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Article history: Objectives. To investigate the crystalline phases, morphological features and functional
Received 18 September 2012 groups on the surface of sintered Y:TZP/TiO, composite ceramics before and after the appli-
Received in revised form 7 June 2013 cation of a biomimetic bone-like apatite layer. The effect of TiO, content on the composite’s
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Methods. Samples of Y:TZP containing 0-30 mol% TiO, were synthesized by co-precipitation,
followed by filtration, drying and calcination. The powders were uniaxially pressed and sin-

Keywords:

Dental implant
Ceramic composite
Y-TZP

Titania

Biomimetic coating

tered at 1500°C/1h. To obtain biomimetic coatings the samples were exposed to sodium
silicate solution and then to a concentrated simulated body fluid solution. The surfaces,
before and after coating, were characterized by diffuse reflectance infrared Fourier trans-
formed spectroscopy, X-ray diffraction analysis and scanning electron microscopy.
Results. The surfaces of all Y:TZP/TiO, samples were covered with a dense and uniform
calcium phosphate layer with a globular microstructure. This layer was crystalline for spec-
imens with 30% of TiO, and amorphous for specimens with 0 and 10% of TiO,. Chemical
analysis indicated that this layer was composed of type A carbonate apatite. Among the
materials tested, the composite with 10% of TiO, showed the best overall chemical and
physical features, such as higher density and more cohesive amorphous apatite layer.
Significance. Y-TZP-based materials obtained in the present investigation by means of the
successful association of a calcium phosphate biomimetic layer with small amounts TiO,
should be further explored as an option for ceramic dental implants with improved bioac-
tivity.
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1. Introduction

Substituting commercially pure titanium or titanium alloys
(e.g., Ti-6Al-4V) for dental implants is one of the biggest chal-
lenges faced by biomaterials scientists nowadays. Titanium
based implants have well recognized advantages like excellent
osteointegration demonstrated by the high levels of bone-to-
implant contact reported in clinical studies [1,2], and the high
fracture toughness typically found in metallic alloys which
guarantees low fracture rates.

The highly biocompatible behavior of titanium implants is
associated to the corrosion resistance of the passivation oxide
layer. Although this layer is very homogenous and strongly
bonded to the implant surface, allergenic responses have been
associated to the use of titanium dental implants [3] and bio-
compatibility tests have demonstrated that ceramic materials
like alumina or zirconia are significantly more biocompatible
than titanium alloys [4,5].

Due to their high biocompatibility, ceramic materials like
yttria stabilized tetragonal zirconia polycrystals (Y-TZP) have
been the focus of many studies and are proposed as impor-
tant candidates to substitute titanium implants. The main
drawback related to the use of ceramic materials in structural
biomedical applications is their relatively low fracture tough-
ness (Ki), especially when compared to metals. However,
because of the its intrinsic martensitic transformation tough-
ening mechanism, and the compressive stresses associated
to it, Y-TZP (Kic=9.0MPam'?) is currently commercialized
as a substitute for metallic implants since it has sufficient
mechanical properties to withstand the stresses found in
the oral cavity. In addition, Y-TZP is a white material, and
therefore can partially overcome the poor esthetic results
associated to metal structures when in contact with gingival
tissues.

Two key issues still need to be addressed with regards
to the use of Y-TZP for dental implants: low temperature
degradation (LTD) and bioinertness. LTD, also known as
“aging”, was initially observed on the surface of Y-TZP femoral
head implants that underwent water-assisted martensitic
transformation with subsequent increase in roughness and
nucleation/growth of cracks toward the bulk of the material
[6]. Further clinical research is still necessary to understand
the implications of LTD in the clinical use of Y-TZP dental
implants [7].

Bionertness can be defined as the lack of interaction
between the Y-TZP surface and the surrounding living tis-
sues [8,9] The poor bioactivity of these ceramics usually leads
to problems in the osteointegration process, as it hinders
the cellular response in terms of proliferation, migration and
adhesion [10] and can ultimately cause implant failure due to
formation of a fibrous capsule around the artificial root [11,12].
Hence, surface modification of Y-TZP dental implants can be
an important procedure to improve the final clinical results in
terms of osteointegration.

