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Objective. The aims of this study were: 1) to evaluate the effect of sintering temperature

on  microstructure, density and flexural strength of a 3Y-TZP/TiO2 composite containing

12.5  wt% of TiO2 compared to 3Y-TZP specimens (control); 2) to compare 3Y-TZP with the

experimental 3Y-TZP/TiO2 composite, both sintered at 1400 ◦C, with respect to the following

parameters: optical properties, characteristic strength, Weibull modulus, fatigue behavior,

induction of osteoblasts proliferation and differentiation (mineralization nodules forma-

tion).

Methods. The 3Y-TZP and 3Y-TZP/TiO2 powders were uniaxially pressed and sintered at 1200
◦C, 1300 ◦C, 1400 ◦C or 1500 ◦C for one hour in a furnace. The microstructural analysis con-

sisted of X-ray diffraction and scanning electron microscopy. The density was measured by

the  Archimedes’ principle and the flexural strength was obtained by the biaxial flexure test.

The  optical properties were measured using a spectrophotometer operating in the visible

light wavelength range. The step-stress accelerated life testing was performed by the pneu-

matic mechanical cycler and the biological behavior achieved by using osteoblast-like cells

(Osteo-1 cell line).
Results. Tetragonal zirconia was identified in all groups and cubic zirconia was identified only

at  3Y-TZP group. The addition of TiO2 decreased the values of density and flexural strength of

the  composite 3Y-TZP/TiO2 in relation to 3Y-TZP regardless of the sintering temperature. The
color difference between the two materials was not significant regarding L*a*b* parameters.

The composite showed higher probability of failure, and induced higher proliferation and

differentiation than control.
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Significance. The composite developed have good aesthetic and biologics properties. However,

its  microstructure and mechanical properties need to be improved for future dental implant

applications.

©  2020 The Academy of Dental Materials. Published by Elsevier Inc. All rights reserved.
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.  Introduction

he use of yttria-stabilized tetragonal zirconia polycrystal (Y-
ZP) in dentistry has increased considerably in recent years.
roperties, such as the whitish coloration, excellent biocom-
atibility and good mechanical properties, allow this ceramic
o be applied in the fields of prosthodontics, orthodontics and
mplantology. Another factor that explains the great popular-
ty of this material is the use of CAD-CAM technology, which
acilitates the production of the zirconia restorations [1–3].

Among all dental ceramics, 3Y-TZP (3 mol% of yttria) is
he only one that possesses the toughening mechanism of
isplacive transformation. This phenomenon occurs when
tresses are concentrated around existing defects in the mate-
ial, triggering the transformation of the tetragonal grains into

onoclinic grains. This transformation results in a volumetric
xpansion and also in many  inter-related phenomena associ-
ted with the transformation cone formed at the crack tip [4],
hat allowing 3Y-TZP to have a great ability to resist crack prop-
gation and to exhibit higher fracture toughness compared to
he veneering ceramics [5].

In implantology, the gold standard material for rehabilita-
ion is titanium (commercially pure or titanium alloy). High

echanical properties and good biocompatibility explain the
uccess of this material in clinical studies with long follow-
p periods [6]. However, the grayish coloration of titanium

s a major disadvantage in clinical rehabilitations with high
sthetic demand. This situation is highly critical in the ante-
ior dentition for patients with thin gingival biotype and with

 high smile, because in these cases, blackened halos may
ppear near the perimplant regions. One option in these cases
ould be the use of 3Y-TZP implants, as their whitish shade
ay lead to better aesthetic results [7].
On the other hand, 3Y-TZP is considered a relatively bioin-

rt biomaterial [8], which may impair osseointegration and
ncrease the failure rate of the implant. To solve this prob-
em, different ceramic composites were developed by adding
o the matrix of the 3Y-TZP bioactive ceramics, such as calcium
hosphates, bioactive glasses and titania [9–11]. The objective
f these additions is to develop a ceramic composite that is
ore  bioactive than 3Y-TZP and that will lead to a faster and
ore  reliable osseointegration process.
The highly bioactive behavior of titania or titanium diox-

de (TiO2) is associated with the formation of Ti−OH groups
n its surface. These groups induce the adhesion of proteins,
hich in turn facilitate cellular adhesion and are also related

o the nucleation of calcium phosphates when immersed into
 solution of ionic composition similar to blood plasma (SBF)

8,12,13]. In vitro studies associated titania with improved cell
dhesion, spreading, proliferation and differentiation [14–16].
n addition, animal study showed improved bone formation
around implants with the presence of titania nanotubes in
comparison to implants without this superficial alteration
[17].

