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Objective. To evaluate the fatigue failure load via staircase approach and stress distribution

via  FEA of different ceramic configurations arranged in multilayers composed of ceramic

materials with different elastic moduli and compare them to monolayer models.

Methods. CAD–CAM ceramic blocks were used to shape 0.3 mm and 1.5 mm thick discs, cor-

responding to: feldspathic (F), 64 GPa; lithium disilicate (L), 95 GPa; and Yttrium-partially

stabilized tetragonal zirconia (Y-TZP) (Y), 209.3 GPa. The 0.3 mm discs were arranged in 4

layers cemented with resin cement (Multilink N), and the 1.5 mm discs were not treated, in

such  a way that the final thickness of all specimens was 1.5 mm (±0.15 mm). The following

6  groups were tested: F (F: monolithic); L (L: monolithic); LLFF (L + L + F + F); FFLL (F + F + L + L);

YLFF  (Y + L + F + F); YLLF (Y + L + L + F). The loads-to-fracture were obtained using the biaxial

flexural strength test until failure and the data were run using one-way ANOVA and Tukey’s

multiple comparisons (  ̨ = 0.05) tests. The biaxial bending test was also simulated through

finite  element analysis (FEA) to identify the tensile stress generated at each layer of the

groups. Mean fatigue failure load (100,000 cycles; 20 Hz) was determined using the staircase

approach. The fracture analysis was performed by stereomicroscope and scanning electron

microscopy.
Results. The load to fracture (N) were obtained as follows: L (592.9 ± 73.8)D > FFLL

(319.78 ± 43.59)C > YLLF (246.75 ± 24.89)B > F (167.13 ± 9.84)A > YLFF (166.51 ± 15.24)A > LLFF

(165.46 ± 22.75)A; and the fatigue failure load (N): L (310.92 ± 26.73)F > FFLL (190.17 ± 8.32)E > F

(106.21 ± 2.81)D > YLLF (96.48 ± 5.73)C > YLFF (89.56 ± 2.38)B > LLFF (77.23 ± 6.33)A. The origin

of  all of the tested specimens was located at the tensile region of the discs, as encountered

in  FEA.
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Significance. The material under tensile stress is determinant for the restoration’s strength

and  the adhesive interface negatively influenced the mechanical behavior of the multilayer

structures.
©  2018 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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.  Introduction

eramic materials have been widely used in restorative
reatments due to excellent qualities as such superior aes-
hetics, biocompatibility, chemical stability, wear resistance,
ow biofilm adhesion and color stability [1]. In addition, the
onstant optimization of its microstructure and physical prop-
rties has allowed its use in areas of great masticatory effort
uch as posterior regions [2]. Regardless of the type of ceramic
aterial used, clinical researches point to an estimated sur-

ival rate of around 90% after 5 years [3–7]. The main failure
ode reported for bilayered ceramics is the chipping of the

eneering ceramic due to the thermal expansion mismatch
etween core and veneer, and/or due to the lack of support for
he veneering ceramic as a result of an incorrect framework
esign [7,8].

The fracture behavior of all ceramic restorations is related
o their mechanical properties. Dental ceramics tend to fail
t the critical strain of 0.1%. In this sense, any increase in
trength and toughness can be achieved by an increase in
he elastic modulus (E) [9]. However, ceramics are incapable of
eversible deformation since the material presents low tensile
trength, consequently tending to catastrophic failure [10].

Bioinspired multilayer configurations have been proposed
11–14] in order to improve the fracture strength of ceramic

aterials. The human tooth is a graded structure composed
y a mineralized matrix and organic reinforcements, consist-
ng of three basic structural parts: enamel, dentin and the
entin–enamel junction [15], presenting a decreased E from
he external surface of the enamel to the internal region of
he tooth [16]. This configuration favors the ability of the
namel in resisting to fracture, and crack propagation toward
he dentin–enamel junction is always arrested and unable to
enetrate the dentin [17].

In traditional ceramic restorations arranged in layers, the
eramic modulus of elasticity in the upper region ranges from
5 to 300 GPa, while in the natural tooth support structure
haracterized by dentin, the value is approximately 20 GPa
18,19]. The modulus of elasticity of adhesive cements ranges
rom 2 to 13 GPa [11]. This large difference of modulus of
lasticity results in a high stress level that may cause radial
racks in the ceramic veneer [20]. However, this situation does
ot occur in the natural tooth, which presents a function-
lly graded layer at the interface between enamel and dentin
dentin–enamel junction) with thickness ranging from 10 to
00 �m [21].

