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Purpose: This paper is focused on the works concerning preparation of zirconium oxide ceramic blocks recommended for
CAD/CAM systems used in prosthetic dentistry for manufacturing fixed prosthetic restorations.

Methods: Zirconium-yttrium-magnesium mixed ceramic oxides were prepared by sol-gel method via hydrolysis and condensation of
zirconium alkoxide precursor (zirconium (IV) propoxide) with yttrium and magnesium nitrates diluted in 2-propanol. The aim of this
work was to obtain 2% mol yttria-stabilized zirconia ceramic powders with magnesium as an additional tetragonal ZrO, phase stabilizer
in amount between 2+6% mol (with 2% variable). Prepared gels were dried (24 h at 65 °C). Obtained powders were mixed with binder
(carboxymethyl cellulose) and uniaxial pressed into specimens with a dimensions 38 x 22 x 6 mm. Afterwards green bodies were sin-
tered in range of temperature between 1350—1550 °C. Powders and blocks were characterized by Scanning Electron Microscopy, Fourier
Transform Infrared Spectroscopy, Specific Area Measurement.

Results: Highly homogeneous powders with a low open porosity were obtained. Prepared blocks after sintering showed numerous
cracks. Nevertheless blocks were fine grained and showed quite reproducible chemical composition.

Conclusion: A sol gel wet chemical route of powder synthesis allow us to obtain high homogenous ceramic materials with inconsid-
erable amount of pores with low variation in dimensions. In spite of a reproducible synthesis methods of a ceramic powders, applied to
prepare green bodies procedure and sintering manner do not allowed to obtain zirconia cermic blocks free from cracks.
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ternal adaptation [25]. Nevertheless there are some vali-
dated proofs which show fairly important shortcomings
of PFM. Gray metal framework of PFM dentures makes
it difficult to imitate natural tooth aesthetics, moreover
metal core can cause the surrounding gum bluish shade
[19]. Another drawback of PFM is complicated labora-

1. Introduction

The last two decades of the twentieth century in
fixed dentures prosthetic treatment belong to metal-
ceramic dentures. Since the full-ceramic restoration

(FCR) was developed porcelain-fused-to-metal (PFM)
restorations represent the “gold standard” in prosthetic
dentistry. Clinical success of PFM type of dentures is
due to satisfactory esthetic results, predictability in
mouth and acceptable quality of their marginal and in-

tory procedures including wax pattern preparation, metal
casting procedures and veneering ceramics firing cycles.
The large number of operative steps make PFM quality
very sensitive to any oversights [25], [19]. Introduction
of CAD/CAM In spite of a reproducible synthesis meth-
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ods of a ceramic powders, applied to prepare green bod-
ies procedure and sintering manner do not allowed to
obtain zirconia cermic blocks free from cracks [2], [8],
[10], [17], [19], [25]. Except high esthetic appearance
use of ceramics in dentistry has been successful because
of the advantages: biocompatibility, low thermal con-
ductivity, low plaque retention and fluid absorption and
chemical inertness [8], [17], [25]. Early dentistry ce-
ramics had some drawbacks which made clinical prob-
lems: brittleness, low tensile strength and ease to crack
propagation [25]. At present most frequently used ce-
ramic for FCR manufacturing is natural and colored
yttrium stabilized zirconium oxide (YSZ) [2], [5], [8],
[107, [13], [17],[19], [25].