The literature shows two different methodologies for
obtaining 3Y-TZP/TiO2 composites. One of them involves
synthesis by means of the sol–gel route, using zirconium
oxychloride, titanium chloride and yttrium chloride [11,18].
An alternative route involves mixing commercial powders of
Y-TZP and titania in a ball mill [19]. The sol-gel methodol-
ogy results in more  homogeneous materials; however it has
several steps and consequently is very time-consuming. On
the other hand, mixing commercial powders is faster, but
generally results in less homogeneous powders. Additional
advantage of commercial Y-TZP powders is that they have
nanometric dimensions, contain small amounts of alumina
(0.5 wt%) reducing low temperature degradation of 3Y-TZP and
mainly exhibits suitable sintering properties.

Many studies in the literature have shown the great poten-
tial of 3Y-TZP/TiO2 composite to be used as a biomaterial.
This type of composite favors cell growth when compared to
pure 3Y-TZP and has bioactivity, as it allows the formation of
calcium phosphate on its surface. However, there is no con-
sensus in the literature regarding which titania content should
be added to 3Y-TZP powders and what is the most appropri-
ate sintering temperature to obtain the maximum density of
the composite [11,20–22]. In addition, 3Y-TZP/TiO2 composites
have not been characterized yet in terms of optical properties,
fatigue behavior, and biological abilities, such as cell prolifer-
ation and differentiation.

The development of a novel ceramic composite for den-
tal implant application with high osseointegration capacity
requires a broad characterization, involving analysis of the
microstructure, mechanical, optical and biological properties.
Therefore, the general objective of the present work was to
develop the 3Y-TZP/TiO2 composite for dental implant appli-
cation. The specific objectives were: 1) to evaluate the effect of
the sintering temperature (1200 ◦C, 1300 ◦C, 1400 ◦C and 1500
◦C) on the microstructure, density, and flexural strength of 3Y-
TZP specimens (control) compared to a 3Y-TZP/TiO2 composite
containing 12.5 wt% of TiO2; 2) to compare the control (3Y-
TZP) with a Y-TZP/TiO2 composite (12.5 wt%), both sintered
at 1400 ◦C, with respect to the following parameters: opti-
cal properties, characteristic strength (�o), Weibull modulus
(m), fatigue behavior (probability of failure estimated under
fatigue at stresses of either 50 or 100 MPa, after missions of
1, 3 or 5 million cycles), induction of osteoblast proliferation
and differentiation (mineralization nodules formation). The
following hypotheses were tested: a) the sintering tempera-
ture would affect the properties of both the 3Y-TZP and the
3Y-TZP/TiO2 composite and 2) the control and the composite
would have similar behavior with respect to all parameters
tested.

https://doi.org/10.1016/j.dental.2020.08.014
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Table 1 – Studied compositions of 3Y-TZP/TiO2 ceramic
powder.

Groups Composition (wt%)

3Y-TZP (Tosoh, Japan) (3
mol% of yttria)

TiO2 (Sigma
Aldrich, US)

2.6.  Step-stress  accelerated  life  testing
3Y-TZP 100.0 0
T12.5 87.5 12.5

2.  Materials  and  methods

2.1.  Preparation  of  Y-TZP/TiO2 composite

The starting materials chosen for this work were the com-
mercial powders of tetragonal zirconia stabilized with 3
mol% yttria, Y-TZP (TZ-3YB-E, Tosoh, Japan) and TiO2 (Sigma-
Aldrich, US). The mixture of 3Y-TZP (87.5% by weight) and TiO2

(12.5% by weight) was performed in a polymer flask with alu-
mina balls and isopropyl alcohol using a ball mill for 10 h and
then dried at 150 ◦C for six hours to evaporate the isopropyl
alcohol. At the end, two compositions (Table 1) were studied:
the 3Y-TZP and the 3Y-TZP/TiO2 composite (T12.5).

2.2.  Processing  of  specimens

The 3Y-TZP and T12.5 powders were uniaxially pressed (50
MPa)  into metal matrices and sintered at 1200 ◦C, 1300 ◦C,
1400 ◦C or 1500 ◦C for one hour in a furnace (Zircar, US). The
specimens (n = 5 for each group and n total = 40) had their sur-
face rectified in a semiautomatic polishing machine (Ecomet
II, Buehler, US) with a diamond disk (Dia-Grid Diamond, 120
Grit Resin Bond, 12, Allied, US). The choice of a rough surface
finish is related to an approximation with the surface applied
to commercial 3Y-TZP implants, which are usually milled. The
final dimensions of the specimens were approximately 12 mm
in diameter and 1 mm in thickness for the mechanical testing
and approximately 8 mm in diameter and 1 mm in thickness
for the biological analyzes.

2.3.  Microstructural  analysis

The microstructural analysis consisted of X-ray diffraction
(XRD, Rigaku, DMAX 2000, Japan) using CuK�1 radiation (step
size of 0.02 degree and acquisition time of 5 s) and scan-
ning electron microscopy (SEM, Quanta 650 FEG, FEI, US). The
specimens were polished and subjected to thermal etching
(50 ◦C below the sintering temperature for 30 min) in a fur-
nace (Zircar, US) to reveal inter-granular boundaries. Grain size
of the 3Y-TZP and T12.5 was estimated by the linear inter-
cept method with SEM images. The chemical mapping was
obtained by dispersive energy spectroscopy (EDS, Quanta 650
FEG, FEI, US).

