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ABSTRACT

Objectives. To evaluate the effect of ceramic thickness on the fatigue failure load of two
zirconia-reinforced lithium silicate (ZLS) glass-ceramics, adhesively cemented to a dentin
analogue material.

Methods. Disc-shaped specimens were allocated into 8 groups (n =25) considering two study
factors: ZLS ceramic type (Vita Suprinity — VS; and Celtra Duo — CD), and ceramic thickness
(1.0; 1.5; 2.0; and 2.5 mm). A trilayer assembly (¢ = 10 mm,; thickness =3.5 mm) was designed
to mimic a bonded monolithic restoration. The ceramic discs were etched, silanized and
luted (Variolink N) into a dentin analogue material. Fatigue failure load was determined
using the Staircase method (100,000 cycles at 20 Hz; initial fatigue load ~60% of the mean
monotonic load-to-failure; step size ~5% of the initial fatigue load). A stainless-steel pis-
ton (¢=40mm) applied the load into the center of the specimens submerged in water.
Fractographic analysis and Finite Element Analysis (FEA) were also performed.

Results. The ceramic thickness influenced the fatigue failure load for both ZLS materials:
Suprinity (716N up to 1119N); Celtra (404N up to 1126 N). FEA showed that decreasing
ceramic thickness led to higher stress concentration on the cementing interface.
Significance. Different ZLS glass-ceramic thicknesses influenced the fatigue failure load of the
bonded system (i.e. the thicker the glass ceramic is, the higher the fatigue failure load will
be). Different microstructures of the ZLS glass-ceramics might affect the fatigue behavior.
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FEA showed that the thicker the glass ceramic is, the lower the stress concentration at the

tensile surface will be.

© 2018 The Academy of Dental Materials. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, the concept of monolithic full-contour restorations
using Computer Aided Design/Computer Aided Manufac-
turing (CAD/CAM) technology has been considered as an
alternative to the conventional restorative approaches for
fixed dental prostheses (FDPs) [1]. This restorative alterna-
tive allows a substantial reduction of the ceramic thickness
in accordance with the concept of minimally invasive den-
tistry, which emphasizes the use of high-resistance materials
in association with adhesive luting techniques to restore teeth
[2]. Thus, care must be taken in the minimum ceramic thick-
ness required to ensure adequate mechanical performance,
and for which information is not available in the literature.

Zirconia-reinforced lithium silicate (ZLS) glass-ceramics
have been introduced into the dental market [1]. They con-
sist of a new generation of ceramics, which allegedly combine
glass-ceramic aesthetic performance and improved mechani-
cal properties due to the presence of metasilicate and zirconia
crystals into the glass matrix [3,4].

Currently, there are two different ZLS ceramic materials
available for application in Restorative Dentistry, being both
of them essentially composed by two crystal phases embed-
ded into a glassy matrix. One of the crystalline phases consists
of submicrometric lithium metasilicate (Li;SOs) crystallites in
a round and slightly elongated shape, while the other is a
lithium orthophosphate (Li3PO4) in a round shape with nano-
metric size [1]. According to Belli et al. [1], one of the major
differences between the two materials is the size of lithium
metasilicate crystals (Li;SO3 phase), which appears to have a
bigger size in Celtra Duo (up to ~1 umin length) than in Suprin-
ity (~0.5um). Hence, theoretically it could be expected that
different microstructures could affect the crack propagation
and the fatigue behavior of the materials, as existing litera-
ture [5,6] stated that bigger grain sizes would lead to decreased
mechanical performance in comparison to a material with
same composition and smaller grain size.

When compared to the conventional lithium disilicate
ceramic (without zirconia reinforcement), ZLS glass-ceramics
present a lower percentage of crystal phase content (40-50% in
comparison to 70% of a conventional lithium disilicate glass-
ceramic) [4,7]. However, crystals within ZLS materials are
smaller and the glassy matrix is reinforced due to highly dis-
persed zirconium dioxide (~10% in weight), which is assumed
to enhance the strength of the glassy phase [1,4,8].

