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ABSTRACT

Well dispersed concentrated aqueous suspensions of Al,Oz-doped Y-TZP (AY-
TZP), AY-TZP with 5.4 vol% of Ca0O-P,05-SiO, (CaPSi) glass (AY-TZP5) and 10.5 vol%
CaPSi glass (AY-TZP10), with ammonium polyacrylate (NH4PA) dispersant were
prepared to produce slip cast compacts. The rheological properties of 35 and 40 vol%
slips were studied. The densification, microstructure as well as hardness and fracture
toughness were investigated as a function of CaPSi glass content at 1300-1500 °C. The
optimum NH4PA concentration of 35 vol% AY-TZP5 and AY-TZP10 slips at pH ~9 was
found to be about 43 and 67 % greater than that of AY-TZP slips, this behaviour was
related to the greater amounts of Ca?* ions leached out from the CaPSi glass surface.
The viscosity of stabilized 40 vol% slips with NH4PA attained a minimum value at 5.4
vol% CaPSi glass addition, and resulted in a more dense packing of cast samples. AY-
TZP5 can be sintered at a lower temperature (1300 °C) compared to that of AY-TZP. AY-

TZP5 exhibited a fine microstructure of tetragonal ZrO, (grain sizes below 0.3 um), and
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ZrSi0O4 - Cay,P,0; particles homogeneously distributed within the zirconia matrix. Its
presented similar fracture toughness and a slightly lower hardness compared to those of
AY-TZP.

Keywords: Al,Os-doped zirconia with CaO-P,0s-SiO, glass additive, rheological

properties, slip casting, sintering behaviour, microstructure.

1. INTRODUCTION

3 mol% partially stabilized zirconia (Y-TZP) ceramics are frequently used as dental
restorations and dental implant materials due to their attractive properties, including high
flexural strength and fracture toughness, inertness in biological fluids, good
biocompatibility and aesthetics-3.

It has been well documented*® that the addition of glasses enhanced the Y-TZP
densification. We have recently demonstrated® that the addition of a sol-gel derived CaO-
P,05-SiO, (CaPSi) glass produced low amounts of Ca,P,O; which improved the
osteoblast cell response of sintered Y-TZP ceramics. Apart from the biological properties,
another aspect to be considered in Y-TZP ceramics is the hydrothermal degradation or
ageing which results in the drop of mechanical properties. It is generally accepted’-? that
the tetragonal (t) to monoclinic (m) zirconia (ZrO,) transformation induced by
hydrothermal treatment is strongly dependent on its grain size, this transformation would
be inhibited in a fine zirconia grain microstructure. Besides, some studies'®'! have shown
that the Al,O3 -doping had a positive effect on the ageing resistance of Y-TZP ceramics.
Wu et al'' reported that the introduction of 0.5-5 wt% Al,Ozinto Y-TZP effectively delayed
the t-m ZrO, transformation and the degradation of mechanical properties. In this work,
an Al,O3-doped Y-TZP powder referred as AY-TZP, with higher sinterability compared to
that of undoped-Y-TZP powder was used. It is expected that the addition of CaPSi glass
to AY-TZP will reduce its sintering temperature; in this way a fine ZrO, grain
microstructure could be obtained. In addition, the additional phases produced during
CaPSi glass thermal treatment could have a positive effect on the ageing behaviour by
decreasing the m-ZrO, surface content and retarding the propagation of the t-m ZrO,

transformation. The combined effects of the Al,O3-doping, the fine ZrO, grains, and the
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present of additional phases, are expected to improve the ageing resistance increasing
the reliability of dental restorations based on zirconia.

Colloidal shaping methods such as slip casting enable to achieve green compacts
with high microstructural homogeneity'%'4. Repulsive interactions between particles can
be generated by the addition of polyelectrolytic additives'>'7. In the present work,
ammonium polyacrylate (NH4;PA) was used as dispersant of AY-TZP and AY-TZP-CaPSi
glass powders in aqueous media. The adsorption of the polyelectrolyte at the particle
surface infer repulsive particle forces caused by electrostatic and steric effects. The
magnitude of the inter particle forces are closely related to the net surface charge density
of the NH4PA adsorbed-powder, and the conformation of the polyelectrolyte in solution.
The CaO-P,0s5-SiO, glasses are known'®19 to leach Ca?* ions by a Ca?* /H* exchange
reaction at the glass-solution interface. Ca?* leached out from the glass surface during
the aqueous processing of AY-TZP-CaPSi suspensions with NH4PA could result in
increased NH4PA adsorption, affecting the colloidal stability of concentrated slips. The
control of both the state of the dispersion and the rheological properties are of great
importance to perform a successful colloidal processing of AY-TZP-CaPSi ceramics.
Stabilized suspensions will produce sintered compacts with high densities and
homogeneous microstructures.

In this work, the influence of CaPSi glass addition on the colloidal stability and
rheological properties of 35 and 40 vol% AY-TZP slips was studied. The characterization
of the different suspensions was completed with a time-dependent viscosity study. In
addition, the densification behaviour, microstructure as well as hardness and fracture
toughness were investigated as a function of CaPSi glass content and sintering

temperature.

2. EXPERIMENTAL PROCEDURE
2.1. Raw materials and powder processing

The starting powder was a commercial 3 mol% vyttria- partially stabilized zirconia
with 0.25 wt% Al,O3 (AY-TZP) (Saint-Gobain ZirPro, China). The synthesis of the CaO-
P,05-Si0, glass with composition: 26% CaO, 10% P,0s5 and 64% SiO, (based on
mol%),named CaPSi in this work, was performed by the sol-gel method; details of the

experimental procedure are given elsewhere?0. Milling of the glass powder was done by

This article is protected by copyright. All rights reserved



attrition milling in isopropyl alcohol using 1.6 mm zirconia balls during 4 h, then the
powder was dried at 60 °C for 24 h. The measured density of the CaPSi glass was 2.70
g/cm3.

