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RESUMO

Comportamento mecéanico de zirconia hibrida desenvolvida através da Deposicio em

Camada Atomica a Temperatura Ambiente (RT-ALD)

Objetivos: Avaliar o comportamento mecanico da interface hibrida entre a camada
transformada da zirconia e o nanofilme a base de silica, depositado por meio de Deposi¢do em
Camada Atomica a Temperatura Ambiente (RT-ALD) assim como a resisténcia de unido entre
a zircOnia e o cimento resinoso apos a aplicagdo da técnica de RT-ALD.

Materiais e Métodos: Espécimes Y-PSZ totalmente sinterizados em diferentes translucéncias
(MO, MT, LT) foram distribuidos em 5 grupos: controle (C - sem tratamento); tratamento
hidrotérmico (TH- 15h - 134 °C, 2 bar); jateamento de alumina (J - 50 pm Al>,O3); deposi¢ao
de silica RT-ALD (S); TH seguido de deposicdo de silica (THS). Os ciclos de RT-ALD
consistiram na exposicdo sequencial das amostras a vapores de ortossilicato de
tetrametoxissilano (TMOS - 60s) e hidroxido de aménio (NH4OH - 10 min) em 40 ciclos. O
desempenho mecanico foi analisado pelos testes de resisténcia a flexao (RF) e carga de ruptura
por fadiga. A dureza superficial (D) e o mddulo de Young (MY) foram analisados por
nanoindentagdo. Para caracterizagdo quimica e topografica de superficie, foram realizadas
espectroscopia de fotoelétrons de raios X (XPS) e microscopia eletronica de varredura (MEV).
Para o teste de resisténcia de unido ao cisalhamento (RUC), cilindros de resina composta foram
cimentados na superficie da zirconia com cimento resinoso (multilink Automix) e, apos o teste,
o modo de falha foi avaliado. Os dados de D, MY, RF, RUC e limite de fadiga (LF) foram
analisados por ANOVA dois critérios.

Resultados: A topografia de superficie apresentou-se mais dspera para os grupos jateados. Na
analise por XPS, um nanofilme de silica foi observado sobre a superficie da zirconia apés RT-
ALD. Valores de resisténcia de unido do grupo S e THS foram semelhantes ao grupo J (p>
0,848). Ambos os tratamentos S mostraram valores de FS semelhantes aos grupos B (p > 0,410).
S nao afetou LF quando comparado ao grupo C (p > 0,277) para todos os materiais avaliados.
Conclusées: A técnica RT-ALD apresentou-se eficaz na deposi¢ao de silica na superficie da
zircOnia, apresentando resultados de resisténcia de unido semelhantes aos espécimes jateados.
Além disso, ndo apresentou nenhum efeito deletério nas propriedades mecanicas.
Palavras-chave: Ceramica. Silica. Microscopia eletronica de varredura. Resisténcia ao

Cisalhamento







ABSTRACT

Mechanical behavior of hybrid zirconia developed through Room Temperature Atomic

Layer Deposition (RT-ALD)

Objectives: The aim Evaluate the mechanical performance of the hybrid interface between the
transformed zirconia layer and the silica-based nanofilm, deposited by means of Atomic Layer
Deposition at Room Temperature (RT-ALD) as well as the bond strength between the zirconia
and the resin cement after RT-ALD technique.

Materials and Methods: Electron Microscopy (TEM)/Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (EDX), X-ray Diffraction (XDR) and Fourier
Transform Infrared (FTIR). Fully-sintered Y-PSZ specimens in different translucencies (MO, MT,
LT) were distributed in 5 groups: control (C - no treatment); hydrothermal treatment (HT- 15h - 134°C,
2 bar); alumina blasting (B - 50 um AlOs3); RT-ALD silica deposition (S); HT followed by silica
deposition (HTS). RT-ALD cycles consisted of the sequential exposure of specimens to
tetramethoxysilane orthosilicate (TMOS - 60s) and ammonium hydroxide (NH4OH - 10 min) vapors in
40 cycles. Mechanical performance was analyzed by flexural strength (FS) and fatigue failure load tests.
Surface hardness (H) and Young's modulus (YM) were analyzed by nanoindentation. For surface
chemical and topographical characterization, X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM) were performed. For the shear bond strength test (SBS), composite resin
cylinders were cemented on the zirconia surface with resin cement (Multilink Automix) and, after the
test, the failure mode was evaluated. Data from surface H, YM, FS, SBS and fatigue limit (FL) were
analyzed by two-way analysis of variance (ANOVA).

Results: The surface topography was rougher for the blasted groups. In the XPS analysis, a
silica nanofilm was observed on the zirconia surface after RT-ALD. Bond strength values of
group S and HTS were similar to group J (p > 0.848). Both S treatments showed values of FS
similar to groups B (p > 0.410). S did not affect FL. when compared to group C (p > 0.277) for
all evaluated materials.

Conclusions: RT-ALD technique was effective in depositing silica on the zirconia surface,
presenting results of bond strength similar to the blasted specimens. In addition, RT-ALD did

not have any deleterious effect on the mechanical properties.

Keywords: Ceramics. Microscopy, Electron, Scanning. Silica. Shear Strength.
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1 INTRODUCTION

Yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) has been used in dentistry
more than 20 years and considered a versatile material for metal-free prosthodontic treatments
[1] due to its optical, physical and mechanical proprieties [2—4]. Their mechanical performance
is related with high flexural strength (around 1,000 MPa) [5,6], hardness (19 GPa) [7], and
fracture toughness above 7.36 MPa m'? [8]. Also, Y-PSZ has a wide variety of clinical
applications, such as fixed dental prostheses (FDPs), monolithic crowns, implant abutments or
screw-retained-protheses [9]. The main failure problem of zirconia rehabilitation systems is the
chipping of the veneering porcelain [10,11]. However, the monolithic restorations have become
an alternative treatment, since is not necessary the veneering ceramic application and the high
translucency [12]. The translucency of zirconia restorations is related to the chemical nature,
crystal structure [13], particle and grain size, and the density of the material [14]. These factors
determine the amount of light that is reflected, absorbed, and transmitted [15] and, the material
indication.

The crystallographic structure of Y-TZP is represented by three crystallographic forms:
monoclinic (m), tetragonal (t), and cubic (c), according to the temperature change [7,16]. The
t-phase stabilization at room temperature is achieved by the addition of yttria (3 mol%) due to
the poor meta-stability of zirconia crystals [17,18]. The best mechanical performance of
zirconia-based materials is associated with a mechanism called “transformation toughening”
[19], due to the metastability of the tetragonal (t) phase at room temperature. This process
occurs when the zirconia is exposed to localized stress fields causing a local transformation of

the tetragonal crystals to the monoclinic state (t — m), generating a volume expansion (3-5%)

of the 3Y-TZP grains in the region of stress. Also, the process leads to the formation of local
compressive stresses which arrest the crack from propagating [20], therefore increasing the
material’s fracture toughness. However, phase transformation alters the phase integrity and
increases the zirconia’s susceptibility to aging [21].

The instability of 3Y-TZP is generated by the process called “low-temperature

degradation” (LTD) [22]. Zirconia’s LTD consists an uncontrolled t—m transformation in the

presence of water [23], which affects the 3Y-TZP mechanical properties, leading to fracture
[16,24]. Also, studies have been reported that the displacement of the martensitic plates on the

surface of the 3Y-TZP transformed layer (t — m) leads to the development of a transitional

layer of tetragonal and monoclinic grains surrounded by microcracks [25,26] in addition to a
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highly uneven monoclinic-saturated transitional layer with maximized grain removal [25].
Therefore, the transformed microcracked layer could become a permeable membrane for the
infiltration/deposition of materials.

In addition to the problem of LTD, the literature has been reported several failures
related to fracture/chipping of veneering porcelain, marginal discoloration and debonding of
the FDPs [27,28]. However, bonding failure is still a challenge between 3Y-TZP and resin-
based materials, since the absence of a glass matrix in composition [29]. Therefore, several
surface treatments have been developed to increase the bond strength between these two
materials [30]. Some chemical and mechanical methods have been used including airborne
abrasion with alumina particle (Al>O3), silicatization, laser (Nd:YAG, Er:YAG), selective
infiltration-etching (SIE), application of low-fused porcelain, primers, and cements with 10-
Methacryloxydecyl Dihydrogen Phosphate monomer (MDP) [31-34].

The wide variation of zirconia adhesion protocols reported in in vitro studies interferes
in the establishment of the best protocol. However, physicochemical surface methods, increased
the bond strength between zirconia and resin cements [30]. Among the chemical conditioning
methods, silica (SiO2) deposition by the atomic layer deposition (ALD) technique has been used
in engineering for deposition of monolayers of materials with reactive vapor precursors [35].
Silica deposition at room temperature (RT) was previously reported by the contact and chemical
reaction of tetramethoxysilane (TMOS) and ammonia (NH3) vapors on the polystyrene spheres
surface [36].

Considering that the RT-ALD technique can be used in other organic materials such as
AL O3, TiO2, ZnO, and ZnS [36], and the micro-cracks network of the transformed layer can
become a permeable membrane for the infiltration/deposition of materials, the deposition of
silica via RT-ALD on the zirconia surface is promising. Therefore, the study has two objectives:
(1) to evaluate the bond strength at the interface between Y-TZP and resin cement after silica
deposition via RT-ALD, and (2) to evaluate the mechanical performance of the hybrid interface

between Y-TZP transformed layer and silica-based nanofilm via RT-ALD.
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Silica deposition on zirconia via Room-Temperature Atomic Layer Deposition and bond
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ABSTRACT

Objectives: This study aimed to evaluate the effect of the controlled growth of yttria-stabilized
zirconia (Y-PSZ) transformed layer and silica deposition via Room-Temperature Atomic Layer
Deposition (RT-ALD) on bond strength between Y-PSZ and resin cement.

Methods: Y-PSZ specimens (IPS e.max ZirCAD, Ivoclar Vivadent) with different
translucencies (MO, MT, LT) were exposed to surface treatments (n=10): control (C - no
treatment), aged (A - 15 h, 134°C, 2 bar in autoclave), blasted (B - 50 um Al203), silica
deposition via Rt-ALD (R - 40 cycles of sequential exposure to tetramethoxysilane orthosilicate
and ammonium hydroxide vapors) and aged followed by silica deposition (AR). Specimens
were bonded to resin composite cylinders with a resin cement (Multilink Automix) and shear
bond strength (SBS) test was performed. Failure mode and surface chemical and topographical
characterization (energy-dispersive spectroscopy, X-ray photoelectron spectroscopy and
scanning electron microscopy) were performed. SBS data was analyzed by two-way ANOVA
and Tukey test (a=.05).

Results: The results of the two-way ANOVA indicated that surface treatment (p<.001) and the
zirconia translucency/surface treatment interaction (p=.001) had a significant effect on SBS.
Silica deposition resulted in bond strength values similar to alumina blasting (p>.848), with no
significant effect of aging (p>.664). Higher incidence of composite resin cohesive failures was
observed in the R-treated specimens (MT, LT), with and without aging. SEM images showed a
rougher surface for B-treated specimens, while no changes were observed for the other
treatments. XPS analysis showed a nanofilm of silica deposited over the zirconia surface after
silica deposition.

Significance: RT-ALD was an effective technique to deposit silica on the surface of zirconia,

generating bond strength results similar to alumina-blasted specimens.

