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ARTICLE INTFO ABSTRACT

Article history: Objective. To evaluate the reliability and failure mode of zirconia-reinforced lithium silicate
Received 1 December 2018 (ZLS) molar crowns of different thicknesses.

Received in revised form Methods. Monolithic ZLS molar crowns (0.5mm, 1.0mm, and 1.5mm thickness) were
12 February 2019 modeled and milled using a CAD/CAM system (n=21/group). Crowns were cemented on
Accepted 12 April 2019 dentin-like epoxy resin replicas with a resin cement. The specimens were subjected to single

load-to-failure test for step-stress profiles designing. Mouth-motion step-stress accelerated-
life test was performed under water by sliding an indenter 0.7 mm lingually down on the

Keywords: distobuccal cusp until specimen fracture or suspension. Use level probability Weibull curves
Ceramic and reliability were calculated and plotted. Polarized-light optical microscope and scanning
Zirconia-reinforced lithium silicate electron microscope (SEM) were used to characterize fracture patterns.

Crowns Results. Irrespective of crown thickness, beta (B) values were higher than 1 and fatigue accel-
Fatigue erated failures. While 0.5 mm ZLS crowns exhibited a significant reduction in the probability

of survival at 200N, 300N and 400 N mission loads (69%, 41% and 19%, respectively), no sig-
nificant difference was observed between 1.0mm and 1.5mm crowns. Both thicknesses
have maintained the survivability at approximately 90%. Failure primarily comprised bulk
fracture where radial cracks originated from the cementation surface beneath the indenter
loading trail and propagated towards the cervical margin.
Significance. 1.5 mm- and 1.0 mm-thickness monolithic ZLS crowns presented higher prob-
ability of survival compared to 0.5mm crowns. Bulk fracture was the chief failure mode,
regardless of thickness.
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1. Introduction

Over the last two decades, a shift towards the indication
of all-ceramic restorations has been sought in dentistry to
meet higher esthetic demands [1]. Compared to other all-
ceramic systems, high-strength polycrystalline ceramics, such
as zirconia-based systems, have gained attention for use as
a framework material, especially for high-load requirement
reconstructions [2]. Nonetheless, long-term clinical studies
have reported an expressive range in the survival rates (98% to
67%, after 5 and 10 years, respectively) with veneering ceramic
chipping and delamination from the inner core encompass-
ing the main complications associated with high-strength
infrastructures (11%, after, on average, 2.2 years in function)
[3,4]. Hence, literature findings have suggested that despite
pragmatic investigation of the reasons and alternatives to
overcome chipping, it still represents the mostly reported
technical complication [1-4].

Accordingly, the fabrication of monolithic translucent
restorations, where the lower fracture toughness porcelain
veneer is eliminated, seems to be a watershed event in
the restorative field to enhance survivability [5]. Full-contour
restorations are increasingly favored over bilayered ones since
they minimize problems associated with complex fabrica-
tion process, as well as, greater structural integrity can be
accomplished by eliminating the veneering ceramic and its
required bonded interface [1-10]. All the aforementioned facts
associated with the effectiveness of adhesive cementation in
improving the critical resistance of all-ceramic rehabilitations
have also supported the indication of thinner restorations,
which meet the criteria of minimally invasive dentistry and
preservation of healthy tooth structure [10-17].

Reinforced glass-ceramic systems have been increasingly
indicated for monolithic rehabilitations due to continuous
enhancements of their mechanical properties associated with
their inherent outstanding optical properties. Undoubtedly,
the use of monolithic glass-ceramics became remarkable after
the development of lithium disilicate system (LD) [5], which
has demonstrated almost 4-fold higher flexural strength rel-
ative to traditional glass-ceramics [18,19]. Clinical data of
monolithic LD crowns performance indicate promising sur-
vival rates after short and long-term evaluations (96% and
83%, after 5 and 10 years) [7,20-22]. Although favorable results,
recent investigations have shown that bulk fracture is still the
most common reason for rehabilitation failure (2.3-19%, after
5 years), mainly in areas subjected to greater masticatory load
[7,21]. Despite the broad use of LD systems, materials scien-
tists have attempted to develop a more reliable glass-ceramic
with further increased strength by microstructure reinforce-
ment.

