Experimental Research on Zirconia Resistance to Occlusal Stresses
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FEM studies were made on a zirconia dental bridge of 4 elements with supports on 2.4 and 2.7, and edentation
on 2.5 and 2.6. Appling a compressive force of 350N on Z direction, quite normal for mastication, was
analyzed the behavior of the dental bridge. Zirconia, although having a high mechanical strength, is fragile
when rotation or bending movements occur. The analysis reveals some bridge deficiencies, which may be
due either to inaccuracies in the prosthetic abutment construction (especially in relation to their inclination),
to the technique of realization or to insufficient dental support. In our study, the most vulnerable elements
are the crowns on teeth 2.4 and 2.7. Finite element analysis, highlighting possible structural and design
deficiencies, may be a solution to improve dental bridges. The only disadvantage of the finite element
analysis that was performed before the actual restoration is related to the fact that performing the simulations

involves a time-consuming phase.
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The availability of different dental ceramic systems
provides solutions for different types of restorative problems
in esthetic dentistry, from conservative to extensive [1].

Zirconia is one of the most utilized ceramics nowadays
due to its excellent electronic, thermal, optical and
mechanical properties [2]. Pure zirconia (ZrO,) has a high
melting point (2680°C) and low thermal condzuctivity [3].

The traditional monochromatic zirconia used in
dentistry is Yttrium-stabilized polycrystalline tetragonal
zirconia (Y-TZP), which has high fracture hardness, ranging
from 5 to 10 MPa-m¥% [4, 5], and shear strength ranging
from 900 to 1400 MPa [6, 7].

The clinical behavior of materials used for dental
restorations can be estimated using in vitro and in vivo
tests, while randomized clinical trials can provide
information on the long-term prognosis of protheses [8].

Clinical trials, however, require time to collect data,
involve increased costs, and the presence of a large number
of volunteers to obtain results of appropriate statistical
relevance [9, 10]. For these reasons, experimental
simulations of clinical situations have become important
tools for achieving rapid and standardized results. [10]

Although simplified specimens, such as discs and
reduced samples used for in vitro tests, are useful for
determining material hardness and estimating local
stresses that can lead to clinical failure, we cannot take
into account the influence of prosthetic geometry on
tension distribution [11, 12].

When using specimens that simulate the shape of fixed
prosthetic crowns, the biomechanical behavior is close to

the actual clinical situation, but the evaluation of tension
distribution in complex geometry bodies is limited [13-
15]. This situation can be solved by using finite element
analyzes, which are a quick and relatively cheap method
for investigating tension distribution in complex design
structures such as dental restorations [16].

Experimental part

We studied a zirconia dental bridge with 4 elements to
solve a prosthesis for edentation of 2.5-2.6.

The dental bridge STL file was imported into ANSYS®
software, dedicated for simulation through finite element
analysis (fig. 1).

FIg. L
The 4-element bridge (2.4-2.5-2.6-2.7) imported into ANSYS and
divided into finite elements

Zirconia properties (ZrO,) were those centralized in
tables 1 and 2.

Table 1
ZIRCONIA -ELASTIC PROPERTIES

Modulus of longitudinal elasticity
(Young) E, MPa -

3900 0.23

Compression strength, MPa

2200

Poisson ratio, | Bulk modulus of elasticity

Transversal elastic
MMPa modulus G, MPa

2407 .4 15854

Table 2
ZIRCONIA -COMPRESSION STRENGTH
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The dental bridge was divided into 7.277 finite elements
interconnected by 13.664 nodes. The experiment was
conducted at body temperature (36° C), applying a Z-axis
compressive force of 350N.

The dental restoration support was considered,
according to the clinical situation, on the internal faces of
the aggregation elements and the experimental force of
350 N was applied vertically downwards (in the negative
direction of the Z-axis) and was considered evenly
distributed on the occlusal contact surfaces of the four
components of the dental bridge.

Results and discussions

For the zirconia bridge there were determined: the total
deformation, directional deformations in X, Y and Z
direction, the equivalent elastic strain, the maximum
principal elastic strain, the maximum shear elastic strain,
equivalent total strain, the normal elastic strain in the X, Y
and Z directions, the shear elastic strain on XY, YZ and XZ
planes, equivalent stress, maximum principal stress,
maximum shear stress, stress intensity, normal stress in
X, Y and Z directions, and shear stresses on XY, YZ and XZ
planes.

