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Abstract

Nanocrystalline zirconia powders have been obtaatd¢tle multigram scale by thermal decomposition of
precursors resulting from the freeze-drying of amseacetic solutions. This technique has equallgtena
possible to synthesize a variety of nanostructytiia or scandia doped zirconia compositions. SEM
images, as well as the analysis of the XRD pattesinsw the nanoparticulated character of thosesoli
obtained at low temperature, with typical partisiee in the 10-15 nm range when prepared at 6 7K.
presence of the monoclinic, the tetragonal or hgitases depends on the temperature of the thermal
treatment, the doping concentration and the naifitbe dopant. In addition, Rietveld refinementttod

XRD profiles of selected samples allows detectimg ¢oexistence of the tetragonal and the cubicgshas
for high doping concentration and high thermal timeent temperatures. Raman experiments suggest the

presence of both phases also at relatively lovirreat temperatures.
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1. Introduction

Nanostructured materials have been profusely ifyegsid in the last three decades [1, 2], not
only for the scientific interest in understanding redlas among certain fundamental properties of solids
and their particle size and morphology [3], butoalfor many technological applications [4].
Nanostructured materials are solids usually cangisbf aggregates of ultrafine particles (mostly
crystallites of 1-100 nm in at least one directioffley have a high proportion of atoms at the plarti
and/or grain (crystallite) boundaries (comparedhtr conventional bulk microcrystalline equivalent
what many times results in novel properties ofriedge Insofar as a primary unavoidable questidmois
to make up nanostructured materials, chemists #aging an important role in the progress of
nanoscience and nanotechnology f&me time ago, it was appropriately noted thatevamt part of the
legacy of research on high temperature supercooduetas the redrawing of the frontiers of synthetic
(and structural) solid state chemistry [6], withetidevelopment of a diversity of procedures and
techniques to reach low temperature synthesis wiptex systems as one of the key contributions ig th
field [7].

At present, a great number of processes for theapation of nanostructured powders has been
described [3, 5, 7-9However, most of these methods are expensive,negaphisticated equipment and
yield relatively low production rates. Thereforegey have high production costs and are conceived fo
obtaining high value-added materials, with typiapplications in the fields of electronics and pinats.

In general, the problems (both procedural and ewics) become severe when relatively large scale
(multigram, around a few hundred grams) prepargtnoeesses (technically feasible) are required [10,
11]. In this context, “powder processing methods fhe preparation of submicrometer and
nanostructured powders in a controlled form, withide range of compositions, sizes, and morphofgie
need to be improved” [12]. In practice, our growgs lwidely reported on the competitive advantages of
the freeze-drying method [13-15] for obtaining &edsity of nanostructurethaterials (oxides, nitrides,
carbides, intermetallics) as polycrystalline povedevith controlled characteristics (composition and
particle morphology) [12, 16-18].

Research on zirconia-based compounds, which aren@rttte most widely studied ceramic
materials [19], is still growing as more applicasofor these materials arise in very differendie from

advanced ceramics to biomaterials [20-24]. It mst noted, however, that mechanical properties



(fundamental in diverse applications) of pure bmikconia at high temperatures are poor due to the
martensitic phase change from the monoclinic tot¢tigonal form [25]. Nevertheless, the introdutti

of different divalent or trivalent cations (‘stal@rs’) in place of zirconium stabilizes the tewagl and

the cubic forms versus the monoclinic one [2Bhese zirconia-based materials show very good
mechanical and thermal properties, being extremedistant to thermal shock. In addition, they eithib
considerable ionic conductivity at elevated tempees, due to the migration of oxygen vacancies
induced by the stabilizer [27h any case, concerning the influence of the micucsural characteristics

on the behavioral features, there are abundantereab of the advantages of using nanostructured
zirconia-based materials in applications such &d saide fuel cells (SOFCs) or thermal barrier thogs
(TBCs) [28-32].