2.4.  Density  and  flexural  strength

The final density after sintering was determined using the

Archimedes’ principle, with water as the immersion liquid.
Theoretical density was calculated using the Rietveld refine-
ment. For the biaxial flexural strength test, the specimens
 ( 2 0 2 0 ) 1418–1429

were fractured using a piston on three balls device in a univer-
sal testing machine (EMIC DL 200, Brazil). During the test, the
specimens were immersed in water at 37 ◦C. For each group,
five specimens were tested at a loading rate of 0.5 mm/min.
The flexural strength was calculated according to Eq. (1) (ISO
6872/2008) [23]:

�f = −0, 2387 F (X − Y)
b2

(1)

where F is the fracture load, b is the specimen thickness and
X and Y were determined by Eqs. (2) and (3).

X = (l  + v) . ln
(

B

C

)2
+

(
l − v

2

)
.

(
B

C

)2
(2)

Y = (l  + v)

[
1 + ln

(
A

C

)2
]

+ (1 − v) .

(
A

C

)2
(3)

where v is the Poisson’s ratio (0.31 for the 3Y-TZP group and
0.32 for the T12.5 group), A is the radius of the support circle
(4 mm),  B is the radius of the tip of the piston (0.85 mm)  and
C is the radius of the specimen (∼6 mm).

2.5.  Optical  properties  and  Weibull  analysis

The optical properties were measured using CM 3700d
spectrophotometer (Konica Minolta, Japan) operating in the
wavelength (�) range of visible light (360–740 nm,  with 10
nm interval). The following parameters were standardized:
observer function at 2◦, illuminant D65 (daylight illuminant)
and the specular component excluded were used. The speci-
mens were placed on a white background in reflectance mode
and a coupling agent was used to prevent light scattering. The
color difference between the 3Y-TZP and the 3Y-TZP/TiO2 com-
posite was calculated using the CIEDE2000 (�E00), using Eq. (4)
[24]:

�E00 =[(
�L

′

KLSL

)2

+
(

�C
′

KCSC

)2

+
(

�H
′

KHSH

)2

+ RT

(
�C

′

KCSC

)  (
�H

′

KHSH

)] 1
2

(4)

where �L’, �C’, and �H’ are the differences in lightness,
chroma and hue between the Y-TZP group and the T12.5 group.
SL, SC, and SH are the weighting functions for the lightness,
chroma, and hue components. KL, KC, KH are the correction
terms to be adjusted according the experimental conditions,
in this study, they were set at 1.

For the Weibull analysis, 30 specimens were fractured for
each group. The Weibull modulus (m)  and the characteristic
strength (�0) with the respective upper and lower limits of the
95% confidence intervals were calculated using the maximum
probability method.
Step-stress accelerated life testing (SSALT) consisted of sub-
jecting the specimens to different cycling profiles. For each

https://doi.org/10.1016/j.dental.2020.08.014
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rofile, 10 specimens from each group were cycled immersed
n water. The cycles were performed by the pneumatic

echanical cycler (Biocycle, Biopdi, Brazil) with the fre-
uency of 2 Hz. P̈iston-on-three-ballsd̈evices were fitted on the
echanical cycler and the specimens were positioned on the

evices.
The first step was carried out with loads of 135 N, which

enerated tensions of approximately 170 MPa in the speci-
ens. For the next steps, the applied load was always 25 N

igher than the previous one. Loads were raised until all spec-
mens were fractured during cycling. Three cycling profiles
ere used: slow, moderate, and accelerated. The difference
etween them consisted in the number of cycles to which the
pecimens were submitted until finalizing a step. This num-
er was 21,600 cycles for the accelerated profile, 43,200 cycles
or the moderate profile and 64,800 cycles for the slow profile.

The SSALT data were calculated by a power law relationship
or damage accumulation. The experimental data (number
f cycles and stresses accumulated for each specimen) was
sed to estimate the probability of failure at stresses of 50 or
00 MPa after missions of 1, 3 or 5 million cycles. These esti-
ations were made using the software Weibull++/Alta Pro 7

Reliasoft, Tucson, US). The Beta (�) was given by Eq. (5) [25]:

(T) = ˇ

�

(
T

�

)ˇ−1
e−( T

� )
ˇ

(5)

here f (T) ≥ 0, T ≥ 0,  ̌ > 0, � > 0, � = scale parameter and �

 shape parameter (or slope).

