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Solid state reactions in the ZrO,-Y,03-TiO, system have been studied and the solid
solubility limit of TiO, in yttria stabilized tetragonal zirconia Y-TZP has been stablished.
Structural characterization was carried out by XRD studies, and the changes in local
structures with increasing TiO; in yttria stabilized tetragonal zirconia was analyzed for the
first time by EXAFS and XANES measurements. The XANES results indicate a
displacement of Ti ions from the center of symmetry with increasing titania content leading
to assume a non randomly substitution of Ti** on Zr** sites in the tetragonal zirconia
lattice. From the Ti-O and Ti-Ti measured distances, it has been assumed that the found
electrical conductivity decrease with increasing titania content was due to both a trapping
of the oxygen ion vacancies at Ti ions (Ti'z, VO) and the formation of more complex
associations like (Ti'z, Vo Ti'z, VO), which giving rise to a reduction in the global
concentration of moving oxygen vacancies. © 2000 Kluwer Academic Publishers

1. Introduction than TiQ-YSZ below 700C, its electrical behavior
Ceramic oxides exhibiting both oxygen ion and elec-have been the object of a few publications more re-
tronic conductivity are commonly known as mixed- cently [10, 11]. The true role of titania in decreasing
conductors and, as such, are attracting interest as caar increasing the conductivity of YSZ and/or YTZP
didates to be used as electrodes, mainly anodes, iwas not reported. For understanding physical proper-
several applications as for example in SOFC devicedjes such as diffusion and, mainly, the ionic conduction,
oxygen separation membranes and electrocatalist fdt is the changes in local structure and short-range or-
the partial oxidation hydrocarbons [1-3]. These mixed-der with different dopant concentration that are most
conducting oxides can improve the charge-transfer inmportant [12]. Based on those results, the relationship
the electrode reaction area reducing, thus, the detribetween the Ti-local structure and conductivity of the
mental polarization losses found in the electrodesliO2-YTZP sintered samples will be discussed. Deter-
conventionally used, as for example Ni-zirconia ormination of Ti-local environment was carried out by
Lai_ySryMnOs_y, at the operating conditions of such analysis of EXAFS, and the site symmetry of the Ti
devices [4]. ions as well as the Ti ion valences in the tetragonal zir-
At the last decade many efforts have been devotedonia lattice by analysis of the XANES features. The
to the study of the mixed-conducting YSZ by dis- a.c. complex impedance spectroscopy for the electrical
solving in its structure some metal-transition oxidesconductivity measurements in air was used.
and/or CgOs [5], but the low solubility of the former
and the strong temperature and oxygen partial-pressu@ Experimental procedure
electronic conductivity dependence of the later pre-The samples of Y-TZP containing 5 to 20 mol % FiO
cludes their use as anode materials in SOFC devicesvere prepared as detailed elsewhere [13]. Briefly, yttria-
Recently the research efforts have been concentratatbped tetragonal zirconia, Y-TZP, powders (3 mol %
mainly on the TiQ-stabilized cubic zirconia (Ti®  Y,03from Tosoh Co.) with TiQ content ranging from
YSZ), and several papers with contradictory resultsO to 20 mol % were prepared by precipitating, on an
have been published [6-9]. In the same way, ;FiO aqueous suspension of the Y-TZP powders, the ap-
doped stabilized tetragonal zirconia (BK¥TZP), asa propriate amount of titanium tetrabutoxide with am-
pure oxygen ion conductor with a conductivity higher monium hydroxide. The final pH of the suspension
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was >9 to ensure a quantitative titanium hydroxide wherek is the momentum of the photoelectron ejected
precipitation. A homogeneous powder of Y-YZP mi- in the X-ray absorption process, agdhe normalized
crospheres coated by the titanium hydroxide nanopartiescillations of the fine structure. All the structural pa-
cleswas obtained at the end of the precipitation processameters contained in that equation as well as their in-
After being dried at 120C overnightin air the powders terdependence have been widely described in the liter-
were ball-milled in methanol for 2 h, redried at 8D  ature [15, 16] and it will not be repeated again here.
for 5 h, and calcined at 90 for 2 h. After calcining However, it must be mentioned that the EXAFS spec-
the powders were ground and isopressed at 200 MP@a were analyzed using the theoretical amplitude and
and sintered at 140 for 5 h in air. The sintering phases shift function proposed by Refral. [17]. In
density of all the samples was higher than 96% of theothat way the coordination numben|(), the bond dis-
retical, and the grain size varied from Qu&h (undoped tance R), and the relative bond length disgregation or
Y-TZP) to 2 um (20TiO,-Y-TZP). The crystal struc- Debye-Walle factor £ 2) with reference to the model
tures of the sintered samples were studied using X-ragompound were obtained. To take as an example in
diffractometer (Siemens D-5000), measuring the varithis study Fourier Transforms (FTs) of Ti EXAFS from
ation of the lattice parametessandc with increasing K =2to 12A~! were back-transformed froR=1to
titania content. The precision in the lattice paramete2.1A to obtain the Ti-O first shell an& = 2 to 3A for
measurements was in th€).0005 nm range. the Ti-Ti second shell. These FTs give pseudo-radial

