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Abstract

The effects of hydrothermal and phosphoric acid treatments on the tetragonal ZrO2 stability and surface microstructure were determined for 3 mol%
yttria- partially stabilized zirconia (Y-TZP) and Al2O3 doped Y-TZP (Y-TZPA). Y-TZP slip cast compacts were sintered at 1300–1500 1C to achieve
fully dense samples. The increase in the sintering temperature enhanced the hydrothermal degradation of Y-TZP. Although the average grain size of
Y-TZPA sintered at 1500 1C was lower than that of Y-TZP, no significant difference in the ageing behavior between these two ceramics was found.
For Y-TZP sintered at 1500 1C, the volume fraction of monoclinic ZrO2 induced by acid treatment was higher than that obtained after 10 h of
hydrothermal treatment. The Al2O3 doping of Y-TZP improved the acid degradation resistance. Osteoblast cell culture studies on the Y-TZP surface
confirmed its biocompatibility. The Y-TZP surface supported a higher cell proliferation compared to Y-TZPA. The less degradation on the 1 day acid-
treated Y-TZPA surface stimulated cell proliferation, whereas a longer acid treatment reduced cell survival.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

3 mol% yttria- stabilized zirconia (Y-TZP) ceramics are used in
dental clinical implants owing to their excellent mechanical
properties and biocompatibility [1,2]. However, failures of their
application in vivo have been reported in recent years [3]. The
problem was caused by the low temperature degradation (LTD) of
zirconia, the so called ageing process. When Y-TZP is exposed to
an aqueous environment at 100–300 1C over long periods, the
surface of the Y-TZP transforms spontaneously into the monoclinic
structure via a stress-corrosion-type mechanism [4]. The process
continuously proceeds from the surface to the bulk of Y-TZP,
resulting in a volumetric expansion followed by failure [4]. The
hydrothermal susceptibility of Y-TZP is strongly dependent on its
microstructure which includes grain size, porosity, pore size and
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shape [4]. It has also been reported that a small amount of Al2O3

(o0.5 wt%) can decrease the LTD susceptibility of Y-TZP [5].
Commercially available dental ZrO2 is therefore commonly doped
with 0.25 wt% alumina. The tetragonal to monoclinic (t–m) phase
transformation on Y-TZP surface can also be induced by
phosphoric acid treatment. However, the influence of the phos-
phoric acid treatment on the t–m phase transformation of Al2O3-
doped Y-TZP has not been widely investigated.
Commonly, Y-TZP components are produced by conven-

tional powder processing techniques which involve mixing,
pressing and subsequent sintering. Slip casting is a suitable
consolidation process to obtain compacts with high sintered
densities and microstructural homogeneity allowing the man-
ufacture of components with complex shapes [6]. In this study,
Y-TZP ceramics developed by slip casting were sintered at
different temperatures. The effects of the hydrothermal and
phosphoric acid treatments on the tetragonal ZrO2 stability and
surface microstructure were studied for Y-TZP and Al2O3
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Table 1
Composition and physical properties of the different Y-TZP powders.

Composition and properties Y-TZP Y-TZPA

Y2O3 (wt%) 5.29 5.32
Al2O3 50 ppm 0.25 wt%
d50 (μm) 0.40 0.21
Most frequent diameter (μm) 0.37 0.15
Sg (m2/g) 7.8 12.2
IEP 7 8.9
Zeta potential at pH 9 (mV) �35 �0.77
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doped Y-TZP. It is well known that the physical properties of
the surface such as porosity, roughness and morphology affect
cell adhesion, spreading and proliferation [7]. Therefore, the
biocompatibility of the Y-TZP and 0.25 wt% Al2O3 doped Y-
TZP surfaces was evaluated before and after the different
treatments using osteoblast cell culture.
2. Experimental procedure

2.1. Ceramic preparation and characterization

3 mol% yttria- partially stabilized zirconia with 0.25 wt%
Al2O3 (Y-TZPA) (Saint-Gobain ZirPro, China) and without
Al2O3 (Y-TZP) (Saint-Gobain ZirPro, China) powders were used
in this study. The composition and physical properties of the two
zirconia powders are shown in table 1. The mean particle size of
Y-TZPA and Y-TZP was 0.21 μm and 0.40 μm, respectively.

