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Abstract Objective The purpose of this study was to evaluate the influence of the connector

area on the chipping rate of the VM9 veneering ceramic in a 4-unit yttria-stabilized
tetragonal zirconia polycrystal (Y-TZP) framework, using a novel sonographic
technique.
Materials and Methods The framework was designed as a 4-unit fixed dental
prostheses (FDP) with two abutment teeth at the first mandibular premolar
and second mandibular molar. The cross-sectional area of the connector was 7.5, 8,
or 9mm?. The prepared teeth were scanned using CAD/CAM technology, and five
frameworks were prepared for each design, making a total of 15. The frameworks were
divided according to the veneering ceramics: Y-TZP FDPs using Vita VM9 (12 frame-
works), and porcelain fused to metal (PFM) FDPs using Vita VM13 (3 frameworks). The
specimens were statically loaded until failure. To capture the initiation of the failure
within the specimens, a novel sonographic technique, designed for this research,
combining acoustic emission and visual monitoring during live load bearing tests, was
used to determine the failure load value. Failed frameworks were inspected using a
microscope, and failure patterns were identified. One-way ANOVA and Tukey HSD tests
were applied for statistical analysis of the results (p-value <0.05).

Keywords Results Despite the fact that the chipping strength is proportional to the cross-
= chipping rate sectional area of the connector, the effect of the cross-sectional area on chipping load
= connector area revealed no statistically significant differences, while PFMs showed superior chipping
= four-unit fixed dental  strength relative to the zirconia frameworks regardless of the connector’s size. A high
prosthesis rate of catastrophic fracture occurred while loading the specimens.
= sonographic Conclusion The effect of the cross-sectional area on chipping load revealed no
technique statistically significant differences in Y-TZP frameworks. The novel sonographic
= static load bearing technique may be a potential method to study the behavior of dental ceramics,
test including chipping and fracture.
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Introduction

Yttria-stabilized zirconia cores veneered with glass ceramics
are being used nowadays as a replacement for metal and
metal ceramic restorations, due to both the superior
mechanical properties of the zirconia and the increased
esthetic properties of the veneering ceramics.’? Yet, met-
al-ceramic fixed dental prostheses (FDPs) and zirconia
monolithic restorations are still considered the standard
treatment modalities in dental practice, and veneered zirco-
nia restorations are not outdated.

The remarkable mechanical characteristics of yttria-sta-
bilized tetragonal zirconia polycrystal (Y-TZP) (high-strength
and fracture) make it an attractive core material for single
and multiunit FDPs. The high-fracture resistance of the
zirconia is due to the structural transformation when ex-
posed to stress. In fact, this phase transformation produces a
volume increase in the stress zone, which results in com-
pressive stresses within the matrix, thereby hindering cracks
from growing.? In addition to material properties, the di-
mensional design of an FDP is important for the clinical
outcome. Therefore, clinical recommendations for Y-TZP-
based FDP connectors varied from 2 to 5mm in height and
width.*

Despite mechanical properties, posterior zirconia resto-
rations have showed a high rate of failures, which are related
to cohesive fracture of the veneering ceramic (chipping).
Chipping is defined as “a typical failure of contact loadings,
normally produced when a crack generated or propagated by
contact loads deflects due to the presence of a free surface
nearby.”>~’ It is known that cracks form and propagate when
the tensile stress (external and residual stresses) within the
ceramic exceeds the tensile strength.&9 Residual stresses or
“locked-in” stresses, present within the veneer and the
framework, can cause immediate or delayed cracking of
the ceramic. The cooling rate, the coefficient of thermal
expansion (CTE) of the veneering ceramic, and the core-
veneer thickness ratio have been reported to influence these
stresses.>!!

Several chipping factors have been proposed, including
mechanical properties of the veneering materials, subcritical
crack growth (SCG), thermal residual stresses, microscopic
surface contact damages, influence of the restoration design,
microstructural and compositional changes at the veneering
ceramic/Y-TZP interface, microstructural defects generated
during the manufacturing process, cementation techniques,
and veneering materials and methods.'>'3

The following classification of the ceramic fractures has
been suggested: type 1, crack of the veneering ceramic; type
2, chipping restricted to the veneering ceramic; type 3,
chipping exposing the core; and type 4, fracture of the
core. Moreover, these classifications can be divided into
“non-critical” (reparation possibility) or “critical” (replace-
ment necessity).'* ">