Al,O3-doped Y-TZP (AY-TZP), AY-TZP with 5.4 vol% CaPSi glass (AY-TZP5), and
AY-TZP with 10.5 vol% CaPSi glass (AY-TZP10) ceramics were investigated in this
study. A commercial ammonium polyacrylate (NH4PA) solution (Duramax D 3500, Rohm
& Haas, Philadelphia PA) was used as dispersant. 35 vol% aqueous AY-TZP and AY-
TZP-CaPSi suspensions with the different compositions and various amounts of
dispersant were prepared by dispersing particles in deionized water using an ultrasonic
bath. The pH was manually adjusted at 9 with a diluted aqueous ammonia solution only
for AY-TZP suspensions. For AY-TZP-CaPSi slips the pH rose spontaneously to ~9 (see
section 3.2).

In order to study the influence of the solid loading on the rheological properties,
slips with the optimum NH4PA concentration and a solid content of 40 vol% were
prepared at pH ~9. 40 vol% slips were cast in plaster molds into 1.85 cm diameter disks.
The consolidated disks were air dried at room temperature followed by 24 h at 100 °C.
The resulting green compacts were sintered in air at 1300-1500 °C during 2h with a

heating/cooling rate of 10 °C/min.

2.2. Characterization techniques

The particle size distributions of AY-TZP and CaPSi glass powders were
measured using a Mastersizer 2000 (Malvern Instruments, UK).

To determine the isoelectric point (IEP) of the powders, zeta potential against pH
curves were measured with an instrument Zetasizer nano ZS (Malvern Instruments, UK)
for 0.05 vol% AY-TZP and CaPSi glass suspensions in the pH range of 2-12. Zeta
potential versus pH curves were also measured for 0.05 vol% slips of AY-TZP and AY-
TZP-CaPSi with the optimum amount of NH4PA at pH 1-12. The pH adjustment was
achieved with HCI or NH,OH solutions. The pH was measured with a pH meter calibrated
with buffer solutions (pH 4, 7 and 10, Merck, Germany). Each curve was repeated three

times.

Steady state flow curves of the different suspensions were performed using a

concentric cylinder viscometer (Haake VT550, Germany) at 25 °C. A coaxial cylinder
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system with two gaps (sensor system NV Haake) was used. The steady shear stress
value was measured as a function of shear rate in the 0.5 - 542 s' shear rates range. As
soon as stationary conditions were reached at each shear rate, the shear rate increased
in steps up to the maximum value and then decreased. The thixotropic behaviour was
investigated by evaluating the hysteresis loop areas obtained through the flow curves of
shear stress versus shear rate. The hysteresis loop area was the area enclosed by the
up and down curves, and it was calculated as the difference between the areas under the
up and down curves.

The density of the green compacts was determined by the Archimedes method
using mercury displacement. The Archimedes method with distilled water as the
immersion liquid was employed to determine the bulk density of the sintered compacts; a
theoretical density of 6.05 g/cm3 was used to calculate the relative density of AY-TZP.
The theoretical density of the sintered AY-TZP5 and AY-TZP10 compacts at each
temperature was calculated from the density values of the different phases and their
respective volume fraction.

Crystalline phases were characterized by X-ray diffraction (Bruker, D2
Phaser, with Ka: Cu as incident radiation and Ni filter); the equipment was operated at 30
kV and 10 mA and the scanning was performed with a step of 0.04° and 2.5 s per step in
the 10°-80° 20 range. In order to perform phase quantification, the XRD patterns were
analysed with PROGRAM FullProf.2k (Version 5.80 - May 2016-ILL JRC) which is a
multipurpose profile-fitting program, including Rietveld refinement method?'22, The
morphology of the phases was observed by scanning electron microscopy (SEM) (FEI,
Quanta 200); compositional analysis was performed by energy dispersive x-ray
spectrometry (EDS).

The sintered samples were diamond polished down to 3 pm and thermally etched
at a temperature 50 °C below each sintering temperature for 30 min. The zirconia (ZrO,)
grain sizes of the sintered compacts were measured from SEM images using Image J
software according to the linear interception method.

The Vickers hardness (Hv) was measured using a diamond indenter (Buehler
hardness tester) with a holding time of 15 s under a load of 3 Kgf. Hv was calculated by:

Hv = 1.854 (F/d?) (1)
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Where d is the arithmetic mean of two diagonals (d4 and d,) and F is the indentation load.
The reported Hv values are the mean + standard deviation of ten identations. The crack
propagation path after Vickers indentation was observed by SEM.
The fracture toughness (Ki.) was calculated on the basis of the indentation
method by the equation:
K1.=0.016 (E/H)"2 (P/C?372) (2)
Where C is the crack length measured using the ocular on the hardness tester, P the

indentation load, E is the Young's modulus and H the vickers hardness.

3. RESULTS
3.1. Powder characterization

Figure 1 shows the particle size distribution curves of AY-TZP and CaPSi glass
powders. The AY-TZP powder exhibited an unimodal distribution with a more frequent
particle diameter of 0.14 ym. Particle sizes between 1 and 13 um, and a more frequent
particle diameter of 3 ym were found for the CaPSi glass.

Figure 2 shows the zeta potential versus pH curves of AY-TZP and CaPSi glass
powders. The IEP of AY-TZP powder was found to be about 6.5, indicating that the
surface charge of AY-TZP was negative at pH > 6.5. On the contrary, CaPSi glass
powder had a negative surface charge in the whole pH range studied; and a slightly
increase in the negative surface charge with increasing pH was found. Similar negative
zeta potential values at pH 9, -26 mV for CaPSi and -29 mV for AY-TZP, were measured

for both powders.

