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A B S T R A C T

Objectives: This study aims to evaluate the fracture load of differently fabricated 3-unit posterior fixed dental
prostheses (FDPs) with an intermediate pontic.
Methods: Fifty sets of two stainless-steel abutments were randomly assigned to five groups (n=10 each) de-
pending on the material and technique used for manufacturing the FDPs: (1) Metal-ceramic (MC, control); (2)
Lava Zirconia (LZ, bi-layered); (3) Lava Plus (LM, monolithic); (4) VITA In-Ceram YZ (YZ, bi-layered); and (5)
IPS e-max ZirCAD (ZZ, bi-layered). After being luted to the dies, all FDPs were submitted to thermo-mechanical
cycling (120,000 masticatory cycles, 50 N; plus 774 thermal cycles of 5 °C/55 °C, dwell time: 30 s). Samples were
then subjected to a three-point bending test until fracture in a universal testing machine (cross-head speed:
1 mm/min). Fracture load of the veneering ceramic (VF) and total fracture load (TF) were recorded.
Microstructure and failure patterns were assessed. Data was analysed using one-way ANOVA and Tukey HSD
post-hoc tests (α=0.05).
Results: MC restorations recorded higher VF and TF values than did zirconia FDPs (p=0.0001), which showed
no between-group differences. Within the bi-layered groups, TF was significantly higher than VF. LM pieces
registered lower average grain size than did LZ specimens (p=0.001). Overall, the connector was the weakest
part.
Conclusions: All of the groups tested could withstand clinical chewing forces in terms of average fracture load.
Zirconia-based samples performed similarly to each other, but showed lower mean fracture load values than did
metal-ceramic ones.
Clinical significance: Monolithic zirconia may be recommendable for solving the chipping problem.

1. Introduction

Metal-ceramic fixed dental prostheses (FDPs) have widely been used
since the early 1960s, showing good success rates [1]. However, given
the request for more aesthetic and biocompatible treatments [2,3], from
the late 1990s, the research has been focused on CAD/CAM (Computer
Aided Design/Computer Aided Manufacturing) high-strength ceramic
systems for achieving improved metal-free prosthetic solutions [3–6].

Yttrium-oxide partially-stabilised zirconia (Y-TZP) has become an
attractive high-toughness core material for posterior FDPs, as it may
withstand occlusal forces in the molar region [6–10]. Zirconia (also
called ‘ceramic-steel’) has a completely crystalline microstructure, a

stress-induced toughening (‘transformation toughening’) mechanism
[11] and physical features that are similar to those of stainless-steel
[12]. However, it generally requires to be veneered with glass ceramic
for obtaining proper aesthetics [3,13,14].

Regrettably, the ‘chipping’ of the veneering porcelain creates an
uncertainly as regards the durability of zirconia-based restorations
[6,15–19]. Minor chipping, consisting of little fractures, can be polished
or repaired with composite resin. Conversely, major chipping of larger
ruptures involving functional areas that would lead to a significant al-
teration of the anatomy after adjustments is considered ‘failure’, as the
only option is the prosthesis’ replacement [2,20]. Several efforts have
been made to reinforce the fracture strength of the veneering porcelain,
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such as the use of high-density CAD/CAM ceramic [21], press ceramic
[22], or the ‘Rapid Layer Manufacturing’ (RLM) technique that in-
dividually fabricates the CAD/CAM core and the veneer layers and
applies low-fusing glass ceramic or resin-cement to bond the interface
[23].

Monolithic zirconia was introduced to circumvent the drawbacks of
bi-layered all-ceramic prostheses [24], although its chemical stability
and long-term clinical behaviour still remain insufficiently docu-
mented. Moreover, there is very little research on the comparison of the
fracture load of different zirconia systems and the selection criteria are
usually based on personal preferences and experience rather than on
sound scientific rationale. FDPs are subjected to complex clinical con-
ditions that induce temporary deformations and internal stresses within
the materials and their interfaces [2]. For instance, water can act che-
mically at crack tips and decrease the ceramic strength, thus having
influence on cyclic and static loading tests [25]. Simulated moisture,
thermal and mechanical fatigue may therefore approximate the influ-
ence of the oral environment before compressive static forces are ap-
plied to record the fracture load of the tested materials by means of a
three-point bending test [2,26–30].

Hence, the aim of this paper is to evaluate the fracture load of the
veneering ceramic (VF), the fracture load of the complete restoration or
‘total fracture load’ (TF), and the fracture pattern of monolithic and bi-
layered zirconia-based 3-unit posterior FDPs after thermo-mechanical
cycling using a metal-ceramic group as control. Recently marketed
CAD/CAM technologies were tested in order to identify the most re-
sistant system. No previous study has compared such parameters be-
tween monolithic and veneered zirconia FDPs after thermal and me-
chanical fatigue followed by three-point bending flexural test.