Furthermore, different testing methods have been de-
scribed to evaluate the problem of cracks and subcracks in
dental ceramics. The crack detection in ceramic materials can
be done using destructive testing or nondestructive testing
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(NDT). These NDT methods include infrared and thermal
testing, ultrasonic testing (UT), laser testing, radiographic
testing, penetrant testing (PT), magnetic particle testing
(MT), X-ray computed tomography (CT), and acoustic emis-
sion (AE).m'17

Four-unit posterior FPDs are still indicated in cases where
replacing missing teeth with implants is not possible; to
maintain the periodontal health with short posterior abut-
ments and reduced occlusal clearance, the connector’s size is
reduced. To the best of the authors’ knowledge, insufficient
research has been conducted regarding the effect of the
framework design on chipping resistance in zirconia 4-unit
FDPs. Moreover, the testing techniques mentioned above do
not allow a live transmission and an absolute load value of
the failures within the tested material. Therefore, a novel
methodology, especially designed for this research, com-
bined acoustic emission and visual monitoring during live
load-bearing tests.

The aim of the present in vitro pilot study was to evaluate
the influence of the connector area on the chipping rate of
the VM9 veneering ceramic in 4-unit Y-TZP FDPs using a
novel sonographic technique, testing the hypothesis that
different connector dimensions affect the chipping rate of
zirconia bilayered FDPs.

Materials and Methods

Twelve zirconia-based and three metal-based frameworks
(five frameworks with a connector area of 7.5mm?, five
frameworks with a connector area of 8 mm?, and five frame-
works with a connector area of 9mm?) were fabricated,
representing the study groups. Static loading was undertak-
en for all the specimens.

A master cast containing a mandibular first premolar and
a mandibular second molar (abutments teeth) was prepared,
according to the manufacturer’s directives for zirconia-based
all-ceramic crowns (1 mm chamfer finish line, 1 to 1.5mm
reduction). The distance between the two abutments was
23 mm.

An impression of the abutment teeth was taken with a
(poly) vinyl siloxane material (Express 3M ESPE). The im-
pression was poured with GC Fujirock EP (Type 4 dental
stone, GC Europe NV). The abutments were scanned in a
CAD/CAM scanning unit (Kavo Everest Scan Pro Eco). The
virtual 3D conception of the connectors was designed by a
software (Energy CAD) and then transferred to a milling unit
(Everest Engine). The zirconia-based copings were milled out
of zirconium blanks (Kavo Everest BIO-ZS-Blank) and sin-
tered in a high-temperature furnace (Kavo Everest Therm),
according to the manufacturer’s instructions. After sintering,
all frameworks were seated on the cast, using Occlu Plus-
Spray (Hager & Werken GmbH & Co. KG), to ensure a good fit,
and the thickness was measured with a caliper at four
previously defined points.

A feldspathic ceramic Vita VM9 (VITA Zahnfabrik) was
applied onto the zirconia copings. Two bonder firings, one
base dentine firing, one liner firing, two dentine firings, and
two glaze firing were performed and fired in a conventional
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ceramic furnace, manufacturer’s
instructions.

Similar to the zirconia, three porcelain fused to metal (PFM)
FDPs were fabricated. The metal frameworks were milled out
of the resin C-Cast blocs (KAVO) and casted in nickel-chrome
alloy (Super Alloy EX-3, Kuraray Noritake Dental Inc.). The
metal copings were veneered with Vita VM13 (VITA Zahnfab-
rik). To produce comparable FDPs, a silicone impression was
used to monitor the thickness of the veneered ceramic.

The abutment teeth were duplicated to form nickel-
chrome dies. A framework was temporarily glued over the
dies (Cyanoacrylate adhesive). The specimen was inserted
into a specimen holder, and a low-shrinkage, self-curing
acrylic resin (SAMPL-KWICK, Buehler) was poured up to
3 mm below the gingival margin of the pontics.

according to the

The Sonographic Test

An audio-visual system including a high-sensitivity micro-
phone, a sound amplifier, a sound analysis software, a movie
camera, and a Windows Media Player software were needed
for this purpose.

The microphone (Earthquake) was connected to a sound
amplifier and held one centimeter away from the sample to
allow the capture of the slightest noise. The amplifier itself
was connected to a sound software (Protools), converting the
sounds emitted by the specimens to a visual signal, called
“wave,” displayed on the computer screen. During the test,
silence was assured to prevent external sound interferences.