X-ray absorption measurements at the Ti-K edgedistribution function around the absorber cations, and
were made at the storage ring (DCI D44 station) afcurve fitting, as mentioned above, utilized the theoreti-
the LURE synchrotron in Orsay (France) under thecal amplitude and phase shift functions calculated from
operating conditions of 1.85 GeV electron energy andhe FEFF program [17]. For Ti EXAFS, empirical am-
250 mA ring current. Energy selection was accom-plitude and phase functions derived from %i@ere
plished by using a double crystal monochromator withused to fit the Ti-O shells, with Fourier filter windows
Si(111) crystals. of 0.9-1.8A.

In the specific case of the TY-TZP samples, Platinum paste (Engelhard 6082) was painted on both
the required amounts of TEDYTZP powders were di- sides of the sintered discs and dried in an oven at €20
luted with boron nitride powder and pressed into anto eliminate the solvent. After drying, the electrode
aluminum sample cell with X-ray transparent windows. samples were annealed at 8@for a short time, about
The XAS spectra were collected at liquid-nitrogen tem-30 min, to avoid an excessive shrinkage of the platinum
perature in the transmission mode and using two gaslectrodes. To these electroded samples were welded
ionization chambers as detectors. The XAS spectrplatinum lead wires and placed in the hot zone of a pro-
were taken at the Ti-K absorption edge within the en-grammed furnace with a chrome-alumel thermocouple
ergy range between 4900 and 5700 eV with a step widtlocated on the mid point of the electrode sample.
of 0.5 eV. A Ti-foil standard (4964.5 eV) was used for The temperature dependence of electrical conduc-
energy calibration. tivity measurements were carried out by using an

For analysis of the XANES region, the spectra werelmpedance Analyzer (Hewler Packard model 4192A)
normalized as previously described in many publishedn the frequency range of 5 Hz to 13 MHz. Measure-
papers [14] avoiding, where it was possible, deviationsments were made in air in the temperature range of 200
between the data and tabulated X-ray absorption coeto 800°C. For comparison, an undoped Y-TZP sam-
ficients both below and above the edge. ple sintered in the same conditions as for Fidbped

Given that reliable quantitative XANES calculations Y-TZP ones was used.
have only been possible on solids with simple struc-
tures, the interpretation of geometrical and chemical .
changes in more complex structures, as is the presedt Experimental results
case of TiQ-Y,04-ZrO; solid solutions, will be lim-  3-1. X-ray diffraction studies
ited to a qualitative study of these compounds and\S itcanbe seenin Fig. 1 the lattice paramegeasidc
comparing them with other well known samples as 0f tetr'agonal'zwpoma YTTZP.decrease and increase re-
reference. On the other hand, the subsequent XAS stugPectively, with increasing Tigconcentration and ap-
ies were carried out only on those samples which apP€ar to reach a constant value at about 13 mol % TiO
peared to contain the tetragonal zirconia solid solution he same Fig. 1 shows the variation of the tetragonal-
as the only phase according to XRD. Thus the featurelly Ct/a as a function of the Ti@content. As shown,
of Ti-K XANES for TiO,-YTZP fine powders contain- the tetragonality remains constant beyond 12 mol %
ing 5 and 10 mol % Ti@ were used as “fingerprints” TiO,, confirming the statement for the solubility limit