It is important to highlight that the presence of the glassy
matrix in their structures enables this class of ceramics (ZLS)
to be etched by hydrofluoric acid even with the presence
of zirconium dioxide crystals. This allows the creation of
micro-mechanical retentions on the cementing surface and
resin bond improvement [9], different from the characteristics

observed on the zirconia polycrystals based materials (non-
etchable).

The occlusal thickness of ceramic restorations may affect
the fracture resistance, since the strength of ceramic is
inversely related to the square of ceramic thickness [10]. Chen
et al. [11] have showed a linear relation between the ceramic
thickness and the fracture resistance for a lithium disilicate-
based glass ceramic, however they stated that between 0.5
and 1.5 mm thick the fracture resistance did not change much.
Also, it is well known that better bonding can lead to higher
fracture resistance, as reported by a previous study in which
higher fracture resistance was found to ceramic crowns luted
with resin cements compared to other luting agents [12]. In
this sense, especially for thinner ceramic restorations, the
adhesive protocol adopted might play a crucial role in the final
strength of the assembly; aspects that currently have not been
corroborated for ZLS ceramics yet.

Importantly, glass-ceramic materials might fail when sub-
jected to dynamic and intermittent loading stresses owing
to their brittle behavior [13]. Fatigue failure is considered as
a fracture of the material due to progressive brittle crack-
ing under repeated cyclic stresses at intensities below the
material’s normal strength [14]. Many in vitro studies have
been developed involving the application of cyclic loads under
moist environments to partly reproduce the clinical condi-
tion, as an attempt to infer the survival probability of ceramic
restorations under different conditions [15-19]. In addition,
Kelly et al. [20] developed an in vitro test assembly that better
simulates the failure mechanism and stress state observed in
clinically retrieved failed prostheses (e.g. radial cracks starting
from the cementation surface — tensile side) [21].

Until now, data are scarce about the fatigue behavior of the
existing ZLS glass-ceramics, specially concerning the effect
of different thicknesses on the fatigue load-bearing ability of
these materials. Therefore, this study aimed to evaluate and
compare the influence of ceramic thickness on the fatigue
failure load of two ZLS glass-ceramics adhesively cemented
to a dentin analogue material. The tested hypotheses were
that (1) the increase in ceramic thickness would increase the
fatigue failure load of ZLS glass-ceramics; (2) the two ZLS glass-
ceramics with different microstructures will present similar
fatigue failure loads for similar restoration thicknesses.

2. Materials and methods

Information regarding the commercial name, manufacturers,
composition, batch number and respective expiration date
from all materials used in this study are described in Table 1.
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Table 1 — Materials used in this study with their respectively manufacturers, composition, batch numbers, and validity.

Material Manufacturer Composition Batch No. Validity
Vita Suprinity® Vita Zahnfabrik H. Rauter GmbH & Co., Zirconia reinforced lithium silicate 49270 Indeterminate
Bad Séckingen, Germany glass-ceramic (SiO,, Li, O, K50, P,0s, Al,03,
Zr0,, CeO,, pigments)
Celtra Duo® Degudent GmbH, Hanau, Wolfgang, Fully-sintered lithium silicate/phosphate 18018171 05/2019
Germany (LSP) glass-ceramic (SiO,, P,0s, Al,03, Li, 0,
KQO, ZrOz, CEOQ, Nazo, Tb407, VzOs, Preon,
Cr, Cu, Fe, Mg, Mn, Si, Zn, Ti, Zr, Al).
5% Hydrofluoric acid Acid Gel 5%, Maquira Ind. Dental Products Hydrofluoric acid 5%, thickening agent, red 039816 07/2018
S.A., Maringa, Brazil dye and purified water.
Monobond N Ivoclar Vivadent, Schaan, Liechtenstein Alcohol solution of silane methacrylate, U29879 07/2017
phosphoric acid methacrylate and sulphide
methacrylate
Excite F DSC Ivoclar Vivadent, Schaan, Liechtenstein HEMA, dimethacrylate, phosphonic acid U52335 05/2018
acrylate, highly dispersed silicone dioxide,
initiators, stabilizers and potassium
fluoride in an alcohol solution, initiators
Variolink N Base Ivoclar Vivadent, Schaan, Liechtenstein Bis-GMA, urethane dimethacrylate, V00666 04/2018
Variolink N Catalyst triethylene glycol dimethacrylate, barium U48611 04/2018

glass, ytterbium trifluoride,
Ba-Al-fluorosilicate glass, spheroid mixed
oxide, initiators, stabilizers and pigments

2 VITA SUPRINITY®, Technical and scientific documentation (2014).
b CELTRA DUO®, Celtra Block for Cerec and InLab (2014).