Surface modification of Y-TZP surfaces for biomedical
purposes is currently performed by material subtraction or
addition of bioactive layers. Removing material from the
implant surface can cause leaching of ytria, undesirable phase
transformations, and nucleation of critical surface flaws [13].

On the other hand, both good osteoinegration results and
faster bone regeneration have been reported after the addi-
tion of bioceramic layers to Y-TZP implants, such as calcium
phosphate or bioactive glass [14]. These additive approaches
also present disadvantages like adhesion problems between
the layer and the implant and heterogeneity of the applied
film [13].

Another approach that aims at solving the problem of
bioinertness in zirconia-based implants is the development
of new composite ceramics by adding bioactive materials to a
zirconia matrix. In a previous study [15], our research group
has successfully developed a novel composite for implant
applications by combining ZrO, and TiO, The idea behind
the creation of this material was to take advantage of the
good mechanical properties of ZrO; and the bioactivity of TiO,
ceramics. Fortunately these two materials can be combined to
form a composite due to the high solid solubility of the original
oxides.

ZrO,-TiO, has been successfully used in other applica-
tions as catalysts, dielectric materials, and photosensitive
cells [16,17]. However, our initial study on ZrO,-TiO; sin-
tered ceramic was the first to propose this specific material
for biological applications. It was demonstrated that the sur-
faces of samples containing both zirconia and titania had
better proliferation results after cell culture experiments com-
pared to pure zirconia or titania. Moreover, others [18,19]
have showed that the presence of TiO, induced in vitro
bone-like apatite formation and stimulated osteoconductivity
in vivo.

In the present study, our aim was to improve the
previously developed ZrO,-TiO, composite by adding a bioac-
tive/biomimetic bone-like apatite layer. This type of layer
can improve osteointegration and has been successfully
applied to coat other bioceramics such as silicon nitride and
alumina-zirconia composites [20,21]. However, its use to func-
tionalize ZrO,-TiO, biocomposites has not been explored yet.
Apatite thin films can be produced in acellular simulated body
fluids (SBF) with ionic composition similar to that of the inor-
ganic part of human blood plasma [22]. After immersion of
the ceramic surface in a concentrated simulated body fluid
(1.5 SBF), the sodium silicate solution acts as a nucleating
agent [23]. This treatment creates several calcium phosphate
precursor sites on the ceramic surface, which eventually cre-
ate a suitable condition for nucleation and growth of calcium
phosphate phases.

The objective of this investigation was to compare the
crystalline phases, morphological features and functional
groups found on the surface of sintered Y:TZP/TiO, compos-
ite ceramics before and after the application of a biomimetic
bone-like apatite layer. The effect of TiO, content (from
0 to 30%) on the aforementioned characteristics of the
ceramic composite was also assessed. The main hypothe-
sis of the study was that the addition of biomimetic layer
to the Y:TZP/TiO, composite would result in a surface layer
with morphological and physicochemical properties that are
significantly better than those of their non-layered counter-
parts from the biological standpoint, i.e., the presence of a
TiO, and calcium phosphate bioactive layer with globular
aspect, which is expected to favor the osteointegration pro-
cess.
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Table 1 - Composition of Y:TZP/TiO, powder mixtures

and theoretical density (TD).

Sample Composition (mol%) TD (g/cm?)
Zr0, Y,03 TiO,
Z 97 3 0 6.01
Z'T10 87.3 2.7 10 5.77
Z T30 67.9 2.1 30 5.34
2. Materials and methods

2.1. Powder synthesis

The synthesis of Y:TZP/TiO, powders was described in our
previous paper [24]. Briefly, zirconium oxchloride, titanium
chloride and ytttrium chloride solutions were prepared to
obtain different amounts of TiO; in the Y:TZP/TiO, compos-
ites (Table 1). The suspensions were filtered, washed with
water, ethanol and n-butanol. After azeotropic distillation,
the Y:TZP/TiO, ceramic powders were dried at 100 °C calcined
(800°C/1h, Fornitec), and milled in a high energy attrition mill
for 24 h using zirconia ball media in ethyl alcohol.

