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Abstract

Purpose: The objective of this investigation was to evaluate the influence of differ-
ently shaped preliminary cuts in combination with artificial aging on the load-bearing
capacity of four-unit zirconia fixed dental prostheses (FDPs).

Materials and Methods: Forty frameworks were fabricated from white-stage zirconia
blanks (InCeram YZ, Vita) by means of a computer-aided design/computer-aided
manufacturing system (Cerec inLab, Sirona). Frameworks were divided into four
homogeneous groups with ten specimens each. Prior to veneering, frameworks of
two groups were “damaged” by defined saw cuts of different dimensions, to simulate
accidental flaws generated during shape cutting. After the veneering process, FDPs,
with the exception of a control group without preliminary damage, were subjected to
thermal and mechanical cycling (TMC) during 200 days storage in distilled water at
36°C. Following the aging procedure, all specimens were loaded until fracture, and
forces at fracture were recorded. The statistical analysis of force at fracture data was
performed using two-way ANOVA, with the level of significance chosen at 0.05.
Results: Neither type of preliminary mechanical damage significantly affected the
load-bearing capacity of FDPs. In contrast, artificial aging by TMC proved to have
a significant influence on the load-bearing capacity of both the undamaged and the
predamaged zirconia restorations (p < 0.001); however, even though load-bearing
capacity decreased by about 20% due to simulated aging, the FDPs still showed mean
load-bearing capacities of about 1600 N.

Conclusions: The results of this study reveal that zirconia restorations have a high toler-
ance regarding mechanical damages. Irrespective of these findings, damage to zirconia
ceramics during production or finishing should be avoided, as this may nevertheless
lead to subcritical crack growth and, eventually, catastrophic failure. Furthermore, to
ensure long-term clinical success, the design of zirconia restorations has to accommo-
date the decrease in load-bearing capacity due to TMC in the oral environment.

In recent years, all-ceramic fixed dental prostheses (FDPs) have
become more widely used in the clinical practice, as a result
of their good esthetic qualities, excellent biocompatibility, low
plaque accumulation, and low thermal conductivity. As a con-
sequence of the development of high-strength yttria-stabilized
polycrystalline tetragonal zirconia (Y-TZP), even the heavily
loaded molar region can apparently be treated with multiunit
all-ceramic restorations.!:? Zirconia exists in three crystallo-
graphic modifications. The monoclinic phase is stable at room
temperature, the tetragonal phase is stable between 1170 and
2370°C, and the cubic phase is the high temperature structure.

The tetragonal form can be retained in a metastable state at
room temperature by doping zirconia with various oxides, in
particular yttrium, which is the one commonly used for den-
tal applications. Y-TZP owes its high strength to the so-called
transformation reinforcement, a complex mechanism involving
stress-induced transformation from tetragonal to monoclinic
structure associated with a local 4% increase in volume.® This
transformation takes place at a crack tip and results in com-
pressive stresses within the matrix, which prevent further crack
propagation. But despite the outstanding mechanical charac-
teristics of Y-TZP, there are several factors within both the
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Figure 1 Shaping of a zirconia framework in
the connector area with a cut-off wheel.

fabricating process and the functional loading in the oral envi-
ronment, which may be detrimental to the load-bearing capacity
of zirconia restorations.

The strength of zirconia can be directly influenced by dif-
ferent surface treatments that exert different degrees and types
of surface damage. These areas of surface flaws act as stress
concentration sites, and even though they are microscopic in
nature, they are potential origins of cracks, which could lead to
subcritical crack growth and, eventually, catastrophic failure.*
Various studies reported the detrimental influence of these sur-
face defects on the fracture resistance of standardized zirconia
specimens, whereby the reduction in strength is generally as-
sociated with the degree of surface damage.”® Defects may
be the result of manufacturing within the used zirconia blanks
or may be inadvertently created on the material’s surface by
a technician during production or finishing. Sites of surface
damage are quite often created in the area of the FDP’s con-
nectors when the frameworks are being shaped with a cut-off
wheel (Fig 1); however, the FDPs’ connectors, particularly the
gingival embrasure, are the most sensitive sites for any kind of
flaw. By using finite element analysis, Dittmer et al determined
highest tensile stresses within a four-unit FDP at this site during
functional loading.’