Chemical pure zirconium oxide (zirconia) in stan-
dard conditions is monoclinic (m-ZrO,). With in-
creasing temperature it becomes metastable: tetrago-
nal (t-ZrO,) approximately at 1170 °C and cubic (c-
7Zr0,) from 2370 °C to 2716 °C (melting point) [5],
[11], [13]. Lattice transformation are martensitic char-
acterized by: diffusionless, occurring athermally, caus-
ing volume increase and shape deformation [5], [11],
[13]. For such reasons zirconium is also known as
transformation ceramics [11]. Pure zirconia is vulner-
able to uncontrolled transformation occurring under
cooling. Volume changes on cooling are approx.
2.31% mol ¢-ZrO, — t-ZrO,, and approx. 4-5% mol
t-ZrO, — m-ZrO,. As a result of transformation zir-
conia becomes more fragile and grains may tend to
fall out [5], [11], [13], [24]. Martensitic transforma-
tion can also occur as a result of: uncontrolled grain
growth during sintering, external stress interaction
with moisture [11], [13]. The consequence of trans-
formation in moisture environment at low range of
temperatures (0-500 °C) is uncontrolled degradation
of zirconia also known as Low Thermal Degradation
(LTD) [5], [11], [16], [24]. LTD was one of the rea-
sons of fatal clinical accidents with St. Gobain-
Desmarques zirconium HIP ball prostheses [5], [6].
Based on these facts, it can be concluded that the oral
environment is strongly predisposing factor for un-
controlled martensitic transformation. Solution of this
negative phenomenon is stabilization of metastable
phases (especially t-ZrO,) at room conditions. Alloy-
ing ZrO, with lower valence oxides like CaO, MgO,
Y,0;, Lay05,Gd,O; and CeO, disfavored stress-
induced phase transformation. Dopant make c-ZrO,
and t-ZrO, phases lattice more desirable [13]-[15].
Metastable phases are analogous to pure zirconia
phases but have dopant ions substituted on Zr*" sites
and have a fraction of oxygen sites vacant to retain
charge neutrality [13]. The type and concentration of
the dopant affect to the zirconia stability and suscepti-

bility to LTD. At present, the most commonly used
stabilizer is yttrium oxide [16]. Only YSZ reached the
actual status of having a dedicated ISO standard for
surgical implants application [16].

A wide range of chemical toute synthesis methods
are used to prepare ceramic powders. Among them co-
precipitation, electrophoretic deposition (EPD), aerosol-
derived powders, chemical vapor deposition (CVD),
spray pyrolysis and sol-gel method are used [9], [21],
[23]. Obtaining a high homogeneity and dispersion of
the powders is possible by using wet chemistry meth-
ods of synthesis, inter alia sol-gel processing of col-
loids and metal-organic compounds [20], [21]. In this
kind of synthesis liquid precursors undergo hydrolysis
and condensation. Resultant gel is continuous oxide
network formed through polymerization at room tem-
perature. Sol-gel post-processing treatment allows ob-
taining ceramic powders with recurrent properties [20].

The first objective of this study was to produce
stable sols of 2% mol MgO, 2% mol Y,0; YSZ,
rather than with the same procedure 4% mol and 6%
mol MgO doped YSZ without any precipitates. There
are some reports about troubles with sol-gel process-
ing with zirconium alkoxides precursors which may
subsequently have negative impact on technological
treatment of ceramic powders [20]. The second aim of
investigation was to determine the impact of the
chemical composition and thermal treatment on the
structure, porosity and distribution of the pores in the
blocks prepared from powders.

2. Materials and methods

2.1. Powders and block preparation

Magnesium doped yttria-stabilized zirconia pow-
ders have been prepared with the procedure shown in
Fig. 1. Table 1 contains chemical composition of the
powders. At room temperature zirconium (IV) pro-
poxide 70% solution in 1-propanol (ZNP) (Sigma-
Aldrich) was stirred for a period of 5 min with nitric
acid (HNO;) (AVANTOR) as a catalyst. Starting
solution was mixed with a 2-propanol (PrOH)
(AVANTOR) and 0.5 mol solutions of metal oxides
precursors diluted in 2-propanol: yttrium nitrate hexa-
hydrate (YPr) (Sigma-Aldrich) and magnesium nitrate
hexahydrate (MgPr) (Sigma-Aldrich). After 20 min
distilled water was added with continuous stirring of
mixture to obtain white-transparent homogenous gel
without any precipitates. The ZNP:HNO;:PrOH:H,O
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Fig. 1. Experimental procedure scheme
of MgO-doped YSZ powders and sintered blocks

