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Abstract Objectives This article evaluated the effect of substrates rigidities on the post-fatigue
fracture resistance of adhesively cemented simplified restorations in lithium disilicate glass
ceramic.
Materials and Methods Precrystalized computer-aided design/computer-aided
manufacturing ceramic blocks were processed into disc-shaped specimens (n¼ 10,
Ø¼10mm), mimicking a simplified restoration at two thicknesses (0.5 and 1.0mm).
Thereafter, the discs were cemented onto different base substrates (dentin analogue
[control], dentin analogue with a central core build-up of resin composite [RC], or glass
ionomer cement [GIC]). The specimens were subjected to mechanical cycling in a
chewing simulator (100 N, 1� 106 cycles, 4 Hz) and then subjected to thermocycling
aging (10,000 cycles, 5/37/55°C, 30 seconds). After the fatigue protocol, the speci-
mens were loaded until failure (N) in a universal testing machine. Finite element
analysis calculated the first principal stress at the center of the adhesive interface.
Results The results showed that “restoration thickness,” “type of substrate,” and
their interaction were statistically significant (one-way analysis of variance; p<0.001).
Regardless the restoration thickness a higher fracture load was observed for specimens
cemented to dentin analogue. Among the base materials, RC build-up presented the
highest fracture load and lower stress magnitude for both restoration thicknesses in
comparison with GIC build-up. The 0.5-mm restoration showed higher stress peak and
lower fracture load when submitted to the compressive test.
Conclusion More flexible base material reduces the fracture load and increases the
stress magnitude of adhesively cemented lithium disilicate restorations regardless the
ceramic thickness. Therefore, more rigid substrates are suggested to be used to
prevent restoration mechanical failures.
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Introduction

The contemporary computer-aided design/computer-aided
manufacturing (CAD/CAM) dental ceramic materials im-
proved the alternatives and reliability for indirect restoration
of themissing dentin and enamel tissues. CAD/CAMceramics
are available in crystalized or precrystalized blocks with
different compositions1 promoting optimal mechanical
properties.2–7 Biomaterials, such as reinforced glass
ceramics, are one of the most reliable options to be applied
as monolithic restorations with acceptable resistance and
optical properties.8,9 In addition, the high presence of silica
and glassy matrix in the volume of these materials is
associated with improved translucency and optimal
esthetics for prosthetic treatment.9 Additionally, it is well
known that indirect restorations adhesively cemented to
enamel presents reliable bond strength and long-term
durability.1–9

Despite the success of adhesive dentistry, it is not rare that
after the tooth preparation, the substrate is not only in
enamel, thus it is not always in the most suitable condition
for the best bonding procedure.10 In cases, for example, after
endodontic treatments, it is common for the clinician to fill
the access cavity with direct restorative materials (e.g., glass
ionomer cement [GIC], resin composite [RC]). Thus, during
the prosthetic treatment, the ceramic restorations will be
adhesively cemented on different foundation substrates
(enamel and dentin, only dentin, dentin partially restored
with filling material) with a large range of mechanical
properties.8,9 The base material (below the ceramic) can
modify the mechanical response of the restorations.10,11

Therefore, the restorative material for core build-up should
not only be chosen to promote retention to the restorations
but also to promote adequate support to the dental ceramic.
Previous reports showed that rigid base materials result
in less deformations and subsequently higher restoration
resistance.12,13 However, with the development of the
adhesive dentistry the most used base materials are RC or
GIC. Both materials have a low elastic modulus; however,
there is a different bond strength to the resin cement and
substrate.10

According to the literature, the most suitable material to
replace the dentin tissue is still controversial.14 Moreover to
the substrate mechanical property, the restoration thickness

plays an important role in the fatigue survival and long-term
clinical success.9 According to the principles of the minimal
tooth preparation, the maximum amount of sound dental
tissue should be kept and unnecessary preparation should be
avoided. Based on this principle, several studies have been
developed aiming to elucidate how dental materials applied
with minimal thickness stand out against the chewing
loads.9–13,15,16

