In vitro Study of the Effectiveness to Fractures of the Aesthetic
Fixed Restorations Achieved from Zirconium and Alumina

LAURENTA LELIA MIHAI', IOANINA PARLATESCU?, CARMEN GHEORGHE?, CLAUDIA ANDREESCU!, ANAMARIA BECHIR!*
MARIANA PACURARS, CRISTIAN NIKY CUMPATA!

'“Titu Maiorescu” University of Bucharest,Faculty of Dentistry, Department of Dental Specialties, 67A Gheorghe Petrascu Str.,
031593, Bucharest, Romania

2“Carol Davila” University of Medicine and Pharmacy, Faculty of Dentistry, Oral Medicine Department, 4-6 Eforie Str., floor 3,
room 18, 050037, Bucharest, Romania

% University of Medicine and Pharmacy of Tirgu Mures, Faculty of Dentistry, 38 Gheorghe Marinescu Str., 540142, Tirgu Mures,
Romania

A small percentage of the population is hypersensitive to dental alloys. For the last few decades, numerous
approaches have been made to enhance the hardness of ceramics used in fixed prosthetic restorations. The
aim of the research was to study, in vitro, the effectiveness to fracture tests of the aesthetic fixed restorations
realized from zirconia and alumina. The experiment was conducted in a physics laboratory at the Polytechnic
Institute of Bucharest for a 2 years period. For testing we used a total of 60 crowns manufactured as follows:
30 identical zirconia crowns, 30 identical alumina crowns, and for plating we used compatible ceramics.
Each batch of 30 crowns was then divided in 3 groups of 10 crowns. Subsequently the crowns were cemented
on resin models using zinc phosphate cement. After the setting of cement, the crowns were stored in
distilled water at a temperature of 37°C. After two years, the first group of crowns was not subject to any
treatment, the second group was subjected to a heat treatment in water bath at 55°C for 20 s each, and then,
the 2" and 3" group of aesthetic crowns underwent cyclic preloading, between 30-300 N, at 1 Hz. The
researches results showed that zirconia crowns were 3 times stronger and tougher than alumina crowns,

and that the success rate in the zirconia crowns batch was 100%.
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Alumina and zirconium-based ceramics are the latest
materials used for fixed partial dentures core and ceramic
crowns.

Zirconium is a metal with the atomic number 40. It was
first discovered in 1789 by German chemist Martin Klaproth.
The material has a density of 6.49g/cm?, a melting point of
1852°C and a boiling point of 3580°C. It has a hexagonal
crystal structure and gray color. Zirconium is not found in
nature in its pure state, it can be found in combination with
silicon oxide under the name of zircon mineral (ZrO, x
SiO,) or as free oxide (zirconium, ZrO,) named Baddeleyite.
These minerals cannot be used as raw material in dentistry
due to different impurities of metallic elements (that colors
their mass) and natural radionuclide such as uranium and
thorium (which make them radioactive).

In order to produce powders of pure zirconia complex
and time-consuming procedures are necessary that result
in effective separation of these elements. After purification
the material can be used as ceramic biomaterial.

Zirconium is not found in nature in its pure state, thus it
cannot be used as raw material in dentistry due to
impurities of metallic elements uranium and thorium that
make it radioactive. Complex multistage chemical
transformation processes in partially stabilized zirconium,
make it develop hardness and resistance to fracture. The
most useful mechanical properties can be obtained when
zirconium is in multiphase form, known as partially
stabilized zirconias.

Pure zirconia (ZrO,) has a high melting point (2680°C)
and low thermal conductivity. In any case, its
polymorphism is narrowing the scope of its use in ceramic
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industry. ZrO, is found in three crystallographic forms:
monoclinic (l\?l), tetragonal (T) and cubic (C).

The crystal structure of monoclinic, tetragonal and cubic
zirconia is presented in figure 1 [1].

Fig. 1. Crystal structure of monoclic (a), tetragonal (b) and cubic
zirconia (c)

During heating, zirconia undergoes a phase of the
transformation process. The monoclinic form is stable from
room temperature and up to 1170°C. Above this
temperature, it transforms into a denser tetragonal phase
with a 5% volume decrease and creates cracks in its
structure. The tetragonal form is stable between 1170 and
2370°C. At temperatures above 2370°C, zirconium takes a
cubic crystal structure. A reversible T-M transformation
occurs during cooling at a temperature of about 100°C under
1070°C, with 3-4% volumetric expansion and generation
of forces that cause cracks in the ZrO, ceramics. The forces
induced during changes that take place in this phase have
resulted in cracks formation.