Perpendicular to the screen, a digital video camera (Sony)
mounted on a tripod was positioned 2 meters away from the
computer screen. It filmed simultaneously, the peak move-
ment of the wave displayed on the computer screen and the
load value (Newton) displayed on the screen of the testing
machine (~Fig. 1).

Static Load-Bearing Test

Static load-bearing test was conducted with a universal
testing machine (Versa Test Mecmesim). A three-point

Screen
Mewton

Camera
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Amplifier Wave

Y Sample
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Fig. 1 Representation of the testing system 24.
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contact between the indenter and the occlusal surface of
the veneered zirconia framework was assured before
loading.

Two rubber disks (1-mm thickness per disk) were inter-
posed between the head of the indenter and the occlusal
surface of the framework (mesial pit of the mandibular right
first molar) to establish a homogeneous distribution of
stresses and prevent contact damage (Hertzian damage).
The rubber disks were replaced with new ones for each test.

The noncemented specimens were softly loaded to a
predetermined force of 30N approximately to eradicate
the noise interference and ensure the stability of the speci-
mens during the loading process. Afterward, the load meter
was reinitialized, and the specimens were loaded until
failure using a conical indenter with a 60° cone angle,
1-mm diameter and 12-mm/min crosshead speed (minimal
speed). The first wave is due to the sound of the power
button, while the second wave represents the crack sound. A
sudden increase/peak in the wave movement shows the
failure of the sample, which dictate the interruption of
the loading process, followed by the removal of the non-
cemented samples.

The specimens were then inspected using a digital micro-
scope (Kappler Atslar Wetzlar) (25 times magnification) and
photographed with a digital camera (Canon EOS 70D, Digital
SLR, Canon) to identify failure modes. To determine the load
value at the peak of the wave, in other words, the sample’s
resistance value to cracks chipping or fracture, the films
recorded by the video camera were analyzed in a Windows
Media Player software using the slow-motion option.

Statistical Analysis

SPSS computer software (SPSS 16.0, Inc; Chicago, IL) was
used to analyze the data. The means and standard deviations
(SD) of failure loads were compared. One-way ANOVA
was used for statistical analysis, and Tukey HSD test was
employed for comparisons. A significant difference is as-
sumed to exist among the groups if the probability of such a
difference is found to be < 5% (p-value <0.05).

Results

Three modes of failure were observed: cohesive failures
(fractures or cracks within the veneering layer) (~Fig. 2),
adhesive failures (fractures or cracks separating the veneer-
ing layer from the zirconia core) (~Fig. 3), and core failures
(fractures or cracks in the zirconia core) (~Fig. 4).

L__—)');‘A

Fig. 2 Cohesive failures 24.
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Fig. 3 Adhesive failure 25.

Fig. 4 Core failure 25.

The first group (ZrO,; 7.5 mm?) demonstrated predomi-
nantly cohesive failures (3 cohesive failures), whereas
the second group (ZrO,; 8 mm?) demonstrated predominant-
ly core failures (3 core failures), and the third group (ZrO5;
9mm?) demonstrated predominantly adhesive failures
(3 adhesive failures). (~Table 1)

Failure loads were recorded for each specimen, and the
means and SD were calculated for each group (=Table 2).
The third group (ZrO,; 9 mm?) demonstrated the highest
failure load values among the study groups with a mean
value 0f 978.375 N and a maximum value of 1155 N. The first
group (Zr0,; 7.5 mm?) demonstrated the lowest failure load

Table 1 Failure modes for the study groups after static loading

Haddad et al.

values with a mean value of 842.8 N and a maximum value of
975.7N.

An analysis of the chipping load in relation to the cross-
sectional area of the connector revealed no significant differ-
ences (p-value =0.185) in chipping load, depending on the
cross-sectional area.

Additionally, and regardless of the connector’s size, the
chipping strength of the ceramic VM13 on the nonprecious
metal FDPs is significantly greater than that of the ceramic
VM9 FDPs (Y-TZP) (p-value < 0.05) (=Table 3).

Discussion

In the present study, load-bearing tests were conducted on 4-
unit FDPs designed to compensate the loss of two consecu-
tive teeth in the mandible (second premolar and first molar).