Keywords: Y-PSZ, Shear Bond Strength, Air Abrasion, Dental materials.
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1. INTRODUCTION

The clinical use of yttria-partially stabilized zirconia (Y-PSZ) has increased over the
years due to the several indications of zirconia, such as fixed dental prosthesis (FDP)[1],
customized abutments[2], single/multiple crowns’ frameworks, and monolithic restorations[3].
The clinical longevity of zirconia as a framework has shown high survival rates for single
crowns (88.8% and 98.3% at 3 and 5 years, respectively)[4] and FDPs (96.3% up to 3 years)[5],
due to its excellent mechanical properties such as high fracture toughness (above 7.36 MPa
m1/2)[6], flexural strength (~ 1000 MPa)[7,8], and hardness (19 GPa)[9]. However, different
problems have been reported, such as chipping of the veneering ceramic, framework
fracture[10,11] and FDP debonding. The debonding of the FDP framework from the abutment
teeth is indeed the most frequent problem reported[12] due to the low retention between resin
cements and the crystalline zirconia structure[13,14].

The bond between resin-based luting agents and zirconia remains a challenge due to Y-
PSZ’s lack of glass phase[15]. High bond strength between silica-based ceramics is reported
because hydrofluoric acid etching (5% for 30—60s) and silane are combined to maximize
chemical and micromechanical bonding[16—18]. To improve zirconia bond strength to resin
cements, different surface conditioning methods have been proposed based on mechanical or
chemical conditioning properties[14,19]. The surface treatments include airborne-particle
abrasion[20-23], which increases surface roughness for micromechanical interlocking, the
physicochemical surface modification of zirconia with silica-coated alumina particles followed
by silanization[24-28], and the use of adhesives with functional monomers to enhance chemical
interactions[29,30].

In addition to the limited bonding capacity, critical structural failures can occur due to
low temperature degradation (LTD) of zirconia[31]. LTD is caused by the development of local
compressive stresses in the presence of water[32,33] promoting the transformation of the
tetragonal grains back to their natural state - monoclinic, a process known as tetragonal-to-
monoclinic (t-m) phase transformation. T-m phase transformation is known to increase surface
roughness and decrease some of the mechanical properties of zirconia[34]. However, the LTD
process starts by a displacement of the martensitic plates on the Y-PSZ surface that results in a
transitional layer of tetragonal and monoclinic grains surrounded by microcracks, with some
capacity for elastic deformation as indicated by nanoindentation[35,36]. It is possible that this

t-m transitional microcracked layer, when developed under controlled conditions, increases the
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porosity of the Y-PSZ surface, enabling its interaction with chemical agents by effective
infiltration of vapors in the nanoscale.

The absence of silica on Y-TZP structure[15] may be overcome by surface silica
deposition, enhancing bond strength between zirconia and resin cement. Atomic layer
deposition (ALD) is a technique that has been used in engineering for nanoscale layer
deposition of inorganic oxides, such as Al203, TiO2, ZnO, and ZnS[26,37]. This technique
may also be used for the deposition of a nanofilm of silica (Si02) on different materials’ surface
through reactive vapor precursors[38,39]. Successful ALD deposition of silica layers was
demonstrated at room-temperature conditions (RT-ALD) by using vapors of tetramethoxysilane
(TMOS) and ammonia (NH3)[37], a technique that is cheaper than conventional ALD, since it
does not demand specialized equipment, while still effective.

Silica deposition on Y-PSZ surface via RT-ALD has the potential to improve its bond
strength to resin-based materials. It is also a promising approach to develop zirconia-based
hybrid materials in different areas of healthcare and industry. In addition, the development of a
microcracked transitional t-m layer under controlled conditions[35,40] may enhance the vapor
infiltration capacity of Y-PSZ by acting as a permeable membrane. Therefore, the purpose of
this study was to investigate the potential of this t-m microcracked layer to be infiltrated by
silica using RT-ALD, through analysis of the bond strength between Y-PSZ and resin cement,
and surface characterization. The hypotheses to be tested were: (1) the development of a
microcracked layer prior to RT-ALD has an effect on bond strength between Y-PSZ and resin
cement; (2) silica infiltration via RT-ALD affects the bond strength between Y-PSZ and resin

cement

2. MATERIAL AND METHODS
2.1 Preparation of specimens
Partially-sintered Y-PSZ blocks with three different translucencies (MO, MT, LT - IPS
e.max ZirCAD, Ivoclar Vivadent, Schaan, Liechtenstein) were cut (Isomet® 1000 Buehler,
Lake Bluff, IL, USA) with a diamond blade (15LC, Buehler, Lake Bluff, IL, USA) at low speed
under water cooling. Specimens were sintered (Programat® S1, Ivoclar Vivadent, Schaan,
Liechtenstein) according to the manufacturer’s instructions and, after cleaning in ultrasonic
bath (QuickClean; Midmark) in acetone for 5 minutes, fifty sintered specimens (5 x 5 x 2 mm)
were randomly assigned to five experimental groups for each material (Figure 1): control (C -

no treatment), aged (A — controlled artificial aging in autoclave), blasted (B - alumina blasting),
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silica deposition via RT-ALD (R) and aged followed by silica deposition via RT-ALD (AR).

The experimental materials used in this study are described in Table 1.

2.2 Surface treatments

2.2.1 Control — After ultrasonic cleaning, specimens were stored in distilled water at
room temperature until the bonding procedures started.

2.2.2 Aged - Twenty specimens from each material were aged in autoclave (Ritter M9
Midmark Sterilizer, Versailles, Ohio, USA) under 2 bars at 134 oC for 15 hours[41,42]. The
aging conditions were determined based on findings of a preliminary study (currently under
review);

2.2.3 Blasted - Airborne abrasion with 50 um Al203 particle under 2 bar pressure, from
a perpendicular distance of 10 mm, for 15s.

2.2.4 Room Temperature Atomic Layer Deposition (RT-ALD) - Silica deposition via
RT-ALD - specimens were sequentially exposed to tetramethoxysilane orthosilicate (TMOS —
60 seconds) vapor and ammonium hydroxide (NH4OH - 10 minutes), which represented one
cycle[37]. Forty cycles were applied. Vapor exposure was achieved by placing the specimens
in a basket suspended 2 cm above the solution. Oxygen plasma cleaning (PDC-001 plasma
cleaner, Harrick Plasma, Ithaca, NY, USA) was applied for 10 min every 5 cycles to enhance
zirconia surface hydrophilicity. The entire silica deposition process was carried out in a fume
hood under ambient pressure conditions. The number of RT-ALD cycles was previously
determined in a pilot study after surface characterization by X-ray photoelectron spectroscopy
(XPS) (further details provided below).

2.2.5 Hydrothermal aging + RT-ALD - Hydrothermal aging followed by 40 cycles of
RT-ALD as previously described.

2.3 Shear bond strength
2.3.1 Bonding

For the preparation of the shear bond strength test specimens, zirconia slabs were
embedded in epoxy resin (EpoxyCure 2, Buehler, Lake Bluff, IL, USA). Composite resin
cylinders (3.250 mm x 3 mm) were prepared by placing 2 mm increments (IPS Empress Direct,
Ivoclar Vivadent, Schaan, Liechtenstein) in an acrylic resin mold. Each increment was light-

activated for 20 seconds (Bluephase, Ivoclar Vivadent, Schaan, Liechtenstein).
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For the bonding, Monobond Plus was applied to the Y-PSZ surface and was left to dry
for 60 seconds; the composite resin cylinders were treated with the two primer liquids
(Multilink Primer A and B) mixed (1:1), applied with a brush (30 seconds) and dried with a
gentle air blast. Composite resin cylinders were cemented to zirconia with resin cement
(Multilink Automix, Ivoclar Vivadent, Schaan, Liechtenstein) according to manufacturer's
instructions, under an axial load of 5 N. Excess was removed and the cement was light-activated
for 20 seconds in 4 perpendicular directions. Specimens were stored in distilled water (37°C)
for 24 h before the bond strength test.

Shear bond strength (SBS) test of the interface between zirconia and resin cement was
performed in a universal testing machine (Instron 8501; Instron, Canton, Mass) with a
semicircular knife edge. The load was applied at a crosshead speed of 0.5 mm/min until fracture.
The load at failure was recorded and the SBS values (in N) were converted to MPa using the

formula P/A, where P is the fracture load (N) and A is the bonded area (mm2)[43].

2.3.2 Failure analysis

All specimens were analyzed for mode of failure in a stereomicroscope (60X
magnification, Olympus SZ61, Olympus America Inc., Center Valley, PA, EUA). The failures
were classified in adhesive (failure between zirconia and resin cement), cohesive (failure
between composite resin and resin cement), or mixed (at least 30% of one of both types of

failure).

2.4 SEM/EDS analysis

The morphological characterization of the zirconia surface was performed in 2
specimens per experimental condition, under scanning electron microscope (SEM - JEOL 6610
LV, Jeol USA Inc., Peabody, MA, USA), in high vacuum mode (15Kv), at a working distance
of 8 mm and 5,000X magnification. Chemical characterization (Zr, O, Al and Si) of the
specimens’ surface was performed by Energy-dispersive X-ray spectroscopy analysis (EDS, X-

Max, Oxford Instruments, United Kingdom) after sputter coating with gold-palladium.

2.5 X-ray photoelectron spectroscopy analysis
The number of RT-ALD cycles to be performed was defined in a pilot study, based on
the generation of a homogeneous layer of silica over Y-PSZ. Medium translucency (MT)

zirconia specimens were exposed to different number of RT-ALD cycles, as previously
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described: 0 (control), 1, 2, 5, 20 and 40; treated specimens were analyzed by XPS using a
Thermofisher Scientific K-Alpha system (Thermofisher Scientific—E, Grinstead, UK). The
measurements were performed with high resolution spectra (nominal 400 pm spot, 25 eV pass
energy) for the observed elemental regions obtained. The scan was performed in wide- and
narrow-scan spectra (Y3d5, Si2p, Zr3d, Cls, Ols), using a source gun of Al K Alpha, with

standard lens mode, and energy step size of 0.100 eV.

2.6 Statistical analysis

SBS values were analyzed using two-way ANOVA (independent variables: surface
treatment and zirconia translucency) followed by one-way ANOVA. The interaction between
materials and groups was analyzed using post hoc Tukey test (SPSS 20, SPSS Inc., Chicago,

IL, USA). The overall statistical significance was pre-set at 5%.

3. RESULTS
3.1 XPS examination

XPS analysis indicated effective deposition of a nanofilm of silica after 20 and 40 cycles
of RT-ALD (Table 2). Narrow-scan XPS spectra of the Si2p region of Y-PSZ are presented in
Figure 2. A Si2p peak was observed at an expected binding energy of approximately 154 eV.
The atomic ratios of Si were clearly higher after 40 cycles (27.4) than they were at 20 cycles
(18.8), and the peaks of zirconia (8.4 and 0) were also the lowest after 40 cycles of silica

deposition (Table 2).

