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Objective. To evaluate the probability of survival of monolithic and porcelain veneered lithium

disilicate crowns comprised by a conventional or modified core when loaded on marginal

ridges.

Methods. Lithium disilicate molar crowns (n = 30) were fabricated to be tested at mesial and

distal marginal ridges and were divided as follows: (1) bilayered crowns with even-thickness

0.5  mm framework (Bi-EV); (2) bilayered crowns with modified core design (Bi-M-lingual

collar connected to proximal struts), and: (3) monolithic crowns (MON). After adhesively

cemented onto composite-resin prepared replicas, mesial and distal marginal ridges of each

crown (n = 20) were individually cyclic loaded in water (30–300 N) with a ceramic indenter at

2  Hz until fracture. The 2-parameter Weibull was used to calculate the probability of survival

(reliability) (90% 2-sided confidence bounds) at 1, 2, and 3 million cycles and mean life.

Results. The reliability at 1 and 2 million cycles was significantly higher for MON (47% and

19%)  compared to Bi-EV (20% and 4%) and Bi-M (17% and 2%). No statistical difference was

found between bilayered groups. Only the MON group presented crown survival (7%) at 3

million cycles. The mean life was highest for MON (1.73E + 06), lowest for Bi-M (573,384) and

intermediate for Bi-E (619,774). Fractographic analysis showed that the fracture originated

at  the occlusal surface. The highest reliability was found for MON crowns. The modified

framework design did not improve the fatigue life of crowns.
Significance. Monolithic lithium disilicate crowns presented higher probability of survival and

mean life than bilayered crowns with modified framework design when loaded at marginal

ridges.
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1.  Introduction

Lithium disilicate (LDS) has been widely used due to its
versatility, strength and high esthetic properties allowing
its indication as thin veneers, inlays, onlays, bilayered or
monolithic crowns, anterior and posterior 3-unit fixed den-
tal prostheses [1]. When used as lithium disilicate bi-layered
single crowns, a long-term prospective study showed that
the rate of complication-free crowns was 95.3% after 5 years
and 82.9% after 8 years [2]. The use of lithium disilicate
as monolithic crowns seems to be more  promising due
to the absence of porcelain veneer fractures as reported
in a recent 5-year clinical trial showing 100% survival [3].
Since the indication of monolithic or bi-layered use will
vary according to the degree of discoloration of abutment
teeth [4], the potential improvement in performance of
bi-layered LDS through framework design modification, as
previously observed for porcelain-fused to zirconia restora-
tions in laboratory [5] and clinical trials [6,7], warrants
investigation.

When the crown is fabricated using two  different mate-
rials for core and porcelain veneer, the strength of the
crown can significantly decrease when compared to mono-
lithic crowns [8–10]. The reasons are possibly related to: the
lower fracture toughness of porcelain veneer compared to
the core material [11,12], the reduction of core thickness
to allow thicker porcelain veneer which could decrease the
mechanical properties [13], the conventional manual layering
technique that could incorporate flaws  located at the porce-
lain veneer or at the core–porcelain veneer interface [14],
and the resulting multilayer structure which could increase
the complexity of stress distribution within bilayered restora-
tions [11,12,15]. A previous short-term (2-year) prospective
clinical study evaluated monolithic lithium disilicate and
no mechanical failures such as fracture or chipping were
observed [16,17].

Porcelain veneer fractures are multifactorial where main
subcritical crack growth mechanisms such as cyclic fatigue
and stress corrosion predominate [18,19]. Clinical evaluations
have suggested that porcelain fracture is frequently associ-
ated with occlusal wear and areas without porcelain support
such as marginal ridges [7,20–24]. Although empirically sug-
gested in the past that porcelain veneer should have an even
thickness, of no more  than 2 mm,  and be supported by the
core [25], some clinical trials have reported that core design
modifications may decrease chipping rates [6,7,26]. When the
prostheses framework is modified to improve porcelain sup-
port, some in vitro studies [13,27–31] have shown that fracture
extension is reduced, potentially allowing chairside repair.
Most of these studies have been conducted in bilayered zir-
conia crowns where framework fracture is a rare event [32], in
contrast to veneered glass-ceramic restorations [33].