Zirconia-reinforced lithium silicate (ZLS) system features
a complex microstructure, which is composed of lithium
metasilicate and lithium orthophosphate crystals embedded
in a glassy matrix containing zirconia [23-25]. The very fine
crystal size exhibited in the ZLS system (0.5-1.0 pm), which is
approximately 4-6 times smaller than LD crystals (2.0-3.0 pm),
provides a higher percentage of glass content (roughly 50%)
than LD (30%) [23,26]. Such microstructure supports outstand-
ing optical properties to ZLS blocks that have previously

demonstrated similar and higher mean translucency values
compared to feldspathic and LD blocks, respectively [19].
Despite the higher glass content, the homogeneous disper-
sion of zirconia into the glassy matrix is claimed to improve
the mechanical properties of the ceramic structure by tough-
ening mechanisms [26]. Indeed, ZLS ceramic discs have shown
a significantly higher flexural strength relative to LD systems
(approximately 100 MPa higher) [19,27,28]. Additionally, ZLS
fracture toughness, which describes the material resistance
to crack propagation and may be related to longevity in ser-
vice, has exhibited higher values (2.31-2.65MPam'2) when
compared to LD (1.88-2.01 MPam'/?) [26,27]. Preliminary data
of fracture resistance behavior obtained from single load-to-
fracture (SLF) test have also indicated that monolithic ZLS
crowns outperformed LD and conventional zirconia crowns
(1742N, 1565 N and 1267 N, respectively) [29].

Nonetheless, it has been well-defined that a complex
environmentally-assisted mechanical scenario other than
overload catastrophic failure plays a synchronized role in
ceramic damage initiation, accumulation, and failure [30-35].
The cumulative damage triggered by cyclic forces associ-
ated with water molecules presence at the crack tip results
in the chemically-assisted slow crack growth leading to
ceramic failure at relatively lower stress levels compared to
its ultimate characteristic stress, mainly in reduced-thickness
rehabilitations [16,17,30-35]. Hence, literature data regarding
ZLS system lacks laboratory studies that closely reproduce
in-service conditions, which can be obtained using mouth-
motion step-stress accelerated-life (SSALT) test providing a
reliable prediction of its clinical behavior [9,10,36-44]. Accord-
ingly, the current study sought to evaluate the reliability and
failure mode of ZLS monolithic molar crowns of different
thickness using SSALT test. The postulated null hypotheses
were that: (i) survival predictions would not be affected by
thickness in monolithic ZLS molar crowns; and (ii) failure
mode would not vary in different thicknesses of monolithic
ZLS molar crowns.

2. Materials and methods
2.1.  Specimen fabrication

A CAD-based three-dimensional (3D) model of a mandibu-
lar first molar was generated (Ceramill Mind CAD software,
Amann Girrbach, Koblach, Austria). To simulate a prepara-
tion for monolithic all-ceramic restorations, the proximal
and occlusal walls were uniformly reduced to: (i) 1.5 mm, (ii)
1.0mm and (iii) 0.5 mm thickness. The CAD-modeled prepa-
ration replicas (n=21/group) were milled using dentin-like
fiber-reinforced epoxy resin cylinders (Accurate Plastics Inc.,
New York, NY, USA) and stored in deionized water at 37°C
for 21 days to provide hygroscopic expansion and minimize
dimensional alteration prior to cementation, as detailed else-
where [11,45,46]. Such a material was selected as the substrate
due to its similarity in terms of adhesion (9MPa) and elas-
tic modulus (18.6 GPa) to hydrated dentin (6.5 MPa and 18 GPa,
respectively) [45].

Based on the 3D model of the mandibular first molar
previously designed, monolithic zirconia-reinforced lithium
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Fig. 1 - Step-stress accelerated-life testing profiles designed for the fatigue sequence, in which a mild, a moderate, and an
aggressive loading approach was determined as a function of number of cycles. Out of eighteen specimens in each group, 9
were assigned to mild, 6 to moderate, and 3 to the aggressive fatigue profile.

silicate (ZLS) (Vita Suprinity, Vita Zahnfabrik, Bad Sackingen,
Germany) crowns with different thicknesses (0.5 mm, 1.0 mm,
and 1.5 mm) were modeled and milled using computer-aided
design/computer-aided manufacturing (CAD/CAM) blocks
through Ceramill Motion 2 system (Amann Girrbach, Koblach,
Austria) (n=21/group). After milling procedure, crowns were
subjected to crystallization firing (840°C, 8 min), polishing
(Vita Suprinity Polishing Set, Vita Zahnfabrik, Bad Sackingen,
Germany), and glazing firing (800 °C, 1 min) (Vita Akzent Plus,
Vita Zahnfabrik, Bad Sdckingen, Germany) following the man-
ufacturer guidelines.