A commercial ammonium polyacrylate solution (NH4PA) (Dur-
amax D 3500, Rohm & Haas, Philadelphia PA) was used as a
deflocculant. Aqueous 52 vol% Y-TZP suspensions with 0.20 wt%
NH4PA were prepared by suspending particles in deionized water
via 40 min of ultrasound; the pH was adjusted at 9 with ammonia
(25%). Concentrated aqueous Y-TZPA suspensions were prepared
using NH4PA as a dispersant, the rheological properties of this
alumina doped Y-TZP were described in a previous paper [8]. Slips
were cast in plaster molds into disks (12 mm in diameter and 3 mm
in thickness); the consolidated bars were dried slowly in air for 24 h
at room temperature and 24 h at 100 1C. The green samples were
sintered in air at 1300–1500 1C for 2 h (heating rate 5 1C/min).

The density of the green compacts was determined by the
Archimedes method using mercury displacement. The bulk
density of the sintered samples was determined by water
immersion (Standard Method ASTM C20). The relative
density was calculated as the ratio between the apparent and
the theoretical density (6.05 g/cm3).

The zirconia grain sizes were measured using scanning electron
microscopy (SEM) (FEI Quanta 200 MK2 Serie). The grain size
values were the average of about a hundred measurements.
2.2. Acid and hydrothermal treatments

The sintered samples were ultrasonically washed with distilled
water and then immersed in 5 M H3PO4 at 90 1C for 1 and 3 days.
After the complete treatment the samples were taken from the
solution, washed with distilled water and finally dried at room
temperature.
The hydrothermal degradation experiments were carried out in an

autoclave at a temperature of 134 0C under 2-bars pressure at
increasing time up to 10 h (1 h in autoclave is theoretically equivalent
to 3–4 years in vivo [9]). This treatment is therefore a good indicator
of the ageing sensitivity in vivo of a given zirconia ceramic.
Phase identification was done by X-ray diffraction (XRD) analysis

(Philips 3020 equipment) using Cu-Kα radiation with Ni filter at
40 kV–20 mA. The influence of acid and hydrothermal treatments on
the tetragonal–monoclinic transformation was quantitatively evaluated
by XRD. The volume fractions of monoclinic and tetragonal ZrO2 on
the surfaces were calculated using the Garvie and Nicholson method
[10]. Sintered samples with and without treatments were cut and
polished (with diamond pastes up to 1 μm) for microstructural
observation by SEM on the cross section of the samples.

2.3. Biological assays

The MC3T3-E1 cell line (subclone 14) for in vitro testing was
obtained from the American Type Culture Collection (ATCC) and
cultured in Minimum Essential Media (MEM; Gibco, Invitrogen,
Grand Island, NY) supplemented with 10% fetal bovine serum
(Gibco), 100 U/ml penicillin (Invitrogen) and 100 μg/ml strepto-
mycin (Invitrogen) in 75 cm2

flasks (Corning Incorporated, Costar,
Corning, NY). The osteoblast cells were seeded on the zirconia
disks in 24-well polystyrene culture plates (Corning) at a cell
density of 2� 104 cells/well and cultured for up to 7 days. The cell
culture conditions, medium formulation, cell seeding density and
physicochemical environment (dissolved oxygen and carbon
dioxide concentrations, temperature, pH and buffer system) were
the same as described in a previous study [11].
Cell morphology was evaluated at days 1, 3 and 7 by direct

fluorescence as described elsewhere [12]. After washing with 0.1 M
sodium phosphate buffer, cultures were processed for fluorescence
labeling using Alexa fluor 488 (green fluorescence)-conjugated
phalloidin (1:200, Molecular Probes, Eugene, OR) to label actin
cytoskeleton and the cell nuclei were stained with 300 nM 40,6-
diamidino-2-phenylindole, dihydrochloride (blue fluorescence) (DAPI,
Molecular Probes). The samples were examined under epifluorescence
using a Zeiss Axio Imager M2 microscope (Carl Zeiss, Germany).
Cell proliferation was evaluated by 3-[4,5–dimethylthiazol–

2–yl]-2,5-diphenyl tetrazolium bromide (MTT, Sigma) assay
[13]. At days 1, 3 and 7, the osteoblast cells were incubated with
10% of MTT (5 mg/ml) in culture medium at 37 1C for 4 h.
After removing the medium, acid isopropanol was added to
each well and the resulting solution was spectrophotometrically
measured. The optical density was read at 570–650 nm on the
plate reader (mQuanti, BioTek Instruments, Inc., Winooski, VT,
EUA), and the data were expressed as absorbance.