molar ratio of the final solution was 1:1:5:2.5. Gel
was dried at 65 °C for 24 h (Binder FED dryer) and
later ground in a porcelain mortar. the obtained pow-
der was filtered under low pressure to rid out the rest
of nitric acid. The resultant materials were left to dry at
room temperature for 1 week. Green bodies were
prepared from dried powders mixed with carboxymethyl

cellulose as a binder. The mixture was pressed at uniax-
ial hydraulic press (PHM 63) at 110 atm. The obtained
9 blocks (dimensions 38 x 21.3 x 5.7 mm, 3 for each
concentration of magnesium oxide) were sintered
(Robocam P1 Plus furnace) at temperatures 1350,
1450, 1550 °C (heating rate 300 h™', sintering time 1 h,
isothermal hold in 900 °C for 1 h, cooling rate 600 h ")
for each of magnesium oxide sample concentration.

Table 1. Chemical composition of powders

Powder (-) 1 2 3

Chemical 710, 96 94 92

composition| MgO 2 4 6

(% mol) Y,0; 2 2 2
2.2. Methods

Scanning Electron Microscopy (SEM). Morphol-
ogy of the sintered blocks was investigated under scan-
ning electron microscope Hitachi TM 3000.

Fourier transform infrared spectroscopy (FTIR).
The functional groups expected in the materials de-
veloped were examined using FT-IR spectroscopy
(FTIR Bruker IFS 66v/S spectrometer) in range 4000—
500 cm . Powdered samples were mixed with potas-
sium bromide in weight ratio of 1:20, and placed in
a measuring flask, which was passed by the beam of
infrared light.

Low-temperature nitrogen adsorption. The ni-
trogen adsorption/desorption isotherms were meas-
ured using Quantachrome Instruments iQ, Autosorb.
Before analysis, all samples were degassed for 3,6 h
at 300 °C. Specific surface area was calculated using
BET method (Brunauer—Emmett—Teller). Porosity and
pore size distribution was specified by BJH method

Table 2. Gel preparation — empirical data

Pre-proper Sttli:ll:g G;i?ii?n Sstll)rer:ég Heating | Molar ratio Gel structure
Reaction (-) (min) (min) (rpm) (50°C) | (ZNP:H,0)

1 28 28 200-350 no 1:5 inhomogeneous/precipitates
2 36 25 200-300 no 1:5 inhomogeneous/precipitates
3 20 15 200-500 no 1:5 inhomogeneous/precipitates
4 35 30 200-600 no 1:5 inhomogeneous/precipitates
5 32 29 200-500 no 1:1.25 inhomogeneous/precipitates
6 30 25 200-500 no 1:1.25 inhomogeneous/precipitates
7 30 26 200400 no 1:1.25 inhomogeneous/precipitates
8 43 30 200-500 no 1:1.25 inhomogeneous/precipitates
9 28 25 200450 no 1:2.5 homogeneous/clear

10 25 23 200450 yes 1:2.5 homogeneous/clear
11 24 21 200400 yes 1:2.5 homogeneous/clear
12 25 23 200-400 yes 1:2.5 homogeneous/clear
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(Barrett—Joyner—Halenda) using apparatus producer
software. Approximate pore shape was specified via
de Boer adsorption hysteresis classification.

3. Results

The approach we used for the preparation of
mixed zirconia-yttria-magnesia oxide solution was
a sol-gel method with nitric acid as a hydrolysis
catalyst. All reagents were analytical grade purity
and were dispersed by drop-by-drop addition. The
result showed that the blocks prepared from mixed
oxides clear sols are highly uniform. Correlation
between zirconium (IV) propoxide and distilled wa-
ter molar ratio and the impact for gel structure and
gelation point are shown in Table 2. All of the in-
vestigations were made on sintered blocks. Sintered
blocks had an 31.8% average shrinkage level (meas-
uring the thickness of the block before and after sin-
tering) and a lot of cracks. Specimen characteristics
are shown in Table 3.