The null hypotheses tested were that (1) the fracture load values
(VF and TF) did not depend on the restorations’ material and manu-
facturing technique, and that (2) VF and TF values coincided within
each bi-layered method.

2. Materials and methods

2.1. Fabrication of the restorations

A hundred standardised stainless-steel master dies that simulated
premolars prepared to be retainers of all-ceramic FDPs were fabricated.
The abutments’ configuration was: 5 mm in height; convergence of 6°;
chamfer of 120°, 1 mm in width and 8mm in diameter; axial reduction
of 1mm; vestibular and lingual cuspids separated by a central groove of
1mm in depth and rounded angles [31–35]. The dies were randomly
screwed in pairs onto fifty metallic bases customised as follows: 4.5 mm
in height, 30mm in length, 17mm in width and two centred perfora-
tions separated by 7mm.

The fifty sets of samples formed by the abutments fixed onto their
respective bases were sandblasted with 100 μm-alumina particles to
eliminate the surface brightness and facilitate the scanning procedures
and were randomly assigned to five groups (n=10 each) depending on
the material and manufacturing technique to be used for constructing 3-
unit posterior FDPs with an intermediate pontic: MC: Cast metal-
ceramic (control); LZ: Lava Zirconia (3M ESPE, Seefeld, Germany); LM:
Lava Plus (3M ESPE); YZ: VITA In-Ceram YZ (Vita Zahnfabrik, Bad
Säckingen, Germany) and ZZ: IPS e.max ZirCAD (Ivoclar Vivadent,
Schäan, Liechtenstein).

The LM group consisted of monolithic zirconia (ZrO2) pieces, while
the remaining zirconia groups, i.e., LZ, YZ, and ZZ were bi-layered re-
storations of yttrium-stabilised zirconium oxide frameworks veneered
with glass ceramic. To date, the specific chemical identity and/or exact
composition of the polycrystalline zirconia frames has frequently been
withheld as a trade secret. Nonetheless, as a reference, the YZ cores
include 91–94% of ZrO2, 4–6% of Y2O3, 2–4% of HFO2, and less than
0.1% of Al2O3, SiO2, and Na2O. The same occurs with the composition
of the veneering porcelain. However, in all cases (MC, LZ, YZ, and ZZ),

the coating material were feldspathic ceramic (or ‘glass ceramic’) and
consisted almost entirely of an amorphous glass phase with crystalline
constituents such as leucite crystallites. All FDPs were obtained ac-
cording to the manufacturers’ instructions.

The restorations of the MC group (control) were fabricated using the
traditional lost-wax casting technique. A base metal alloy of white Co-
Cr for ceramics was selected (Ugirex C; Ugin Dentaire, Seyssinet-Paris,
France). The alloy composition was: Co: 62%; Cr: 31%; Mo: 4%; and Si:
2.2%. The patterns of the structures were waxed-up onto the metallic
abutments, which were varnished with three layers of die spacer be-
forehand to leave gap of 50 μm for the luting material. The frameworks
were modelled with a wall-thickness of 0.5 mm and round-shaped
connectors of 9mm2, and were invested. The MC structures were cast in
an induction heated vacuum pressure machine (Jelrus Infinity L30;
Whip Mix, Dortmund, Germany), at 1470 °C. The casts were then re-
trieved and cleaned using airborne-particle abrasion with alumina
(Al2O3) powders (125 μm) for 10 s at a working distance of 5mm and a
pressure of 2 bars.

For the oxidation of the divested structures, two thin layers of
opaque porcelain (Omega 900; VITA Zahnfabrik, Bad Säckingen,
Germany) were applied to the metal surfaces and were fired to 900 °C
under vacuum in a calibrated ceramic oven (Programat P500/G2;
Ivoclar-Vivadent AG, Schäan, Liechtenstein). The metallic cores were
then veneered with dental and incisal compatible glass ceramic (Omega
900; VITA Zahnfabrik) at 910 °C. Finally, the glazing procedure was
carried out at 915 °C.