3. Results and discussion

3.1. Microstructure and phase composition

The relative density of green slip cast compacts was
approximately 0.62. The relative density of Y-TZP compacts



Fig. 1. SEM micrographs of the bottom (a) and top (b) surfaces of Y-TZP sintered at 1500 1C. (Bar: 5 μm).
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sintered at 1300 1C increased to 0.88, and higher densification
to 0.98 was achieved at 1400 1C. Thus, the open porosity was
reduced at 1400 1C and most of the pores were closed; both Y-
TZP and Y-TZPA compacts exhibited nearly full densification
at 1500 1C.

Figs. 1 and 2 show SEM micrographs of the top and bottom
surfaces of Y-TZP and Y-TZPA sintered at 1500 1C, respectively.
The top surface was exposed to air during casting while the
bottom one was in contact with the mold. The surfaces of Y-TZP
were different; a greater porosity and also a slightly increase in
the pore size were found on the bottom surface with respect to
those on the top one. On the contrary, this difference in
microstructure between both surfaces was not observed in Y-
TZPA ceramic. This behavior could be explained taking into
account the viscosity values of 52 vol% Y-TZP and Y-TZPA
suspensions; a lower viscosity of 35 mPa.s at pH 9 was
measured for Y-TZP compared to 110 mPa.s for Y-TZPA. In
a previous paper, the authors studied the rheological properties of
concentrated aqueous Y-TZP and Y-TZPA slips [14]; the high
viscosity of Y-TZPA slips was attributed to an increase in the
effective solid concentration due to the low average particle size
and high specific surface area of Y-TZPA powder. The high
viscosity of Y-TZPA slips avoided any settling of the particles by
reducing their mobility; while the low viscosity of Y-TZP ones
produced settling of the larger particles at the bottom surface and
migration of the finer ones to the top surface during casting. This
resulted in an increase in porosity and pore size on the bottom
surface after sintering relative to those on the top one ( Fig. 1).

Figs. 3 and 4 show the XRD patterns in the 27–321 and
72–761 (2θ1) range, respectively, obtained from the surface of Y-
TZP at different sintering temperatures. The XRD patterns of Y-
TZPA sintered at 1500 1C are also included in Fig. 4. The
tetragonal phase as the main component with trace of monoclinic
phase were detected in the Y-TZP after sintering at different
temperatures (Fig. 3). Sintering of Y-TZP and Y-TZPA at
1500 1C resulted in the appearance of an additional reflection at
73.81 (2θ1) (Fig. 4) characteristic for the cubic ZrO2 (400)c plane.
A similar intensity of this peak was found in Y-TZP and Y-
TZPA, confirming similar amounts of the c-ZrO2 phase in both
ceramics. The appearance of the c-ZrO2 in both Y-TZP sintered
at 1500 1C occurred at the expense of reduced intensity of
tetragonal peaks. According to Matsui et al. [15], as the sintering
temperature increased from 1300 to 1500 1C, the Yþ3 ions
segregation at the grain boundaries and triple junctions increased.
Their study showed that Yþ3 ions were homogeneously dis-
tributed in most grains of the compact sintered at 1300 1C,
whereas higher amounts of Yþ3 ions appeared to concentrate
along grain boundaries after sintering at 1500 1C. These regions
with high Yþ3 concentrations changed into the cubic phase by t–
c phase transformation, thus the cubic phase started to form along
grain boundaries and triple junctions in which Yþ3 segregated.
As a result the cubic phase was found in both Y-TZP ceramics
sintered at 1500 1C. According to Zhang et al. [5], the presence of
0.25 wt% Al2O3 in Y-TZP produced a slightly increase in the
amount of c-ZrO2 after sintering at 1500 1C.