The location of occlusal contacts on porcelain veneered
crowns seems to negatively influence restorations perfor-
mance [24]. Typically, occlusal contacts occur between cusps
and occlusal fossa or marginal ridges [34,35]. The marginal

ridge of prosthetic crowns may present the largest bulk of
ceramic material unsupported by the framework [28,29,31].
Finite element analysis have shown high tensile stress located
5 ( 2 0 1 9 ) 511–522

at marginal ridges and proximal areas specially in molars [36]
and second premolars [37,38]. Consequently, several clinical
studies have reported fractures in proximal areas of all-
ceramic crowns [20,21,23,24,39–48] which commonly demand
restoration replacement and additional costs [24].

Although loading on marginal ridges seems to be critical
because framework support is commonly not ideal for porce-
lain at this location, a previous study showed that fatigue
life of zirconia-veneered was improved compared to metal-
ceramic crowns regardless of framework design [31]. Since
lithium disilicate presents lower fracture toughness than zir-
conia, its survival when used as framework for porcelain
veneering or as monolithic crowns subjected to loading at
marginal ridges is unknown. Therefore, the present study
sought to evaluate the fatigue life and failure modes of
monolithic and bilayered lithium disilicate crowns with con-
ventional and modified framework designs. The following
hypothesys tested was that fatigue life would be highest for
monolithic lithium disilicate crowns, followed by porcelain
veneered onto crowns with framework design modification.

2.  Materials  and  methods

2.1.  Sample  preparation

An artificial mandibular first molar positioned in a man-
nequin (Plastic mannequin tooth − MOM, Marilia, SP, Brazil)
was prepared to receive a full crown by reducing the axial
walls by 1.5 mm,  the occlusal surface by 2.0 mm and shoulder
margin (1.2 mm of thickness) with rounded internal angles.
Subsequently, 30 composite resin prepared tooth replicas were
obtained by vinyl polysiloxane impression (Express − 3M Oral
Care, St. Paul, MN, USA), which was incrementally packed with
composite resin (Z100 – 3M Oral Care, St. Paul, MN, USA) and
light-cured (Ultralux, Dabi Atlante, Ribeirão Preto, SP, Brazil)
according to manufacturer’s instructions. All replicas were
stored in distilled water for at least 30 days to minimize dimen-
sional alterations [49]. Each replica was vertically positioned
in 25 mm diameter PVC tubes guided by polyvinyl siloxane
matrix (Express − 3M Oral Care) during the embedding pro-
cess of acrylic resin (Jet, Clássico Artigos Odontológicos, São
Paulo, SP, Brazil). The preparation finish line was maintained
2 mm above the potting surface. Stone dies were acquired from
polyether impressions (Impregum F − 3M-Oral Care, St. Paul,
MN, USA) of each resin-tooth replica and randomly divided
in 3 groups (n = 10 each) as follows: 1) bilayered crowns with
even-thickness frameworks (Bi-EV); 2) bilayered crowns with
modified framework design (Bi-M: lingual collar connected to
proximal struts), and: 3) monolithic crowns (MON). For sam-
ple size calculation, Simumatic tool (Weibull++, Synthesis 9,
Reliasoft, Tucson, USA) was used to generate a data set for
a 2-parameter Weibull distribution (90% confidence intervals)
with assumed beta values of 0.5, 1, and 1.5 and eta of 1 million
cycles for sample sizes of 10, 20, 50, and 100 [50–52]. Consid-

ering the shape parameter beta approximate to 1, found in
the initial set of results and a previous investigation [31] and
the further calculation of average relative biases (ARB, differ-
ence between assumed and resulting betas) the ARB remained

https://doi.org/10.1016/j.dental.2019.01.007
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Fig. 1 – Schematic proximal view of even-thickness, modified core designs, and monolithic crown, from left to right,
respectively. The modified core presented the same configuration of the conventional even-thickness core at the buccal
surface, but it had proximal struts (mesial and distal surfaces) of approximately 3.5 mm height which were connected by a
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ingual collar of 2 mm height and 1 mm thickness. Dashed li

elow 10% (1%, 9%, 3%, and 1% for sample sizes of 10, 20, 50,
nd 100, respectively).