ZLS crowns were cemented on their epoxy resin coun-
terparts using a dual-cure resin cement (RelyX™ Ultimate,
3M Oral Care, St. Paul, MN, USA). Prior to cementation, the
replicas were acid etched with 10% hydrofluoridric acid (Vita
Ceramics Etch, Vita Zahnfabrik, Bad Sédckingen, Germany)
for 120s [46]. The intaglio surface of the ceramic crowns was
also acid etched with 10% hydrofluoridric acid (Vita Ceramics
Etch, Vita Zahnfabrik, Bad Séckingen, Germany) for 20s [47].
After etching, all samples were washed and rinsed, gently air
dried and cleaned with distilled water in an ultrasonic bath
(2min) to remove any residual acid. For adhesive bonding,
a thin layer of adhesive (Scotchbond™ Universal, 3M Oral
Care, St. Paul, MN, USA) was applied with a microbrush on
both ceramic and epoxy resin substrate for 20s following 5s
of gentle air-drying. The resin cement was directly applied on
the internal surface of the crown using the cement automix
dispenser. After crown-to-replica setting, the assembly was
maintained under a load of 10N to promote uniform cement
spreading and the excess was removed. The crown margin
was light-cured for 20s on each surface. Thereafter, pairs of
crowns and replicas were vertically positioned into a polyvinyl
siloxane matrix (Express, 3M Oral Care, St. Paul, MN, USA)
to standardize the embedding and pouring of acrylic resin
(Dencor, Classico, Sdo Paulo, Brazil) into a 25 mm-diameter
polyvinyl chloride tube (PVC). Prior to mechanical testing, the
samples were stored in deionized water at 37 °C for 5 days to

provide complete polymerization and hydration of the cement
layer [46].

2.2.  Mechanical testing

In accelerated life testing using time-varying stress appli-
cation, such as step-stress accelerated-life testing (SSALT),
the load is successively increased, step-by-step, to levels
that exceed normal operating conditions in order to acceler-
ate failures without affecting predictions accuracy [36,48,49].
Therefore, to determine the step-stress profiles, three crowns
per group were subjected to the single load-to-failure (SLF)
testing. The specimens were mounted in a universal test-
ing machine (Model 5566, Instron, Norwood, MA, USA) and a
load was applied axially through a tungsten carbide indenter
(r=3.18 mm) on the central fossa of the occlusal surface using
a 10kN load cell at a loading- rate of 1 mm/min [9,10,36-44].

Based on the SLF data, three different step-stress profiles,
mild, moderate and aggressive, were designed (Fig. 1). The
profiles were named based on the load increase rapidness in
which a tested sample would reach a certain load level, where
ZLS crowns allocated into the mild profile took longer number
of cycles to reach the same load level than crowns allocated
into the aggressive profile. Besides, the use of 3 SSALT profiles
was based on the need of failure distribution along different
step loads, which allows for a better statistic prediction nar-
rowing confidence intervals [36]. Usually, a designed profile
started at a load that was approximately 30% of the mean
value obtained from SLF, and end at a load of approximately
60% of the same value [9,10,36-44]. Out of eighteen crowns
per group, 9 were assigned to mild, 6 to moderate, and 3
to the aggressive fatigue profile following the distribution
ratio of 3:2:1 to mild, moderate and aggressive, respectively
[9,10,36-40,43,44]. The rationale behind this distribution ratio
is that the accuracy of the statistic prediction is inversely pro-
portional to its cycling length; therefore, 9 samples are favored
in the mild relative to 3 in the aggressive [36].
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Mouth motion step-stress fatigue testing was performed by
sliding a tungsten carbide indenter (r=3.18 mm) 0.7 mm lin-
gually down the distobuccal cusp towards the central fossa,
beginning 0.5 mm lingual to the cusp tip, simulating aspects
of natural occlusion using an electrodynamic fatigue test-
ing machine (EL-3300 Enduratec, Bose, Minnetonka, MN, USA)
[9,10,36-44]. Crowns were immersed in distilled water dur-
ing fatigue testing. Because ceramic materials are sensitive
to load/stress rate, a clinically relevant load rate (1000 N/s)
was set [30,42]. As a result, the loading frequency, including
load application, slide and lift-off phases, varied from 0.3 Hz at
1700N to 3Hz at 100 N [42]. At the end of each step-stress cycle,
all specimens were inspected under polarized-light optical
microscope (Axio Zoom v.16, Zeiss, Oberkochen, Germany) for
cracks and ceramic surface damage evaluation. The test was
conducted until crown failure (considered as chip-off or bulk
fracture) or survival until a maximum load of 1700N [41,42].