Thus, the aims of this study were to investigate the interac-
ion and the stress distribution between the ceramic materials

rranged in layers, and to understand the mechanical behav-
or, the failure mode and the fracture origin in both monolithic
nd bioinspired (in layers) ceramic configurations.
2.  Materials  and  methods

The materials used in this study are presented in Table 1.

2.1.  Preparation  of  ceramic  discs

Ceramic blocks were rounded to 15 mm diameter (Vita In-
Ceram YZ-Y) and 13 mm diameter (IPS e.max CAD-L, Vitablocs
Mark II-F) cylinders using a diamond-impregnated drill
mounted on a cutting machine. The cylinders were sliced in a
saw cutting machine (IsoMet Low Speed, Buehler, IL, USA) at
250 rpm under water-cooling to obtain the discs. Y discs were
wet-ground flat with silicon carbide (SiC) (#1200) and sintered
according to the manufacturer’s instructions (Vita Zyrcomat,
Vita Zahnfabrik) following the schedule: temperature eleva-
tion time, 1 h; final temperature, 1530 ◦C; waiting time, 2 h;
and cooling temperature, 400 ◦C. The Y discs were air-abraded
with aluminum oxide (50 �m)  for 10 s at 2.5 bar pressure and
10 mm distance from the disc to the tip of the micro-etcher
(Basic Classic, Renfert, Brazil), and the annealing was set
in accordance with the manufacturer’s instructions (Atlantis
50P-Platinum, Kota equipments, Brazil): initial temperature,
500 ◦C; heating rate, 100 ◦C/min; final temperature, 1000 ◦C;
waiting time, 15 min. The final dimensions were 12 mm in
diameter and 0.3 ± 0.03 mm thick measured using a digital
micrometer (Mitutoyo Corporation, Tokyo, Japan).

L and F discs were wet-ground flat in a polisher machine
(Ecomet 250, Buehler, Lake Bluff, IL, USA) with sequential SiC
papers (#400, #800 and #1200). L discs were sintered accord-
ing to the manufacturer’s instructions (Programat P500, Ivoclar
Vivadent) following schedule: stand-by temperature, 403 ◦C;
heating rate, 90 ◦C/min; firing temperature (T1), 820 ◦C; holding
time, 10 min; heating rate, 30 ◦C/min; firing temperature (T2),
840 ◦C; holding time, 7 min; long-term cooling, 700 ◦C. The final
dimensions were 12 mm in diameter (ISO 6872) and thickness
of 0.3 ± 0.03 mm and 1.5 ± 0.10 mm,  measured using a digital
micrometer.

All the discs were ultrasonically bathed in 99.8% iso-
propanol for 380 s and stored dry at room temperature.

2.2.  Preparation  of  specimens

The surfaces that would be in contact with the cement were
etched with 10% hydrofluoric acid for 20 s (L) and 60 s (F), then
water cleaned.

Cementation of the multilayer group was performed with
the aid of a micrometer, which contained two flat metallic

plateaus that served as supports for the ceramic discs. The
first two discs were positioned between the plateaus that were
juxtaposed and the micrometer was reset until the distance
mark of zero. The micrometer was opened and the discs were

https://doi.org/10.1016/j.dental.2018.10.006
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Table 1 – Commercial name, initials, lot and material properties (elastic modulus — E; and Poisson’s ratio — �) [22–25].

Commercial name Initials Lot E (GPa) Poisson’s ratio (�)

Vita In-Ceram YZ (40/19, VITA Zahnfabrik, Bad Säckingen, Germany) Y 48000 209.3 0.32
IPS e.max CAD (HT B1/B40, Ivoclar Vivadent, Schaan, Liechtenstein) L U33870 102.7 0.21
Vitablocs Mark II (2 M2C I-40/19, VITA Zahnfabrik) F 35020 64 0.25
Multilink N (Ivoclar Vivadent) – U26911 18.6 0.28
Hydrofluoric acid (Dentsply, Rio de Janeiro, Brazil) – 124311H – –
Monobond N (Ivoclar Vivadent) – U29879 – –
Multilink N Primer A (Ivoclar Vivadent) – U12051 U33826 – –
Multilink N Primer B (Ivoclar Vivadent) – U09377 U26409 – –

Table 2 – Means of load-to-fracture (n = 3), initial load for fatigue test (60% of the monotonic load-to-fracture) and the step
size (5% of the initial load) for fatigue tests (Staircase method). Fatigue failure load, standard deviation (SD) and 95%
confidence interval (CI) from the Staircase test, and the percentage of decrease comparing the monotonic and fatigue
findings.