VSCHT 0269 2013/04/10  11:26 _

Table 3. Sintered blocks naming

Block/powder Sintering
composition (-) temperature (°C)
1/1
1/2 1350
173
2/1
2/2 1450
2/3
3/1
3/2 1550
3/3

3.1. Electron microscopy

Examples of SEM microphotographs for blocks
with 2% mol MgO sintered at each temperature from
the range are shown in Fig. 2. In general, the mor-
phology of all sintered blocks shows relatively small
differences. Occurring porosity is related to the tem-
perature of sintering (Fig. 2). With the rise of sintering
temperature there is observed a tendency to associate

| ) ¢
D51 x20k  30um

Fig. 2. Scanning electron microphotographs of 2% mol MgO blocks sintered at:
A) 1350 °C, B) 1450 °C, C) 1550 °C

. W

201304110 1400 H_ D&4 60k 10um

Fig. 3. Scanning electron microphotographs of blocks sintered at 1550 °C.
Magnesium oxide concentration: A) 2% mol, B) 4% mol, C) 6% mol
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the pores in clusters. Nevertheless share of the pores is
so negligible that it does not have a significant effect on
the structure of the sintered blocks. The observed aggre-
gates are quite uniform. Differences appear at blocks
sintered at 1550 °C. The observed heterogeneity shows
many places with large grain agglomeration. Examples
are shown in Fig. 3. All of the sintered blocks have nu-
merous cracks without evidence of exfoliation. Table 4
shows the results of estimated average grain size.

Table 4. Sintered blocks average grain size

Cheml@l | ) 3
composition
Sintering L
temperature (°C) Average grain size (nm)
1350 769 906 669
1450 938 757 595
1550 930 761 779
A
%51 6% mol MgO
— 045
'é' 035
o
% 0,25
£
Q o015
Q
< 0,05
-0,05
0,15
3700 3300 2900 2500 2100 1700 1300 900 500
Wave number [1/cm]
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0,2

01

-01
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Fig. 4. FTIR spectra of samples. Magnesium oxide
concentration: A) 2% mol, B) 4% mol, C) 6% mol
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3.2. FTIR spectra

Fourier transform infrared spectroscopy (FTIR) was
applied to determine the presence of specific groups.
Figure 4 shows the FTIR spectra of 1/1, 1/2, 1/3 blocks.
All samples have similar waveforms. Narrow band
from 500 to 750 cm ' is attributed to vibrations of
Zr-O bond. The broad band from 900 to 1600 cm ' is
attributed to vibrations of C-C, C-N, C-O, C=C, C=0
and C=N bonds. Only in one case, there was found
a weak but visible peak from 3400 to 3600 cm
probably attributed to the O-H bonding vibrations
(1/1). Recent case could suggest undesirable occur-
rence of zirconium hydroxide in the sample. The pres-
ence of hydroxyl groups is one of the reasons of anni-
hilation of the oxygen vacancies in ZrO, structure and
is the source of uncontrolled phase transition which in
an electrolyte environment can lead to LTD [5]. The
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Fig. 5. N, adsorption/desorption isotherms for blocks:
A) 1/3 and B) 2/3
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absence of O-H bending vibrations in other cases
demonstrates the successful use of the sol gel tech-
nique and adopted thermal treatment.

3.3. Low-temperature
nitrogen adsorption

In order to know the porous structure of prepared
zirconium oxide bioceremics, the low-temperature
nitrogen adsorption was done. Examples of adsorp-
tion/desorption isotherms for samples 1/3 and 2/3 are
shown in Fig. 5. According to IUPAC classification
[12], all isotherms are similar to type II and type IV
corresponding to mesoporous materials (2-50 nm)
[22]. Table 5 shows the type of material (IUPAC po-
rous material classification), mean pore volumes and
size calculated via BJH method, approximate pore
shape via de Boer classification and specific surface
areas calculated by BET.

