
materials

Article

Fracture Resistance of Zirconia-Reinforced Lithium
Silicate Ceramic Crowns Cemented with
Conventional or Adhesive Systems: An In Vitro Study

Gianmaria D’Addazio 1,† , Manlio Santilli 1,†, Marco Lorenzo Rollo 1, Paolo Cardelli 1,†,
Imena Rexhepi 1, Giovanna Murmura 1, Nadin Al-Haj Husain 2, Bruna Sinjari 1,* ,
Tonino Traini 1,* , Mutlu Özcan 3,‡ and Sergio Caputi 1,‡

1 Department of Medical, Oral and Biotechnological Sciences, University “G. d’Annunzio” of Chieti-Pescara,
66100 Chieti, Italy; gianmariad@gmail.com (G.D.); santilliman@gmail.com (M.S.);
mlrollo90@gmail.com (M.L.R.); paolocardelli@hotmail.com (P.C.); imena.rexhepi@gmail.com (I.R.);
giovanna.murmura@unich.it (G.M.); scaputi@unich.it (S.C.)

2 Department of Reconstructive Dentistry and Gerodontology, School of Dental Medicine, University of Bern,
3012 Bern, Switzerland; nalhaj88@gmail.com

3 Division of Dental Biomaterials, Center for Dental and Oral Medicine, Clinic for Reconstructive Dentistry,
University of Zurich, 8006 Zurich, Switzerland; mutluozcan@hotmail.com

* Correspondence: b.sinjari@unich.it (B.S.); t.traini@unich.it (T.T.); Tel.: +39-392-27471479 (B.S.);
Fax: +39-0871-3554070 (B.S.)

† These authors contribute equally to the study as Co-authors.
‡ These authors contribute equally to the study as Co-senior author.

Received: 18 March 2020; Accepted: 23 April 2020; Published: 25 April 2020
����������
�������

Abstract: In recent years, Zirconia-reinforced Lithium Silicate ceramic (ZLS), combining
lithium-silicate and zirconia features, has shown to have excellent mechanical and aesthetic
characteristics. Thus, the aim of this study was to compare the fracture strength of ZLS single
crowns cemented with two different cementation techniques. Twenty crowns were realised and
cemented on teeth replicas achieved from an extracted premolar human tooth. The samples were
divided into two groups of 10 specimens each, Glass-ionomeric cement (GIC) group and Self-Adhesive
Resin Cement (ARC) group. The mechanical test was performed using a universal testing machine.
The specimens were then evaluated with a scanning electron microscope (SEM) to identify for all
crowns and related abutments the pattern of fracture after the breaking point. The data obtained
were statistically analysed. The mean fracture toughness values and standard deviations (±SD)
were 2227 ± 382 N and 3712 ± 319 N respectively for GIC and ARC groups. In fact, t-test showed
a statistically significant difference between the two groups (p < 0.001). Moreover, the SEM results
demonstrated portions of abutments still attached to the crown fragments in the ARC group,
whilst these were not present in the GIC group. Within the limitations of this study, these results
suggest the use of adhesive cementation for ZLS crowns, which significantly increase the compressive
strength of ZLS restorations compared to GIC.

Keywords: adhesive dentistry; prosthetic dentistry; in vitro studies; Zirconia-reinforced lithium
silicate; fracture resistance; cementation

1. Introduction

Although traditional methods and metal ceramic restorations used for many years have been
an acceptable combination of both mechanical and aesthetic characteristics and proven long term of
follow-up [1,2], new aesthetic materials have been made available over time, showing increased aesthetic
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and mechanical properties [3–5]. Two families of dental ceramic materials have been developed on the
market to date, such as: glass ceramics and polycrystalline ones. The first family is represented by
feldspathic ceramics reinforced with leucite or lithium disilicate or reinforced lithium silicate. Among
these, lithium disilicate represents a good compromise in terms of optical and mechanical characteristics.
Specifically, it is composed of 65 vol% lithium disilicate, small needle-shaped crystals (3–6 µm × 0.8 µm)
inserted in a glass matrix, with a 1 vol% porosity [6,7], showing advantageous mechanical characteristics
(flexural strength: 350 MPa; fracture toughness (KIC): 3.3 MPa·m1/2; heat extrusion temperature: 920 ◦C
and thermal expansion coefficient (CTE): 10.6 + 0.25 ppm/◦C) [8]. The glass ceramics, due to their
inherent translucent characteristics and high optical properties, actually represent a valid alternative
to the polycrystalline ceramic materials [3]. Despite this, in relation to mechanical characteristics,
glass ceramics have basic limitations which discourage their use in some evaluated clinical situations.
Specifically, during the years, some authors showed that lithium disilicate could be used for single
anterior and posterior crowns and small bridges (up to 3 units) [3,9]. In addition, others demonstrated
a low mechanical ability to restore posterior teeth with such a material [3].