Lithium disilicate cores were fabricated using the lost wax
asting technique. The Bi-EV group presented a 0.8 mm even
hickness coping and the Bi-M group presented a 0.8 mm even
hickness coping with a 1 mm thick lingual collar (2.0 mm of
eight), connected to proximal struts (3.5 mm of height, Fig. 1).
he monolithic full anatomical crowns (MON) were waxed to

heir final occlusal anatomy, with occlusal thickness of 1.5 mm
Fig. 1), following the manufacturer’s minimum thickness rec-
mmendations for the molar region [53]. The wax cores and
rowns were invested (Speed Vest, Ivoclar Vivadent, Liecht-
nstein), subsequently the heating allowed the wax removal
ollowed by filling with pressable material (IPS e.max Press,
T B1, Ivoclar Vivadent, Liechtenstein). After the heat press-

ng procedure, the cores and monolithic crowns were divested
nd sandblasted with 120 �m glass beads at a pressure of 2 bar.

The monolithic crowns were glazed (IPS e.max Ceram Glaze
aste, Ivoclar Vivadent, Liechtenstein) and fired at 725 ◦C,
hereas the conventional and modified design cores were

eneered with low-fusing dental porcelain (IPS e.max Ceram
ranspa Clear, Ivoclar Vivadent, Liechtenstein) using hand-
ayering process following the manufacturer recommendation
Programat EP 3000, Ivoclar Vivadent, Liechtenstein) [53]. Sub-
equently, the crowns were manually finished and polished
efore the glaze firing. A silicone matrix (Zetalabor − Zher-
ack, Badia Polesine, Rovigo, Italy) of the occlusal surface of

 mannequin molar tooth was used to guide and standardize
he porcelain veneer contour. The occlusal and axial surfaces,
ncluding the core and porcelain veneer, presented approx-
mately 2.0 and 1.5 mm of thickness, respectively. The glaze
ayer (Glaze Paste and Stain Liquid Long Life, IPS e.Max Ceram

 Ivoclar Vivadent AG, Schaan, Liechtenstein) was applied
nto the porcelain surface and treated according to manufac-
urer’s instruction [53].

The inner surfaces of all glazed crowns were etched
ith 10% hydrofluoric acid (Dentsply Porcelain Conditioner,
entsply, USA) for 20 s and silanized (Rely X Ceramic Primer,

 M Oral Care, St. Paul, MN, USA) for 60 s. The crowns were
emented on the aged composite resin replicas of a molar
sing a self-adhesive resin cement (Rely X U200, 3 M Oral Care)

nder a 50 N static occlusal load for 10 min. The luting agent
as light-cured from five directions (Ultralux, Dabi Atlante,
ibeirão Preto, SP, Brazil). Finally, all specimens were stored in
istilled water at 37 ◦C for 24 h prior to testing.
dicates the veneering porcelain.

2.2.  Fatigue  test

Fatigue test was carried out in a fatigue machine (Model MSFM
− Elquip − São Carlos, SP, Brazil) in r-ratio mode at a 30–300 N
load range, under distilled water (37 ◦C) at 2 Hz until failure
[28,29,31]. As the indenter was in contact with the specimen,
the initial contact load of 30 N was applied without abrasion,
attrition or impact, steadily increasing to 300 N and decreas-
ing back to 30 N. The load was applied through a spherical
monolithic lithium disilicate indenter (3.18 mm radius) on the
marginal ridges, (mesial and distal) of each group (n = 20).

The lithium disilicate indenter was fabricated through
waxing poured in a custom metal spheric device. Sixty ceramic
indenters were fabricated so each marginal ridge was cycled
with a new indenter. The lithium disilicate glass-ceramic was
chosen due to its elastic modulus ([E] = 95 GPa) and wear pat-
terns similar to dental enamel. ([E] = 94 GPa) [1,31,41,54].

The goal of the study was to simulate a common occlusal
relationship in natural dentition where one cusp occludes
against one or two marginal ridges [34–37,55–59] Every 125,000
cycles, the fatigue test was interrupted for crown surface
damage inspection under stereomicroscopy (Leica Zeiss MZE,
Mannheim, Germany). Subsequently, the specimens were
repositioned in the machine for an additional 125,000 cycles
or until failure.

Initially, the mesial marginal ridges were fatigued until
fracture and if these fractures did not extend the mesial
marginal ridge, the distal marginal ridges were fatigued. In
the subsequent crown, fatigue started at the distal marginal
ridges and this alternation of ridge location was subsequently
maintained throughout the experiment.