Brittle materials such as dental ceramics are prone to
fail due to the slow crack propagation in areas with high
tensile stress magnitude.4,17 Because of that, the knowl-
edge about the stress concentration during the functional
loading are useful to demonstrate the regions susceptible
to failure that can be coincident with failure origin dem-
onstrated by fractographic features.9 One of the most
reliable methods to investigate the stress field is the finite
element analysis (FEA).2,3 This methodology is a bio-
mechanical tool based on a numerical calculation consid-
ering the setup of geometrical model and the mechanical
properties of the investigated materials. FEA can show,
with qualitative and quantitative results, the biomechani-
cal behavior of different conditions in direct and indirect
restorations.2,9,11,14,17,18

The aim of this studywas to evaluate the effect of different
substrate stiffness (dentin analogue, dentin analogue, and a
core in GIC or composite resin [CR]) on the fracture load after
fatigue and on the stress magnitude of conventional
(1.0mm) and conservative (0.5mm) adhesively cemented
lithium disilicate restorations. The hypotheses consisted that
(1) the different substrateswould affect the fracture load and
stress magnitude in the restoration, and that (2) the restora-
tion thicknesses would affect fracture load and stress con-
centration during load application.

Materials and Methods

Specimens were prepared and divided into six groups;
dentin analogue (D), dentin analogue and a core in GIC or
CR combined with 1.0mm (conventional restoration) or
0.5mm (conservative restoration) lithium disilicate glass-
ceramic disc. The specimens were subjected to mechanical
and thermal fatigue and subsequently loaded till failure. The
experimental details are described below. The group distri-
bution is described in ►Table 1.

Table 1 Groups’ distribution according to the ceramic thickness and foundation substrate

Group Ceramic thickness Foundation substrate Fracture load� SD Tukey test (95%)a

D0.5 0.5 Dentin analogue 1393� 301 B

D1.0 1.0 1789� 233 A

GIC0.5 0.5 Glass ionomer cement 428� 93 D

GIC1.0 1.0 541� 173 D

RC0.5 0.5 Resin composite 1043� 339 C

RC1.0 1.0 1187� 317 BC

Note: Average fracture load (N)� standard deviation (SD) according to the material and ceramic thickness.
aMeans that do not share a letter are significantly different.
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Ceramic Restorations
Lithium disilicate glass-ceramic blocks (IPS e.max CAD,
Ivoclar Vivadent, Schaan, Liechtenstein) were rounded in
an automatic orbital sander (Ecomet Polisher, Buehler LTD,
United States) using wet sandpaper with grain size #600. The
resultant cylindrical rollers were cut into discs under con-
stant water irrigation (n¼40) using a precision cutting
machine (Isomet 1000, Buehler LTD). All discs were finished
in the automatic polishing machine (Ecomet Polisher, Bueh-
ler LTD) with an applied force of 30N at a speed of 450
revolutions per minute for 5minutes with progressive grits
of silicon carbide grinding paper (#120, #240, #320, and
#600) under constant water cooling. The 10-mm diameter
discs were divided into two different thickness groups with
final thickness dimensions of 1.0mm (conventional restora-
tion) or 0.5mm (conservative restoration). All specimens
were cleaned with isopropyl alcohol in an ultrasonic bath
(5minutes) and then crystallized in a specific oven (Progra-
mat P700, Ivoclar Vivadent) according to the manufacturer’s
instructions.

Base Substrates
This study simulated three different substrate surface con-
ditions to bond the ceramic restorations: dentin analogue,
dentin analogueþGIC, and dentin analogueþRC. The simu-
lated base substrates are presented in ►Fig. 1.

For the first foundation substrate simulation, a dentin
analogue substrate (G10 epoxy resin, Protec, São Paulo,
Brazil) was shaped in discs (2.6mm�10mm diameter).
Then, the discs were polished (#600 and #1200 grit silicon
carbide papers) until the final thickness of 2.5mm and
cleaned with isopropyl alcohol in an ultrasonic bath
(5minutes). This setup was designed to reproduce an occlu-
sal restoration for a posterior tooth.10 A diameter of 10mm
was used tomimic the average area of a first molar.19 For the
other two groups, the preparation were kept as dentin
substrate (axial walls with 1mm thickness) while the center
of the preparation was simulated containing different sub-
strate materials: GIC or RC, similar to a class 1 restoration.