The temperature-related phase transformation of
zirconia is presented in figure 2 [2].

The addition of stabilizing oxide to zirconium, such as
calcium (Ca0), magnesium (MgO), cerium (CeO,) or yttrium
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Fig. 2. Temperature - related phase transformation of zirconia

(Y,0,), may suppress the phases of its transformations
allowmg the generation of a multiphase material at room
temperature, called stabilized zirconia.

Totally stabilized Zirconium is produced when more than
16mol% CaO (7. 9wt%) 16mol% MgO (5.86wt%) or 8mol%
Y,0, (13.75wt%) is added to ZrO, and has a cubic form.
Due to its increased hardness and high thermal shock
resistance, this material is considered a valuable refractory
product. The most useful mechanical properties can be
obtained when zirconium is in multiphase form, known as
partially stabilized zirconia (PSZ) [3].

PSZ can be obtained by adding small amounts of
stabilizing oxide to pure zirconium, compared with those
used for obtaining totally stabilized zirconia. At room
temperature, the microstructure of PSZ consists, in general,
of cubic zirconia as major phase with monoclinic or
tetragonal precipitated zirconia as minor phase. These
precipitates can be found at grain edges or within the
granulations of the cubic matrix [4].

Diversified PSZ have been tested as ceramic biomaterials.
Mg-PSZ is one of the most well-known engineering
ceramics based on zirconia. The mass material residual
porosity, of a rather coarse size (30-40um) and the
difficulties in obtaining precursors of Mg-PSZ without
impurities decreased the interest of manufacturers to
develop Mg-PSZ ceramics in biomedical applications. It
has been reported that, the consolidation through
solidification in the transformation phase is less pronounced
i[n ]Mg-PSZ than in Y-TZP (zirconia varnished with Yttrium)

o].

Itis possible to obtain PSZ ceramics at room temperature
in the presence of a small amount of oxide stabilizers, only
with a tetragonal phase, known as tetragonal zirconia
polycrystals (TZP). Tetragonal ZrO, grains are dispersed
within the cubic matrix, have been shown to be sufficiently
small; can be maintained in a metastable state which is
able to transform itself into monoclinic phase [6]. This
phenomenon can be explained by the low surface energy
of tetragonal ZrO, particles and the constraint of the rigid
matrix that opposes itself to their transformation into a
less dense monoclinic form. This process creates a stronger
cracks inhibition mechanism and strengthening, the
transformation-hardening mechanism [3].

The tetragonal ZrO, grains can transform themselves
into monoclinic phase “when the constraint exerted by the
matrix is removed, for example by a crack that advances
into the material. At the tip of the crack, the region of the
compressor force, that is associated with a 3-5% volume
expansion of the tetragonal transformed grains, acts in
opposition to the thrust area which promotes crack
propagation [fig. 2] [7].

The addition of approximately 2-3% Yttrium (Y,0,) moles
as stabilizer agent at zirconia, allows smtermg of fine
tetragonal zirconia ceramics, made from 100% small
metastable tetragonal granules, called Yttrium- Tetragonal
Zirconia Polycrystals (Y-TZP). The T phase fraction retained
at ambient temperature is dependent on the processing
temperature, the content of yttrium, the grain size and the
degree of pressure exerted on them by the matrix. The
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Fig. 4. Relative expansion as a function of sintering temperature
for nanostructured and commercial Y-stabilized ZRO, measured in
a dilatometer: the dashed vertical line represents 1/2 Tm

relative expansion as a function of sintering temperature
for nanostructured and commercial Y-stabilized ZrO,
measured in a dilatometer is presented in figure 3 [8].

TZP ceramics mechanical properties also depend on
these parameters [7].

The addition of Y,0, in higher concentration produces a
totally stabilized zifconia ceramics with only one cubic
phase and a low level fracture resistance [9,10].

To obtain a metastable tetragonal structure at room
temperature (3 mole% Y,0,-ZrO, -doped tetragonal)
ceramic grain size must be less than 0. 8um [11].