In the present work, we report on the use of fedized precursors for the preparation of
zirconia nanopatrticles. In addition, the substitutof yttrium and scandium for zirconium has alseto
explored. A few related approaches have been pexsém recent years dealing with dispersed zirconia
nanoparticles [10hut these elegant processes might be difficultimplément with multimetallic systems
for production in the industry. The use of the iee@rying synthetic approach has allowed us the
preparation of different nanostructured zirconiadshmaterials at the 100g scale making use of simpl
equipment utilized for a long time in different prective sectors. In practice, thinking on industria
application, a first seemingly obvious requiremisnto have at our disposal low-cost simple syntheti

strategies allowing to produce multigram amountthefadequate nanostructured starting powder.

2. Materials and methods

2.1. Synthesis

2.1.1. Materials: The materials used as reagents in the currenttigetion were zirconium
acetate, Zr(CKCOOQ), (Aldrich, solution in dilute acetic acid, 15-16% Y. yttrium oxide, ¥%Os (Aldrich
99.99%), scandium oxide, £z (Aldrich, 99.9%), glacial acetic acid (Panreac,.598), ethanol
(Scharlau, 99.9%), and nitric acid (Panreac, 65%).

2.1.2. Preparation of precursors at the laborat@gale: Y,0; was dissolved under reflux in a

solution of acetic acid:ethanol:nitric acid 5: 10D (v: v: v). SgO; was dissolved under reflux in a



solution of acetic acid:water:nitric acid 5: 1.8.15 (v: v: v). By combining these solutions witiet
zirconium acetate reagent solution, we obtainedl Zr Zr-Sc source solutions whose total cationic
concentration was 0.60 M, with molar nominal conifi@ss Zr.Y or Zr:Sc = 1-x:x (x = 0, 0.03, 0.06,
0.09, 0.12). The amounts of the different reagamie adjusted to give 5 g of the final {ZA,)O,.,» (A
=Y, Sc) oxides (what implies the freeze-dryingcaf 68 mL of the source solutions). Droplets of these
solutions were flash frozen by projection on liquittogen and, then, freeze-dried at a pressurk06f
atm in a Telstar Cryodos freeze drier. In this wdrjed solid precursors were obtained as amorpf¥us
ray diffraction) loose powders. The thermal evanti of the precursors was monitored by
thermogravimetric experiments (TGA-DTA) under oxygetmosphere (heating rate 5 K fhiflow rate

50 cnt minY), using a Setaram Setsys 16/18 System. In allscad@composition of the precursors
yielding oxides is complete at 623 K.

2.1.3. Synthesis of nanostructured oxides at therktory scale:The different samples were
synthesized by heating the amorphous freeze-driedupsor under air atmosphere. The precursms (
0.5 g) were placed into an alumina cruciblecaf5 cnf of usable surface, and introduced in the tubular
furnace. Several runs under different experimecaalditions were performed in order to determinerthe
influence in the structure and microstructure @f tbsulting solids. The precursor powders weredteat
5 K min™ to a final temperature;TT; = 573 to 1573 K, in steps of 100 K) that was held& period of
time (fo1q) Of 6 h under air atmosphere. The solids were timahed down by turning off the oven leaving
the sample inside (slow cooling, ca. 2 K MinAll products were stored in a desiccator ovicaigel. In
line with the TGA-DTA observations, in these coratis, oxides formation is detected at 673 K (see
below).

2.1.4. Synthesis scale-uphe freeze-drying technique allowed obtaining laggantities of the
precursors. In the case we are dealing with, atdre@ryodos freeze drier works with upda. 1.5 L of
source solutions. Such a volume is adequate fopthéuction ofca. 110 g of the final oxide in a single
batch. We obtained even higher oxide quantitess 220 g) by using a Telstar Lyoalpha freeze drier,
which allows processing up ta. 3 L of source solutions. In both cases, some talezirconia doped
samples were prepared by thermal decompositiorh@fprecursors at 673 K {t=6 h) in a muffle
furnace under circulating oxygen, which guarant@eoxidizing atmosphere and forces the exit of the

combustion gases. In all cases, the precursors placed into alumina rectangular dishea. (100 cnj)



that were placed at different levels in the mufflmace. The products were coolectat2 K min?, and
stored in a desiccator over silica gel. The sadnl®btained are indistinguishable (XRD, SEM) frdait

counterparts obtained at the laboratory scale.