On the other hand, the second family is represented by polycrystalline ceramics, which is
composed mainly of zirconia in its various forms: alumina, stabilised zirconia and zirconia toughened
alumina [8,10]. Among polycrystalline materials, the stabilised zirconia (ZrO2) demonstrates excellent
mechanical properties that can be used for monolithic restorations for both crowns and bridges. In fact,
zirconia is characterised by favourable mechanical properties (toughness: 5–10 MPa·m1/2, flexural
strength: 500–1200 MPa, Young’s modulus: 210 GPa) and acceptable optical characteristics [11–14].
Contrarily, monolithic zirconia restorations can suffer aging process even after short working periods;
however, such a phenomenon seems to not affect its mechanical properties [15].

In addition, one of the main differences between the two families is represented by the different
types of cementation to which they can be subjected. Undoubtedly, the vitreous ceramics guarantee
satisfactory characteristics when an adhesive cementation is performed [16].

On the other hand, for conventional glass ceramic restorations, the adhesive technique is crucial to
have a high quality and lasting bond. With the meaning to establish the most successful clinical protocols
and its drawbacks, these techniques have been analysed and studied for years [17,18]. In fact, a variety
of cementation techniques have been applied to modern integrated ceramics. Zinc oxyphosphate,
zinc polycarboxylate and traditional glass ionomer cements harden by an acid-base reaction, hence the
tendency to exacerbate surface irregularities in ceramic restorations [19]. Moreover, glass ionomer
cements are subject to premature degradation and imbibition of water, resulting in microcracks and
eventually to cement fractures [20]. Meanwhile, the resin-modified glass ionomer cements harden
through a combination of auto or light curing polymerisation and acid-based reaction. The combination
of advantages of the chemical adhesion of traditional glass ionomer cements, with the advantages
of the composite resin, leads to an improvement in the toughness, fracture and wear resistance [21].
Thus, the glass ceramics restorations should be cemented with the use of resin-based cements by
adhesive techniques which increase their fracture resistance and, consequently, ensure better long-term
performance [22–26]. Considering the fragility and the limited flexural strength of glass ceramics,
the use of cements based on composite resin indeed allows an increase in the fracture resistance of
the restoration and improvement in its duration. In fact, comparing the resin-based cements with the
traditional cements (such as the polycarboxylate cements of Zn, Zn phosphate or GIC), the former
has higher values of compression strength and, as a result, they ensure a better support to ceramic
restorations [27,28].

On the other hand, due to its polycrystalline chemical structure, zirconia cannot be subject to
common surface acidification methods with the use of hydrofluoric acid; therefore, the cementation
necessarily has to rely on mechanical/chemical surface treatments, possibly followed by application of
silane [27].

Zirconia is usually considered a metal-free material but, from a physical-chemical point of view, it is
a metal oxide with ceramic characteristics [8]. For these reasons, the presence of retentive preparations
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for full coverage restorations, and the use of water-based luting agents or hybrid cements is necessary
to ensure the zirconia crowns retention [29–31].

The continuous search for ideal restorations materials has led over the years to the introduction of
a promising new material. Recently released onto the market has been the zirconia-reinforced lithium
silicate ceramic (ZLS), a vitreous lithium-silicate matrix with approximately 10% by weight of zirconia
dioxide. This kind of ceramic material should combine the high mechanical properties and an easy
intraoral polishing of zirconia with the high translucency optical characteristics typical of vitreous
ceramics [10].

Manufacturers recommend the use of adhesive agents for the cementation of ZLS restorations,
however, the possibility of using conventional glass ionomer-based cements (GIC) is also foreseen.

Thus, the aim of this study was to compare the two different cementation techniques, GIC vs.
Adhesive Resin Cement (ARC) of monolithic ZLS crowns, in terms of fracture strength. The null
hypothesis was that there were no differences between the two types of cements used of the ZLS
crowns’ fracture strength.

2. Materials and Methods

2.1. Study Design

The present in vitro study evaluated the fracture strength of ZLS single crowns after the use of
two different methods of cementation. A total of 20 replica teeth were performed on, starting from a
single, medium-sized upper first premolar, extracted for periodontal reasons at the dental clinic of
the Department of Medical, Oral and Biotechnological Sciences, University of Chieti-Pescara, Chieti,
Italy. The patient signed a written informed consent to the use of the tooth after its extraction for the
abovementioned purpose.

According to Kashkari et al. [32], a sample size of 10 specimens per group was calculated to have
a minimum difference between the two groups in terms of fracture toughness. The value of α was
determined at 0.05 while the power of the test was 0.80. For the calculation, the Pass 3 software was
used and specifically the Two-Sample T-Tests taking Equal Variance. Moreover, in the same study,
18 samples were used in three different groups. Thus, the sample size of 20 is sufficient to have a
statistically significant difference in cases between the two groups analysed [32].