Table 2 - Experimental design according to the final thickness of the assemblies.

Material Ceramic thickness (mm) Groups’ codes Dentin analogue thickness (mm)
Vita Suprinity 1.0mm VS 1.0 2.5mm
1.5mm VS 1.5 2.0mm
2.0mm VS 2.0 1.5mm
2.5mm VS 2.5 1.0mm
Celtra Duo 1.0mm CD 1.0 2.5mm
1.5mm CD 15 2.0mm
2.0mm CD 2.0 1.5mm
2.5mm CD25 1.0mm
2.1. Specimen preparation standardized thickness (2.5 mm). Thus, it was machined in a

CAD-CAM pre-fabricated ceramic blocks of Vita Suprinity
(VITA Zahnfabrik H. Rauter GmbH & Co., Bad Sackingen,
Germany) and Celtra Duo (Degudent GmbH, Hanau, Wolfgang,
Germany) were shaped into cylinders (¢ = 10 mm) using a pol-
ishing machine (Ecomet 250 Grinder Polisher, Buehler; Lake
Bluff, Illinois, USA). The cylinders were cut with a diamond
blade under water-cooling (Isomet 1000, Buehler), resulting
in 200 discs (n=100 for each ZLS ceramic) of different thick-
nesses (n=25) (Table 2). The occlusal surfaces of the discs were
polished with 600- and 1200-grit silicon carbide (SiC) papers
(3M, Sumaré, Brazil). Afterwards, they were cleaned with iso-
propyl alcohol in an ultrasonic bath (5 min), and crystallized in
a furnace according to the manufacturer’s instructions (Initial
chamber temperature —400 °C; time at the initial temperature
— 8min; temperature rate increase 55 °C/min; crystallization
temperature for Vita Suprinity of 840°C for 8 min and Celtra
Duo of 830 °C for 10 min; ending temperature for Vita Suprinity
of 680°C and for Celtra Duo of 700 °C — using VACUMAT 6000
MP, VITA for Vita Suprinity and MULTIMAT, Dentsply Sirona
for Celtra Duo).

The epoxy resin sheet (150 mm x 350 mm) (Carbotec GmbH
& Co. KG, Konigs Wusterhausen, Germany) had an established

conventional lathe (Nardini, Americana, Sdo Paulo, Brazil) to
acquire the discs with each thickness used in this study (1.0,
1.5, 2.0, 2.5 mm), resulting in 200 epoxy resin discs. They were
also cleaned with isopropyl alcohol in an ultrasonic bath for
5min.
2.2.  Experimental design and cementation procedure
Pairs of discs (ceramic and epoxy resin) were randomly
assigned into four groups (n=25) from each ZLS ceramic in
accordance to the thickness factor (Table 2). The test assem-
bly reproduced an occlusal restoration [11,22], which had a
final diameter of 10 mm (average dimension of molars) [23] and
a final thickness of 3.5mm (ceramic thickness +epoxy resin
thickness =3.5 mm), which was chosen as being equivalent to
the average thickness from the roof of the pulp chamber to the
occlusal surface [24].

The cementation surfaces of the ceramic and of the resin
epoxy were etched with 5% hydrofluoric acid (Acido Gel 5%,
Maquira Ind. Dental Products S.A., Maringa, Brazil) for 30 and
60, respectively, followed by ultrasonic cleaning in distilled
water (5min). After etching, a thin coat of silane (Monobond
N, Ivoclar Vivadent, Schaan, Liechtenstein) was applied with a
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Table 3 - Mean monotonic load-to-failure, initial load for fatigue test (~60% of monotonic mean load-to-failure), step size

(5% of initial fatigue load). Fatigue failure load data: mean fatigue failure load (L), standard deviation (SD), and 95%

confidence interval (CI) according to Dixon and Mood [30].