to analyze the structural changes, if any, produced as®" TiOz in tetragonal zirconia Y-TZP. These results
consequence of the solid solution of Fidito yttria- ~ are consistent with the SEM observations, not shown

doped tetragonal zirconia. here, in which a composition containing 15 mol % 7iO
The EXAFS spectra were analyzed using the stanshowed a considerable amount of a second phase, the
dard EXAFS plane wave equation: zirconium titanate (ZT), and an enhanced grain growth.

Therefore, the solubility limit of TiQ into tetragonal
N; 2 2 —2R; zirconia Y-TZP is well bellow 15 mol % up to 140C.
x(k) = Z P exp(—207k%) exp( 5N These solid solubility data for Tigin Y-TZP are con-
) ! sistent with that established (13 mol %) by mean of
x SiN[KR; + ¢; (K)] (1) Raman spectroscopy elsewhere [18], and they are in
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TABLE | Calculated Zr-O bond lengths as a function of titanium solid solutions are shown in Fig. 2a. As mentioned be-
dioxide content fore, the energy zero was taken as the K-edge energy of
Composition (mol %) Length (nm) pure Ti metal (4966.4_eV). _The n_ormaliz_ed Ti-EXAFS
for those tetragonal zirconia solid solutions plotted as
Zr0; Y203 TiO2 -0 Zr-Oy x(k) are shown in Fig. 2b, and the Fourier transforma-
g 3 _ 0.2080 02380 Uon of these radla_l structure peqk yields a filteyg®)
97 3 _ 0.2093 02355 Signal, as shown in Fig. 2d, which were used to study
3
3

92 5 0.2079 0.2371 thelocal structure around titanium cations.

87 10 0.2065 0.2380 Utilizing amplitude and phase shift function derived
from the TiQ, model system a quantitative analysis of
the first Ti-O shell, as shown in Fig. 2c, Wasoperformed.
The first mayor peak, between about 1.3 ard ih the
520 FTs corresponds to the nearest neighbor around the Ti
———zaTg——01028 cation and the second peak, between 2 aAd or-

518 - responds to the next nearest neighbors, i.e. Ti-Ti or
1.026 Ti-Zr cations. The peaks for high&values belonging

to outer cation-cation shell. From the FTs a slight de-
creasing of the amplitude of Ti-EXAFS with increasing
TiO, content can be noticed, which is in close agree-
ment with the obtained results for Ce-doped tetragonal
zirconia [22], and indicates an increased distortion of
the cation network.

Quantitative fitting results, as it is shown in Table II,
for the Ti-O shell led to two sets of bond lengths 1.73
and 1.87A for the 5Ti-YTZP solid solution, and a
total coordination number of6. In the same way,
also two sets of bond lengths 1.88 and 20%ith a
total coordination number of4 were found for the
11.014 10Ti-YTZP solid solution. Thus, the local environ-
5.04 ment around Tit seems to be concentration-dependent
S L ;3 112 1I6 2-0 1.012 [23]. Therefore t_hes:e results are consistent With_ a

change of coordination number (6 to 5 or 4 for Ti)
MOLE 4 TiO; from pure TiQ to tetragonal zirconia solid solutions.
Figure 1 Variation of unit-cell dimensions and tetragonality/a; of Finally, quantltatlve fitting of the fI_I’St Ti-cation (Zr
TiO,-doped Y-TZP solid solutions after sintering at 14@0 and/or Ti) shell were performed using calculated am-
plitude and phase functions of a Ti-Ti pair. A dis-

close agreement with those of Hoffmanal. [19] and tance of 2.8JA was obtained in the specific case of
Rog and Borchardt [11]. the 10Ti-YTZP tetragonal zirconia solid solution. No

