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Analysis of Stress and Fracture Strength of Zirconia Implants after Cyclic Loading

Diogo Rodrigues Cruvinel’, Renata Espindola Silveira’, Rodrigo Galo®, Carla Cecilia Alandia-Romdn®,

Fernanda de Carvalho Panzeri Pires-de-Souza“*, Heitor Panzeri’

“Departamento de Materiais Odontologicos e Protese, Faculdade de Odontologia de Ribeirdo Preto,
Universidade de Sao Paulo — USP, Av. Do Café, s/n, Monte Alegre,
CEP 14040-904, Ribeirao Preto, SP. Brazil
®Departamento de Odontologia, Universidade Federal dos Vales do Jequitinhonha e Mucuri — UFVJM
Rua da Gloria, 187, Centro, CEP 39100-000, Diamantina, MG, Brazil

Received: July 30, 2015; Revised: August 24, 2015

The aim of this study was to manufacture a new zirconia implant (Y-TZP) and to evaluate the
fracture strength and stresses generated after cyclic loading compared to titanium implants. Thirty-three
zirconia and titanium implants were fabricated. The stress generated around the implants was observed
by photoelastic analysis. The implants were then separated into groups (n = 10): Control (no treatment),
mechanical fatigue and thermomechanical fatigue. All groups were submitted to a single cantilever
flexure test to measure the material fracture strength. The results (2-way ANOVA, Bonferroni test,
p <.05) showed no statistically significant difference in the stresses generated between the zirconia
and titanium implants. Titanium implants showed higher fracture strength than the zirconia implants,
a property that was not altered by fatigue applied. It was concluded that stress distribution was similar
for Zr and Ti and mechanical and thermomechanical fatigue had no influence on the fracture strength

of the implants tested.
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1. Introduction

The exclusive treatment using titanium dental implants
must be critically viewed since there are population groups
who present numerous diseases related to the use of metals,
such as sensitivity, titanium allergy and allergy to the
by-products of titanium released in the body'. Furthermore,
the use of dental implants in the esthetic zone is a challenge,
particularly in patients who present with thin peri-implant
gingival tissue, gingival smile or high gingival smile line, and
in cases of bone resorption followed by gingival recession
with implant exposure®?.

Based on the necessity for aesthetic reconstructions,
anti-allergic biomaterials and requirements of metal-free
treatments for these patients, many studies have been
proposed, particularly those relating to zirconia ceramics
due to their favorable aesthetic, mechanical, physical and
chemical properties*®.

Zirconia is radiopaque and because of its color, similar
to that of the natural tooth, it is the material of choice for
aesthetically critical areas of the mouth®. Studies”® have
demonstrated that the material appears to be capable of
withstanding loads over the long term and its biocompatibility
as a dental implant material has also been demonstrated
in vitro and in clinical investigations’.

However, most studies are limited to the evaluation
of the market available zirconia implants compared with
titanium implants, which do not have the same design.
Thus, by designing a new dental implant, the aim of the
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study was to analyze the stresses generated and fracture
strength of identical design zirconia and titanium implants
after mechanical and/or thermal fatigue.

2. Experimental

To conduct the study, zirconia (Zr) and grade 4 titanium
(Ti) implants with the same size and thread profiles were
designed and fabricated.

For Zr implants, the procedure was performed in four
stages: press forming, pre-sintering, milling and sintering.
First, zirconia powder was molded into a metal cylinder die
(8 mm diameter) by uniaxial press forming at a pressure of
~170 Kgf, then the obtained cylinders were pre-sintered in a
furnace (Jung Furnace, Model 0916 - Blumenau - SC — Brazil)
at a heating rate of 1 °C/min to 850 °C. After pre-sintering
stage, the implant macrostructure was design and the
cylinders were milled using a CAD/CAM (Computer-aided
design/ Computer-aided manufacturing) system (CNC
Veker milling machine - Model FEL-1860 ENC, Vinhedo
- SP— Brazil). Finally, the milled implants were sintered in
a furnace at 1450 °C.