The LZ, LM, YZ, and ZZ samples were prepared by an experienced
technician who was accustomed to work with the CAD/CAM systems
tested. The fabrication of the Y-TZP structures started by scanning and
digitizing each pair of abutments with a specific non-contact, optical
scanner depending on the study group: Lava Scan (band projection/
triangulation, precision in the range of 25 μm; 3M ESPE, Seefeld,
Germany) for LZ and LM groups; and InEos X5 Scanner (5-axis tech-
nology with automatic positioning combined with auto focus,
precision< 12 μm; Sirona Dental, Bensheim, Germany) for YZ and ZZ
samples. A 3-D model was generated in each scanning cycle by using
the next packages software for Windows: Lava System 3.01 CAD (3M
ESPE) for LZ and LM specimens and Sirona inLab 3D (Sirona Dental) for
YZ and ZZ groups.

The following parameters were programmed with the above-
mentioned software. For the bi-layered groups (LZ, YZ, and ZZ): wall
thickness of 0.5 mm in each plane. For the monolithic group (LM): total
thickness of 1mm at the axial walls and 2.5mm at the occlusal surfaces.
In all zirconia groups: an internal space of 50 μm for the luting agent
and rounded connectors of 9mm2. An enlargement of 20% was envi-
sioned in all zirconia specimens to offset the shrinkage derived from the
final sintering procedure that permitted zirconia pieces to achieve an
increased density at their final size [32,33].

Pre-sintered CAD/CAM blocks of Y-TZP that were compatible with
each system were selected to mechanise the samples in the respective
milling units, i.e., Lava Form (3M ESPE) for the LZ group (obtaining
milled structures) and LM group (obtaining milled FDPs with their final
shape); and Sirona inLab (Sirona Dental) for the YZ and ZZ groups
(obtaining milled structures). The sintering procedures of the enlarged
pieces lasted for 8 h and were accomplished in specific ovens at high
temperatures: Lava Therm (3M ESPE) at 1500 °C for the LZ and LM
groups; and VITA Zyrcomat (VITA Zahnfabrik) at 1530 °C for the YZ
and ZZ groups.

The zirconia structures of the bi-layered groups were veneered in a
specific oven (Programat P500/G2M; Ivoclar Vivadent) with compa-
tible hand-layered feldsphatic ceramic.

In the case of the LZ frameworks, a 0.1/0.2-mm film of liner
(Zirconia Overlay Porcelain for Lava Frame; 3M ESPE) was applied and
submitted to a firing cycle at 820 °C. The structures were then covered
with the corresponding ceramic (Lava Ceram; 3M ESPE).3 The first
layer of dentine was submitted to 810 °C, while both the second layer of
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dentine and the incisal coating were fired at 800 °C. The glazing pro-
cedure was made at 790 °C.

With respect to the YZ structures a 0.1/0.2-mm layer of liner (VITA
VM9 Effect Bonder; VITA Zahnfabrik) was spread with a brush and fired
at 980 °C. The frameworks were then veneered with two layers of
dentine ceramic (VITA VM9 Base Dentine; VITA Zahnfabrik) that were
heated to 910 °C, and 900 °C, respectively. Both the incisal veneering
(VITA VM9 Enamel ENL; VITA Zahnfabrik) and the glazing processes
were performed at 900 °C.

Concerning the ZZ frames, a 0.1/0.2-mm film of liner (IPS e.max
Ceram ZirLiner; Ivoclar Vivadent) was fired at 960 °C. The structures
were then coated with two layers of dentine and one layer of enamel of
compatible veneering ceramic (IPS e.max Ceram; Ivoclar Vivadent) that
were heated to 750 °C. The restorations were glazed at 725 °C.

Thus, monolithic zirconia (LM group) was left unveneered. These
samples had a total thickness of 1mm at the axial walls, and 2.5 mm at
the occlusal surfaces. In the bi-layered groups, the thickness of the
veneering coating was 0.5 mm at the axial walls, and 2mm at the oc-
clusal surfaces. Hence, all of the samples had identical final dimensions.
During fabrication, the thickness of each structure and veneering ma-
terial were verified by taking measures at different locations with a
digital micrometer (Mitutoyo Co., Tokyo, Japan) with an accuracy of
0.01mm. Finally, both retainers of every restoration were numbered to
identify the study group and specimen [36].

2.2. Material characterization

Prior to the mechanical test, the microstructure was analysed on
flat-parallel 1.8 mm-thick samples (n=10 per zirconia group) that
were cut from pre-sintered CAD/CAM blocks in a metallographic micro-
cutting machine (Micromet; Remet, Bologna, Italy) with a diamond disk
under irrigation. The specimens were sintered and veneered according
to the manufacturers’ specifications. The final pieces were embedded in
epoxi resin and polished to 1 μm in an automatic device (Phoenix Beta;
Buehler) by using different diamond suspensions. Finally, samples were
thermal-etched at 1300 °C for 30min. The specimens were then ex-
amined under Field emission gun scanning electron microscope (FEG-
SEM, Nova NanoSEM 230; FEI, Eindhoven, Holland) at 40,000×mag-
nifications. The average grain size was determined by applying the line
intersection method to the representative FEG-SEM images of each
group (ASTM E112-96(2004)e2 linear intercept count method) [37,38].