The zirconia-oxygen bond lengths in Y-TZP can peduantitative analysis was performed for the 5Ti-YTZP
easily estimated from the precision lattice parameter@n€: That Ti-Ti distance is much shorter than that
measurements [20]. The calculated values for Y-Tzf2f the corresponding Zr-cation shell (3.61 to 34P
and TiO-doped Y-TZP solid solutions are listed in Ta- [24]- This can indicate that T ions do not randomly
ble I. The calculated bond lengths of Y-TZP are near|ysubst|tute Zt lattice sites according to a statistical
the same to those measured for Zre@d Zr-Q;, 0.208  Process [25].
and 0.238 nm, respectively, elsewhere [21]. A slight
decrease or increase for Zg-énd Zr-G, bond lengths
respectively, in Y-TZP as aresult of the increased,TiO )3(?a Xz?t::oErstisé)r?\eﬁg:r-e dge (XANES) spectra at the
contenttakes place. These results confirm the stateme I-Kyabsor tFi)on edae for gTi-YTZP and QOTi-YTZP
established elsewhere [18] by Raman spectroscopy th { P 9

the local bonding environment of the tetravalent cations. - © shown in Fig. 2a. Given that the structure of both

Ti%* to O~ in the Zr0y-Y ,05-TiO, system is differ- samples is tetragonal the spectra are quite similar. The
ent from that of cations in the binary Z&Y ,03 one,

where cations are eight-fold coordinated. On the otherABLE 11 Fitting results of Ti EXAFS for Ti-doped tetragonal
hand, given that the ionic radius of*Ti for sixfold  zirconia samples

coordination is 0.074 nm, it was argued that the found

aRef. 22.
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selective Raman shifts arised from the occupation of the Mo RA cN Ac® (A x 10
tetravalent ions Ti" in distorted, presumably pentahe- girst shell
dral, sites in the tetragonal zirconia crystal lattice [18]. 5Ti-YTzP Ti-O 1.73 26 0.1
Ti-0 1.87 3.8 0.1
10Ti-YTZP Ti-O 1.88 22 0.1
3.2. EXAFS spectra at the Ti-K edge second shell Ti-0 2.05 16 0.1
- econd she
The room temperature Ti K-edge EXAFS spectra of 10Ti-YTZP TioTi )81 22 01

the two 5Ti-YTZP and 10Ti-YTZP tetragonal zirconia
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Figure 2 X-ray absorption of 5Ti-YTZP and 10Ti-YTZP tetragonal zirconia solid solutions at the Ti-K edge, XANES (a), Normalized EXRFS
(b), Fourier transform (c), and Inverse transform of (c) in (d).