2.2. Powder characterization

Ceramic powders were classified with different sieves (60, 150,
270, and 325 Mesh/Tyler). The specific surface area was deter-
mined using the N, gas adsorption method. N, gas molecules
were adsorbed on the surfaces of the samples and the surface
area of the powder calculated by the BET (Brunauer, Emmet
and Telller) method. The mean diameters of the particles were
estimated using Eq. (1).

6
SpET = ——= 1
BET omD 1)

where Sger is the specific surface area, pm is the theoretical
density of the mixtures and D is the mean particle diameter.

The crystalline phases of the Y:TZP/TiO, powders were
identified from X-ray powder diffraction profiles (XRD, Rigaku
DMAX 3000 diffractometer, Cu Ka). The diffraction profiles
were compared with files of the International Centre for
Diffraction Data (ICDD) for standard phases 037-1484, 081-1545
and 034-0415, corresponding to monoclinic zirconium diox-
ide (Zr0O,), tetragonal zirconium dioxide (ZrO,) and zirconium
titanate (ZrTiO4) phases, respectively. The morphological fea-
tures of the powders were examined in a scanning electron
microscope with a field emission gun (SEM-FEG).

2.3.  Y:TZP/TiO, samples processing

The milled and homogenized powder mixtures were dried at
90°C and uniaxially pressed at 50 MPa using cylindrical metal-
lic dies (6 mm in diameter), that resulted in pellets ~4mm
high. Ten samples of each composition were prepared. The
samples were then sintered at 1500 °C for 60 min in a furnace
(Lindberg Blue). The sample surfaces were rectified using a
diamond-encrusted drill (D-91, Winter).

2.4. Samples characterization

Density measurements were performed using the geometric
method and the final densities of the samples were expressed
in terms of the theoretical density of each mixture. The the-
oretical densities of all powder mixtures were determined
using the rule of mixtures [25] (Table 1), and considering
6.01g/cm?® and 4.24 g/cm? as the theoretical densities of Y:TZP
and rutile TiO; [26], respectively. Ten samples of each compo-
sition were prepared. The roughness of the ceramic surfaces
was measured with a portable Mitutoyo Surftest 211 rough-
meter. Mean roughness (Ra) was estimated using the mean
value of three different parallel oriented values. Densities and
roughness data were estimated considering the mean and
standard deviation of the ten individual measurements for
each composition, which were further compared by analysis
of variance (ANOVA) with a 5%level of significance (p <0.05).

The sintered samples were analyzed using x ray powder
diffraction analysis (XRD, Rigaku DMAX 3000 diffractometer,
Cu Ka) to identify the crystalline phases. To observe the crystal
shapes and grain sizes as well as their distribution, a scanning
electron microscope (SEM, XL 30, Philips) was used, consider-
ing at least two samples for each composition.

Superficial functional groups of the sintered samples (two
samples for each composition) were analyzed by diffuse
reflectance infrared Fourier transformed (DRIFT) spectroscopy
(Thermo Nicolet, Nexus 400) between 400 and 4000 cm 1.

2.5. Biomimetic experimental method

2.5.1. Coating procedure

The Y:TZP/TiO, samples (five for each group) were coated with
a calcium phosphate phase using the biomimetic method,
as described in our earlier work [20]. Briefly, samples were
immersed in sodium silicate solution for seven days, washed
in deionized water, dried at room temperature, and immersed
in 1.5 SBF for seven days. The solution was changed every
two days. After the coating procedure, the Y:TZP/TiO, sam-
ples were washed and dried. All coating procedures were
performed in a shaker at 40 rpm at 36.5 °C (TE-420, Tecnal).

2.5.2.  Characterization of coated Y:TZP/TiO, samples

After coating, the surfaces of the samples were characterized
by X-ray diffraction analysis (Rigaku DMAX 2000 difratome-
ter), scanning electron microscopy (Philips, XL30) and diffuse
reflectance infrared Fourier transformed spectroscopy (DRIFT,
Thermo Nicolet, Nexus 400). Two specimens were used for
each analysis.

3. Results
3.1. Powder characterization

Specific surface area (S BET) and mean particle size (D med)
of Y:TZP/TiO, powders are shown in Table 2. All powders pre-
sented specific surface area higher than 39m?/g and are in
the nanoscale range, with the estimated mean particle size
lower than 27 nm. As the surface area increases, there is a
decrease in mean particle size. However, no correlation can
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Table 2 - Specific surface area and mean particle
diameter of Y:TZP/TiO, powders.