3.2 Shear bond strength and failure mode

SBS results are presented in Figure 3. The results of the two-way ANOVA indicated
that surface treatment (p<.001) and the interaction zirconia translucency and surface treatment
(p=.001) had a significant effect on SBS. Zirconia translucency was not significant (p=.512).
The analysis of the interaction indicated significant difference between groups (p<.000): bond
strength values ranged from 9.83(%+2.14) to 26.75(£5.23) MPa. MT/B (26.75+5.23 MPa) and
MT/R (26.23+8.27 MPa) presented the highest SBS values, while LT/C (10.09+6.59 MPa) and
MT/A (9.83+£2.14 MPa) presented the lowest SBS values (Figure 3). There was no effect of
hydrothermal aging on bond strength when R and AR groups were compared (p>.664), for any

of the materials evaluated. Similar SBS values (p>.848) were observed between B and R treated
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specimens, for all the materials analyzed. RT-ALD resulted in significantly higher SBS for MO
(p<.001) and MT (p=.025) in comparison to the control (untreated) specimens.

Failure mode analysis results are presented in Figure 4. Adhesive and mixed failures at
the bonding interface between zirconia and resin cement were the most frequent ones observed
for all materials. When RT-ALD treatment was applied, a prevalence of cohesive failures was

observed for MT ([150%) and LT (60%).

3.3 SEM/EDS analysis

SEM images showed different surface morphologies after surface treatments were
applied (Figure 5). When control groups (Figure 5A, F, K) and aged specimens are compared
(Figure 5B, G, L), MO shows granular increase as a consequence of aging, while LT shows
some slight changes in surface topography. MT specimens did not show surface changes
between control and aged conditions. Alumina blasting (Figure 5C, H, M) resulted in superficial
and deep notches created by the high impact of alumina particles on zirconia surface. Silica
deposition via RT-ALD (Figure 5D, E, I, J, N, O) did not affect surface topography to a level
that could be observed under SEM.

The chemical distribution (wt%) of the elements (Zr, O, Al and Si) observed on zirconia
surface is presented in Figure 6. Zr and O were identified in all materials and in the different
treatments with similar composition. As expected, Al was detected in all alumina-blasted
specimens. Si (0.49%) was detected in one LT specimen after RT-ALD treatment for silica

deposition.

4. DISCUSSION

The aims of this study were to investigate the use of controlled artificial aging to
increase zirconia’s wettability by oxide vapors, and to evaluate RT-ALD as a technique for
silica deposition on zirconia surface. The effectiveness of the silica nanofilm deposited was
characterized by the analysis of bond strength between zirconia and resin-based cement. Under
the conditions of the present study, hydrothermal aging combined with RT-ALD did not affect
bond strength between zirconia and resin cement in comparison to RT-ALD alone (p>.664).
RT-ALD resulted in bond strength values that were similar to the ones obtained for alumina-
blasted specimens, regardless of zirconia translucency. Therefore, the first hypothesis was

rejected and the second hypothesis was accepted.
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Long-term clinical success of indirect restorations is achieved, amongst other variables,
with predictability of the adhesive cementation[44]. In addition, adhesive cementation
improves stress distribution throughout the restorative complex, increasing the restoration’s
mechanical properties[45]. A dual-cure, self-etching adhesive cement was chosen for the
cementation of specimens due to the well-documented bond strength values[46]. The present
study used shear bond strength test because it is the technique most commonly used to evaluated
bond strength to zirconia[ 14]. Within the different tests designs available (shear, micro-shear,
tensile, and micro-tensile)[14], the choice of SBS test is due to the minimum equipment
required and ease of specimen preparation, which makes it a simple and low-cost protocol[47—
49]. The degrees of translucency of the zirconia-based materials evaluated (MO, MT and LT)
were selected to represent different clinicals scenarios.

In this study, hydrothermal aging was used to induce crystalline changes on zirconia
surface, creating a microcracked layer that would be more receptive to the infiltration of a silica
nanofilm as per the characteristics of the transitional/transformed layer previously reported in
the literature[35,36]. The analysis of the results showed that hydrothermal aging (A) did not
positively affect SBS to zirconia when compared to RT-ALD (R) or control (C) specimens,
regardless of zirconia translucency. Aging before RT-ALD (AR) resulted in SBS results similar
to when RT-ALD was used alone (R). It was expected that the permeability of the Y-PSZ
microcracked t-m layer would have an effect on the strength of the silica infiltrated/deposited
layer, which was not observed via SBS test. Further investigations into the interface developed
are encouraged.

RT-ALD has already shown promising results in terms of controlled growth of a silica
nanofilm[26,37]. In the present study, RT-ALD was used to enable the infiltration and deposit
of a nanofilm of silica on the surface of zirconia. A clinically acceptable bond strength to
zirconia has been reported as approximately 10-13 MPa[50]. From the groups analyzed in this
study, only MT/A (9.8342.14 MPa) and LT/C (10.09+6.59 MPa) were below that range. RT-
ALD resulted in bond strength values that were similar to the values presented by alumina
blasting, which is considered the standard treatment for proper micromechanical interlocking
between zirconia and resin cement (Figure 3). Alternative surface treatments are constantly
under scrutiny, since alumina blasting improves bond strength to zirconia[46,51] at the
expenses of the restoration’s fatigue resistance[52], as demonstrated in a subcritical crack
growth study[53]. The roughness reported in alumina particle-abraded specimens can be

observed in the SEM images (Figure 5C, H, M), where surface irregularities and sharp
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indentations are distributed throughout the surface. This finding corroborates other studies[54—
56] which reported surface defects that were deeper than the transformation toughening
“healing” capacity of the material[52].

Tribochemical silica coating followed by a silane agent application was initially
introduced as an alternative to alumina-particle abrasion, but the stability of that bonding[46,57]
and the effectiveness of the interaction between silica and zirconia[58] were later questioned.
In the present study, surface characterization by SEM showed that RT-ALD resulted in a regular
surface (Figure 5D, I, N) that is apparently similar to the control group (Figure 5A, F, K)[56].
No surface damage was expected as a result of the RT-ALD treatment. The analysis of failure
suggested that SBS between resin cement and zirconia after RT-ALD was higher than the
cohesive strength of the resin cement, as per the high prevalence of cohesive failure in the RT-
ALD groups >50% for MT and LT materials (Figure 4). Thus, RT-ALD should be further
investigated as an alternative to alumina blasting and silica-deposition methods, as a reliable,
simple, damage-free, surface treatment for the deposition of silica on zirconia surface.

The XPS analysis, a highly sensitive technique for surface chemical
characterization[59], indicated a nanofilm of silica deposited on Y-PSZ surface during the pilot
study, when silica deposition was analyzed after different numbers of cycles (Table 2).
However, the EDS analysis of the specimens prepared for bonding only indicated presence of
silica in one of the specimens (LT/RT-ALD). These results may be explained by the difference
of characterization depth between EDS ([Im) and XPS (nm). XPS analyses the specimen in a
nanometric scale, being possible to detect chemical elements within that range[59]. EDS, on
the other hand, is suitable for the analysis of thicker films. A previous study reported a 20 nm-
thick silica growth after 5 cycles[37]. Based on this, a silica film thickness of approximately
160 nm was expected after 40 cycles. In spite of the lack of sensitivity of EDS to detect silica
in the R-treated specimens, an effective silica nanofilm is the only possible reason behind the
significant difference in bond strength results between RT-ALD-treated and control specimens
in all groups. XPS or other sensitive techniques for surface chemical characterization are
recommended in future studies to be able to identify the changes in a nanometric scale[59,60].

This study aimed to evaluate the effect of controlled aging and silica deposition on the
interfacial bond strength between Y-PSZ and resin cement via RT-ALD. Among the limitations
of the present study, the stability of the bonding was not analyzed and the specimens’ design
and dimensions were not representative of dental restorations. However, the positive outcomes

observed in this study indicate that further investigations should be pursued and include more
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RT-ALD cycles. The analysis of other surface cleaning methods, more accessible and less

expensive than oxygen plasma treatment, is also encouraged.

S. CONCLUSION

Under the limitations of the present study, the following conclusions can be addressed:
1. Controlled aging of zirconia did not positively affect bond strength to resin cement.
2. Bond strength between Y-PSZ and resin cement was positively affected by silica deposition
via RT-ALD, with similar results to alumina blasting.
3. Alumina-blasting affected specimens’ surface topography in a pattern compatible with
surface damage.
4. EDS analysis was not an effective technique to characterize the presence of silica on zirconia

surface after RT-ALD.
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Table 1. Description of the zirconia-based materials employed in this study.

Material  Translucency Type Composition - weight percent (wt%) Manufacturer
IPS e.max Medium 3Y-PSZ 710, (88-95.5%), Y203 (> 4.5 % — < 6%), HfO, (£ Ivoclar Vivadent,
ZirCAD Opacity 5%), Al,O3 (< 1%), other oxides (< 1%) Liechtenstein
IPS e.max Medium IY-PSZ 7105 (86-93.5%), Y203 (> 6.5 % — < 8%), HfO, (£ Ivoclar Vivadent,
ZirCAD translucency 5%), Al,O3 (< 1%), other oxides (< 1%) Liechtenstein
IPS e.max Low S Zr0; (88-95.5%), Y205 (> 4.5 % — < 6%), HfO, (< Ivoclar Vivadent,
ZirCAD translucency 5%), Al,Os (< 1%), other oxides (< 1%) Liechtenstein

Table 2. XPS elemental composition (Rel.At.%) as a function of RT-ALD number of cycles
over MT/Y-PSZ.

Cycles | Peaks Ysds Siz2p Zrid Cis O1s
Control 3.7 1.3 17.2 28.4 49.4

1 cycle 3.5 6.1 18 11.7 60.7

2 cycles 3.5 6.7 16.9 224 62.8

5 cycles 1.9 16.0 9.7 11.9 63.7

10 cycles 1.9 16.0 9.7 11.9 60.5

20 cycles 1.8 19.8 8.4 3.9 66.1

40 cycles 0.7 274 0 10.8 61.5
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Figure 1. (A). Schematic representation of the experimental design. (B). Specimens preparation

for shear bond strength.
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Figure 5. SEM characterization of zirconia specimens after the different surface treatments
(X5000). SEM images showed a more regular surface for C (A, F, K) A (B, G, L) and RT-ALD
(D, E, I, J, N, O) groups than blasted groups (C, H, M), which presented a more irregular

surface.
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ABSTRACT

Objective: Silica-based nanofilm has been successfully deposited via Room-Temperature
Atomic Layer Deposition (RT-ALD) on the surface of a glass. The purpose of this study was to
evaluate the mechanical performance of the hybrid interface between yttria-stabilized zirconia
(Y-PSZ) transformed layer and silica-based nanofilm deposited via RT-ALD.