Absolute maximum elastic deformations occur orally
on the dental bridge body, but the absolute values are very
small, of the order 102 - 10 millimeters.

As for the deformation in X direction, the extremes
appear on the elements 2.4 and 2.5 on the cusps; the values
of these elastic deformations are, however, very small
(microns).

The simultaneous presence of compression and
elongation deformations on the same element, as we can
see in this case on the crown of mesial aggregation, can
affect the bridge’s behavior over time.

Even if the extreme values in the case of the Y-direction
deformation have opposite signs, given their low values,
they should not create biomechanical problems. However,
the presence of such elastic deformation tendencies may
lead to deterioration of the bridge over time.

The elastic deformations corresponding to Z direction
are both positive (buccal elongation) and negative
(compression to the oral), with relatively small values
(10*...10? millimeters). Maximum values appear on 2.4
and 2.7; however, the emergence of this spectrum of
opposite direction deformations can induce problems over
time and are due to a poor design of the crowns, or relatively
insufficient support.

The differences between the extreme values of the
equivalent elastic deformation are globally quite small, both
positive, and are manifested on the distal aggregation
element. It can also be seen that the bonding zones
between the restoration components have slightly larger
deformations than the actual crowns, naturally as a result
of their smaller dimensions. The maximum main elastic
deformation also has different values of the extremes
(+ and -) which manifest in particular between the two
elements that make up the dental bridge body (figs. 2-7).

The maximum shear elastic strain has relatively small
positive values (elongation), but the range of variation of
the values (differences about 104 times between the
extreme values) is rather wide and manifests especially
on the distal element of the restoration.

We note the presence of the slight elongation tendency
determined by compression stress on Z direction, with quite
large differences between the extreme values (~104),
which manifests especially on the crown 2.7.

As for the equivalent elastic strain, we notice the
presence of positive values (slight tendency of elongation
determined by compression in Z direction), with quite large
differences between extreme values (—104). The extreme
values are also positioned on the distal element.

Normal elastic strains in the X direction are small in
absolute value, but vary from negative to positive values,
resulting in unwanted compression / stretching effects.
Extremes are manifested at the level of the restoration
body.

The normal elastic strain in the Y direction are small in
absolute value but range from negative to positive values,
which also leads to undesirable compression / stretching
effects between the supports in positions 2.4 and 2.7. High
deformation values can be noted in the longitudinal axis of
the restoration.

The normal elastic strain in the Z direction is small in
absolute value, but varies from negative values to positive
values, resulting in unwanted compression / stretching
effects. The extremities are manifested at the support
elements 2.4 and 2.7, but high values can also be seen on
the occlusal surface.

In the case of the shear elastic strain on the XY plane,
we notice similar variations as in previous analyzes, this
time the differences between extreme positive and
negative values appear on the distal element.
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Figure 3. Directional
Deformation X
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Figure 4. Directional
Deformation Y

Figure 5. Directional
Deformation Z

Figure 6. Equivalent Elastic
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Figure 7. Maximum Principal
Elastic Strain
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Shear elastic stain in the XZ plane are small in absolute
value, but vary from negative values to positive values,
resulting in unwanted compression / stretching effects.
Extreme values are manifested at the aggregation
elements 2.4 and 2.7 (figs. 8-16).

Equivalent stress has positive values (traction stress)
and evolves widely, from practically 0 to over 70 MPa; the
maximum value appears on the distal crown, but is within
acceptable limits.

The maximum principal stress has the extreme values
in the central portion of the restoration, of low values, but
these create a tendency to rotate around the elements 2.4
and 2.7 because of the opposite directions of action.

The maximum shear stress has positive but relatively
low values over a relatively wide range (0 ... 40 MPa), but
within acceptable limits.

Stress intensity has positive but relatively low values,
over a relatively wide range, within acceptable limits. The
extreme values are located at the level of the crown of the
tooth 2.7.

kv

The normal stress in the X direction has the extreme
values of different signs and they occur at the middle of
the dental bridge, causing a spin effect around the axle’s
longitudinal axis. However, the range in which values evolve
is not exaggerated.

