Available online at www.sciencedirect.com

ScienceDirect

ELRRS

www.elsevier.com/locate/jeurceramsoc

ELSEVIER

Journal of the European Ceramic Society 29 (2009) 3219-3225

Thermal expansion of zirconia—zirconium titanate materials obtained
by slip casting of mixtures of Y-TZP-TiO,

Emilio Lépez-Lopez, Carmen Baudin, Rodrigo Moreno *

Instituto de Cerdmica y Vidrio (CSIC), C/ Kelsen 5, 28049 Madrid, Spain

Received 3 April 2009; received in revised form 28 May 2009; accepted 10 June 2009
Available online 14 July 2009

Abstract

The objective of this work was to establish the optimum conditions to get zirconia materials with different proportions of zirconium titanate by
reaction sintering of ZrO, stabilized with 3 mol% of Y,0; (Y-TZP) and TiO,. The green bodies were fabricated from stable colloidal suspensions
of the powders by slip casting in plaster moulds.

The rheological characterization of the suspensions allowed the establishment of the optimum green processing conditions. Reaction sintering
was performed at 1500 °C during 2 h, and the obtained materials have been characterized by X-ray diffraction (XRD) and field emission scanning
electron microscopy with energy dispersive X-ray microanalysis (FE-SEM-EDX). Under these conditions, zirconium titanate materials with
tetragonal zirconia could not be obtained because a solid solution of cubic zirconia with titania and yttria is formed at 1500 °C. The thermal
expansion of the materials was determined by differential dilatometry from room temperature up to 850 °C, demonstrating that the incorporation

of zirconium titanate reduces the thermal expansion of zirconia.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium titanate materials are well known for elec-
troceramics applications,' due to their good thermal and
electrical properties. Nevertheless, this kind of materials has
not been usually considered for structural applications although
the stoichiometric zirconium titanate, ZrTiO4, presents crys-
tallographic anisotropy in thermal expansion (og25-800°C =
6.2x10°° OC_l, aps-goooc = 10 x 10-° OC_l, A25-800°C =
8.6 x 107%°C! 4),a so that it could be successfully used as
constituent of low thermal expansion materials.

Synthesis of zirconium titanate can be made by different
methods like co-precipitation,”® sol-gel,”!! mechanochemi-
cal processing'? and solid-state reaction from ZrO, and TiO»
powders.' A suitable method to get zirconia-based materials
with zirconium titanate as second phase is the reaction sinter-
ing of pieces obtained by slip casting of concentrated slurries of

* Corresponding author. Tel.: +34 917355840; fax: +34 917355843.
E-mail address: rmoreno@icv.csic.es (R. Moreno).
2 Lattice: orthorhombic; space group: Pnab; a=5.03580 nm, b =5.48740 nm,
and ¢ =4.80180 nm. ASTM 34-415.

0955-2219/$ — see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2009.06.003

Zr0, and TiO,.'*13 This method enables manufacturing a wide
range of zirconia materials, with different relative contents of
zirconium titanate.

The rheological characterization of the starting slurries is a
key tool to determine the optimal dispersing conditions to pre-
pare stable concentrated suspensions to be successfully slip cast
in plaster moulds and to obtain defect-free green materials with
high relative density. The optimal conditions to obtain well-
dispersed slurries of zirconia and titania were established in a
previous work. !4

The aim of this work was to synthesize zirconia/zirconium
titanate composites with different relative concentrations of zir-
conium titanate by reaction sintering of green bodies obtained by
slip casting suspensions of ZrO, stabilized with 3 mol% of Y,03
and TiO,, and to determine the thermal expansion behaviour of
the resulting sintered materials, as a basic parameter for struc-
tural applications.

2. Experimental

Commercial ZrO; stabilized with 3 mol% of Y,0Os3 (yttria-
tetragonal zirconia polycrystal Y-TZP, TZ3YS, TOSOH, Tokyo,
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Fig. 1. Flow curves of Z, ZT90, ZT70, ZT50 and T suspensions.
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Fig. 2. Log/log deformation versus stress curves of Z (A), ZT90 (W), ZT70 (@),
ZT50 (v) and T (#) slurries. The intersection points between the two linear
regions indicate the yield points of the different slurries, reported in Table 1.

Japan) and anatase-TiO, (Merck, 808, Darmstadt, Germany)
were used as precursor powders. These powders have average
particle diameters of 0.4 and 0.3 pm, respectively, and specific
surface areas of 6.7 and 9.0 m?/g, respectively.