Groups Mean monotonic Initial load for Step size (N) Fatigue failure load (N)

load-to-failure (N) fatigue test (N)

Le+SD 95% CI

VS 1.0 1240.3 730 36 716.5+95.54" 654.92-778.08
VS 1.5 1529.9 900 45 907.5 4 34.5%" 884.05-930.95
VS 2.0 1865.5 1097 55 959.5 + 81.85¢" 908.21-1010.79
VS 2.5 1963.3 1155 58 1119.6 +241.7¢ 974.29-1264.82
CD 1.0 885.8 521 26 404.0+43.32" 375.47-432.57
CD15 1139.8 670 335 628.1+79.6°" 576.83-679.42
CD 2.0 1333.0 784 39 764.5+43.9<" 736.36-792.64
CD 25 1995.6 1174 59 1126.8+80.24 1078.09-1175.51

* Same letters indicate statistical equality comparing the thicknesses of each ceramic material separately.
** Double asterisk means statistical difference, comparing the different ceramic materials at same thickness (no difference only between ZLS

ceramics for 2.5 mm).

microbrush to the pre-treated ceramic surfaces, and the mate-
rial was allowed to react for 60 s. The remaining excesses were
dispersed with a gentle air-stream (5s). For the resin epoxy, a
thin layer of adhesive material (Excite F DSC, Ivoclar Vivadent)
was actively applied on the surfaces (10s), followed by gentle
air-drying to remove the excesses.

The cementation procedure was equal for all groups. The
dual resin cement (Variolink N Base and Catalyst, Ivoclar
Vivadent) was applied in the ratio of 1:1, and then mixed for
10s according to the manufacturer’s recommendation. A load
of 7.5N was applied on the occlusal surface of the assemblies,
the cement excess was removed, and light-activation was per-
formed for 10s on each bond interface side (0°, 90°, 180°, and
270°) with a LED curing light (high intensity of 1000 mW/cm?;
wavelength ranging from 395 to 480nm — Valo, Ultradent
Products, South Jordan, Utah, USA). After removing the load,
another light-activation was performed on the occlusal side
(20s).

The cemented assemblies were stored in a sealed vessel
with distilled water at room temperature for 7 days until per-
forming the fatigue tests.

2.3.  Fatigue failure load test — Staircase method

Firstly, monotonic load-to-failure tests (EMIC DL 2000, Sao José
dos Pinhais, Brazil) by applying an increasing compressive load
(1 mm/min) until the radial crack occurred were performed in
five specimens per group to determine the initial fatigue load
(~60% of the mean monotonic load-to-failure) and the step
size (~5% of initial fatigue load) for each condition under the
fatigue test (Table 3).

Then, twenty specimens (n=20) of each condition were
subjected to an cyclic fatigue test under water in an
electrodynamic machine (Instron ElectroPuls E3000, Instron
Corporation, Norwood, MA, United States). A stainless-steel
sphere (¢ =40mm) [20,22,25,26] was used to apply the load at
the center of the specimen (i.e., center of the occlusal surface),
which was positioned inside an attached cylindrical metal ring
stabilized in a flat steel base. An adhesive tape (110 um) was
fixed on the occlusal side of the specimens to improve con-
tact with the sphere [27], and an additional thin sheet of a

non-rigid material (cellophane, 2.5 wm) was placed between
the piston and the specimen to better distribute the contact
surface pressure according to previous studies using the same
methodology [22,28].

The fatigue failure load was determined using the staircase
method (100,000 load pulses; 20 Hz) described by Collins [29].
The load was applied with the amplitude ranging from a min-
imum of 10N (to maintain the piston in an intimate contact
with the specimen) to the maximum load attributed for each
specimen in every step. The first specimen of each group was
tested at an initial load close to the estimated fatigue failure
load (~60% of mean monotonic load-to-failure) until it either
failed or runout (survival) at the predetermined cycles (10°
cycles). If the specimen failed, the load level was decreased by
a preselected increment (step size ~5% of the initial load for
fatigue test), and the second specimen was tested at this lower
load level. However, if the specimen survived, the load level
was increased by the preselected increment (step size), and
the following specimen was tested at this higher load level.
This procedure was repeated until 20 samples per group were
submitted to the fatigue failure load test.