Apart from defects within the ceramic structure, strength of
zirconia restorations may also be reduced by cyclic mechani-
cal and thermal loading in the oral environment. Aqueous en-
vironments like the oral cavity generally facilitate subcritical
crack growth in ceramics.'” This subcritical crack growth oc-
curs due to the stress-assisted reaction of water molecules with
the ionic-covalent bonds at the crack tip.'! Furthermore, hy-
droxyl ions penetrate into the zirconia lattice by grain boundary
diffusion. These hydroxyl ions can be incorporated into the zir-
conia lattice by filling oxygen vacancies,'? resulting in uncon-
trolled transitions from the tetragonal to the monoclinic struc-
ture of Y-TZP, accompanied by microcrack formation within
the lattice.'® Both phenomena decrease the strength of zirconia
ceramics.'* ! Furthermore, the repeated application of chew-
ing forces contributes to a decrease in ceramic strength during
service.>!® Strength is also degraded by the repeated thermal
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stressing of prosthetic restorations, which results from temper-
ature changes caused by the consumption of hot and cold food
and drink, and breathing. This thermal stressing generates ten-
sions, which are manifested as slow subcritical crack growth,
within the ceramic restorations.!”!3

The aim of this in vitro study was to evaluate the influence of
differently shaped preliminary damages (located at the gingival
embrasure of the connector area) on the load-bearing capacity
of four-unit zirconia FDPs. To simulate the conditions of the
oral environment, FDPs were additionally subjected to artificial

aging.

Materials and methods
Preparation

An upper jaw typodont plastic model (Frasaco OK 119, A-3
T, Franz Sachs & Co, Tettnang, Germany) with missing left
second premolar and first molar was used. In accordance with
the manufacturer’s recommendations, a 1.0-mm circumferen-
tial chamfer preparation with 5° angle of convergence and an
occlusal reduction of 2.0 mm was made on the first premolar
and second molar to accommodate a zirconia-based all-ceramic
four-unit FDP. Afterward, this situation was duplicated with an
abrasion-resistant master model made of nickel-chromium al-
loy (Wiron 99, Bego, Bremen, Germany). Silicone impressions
(Silagum, DMG, Hamburg, Germany) of this master model
were made with an individual polymeric impression tray and
poured in a type IV stone (Fuji Rock, GC, Leuven, Belgium).
The resulting models were used as a basis for manufacturing
zirconia frameworks.

Manufacture of zirconia frameworks

Forty frameworks were fabricated of presintered zirconia
blanks with the help of a computer-aided design/computer-
aided manufacturing (CAD/CAM) system (inLab, Sirona, Ben-
sheim, Germany); restorations were randomly divided into four
homogeneous groups of 10 specimens each (YZ_1 — YZ_4).
One stone cast of the master model was optically scanned by
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means of active triangulation and stripe pattern projection (in-
EOS, Sirona). After digitization of the geometrical data, the
restoration was designed by means of a CAD program (in-
Lab 3D, Sirona) and based on the same data set, frameworks
were milled (inLab, Sirona) of presintered zirconia (In-Ceram
YZ Cubes, Vita, Bad Sickingen, Germany). Final sintering
was performed in the furnace (inFire, Sirona) for 6 hours at
1520°C. Connector cross-sectional areas were (from mesial to
distal) 12.5 mm?, 15.6 mm?, and 11.6 mm?; connector width
and height differed by less than 0.2 mm between frameworks.
The axial wall thickness of the retainers was 0.6 mm, and the
occlusal wall thickness ranged between 0.7 mm and 1.0 mm
(according to position). As recommended by the manufacturer
the cement space was nominally adjusted to -10 um in the
CAD/CAM system.

After fabrication, the adaptation of the frameworks to the Ni-
Cr master model was conducted by an experienced technician
under 4 x magnification until the best possible fit was achieved.
To detect the inner areas of the retainer that needed correction,
a permanent marker was applied to the abutment teeth of the
master model, and the frameworks were placed on the die with-
out force. If necessary, the colored spots inside the retainers
were removed by a red-ring hand piece and a fine cylindrical
bur (Brasseler, Lemgo, Germany) under water cooling and light
pressure.