Groups Load-to-fracture
(N)

Initial load for
fatigue test(N)

Step size (N) Fatigue failure
load (N)

Decrease from
monotonic to fatigue
tests (%)

Mean (SD) 95% CIa

L 650.65 390.39 19.52 310.92 (26.73)F 291.71–330.12 52.21
FFLL 329.91 197.95 9.90 190.17 (8.32)E 183.88–196.46 42.35
LLFF 147.10 88.26 4.41 77.23 (6.33)A 72.68–81.78 47.50
F 177.01 106.21 5.31 106.21 (2.81)D 103.96–108.46 40.00
YLLF 235.31 141.19 7.06 96.48 (5.73)C 91.29–101.66 59.00

B

overl
YLFF 149.81 89.88 4.49 

a Different letters indicate statistically significant differences by the 

removed. A layer of Monobond N was applied with a micro-
brush on the pre-treated surfaces of the discs and was allowed
to react for 60 s, being dispersed with a strong stream of air.
The Multilink N primers A and B were mixed in a 1:1 ratio and
applied onto the top surface of the inferior disc with a micro-
brush and scrubbed for 30 s. Then multilink N cement was
applied on the center region of the bottom surface of the supe-
rior disc. The two discs were centered between the plateaus
of the micrometer that was closed until the pointed distance
of 100 �m and allowed to self-cure for 8 min. The subsequent
layers were cemented following the same protocol until the
specimens were composed of 4 ceramic layers.

Two monolayer groups (F (F), L (L)) and four mul-
tilayer groups (FFLL (F + F + L + L); LLFF (L + L + F + F); YLFF
(Y + L + F + F) — bioinspired; YLLF (Y + L + L + F) — bioinspired)
were composed. The final dimensions were according to ISO
6872 standard, being 12 mm in diameter and 1.5 ± 0.1 mm
thick.

2.3.  Biaxial  flexural  strength  (BFS)

A piston-on-three-ball assembly (ISO 6872:2008) was used
to determine the load-to-fracture using a universal testing
machine (Emic, DL1000 with a 1 KN load cell, EMIC Test Equip-
ment and Systems Ltd, São José dos Pinhais, Brazil). The
ceramic specimen (n = 10 per group) was positioned over the

three steel spheres (2.5 mm in diameter, 10 mm equidistant)
with a load applied at a rate of 1 mm/min, perpendicular to the
center of the top surface of the specimen by a 1.4 mm flat tip
of a cylindrical steel piston. The load-to-fracture was reported
89.56 (2.38) 87.91–91.21 40.21

ap of confidence intervals according to Collins [26].

by tester and data were analyzed by one-way ANOVA and a
post hoc Tukey’s multi-comparison test (  ̨ = 0.05).

2.4.  Biaxial  flexural  fatigue  test  (Staircase  method)

The fatigue test was performed in an electric machine (Instron
ElectroPuls E3000, Instron Corporation, Norwood, USA) follow-
ing the flexural strength test set up according to ISO 6872,
and using the Staircase method described by Collins [26]. The
flexural fatigue strength was determined by 100,000 cycles
for each specimen; the cyclic load was applied in a sinu-
soidal approach with a frequency of 20 Hz and the amplitude
ranged from a minimum of 10 N (to maintain the piston in
intimate contact with the specimen) up to the maximum load
attributed for each specimen. To determine the initial load
for the first specimen for the fatigue test (estimated fatigue
failure load: 60% of the mean load-to-fracture), three spec-
imens of each group were monotonically tested to obtain
the mean load-to-fracture value, which is considered as the
maximum load supported by the material until its failure.
The subsequent specimen was tested with a loading level of
approximately 5% (step size) higher or lower than the initial
loading level, according to survival or failure (fracture/crack) of
the previous specimen, respectively (Table 2). This procedure
was repeated until 15 specimens of each group were tested,
counting from the first event inversion (survival to failure or
vice versa). The mean biaxial flexural fatigue load (FFL), stan-

dard deviation (SD) and confidence interval (CI - 95%, 0.05)
were calculated based on the least frequent event data (sur-
vival or failure) according to the Dixon and Mood method,
which involves maximum-likelihood estimation, assuming

https://doi.org/10.1016/j.dental.2018.10.006
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Fig. 1 – Mean values and standard deviation of
load-to-fracture (N) in the biaxial flexural strength test.
Different capital letters mean statistically significant
difference according to ANOVA and a post hoc Tukey’s