2.3.  Failure  mode  characterization

The criteria for failure were chipping, delamination or
catastrophic fractures in monolithic or bilayered crowns.
Representative fractured surfaces were characterized under
polarized-light microscopy (MZ- APO stereomicroscope, Carl
Zeiss MicroImaging, Thornwood, NY, USA) followed by Scan-
ning Electron Microscopy (SEM) (Model S-3500N; Hitachi,

Japan). Fractographic analysis for characterization and deter-
mination of the origin of the fractures according to the
methodology described by Quinn (2007) [60] were per-
formed.

https://doi.org/10.1016/j.dental.2019.01.007
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Fig. 2 – (a) Probability Weibull 2P plot with 90% of confidence interval and (b) Reliability plot showing probability lines of
bilayered crowns and monolithic fully anatomy crowns vs. number of cycles. The vertical dashed lines in (b) indicate the

ively
cycling times of 1, 2 and 3 million, from left to right, respect

2.4.  Data  analysis

In order to check if there was any difference in the number
of cycles required for fracture between the marginal ridges a
paired t test with significance level of 5% (p < 0.05) (6 Prism,
GraphPad Software, La Jolla, CA USA) was performed for each
group individually.

The failure during fatigue was recorded as a function of
cycles. This information was used to determine the survival
probability (reliability) by Weibull 2 parameter distribution fit
for each group (Synthesis 9, Weibull ++; Reliasoft, Tucson, AZ,
USA). Weibull modulus (m)  and characteristic strength Eta (n)
(here the number of stress cycles (n) at which 62.3% of the

specimens would fail) were determined for each group.

The survival or failure information collected during cycling
(every 125,000 cycles) was used to calculate the reliability of
.

each group at 1, 2 and 3 million cycles and also to calculate
their mean life (Quick Calculation Pad, Synthesis 9, Weibull ++
Reliasoft, Tucson, AZ, USA). These ranges were selected based
on results and from the reliability graph displayed according
cycles revealed that this interval was relevant as a function of
the failure distribution. Therefore, to check for statistically sig-
nificant differences between groups at 1, 2 and 3 million cycles
the presence or absence of overlap between the upper and
lower limits confidence intervals (90% bilateral) was observed.

3.  Results
3.1.  Fatigue  test

The paired t-test used to compare the mesial and distal
marginal ridges within groups did not show normal disper-

https://doi.org/10.1016/j.dental.2019.01.007
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Table 1 – Weibull modulus (m)  and characteristic
strength (express the number of cycles in which 62.3% of
the specimens would fail).

Groups Weibull modulus
(m)  (upper-lower
confidence
intervals)

Eta-cycles (n)
(upper-lower
confidence
intervals)

Bi - EV 1.02 (0.78–1.35) 626,785 (423,981–926,596)
Bi - M 1.15 (0.89–1.51) 603,354 (430,085–846,430)
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Table 2 – Reliability (90% confidence interval) of 3 the
groups over as a function of fatigued cycles. Same letters
indicate absence of statistical significance between
groups at the same cycle range. Different uppercase
letters indicate significant differences among columns in
the same row.

Probability of survival (reliability) %

Reliability %/Cycles Bi - EV Bi - M MON

Upper confidence levels 33 29 61
Probability of Survival (%)-
1.000.000 cycles

20a,b 17b 47a

Lower confidence levels 9 7 31
Upper confidence levels 11 8 32
Probability of Survival (%)-
2.000.000 cycles

4ab 2b 19a

Lower confidence levels 0,6 0,2 9
Upper confidence levels 0 0 17
Probability of Survival (%)-
3.000.000 cycles

0c 0c 7a

Lower confidence levels 0 0 2

Table 3 – The highest mean life was observed for
monolithic crowns, the lowest for bilayered crowns with
modified core design and intermediate values for even
thickness core. Different uppercase letters indicate
significant differences between groups.

Mean life

Bi - EV Bi - M MON
upper confidence levels 917,207 808,307 1.76E + 06
MEAN LIFE 619,774a,b 573,384b 1.22E + 06a

Lower confidence levels 418,793 406,738 863,243
MON 1.12 (0.83–1.51) 1.368.564 (1.00E + 06–1.87E + 06)

ion of results for Bi-M group. Thus, the Wilcoxon test was
sed to depict that mesial or distal marginal ridges did not
ffect fatigue life. The comparison showed that no statistic sig-
ificant difference (p > 0.05) was found. Thus, as the marginal
idges presented similar occlusal surface, the amount of 20
pecimens was accounted for each group, except for one
rown in the Bi-EV group that presented one major fracture
xtending to the mesial marginal ridge (n = 19).