3.2. Colloidal stability and rheological properties

Figures 3a, 3b and 3c show the flow curves of viscosity versus shear rate as a
function of the amount of NH4PA solution added at pH ~9 for 35 vol% AY-TZP, AY-TZP5
and AY-TZP10 slips, respectively. For the different compositions the viscosity values
decreased with increasing shear rate, thus the suspensions exhibited a shear thinning
behaviour. The measured flow curves of shear stress versus shear rate were
satisfactorily fitted with the power-law model over the whole range of shear rates tested.
The power-law model equation can be expressed as:

=ky" 3)
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Where 1 is the shear stress (Pa), y is the shear rate (s'), k is called the consistency index
(Pa.s") and n is the flow behaviour index (dimensionless). The k constant is proportional
to the viscosity and the n constant, which is < 1for shear thinning behaviour, indicates the
degree of shear thinning. The effect of NH4PA concentration on the power-law model
fitting parameters, k and n, of the up flow curves for 35 vol% AY-TZP, AY-TZP5 and AY-
TZP10 slips, is shown in table 1. All the analysed slips presented correlation coefficient
(R?) values in the range of 0.98-1.0, indicating a good correlation to the power-law model.

The AY-TZP slips with 0.51 wt% NH4PA was weakly flocculated with higher
viscosity values throughout the whole shear rate range (fig. 3a); as a consequence a
higher k value was measured for this flocculated suspension (table 1). Further additions
of polymer resulted in a decrease in k, for 0.88 wt% NH4PA the viscosity and
consequently k attained the minimum values (figs. 3a and table 1). The AY-TZP
suspensions changed from being weakly flocculated for 0.51 wt% NH4PA to well
stabilized for 0.88 wt% NH4PA addition.

At pH 9 the anionic polyelectrolyte is fully dissociated. The zeta potential versus
pH curves of AY-TZP with 0.88 wt% NH4PA (optimum NH4PA concentration) showed that
the adsorption of the polyelectrolyte shifted the pHgp of AY-TZP from 6.5 (fig. 2) to 3.1
(fig. 4), and resulted in an increasingly negative surface charge at a given pH. The
magnitude of the negative zeta potential of the AY-TZP powder at pH 9 increased from -
29 mV for 0 wt% NH4PA to -47 mV for 0.88 wt% NH4PA. The adsorption of the negatively
charged polyelectrolyte induces electrostatic and steric forces between particles?3. The
magnitude of the inter particle repulsive forces at pH 9 was related to the amount of
NH4PA adsorbed. For 0.51 wt% NH4PA, the incomplete adsorption of the polyelectrolyte
produced lower electrostatic repulsion between particles, forcing particles together and
promoting their flocculation. The aggregated particles increased the resistance to flow
and immobilized some of the liquid available for flow, leading to high viscosity values. For
0.88 wt% NH4PA the suspension was dominated by electrosteric repulsive forces, greater
NH4PA addition (1.02) increased the viscosity due to an excess of polymer in solution.
For AY-TZP slips, the constant n was in the range 0.31-0.36, reaching the maximum
value for 0.88 wt% NH4PA.

For AY-TZPS5 slips with 1.07 wt% NH4PA (figs. 3b and table 1), the high viscosity

and k values indicated a strong flocculation, and the low n value suggested a strong
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shear thinning behaviour. The addition of greater amounts of NH,PA produced a
reduction in the viscosity and k values and an increase in n. The optimum state of
dispersion for 35 vol% AY-TZPS5 slips was achieved by the addition of 1.26 wt% NH4PA.
The degree of shear thinning had a maximum value for 1.26 wt% NH4PA.

The rheological behaviour of AY-TZP10 (figs. 3c and table 1) showed that a
greater amount of NH4PA (1.47 wt%) was necessary to attain a stabilized suspension.
For 1.47 wt% NH4PA, minimum viscosity and consequently k values were found. It can
be noticed the reduction in the degree of shear thinning at the optimum state of
dispersion for all the slip compositions (table 1).

Figure 5 shows the variation of pH with increasing solid concentration during the
aqueous colloidal processing of 35 vol% AY-TZP, AY-TZP5 and AY-TZP10 suspensions.
The addition of 1.19 g/ml of AY-TZP to the aqueous solution produced an increase in pH
from 7.25 to 8.38, whereas a greater increase in pH to 8.90 and 9.32 was observed by
the addition of 0.72 g/ml of AY-TZP5 and 0.76 g/ml of AY-TZP10. The pH remained
nearly constant with increasing the solid concentration over 1.19 and 0.72-0.76 g/ml of
AY-TZP and AY-TZP5-AY-TZP10, respectively.

For all the suspensions, the measured shear stress and hence the viscosity
decreased with time under the constant shear. A decrease of the viscosity under shear
stress due to the progressive break down of the structure, followed by a gradual recovery
of the structure when the stress is removed is called “thixotropy”. Thus, thixotropy is the
property exhibited by shear thinning suspensions which show time-dependent change in
the viscosity?*. The area enclosed by the up and down flow curves of shear stress
against shear rate, is referred to as hysteresis loop?425. It is generally admitted that the
area of hysteresis loops can be considered as an estimation of the degree of thixotropy;
the greater the hysteresis area is the stronger are the thixotropic properties. The
hysteresis loop area as a function of the NH4PA concentration for the different 35 vol%
slips, is presented in Figure 6. A strong thixotropic behaviour was observed for
flocculated slips: AY-TZP with 0.51 wt% NH4PA, AY-TZP5 with 1.07 and 1.16 wt%
NH4PA and AY-TZP10 with 1.18 wt% NH4PA (figs. 3). Whereas the minimum hysteresis
loop area was found at the optimum NH4PA concentration for each slip composition.