3.2. t–m phase transformation induced by hydrothermal
treatment

The rate at which the tetragonal phase is transformed to
monoclinic phase is an indication of the hydrothermal sensitivity
of the ZrO2 ceramics [4]. Only the transformation on the top
surface of both Y-TZP samples was measured by XRD. The
volume fraction of monoclinic phase as a function of the
hydrothermal treatment time on the surface of Y-TZP sintered
at 1300–1500 1C and Y-TZPA sintered at 1500 1C, is presented
in Fig. 5. The transformation was faster with increasing sintering
temperature and time. The monoclinic phase content of Y-TZP
sintered at 1300 1C hardly changed with prolonged hydrother-
mal degradation time up to 10 h and remained below 1–2 vol%.



Fig. 2. SEM micrographs of the bottom (a) and top (b) surfaces of Y-TZPA sintered at 1500 1C. (Bar: 5 μm).
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Fig. 3. XRD patterns in the 27–321 (2θ1) range obtained from the surface of
Y-TZP at different sintering temperatures. Detail showing trace of
monoclinic phase.
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Fig. 4. XRD patterns in the 72–761 (2θ1) range obtained from the surface of:
(a) Y-TZP at different sintering temperatures, (b) Y-TZPA at 1500 1C.
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Table 2 shows the Y-TZP average grain diameter at
1300–1500 1C and that of Y-TZPA at 1500 1C. The low
transformation rate at 1300 1C could be explained by a similar
reason to that found in alumina–zirconia composites [16]; the
greater porosity of Y-TZP at the low sintering temperature
prevented the direct propagation of the t–m transformation
between ZrO2 grains. This effect together with the low Y-TZP
grain diameter at 1300 1C (Table 2) increased the degradation
resistance. At 1400 1C the volume fraction of monoclinic phase
remained very low up to 2 h and then increased with longer
hydrothermal time up to reaching 0.35 at 10 h. Y-TZP sintered
at 1500 1C initially transformed at a higher rate than Y-TZP
sintered at 1400 1C.

The surface t–m transformation curves followed a sigmoidal
shape as a function of degradation time, implying that the
surface degradation of these ceramics was determined by a
nucleation and growth process [17]. The curve of Y-TZP at
1500 1C quickly rose during the first 1 h of hydrothermal
treatment, indicating that a nucleation process with constant
rate occurred up to 1 h. For longer aging time (41 h) the
lower slope observed was related with a reduction in the
nucleation rate as the surface approached to its saturation level
(i.e. when the surface is completely covered by the monoclinic
nucleus) [16]; in this last period, a monoclinic fraction of 0.45
was reached after 10 h of hydrothermal treatment.
Table 2 shows that the Y-TZP average grain diameter

increased from 0.37 to 0.60 mm with increasing sintering
temperature from 1400 to 1500 1C. Earlier studies have clearly
reported that the decrease in the sintering temperature sig-
nificantly reduced the ZrO2 transformability [4,18]. Only
limited degradation was observed at ZrO2 grain sizes below
0.3 mm for Y-TZP ceramics [19]. Besides, the cubic grains
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Table 2
Y-TZP and Y-TZPA average grain diameters at different sintering temperatures.

Sample (1C) Average grain diameter (lm)

Y-TZP-1300 0.35
Y-TZP-1400 0.37
Y-TZP-1500 0.60
Y-TZPA-1500 0.47
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Fig. 6. ln(ln(1/(1� f))) versus lnt plots of Y-TZP at 1300–1500 1C and Y-
TZPA at 1500 1C, using experimental data of Fig. 5.
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found at 1500 1C (Fig. 4) were enriched with yttrium, causing
a depletion of yttria in the surrounding tetragonal grains which
in turn might be less stable. Previous works [9,15] have shown
that cubic grains can act as nucleation sites for tetragonal to
monoclinic transformation; in this sense, the presence of cubic
grains has a detrimental impact on aging resistance. The
difference in transformation rates between 1400 1C and
1500 1C was particularly important for the first stage of the
transformation, where nucleation of the new monoclinic phase
was predominant (Fig. 5). Thus, the increase in the hydro-
thermal sensitivity of Y-TZP with increasing sintering tem-
perature could be attributed to a greater tetragonal ZrO2 grain
size and a larger fraction of cubic zirconia.