energy of the Ti-K absorption edge corresponds to théhatthe intensity, shape and energy position (4967.5eV)
electronic transition from the 1s core level to unoccu-of the pre-edge peak of the Ti-YTZP tetragonal zirconia
pied high-energy states, and has been determined as thelid solutions compares well with that of the Ti(OEt)
inflexion point of rising edge of the XAS data. Such a compounds with a square-pyramidal arrangement.
shoulder was located at about 4972.8 eV whichis some- The characteristics of the post-edge peak present in
what higher than that of metallic Ti as consequencahe Ti-YTZP XANES spectra, i.e. lower energy and
of the different oxidation state of that cation in both higher intensity for increasing TiJcontent, can indi-
cases. For energies lower than that of the Ti-K absorpeate a change in the geometrical arrangement of the
tion edge a relatively sharp pre-peak located at almosicattered ions in the Ti environment. Such a suggestion
the same energy (4967.5 eV) but with different intensityis consistent with the results of Zschestal. [25].
for 5Ti-YTZP and 10Ti-YTZP samples, was presentin  The Mg K, XP spectrum for the Ti-(2p) core level
the XANES spectra. Above the Ti-K absorption edgeshowed two peaks at binding energies of 458.5 and
the XANES spectra display a prominent peak locatedt64.2 eV which corresponding to Ti 2p and 2p,2,
at slightly different energies, 4983.6 and 4983.2 eV, forrespectively, for Tit. Peaks for T, if any, should
5Ti-YTZP and 10Ti-YTZP samples respectively. appear at energies of 457.2 and 463.0 eV. Therefore, no
Given that the XANES spectra can be taken asevidence for the presence of reduced*Tivas found
the finger-prints to be compared with those of thefrom the XPS results on 10Ti-Y-TZP sample sintered
well-know structure compounds as reference, then that 1400°C.
XANES spectra of our tetragonal zirconia solid solu-
tions were compared with those, of the rutile (with Ti
ions six-fold coordinated), Ti(OEf)five-fold coordi-  3.4. Total electrical conductivity in air
nated), and BAaTiO4 and Ti(OAm), (four-fold coordi- The ac conductivity results were plotted in the com-
nated), respectively [26—29] as shown in Fig. 3. The ocplex impedance plane, and as an example typical ac
tahedral coordinated compounds (rutile and/or anatasénpedance spectrum for titania-doped tetragonal zirco-
are characterized by several pre-edge peaks of low imia (5Ti-YTZP) at 449C is shown in Fig. 4. As it can
tensity and centered at an energy of 4968 e,TB2,  be seen, three well developed semicircles can be distin-
and Ti-(OAm) with Tiions tetrahedral coordinated ex- guished which are related to the bulk, grain boundary,
hibited a strong pre-edge peak at an energy of 4967 e\dnd electrode relaxation phenomena at high, interme-
and Ti(OEt), with Ti ions coordinated by five oxygen diate, and low frequencies respectively [30]. From the
ions in a square-pyramidal distribution showed a relaintersection of the first semicircle at the lower frequency
tively sharp pre-edge peak at 4967.5 eV. Then, from thevith the real axis the bulk resistance can be obtained.
above XANES spectra data it seems reasonable to stake the same way the sum of bulk and grain boundary
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Figure 3 Comparison plot of K-edge XANES spectra of Tiin 5Ti-YTZP
and 10Ti-YTZP tetragonal zirconia solid solutions with several Ti-O
reference compounds.
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resistances was calculated from the second one. From
the intersection of the third one, the sum of bulk, grain
boundary and electrode resistances can be estimated.
The specific total conductivityo{) can be easily cal-
culated taking into account the platinum electrode area
(A) on either side of the sample, and the length (
between the two platinum electrodes. For example, the
bulk conductivity 6,) was calculated using the follow-
ing known equation [31]:

1L
= RA
whereR, is the intersection of the first semicircle as in-
dicated in Fig. 4. A quite similar acimpedance spectrum
was obtained for the 10Ti-YTZP sample. It must be
mentioned that poorly developed grain boundary semi-
circles were obtained with increasing temperature in
both titania-doped YTZP samples, and it become dif-
ficult to analyze the impedance data in terms of bulk
and grain boundary contributions. However, in order to
know what is the predominant conduction mechanism,
an attemptto calculate the bulk and grain boundary con-
ductivities at that temperature range in which the two
first semicircles were quite well developed, was made.
With these conductivity data and assuming that the elec-
trical conductivityo follows an Arrhenius equation of
the type:

)

Ob

o = ooeXp(—Ea/RT) 3)

whereT is the absolute temperature, is a constant,
E, is the activation energy for the motion of charges,
andR is the gas constant, the temperature dependence
of the bulk, grain boundary, and total conductivities for
5Ti-YTZP, 10Ti-YTZP, and undoped Y-TZP samples
was studied. In Table Il the activation energy values
for the three samples in the temperature range of 300
to 700°C are shown.