2.2. Sample Preparation

A medium-sized upper first premolar (n = 1) was chosen as a master element and adequately
prepared to receive a ZLS prosthetic crown. After the extraction, a 1.5mm axial and occlusal anatomical
reduction, with a preparation angle of 4◦ both cuspidal sides preserved and a deep chamfer finishing
line with rounded internal corners was carried out, as shown in Figure 1. A high-speed handpiece with
a diamond bur (medium grit) under water irrigation, at 300,000 revolutions/min (25 CHC, KaVo Dental
GmbH, Biberach, Germany), was used to ensure consistent torque and grinding speed during the
preparation. To ensure complete correspondence of the preparation to the indicated guidelines, a cutting
template was used as a guide. Subsequently, the impression of the prepared element was taken with
the use of a putty-light biphasic polyvinylsiloxane impression material (Virtual; Ivoclar Vivadent,
Schaan, Liechtenstein) as previously described [33]. Moreover, the (n = 20) replicas of the reference
master element were obtained following the methodology of Coelho et al. [34]. Then, the impressions
were filled with 2.0 mm of each progressive layer of composite resin (Tetric EvoCeram Bulk Fill, Ivoclar
Vivadent, Schaan, Liechtenstein) under an optical microscope at 20×magnification (OPMI Movena,
Carl Zeiss, Oberkochen, Germany) to ensure the absence of bubbles. Subsequently, the composite resin
was polymerised following the manufacturer’s instructions. Afterwards, a digital impression was
acquired through a 3D scanner (inEos Blue; Sirona Dental GmbH, Walsbeu Salzburg, Austria). Using the
available data, an anatomically correct crown was Computer Aided Designed for the master element,
which was subsequently milled using a four-axis CAM system (inLab MXXL, Sirona Dental GmbH,
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Walsbeu Salzburg, Austria) starting from non-crystallised blocks of ZLS ceramic (Suprinity LS-14 LT
A3, Vita Zahnfabrik, Bad Sackingen, Germany). After the milling procedure, the twenty crowns were
finally subjected to a thermal crystallisation process with simultaneous glazing (Plus Glaze LI Spray,
Vita Zahnfabrik Bad Säckingen, Germany) following the manufacturer’s instructions.
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Figure 1. (a) Graphical representation of sample preparation: (A) tungsten carbide pilot punch
with a radius of 3.18 mm; (B) Zls crown; (C) cement; (D) tooth abutment replica of resin composite;
(E) specimen holder of methacrylic resin; (b) an explanatory image of the samples during the test.

2.3. Crown Cementation

Before cementation, the internal fit of each individual crown on the composite resin replicas was
checked with the use of a black fluid silicone (Fit Checker Black, GC Europe, Leuven, Belgium) under
an optical microscope at 20×magnification. Then, any friction areas were removed with the use of
fine-grained diamond burs. The 20 crowns were divided into two groups and the cementation was
performed as follows:

In Group GIC (n = 10), it was performed with (Ketac Cem, 3M ESPE, Seefeld, Germany)
powder/liquid, mixed according to the manufacturer’s recommendations.

In Group ARC (n = 10), it was performed firstly by etching the crowns with 4.9% hydrofluoric
acid (Vita Ceramics Etch, Vita Zahnfabrik Bad Sackingen, Germany) for 20 s; subsequently, the acid
was removed with the use of an air/water spray syringe and any residues were eliminated with an
ultrasonic bath in 98% alcohol for 3 minutes. After drying, a one-component silane (Monobond S,
Ivoclar Vivadent, Schaan, Liechtenstein) was applied for one minute. Then, the application of the
adhesive (Scotchbond Universal Adhesive, 3M ESPE Saint Paul, MN, USA) was carried out without
polymerizing the contact surface between crown and tooth. Finally, the dual cement (Relyx Ultimate,
3M ESPE Seefeld, Germany) was applied inside the crowns, which were positioned on the replicas
of the master dental element. All excesses of cement were eliminated and a curing procedure for
40 seconds on each surface was performed. The cementation of both groups was carried out under a
constant static load of 50N, as previously described [35]. Subsequently, before proceeding with the
experiment, the samples were left in distilled water at 37 ◦C for 7 d as reported. In fact, the required
effect was only to simulate a dimensional variation, therefore we considered the use of distilled water
sufficient for this purpose [34].
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2.4. Mechanical Test

The sample’s holders were prepared as follows: silicone moulds (3 cm in diameter, 2 cm in height)
were filled with methacrylic resin (Orthocryl, DENTAURUM GmbH & Co. KG, Inspringen, Germany);
at this point the abutment tooth composite replicas were inserted perpendicularly to the resin surface
of the sample’s holder, so that the most apical point of the margin preparation was placed at 2 mm from
the resin surface, to ensure a repeatable positioning of the samples both intergroup and intragroup.
To minimise the bias on samples preparation, silicone guides have been used. We assumed in this
study that the elastic modulus of the material used in the manufacturing of standardised abutments
(15.5 GPa) is included within the human dentine range (10–16 GPa) [36,37]. The test was performed
using a universal testing machine (Lloyd LR30K, Lloyd Instruments, Ametek STC, Bognor Regis, UK)
equipped with a 30 KN load cell. The load was applied through a tungsten carbide pilot punch with a
radius of 3.18 mm applied on the central pit of the tooth in order to have a two-point contact, at the
speed of 1 mm/min as shown in Figure 1. All crowns were subjected to breaking load. Following
the mechanical test, the most representative samples of both groups were selected for examination
under a scanning electron microscope (SEM) (EVO 50 XVP with LaB6, Carl Zeiss S, Oberkochen,
Germany). Samples were prepared and analysed according to a previously described procedure [38].
Briefly, the samples were sputter coated with gold (K 550, Emitech Ltd., Ashford, Kent, UK) and stored
in a sample holder. The SEM set-up was equipped with a tetra solid-state back-scattered electron
detector, and was operated at 30 kV accelerating voltage, 10 mm working distance and 870 pA probe
current. The images were captured with 20 scans using a line-average technique [39]. These images
were stored as TIFF files before their elaboration using Image-Pro Plus version 6.0 (Media Cybernetics
Inc., Bethesda, MD, USA), in order to highlight the area of fracture and the surface topography.