2.2. Characterization

2.2.1. X-ray diffraction: X-ray powder diffraction (XRD) patterns were olkadl from a
diffractometer (Brucker AXS-5005) using Cy-Kadiation. Samples were dusted through a sievéhen
holder surface. Routine patterns were collectet wiscanning step of 0.08° between 20-700iwizh a
collection time of 5s per step. Patterns for mitwagural analysis and profile fitting were colledtwith
a scanning step of 0.02° between 20-110°8nanh a collection time of 10 s per step. Profiiirigs
were performed using the FULLPROF program [33].

2.2.2. Microstructural characterizatior-he morphology of both the freeze dried precursoid
the resulting oxides was observed using a scarglagron microscope-field emission (Hitachi 4100FE)
operating at an accelerating voltage of 30 kV.tA# preparations were covered with a thin film ofdg
for better image definition.

2.2.3. Surface areasThe BET surface areas of the products were detexanby nitrogen
adsorption (Micromeritics ASAP 2000) at 77 K assugna cross-sectional area of 0.162%rfor the
nitrogen molecule. Prior to adsorption measureméhéssamples were degassed in vacuum at 423 K for
18 h.

2.2.4. Agglomerate size§he agglomerate size distributions correspondmgy tcontaining
samples (x=0.06) prepared at 773 and 973 K wererm@ied by dynamic light scattering (Zetasizer
Nano ZS). An ultrasonic probe (UP400S) was usdaréak down soft aggregates before determining the
size distributions. Optimal results were obtainaing diluted suspensions (0.1g")L. citric acid as
dispersant (0.2%) and 3 min of sonication time.

2.2.5. Raman spectroscopylicro-Raman spectroscopy was carried out at rcemperature, in
a backscattering configuration and using the 532linenfrom a fibre coupled single-wavelength solid
state laser for excitation. The scattered light @&persed by a Jobin Yvon iHR320 spectrometer and
detected with a Peltier-cooled CCD. The typicakesysspectral resolution was around 2'cifihe laser

beam was focused on the sample’s surface usingyéa<lIs.L. fibre optic compact probe with 20x



objective. In order to prevent from local heatimgl daransformation, laser power varied from 1 ta/BA/.
Recording times ranged from 30 to 120 seconds, @itb 100 accumulation scans depending on the

sample. Measurements were carried out directhhersample with no previous preparation of any kind.

3. Resultsand discussion

The thermal evolution of the precursors was moeddby means of TGA analysis and X-ray
powder diffractometry. As mentioned in the expermitag section, the TGA curves show that, in all sase
decomposition of the precursors yielding oxidesamplete at 623 K. Figure 1 shows the XRD patterns
of the powders resulting from the thermal treatmeithe precursor samples at temperatures ranging
from 673 to 1473 K, in 200 K intervals. Dealing kvipure zirconia (Figure 1a), the only crystalline
product observed at 673 K is the tetragonal madglifiey of ZrQ, whereas the monoclinic one is the only
detected phase at temperatures above 1473 K. Iiv#Beto 1373 K range, the diffraction patterns
correspond to mixtures of the tetragonal and thenaulinic modifications of ZrQ the phase
transformation continuously progressing with terapare (as indicated by the evolution of the rekativ
intensities of the diffraction peaks). The introtlo of Y results in changes in the temperaturaiesl
delimiting the stability field of each phase. Indeboth the temperature at which the monoclinicspha
begins to be detected (tetragonal/two phases lanit) that from which the tetragonal phase is ngdon
present (two phases/monoclinic limit) are now digantly higher than in the pure zirconia case. §hu
for x = 0.06 (Figure 1b), the diffraction patterosthe samples prepared at temperatures up to K273
correspond to the tetragonal modification. Abov&g3 X, the XRD patterns indicate the presence of
mixtures of the tetragonal and the monoclinic miadifons, the relative intensities of the peakghaf
monoclinic polymorph increasing with temperaturer Fhigh doping concentrations, x = 0.12, the
tetragonal form is the only crystalline phase det#a@long the entire temperature range studied-(673
1573 K). A similar behaviour is observed when znieois doped with Sc, although the temperaturet limi
values are not as greatly affected as in the Ye.cabus, for x = 0.06 (Figure 1c), the tetragonal
modification remains as the only crystalline phageto 873 K. At 1473 K, the monoclinic phase is
clearly dominant (with only a very small contrilanito the pattern of the tetragonal one, in cohtias

the Y case).