After testing, the mean fatigue failure load (L¢), standard
deviation (SD) and 95% confidence interval were calculated
using the Dixon and Mood method [30], which involves
maximum-likelihood estimation, assuming that data follows
a normal distribution [29]. This methodology was previously
well described in the literature [16,18,22,31].

2.4.  Fractographic analysis

After fatigue tests, all the specimens were analyzed for con-
tact damage and the determination of the crack direction. All
the fractured specimens (radial cracks) were perpendicularly
cut in two halves to the crack direction using a precision saw
machine (Isomet 1000), and analyzed in a stereomicroscope
(Discovery V20, Carl Zeiss, Gottingen, Germany) to determine
the crack origin and its propagation. One representative spec-
imen of each group was cleaned with isopropyl alcohol and
dried in an oven (Olidef, Ribeirdo Preto, Sdo Paulo, Brazil)
for further analysis in a Scanning Electron Microscope (SEM).
Next, the specimens were placed on an aluminum platform
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Table 4 — Material properties used in the FEA models, and layer thicknesses attributed for each material.

Structure/material Suprinity Celtra Duo Dentin analogue Variolink N Stainless-steel sphere
material — supporting ring

Young’s modulus (GPa) 65.6% 61.0° 18.0° 8.3d 195.0°
Poisson ratio 0.23? 0.30 0.30¢ 0.35¢ 0.30 ¢
Layer thickness 1.0 1.0 2.5 0.1
(mm) 1.5 1.5 2.0 0.1

2.0 2.0 15 0.1

2.5 2.5 1.0 0.1
2 Ref.[42].
b Ref. [43].
¢ Ref. [11].
d Ref. [44].
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Fig. 1 - Staircase sensitivity test results during mechanical cycling (100,000 cycles at 20 Hz) of ceramic discs adhesively
cemented to dentin analogue material. First row: results for different thicknesses of Suprinity (VS); second row: different
thicknesses of Celtra Duo (CD). Red arrows indicate the load level at which the up-and-down character started. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(stub) with a double-sided conductive carbon tape, metalized
(Emitech SC7620, Quorum Technologies Ltd., Laughton, UK)
with a thin layer of gold alloy and observed in SEM (Inspect
S50, FEI, Brno, Czech Republic) at 500x, 1000x, and 2500x
magnification.

2.5.  Finite Element Analysis — FEA

A computer software (ANSYS 17.2, ANSYS Inc., Houston, TX,
USA) was used to perform the tridimensional FEA. 3D geome-
tries for all tested materials and thicknesses were modeled in
CAD Rhinoceros (version 5.0 SR8 McNell, North America, Seat-
tle, WA, USA) according to the experimental setup. The cement
layer between the ceramic and the epoxy resin was established
as 0.1 mm for all groups; the interface between connected lay-
ers was modeled assuming a perfect bonding between the
substrates. A contact surface between sphere/specimen was
modeled with a friction coefficient of 0.25. Nonlinear analy-
sis has become an increasingly powerful approach to predict
stress and strain within structures in a realistic situation that
cannot be solved by a linear static model [32].

The geometric models were meshed with quadratic tetra-
hedral elements (33,957 elements and 130,199 nodes). All

materials were considered homogeneous, isotropic, and linear
elastic. The properties (Young’s modulus and Poisson’s ratio)
used in the FEA are presented in Table 4. The Poisson’s ratio
of Celtra Duo was assumed 0.30, and it means a linear behav-
ior of the material. Maximum Principal Stress (MPS) was used
as failure criteria since glass-ceramics are much stronger in
compression than in tensile. The mean fatigue failure load of
each group was used to calculate the stress distribution and
MPS.

