputerAided Machining). Miyazaki and collaborators (2009) states that
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CAD/CAM milling permit a substantial reduction on working time and higher precision of the
final restoration. However it is still commonly necessary adjustments (grinding, finishing and
polishing procedures) to enhance emergence profile and occlusal/proximal relations (Iseri et
al., 2012; Pereira et al., 2016"). From this point of view, literature has been showing that
those adjustments may introduce different types of damage (defects) into the materials’
surface, and by that they may impair the mechanical performance of zirconia materials
and the longevity of such restorations (Green,1986; Kosmac et al., 1999; Pereira et al.,
2016%).

Zirconia ceramics is a metastable polymorphic material that in response to stimuli
(such as adjustments or aging) triggers a phase transformation mechanism (tetragonal — t to
monoclinic — m)(Piconi, 1999; Lazar et al. 2008). The t-m phase transformation mechanism
results in a local volumetric expansion of 3-4% and by that it creates a layer of
residual compressive stress concentration (Hannink et al., 2000). This residual stress layer
will act preventing crack propagation and enhancing the material’s toughness (Chevalier &
Gremillard, 2009).

Though, this protective effect (increase in toughness, i.e, making crack propagation
more difficult) is not constant and predictable; if the defect introduced by the stimuli
(like restoration adjustments) is bigger than the layer of residual stress (Green, 1983); or
with the progression of a slow-crack growth (in response to fatigue stimuli) (Papanagiotou et
al., 2006) a catastrophic failure may still happen.

Consequently, post-processing treatments after adjustments/grinding, such as
polishing, heat treatment or glazing, appear be required, to restore the surface smoothness,
to prevent damaging to the mechanical performance and antagonist tooth wear (Guazzato et
al., 2005; Preis et al., 2012; Preis et al., 2013).

Literature shows that polishing may decrease the surface roughness (Preis et al.,
2015), which is a positive outcome. Although it also may trigger surface temperature increase
above the limit of m-t phase transformation (Guazzato et al., 2005; Juy & Anglada, 2007),
so if the polishing procedure does not remove all the surface defects and at the same time
promotes a reversion of m-t phase eliminating any potential residual stress concentration, it
could be observed a negative result on mechanical performance.

Regarding heat treatment, literature shows that this procedure successfully reverts
back m phase to t-phase and eliminates existing residual stress (Ramos et al., 2016), although
it does not present any potential for defect reduction (healing of defects) on Y-TZP

ceramics, as could be observed on glass ceramics (Aurélio et al., 2017).
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Another post-processing alternative is glazing, which consists on applying a thin
layer of glassy material on zirconia surface aiming to reduce the surface roughness, to
increase the light reflection (shining surface), to enhance the aesthetic and to decrease the
biofilm formation (Haralur, 2012). Although limited information exists on literature on the
effects of glazing on the mechanical performance of zirconia restorations.

Thus, as each existing post-processing option after adjustments (grinding) of
zirconia restorations may interact by different mechanisms with the zirconia surface (which
could result in different mechanical performance), as well as, once scarce information exists
to elucidate and help the clinicians to define a gold-standard protocol to this aim, this study
evaluated and compared the effect of different post-processing treatments (heat
treatment, polishing, glaze, polishing + heat treatment and polishing + glaze) on the
fatigue strength, surface characteristics (topography and roughness), and phase transformation
of a translucent zirconia ceramic for monolithic restorations. The assumed hypotheses were:
1- grinding will change the material’s surface characteristics (introduce surface flaws
and increase roughness), promote t-m phase transformation and influence the mechanical
properties; 2- post-processing treatments would also influence the surface characteristics
and the mechanical properties in distinct intensities (based on the differences among each

treatment) as an attempt to revert any deleterious effect exhibited by grinding.

2. MATERIALS ANDMETHODS
The materials utilized in this study are described in table 1.

Disc-shaped specimens of Y-TZP (yttrium-stabilized tetragonal polycrystalline
zirconia — Zenostar T) were produced following the guidelines of ISO 6872-2015 for biaxial
flexural strength testing of ceramic materials (final dimensions: 15 mm in diameter and 1.2 +
0.2 mm in thickness).

For production of those ceramic discs, a Zenostar blank (98 mm diameter — as
available by manufacturer) was shaped manually into smaller blocks of 20 mm x 20 mm with
diamond discs and after metallic rings of 18 mm diameter were attached to parallel surfaces,
serving as a guide for obtaining a cylinder of zirconia by grinding in polishing machines
(EcoMet/AutoMet 250, Buehler, Lake Bluff, USA) with silica carbide (SiC) papers (600-1200
grit). After that, slices (discs) of 1.65 mm thick were obtained by cutting under water-cooling
with diamond blades (ISOMET 1000, Buehler, Lake Bluff, USA).
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Afterward, the specimens were polished on both sides with SiC paper (1200 grit) to
remove any irregularity introduced by processing (until 1.5 mm thick), sintered according to
manufacturers instructions (1450°C for 2 h) in a specific special furnace (Zyrcomat T, Vita
Zahnfabrik, Bad Sackingen, Germany), inspected with a digital caliper (Mitutoyo
ABSOLUTE 500-196-20 Digital Caliper, Takatsu-ku, Kawasaki, Kanagawa, Japan) for
guarantee that the dimensions were in accordance to ISO 6872-2015, and then they were
randomly allocated considering the surface post-processing treatments to be evaluated (table

2).

2.1 Surface Post-Processing Treatments
A single trained (specialist in Prosthetic Dentistry — CPZ) operator executed all post-

processing treatments. All groups are summarized in table 2.

2.1.1 As-sintered — CTRL

Specimens were kept untouched after sintering.

2.1.2 Grinding — Gr

Grinding was executed with coarse diamond bur (#3101G — grit-size 181 um; KG Sorensen)
coupled to a speed multiplier handpiece (T2 REVO R170 contra-angle handpiece up to
170,000 rpm, Sirona, Bensheim, Germany) attached to a low-speed motor (Kavo Dental,
Biberach, Germany) under constant water-cooling (=30 mL/min).

Specimens were attached to a metal base that served as reference for maintaining the
diamond bur tip parallel to the specimen surface, and then grinding was executed manually
with oscillatory motion. Cautious were taken for this procedure to be standardized, increasing
its reproducibility: for that the entire zirconia surface to be ground was marked with a
permanent marking pen (Pilot, Sdo Paulo, Brazil); grinding was executed until the complete
elimination of this marking; besides the diamond bur was replaced after each specimen (1 bur

per specimen). Methodology previously employed by Guilardi and collaborators (2017).

2.1.3 Polishing — Pol
Polishing was executed in two consecutive steps aiming to achieve a smoothened surface

following the guideline of the Y-TZP manufacturer’s (Zenostar T, Ivoclar Vivadent).
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Firstly, finishing procedure was executed using fine (#3101F — grit-size 46 pm; KG
Sorensen) and extra-fine (#3101FF — grit-size 30 um; KG Sorensen) diamond burs under the
same execution protocol described on grinding procedure.

After that, the Optrafine System (Ivoclar Vivadent) was used. This polishing kit
consists in 2 tips (Light-blue and Dark-blue) and a nylon brush that is used combined with a
diamond paste (OptraFine HP Polishing Paste — diamond particle size of 2 — 4 um) to
generate a shining smooth surface. Also, procedures were cautiously performed for
standardization and reproducibility: the specimen was affixed in a similar metal base to the
one used on grinding procedure, and the area to be polished was divided into two regions
considering the size of the polishing tips; this procedure was executed for 25 seconds in each

region for each specific tip.

2.1.4 Glazing — Gl
A thin glaze layer was applied into the ceramic surface (IPS Ivocolor Glaze Paste, Ivoclar-
Vivadent) following the manufacturer’s guidelines. For that, the paste was mixed with
distilled water until obtaining an adequate consistency, and then applied into the whole
ceramic surface with a specific brush, and sintered on the Vacumat 6000MP furnace (Vita
Zahnfabrik; drying temperature 403°C, furnace closing time 6 min, heating rate 45°C/min,
final temperature 710°C, maintenance of 1 min, with vacuum at 450°C and at 709°C).

Prior to the final execution of this step, the researcher (C.P.Z.) developed pilot studies
to standardize and improve reproducibility of this protocol until it become noticeable a
homogenous glaze layer under Scanning Electron Microscopy (SEM - Vega3, Tescan, Czech
Republic; methodology described below on 2.2 section) with a final thickness ranging from

24 to 28 um as depicted on Figure 1.

2.1.5 Heat Treatment — HT

Heat treatment is proposed by manufacturers to remove any potential residual stress
introduced by processing. This procedure was executed on the Vacumat 600MP furnace (Vita
Zahnfabrik) following the manufacturer’s guidelines (closing time 18s, heating rate 65°C/min,

final temperature 1050°C, maintenance of 15 min, followed by slow cooling 25°C/min).

2.1.6 Pol + HT:
After grinding the specimens were subjected to the polishing and heat treatment procedures as

aforementioned.
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2.1.7 Pol + GI:
After grinding, the specimens were subjected to the polishing and glazing procedures as

aforementioned.

2.2 Surface topography

Firstly, two specimens per group were cleaned in ultrasonic bath (1440 D — Odontobras,
Ribeirao Preto, Brazil) with 78% isopropyl alcohol for 5 min, and then they were gold
sputtered and analyzed on Scanning Electron Microscopy (SEM - Vega3, Tescan, Czech
Republic) under 5000x magnification to observe the superficial topographical pattern and

under 2000x magnification to observe cross-sectional topography.

2.3 Roughness analyses

All specimens from each evaluated condition were submitted to a roughness analysis on a
specific profilometer (Mitutoyo SJ-410, Mitutoyo Corporation, Takatsu-ku, Kawasaki,
Kanagawa, Japan) considering the parameters recommended by 1SO:4287-1997 (Ra and Rz).
Three readings were executed per specimen on the opposite direction of the one used during
polishing with a cut-off (n=5), AC 0.8 mm e AS 2.5 um, after mean average values were

obtained for each specimen.

2.4 X-ray Diffraction (XRD) for phase transformation analysis

Two specimens from each condition were analyzed by X-ray Diffractometer (Bruker AXS,
D8 Advance, Karlsruhe, Germany) to quantify of monoclinic phase content. Data was
collected in a Bragg-Brentano assembly on 26, considering the angle interval of 24-35° with a
step size of 0.03° for each second, and the m-phase content was obtained using the Garvie and
Nicholson methodology modified by Toraya and collaborators (Garvie & Nicholson, 1972;

Toraya et al., 1984). After that, means and standard deviations were calculated.

2.5 Biaxial flexural fatigue test

Initially, three specimens from each condition were subjected to a monotonic static biaxial
flexural test on a universal testing machine (EMIC DL 2000, Sao José dos Pinhais, Brazil), to
obtain a mean strength value for defining the fatigue protocol. The test setup (piston-on-three

balls) followed the ISO:6872-2015 guidelines for biaxial flexural strength testing of ceramic
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materials extensively described on previous literature (Amaral et al., 2013; Guilardi et al.,
2017; Pereira et al., 2014; Pereira et al., 2016b).

Afterward, a fatigue test (n=20) was executed under the same biaxial test setup in an
electric machine (Instron ElectroPuls E3000, Instron Corporation, Norwood, MA, USA) using
the staircase approach, described by Collins (1992). The reasons that guided the choice of this
testing assembly (staircase method) was based on the fact that this method is widely used, and
is known to be a fast and precise manner for inducing fatigue of dental ceramics with low
variability (Collins, 1992; Villefort et al., 2017). The parameters for fatigue tests were defined
based on the relation between a monotonic and fatigue test elucidated on previous literature
(Pereira et al., 2016°; Villefort et al., 2017): the initial load consisted in 60% of the static
flexural strength mean, and the step size was considered as 5% of the calculated initial
strength mean for fatigue test. The fatigue tests were executed under a lifetime of 20,000
cycles and a frequency of 6 Hz. If the tested sample endured the test, one step-size was
incremented and a new sample was tested. If the observed outcome was fracture, the step was

reduced. This procedure was followed until all specimens from each group were tested.

2.6 Fractography analysis

All fractography examinations were executed by a single trained researcher (LFQG). Firstly, all
specimens were examined in an optical stereomicroscopy (Stereo Discovery V20; Carl Zeiss,
Gottingen, Germany), from which representative fracture patterns were recognized for each
group and then subjected to SEM analysis (Vega3, Tescan, Czech Republic) to determine the
crack origin and fractography characteristics. Additionally, specimens that received glaze
procedure were examined in SEM for measurement of glaze layer thickness (transversal/cross

sections were examined).