The normal stress in the Y direction has extreme values
of different signs and they occur at the level of the distal
element. On the other hand, higher values can be observed
in the longitudinal axis of the crown.

Normal stress in the Z direction has extreme values of
different signs and these are manifested on the two
aggregation elements of dental bridge, which leads to a
tendency to bend between the two supports in the direction
of the Z axis (figs. 17-25).

The shear stress in the XY and YZ planes have extreme
values of different signs and these are manifested at the
level of the distal element. Extremes of opposite signs
produce a shear tendency between the respective areas.
However, the range in which values evolve is not
exaggerated.
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Figure 8. Maximum Shear
Elastic Strain
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Figure 9. Equivalent Total Strain

Figure 10. Normal Elastic Strain
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Figure 11. Normal Elastic Strain

Figure 12. Normal Elastic Strain
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Figure 14. Shear Elastic Strain
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Figure 15 Shear Elastic Strain

Figure 16. Equivalent Stress
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Figure 20. Normal Stress X

Figure 21. Normal Stress Y

Figure 21. Normal Stress Z
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Figure 23, Shear Stress XY

Figure 24, Shear Stress YZ

Figure 15, Shear Stress XZ
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The shear stress in the XZ plane has extreme values of
different signs and these are manifested on the distal
element, respectively, between the mesial aggregation
component and the restoration body.

The requirements for an acceptable dental material are
many, but one of the most important is their compatibility
[17].

In the case of dental restoration, zirconia offers a
combination of good mechanical properties with optical
properties, chemical resistance and biocompatibility. [18]

Zirconia has been used in dentistry for more than 15
years with different indications, mainly for replacing metal
in fixed prosthetic restorations to improve aesthetics. [19]
However, the primary clinical complication related to the
use of zirconia for fixed dental prostheses is the high
fracture rate of porcelain with which it covers, varying
between 15 and 54%. [20, 21] Protocols to eliminate or
reduce the possibility of cracking or fracture of porcelain
include covering only in the gingival region or regions that
are not loaded, and the adoption of lower heating and
cooling rates during ceramic firing cycles [19, 22].

The use of monolithic zirconia or the application of a
minimal ceramic layer is now done frequently to reduce
technical complications [23].

A recent systematic review [24] on zirconia fixed
prosthetic restorations identified 12 studies showing 285
zirconia dentures with a 1.4% short-term failure rate due to
fracture of the zirconia skeleton. However, the same study
reported that ceramic-coated zirconia dentures had a failure
rate of 14.7% due to porcelain fracture [24]. To alleviate
this problem, the authors [24] recommended the use of
porcelain zirconia only in regions not under occlusive stress
or the use of monolithic zirconia.

Finite Element Analysis [25-28], is an important tool for
understanding the mechanical behavior of prosthetic
restorations and for optimizing their design in order to
perform future tests [29].

Fischer et al. [30] used finite element analysis to evaluate
the distribution of stresses in whole ceramic restorations.
The authors noted the similar distribution of tensions in
dental materials.

To extrapolate the results obtained by the finite element
method to the clinical situation, it isimportant to appreciate
the quality of the model to adequately represent the stress
distribution within its structures. [31]

The models used in the finite element analyzes show a
number of simplifications in relation to the clinical situation:

- the materials are considered to be homogeneous,
isotropic and with linear elastic behavior

- the influence of cement bonding layer is neglected

- the effect of periodontal ligaments is not taken into
account

- also, any defects in the structure or surface of dental
materials are not taken into account. [32].

Conclusions

When establishing the geometry of the dental bridge, it
is necessary to take into account the mechanical properties
of the material from which it is made. Zirconia, although
having a high mechanical strength, is fragile when rotation
or bending movements occur.

The analysis reveals some bridge deficiencies, which
may be due either to inaccuracies in the prosthetic
abutment construction (especially in relation to their
inclination), to the technique of realization or to insufficient
dental support. In our study, the most vulnerable elements
are the crowns on teeth 2.4 and 2.7.
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Finite element analysis, highlighting possible structural
and design deficiencies, may be a solution to improve
dental bridges.

The only disadvantage of the finite element analysis that
was performed before the actual restoration is related to
the fact that performing the simulations involves a time-
consuming phase.
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