Figures 7a and 7b show the viscosity versus shear rate curves for 35 and 40 vol%

stabilized slips, respectively, at pH ~9. The effect of CaPSi glass content on the k
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rheological parameter of the up flow curves, is presented in Figure 8 for the different solid
loading. Well dispersed 35 vol% slips with low viscosities and k values were obtained; the
viscosity and k values of the slips with different CaPSi glass additions were similar (figs.
7a and 8). The n parameter scarcely changed from 0.36 for AY-TZP to 0.34 for AY-TZP5-
AY-TZP10. Thus, the rheological behaviour of stabilized 35 vol% slips did not significantly
change by the addition of CaPSi glass. A different behaviour was found for 40 vol% slips;
minimum viscosity and k values were found at 5.4 vol% CaPSi glass (figs. 7b and 8). A
similar shear thinning tendency was observed for AY-TZP (n=0.36) and AY-TZP5
(n=0.36) with respect to AY-TZP10 (n=0.34) slips.

The hysteresis loop area as a function of the CaPSi glass content for stabilized
slips with different volume fraction of solids, is shown in figure 9. For 35 vol% slips, the
hysteresis area remained nearly constant with increasing CaPSi glass content from 0 to
5.4 vol%, over 5.4 vol% CaPSi the hysteresis area decreased. On the contrary, for 40

vol% slips the hysteresis area was reduced by the addition of 5.4 vol% CaPSi glass.

3.3. Sintering and characterization of sintered samples

The green density of cast samples prepared from stabilized 40 vol% AY-TZP, AY-
TZP5 and AY-TZP10 slips was 58.4, 60.4 and 55.0% of theoretical density, respectively.
Thus, the addition of 5.4 vol% CaPSi glass decreased the slip viscosity with NH4PA (figs.
7b and 8), and resulted in a more dense packing of cast samples.

Table 2 presents the relative density and mechanical properties of the different
samples sintered at 1300-1500 °C. The relative density of AY-TZP increased with
increasing sintering temperature from 1300 to 1400 °C, reaching ~99% of the theoretical
density (T.D.) at 1400 °C. AY-TZP5 attained nearly full densification at a lower
temperature (1300 °C) with respect to that of AY-TZP. At 1500 °C a decrease in the
sintered density of AY-TZP and AY-TZP5 was found, this behaviour will be explained in
section 4. The relative density of AY-TZP10 was lower than 96% T.D. at 1300-1400 °C
and reached ~96% T.D. at 1500 °C. A SEM image of AY-TZP10 at 1300 °C (figure 10a)
showed some large pores, indicating that the elimination of porosity was not completed.
On the contrary, AY-TZP5 fully dense at 1300 °C can be observed in figure 10b. The
lower sintered densities of AY-TZP10 in the temperature range examined could be

attributed to their lower green packing density.
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The crystalline phase contents of the samples sintered at 1300-1500 °C are shown
in table 3. Only the tetragonal ZrO, phase was present in AY-TZP at 1300-1400 °C. In
AY-TZP5 and AY-TZP10 at 1300-1400 °C, the major crystalline phase was t- ZrO,
accompanied by minor amounts of additional phases (ZrSiO, and Ca,P,07). A SEM
image of AY-TZP5 at 1400 °C (figure 10c) show polygonal particles of ZrSiO, and
elongated ones of Ca,P,07, distributed in the tetragonal ZrO, fine grain matrix. The
thermal decomposition of the CaPSi glass at 950-1500 °C produced SiO, as a major
phase and calcium phosphate as a minor one®. A reaction occurred between ZrO, and
most of the SiO, produced by CaPSi glass annealing, leading to the formation of ZrSiO,S.
The total content of additional phases (ZrSiO, + Ca,P,07) increased with increasing the
CaPSi glass content from ~4.5 vol% for AY-TZP5 to ~8.4 vol% for AY-TZP10,
irrespective of the sintering temperature.

At 1500 °C, a small amount of m- ZrO, appeared in AY-TZP and the addition of
CaPSi glass markedly promoted the t-m transformation (table 3). It is generally admitted’,
that larger ZrO, grains enhance the spontaneous t-m transformation after sintering. In
order to clarify the effect of the sintering temperature and CaPSi glass content on the
stability of t- ZrO,, the ZrO, grain size distributions of the different samples at 1300-1500
°C are plotted in figure 11. The more frequent grain size of AY-TZP increased from 0.17
um at 1300 °C to 0.55 um at 1500 °C, thus the AY-TZP curves were shifted to greater
sizes with increasing temperature. AY-TZP at 1300 °C and 1400 °C exhibited narrow
distributions, having grain sizes in the range 0.07-0.25 um at 1300 °C and 0.25-0.50 um
at 1400 °C; a wider grain size distribution with grain sizes between 0.30 and 0.85 um was
found at 1500 °C. Thus, the wide of the ZrO, grain size distribution increased gradually
up to 1400 °C and then rapidly above this temperature.

The XRD patterns of AY-TZP at 1300-1500 °C in the 26 range of 26.5-27.7° are
shown in figure 12. In this 26 range, reflection peaks of t- ZrO, and m- ZrO, are not
present, and peaks corresponding to the segregation of different phases at grain
boundaries can be distinguished. XRD patterns of AY-TZP at 1300-1400 °C revealed the
presence of Y,Hf;O4; traces; the formation of this phase can be attributed to the
segregation of Y3* and Hf** ions, included in the starting AY-TZP powder to grain

boundaries. This result suggested that dominantly Y3* along with Hf** ions migrated in the
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direction of grain boundaries at 1300-1400 °C. It should be pointed out that an yttria
content of 2.3-2.5 mol% (estimated by EDS analysis) in the AY-TZP grains, which
corresponded to that of the tetragonal phase, was measured at 1300-1500 °C. On the
contrary at 1500 °C, a high well-defined XRD peak of AlzHf appeared. Clearly, the Al3*
ions segregation to grain boundaries was enhanced at 1500 °C; thus, AlI3* ions rather
than Y3* ions segregated at grain boundaries at 1500 °C.