3. Results
3.1. Fatigue failure load

Parameters for the staircase test such as mean monotonic
load-to-failure, initial load of the fatigue tests (~60% of mean
monotonic load-to-failure), step size (~5% of initial fatigue
load), and fatigue results are presented in Table 3. The pat-
terns of runouts (survivals) and failures for each group are
shown in Fig. 1. In relation to the different thicknesses, both
ZLS materials showed an increase in mean fatigue failure load
with an increase in ceramic thickness (Table 3). Statistical dif-
ferences could be detected between the different ZLS ceramic
types (Table 3).
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Fig. 2 - Representative micrographs of failed assemblies after fatigue tests (original magnification of 500x, 1000x, 2500x).
Suprinity (A-D) and Celtra Duo (E-H) on thicknesses of 1.0, 1.5, 2.0 and 2.5 mm, respectively. The arrows and pointers
indicate the failure origin.
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Fig. 3 - Maximum principal stress observed in FEA models of Suprinity and Celtra Duo at different thicknesses, on which
the load was applied by a stainless-steel spherical piston (40 mm of diameter).
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Fig. 4 - Distribution of the maximum principal stress on the specimens: Suprinity (A-D) and Celtra Duo (E-H) on thicknesses
of 1.0, 1.5, 2.0 and 2.5 mm, respectively, loaded with a stainless-steel spherical piston (¢ =40 mm).

3.2.  Fractographic analysis

Fractographic analysis under a light microscope showed that
all failures started from the cementation surface as radial
cracks. Fig. 2 shows representative SEM micrographs of radial
cracks. It is possible to observe fractures starting from defects
located on the tensile surface of the ceramic (i.e.,, on the
cementation surface).

3.3.  Finite Element Analysis

The results of the Maximum Principal Stress (MPa) analyses
are presented in Figs. 3 and 4. It shows that the Maximum Prin-
cipal Stress for the same thicknesses was similar for both ZLS
ceramics. Higher stresses were generated at the cementing
interface of thinner specimens.

4, Discussion

Since our findings depicted that thicker ZLS glass-ceramic
restorations presents higher fatigue failure loads, the first
tested hypothesis was accepted. Also, the current findings
highlight a potential influence of the materials’ microstruc-
ture on the crack propagation and fatigue behavior of the
ZLS glass-ceramics, partially denying the second null hypoth-
esis. Thus, the fatigue failure load of the evaluated assembly
was affected by both factors: “ZLS ceramic type” and “ceramic
thickness”.

Literature shows a lack of consensus regarding the influ-
ence of thickness on the strength of a restorative assembly
(ceramic restoration cemented to tooth substrates). Some
state that reduced occlusal ceramic thickness may have a
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negative effect on the mechanical properties of the material,
since the ceramic strength is inversely related to the square
of the ceramic thickness [10]. Our data corroborate this issue,
as when the assembly was submitted to fatigue loads in a
wet environment, the thickness affected the final fatigue fail-
ure load of the ZLS glass-ceramic restorations. On the other
hand, it has been reported that the use of adhesive cemen-
tation techniques (resin cement) could improve the survival
probability of ceramic restorations, because enhanced adhe-
sion can promote structural reinforcement, independent of
the material thickness [33-35].

When an adequate adhesion is achieved among ceramic
restoration, resin cement and tooth structure, the stress
distribution of the applied load is enhanced through the
system. In this scenario, existing literature supports that a
restoration’s thickness will not be important for defining the
fracture resistance of the system [34,36]. According to Bake-
man et al. [34], changes in ceramic thickness have minimal
influence on the overall flexural strength of the material, thus
suggesting the possibility of decreasing to 1mm thickness
for lithium disilicate ceramic restorations when effectively
bonded to the underlying tooth structure. However, these
premises were not corroborated by the current study for ZLS
glass-ceramics, since, even adhesively cemented in extremely
standardized, reproducible and controlled procedures, thinner
ceramic restorations presented lower fatigue failure loads.

Additionally, it is important to highlight that FEA analyses
clearly indicate that a variation in ceramic thickness influ-
ences the stress distribution: thinner thickness leads to higher
stress concentration in the samples on the cementing inter-
face. Theoretically, in an ideal situation, both materials had
the same mechanical behavior, because the tensile stresses
were similar for the same thicknesses. Higher stresses will
lead to early failure, which is in line with our findings in the
fatigue tests, and is in accordance with Ma et al. [37]. Inter-
preting these findings, it can be concluded that, as the higher
stress concentration is located at the cementing interface, the
probable origin of fracture will be in this zone, which is in
accordance with the clinical origin of fractures [20,38,39], and
with the fracture pattern observed in our study.