From the Arrhenius plot a general trend to de-
crease the electrical conductivity with increasing titania

5Ti-YTZP

Figure 4 Complex impedance plots for 5Ti-YTZP at 440 in air.
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TABLE 111 Activation energy values (eV) of the conductivity (i) Albeit the Ti dopant could decrease the stability of
the Y-stabilized tetragonal zirconia by diluting the ef-

sample » o * fect of the oxygen vacancies introduced b Ybut the
YTzP 0.86 1.01 0.90 measured Ti-O distances (1.88, being shorter than
5Ti-YTZP 0.97 117 1.04 the Zr-Q distances (2.1@®\) leads to an accentuated
10Ti-yTZP 1.02 1.16 104 ponding anisotropy of the layer-like zirconia structure
and, therefore, to a higher tetragonality. Besides this,
400 the size of the Ti* cation RTi*" =0.745 A) which

is much smaller than 2 (RZr*+ = 0.86 A), adopting

a five-fold coordination would favor a packing in the
form of a relatively ordered layer-like structure allevi-
-8.00 — ating, thus, the oxygen overcrowding around Zr cations
similarly to that occurring in the Gef2doped tetrago-
nal zirconia [23].

2 12,00 Ordering invplving the smallest '!'i cgtions was not
= ' . demonstrated in the case of the titania-doped YTZP
+1 ol % 10| solid solutions, but a Ti cationic short-range ordering
+5 mol % was detected by TEM in the ZgaCeG-TiO, sys-
-16.00 i:‘;’::“:; tem for a stable composition having a tetragonality as
) high as 1.032 [35]. The Ti-Ti distances measured here
+ 20 mol % (2.81A) much shorter than 3.6& for Zr-Zr ones, al-
20,00 lows us to assume a certain Ti cationic ordering suffi-
-20. T T | ]

cient to reduce the strain energy of the tetragonal lattice
100 120 140 160 180 200 |eading to a higher stability of the titania-doped tetrag-
10M/T (K onal zirconia solid solutions.
Figure 5 Temperature dependence of the total conductivity in §J3© Fourier tra_nsforms (FTS) _Of the Ti EXAFS fO_I’
(Y-TZP),_y tetragonal zirconia solid solutions. tetragonal 5Ti-YTZP and 10Ti-YTZP, as pseudoradial
distribution functions of the absorber atom, can be

used to compare structures surrounding Ti cation, see

content as shown in Fig. 5, can be observed, and from.; g
Table Il the similar activation energy value for the bulkrign'qlzy slzrtc))sr,rt]i tg;i(:)snealr ;Sgg:i \'/:[/r?s: dtzgs?)tl?/ti(neg .‘E dr;uct’g fan-

and the total conductivity processes allows one to as-, . . . )
sume that a bulk oxygen ions transport seems to bgttrla—doped tetragonal zirconia. The ternary Ti-YTZP

. : . Solid solution becomes more distorted with increasing
predominantin the samples studied. TiO, content. Such an increasing distortion indicates a
changeinthe coordination number of the Ti cations with
4. Discussion the subsequentloss of centrosymmetry in the crystal lat-
From the XRD lattice parameter measurements, (setice of the tetragonal zirconia. Such a statement is sup-
Fig. 1), it can be stated that the solubility limit for tita- ported by the increase of the intensity of the pre-edge
niain yttria stabilized tetragonal zirconiaup to 14@ peak and the decrease in energy of the post-edge peak
is close to~13 mol %. Compositions containing higher with increasing TiQ content, as shown in the XANES
titania content showed the incipient presence of a secspectra (Fig. 2a).
ond phase, the zirconium titanate (ZT), and for higher From the EXAFS spectra analysis for the 5Ti-YTZP
yttria content appeared the zirconia phase with cubisample it must be noticed a Ti-O distance of 14,3
structure in agreement with that established for ZrO which is comparable to that corresponding td*Ti
Y03 binary system [32, 33]. cations tetrahedrally coordinated as in the case of the