There is a critical granular size, related to the
concentration of yttrium, according to which any T-M grain
transformation that occurs spontaneously happens even if
the transformation will be inhibited in an excessively fine
structure [7].

The metastable zirconia-yttria phase diagram is
presented in figure 4 [12].
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Table 1

PHYSICAL AND CHEMICAL PROPERTIES OF Y-TZP

Properties Y-TZpP
Chemical composition ZrO, +3mol% Y,0;
Density >6 g/cm” Table 3
Porosity <0.1% APPLIED FORCE TILL THE FRACTURE OF CROWNS (MPa)
Torsion 900-1200 MPa
Compressive strength 2000 MPa e : : ) T
Young Module 210 GPa — 1 Batcl; 1Lzlrcoma) 2 Batchsialumma)
Resistance to fracture 7-10 MPam’ " 4 15 3
Coefficient of thermal expansion 11x10°K"
Thermal conductivity 2WmK'
Hardness 1200 HV
Table 2
DISTRIBUTION OF CROWNS INTO GROUPS
The used The applied treatment
material 1*; maintained only | 2" heat treatment 3" cyclic loading
for crowns in distilled water + cyclic loading
Zirconia 10 crowns 10 crowns 10 crowns
batches
Alumina 10 crowns 10 crowns 10 crowns
batches
1* Group 2" Group 3" Group (heat treatment +
(any treatment) (heat treatment) cyclic preloading) Table 4
Material | pesistance to R:ppc:;t Of | Resistance to R:;‘PP".' tof | Resistance to R;'ppo.rt of OBTAINED RESULTS IN THE THREE STUDIED
Fraction (N) raction Fraction (N) raction Fraction (N) raction
manner manner manner GROUPS
Alumina 905 8:2 917 9:1 904 9:1
Zirconia 975 2:8 910 3:7 1108 6:4
1=0,38 =0,01 1>0,05 1<0,01 <0,07 5>0,05
Batch 1 Batch 2 Batch 3 Table 5
Study Type In vitro In vitro In vitro
Material Zirconia Alumina Alumina /zirconium| THE COMPARED RESULTS
Control after 2 years 100% 95% 95%

Y-TZP exhibit exceptional mechanical properties, with
high initial hardness and resistance to fracture. The physical
and chemical properties of Y-TZP are presented in table 1 [7].
A small percentage of the population is hypersensitive to
dental alloys containing noble and base metals such as
palladium and nickel [13].

In vitro and in vivo studies have confirmed the high
biocompatibility of Y-TZP when high purity zirconia
powders are used [2].

These powders are purified of their radioactive content.
As a result, no local (cell) or systemic adverse reactions
have been reported in this material [6,7,14,15].

Experimental part
Materials and methods

To demonstrate the effectiveness to fractures of the
aesthetic fixed restorations achieved from zirconia and
alumina, we conducted an in vitro study to test the
resistance to fracture of the ceramic crowns. The
experiment was conducted in a physics laboratory at the
Polytechnic Institute of Bucharest for a 2 years period.

For testing we used a total of 60 crowns manufactured
as follows: 30 identical zirconia crowns, 30 identical
alumina crowns, and for plating we used compatible
ceramics. Each batch of 30 crowns was then divided in 3
groups of 10 aesthetic crowns. Subsequently the crowns
were cemented on resin models using zinc phosphate
cement. After the setting of cement, the crowns were
stored in distilled water at a temperature of 37°C. After two
years, the first group of crowns was not subject to any
treatment, the second group was subject to a heat
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treatment in water bath at 55°C for 20 s each, and then, the
2" and 3 group of aesthetic crowns (each containing 10
crowns), underwent cyclic preloading, between 30-300
N, at 1 Hz.

The distribution of aesthetic crowns into the batches
and groups is presented in table 2.

After treatment, all 60 crowns were subject to fracture
load by applying a 2.5 mm diameter steel ball on the
occlusal surface of the crown, with a crosshead speed of
0.255 mm min™.