F
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hat these data follow a normal distribution [26], and using
qs. (1) and (2):

FL = FFL0 + d

[∑
ini/

∑
ni ± 1/2

]
(1)

I = 1.62d
{[(

˙ni�i2ni − (˙ini)
2
)

/(˙ni)
2
]

+ 0.029
}

if :
[(

˙ni�i2ni − (˙ini)
2
)

/(˙ni)
2
]

≥ 0.3
(2)

here FFL0 is the lowest flexural fatigue load considered in the
nalysis, and d is the step size. In Eq. (2), the negative sign was
sed when the less frequent event was failure and the positive
ign was used when the less frequent event was survival. i = 0
as the lowest flexural fatigue load level, i = 1 the next flex-
ral fatigue load level, and consecutively. ni is the number of
ailures or survivals at the given flexural fatigue load level.

The test was scheduled to stop when the specimen failed,
nd the load until fracture and the number of fragments was
egistered.

.5.  Fracture  analysis

fter the mechanical tests, the fractured fragments were
ounted and correlated to its applied load using the Pearson’s
orrelation. The specimens were analyzed in a light micro-
cope (Stereo Discovery V20; Carl Zeiss, Gottingen, Germany)
n order to identify the origin of fracture and crack extension in
he ceramic layers. The specimens that were not completely
eparated during the test were sectioned perpendicularly to
he fracture mark using a diamond impregnated saw under

ater-cooling (IsoMet low speed, Buehler). The representa-

ive discs from each evaluated condition were submitted to
canning electron microscopy (SEM, Inspect S50, Fei, Oregon,
SA). Fractographic landmarks including hackles and Wall-

ig. 2 – Runout (survival) and failure patterns for each group obs
he arrow represents the load level at which the up-and-down ch
eferences to colour in this figure legend, the reader is referred to
multi-comparison test (  ̨ = 0.05).

ner’s lines were utilized to track the propagating crack to an
initiating origin in the ceramic layers (Figs. 4 and 5).

2.6.  Finite  element  analysis

The biaxial flexural strength test was simulated using Finite
Element Analysis (FEA). The six experimental groups were ini-
tially modeled in CAD (Computer Aided Design) Rhinoceros
5.0 Software (McNeel North America, Seattle, WA, USA) and
exported in STEP format to the CAE (Computer Aided Engi-

neering; Software Ansys v. 16.0, Houston, TX, USA) to obtain
three-dimensional finite element models. The materials were
considered as isotropic, linear and homogeneous, the inter-
faces between layers were considered ideal with perfect union,

erved during fatigue testing. The yellow box indicated by
aracter (Staircase test) started. (For interpretation of the

 the web version of this article.)
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Fig. 3 – Representative images of radial fracture patterns of
the specimens. (A) After monotonic test; (B) after fatigue
test (groups F, L, LLFF, FFLL); (C) after fatigue test (groups

YLFF, YLLF).

and the mesh was a quadratic tetrahedral element. Table 1
presents the elastic modulus (E) and Poisson’s ratio for the
materials used in this study according to previous stud-
ies [22–25]. Six different groups were assumed according to
ceramic arrangement as in the previous groups’ arrangements
described above. The applied load of each group was the mean

load to fracture obtained at the biaxial flexural strength test
(Table 2). Maximum principal stress (MPS) was calculated for
the applied load, normal to the surface, and the fixation was at
the base of the preparation. The MPS  values of each ceramic
 5 ( 2 0 1 9 ) 64–73

layer was calculated in the tensile region and quantitatively
compared within the group and among all groups.