Data analysis consisted of an underlying life distribution
that describes the life data collected at different stress lev-
els and a life-stress model that quantifies the manner in
which the life distribution changes across different stress
levels [36,48]. Thus, the Weibull Distribution was chosen to
fit the life data collected in SSALT and its probability den-
sity functions (pdfs) is given by: [(T) = £ (%)ﬂf1 e(%)ﬂ, where
m=scale parameter, and B = shape parameter. Considering the
time-varying stress model (x(t)) of SSALT, a life-stress relation-
ship was selected to quantify the path from the overstress
pdfs and extrapolate a use level pdf considering the cumu-
lative effect of the applied stresses (x(t)), and it is commonly
referred as the cumulative damage model. In such a model,
the inverse power law (IPL) relationship would be given by
L(x(t)) = (e/x(t))", where L=life data, and x(t)=stress. Then,
the IPL-Weibull pdf (where 7 is replaced by the IPL) was given

by: [(t.x(0) = ﬁ@)n(ﬁf ("i”)n"“yle(m “) . From

the extrapolated use level pdf, a variety of functions could be

x(H)\"

derived, including reliability R(t, x (t)) =e (( ‘ ) du) . More-
over, parameters estimation was accomplished via maximum
likelihood estimation (MLE) methods, and confidence inter-
vals were approximated using the Fisher matrix approach
[36,48,50]. Hence, the use level probability Weibull curves
(probability (%) of failure versus number of cycles) with a set
load of 300N at 90% two-sided confidence interval were calcu-
lated and plotted (Synthesis 9, Alta Pro, Reliasoft, Tucson, AZ,
USA). Also, the reliability was calculated for completion of a
mission of 100,000 cycles at 100, 200, 300, 400, 600 and 800 N
and the differences between groups were identified based on
the non-overlap of confidence interval (90%)(Synthesis 9, Alta
Pro, Reliasoft).

2.3.  Microscope imaging analysis

Failed specimens were first inspected in a polarized-light opti-
cal microscope (Axio Zoom v.16, Zeiss, Oberkochen, Germany)
and then representative samples were sputter coated with
gold alloy (Emitech K650, Emitech Products Inc., Houston, TX,
USA) for scanning electron microscopy (SEM) analysis (Hitachi

S-3500, Hitachi Instruments, Tokyo, Japan) and fractographic
evaluation.

3. Results

The mean load-to-fracture values used to design step-stress
profiles (+standard deviation) for 1.5 mm, 1.0 mm, and 0.5 mm
ZLS crowns were 2109+489N, 1276 +414N and 718 £ 202N,
respectively. All crowns failed by bulk fractures.

Use level Weibull probability plot at a use load of 300N
for 1.5mm, 1.0mm, and 0.5mm ZLS crowns (90% confidence
bounds) are shown in Fig. 2. The beta (B) values derived from
use level probability Weibull calculation were 1.58 (0.66-3.75),
1.17 (0.57-2.40) and 3.69 (2.27-5.99) for 1.5mm, 1.0 mm, and
0.5mm crowns, respectively (Table 1). Such values indicate
that, irrespective of thickness, failure rate increased over time
and fatigue damage accumulation was an acceleration factor
for failure.

Predicted reliability for completion of a mission of 100,000
cycles at a range of load magnitudes is presented in Table 1.
All ZLS crowns thicknesses demonstrated high probability of
survival at 100N (up to 92%). While 1.5mm and 1.0mm ZLS
crowns kept their survivability higher than 90% at a set load of
200N, a significantly reduced reliability was demonstrated by
0.5 mm crowns (69%). Similarly, the cumulative damage reach-
ing high-load magnitude missions, either for 300N or 400N,
would result in significantly lower probability of survival for
0.5 mm crowns (41% and 19%, respectively) relative to 1.0 mm
(95% and 86%) and 1.5mm crowns (99% and 94%). Indeed,
no significant difference was observed between 1.0mm and
1.5mm ZLS crowns for all calculated missions correspond-
ing to physiological masticatory molar forces (200-400N), and
both thicknesses maintained the probability of survival at
approximately 90%. Only at a set mission of 800N 1.0mm
crowns (15%) showed significantly reduced reliability relative
to 1.5mm crowns (80%).