The Bi-EV and Bi-M crowns had most of the fractures occur-
ing before 1 million cycles (Bi-EV n = 16 and Bi-M n = 17),
xcept for six marginal ridges (n = 3 from each group) that sur-
ived 1 million cycles, and n = 3 failed after 2 million (Bi-EV

 = 2 and Bi-M n = 1). During fatigue testing, half (n = 10) of the
arginal ridges cycled of MON  group survived 1 million cycles

nd n = 5 of these exceeded 2 million cycles.
The Probability Weibull (failure) vs. number of cycles anal-

sis (Fig. 2a) depicts sample failure during cyclic fatigue.
ilayered crowns presented a trend in failure at the 1 million
ycle range, regardless of core design (n = 16 Bi-EV and n = 17
i-M). The overlap between confidence bounds of Weibull
robability of bilayered crowns demonstrates similar fatigue
ailure for these groups (Fig. 2a), whereas most monolithic
rowns survived this range of cycles. Table 1 shows the val-
es for Weibull modulus and characteristic strength of groups
nder fatigue.

The Reliability plot (Fig. 2b – probability of survival vs. num-
er of cycles) showed higher number of specimens failing
ithin 1 million cycles in bilayered groups. The MON group
resented ten specimens surviving under fatigue beyond 1
illion cycles. The overlap in confidence bounds between

ilayered groups depicts the absence of statistical difference
n reliability between these groups up to 3 million cycles, when
ll failed. The MON  group presented comparable survival to Bi-
V at 1 and 2 million and significantly higher than Bi-M, but
as the only group presenting some survival at 3 million cycles

Table 2). The calculated highest mean life was observed for
onolithic crowns, the lowest for bilayered crowns with mod-

fied core design and intermediate values for even thickness
ore (Table 3).

.2.  Failure  modes

tereomicroscope analysis revealed that the origin of cracks
as located at the indenter contact area. The cracks propa-

ated at the proximal area towards buccal, lingual and cervical

urfaces of the crown.

The cohesive fracture was the only type of fracture found
n all groups in this study, except for the Bi-EV group that
presented one framework bulk fracture exposing the pre-
pared tooth replica. Moreover, the stereomicroscope analyses
showed that the fractures presented in MON group provided
minor fractures mostly restricted to the marginal ridges.

Qualitative fractography performed in polarized-light
stereomicroscope and SEM showed the presence of quasiplas-
tic deformation at the indentation area. Telltale fractographic
marks including hackles, wake hackles, twist hackles and
arrest lines suggesting the direction of crack propagation from
the indentation in Bi-EV and Bi-M groups (Figs. 3 and 4). The
presence of voids and pores on the surface of the porcelain
veneer was identified in bilayered crows. Microscopic analysis
revealed a rough surface and no internal voids in the eval-
uated magnifications for the MON crowns. Also, the telltale
fractographic marks like hackles and arrest lines identified the
indentation surface as the source of the failure (Fig. 5).

The lithium disilicate indenter/crown contact caused a
quasiplastic deformation pattern on both surfaces, which was
observed already in the first 125,000 cycles. The SEM observa-
tion revealed that, when the surface of the indenter contacted
the porcelain veneer of bilayered crowns, the deformation was
more pronounced at the surface of the crown, whereas the
MON crowns presented similar deformation compared to the
surface of the indenter (Fig. 6).

https://doi.org/10.1016/j.dental.2019.01.007
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Fig. 3 – Light-polarized microscope (center image) and SEM images (peripheral images) of a representative Bi-EV fractured
crown showing the cohesive failure in the veneering porcelain. The fracture began in the indentation area (ED) (a – occlusal
view, b – proximal view), and the dashed arrows show the crack propagation toward the buccal, lingual and cervical
direction (b). Contact with the indenter (ED) caused the development and coalescence of several micro-cracks leading to
quasiplastic deformation. Arrows on center image indicate the direction of fracture propagation, dotted squares indicate
areas magnification of peripheral images (SEM) and the dotted arrows indicate the direction of the fracture. SEM show the

es (W
presence of arrest lines (AL) (i), hackles (H) (d, f), wake-hackl

4.  Discussion

The present study investigated the lifetime of anatomi-
cally relevant monolithic and bilayered lithium disilicate
crowns with and without core design modification, cemented
on dentin-like substrate and subjected to constant stress
cyclic loading on marginal ridges in a wet environment. Our
hypothesys was partially accepted since monolithic crowns
did present the highest overall reliability from 1 to 3 million
cycles and mean life, but core design modification did not
improve the probability of survival and mean life of bilayered
crowns.