1.7 Data analysis

A descriptive analysis of the roughness data was made (Ra and Rz parameters) to
obtain mean and standard deviation values, and as the data assumed a non-parametric
distribution (Shapiro Wilk test), the Kruskal-Wallis and post hoc LSD was used (a = 0.05).
Regarding the fatigue strength (of), means, standard deviations and 95% confidence intervals
of both parameters were obtained in accordance to the methodology of Collins, 1992
(previously described on Fraga et al., 2016 and Villefort et al., 2017), and then, the statistical
comparisons were made by one-way ANOVA (analysis of variance) and post-hoc Bonferroni

tests.
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2. RESULTS

SEM images (Figure 2 and 3) shows that grinding creates an irregular topography surface and
that heat treatment did not promote any relevant changes on this pattern. Polishing and
glazing demonstrate a potential to decrease the irregularities achieving an apparent smoother
surface.

Roughness analysis (Ra and Rz parameters) corroborates SEM findings: heat
treatment did not change roughness; polishing and/or glazing successfully re-established the
smoothness observed on as-sintered samples (Gr+Pol = Ctrl = Gr+Gl). When polishing was
combined with glazing, there was a tendency of decrease on roughness values, which in fact
resulted on the smoothest condition (Table 3).

XRD data shows that grinding leads to higher superficial m-phase content. Polishing
and/or glazing triggered some reverse phase transformation (m-phase back to t-phase),
decreasing m-phase content. While heat treatments promoted a complete phase reversion (0%
of m phase) (Table 3).

Regarding mechanical fatigue behavior, it could be withdrawn that: the group polished
after grinding (Gr+Pol group) demonstrates the best performance (highest values of fatigue
strength); heat treatment protocols (Gr+HT and Gr+Pol+HT groups) led to similar fatigue
strength to as-sintered group; glazed group (Gr+Gl group) showed the worst results (lowest
values of fatigue strength); and that polishing previous to glazing (Gr+Pol+Gl group)
significantly improved the fatigue strength compared to glazing alone (Gr+Gl group) (Table 3
and Figure 4).

Fractography (Figure 5) showed that all fractures started on the surface subjected to
tensile stress concentration (side opposite to load application), although the pattern of fracture
on glazed groups was different from the other groups. On glaze groups, the origin of fracture
is located on the interface ceramic/glaze and on all other conditions the fracture origins on

superficial defects (Figure 5).

3. DISCUSSION

Based on the current findings, it may be noticed that the first hypothesis was accepted,
since grinding generated the most irregular surface, with the highest values of roughness,
promoted t-m phase transformation, although it not deleteriously impact fatigue strength
in comparison to as sintered condition (Gr > Ctrl). As for the second hypothesis it was also

accepted, because different post-processing treatments affected differently the Y-TZP surface
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characteristics and mechanical properties, where an adequate polishing protocol prove to be
mandatory after adjustment (grinding) of Y-TZP ceramics, promoting a decrease on surface
roughness, improving fatigue strength and also decreasing m-phase content (reversion of m-
phase back to t-phase). Still on this sense, despite glazing promoted surface smoothing
(decrease in roughness), it impacted deleteriously on the material’s fatigue strength, as also
did the heat treatment protocol.

SEM images (Figures 2 and 3) show that heat treatment has no potential to eliminate
surface defects (healing) introduced by grinding; in other words, after heat treatment, the
topography pattern was kept very similar to that one observed after grinding. This finding is
in accordance with previous literature that considered Y-TZP ceramic (Caglar & Yanikoglu,
2016; Deville et al., 2006; Ramos et al., 2016). However, it has to be emphasized that
regardless of the association with polishing or executed solely, heat treatment eliminated any
existing m-phase content (complete reversion from m to t phase) (table 3), which could be an
indicative of residual stress removal as it also led to a decrease on fatigue strength in
response to the elimination of any toughening mechanism generated (Guazzato et al., 2005;
Ramos et al., 2016).

Different stimuli (grinding, sandblasting, exposure to water and temperatures) may trigger
t-m phase transformation (Denry & Kelly 2014; Kim, 2010). Kobayashi et al., 1981
described this mechanism, as a time dependent material response mechanism that, as it
develops, it spreads into the ceramics surface and core leading to grain detachment, increased
porosity and roughness, that ultimately would lead to decrease on density and mechanical
performance. This mechanism was named low-temperature degradation (LTD) and is
categorized as the degradation of the material in response to m-phase content increase above
a critical point (according to ISO 13356-2008 the monoclinic phase content must not be
greater than 25%) were mechanical stability is lost (Kim et al., 2010; Pereira et al., 201 6d).

Some factors are known to predispose Y-TZP ceramic to LTD effects, e.g. grain size and
processing protocols (Chevalier & Gremillard, 2009). Recently introduced translucent
zirconias present smaller grain sizes, which enhances aesthetic characteristics
(e.g.translucency) (Zhang, 2014). Lucas t al., 2015 showed that a reduced grain size also
decreases LTD susceptibility. On this sense, the amount of m-phase content observed on our
study, in addition to the observed performance among all other evaluated outcomes, does not
represent a worst performance and predictability of an inadequate performance clinically. On

contrary, a higher level of tension is required for a fracture to occur (Kim et al., 2009).
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Besides, literature shows that an increase in m-phase content does not necessarily damage
the mechanical performance, on contrary, it is already well established that to some extent Y-
TZP may respond with a toughening effect related to residual stress concentration by this
phase transformation mechanism arresting crack propagation (Guilardi et al., 2017; Gupta,
1980). Those statements are in accordance with the behavior observed on the group
subjected to grinding, in which an enhanced fatigue performance was observed (increase on
fatigue strength in comparison to as-sintered samples - Ctrl group) (table 3).

Hence, a toughened surface generated by residual stress concentration in response to a
layer of transformed grains (m-phase content increase) (Pereira et al., 2014) may be desirable
when adjustments are executed and defects are introduced and need to be restrained by
a protective mechanism preventing premature failure (Guilardi et al., 2017). However, if the
defects are bigger than this transformed layer zone or if a slow-crack growth mechanism
triggered by fatigue, stimulate this defects it may be expected a deleterious impact (Guazzato
et al., 2005; Green 1983; Kosmac et al., 1999).

Thus it becomes essential (as demonstrated on our experiments) that an adequate polishing
be executed to remove any defect introduced (decrease roughness) that could be harmful to
the mechanical performance of zirconia-based restorations. The tested polishing protocol was
able to re-establish the smoothness observed on as-sintered samples (Gr+Pol = Ctrl). Goniilol
et al., (2012) stated that a high quality polishing enhances aesthetic characteristics and
restorations longevity; on the other hand, a roughened surface would enhance biofilm
accumulation, gingival inflammation and increase the risk for secondary caries. Still on this
sense, Preis et al., 2012 showed that a roughened surface would lead also to higher antagonist
tooth wear.

Among all evaluated protocols, the polished group demonstrated the highest fatigue
strength, one of the smoother surfaces and led to a reduction of m-phase content compared to
the group just ground (Table 3). The potential for m-phase reversion (m-t transformation) was
already elucidated by previous literature (Guazzato et al., 2005; Kosmac et al., 1999) and may
be explained by temperature rising locally above the critical point were m-phase could be
sustained.

Another important observation to be highlighted is the worst mechanical performance for
the glazed groups (alone or in association with other post-processing treatments). According
to Anusavice (2003), a thin glaze layer would fill any existing crack and porosity and enhance
mechanical performance on glass-based ceramics. However, owing to the fact that Y-TZP

ceramics is polycrystalline (without any glassy content), an adequate bonding among these
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substrates (Y-TZP ceramics and glaze) is difficult (Denry & Kelly 2014). Besides, in such
scenario where a bi-layer interface is created; Borba et al., 2011 showed that the material
under tension would dictate the mechanical performance of the system (i.e., the glaze layer,
in our scenario), especially when an incompatibility between the substrates (poor adhesion
between layers) is presented (Wuttiphan et al., 1996).

Still on this sense, as shown by Pozzobon et al., 2017, there may be an incorporation of
bubbles inside the glaze layer, which are introduced as inherent consequence to the
application procedures (air during mixing and sintering of the glaze material), this factor may
increase the risk of failure originating on this interface. On this sense, the thickness of glaze
layer also may affect this process, factor that could also help to explain the reduced strength
of this group. However, as we took precautions for standardizing these factors on our
testing set-up, we did not observed a larger variability on this group and by that we did
not expect bias on our obtained data, which otherwise could lead to a misinterpretation.

Interestingly, our data support that polishing rather than glazing (Gr+Pol+Gl group)
showed a potential to enhance the fatigue behavior — higher fatigue strength than Gr+Gl
group (i.e. no polishing). Hence, Evans & Hutchinson, 1989 showed that the roughness on the
interface influences the strength of the system, as roughened interfaces (Figure 5) may
predispose cracks to propagate inside the glass material (glaze) and compromise mechanical
performance. As some clinical scenarios request glaze application to enhance the final
aesthetic characteristics of restorations, especially when using Y-TZP ceramics in monolithic
application, it seems mandatory to execute an adequate polishing to remove surface defects
and generate a smooth surface previously to glaze application for fatigue improvements.

From the mechanical point of view, our data support that polishing after grinding to
reestablish surface roughness and remove defects introduced by grinding is mandatory.
Even though, it is important to highlight that this in vitro study presents inherent limitations
such as: no optical properties was evaluated; only 1 polishing kit and protocol was
considered; important clinical conditions could not be simulated, such as long-term aging,
temperature changes, sliding which occurs during chewing. Thus, more studies are necessary
to better fulfill the demand of establishing a gold-standard post-processing protocol of Y-TZP

monolithic restorations.
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CONCLUSIONS

- An adequate polishing after clinical adjustment on Y-TZP ceramics seems to be mandatory
for fatigue enhancement and predictability of preventing crack propagation under smaller
stress.

- When glazing is indispensable in a clinical scenario, a previous polishing protocol is
essential for fatigue behavior improvements.

- Heat treatment alone of ground Y-TZP ceramics seems not to be a good alternative, as it

does not restore surface smoothness and it led to a decrease in mechanical performance.
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Materials

Composition

Manufacturers

Y-TZP ceramic

Zirconium oxide (ZrO2 + HfO2 + Y203) > 99.0%;
Yttrium oxide (Y203) > 4.5 — < 6.0%,
Hafnium oxide (HfO2) < 5.0 %; other oxides < 1.0%

Ivovlar-Vivadent

Diamond bur #3101G —
gritsize 181pm

Diamond and stainless steel

KG Sorensen

Diamond bur #3101F —
gritsize46 pm

Diamond and stainless steel

KG Sorensen

Diamond bur #3101FF —
gritsize30pm

Diamond and stainless steel

KG Sorensen

Optrafine System

Tip Light-blue and Dark-blue: synthetic rubber, diamond
granulate, titanium dioxide and stainless made of steel;
Nylon brush: nylon fibres and stainless made of steel;

Past diamond: diamond dust (2-4um), glycerine, sodium lauryl,
sulphate and propylene glycol.

Ivovlar-Vivadent

IPS Ivocolor Glaze Paste

Alkali Alumino-silicate glass

Ivovlar-Vivadent

Table 2 —Experimental design

Groups’ codes

Surface Treatment

Ctrl As-sintered (without treatment, control)
Gr Grinding with Coarse Diamond Bur # 3101G (average grit size 181pm)
Gr+HT Grinding with Coarse Diamond Bur # 3101G (average grit size 181um) + Heat treatment
Gr+Pol Grinding with Coarse Diamond Bur # 3101G (average grit size 181 um) + Polishing
GriPol+HT Grinding with Coarse Diamond Bur # 3101G (average grit size 181 um) + Polishing + Heat
treatment
Gr+Gl Grinding with Coarse Diamond Bur # 3101G (average grit size 181 um) + Glazing
GriPol+Gl Grinding with Coarse Diamond Bur # 3101G (average grit size 181 um) + Polishing +

Glazing
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Table 3 — Data from monotonic biaxial strength mean, initial fatigue strength (60% of monotonic biaxial mean strength) and step size (5% of initial
strength) for fatigue testing (staircase); Fatigue strength (oy), standard deviation (SD) and 95% confidence interval (CI) obtained on the staircase tests.
Besides, percentage (%) of m-phase content and Roughness (Ra and Rz parameter) data are showed.