Cementation
The intaglio surfaces of ceramic discs were etched with 5%
hydrofluoric acid (Condac Porcelana 5%, FGM, Joinville,
Brazil) for 20 seconds, washed by air-water spray, cleaned

in an ultrasonic bath with distilled water for 5minutes. Then
the silane agent (Monobond N, Ivoclar Vivadent) was applied
for 20 seconds, left to react for 60 seconds, and gently air-
dried. For the substrate bonding surface, the cementation
surface was etched with 10% hydrofluoric acid (Condac
Porcelana, FGM) for 60 seconds, followed by ultrasonic clean-
ing in distilled water (5minutes) and the application of
Multilink N Primer A and B mixture (Ivoclar Vivadent), using
a microbrush under constant movement for 15 seconds and
gentle air-drying for excess removal. Using the automix, the
dual-cure resin cement (Multilink N, Ivoclar Vivadent) was
applied on the center of the treated ceramic surfaces.17

The discs (ceramic and substrate) were bonded with a
standard load of 7.5N on the occlusal surface of the ceramic,
promoting uniform cement spreading. The excess cement
was removed using a microbrush and light curing (high
intensity of 1,000 mW/cm2; wavelength ranging from 395
to 480nm – Valo, Ultradent Products) was performed for
20 seconds on the occlusal surface of the ceramic, followed
by 10 seconds in four points of the bonded interface. After
48 hours of immersion in distilledwater, the specimenswere
submitted to aging simulation.17

Mechanical Cycling
All specimens were cyclic loaded vertically on the occlusal
surfaces with 100N. The fatigue test was set for 1�106

cycles, at 4Hz under water at 37°C. The loading was applied
using a round stainless steel piston with 6mm diameter. The
specimens were inspected in every 100,000 cycles through
the transillumination technique. Trough visual inspection, a
unique light source with a fiber optic transilluminator was
applied at 45degrees to the ceramic surface. The light source
was rotated until the perpendicular plane of the possible
crack. If therewas a crack, the light passagewould be blocked
and it would be visible. Failure was defined as large chip-
pings, cracks, or ceramic bulk fracture. The specimen under
mechanical cycling schematic illustration is presented
in ►Fig. 2.

Thermocycling Aging
The specimens were submitted to mechanical and thermal
cycling (5–37–55°C during 10,000 cycles) to investigate the
behavior after long-term mission. Ten thousand thermo-
cycles were performed since their correspondence to

Fig. 1 Occlusal view of the simulated foundation substrates. From the left to the right, the first condition simulated a substrate foundation only
in dentin analogue. In the second condition, the substrate foundation has 1mm axial walls in dentin analogue and the center in glass ionomer
cement. The last condition presents 1mm axial walls in dentin analogue and the center in resin composite.
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1 year of in vivo environment.20 Based on this information
and for an optimized clinical situation, the thermal sequence
included the human reference temperature of 37 °C between
the cold and hot bath.

Post-Fatigue Fracture Resistance
All specimens were tested positioned in a stainless steel base
with their flat surface aligned perpendicular to the antago-
nist indenter in a universal testing machine (DL1000, EMIC)
for the compressive test. The load was applied to the ceramic
disc external surface using a unidirectional vertical device
(1,000 kgf load cell, water) with a crosshead speed of 0.1
mm/min until failure occurred (►Fig. 2). The fracture load to
start the failure (N) was computer recorded. Failed speci-
mens were inspected under scanning electron microscopy
(SEM) to identify the failure origin.

Stress Calculation
For this study, the maximum center tensile stress was
calculated using the FEA according to the foundation mate-
rial and restoration thickness. Nevertheless, for three-layer
specimens, the FEA results provide a good estimation of the
maximum tensile stress at the center of the ceramic
discs.13,17 For this approach, the three-dimensional (3D)
model of the in vitro assay was designed with the same
dimensions as the testing specimens containing the ceramic
disc, the cement layer, and foundation substrate.13,17 The
specimens’ dimensions were converted from polylines to the
3D geometries modeling using a computer-aided software
(Rhinoceros, version 5.0 SR8, McNeel North America). The
final geometries were imported to the analysis software
(ANSYS 17.2, ANSYS Inc.) in Standard for the Exchange of
Product data format. Tetrahedral elements formed the mesh
after a convergence test (10%) and each material’s mechani-
cal properties were assigned as having isotropic behavior.
The elastic modulus and Poisson ratio used for the calcula-
tion were based on previous reports from the literature
(►Table 2).2,13,21,22 The compressive load of 100N was

used to perform an individual simulation and to obtain a
specific value in MPa. The stress distribution data were
exported and plotted as colorimetric stress maps. The tress
peak was computed at the center of ceramic disc intaglio
surface using the autoprobe from the software.