An interesting result of this work was related to the effect of the CaPSi glass
addition on the ZrO, grain size distribution of AY-TZP, at each sintering temperature (fig.
11). At 1300-1400 °C, the addition of glass scarcely shifted the ZrO, grain size
distribution of AY-TZP to greater sizes; the more frequent grain size of AY-TZP5 and AY-
TZP10 were close to that measured for AY-TZP. AY-TZP5- AY-TZP10 at 1300 °C and
1400 °C exhibited a greater volume of grains above 0.24 and 0.46 um, respectively,
compared to those of AY-TZP. On the contrary, the ZrO, grain size distribution of AY-TZP
at 1500 °C was markedly shifted to greater sizes by the addition of CaPSi glass; the more
frequent grain size increased from 0.55 um for AY-TZP to 0.70 and 0.75 um for AY-TZP5
and AY-TZP10, respectively. A lesser volume of grains between 0.30 and 0.68 um and a
greater volume of grains in the range 0.68-1.15 um were observed for AY-TZP5-AY-
TZP10 compared to those for AY-TZP.

The Vickers hardness (H,) and fracture toughness (Ky;) of the different samples at
1300-1500 °C are presented in table 2. Similar H, values were found for each
composition at the different sintering temperatures. The maximum H, values were found
for AY-TZP, the addition of CaPSi glass gradually decreased the hardness. The Kj
values of AY-TZP and AY-TZP5- AY-TZP10 at 1300-1500 °C gave similar average
results (4.2-4.8 MPa.m'"2). The SEM observation of the induced crack propagation path
after Vickers indentation revealed intergranular crack path in all the ceramics; thus, the

crack propagated around ZrO, grains being deviated by them.

4. DISCUSSION

For 35 vol% slips, the NH4PA concentration that gave minimum viscosity values
increased from 0.88 wt% for AY-TZP to 1.26 wt% and 1.47 wt% for AY-TZP5 and AY-
TZP10, respectively. Thus, the optimum NH4PA concentration of AY-TZP5 and AY-
TZP10 was found to be about 43 and 67 % greater than that of AY-TZP slips. Since the
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negative zeta potential values of AY-TZP and CaPSi glass powder at pH 9 were similar
(fig. 2), a significant variation of the negative zeta potential of AY-TZP5 and AY-TZP10
powders at that pH could not be expected. The greater NH4,PA adsorption with increasing
CaPSi glass content could not be related to the zeta potential of the powders with
different compositions, instead it could be explained considering the ionic strength of the
suspensions.

The variation of pH with increasing solid concentration during the aqueous
colloidal processing of 35 vol% slips (fig. 5), showed that the addition of AY-TZP5 and
AY-TZP10 to the aqueous solution produced a greater increase in pH compared to that of
AY-TZP. Thus, the substitution of AY-TZP by 5.4 and 10.5 vol% CaPSi glass increased
the pH of the suspension. The increase in pH by the addition of AY-TZP5 and AY-TZP10
powders could be explained by the following ion exchange reaction at the CaPSi glass
surface:

Si-O-M*+ H*+ OH—Si-OH + M* + OH- (4)

The metal ion (M*) is Ca?* for CaPSi glass. Thus, an exchange reaction between H* and
Ca?* was involved in the uptake of H* by CaPSi glass surfaces. The uptake of H* and
consequently the Ca2* release via Ca?*/ H* exchange reaction were expected to increase
with increasing the amount of CaPSi glass. Thus, the increase in pH upon the addition of
the powders to the aqueous solution was more pronounced with increasing CaPSi glass
content. This glass dissolution behaviour was similar to those observed for many oxide
ceramics containing cations in their crystal structure?627. Sakar-Deliormanli et al?’
investigated the dissolution of Mg?* and Pb?* ions from lead magnesium niobate powder
as a function of pH. They found that the amount of cations leached from the powder
surface decreased as the pH increased. Our results showed that the dissolution of the
CaPSi glass decreased with increasing solid concentration over 0.72 and 0.76 g/ml for
AY-TZP5 and AY-TZP10, respectively, as a consequence of the increase in pH (Eq. 4
and fig. 5). Greater amounts of Ca?* ions leached out from the CaPSi glass surface could
be expected in AY-TZP5 and AY-TZP10 suspensions.

Guldberg-Petersen et al.?® studied the effect of pH and ionic strength on the
adsorption kinetics of polyacrylic acid on zirconia, and the resulting inter particle forces.

Their results demonstrated that a relatively high ionic strength promoted a greater
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polyelectrolyte adsorption. The polyelectrolyte adsorption is very sensitive to the level of
ionic strength in suspensions?. Divalent cations can interact with two carboxylate ((OOC-
R) functional groups of the polyelectrolyte establishing counterion bindings; these ones
can be either purely electrostatic or have an additional chemical interaction leading to
cross-linking?0. It has been reported?%-3' that divalent cations formed chemical complexes
with acid polyacrylic (PAA). Bell et al®' found that chemical complexes between PAA and
barium ions were formed in the adsorbed polyacrylate layer. According to Bell3', this
behaviour was contrary to expectations for polyelectrolyte collapse resulting from purely
electrostatic screening of polyelectrolyte charge sites. Vermohlen et al3? investigated the
effect of Ca?* ions on the adsorption of acrylic based polyelectrolytes onto oxide
surfaces. They reported that the plateau value of the adsorption isotherms was
significantly increased by Ca?* ions addition. Sakar-Deliormanli et al?® studied the effect
of MgCl, addition on the adsorption mechanism of PAA on lead magnesium niobate
powders. They showed that the addition of Mg?* ions increased the PAA adsorption
nearly 2.6 times. This effect was directly related with the complex formation between
PAA and Mg?* ions. In the present study, the Ca?* ions leached out from the CaPSi glass
surface could form chemical complexes with NH4PA, increasing the affinity of the polymer
for the AY-TZP5 and AY-TZP10 surfaces and thereby the polymer adsorption. As a
consequence, for 35 vol% slips the greater NH4;PA adsorption with increasing CaPSi
glass could be attributed to the increasing amounts of Ca2* ions in the suspensions.