2.5. Statistical Analysis

The results are presented as mean and standard deviation (±SD). The data were analysed with
descriptive statistics (Kolmogorov–Smirnov test) to evaluate whether they had a normal distribution.
Student’s t-test for unpaired data was performed. A p-value < 0.05 was considered statistically
significant. Statistical analysis was performed using a computerised statistical software (SPSS V.
24-0-IBM Corp., Armonk, NY, USA).

3. Results

All the crowns tested reached the breaking point, sometimes causing the abutments breakings.
Specifically, the mean fracture toughness values (±SD) obtained by the two groups were 2227 ± 382 N
for the GIC group and 3712± 319 N for the ARC group, as reported in Figure 2 and Table 1. The statistical
analysis demonstrated a statistically significant difference indicated with asterisk (*) between the two
groups analysed, as shown in Table 1. The SEM analysis as shown in Figures 3 and 4 confirmed the
numerical results.

In detail, under SEM evaluation, a catastrophic failure for all crowns and related abutments was
noted for both groups. Moreover, all the GIC group samples failed without residual portions of the
abutments attached to the crown fragments, as shown in Figure 3.

On the contrary, the ARC group specimens, adhesively cemented, showed portions of abutments
still attached to the crown fragments (Figure 4), indicating a better adhesion of the two parts. In both
groups, the fractographic evaluation on fracture surface of the ZLS material showed a “mirror” pattern
area near the point of force application. In addition, the GIC group revealed a fracture surface with
several “hackle” areas (Figure 3a). These results were more evident at a higher magnification, as shown
in Figure 3b. Meanwhile, the ARC group specimens showed a fracture surface with “hackle” areas less
representative, beyond the “mirror” area specifically shown in Figure 4a,b.
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Figure 3. SEM images showing representative ZLS crown of GIC Group. In (a), (32×magnification)
the tracture of a ZLS crown is shown. The * indicates the area showed at a higher magnification in
(b) (200×magnification). Meanwhile, the white arrow shows the load application point. No residual
portions of the abutments were attached to the crown. The § shows the fracture pattern and the presence
of “mirror” areas near the point of force application. Black arrows indicate a fracture surface with
several “hackle” areas and the direction of fracture propagation.
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Figure 4. SEM images showing representative ZLS crown of ARC Group. In (a), (32×magnification)
the fracture of ZLS crown is shown. The * indicates area showed at a higher magnification. It is
possible to see the abutment attached to the crown in (b) (200×magnification). The white arrow shows
the force application point. The § demonstrate the “mirror” areas near the point of load application.
Moreover, a fracture surface with less “hackle” areas compared to GIC Group is shown, whilst the
blackarrows indicated the direction of fracture propagation.

4. Discussion

The null hypothesis under test was rejected, demonstrating that there was a statistically significant
difference in terms of fracture strength due to the type of cementation used.

Over the years, the mechanical and aesthetic characteristics of metal-free restorations have
been widely evaluated. The introduction of the ZLS has made it possible to combine the excellent
aesthetic performance of glass ceramics with the performance of zirconia. The marginal adaptation,
translucency and yield following the aging process were assessed, positively evaluating the qualities
of the material [40]. Considering the recent introduction of the ZLS material on the market, there are
no long-term follow-ups studies available [41].

Despite this, some precautions during the delivery of the ZLS crowns can improve the performance
of ceramic restorations. Among these, the role of the cementation technique is still controversial.
Some authors have shown that the cementation technique does not affect the long-term yield of
ceramic restorations [42]. On the contrary, other studies have shown how cementation can influence the
follow-up or survival rate of the prosthetic restorations, as well as the fracture resistance. The differences
in glass ceramics were statistically significant [40,43,44]. In this regard, the present results encourage
the use of ZLS with a cemented technique, demonstrating a statistically significant increase in fracture
resistance. Preis et al. in 2015 assessed the influence of cementation of CAD/CAM-fabricated ZLS molar
crowns [45]. Our results showed higher fracture strength values compared to the one of Preis et al.
We think that these differences may have been influenced by different factors. Firstly, the authors used
natural extracted teeth as the abutment test, which can negatively influence the results. In fact, despite
the standardised methods, the teeth may have undergone different preparations, as well as different
elasticity of the crown abutments’ different anatomies, modifying the results. In addition, the authors
declared that an adhesively cemented ZLS crown failed during the chewing test, demonstrating how
variations related to the individuality of the samples used may have altered the result itself. On the
other hand, the authors performed the evaluations after a cyclic loading, which we did not. In fact,
this presents a limit of our study.