D. NAKONIECZNY et al.

(0= 0,65) results that the reactions of hydrolysis and
condensation occurs spontancously and uncontrolled
which may results in inhomogeneous products [12].
Therefore, it is important to choose the molar ratio
of the precursor to solvent (distilled water). The opti-
mal molar ratio between ZNP and distilled water
was 1:2.5. In other cases molar ratios result as inho-
mogeneous sols of significant quantities of agglomer-
ates. Another important factor under the synthesis is
a method of dispensing water and control of the vis-
cosity of the sol. Fast addition of water resulted in
a rapid hydrolysis and the precipitation of a large
amount of agglomerates and consequently a rise of
viscosity of sol. Therefore, in the present study, was very
carefully water added with “drop-by-drop” method while
increasing the speed of the magnetic stirrer. Our obser-
vations coincide with the experimental results ob-
tained by Bansal [3].

The obtained morphology of materials is quite uni-
form. Average grain size varies in the range from

Table 5. Results of low-temperature nitrogen adsorption

Type of . Pores Pores Specific
Block/powder . Pores Approximate | . surface
composition (-) material distribution pores shape diameter VOll}lH}le area
(IUPAC) (nm) (em’g™) (m’e™)
1/1 mesoporous | homogeneous spherical 3.063 0.007 0.667
1/2 mesoporous | homogeneous spherical 3.066 0.005 0.420
1/3 mesoporous | homogeneous spherical 3.066 0.005 0.525
2/1 mesoporous | homogeneous spherical 3.066 0.005 0.425
2/2 mesoporous bimodal spherical 3.425 0.004 0.382
2/3 mesoporous bimodal spherical 3.426 0.004 0.411
3/1 mesoporous | homogeneous spherical 4.326 0.006 0.402
32 mesoporous | homogeneous spherical 4.328 0.004 0.349
3/3 mesoporous bimodal spherical 3.066 0.003 0.349

4. Discussion

The obtained results show that it is possible to ob-
tain ceramic powders via sol-gel method for potential
dental technology applications. Simple “drop-by-drop”
sol-gel method allowed us to obtain high homogene-
ous gels without any precipitates. After 20 min dis-
tilled water was carefully added with continuous stir-
ring to avoid uncontrolled rise of mixture viscosity. In
consequence, white-transparent macroscopic homoge-
nous gel without any precipitates was obtained. The
problem is particularly important in the case of transition
metal alkoxides such as zirconium (IV) n-propoxide.
High value of positive partial charge of zirconium

0.595 to 0.938 um. The smallest values were obtained
for sintering at 1550 °C. It should also be noted that
the smallest grain size is obtained for materials with
6% mol MgO concentration. However, it should be
mentioned that zirconia grain size dedicated for bio-
medical applications, according to the possibility of
transformation toughening and resistance to LTD
occurrence, should be in the range from 0.2 to 0.4 pm
[7], [13]. There were found only a few papers which
comprehensively described the synthesis and heat
treatment influence on the grain size of zirconia ce-
ramics systems [4], [18]. Grain sizes obtained by
those authors with coprecipitation and slurry powders
methods are in the range from 2 to 8 um. In practice,
the stage which has a significant influence on the
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grain size is the chemical synthesis of powders. As
shown by the results obtained, the sol gel method
allows a lower value of the grain size to be achieved
than with the methods mentioned above. The use of
other types of pressing different than single stage uni-
axial, without the binder and more efficient thermal
treatment should allow one to obtain zirconia solid
ceramics with particle size in the range characterized
for biomedical applications. It seems that the most
sufficient technique suitable for use in pressing col-
loidal zirconia ceramics powders is a three-stage
compression process which includes: forming green
bodies made by uni-axial pressing, initial structure
densifying made by cold isostatic pressing (CIP) and
finally structure densifying coupled with presintering
made by hot isostatic pressing (HIP) [4], [13].