Summarized in Table 1 are the grain (crystalkiegs corresponding to samples of pure zirconia
and 6% Y or Sc stabilized zirconia prepared ated#ifit temperatures. The crystallite size valueg hav
been estimated using the Debye-Scherrer equati@nalysis of the (101and (-111) peaks [34]. LaB
has been used as standard for the correction ahgtleimental contribution to the width of the psak
The crystallite sizes remain around 10-15 nm fon@as prepared at relatively low temperatures ¢up t
ca. 973 K), and increase with temperature. At the &éggjltemperature reached in this work, 1573 K,
crystallite sizes around 40-60 nm are obtainede@ilse, these results are similar to those obtaioed
all the compositions studied in each series.

Shown in Figure 2 are characteristic SEM imagesesponding to representative samples of
pure zirconia and 6% Y or Sc stabilized zirconiegared at different temperatures. The averagecfearti
size values have been estimated from measuremesitsg(an image treatment software) aaf. 50
different particles. In all cases, the samples reg at 973 K are constituted by aggregates ofdedin
particles with typical sizes varying in the 26-5m mange depending on the composition (see Table 1).
Particle sizes progressively increase with tempeeaindeed, the mean particle size in samplesapeep
at 1173 K rises up toa. 61-86 nm, whereas it clearly exceeds the nanomstale ¢a. 200-368 nm) at
1573 K (Table 1). Besides such a particle sizeeimse, we can observe also a morphological evolution
from rounded particles to polyhedral faceted omesany case, taking into account that crystallies
(XRD) are significantly smaller than particle siZ&&M), it points out the polycrystalline charactéthe
particles even in the case of samples prepareélattvely low temperatures. An additional obserati
that deserves to be highlighted is the comparatiseilall particle size in the case of Y containiagiples
with regard to analogous pure zirconia or Sc dagaetdples.

Summarized in Table 1 are also the surface are@vas experimentally determined,bfrom
the N, adsorption-desorption isotherms (BET model) togetith the corresponding approximated
values calculated (&) from SEM particle sizes (assuming pseudo-sphlepeaticles). As can be
observed, the really accessible surface areas @pee@ably lower than those expected from SEM
observations, what indicates that particles arenifidgntly agglomerated in the powder samples.
Interestingly, the BET areas of Y containing sampl@able 1) are notably lower than those
corresponding to analogous pure zirconia or Sc depenples. Bearing in mind the above observation on

the particle size trends, this result clearly sstgehat the agglomeration degree produced in the Y



containing samples is remarkably high. Indeed, abglomerate size distribution corresponding to Y
containing samples (x=0.06) prepared at 773 andkO{&etermined by dynamic light scattering) is, in
both cases, bimodal. Thus, a large proportion efatyglomerates has a mean particle size of 530660
(773/973 K), whereas a comparatively low proportidrihe agglomerates exhibit mean particle sizes of
120 nm in both cases.