.7.  Biological  analyzes

.7.1.  Cell  culture
 cell line established by Lavos-Valareto et al. [26] from pari-
tal bone of newborn rats (Osteo-1 cells) and characterized by
ogashi et al. [27] was used for evaluating the biological prop-
rties of the of the 3Y-TZP/TiO2 composite. This cell line has
lready been used for analyzing aspects of osseointegration
f dental materials [27]. The cells were cultured in clonogenic
MEM culture medium (Dulbecco’s modified Eagle medium
igh-glucose) (Gibco, US) supplemented with 10% of fetal
ovine serum (Gibco) and 1% penicillin-streptomycin (Gibco).
he cells were maintained in a humid 5% CO2 incubator at
7 ◦C. Cell growth was followed daily under an inverted phase
icroscope, and the culture medium was replaced every 2 or 3

ays, according to the level of cellular metabolism. All cell cul-
ure procedures were performed under a laminar flow hood,
ollowing the sterility protocols of the materials and solutions
safety standards NBR/IEC 601.2.22 and IEC 60825-1/2001-8).

.7.2.  Cell  plating
or the experiments the cells (1 × 104 cells) were plated on the
op of 3Y-TZP and T12.5 specimens previously placed at the
ottom of wells of 24-well plates. Cells plated at plain wells
ere used, as controls. The effects of the ceramic materials

n the Osteo-1 cells were analyzed by 1) Scanning electron
icroscopy for assessing morphology of adhered cells; 2) Ala-
ar  Blue cell viability assay for assessing the proliferation of

ells and 3) Alizarin red assay for assessing the osteogenic
 0 2 0 ) 1418–1429 1421

functional differentiation by measuring mineralized matrix
formation.

2.7.3.  Adhesion  and  cellular  morphology
For the analysis of the adhesion and morphology of the cells
adhered to the ceramic materials, the specimens were pro-
cessed for scanning electron microscopy (SEM) 24 h after cell
plating. Briefly, the cells were washed twice in phosphate-
buffered saline (PBS) and fixed in 2% glutaraldehyde solution
for at least 2 h. Then, the cells were dehydrated in increasing
concentration of ethanol solutions (30–100%) and hexamethyl-
disilizane (HMDS, Sigma-Aldrich, US). The specimens were
then sputtering coated with a gold palladium alloy and visu-
alized under a scanning electron microscope (Quanta 650 FEG,
FEI, US).

The experiments of cell proliferation and formation of min-
eralization nodules were repeated at least three times. For
these analyses three experimental groups were considered,
as follows:

(1) Control-cells grown in plain culture wells;
(2) 3Y-TZP- cells grown on the top of 3Y-TZP disks;
(3) T12.5- cells grown ion the top of T12.5 disks.

2.7.4.  Cell  proliferation
Cells were seeded as described previously and cultured for
6 days (n = 6). The Alamar Blue cell viability assay (Invit-
rogen, US) was used to determine the metabolic activity
of cells and thereby estimate cell proliferation over time.
Briefly, AlamarBlue® reagent was added directly to each well,
the plates were incubated at 37 ◦C to allow cells to con-
vert resazurin to resorufin, and the fluorescence signal was
measured every 24 h after plating. The fluorescence was quan-
tified in spectrophotometer (Synergy HT, US)  with excitation
wavelength 535 nm and emission 590 nm.  The results were
expressed in relative units of fluorescence (RUF).

2.7.5.  Formation  of  mineralization  nodules
The Alizarin Red assay was used to evaluate the mineralized
matrix formation after 21 days in culture (n = 4). Briefly, the
cells plated at the top of the ceramic specimens, as well as
those plated at the 24-well plain culture plates (control group)
were cultured in clonogenic medium (no mineralized medium
was used). Twenty-one days later the cells were washed with
PBS and fixed with 10% formaldehyde solution for 30 min  at
room temperature. After rinsing with distilled water, the cells
were stained with Alizarin red for 30 min. Then the dishes
were washed with distilled water and allowed to dry at room
temperature. The nodules were dissolved in a 10% ammonia
solution, and the absorbance was quantified in spectropho-
tometer (Synergy HT, US) with wavelength 550 nm.  The results
were expressed in relative units of absorbance (RUA).

2.8.  Analysis  of  results
Flexural strength, density and metabolic activity were ana-
lyzed by analysis of variances (ANOVA), followed by the Tukey’s
test. Mineralization and optical properties data were analyzed

https://doi.org/10.1016/j.dental.2020.08.014
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Table 2 – Mean ± standard and deviation (coefficient of variation) of percent of theoretical density (p), flexural strength
(�f) and grain size (gs). Values followed by the same small letter are statistically similar (p > 0.05).

Groups Sintering temperature Parameter

Percent of theoretical density (%) Flexural strength (MPa) Grain size (�m)

3Y-TZP

1200 ◦C 0,91b ± 0.01 (1.1%) 567.4b ± 35.2 (6.2%) 0.17
1300 ◦C 0,97a ± 0.01 (0.2%) 635.4a ± 39.2(6.2%) 0.28
1400 ◦C 0,99a ± 0.01 (0.8%) 705.0a ± 57.4 (8.1%) 0.32
1500 ◦C 0,98a ± 0.01 (1.4%) 735.8a ± 108.4 (14.7%) 0.44
1200 ◦C 0,53d ± 0.6 (2.1%) 79.8c ± 11.0 (13.8%) 0.16
T12.5
1300 ◦C 0,72c ± 0.6 (6.5%) 

1400 ◦C 0,89b ± 0.6 (6.5%) 

1500 ◦C 0,96a ± 0.01 (1.5%) 

by the Student’s t-test. The level of significance was set at 5%
(p ≤ 0.05).