As reported in laboratory [1,11–13,61,62] and clinical
[16,17,40,63,64] studies, monolithic ceramic crowns used
within manufacturer’s recommendations thickness tend to

perform better compared to veneered crowns. When the
low fracture toughness porcelain veneer is eliminated, the
fracture toughness of the monolithic bulk material along
K) (e, f, g, h, i), twist-hackles (TH) (c).

with its processing methods and thickness will be key to its
fatigue performance [13,62]. The processing of lithium disil-
icate results in a glass-ceramic with fine, elongated grains
of approximately 1.5 �m in length and 0.4 �m in diameter
of 70% crystal volume incorporated into a glass matrix [65].
These elongated lithium disilicate crystals inhibit crack prop-
agation, and cracking has been shown to occur only through
the residual glass phase (30–40% of its volume) [61,65–67]. This
microstructure may explain the better tendency of survival of
monolithic crowns over the bilayer crowns observed in this
and other studies [1,13,62,67], as well as the positive short-
term clinical trials results for monolithic lithium disilicate
crowns [16,17,40,63,64].

The bilayered crowns had most of the failures restricted
to the porcelain veneer, but in a few cases, the core/veneer
interface was exposed. In all cases the fracture origin was

the indenter contact surface, as previously reported [11,12].
Irrespective of core design modification of bilayered crowns,
reliability was significantly lower than that of monolithic

https://doi.org/10.1016/j.dental.2019.01.007
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Fig. 4 – Light-polarized microscopic (center image) and SEM micrographs (peripheral images) of a representative failure of a
Bi-M crown showing the assembly and qualitative fractographic interpretation of cohesive failure in the veneering porcelain
reaching the supporting proximal strut. The fracture started at the point of contact with the indenter propagating on the
proximal surface toward the buccal and lingual with fracture of part of the proximal struts. Arrows on center image indicate
the direction of fracture propagation, dotted squares indicate areas magnified in peripheral images (SEM) and the dotted
arrows indicate the direction of the fracture. SEM indicated the presence of arrest lines (AL) (a, c, d, i), hackles (H) (a, f, g, h, i),
wake-hackles (WK) (a, c, e, g, h, i), twist hackles (TH) (d). The dotted arrow in (d) associated with twist-hackle indicates the
change of direction of the fracture after suffering axis rotation. The presence of core surface (X) may be observed in images
( ima
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d, f, g, h), where in (f and g) correspond to failure of the prox

rowns, implying that veneer application had a significant
ffect on lifetime. Under accelerated fatigue lifetime testing
13] the highest reliability have been observed for monolithic
ithium disilicate crowns (1 mm and 2 mm occlusal thickness)
ompared to any all-ceramic veneered system. Zhao et al.
12] showed that fatigue was an accelerating factor for mono-
ithic lithium disilicate specimens, but not for bilayered ones,

hen cyclic fatigue was followed by single-load to failure
esting, although final fracture loads were always higher on
onolithic relative to bilayered systems. Our results origi-
ated from constant stress fatigue testing until failure are in
greement with previously published data using step-stress
ccelerated life testing (SSALT) [13,62], where failure occurred
l struts.

during fatigue and not from a static compressive load lead-
ing to catastrophic failure. As illustrated in the fractographic
analyses, failures confined to the porcelain veneer or cohesive
within the lithium disilicate material seem to more  likely rep-
resent the clinical scenario simulated here in constant stress
fatigue and SSALT elsewhere [68], regardless of loading loca-
tion.

Occlusal contacts between teeth may occur between cen-
tric cusp and the central pit and marginal ridge [34–37,58].