In this context, an interesting experimental obaton concerns the consequences of the particle
size on the crystalline form adopted. Thus, it @lwnown that microparticulated zirconia crystadls in
the monoclinic form, while nanoparticulated zirar{particles lesser thata. 30 nm) does it in the
tetragonaform (although it has also been claimed that very kized nanoparticlegsa. 2 nm, would
stabilize the cubic phase) [35, 36Jbviously, this particle-size driven structuralris#@ion is not a Zr@
exclusive situation [37]. It has been frequentiyaaded that microparticulated samples of thesdasxi
adopt the thermodynamically stable structural wgriwhereas those shown by nanoparticulated orees ar
metastable [38]. However, there is abundant inféionain the literature supporting the idea thaeet$
of the particle sizes on the surface energies of the polymorphs egplain adequately (on a
thermodynamic basis) the stability crossover fafege areas above a certain critical value [38, 39]
Indeed, according to the experimental results efgtoup of Navrotsky, the surface energy of momacli
and the tetragonal forms of Zs@re 4.2 and 0.9 J M respectively [39]. This would imply, in practice,
that surface energy differences can thermodynalyisséhbilize nanoparticulated tetragonal Zr@ver
nanoparticulated monoclinic ZsO

On the other hand, it is well known the ‘stabiligi effect of partial substitution of Sc or Y for
Zr in conventional (microparticulated) zirconiaetfree energy difference between the tetragonatiaed
monoclinic forms decreases with doping, and thexgeinal phase becomes the more stable one above a
critical concentration of the ‘stabilizer’ catioNanoparticulated materials behave in a similar vildys
notwithstanding, the influence of the surface elpilea on the relative stability of the two polymbgp
involves a certain complexity. Indeed, Figure 3esohtically summarizes our experimental results in
terms of the fraction of the monoclinic phase atedi at a given temperature (for different doping
concentrations). These results reflect the fadt thath for Y and Sc containing zirconia, the tenapere
values delimiting the tetragonal/two-phases and tthe-phases/monoclinic transitions increase with

substitution (x value). In practice, above a givBping level, the tetragonal form becomes the more
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stable one along the entire range of temperatuvetes in this work. Such a limiting value is x =@
(12%) in the Y case, and slightly higher in thec8se.

We have tried to go more deeply into the strudtoedaviour of these compounds by means of
profile fittings of selected XRD patterns acquiegdoom temperature. Summarized in Tables 2-5tere t
main structural data obtained fitre entire series of (£§A) O, Samples prepared at 973 K (relatively
low temperature) and 1573 K. The fits were perfairasing a pseudo-Voigt peak-shape function. In the
final runs, the usual profile parameters (scaldofac background coefficients, zero-points, halg;
pseudo-Voigt and asymmetry parameters for the ghake) and atomic positions were refined. Isotropic
thermal parameters were set at 0.5 and .8oAmetal and oxygen atoms, respectively, and \arail
thermal parameter was also refined. In the strattmodels, Zr, Y and Sc, as well as oxygen vacancie
induced by doping, are considered to be randongiriduted in the cationic and anionic sites, ararth
occupancies were fixed according to the nominahirstbichiometry and oxygen content.

As a matter of fact, at first, all the recordedt@ats can be rather accurately indexed by
considering the presence of the monoclinic (spaocemP 2/c) and the tetragonal (R/dmc) zirconia-
like structures, either as isolated phases orrascaure of both of them. This is so even for highpdnt
concentration (x> 0.09), where the patterns can be initially indexeith the tetragonal phase.
Nevertheless, in some cases (¥ 1573 K), the final refinements are unsatisfactas the difference
plots (residual intensities) indicate (Figure 4a)nore detailed inspection of these last profilesves the
presence of a low intensity multiplet, centred 4% 2 (Figure 4b), which was not considered in the
initial indexation. According to the literature dg#0], this multiplet should be indicative of theesence
of the cubic zirconia-like phase (Fm-3m) togeth@&hwhe tetragonal one. Hence, a reconsideratigdhef
refinements allowing for mixtures of the A#mc and Fm-3m phases leads to more satisfactory
adjustments (Figures 4b and 4c). Although we ordyehclearly detected the presence of the cubic
zirconia-like phase in the case of samples (A x¥, 0.09, 0.12; A = Sc, x = 0.12) prepared at ahig
temperature (T= 1573 K), the apparent absence of the revealindfiptet in the patterns of the
corresponding samples prepared at relatively lompgrature (973 K) might be due to experimental
limitations: the closeness of these weak diffrattpeaks, together with their expected comparatively
larger widths (due to size effect), might maskphesence of the cubic phase. In fact, once coniritse

presence in the case of the 1573 K samples, aimfjtako account previous observations concerriireg t
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influence of the crystallite size in the cubic ttragonal transformation in the Zr—containing oxide
nanoparticles [41]}yvhat seems likely is the presence of the cubicghathe samples prepared at 973 K.