Material and Methods: Fully-sintered Y-PSZ (14 x 4.0 x 1.5 mm) specimens in different
translucencies (MO, MT, LT; IPS e.max Zircad, Ivoclar Vivadent) were distributed in 5 groups:
control (C - no treatment); hydrothermal treatment (HT- 15h - 134°C, 2 bar); alumina blasting (B
- 50 um Al,O3); RT-ALD silica deposition (S); HT followed by silica deposition (HTS). RT-ALD
cycles consisted of the sequential exposure of specimens to tetramethoxysilane orthosilicate
(TMOS - 60s) and ammonium hydroxide (NH4OH - 10 min) vapors in 40 cycles. Mechanical
performance was analyzed by flexural strength (FS) (n = 10) and fatigue failure load (staircase
method; n = 20) tests. Surface hardness (H) and Young's modulus (YM) were analyzed by
nanoindentation. For surface chemical and topographical characterization, X-ray photoelectron
spectroscopy (XPS) and scanning electron microscopy (SEM) were performed. Data from surface
H, YM, FS, and fatigue limit (FL) were analyzed by two-way analysis of variance (ANOVA).
Results: For all materials, S did not affect FS when compared to C group (p > 0.269), except for
HTS-MO (807.65 MPa), which presented higher FS than the C-MO (436.23 MPa) (p < 0.001).
Both S treatments showed similar FS values to B groups (p > 0.410). S did not affect FL. when
compared to the C group (p > 0.277) for all materials investigated. HTS resulted in higher FL
than S for LT and MO materials (p < 0.001). Surface hardness and modulus were similar between
control and S-treated specimens for all materials analyzed. XPS analysis showed homogeneous
silica content after 20 and 40 RT-ALD cycles, and SEM did not show significant changes in
surface morphology between C and S-treated specimens.

Conclusion: RT-ALD resulted in effective silica deposition without any deleterious effect on
zirconia-based materials mechanical properties. Alumina blasting promoted higher alteration on
surface topography. HT prior to S resulted in superior FL (for MO and MT) and flexural strength

(MO) for some of the materials investigated.

Keywords: Dental ceramics, Flexural strength, Phase transformation, Nanoindentation,

Hybrid layer.
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1. INTRODUCTION

The temperature-dependent crystalline phases of zirconia have been thoroughly
investigated and reported in the literature (Catledge et al., 2003; Chevalier, 2006). The
tetragonal (7) phase is associated with the highest mechanical properties of zirconia, such
as flexural strength (FS) (Kim et al., 2009), fracture toughness (Harada et al., 2016), and
surface hardness (Catledge et al., 2003). Tetragonal zirconia also results in optimal
clinical performance (Miura et al., 2020; Spies et al., 2019) when compared to other
dental ceramics. An in vitro study reported that zirconia fixed partial dentures (FPDs)
presented a lower failure rate than lithium disilicate FPDs up to 7.5 years (Sulaiman et
al., 2020). In addition, high survival rates of zirconia-based posterior single crowns
supported by zirconia implants have been reported after 5 years (Spies et al., 2019).
Monolithic zirconia crowns in molars have survival rates as high as 90% after 3.5 years
(Miura et al., 2020).

The outstanding mechanical properties of zirconia are related to the metastability
of the tetragonal phase at room temperature (Shukla and Seal, 2005). Zirconia’s capacity
to halt a crack from propagating due to local #-m transformation triggered by compressive
stresses is very unique and increases the work to fracture of the material (Garvie et al.,
1975; Hannink et al., 2000). Low temperature degradation (LTD) is, however, an
undesired outcome of the metastability of the tetragonal phase (Chevalier et al., 1999;
Kobayashi et al., 1981). LTD is characterized by an uncontrolled t—m transformation in
the presence of water, (Chevalier et al., 2011) that proceeds gradually from the surface
into the bulk of the material and micro- and macrocracks develop in the wake of the
volume expansion caused by the phase transformation (Chevalier et al., 2007; Sato et al.,
1985).

Accelerated hydrothermal treatment (HT) has been used to simulate the long-term
aging of zirconia-based materials (Chevalier et al., 1999; De Souza et al., 2017; Kim and
Kim, 2019). The 3Y-TZP transformed layer presents a transitional layer of tetragonal and
monoclinic grains surrounded by microcracks, which happen due to the dislodgement of
the martensitic plates, indicating the porosity of the t-m microcracked layer (Pinto et al.,
2016). XRD analysis showed that some grains within the transformed layer do not possess
twin lamellae, indicating an incomplete transformation (Keuper et al., 2014). Therefore,

the interconnection of the t-m microcracked layer makes it a permeable membrane for
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infiltration/deposition of nano-scale materials. Consequently, a controlled growth of the
t-m transformed layer has the potential to be used for the infiltration of nano-scale
materials.

Functionally-graded materials (FGMs) are an advanced class of engineered
materials characterized by the presence of two or more materials with spatial variations
in their structure and/or chemical composition to improve properties and functionalities
of the material (Kawasaki and Watanabe, 1997; Parihar et al., 2018). Based on this
concept, FGM technique has been used to develop biomedical zirconia (Volpato et al.,
2019). However, fabrication of a biomaterial by FGM technique is challenging task
(Parihar et al., 2018). Micro- and macro-structure design of FGMs is a challenge for the
modern industry since there is a need for advancement in the processing technique for the
production and upgrade of existing FGM processes (Parihar et al., 2018). With these
limitations in mind and with the complexity of the FGMs production technique, other
simple and viable techniques have been described in the literature by the deposition of
oxide nanofilms (Hatton et al., 2010).

Atomic layer deposition (ALD) is generally the elected technique to deposit nano-
scale oxides in the surface of materials for engineering applications (Hatton et al., 2010;
Yu et al., 2009). ALD allows the sequential deposition of monolayers of materials under
controlled thickness with reactive vapor precursors (Leskeld and Ritala, 2002; Rauwel et
al., 2008). Organized and controlled silica (SiO2) deposition can be obtained by ALD in
different inorganic materials, including Al,O3, TiO2, ZnO, and ZnS (Hatton et al., 2010).
Synthesis of silica at room-temperature (RT) - ALD was successful to enable uniform
deposition of 0.2 nm thick layers, after sequential exposure of glass specimens to
tetramethoxysilane (TMOS) and ammonia (NH3) vapors (Hatton et al., 2010).

RT-ALD has not been investigated as a surface treatment for zirconia-based
materials. It is possible that the infiltration of silica or other oxides through the
microcracked layer of zirconia developed under controlled hydrothermal conditions will
result in the successful development of a hybrid surface, improving the chemical and
biomechanical performance of the material. The infiltration of metal oxides into the
permeable 3Y-TZP ¢-m transformed layer may also seal the surface of Y-PSZ against
humidity, controlling LTD in the long-term. Therefore, this study aimed to evaluate the
effect of a silica-zirconia hybrid surface, with and without the development of a

microcracked layer, on the bulk and surface mechanical properties of dental zirconia. The
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study null-hypothesis was that surface treatment would have no effect on the mechanical

performance of the experimental materials.

2. MATERIALS AND METHODS

2.1 Preparation of specimens

Zirconia pre-sintered blocks (IPS e.max ZirCAD, Ivoclar Vivadent, Schaan,
Liechtenstein) in three different translucencies (Table 1) were cut using a precision cutter
(Isomet® 1000 Buehler, Lake Bluff, IL, USA) with slow speed water-cooled diamond
saw (15LC series, Diamond no. 11-4254, Buehler, Lake Bluff, IL, USA). Specimens were
sintered in a furnace (Programat® S1, Ivoclar Vivadent, Schaan, Liechtenstein) following
manufacturers’ instructions and were cleaned in an ultrasonic bath (QuickClean;
Midmark) in acetone for 5 minutes. The sintered specimens (15 x 4 x 1.5 mm) were
randomly divided into 5 groups according to surface treatment (Table 2).

Mechanical performance was analyzed by flexural strength (n = 10) and fatigue
failure load (n = 20) tests (staircase method). Surface hardness (n = 5) and modulus of
elasticity (n = 5) were analyzed by nanoindentation. For surface chemical and
topographical characterization, X-ray photoelectron spectroscopy (XPS; n = 1) and

scanning electron microscopy (SEM; n = 1) were performed.

2.2 Hydrothermal treatment

Specimens were placed in autoclave (Ritter M9 Midmark Sterilizer, Versailles,
Ohio, USA) under 2 bar pressure at 134 °C for 15 hours (Pereira et al., 2016; Xiao et al.,
2012).

2.3 Alumina blasting treatment

For alumina blasting, the surface was treated with 50 pm alumina particle abrasion
under 2 bar pressure, from a perpendicular distance of 10 mm for 10s. After treatment,
the specimens were cleaned in an ultrasonic bath (QuickClean; Midmark) in alcohol for

5 minutes.

2.4 Room-Temperature Atomic Layer Deposition (RT-ALD)
Silica deposition via RT-ALD (S) was performed by exposing specimens to

tetramethoxysilane orthosilicate (TMOS - 60s) (Sigma-Aldrich, 98%) and ammonium
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hydroxide (NH4OH - 10 min) (Sigma-Aldrich, 30 Wt% solution) vapors for 40 cycles
(Hatton et al., 2010). Specimens were exposed to oxygen plasma for 10 min (PDC-001
plasma cleaner, Harrick Plasma) every 5 cycles, to enhance surface hydrophilicity. The
exposure cycles were performed in a fume hood. For the vapor deposition, specimens
were placed in a basket that was suspended inside a glass tube containing the
corresponding liquid, and the basket was placed 2 cm above the liquid (Figure 1). The

exposure cycles were performed at room temperature (~22 °C).

2.5 X-ray photoelectron spectroscopy analysis

A pilot study determined the number of RT-ALD cycles based on homogeneous
deposition of silica over zirconia. The chemical analysis of the presence of silica was
detected by XPS of medium translucency (MT) specimens after O (control), 1, 2, 5, 20,
and 40 cycles of RT-ALD. Quantitative analysis was conducted using a Thermofisher
Scientific K-Alpha system (Thermofisher Scientific—E. Grinstead, UK). The scanning
of narrow-scan spectra (Ysds, Sizp, Zr3d, Cls, Ols) of each specimen followed the
parameters: nominal 400 pm spot, 25 eV pass energy, using a source gun of Al K Alpha,

with standard lens mode, and energy step size of 0.100 eV.

2.6 Flexural strength

Three-point-bending test was selected for the analysis of flexural strength (FS)
(ISO 6872:2015) (International Organization for Standardization ISO 6872:2015, 2015).
The specimens were placed on two supports (10 mm span) and the test was performed
(Instron 8501; Instron, Canton, Mass) with a central load at a crosshead speed of 1
mm/min. The load at fracture (o) was obtained in Newtons (N) and converted to
megapascals (MPa) following the equation:

o = P12wb?

where o is the maximum center tensile stress (MPa), P is fracture load (N), | is the
span (mm), w is the specimen length (mm), and b is the specimen height (mm).

Flexural strength results were used as reference values for the definition of the

initial load and step size in the fatigue failure test.
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2.7 Fatigue test

Fatigue testing (n = 20) was performed using the staircase method (J. . Collins,
1993). The test was performed under the same three-point-bending setup (Instron 8501;
Instron, Canton, Mass) with each specimen immersed in distilled water at room-
temperature (Alshamrani and De Souza, 2020; Kelly et al., 2010). The parameters for the
fatigue test were: 100,000 cycles, frequency of SHz (Alshamrani and De Souza, 2020).

The fatigue test parameters were: initial load was 70% of the mean flexural
strength value for the corresponding group; step size was 5% of the mean flexural
strength. If the specimen survived 100,000 cycles, the stress level was increased by the
step size. If the specimen failed, the stress level was decreased by the step size. This step
was performed for all specimens until all groups were analyzed (Vergani et al., 2010).
Data was analyzed for each group and calculated based on the least frequent event data
(survival or failure), according to the Dixon and Mood method.(Dixon and Mood, 1948)
The mean fatigue limit (XL), standard deviation (S) were calculated according to the
following formulas (1 and 2, respectively) (Table 5):(Dixon and Mood, 1948)

XL=Xo+d(A/N£0.5)(1)

S=1.62d (NB - A?%N?+0.029) (2)

Where X is the lowest stress recorded, d is the fixed stress increment, N is the
sum of failures (or nonfailures) occurring at the different stress levels, A is the total sum
of failures (or nonfailures) multiplied by the stress levels, and B is the total sum of failures
(or nonfailures) multiplied by the square of the stress levels. A negative sign was used in

formula 1 when the analysis was based on failures.