3.  Results

3.1.  Density,  flexural  strength  and  grain  size

Table 2 shows the values of density, flexural strength and
grain size as a function of the material and sintering temper-
ature. The addition of TiO2 decreased the values of percent
of theoretical density and flexural strength of the composite
3Y-TZP/TiO2 in relation to the values obtained for the 3Y-TZP
regardless of the sintering temperature. 3Y-TZP sintered at
1200 ◦C showed values percent of theoretical density and flex-
ural strength significantly lower than the values obtained at
other temperatures, which were statistically similar. For the
composite, the increase in the sintering temperature caused a
significant increase in the percent of theoretical density. With
respect to the flexural strength of the composite, the sintering
temperatures of 1400 ◦C and 1500 ◦C resulted in higher mean
values than those obtained at lower temperatures.

3.2.  Microstructure

Fig. 1 shows scanning electron micrographs of the surface
of the pellets of the eight experimental groups produced.
All materials obtained showed microstructure containing
approximately aquiaxial grains. It was possible to observe
that, except for the temperature of 1200 ◦C, the 3Y-TZP/TiO2

composite always showed larger grain sizes compared to the
3Y-TZP (Fig. 1 and Table 2). In addition, for both materials stud-
ied, the increase in sintering temperature led to an increase
in grain size. Fig. 1a–d shows the presence of pores for both
materials when sintered at 1.200 and 1.300 ◦C.

The chemical mapping of the composite by EDS can be
observed in Fig. 2. Two different regions are identified in these
figures: a) red region, corresponding to the high concentration
of the chemical element zirconium and b) blue region, corre-
sponding to the high concentration of the titanium chemical
element. Black regions, corresponding to porosities, can also
be identified for all temperatures studied. The EDS analysis of
the blue region (Fig. 2e) showed that the Ti peaks have higher

intensity than the Zr peaks, whereas in the red region (Fig. 2f),
the intensities of these peaks were inverted.

Fig. 3 shows the X-ray diffraction patterns of the sintered
specimens. Peaks corresponding to the crystalline phase of
263.3b ± 27.9 (10.6%) 0.33
430.4a ± 20.0 (4.6%) 0.84
420.9a ± 26.4 (6.3%) 2.19

tetragonal zirconia were identified in all groups and peaks
corresponding to the crystalline phase of cubic zirconia were
identified only for the 3Y-TZP group. Based on the results of
density, flexural strength and microstructure of the material,
only the groups sintered at 1400 ◦C were selected for optical
characterization, biological analysis and additional mechani-
cal testing.

3.3.  Weibull  analysis  and  optical  properties

Table 3 shows the values of characteristic strength (�0),
Weibull modulus (m)  with their respective 95% confidence
intervals and the mean, standard deviation and coefficient
of variation for L, a and b parameters for all materials sin-
tered at 1400 ◦C. The strength value for 3Y-TZP (642.4 MPa)
was statistically higher than the value obtained for the com-
posite (436.6 MPa). The Weibull modulus of the 3Y-TZP group
(5.8) was statistically lower than that of the T12.5 group (10.8).
Fig. 4 shows the relationship between fracture probability and
fracture stress (Weibull plot) for the two materials evaluated.
It was possible to observe that the regression curve of the
composite had a lower slope than that of the group 3Y-TZP.

Table 3 indicates that there were significant differences
among the values of L, a and b obtained for the two materials
tested. The highest values of L and b were obtained for T12.5
and the highest value of a was obtained for the 3Y-TZP. The
color difference (�E00) between the two materials measured
on a white background was 2.23 ± 0.26.

3.4.  Probability  of  failure

Table 4 shows the estimated failure probability for fatigue tests
performed under stresses of 50 or 100 MPa and after missions
of 1, 3 or 5 million cycles. The probability of failure varied sig-
nificantly, ranging from 0.04% (3Y-TZP group tested for one
million cycles at 50 MPa) to 17.4% (composite group tested for
5 million cycles at 100 MPa). It was possible to observe that
under the same conditions (number of cycles and stress level)
the T12.5 group always showed a greater probability of failure
than the control. Regardless of the material, the probability of
failure was higher when there was an increase in the num-
ber of cycles or the stress level. In relation to the parameter

beta (�) calculated in the Weibull++ software, the 3Y-TZP group
showed a value (confidence interval) of 0.38 (0.24–0.61), which
was similar to that of the composite group, which showed a
value of beta of 0.45 (0.26–0.77).

https://doi.org/10.1016/j.dental.2020.08.014
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Fig. 1 – Scanning electron micrographs of 3Y-TZP (left) and 3Y-TZP/TiO2 (right) specimens after polishing and thermally
etched. Group 3Y-TZP (a) and 3Y-TZP/TiO2 (b) sintered at 1200◦C/1h. Group 3Y-TZP (c) and 3Y-TZP/TiO2 (d) sintered at
1300◦C/1h. Group 3Y-TZP (e) and 3Y-TZP/TiO2 (f) sintered at 1400◦C/1h. Group 3Y-TZP (g) and 3Y-TZP/TiO2 (h) sintered at
1500◦C/1h.