3.  Results

The ceramic multilayer arrangements resulted in lower mean
of load-to-fracture in comparison to the lithium disilicate
monolayer group (p < 0.05) (Fig. 1). The bioinspired configura-
tion YLLF presented a higher value (246.75 NB) compared to
the monolithic feldspathic material (167.13 NA), but the mono-
lithic lithium disilicate group (L) presented better performance
(592.88 ND).

The fatigue failure load (N) was significantly higher
for L group (310.92 ± 26.73F) and decreased as follows:
FFLL > F > YLLF > YLFF > LLFF. The bioinspired configurations
had a decrease in the fatigue failure load compared to load-
to-fracture test in 59% for YLLF and 40.21% for YLFF (Table 2),
and the monolithic groups had a decrease of 52.21% for L and
40% for F group. The runout (survival) and failure patterns are
shown in Fig. 2. Low strength specimens were associated with
the presence of two layers of feldspathic ceramic in the tensile
region.

Pearson correlation coefficient demonstrated a positive
moderate correlation between the number of fracture frag-
ments and load-to-fracture (r2 = 0.55) in the monotonic biaxial
flexural strength test, and a positive moderate correlation
between the number of fracture fragments and fatigue fail-
ure load test (r2 = 0.57). For all specimens subjected to the
monotonic and fatigue tests, the monolithic groups failed
catastrophically and most specimens of the FFLL group also
failed catastrophically, while non-catastrophic failures were
predominant in the LLFF, YLFF and YLLF groups.

Fractographic analysis of the tested samples demonstrates
radial crack/fracture (Fig. 3) that originates from the bottom
surface of the specimens (Figs. 4 and 5). The fracture direction
was modified between the layers for the multilayer groups,
and it is possible to observe deflection in the crack direction
(Figs. 4C–F; 5C–F).

The FEA models (Fig. 6) revealed that the tensile stress
region is located in the area compatible with the fracture origin
of the specimens for all groups, as shown in the fractographic
analysis. The load applied in each group was the load-to-
fracture obtained in the monotonic test, so the FEA predicts
the MPS generated during the same condition of the BFS test.
As observed, the MPS  generated in each layer was significantly
lower than the flexural strength of the corresponding ceramic
material [27].

4.  Discussion

The present study considered ceramic materials disposed
in layers according to different arrangements, including
bioinspired configuration, in order to mimic  the mechanical
behavior encountered in the natural tooth, which presents a

graduated elastic modulus from the outer surface to the inner
surface. This configuration offers an alternative to reduce the
stress generated in the restoration because of the difference
between the elastic moduli of the ceramic layers [20].

https://doi.org/10.1016/j.dental.2018.10.006
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Fig. 4 – Representative micrographs of fractured surfaces (fractographic examination) of all groups after biaxial flexure
strength test: ((A) F; (B) L; (C) LLFF; (D) FFLL; (E) YLFF; (F) YLLF). The red arrows indicate the fracture origins initiated in the
tension region. The yellow arrows indicate the crack propagation direction into the ceramic layers and the white arrows
indicate the hackle lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
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The monotonic test was conducted to determine the load-
o-fracture of the specimens, as recognized by the American
ociety for Testing and Materials for strength testing of
eramic substrates and by international standard for evaluat-
ng dental ceramics [28]. The groups in which the feldspathic
eramic was under tensile stress presented the lowest frac-
ure load values in both monotonic and biaxial flexural fatigue
ests (Fig. 1, Table 2). This finding is probably related to the
act that the origin of the fracture and the fracture load of the

ultilayer configuration are dependent on the material that
s directly subjected to the tensile stress [29–31]. Furthermore,
he maximum tensile stress in the biaxial flexural configura-
ion is located in the central area of the bottom surface of the
isc, between the supporting spheres [28]. Therefore, a simi-

ar mechanical behavior was encountered for monolithic and
ultilayered structures.
The flexural fatigue test was performed for preventing an

verestimation of the load-to-fracture of the ceramic struc-
ures [32], and predict the failure when applying intermittent
yclical loading. Fatigue is a failure mode that occurs due to
rogressive brittle cracking under repeated cyclical stresses
ith intensity below the material strength [33]. As expected

or all groups, there was a significant reduction in the fracture
oad values of at least 40% (Table 2) from the monotonic to

atigue findings due to a sub-critical slow crack growth (SCG)
rocess. The SCG process in dental ceramics is accelerated in
he presence of an aqueous environment because of the cor-
osion process triggered in the interaction of water molecules
with the ceramic microcracks and grain boundaries. As the
current tests were run under water, the SCG process was accel-
erated [10].