2.8 Nanoindentation

Surface hardness and modulus of elasticity were analyzed (Hysitron Triboindenter
950 - Minneapolis, MN, USA) on the surface of specimens. A Berkovich indenter (50 nm
radius) performed 49 indentations in each specimen in a loading-partial unloading
sequence in a grid of 7 x 7 with a spacing of 20 pm between the indentations and,
penetration depth of 800 nm. Hardness and modulus were calculated using conventional

unloading slope analysis (Oliver and Pharr, 1992).
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2.9 SEM characterization
Surface characterization was performed in gold-sputtered specimens in a scanning
electron microscope (SEM, JEOL 6610 LV, Jeol USA Inc., Peabody, MA, USA).

Specimens were analyzed between 1,000 and 10,000 magnifications.

2.10 Data analysis

Data from flexural strength, fatigue limit (FL), surface hardness, and modulus of
elasticity were analyzed by two-way analysis of variance (ANOVA) followed by one-
way ANOVA. The comparisons between groups were performed with post-hoc Tukey's

test (o = 0.05) by software SPSS 20 (SPSS Inc., Chicago, IL, USA).

3. RESULTS

XPS spectra data (Rel.At. %) is shown in Table 5. The narrow-scan XPS spectra
of the Si2p region (Figure 4) showed an increase in Si content while Zr decreased (Table
5) after 20 and 40 cycles.

The results of the two-way ANOVA indicated the interaction between material
and treatment had a significant effect on FS (p < 0.001). The FS values ranged from
436.23 MPa to 856.65 MPa (Table 3). The HT group for LT material presented the highest
FS value (856.65 MPa) and the lowest FS value (436.23 MPa) was from the C group for
MO material. For all materials, both S treatments showed similar FS values to B groups
(p > 0.410) and C groups (p > 0.269), except for the HT in S treatment (MO — 807.65
MPa) that increased the FS values when compared to C group (MO - 436.23 MPa) (p =
0.000). The lowest values for HT (475.62 MPa) (p < 0.004) and S treatment with HT
(485.97 MPa) (p < 0.029) groups were from MT material.

Fatigue results and test parameters are presented in Table 3. The pattern of
survival and failure for each group is detailed in Figure 2. The fatigue limits ranged from
296.79 MPa to 678.18 MPa. The lowest FL value (296.79 £ 20.42 MPa) was presented
by HTS treatment of MT specimens, while the highest FL (678.18 MPa) was presented
by LT specimens after HT. S treatment did not affect FL of any of the materials when
compared to the C group (p > 0.277). MO and LT materials showed higher FL values
after HT (MO - 661.00 MPa; LT - 678.18 MPa) as well as after HTS (MO - 599.01 MPa;
LT - 659.49 MPa) in comparison to the C groups (MO —392.61 MPa; LT - 386.99 MPa)
(p < 0.001). Only for LT material, the S with HT (659.49 MPa) presented higher FL




48 Articles

values compared to B group (496.28 MPa) (p < 0.001). When comparing groups of
different materials (MO, MT, and LT), B groups from MO presented better performance
(582.75 MPa) than the other (p < 0.001). Overall, MT showed the lowest FL values after
HTS (325.24; 296.79 MPa) in comparison to MO (599. 01 MPa) and LT (659.49 MPa)
(p <0.001) exposed to the same treatment.

The results of two-way ANOVA for surface hardness and Young's modulus
indicated that the interaction material*treatment was significant (p < 0.001) (Table 4).
With the exception of MO zirconia, all the other groups showed similar surface hardness
between B and S treated specimens (p > 0.535). HT affected surface hardness of MT and
LT zirconia (6.74 GPa; 11.4GPa, respectively) in comparison to their C groups (12.70
GPa; 14.16 GPa, respectively) (p <0.021). Surface hardness was similar between control
and S treated zirconia with and without HT (p = 0.07).

The results of Young's modulus are presented in Table 4. According to the Tukey
HSD comparison between materials, similar values were observed between the
experimental treatments (S and HTS), alumina blasting and control (p > 0.575). Only for
LT material, the C group (254.34 GPa) presented higher modulus than hydrothermal
treatment (141,98 GPa) (p = 0.035).

Surface morphology (Figure 3) shows that the C groups (Figure 3A, F, K)
presented a more regularity of the grains size than HT for all materials analyzed. All B
groups (Figure C, H, M) exhibited similar topography with grooves irregularly generated
by the high impact of alumina particles. Similar surface morphology for S groups (Figure
3D, LN, E, J, O) was also observed, regardless of the material used, and similarities were

observed between these specimens and control and hydrothermal-treated zirconia.

4. DISCUSSION

To our knowledge, this is the first study to test the deposition of silica on zirconia
via RT-ALD. According to the findings of this study, the fatigue limits of RT-ALD-
treated specimens were either equal to or higher than the control group. Therefore, the
hypothesis that RT-ALD silica deposition would not have an effect on the mechanical
performance of the experimental materials was accepted.

The flexural strength values observed in the present study showed that RT-ALD
alone or combined with HT did not compromise FS, since the experimental groups

presented higher than or similar results to the control group (Table 5). HT alone also did
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not affect FS of zirconia specimens. It is possible that the flexural strength test is not
sensitive enough to identify the effect of phase transformation on the bulk zirconia
flexural strength (De Souza et al., 2017). Similar FS results have been reported when aged
and non-aged Y-PSZ were compared (Alghazzawi et al., 2012; Borchers et al., 2010; De
Souza et al., 2017; Papanagiotou et al., 2006). When the effect of material and treatment
on FS was analyzed, MT zirconia showed lower FS values for the HT-group and the HTS
in comparison to the other materials (p < 0.001). It can be hypothesized that slight
differences in materials composition may have influenced the flexural strength values
encountered, since MT (4Y-PSZ) presents a larger cubic phase in proportion to the
tetragonal phase (= 30%) (Jansen et al., 2019), providing better translucency, however
decreasing the FS (Jerman et al., 2020).

The staircase method is considered an effective approach to determine the stress
fatigue of a material under a specific lifetime (J. A. Collins, 1993). The high initial load
and the load increase by the step size lead to the failure of the specimens within the test
parameters previously established, an approach that combines accuracy with time
effectiveness. However, it is important to emphasize that a higher number of cycles would
be necessary to effectively reproduce the clinical fatigue of a dental material, with one
million cycles approximately representing one year in function (Wiskott et al., 1995). RT-
ALD did not affect the fatigue limits when compared to the control group for any of the
materials tested. This comes as no surprise, since RT-ALD is based on a vapor chemical
reaction at room temperature, which does not incur in any surface damage (Hatton et al.,
2010). When the fatigue limit of the different materials was compared, the lowest values
were presented by MT zirconia (Table 5). Therefore, these results suggest that the
composition of MT (4Y-PSZ) influenced the mechanical properties evaluated, and this
can be explained by the commitment of the toughening mechanism based on the #-m
(Bogna Stawarczyk, Christin Keul, Marlis Eichberger, David Figge, Daniel Edelhoff,
2017), making this material more susceptible to less fracture resistance.

The characterization of possible changes in the surface caused by the new
treatment proposed in this study was evaluated by the nanoindentation technique, which
a sensitive test to capture microcracks on the Y-PSZ surface (Alghazzawi et al., 2012).
In this study, S treatment did not affect negatively the hardness and Young’s modulus of
the materials when compared to the control group (Table 4). According to Hatton et al.,

2010 (Hatton et al., 2010), 5 cycles of RT-ALD promoted a SiO; layer around 20 nm




50 Articles

thick in polystyrene spheres, therefore it is expected a 160 nm layer created after 40 cycles
in this study. Hence, considering that the penetration depth of the nanoindentation test is
approximately 800 nm and that the silica layer was around 160 nm, the properties of the
zirconia were measured and not of the silica layer, explaining the non-change in the
hardness and Young’s modulus values. Also, RT-ALD presented results comparable to
the blasting group. Also, as expected, RT-ALD silica deposition did not affect the
mechanical properties of zirconia since this treatment does not promote surface abrasion
like the blasting treatment. Therefore, this result implies that the proposed surface
treatment performed well and may be an alternative to blasting treatment.

Alumina abrasion has been indicated as a surface treatment to improve bond
strength by creating a rougher surface of the zirconia coping, and different application
protocols, pressure, distance, and size of particles have been employed and characterized
(Kern, 2015; Ozcan and Bernasconi, 2015; Souza et al., 2013). However, alumina
abrasion can cause surface defects that act as a source of stress, possibly leading to the
failure of the material (Khan et al., 2017; Spazzin et al., 2017). There is also evidence that
alumina particle abrasion induces t-m phase transformation (Aurélio et al., 2016; Ozcan
and Bernasconi, 2015). The SEM micrographs of alumina blasted specimens in this study
showed irregularities caused by the impact of the alumina particles on the Y-PSZ surface
(Figure 3 C, H, M), similar to images previously reported (Wang et al., 2008). S-treated
specimens presented a more homogeneous surface (Figure 3D, I, N, E, J, O). When
looking at the results for fatigue limit (Table 3), flexural strength (Table 3), Young's
modulus (Table 4), and hardness (Table 4), RT-ALD as a surface treatment resulted in
either similar to or superior properties than the alumina-blasted specimens. These indicate
that RT-ALD is less damaging to the surface than alumina blasting, and it is worth to
further investigate the crystalline stability of the Y-PSZ specimens treated by RT-ALD.

XPS analysis of silica deposition showed an increase of Si content and a decrease
of Zr after 20 and 40 cycles of RT-ALD (Table 5). Based on the decrease of Zr content,
the potential of RT-ALD for the effective deposition of silica is indicated, which would
drive to a chemical bonding to zirconia instead of micromechanical interlocking, as
promoted by alumina blasting.

The mechanical properties of a ceramic material have great impact on the
prosthesis clinical performance (Guilardi et al., 2019). The findings of this study suggest

that the proposed RT-ALD treatment may be an alternative for the deposition of silica on
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the Y-PSZ surface, since it has not affected the mechanical properties of the materials
tested. The mechanical stability of the specimens in this study is reported by the fatigue
resistance for up to 100,000 cycles. More studies are encouraged with different fatigue
methodologies, considering exposure to water and other clinically-related variables. Also,
the clinical reproducibility of the challenges in this study is impaired by specimen
geometry, the loading protocols, and the standardized specimen preparations, however it
is necessary in the initial in vitro studies. Thus, further in vitro and clinical studies are

necessary to evaluate this subject to corroborate our findings.

5. CONCLUSION
Based on the limitations and conditions of this study, the following conclusions
can be drawn:
- RT-ALD, with or without HT, did not affect the mechanical properties evaluated.
- The surface topography of the blasted groups indicated surface damage.
- RT-ALD was shown to be an effective technique for silica deposition on zirconia
specimens.
- Zirconia composition had an effect on mechanical performance — flexural strength

and fatigue limit.
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TABLES

Table 1. Description of the zirconia-based materials employed in this study.