A strong thixotropic behaviour was observed for flocculated 35 vol% slips (fig. 6),
as the shear rate increased (up curve) the flocs were broken down by the hydrodynamic
forces resulting in a decrease in the floc size. When the shear rate gradually decreased
(down curve) lower viscosities were achieved due to a reduction in the characteristic floc
size. For each slip composition, the degree of thixotropy notably decreased for well
dispersed suspensions, reaching the minimum hysteresis loop area at the optimum
NH4PA concentration.

The rheological behaviour of stabilized 35 vol% slips did not significantly change
by the addition of CaPSi glass (figs. 7a and 8), indicating that for this solid loading the
different Ca?* release of the suspensions did not greatly affect the colloidal stability of the
slips. However, a different behaviour was found for 40 vol% slips, the viscosity and k

attained minimum values at 5.4 vol% CaPSi glass. When the particles are forced together
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by increasing the solid loading to 40 vol%, the separation between particles became
shorter. In this case the inter particle forces were more sensitive to the ionic strength of
the different suspensions. As it was previously mentioned, the electrostatic and steric
components of the adsorbed polymer contributed to stabilize the suspensions. Bell et al®
demonstrated that the presence of Ba?* cross-linked PAA surface layers increased the
resistance to compression of the polymer units, preventing collapse and maintaining a
steric shell. Thus, the adsorbed polyelectrolyte layer was less likely to be compressed by
the presence of divalent cations, resulting in polymer chains protruding into the solution.
The formation of complexes in the adsorbed layer reduces the electrostatic charge of the
polymer and consequently affects the electrostatic repulsive forces between the
polyelectrolyte chains3. Therefore, complexation in adsorbed layers not only reduces the
electrostatic component of the repulsive interaction, but also leads to thick steric layers30.

As stated previously, the amount of NH4;PA adsorbed and consequently the
thickness of the adsorbed layer increased with increasing CaPSi glass content, due to
the greater amounts of Ca?* leached out from the glass surface. The lower NH4PA
adsorption on stabilized AY-TZP slips, compared to that on AY-TZP5 and AY-TZP10
slips, could produce thinner adsorbed layers having higher net surface charge (fig. 4) and
increasing the magnitude of the electrostatic interaction. On the other hand, the relatively
higher Ca?* release of stabilized AY-TZP10 slips could result in thicker adsorbed layers
increasing the steric contribution, but decreasing the negative zeta potential of the
NH4PA adsorbed-powder (fig. 4). The minimum viscosity and k values of 40 vol% AY-
TZP5 slips seemed to be an intermediate situation between a high electrostatic
interaction (for AY-TZP slips) and a high steric interaction (for AY-TZP10 slips).

Clearly, the viscosity of the slips with different amounts of CaPSi glass was
strongly influenced by the solid concentration. A comparison between the k values versus
CaPSi glass content for 35 and 40 vol% slips (fig. 8), indicated that k significantly
increased with the increase in the volume fraction of solids, as expected. At higher solid
concentration, the resistance to flow increases because particles have to move out of
each other's way, requiring higher stress values for flowing under shear33.

The hysteresis loop area as a function of the CaPSi glass content for stabilized
slips with different volume fraction of solids (figure 9), showed that the hysteresis area
was reduced by the addition of 10.5 and 5.4 vol% CaPSi glass for 35 and 40 vol% slips,
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respectively. In concentrated stabilized suspensions, i. e. non-aggregated slips, the
velocity gradient imposes at high shear rates induces an orientation of the particle
structure3334, This orientation enables particles to move more freely than at low shear
rates, leading to a decrease in viscosity. At even higher shear rates, the greater
orientation of the particle structure produces particle layers separated by clear layers of
liquid34. In this condition, the viscosity achieves its minimum value. The hysteresis
behaviour observed cycling down in shear rate resulted in hysteresis loops. When
shearing is reduced (down curve) the flow-induced layered structure gradually
disappears. At low shear rates, the structure of the suspension is close to the equilibrium
structure at rest because the Brownian forces dominates over the viscous forces3334.

The Brownian motion is characterized by a random disordered state in which
particles are in constant movement. The Brownian force of the fine AY-TZP particles
ensured that they were in movement. Some authors33-35 related the thixotropic behaviour
to the difference in the rates of dis-arrangement of the particles by shearing and that of
arrangement when the stress is removed. The strong thixotropic behaviour of
concentrated AY-TZP slips suggested that the break down of the structure under shear
stress occurred at a higher rate than the rebuilding of the structure. The presence of
CaPSi glass, with greater particle sizes relative to those of AY-TZP, could disturb the
Brownian motion of the fine AY-TZP particles and induced the recovery of the structure
when shear stress was removed. Therefore, the addition of CaPSi glass particles
resulted in suspensions less prone to time-dependent effects. This behaviour occurred at
10.5 and 5.4 vol% CaPSi glass addition for 35 and 40 vol% slips, respectively. As the
solid loading increased the average particle distance became shorter and lower amounts
of CaPSi glass particles were able to disturb the AY-TZP particle movement.