Groups Monotonic strength | Initial fatigue test Step Fatigue strength inMPa XRD Analysis Roughness
P means (MPa) strength (MPa) (MPa) o;+ SD* 95% CI m-phase% Ra Rz

Ctrl 765.20 459.12 22.95 525.1+14.4° 514.29 - 53591 0.00 0.22+0.10" 1.55+0.59"
Gr 1120.88 672.53 33.62 719.2+£140.1° 635.02 — 803.43 14.04 £0.41 1.10+0.16¢ 4.97 + 0.86°
Gr+HT 783.0 469.80 23.49 522.6+17.7° 505.43 —539.87 0.00 0.96 +0.13° 4.90 + 0.48°
Gr+Pol 1003.55 602.13 30.10 651 £67.7° 607.41 —694.67 9.78 +1.39 0.29 + 0.05° 1.80 +£0.32°¢
Gr+Pol+HT 873.85 575.37 28.76 529 +26.7° 511.62 — 546.45 0.00 0.28 +0.06™ 1.63 +0.43°
Gr+Gl 715.44 429.27 21.46 464.5+£54.9° 426.68 —502.37 12.64 £ 0.38 0.24+0.11% 1.24 + 0.60®
Gr+Pol+Gl 891.35 534.81 26.74 534.8+64.1° 497.48 — 572.14 8.98 +£2.50 0.17 £0.05° 0.93+0.37°
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FIGURES

Figure 1 — Representative micrographs (2000x magnification) demonstrating a thin and apparent homogeneous surface of glaze layer (ranging between 24
—28 pm).
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Figure 2 — Representative SEM images (5000x magnification) of Y-TZP surface, where it notices that grinding (B) introduced scratches with varying
depths (surface topographical alterations), whose alterations were kept after heat treatment (C). Also it notes that the polishing and glazing promoted
smoother surfaces (D-G).
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Figure 3 — Representative images of the cross-section regions for the different conditions under SEM (2000x magnification), where it elucidates the

presence of surface defects and the surfaces alterations produced by each condition — these results corroborate the findings described in the Figure 2.
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Figure 4 — Staircase plots obtained through the fatigue testing of all evaluated conditions.

582

544 -
506

468

430 —

Ctrl - fatigue strength 525.1 MPa

Fatigue strength (MPa)

1 3 5 7 9 11 13 15 17 19

Specimen number

Gr - fatigue strength 719.2 MPa Gr+HT - fatigue strength 522.65 MPa

__ 850 .

© ©

S 800 4 2 550

< 750 =

< A <

700 f o o =1

§ 650 E 500

% 600 - %

() ()

go 550 T 7 T 7 | I go 450 T 1 T 1 T T 1

E 1 3 5 7 9 11 13 15 17 19 E 1 3 5 7 9 11 13 15 17 19
Specimen number Specimen number

Gr+Pol - fatigue strength 651.04 MPa Gr+Pol+HT - fatigue strength 52903 MPa

__ 800 __ 650

T 50 | g

s P S 600

< 700 7 <

Y + 550

£ 650 g

% 600 \/ 7 500 -

() ()

go 550 T 7 T T T T 1 go 450 T 7 T T T T 1

E 1 3 5 7 9 11 13 15 17 19 E 1 3 5 7 9 11 13 15 17 19
Specimen number Specimen number

Gr+Gl- fatigue strength 464.53 MPa Gr+Pol+Gl - fatigue strength 534.81 MPa
540

= = 590

s s

= 490 /\W\: < 540 - .

=] R R =]

oo V oo

§ 440 / V \\ T 490

7 7

() ()

go 390 T 7 T 7 | I go 440 T 1 T 1 T T 1

ks 1 3 5 7 9 11 13 15 17 19 ks 1 3 5 7 9 11 13 15 17 19
Specimen number Specimen number

56



57

Figure 5 — Representative images of the fractography analysis from all evaluated conditions under SEM
(magnification: 200x - left and 1000x - right). It notes that all fractures started (region under the half-circle) on a
superficial or sub-superficial (in case of glazed groups) defects on the side where the tensile stresses concentrated
during fatigue testing (opposite to the load application). Also depicts that the cracks propagated (direction pointed
by arrows) to the opposite site where compression stresses concentrated during testing (compression curl region).
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ABSTRACT

This study evaluated the effects of different pre-sintering fabrication processing techniques of
Y-TZP ceramic (CAD/CAM Vs. in-lab), considering surface characteristics and mechanical
performance outcomes. Pre-sintered discs of Y-TZP ceramic (IPS e.max ZirCAD, Ivoclar
Vivadent) were produced using different pre-sintering fabrication processing techniques:
Machined- milling with a CAD/CAM system; Polished- fabrication using a cutting device
followed by polishing (600 and 1200 SiC papers); Xfine- fabrication using a cutting machine
followed by grinding with extra-fine diamond bur (grit size 30 um); Fine- fabrication using a
cutting machine followed by grinding with fine diamond bur (grit size 46 um); SiC-
fabrication using a cutting machine followed by grinding with 220 SiC paper. Afterwards, the
discs were sintered and submitted to roughness (n=35), surface topography (n=2), phase
transformation (n=2), biaxial flexural strength (n=20), and biaxial flexural fatigue strength
(fatigue limit) (n=15) analyses. No monoclinic-phase content was observed in all processing
techniques. It can be observed that obtaining a surface with similar characteristics to
CAD/CAM milling is essential for the observation of similar mechanical performance. On
this sense, grinding with fine diamond bur before sintering (Fine group) was the best mimic

protocol in comparison to the CAD/CAM milling.

Key words: Dental Ceramics. Yttrium-stabilized tetragonal zirconia polycrystal. Machining.

CAD/CAM fabrication. Fabrication Processing. Mechanical Properties.

1. Introduction

Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) ceramic has been highlighted due its
superior fracture toughness. Thus, it has been recommended for manufacturing frameworks of
fixed dental prosthesis (FDPs), which are covered by feldspathic porcelain, and for full-
contour monolithic restorations, where coverage by feldspathic porcelain is not necessary
(Denry & Kelly, 2014).

The use of Y-TZP ceramics is strictly related to the development/enhancement of
Computer-Aided Design/Computer-Aided Machining (CAD/CAM) systems. The advances in
CAD/CAM milling have resulted in a high precision, efficient, and accurate system that has
reduced the processing timework (Miyazaki et al., 2009). There are two main options for
CAD/CAM milling of Y-TZP ceramics: the use of pre-sintered blocks (soft milling) or
completely sintered blocks (hard milling) (Zarone et al., 2011).
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The main advantage of soft milling in comparison to hard milling of Y-TZP ceramics
is the fact that, after manufacturing, the restoration is submitted to a final sintering (Miyazaki
& Hotta, 2011) that removes any potential residual stress introduced by milling (e.g. any
potential existing monoclinic phase (m-phase) content is removed during final sintering)
(Corazza et al., 2015). Besides that, fully sintered Y-TZP blocks are harder to mill,
introducing more superficial defects, decreasing the diamond burs longevity, and increasing
the time and costs involved in the manufacturing of an all-ceramic restoration (Zarone et al.,
2011; Miyazaki et al., 2009; Miyazaki & Hotta, 2011).

In vitro studies that investigate the mechanical behavior of Y-TZP ceramics
commonly disregard the damage introduced by CAD/CAM milling. These studies use only
simplified fabrication processing techniques, including the use of polished samples (prior to
sintering), which do not simulate milling (Flinn et al., 2012; Amaral et al., 2013; Ozcan et al.,
2013; Hjerppe et al., 2016; Guilardi et al., 2017).

The main reason in disregarding clinical parameters is that a higher number of ceramic
blocks is necessary to prepare simplified specimens (discs and bars) by CAD/CAM milling,
when compared with pre-sintering simplified in-lab techniques. In the studies of Fraga and
collaborators (2015) and Addison and collaborators (2012), one glass-ceramic block resulted
in just one machined disc. If a conventional technique, simulating the damage introduced by
milling, had been used to prepare the samples, at least six discs could have been prepared by
using the same ceramic block, reducing the costs of the research.

However, the question is: do the pre-sintering simplified in-lab techniques for
producing Y-TZP samples mimic the surface aspects and mechanical performance
comparable with Y-TZP samples produced by CAD/CAM milling?

Therefore, this study aimed to evaluate the effects of pre-sintering fabrication
processing of Y-TZP samples (CAD/CAM milling Vs different in-lab techniques to simulate
milling) on the surface characteristics (micrometric and nanometric roughness; topography;
phase transformation) and mechanical performance (flexural biaxial strength, fatigue limit,

and structural reliability).

2. Materials and Methods

2.1. Specimens manufacturing

Y-TZP (IPS e.max ZirCAD for inLab MO 0 / B-40L, 15.4x19x39 mm?® , Ivoclar Vivadent,
Schaan, Liechtenstein) disc shaped specimens were manufactured using 5 different pre-

sintering fabrication processes, with final dimensions (post-sintering) of 15 mm in diameter
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and 1.2 mm (+ 0.2 mm) of thickness, according to ISO: 6872-2008 for biaxial flexure strength
testing of ceramics.

2.1.1 CAD/CAM Milling (control group)

Y-TZP specimens were milled, as described in a prior study (Fraga et al., 2015), from pre-
sintered Y-TZP blocks using a CEREC CAD/CAM system (CEREC inLAB MC XL, Sirona
Dental Systems Gmbh, Bensheim, Germany). Each block generated 2 specimens that had
been cautiously identified to assure the block origin and sequence of milling. Sintering was
performed in a high temperature furnace (VITA Zyrcomat 6000 MS, Vita, Germany)
according to manufacturer guidelines.

2.1.2 In-lab fabrication processes

Pre-sintered Y-TZP blocks were detached from the metal holder and 18mm cylindrical metal
rings were glued at both ends of the block. The block was ground using 600SiC paper
attached to a polishing machine (EcoMet/AutoMet 250, Buehler, Lake Bluff, USA), under
water-cooling, until a cylindrical form was achieved. Then, the cylinders were sectioned,
under water irrigation, in a cutting machine (ISOMET 1000, Buehler, Lake Bluff, USA) to
produce disc samples, which were polished using a 1200 SiC paper (methodology previously
elucidated on Pereira et al., 2014). Afterwards, the specimens were subjected to 4 different
fabrication processes before sintering:

- Polished surface: Samples remained untouched — “polished as-sintered” samples.

- Grinding with Xfine and Fine Diamond burs: Two alternative protocols based on grinding
with diamond burs were evaluated, one using a fine diamond bur (#3101F — grit size 46um)
and the other using an extra-fine diamond bur (#3101FF — grit size 30um; KG Sorensen,
Cotia, Brazil). Grinding was performed by a single trained operator with a slow-speed motor
(Kavo Dental, Biberach, Germany) associated with a contra-angle handpiece (T2 REVO R170
contra-angle handpiece up to 170,000 rpm, Sirona, Bensheim, Germany) under constant
water-cooling (=30mL/min), and the diamond bur was replaced after each specimen. To
improve the reproducibility, to standardize the wear thickness, and to guarantee that the entire
surface was ground, the specimens were marked with a red pencil (Pentel, Tokyo, Japan).
Grinding was performed manually with horizontal movements until the complete removal of
the marking pencil.

- Grinding with SiC papers: Grinding was performed manually using a 220 SiC paper under
water-cooling. In order to provide better reproducibility, standardize the wear thickness, and

guarantee that the entire surface was ground, the specimens were marked with a red pencil
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(Pentel, Tokyo, Japan). Then, the grinding procedure was performed manually with horizontal
movements for 25 cycles, which completely eliminated the marking.

After performing the pre-sintering treatments the specimens were sintered according to
manufacturer guidelines.

2.2. Surface topography and roughness analysis

The surface topography presented on each evaluated condition were analyzed using a surface
roughness tester (n= 35, MitutoyoSJ-410, Mitutoyo Corporation, Takatsu-ku, Kawasaki,
Kanagawa, Japan), a field emission scanning electron microscope (FE-SEM) (n = 2, FE-SEM
Inspect F50, FEI, Hillsboro, Oregon, USA), and an atomic force microscope (AFM) (n = 5,
Agilent Technologies 5500 equipment, Chandler, Arizona, USA).

For the analysis with the surface roughness tester (micrometric analysis) six
measurements (measured range up to 80um, with an accuracy of 0.001um) were conducted
for each specimen (3 along the grinding direction, 3 in a perpendicular direction), considering
the ISO: 4287-1997 parameters (Ra and Rz) with a cut-off (n=5), AC 0.8 mm and AS 2.5 pm.
Arithmetic mean values of all measurements from each specimen were obtained.

For field emission scanning electron microscopy, two specimens from each group
were subjected to sputter-coating with a gold-palladium alloy and images were obtained at
5000x magnification.

For atomic force microscopy (nanometric analysis), five specimens from each group
were subjected to the analysis. The images were obtained using a non-contact methodology
and specific probes from an area of 10 x 10um (PPP-NCL probes, Nanosensors, Force
constant = 48 N/m) and a specific software (Gwyddion™ version 2.33, GNU, Free Software
Foundation, Boston, MA, USA) was used to obtain the Sq roughness parameter (nanometric
root mean square roughness of the evaluated area).

2.3. Phase analysis (X-Ray Diffractometry - XRD)

In order to evaluate the content of the monoclinic phase, samples (n = 2) were submitted to
XRD analyses (Bruker AXS, D8 Advance, Karlsruhe, Germany; Cu Ko radiation with
0.15406 nm, spectra collected in the 20 range of 25-35°, step of 1 s, and step size of 0.03°)
through the Garvie & Nicholson method (1972) modified by Toraya and collaborators (1984).
This method has being extensively used (Pereira et al., 2015 °) and is described at previous
literature (Amaral et al., 2013; Guilardi et al., 2017; Flinn et al., 2012; Pereira et al., 2016,
Pereira et al., 20l6b; Fonseca et al., 2014).