The results of the load-bearing tests may be influenced by
the mobility of the dies, the failure mode, the design of the
framework, and cementation status.'® Liithy et al suggested
that immobile abutments generally lead to higher load-
bearing capacities in comparison to mobile abutments and,
therefore, leads to an overestimation of the clinical potential
of the material.'® In the present study, Ni-Cr abutments were
adopted to avoid the distortion of the dies during the loading
process, whereas immobile abutments were considered,
since the specimens were not cemented over the dies.
Several authors'®2? investigated clinically failed FDPs and
found that no framework failed due to Hertzian or contact
failure but from the gingival side at the connectors. Hence,
rubber disks were placed on the occlusal surface of the
pontics to avoid contact failure within the framework and
distribute occlusal load.

The Kavo Everest CAD/CAM System was chosen for two
reasons. First, the variety of materials it supports, including
titanium, zirconium, plastic and glass ceramic blocks. Sec-
ond, the use of a pioneering 5-axis milling and grinding
technology. Furthermore, Kavo Everest BIO-ZS blanks were
chosen due to its coefficient of thermal expansion (CTE) of
10.5 x 107%/K, which is compatible with the CTE of VITA
Zahnfabrik veneering glass ceramics (9-9.5 x 107%/K),
according to the manufacturer.?’?? Before veneering, a
bonding agent (Effect Bonder VITA Zahnfabrik) was applied
to the specimen surfaces and sintered according to the
manufacturer’s instructions. The Effect Bonder is recom-
mended to improve the bond with Vita VM9 porcelain.

Y-TZP Group 1 (7.5 mm?) Group 2 (8 mm?) Group 3 (9 mm?)
1 Core failure Cohesive failure Adhesive failure
2 Cohesive failure Core failure Adhesive failure
3 Cohesive failure Core failure Core failure

4 Cohesive failure Core failure Adhesive failure
PFM Cohesive failure Cohesive failure Adhesive failure

Abbreviations: PFM, porcelain fused to metal; Y-TZP, yttria-stabilized tetragonal zirconia polycrystal.
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Table 2 Chipping loads (Newton) for the study groups
Chipping loads (N) Group 1 Group 2 Group 3
Connector dimension 7.5mm? 8 mm? 9mm?
Sample size 4 4 4
Y-TZP Minimum 654 743.3 840
Maximum 975.7 1,105 1,155
Mean 842.8 893.825 978.375
SD 146.0859 151.7590 130.5267
Connector dimension 7.5mm? 8 mm? 9mm?
PFM Sample size 1 1 1
Mean 1,228.2 1,618 1,670

Abbreviations: N, newton; PFM, porcelain fused to metal; SD, standard deviation; Y-TZP, yttria-stabilized tetragonal zirconia polycrystal.

Table 3 Chipping force difference between VM9 ceramic and

VM13 ceramic for each connector

Chipping forces (N)

Connector | (I) Groups | (J) Groups | M (I-)) p-Value
dimension

(mm?)

7.5 Y-TZP PFM —385.400 | 0.039°
8 Y-TZP PFM —724.175 | 0.001°
9 Y-TZP PFM —-691.625 | 0.002°

Abbreviations: N, newton; PFM, porcelain fused to metal; Y-TZP, yttria-
stabilized tetragonal zirconia polycrystal.
significant at p <0.05.

In this study, the approach adopted for the veneering
procedure was to produce identical FDPs to allow a reliable
comparison between different groups. To standardize the
layering veneering specimens, the veneering procedure of
the zirconia copings was carefully guided by the silicone
index. The specimens were not cemented over the Ni-Cr dies,
since they had to be removed for macroscopic examination.
The lack of cementation can affect the absolute results in
comparison to previously reported studies.

To determine the extent of the use of the veneered
zirconia-based restorations to the posterior dentition, their
performance has to be judged based on the mastication loads
reported in that region. Loads range from 50 to 250 N during
normal mastication,'® and 500 to 1,000 N in case of parafunc-
tional behavior such as bruxism, depending on the measur-
ing method, the location in the dentition, and the measuring
device.?

Regardless of the material, it is generally desired to
increase the connector’s cross-sectional area to enhance
the longevity of a four-unit FDP restoration. Liithy et al'®
recommended a cross-sectional area of greater than 7.3 mm?
for clinical application. Therefore, in the present study, we
adopted 7.5 mm?, 8 mm?, and 9 mm?, and chipping load was
measured in each different design.