Preliminary damage

To simulate preliminary damage of the FDPs created by a tech-
nician during shaping with a cut-off wheel, the sintered zir-
conia frameworks of two testing groups (YZ_3, YZ_4) were
provided with a U-shaped cut at the gingival surface of the
connector between the second premolar and the first molar
(the presumed location of highest tensile stress during load-
ing). This cutting was performed with an annular diamond saw
(Microslice 2, Metals Research Ltd., Royston, UK) under con-
stant water cooling and exactly defined conditions (e.g., speed
of the saw, time of contact, contact pressure). The frameworks
were placed in a special jig to guarantee repetitious dimensions
of the damages, and all cuts were verified by means of a light
optical microscope and a scanning electron microscope. To test
whether the magnitude of the preliminary damage had an influ-
ence on load-bearing capacity, cuts of width 218 um and depth
32 pum (shape 1) were made in one group (YZ_3) and cuts of
width 351 pum and depth 115 pum (shape 2) were made in the
other group (YZ_4) (Fig 2). In accordance with the manufac-
turer’s recommendations, all frameworks (predamaged as well
as undamaged restorations) were then subjected to regeneration
firing for 15 minutes at 1000°C under atmospheric pressure.

Veneering

Veneering of the frameworks was performed with the recom-
mended ceramic (VM9, Vita) by means of a slurry technique in
accordance with the manufacturer’s instructions. Homogeneous
dimensioning of the veneering layer with a layer thickness be-
tween 0.5 and 1.2 mm (according to position) was guaranteed
by using various silicone templates prepared in advance with a
wax-up.
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Figure 2 Scanning electron microscopy image of preliminary damages.
(Left) Cut with shape 1 (YZ_3), (Right) cut with shape 2 (YZ_4).

Artificial aging

Duplicates of the prepared original abutment teeth for sup-
port of the restorations during aging and fracture testing were
made of reinforced polyurethane (PUR) resin (Alpha-Die-Top,
Schiitz Dental, Rosbach, Germany). Physiological periodontal
resilience was simulated by coating the roots of these abutments
with elastic latex material (Erkoskin, Erkodent, Pfalzgrafen-
weiler, Germany). In the next step, all FDPs were fixed onto
the PUR abutments with glass-ionomer cement (Ketac-Cem,
3M ESPE, Seefeld, Germany), and the latex-coated roots were
embedded in a PUR base that extended to 3 mm below the
preparation margin.

With the exception of a control group (YZ_1), the remaining
undamaged (YZ_2) as well as predamaged FDPs (YZ_3,YZ_4)
were subjected to thermal and mechanical cycling (TMC) dur-
ing 200 days storage in distilled water at 36°C. During this
period, 1-10* thermocycles between 5 and 55°C (30-second
dwell time at each temperature) and 1-10° cycles of mechan-
ical loading with 100 N as the upper limit (load frequency
2.5 Hz) were applied successively (Fig 3).

Fracture testing

After aging, all specimens were loaded to failure in a universal
testing machine (Type 20 K, UTS Testsysteme, Ulm-Einsingen,
Germany) at a crosshead speed of 1 mm/min with the force
transferred to the occlusal connector area between the second
premolar and first molar via a tungsten carbide ball (diameter
6.0 mm) and an interposed tinfoil (thickness 0.2 mm). A sud-
den decrease in force of more than 15 N was regarded as an
indication of failure, and the maximum recorded load at that
point was used as the load to failure.
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Figure 3 Cyclic loading of an fixed dental
prostheses (FDP) in a chewing simulator under
water storage.

Statistics

Statistical analysis was performed using SPSS for windows,
version 16.0 (SPSS Software, Munich, Germany). Normal dis-
tribution of data and homogeneity of variance were checked
using the Kolmogorov-Smirnov and Levene tests, respectively.
Load to failure values were analyzed using two-way ANOVA,
with the level of significance chosen at 0.05. The null hy-
potheses were that load-bearing capacity of zirconia FDPs is
not influenced by preliminary damage and by artificial aging.
Weibull parameters Fy and m were determined for each test
group by fitting a Weibull distribution to the respective data
set. The parameter F (characteristic force at failure) is asso-
ciated with 63.2% probability of failure, whereas the Weibull
modulus, m, is a measure of the scatter in the force at fail-
ure and of the reliability of the material investigated. The
greater the value for m, the steeper is the transition from sur-
vival to failure for the probability distribution against force at
failure.