Sample SgeT (M?/g) Dm (nm)
Z 49.0 20.4
ZT10 39.1 26.6
Z T30 46.1 244
y
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Fig. 1 - X-ray diffraction patterns of Y:TZP/TiO, powders.

be seen between the amount of TiO, in Y:TZP/TiO, powders
and these powders features.

X-ray diffraction profiles of Y:TZP/TiO, powders are shown
in Fig. 1. Both tetragonal and monoclinic phases of zirco-
nium dioxide (ZrO,) were identified in all powders. As the TiO,
amountincreased, the monoclinic phase decreased. Moreover,
in sample ZT30, a crystalline zirconium titanate (ZrTiO4) phase
was also detected. The formation of this phase was identified
by peak division between 34° and 36°.

The scanning electron micrographs of the studied powders
are shown in Fig. 2. All powders were fine, rough and homo-
geneously dispersed. Pure zirconia powder (Z) had the highest
tendency for agglomeration (Fig. 2a) compared to Y:TZP/TiO,
powders. As the TiO, amount increased, the powder mixture
seemed to be less agglomerated.

3.2 Sample characterization before coating

Geometric densities of samples after sintering are shown in
Table 3. All samples showed final densities higher than 88%
td. The highest density values (p < 0.05) were observed for ZT10
samples. Roughness values are also shown in Table 3. A rel-
atively high standard deviation is observed for these results,
indicating no significant difference amongst them.

Table 3 - Final density (% TD) and roughness (Ra, pm) of
Y:TZP/TiO, sintered samples (p <0.05).

Sample % TD Ra (um)
Z 88.0 (0.4)? 105 (30)
Z T10 94.1 (0.3)° 97 (12)
Z T30 88.9 (0.4) 85 (20)

X-ray diffraction profiles of sintered ceramic samples are
shown in Fig. 3a. It can be seen that the Z sample has a mix-
ture of monoclinic and tetragonal zirconia phases. The sample
with intermediary TiO, content (ZT10) had only tetragonal
symmetry. In addtition, ZT30 had both tetragonal zirconia and
zirconium titanate phases.

Scanning electron micrographs of Y:TZP/TiO, sample sur-
faces are shown in Fig. 4a-c. The surfaces of ceramics had
similar overall microstructure and were irregular and rela-
tively rough, containing grooves with varied depth, caused by
the surface rectification procedure. The increase in the TiO,
content of the Y:TZP/TiO; samples seemed to increase the sur-
face irregularity, as it was possible to note superficial material
detachment in Fig. 4c.

The DRIFT spectrum of the samples (Fig. 6a) revealed the
presence of several functional groups on the surface of sin-
tered Y:TZP/TiO, ceramics, such as stretched C—H, C—0 and
Me—O bond vibrations (Me=Ti or Zr). Ceramic surfaces with
high TiO, content had C—H stretching bands. As expected,
all samples revealed Zr—0O bond vibration, and all Y:TZP/TiO,
mixture samples presented Ti—O bond vibration. The TiO,
content seemed to interfere with the band position of the CO,
functional group (band 4 indicated in Fig. 6a), dislocating it to
the left.

3.3. Samples characterization after coating

The X-ray diffraction profiles of the coated Y:TZP/TiO, samples
are shown in Fig. 3b. ZrO, phases were identified in all sam-
ples. In sample ZT30, a crystalline zirconium titanate (ZrTiO4)
phase was also detected. In addition, it was possible to iden-
tify minor CasPgO19 (ICDD 015-0177) phase in this sample, as
calcium phosphate crystalline phase.

Scanning electron micrographs of sample surfaces after
biomimetic coating are shown in Fig. 5. A dense and uni-
form calcium phosphate layer, homogeneously precipitated
on the entire surface, was observed on all samples. The cal-
cium phosphate deposited on the Z and ZT30 samples (Fig. 5a
and c, respectively) seemed to be looser compared to ZT10
(Fig. 5b), which had an apparently more cohesive layer. In this
figure (Fig. 5b), multiple coating layers can also be observed.
The morphology and the features of the coating layer can be
better seen in higher magnification (Fig. 5d—f).