The sintered density results indicated that the addition of 5.4 vol% CaPSi glass
accelerated the densification of AY-TZP (table 2). AY-TZP5 can be sintered at a lower
temperature (1300 °C) compared to that of AY-TZP by the densification acceleration
effect of CaPSi glass. This finding was previously observed by us in the sintering of
undoped-Y-TZP with CaPSi glass additive®. We have demonstrated that the addition of
CaPSi glass increased the initial sintering rate through the decrease in the activation
energy and the increase in the order of diffusion with respect to those previously reported
for Y-TZP.
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At 1300-1400 °C only t-ZrO, was present in AY-TZP; at 1500 °C a small amount of
m-ZrO, appeared. The ZrO, grain size distribution of AY-TZP shifted to greater sizes with
increasing sintering temperature; it should be noticed that the wide of the ZrO, grain size
distribution increased gradually up to 1400 °C and then rapidly above this temperature.
The XRD results (fig. 12) revealed that Y3* along with Hf** ions migrated to grain
boundaries at 1300-1400 °C. Sakka et al®® also reported the cation diffusion to grain
boundaries in Y, O3 -(Z1x Hf)O2 system. According to Cahn?®, the grain growth
mechanism in Y-TZP is interpreted by the solute-drag effect of Y3* ions segregating along
grain boundaries. The segregation of Al3* along with Hf** ions was found at 1500 °C; thus,
AI3* ions rather than Y3* ions segregated at grain boundaries at 1500 °C. Similar results
pertaining the AI3* segregation behaviour in Al,Oz-doped Y-TZP sintered at high
temperatures have been reported by Matsui et al®®3%, They explained that ZrO, grain
growth was controlled by the segregated amount of Y3* ions, however ZrO, grain growth
was accelerated when the amount of segregated AI** ions exceeded a certain value.
Yoshida et al*® have studied the effect of small amounts of dopants on the ZrO, grain
growth. They demonstrated that the grain boundary diffusivity increased as the ionic
radius of dopant decreased. As the ionic radius of AI¥* ions (0.068 nm) is smaller than
that of Y3* ions (0.104 nm), in the present study the predominant effect that enhanced
grain boundary diffusion and consequently ZrO, grain growth at 1500 °C (fig. 11) could be
attributed to the segregated AlI®* ions rather than segregated Y3* ions. The greater ZrO,
grain growth in AY-TZP at 1500 °C let to a lesser stability of the t-ZrO, phase (table 3).

t-ZrO, was retained by the addition of CaPSi glass at 1300-1400 °C; on the
contrary, at 1500 °C the addition of glass promoted the t-m ZrO, transformation (table 3).
It has demonstrated (fig. 11) that the addition of CaPSi glass slightly shifted the ZrO,
grain size distribution of AY-TZP to greater sizes at 1300-1400 °C; however at 1500 °C a
markedly shifted to greater sizes by the addition of CaPSi glass was found. It has been
previously found® that most of the SiO, produced by the glass decomposition formed
ZrSi04 and a low amount of amorphous SiO, persisted in the compacts sintered at 1300-
1500 °C. lkuhara et al*! investigated the solute segregation at grain boundaries in SiO,-
doped Y-TZP, they observed that Si** ions dissolved into tetragonal zirconia grains and
segregated at grain boundaries, leading to grain boundaries migration and grain growth.

In the present study, when AI?* ions were mainly distributed in the ZrO, grain interior (low
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segregation of Al®*, fig. 12) at 1300-1400 °C, the dissolution of Si4* ions into ZrO, grains
seemed not to be favoured. In this case the SiO, -based amorphous phase did not
significantly enhance the ZrO, grain growth (fig. 11). As the AI’* segregation at grain
boundaries became greater at 1500 °C (fig. 12), more Si** ions could dissolve and
migrated to grain boundaries, promoting the ZrO, grain growth (fig. 11).

The increasing tendency in the ZrO, grain size with CaPSi glass additions at 1500
°C enhanced the t-m ZrO, transformation after sintering; while the lesser ZrO, grain
growth by the presence of CaPSi glass at 1300-1400 °C retained the t- ZrO, phase upon
sintering (fig. 11 and table 3). AY-TZP5 and AY-TZP10 at 1300-1400 °C were constituted
by polygonal particles of ZrSiO4 and elongated ones of Ca,P,0-, uniformly distributed in
the t-ZrO, fine grain matrix.

The decrease in the relative density of AY-TZP and AY-TZP5 at 1500 °C (table 2)
could be explained considering the pronounced ZrO, grain growth which reduced the
driving force for sintering.

The Vickers hardness had maximum values for AY-TZP, the addition of CaPSi
glass gradually reduced the hardness. This behaviour could be explained taking into
account that the hardness of Y-TZP (H, ~13 GPa) was higher than those of ZrSiO,4 (H,
~10-11 GPa) and calcium phosphate (H, ~4-5 GPa), thereby the presence of these
additional phases in the sintered ceramics reduced the H, values.

AY-TZP5 and AY-TZP10 presented similar K,. values with respect to that of AY-
TZP. In all the samples, the ZrO, grains were not crossed by the crack tips, instead the
induced crack propagated around ZrO, grains, therefore the t-m ZrO, transformation by a
mechanical stress was not expected. Thus, the fracture energy absorption was related to
crack deflection around ZrO, grains.

AY-TZP5 can be sintered at a lower temperature (1300 °C) compared to that of
AY-TZP by the densification acceleration effect of CaPSi glass. AY-TZP5 at 1300 °C
exhibited a fine microstructure of t- ZrO, (grain sizes below 0.3 um), and ZrSiO, -
Ca,P,0; particles homogeneously distributed within the ZrO, matrix. In comparison to
AY-TZP, AY-TZPS5 presented similar fracture toughness and a slightly lower hardness.
The combined effects of the Al,O3-doping, the fine ZrO, grain sizes, and the present of
additional phases, are expected to improve the ageing resistant of AY-TZP5 increasing

the reliability of dental restorations based on zirconia. In a previous study?°, we have
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determined that the presence of Ca,P,07; on undoped-Y-TZP surfaces promoted the
osteogenic potential of UMR-106 cells. In vitro biological test as well as ageing
experiments, will be conducted on AY-TZPS5 surface to investigate its osteoblast cell

response and ageing behaviour.