2.3. Luting procedure

The FDPs were randomly luted to the master dies with glass-io-
nomer cement (Ketac-Cem EasyMix; 3M-ESPE) in standard fashion
[34,35]. The same powder-liquid proportion and mixing time (30 s)
were used in all cases. All of the FDPs were handled by one operator at
room temperature (RT: 23.0 ± 1.0 °C) and relative humidity
(50 ± 5%) [27]. A special clamp was designed to maintain a constant
seating pressure during cementation [3,39,40]. The axial surfaces of the
abutments placed in the clamp were varnished with a thin layer of
cement before inserting each FDP. The clamp press was unscrewed until
its base made contact with the occlusal surface of the introduced re-
storation [41]. The upper screw that controlled the press was fitted with
a dynamometric key (USAG 820/70; SWK Utensilerie SRL, Milan, Italy)
[42,43] that permitted the application of a compressive force of 10 N
for 10min [3,39,40] (thus surpassing the total working time of the
luting agent, which was 7min). This uniform axial load was applied to
ensure a correct cement distribution and to counteract the thyrotrophic
behaviour of the luting material [43]. Finally, the excess cement was
removed with a plastic scaler to avoid scratching or gouging the
abutments and/or restorations [27,34,44].

2.4. Thermo-mechanical cycling

After 48 h of water storage, all cemented samples were subjected to
thermo-mechanical cycling. Mechanical cycles of axial compressive
loads were exerted by a masticatory simulator (Chewing Simulator CS-
4.2 economy line; SD Mechatronik GmbH, Feldkirchen-Westerham,
Germany) through a customised cone-shaped stainless-steel bar finished
in a rounded tip that described a vertical displacement of 2.5 mm at a
speed of 60mm/s. The simulator applied forces of 50 N at the central
fossa of each pontic, equidistantly from the abutments [2].

Thermal cycles were accomplished by using a specific machine
(Thermo-cycling TC-3; SD Mechatronik GmbH) that was adapted to the
chewing simulator. Therefore, both the mechanical and thermal cycling
were simultaneously performed maintaining the functional in-
dependence of both equipments. The thermo-cycling was made in dis-
tilled water, with a dwell time of 30 s and temperatures ranging from
5 °C to 55 °C (41 °F to 98 °F) [14,30,45].

Each sample was thermo-mechanical cycled for 18 h at rates of 43
thermal cycles and 6550 mechanical cycles per hour. Hence, each re-
storation underwent 774 thermal and 120,000 mechanical cycles.
These data simulated approximately 6 months of oral service [46].
Afterwards, all pieces were analysed under a stereomicroscope (Nikon
SMZ-10; Nikon Corporation, Tokyo, Japan) at 40×magnifications to
verify that no fracture had occurred on the veneering ceramic.

2.5. Three-point bending test

After thermo-mechanical fatigue simulation, all FDPs were sub-
jected to a three-point bending test until fracture [47,48] according to
the ISO 6872:2008 standard by means of a universal testing machine
(UTM, ME 405/10; SERVOSIS SA, Pinto, Madrid, Spain) [3] operated
with a 2000 kgf load cell at a cross-head speed of 1mm/min [27,49] at
RT [3].

A special metallic platen (height: 7 mm, length: 6 mm, width: 6 mm)
was adapted to the UTM for accommodating the bases of the specimens.
Axial compressive static loads were exerted by sliding a customised
cone-shaped stainless-steel bar (length: 12 mm) finished in a rounded
tip (diameter: 1 mm). The machined load piston was adapted to the
UTM and was perpendicularly applied at the central fossa of each
pontic, equidistantly from the abutments [34,48], until the fracture of
the veneering material (VF) and the complete fracture of the restoration
(TF) occurred. The fracture initiation point (VF) was determined by a
sharp decrease in the stress plot of the loading curve and was perceived
as visible signs of chipping and loud cracking sounds. Therefore, in this
study, the VF variable represented the ‘major chipping’ that is clinically
considered as ‘failure’. The TF was defined by a drastic drop in the
loading curve together with the visible breakage of the piece [3,36]. VF
and TF values were registered for each specimen using inbuilt software
for the testing machine (PCD2K; SERVOSIS SA) that allowed tensile-
deformation or force (N)-displacement (mm) curves to be automatically
created.3 The load values were recorded in kilograms-force (kgf) and
were converted into Newtons (N) before data analysis [48].