The surface features of the biomimetic coated ceram-
ics were further analyzed by DRIFT technique (Fig. 6b) and
different functional groups on the surface of the ceramics
were revealed. Specifically, strong band of PO,~3 (585, 1010
and 1100 cm~?) and weak band of CO;~2 vibrations (868 and
1485cm~1) were identified. Moreover, typical bands of HyO
(1647 cm~1) and OH~ (between 3000 and 3600 cm~1) were also
observed for all samples. As seen for sintered samples before
coating, the TiO, content affected the band position of the CO,
functional group (band 7 indicated in Fig. 6b).

4, Discussion

The main hypothesis of the present investigation was
accepted since the physical and chemical techniques
used to characterize the Y:TZP/TiO, bioceramic specimens
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Fig. 2 - Scanning electron micrographs of Y:TZP/TiO, powders: (a) Z; (b) ZT10; and (c) ZT30.

indicated that their surfaces were successfully covered with
a dense and uniform calcium phosphate layer with a globular
microstructure, which has the potential to be highly bioactive
and enhance osseointegration in vivo. The association of
this biomimetic layer to the presence of small amounts of a
more bioactive material like TiO, may improve the biological
performance of Y:TZP-based dental implants.

The use of a biomaterial in a specific field depends on
its physical and chemical properties which are affected
by the synthesis procedures, surface treatments and

biocompatibility, besides other features [27,28]. In a pre-
vious research work [15], we carried out cell adhesion and
proliferation tests on a new sintered ZrO,-TiO, ceramic
composite that combined the mechanical properties of ZrO,
with the biological characteristics of TiO,. However, the
amount of TiO, added to the composite was relatively high
(40-60mol%) and concerns were raised as to the negative
effects it could have on the final mechanical properties of
the implant component. In order to avoid this problem, the
composite material used in the present study was developed
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Fig. 3 - X-ray diffraction patterns of Y:TZP/TiO, samples after sintering at 1500 °C/1 h: (a) before coating; and (b) after coating.
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Fig. 4 - Scanning electron micrographs of Y:TZP/TiO, samples surface after sintering at 1500 °G/1h, before coating: (a) Z; (b)

ZT10; and (c) ZT30.

using a tougher material (Y:TZP) and lower content of TiO,
(up to 30 mol%).

The development of the Y:TZP/TiO, composite started
with powder characterizations of the mixtures to define the
processing conditions. As shown in Section 3, all powders
were fine, agglomerated and with a high specific surface area
(around 45 m?/g). These powder features indicated high reac-
tivity, which is an important requirement for biomaterials
precursors [29]. The presence of TiO; reduced the tendency
for agglomeration of Y:TZP/TiO, powder mixtures. The differ-
ence between the mean particle diameter determined from
the specific surface area data and the SEM examinations can
be attributed to the non-spherical and rough characteristic of
the powders [30].

The sintered Y:TZP/TiO, composites produced in this study
showed relatively high final density (higher than 88%) and the
ZT10 group showed significantly higher density compared to
the other groups, what is a good indicator that this compo-
sition is the best option for structural implant applications.
One important aspect evidenced by the DRX analysis was the
presence of zirconia monoclinic phase only in the Z group,
indicating that both the presence of titania and the higher
density of the ZT10 and ZT30 groups avoided spontaneous
martensintic transformation, resulting in better retention of
the zirconia tetragonal phase. Another important surface fea-
ture noticed in the non-coated ceramic materials under the
SEM was the slightly higher superficial irregularity in spec-
imens containing titania. The lower hardness of this phase
in comparison to zirconia is responsible for the material
detachment observed in these specimens after the polishing

procedure. Changes in the specimen polishing protocol may
overcome this problem and result in smoother surfaces.

To create the biomimetic layer over the Y:TZP/TiO, compos-
ite, the substrate material was treated with a sodium silicate
solution, to increase apatite nucleation through silanol group
(Si-OH) formation. The use of a simulated body fluid solu-
tion with high ion concentration leads to faster formation
of apatite and deposition of a more uniform layer [31]. The
three analytical techniques (XRD, SEM and DRITF) used in
this investigation complemented each other and successfully
demonstrated the formation of a calcium phosphate phase
after the biomimetic coating procedure. For samples with the
highest TiO, content (ZT30), XRD analysis indicated that this
calcium phosphate layer was crystalline. On the other hand,
for Z and ZT10 samples the SEM and DRIFT analysis suggested
that the calcium phosphate was amorphous.