Table 3 – Characteristic strength (�0), Weibull modulus (m)  and Beta (�) with their respective 95% confidence intervals and
mean ± standard deviation (coefficient of variation) of L, a, b. Values followed by the same letter are statistically similar
(p > 0.05).

Material Characteristic strength, �0 (MPa)  Weibull modulus, m L A B

3Y-TZP 642.4a(598.0−688.9) 5.8b(4.2−7.8) 92.0b ± 0.6 (0.6%) −1.18a ± 0.3 (25%) 3.87b ± 0.82 (21%)
T12.5 436.6b(421.4−451.9) 10.8a(8.1−14.1) 93.3a ± 0.6 (0.6%) −1.52b ± 0.2 (15%) 6.35a ± 0.14 (2%)

https://doi.org/10.1016/j.dental.2020.08.014
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Fig. 2 – Scanning electron micrographs and chemical characterization of 3Y-TZP/TiO2 specimens by elementary mapping by
Energy Dispersive X-ray Spectroscopy (EDS) sintering at different temperatures: 1200◦C/1h (a), 1300◦C/1h (b), 1400◦C/1h (c)
and 1500◦C/1h (d) and EDS point (e and f).

Table 4 – Probability of failure (%) estimated for fatigue tests performed under a stress of 50 or 100 MPa and after 1, 3 or 5
million cycles.

Material Stress Number of cycles

1 × 106 3 × 106 5 × 106

3Y-TZP
50  MPa 0.04 (0.005−0.35) 0.06 (0.01−0.52) 0.07 (0.01−0.62)

.45) 

) 
100 MPa 0.17 (0.02−1

T12.5
50 MPa 2.3 (0.6–8.1) 

100 MPa 8.8 (3.1–23.4

3.5.  Biological  analysis
The results of the biological properties of the ceramic materi-
als are illustrated in Figs. 5 and 6. The Osteo-1 cells adhered
0.25 (0.03−2.13) 0.31 (0.04−2.57)
3.7 (0.9−14.1) 4.7 (1.1−18.3)
14.0 (4.5−39.3) 17.4 (5.2–49.2)

and spread at the top of both ceramic materials. The cells

showed a flat and polygonal shape with multiple cytoplasm
processes (lamellipodia) of varying lengths independent of the
substrate in which they were grown (Fig. 5).
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Fig. 3 – X-ray diffraction patterns of 3Y-TZP and 3Y-TZP/TiO2 pell ◦ ◦ ◦

and 1500◦C/1h (d).

Fig. 4 – Weibull plot showing the failure probability (Pf) as a
f

o
g
t
3
a
g
T
i
o
b

Regarding the microstructure, it is important to note that,
unction of the stress.

Fig. 6a shows graphically the proliferation of Osteo-1 cells
f the three experimental groups. There was significant cell
rowth in all groups during the experimental time. No statis-
ical differences were found between the three groups up to

 days after plating. After 4 days, it was possible to observe
 significantly higher cell proliferation rate for both the T12.5
roup and the control group in relation to the 3Y-TZP group.
he highest cell viability was observed at the end of the exper-
mental time (6 days) in the T12.5 group. Quantitative results
f extracellular matrix mineralization of Osteo-1 cells assayed
y Alizarin Red staining is shown in Fig. 6b. The T12.5 group
ets sintering at 1200 C/1h (a); 1300 C/1h (b); 1400 C/1h (c)

showed significantly higher formation of mineralization nod-
ules than both the positive control and the 3Y-TZP group.

4.  Discussion

The results demonstrated the great potential of using the
3Y-TZP/TiO2 composite as a dental implant material. The
developed material did not interfere with osteoblast-like cells
adhesion (Fig. 5), but rather favored a greater cell proliferation
and functional differentiation (Fig. 6). The new ceramic mate-
rial showed no perceptible color differences when compared
to 3Y-TZP and the predicted probability of failure under fatigue
is less than 4.7% after 5 million cycles under tension of 50 MPa
(Table 4).

