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Abstract

This work evaluates the potential of zirconium titanate—zirconia composites for thermal shock. Materials with Zr97Y,0301.985:TiO, molar ratios
50:50 (Z(Y)T50) and 70:30 (Z(Y)T70) were obtained from Y,0; (3 mol%)-stabilized ZrO, and TiO, mixtures colloidal processed and reaction
sintered at 1773 K with low cooling rate (2-5 K/min). The crystalline phases and their unit cell parameters were determined by Rietveld analysis
of high resolution X-ray diffraction patterns. The zirconium titanate phase in these materials is 0-TiZrO4, being the major phase in Z(Y)T50 in
which ¢-ZrO, is secondary phase. Z(Y)T70 has t-ZrO, as main phase, 0-TiZrO, as secondary phase and c-ZrO, and m-ZrO, as minor phases.
The Hasselman thermal shock resistance factors, calculated using the experimental values of the involved properties, Young’s modulus, thermal
expansion coefficient, and fracture strength, have demonstrated the high potential of zirconia—zirconium titanate composites for thermal shock

applications in oxidizing atmospheres.
© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium titanate (ZrTiO4) is a well known compound in the
field of electroceramics, where it has been used as constituent
of dielectric resonators and devices for telecommunications.'~6
Zirconium titanate has crystallographic anisotropy in ther-
mal expansion (a298-1073 K =6.2 X 10~° K_l, ap298-1073K =
10.0 x 1079K™!,  ac98-1073k =8.0 x 107K ~1).7  Thermal
expansion mismatch in single phase zirconium titanate mate-
rials and/or zirconium titanate based composites would lead to
the development of stresses in the materials during cooling from
the sintering temperature. For grain sizes above a critical one,
such stresses originate cracking through the microstructure®®
as occurs in aluminum titanate.'®-'> Cracked materials usu-
ally present low thermal expansion and Young’s modulus and,
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consequently, develop low stresses when subjected to thermal
shock.!314 Such materials, usually referred as low thermal
expansion materials, are suitable for structural applications
involving temperature variations. Due to the crystallographic
anisotropy in thermal expansion zirconium titanate would, in
principle, be suitable for the development of thermal shock resis-
tant materials. In spite of this potential there is very limited
information in the literature about its thermomechanical behav-
ior as it has only been used as a minor phase to modify the
functional properties of other materials and not as bulk material.

This work is part of a wider study dealing with the ther-
momechanical behavior of zirconium titanate based materials
and the evaluation of their actual potential for thermal shock
applications. In a previous work,"> the fabrication of single
phase ZrTiO4 bulk materials by solid state reaction of ZrO,
and TiO, and the crystallographic parameters of ZrTiO4 as a
function of the cooling rate were reported. The potential of
ZrTiO4 bulk samples for thermal shock applications was dis-
cussed on the basis of the thermal expansion coefficient and
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the indentation Young’s modulus determined for the obtained
materials.

The single phase materials with grain sizes in the range of
5-8 wm studied in the previous work did not develop cracks on
cooling due to the thermal stresses, thus, it has been found that
they are not typical low thermal expansion materials such as
aluminum titanate. Their potential for thermal shock, evaluated
from the product of the average thermal expansion coefficient
and the Young’s modulus, was similar to that of other uncracked
thermal shock resistant oxides such as mullite. This work deals
with the phase and microstructural development and the thermal
shock resistance potential of zirconia—zirconium titanate com-
posites. In such materials stresses will develop on cooling due
to the thermal expansion mismatch between the zirconia and the
zirconium titanate grains. The level and sign of the stresses will
be dependent on the particular orientation of the grains.

2. Experimental

Commercial ZrO; stabilized with 3 mol% of Y,03 (yttria-
tetragonal zirconia polycrystal Y-TZP, TZ3YS, TOSOH, Tokyo,
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 wm, respectively, and specific
surface areas of 6.7 and 9.0 m?/g, respectively.

Concentrated suspensions of Y-TZP (Z(Y)) and TiO; (T)
were prepared separately to 45vol.% solids (83 wt.% and
76 wt.%, respectively) by adding the powder to the proper
amount of deionized water containing polyacrylic-based disper-
sant (Dolapix CE64, Zschimmer-Schwarz, Lahnstein, Germany)
to a total concentration of 0.8 wt.% on a dry solids basis, and fur-
ther 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 so-prepared one component suspen-
sions were mixed to relative molar ratios of 70:30 and 50:50
(Z(Y):T) in order to obtain Z(Y)T70 and Z(Y)T50 suspensions,
respectively. The resulting mixtures were then ball milled for
1 h to assure uniform mixing. Details of the preparation pro-
cedure are given in previous works.!®!7 Green plates of about
70 mm x 70mm x 10 mm in dimensions were obtained by slip
casting in plaster molds and drying in air for 48 h.