The chief failure mode for ZLS monolithic crowns com-
prised bulk fracture (Figs. 3 and 4). Careful examination of the
ZLS crowns from the occlusal aspect revealed the quasiplastic
deformation at the loading area represented by sliding-contact
induced cracks on the distobuccal cusp (Fig. 4a). During fatigue
testing of the ZLS crowns, cracks usually initiated at the area
directly below the indentation trail and/or at the cementation
interface and propagated as the load and number of cycles
increased (Figs. 3 and 4b). Fractographic analysis of failed
ZLS crowns has shown that radial cracks dominated and the
fracture originated predominantly at the cementation inter-
face (Figs. 3 and 4b). In addition, telltale fractographic marks
including hackles and arrest lines that suggest the direction
of crack propagation (DCP) were identified (Figs. 3 and 4b-f).
The fracture originated beneath the indenter sliding path on
the cementation surface with crack front propagating upward
and sideways through the proximal and cervical margins of
the sample. Such assumption was confirmed by the pres-
ence of multiple arrest lines with their concave part pointing
towards the occlusal indentation area (Fig. 4). Also, hackles
lines propagating towards the cervical margins corroborates
with the suggested DCP (Fig. 4). In addition, two 1.5 mm crowns
survived the set profile and one showed chip-off fracture.
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Fig. 2 — Use level probability Weibull curves (90% two-sided confidence interval) evidencing the probability of failure as a
function of elapsed cycles for different-thickness ZLS crowns at 300N of set load (the two crowns of 1.5 mm thickness that
did not fail were considered suspended in the statistical analysis).

Table 1 - Calculated reliability (%) for a given mission of 100,000 cycles at set loads of 100, 200, 300, 400, 600 and 800 N.

1.5mm 1.0mm 0.5mm

Lower Reliability Upper Lower Reliability Upper Lower Reliability Upper

bound bound bound bound bound bound
100N 99.64 100 aA 100 98.32 99.92 aA 100 66.87 91.94 bA 98.26
200N 97.87 99.97 aAB 100 91.14 98.94 aAB 99.88 45.65 68.99 bAB 83.88
300N 93.99 99.80 aABC 99.99 77.52 95.25 aAB 99.07 25.23 41.27 bBC 56.62
400N 87.65 99.21 aABC 99.95 58.91 86.72 aBC 96.23 0.06 19.41 bCD 37.73
600 N 67.71 94.44 aBC 99.17 20.92 52.29 abCD 76.43 0 0.02 bD 21.04
800N 41.75 79.31 aC 94.03 0.02 14.96 bD 37.96 0 0.07 bD 12.81
Beta (f3) 0.66 1.58 3.75 0.57 1.17 2.40 2.27 3.69 5.99

Different lowercase letters mean statistical difference between crown thicknesses. Different uppercase letters mean statistical difference

between missions. Differences between groups were identified based on the non-overlap of 90% two-sided confidence interval.

This fracture had a typical shell-shaped morphology with a
maximum length extending all the way to the cervical mar-
gin. Different from samples that presented bulk fracture, the
inspection from the buccal aspect of the crown indicated
that the cohesive fracture originated immediately bellow the
indentation trail. The presence of several arrest lines and
hackles lines indicated the DCP from the occlusal contact area
to the proximal and cervical margins.

4, Discussion

Recently, zirconia-reinforced lithium silicate (ZLS) glass-
ceramic blocks for CAD/CAM use have been launched aiming
to improve optical and mechanical properties relative to
previous glass-ceramic systems [19,23-27]. Preliminary data
of in vitro mechanical tests and the absence of long-term
clinical trials have encouraged the current study to mimic

clinical failures through mouth-motion fatigue and to esti-
mate the lifetime of ZLS monolithic molar restorations of
1.5mm, 1.0 mm and 0.5 mm thicknesses [11,16,19,26,27,29,39].