It was also noticed that the tetragonalitya, of the  compounds B&lO4 (1.74A) and Ti(OAm), (1.81A),
zirconia solid solutions increases with increasing con-but the total coordination number for the 5Ti-YTZP
tent of the TiQ dopant, see Fig. 1, and this becamesample was near to 6. This result leads to assume that,
constant for a Ti@ content near to 14 mol % confirm- similarly to that occurring in Ti@-SiO, glasses, [28]
ing the above statement for the solubility limit of IO when the TiQ concentration was low the “fi prefer
in yttria stabilized tetragonal zirconia, Y-TZP, in close the octahedral coordination in the glass network, and for
agreement with the results of Let al. [34]. This solid  higher concentration the 4fi adopts the five-fold co-
solution with atetragonality of about 1.024 much higherordination. A similar phenomenon seems to be present
than that of the binary tetragonal zirconia-yttria solidin the Ti-YTZP solid solutions with increasing TO
solution [33], 1.016, is also stable at room temperaturecontent. Such a coordination change leads to assume a
Albeit the stability of the tetragonal zirconia solid so- strong distortion of the tetragonal zirconia lattice, al-
lution needs the creation of oxygen vacancies, and thbeit the measured Debye-Waller factors, see Table I,
addition of T implies a dilution effect with a slight being positive, are relatively small to support a very
decreasing of the oxygen vacancy concentration, thesevere tetragonal zirconia lattice distortion. Therefore
the enhanced stability of the ternary tetragonal zircowith the present EXAFS and XANES data it can be
nia solid solutions can be explained by two coadjutansaid that the Ti* cations in the Ti-YTZP solid solu-
effects, (i) The presence of a relatively high concentrations are displaced from the center of the coordination
tion of oxygen vacancies introduced by'Ydopantand polyhedron adopting a non octahedral coordination,
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presumably five-fold coordinated in a square-With such a statement it must be also assumed two
pyramidal arrangement. In our opinion, an exhaustiveoxygen sublattice with different vacancy diffusion dy-
study of these Ti-YTZP ternary solid solutions which namics. Given that the Ti-O distances are shorter that
including the EXAFS spectraatthe Zr-K and Y-K edgesthe Zr-O ones, we state that the oxygen vacancy diffu-
would contribute to a better knowledge of the crystalsion on the octahedrally coordinated sublattice is more
chemistry of T#" in these zirconia solid solutions. It rapid than on the square based pyramidal fivefold sub-
will form the objective of a subsequent work. lattice, and a hindering (trapping) for the mobility of
Finally, the shorter Ti-O distances favoring a move-the oxygen vacancies is produced, thus, by the pres-
ment to an off center position, and the Ti-Ti measuredence of the Ti ions in the Ti@doped tetragonal zirco-
distances lead to assume a strong interaction betweemna solid solutions. This is supported by the fact that the
the Ti cations with a certain tendency to the formationactivation energy for the conduction process is higher
of clusters. Such a clustering phenomenon can provoki TiO,-doped YTZP than in undoped-YTZP, see Ta-
a different oxygen ions bonding in the tetragonal zir-ble Ill. On the other hand, the shorter Ti-Ti measured
conia lattice and, of course, a different bond strengtidistances will show a certain tendency to the formation
of the oxygen vacancies associated with botftZor  of Ti clusters and thus, to an increasing degree of the
Ti**+ cations having different coordination numbers. oxygen vacancy-titanium cation complex associations
The electrical behavior of Ti@doped zirconia solid that, in the case of the formation of the simplest clus-
solutions, mainly inthe cubic structure, has been widelter, i.e., two titanium atoms, the more complex oxygen
studied [6-9]. However, none of them explained thevacancy-Ti* cation would be formed as follows,
true role of the crystal chemistry of the Ti ions in the
TiO,-cubic zirconia solid solutions. Recently Traqueia TiZ Vo + Tiy, + VO — Tiy VoTi; Vo
etal., [36] making use of the Raman spectroscopy, tried )
to correlate the electrical conductivity decrease withthese structural “dimers,” should be homogeneously
increasing titania content in Tidoped cubic zirco- distributed in the tetr'agonal zirconia Iattlc_e.