CONCLUSIONS

Well dispersed concentrated aqueous suspensions of Al,Oz-doped Y-TZP (AY-
TZP), AY-TZP with 5.4 vol% CaPSi glass (AY-TZP5) and 10.5 vol% CaPSi glass (AY-
TZP10), with ammonium polyacrylate (NH4PA) dispersant were prepared to produce slip
cast compacts. The influence of CaPSi glass addition on the colloidal stability and
rheological properties of 35 and 40 vol% AY-TZP slips was studied. The densification
behaviour, microstructure as well as hardness and fracture toughness were investigated
as a function of CaPSi glass content and sintering temperature. The optimum NH4PA
concentration of 35 vol% AY-TZP5 and AY-TZP10 slips at pH ~9 was found to be about
43 and 67 % greater than that of AY-TZP slips. The greater NH,PA adsorption with
increasing CaPSi glass content was related to the greater amounts of Ca2* ions leached
out from the CaPSi glass surface. The minimum viscosity of stabilized 40 vol% slips with
NH4PA occurred at 5.4 vol% CaPSi glass addition, and resulted in a more dense packing
of cast samples.

AY-TZP5 can be sintered at a lower temperature (1300 °C) compared to that of
AY-TZP by the densification acceleration effect of CaPSi glass. The increase in the ZrO,
grain size with CaPSi glass additions at 1500 °C enhanced the t-m ZrO, transformation
after sintering; while the lesser ZrO, grain growth by the presence of CaPSi glass at
1300-1400 °C resulted in the retention of t- ZrO, upon sintering. AY-TZP5 at 1300 °C
exhibited a fine microstructure of t- ZrO, (grain sizes below 0.3 um), and ZrSiO,4 -
Ca,P,0; particles homogeneously distributed within the zirconia matrix. In comparison to
AY-TZP, AY-TZP5 presented similar fracture toughness and a slightly lower hardness.
The combined effects of the Al,O3; -doping, the fine ZrO, grains, and the present of
additional phases, are expected to improve the AY-TZPS ageing resistance increasing

the reliability of dental restorations based on zirconia.
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FIGURE CAPTIONS

Figure 1: Particle size distribution curves of AY-TZP and CaPSi glass powders.

Figure 2: Zeta potential versus pH curves of AY-TZP and CaPSi glass powders.

Figure 3: Flow curves of viscosity versus shear rate as a function of the amount of
NH4PA solution added at pH ~9 for different 35 vol% slips: (a) AY-TZP, (b) AY-TZPS5, (c)
AY-TZP10.

Figure 4: Zeta potential versus pH curves of different slips: AY-TZP with 0.88 wt%
NH4PA, AY-TZP5 with 1.26 wt% NH4;PA and AY-TZP10 with 1.47 wt% NH4PA.

Figure 5: pH as a function of the solid concentration during the aqueous colloidal
processing of 35 vol% AY-TZP, AY-TZP5 and AY-TZP10 suspensions.

Figure 6: Hysteresis loop area as a function of the NH4PA concentration for the different
35 vol% slips.

Figure 7: Viscosity versus shear rate curves for 35 vol% (a) and 40 vol% (b) stabilized
slips at pH ~9.

Figure 8: k rheological parameter, of the up flow curves, as a function of the CaPSi glass
content for the different solid loading.

Figure 9: Hysteresis loop area as a function of the CaPSi glass content for stabilized slips
with different volume fraction of solids.

Figure 10: SEM images of different sintered samples: (a) AY-TZP10 at 1300 °C, (b) AY-
TZP5 at 1300 °C, (c) AY-TZP5 at 1400 °C.

Figure 11: ZrO, grain size distribution curves of different samples at 1300-1500 °C. Lines
represent the normal curves fitted to experimental data.

Figure 12: XRD patterns of AY-TZP at 1300-1500 °C in the 26 range of 26.5-27.7°.
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Table 1: Power-law model fitting parameters, k and n, of the up flow curves for 35
vol% AY-TZP, AY-TZP5 and AY-TZP10 slips as a function of the NH4PA

concentration.
Slip NH4PA Power-law model fitting
composition concentration parameters
(Wt%) K (Pa.s") n R?
0.51 6.3014 0.3101 0.9967
0.63 4.2026  0.3362 0.9951
AY-TZP 0.88 3.0353 0.3615 0.9929
1.02 5.0385 0.3126 0.9949
1.07 15.6718 0.2517 0.9859
1.16 12.0763 0.2803 0.9960
AY-TZP5 1.26 3.4155 0.3415 0.9976
1.35 6.0481 0.3112 0.9967
1.18 9,0188  0.2520 0.9927
AY-TZP10 1.38 3.5104 0.3213 0.9943
1.47 3.2282 0.3421 0.9891
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Table 2: Relative density and mechanical properties of different samples sintered at
1300-1500 °C

Temperature Relative Hardness Fracture
Sample o) density (%) (GPa) toughness
(MPa.m'?)
1300 95.7 129+0.1 4.5+ 0.2
AY-TZP 1400 99.6 13.0+0.2 4.7+ 0.1
1500 95.3 12.7+£0.3 4.3£0.3
1300 99.7 11.8+0.2 4.8+ 0.2
AY-TZP5 1400 99.6 11.9+0.1 47+£0.4
1500 95.2 11.6 £ 0.3 4.5+ 0.1
1300 94.3 10.5+0.1 4.2+ 0.3
AY-TZP10 1400 94.9 10.6 £ 0.2 4.3+ 0.2
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Table 3: Crystalline phase contents of different samples sintered at 1300-1500 °C.

Temperature AY-TZP AY-TZP5 AY-TZP10
(°C) t-ZrO, | m-ZrO, | t-ZrO, m- ZrO, Ca,P,0; ZrSi0, | t-ZrO, m- ZrO, Ca,P,04 ZrSi0,
content | content | content | content content | content | content | content content | content
(vol%) | (vol%) | (vol%) (vol%) (vol%) (vol%) | (vol%) (vol%) (vol%) (vol%)
1300 100 0 95.4 0 15 3.1 91.7 0 2.8 5.5
1400 100 0 95.5 0 1.6 2.9 91.6 0 3.0 5.4
1500 98.8 1.2 88.3 7.2 1.7 2.8 82.1 94 2.9 5.6
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