The present results (FTIR) show that the sol gel
method is useful for the manufacturing of zirconia
ceramic powders. Only in one sample are likely to
present hydroxyl groups which could be the explana-
tion of blocks destruction during sintering. In the
range of sintering temperatures of undertaken heat
treatment zirconium hydroxide should be due to its
thermolability decomposed at 550 °C, thereby leading
to destruction of green bodies during sintering [1].
This explanation of the given fact seems unlikely be-
cause all of the sintered blocks were cracked. In future
works, to have complete confidence about occurrence of
hydroxyl groups, there should be performed additional
nuclear magnetic resonance investigation (NMR). One
should note the fact of organic contaminants occur-
rence which are associated with the use of carboxy-
methyl cellulose as a binder. In further studies, in fact
of the biomedical applications of manufactured zirco-
nia ceramics, use of the binders and lubricants which
may be accumulated in biomaterials will be aban-
doned.

As a result of nitrogen adsorption (BET) it can be
concluded that all of the sintered samples have almost
similar properties. Some differences can be observed
considering the influence of sintering temperature to
pore volume and specific area. The largest pore volume
and consequently most developed specific area are ob-
served in specimens sintered at 1350 °C. Considering the
pore distribution curve as a criterion for comparison,
some differences can be observed for 2/2, 3/2 and 3/3
specimens, which have been characterized as bimodal.
In addition to the dominant pore size, observed was also:
for 2/2 pores with diameter 4.4 nm and specific surface
area 0.0031 cm’ g ', 3/2 7.1 nm and 0.0032 cm’ g ' and
for 3/3 3.8 nm and 0.0021 cm® g'. The differences are
probably the result of too low density of the structure
(too low pressing pressure).

5. Conclusions

To obtain fine grain dispersed zirconia oxide
bioceramics used in prosthetic dentistry the sol-gel
method was used. Developed process has allowed to
obtain homogeneous gel, from which were obtained
solid ceramic materials with a very small surface area
and low porosity. Nonetheless prepared by uniaxial
pressing green bodies were destroyed during sintering
in furnace. As a result, obtained ceramic blocks show
many signs of cracks, but without any signs of the
exfoliation. The use of combined uniaxial pressing
with initial structure densifying and finally hot isostatic
pressing should bring measurable results in the form of
solid zirconia blocks machinable in CAD/CAM dental
systems.

References

[1] ABRAHAM G., SEENA P.T., Thermal studies on Zirconium
hydroxide gel formed by aqueous gelation, J. Therm. Anal.
Calorim., 2012, 110, 1037-1041.

[2] ZHAOJ., SHEN Z., SIW., WANG X., Bi-colored zirconia as dental
restoration ceramics, Ceram. Int., 2013, 39, 9277-9283.

[3] BANSAL N.P., Sol-Gel synthesis of MgO-SiO; glass composi-
tions having stable liquid-liquid immiscibility, 89th Annual
meeting and Exposition of the American Ceramic Society
Pittsburgh, Pennsylvania, April 26-30, 1987.

[4] BEKALE V.M., LEGROS C., HAUT C., SATTONNAY G., HUNT
AM., Processing and microstructure characterization of
ceria-doped-yttria-stabilized zirconia powder and ceramics,
Solid State Ionics, 2006, 177, 3339-3347.

[5] CHEVALIER J., GREMILLARD L., VIRKAR A.V., CLARKE D.R.,
The tetragonal-monoclinic transformation in zirconia: les-
sons learned and future trends, J. Am. Ceram. Soc., 2009,
92(9), 1901-1920.

[6] CHEVALIER J., What future for zirconia as a biomaterial?,
Biomaterials, 2006, 27, 535-543.

[7] DEVILLE S., CHEVALIER J., GREMILLARD L., Influence of sur-
face finish and residual stresses on the ageing sensitivity of
biomedical grade zirconia, Biomat., 2006, 27, 2186-2192.