2.4. Biaxial flexure test

Samples (n = 20) were subjected to biaxial flexure strength test according to ISO: 6872-2008.
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Disc-shaped specimens were positioned with the treated surface facing down (tensile stress)
on three support balls (0=3.2 mm), which were placed 10 mm apart from each other in a
triangular position. The assembly was immersed in water and a flat circular tungsten piston
(©=1.6 mm) was used to apply an increasing load (1 mm/min) until catastrophic failure using
an universal testing machine (EMIC DL 2000, Sao José dos Pinhais, Brazil). Before testing,
an adhesive tape was fixed on the compression side of the discs to avoid dispersal of
fragments (Quinn, 2007), and also to provide better contact between the piston and the sample
(Wachtman et al., 1972). Flexural strength was calculated according to 1SO:6872-2008, as
described on previous literature (Amaral et al., 2013; Pereira et al., 2014; Guilardi et al., 2017;
Fonseca et al., 2014).

2.5. Flexural fatigue strength test

Samples (n=15) were subjected to a biaxial flexural fatigue test in an electrical machine
(InstronElectroPuls E3000, Instron Corporation, Norwood, MA, USA) according to
ISO:6872-2008. The test assembly was executed as described previously for biaxial flexure
test.

The biaxial flexure fatigue limit was determined for each group with a lifetime of
20,000 cycles using the staircase approach method described by Collins (1993). Sinusoidal
loading was applied, with amplitude ranging from a minimum of 10 MPa (in order to avoid
the movement of the specimen) to the maximum force, with a frequency of 6 Hz (Pereira et
al., 2016").

The initial stress and the step size were determined for each condition based on the
results of the monotonic biaxial tests (Table 2). The first specimen of each group was tested
and, depending on the survival or failure of this specimen, the next disc was tested with a
tensile increment higher or lower than the initial stress, respectively. The fatigue testing was
controlled by stress, and the load (N) required to achieve the desired stress (MPa) was
calculated according to ISO: 6872-2008, for each tested sample.

After testing, the mean biaxial flexure fatigue limit (or) and confidence interval (CI -
95%, o = 0.05) was calculated, according to Collins (1993), based on the data of the less
frequent event (survival or failure), as described by Villefort and collaborators (2017) and by
Pereira and collaborators (2016b).

2.6. Data Analysis
Micrometric roughness data (Ra, Rz) assumed a nonparametric distribution (Shapiro-Wilk
test); therefore Kruskal-Wallis and Dunn‘s post-hoc tests were performed. The Pearson

Correlation test was carried out between Ra and monotonic biaxial flexural data. Nanometric
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roughness data (Sq) assumed a parametric distribution (Shapiro-Wilk test); therefore, one-way
ANOVA and Tukey‘s post-hoc tests were performed.

The statistic used to describe the reliability of the ceramic material was based on the
Weibull statistical analysis (Weibull, 1951), which is a way to describe the variation of
resistance obtaining the Weibull modulus (m) and the characteristic strength (c¢) with a
confidence interval of 95%, as determined in a diagram according to DIN ENV 843-5(2007).

The characteristic strength is considered the strength at a failure probability of
approximately 63%, with the Weibull modulus used as a measure of the distribution of
strengths, expressing the reliability of the material.

The biaxial flexural fatigue limit data assumed a parametric distribution (Shapiro-Wilk
test); therefore, one-way ANOVA and Tukey‘s post-hoc tests were performed.
2.7. Fractographic analysis
A fractographic examination was performed by a single trained operator using a light
microscope (Stereo Discovery V20; Carl Zeiss, Gottingen, Germany), where representative
specimens for each evaluated condition were chosen and submitted to further evaluation in a

Field Emission Scanning Electron Microscope to determine the origin of the fracture.

3. Results

FE-SEM and AFM topography analyses (Fig. 1) indicated that the Polished group presented a
smoothed surface, which was a completely different topographical pattern when compared to
the other conditions. The alternative fabrication techniques (Xfine, Fine, SiC) for simulating
CAD/CAM milling produced an increase in surface roughness, approximating to the surface
pattern produced by CAD/CAM milling. Grinding with fine diamond burs (Fine group)
produced the most similar topographical pattern to the Machined condition.

Roughness analysis (Table 2), considering both micrometric (Ra and Rz) and
nanometric roughness (Sq) parameters, indicated that Machined and Fine groups had similar
and higher Ra and Rz roughness values. The correlation test demonstrated that there was a
statistically significant negative correlation between Ra roughness and monotonic flexural
strength (r=-0.682; P<0.001).

XRD analysis (Table 2) shows a lack of m-phase content for all evaluated conditions,
indicating that any possible residual stress or phase transformation triggered by the fabrication
process was completely eliminated during sintering.

Weibull analysis of the monotonic biaxial flexural strength data shows that the

Machined condition presented the lowest values, which was only comparable to the fine
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diamond bur condition. The pre-sintering treatments had no deleterious effect on the Weibull
moduli indicating that the variability of strength data was similar between all evaluated
conditions (Table 2).

The fatigue limits of the pre-sintering treatments (Xfine, Fine, SiC) were similar to the
Machined group, while the Polished group had the highest fatigue limit value (Table 2; Fig.
3).

Fractographic analysis (Fig. 2) shows that the initial crack nucleation sites were
located in superficial defects on the lower side of the specimen, corresponding to the region of
maximum tensile stress during biaxial test. Additionally, the shape of the defects (Fig. 2 —
5000x magnification) for fracture initiation was directly related to the pre-sintering treatment:
grinding with fine diamond burs (Fine group) more closely simulated the shape of the

Machined condition.

4. Discussion

The current findings generally indicate that only fabrication processing with a fine diamond
bur was able to successfully simulate the effects of the CAD/CAM milling technique on the
Y-TZP surface, considering both surface characteristics and mechanical performance. These
results indicate that the fine diamond bur technique (Fine group) was the most similar
technique to CAD/CAM milling and that additional polishing before sintering might result in
misinterpretation of mechanical performance (possible overestimation).

The knowledge and the characterization of the effects of milling on the mechanical
performance and surface properties of ceramics are essential (Addison et al., 2012). Wang and
collaborators (2008) stated that different fabrication processes might influence the strength of
Y-TZP ceramics, as they introduce different sizes and shapes of defects, cracks and damage
on the material’s surface. With this in mind, Jing and collaborators (2014) and Addison and
collaborators (2012) stated that micro-defects and residual stresses are introduced during
zirconia restoration production from industrial production, lab preparations, and clinical
adjustments. These micro-defects and residual stresses are cumulative and determine the
microstructure resilience and the final mechanical properties of Y-TZP ceramics.

Flury and collaborators (2012) stated that surface roughness might play a crucial role
in the resistance of ceramics, usually with a significant negative correlation with flexural
strength (higher roughness produce slower flexural strength). Our findings corroborate that

affirmation, since the roughness data and respective monotonic flexural data for all tested
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conditions indicated a significant negative correlation between those outcomes (Guess et al.,
2010; Fraga et al., 2015; Pereira et al., 2014).

It is already well established that deep surface flaws can act as stress concentrators,
reducing the strength values of ceramics (Green, 1983; de Jager et al., 2000). The current literature
(Yin et al, 2006; Quinn et al., 2005; Pereira 2016°) shows that grinding could introduce damage that
varies from deep scratches (in addition to chipping) associated with penetrating median cracks, to
subsurface lateral cracks and shallow scratches, depending on the grit-size, applied load, and grinding
speed.

Literature has shown that, when submitted to stress, Y-TZP ceramics trigger a
defensive transformation toughening mechanism (t- to m-phase), leading to local volumetric
expansion (approximately 3-5%) that can result in compressive stress around an existing
crack tip (or existing defects), making it more difficult for a crack to initiate/propagate (Gupta
et al., 1978; Hannink et al., 2000; Pereira et al., 2015"; Pereira et al., 2015b; Pereira et al.,
2016" Hjerppe et al., 2016). Our data show that the final mechanical performance was
determined by the presence of defects introduced by the pre-sintering fabrication techniques.
Since these procedures were executed before sintering, no m-phase content was observed after
sintering (i.e. any existing m-phase content was reverted to t-phase configuration).

Polishing or glazing treatments can control the external surface roughness of a
restoration; however, it is not possible to modify the internal surface of a restoration because
this would affect the adaptation to the prepared tooth (de Kok et al., 2015). The literature has
already developed a consensus that the clinical reason for a restoration to fracture is mainly
caused by masticatory stresses concentrating on minor surface flaws at the cement interface,
leading an initial crack to propagate radially towards the surface under tensile pressure (Kelly
et al., 2010; de Jager et al., 2000; Aboushelib et al., 2007). Therefore, if we consider an in
vitro scenario where we assume that a polished surface simulates an intaglio surface of a
restoration, a biased outcome might be observed (e.g. fractures originating on the top of the
surface — surface submitted to compression stress; or higher fracture strength —
overestimation).

Finally, our findings corroborate that the introduction of approximately similar size
and shape of defects into the surface of Y-TZP, as occurs by CAD/CAM milling, is crucial for
more realistic in vitro evaluations. We observed that the best condition for mimicking the
behavior of the machined scenario is grinding the pre-sintered zirconia with fine diamond

burs (Table 2, Fig. 1 and Fig. 2). The main limitation of this study is: when cementing a
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milled zirconia restoration, the cement may interact with the existing defects on the intaglio

surface of the restoration, which might modify the outcomes.

5. Conclusion

- It is necessary to simulate the surface of Y-TZP ceramic milled by CAD/CAM to evaluate
and characterize the mechanical behavior of this material; otherwise, the mechanical
properties might be misinterpreted.

- Grinding of a zirconia surface with fine diamond burs before sintering is the closest method

of reproducing a surface milled by CAD/CAM.
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Table 1- Micrometric (from roughness tester) and nanometric (from AFM analysis) roughness data (mean + standard deviation- SD); Structural
stability analysis (phase transformation analysis for m-phase content determination under XRD); Monotonic biaxial flexural strength data (mean
strength -o and standard deviation — SD; and Weibull analysis with Weibull moduli — m and characteristic strength o, and respective confidence
intervals (CI 95%)); and Biaxial flexural fatigue strength data with initial load (correspondent to 60% of monotonic mean biaxial strength load), step
size (correspondent to 5% of monotonic mean biaxial strength load) and fatigue limits (mean + standard deviation).

Roughness Analysis

Monotonic biaxial flexural strength test (MPa)

Biaxial flexural fatigue strength testing

Pre-sintering XRD (MPa)
iitc)ll;inci?ltlil:lsl Ra (um) Rz (um) Sq (nm) (m?;::?;iiso %) o< SD Weibull Analysis Initial load Step size F a.tig.ue
m (CI 95%) o, (C195%) (0.6 o) (0.05 o) Limit
Machined | 1.8+0.2" | 11.4+09" | 1022+16.5" 0 598.6+39.9 | 1.21_7'294.3)& ( 6016?(3"6‘ 40y 359.2 29.9 391.2+27.1°
Polished | 04=0.7" | 32+04" | 61.9+103" 0 933.6 +102.5 (7812? 7 (737;7_15'5% 6.6)° 560.1 46.7 556.8+24.7°
Xfine 14+£03" | 83+14" | 76.0+ 134" 0 6270 £78.1 | ¢ 5 1011 m | 6 53_28_9% 63)" 376.2 314 418.0+93.2°
Fine | 18£02° | 107£13" | 1006+ 16.1" 0 76151152 | o0 Flogn | o5 gsanpe | HIT 373 | 397.04264°
SiC 12402 | 7.1+ 14" | 1053+288" 0 552.6 + 80.5 (7.31_11'57. gy (627.25_86690.8)" 331.6 27.6 373 +52.5°

*Similar letters indicate no statistically significant difference among evaluated conditions at the same column.
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Figure 1- SEM images (5000x magnification — left columns) and AFM images (10 um X 10 pm — right
column) of Y-TZP surface demonstrating the topographical patterns obtained on sintered samples after each

surface treatment executed previous to sintering.
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Figure 2 — Fractography analysis on SEM (200x and 5000x magnification), showing typical brittle
fractured surfaces, with initial crack nucleation sites located on superficial defects at the region of
maximum tensile stress (opposed side to compression tip) during the biaxial tests. The bpointer indicates
the fracture origin.
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Figure 3— Pattern of runouts (survival) and failures for each group observed during fatigue testing.
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5. DISCUSSAO

Com base nos estudos 1 e 2 desta dissertacao, verificamos que o desgaste com ponta
diamantada introduziu defeitos superficiais no material. Porém, devido ao mecanismo de
tenacificagdo desencadeado pela transformacgao de fase (+-m) (CHEVALIER, GREMILLARD
e DEVILLE, 2007; DENRY & HOLLOWAY 2006; PEREIRA et al., 2014), a resisténcia a
fratura e o comportamento a fadiga do material foi otimizado.