The sintering temperature and the presence of TiO2 sig-
nificantly affected the microstructure, density and flexural
strength of the 3Y-TZP/TiO2 composite (Table 2), so the first
hypothesis was accepted. In relation to grain size, it is known
that Ti has a smaller ionic radius compared the radius of Zr
and this allows a greater mobility of the atoms, leading to
the formation of larger grains in the 3Y-TZP/TiO2 composite
[28]. Another factor contributing to the increase in grain size
is the high sintering temperature, which also facilitates the
attraction among particles and consequently increases the
densification by means of the elimination of pores [29].
although the XRD analysis did not identify the presence of
titania or zirconium titanate, the mapping images (Fig. 2)
evidenced the presence of regions with high concentrations

https://doi.org/10.1016/j.dental.2020.08.014


1426  d e n t a l m a t e r i a l s 3 6 ( 2 0 2 0 ) 1418–1429

Fig. 5 – Scanning electron microscopy images of Osteo-1 cells on 3Y-TZP (a,b) and T12.5 (c,d). Observe the intimate contact
of the cellś lamillipodia with both materials (b,d).

Fig. 6 – Biological responses of Osteo-1 cells to Y-TZP, T12.5 and control. (a) graphic representation of the cell proliferation
tters
and (b) differentiation at 21 days. Bars topped by different le

of the chemical element Ti in the composite. These regions
correspond to a titaniaum compound and were probably
not identified in the diffractograms (Fig. 3) because they are
present in a reduced amount and the XRD technique is not
sensitive enough in these situations. This means that the
major portion of titanium is in solid solution in the zirconia
net.

Considering the flexural strength, several studies showed
that the addition of titania or other materials to the 3Y-TZP
matrices decreases the final mechanical property, since these
ceramic materials have lower flexural strength compared to

3Y-TZP [10,11]. One of the main causes for the reduction in
strength is the increase in porosity. Pores are important stress
concentrators and may become fracture origins [30]. Because
 are statistically different (p ≤ 0.05).

of the high porosity, specimens produced with lower sintering
temperatures were not used in the second part of this inves-
tigation and only specimens sintered at 1400 ◦C were used for
further optical, mechanical and biological characterization.

Most of the studies on 3Y-TZP/TiO2 composite evaluated
the mechanical properties and the microstructure of the mate-
rial, however none of them evaluated the optical properties
[19,21,22,31]. As far as we  know, the present investigation was
the first one that proposed to perform this type of color anal-
ysis in this type of composite. The International Commission
on Illumination defined the following parameters: 1) L, bright-

ness, whereby the closer to 100, the brighter the material; 2)
a, color coordinate red/green, with positive values indicating
red and negative indicating green e 3) b, color coordinate yel-

https://doi.org/10.1016/j.dental.2020.08.014
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ow/blue, with positive values indicating yellow and negative
ndicating blue.

The addition of titania to 3Y-TZP caused a slight increase
n brightness and a tendency towards a more  yellowish and
reener color in the ceramic composite. However, the �E00

etween the 3Y-TZP and the T12.5 was less than 2.25, which
s the 50% acceptability limit of color change for dental mate-
ials [32]. This limit indicates that a trained observer cannot
erceive the color difference between 3Y-TZP and T12.5. This
an be considered a positive result, since when it comes to
he development of a material for aesthetic applications, it
s important that the color is not significantly altered with
espect to the color of the control (3Y-TZP).

The lower characteristic strength of the T12.5 (Table 3) can
e explained by the lower mechanical properties of titania in
elation to 3Y-TZP. It is also observed in Table 3 that character-
stic strength values for the 3Y-TZP (642 MPa) were relatively
ower than those found in the literature (911 MPa)  [33]. This

ay be related to the relatively rough surface finish of the
pecimens of the present work, which simulates the real sur-
ace of dental implants. The lower slope of the regression
urve (Fig. 5) on the Weibull plot is a visual representation indi-
ating that the 3Y-TZP/TiO2 composite has a Weibull modulus
ignificantly higher than that of the 3Y-TZP. Probably this is
elated to a lower variability in the sizes of defects that can
ead to failure of this composite and, therefore, indicates that
he T12.5 is a material with greater structural reliability. How-
ver, the present work was not able to obtain a 3Y-TZP/TiO2

omposite which, in addition to a larger Weibull modulus,
resented values of flexural strength and likelihood of fail-
re similar to those measured for 3Y-TZP. One possible way to
ptimize the ceramic composite would be by means of more
ffective pressing techniques and sintering furnaces [34,35].

There is no consensus in the literature regarding the stress
evels developed in dental implants and bone tissue. Different
tudies simulated these stresses with finite element analyses
nd the results showed a great variation in the stress level
rom 5 to 600 MPa.  Multiple parameters were tested in these
tudies, such as the design/diameter of the implants and the
irection/level of the simulated load [36–39]. Thus, the present
tudy chose to estimate the probability of failure with tensions
f 50 MPa or 100 MPa,  which were meant to simulate nor-
al  chewing and parafunction conditions, respectively. The

omposite showed a good performance for the lower stress
evels (50 MPa), with the fracture probability not exceeding 5%
fter 5 million cycles, while in parafunctional stress levels, the
robability increased to 17.4%.