Static loading provides the upper limit force a material can
withstand before failure.?* To simulate the biting force on

posterior teeth, an axial force was applied with a universal
testing machine (Versa Test Mecmesim). The crosshead
speed of the indenter (12 mm/min) is considered a high
speed for a load-bearing test. To capture the initiation of
the fracture in the framework, despite the high crosshead
speed, a dual sonographic system was adopted.

The specimens were preloaded to avoid the movement of
the framework and eradicate the noise interference during
the loading process. As a result of natural brittleness and
inherent residual stress, the veneering porcelain of the
zirconia-based restorations is subject to fracture.?> Although
the chipping rates varied among the published studies, 32632
this complication was found in most of the investigations
(=Table 4).

It is important to indicate that the present study focused
exclusively on posterior 4-unit FDPs, while the majority of
the FDPs reviewed in other studies were three units. Accord-
ing to Sax et al,%® a significant correlation of the span of the
FDPs and the incidence of chipping was observed. A 4.9 times
higher probability for chipping was found for 4- and 5-unit
FDPs than for 3-unit FDPs. It has been demonstrated that
chipping mostly occurred in premolars and molars, in con-
nectors of mandibular posterior FDPs, and in second molars
of FDPs.2>3334In addition, it has been reported that chipping
occurred in nonload-bearing sites, such as the lingual side of
FDPs?>~3 and the mesiolingual cusps of mandibular second
molars.2>~36

In the present investigation, zirconia FDPs recorded rela-
tively high mean failure load values (842.8-978.375 N) com-
pared with previous studies. This can be attributed to
nonaged specimens. The third group (9 mm?) showed the
highest failure load values, while the first group (7.5 mm?)
showed the lowest failure load values.

Despite the fact that the chipping strength is proportional
to the cross-sectional area of the connector, the effect of the
cross-sectional area on chipping load revealed no significant
differences. Therefore, the null hypothesis that different
connector dimensions would affect the chipping load of
FDPs was rejected. On the other hand, PFMs showed superior
chipping strength relative to the zirconia frameworks, re-
gardless of the size of the connector.
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Table 4 Clinical performance of zirconia all-ceramic restorations

Haddad et al.

Authors Mean time (years) Type of restorations Sample size Failures Veneer porcelain
fracture (%)
Roediger et al®® 4 3-4 unit FDPs 99 13 13%
Sax et al%® 10 3-5 unit FDPs 57 16 28%
Schmitter et al’’ 5 4-7 unit FDPs 30 8 26.7%
Schmitt et al3° 5 3-4 unit FDPs 25 7 28%
Salido et al?® 4 4 unit FDPs 17 5 29.4%
Rinke et al?’ 7 3-4 unit FDPs 80 23 28.8%
Tartaglia et al?? 7 1-6 unit FDPs 303 3 1%
Norstrém Saarva et al® 3 2-8 unit FDPs 184 14 7.6%
Abbreviation: FDPs, fixed dental prostheses.
References

Moreover, catastrophic failure (core failure), which oc-
curred in five frameworks, could be due to a high-loading
speed, a defect in the zirconia core, or a stiff veneered
ceramic. Analysis of catastrophic failure revealed that the
distal connector was the site of fracture. This finding is
similar to that in the report by Liithy et al'® and Larsson
et al.3” This may have been because the distance from the
center of the distal abutment to the middle of the pontic was
larger than the distance from the center of the mesial
abutment to the middle of the pontic, as pointed out by
Tsumita et al.>®

This investigation is limited by the relatively small
sample size as well as by the fact that this experimental
study design did not imitate the conditions of the
oral cavity, such as thermocycling or the dynamic forces
of mastication.

Conclusion

Within the limitations of this pilot study, the following
conclusions can be drawn:

1. The novel sonographic technique may be a potential
method to study the behavior of dental ceramics, includ-
ing chipping and fracture.

2. The effect of the cross-sectional area of 4-element Y-TZP
posterior FDPs on chipping load revealed no significant
differences.

3. Catastrophic fracture occurred at the distal connector
between the pontic and the abutment corresponding to
the second molar.

4. PFMs showed superior chipping strength relative to the
zirconia frameworks.

5. Y-TZP FDPs have the potential to withstand the occlusal
forces applied in the posterior region.

Further studies exploring different veneering ceramics,
different veneering techniques, and dynamic loading will be
needed to extend the present findings.
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