Pelo fato da zirconia ser uma ceramica policristalina sem qualquer conteudo vitreo
(RAIGRODSKI et al., 2012), o tratamento térmico ndo promoveu qualquer alteracao na
rugosidade superficial apds o desgaste. Entretanto, devido ao relaxamento das tensdes
ocasionado pela transformacdo reversa de fase (m-f) (GUAZZATO et al., 2005), o grupo que
recebeu este tratamento apresentou uma deterioragdo no comportamento mecanico
(resisténcia caracteristica, fadiga) em relagdo ao grupo desgastado e polido.

Em ambos os estudos 1 e 2, a aplicagdo do glaze reduziu significativamente a
rugosidade superficial gerada pelo desgaste. Porém, todos os grupos que receberam glaze
apresentaram os piores desempenhos mecanicos. De acordo com BORBA et al., 2011, a
interface de restauragdes bicamada (neste caso glaze/zirconia), pode ter uma forte influéncia
no desempenho mecanico da restauracdo, especialmente quando hd uma grande
incompatibilidade entre os sistemas (WUTTIPHAN et al., 1996). Além disso, a eventual
presenga de bolhas na camada do glaze (resultado do aprisionamento de ar entre a mistura),
como observado na figura 2 do estudo 1, pode aumentar o risco de falha nesta interface
(CAZZATO & FABER, 1997).

O glaze quando associado ao polimento apresentou uma melhora no comportamento
mecanico quando comparado ao grupo que recebeu glaze somente. Assim, em regides
estéticas quando a aplicacdo de uma fina camada de glaze na restauragdo cerdmica ¢
indispensavel para se reproduzir as caracteristicas Opticas dos dentes naturais, torna-se
essencial a realizagdo de um polimento prévio.

Como mencionado anteriormente, o polimento demonstrou ter um efeito benéfico na
resisténcia mecanica da zirconia, tanto em ensaio monotonico (estudo 1) quanto no
comportamento em fadiga (estudo2). Durante o polimento, pode ocorrer um aumento da
temperatura local, e dessa forma desencadear a transformagdo reversa de fase (m-f)
(KOSMAC et al., 2000), o que foi observado em nossos achados de maneira sutil (pequena
redugdo de contetido de fase m). Além disso, o polimento causou uma significativa reducao da

rugosidade superficial, restabelecendo a lisura superficial inicial. Estes achados estdo de
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acordo com a literatura (HUSIAN, CAMILLERI ¢ OZCAN, 2016; PREIS et al., 2015%
PREIS et al., 2015").

Ainda neste contexto, o estudo 1 também avaliou o efeito da LTD (Low Temperature
Degradation) associada aos diferentes tratamentos posteriores ao desgaste. O envelhecimento
em autoclave ndo promoveu efeitos na rugosidade superficial, porém produziu um aumento
no conteudo de fase monoclinica (tabela 2, estudo 1). A LTD ¢ considerada indesejavel, pois,
o excesso de tensdo residual introduzida pela transformacao de fase gera microtrincas que
podem se propagar para o interior do material, reduzindo assim as propriedades mecanicas
deste (PAPANAGIOTOU et al., 2006). Entretanto, em nenhuma das condigdes avaliadas
neste estudo, foi observada a degrada¢do das propriedades mecanicas causada pelo
envelhecimento, o que corrobora com outros achados em termos de comportamento mecanico
das ceramicas Y-TZP avaliadas frente a LTD (AMARAL et al., 2013; KIM et al., 2009; XIE
etal., 2016).

No que se refere as técnicas de confeccdo de espécimes (estudo 3), observamos que a
utilizacdo de técnicas que mimetizem a superficie obtida pelo CAD/CAM ¢ essencial para
melhor relacionar as condigdes clinicas-laboratoriais, tendo em vista que a superficie usinada
apresenta uma rugosidade aumentada, com defeitos superficiais, 0 que consequentemente
afeta o desempenho mecanico da cerdmica. Estes achados estdo de acordo com as
observagdes de Wang et al., (2008) que declararam que diferentes processos de fabricagdo
podem influenciar na resisténcia do material.

Neste sentido, nota-se que o método comumente empregado em varios estudos para a
obtencdo de espécimes (AMARAL et al., 2013; SOUZA et al., 2013; OZCAN et al., 2013;
PEREIRA et al.,, 2016; HIERPPE et al., 2016; GUILARDI et al., 2017) nao leva em
consideragdo esses aspectos, o que pode conduzir a uma avaliacdo enviesada. Portanto, para
que as caracteristicas da ceramica sejam avaliadas com maior precisdo, torna-se necessaria a
confec¢do de espécimes que simulem os efeitos gerados pela usinagem. De acordo com os
resultados do estudo 3, a técnica in-lab que mais se aproxima tanto do ponto de vista de
caracteristicas superficiais quanto do comportamento mecanico, ¢ a confeccdo de espécimes
em maquina de corte com disco diamantado, seguido pelo desgaste com ponta diamantada de

granulacdo Fina (46pm) previamente a sinterizagao.
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4. CONCLUSAO
Estudos 1 e 2:
- Apos a realizacdo de desgaste com ponta diamantada de uma ceramica Y-TZP, torna-se
essencial a realizagdo de um protocolo de polimento para redugdo da rugosidade e otimizagao
do comportamento mecanico;
- Em situacdes estéticas em que a aplicacdo de glaze ¢ indispensavel, o polimento da
superficie deve ser realizado previamente ao glaze;
- O tratamento térmico, deve ser utilizado com cautela, visto que seus efeitos causam

degradacdo das propriedades mecanicas do material.

Estudo 3:

- A utilizacdo de uma técnica de confecgdo de espécimes que reproduza os efeitos gerados
pela usinagem em CAD/CAM ¢ necessaria para a correta avaliagdo das propriedades
superficiais € mecanicas do material;

- O desgaste do espécime com ponta diamantada com granulagdo ‘fina’ (46pm) ¢ o método

que melhor reproduz os efeitos gerados pela usinagem em CAD/CAM.
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be suspended. If the manuscript has already been published in an online issue, any requests approved by the
Editor will result in a corrigendum.

Article transfer service
This journal is part of our Article Transfer Service. This means that if the Editor feels your article is more
suitable in one of our other participating journals, then you may be asked to consider transferring the article to
one of those. If you agree, your article will be transferred automatically on yourbe halfwith no need to reformat.
Please note that your article will be reviewed again by the new journal.

Copyright
Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing Agreement' (see more
information on this). An e-mail will be sent to the corresponding author confirming receipt of the manuscript
together with a 'Journal Publishing Agreement' form or a link to the online version of this agreement.
Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circulation within their institutions.
Permission of the Publisher is required for resale or distribution outside the institution and for all other derivative
works, including compilations and translations. If excerpts from other copyrighted works are included, the
author(s) must obtain written permission from the copyright owners and credit the source(s) in the article.
Elsevier has preprinted forms for use by authors in these cases. For open access articles: Upon acceptance of an
article, authors will be asked to complete an 'Exclusive License Agreement' (more information). Permitted third
party reuse of open access articles is determined by the author's choice of user license.

Author rights
As an author you (or your employer or institution) have certain rights to reuse your work.
Elsevier supports responsible sharing. Find out how you can share your research published in Elsevier journals.
Role of the funding source You are requested to identify who provided financial support for the conduct of the
research and/or preparation of the article and to briefly describe the role of the sponsor(s), if any, in study
design; in the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication. If the funding source(s) had no such involvement then this should be stated.

Funding body agreements and policies
Elsevier has established a number of agreements with funding bodies which allow authors to comply with their
funder's open access policies. Some funding bodies will reimburse the author for the Open Access Publication
Fee. Details of existing agreements are available online.

Open access
This journal offers authors a choice in publishing their research:
Open access
* Articles are freely available to both subscribers and the wider public with permitted reuse.
* An open access publication fee is payable by authors or on their behalf, e.g. by their research funder or
institution.
Subscription
+ Articles are made available to subscribers as well as developing countries and patient groups through our
universal access programs.
* No open access publication fee payable by authors.
Regardless of how you choose to publish your article, the journal will apply the same peer review criteria and
acceptance standards.
For open access articles, permitted third party (re)use is defined by the following

Creative Commonsuser licenses:
Creative Commons Attribution (CC BY):Lets others distribute and copy the article, create extracts, abstracts, and
other revised versions, adaptations or derivative works of or from an article (such as a translation), include in a
collective work (such as an anthology), text or data mine the article, even for commercial purposes, as long as
they credit the author(s), do not represent the author as endorsing their adaptation of the article, and do not
modify the article in such a way as to damage the author's honor or reputation.
Creative Commons Attribution-Non Commercial-No Derivs (CC BY-NC-ND):For non-commercial purposes, lets
others distribute and copy the article, and to include in a collective
work (such as an anthology), as long as they credit the author(s) and provided they do not alter or modify the
article. The open access publication fee for this journal is USD 2600, excluding taxes.
Green open access
Authors can share their research in a variety of different ways and Elsevier has a number of
green open access options available. We recommend authors see our green open access page
for further information. Authors can also self-archive their manuscripts immediately and enable public access
from their institution's repository after an embargo period. This is the version that has been accepted for
publication and which typically includes author-incorporated changes suggested during submission, peer review
and in editor-author communications. Embargo period: For subscription articles, an appropriate amount of time
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is needed for journals to deliver value to subscribing customers before an article becomes freely available to the
public. This is the embargo period and it begins from the date the article is formally published online in its final
and fully citable form.
Elsevier Publishing Campus: The Elsevier Publishing Campus (www.publishingcampus.com) is an online
platform offering free lectures, interactive training and professional advice to support you in publishing your
research. The College of Skills training offers modules on how to prepare, write and structure your article and
explains how editors will look at your paper when it is submitted for publication. Use these resources, and more,
to ensure that your submission will be the best that you can make it. Language (usage and editing services)
Please write your text in good English (American or British usage is accepted, but not a mixture of these).
Authors who feel their English language manuscript may require editing to eliminate possible grammatical or
spelling errors and to conform to correct scientific English may wish to use the English Language Editing
service available from Elsevier's WebS hop.
Submission
Our online submission system guides you stepwise through the process of entering your article details and
uploading your files. The system converts your article files to a single PDF file used in the peer-review process.
Editable files (e.g., Word, LaTeX) are required to typeset your article for final publication. All correspondence,
including notification of the Editor's decision and requests for revision, is sent by e-mail.
Referees
Please submit the names and institutional e-mail addresses of several potential referees. For more details, visit
our Support site. Note that the editor retains the sole right to decide whether or not the suggested reviewers are
used.
PREPARATION
Peer review
This journal operates a single blind review process. All contributions will be initially assessed by the editor for
suitability for the journal. Papers deemed suitable are then typically sent to a minimum of one independent
expert reviewer to assess the scientific quality of the paper. The Editor is responsible for the final decision
regarding acceptance or rejection of articles. The Editor's decision is final.
Use of word processing software
It is important that the file be saved in the native format of the word processor used. The text
should be in single-column format. Keep the layout of the text as simple as possible. Most formatting codes will
be removed and replaced on processing the article. In particular, do not use the word processor's options to
justify text or to hyphenate words. However, do use bold face, italics, subscripts, superscripts etc. When
preparing tables, if you are using a table grid, use only one grid for each individual table and not a grid for each
row. If no grid is used, use tabs, not spaces, to align columns. The electronic text should be prepared in a way
very similar to that of conventional manuscripts (see also the Guide to Publishing with Elsevier). Note that
source files of figures, tables and text graphics will be required whether or not you embed your figures in the
text. See also the section on Electronic artwork.
To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check' functions of
your word processor.
Article structure
e Subdivision - numbered sections
Divide your article into clearly defined and numbered sections. Subsections should be numberedl.1 (then 1.1.1,
1.1.2,...), 1.2, etc. (the abstract is not included in section numbering). Use this numbering also for internal cross-
referencing: do not just refer to 'the text'. Any subsection may be given a brief heading. Each heading should
appear on its own separate line.
e Introduction
State the objectives of the work and provide an adequate background, avoiding a detailed literature survey or a
summary of the results.
e Material and methods
Provide sufficient detail to allow the work to be reproduced. Methods already published should be indicated by a
reference: only relevant modifications should be described.
e Theory/calculation
A Theory section should extend, not repeat, the background to the article already dealt with in the Introduction
and lay the foundation for further work. In contrast, a Calculation section represents a practical development
from a theoretical basis.
e  Results
Results should be clear and concise.
e Discussion
This should explore the significance of the results of the work, not repeat them. A combined Results and
Discussion section is often appropriate. Avoid extensive citations and discussion of published literature.
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e Conclusions
The main conclusions of the study may be presented in a short Conclusions section, which may standalone or
form a subsection of a Discussion or Results and Discussion section.

o  Appendices
If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in appendices
should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix, Eq. (B.1) and so on.
Similarly for tables and figures: Table A.1; Fig. A.1, etc.