The final materials, Z(Y)T70 and Z(Y)T50, were obtained
after a reaction sintering process at 1773 K/2h with a heat-
ing rate of 5K/min and a cooling rate of 5K/min to
1373 K and then 2 K/min to room temperature. This thermal
treatment was selected in a previous work.'® The speci-
mens for the different characterizations were machined from
the sintered plates (60 mm x 60 mm x 5Smm). Pieces of
~10mm x Smm x Smm were used for density and thermal
expansion determinations. The reported results are the averages
of three determinations and errors are the standard deviations.

Sintered density was determined by the Archimedes’ method
using deionized water. Relative densities of the sintered
Z(Y)T70 and Z(Y)T50 bulk materials were calculated using the
experimental data and the values calculated from the densities
and the mass fractions of the constituent phases. The density

values of each phase were obtained from the cell parameters
determined by the Rietveld method as described below.

X-ray diffraction patterns for the two bulk specimens,
Z(Y)T50 and Z(Y)T70, were recorded on a PANalytical X’ Pert
PRO MPD diffractometer working in reflection geometry (6/26)
and using the X’Celerator RTMS (Real Time Multiple Strip)
detector with an active length of 2.122°. The compact flat spec-
imens were loaded in a multi-purpose sample holder which
allows the micrometric controlled alignment of samples with
a mass up to 1kg. The patterns were collected with a long
fine focus Cu tube working at 45kV and 40 mA. The incident
beam optic path contained a hybrid monochromator (com-
posed of a W/Si parabolic X-ray graded mirror and a flat Ge
(220) asymmetric monochromator) which yielded a strictly
monochromatic, A = 1.54059 A parallel X-ray beam, and a fixed
1/8° anti-scatter slit. The diffracted beam optic path contained
a fixed 1/8° divergence slit. Both, incident and diffracted beams
were equipped with 0.02rad Soller slits. A typical scan range
was from 20.0 to 100.0° 26 with a step size of 0.0167° 26 and an
overall recording time of approximately 4 h. The patterns were
analyzed by the Rietveld method'® using the GSAS program.'®

The microstructure of diamond polished (down to 3 pm)
samples was characterized by scanning electron microscopy
(TM-1000 Tabletop, Hitachi, Tokyo, Japan). Energy disper-
sive X-ray (EDX) analyses were performed by field emission
gun-scanning electron microscopy with energy dispersive X-ray
(FE-SEM-EDX, Hitachi S-4700 type I, Tokyo, Japan) micro-
analysis.

The thermal expansion curves were recorded in a differen-
tial dilatometer (402 EP, Netzsch, Selb, Germany) using heating
and cooling rates of 2 K/min. The average thermal expansion
coefficient between room temperature and 1123 K was cal-
culated from the curves. Instrumented indentation tests were
performed using a specially developed electromechanical inden-
tation device (Microtest, Madrid, Spain).20 The indenter is a
diamond Vickers pyramid with angle of 136°. Loading was per-
formed in displacement control at a constant rate (0.05 mm/min)
up to 100 N. Then, the load was held for 10 s, and finally, unload-
ing was performed at the same rate. Apparent Young’s modulus
was calculated using the Oliver and Pharr model.>!?? Vickers
hardness was calculated using Eq. (1), where P is the maxi-
mum load and a is the length of the semidiagonal of the residual
impression measured by optical microscopy (H-P1, Carl-Zeiss,
Oberkochen, Germany) with an accuracy of £3 pm.

P
Hy = 0.4636 - - (1)
a

Additionally, mullite (grain sizea 1 um?® and theoretical
density 2 97%*) and Y-TZP (grain size <2 pum and theoretical
density >99%!6) specimens were tested for apparent Young’s
modulus and hardness.

Bars of 3 mm x 4 mm x 50 mm cut from the sintered blocks
were used to determine fracture strength at room temperature
in a universal testing machine (EM1/50/FR, Microtest, Madrid,
Spain) with inner and outer spans of 20 and 40 mm, respec-
tively. Load was applied with a constant crosshead speed of
0.5 mm/min.
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Fig. 1. Observed (crosses), calculated (full line) and difference curve (bottom)
X-ray powder diffraction profiles for Z(Y)T50 bulk material. The vertical mark
rows give the allowed Bragg peak position for c-ZrO, (top) and 0-ZrTiO4
(bottom).