Material Translucency Type Composition - weight percent (wt%) Manufacturer
IPS 3y Zr02 (88-95.5%), Y203 (> 4.5 % — < 6%), Ivoclar
€.max Medium PS7 HfO2 (< 5%), AI203 (< 1%), other oxides (< Vivadent,
Zircad Opacity 1%) Liechtenstein
IPS 7102 (86-93.5%), Y203 (> 6.5 % — < 8%), [yoclar
emax pod Y= HIO, (< 5%), A1203 (< 1%), other oxides (< yiyadent,

. edium PS7 19%) . .
Zircad translucency ° Liechtenstein
IPS 3y Zr0O2 (88-95.5%), Y203 (> 4.5 % — < 6%), Ivoclar
€.max Low PS7 HfO2 (< 5%), AI203 (< 1%), other oxides (< Vivadent,
Zircad 1%) Liechtenstein

translucency

Table 2. Study design according to surface treatment.

Groups/Material MO MT LT

Control - C No surface treatment

Airborne abrasion with 50 pm AlO3 particle under 2 bar pressure, from a
Alumina blasting - B ‘ ‘
distance of 10 mm perpendicularly, for 15s

Hydrothermal treatment - Hydrothermal treatment in autoclave under 2 bar pressure at 134 °C for 15
HT hours
Exposure to TMOS for 60s and NH4OH for 10 min vapors in 40 cycles.

RT-ALD - S ) _
Oxygen plasma cleaning for 10 min every 5 cycles.

Hydrothermal treatment +

Controlled followed by RT-ALD using the same parameters previously described
RT-ALD - HTS
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Table 3. Means (standard deviations) of flexural strength, initial fatigue strength, step size (correspondent to 5% of the initial strength), fatigue strength

and strength decrease (from flexural strength to fatigue strength - %).

Material Group Mean (£SD) of flexural  Initial strength Step size Mean (+SD) of fatigue Strength decrease
strength (MPa) (70% of FS) (5% of FS) strength (MPa) (%)
C 436.23 (115.69)F 305.36 21.81 392.61 (41.19)CPFFH 9.99
HT 852.90 (144.09)* 597.03 42.64 661.00 (94.11)* 22.4
MO B 780.71 (209.75) ABP 546.50 39.03 582.75 (71.52)* 253
S 620.19 (113.78)°" 434.13 31 325.24 (65.84)CPFFG 47.55
HTS 807.65 (125.26)5C 565.35 40.38 599.01 (16.43)* 25.83
C 451.48 (103.43)F 316.03 22.57 323.56 (30.51)PFFC 28.33
HT 475.62 (103.54)F 332.93 23.78 321.04 (52.48)PFFC 32.50
MT B 637.52 (138.67)*%F 446.26 31.87 345.32 (64.61)CPFFoH 45.83
S 514.51 (109.33)F 360.15 25.72 325.24 (65.84)°FFC 36.78
HTS 485.97 (210.33)F 340.18 24.29 296.79 (20.42)°"F 38.92
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C 643.98 (79.20)"F
HT 856.65 (148.30)"
LT B 759.34 (198.45)*B¢
S 608.64 (136.36)°F
HTS 766.22(224.56)*BC

450.79

599.65

531.54

426.04

536.35

32.19

42.83

37.96

30.44

38.31

386.99 (49.32)°PEGH
678.18 (63.69)*
496.28 (51.99)5H
479.30 (72.29)BPGH

659.49 (32.19)*

39.9

20.83

34.64

21.25

13.92

Similar uppercase letter within each column indicates no significant difference at the 5% significance level.
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Table 4. Means and standard deviation of hardness and Young's modulus in (GPa) of each

material.

Material Group

Hardness (GPa)

Young's modulus (GPa)

HT

MO B

HTS

HT

MT B

HTS

HT

LT B

HTS

12.70 (1.80)ABC
11.40 (1.46)ABP
9.03 (0.54)BP
14.68 (3.67)*
12.70 (1.69)ABC
14.91 (2.12)*

6.74 (3.66)P
12.88 (3.9)ABC

13.54 (0.28)ABC

13.09 (1.57)ABC

14.16 (3.57)AB

8.23 (1.19)P
10.09 (1.55)AP

12.94 (3.49)ABC

9.67 (1.44)AP

171.56 (41.05)AC
210.90 (41.44)AC
190.78 (66.67)AC
200.71 (35.58)AC
279.10 (54.58)A
222.21 (28.54)7B

146.56 (34.41)BC
242.41 (51.69)AC

199.29 (26.32)A€

230.05 (42.60)A¢

254.34 (80.70)AB

141.98 (22.35)C
172.95 (42.56)AC

218.84 (66.94)AC

194.46 (51.56)AC
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Table 5. XPS analysis results (Rel.At. %) as a function of the number of RT-ALD

cycles.
Peaks

Y3dS Si2p Zr3d Cls Ols
Groups
ZrO»-control 3.5 1.2 17.2 28.9 49.2
71Oz 1 cycle 2.3 12.0 12.4 12.5 60.8
7102 cycles 3.8 59 18.1 10.3 62.0
ZrO0; 5 cycles 3.2 9.1 16.4 9.2 62.2
7102 10 cycles 2.1 22.9 93 5.8 59.9
71020 cycles 0.8 21.9 3.1 11.3 63.0
710240 cycles 0.3 29.4 0.6 4.6 65.1
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FIGURES

Figure 1. Schematic representation of 1 cycle of RT-ALD treatment.
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Figure 2. Staircase survival and failure patterns after fatigue tests for each group.
A minimum of 15 specimens were tested after the first inversion of outcome (survival or
failure) (arrows). The dashed lines indicate the mean load for fatigue strength, black dots
indicate survived specimens; white dots indicate failed specimens. (C — control groups,
B - blasted groups, HT- aged groups, S - RT-ALD silica deposition, HTS - hydrothermal
treatment + silica deposition) and MO, MT, LT refer to different translucencies of the

materials used.
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Figure 3. Scanning electron micrographs of zirconia surfaces for each experimental group (x10,000 magnification).
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Figure 4. X-ray photoelectron spectroscopy of Y-PSZ Si2p region after 40 cycles.
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3 FUNDAMENTED DISCUSSION

This study evaluated the effect of silica nanofilm coating through RT-ALD treatment.
It was believed that RT-ALD treatment would be a potential contributing factor to improve the
bonding between Y-TZP and resin cement. Also, the study investigated the mechanical
properties of the material would be affected by RT-ALD. In addition, the formation of
microcracks in the Y-TZP surface after hydrothermal treatment could promote a better
relationship between the silica nanofilm and the Y-TZP surface since silica could penetrate the
surface defects, increasing the contact area between the materials.

Zirconia is susceptible to LTD, due to the metastability of the tetragonal phase at room
temperature [20,23]. Accelerated aging tests are used to simulate LTD, since it is thermally
activated and can be performed at temperatures above 37°C, with the combination of humidity,
intermediate temperatures (134°C), and pressure [6,27]. The hydrothermal aging in autoclave
promotes a phase transformation toughening mechanism initiation, in response to a t-m phase
transformation, leading to a temporary improvement of the mechanical properties related to
maximized compressive stresses. However, studies have shown that those stresses are overall
deleterious for the stability of Y-TZP-based devices [37,38].

In this study, hydrothermal aging was used to create a cracked layer more receptive to
the infiltration of a silica nanofilm according to the characteristics of the transformed layer
previously reported in the literature [25,39]. Under the conditions of the present study,
hydrothermal aging combined with RT-ALD did not affect bond strength between zirconia and
resin cement in comparison to RT-ALD alone (p >.664). It was expected that the permeability
of the Y-TZP microcracked t-m layer would have an effect on the strength of the silica
infiltrated/deposited layer, which was not observed via the SBS test. Also, regarding the
mechanical properties, for fatigue limit (for MO and MT) and flexural strength (for MO)
properties, the hydrothermal aging demonstrated to be positive in RT-ALD treatment when
compared without aging and C group, respectively.

Different adhesion techniques have been studied on the zirconia surface, however an
adhesive cementation protocol with reliable results has not been identified [30]. Atomic layer
deposition is a chemical deposition technique in nanotechnology which allows deposition of
solid thin films, such as silica [40]. However, the thickness control of the deposited thin films
is obtained by the number of ALD cycles. This study demonstrated that RT-ALD treatment can

be easily applied for the controlled deposition of silica layers at the nanoscale, since XPS
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analysis indicated effective deposition of a nanofilm of silica after 20 and 40 cycles of RT-
ALD. Based on a previous study [36], 20 nm-thick silica growth after 5 cycles in polystyrene
spheres. Therefore, a silica film thickness of approximately 160 nm was expected after 40
cycles in this study. Also, these results confirmed the better sensitivity of silica identification
by XPS analysis, since the characterization depth is given at the nanoscale.

After the blasting treatment, a more damaged surface was observed and the weakening
of the bonding interface is due to rougher surfaces that present a higher concentration of stresses
[41]. Therefore, the RT-ALD silica deposition may be an alternative surface treatment, since
silica deposition via RT-ALD treatment did not affect the mechanical properties evaluated and
it has been shown effective in silica deposition on Y-TZP surface. Also, bond strength results
between Y-TZP/resin cement was similar to alumina blasting. However, among the limitations
of the present study, the experimental treatment has never been reported before in Y-TZP
surface. Also, the difficulty in reproducing the clinical situation is represented by design and
dimensions of the samples, the loading protocols, and the standardized specimen’s preparations
Nevertheless, these results should be carefully evaluated and the analysis of other surface

cleaning methods is also encouraged.
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4 CONCLUSIONS

Within the limitations of the studies, it can be concluded that RT-ALD was an effective
treatment for silica deposition on Y-PSZ and presented similar bond strength results to alumina
blasting groups. This new treatment did not affect the mechanical properties, regardless hydrothermal
treatment. Also, blasted groups presented damage in surface topography. Therefore, RT-ALD may be
an alternative to blasting treatment. Further studies with different fatigue methodologies and

loading protocols are encouraged, however it is necessary in the initial in vitro studies.
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article or revising it critically for important intellectual content, (3) final approval of the version to
be submitted.

Changes to authorship

Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made only
before the manuscript has been accepted and only if approved by the journal Editor. To request such
a change, the Editor must receive the following from the corresponding author: (a) the reason
for the change in author list and (b) written confirmation (e-mail, 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.

Only in exceptional circumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication
of the manuscript will 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 your behalf
with no need to reformat. Please note that your article will be reviewed again by the new journal.
More information.
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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 gold open access articles: Upon acceptance of an article, authors will be asked to complete a
'License Agreement' (more information). Permitted third party reuse of gold 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. More
information.

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.

Open access
Please visit our Open Access page for more information.

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 Author Services.

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.

Submit your article
Please submit your article via https://www.editorialmanager.com/dentma/default.aspx.

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 double anonymized 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 two independent expert reviewers 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. Editors are not involved in decisions about papers which they have written themselves or have
been written by family members or colleagues or which relate to products or services in which the
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editor has an interest. Any such submission is subject to all of the journal's usual procedures, with
peer review handled independently of the relevant editor and their research groups. More information
on types of peer review.