2.6. Statistical analysis

Ten observations were made per zirconia group for microstructure
analysis, resulting in a total of 40 measures in the experiment. Ten VF
values and ten TF values were recorded for each group tested except for
the monolithic LM group, in which only TF values were taken. This
yielded a total of 40 VF and 50 TF values.

Means and standard deviations (SD) of average grain size, VF and TF
values were calculated for each study group. The normality of the
variables was confirmed by the Kolmogorov-Smirnov and the Shapiro-
Wilk tests [50,51] and the homogeneity of variances was verified ac-
cording to the Levene’s test [36].

The one-way analysis of variance (ANOVA) [30,51–56] was run to
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assess the contribution of the material and manufacturing technique to:
(1) the average grain size of each zirconia group, and (2) to the fracture
load values (VF and TF) registered after thermo-mechanical fatigue and
three-point bending test. The Tukey’s honestly significant difference
(HSD) test was used for multiple post-hoc comparisons when the overall
ANOVA was significant [30,52–55].

Data were processed using the Statistical Package for the Social
Sciences (software v.22) (SPSS/PC+, Inc.; Chicago, IL, USA) taking in
advance the cut-off level for statistical significance at α=0.05
[53,56–58].

2.7. Evaluation of the failure modes

The broken samples were gently ultrasonicated for 1 h and air dried.
The fracture patterns were visually inspected and evaluated under a
stereomicroscope (Nikon SMZ-10; Nikon Co.) at 15×magnifications
[34]. Failure types were classified as ductile (D: plastic deformation and
tearing of the material) or brittle (B: no significant plastic deformation,
showing flat surfaces that fit each other along the fracture line) [36].
Percentages of ductile and brittle fractures were calculated for each
experimental group. The fracture location was also recorded [34].

3. Results

3.1. Material characterization

The average grain size values of YZ (0.72 μm ± 0.08 μm) and ZZ
(0.75 μm ± 0.13 μm) restorations were statistically comparable to
those of LZ (0.82 μm ± 0.11 μm) and LM (0.65 μm ± 0.06 μm) sam-
ples (p > 0.05). However, monolithic LM pieces (Fig. 1a) showed
significantly lower grain size values than did LZ specimens (Fig. 1b)
(p=0.001).

3.2. Fracture load

All samples preserved their integrity after thermo-mechanical fa-
tigue. Neither cracks nor fracture failures were detected within the
restorations after cycling.

Mean (SD) VF values recorded in the tested groups are outlined in
Table 1. The control group (MC) achieved the significantly highest VF
values (p=0.0001), while the three bi-layered zirconia groups evi-
denced no significant differences to each other concerning this para-
meter (p > 0.05).

Mean (SD) TF values are summarised in Table 2. The MC group
attained the significantly highest TF values (p=0.0001), while the
zirconia groups demonstrated statistically comparable TF values
(p > 0.05).

Within each bi-layered group, TF values were significantly higher
than VF values (p < 0.05).

3.3. Failure modes

Representative images of the study groups after the three-point
bending test are presented in Figs. 2–4.

In the bi-layered groups (MC, LZ, YZ, and ZZ), the veneering por-
celain always failed before the total breakage of the specimens resulting
in delamination of the ceramic coating except for the YZ group, in
which three FDPs (30%) showed no previous veneering fracture. An
irregular surface was discovered where the veneering material detached
from the cores, with porcelain still bonded to the structures in all cases
(Fig. 2).

A ductile failure starting at the occlusal aspect of the connectors was
identified in all of the MC samples (Table 2) such that the higher the
plastic deformation at the ultimate load, the rougher the fracture
margins. Owing to the jagged topography of the broken frameworks,
the fragments of MC samples could not be completely repositioned

(Fig. 3).
Conversely, all of the zirconia specimens showed a brittle failure

(Table 2), in which the fragments perfectly fitted to each other along
the fracture line (Fig. 4). The breakage of LZ, YZ, and ZZ pieces mainly
(90%) started at the cervical aspect of the connectors and was diag-
onally propagated toward the occlusal surface of the pontic through the
loading point. In the remaining 10% of cases, the fracture arose at the
axial and occlusal surfaces of the retainers. Unlike what happened in
the control group, the total failure of LZ, YZ and ZZ restorations oc-
curred quickly after the initial fracture.