It is important to emphasize that clinical reality involves
any other factors such as: a) the environment in which the

mplant is placed is a mixture of saliva, blood and bone; b) the
opulation of defects present on the surface of the implant
an be altered during insertion; c) the impact that the implant
ndergoes during chewing; d) the existence of oblique and
orizontal loads; e) bulk failure of dental implants, either clin-

cally or in the laboratory, occurs from the root of the first
xposed thread. All of these factors may contribute to the fact

hat the probability of clinical failure is even greater than those
hown in the present study.

The calculated value of beta is related to a change in the
ailure rate during the test. Values of beta greater than 1.0
 0 2 0 ) 1418–1429 1427

indicate that the failure rate is increasing with time, and there-
fore, there is damage accumulation during testing [25]. Thus,
factors related to cycling (number of cycles, applied load and
frequency) and coarse finishing of the pellets may explain the
low beta values for the two groups in the present study.

In addition to the optical and mechanical properties,
the success of an implant involves a good osseointegration
and therefore it is fundamental the presence of appropriate
adhesion, cellular proliferation and functional differentiation
represented by the formation of mineralized extracellular
matrix on the material surface. In the case of dental implants,
the cells involved in these processes are the osteoblasts. The
advantages of using the osteoblast cell culture in implant
research are the isolated and homogeneous nature of the
osteoblast system, a defined temporal course of events, the
reproducible growth of multiple cultures, relatively limited
expense and the reduced animal morbidity and mortality.
One limitation of this type of study is that the bulk implant
substrates are opaque and not amenable to transmitted light
microscopy [40]. Thus, we used SEM to be able to observe the
morphology and the distribution of the Osteo-1 cells on the
top of both ceramic materials. In the SEM as well as in the
first periods of the cell proliferation assay (e.g., up to 4 days)
it was observed that addition of titania to Y-TZP did not inter-
fere with cell adhesion; however, the effects of this addition
led to relevant improvement on progressive cell proliferation
and on their functional differentiation, which is of paramount
importance for osseointegration. During whole experimental
time the T12.5 group showed cell proliferation similar that
that of positive control, where the osteoblasts were grown in
the best cell culture conditions. Moreover, 4 days after seeding
(Fig. 6), the T12.5 and control cells showed higher cell prolifera-
tion compared to 3Y-TZP. This illustrates the already described
lack of bioactivity of the 3Y-TZP [8], drawback of this ceramic
that was circumvented by the addition of titania, as T12.5
demonstrated a bioactivity improving the cell division, even
reaching the highest viability at the end of the experimental
time. Moreover, after 21 days in culture, the T12.5 was able
to induce the osteoblasts to produce mineralized nodules at
a higher amount than the positive controls and also higher
than the 3Y-TZP group. This result was of paramount impor-
tance, since for the Alizarin red assay the cells were grown
under clonogenic medium, and no mineralizing medium was
used, condition that would impair the mineralization of the
extracellular matrix for the lack in ions in the culture medium.
Then, for mineralizing the synthesized extracellular matrix,
the cells of the T12.5 group certainly used the ions released
from this ceramic in a higher extent than the 3Y-TZP group.
A previous work has already shown this tendency [16] and
the literature associates titania to better adhesion, spreading,
proliferation, cell differentiation and the formation of hydrox-
yapatite [14,15,17].

A possible explanation for this phenomenon would be that
the water molecules are adsorbed on the surface of the titania
and consequently form the groups Ti−OH. Hydroxyl groups
(−OH) are related to protein adsorption and cellular behav-

ior [41]. Molecular simulations show that hydroxyl groups can
bind to the −COO− and –NH3

+ groups present in proteins by
means of hydrogen bonds [42]. Thus, the presence of titania
favors the binding of proteins such as fibronectin, which pro-
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vides even more  binding sites for the cells, leading to better
cell adhesion and proliferation in the 3Y-TZP/TiO2 composite
when compared to 3Y-TZP [12]. Therefore, the second hypoth-
esis tested was not accepted, since the 3Y-TZP group and the
T12.5 group showed different behavior in relation to the eval-
uated parameters: optical properties, characteristic strength
(�o), Weibull modulus (m), fatigue behavior and proliferation
and production of nodules of mineralization by osteoblasts.

5.  Conclusion

The lower sintering temperatures (1200 and 1300 ◦C) reduced
the density, strength and grain size of both the 3Y-TZP and
T12.5. The addition of titania in 12.5 wt% decreased the den-
sity, flexural strength and increased the grain size of the
composite in relation to the 3Y-TZP. The sintering tempera-
ture of 1400 ◦C was the most appropriate for sintering both
the 3Y-TZP and the composite. The composite developed have
good aesthetic properties, as it presents no perceptible color
change when compared to 3Y-TZP and showed enhanced pro-
liferation rate and production of mineralized nodules on its
surface when compared to 3Y-TZP. However, its microstruc-
ture and mechanical properties need to be improved for future
dental implant applications.
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