Twenty percent shrinkage occurs during sintering,
therefore, a 20% expansion was programmed during the
CAD process in order to compensate pre-sintered zirconia’s
dimensional changes.

To determine the final macrostructure of the implant,
preliminary tests were conducted and several Zr prototypes
were obtained until the final design was approved and
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developed with a diameter of 4mm and overall length of
15mm (Figure 1). This was considered the convenience
model for the fabrication and reproducibility of the implants.

For titanium implants, grade 4 titanium bars (Realum
Ind. Com Metais Puros e Ligas Ltda - Sdo Paulo, SP, Brazil)
measuring 4.76 mm in diameter were cut and machined
following the same features as the Zr implants (Figure 2),
thus obtaining the Ti prototype. Thirty-three implants were
fabricated.

Photoelastic analysis of stress transfer was used to
qualitatively and quantitatively verify the stress generated
around the materials studied by applying a centric static
load of 200N with an ovoid tip.

For the analysis, the implants (n = 3) were embedded in
photoelastic resin without any interposed material to simulate
osseointegration. In addition to the implants, cylinders made
of materials with the same dimensions (15mm x 4.7mm) as
the implants, but without thread spirals, were obtained to
analyze whether the difference in force distribution among
Zr and Ti implants occurred solely due to the property of
the material or due to different shapes of implant designs.

Figure 1. Zr prototype with macrostructure of rounded tip and
apex profile.
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Figure 2. Ti implant with macrostructure of rounded tip and apex
profile equal to Zr implant.
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For the qualitative photoelastic analysis, the polariscope
was adjusted to circular polarization mode and the pattern
of distribution of the isochromatic fringes was observed, in
which the larger the number of fringes and the nearer they
are the greater is stress intensity and stress concentration,
respectively.

For the quantitative photoelastic analysis, the polariscope
was adjusted to linear polarization mode. Two points in the
cervical region and three points in the apical region of each
cylinder and implant were analyzed, totaling 5 points for
quantitative readings per specimen.

The values of fringe order (n) were calculated at each point
by reading the fringe orders displayed on the photoelastic
model using the Senarmont method'’.

To test mechanical and thermomechanical fatigue, the
Zr and Ti implants (n = 30) were embedded in polyurethane
using a device coupled to the shaft of a parallelometer
(Figure 3), which allowed the inclusion at an angle of 30°,
following the ISO standard 14081'.

After the implants had been embedded, they were
randomly separated into 3 groups (n = 10) according to
the type of treatment to which they were submitted: Ti/Zr
Groups - Control; TiM/ZrM Groups —mechanical fatigue;
TiTM/ZrTM Groups - thermomechanical fatigue.

Mechanical fatigue (ERIOS Equipamentos Técnicos e
Cientificos Ltda. Sdo Paulo - SP - Brazil) was performed
at 37 °C and 133N"? corresponding to the bite force in the
region of anterior teeth in patients with normal occlusion.
Each specimen was submitted to 2 million chewing cycles
at a rate of 2 Hz'".

The TiTM and ZrTM Groups were submitted to the
same mechanical test plus thermocycling at temperatures
ranging from 5 °C, 37 °C and 55 °C. Each temperature range
remained in contact with the specimen for 35 seconds and
each specimen was submitted to a total of 5,714 temperature
cycles.

After mechanical and thermomechanical fatigue tests, the
fracture strength of the specimens was determined by a single
cantilever flexure test, in which the load was applied in the

Figure 3. Device to insert implants coupled to the parallelometer
used to insert implants in polyurethane resin at an angle of 30°.
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free-end coronal extension of the implant (universal testing
machine (EMIC-EMIC DL2000 Equipamentos e Sistemas
de Ensaio LTDA. - Pinhais - PR - Brazil) at a crosshead
speed of 0.5 mm/s!'%, For this, implants remained embedded
in polyurethane at an angle of 30° in order to simulate the
functional loading of an endosseous dental implant body and
its coronal portion under “worst case” conditions.