Raman spectroscopy provides us additional evidenoethis point because it is sensitive to
oxygen displacement in the cubic phase. Indeed Rmman spectra of Y-doped samples (x = 0.12)
prepared at 973 and 1573 K look very similar (Fégba), and clearly show four bands centered at 257,
316, 464 and 634 ch Moreover, they display a broad shoulder (centerech.700 cm'). The main
difference between them refers to the presencemesvery weak effects (at around 350 to 450")cin
the case of the 1573 K sample.

In the case of nanometric tetragonal zirconia (spgroup P4nmc), we expect six vibrational
Raman active modes, with symmetriegi#2B,;+3E;and located at 150, 260, 320, 480, 602 and 650 cm
1 [42] In contrast, in the cubic fluorite-type sttue (space group Fm-3m), only one vibrational Rama
T,gactive mode is expected at around 605'¢a8] Therefore, in the case of the spectrum of the Yedop
1573 K sample (whose XRD unambiguously confirms phesence of the cubic phase), taking into
account to the literature data [43], we can redslyrassign the bands centered at 257, 316 and @64 c
to the tetragonal Raman vibrational modes of symig®g, B,y and F, whereas the structured band at
634 cm' must have contributions of the;£and E, tetragonal and 5 cubic Raman vibrational modes.
Otherwise, the close correspondence between the features of the spectra of both the 973 K and the
1573 K samples, strongly suggests the presencenftare of the tetragonal and the cubic phasesials
the case of the 973 K sample. In fact, the decartiosi of the baseline corrected profiles in the 560
cm* region (Figures 5b and 5c) supports the assumpfitime presence of a mixture of the tetragonal and
the cubic phases. Thus, the profiles have beervezbinto four peaks (centered at 605/ 607, 62&, 63
638/ 640, and 721/706 ¢hin both cases (973/1573 K). The 605/607 queak is assigned to the cubic
phase and the peaks at 626/ 630 and 638/640t@rihe tetragonal phase. The 721/ 706" @aak, which
accounts for the above mentioned shoulder at ar@@dcn in the spectra, is attributable to a defect
induced band [44]. Finally, the very weak bands0(@50 cnt) in the spectrum of the 1573 K sample
(seemingly “lost” in the wider-bands spectrum of ®73 K sample because of their weakness) must be
due to fluorescence of rare-earth impurities ay V@w concentrations [45].

In any case, by comparing analogous Y and Sc s¢hiesobserved trends in both the nature of

the structures and the evolution of the cell patansewith increasing substitution, can be undecstoo
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the basis of the disorder introduced by the preserfi@nionic vacancies, together with the variatién
the mean value of the cationic radius. Indeed, rdsoincreases with the substitution degree, what
facilitates the transition from more ordered (lowsymmetry, P Zc) structures to more disordered
(higher symmetry PAnmc, F m-3m) structures. This tendency is enhaintdide Y case, whose cationic
radius is significantly higher than that of Sc alvdfor coordination number 8: Zr(1V), 84 pm; Sdj]187

pm; Y(lll), 102 pm). So, in the Y case, the monnidito tetragonal transition occurs for lower da@pin
levels (minor x). With regard to the evolution dfet cell parameters, we can also observe how the
monoclinic or tetragonal distortion decrease as dhiestitution degree increases, a variation whech i

modulated by the differences in cationic radii ([Eal®2-5).