Finally, all of the LM monolithic restorations exhibited brittle ver-
tical fractures (Table 2). In this group, the cracks originating within the
occlusal surface of the FDPs instantaneously entered the complete
thickness of the prostheses in a catastrophic manner. Hence, all of these
specimens were broken in half, lengthwise (Fig. 4).

Fig. 1. FEG-SEM images of material characterization (40,000×magnifications;
WD: 5.4 mm; HV: 6.00 kV; spot: 3.0; det: vCD; landing E: 4.00 keV; bar: 3 μm).
(a) LM specimen showing small grains. (b) LZ sample containing bigger grains
than did LM pieces.
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4. Discussion

In this experiment, all FDPs survived the fatigue after simulated
clinical temperatures and chewing forces, suggesting a stable

performance of all tested groups before three-point bending evaluation.
Microstructure variations of natural teeth preparations and other sub-
sequent variables related to impression and pouring techniques [33,59]
were avoided by using standardised metallic models [39,40,60]. To
enable the results’ comparisons, the restorations were fabricated fol-
lowing the manufacturer’s instructions and were luted in a standard
fashion. The remaining steps of the study protocol were also strictly
completed by the same technician under our supervision.

Our results require the rejection of the first null hypothesis, as MC
specimens registered significantly higher VF values than did their bi-
layered zirconia-based counterparts (Table 1) as concluded in previous
investigations [54,61]. This may be due to the higher capacity of me-
chanical stress absorption of metallic structures that may limit the
propagation of cracks [62]. On the contrary, zirconia cores are brittle
and the risk of tension in the veneering porcelain is higher [63]. This
may explain that, regardless of being coated with different brands of
aesthetic glass ceramic, LZ, YZ, and ZZ groups achieved comparable VF
values (Table 1). It is worth remarking at this point that the VF values
represent the failure of the restorations because of major chipping.
Likewise in a former research [61], the MC group also demonstrated
significantly higher TF values than did the zirconia groups (Table 2).
Our MC values were similar to those reported by Castillo de Oyagüe
et al. [36] for 3-unit Co-Cr un-veneered structures. Further work is
necessary to ascertain whether such differences will translate into sig-
nificant clinical outcomes.

Table 1
Mean (SD) fracture load values of the veneering ceramic recorded in the tested
groups (Newton).

Fracture load values of the veneering ceramic (VF)

Group N Mean SD Min Max %
exceeding
700 N

%
exceeding
1000 N

MC 10 3008.69 ** 193.65 2743.02 3315.34 100 100
LZ 10 927.96 * 330.29 487.06 1548.40 80 50
YZ 10 969.90 * 663.39 402.78 2086.42 90 60
ZZ 10 928.35 * 391.04 301.84 1451.38 80 40

MC: Metal-ceramic (Group 1, control). LZ: Lava Zirconia (Group 2, bi-layered
all-ceramic restorations). YZ: VITA In-Ceram YZ (Group 4, bi-layered all-
ceramic restorations). ZZ: IPS e-max ZirCAD (Group 5, bi-layered all-ceramic
restorations).
SD: Standard deviation. Min: Minimum value recorded per group. Max:
Maximum value recorded per group.
Different numbers of asterisks in the Mean column indicate significant differ-
ences between groups (p=0.0001).

Table 2
Mean (SD) total fracture load values recorded in the tested groups (Newton).

Total fracture load values (TF)

Group N Mean SD Min Max D (%) B (%)

MC 10 7958.15 ** 932.96 6658.12 9414.86 100 0
LZ 10 1966.27 * 397.86 1255.38 2473.52 0 100
LM 10 2181.67 * 303.99 1691.48 2602.88 0 100
YZ 10 1869.84 * 211.36 1535.66 2086.42 0 100
ZZ 10 1908.74 * 118.90 1668.94 2044.28 0 100

MC: Metal-ceramic (Group 1, control). LZ: Lava Zirconia (Group 2, bi-layered
all-ceramic restorations). LM: Lava Plus (Group 3, monolithic all-ceramic re-
storations). YZ: VITA In-Ceram YZ (Group 4, bi-layered all-ceramic restora-
tions). ZZ: IPS e-max ZirCAD (Group 5, bi-layered all-ceramic restorations).
SD: Standard deviation. Min: Minimum value recorded per group. Max:
Maximum value recorded per group. D (%): Percentages of ductile failures. B
(%): Percentages of brittle failures.
Different numbers of asterisks in the Mean column indicate significant differ-
ences between groups (p=0.0001).

Fig. 2. ZZ restoration showing delamination of the veneering ceramic at the
buccal surface of the intermediate pontic. A stepped and rough topography is
discovered.