Occlusal contacts at marginal ridges seem to be present in
approximately 37% of the natural dentition [58]. The location
of occlusal contacts has been suggested as a critical factor
for chipping occurrence [23,24] and clinical failures observed
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Fig. 5 – Light-polarized microscopic (a) and SEM micrographs (b, c, d, e, f) of a representative fracture of a MON  crown
showing the assembly and qualitative fractographic interpretation of cohesive failure in the lithium disilicate ceramic. The
fracture started at the point of contact with the indenter propagating on the buccal and lingual direction, a small fragment of
marginal ridge was still adhered to the crown. Arrows on the image (a) indicate the propagation of the fracture, dotted
squares indicate areas magnified in the SEM images and the dotted arrows indicate the direction of the fracture. It is
possible to see in the image (b) fractographic traces emerging immediately after the marginal ridge fragment indicating that
cracks originated under the contact with the indenter. SEM images show the presence of arrest lines (AL) (f, g) and hackles
(H) (c, d, e, f).
in ceramic crowns are frequently located on marginal ridges

[20,21,23,24,39–48]. At marginal ridges, porcelain veneering is
mostly unsupported by the core when the conventional core
design is used, which may hamper the performance of the
crown. Therefore, several authors have suggested the modifi-

cation of core design for metal-ceramic crowns since the 60 s
[69–71], or even eliminating all occlusal contacts on distal and
mesial marginal ridges for preventing fractures [24].

https://doi.org/10.1016/j.dental.2019.01.007
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Fig. 6 – SEM micrograph showing the damaged surface of an indenter and respectively fatigued crown. Contact with the
indenter caused a surface wear only on the contact area (Image A – pointer) when it was indented with a bilayered crown.
The surface of the indented veneering porcelain (Bi-EV crown) showed (pointer) more  severe wear than the indenter, due to
quasiplastic deformation. When it was analyzed in the monolithic crowns (MON), the contact caused surface wear on the
indenter (indenter B pointer) restricted to the contact increasing the roughness. The marginal ridge of the MON  showed a
q

d
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o
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uasiplastic deformation similar to the indenter.

One reported benefit of core design modification is the
ecrease of chipping extension (porcelain fused to Y-TZP
rowns) when submitted to fatigue [5,13,27–30]. Our findings
n lithium disilicate crowns did not identify such differences
hen core design modification was applied compared to the

onventional design. Several fractures of Bi-M group exposed
he proximal struts and/or the lingual collar, suggesting that
he design modification used failed to provide support to the
eneering porcelain and reduce fracture size, as observed in
ther studies involving metal-ceramic and zirconia crowns

5,13,20,21,27–31,62,72]. Altogether, it is suggested that the
oncept of support for porcelain veneer continues empirical
ince its conception and is sensitive to the class of all-ceramic
ystem under investigation.

When a core is veneered with porcelain resulting in a
ilayered restoration, its final strength will always be lower
hen compared to a monolithic high strength ceramic mate-

ial, as showed in this and other studies [9,10,73,74]. The
se of monolithic systems reduces the mentioned prob-

ems [11,12], because it eliminates the veneer application
nd their complex interfaces. Therefore, because it is com-

osed by only one material, a much less complex structure

s expected [62]. LDG has superior mechanical properties
uch as strength (400 MPa), toughness (2.75 MPa.m1/2) and
ardness (5.8 GPa) relative to the veneer porcelain (strength
90 MPa; toughness 0.9–1.5 MPa.m1/2, and hardness 5.4 GPa)
[41].

Moreover, the applied load level was up to 300 N, much
lower than those reported in other studies [5,11–13,73,75,76].
The SEM analysis showed markings (hackles, wake-hackles,
twist-hackles and arrest lines) that allows to infer the origin
and the direction of crack propagation (contact load), as previ-
ously illustrated [12,13,22,23,45,46,60,63,77,78]. Furthermore,
fractographic analyses performed from clinically fractured
crowns revealed the presence of the same patterns and char-
acteristics found here [12,22,24,45,46,60,63,77,78].

The composite resin tooth replicas were used in this study,
instead of real teeth, to standardize dimensions and mechan-
ical properties of samples simulating prepared teeth. The
modulus of elasticity of composite resin (16 GPa) [79] is close
to that of human dentin (18 GPa) [80].

5.  Conclusion
Monolithic lithium disilicate crowns presented higher prob-
ability of survival and mean life than bilayered crowns with
modified framework design when loaded at marginal ridges.
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