3. Results and discussion

Figs. 1 and 2 show the typical Rietveld analyzed high res-
olution powder X-ray diffraction patterns for Z(Y)T50 and
Z(Y)T70, respectively. Initially, the crystalline phases were
identified in agreement to the PDF database. Fig. 3 shows
a selected region of the powder patterns of the composite
specimens studied in this work. For the sake of comparison,
the pattern corresponding to a ZrTiO4 single phase material
previously studied,'® is also shown. The appearance of the
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new phases is clearly highlighted and characteristic peaks of
the different phases are labeled with their corresponding Miller
indexes.

For Z(Y)T50, only two crystalline phases were identified:
orthorhombic ZrTiO4 (PDF 34-0415) and cubic yttrium titanium
zirconium oxide (PDF 82-1246). For Z(Y)T70, four crystalline
phases were identified: orthorhombic ZrTiO4 (PDF 34-0415),
cubic yttrium titanium zirconium oxide (PDF 82-1246), tetrag-
onal yttrium titanium zirconium oxide (PDF 79-1770) and
monoclinic zirconium oxide (PDF 37-1484).

According to the 1773K isothermal sections of the
Zr0,-TiO>-Y;,03 system published by different authors,?>-28
there are some differences about the phases expected for
Z(Y)T70 and Z(Y)T50 compositions, as discussed by Lopez-
Loépez et al. in a recent review work.?’ These differences show
that the ZrO,-TiO,—Y, O3 system is very sensitive to small com-
positional and processing changes, thus, the limits between the
different phase regions are difficult to establish. According to
Colomer et al.>> and Kobayashi et al.,20 Z(Y)T70 should be
formed by t-ZrOpss and ZrTiOyss, whereas Feighery et al.?’
and Schaedler et al.?® suggest a phase assemblage formed by
t-ZrO3ss, c-ZrOsss and ZrTiOy4ss. Results from this work for
ZT(Y)70 support the equilibrium relations reported by these lat-
ter authors. In the case of Z(Y)T50, all authors agree in the final
composition (ZrTiOg4ss + c-ZrO;ss) excepting Feighery et al.?’
who propose a composition made of ZrTiO4ss and Y, TipO7ss.
Results for Z(Y)T50 agree with the majority, in fact, Y, Ti»O7ss
is not an equilibrium phase at 1773 K in this composition, as
discussed in Ref. 30.
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Fig. 2. Observed (crosses), calculated (full line) and difference curve (bottom) X-ray powder diffraction profiles for Z(Y)T70 bulk material. The vertical mark
rows give the allowed Bragg peak position for the following phases from top to bottom: m-ZrO,, t-ZrO,, c-ZrO,, and 0-ZrTiO4. Due to a problem of the detector
electronics in the region 29.2-31.73 (26) of the powder pattern of Z(Y)T70, this region was excluded from the refinement.
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Fig. 3. Selected region of the laboratory X-ray bulk-specimen diffraction pat-
terns for ZT (top),15 Z(Y)T50 (intermediate) and Z(Y)T70 (bottom). This region
is selected to show the phase evolution from single phase 0-ZrTiOy4 in the top
pattern15 to the phase coexistence of t-ZrO3, ¢-ZrO,, and 0-ZrTiOy4 in the bottom
pattern.

Results from this work demonstrate that the high tempera-
ture phases remain in the studied materials with low amounts
of Y,03 (<3 mol%) obtained using relatively low cooling rates,
such as those characteristic of ceramic processing. In particu-
lar, results of the Rietveld analysis of the high resolution powder
X-ray diffraction patterns have shown that ZrTiOy is the only zir-
conium titanate phase, not being possible Zr5Ti;O24 as reported
in previous works.'6:17:30

The approximate elemental content of the phases was esti-
mated from the value of unit cell parameters taken into
account in the previous structural reports. Hereafter, 0-TiZrOg4
is used to describe the stoichiometric phasels; c-ZrO, ICSD-
75316 is used to describe a cubic phase with composition
close to Y().lgTi()‘ZQZI'()ﬁ()O].gl?’l; t-ZrO, ICSD-66788 is used
to describe a tetragonal phase with composition close to
Y()_05Ti().3ozr0.6501.97532; and m-Zr02 ICSD-89426 is used to
describe a monoclinic phase with composition close to stoichio-
metric Zr0O,.33

Quantitative results of the study are given in Table 1. In addi-
tion to the unit cell parameters, the crystallographic densities
and the phase contents are also reported. The quantitative anal-
ysis of the final Rietveld fit to the Z(Y)T50 data showed that the

a
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Fig. 4. Microstructure of Z(Y)T70 material. SEM micrograph of a polished
and thermally etched (1673 K/1 min) surface (a), together with characteristic
EDX analyses (b). Dark areas correspond to ZrTiO4, meanwhile white areas
correspond to ZrO;.

main constituent is 0-TiZrOy4, as expected, and that there is an
11.7 wt.% of c-ZrO,. The final Rietveld fit to the Z(Y)T70 pow-
der pattern data (Fig. 2) was much more complex than that for
Z(Y)T50, with quite broad peaks. The phase assemblage for this
material given in Table 1 shows that the main phase is t-ZrO».