nia with the presence of a tetragonal short range order All these assumptions, based on the Ti EXAFS and
in the cubic zirconia matrix. Such a short range orde?ANES data and assuming the bt al. [37] defects
decreased the concentration of the mobile oxygen vamodel, would implies the non existence of associates
cancies and, thus, the electrical conductivity also wagY z- V0) inthe zirconialattice, which is in contradiction
decreased. with the interpretation of ionic conductivity in Y-TZP
The present results on the electrical conductivity in(3 Mol % Y20sz) by Welleret al. [38, 39]. They assumed
air TiO,-doped tetragonal zirconia solid solutions showthe formation of ¥, Vo complexes which are oriented
the same dependence, as shown by Arashi and Naifearallel to [1 1 1] directions |r_1tetra_gonal zirconia poly-
[8] i.e., the electrical conductivity in air decreases with CTyStals Y-TZP and, accordingly, it could be expected
increasing titania content. Such a behavior can be exhat Yz, and \6 ions would be arranged on nearest-
plained on the basis of the study of the Ti ions local enl€ighbor positions. Given that the¥¥V6) complexes
vironment from the EXAFS and XANES spectra data,can be considered as anisotropic elastic and dlgleqtrlc
see Figs 2 and 3. From those results and taking intglp0|es_that are a_ble_ to be reo_rlented upon app||_cat|on
account the Lt al. [37] model, it is assumed that the of elastic or electric fields causing, thus, mechanical or
oversized ¥+ cations substitute for 2t in the cation €lectrical loss, then, it was also assumed that the me-
network adopting a Y@structure and, therefore 3Y chanica_l and dielectric Iossgs produced during the re-
will not be associated with oxygen vacancies. Beingefientation of such (¥, Vo) dipoles took place by the
this so, then those eightfold dopant coordination leaveiMping of the oxygen vacancies around thg tons.
oxygen vacancies near to the both Zr and Ti cationsFurthermore, the S|m_|lar|ty of the activation en';halples
since the Zr(Ti)-vacancy pairing is energetically morefor both the mechanical and dielectric relaxation pro-
favorable than Y-vacancy pairing in Y-doped zirconiacesses and the low-temperature ionic conductivity in
as previously suggested [37]. In that situation, an unY-TZP enabled them to conclude that these are con-
dersized tetravalent dopants as th& Taations, which ~ trolled by the jumping of oxygen vacancies around the
do not substitute randomly for Zr ions in tetragonal Yitrium atoms. In the case of the present Ti-YTZP solid
zirconia solid solutions, and by adopting a five fold co-SOlutions, having a tetragonality/a~1.024, much
ordination with a square based pyramidal arrangemerftigher thanthat of Y-TZP+1.016), the relaxation jump
are, thus, in competition with Zr ions for the oxygen va- Of 0xygen vacancies along theaxis or thec-axis will
cancies. On that basis, two kind of vacancpf\¢ation ~ occurs with slightly different frequencies because of
associations have to be formed, one of them griv~  the different distances of neighboring oxygen sites be-
which the oxygen vacancy is associated to a cation odeen the two axes directions. By assuming that the
tahedrally coordinated, and the other one T-with  different defect complexes as (Zroy,"(Tiz, V) and
oxygen vacancy associated to a cation fivefold coordi®r (Tiz, VO Tiz, V0) may be the cause for the different

nated according to the following reactions: type of relaxation, as well as that the Zoénd T, VO
cation-vacancy interaction can give rise to the distri-

70 bution of relaxation time and enthalpy for relaxations,
Y205(TiO2) — Y5, + Ti5 + Vo + 505 then the internal friction has to be attributed to point de-
fects and these are either Zr and Tiions and oxygen ion
vacancies. If the activation energy for internal friction
Zrzr + VO — Zrz VO is close to that for oxygen vacancies migration [39],

Tiby + Vo —> Tij Vo
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then the internal friction has to be attributed to thoseis
point defects and not to others. Therefore, a better un-
derstanding of defect properties in tetragonal zirconia®
ceramics should be carried out in the future. For exam-
ple, a deep knowledge of the relaxation behavior and
the conductivity relationship and the enthalpies for botheo
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