Results

All restorations tested survived 1-10° cycles of mechanical
loading and 1-10* thermocycles in the artificial oral environ-
ment. After the failure criterion (15 N load drop) had been

Table 1 Loads at fracture
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fulfilled, visual inspection revealed that all FDPs failed with
sudden bulk fracture of the zirconia framework. All cracks ran
through the connector area between the second premolar and
the first molar in a vertical direction. Detailed results of load-
bearing capacity testing are shown in Table 1 and Figure 4.
Fatigue by TMC proved to have a significant influence on the
load-bearing capacity of the zirconia FDPs (p < 0.001). In
comparison to the control group, the aged specimens exhibited
a decrease in average force at fracture of approximately 20%
(Table 1, Fig 4); however, the additional mechanical predamage
of either type failed to show a statistically significant influence
(p = 0.434) (Table 1, Fig 4).

In comparison to the corresponding forces at fracture,
Weibull characteristic forces were 1.5% to 5.0% higher, but ex-
hibited the same trends (Table 2). The application of simulated
aging with mechanical and thermal loading was associated with
an increase in the Weibull modulus from 9.2 (YZ_1) to 12.7
(YZ_2), although this was not statistically significant (Table 2).
In comparison to the control group, the additional mechanical
predamage of the zirconia frameworks in group YZ_3 caused
a statistically significant increase in the mean Weibull modu-
lus to 17.3; however, the restorations with more pronounced
predamage (YZ_4) exhibited a mean Weibull modulus of only
13.4, which was not statistically significantly different from the
control (Table 2).

Artificial Preliminary
Group aging damage Min Max MD MV SD
YZ_1 No No 1444.8 2337.0 2034.3 1991 .42 268.0
YZ_2 Yes No 1391.0 1832.0 1593.1 1605.2° 133.2
YZ_3 Yes Shape 1 1515.4 1936.8 1679.2 1685.7° 123.9
YZ_4 Yes Shape 2 1395.0 1834.8 1593.0 1589.2° 142.0

Minimum (Min), maximum (Max), medians (MD), mean values (MV), and standard deviations (SD) are given. Superscript letters with mean values indicate statistical

results. Values denoted by the same letter are not statistically significantly different.
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Discussion

In this study, the influence of preliminary damages on the load-
bearing capacity of posterior four-unit zirconia FDPs was in-
vestigated in vitro. In comparison with clinical investigations,
in vitro studies are less expensive, easier to reproduce, and less
prone to unpredictable influences. But to get results compa-
rable with the in vivo situation, it is of crucial importance to
design a test set-up producing a failure mode similar to that oc-
curring clinically. Therefore, both model materials and testing
conditions were chosen carefully to imitate clinical reality as
faithfully as possible. The abutment teeth and their bases were
made of reinforced PUR. This material has an elastic modulus
somewhat lower than dentin and bone'® but represents a better
approximation of natural conditions than alloys, for example.
Models made of alloys exhibit very high rigidity, so FDPs are
better supported during static and cyclic loading than under
the conditions in the oral cavity. This results in failure loads
generally higher than those in clinical practice.'®!?

A simple rigid support would not reproduce additional
stresses caused by vertical and lateral movements during oc-
clusal loading; therefore, a latex layer around the model abut-
ment roots was applied to simulate periodontal resilience. At

Figure 4 Box chart representing loads at
fracture for each test group. Medians and
quartiles are given.

forces between 50 and 100 N in the axial direction, the abut-
ments showed a resilience of 30 to 95 um.?® On the basis
of published values for natural periodontal resilience,?? the
chosen conditions are an adequate approximation. Finally, the
FDPs were cemented using a conventional luting protocol, ac-
cording to clinical practice.?®

The effect on the load-bearing capacity of zirconia restora-
tions was investigated on two differently shaped preliminary
cuts at the gingival embrasure of the middle connector. The
location and the nature of the damage were deliberately chosen
to resemble an unintentional flaw generated by a technician
during fabrication of an FDP. Additionally, specimens were
subjected to mechanical and thermal cycles in a moist environ-
ment to simulate functional loading in the oral cavity. While
even a small defect introduced during the fabrication process
may seem harmless at the beginning, it could have a detrimental
effect on the fatigue life of zirconia restorations. With repetitive
cyclic loading during mastication, small defects tend to grow
in size until they reach a critical size where catastrophic failure
would eventually result. Bearing in mind that subcritical crack
growth starts at a threshold stress intensity factor, which for
zirconia (Kjyp = 3.1 MPa-m'/?)* is much lower than the respec-
tive fracture toughness (K. = 7.4 MPa-m'/?),>* the smallest