As previously described, both evaluated ceramic materials
are consisted of ZLS glass-ceramics with similar composition
[1], however our data supports distinct behaviors in terms
of fatigue failure load. The explanation could be focused on
the different microstructural arrangement of the ceramics
[submicrometric (up to ~1pm in length) lithium metasil-
icate crystallites — Celtra Duo x nanometric (~0.5pm) — Vita
Suprinity], since higher values of fatigue failure load were find
when the ZLS ceramic presented nanometric lithium metasil-
icate crystallites compared to submicrometric ones.

Denry and Holloway [40] stated that the microstructure
achieved by interlocking crystals in addition to their alignment
might play an important role in hindering crack propagation;
in this sense, the nano-structured material appears to present
a more interlocked microstructure, supporting the high values
of fatigue failure load found for this ZLS glass-ceramic. Also,
reviews on this topic [5,6] conclude that the stress yield and
microhardness of nanocrystalline materials can be 2 up to 10
times higher than the corresponding coarse-grained material,
with the same chemical composition. In summary, the proved

mechanism is based on the fact that smaller grains limit the
size of dislocations on the crystal grain boundaries, affecting
the transposition of the stimuli from grain to grain. Therefore,
a higher applied stress is required to induce permanent mate-
rial deformation, or fracture in the case of ceramics (brittle
nature) [5,6].

It is clear that the long-term success of ceramic restora-
tions is not only influenced by ceramic material characteristics
(composition, processing, and thickness, among other fac-
tors), but also by the inherent characteristics of the remaining
tooth structure and the bonding protocol implemented (qual-
ity of adhesion obtained) [34]. Thus, more studies should be
incentivized in attempt to enhance those factors and improve
the long-term success of such restorations.

It is important to highlight that the lack of literature con-
sensus regarding this thematic may also be explained by
the high heterogeneity and variability among the employed
methodologies and additional biasing factors, especially con-
sidering an in vitro study design. In this sense, in order to
simulate a clinical setup (as close as possible), we used a
resin epoxy supporting material that mimics human hydrated
dentin in terms of resin cement bond strength and blunt con-
tact elastic behavior as it presents an elastic modulus (18 MPa)
similar to that of human dentin [20,41]. Besides, the observed
fracture pattern was similar to that one observed on clinically
failed restorations [20].

Even though some studies have reported failures start-
ing from the cervical margin, bulk fractures arising from
the cementation surface of ceramic restorations remain as
the primary clinically-observed failure modes [20,38,39]. The
methodology for specimen preparation preconized by Kelly
et al. [20] and used in the current study assures that pattern
of failure. On the other hand, an important limitation is that
dental crowns typically present complex geometry, and flatted
specimens (as used in the present study) are not able to com-
pletely reproduce this complexity. In addition, occlusion not
only implicates axial loads, but also different contact places
and sliding. This is different from the present study where a
stainless-steel piston applied an axial load only in the center
of the specimens. However, they support some investigations
of isolated factors (e.g., influence of material thickness, differ-
ent ceramic compositions, etc.), enabling an evaluation about
mechanical behavior and material properties. Another aspect
is the frequency used during fatigue testing. Low frequen-
cies make data collection very time-consuming; in this sense,
Fraga et al. [16] noticed that accelerated fatigue methods (up
to 20 Hz) do not influence the collected data for yttria partially
stabilized tetragonal zirconia.

5. Conclusion

- Different ZLS glass-ceramics thicknesses influenced the
fatigue failure load of the bonded system (i.e. the thicker
the ZLS glass-ceramic is, the higher the fatigue failure load
will be).

- The different microstructures of the ZLS glass-ceramics
might affect fatigue behavior of restorations.
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- As verified from FEA findings, the thicker the glass ceramic
is, the lower the stress concentration at the tension surface
will be.
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