DRIFT spectroscopy helped confirm the presence of
PO43-and CO3%~ groups on the surfaces of all Y:TZP/TiO,
ceramics after in vitro biomimetic procedures. These results
are in agreement with those of Rey at al [32], who reported that
three carbonate bands appeared in the v, CO3 domain at 878,
871 and 866 cm 1. According to their results, these bands were
assigned to the three different locations of the ion in the stud-
ied mineral bone and could be related to different properties
of the apatite structure, such as ionic affinity for crystallo-
graphic locations and ion exchange [33]. In the present study,
it is likely that due to the presence of 878 cm~! CO3~2 band,
the carbonate ion substituted OH™ ions in the apatite struc-
ture forming a type A carbonate apatite. Moreover, the DRIFT
spectra suggests that the presence of TiO; in a Y:TZP/TiO,
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Fig. 5 — Scanning electron micrographs of Y:TZP/TiO, samples surface after sintering at 1500 °C/1h, after coating, showing
different magnitudes: (a) and (d) Z; (b) and (e) ZT10; (c) and (f) ZT30.
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Fig. 6 — DRIFT spectra of Y:TZP/TiO, samples surface after sintering at 1500 °C/1h. (a) Before coating: (1) C—H stretching
(CHs); (2) C—H stretching (CH>); (3) C—O stretching; (4) C—O (CO3~2); (5) Ti—O bond vibration; (6) Zr—O bond vibration bond
vibration; (b) after coating: (1) O—H stretching; (2) C—O stretching (CHs); (3) O—H bending; (4) H,0; (5) PO4~3; (6) PO4~3; (7) C—O
(CO372); (8) PO, 3.
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mixture may have affected the tendency for formation of type
A orBcarbonate apatite structure. It has been reported that the
calcium phosphate apatite that constitutes bone mineral is a
mixed AB-type substitution [34] and therefore the type A car-
bonate apatite formed on the specimens’ surfaces is expected
to have good bioactivity. Finally, the adsorption band of PO4~3
observed at 625cm™! for all Y:TZP/TiO, biomimetic coated
samples can be related to the amorphous apatite deposited on
Z and Z10 surfaces. In fact, Rey et al. [35] also found a fainted
band at both 620-625 cm~"! and 585 cm~! bands in FTIR spectra
of very young tissues or in freshly precipitated apatite.

The results of the current study suggest that there exists an
affinity of the non-crystalline calcium phosphate precipitates
for the Y:TZP/TiO, based ceramic substrate, what can result in
good bioactive properties of the implant surface. The apatite
nucleation on the sample surface is probably associated the
presence Me-OH functional groups (Me = Zr or Ti) on the bioce-
ramic. After formation of apatite nuclei, they can successfully
grow upon immersion in concentrated SBF. The ZT10 sam-
ples covered with the apatite layer were considered the ones
with best potential to become a successful implant material
because they showed a more cohesive layer compared to ZT30,
which suggests better adhesion of the layer to the implant
surface. Besides, the calcium phosphate phase detected for
ZT10 was amorphous as opposed the crystalline nature of the
layer observed for ZT30, as confirmed by the DRX analysis. An
amorphous apatite layer is thought to be advantageous from
the biological standpoint since the hydroxyapatite found in
human bone is also amorphous.

5. Conclusions

This work characterized the physical and chemical properties
of Y:TZP/TiO, bioceramic specimens that were covered with
a calcium phosphate layer. It was demonstrated that the cal-
cium phosphate layer was crystalline for specimens with 30%
of TiO, and amorphous for specimens with 0 and 10% of TiO,.
Chemical analysis indicated that this layer was composed of
type A carbonate apatite, which is expected to deliver good
bioactivity since it is also found in bone mineral. Among the
materials tested, the composite with 10% of TiO, showed the
highest density and should be further explored as an option
for dental implants.
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