Double anonymized review

This journal uses double anonymized review, which means the identities of the authors are concealed
from the reviewers, and vice versa. More information is available on our website. To facilitate this,
please include the following separately:

Title page (with author details): This should include the title, authors' names, affiliations,
acknowledgements and any Declaration of Interest statement, and a complete address for the
corresponding author including an e-mail address.

Anonymized manuscript (no author details): The main body of the paper (including the references,
figures, tables and any acknowledgements) should not include any identifying information, such as
the authors' names or affiliations.

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

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.

Introduction

This must be presented in a structured format, covering the following subjects, although actual
subheadings should not be included:

* succinct statements of the issue in question;

» the essence of existing knowledge and understanding pertinent to the issue (reference);

* the aims and objectives of the research being reported relating the research to dentistry, where
not obvious.

Materials and methods

* describe the procedures and analytical techniques.

» only cite references to published methods.

* include at least general composition details and batch numbers for all materials.
* identify names and sources of all commercial products e.g.

"The composite (Silar, 3M Co., St. Paul, MN, USA)..."

"... an Au-Pd alloy (Estheticor Opal, Cendres et Metaux, Switzerland)."

» specify statistical significance test methods.

Results

» refer to appropriate tables and figures.

* refrain from subjective comments.

* make no reference to previous literature.
* report statistical findings.

Discussion

* explain and interpret data.

* state implications of the results, relate to composition.
* indicate limitations of findings.

* relate to other relevant research.
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Conclusion (if included)
* must NOT repeat Results or Discussion
* must concisely state inference, significance, or consequences

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.

* 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. You can add your name between
parentheses in your own script behind the English transliteration. 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. This responsibility includes answering any future queries about
Methodology and Materials. Ensure that the e-mail address is given and that contact details
are 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.

Highlights

Highlights are mandatory for this journal as they help increase the discoverability of your article via
search engines. They consist of a short collection of bullet points that capture the novel results of
your research as well as new methods that were used during the study (if any). Please have a look
at the examples here: example Highlights.

Highlights 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).

Abstract (structured format)

® 250 words or less.

* subheadings should appear in the text of the abstract as follows: Objectives, Methods, Results,
Significance. (For Systematic Reviews: Objectives, Data, Sources, Study selection, Conclusions). The
Results section may incorporate small tabulations of data, normally 3 rows maximum.

Graphical abstract

Although a graphical abstract is optional, its use is encouraged as it draws more attention to the online
article. The graphical abstract should summarize the contents of the article in a concise, pictorial form
designed to capture the attention of a wide readership. 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. You can view Example Graphical Abstracts on our information site.

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of their images
and in accordance with all technical requirements.

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 https://www.elsevier.com/highlights for examples.

Keywords
Up to 10 keywords should be supplied e.g. dental material, composite resin, adhesion.
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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.

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.).

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, yyyyl;
the Bill & Melinda Gates Foundation, Seattle, WA [grant number zzzz]; and the United States Institutes
of Peace [grant number aaaal.

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.

Units

Follow internationally accepted rules and conventions: use the international system of units (SI). If
other units are mentioned, please give their equivalent in SI.

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).

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.

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.

* Ensure that color images are accessible to all, including those with impaired color vision.

A detailed guide on electronic artwork is available.

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

Please do not:

* Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); 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., 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 online only. Further information on the preparation of
electronic artwork.

Illustration services

Elsevier's Author Services offers Illustration Services to authors preparing to submit a manuscript but
concerned about the quality of the images accompanying their article. Elsevier's expert illustrators
can produce scientific, technical and medical-style images, as well as a full range of charts, tables
and graphs. Image 'polishing’ is also available, where our illustrators take your image(s) and improve
them to a professional standard. Please visit the website to find out more.

Captions to tables and figures

* list together on a separate page.

* should be complete and understandable apart from the text.

¢ include key for symbols or abbreviations used in Figures.

¢ individual teeth should be identified using the FDI two-digit system.

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.
References

References

Must now be given according to the following numeric system:

Cite references in text in numerical order. Use square brackets: in-line, not superscript e.g. [23]. All
references must be listed at the end of the paper, double-spaced, without indents. For example: 1.
Moulin P, Picard B and Degrange M. Water resistance of resin-bonded joints with time related to alloy
surface treatments. J Dent, 1999; 27:79-87. 2. Taylor DF, Bayne SC, Sturdevant JR and Wilder AD.
Comparison of direct and indirect methods for analyzing wear of posterior composite restorations.
Dent Mater, 1989; 5:157-160. Avoid referencing abstracts if possible. If unavoidable, reference as
follows: 3. Demarest VA and Greener EH . Storage moduli and interaction parameters of experimental
dental composites. J Dent Res, 1996; 67:221, Abstr. No. 868.

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
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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 highly encouraged.

A DOI is guaranteed never to change, so you can use it as a permanent link to any electronic article.
An example of a citation using DOI for an article not yet in an issue is: VanDecar J.C., Russo R.M.,
James D.E., Ambeh W.B., Franke M. (2003). Aseismic continuation of the Lesser Antilles slab beneath
northeastern Venezuela. Journal of Geophysical Research, https://doi.org/10.1029/20011B000884.
Please note the format of such citations should be in the same style as all other references in the paper.

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 them
in 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. Using citation 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. If you use
reference management software, please ensure that you remove all field codes before submitting
the electronic manuscript. More information on how to remove field codes from different reference
management software.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the following
link:

http://open.mendeley.com/use-citation-style/dental-matenals

When preparing your manuscript, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreOffice.

Reference style

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

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] Van der Geer ], Hanraads JAJ, Lupton RA. The art of writing a scientific article. J Sci Commun
2010;163:51-9. https://doi.org/10.1016/j.5c.2010.00372.

Reference to a journal publication with an article number:

[2] Van der Geer J, Hanraads JAJ], Lupton RA. The art of writing a scientific article. Heliyon.
2018;19:e00205. https://doi.org/10.1016/j.heliyon.2018.e00205
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Reference to a book:

[3] Strunk Jr W, White EB. The elements of style. 4th ed. New York: Longman; 2000.

Reference to a chapter in an edited book:

[4] Mettam GR, Adams LB. How to prepare an electronic version of your article. In: Jones BS, Smith
RZ, editors. Introduction to the electronic age, New York: E-Publishing Inc; 2009, p. 281-304.
Reference to a website:

[5] Cancer Research UK. Cancer statistics reports for the UK, http://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/; 2003 [accessed 13 March 2003].

Reference to a dataset:

[dataset] [6] Oguro M, Imahiro S, Saito S, Nakashizuka T. Mortality data for Japanese oak wilt
disease and surrounding forest compositions, Mendeley Data, v1; 2015. https://doi.org/10.17632/
Xwj98nb39r.1.

Note shortened form for last page number. e.g., 51-9, and that for more than 6 authors the first 6
should be listed followed by ‘et al.' For further details you are referred to 'Uniform Requirements for
Manuscripts submitted to Biomedical Journals' (J Am Med Assoc 1997;277:927-34) (see also Samples
of Formatted References).

Journal abbreviations source
Journal names should be abbreviated according to the List of Title Word Abbreviations.

Video

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 file in one of our recommended file formats with a preferred maximum
size of 150 MB per file, 1 GB in total. Video and animation files supplied will be published online in
the electronic version of your article in Elsevier Web products, including ScienceDirect. 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. Note: since video and animation
cannot be embedded in the print version of the journal, please provide text for both the electronid
and the print version for the portions of the article that refer to this content.

Supplementary material

Supplementary material such as applications, images and sound clips, can be published with your
article to enhance it. Submitted supplementary items are published exactly as they are received (Excel
or PowerPoint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
supplementary material during any stage of the process, please make sure to provide an updated file.
Do not annotate any corrections on a previous version. Please switch off the 'Track Changes' option
in Microsoft Office files as these will appear in the published version.

Research data

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research data
refers to the results of observations or experimentation that validate research findings. To facilitate
reproducibility and data reuse, this journal also encourages you to share your software, code, models,
algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a statement
about the availability of your data when submitting your manuscript. If you are sharing data in one of
these ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to
the "References" section for more information about data citation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article directly to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.
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DESCRIPTION

The Journal of the Mechanical Behavior of Biomedical Materials is concerned with the mechanical
deformation, damage and failure under applied forces, of biological material (at the tissue,
cellular and molecular levels) and of biomaterials, i.e. those materials which are designed to mimic
or replace biological materials.

The primary focus of the journal is the synthesis of materials science, biology, and medical and dental
science. Reports of fundamental scientific investigations are welcome, as are articles concerned with
the practical application of materials in medical devices. Both experimental and theoretical work
is of interest; theoretical papers will normally include comparison of predictions with experimental
data, though we recognize that this may not always be appropriate. The journal also publishes
technical notes concerned with emerging experimental or theoretical techniques, letters to the editor
and, by invitation, review articles and papers describing existing techniques for the benefit of an
interdisciplinary readership.

The journal offers online submission, a short time to publication, the opportunity for ample space to
develop an argument in full, and the services of referees with expertise in mechanical behaviour and
an understanding of the special nature of biomedical materials.

Examples of relevant subjects include: Stress/strain/time relationships for biological materials
(natural and engineered ones)Fracture mechanics of hard tissues (such as bone, teeth, and
other mineralized tissues, ceramics and metals and various biomedically relevant alloys)Tribological
properties of joint materials and their replacements, including coatings and surface modifications
Mechanical characterisation of tissue engineering materials and scaffolds, and the investigation of
mechanical cues in the context of biological processesThe mechanical behaviour of cells, including
adhesion and failureMechanical properties of biological molecules such as proteins, DNA, and other
biomoleculesLong-term fatigue, creep and wear properties of biomaterials used in implants and similar
biomedical materials The behaviour of the human tissues under impact loading and other extreme
conditionsAdditive manufacturing methods of all kinds, for metals, ceramics, polymers, composites,
and other biomaterials (in medical, dental, bio-inspired and related fields)Mechanical performance
of materials in plants and animals in all natural and engineered ecosystemsNew techniques for
the measurement of mechanical properties in biomedical materials, in both laboratory and clinical
practiceComputer simulations of material behavior at all time- and length-scales (from molecular to
tissue scales), as well as the introduction of new computing techniques (such as machine learning
and artificial intelligence) in the modeling and analysis of the mechanical properties of biomedical
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GUIDE FOR AUTHORS

We now differentiate between the requirements for new and revised submissions. You may choose to
submit your manuscript as a single Word or PDF file to be used in the refereeing process. Only when
your paper is at the revision stage, will you be requested to put your paper in to a 'correct format'
for acceptance and provide the items required for the publication of your article.

To find out more, please visit the Preparation section below.

INTRODUCTION

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

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.

You can use this list to carry out a final check of your submission before you send it to the journal for
review. Please check the relevant section in this Guide for Authors for more details.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:
e E-mail address
e Full postal address

All necessary files have been uploaded:

Manuscript:

¢ Include keywords

¢ All figures (include relevant captions)

¢ All tables (including titles, description, footnotes)

¢ Ensure all figure and table citations in the text match the files provided
¢ Indicate clearly if color should be used for any figures in print
Graphical Abstracts / Highlights files (where applicable)

Supplemental files (where applicable)

Further considerations
e Manuscript has been 'spell checked' and 'grammar checked'
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* All references mentioned in the Reference List are cited in the text, and vice versa

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

e A competing interests statement is provided, even if the authors have no competing interests to
declare

« Journal policies detailed in this guide have been reviewed

* Referee suggestions and contact details provided, based on journal requirements

For further information, visit our Support Center.