Essential title page information

e Title: Concise and informative. Titles are often used in information-retrieval systems. Avoid
abbreviations and formulae where possible.

e Author names and affiliations: Please clearly indicate the given name(s) and family name(s)
of each author and check that all names are accurately spelled. Present the authors' affiliation
addresses (where the actual work was done) below the names. Indicate all affiliations with a lower case
superscript letter immediately after the author's name and in front of the appropriate address. Provide the full
postal address of each affiliation, including the country name and, if available, thee-mail address of each author.

e Corresponding author: Clearly indicate who will handle correspondence at all stages of refereeing and
publication, also post-publication. Ensure that the e-mail address is given and that contact details are kept up to
date by the corresponding author.

e Present/permanent address: If an author has moved since the work described in the article was done,
or was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as a footnote to that
author's name. The address at which the author actually did the work must be retained as the main, affiliation
address. Superscript Arabic numerals are used for such footnotes.

e Abstract: A concise and factual abstract is required. The abstract should state briefly the purpose of the
research, the principal results and major conclusions. An abstract is often presented separately from the article,
so it must be able to stand alone. For this reason, References should be avoided, but if essential, then cite the
author(s) and year(s). Also, non-standard or uncommon abbreviations should be avoided, but if essential they
must be defined at their first mention in the abstract itself.

e Graphical abstract: A Graphical abstract is mandatory for this journal. It should summarize the
contents of the article in a concise, pictorial form designed to capture the attention of a wide readership online.
Authors must provide images that clearly represent the work described in the article. Graphical abstracts should
be submitted as a separate file in the online submission system. Image size: please provide an image with a
minimum of 531 x 1328 pixels (h X w) or proportionally more. The image should be read able at a size of 5 x 13
cm using a regular screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. You can
view

e Highlights: Highlights are mandatory for this journal. They consist of a short collection of bullet points
that convey the core findings of the article and should be submitted in a separate editable file in the online
submission system. Please use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85
characters, including spaces, per bullet point).

e Keywords: Immediately after the abstract, provide a maximum of 6 keywords, using American spelling
and avoiding general and plural terms and multiple concepts (avoid, for example, 'and', 'of'). Be sparing with
abbreviations: only abbreviations firmly established in the field may be eligible. These keywords will be used for
indexing purposes.

e Abbreviations: Define abbreviations that are not standard in this field in a footnote to be placed on the
first page of the article. Such abbreviations that are unavoidable in the abstract must be defined at their first
mention there, as well as in the footnote. Ensure consistency of abbreviations throughout the article.

o Acknowledgements: Collate acknowledgements in a separate section at the end of the article before the
references and do not, therefore, include them on the title page, as a footnote to the title or otherwise. List here
those individuals who provided help during the research (e.g., providing language help, writing assistance or
proof reading the article, etc.).

e Formatting of funding sources: List funding sources in this standard way to facilitate compliance to

funder's requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers xxxx, yyyy]; the Bill &
Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes of Peace [grant
number aaaa).

It is not necessary to include detailed descriptions on the program or type of grants and awards. When funding is
from a block grant or other resources available to a university, college, or other research institution, submit the
name of the institute or organization that provided the funding. If no funding has been provided for the research,
please include the following sentence: This research did not receive any specific grant from funding agencies in
the public, commercial, or not-for-profit sectors.
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e Math formulae
Please submit math equations as editable text and not as images. Present simple formulae in
line with normal text where possible and use the solidus (/) instead of a horizontal line for small fractional terms,
e.g., X/Y. In principle, variables are to be presented in italics. Powers of e are often more conveniently denoted
by exp. Number consecutively any equations that have to be displayed separately from the text (if referred to
explicitly in the text).

e Footnotes: Footnotes should be used sparingly. Number them consecutively throughout the article.
Many word processors can build footnotes into the text, and this feature may be used. Otherwise, please indicate
the position of footnotes in the text and list the footnotes themselves separately at the end of the article. Do not
include footnotes in the Reference list.

E-CRC celsevier can only accept MS Word or postscript/PDF documents as electronic camera-ready copy
(e-CRC). Electronic files can be stored on 3% inch diskette, ZIP-disk or CD (either MS-DOS or Macintosh),or
may be transferred to Elsevier via FTP (details available from Author Support).MS Word file: Please ensure that
you use as much as possible normal fonts in your documents, such as Times New Roman, Arial, Symbol,
Helvetica, or Times (TrueType or Type 1 fonts). Special fonts, such as those used in the Far East (Japanese,
Chinese, Korean, etc.) may be cause problems during processing. If you use a lot of special fonts, please convert
the document to PDF with Adobe Acrobat (see below, and also Elsevier's Quickguide: http://www.elsevier.com).
Please place figures in a logical place within the document. See also the section on Preparation of electronic
illustrations on the same website. To avoid unnecessary errors you are strongly advised to use the "spellchecker"
function of your word processor.Postscript/PDF files: Please create postscript files, making sure all fonts are
embedded. When creating PDF files with Adobe Acrobat, please use version 4.05 or higher, and use the standard
"Press Optimised" settings, as provided by Adobe.

Artwork
Electronic artwork
General points
* Make sure you use uniform lettering and sizing of your original artwork.
* Embed the used fonts if the application provides that option.
* Aim to use the following fonts in your illustrations: Arial, Courier, Times New Roman, Symbol, or use fonts
that look similar.
* Number the illustrations according to their sequence in the text.
* Use a logical naming convention for your artwork files.
* Provide captions to illustrations separately.
* Size the illustrations close to the desired dimensions of the published version.
 Submit each illustration as a separate file.
A detailed guide on electronic art work is available.
You are urged to visit this site; some excerpts from the detailed information are given here.

e Formats: If your electronic artwork is created in a Microsoft Office application (Word, PowerPoint,
Excel) then please supply 'as is' in the native document format.

Regardless of the application used other than Microsoft Office, when your electronic artwork is finalized, please
'Save as' or convert the images to one of the following formats (note the resolution requirements for line
drawings, halftones, and line/halftone combinations given below):

EPS (or PDF): Vector drawings, embed all used fonts.

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to a minimum of 300 dpi.

TIFF (or JPEG): Bitmapped (pure black & white pixels) line drawings, keep to a minimum of 1000 dpi.

TIFF (or JPEG): Combinations bitmapped line/half-tone (color or grayscale), keep to a minimum of500 dpi.

e Please do not:

» Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPQ), these typically have a low
number of pixels and limited set of colors;
* Supply files that are too low in resolution;
 Submit graphics that are disproportionately large for the content.

Color artwork: Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS
(or PDF), or MS Office files) and with the correct resolution. If, together with your accepted article, you submit
usable color figures then Elsevier will ensure, at no additional charge, that these figures will appear in color
online (e.g., Science Direct and other sites) regardless of whether or not these illustrations are reproduced in
color in the printed version.
For color reproduction in print, you will receive information regarding the costs from Elsevier after receipt of
your accepted article. Please indicate your preference for color: in print or online only.

Figure captions: Ensure that each illustration has a caption. Supply captions separately, not attached to
the figure. A caption should comprise a brief title (not on the figure itself) and a description of the illustration.
Keep text in the illustrations themselves to a minimum but explain all symbols and abbreviations used.
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Tables: Please submit tables as editable text and not as images. Tables can be placed either next to the
relevant text in the article, or on separate page(s) at the end. Number tables consecutively in accordance with
their appearance in the text and place any table notes below the table body. Be sparing in the use of tables and
ensure that the data presented in them do not duplicate results described elsewhere in the article. Please avoid
using vertical rules and shading in table cells.

Experimental Accuracy: All measurements presented in graphical form should include errors bars and
all data in tabular form should include a proper experimental error assessment incl. the number of significant
digits presented.

References

Citation in text: Please ensure that every reference cited in the text is also present in the reference list
(and vice versa). Any references cited in the abstract must be given in full. Unpublished results and personal
communications are not recommended in the reference list, but may be mentioned in the text. If these references
are included in the reference list they should follow the standard reference style of the journal and should include
a substitution of the publication date with either "Unpublished results' or' Personal communication'. Citation of a
reference as 'in press' implies that the item has been accepted for publication.

Web references: As a minimum, the full URL should be given and the date when the reference was last
accessed. Any further information, if known (DOI, author names, dates, reference to a source publication, etc.),
should also be given. Web references can be listed separately (e.g., after the reference list) under a different
heading if desired, or can be included in the reference list.

Data references: This journal encourages you to cite underlying or relevant datasets in your manuscript
by citing the min your text and including a data reference in your Reference List. Data references should include
the following elements: author name(s), dataset title, data repository, version (where available), year, and global
persistent identifier. Add [dataset] immediately before the reference so we can properly identify it as a data
reference. The [dataset] identifier will not appear in your published article.

References in a special issue: Please ensure that the words 'this issue' are added to any references in
the list (and any citations in the text) to other articles in the same Special Issue. Reference management software
Most Elsevier journals have their reference template available in many of the most popular reference
management software products. These include all products that support

Citation Style Language: styles, such as Mendeley and Zotero, as well as EndNote. Using the word
processor plug-ins from these products, authors only need to select the appropriate journal template when
preparing their article, after which citations and bibliographies will be automatically formatted in the journal's
style.

If no template is yet available for this journal, please follow the format of the sample references and citations as
shown in this Guide.

Reference style

Text: Indicate references by number(s) in square brackets in line with the text. The actual author scan
be referred to, but the reference number(s) must always be given.

Example: '.....as demonstrated [3,6]. Barnaby and Jones [8] obtained a different result ....'

List: Number the references (numbers in square brackets) in the list in the order in which they appear in
the text.
Examples:

Reference to a journal publication:

[1] J. van der Geer, J.A.J. Hanraads, R.A. Lupton, The art of writing a scientific article, J. Sci. Commun.163
(2010) 51-59.

Reference to a book:
[2] W. Strunk Jr., E.B. White, The Elements of Style, fourth ed., Longman, New York, 2000.

Reference to a chapter in an edited book:
[3] G.R. Mettam, L.B. Adams, How to prepare an electronic version of your article, in: B.S. Jones, R.Z. Smith
(Eds.), Introduction to the Electronic Age, E-Publishing Inc., New York, 2009, pp. 281-304.

Reference to a website:
[4] Cancer Research UK, Cancer statistics reports for the UK. http://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/, 2003 (accessed 13.03.03).

Reference to a dataset:

[dataset] [5] M. Oguro, S. Imahiro, S. Saito, T. Nakashizuka, Mortality data for Japanese oak wiltdisease and
surrounding forest compositions, Mendeley Data, v1, 2015. https://doi.org/10.17632/xwj98nb39r.1. Journal
abbreviations source Journal names should be abbreviated according to the List of Title Word Abbreviations.




86

AFTER ACCEPTANCE

Online proof correction

Corresponding authors will receive an e-mail with a link to our online proofing system, allowing an
notation and correction of proofs online. The environment is similar to MS Word: in addition to editing text, you
can also comment on figures/tables and answer questions from the Copy Editor.

Web-based proofing provides a faster and less error-prone process by allowing you to directly type your
corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions for
proofing will be given in the e-mail we send to authors, including alternative methods to the online version and
PDF.

We will do everything possible to get your article published quickly and accurately. Please use this
proof only for checking the typesetting, editing, completeness and correctness of the text, tables and figures.
Significant changes to the article as accepted for publication will only be considered at this stage with
permission from the Editor. It is important to ensure that all corrections are sent back to us in one
communication. Please check carefully before replying, as inclusion of any subsequent corrections cannot be
guaranteed. Proofreading is solely your responsibility.

Offprints
The corresponding author will, at no cost, receive a customized Share Link providing 50 days free access to the
final published version of the article on Science Direct. The Share Link can be used for sharing the article via
any communication channel, including email and social media. For an extra charge, paper offprints can be
ordered via the offprint order form which is sent once the article is accepted for publication. Both corresponding
and co-authors may order offprints at anytime via Elsevier's Webshop. Corresponding authors who have
published their article open access do not receive a Share Link as their final published version of the article is
available open access on Science Direct and can be shared through the article DOI link.

AUTHOR INQUIRIES

Visit the Elsevier Support Center to find the answers you need. Here you will find everything from
Frequently Asked Questions to ways to get in touch.You can also check the status of your submitted article or
find out when your accepted article will be published.
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ANEXO B - AUTHOR GUIDELINES FOR JOURNAL OF THE MECHANICAL

BEHAVIOR OF BIOMEDICAL MATERIALS.

INTRODUCTION

Authors are requested to submit a cover letter that clearly states the novelty of the work presented in
their manuscript.

Types of Contributions

Research Paper: A full-length article describing original research. There is no limit on the number of
words, figures etc but authors should be as succinct as possible.