4. Conclusions

In summary, nanoparticulated zirconia and both ¥ &c-doped zirconia can be successfully
prepared by thermal decomposition at relatively temperatures of precursors obtained by freezexgryi
of appropriate solutions. This technique has bessilyeimplemented at the 100 g scale. The desired
stabilization of the tetragonal versus the mondciform is dependent on the concentration and sfze
the dopant as well as on the temperature of themdhletreatment. On the other hand, for high dopant
concentration, a mixture of the tetragonal and ¢hbic forms is inferred from XRD and Raman
experiments. Once controlled the synthetic approaehare investigating the use of these materials i
applications in which the agglomeration of the ffipawder is not relevant (because of the very matdr
the processing), such as the preparation of namsted coatings using atmospheric plasma spraying

(APS) [46-48].
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Table 1. Selected microstructural data for Zrénd Zp94A0.0601.07 (A=Y or Sc). Grain (crystallite) size
obtained from X-ray diffractograms {gk); particle size obtained from scanning electrorroscopic
images (dev); specific surface area calculated assuming ngmeggted particles with sizes obtained
from SEM images (&J; specific surface areas from BET measurementg,)(¥alues corresponding to

samples prepared at 773, 973, 1173, 1373 and 1573 K

773K 973K 1173K 1373K 1573 K
0.00
dorx (NM) 14 15 23 37 56
dsem (NM) 38 57 77 110 368
Seac (M?/Q) 28 19 14 9.6 2.9
Sep (M?Q) 18 16 11 5.1 1.7
Y; 0.06
dprx (NM) 11 12 20 38 61
dsem (NnM) 19 26 61 99 200
Seac( M?/g) 52 38 16 10 5.0
Sexp (M?/Q) 7.8 5.9 3.8 3.2 1.9
Sc; 0.06
dprx (NM) 11 11 15 24 41
dsem (NM) 33 51 86 145 271
Seac (M?Q) 33 21 13 7.6 4.0
Sexp (M?Q) 24 17 12 4.5 1.6
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Table 2. Selected structural data from X-ray powddfrdction studies of 4r, Y,O,.,» samples prepared

at 973 K.
X 0.00 0.03 0.06 0.09 0.12
amon 5.149 (9) 5.15 (3)

Brmon 5.194 (9) 5.190 (25)

2 Conon 5.319 (9) 5.35 (3)

E Brnon 99.11 (6) 99.0 (3)

S Rs 4.14 3.82
Re 455 2.99
VizZ 35.11 (11) 35.3 (3)

% 71.6 (9) 11 (1)
et 3.597 (6) 3.606 (6) 3.610 (6) 3.612 (5) 3.615 (5)

< G 5.178 (13) 5.195 (10) 5.191 (11) 5.180 (9) 5.160) (1

% Rs 2.49 1.27 2.64 2.98 2.07

5 Re 2.46 1.20 2.47 2.36 1.68

"oz 33.50 (12) 33.77 (11) 33.82 (11) 33.80 (9) 33.76 (9
% 28.5 (4) 88 (2) 100 100 100
R, 125 14.2 14.3 13.8 9.89
Rup 13.8 14.2 13.8 1.8 11.2
Reg 11.95 13.25 13.15 12.20 10.50
e 1.33 1.14 1.10 1.28 1.15




Table 3. Selected structural data from X-ray powddfrelction studies of 4r, Y,O,.» samples prepared

at 1573 K.
X 0.00 0.03 0.06 0.09 0.12
Amon 5.147 (3) 5.158 (5) 5.167 (6)
Brmon 5.204 (3) 5.213 (5) 5.210 (7)
& Cmon 5.313 (3) 5.317 (5) 5.316 (7)
% Brmon 99.211 (15) 99.205 (23) 99.01 (5)
S Rs 3.18 1.98 2.08 28.0
= Re 2.64 2.08 2.03 16.8
V/Z 35.12 (3) 35.30 (6) 35.33 (8)
% 100 100 57 (1) 2.3(2)
A 3.6051 (23) 3.6100 (20) 3.6107 (20)
= Cu 5.174 (4) 5.170 (4) 5.167 (3)
% Rs 1.63 2.65 2.55
5 Re 1.60 2.47 2.33
= iz 33.62 (4) 33.7 (4) 33.68 (4)
% 43 (1) 53 (2) 52 (2)
Acub 5.136 (2) 5.1351 (21)
. Re 1.74 1.68
S R 1.55 1.57
° vz 33.86 (17) 33.85 (3)
% 44 (2) 48 (2)
R, 10.8 15.4 13.3 10.6 9.14
Rup 12.4 15.2 13.8 11.4 10.6
Rep 9.95 14.20 12.36 9.81 8.91
1 1.56 1.15 1.24 1.35 1.40
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Table 4. Selected structural data from X-ray powddfrdction studies of Zr, SgO,.,» Samples prepared

at 973 K.
X 0.00 0.03 0.06 0.09 0.12
mon 5.153 (17) 5.153 (25)