BEFORE YOU BEGIN

Please see our information pages on Ethics in publishing and Ethical guidelines for journal publication.
All authors must disclose any financial and personal relationships with other people or organizations
that could inappropriately influence (bias) their work. Examples of potential conflicts of interest include
employment, consultancies, stock ownership, honoraria, paid expert testimony, patent applications/
registrations, and grants or other funding. Authors should complete the declaration of competing
interest statement using this template and upload to the submission system at the Attach/Upload Files
step. Note: Please do not convert the .docx template to another file type. Author signatures
are not required. If there are no interests to declare, please choose the first option in the template.

More information.

verificatiol

ission declaration and

Submission of an article implies that the work described has not been published previously (except in
the form of an abstract, a published lecture or academic thesis, see 'Multiple, redundant or concurrent
publication' for more information), 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 Crossref
Similarity Check.

Preprints

Please note that preprints can be shared anywhere at any time, in line with Elsevier's sharing policy.
Sharing your preprints e.g. on a preprint server will not count as prior publication (see 'Multiple,
redundant or concurrent publication' for more information).

Ilce of inclitcive Ian Iage
usSEe O5 mciusive iail ]

Inclusive language acknowledges diversity, conveys respect to all people, is sensitive to differences,
and promotes equal opportunities. Content should make no assumptions about the beliefs or
commitments of any reader; contain nothing which might imply that one individual is superior to
another on the grounds of age, gender, race, ethnicity, culture, sexual orientation, disability or health
condition; and use inclusive language throughout. Authors should ensure that writing is free from bias,
stereotypes, slang, reference to dominant culture and/or cultural assumptions. We advise to seek
gender neutrality by using plural nouns ("clinicians, patients/clients") as default/wherever possible
to avoid using "he, she," or "he/she." We recommend avoiding the use of descriptors that refer to
personal attributes such as age, gender, race, ethnicity, culture, sexual orientation, disability or health
condition unless they are relevant and valid. These guidelines are meant as a point of reference to
help identify appropriate language but are by no means exhaustive or definitive.

tributions

For transparency, we encourage authors to submit an author statement file outlining their individual
contributions to the paper using the relevant CRediT roles: Conceptualization; Data curation;
Formal analysis; Funding acquisition; Investigation; Methodology; Project administration; Resources;
Software; Supervision; Validation; Visualization; Roles/Writing - original draft; Writing - review &
editing. Authorship statements should be formatted with the names of authors first and CRediT role(s)
following. More details and an example
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Authors are expected to consider carefully the list and order of authors before submitting their
manuscript and provide the definitive list of authors at the time of the original submission. Any
addition, deletion or rearrangement of author names in the authorship list should be made only
before the manuscript has been accepted and only if approved by the journal Editor. To request such
a change, the Editor must receive the following from the corresponding author: (a) the reason
for the change in author list and (b) written confirmation (e-mail, 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.

Only in exceptional circumstances will the Editor consider the addition, deletion or rearrangement of
authors after the manuscript has been accepted. While the Editor considers the request, publication
of the manuscript will be suspended. If the manuscript has already been published in an online issue,
any requests approved by the Editor will result in a corrigendum.

Upbri acEeptance 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 gold open access articles: Upon acceptance of an article, authors will be asked to complete a
'License Agreement' (more information). Permitted third party reuse of gold 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. More
information.

Elsevier supports responsible sharing
Find out how you can share your research published in Elsevier journals.

nlles nf Shhes Fasraaclirnen &
- /

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.

Please visit our Open Access page for more information.

Elsevier Researcher Academy

Researcher Academy is a free e-learning platform designed to support early and mid-career
researchers throughout their research journey. The "Learn" environment at Researcher Academy
offers several interactive modules, webinars, downloadable guides and resources to guide you through
the process of writing for research and going through peer review. Feel free to use these free resources
to improve your submission and navigate the publication process with ease.

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 Author Services.
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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.

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 lay-
out 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 article
number or 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. The corresponding caption should
be placed directly below the figure or table.

This journal operates a single anonymized 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
two independent expert reviewers 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. Editors
are not involved in decisions about papers which they have written themselves or have been written
by family members or colleagues or which relate to products or services in which the editor has an
interest. Any such submission is subject to all of the journal's usual procedures, with peer review
handled independently of the relevant editor and their research groups. More information on types
of peer review.

se 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). 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.
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LaTeX

You are recommended to use the Elsevier article class elsarticle.cls to prepare your manuscript and
BibTeX to generate your bibliography.

Our LaTeX site has detailed submission instructions, templates and other information.

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.

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 details to allow the work to be reproduced by an independent researcher. Methods
that are already published should be summarized, and indicated by a reference. If quoting directly
from a previously published method, use quotation marks and also cite the source. Any modifications
to existing methods should also 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.

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

o 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. You can add your name between
parentheses in your own script behind the English transliteration. 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.

e Corresponding author. Clearly indicate who will handle correspondence at all stages of refereeing
and publication, also post-publication. This responsibility includes answering any future queries about
Methodology and Materials. 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.
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Highlights are mandatory for this journal as they help increase the discoverability of your article via
search engines. They consist of a short collection of bullet points that capture the novel results of
your research as well as new methods that were used during the study (if any). Please have a look
at the examples here: example Highlights.

Highlights 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).

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. You can view Example Graphical Abstracts on our information site.

Authors can make use of Elsevier's Illustration Services to ensure the best presentation of their images
also in accordance with all technical requirements.

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.

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.).

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, yyyyl;
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.

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.
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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).

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article. Many word
processors 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.

Electronic artwork

General points

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

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

e 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.

e 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.

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:

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

e 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., ScienceDirect and other sites) in addition to color reproduction in print. Further
information on the preparation of electronic artwork.

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.

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.
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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 highly encouraged.

A DOI is guaranteed never to change, so you can use it as a permanent link to any electronic article.
An example of a citation using DOI for an article not yet in an issue is: VanDecar J.C., Russo R.M.,
James D.E., Ambeh W.B., Franke M. (2003). Aseismic continuation of the Lesser Antilles slab beneath
northeastern Venezuela. Journal of Geophysical Research, https://doi.org/10.1029/2001JB000884.
Please note the format of such citations should be in the same style as all other references in the paper.

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 them
in 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. Using citation 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. If you use
reference management software, please ensure that you remove all field codes hefore submitting
the electronic manuscript. More information on how to remove field codes from different reference
management software.

Users of Mendeley Desktop can easily install the reference style for this journal by clicking the following

link:
http://open.mendeley.com/use-citation-style/journal-of-the-mechanical-behavior-of-biomedical-materials
When preparing your manuscript, you will then be able to select this style using the Mendeley plug-

ins for Microsoft Word or LibreOffice.

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 article
number or pagination must be present. Use of DOI is highly encouraged. The reference style used by
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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 can be listed either first
alphabetically, then chronologically, or vice versa.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).. Or, as
demonstrated (Jones, 1999; Allan, 2000)... 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.]., Lupton, R.A., 2010. The art of writing a scientific article. J. Sci.
Commun. 163, 51-59. https://doi.org/10.1016/j.5¢c.2010.00372.

Reference to a journal publication with an article number:

Van der Geer, J., Hanraads, J.A.]., Lupton, R.A., 2018. The art of writing a scientific article. Heliyon.
19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

Strunk Jr.,, W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New York.

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.
Reference to a website:

Cancer Research UK, 1975. Cancer statistics reports for the UK. http://www.cancerresearchuk.org/
aboutcancer/statistics/cancerstatsreport/ (accessed 13 March 2003).

Reference to a dataset:

[dataset] Oguro, M., Imahiro, S., Saito, S., Nakashizuka, T., 2015. Mortality data for Japanese oak
wilt disease and surrounding forest compositions. Mendeley Data, v1. https://doi.org/10.17632/
xwjo98nb39r.1.

Reference to software:

Coon, E., Berndt, M., Jan, A., Svyatsky, D., Atchley, A., Kikinzon, E., Harp, D., Manzini, G., Shelef,
E., Lipnikov, K., Garimella, R., Xu, C., Moulton, D., Karra, S., Painter, S., Jafarov, E., & Molins, S.,
2020. Advanced Terrestrial Simulator (ATS) v0.88 (Version 0.88). Zenodo. https://doi.org/10.5281/
zenodo.37272009.

Journal abbreviations source

Journal names should be abbreviated according to the List of Title Word Abbreviations.

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 file in one of our recommended file formats with a preferred maximum
size of 150 MB per file, 1 GB in total. Video and animation files supplied will be published online in
the electronic version of your article in Elsevier Web products, including ScienceDirect. 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. 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.
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Nafa ictinalization

pData visuailization

Include interactive data visualizations in your publication and let your readers interact and engage
more closely with your research. Follow the instructions here to find out about available data
visualization options and how to include them with your article.

Ssupplementarv material

i

Supplementary material such as applications, images and sound clips, can be published with your
article to enhance it. Submitted supplementary items are published exactly as they are received (Excel
or PowerPoint files will appear as such online). Please submit your material together with the article
and supply a concise, descriptive caption for each supplementary file. If you wish to make changes to
supplementary material during any stage of the process, please make sure to provide an updated file.
Do not annotate any corrections on a previous version. Please switch off the 'Track Changes' option
in Microsoft Office files as these will appear in the published version.

This journal encourages and enables you to share data that supports your research publication
where appropriate, and enables you to interlink the data with your published articles. Research data
refers to the results of observations or experimentation that validate research findings. To facilitate
reproducibility and data reuse, this journal also encourages you to share your software, code, models,

algorithms, protocols, methods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your article or make a statement
about the availability of your data when submitting your manuscript. If you are sharing data in one of
these ways, you are encouraged to cite the data in your manuscript and reference list. Please refer to
the "References" section for more information about data citation. For more information on depositing,
sharing and using research data and other relevant research materials, visit the research data page.

Data linking

If you have made your research data available in a data repository, you can link your article directly to
the dataset. Elsevier collaborates with a number of repositories to link articles on ScienceDirect with
relevant repositories, giving readers access to underlying data that gives them a better understanding
of the research described.

There are different ways to link your datasets to your article. When available, you can directly link
your dataset to your article by providing the relevant information in the submission system. For more
information, visit the database linking page.

For supported data repositories a repository banner will automatically appear next to your published
article on ScienceDirect.

In addition, you can link to relevant data or entities through identifiers within the text of your
manuscript, using the following format: Database: xxxx (e.g., TAIR: AT1G01020; CCDC: 734053;
PDB: 1XFN).

Mendeley Data

This journal supports Mendeley Data, enabling you to deposit any research data (including raw and
processed data, video, cpde, software, algorithms, protocols, and methods) associated with your
manuscript in a free-to-use, open access repository. During the submission process, after uploading
your manuscript, you will have the opportunity to upload your relevant datasets directly to Mendeley
Data. The datasets will be listed and directly accessible to readers next to your published article online.

For more information, visit the Mendeley Data for journals page.

Data in Brief

You have the option of converting any or all parts of your supplementary or additional raw data into
a data article published in Data in Brief. A data article is a new kind of article that ensures that your
data are actively reviewed, curated, formatted, indexed, given a DOI and made publicly available
to all upon publication (watch this video describing the benefits of publishing your data in Data in
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