On the contrary, being able to standardise with composite resin replicas, the results here presented
were extremely homogeneous and with a clear trend in the results. Other factors may influence the
results in carrying out the tests. Specifically, the factors that can influence the reliability of the results
are related to the individual variables of the extracted teeth. Thus, resin replicas are preferable to
evaluate the intrinsic mechanical characteristics of the materials. Moreover, this concept has already
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been described in the literature [34,46]. In particular, Coelho et al. declared that a discrepancy
between clinically observed failure modes and laboratory in vitro testing were noted in some cases.
The aim of their study was to firstly include an anatomically correct standardised computer design to
generate laboratory specimens allowing for evaluation by computer mechanical simulation of single
load-to-fracture failure and mouth-motion (contact-slide-lift-off) fatigue [34,46].

Another key factor is related to the modulus of elasticity of the acrylic resin used as the support of the
samples (specimens’ holder), which can influence the susceptibility to fracture of the restorations [47,48].
The elastic modulus of the material used in the manufacturing of standardised abutments (15.5 GPa) is
included within the human dentine range (10–16 GPa) [36,37]. Moreover, another factor is related to
the behaviour of the resin cement in the cementation phase. Furthermore, since the characteristics and
behaviour of the composite resin during the cementation phase appear definitely similar to those of
human dentin, presumably the resin–ceramic interface behaves in a similar way to the dentin–ceramic
interface [49].

At the same time, it is worth highlighting the work by Bindl et al. in 2006 that reported some
statistically meaningful differences between conventional cementation and the adhesive technique in
reference to feldspathic ceramic crown restorations, reinforced with leucite and lithium disilicate [44].
More specifically, restorations cemented with adhesive cementation showed higher fracture strength
values than the samples cemented with the use of a classic zinc phosphate cement [44]. In a previous
study, Mitchell et al. demonstrated that this different behaviour is due to the lower compressive
strength of conventional cement compared to cements used for the adhesive technique [50].

In our study, the fracture surfaces in the ARC group showed a lack of “hackle” regions.
This observation demonstrated how the propagation of the fracture within the material occurred at
supersonic speed. This phenomenon suggests that, in terms of energy, the material is much more
adhered to the substructure and consequently, that the energy accumulating there during the load
test tends to be dissipated and discharged inside the mass much more quickly than in the second
study group (GIC). On the contrary, for the GIC group, several “hackle” regions were easily detected
under microscopic observation. This seems to confirm the fact that in these samples, there was
less energy accumulated during the load test due probably to the cement failure in compression
(energy annihilation) that occurred before the fracture of the sample itself. The different ability of the
two groups to withstand the load, is consistent with the numerical values obtained during the test.
In addition, other studies in the literature confirm the presence of different patterns at the level of the
fracture lines, in case of vitreous ceramic crowns on which conventional cementing techniques have
been used, rather than adhesive cementing ones [44].

The statistically meaningful differences found between the two groups during our study suggest
that adhesive cementation may be the recommended procedure for ZLS crowns.

Some limitations of the present study must be taken into the consideration. In vitro studies with
cyclic loading and clinical investigations are necessary to better assess the differences between different
approaches of cementation, specifically applied to this new material. Furthermore, long-term follow-up
studies as well as the evaluations of crowns removed after years of use will be important investigations.

5. Conclusions

Both groups showed a clinically acceptable resistance to fracture loads. However, the type of
cement used affects the fracture development and mode for ZLS. Moreover, the adhesive cementation
seems to guarantee a significantly higher fracture strength for ZLS material.

Author Contributions: Conceptualisation, S.C. and G.M.; methodology, T.T., M.Ö. and P.C.; software, M.S.,
N.A.-H.H. and I.R.; validation, S.C., M.Ö. and B.S.; formal analysis, G.D., I.R. and M.S.; investigation, M.L.R., P.C.
and G.M.; resources, S.C. and B.S.; data curation, T.T., P.C. and M.L.R.; writing—original draft preparation, G.D.,
M.S., B.S.; writing—review and editing, P.C., M.Ö. and I.R.; visualisation, T.T., N.A.-H.H. and S.C.; supervision,
S.C., M.Ö. and G.M.; project administration, T.T. and B.S.; funding acquisition, S.C. All authors have read and
agreed to the published version of the manuscript.



Materials 2020, 13, 2012 9 of 11

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Sinjari, B.; D’Addazio, G.; Traini, T.; Varvara, G.; Scarano, A.; Murmura, G.; Caputi, S. A 10-year retrospective
comparative human study on screw-retained versus cemented dental implant abutments. J. Biol. Regul.
Homeost. Agents 2019, 33, 787–797.

2. Heffernan, M.J.; Aquilino, S.A.; Diaz-Arnold, A.M.; Haselton, D.R.; Stanford, C.M.; Vargas, M.A. Relative
translucency of six all-ceramic systems. Part I: Core materials. J. Prosthet. Dent. 2002, 88, 4–9. [CrossRef]

3. Sailer, I.; Feher, A.; Filser, F.; Gauckler, L.J.; Luthy, H.; Hammerle, C.H. Five-year clinical results of zirconia
frameworks for posterior fixed partial dentures. Int. J. Prosthodont. 2007, 20, 383–388.