Statistical Analysis
After the data normality verification using the Kolmogorov–
Smirnov test, the in vitro data were analyzed by descriptive
statistics and one-way analysis of variance (ANOVA) fol-
lowed by multiple comparison post hoc Tukey test
(α¼0.05).

Results

Post-Fatigue Fracture Resistance
Themean fracture load and standard deviation per group are
summarized in ►Table 1. One-way ANOVA revealed statisti-
cal influence for the different groups (F¼40.33; p<0.001)
on the average fracture load.

When the base substrate was the dentin analogue the
pooled compressive resistance was 1,591N, which was sig-
nificantly higher than the pooled base substrates of GIC with
477N or the RC base, with 1,115N. The pooled differences
between the GIC and the RC base were also significantly
different. The thinner ceramic thickness showed statistical
lower resistance (0.5mm; 955N) compared to the restora-
tion in 1mm, with 1,167N.

SEM revealed that the failure was originated in the tensile
side (►Fig. 3). However, considerable damagewas caused by
the load indenter which was observed in many specimens.

FEA Stress Calculation
FEA revealed that themaximumprincipal stress ranged from
153.3 to 140.0 MPa in 0.5mm restoration thickness. While
for the thicker restoration (1.0mm), the stress ranged from
35.5 to 38.9 MPa. ►Fig. 4 presents the colorimetric graph
results. For both 0.5 and 1.0mm restoration thickness, it is
noticeable that the cementation in sound dentin analogue
substrate promoted a reduced tensile stress magnitude. In
addition, for foundation substrates in dentin with direct
restorative material, the lower is the restorative material
elastic modulus and the higher is the stress value. In this
study, GIC promoted the highest stress peak in both 0.5 and
1.0mm lithium disilicate restorations.

Fig. 2 Schematic illustration of the cemented specimens submitted
to the mechanical cycling and compression tests configuration.

Table 2 Elastic modulus (E) and Poisson ratio (ν) of the
materials used in the finite element analysis

Materials E (GPa) v

Composite resin2 22.0 0.54

Glass Ionomer cement11 8.0 0.25

Resin cement18 9.2 0.30

Dentin analogue18 18.0 0.30

Lithium disilicate19 95.0 0.25

European Journal of Dentistry Vol. 17 No. 4/2023 © 2022. The Author(s).

Substrate Effect on CAD/CAM Restorations Pucci et al. 1023



Discussion

The present study revealed that there was an influence on
the biomechanical behavior of adhesively cemented lithium
disilicate restorations, according to the foundation substrate
and ceramic thickness. The mean post-fatigue fracture resis-
tance was higher in restorations cemented in the dentin
analogueswhen compared to restored substrates (GIC or RC).
In addition, the different ceramic thickness showed different
behaviors when cemented onto the same foundation sub-
strate material. Therefore, both hypotheses were accepted.

The ceramic fracture strength depends on the area of
stress concentration during load application and its capacity
to resist to the crack propagation from the region where the
stress concentration takes place.13,22 In addition, according
to the results, the success of ceramic bonded to substrate
depends basically on the restorative material stiffness, the
type of substrate, and the bond strength between restoration
and substrate. In the present study, fatigued lithium disili-
cate restorations presented an improved mechanical re-
sponse and higher fracture-load when cemented onto
dentin-likematerial in comparison toGIC. It was an expected
behavior since the substrates with high stiffness reduce the

flexural moment and consequently increases the load to
fracture of adhesively cemented restorations.10,11,13 This
result is supported by the stress magnitude as demonstrated
by FEA, where an increase in the first principal stress is
observed to be inversely proportional to the foundation
substrate elastic modulus.