As was previously reported by Takigawa et al. [20], the t–m
phase transformation of Y-TZP was retarded by silica doping.
Recently [5], EDS-STEM measurements on commercial 0.25 wt
% Al2O3 doped Y-TZP sintered at 1500 1C showed that a small
(o0.3 wt%) amount of Al2O3 could dissolve in the zirconia
grains during sintering, resulting in the segregation of Alþ3 ions
at the grain boundaries which enhanced the hydrothermal
degradation resistance of Y-TZP. In this work, there was no
clear indication that alumina doping improved the Y-TZP
degradation resistance. Although the average grain size of Y-
TZPA after sintering at 1500 1C was lower than that of Y-TZP
(Table 2), a notable difference in ageing behavior between these
two ceramics was not found (Fig. 5). In this particular case, the
grain size was not the prevailing factor influencing the
transformability of t-ZrO2 under hydrothermal conditions. The
similar aging behavior between the two Y-TZP ceramics
sintered at 1500 1C could be attributed to their similar phase
composition formed with cubic and tetragonal ZrO2 grains.
Previous studies [2,9,15,21] have reported that the relation-

ship between the amount of monoclinic phase and the aging
time could be expressed by the Mehl-Arrami-Johnson (MAJ)
equation which suggests nucleation and growth

f ¼ 1�exp½� bU tð Þn� ð1Þ
where f is the transformation fraction, t is the time, b and n are
constants. The MAJ equation is often used for describing time-
transformation isotherms in metals and metallic alloys. In the MAJ
theory, it is shown that the n exponent which can be derived from the
slope of the ln(ln(1/1� f)) versus lnt plot, is related to nucleation and
growth conditions. The ln(ln(1/1� f)) versus lnt plots of Y-TZP at
1300–1500 1C and Y-TZPA at 1500 1C are shown in Fig. 6. A linear
relationship was observed for each temperature with a constant value
of n equal to 1.70 for Y-TZP sintered at 1400 1C; this value of n
between 1 and 2 was in good agreement with a nucleation and one-
dimensional growth process [20]. The samples sintered at 1500 1C
exhibited a reduction in the slope (i.e. no1); according to Gremillard
et al. [22], the low n value suggested a different mechanism in which
nucleation predominated and growth proceeded at a lower rate.
Fig. 7 shows SEM micrographs of the Y-TZP cross-section

after 2 h of hydrothermal treatment at 1400 and 1500 1C.
Porosity, roughness and grain pullouts could not be detected
on the specimen's surface due to the short treatment time, only
a greater porosity could be observed in the bulk of the sintered
sample at 1400 1C. Surface roughness, microcracks and
eventually grain pullout are observed on the sample's surface
for longer treatment times [2,4,5,16,18].

3.3. t–m phase transformation and microstructure induced by
acid treatment

Fig. 8 shows the XRD patterns obtained from the surface of
Y-TZP and Y-TZPA before and after acid treatment. The



Fig. 7. SEM micrographs of the cross-section of Y-TZP sintered at different temperatures: (a, c) 1400 and 1500 1C, respectively, without treatment; (b, d) 1400 and
1500 1C, respectively, after 2 h of hydrothermal treatment. (Bar: 10 μm).

Fig. 8. XRD patterns obtained from the surface of Y-TZP and Y-TZPA before
and after acid treatment.
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increase in the intensity of the monoclinic peak 28.151 (2θ1) at
the expense of reduced intensity of the tetragonal peak 30.21
(2θ1) indicated that the t–m transformation occurred after acid
treatment. The monoclinic volume fraction on the surface of
Y-TZP after 3 days of acid treatment was close to 0.83, this
value was significantly higher than that found for this ceramic
after 10 h of hydrothermal treatment (Fig. 5). A volume
fraction of m-ZrO2 of 0.53 was found for Y-TZPA after 3
days of acid treatment which was considerably lower com-
pared to that obtained for Y-TZP, confirming the higher acid
degradation resistance of the Y-TZPA. Thus, the Al2O3 doping
of Y-TZP seemed to improve the acid degradation resistance.