4. Guess, P.C.; Schultheis, S.; Bonfante, E.A.; Coelho, P.G.; Ferencz, J.L.; Silva, N.R. All-ceramic systems:
Laboratory and clinical performance (Review). Dent. Clin. N. Am. 2011, 55, 333–352. [CrossRef]

5. Pjetursson, B.E.; Sailer, I.; Zwahlen, M.; Hämmerle, C.H. A systematic review of the survival and complication
rates of all-ceramic and metal-ceramic reconstructions after an observation period of at least 3 years. Part I:
Single crowns. Clin. Oral Implant Res. 2007, 18, 73–85. [CrossRef]

6. Albakry, M.; Guazzato, M.; Swain, M.V. Influence of hot pressing on the microstructure and fracture toughness
of two pressable dental glassceramics. J. Biomed. Mater. Res. B Appl. Biomater. 2004, 71, 99–107. [CrossRef]

7. Denry, I.; Holloway, J.A. Ceramics for dental applications: A review. Materials 2010, 3, 351–368. [CrossRef]
8. Zarone, F.; Di Mauro, M.I.; Ausiello, P.; Ruggiero, G.; Sorrentino, R. Current status on lithium disilicate and

zirconia: A narrative review. BMC Oral Health 2019, 19, 134. [CrossRef]
9. Gracis, S.; Thompson, V.P.; Ferencz, J.L.; Silva, N.R.; Bonfante, E.A. A new classification system for all-ceramic

and ceramic-like restorative materials. Int. J. Prosthodont. 2015, 28, 227–235. [CrossRef]
10. Traini, T.; Sinjari, B.; Pascetta, R.; Serafini, N.; Perfetti, G.; Trisi, P.; Caputi, S. The zirconia-reinforced lithium

silicate ceramic: Lights and shadows of a new material. Dent. Mater. J. 2016, 35, 748–755. [CrossRef]
11. Denry, I.; Kelly, J.R. State of the art of zirconia for dental applications. Dent. Mater. 2008, 24, 299–307.

[CrossRef]
12. Zarone, F.; Russo, S.; Sorrentino, R. From porcelain-fused-to-metal to zirconia: Clinical and experimental

considerations. Dent. Mater. 2011, 27, 83–96. [CrossRef]
13. Miyazaki, T.; Nakamura, T.; Matsumura, H.; Ban, S.; Kobayashi, T. Current status of zirconia restoration. J.

Prosthodont. Res. 2013, 57, 236–261. [CrossRef]
14. Chen, Y.W.; Moussi, J.; Drury, J.L.; Wataha, J.C. Zirconia in biomedical applications. Expert Rev. Med. Devices

2016, 13, 945–963. [CrossRef]
15. Camposilvan, E.; Leone, R.; Gremillard, L.; Sorrentino, R.; Zarone, F.; Ferrari, M.; Chevalier, J. Aging resistance,

mechanical properties and translucency of different yttria-stabilized zirconia ceramics for monolithic dental
crown applications. Dent. Mater. 2018, 34, 879–890. [CrossRef]

16. Peutzfeldt, A.; Sahafi, A.; Flury, S. Bonding of restorative materials to dentin with various luting agents.
Oper. Dent. 2011, 36, 266–273. [CrossRef]

17. Sinjari, B.; D’Addazio, G.; Murmura, G.; Di Vincenzo, G.; Semenza, M.; Caputi, S.; Traini, T. Avoidance of
Interaction between Impression Materials and Tooth Surface Treated for Immediate Dentin Sealing: An In
Vitro Study. Materials 2019, 12, 3454. [CrossRef]

18. Sinjari, B.; D’Addazio, G.; Xhajanka, E.; Caputi, S.; Varvara, G.; Traini, T. Penetration of Different Impression
Materials into Exposed Dentinal Tubules during the Impression Procedure. Materials 2020, 13, 1321.
[CrossRef]

19. Fleming, G.J.; Narayan, O. The effect of cement type and mixing on the bi-axial fracture strength of cemented
aluminous core porcelain discs. Dent. Mater. 2003, 19, 69–76. [CrossRef]

20. Knobloch, L.A.; Kerby, R.E.; Seghi, R.; Berlin, J.S.; Lee, J.S. Fracture toughness of resin based luting cements.
J. Prosthet. Dent. 2000, 83, 204–209. [CrossRef]

21. Diaz-Arnold, A.M.; Vargas, M.A.; Haselton, D.R. Current status of luting agents for fixed prosthodontics. J.
Prosthet. Dent. 1999, 81, 135–141. [CrossRef]