The particle size distribution was determined with a laser
diffraction analyser (Mastersizer S, Malvern, Worcestershire,
United Kingdom), and the specific surface area was measured
by the N> adsorption method (Monosorb Surface Area Analyser
MS13, Quantachrome Co., FL, USA).

Concentrated suspensions of Y-TZP (Z) and TiO; (T) were
prepared separately to 45 vol.% solids (83 and 76 wt.%, respec-

Table 1
Rheological parameters of suspensions and density of green casts.
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Fig. 3. (a) Shrinkage versus temperature recorded during the heating part of the
cycle and (b) derivative versus temperature of the curves plotted in Fig. 3a.

tively) by adding the powder to the proper amount of deionised
water containing polyacrylic-based dispersant (Dolapix CE64,
Zschimmer-Schwarz, Lahnstein, Germany) to a total concentra-
tion of 0.8 wt.% on a dry solids basis, and further mixing with a
high shear mixer (Silverson, L2R, Chesham, United Kingdom).
Then, they were ball milled for 24 h using alumina jar and balls.
The as-prepared one component suspensions were mixed to rel-
ative molar ratios of 90:10, 70:30 and 50:50 in order to obtain
ZT90, ZT70 and ZT50 suspensions, respectively. The resulting
mixtures were then ball milled for 1h to assure uniform mix-
ing. Details of the preparation procedure are given in a previous
work. 14

For the rheological characterization of the suspensions a
rotational rheometer (Thermo-Haake, RS50 Thermo, Karlsruhe,
Germany) with a double cone/plate geometry was used. Flow

Suspension Viscosity at 500 s~ (mPas) Tixotropy (Pa/s) Yield point (Pa) Green density (g/cm3) Relative density (%)
Z 148 £ 5 5200 £ 600 1.2 32+ 0.1 54 £ 1
ZT90 128 £ 10 2600 £+ 1000 0.8 3.1 £0.1 54 +1
ZT70 106 £+ 1 2500 + 200 0.8 3.0+ 0.1 56 £ 1
ZT50 105 £ 1 1800 + 400 0.6 3.0+ 0.1 60 + 1
T 87 +7 1950 + 300 0.5 22 +0.1 56 £ 1
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Table 2

Density of materials sintered at 1500°C/2h and average thermal expansion
coefficient between 25 and 850 °C.

Material Sintered density (g/cm?) ans_gs0 X 1070 (°C~1)
71500 6.1 +0.1 10.6 +£ 0.2
ZT901500 59+0.1 104 £ 0.5
ZT701500 55+0.1 8.7+ 0.3
ZT501500 5.0+0.1 6.7 +0.2

curves were performed by changing shear rate between 0 and
1000 s~! for 5 min, for both the up and the down ramps with a
1 min stay at the maximum rate. Temperature was maintained
constant at 25 °C. All suspensions were prepared and measured
at least three times and representative curves are given. Mea-
surements were also performed under controlled stress mode
(CS), where the applied shear stress increases from O to 1 Pa
in 3 min, and comes back to O in the same time. Yield points
were calculated from the log/log plots of shear stress ver-
sus deformation measured in CS mode. These plots yield two
straight lines which intersection is considered as the yield stress
value.

The green bodies were shaped into plates of 70 mm x
70 mm x 10 mm by slip casting the ZT90, ZT70 and ZT50 sus-
pensions in plaster moulds and dried in air for 48 h. Specimens
for the different tests were obtained by cutting these plates.

Green and sintered densities were determined by the
Archimedes’ method, using mercury and deionised water,
respectively. Relative densities of green samples (% of
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Fig. 4. XRD spectra of Z15002h, ZT9015002h, ZT7015002h and ZT5015002h
materials. (*) ZrsTi7Oo4, (@) c-ZrO;ss, and (+) t-ZrO;ss.
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Fig. 5. Microstructure of Z15002h material. FE-SEM micrograph of polished
and thermally etched (1400 °C/1 min) surface.

theoretical) were calculated taking into account that the
starting Y-TZP contained 70 wt.% of tetragonal phase (den-
sity =6.07 g/cm>, ASTM 83-113) and 30 wt.% of monoclinic
phase (density = 5.82 g/cm?, ASTM 37-1484), as determined by
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Fig. 6. Microstructure of ZT9015002h material. FE-SEM micrographs of pol-
ished and thermally etched (1400 °C/1 min) surfaces.
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X-ray diffraction of the powders, the resulting density being
6.00 g/cm?, and using 3.89 g/cm? as density for anatase-TiO,
(ASTM 21-1272).