Fig. 3. Ductile fracture of a MC sample (at the connector). The plastic de-
formation impedes the exact fitting of the broken parts along the fracture line.

Fig. 4. LM piece fractured in half, lengthwise. The flat broken surface reveals a
brittle failure.
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Very few investigations rely on the comparison of the mechanical
behaviour of different zirconia systems, mainly in the case of posterior
FDPs [3,34,52,61] and the inconsistency of their results may be related
to their methodological variability. In our study, the monolithic LM
pieces achieved the highest TF values of the four zirconia groups. This
could be expected, as zirconia has higher strength and toughness
compared to other ceramics because of the tetragonal-to-monoclinic
phase transformation that occurs in this material [10–12]. However,
such differences were not significant (Table 2). Although an in-
vestigation in crowns [54] recorded significantly higher fracture
strength for the monolithic pieces with respect to the bi-layer config-
uration, the absence of related studies on multiunit prostheses impede
precise comparisons.

On the one hand, even though the intensity of the masticatory forces
greatly varies depending on gender, age, and location in the dental
arch, the physiologic loads for healthy young adults are estimated to be
around 700 N [61,64]. Our mean VF and TF values were greater (Tables
1 and 2) meaning that, in absence of parafunctions, all of the groups
tested could withstand clinical chewing forces in terms of average
fracture load. Nonetheless, given that parafunctional forces can be as
high as 1000 N, dental restorations should ideally support this limit
[7,16]. The TF data of all zirconia groups almost doubled this value
(Table 2). However, in parafunctional patients, bi-layered zirconia re-
storations could entail an uncertain risk of chipping as the minimum VF
values of these groups were situated around 400 N (Table 1). This
should be further evaluated before recommending these systems for
widespread use. Conversely, given that LM pieces attained TF values of
2181.67 ± 303.99 N (Table 2), monolithic zirconia could be suggested
as an alternative material based on our study findings. Nevertheless,
although more investigations are needed, the MC group may be still
considered as the most resistant in light of its TF ad VF values (Tables 1
and 2).

On the other hand, there are other potential factors that may affect
the in vitro fracture resistance of zirconia restorations, such as the
ceramic microstructure, manufacturing system, surface treatment, ve-
neering technique, cementation [48], storage, and fatigue test [8]. The
grain size was assessed because of the known association between mi-
crostructure and mechanical properties of a substrate such that the
lower the grain size, the higher the mechanical strength [65]. Our grain
size measures were consistent with the manufacturers’ specifications.
LM samples showed significantly lower grain size than did LZ restora-
tions (Fig. 1), and this was the only significant difference in micro-
structure detected among the zirconia groups. However, although the
monolithic pieces registered the highest TF values of all zirconia FDPs,
such differences were not significant (Table 2). Larger samples are thus
required to better explore the correlation between grain size and frac-
ture resistance.

Slightly different destruction styles were observed even within each
tested group; which may be related to the high SD values recorded in
this investigation (Tables 1 and 2). Nonetheless, due to the high elastic
modulus of Co-Cr dental alloys [66], the cores of all MC specimens
suffered an evident plastic deformation prior to fracture under static
loading. According to previous research [36], this was translated into
ductile failures of the frames that were always initiated at the occlusal
aspect of the connectors (Table 2, Fig. 3). All of the LZ, YZ, and ZZ
samples experienced brittle failures (Table 2) that usually (90%) started
at the gingival embrasure of the connectors; which is consistent with
the literature [8,19,34,47,48,67]. Such smooth fracture line progressed
transversely to the occlusal surface of the pontic, as described
[8,13,19,34,67]. The connector size and design may therefore have an
important effect on the fracture resistance and longevity of zirconia-
based FDPs [10,13,26,34,67,68]. For this reason, most authors re-
commend connector’s dimensions of 6–9mm2, such as those used in our
investigation [8,19,26,34,69]. In few exceptions (10%), the fracture
started at the axial and occlusal surfaces of the retainers. Undoubtedly,
a sufficient thickness of the ceramic material in all of these areas must

be provided in order to ensure an adequate functional life of the re-
storation. In contrast, all of the LM restorations exhibited brittle abrupt
fractures (Table 2) that were initiated at the occlusal surface of the
specimens and progressed vertically across the ceramic width (Fig. 4).
The absence of veneering/core interphase together with the lower grain
size (Fig. 1) could have influenced the failure pattern of these restora-
tions, which should be further investigated.