22. Albert, F.E.; El-Mowafy, O.M. Marginal adaptation and microleakage of Procera AllCeram crowns with four
cements. Int. J. Prosthodont. 2004, 17, 529–535. [CrossRef] [PubMed]

http://dx.doi.org/10.1067/mpr.2002.126794
http://dx.doi.org/10.1016/j.cden.2011.01.005
http://dx.doi.org/10.1111/j.1600-0501.2007.01467.x
http://dx.doi.org/10.1002/jbm.b.30066
http://dx.doi.org/10.3390/ma3010351
http://dx.doi.org/10.1186/s12903-019-0838-x
http://dx.doi.org/10.11607/ijp.4244
http://dx.doi.org/10.4012/dmj.2016-041
http://dx.doi.org/10.1016/j.dental.2007.05.007
http://dx.doi.org/10.1016/j.dental.2010.10.024
http://dx.doi.org/10.1016/j.jpor.2013.09.001
http://dx.doi.org/10.1080/17434440.2016.1230017
http://dx.doi.org/10.1016/j.dental.2018.03.006
http://dx.doi.org/10.2341/10-236-L
http://dx.doi.org/10.3390/ma12203454
http://dx.doi.org/10.3390/ma13061321
http://dx.doi.org/10.1016/S0109-5641(02)00006-4
http://dx.doi.org/10.1016/S0022-3913(00)80013-X
http://dx.doi.org/10.1016/S0022-3913(99)70240-4
http://dx.doi.org/10.1016/j.prosdent.2005.02.008
http://www.ncbi.nlm.nih.gov/pubmed/15543909


Materials 2020, 13, 2012 10 of 11

23. Bindl, A.; Richter, B.; Mormann, W.H. Survival of ceramic computer-aided design/manufacturing crowns
bonded to preparations with reduced macro retention geometry. Int. J. Prosthodont. 2005, 18, 219–224.
[PubMed]

24. Scherrer, S.S.; De Rijk, W.G.; Belser, U.C. Fracture resistance of human enamel and three all-ceramic crown
systems on extracted teeth. Int. J. Prosthodont. 1996, 9, 580–585.

25. Addison, O.; Marquis, P.M.; Fleming, G.J. Quantifying the strength of a resin-coated dental ceramic. J. Dent.
Res. 2008, 87, 542–547. [CrossRef]

26. Attia, A.; Abdelaziz, K.M.; Freitag, S.; Kern, M. Fracture load of composite resin and feldspathic all-ceramic
CAD/CAM crowns. J. Prosthet. Dent. 2006, 95, 117–123. [CrossRef]

27. Valente, F.; Mavriqi, L.; Traini, T. Effects of 10-MDP Based Primer on Shear Bond Strength between Zirconia
and New Experimental Resin Cement. Materials (Basel) 2020, 13, 235. [CrossRef]

28. Walton, T.R. The up to 25-year survival and clinical performance of 2,340 high gold-based metal-ceramic
single crowns. Int. J. Prosthodont. 2013, 26, 151–160. [CrossRef]

29. Papia, E.; Larsson, C.; du Toit, M.; Vult von Steyern, P. Bonding between oxide ceramics and adhesive cement
systems: A systematic review. J. Biomed. Mater. Res. B Appl. Biomater. 2014, 102, 395–413. [CrossRef]

30. Luthra, R.; Kaur, P. An insight into current concepts and techniques in resin bonding to high strength
ceramics. Aust. Dent. J. 2016, 61, 163–173. [CrossRef]

31. Pilo, R.; Dimitriadi, M.; Palaghia, A.; Eliades, G. Effect of tribochemical treatments and silane reactivity on
resin bonding to zirconia. Dent. Mater. 2018, 34, 306–316. [CrossRef] [PubMed]

32. Kashkari, A.; Yilmaz, B.; Brantley, W.A.; Schricker, S.R.; Johnston, W.M. Fracture analysis of monolithic
CAD-CAM crowns. J. Esthet. Restor. Dent. 2019, 31, 346–352. [CrossRef] [PubMed]

33. Varvara, G.; Murmura, G.; Sinjari, B.; Cardelli, P.; Caputi, S. Evaluation of defects in surface detail for
monophase, 2-phase, and 3-phase impression techniques: An in vitro study. J. Prosthet. Dent. 2015, 113,
108–113. [CrossRef] [PubMed]

34. Coelho, P.G.; Bonfante, E.A.; Silva, N.R.; Rekow, E.D.; Thompson, V.P. Laboratory simulation of Y-TZP
all-ceramic crown clinical failures. J. Dent. Res. 2009, 88, 382–386. [CrossRef]

35. Rosentritt, M.; Hahnel, S.; Engelhardt, F.; Behr, M.; Preis, V. In vitro performance and fracture resistance of
CAD/CAM-fabricated implant supported molar crowns. Clin. Oral Investig. 2017, 21, 1213–1219. [CrossRef]

36. El-Safty, S.; Akhtar, R.; Silikas, N.; Watts, D.C. Nanomechanical properties of dental resin-composites. Dent.
Mater. 2012, 28, 1292–1300. [CrossRef]

37. Watts, D.C.; el Mowafy, O.M.; Grant, A.A. Temperature-dependence of compressive properties of human
dentin. J. Dent. Res. 1987, 66, 29–32. [CrossRef]

38. Sinjari, B.; D’Addazio, G.; Bozzi, M.; Santilli, M.; Traini, T.; Murmura, G.; Caputi, S. SEM Analysis of Enamel
Abrasion after Air Polishing Treatment with Erythritol, Glycine and Sodium Bicarbonate. Coatings 2019, 9,
549. [CrossRef]