Constant heating rate (CHR, heating and cooling rates
5 °C/min) experiments up to 1600 °C were performed in a differ-
ential dilatometer with alumina rod (Adamel Lhomargy, D124,
Brie France). From the results of the dilatometric analyses of
77190, ZT70 and ZT50, the heating temperature selected to sin-
ter the different materials was 1500 °C for 2 h, with heating and
cooling rates of 5 °C/min, and were named Z1500, ZT901500,
ZT701500 and ZT501500.

Phase analysis was done by X-ray diffraction (XRD)
in bulk pieces using a Siemens D5000 diffractome-
ter (Munich, Germany). The obtained XRD patterns
were analysed using the diffraction files of ZrsTi7On4
(ASTM 34-209), Zrp963Y0.03701.982 (ASTM 83-113), and
Zr0.62Y020Ti0.1801.90.°

The microstructures of diamond polished (down to 3 wm)
samples were characterized by field emission scanning electron
microscopy with energy dispersive X-ray microanalysis (FE-
SEM-EDX, Hitachi S-4700 type I, Tokyo, Japan).

Pieces of 10mm x 10mm x 5mm cut from the sintered
blocks were tested in a differential dilatometer (402 EP, Net-
zsch, Germany) to obtain the thermal expansion curves from
tests with heating and cooling rates of 2 °C/min. Three deter-
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minations were performed for each material. Results for the
average thermal expansion coefficients are the average of the
three determinations and errors are the standard deviations.

3. Results and discussion
3.1. Rheological characterization

Fig. 1 shows the flow curves obtained from the control rate
measurements of the different suspensions prepared to 45 vol.%
solids. From this figure it can be observed that the increase of
TiO, concentration in the suspensions improves the rheologi-
cal behaviour of the slurries, decreasing both the viscosity and
the thixotropy. This can be observed better in Table 1, which
summarises the rheological parameters of the slurries such as
the values of viscosity at a shear rate of 500 s~! the calculated
thixotropy and the yield stress values. Thixotropy values were
calculated as the area enclosed between the up and down curves
in the CR flow curves. Deviations of viscosity and thixotropy
given in Table 1 are the experimental variations obtained for
three different suspensions prepared and measured indepen-
dently.

Fig. 2 shows the controlled stress measurements obtained
from double logarithmic plot of deformation versus shear stress.
These values are also given in Table 1, and show that increasing
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Fig. 7. Microstructure of ZT7015002h material. FE-SEM micrographs of polished and thermally etched (1400 °C/1 min) surfaces, together with characteristic EDX

analyses.
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amounts of TiO; in the suspension decrease their yield points,
so that shear flow occurs very easily.

The green densities of the compacts obtained by slip casting
of the suspensions are reported in Table 1. It can be seen that the
relative density values were higher for T than for Z, and in the
mixtures it increases with relative T contents probably because
the viscosity and yield points of the starting suspensions were
lower.

3.2. Reaction sintering process

Details of reaction sintering process of the material ZT50
were studied in a previous work!> and have been used as a
reference. In this work the sintering behaviour of the different
compositions is studied and compared with the ZT50 reference
material.

Results from CHR experiments are plotted in Fig. 3. It can be
observed that even though increasing amounts of TiO; decreased
the temperature of initial shrinkage, they increased the temper-
ature of maximum shrinkage rate. Shrinkage of both compacts
ZT70 and ZT50 was arrested at temperature ~1440 °C, above
the maximum densification rate (21350 and ~1390 °C, respec-
tively), indicating the formation of zirconium titanate.'> On the
contrary, no feature in the derivative curve of ZT90 could be
associated to the formation of zirconium titanate. In this case, the
whole 10 mol% of TiO, might incorporate inside the ZrO; lattice
as a solid solution, as reported by other authors,'02% impeding
zirconium titanate formation, at least at significant amounts to
be detected by XRD.

From the above discussion, the selected temperature for the
fabrication of the materials to guarantee the formation of zirco-
nium titanate was 1500 °C and hence further experiments were
performed for this sintering temperature.

3.3. Materials characterization

Selected properties of the sintered materials Z1500,
ZT901500, ZT701500 and ZT501500 are summarised in
Table 2.

Fig. 4 shows the XRD patterns of the sintered compacts. As
expected, the reference Z1500 material was only formed by t-
ZrO», and it had a homogeneous microstructure with small grain
size (Fig. 5).