Results and discussions

The results of these experimental researches shows
that:

-in the first part of the study, the resistance to fracture of
crowns showed that the exposure to saliva of a ceramic
crown before glazing reduces its strength (table 3);

- all occurred fractures were in the alumina group and
compared to the zirconia group, the difference were
statistic significant (p<0.001);

- table 4, presented our results in the all three studied
groups: exposed only to distilled water (the first group),
exposed to heat treatment (the second group) and to heat
treatment+cyclic loading (the thirds group);

- at the final of studies, we gathered the data, compared
them for a clearer visualization, and the obtained results
are shown in table 5.

Clinical data determined both manufacturers and
dentists to place greater emphasis on data regarding the
resistance of a material to define clinical indications.
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Probability analyses assume that the maximum bite forces
on previous crowns rarely exceed 900 N and maximum
strength on posterior crowns rarely exceeds 2200 N, as
long as most patients typically generate bite forces
between 400 N and 800 N. In order to resist such loads, it is
important not only to select the right materials, but also to
build the prosthesis in order to reduce stress in the
prosthesis center. It has been shown that resistance to
fracture is related to cervical preparation that should make
a “threshold” to withstand load. [3,16].

It has been found that small amounts of transition metal
oxides are effective to densify Y-TZP and Y-TZP-ALO
composites at relatively low temperatures. As typlcai
examples, MnO -doped Y-TZP and MnO -doped Y-TZP-
ALO, composites have been investigated. Al MnO -doped
systems showed low-temperature sinterability, and the
obtained high-density sintered bodies having small grains
showed excellent mechanical properties. Although MnO -
doping enhanced the densification for all the systems
studied, it can be inferred that the densification mechanism
of the doped -Y-TZP is different from of the doped-ALQ..
The densification behaviour for the doped-Y-TZP- Af d
composites can be explained by the combined mechanism
of the doped-Y-TZP and of the doped-AlO, [17].

The T-M transition of TZP materials depends not only of
the Y,0, content but also of its distribution. The stabilizing
oxide is introduced into ZrO ,during the early manufacturing
process stages of the ceramic powder. Y,0, can also be
co-precipitated with ZrO, salts or varnished on the ZrQ,
grains to produce the ceramic powders. The mlcrographs
of different zirconia 3y-tzp ceramic blocks are presented
in figure 5 [8].

After the researches of Habibe and al [18] (which
evaluated the influence of additions on sintering bioglass
and the mechanical properties of yttria-stabilized zirconia),
the increasing of bioglass amount leads to the decreasing
of relative density, due to tetragonal-monoclinic
transformation during cooling of the sintered samples. They
concluded that Y-TZP samples sintered at 1300°C,
containing 5 wt.% of bioglass, presented the best results,
with high relative density, hardness and fracture toughness
of 11.3 GPa and 6.1 MPa m1/2, respectively. Furthermore,
apreliminary biological evaluation, in vitro cytotoxicity tests
by Neutral Red Uptake method (using mouse connective
tissue cells, NCTC clone L929 from ATCC bank) were
realized to determine the cytotoxicity level of ZrO,-bioglass
ceramics, and the authors observed the un- cytotox1c
behaviour in all sintering conditions and bioglass amounts
used in their researches.

The studies of Philipp and al [19], performed in vivo for
comparing Ce-TZP/A nanocomposite, demonstrated that
after 12months of clinical service, this material is a
promising and reliable framework for posterior fixed
prosthetic dentures, but a longer observation periods,
studies with more patients, and randomized clinical long-
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Fig.6. Micrographs of different
zirconia 3Y-TZP ceramic blocks

term trials are needed to validate the clinical performance
of their case series.

After the studies of Christensen and Ploeger [20] dentists
can use metal or zirconia frameworks successfully if they
are designed properly, but to avoid veneer ceramic surface
crumbling and minimize chipping, use of leucite-
containing pressed ceramics is indicated.

Recent studies have shown that the bacteria are less
accumulated around the Y-TZP than around titanium [6,21].

Conclusions

Zirconia crowns were 3 times stronger and tougher than
alumina crowns.

Alumina fracture resistance was about 400 MPa and
the fracture toughness was 3 MPa. Thus, the values
corresponding to zirconia were of 1200 MPa and 9 MPa,
which were much higher than in alumina.

The researches results, after a two years period, showed
that the success rate in the zirconia batch was 100%.

Short-term exposure to saliva, before the last firing, may
have a negative effect on the strength of dental ceramics.

Ceramic crowns with zirconium core presented a higher
resistance than those with alumina core.
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