Fracture strength was calculated according to the Formula 1:

=P/ A 0

where P is the maximum force applied (kgf), A is the
cross-sectional area (cm?) of the fracture region calculated
by the formula: A = zr?. To convert the data obtained in
kgf/cm? into MPa, values were divided by 9.8.

Fracture strength was assessed and the values of stress
and fracture strength were submitted to statistical analysis
(2-way ANOVA, Bonferroni test, p <.05) using GraphPad
Prism software (GraphPad Software Inc, La Jolla, California,
USA). The fracture strength of each group was also evaluated
by a 2-parameter Weibull distribution (95% confidence
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interval) to analyze the distribution parameters of the fatigue
resistance of the materials.

3. Results

Figure 4 (a and b) and Figure 5 (a and b) show stress
generated by the cylinders and implants, respectively, when
photoelastic analysis was performed.

The comparison of mean stress (2-way ANOVA,
Bonferroni, p < .05) for Ti and Zr cylinders can be seen in
Table 1. The results indicate that no statistically significant
difference (p >.05) was found between the forces generated
when the materials were compared, irrespective of the point
analyzed.

When the stress values within the same material were
compared, no statistically significant difference (p >.05) was
found among the points of the Zr cylinders. For Ti cylinders,
highest stress occurred at point 3, which was only similar
to point 2 (p > .05) and different from the others (p < .05).
The same level of stress occurred between points 1 and 5
(p>.05) and 2 and 4 (p > .05).

(b)

Figure 4. Comparison between photoelasticity observed in the titanium (a) and zirconia (b) cylinders under a load of 200N.

Figure 5. Comparison between photoelasticity observed in the titanium (a) and zirconia (b) implants under a load of 200N.

Table 1. Comparison of mean stress (standard deviation) (MPa) for titanium and zirconia cylinders (2-way ANOVA, Bonferroni, p <.05).

Cylinders Point 1 Point 2 Point 3 Point 4 Point 5
Titanium 15.22(+2.88)aA 24.59(£1.62)aBC 30.84(x1.36)aB 23.66(+3.96)aC 15.26(=1.62)aA
Zirconia 20.39(+0.97)aA 20.25(£3.34) aA 26.75(x2.97)aA 20.18(x2.16)aA 20.82(+2.57)aA

Same letters, lower case in column and capital letters in the line indicate no statistically significant difference (p > .05).
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The comparison of mean stress (2-way ANOVA,
Bonferroni test, p <.05) for implants is shown in Table 2.
No statistically significant differences (p >.05) were found
between the points studied in comparison with Zr and Ti,
with the exception of point 3 (p <.05).

When the stress at the points of the same material were
compared, it was observed that highest stress occurred at
point 3 for the Zr implants, which showed a statistically
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Figure 6. The fracture strength of zirconia implants evaluated by
Weibull distribution.
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Figure 7. The fracture strength of titanium implants evaluated by
Weibull distribution.
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significant difference (p <.05) in comparison with the other
points. As for points 1, 2, 4, and 5, they showed no statistically
significant difference (p > .05) among them. For the Ti
implants, the point of highest stress concentration was also
at point 3 with a statistically significant difference (p <.05)
in comparison with the other groups, followed by point 2 that
was statistically different (p <.05) when compared with the
other groups, with the exception of point 4. The stress at
point 1 showed similar levels (p > .05) as points 4 and 5.

The Ti implants showed higher fracture strength than the
Zr implants (2-way ANOVA, Bonferroni, p <.05) (Table 3)
and a statistically significant difference (p <.05) was found
for all groups.

The fracture strength distributions of the specimens
for Zr and Ti are shown in Figures 6 and 7, respectively,
along with the Weibull parameters. The results show that
Zr implants are more likely to fail than Ti implants. After
2 million thermomechanical cycles, Ti implants showed
the highest mean fracture strength (220 MPa), while the
fracture strength of Zr implants was 78 MPa. When the
different treatments for the same material were compared,
no statistically significant difference was found (p > .05)
among the groups (Table 3, Figures 6 and 7).