SEM micrographs of the Y-TZP cross-section sintered at
1500 1C after acid treatment, showing the microstructure of the
top and bottom surfaces, are presented in Fig. 9. A layer with
smaller thickness was observed on the top surface with respect
to that on the bottom one. As we have mentioned the top surface
(exposed to air during casting) of Y-TZP before acid treatment
was dense with fine grains while the bottom surface (in contact
with the mold) had a greater porosity and pore size (Fig. 1a and
b). The increased acid degradation resistance of the top surface
was actually achieved by decreasing the surface porosity. The
effect of the acid treatment on the bottom surface microstructure
of Y-TZP and Y-TZPA is shown in Fig. 10a and b, respectively.



Fig. 9. SEM micrographs of the cross-section of Y-TZP sintered at 1500 1C after acid treatment, showing the microstructure of the bottom (a) and top (b) surfaces.
(Bar: 10 μm).

Fig. 10. SEM micrographs of surface microstructure of the ceramics sintered at 1500 1C after acid treatment: (a, b) Y-TZP at low and high magnifications; (c, d) Y-
TZPA at low and high magnifications.
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Tetragonal phase was initially presented in both surfaces and a
mixture of monoclinic and tetragonal phases appeared after acid
activation. A continuous porous structure with a large number of
micropores was found on the acid treated Y-TZP surface. On
the contrary, the porosity created by acid treatment on the Y-
TZPA surface was not uniform; thus, some areas (rough surface)
had pores whereas other ones remained virtually unchanged.

3.4. Effect of acid treatment on cell morphology and
proliferation

The osteoblast cell response to the surface of Y-TZP and Y-
TZPA sintered at 1500 1C, before and after acid treatment, was
assessed in terms of cell morphology and proliferation. Fig. 11a and
b show, respectively, the epifluorescence and the cell proliferation
of MC3T3-E1 cultures grown on Y-TZP and on 3 days acid-treated
Y-TZP surfaces at days 1, 3 and 7. At days 1 and 3, no significant
differences in terms of cell morphology were detected between Y-
TZP and 3 days acid-treated Y-TZP surfaces; cells exhibited
polygonal shapes with long cytoplasmic extensions. A slightly
lower cell number on 3 days acid-treated Y-TZP compared to that
on Y-TZP was observed at day 3. At day 7, cell multilayering took
place only for Y-TZP, whereas the 3 days acid-treated Y-TZP
surface supported the growth of only occasional cells, which were
roundish or spindle in shape; some apoptotic bodies could also be
detected (Fig. 11a). The MTT results confirmed a major progression



Fig. 11. (a) Epifluorescence of MC3T3-E1 cells grown on Y-TZP and on 3 days acid-treated Y-TZP surfaces after 1 (A, B), 3 (C, D) and 7 (E, F) days of culture.
Green and blue fluorescence indicate actin cytoskeleton and cell nuclei, respectively. The 3 days acid treated Y-TZP surface partially inhibited the growth of
MC3T3-E1 cells. (Bar: 100 μm). (b) MTT assay of MC3T3-E1 cell cultures grown on Y-TZP and on 3 days acid-treated Y-TZP surfaces at days 1, 3 and 7. The
acid treatment of Y-TZP surface significantly affected cell survival.
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of MC3T3-E1 cell cultures on the Y-TZP surface (Fig. 11b), as
revealed by significantly higher values (2-fold) at day 7 compared
to the 3 days acid-treated Y-TZP surface.
Weight loss was not detected between the samples before and
after acid treatment, indicating that dissolution or adsorption
processes could not be expected. It is known that the physical