39. Sinjari, B.; D’Addazio, G.; Bozzi, M.; Celletti, R.; Traini, T.; Mavriqi, L.; Caputi, S. Comparison of a novel
ultrasonic scaler tip vs. conventional design on a titanium surface. Material 2018, 11, 23. [CrossRef]

40. Schwindling, F.S.; Rues, S.; Schmitter, M. Fracture resistance of glazed, full-contour ZLS incisor crowns. J.
Prosthodont. Res. 2017, 61, 344–349. [CrossRef]

41. Rinke, S.; Pfitzenreuter, T.; Leha, A.; Roediger, M.; Ziebolz, D. Clinical evaluation of chairside-fabricated
partial crowns composed of zirconia-reinforced lithium silicate ceramics: 3-year results of a prospective
practice-based study. J. Esthet. Restor. Dent. 2020, 32, 226–235. [CrossRef] [PubMed]

42. Al-Wahadni, A.M.; Hussey, D.L.; Grey, N.; Hatamleh, M.M. Fracture resistance of aluminium oxide and
lithium disilicate-based crowns using different luting cements: An in vitro study. J. Contemp. Dent. Pract.
2009, 1, 51–58. [CrossRef]

43. Toman, M.; Toksavul, S. Clinical evaluation of 121 lithium disilicate all-ceramic crowns up to 9 years.
Quintessence Int. 2015, 46, 189–197. [PubMed]

44. Bindl, A.; Lüthy, H.; Mörmann, W.H. Strength and fracture pattern of monolithic CAD/CAM-generated
posterior crowns. Dent. Mater. 2006, 22, 29–36. [CrossRef] [PubMed]

45. Preis, V.; Behr, M.; Hahnel, S.; Rosentritt, M. Influence of cementation on in vitro performance, marginal
adaptation and fracture resistance of CAD/CAM-fabricated ZLS molar crowns. Dent. Mater. 2015, 31,
1363–1369. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/15945309
http://dx.doi.org/10.1177/154405910808700610
http://dx.doi.org/10.1016/j.prosdent.2005.11.014
http://dx.doi.org/10.3390/ma13010235
http://dx.doi.org/10.11607/ijp.3136
http://dx.doi.org/10.1002/jbm.b.33013
http://dx.doi.org/10.1111/adj.12365
http://dx.doi.org/10.1016/j.dental.2017.11.006
http://www.ncbi.nlm.nih.gov/pubmed/29183673
http://dx.doi.org/10.1111/jerd.12462
http://www.ncbi.nlm.nih.gov/pubmed/30821101
http://dx.doi.org/10.1016/j.prosdent.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25438741
http://dx.doi.org/10.1177/0022034509333968
http://dx.doi.org/10.1007/s00784-016-1898-9
http://dx.doi.org/10.1016/j.dental.2012.09.007
http://dx.doi.org/10.1177/00220345870660010601
http://dx.doi.org/10.3390/coatings9090549
http://dx.doi.org/10.3390/ma11122345
http://dx.doi.org/10.1016/j.jpor.2016.12.008
http://dx.doi.org/10.1111/jerd.12542
http://www.ncbi.nlm.nih.gov/pubmed/31654500
http://dx.doi.org/10.5005/jcdp-10-2-51
http://www.ncbi.nlm.nih.gov/pubmed/25529004
http://dx.doi.org/10.1016/j.dental.2005.02.007
http://www.ncbi.nlm.nih.gov/pubmed/16040113
http://dx.doi.org/10.1016/j.dental.2015.08.154


Materials 2020, 13, 2012 11 of 11

46. Coelho, P.G.; Silva, N.R.; Bonfante, E.A.; Guess, P.C.; Rekow, E.D.; Thompson, V.P. Fatigue testing of two
porcelain-zirconia all-ceramic crown systems. Dent. Mater. 2009, 25, 1122–1127. [CrossRef]

47. Wakabayashi, N.; Anusavice, K.J. Fracture mechanism of bilayered ceramic disks. J. Dent. Res. 2000, 79,
1398–1404. [CrossRef]

48. Scherrer, S.S.; de Rijk, W.G. The effect of crown length on the fracture resistance of posterior porcelain and
glass–ceramic crowns. Int. J. Prosthodont. 1992, 5, 550–557.

49. Heintze, S.D.; Albrecht, T.; Cavalleri, A.; Steiner, M. A new method to test the fracture probability of
all-ceramic crowns with a dual-axis chewing simulator. Dent. Mater. 2011, 27, e10–e19. [CrossRef]

50. Mitchell, C.A.; Abbariki, M.; Orr, J.F. The influence of luting cement on the probabilities of survival and
modes of failure of cast full-coverage crowns. Dent. Mater. 2000, 16, 198–206. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.dental.2009.03.009
http://dx.doi.org/10.1177/00220345000790060801
http://dx.doi.org/10.1016/j.dental.2010.09.004
http://dx.doi.org/10.1016/S0109-5641(00)00009-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design 
	Sample Preparation 
	Crown Cementation 
	Mechanical Test 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