From the monotonic biaxial test, it was noted that the mul-
tilayer structures of YLLF and FFLL had better performance
than the feldspathic monolithic group, but they obtained
worse results when compared to the monolithic L group. How-
ever, the YLLF group did not perform at the same way in the
fatigue test, and presented 59% of reduction in fracture load,
which was lower than the other groups. A recent study demon-
strated that the feldspathic ceramic is less susceptible to SCG
than lithium disilicate ceramic [34], which could be related to
this behavior. Then, the first zirconia layer in the YLLF group
contributed to strengthening, but the lithium disilicate layers
contributed to weaken the structure, added to the fact that
the thickness of 0.3 mm is too thin in this study configuration.
This weakening of the YLLF group also evidences the role of
the adhesive interface.

The use of a cement layer was based on the fact that adhe-
sive bonds offer a simple means of joining ceramic brittle
layers and this method did not introduce the residual stress
intrinsic from the sintering process with the conventionally
sintered veneer-ceramic systems due to the differences in
coefficient of thermal expansion [35]. Moreover, strong bond-

ing prevents transversal cracks and delamination within the
ceramic layers [36], as observed in the multilayered groups.
However, the adhesive bond involves different materials and
demands additional steps that may result in incorporating

https://doi.org/10.1016/j.dental.2018.10.006
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Fig. 5 – Representative micrographs of fractured surfaces (fractographic examination) of all groups after fatigue test: ((A) F;
(B) L; (C) LLFF; (D) FFLL; (E) YLFF; (F) YLLF). The red arrows indicate the fracture origins initiated in the tension region. The
yellow arrows indicate the crack propagation direction into the ceramic layers. The white arrows indicate the hackle lines
and the dashed lines indicate the Wallner’s lines arc. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

flaws, and in this case a different ceramic composition was
presented in each layer. This forms hybrid layers and inter-
diffusion zones with their own properties, which may result
in a significant reduction of the fatigue strength as observed
in our results [32]. Another fact that must be considered
is that the YLLF group was the only configuration where
the three lowest layers in the region subjected to the ten-
sile stress were composed of three different elastic moduli
(feldspathic–cement–lithium disilicate), which could explain
the different performance in the mechanical tests.

The graded structures with highest E modulus in the top
surface did not fail catastrophically, in contrast to what was
observed in the monolithic groups. The inferior layers failed,
but the crack did not reach the top ceramic layer, demonstrat-
ing that the highest E modulus in the top layer is effective
in blocking the crack. Furthermore, the MPS  generated in the
Y layer in bioinspired configurations is below the MPS in the
lowest F layer. Therefore, it is reasonable to expect that the
multilayer arrangement may be improved to achieve better
results.

Multilayer structures showed similar fracture patterns and
fracture origin to monolithic structures. As observed in the
top view of the specimens (Fig. 4), the radial crack pattern is
the fracture mode for all the specimens, as encountered in

multilayer dental structures with glass top layers [12,37]. The
crack originated from the ceramic surface at the tensile region
for all the specimens; in the graded specimens, the crack
crosses through the cement layer and propagates throughout
the ceramic layers, which could be explained due to differ-
ences in elastic modulus and fracture strength between the
cement and ceramic layers. No delamination was observed
because the stress to promote fracture did not exceed the
interface fracture energy [38]. Nevertheless and contrary to
previous studies, the use of an adhesive interface in the mul-
tilayer discs did not change the fracture pattern and did not
produce an effective strength improvement in the layered con-
figurations [24].

The FEA corroborates these findings and presents the high-
est maximum principal stress value (MPS) in the tensile region
of the models [39]. However, the zirconia layer in the bioin-
spired configurations presented higher MPS than the inferior
layers, except in the most inferior feldspathic layer. These zir-
conia layers correspond to SEM images where it is noted that
the crack did not cross through these layers, since the zir-
conia material presents a higher flexural strength than the
MPS generated during the finite element analysis and in the
load-to-fracture in the biaxial flexural strength test.