Fig. 4 shows the microstructure of the Z(Y)T70 sintered mate-
rial showing the presence of two kinds of grains and the lack
of microcracks. Taking into account the phase content in this
material and the EDX analyses shown in this figure, it can be con-
cluded that dark grains correspond to ZrTiO4 and white grains
to ZrO;. However, it is not possible to differentiate among the
different zirconia phases, t-ZrO», c-ZrO; and m-ZrO».

Fig. 5 shows the microstructure of the Z(Y)T50 sintered mate-
rial, which was fully characterized in a previous work.® The
major phase (dark grains) is ZrTiOy4, the second phase (white
grains) is c-ZrO,, while there are small (<2 wm) particles located
at the ZrTiO4/c-ZrO; boundaries which likely correspond to a
pyrochlore compound in very minor content. Microcracks of
similar size to the zirconium titanate grain diameters are dis-
tributed through the whole microstructure.

Table 2 shows absolute and relative density, average ther-
mal expansion coefficient between 298 and 1123 K (a298-1123),
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Table 1
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Crystallographic details (unit cell parameters, density values and phase contents) for Z(Y)T70 and Z(Y)T50 sintered materials determined by the Rietveld method.

Sample a(d) b(A) cA) V(A% p (glem?) Contents (Wt.%)
Z(Y)T50°

0-Z1TiO4 4.8087(1) 5.3630(1) 5.0301(1) 129.72(1) 5.20 88.4(8)

c-Zr0; 5.1120(4) - - 133.59(3) 5.56 11.7(2)
Z(Y)T70

0-ZrTiO4 4.8310(5) 5.4027(5) 5.0497(5) 131.80(3) 5.12 33.8(3)

c-Zr0, 5.1244(3) - - 134.57(3) 5.52 17.2(3)

210, 3.5802(2) - 5.2102(3) 66.79(1) 5.67 47.8(2)

m-ZrO, 4.70(1) 5.37(2) 5.37(1) 132.93) 6.16 L1(1)

2 There is a third minor phase in this material.>

Table 2

Absolute (p) and relative (prelative) density, average thermal expansion coefficient between 298 and 1123 K (a298-1123), Vickers hardness (Hv), apparent Young’s
modulus (Eq,pp) and fracture strength (o) values for Z(Y)T70, Z(Y)T50, mullite, Y-TZP and YSZ materials.

Material o (glem®) Prelative (% T.D.) 2081123k (X107 K~1) Hv (GPa) Eypp * (GPa) ot (MPa)
Z(Y)T70 5.484+0.02 >99 97402 102403 12547 270 £28
Z(Y)T50 5.0240.01 ~96 75402 75402 6443 60+3
Mullite - ~97%3 4140.13 11.0£0.4 159 £2515 22843524
Y-TZP (t-ZrOy) 6.1+0.1' >99 10.6+0.210 128402 188417 ~10403
YSZ (c-ZrO,) - ~993 10.5% - ~190° 276 £ 49%

 Calculated from the unload portion of the instrumented indentation load—penetration depth curves.
b Estimated data taking into account that dynamic Young’s modulus values from Y-TZP and YSZ materials reported in the literature are very similar ~220 GPa.>

Vickers hardness (Hv), apparent Young’s modulus (E,pp) and
fracture strength (o) values of Z(Y)T70 and Z(Y)T50 materials.
For comparison purposes, the values for a dense and fine grained
mullite!>23 and for two Y,O3 stabilized zirconias, t-ZrO» (Y-
TZP)'634 and ¢-ZrO, (YSZ),3%3¢ are also reported. Values of
a298-1123, Hv and Ejp,p for dense single phase ZT material eval-
uated in a previous work'> were lower than those for t-ZrO, '
and ¢c-Zr0,.3% Therefore, all properties are lower for Z(Y)T50
than for Z(Y)T70 that contains a higher ZrO, amount and does
not present microcracks.

x2,0k

30 um

Fig. 5. Microstructure of Z(Y)T50 material. SEM micrograph of a polished and
thermally etched surface (1673 K/1 min). Major phase (dark grains) corresponds
to ZrTiO4, meanwhile the second phase (white grains) corresponds to c-ZrO;
solid solution. Microcracks can be observed.