Review Article: An article which reviews previous work in a given field. Reviews are written by
invitation only but the editor would welcome suggestions.

Technical Note: A short article describing a new experimental technique or analytical approach.

Short Communication: An article presenting new work in reduced form, which for some reason is not
suitable for a full research paper. For example a case study.

Opinion Piece: A short article presenting the author's opinion on a particular question. Normally shorter
and less comprehensive than a review article, making use of published and/or unpublished results.

Tutorial: An article of an educational nature, explaining how to use a particular experimental technique
or analytical method. Normally written by invitation only but the editor welcomes suggestions.

Please ensure that you select the appropriate article type from the list of options when making your
submission. Authors contributing to special issues should ensure that they select the special issue article type
from this list.

The journal also accepts letters, which should be sent directly to the editor in chief for consideration.
BEFORE YOU BEGIN
Ethics in publishing
For information on Ethics in publishing and Ethical guidelines for journal publication see
http://www.elsevier.com/publishingethics and http://www.elsevier.com/journal-authors/ethics.

Conflict of interest
All authors are requested to disclose any actual or potential conflict of interest including any financial, personal
or other relationships with other people or organizations within three years of beginning the submitted work that
could inappropriately influence, or be perceived to influence, their work. See also
http://www.elsevier.com/conflictsofinterest. Further information and an example of a Conflict of Interest form
can be found at: http://help.elsevier.com/app/answers/detail/a_id/286/p/7923.

Submission declaration and verification
Submission of an article implies that the work described has not been published previously (except in the form of
an abstract or as part of a published lecture or academic thesis or as an electronic preprint, see
http://www.elsevier.com/postingpolicy), that it is not under consideration for publication elsewhere, that its
publication is approved by all authors and tacitly or explicitly by the responsible authorities where the work was
carried out, and that, if accepted, it will not be published elsewhere in the same form, in English or in any other
language, including electronically without the written consent of the copyright-holder. To verify originality, your

article may be checked by the originality detection service CrossCheck
http://www.elsevier.com/editors/plagdetect.

Changes to authorship
This policy concerns the addition, deletion, or rearrangement of author names in the authorship of accepted
manuscripts:

Before the accepted manuscript is published in an online issue: Requests to add or remove an author, or
to rearrange the author names, must be sent to the Journal Manager from the corresponding author of the
accepted manuscript and must include: (a) the reason the name should be added or removed, or the author names
rearranged and (b) written confirmation (e-mail, fax, letter) from all authors that they agree with the addition,
removal or rearrangement. In the case of addition or removal of authors, this includes confirmation from the
author being added or removed. Requests that are not sent by the corresponding author will be forwarded by the
Journal Manager to the corresponding author, who must follow the procedure as described above. Note that: (1)
Journal Managers will inform the Journal Editors of any such requests and (2) publication of the accepted
manuscript in an online issue is suspended until authorship has been agreed.

After the accepted manuscript is published in an online issue: Any requests to add, delete, or rearrange
author names in an article published in an online issue will follow the same policies as noted above and result in
a corrigendum.

Copyright

This journal offers authors a choice in publishing their research: Open Access and Subscription.
For Subscription articles
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Upon acceptance of an article, authors will be asked to complete a 'Journal Publishing Agreement' (for
more information on this and copyright, see http://www.elsevier.com/copyright). An e-mail will be sent to the
corresponding author confirming receipt of the manuscript together with a 'Journal Publishing Agreement' form
or a link to the online version of this agreement.

Subscribers may reproduce tables of contents or prepare lists of articles including abstracts for internal
circulation within their institutions. Permission of the Publisher is required for resale or distribution outside the
institution and for all other derivative works, including compilations and translations (please consult
http://www.elsevier.com/permissions). If excerpts from other copyrighted works are included, the author(s) must
obtain written permission from the copyright owners and credit the source(s) in the article. Elsevier has
preprinted forms for use by authors in these cases: please consult http://www.elsevier.com/permissions.

For Open Access articles

Upon acceptance of an article, authors will be asked to complete an 'Exclusive License Agreement' (for
more information see http://www.elsevier.com/OAauthoragreement). Permitted reuse of open access articles is
determined by the author's choice of user license (see http://www.elsevier.com/openaccesslicenses).

Retained author rights

As an author you (or your employer or institution) retain certain rights. For more information on author
rights for:

Subscription articles please see
http://www.elsevier.com/journal-authors/author-rights-and-responsibilities.
Open access articles please see http://www.elsevier.com/OAauthoragreement.

Role of the funding source

You are requested to identify who provided financial support for the conduct of the research and/or
preparation of the article and to briefly describe the role of the sponsor(s), if any, in study design; in the
collection, analysis and interpretation of data; in the writing of the report; and in the decision to submit the
article for publication. If the funding source(s) had no such involvement then this should be stated.

Funding body agreements and policies

Elsevier has established agreements and developed policies to allow authors whose articles appear in
journals published by Elsevier, to comply with potential manuscript archiving requirements as specified as
conditions of their grant awards. To learn more about existing agreements and policies please visit
http://www.elsevier.com/fundingbodies.

Open access

This journal offers authors a choice in publishing their research:

Open Access

* Articles are freely available to both subscribers and the wider public with permitted reuse * An Open
Access publication fee is payable by authors or their research funder

Subscription

* Articles are made available to subscribers as well as developing countries and patient groups through
our access programs (http://www.elsevier.com/access) * No Open Access publication fee All articles published
Open Access will be immediately and permanently free for everyone to read and download. Permitted reuse is
defined by your choice of one of the following Creative Commons user licenses:

Creative Commons Attribution (CC BY): lets others distribute and copy the article, to create extracts,
abstracts, and other revised versions, adaptations or derivative works of or from an article (such as a translation),
to include in a collective work (such as an anthology), to text or data mine the article, even for commercial
purposes, as long as they credit the author(s), do not represent the author as endorsing their adaptation of the
article, and do not modify the article in such a way as to damage the author's honor or reputation.

Creative Commons Attribution-Non-commercial-ShareAlike (CC BY-NC-SA): for non-
commercial purposes, lets others distribute and copy the article, to create extracts, abstracts and other revised
versions, adaptations or derivative works of or from an article (such as a translation), to include in a collective
work (such as an anthology), to text and data mine the article, as long as they credit the author(s), do not
represent the author as endorsing their adaptation of the article, do not modify the article in such a way as to
damage the author's honor or reputation, and license their new adaptations or creations under identical terms (CC
BY-NC-SA).

Creative Commons Attribution-Non-commercial-NoDerivs (CC BY-NC-ND): for non-commercial
purposes, lets others distribute and copy the article, and to include in a collective work (such as an anthology), as
long as they credit the author(s) and provided they do not alter or modify the article.

To provide Open Access, this journal has a publication fee which needs to be met by the authors or their
research funders for each article published Open Access. Your publication choice will have no effect on the peer
review process or acceptance of submitted articles.

The publication fee for this journal is $2500, excluding taxes. Learn more about Elsevier's pricing
policy: http://www.elsevier.com/openaccesspricing.
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Language (usage and editing services)

Please write your text in good English (American or British usage is accepted, but not a mixture of
these). Authors who feel their English language manuscript may require editing to eliminate possible
grammatical or spelling errors and to conform to correct scientific English may wish to use the English
Language Editing service available from Elsevier's WebShop (http://webshop.elsevier.com/languageediting/) or
visit our customer support site (http://support.elsevier.com) for more information.

Submission

Submission to this journal proceeds totally online and you will be guided stepwise through the creation
and uploading of your files. The system automatically converts source files to a single PDF file of the article,
which is used in the peer-review process. Please note that even though manuscript source files are converted to
PDF files at submission for the review process, these source files are needed for further processing after
acceptance. All correspondence, including notification of the Editor's decision and requests for revision, takes
place by e-mail removing the need for a paper trail.

PREPARATION

NEW SUBMISSIONS

Submission to this journal proceeds totally online and you will be guided stepwise through the creation
and uploading of your files. The system automatically converts your files to a single PDF file, which is used in
the peer-review process.

As part of the Your Paper Your Way service, you may choose to submit your manuscript as a single file
to be used in the refereeing process. This can be a PDF file or a Word document, in any format or layout that can
be used by referees to evaluate your manuscript. It should contain high enough quality figures for refereeing. If
you prefer to do so, you may still provide all or some of the source files at the initial submission. Please note that
individual figure files larger than 10 MB must be uploaded separately.

References

There are no strict requirements on reference formatting at submission. References can be in any style
or format as long as the style is consistent. Where applicable, author(s) name(s), journal title/book title, chapter
title/article title, year of publication, volume number/book chapter and the pagination must be present. Use of
DOI is highly encouraged. The reference style used by the journal will be applied to the accepted article by
Elsevier at the proof stage. Note that missing data will be highlighted at proof stage for the author to correct.

Formatting requirements

There are no strict formatting requirements but all manuscripts must contain the essential elements
needed to convey your manuscript, for example Abstract, Keywords, Introduction, Materials and Methods,
Results, Conclusions, Artwork and Tables with Captions.

If your article includes any Videos and/or other Supplementary material, this should be included in your
initial submission for peer review purposes.

Divide the article into clearly defined sections.

Figures and tables embedded in text

Please ensure the figures and the tables included in the single file are placed next to the relevant text in
the manuscript, rather than at the bottom or the top of the file.

REVISED SUBMISSIONS

Use of word processing software

Regardless of the file format of the original submission, at revision you must provide us with an
editable file of the entire article. Keep the layout of the text as simple as possible. Most formatting codes will be
removed and replaced on processing the article. The electronic text should be prepared in a way very similar to
that of conventional manuscripts (see also the Guide to Publishing with Elsevier:

http://www.elsevier.com/guidepublication). See also the section on Electronic artwork.

To avoid unnecessary errors you are strongly advised to use the 'spell-check' and 'grammar-check'
functions of your word processor.

LaTeX

You are recommended to use the Elsevier article class elsarticle.cls

(http://www.ctan.org/tex-archive/macros/latex/contrib/elsarticle) to prepare your manuscript and
BibTeX (http://www.bibtex.org) to generate your bibliography.

For detailed submission instructions, templates and other information on LaTeX, see

http://www.elsevier.com/latex.

Article structure

Subdivision - numbered sections

Divide your article into clearly defined and numbered sections. Subsections should be numbered

1.1 (then 1.1.1, 1.1.2, ...), 1.2, etc. (the abstract is not included in section numbering). Use this
numbering also for internal cross-referencing: do not just refer to 'the text'. Any subsection may be given a brief
heading. Each heading should appear on its own separate line.



90

Introduction

State the objectives of the work and provide an adequate background, avoiding a detailed literature
survey or a summary of the results.

Material and methods

Provide sufficient detail to allow the work to be reproduced. Methods already published should be
indicated by a reference: only relevant modifications should be described.

Theory/calculation

A Theory section should extend, not repeat, the background to the article already dealt with in the
Introduction and lay the foundation for further work. In contrast, a Calculation section represents a practical
development from a theoretical basis.

Results

Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. A combined Results and
Discussion section is often appropriate. Avoid extensive citations and discussion of published literature.

Conclusions

The main conclusions of the study may be presented in a short Conclusions section, which may stand
alone or form a subsection of a Discussion or Results and Discussion section.

Appendices

If there is more than one appendix, they should be identified as A, B, etc. Formulae and equations in
appendices should be given separate numbering: Eq. (A.1), Eq. (A.2), etc.; in a subsequent appendix, Eq. (B.1)
and so on. Similarly for tables and figures: Table A.1; Fig. A.1, etc.

Essential title page information

* Title. Concise and informative. Titles are often used in information-retrieval systems. Avoid

abbreviations and formulae where possible.

* Author names and affiliations. Where the family name may be ambiguous (e.g., a double name),
please indicate this clearly. Present the authors' affiliation addresses (where the actual work was done) below the
names. Indicate all affiliations with a lower-case superscript letter immediately after the author's name and in
front of the appropriate address. Provide the full postal address of each affiliation, including the country name
and, if available, the e-mail address of each author.

» Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. Ensure that phone numbers (with country and area code) are
provided in addition to the e-mail address and the complete postal address.

Contact details must be kept up to date by the corresponding author.

* Present/permanent address. If an author has moved since the work described in the article was done,
or was visiting at the time, a 'Present address' (or 'Permanent address') may be indicated as a footnote to that
author's name. The address at which the author actually did the work must be retained as the main, affiliation
address. Superscript Arabic numerals are used for such footnotes.

Abstract

A concise and factual abstract is required. The abstract should state briefly the purpose of the research,
the principal results and major conclusions. An abstract is often presented separately from the article, so it must
be able to stand alone. For this reason, References should be avoided, but if essential, then cite the author(s) and
year(s). Also, non-standard or uncommon abbreviations should be avoided, but if essential they must be defined
at their first mention in the abstract itself.