Table 2 Weibull parameters F, and m with their 95% confidence intervals

95% confidence interval

95% confidence interval

Group Fo Lower limit Upper limit m Lower limit Upper limit
YZ_1 2096.5 2058.5 2134.5 9.2 6.9 1.4
YZ_2 1656.7 1633.9 1679.5 12.7 9.6 15.8
YZ_3 17131 1691.4 1734.9 17.3 1.9 22.6
YZ_4 1632.0 1605.7 1658.2 13.4 8.8 17.9
610 Journal of Prosthodontics 19 (2010) 606-613 © 2010 by The American College of Prosthodontists
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surface defect could be large enough to act as an effective
stress concentration site, thus increasing fracture probability;?>
however, neither of the two cut geometries in this study showed
a significant influence on load-bearing capacity in comparison
to the aged control specimens. This observation is supported
by the results Kohorst et al reported in a previous study, which
also evaluated restorations made of zirconia.! In contrast, nu-
merous investigations dealing with preliminary surface damage
of zirconia specimens have described a significant decrease in
strength as a result of machining or grinding.>”-20">8 The re-
duction in strength is a function of the size and shape of surface
defects.”-®2% Sharper and deeper defects cause greater stress
concentrations and thus are more likely to act as crack initiation
sites.3® In principle, depending on the severity of surface flaws
introduced, grinding of ceramics can cause two phenomena.
On the one hand, it may induce residual surface compressive
stress, which can considerably increase the strength of Y-TZP
ceramics.332 On the other hand, surface flaws may act as stress
concentrators and become strength determining when they ex-
ceed the depth of the grinding-induced surface compressive
layer.?

All restorations investigated failed with sudden bulk frac-
ture. Cracks always ran through the connector area between the
second premolar and the first molar in a vertical direction. For
zirconia FDPs with the same design investigated in this study
Dittmer et al reported fracture origins at the transition between
framework and veneering layer at the gingival embrasure of
the middle connector.” These fracture origins were most likely
promoted by high tensile stresses within the zirconia frame-
work. Though the likely site of highest tensile stresses during
occlusal loading is located in the middle of the framework’s
central gingival embrasure, preliminary damage inflicted in the
vicinity of this area did not create stress concentration suffi-
cient to promote a crack origin having a significant effect on
load-bearing capacity. The minor effect of the artificial dam-
age in this investigation may be explained by the flaws being
only 218 um and 351 pm in width and 32 um and 115 um
in depth, respectively, in the two groups. For Y-TZP specimens
subjected to different surface treatments, Chevalier et al found
a surface compressive layer with an average depth of up to 50
to 100 um induced due to the transformation from tetragonal
to monoclinic structure.? This compressive layer at the surface
was thought to lead to a threshold value below which no crack
growth occurs. Therefore, the damage provided to the zirconia
frameworks may not have been sufficient to exceed the surface
compressive layer and to act as crack initiation site. Moreover,
higher stress concentrations in the regions of damage may have
been prevented by the rounded inner edge design caused by the
geometry of the diamond saw; however, the geometry of the
saw corresponded to the geometry of a cut-off wheel routinely
used by a dental technician.

A further explanation for the minor influence of the surface
defects on load-bearing capacity could be the application of an
additional firing step, so-called regeneration firing, after pre-
liminary damage. Several studies have confirmed that surface
treatments of Y-TZP ceramics generally trigger the tetragonal-
to-monoclinic transformation.”®3!-3* Even if this transforma-
tion may increase the strength of Y-TZP ceramics due to resid-
ual surface compressive stresses as described above,?!:32 there
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is general agreement in the literature that phase transforma-
tion is associated with surface or subsurface damage, such as
microcraters and grain pullout.?3%3¢ It was shown that an-
nealing, as conducted in this study, promoted reverse transfor-
mation from the monoclinic to the tetragonal phase, thereby
relaxing residual stresses within the material.*”-3® This reverse
transformation may have reduced detrimental strains within the
lattice of the zirconia frameworks, consequently reversing the
strength-decreasing effects of the preliminary damage.