From the average thermal expansion coefficient values in
Table 2 it is clear that, as occurred for the monophase ZT studied
previously,15 neither Z(Y)T70 nor Z(Y)T50 can be considered
as typical low thermal expansion coefficient materials such as
those based on aluminum titanate. The fact that microcrack sizes
in Z(Y)T50 are limited to grain sizes results in a thermal expan-
sion coefficient higher than those corresponding to materials
with generalized large cracks (e.g. aluminum titanate materi-
als, a~1.7x 1070 K™! 37). However, both materials present
relatively lower Young’s modulus as compared to other oxides,
thus, the product, E x ,1314 that determines the thermal stresses
developed due to a thermal shock, is lower for Z(Y)T50 and
Z(Y)T70 than for cubic and tetragonal zirconia. For Z(Y)T50,
E x a product is even lower than that of mullite, a classical
thermal shock resistance oxide (Table 3).

Table 3 reports two classical thermal shock resistance factors
of merit established by Hasselman'33® that evaluate the resis-
tance of materials to initiation, R, and propagation, R”’, of cracks
due to thermal shock calculated for the studied materials and
other reference oxides. From this data, the critical temperature
interval for crack initiation, AT, evaluated by R, will be the low-
est for the microcracked composite, Z(Y)T50, however, damage
resistance will be much higher for this material than for the oth-
ers, as its corresponding R” is about one order of magnitude
higher than those for mullite and c-ZrO,. Therefore, Z(Y)T50
will have potential in thermal shock applications involving long
time under-critical solicitations such as thermal cycling.

The R parameter for composite Z(Y)T70 is higher than that
of YSZ and about two thirds of that for mullite, thus, these
three materials will have similar resistances to crack initiation.
A comparison of expected relative damage resistance based on
this parameter might under-evaluate the potential of materials
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Table 3

Evaluation of the potential of materials Z(Y)T70 and Z(Y)T50 for thermal shock applications compared to that of uncracked oxides, mullite, Y-TZP and YSZ.
Stresses developed, E x «, and parameters of Hasselman'3-3%; calculations have been done considering the properties in Table 2.

Material Exa (MPaK™) R= 7L (K R" = -5 (m?*/N)*
Z(Y)T70 1.21£0.09 22347 1.7£0.3x 1076
Z(Y)T50 0.48 +£0.04 125+4 17.84£0.9 x 107°
Mullite 0.65+0.12 351£11 3.1405x107°
Y-TZP (t-ZrO,) ~2 ~522 ~0.2 x 10700
YSZ (c-Zr0O3) ~2 ~138 ~2.5x 1078

2 Poisson’s ratio is not considered.

b R” does not take into account the R-curve behavior of materials containing t-ZrO; (Y-TZP and Z(Y)T70).

containing transformable t-ZrO, such as Y-TZP and Z(Y)T70
as they present R-curve during fracture. Therefore, the fact that
the calculated R value is of the same order as that for YSZ,
two thirds of that of mullite and one order of magnitude higher
than that of Y-TZP, reveals the high potential of such kind of
ZT-containing composites for thermal shock applications in oxi-
dizing atmospheres.

4. Conclusions

Large specimens (=60 mm x 60 mm x 5 mm) of two bulk
materials with Zrp97Y0.0301.985:TiO, molar ratios of 50:50
(Z(Y)T50) and 70:30 (Z(Y)T70) have been processed using
a typical ceramic route involving colloidal green processing
and a temperature treatment at 1773 K with low cooling rate
(2-5 K/min).

The crystalline phase assemblages and the unit cell parame-
ters of the constituent phases have been determined by Rietveld
analysis of high resolution powder X-ray diffraction patterns.
It has been demonstrated that 0-TiZrOy is the only zirconium
titanate phase in these materials with low amounts of Y,03
(<3 mol%) and obtained using relatively low cooling rates. This
is the major phase in Z(Y)T50 in which c-ZrO, is the only sec-
ondary phase. t-ZrO, is the main phase in Z(Y)T70, o-TiZrO4 is
the secondary phase and c-ZrO, and m-ZrO; are minor phases.

The thermal shock resistance factors of merit proposed by
Hasselman calculated using the experimental values of the
involved properties for the studied materials have demonstrated
the high potential of zirconia—zirconium titanate composites for
thermal shock applications in oxidizing atmospheres.
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