The ceramic cemented on dentin concentrates less tensile
stress on its surface, regardless of its thickness, which can be
explained by the fact that this is the stiffer substrate simu-
lated in this investigation. This result is in agreement with
previous studies that evaluated different foundation materi-
als suggesting that the lower is the stress at the adhesive
interface, lower is the occurrence of catastrophic fractures in
the restoration.10,11,13

Despite the optimal performance from specimens
cemented onto dentin substrate, the option to replace miss-
ing dentin tissue by dentin is still not possible. In vital teeth,
small defects may be restored using GICs, whereas RC build-
ups should be preferred for larger defects.23 The use of GIC to
support lithium disilicate ceramic material has been previ-
ously reported.24,25 Some dentists prefer GICs for core build-
ups due to its apparent ease of placement, fluoride release,
good adherence, coefficient of thermal expansion similar to

Fig. 3 Scanning electron microscopy of representative failed specimens after the compressive test, under different magnifications. Red arrow
presents the failure origin, white arrows indicate the direction of crack propagation, and yellow arrows, the compression curl. Failure
originated from tensile side, however, as expected for a compressive load, damage caused by the load indenter was also observed, per example
in the RC.5 specimen.
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dentin,26 and reduced residual stress.14 In addition, GIC is a
water-based material, so while still needing moisture con-
trol, it is not as technique-sensitive as RC.26 On the other
hand, composites have excellent strength and can be used to
make core build-ups both for vital and nonvital teeth. Using
RC, an effective bond between core and tooth are expected,
however, only when moisture contamination and polymeri-
zation shrinkage can be properly controlled.26,27

In short, when GIC was present, the lowest fracture load
and the highest stress peaks were observed. However,
according to the FEA the stress increases only 0.62% when
GIC was used instead of RC for 0.5mm restoration thickness,
and 0.06% for 1.0mm restoration thickness. Also, the aver-
age fracture load decreased in approximately 59% when GIC
was used instead of RC for 0.5mm restoration thickness,
and 55% for 1.0mm restoration thickness. Therefore, it
seems plausible to assume that the inferior performance
of GIC is mostly associated to the reduced bond strength
instead only on the capability of load dissipation. Consider-
ing indirect restorations in which there is an interface
between GIC and resin cement, the adhesion could be not
so strong compared to an interface with chemically similar
materials such as RC and resin cement. Supporting this
hypothesis, it is possible to observe the bond strength data
from previous studies, for example, the adhesion between a
resinous material and GIC range between 3.8 until 4.4
MPa27; while the bond strength between RC and resin
cement can range from 13.7 until 31.2 MPa,28 depending
on the materials and pretreatment used. The reported bond
strength values belong to different materials, tested in
different conditions and environments, and were used
only to illustrate the previous explanation.

In a clinical trial, the authors evaluated 36 fixed dental
prosthesis made from a lithium disilicate glass ceramic
placed in 28 patients. The restorations were cemented either
with GIC or CR. The authors did not calculate the difference
between the cementation protocols, but when GIC was used
two recementations were needed during the 8-year follow-
up while there was no debonding report for the adhesively
luted group.29 Therefore, the present study is in agreement
with that when showing a lower resistance when GIC is
present, justifying the high mechanical dampening effect at
the restorative material caused by the low bond strength of
GIC with resin cement.

The restoration’s intaglio surface presents a significant
effect at the ceramic longevity, in which a rough surface
reduces the load to failure of indirect restorations. However,
when a proper bonding was present this effect is inexistent.
In addition, previous authors calculated that the tensile
stress is homogeneously distributed in a bonded surface.30

The present study corroborate with this statement, showing
that the proper bonded conditions (dentin or RC) are better
substrates than GIC. Considering 1.0mm ceramics thickness
bonded in dentin analogue, the previous study30 calculated
1559.1N fracture load for rough restorations while polished
restorations showed higher resistance (1632.3N). The values
calculated in the present study were 1789N for polished
restorations bonded in dentin analogue while the presence
of GIC as base material reduced the fracture load to 541N.
Apparently, not only the ceramic condition can affect the
restoration longevity, but also the substrate stiffness and
strong bondability.