Finally, the second null hypothesis was refuted because the average
VF values of all bi-layered systems tested were significantly lower than
their respective TF values. In this cases, in which a subjacent chipping
problem is disclosed, the superior mechanical properties of the zirconia
frames [70] and the thermal behaviour at the core/veneer adhesive
interface should be taken into account [2,71]. A mismatch in the
coefficients of thermal expansion (CTEs) of the veneering and core
materials may lead to a decrease in bond strength or even to sponta-
neous debonding during firing [2,72]. In our experiment, the CTEs of
the veneering ceramics were lower than those of the metallic (MC) and
zirconia (LZ, YZ, and ZZ) cores as deduced from the data sheets. This
might have produced compression loads on the ceramic coating and
compensatory tensional forces on the structure surfaces [71] such that,
overall, the veneering material fractured before the core in bi-layered
samples (Fig. 2). This is consistent with a study made in crowns [61].
Exceptionally, no previous fracture of the veneering porcelain was re-
gistered in 30% of the YZ specimens. This might point to a slightly
minor risk of chipping, as such FDPs also exhibited the highest VF va-
lues of the bi-layered zirconia groups (although no significant differ-
ences were reached) (Table 1).

Anatomically designed structures, such as ours, have been reported
to reduce chipping, as they ensure an uniform thickness of the ve-
neering material [3,48,70]. Actually, while the failure of metal-ceramic
FDPs has been rated to be independent of the core shape, this remains
uncertain in the case of all-ceramic prostheses, which requires further
analysis [73]. The chipping also depends on the uneven masticatory
loads presented in vivo, which in turn vary according to the type of food
to be triturated by the posterior teeth [54]. This represents an un-
avoidable limitation in any in vitro study. Hence, future research on the
prevention of chipping should consider, among others, the frame elastic
modulus, the disparities of the veneering and core CTEs, the structure
design, and the effect of functional and parafunctional forces. A deeper
analysis of the destruction styles and their correlation with the fracture
load should be conducted in future investigations. Concerning the high
SD values recorded in our experiment, as previously stated, ‘in spite of
great care being taken to standardize procedures, any process involving
manipulation of diverse materials is technique sensitive and individual
aberrations can occur despite the technician experience’ [36]. Actually, the
ceramic veneering of all bi-layered structures was manually performed.
The classic lost-wax technique used for casting the MC frameworks is
quite imprecise for being a handmade work that requires a number of
materials [36]. The CAD/CAM tools utilised for fabricating the all-
ceramic structures (LZ, YZ, and ZZ) and the LM monolithic restorations
were driven by a technician, which may increase the risk of dimen-
sional variations. Moreover, intraoral scanning still has technology-re-
lated errors [8,18,19,60]. The relatively small sample size may have
also contributed to the high standard deviations. In the light of all this,
despite the existence of many related studies with comparable sample
sizes and SD [74–77], future research should try to overcome such
study limitations.

There conclusions emerged under the tested conditions: (1) all
groups demonstrated clinically acceptable fracture load values.
Zirconia restorations performed equally, achieving lower fracture re-
sistance than did metal-ceramic FDPs; (2) the weakest area was mainly
located at the connectors, which should be reinforced; and (3) mono-
lithic zirconia may be recommended for solving the chipping problem,
as it showed fracture resistance values that were comparable to those of
the bi-layered zirconia systems.

Most patients demand treatment if major chipping (clinically
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considered as ‘failure’ in our experiment), happens on their veneering
ceramic without waiting for the framework to break. Hence, in future
clinical investigations, the TF value of monolithic zirconia pieces might
be conceptually compared with the VF value of the bi-layered restora-
tions, as ‘failure load’ of aesthetic FDPs. In such case, an obvious dif-
ference might appear between monolithic zirconia and the others.
However, even though our results could be further interpreted for their
clinical significance, this in vitro research aimed to evaluate and com-
pare the original characteristics of the materials, and, thus, the LM
group was not analysed for VF, but only for TF. Moreover, in the LM
group, the cracks originating within the occlusal surface of the FDPs
instantaneously entered the complete thickness of the prostheses so that
all of these specimens were quickly broken in half, lengthwise.
Notwithstanding that the relevance of laboratory investigations consists
of preventing from undesirable outcomes [78], our findings should be
reasonably extrapolated to the clinical environment, as dental restora-
tions are subjected to complex thermo-biomechanical interactions and
personal subjective interpretations that far exceed those incorporated in
in vitro tests [40,43,79]. Finally, newly introduced indices on the oral
health-related quality of life (OHRQoL) [80,81] should be validated and
systematically applied for candidates of FDPs, which may add potential
benefits for decision-making.
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