The predetermined cement thickness of 100 �m was ideal-
ized considering that the thinner the cement layer, the higher
the strength of the ceramic restorations [40]. In multilayer
models, the use of a 30 �m cement layer produced the highest

MPS values, while the use of a 100 �m cement layer presented
lower values of MPS [41]. Ceramic thickness is another param-
eter to be considered, since a final thickness of 1.5 mm was

https://doi.org/10.1016/j.dental.2018.10.006
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Fig. 6 – Maximum principal stress (MPS) distributions in the dental multilayer structures. Note that in monolithic groups the
values were  pointed at the corresponding region of the layers used at multilayer samples. Applied load: (A) 177 N; (B)
650 N; (C)147 N; (D) 330 N; (E)150 N; (F) 235 N. The MPS  generated in each ceramic in the layers was below the predicted
fl
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exural strength of the materials [27].

redetermined in the present study as being recommended
or ceramic restorations [42]. This is in accordance with a pre-
ious study in which 2 mm ceramic layers presented higher
PS  values when compared to 1 mm and 1.5 mm ceramic

ayers [41]. Moreover, thinner configurations of graded restora-
ions analyzed by FEA of 200 �m produced higher MPS than

200 �m thickness, revealing an ideal thickness of 1.5 mm [20].
n addition, the lower the veneering ceramic thickness, the
igher the flexural strength of the ceramic restoration [43];
moreover, optical properties are highly correlated and can be
affected by the thickness of both core and veneer ceramics [44].
Despite these considerations, other studies [45,46] pointed
that the thickness of the core veneer has minimal influence
on the strength of bilayered systems subject to cyclic loading
if the total thickness of ceramic is maintained. Therefore the

ceramic material subjected to tensile stresses is mandatory to
determine the fatigue behavior of the materials and, the indi-
vidual thickness layer of 0.3 mm was the weakest because the

https://doi.org/10.1016/j.dental.2018.10.006
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adhesive interface was not strong and stiff enough to produce
a homogeneous structure acting as a monoblock.

The load-to-fracture of the configurations presented in this
study may be related to the maximum bite force (MBF) pointed
out in previous studies. The MBF  measurement is defined as a
parameter indicating the functional condition of the mastica-
tory system [47]. In healthy individuals with normal occlusion,
this MBF  varies from 93 N to 150 N in the anterior region [48],
424 N to 583 N in the premolar [49] and 424 N to 630 N in
the molar region [47]. Considering that the percentage of the
MBF  varies from 7.7% to 36.2% in natural movements of the
mouth such as clenching, opening, and at occlusion [50], it
is reasonable to attest that the concept of graded multilayer
restorations still needs to be improved, since a restoration
made from this concept could be used in anterior region, but
it should be avoided in the posterior region of the arc due to
the risk of fracture and premature failure.

In this sense, a possible alternative could be the use of
an interlayer with similar elastic modulus and coefficient
of thermal expansion of the ceramic materials. This could
be achieved with a fusion glass layer commonly used in
the CAD-on technique which presents an elastic modulus
of 65 GPa [51,52], nearest to the feldspathic ceramic blocks
which present the value of 64 GPa and a coefficient of thermal
expansion of about 9.5 × 10−6 K−1, similar to those of ceramic
materials. In addition, this technique could prevent the flawed
incorporation inherent to the adhesion procedure and favors
the fracture behavior, similar to what occurs in monolithic zir-
conia restorations [52]. The interlayer would be sufficiently
stiff to avoid the flexure of the outer ceramic layer, which
decreases the incidence of failures as a result of the multilayer
behavior as a homogeneous structure [31,36].

The method presented in this paper for stress distribution
between ceramic materials arranged in layers was focused
on the elastic properties of the materials in order to build a
graded structure. Nonetheless, it was noted that each type of
ceramic material and their limitations related to composition,
thickness, strength, adhesion properties and aesthetic char-
acteristics must be considered. Furthermore, the disc-shaped
simplified model cannot reproduce or represent the mechan-
ical behavior of the ceramic crown complex geometry. Thus,
the efforts must be focused on improving the graded concept
in order to obtain beneficial effects with this material struc-
ture.

5.  Conclusion

Within the limits of this study, it was possible to conclude that:

- The material under tensile stress is determinant for the
strength of the restoration.

- The adhesive interface negatively influenced the mechani-
cal behavior of the multilayer structures.
- Further investigation considering a homogeneous structure
should be performed to evaluate the concept of a restoration
with different elastic modulus from the outermost to the
innermost layer.
 5 ( 2 0 1 9 ) 64–73
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