Lithium disilicate restorations bonded in different foun-
dation materials have been investigated previously.31,32 The

Fig. 4 Maximum principal stress distribution map according to different substrates for 0.5 and 1.0mm restoration thicknesses.
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highest value of fracture resistance and survival rate for
restorations were observed for partly bonded restorations
to compositefilling in comparison to dentin or enamel.32 The
present results showed less than 10% for stress peaks and
similarity between fracture load for RC1.0 and D0.5. This
shows that a RC is more promising than GIC when a filling
material is necessary prior to the crown cementation. In
addition, fracture features indicated the failures’ origin in the
adhesive interface33 and the presence of cone cracks on the
occlusal surface due to the compressive load application.
With regards to the restoration thickness, higher stress
magnitude was calculated in 0.5-mm groups, justifying
that lower energy is necessary to fracture thin restorations,
explaining the low fracture load values obtained in the in
vitro test. On the other hand, there are previous investiga-
tions that concluded that the risk of fracture does not
increase as the thickness of ceramic restorations de-
crease.6,34 Similar to the present study, a previous in vitro
investigation assessed the crown thickness effect on the
fracture load of monolithic lithium disilicate. The loads to
failure of the crowns were 369N for 0.5mm and 889N for
restorations with 1.0mm. Therefore, the present result sug-
gests that the minimally invasive dentistry concept with
thinner restorations can be considered as a promising option
when sound dentin or RC build-ups were present as sub-
strate. Another study reported that the load-bearing capacity
of specimen composed by ceramic/cement/dentin-like sub-
strate tri-layer structure was approximately 872N for static
compressive loading for 1.0mm of ceramic restoration.35,36

This value is closer to the value found for RC base (1187N),
but lower than the average value for dentin substrate
(1789N). This difference could be explained due to the
polishing protocol applied prior to the luting procedure.

A previousfinite element study aimed to compare types of
veneer preparations and their combinationwith threemate-
rials.37 According to the authors, tooth structure, cement,
and veneer showed equivalent values of total deformation
comparing lithium disilicate glass ceramic and zirconia
reinforced lithium silicate in all loading scenarios. This was
justified by the similarity of elastic modulus between both
materials. Despite that, the selection of a material with
proper strength is mandatory, especially when considering
thinner restorations as veneers with minimal preparation.

A clinical report described an 8-year follow-up evaluation
using different thicknesses of porcelain laminate veneers in
anterior teeth.38 Nevertheless, after 6 years, this patient’s
adhesive interfaces were darkly stained, the patient was
unsatisfied with the esthetics, and the porcelain was
replaced by lithium disilicate glass ceramic. According to
the authors, the use of lithium disilicate glass ceramic was
preferable due to its association between esthetics and high
strength. Additionally, the luting procedure when properly
done can give significant support to the strength of the thin
ceramic restorations.40 Thermocycling is a commonly used
fatigue method to evaluate bond durability, mimicking the
thermal changes that occur in the oral cavity caused by
eating, drinking, and breathing.36 This method is valid to
accelerate the restoration aging and to allow the long-term

performance interpretation. Since the best aging protocol is
still unclear, it is common to observe combined thermal and
mechanical cycling to explain howdegradation occurs and to
give more details about the performance of adhesive sys-
tems.36 Therefore, it is highly recommended that the restor-
ative materials employed for restoring teeth should be
capable enough to withstand such intraoral changes.39–42

It is important to consider the present study’s limitations
despite the difference of the results calculated by the in vitro
and in silico analyses: the test setup differs from the oral
environment with different chewing forces, presence of
sliding movements, parafunctional habits, and different
antagonist materials.42 Furthermore, different procedures
that can affect the surface characteristics of ceramic materi-
als like milling, etching, and inadequate polishing may
increase the defects population inducing premature failure
of the ceramic.1,2,4,17,33,42 Therefore, the standardized speci-
mens processing does not consider such variability. Consid-
ering the reported limitations, further clinical studies are
still needed to confirm the present results.

Conclusion

In clinical situations where a build-up core needs to bemade
prior to a prosthetic restoration in lithium disilicate, the core
restorative material should be in RC instead of GIC. The RC’s
higher elastic modulus reduces the stress magnitude and
increases the bond strength to the resin cement.When a core
is not necessary, thebonding onto dentine shows better bond
strength and biomechanical behavior. In addition, the thin-
ner the restoration, the lower is the fracture load and the
higher is the stress concentration.
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