The interpretation of the use level probability plots indi-
cates that, regardless of ZLS crown thickness, the beta (B)
values were higher than 1 and fatigue accelerated fail-
ures [36,48,50]. Hence, the cumulative damage triggered by
cyclic forces associated with stress corrosion resulting in the
chemically-assisted slow crack growth was an acceleration
factor for ZLS crowns failure [30-35].

The projected reliability for completion of a mission of
100,000 cycles at clinically relevant molar masticatory loads
(200-400N) demonstrated a very limited survival prediction
for 0.5mm crowns relative to 1.0mm and 1.5mm crowns
[51,52]. While 0.5mm ZLS crowns exhibited a significant
reduction in the reliability, 69%, 41% and 19% at 200N, 300N
and 400 N, respectively, no significant difference was observed
between 1.0mm and 1.5mm crowns, with both thicknesses
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Fig. 3 - Irrespective of thickness, the chief failure mode in monolithic ZLS crowns subject to sliding-contact mouth-motion
step-stress accelerated-life test comprised bulk fracture. Micrographs of representative fractured crowns of 1.5 mm- (a),
1.0mm- (b), and 0.5 mm-thickness (c) show the quasiplastic deformation on the loading area (white arrow). Also, the
presence of fractographic marks moving from the oclusal surface of the crown (*) towards the cervical margin indicate the
direction of crack propagation (yellow arrows). Higher magnification images of the buccal surface show the formation of
radial cracks (yellow arrows), which indicates the suggested origin of fracture (cementation interface). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

maintaining the probability of survival at approximately 90%.
It has been determined that the load necessary to lead to bulk
fracture in ceramic restorations is proportional to the square
of the ceramic thickness [53,54]. The present data endorsed
this statement as decreasing the thickness of a monolithic
ZLS crown to 0.5mm had a significant impact on increasing
its failure risk and affecting its predicted survival [11-14,16].
Such decrease in mechanical performance has been validated
using finite element analysis that demonstrated greater stress
concentration at both occlusal and cementation surfaces for
ultra-thin ZLS molar restorations (<0.5 mm) [11,16]. Thus, the
first postulated null hypothesis that the probability of sur-
vival would not be affected in reduced-thickness monolithic
ZLS molar crowns was rejected since 1.5mm and 1.0 mm ZLS
crowns outperformed 0.5 mm crowns.

Substantial data are available regarding the estimated life-
time of all-ceramic molar crowns. In comparison with high-
strength polycrystalline systems, monolithic ZLS restorations
(99%, after 100,000 cycles at 200N), even as thin as 1.0mm
(98%, after 100,000 cycles at 200N), have exhibited a sig-
nificantly higher probability of survival relative to veneered
zirconia restorations, regardless of framework design and
veneering material (48%-99%, after 50,000 cycles, and 23%

after 100,000 cycles, at 200 N) [10,37-40,43,44]. Recently, much
effort has been taken to develop highly-translucent zirconia
systems for use as monolithic restorations and studies are
warranted to estimate their mouth-motion SSALT fatigue life-
time for different-thickness restorations [46].

One potential cause of the decreased mechanical perfor-
mance of ultra-thin (<0.5 mm) glass-ceramic restorations has
also been considered to lie on the effect of acid etching [55].
A recent investigation has shown that acid etching may pro-
duce ceramic microstructural alterations not only superficially
but also internally and the depth effect is directly related to
acid type, concentration, application time and ceramic glass
content [55]. Conventional hydrofluoridric acid (HF) at a con-
centration of 10% applied for 205, as used in the current study
[47], has demonstrated the potential of dissolving approxi-
mately 0.3 mm of the glassy phase in leucite and LD systems.
Thus, treating glass-ceramic materials, mainly in reduced-
thickness restorations, using strong etching protocols may
increase defect population and, consequently, the risk of crack
propagation under tensile stress [55]. Future investigations
must confirm the extent of these findings for ZLS system and,
also, evaluate the potential benefits of using one-step ceramic
self-etching primers. Such simplified products present softer
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Fig. 4 - Occlusal view images of a representative fractured crown depict the quasiplastic deformation on the loading area
(white arrows) (a). Further magnifications focus on the sliding-contact induced cracks on the distobuccal cusp (white
arrows). Buccal view micrographs show the fracture originated (*) on the cementation surface with a predominant radial
crack (R) front propagating upward and sideways all the way through the proximal and cervical margins of the crown (b-f).
This statement is supported by the presence of multiple hackle lines (H) and arrest lines (AL), especially demonstrated in the
SEM images, which indicates the direction of crack propagation (yellow arrows) (c-f). Arrest lines are related to direction of
propagation as the beginning of a crack event is always located on the concave side of the first arrest line. Hackles run in the
same direction of cracking and they separate parallel portions of the propagating crack that are on slightly different planes.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

compounds that have produced smoother etching patterns
and similar bond strength when compared to conventional
surface treatment (HF and silane, separately) [56,57].