Fig. 12. (a) Epifluorescence of MC3T3-E1 cell cultures grown on Y-TZPA and on 1 day, 3 days acid-treated Y-TZPA surfaces after 1 (A, B, C), 3 (D, E, F) and 7 (G, H,
I) days of culture. Green and blue fluorescence indicate actin cytoskeleton and cell nuclei, respectively. For the three surfaces, MC3T3-E1 cells were polygonal in shape at
days 1 and 3, reaching confluence at day 7 with typical features of cell multilayer (Bar: 100 μm). (b) MTT assay of MC3T3-E1 cell cultures grown on Y-TZPA and on 1
day, 3 days acid-treated Y-TZPA surfaces after 1, 3 and 7 days of culture. A tendency towards higher cell proliferation was noticed for the acid-treated samples.
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properties of the surface layer such as porosity, roughness and
morphology affect cell adhesion, spreading, proliferation and the
progression of cell cultures [7]. Therefore, the creation of large
cracks and pores on the 3 days acid-treated Y-TZP surface
appeared to be not favorable for the progression of MC3T3-E1
cell cultures in comparison to the not damaged Y-TZP surface.
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Fig. 12a and b show, respectively, the epifluorescence and
the cell proliferation of MC3T3-E1 cultures grown on Y-TZPA
and on 1 day, 3 days acid-treated Y-TZPA surfaces at days 1, 3
and 7. Cell culture morphologies did not change among the
samples at each culture time; at days 1 and 3 cells were
polygonal in shape, at day 7 the cultures reached confluence,
exhibiting typical aspects of cell multilayering (Fig. 12a).

The MTT assay showed no significant differences among the
samples at days 1 and 3, supporting the epifluorescence images
of cultures. However, at day 7, the cell proliferation on the 1 day
acid-treated Y-TZPA was significantly higher than that on Y-
TZPA (without acid treatment). Additionally, there was a
tendency towards lower MTT values with the increase in the
acid treatment time from 1 to 3 days (Fig. 12b).These results
could be attributed to the less surface degradation produced by
the shorter acid treatment (1 day) of Y-TZPA, supporting a
better proliferation behavior of osteoblast cells in culture.

A 2-fold higher cell proliferation was observed on Y-TZP
without acid treatment with respect to that on Y-TZPA (Figs. 11b
and 12b). Since the isoelectric point (IEP) of Y-TZP was lower
than that of Y-TZPA (Table 1), a higher negative surface charge
and also a higher amount of Zr–OH functional groups on Y-TZP
surface in culture medium could be expected with respect to those
on Y-TZPA (which had Al–OH functional groups and less
negative surface charge). Both the increase in the negative surface
charge and the higher amount of Zr–OH functional groups on Y-
TZP seemed to stimulate cell proliferation; this result was in
agreement with that reported by Zhang et al. [23].

After 7 days of culture, a slightly increase in cell proliferation
was detected on the 3 days acid-treated Y-TZPA compared to
the 3 days acid-treated Y-TZP (Figs. 11b and 12b). This
behavior could be related with the less surface roughness,
cracks and pores observed on the acid-treated Y-TZPA surface,
which was more resistant to acid degradation (Fig. 8).
4. Conclusions

The effects of hydrothermal and phosphoric acid treatments
on the tetragonal ZrO2 stability and surface microstructure
were determined for Y-TZP and Y-TZPA. The increase in the
sintering temperature from 1300 to 1500 1C significantly
enhanced the hydrothermal degradation of Y-TZP. Although
the average grain size of Y-TZPA sintered at 1500 1C was
lower than that of Y-TZP, there was no significant difference
in the ageing behavior between these two ceramics.

For Y-TZP sintered at 1500 1C, the volume fraction of
monoclinic ZrO2 induced by acid treatment was higher than that
obtained after 10 h of hydrothermal treatment. A degraded layer
with smaller thickness was found on the top surface of Y-TZP after
acid treatment with respect to that on the bottom surface. The
Al2O3 doping of Y-TZP improved the acid degradation resistance.

Osteoblast cell culture studies on the Y-TZP surface
confirmed its biocompatibility, the Y-TZP surface supported
a higher cell proliferation compared to Y-TZPA. The less
degradation on the 1 day acid-treated Y-TZPA surface seemed
to stimulate the progression of cell cultures. Cell survival was
significantly reduced on the 3 days acid-treated Y-TZP surface
compared to the 3 days acid-treated Y-TZPA.
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