In agreement with the CHR results above discussed, zir-
conium titanate was not detected in ZT901500; ZrO; in this
material was present as t-ZrO;ss (major phase) and as c-ZrO;ss
(second phase). Fig. 6 shows the microstructure of a ZT901500
specimen, where the coarsest grains correspond to c-ZrO»ss.

The XRD pattern of ZT701500 (Fig. 4) shows that it was
formed by the low-temperature phase of zirconium titanate
(Zr5Ti7024) and c-ZrOsss. This latter phase is the one reported
by Feighery et al.,'® with large amounts of Y,03 (18.0 wt.%)
and TiO; (11.4 wt.%) in solid solution. Both phases can be dif-
ferentiated in the micrographs of this material (Fig. 7). The
corresponding EDX analysis of the different sized grains con-
firms that the smallest grains were Zr;Ti7O24 and the biggest
corresponded to c-ZrOsss.

Fl

Fig. 8. Microstructure of ZT5015002h material. FE-SEM micrographs of pol-
ished and thermally etched (1400 °C/1 min) surfaces.

Fig. 8 shows the microstructure of the ZT501500 material.
Although its XRD pattern (Fig. 4) corresponds to a biphasic
material, the in-depth analysis of the different types of grains
performed by EDX (Fig. 8) demonstrates that it was formed by
three phases, ZrsTi7024, c-ZrOsss and pyrochlore-type phase
(Y, Tip — yZr,O7), where the c-ZrO; presented the same structure
as that observed in ZT701500. Details of the microstructure of
this material were studied in a previous work."

It is important to remark that in these materials the low-
temperature phase of zirconium titanate was present due to the
presence of Y203 that promotes zirconium titanate transforma-
tion on cooling.?!~%3

The thermal expansion curves of the studied materials are
plotted in Fig. 9 and values of the average thermal expansion
coefficients between room temperature and 850 °C are sum-
marised in Table 2. It can be observed that materials without
Zr5Ti7024, 21500 and ZT901500, presented similar thermal
expansion behaviours, while the incorporation of zirconium
titanate, ZT701500 and ZT501500, clearly reduces the ther-
mal expansion coefficient. The presence of microcracks in
ZT501500 (Fig. 8) also helps to reduce the thermal expansion
of this material, but they did not lead to a widespread crack-
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Fig. 9. Thermal expansion curves of Z15002h, ZT9015002h, ZT7015002h and
ZT5015002h materials on heating and cooling at 2 °C/min. Heat and cooling
curves coincide with the curve width. Z1500 curve has been displaced 25 units
towards the left to avoid matching up with ZT901500 curve.

ing of the material. Therefore, the absence of microcracks in
71500, ZT901500 and ZT701500 materials, their shorter length
in the ZT501500 one explains the lack of hysteresis in their
corresponding thermal expansion curves.

Thus, it has been demonstrated that zirconium titanate is a
good candidate for manufacturing zirconia ceramics with low
thermal expansion. Further studies should be directed towards
the enhancement of t-ZrO, formation at the expense of c-
ZrO,. Even though there is not a general agreement about the
phase equilibrium relationships in the ZrO,-Y,03-TiO; sys-
tem, reported data indicate that to enhance t-ZrO; formation in
compositions treated at 1500 °C, the amounts of Y,0O3 should
be decreased.?’

4. Conclusions

The rheological behaviour of suspensions of ZrO, stabilized
with 3 mol% of Y203 and TiO; has been optimised before mix-
ing them in the required quantities to obtain green compacts with
90, 70 and 50 mol% of Y-TZP.

The best homogenization was achieved by mixing both
monophasic suspensions by ball milling for 1h. Solids load-
ing was always 45 vol.%. The pure Z suspension has the highest
viscosity and thixotropy and rheological parameters decrease
as the TiO, content increases. Slip cast bodies were treated at
1500 °C/2 h to promote the formation of zirconium titanate by
reaction sintering. Materials with 10 mol% of TiO» did not form
the zirconium titanate phase, because TiO, forms solid solutions
with t-ZrO; and ¢c-ZrO».

Materials with different contents of zirconium titanate and c-
ZrO;ss either as main phase or second phase are formed, but
it was not possible to obtain materials of zirconium titanate
with tetragonal zirconia under the studied conditions. This is
attributed to the presence of Y,0O3 that promotes the formation
of the low-temperature phase of zirconium titanate and favours
the formation of the cubic phase of zirconia.

The results shown herein demonstrate that the incorporation
of zirconium titanate reduces the thermal expansion of zirconia

materials, and therefore, it can be used to obtain low thermal
expansion materials.
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