Graphical abstract

A Graphical abstract is mandatory for this journal. It should summarize the contents of the article in a
concise, pictorial form designed to capture the attention of a wide readership online. Authors must provide
images that clearly represent the work described in the article. Graphical abstracts should be submitted as a
separate file in the online submission system. Image size: please provide an image with a minimum of 531 x
1328 pixels (h x w) or proportionally more. The image should be readable at a size of 5 X 13 cm using a regular
screen resolution of 96 dpi. Preferred file types: TIFF, EPS, PDF or MS Office files. See
http://www.elsevier.com/graphicalabstracts for examples.

Authors can make use of Elsevier's [llustration and Enhancement service to ensure the best presentation
of their images also in accordance with all technical requirements: Illustration Service.

Highlights

Highlights are mandatory for this journal. They consist of a short collection of bullet points that convey
the core findings of the article and should be submitted in a separate file in the online submission system. Please
use 'Highlights' in the file name and include 3 to 5 bullet points (maximum 85 characters, including spaces, per
bullet point). See http://www.elsevier.com/highlights for examples.

Abbreviations
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Define abbreviations that are not standard in this field in a footnote to be placed on the first page of the
article. Such abbreviations that are unavoidable in the abstract must be defined at their first mention there, as
well as in the footnote. Ensure consistency of abbreviations throughout the article.

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the references and do
not, therefore, include them on the title page, as a footnote to the title or otherwise. List here those individuals
who provided help during the research (e.g., providing language help, writing assistance or proof reading the
article, etc.).

Units

Follow internationally accepted rules and conventions: use the international system of units (SI). If
other quantities are mentioned, give their equivalent in SI. Authors wishing to present a table of nomenclature
should do so on the second page of their manuscript.

Math formulae

Present simple formulae in the line of normal text where possible and use the solidus (/) instead of a
horizontal line for small fractional terms, e.g., X/Y. In principle, variables are to be presented in italics. Powers
of e are often more conveniently denoted by exp. Number consecutively any equations that have to be displayed
separately from the text (if referred to explicitly in the text).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many
wordprocessors build footnotes into the text, and this feature may be used. Should this not be the case, indicate
the position of footnotes in the text and present the footnotes themselves separately at the end of the article. Do
not include footnotes in the Reference list.

Table footnotes
Indicate each footnote in a table with a superscript lowercase letter.

Artwork

Electronic artwork

General points

* Make sure you use uniform lettering and sizing of your original artwork.

* Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

* Number the illustrations according to their sequence in the text.

* Use a logical naming convention for your artwork files.

* Indicate per figure if it is a single, 1.5 or 2-column fitting image.

» For Word submissions only, you may still provide figures and their captions, and tables within a
single file at the revision stage.

* Please note that individual figure files larger than 10 MB must be provided in separate source files.
A detailed guide on electronic artwork is available on our website:
http://www.elsevier.com/artworkinstructions.

You are urged to visit this site; some excerpts from the detailed information are given here.
Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save as' or convert
the images to one of the following formats (note the resolution requirements for line drawings, halftones, and
line/halftone combinations given below):

EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300 dpi.

TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of 500 dpi is
required.

Please do not:

* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPQ); the resolution is too low.

* Supply files that are too low in resolution.

* Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or PDF), or MS
Office files) and with the correct resolution. If, together with your accepted article, you submit usable color
figures then Elsevier will ensure, at no additional charge, that these figures will appear in color on the Web (e.g.,
ScienceDirect and other sites) regardless of whether or not these illustrations are reproduced in color in the
printed version. For color reproduction in print, you will receive information regarding the costs from
Elsevier after receipt of your accepted article. Please indicate your preference for color: in print or on the Web
only. For further information on the preparation of electronic artwork, please see
http://www.elsevier.com/artworkinstructions.
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Please note: Because of technical complications which can arise by converting color figures to 'gray
scale' (for the printed version should you not opt for color in print) please submit in addition usable black and
white versions of all the color illustrations.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on the figure
itself) and a description of the illustration. Keep text in the illustrations themselves to a minimum but explain all
symbols and abbreviations used.

Tables

Number tables consecutively in accordance with their appearance in the text. Place footnotes to tables
below the table body and indicate them with superscript lowercase letters. Avoid vertical rules. Be sparing in the
use of tables and ensure that the data presented in tables do not duplicate results described elsewhere in the
article.

References

Citation in text

Please ensure that every reference cited in the text is also present in the reference list (and vice versa).
Any references cited in the abstract must be given in full. Unpublished results and personal communications are
not recommended in the reference list, but may be mentioned in the text. If these references are included in the
reference list they should follow the standard reference style of the journal and should include a substitution of
the publication date with either "Unpublished results' or 'Personal communication'. Citation of a reference as 'in
press' implies that the item has been accepted for publication.

Reference links

Increased discoverability of research and high quality peer review are ensured by online links to the
sources cited. In order to allow us to create links to abstracting and indexing services, such as Scopus, CrossRef
and PubMed, please ensure that data provided in the references are correct. Please note that incorrect surnames,
journal/book titles, publication year and pagination may prevent link creation. When copying references, please
be careful as they may already contain errors. Use of the DOI is encouraged.

Web references

As a minimum, the full URL should be given and the date when the reference was last accessed. Any
further information, if known (DOI, author names, dates, reference to a source publication, etc.), should also be
given. Web references can be listed separately (e.g., after the reference list) under a different heading if desired,
or can be included in the reference list.

References in a special issue

Please ensure that the words 'this issue' are added to any references in the list (and any citations in the
text) to other articles in the same Special Issue.

Reference formatting

There are no strict requirements on reference formatting at submission. References can be in any style
or format as long as the style is consistent. Where applicable, author(s) name(s), journal title/book title, chapter
title/article title, year of publication, volume number/book chapter and the pagination must be present. Use of
DOI is highly encouraged. The reference style used by the journal will be applied to the accepted article by
Elsevier at the proof stage. Note that missing data will be highlighted at proof stage for the author to correct. If
you do wish to format the references yourself they should be arranged according to the following examples:

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and the year of

publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by 'et al.' and the year of publication.

Citations may be made directly (or parenthetically). Groups of references should be listed first
alphabetically, then chronologically.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999). Kramer et al. (2010)
have recently shown ....'

List: References should be arranged first alphabetically and then further sorted chronologically if
necessary. More than one reference from the same author(s) in the same year must be identified by the letters 'a’,
'b', 'c', etc., placed after the year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific article. J. Sci.
Commun. 163, 51-59.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.
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Reference to a chapter in an edited book:Mettam, G.R., Adams, L.B., 2009. How to prepare an
electronic version of your article, in: Jones, B.S.,Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-
Publishing Inc., New York, pp. 281-304.

Journal abbreviations source:Journal names should be abbreviated according to the List of Title Word
Abbreviations:http://www.issn.org/services/online-services/access-to-the-ltwa/.

Video data

Elsevier accepts video material and animation sequences to support and enhance your scientific
research. Authors who have video or animation files that they wish to submit with their article are strongly
encouraged to include links to these within the body of the article. This can be done in the same way as a figure
or table by referring to the video or animation content and noting in the body text where it should be placed. All
submitted files should be properly labeled so that they directly relate to the video file's content. In order to ensure
that your video or animation material is directly usable, please provide the files in one of our recommended file
formats with a preferred maximum size of 50 MB. Video and animation files supplied will be published online
in the electronic version of your article in Elsevier Web products, including ScienceDirect:
http://www.sciencedirect.com.

Please supply 'stills' with your files: you can choose any frame from the video or animation or make a
separate image. These will be used instead of standard icons and will personalize the link to your video data. For
more detailed instructions please visit our video instruction pages at
http://www.elsevier.com/artworkinstructions. Note: since video and animation cannot be embedded in the print
version of the journal, please provide text for both the electronic and the print version for the portions of the
article that refer to this content.

AudioSlides

The journal encourages authors to create an AudioSlides presentation with their published article.

AudioSlides are brief, webinar-style presentations that are shown next to the online article on
ScienceDirect. This gives authors the opportunity to summarize their research in their own words and to help
readers understand what the paper is about. More information and examples are available at
http://www.elsevier.com/audioslides. Authors of this journal will automatically receive an invitation e-mail to
create an AudioSlides presentation after acceptance of their paper.

Supplementary data

Elsevier accepts electronic supplementary material to support and enhance your scientific research.

Supplementary files offer the author additional possibilities to publish supporting applications,
highresolution images, background datasets, sound clips and more. Supplementary files supplied will be
published online alongside the electronic version of your article in Elsevier Web products, including
ScienceDirect: http://www.sciencedirect.com. In order to ensure that your submitted material is directly usable,
please provide the data in one of our recommended file formats. Authors should submit the material in electronic
format together with the article and supply a concise and descriptive caption for each file. For more detailed
instructions please visit our artwork instruction pages at http://www.elsevier.com/artworkinstructions.

MATLAB FIG files

MATLAB FIG files (optional): You can enrich your online articles by providing supplementary
MATLAB figure files with the .FIG file extension. These files will be visualized using an interactive viewer that
allows readers to explore your figures within the article. The FIG files can be uploaded in our online submission
system, and will be made available to download from your online article on ScienceDirect. For more
information, please see http://www.elsevier.com/matlab.

Interactive plots

This journal encourages you to include data and quantitative results as interactive plots with your
publication. To make use of this feature, please include your data as a CSV (comma-separated values) file when
you submit your manuscript. Please refer to http://www.elsevier.com/interactiveplots for further details and
formatting instructions.

Submission checklist

The following list will be useful during the final checking of an article prior to sending it to the journal
for review. Please consult this Guide for Authors for further details of any item.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:

* E-mail address

« Full postal address

* Telephone

All necessary files have been uploaded, and contain:

* Keywords

* All figure captions

« All tables (including title, description, footnotes)
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Further considerations

* Manuscript has been 'spell-checked' and 'grammar-checked'

« All references mentioned in the Reference list are cited in the text, and vice versa

* Permission has been obtained for use of copyrighted material from other sources (including the Web)

* Color figures are clearly marked as being intended for color reproduction on the Web (free of charge)

and in print, or to be reproduced in color on the Web (free of charge) and in black-and-white in print

* If only color on the Web is required, black-and-white versions of the figures are also supplied for
printing purposes

For any further information please visit our customer support site at http://support.elsevier.com.
AFTER ACCEPTANCE

Use of the Digital Object Identifier

The Digital Object Identifier (DOI) may be used to cite and link to electronic documents. The DOI
consists of a unique alpha-numeric character string which is assigned to a document by the publisher upon the
initial electronic publication. The assigned DOI never changes. Therefore, it is an ideal medium for citing a
document, particularly 'Articles in press' because they have not yet received their full bibliographic information.
Example of a correctly given DOI (in URL format; here an article in the

journal Physics Letters B):

http://dx.doi.org/10.1016/j.physletb.2010.09.059

When you use a DOI to create links to documents on the web, the DOIs are guaranteed never to change.

Online proof correction

Corresponding authors will receive an e-mail with a link to our online proofing system, allowing
annotation and correction of proofs online. The environment is similar to MS Word: in addition to editing text,
you can also comment on figures/tables and answer questions from the Copy Editor.

Web-based proofing provides a faster and less error-prone process by allowing you to directly type your
corrections, eliminating the potential introduction of errors.

If preferred, you can still choose to annotate and upload your edits on the PDF version. All instructions
for proofing will be given in the e-mail we send to authors, including alternative methods to the online version
and PDF. We will do everything possible to get your article published quickly and accurately - please upload all
of your corrections within 48 hours. It is important to ensure that all corrections are sent back to us in one
communication. Please check carefully before replying, as inclusion of any subsequent corrections cannot be
guaranteed. Proofreading is solely your responsibility. Note that Elsevier may proceed with the publication of
your article if no response is received.

Offprints

The corresponding author, at no cost, will be provided with a PDF file of the article via email (the PDF
file is a watermarked version of the published article and includes a cover sheet with the journal cover image and
a disclaimer outlining the terms and conditions of use). For an extra charge, paper offprints can be ordered via
the offprint order form which is sent once the article is accepted for publication. Both corresponding and co-
authors may order offprints at any time via Elsevier's WebShop
(http://webshop.elsevier.com/myarticleservices/offprints).

Authors requiring printed copies of multiple articles may use Elsevier WebShop's 'Create Your Own
Book' service to collate multiple articles within a single cover

(http://webshop.elsevier.com/myarticleservices/offprints/myarticlesservices/booklets).

AUTHOR INQUIRIES

For inquiries relating to the submission of articles (including electronic submission) please visit this
journal's homepage. For detailed instructions on the preparation of electronic artwork, please visit
http://www.elsevier.com/artworkinstructions. Contact details for questions arising after acceptance of an article,
especially those relating to proofs, will be provided by the publisher.

You can track accepted articles at http://www.elsevier.com/trackarticle. You can also check our Author
FAQs at http://www.elsevier.com/authorFAQ and/or contact Customer Support via http://support.elsevier.com.
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