With respect to failure, it is very important to under-
stand the interplay between the competing fracture modes
in order to reveal the weakest link of a determined system
and define a practical procedure to improve it and/or develop
a more fatigue-resistant restorative system [34]. Occlusal-like

loading in a monolithic ceramic causes contact damage on
the ceramic surface forming incomplete ring cracks that can
extend deep into the material by the environmentally-assisted
slow crack growth. Thus, cone and median cracks can be
generated mechanically under the loading area and extend
by hydraulic pumping of fluid into the microcracks [30-34].
The addition of the tangential component in sliding-contact
loading skews the tensile stress field with concomitant devel-
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opment of cone cracks at the trailing edge contact [31,34,35].
Apart from occlusal cracks, radial cracks can form at the
cementation interface. The substrate beneath the loading area
can deform triggering tensile stresses at the intaglio surface
[8,10,11,30,31,33-35]. Irrespective of crown thickness, fracto-
graphic analysis of failed ZLS crowns has proven that radial
cracks dominated and the fracture originated at the cementa-
tion interface and propagated towards the proximal and cer-
vical margins of the sample. Multiple hackles lines and arrest
lines were also identified and supported the designated direc-
tion of crack propagation (DCP). Such failure mode corrobo-
rates with previous literature findings of different-thickness
monolithic glass ceramic crowns subjected to SSALT test
[9-11,42]. Thus, the second postulated hypothesis that failure
mode would not vary in different thicknesses of monolithic
ZLS molar crowns was accepted since bulk fracture comprised
the primary failure mode. Previous finite element analysis
evaluating the stress distribution in a monolithic ZLS crowns
has demonstrated a tensile zone on the cementation inter-
face that validates the suggested crack origin in the current
study [11,16]. Also, increased failure risks in critical thickness
restorations (<1 mm) relies on the enhanced flexural stress on
the intaglio cementation surface and radial cracks prevalence
[10,11]. Therefore, designing of monolithic ZLS ceramic crowns
involves thicker ceramic layer (>1mm) to prevent early bulk
fracture from cementation surface radial cracks [11,30].

Moreover, SSALT test was performed using anatomically-
shaped monolithic molar crowns and followed typical
chewing parameters to reproduce in-service conditions, in
which the indenter applied the load on the cusp incline,
slided, and lifted-off to its initial position to start a new cycle
[30,42]. Despite the laboratory-obtained failure mode (chiefly
bulk fracture) being similar to previously reported clinical
failures of bilayered all-ceramic reconstructions, there is cur-
rently limited evidence concerning the clinical failure modes
of ZLS crowns, considering that the material is somewhat new
on the market [7]. Hence, if the predominant failure mode
observed in the current study involving catastrophic failure
is confirmed by clinical studies, the main disadvantage of
this material would be the loss of repair potential and the
mandatory need of crown replacement, which adds time and
costs to both patients and professionals. In contrast, if chip-
ping had been the main failure mode, repair would have been
possible either by repolishing or by recontouring with com-
posite resin. In fact, extensive fractographic work has been
performed on all-ceramic restorations, primarily on bilayered
reconstructions, and the results highlight that whereas a fail-
ure mode may predominate in some materials, failure origin
does vary and originate not only from the occlusal surface
and cementation interface, but also from the cervical mar-
gin [7,20,21,58-60]. Such findings emphasize the importance of
comparing clinical- versus laboratory-obtained failure modes
validating the results of life data analysis [58,59].

5. Conclusion

Based on the current results, the indication of ZLS system
for tooth-supported monolithic molar crowns seems very
promising, however, caution is advised when intending to use

ultra-thin restorations (<0.5 mm thickness). While 1.0 mm and
1.5mm crowns exhibited high reliability at clinically relevant
molar loads, a significantly reduced survivability was demon-
strated for 0.5mm crowns. Failure primarily comprised bulk
fracture, in which the critical radial crack originated from the
cementation surface beneath the loading trail and propagated
towards the cervical margin.
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