Additionally, it has to be taken into account that the scratches
in the zirconia frameworks were covered by a layer of felds-
pathic ceramic and hence not in direct contact with the moist
environment that would have otherwise facilitated further crack
growth. But it is difficult to assess to what extent this protecting
effect was achieved by the feldspathic ceramic used. It remains
to be clarified if the veneering layer permitted sufficient water
diffusion to promote zirconia degradation or if it rather acted
as a protective layer, as has been reported for a combination of
silica and zircon.*

In contrast to preliminary damage, the application of TMC
in a moist environment caused a significant decrease in
load-bearing capacity of approximately 20%. In a previous
investigation, we found a statistically significant decrease in
load-bearing capacity due to artificial aging, also with four-unit
zirconia FDPs;? however, the mean reduction in fracture resis-
tance was as high as 40%. Moreover, the initial mean strength of
the control specimens (1991N) in this survey was considerably
higher than with the FDPs evaluated in the former investiga-
tion (1525N).2 As the dimensions of the restorations and the
aging parameters were the same in both studies, the differences
may have been caused by several factors: for example, compo-
sition of the zirconia materials, different sintering parameters,
strength of the veneering ceramics, or the bond strength of the
veneering materials to the zirconia frameworks. Furthermore,
the higher load-bearing capacity of FDPs in this work may
also be attributed to regeneration firing, which has not been
performed in the former study. Thus, within the limitations of
this study, it is unclear whether the higher fracture resistance
is related to reverse transformation or the relief of any pre-
stresses as a result of regeneration firing; further investigation
is necessary.*0:41

In contrast, Beuer et al failed to find any effect of artificial
aging on load-bearing capacity in zirconia FDPs.** To simu-
late the clinical situation, they performed 1-10* thermocycles
between 5 and 55°C and 1.2-10° cycles of mechanical loading
with 50 N as the upper limit, conditions comparable to those of
this study; however, they did not store the specimens in water
over a longer period. The exposure of the restorations to an
aqueous environment may decrease load-bearing capacity due
to subcritical crack growth and uncontrolled transitions from
the tetragonal to the monoclinic structure of Y-TZP.!>13

Weibull moduli in the range of 6.1 to 8.6 for zirconia-based
FDPs"-2#? and in the range of 7 for zirconia frameworks* have
been reported, while this study found higher Weibull moduli,
in the range of 9.2 to 17.3. This might have been caused by
the zirconia material used, by differences within the grinding
or the sintering process, or perhaps by the regeneration firing
before veneering. When the specimens were subjected to ar-
tificial aging, an increase in the Weibull modulus from 9.2 to
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12.7 was found; however, this was not statistically significant.
Nevertheless, this result is in accordance with the literature,
where an increase of the Weibull modulus was reported after
fatigue.44 In contrast, a decrease in the Weibull modulus has
been consistently reported from surface processing of zirconia
with coarse milling tools.”-3*43 However, the additional prelim-
inary damage of the zirconia frameworks in this study resulted
in a further increase in the Weibull modulus (17.3 and 13.4,
for the two groups); this was statistically significant in only
one testing group (shape 1). Results of the Weibull analysis
indicate that the zirconia material investigated is highly reli-
able even after simulated aging and preliminary damage, thus
qualifying this material for long-term clinical use.

Conclusions

The load-bearing capacity of zirconia FDPs tested decreased
by about 20% due to simulated aging in an artificial oral en-
vironment; however, the restorations still exhibited very high
mean load-bearing capacities of about 1600 N. The mean forces
at fracture of various test groups were approximately 218% to
237% higher than the 500 N benchmark, which is considered to
be the lower limit of static load-bearing capacity for clinically
acceptable FDPs in the posterior region, taking into account
cyclic fatigue loading and stress corrosion fatigue caused by
the oral environment. The preliminary damage of the zirconia
frameworks-—provided to simulate flaws created by a technician
during shaping with a cut-off wheel—did not have a detrimental
effect on the load-bearing capacity. These results demonstrate
that Y-TZP restorations have a high tolerance for mechanical
damages. Irrespective of these findings, damage of zirconia ce-
ramics during production or finishing should be avoided, as
this nevertheless could lead to subcritical crack growth and,
eventually, catastrophic failure. Furthermore, to ensure clinical
long-term success, the design of zirconia restorations has to ac-
commodate the decrease in load-bearing capacity due to TMC
in the oral environment.
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