4. Discussion

This study compared the stresses generated and
fracture strength of Zr and grade 4 Ti implants submitted
to mechanical and thermomechanical fatigue, which was
based on the null hypothesis that no difference would occur
between the transfer of forces of the materials tested and
that cyclic loading would not be able to interfere with the
fracture strength of the implants. The stresses generated was
analyzed using the photoelastic method and fracture strength
was recorded from the application of forces on the implant
positioned at an angle of 30°, as most zirconia implants are
used in anterior areas'>'*. The analyses of the results indicate
that null hypotheses can be partially accepted. As for stress
distribution, a statistically significant difference (p <.05) was
found for some of points analyzed. However, no statistically
significant difference (p > .05) was found for the fracture
strength values when comparing the treatments to which
the implants were submitted.

The photoelastic method chosen for the present research
has been widely used by several authors'>'?, who describe
and qualify photoelasticity as being the method for analysis

Table 2. Comparison of mean stress (standard deviation) (MPa) for titanium and zirconia implants (2-way ANOVA, Bonferroni, (p <.05).

Cylinders Point 1 Point 2 Point 3 Point 4 Point 5
Titanium 18.78(+3.18)aA 25.99(+1.82)aB 40.78(x2.04)aC 25.13(+2.08)aAB 16.37(£1.97)aA
Zirconia 15.65(£2.84)aA 21.90(+2.73)aA 34.93(+3.12)bB 22.26(+1.94)aA 15.65(=1.84)aA

Same letters, lower case in column and capital letters in the line indicate no statistically significant difference (p > .05).

Table 3. Mean (standard deviation) stress (MPa) of fracture strength of zirconia and titanium implants.

Implants Control Mechanical fatigue Thermomechanical fatigue
Titanium 206.29 (+£8.35)aA 211.34 (+8.74)aA 206.29 (+£9.08)aA
Zirconia 67.32 (£8.67)bA 64.11(x6.04)bA 67.72 (£9.38)bA

Same letters, lower case in column and capital letters in the line indicate no statistically significant difference (p > .05).
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that allows the visualization of the stress on the bodies, which
can be measured and photographed.

Some studies?**! show that implant design is an important
aspect in stress distribution and stress concentration, which
can be minimized by the design. Thus, threaded implants
present more favorable stress distribution than the non-threaded
ones and these findings corroborate the data collected in the
present study that shows that implants presented a more
uniform stress distribution when compared with the cylinders
of the same material.

In a qualitative analysis of stresses transmission applied on
the cylinders (without spirals), despite the difference in elastic
modulus of titanium and zirconium (120 GPa and 210 GPa
respectively)??, it was found that Zr and Ti showed the
same pattern of force distribution, but at different intensities.
The intensity of stress was evaluated using the quantitative
method and, according to the results presented, it may be
stated that no statistically significant difference was found
among the 5 points assessed in comparison with Zr and Ti.

When the qualitatively transfer of stresses of the Ti and
Zr implants was analyzed, a greater evidence of equivalence
was noted mainly due to the removal of sharp angles at
the apex inserted in the photoelastic resin, as found in the
previous comparative analysis of the cylinders, and due to
the presence of the spirals along the part that distributes
forces more evenly along the implant post without stress
concentration at the apex!'$2024,

Some studies?>? reported a difference in transfer of stress
around implants according to the type of implant material
used. Other authors observed that stress transmitted to the
bone is almost independent of the type of material used”’?,
which is in agreement with the results of the present study
that found a statistically significant difference (p <.05) only
at one of the five points of stress assessed comparatively
between the Zr and Ti implants.

Sertg6z* concluded that the use of resilient materials
to fabricate structures overloads the prosthetic screws,
increasing the chances of system failure. Stegaroiu et al.** and
Menani et al.>! concluded that the use of ceramic prostheses
decreases the amount of stress transmitted to the implants.
Thus, the use of ceramic materials would be beneficial for
implant survival when taking into account transfer of stress,
which confirms the findings of the present study that found
that the transfer of force of Zr implants was lower than the
stress transmitted by metal implants.
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