[8] DENRY 1., KELLY J.R., State of the art of zirconia for dental
applications, Dent. Mater., 2008, 24, 299-307.

[9] DiAaz-PARRALEJIO A., MARCIAS-GARCIA A., CUERDA-
-CoRREA E.M., CARUSO R., Influence of the type of solvent on
the textural evolution of yttria stabilized zirconia powders ob-
tained by the sol-gel method: Characterization and study of the
fractal dimension, J. Non Cryst. Solids, 2005, 351, 2115-2121.

[10] Mivazakr T., NAKAMURA T., MATSUMURA H., BaN S.,
KoBAyvAsHI T., Review: Current status of zirconia restora-
tion, Journal of Prosthodontic Research, 2013, 57, 236-261.

[11] HANNINK R.H.J., KELLY M.P., MUDDLE C.B., Transforma-
tion toughening in zirconia ceramics, J. Am. Ceram. Soc.,
2000, 83, 461-487.

[12] IUPAC Commission on Colloid and Surface Chemistry In-
cluding Catalysis, Pure Appl. Chem., 57, 1985, 603, I[UPAC
Commission on Colloid and Surface Chemistry, Pure Appl.
Chem., 1994, 66, 1739.



106 D. NAKONIECZNY et al.

[13] KeLLy R.J., DENRY 1., Stabilized zirconia as a structural
ceramic: An overview, Dent. Mater., 2008, 24, 289-298.

[14] L1 P., CHEN L.W., PENNER-HAHN J.E., Effect of dopants on
zirconia stabilization-an X-ray absorption study: I, trivalent
dopants, J. Am. Ceram. Soc., 1994, 77(1), 118-128.

[15] L1 P., CHEN L.W., PENNER-HAHN J.E., Effect of dopants on
zirconia stabilization-an X-ray absorption study: 11, tetraval-
net dopants, J. Am. Ceram. Soc., 1994, 77(5), 1281-1288.

[16] LuGHI V., SERGO V., Low temperature degradation — aging
— of zirconia: A critical review of the relevant aspects in
dentistry, Dent. Mater., 2010, 26, 807-820.

[17] Mryazakt T., HOTTA Y., CAD/CAM systems available for
the fabrication of crown and bridge restorations, Aust. Dent.
J., 2011, 56, 97-106.

[18] MucciLLo EN.S., AviLA D.M., Synthesis and characteriza-
tion of submicron zirconia-12 mol % ceria ceramics, Ceram.
Int., 1999, 25, 345-351.

[19] PJETURSSON B.E., SAILER 1., ZWAHLEN M., HAMMERLE
CH.H.F., 4 systematic review of the survival and complica-

tion rates of all-ceramic and metal-ceramic reconstructions
after an observation period of at least 3 years. Part I: single
crowns, Clin. Oral. Implan. Res., 2007, 18, 73-85.

[20] SAKKA S., Handbook of sol-gel science and technology, Kulwer
Academic Publishers, 2005.

[21] SEGAL D., Chemical synthesis of ceramic materials, J. Mater.
Chem., 1997, 7(8), 1297-1305.

[22] SING K.S.W., Adsorption methods for the characterization of
porous materials, Adv. Colloid Interfac., 1998, 76-77, 3—11.

[23] TrRusovA E.A., KHRUSHCHEVA A.A., VOKHMINTCEV K.V.,
Sol-gel synthesis and phase composition of ultrafine ceria-
doped zirconia powders for functional ceramics, J. Eur. Ce-
ram. Soc., 2012, 32, 1977-1981.

[24] XUE-JUN JIN, Martensitic transformation in zirconia con-
taining ceramics and its applications, Solid State and Materials
Science, 2005, 9, 313-318.

[25] ZARONE F., RUSSO S., SORRENTINO R., From porcelain-
fused-to-metal to zirconia: Clinical and experimental consid-
erations, Dent. Mater., 2011, 27, 83-96.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