Brmon 5.192 (18) 5.20 (3)

2 Conon 5.320 (16) 5.320 (24)

E Brmon 99.06 (12) 99.1 (3)

S Re 2.01 6.06 11.3
Re 3.80 4.52 9.08
Viz 35.14 (20) 35.1 (3)

% 46 (1) 8.0 (3) 1.00 (20)
Qe 3.600 (7) 3.600 (6) 3.600 (6) 3.594 (6)

< G 5.180 (12) 5.174 (10) 5.160 (11) 5.142 (11)

% Rs 1.47 1.74 2.36 1.22

Z Re 1.71 1.62 2.01 1.67

T oviz 33.50 (12) 33.50 (10) 33.40 (11) 33.21 (11)

% 54 (1) 92 (1) 99 (1) 91 (2)
R, 15.5 15.7 16.1 14.1
Rup 15.2 14.9 14.7 13.3
Reg 14.30 13.78 13.63 13.15
v 1.13 1.16 1.16 1.03
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Table 5. Selected structural data from X-ray powddfrdction studies of Zr, SgO,.,» Samples prepared

at 1573 K.
X 0.03 0.06 0.09 0.12
Bimon 5.152 (4) 5.160 (6) 5.158 (4) 5.146 (21)
Brmon 5.204 (4) 5.207 (6) 5.191 (5) 5.200 (22)

& Crmon 5.310 (4) 5.310 (6) 5.300 (5) 5.300 (20)

% Brnon 99.250 (20) 99.19 (3) 98.91 (5) 99.00 (23)

S R 1.89 1.82 2.90 7.48

= R 1.19 1.34 1.49 5.45
ViZ 35.13 (5) 35.20 (7) 35.05 (6) 35.00 (24)
% 100 97 (1) 75.6 (4) 4.71 (17)
et 3.594 (16) 3.593 (3) 3.5923 (23)

< G 5.18 (5) 5.156 (8) 5.154 (3)

% Rs 1.86 2.40 2.54

5 Re 1.16 1.71 2.04

T oviz 33.4 (4) 33.30 (7) 33.30 (6)
% 3.5 (3) 24.43 (17) 52 (2)
b 5.091 (3)

, Ra 1.59

S Re 1.48

° vz 33.00 (3)
% 44 (1)

R, 10.3 11.0 13.1 12.1
Rup 11.9 12.6 15.2 13.1
Reg 10.34 10.79 10.69 9.56
1 1.34 1.36 2.02 1.88
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Figure Captions

Figure 1. X-ray diffraction patterns of materials preparedthgrmal decomposition in oxygen of (a) x =
0.00, (b) x =0.06 Y, and (c) x = 0.06 Sc precwssdhe temperatures of the thermal treatments Z8e 6
1473 K, in 200 K intervals, from bottom to top il aases. Reflections marked wi# are those
corresponding to the tetragonal phase; those mavkad correspond to monoclinic phase.

Figure 2. Scanning electron microscopic (SEM) images shovtirgg microstructure of zirconia and Y
and Sc doped zirconia. (a) x = 0.00, 973 K; (b) .66 (Y), 1173 K; (c) x = 0.06 (Sc), 1373 K; (d}x
0.00, 1573 K. Scale bars correspond to 300, 30D ®and Jum, respectively.

Figure 3. Evolution of the monoclinic phase content, estimddtem the integrated intensities of (101)
and (-111) peaks, for (a) Y and (b) Sc doped zirconias. Fath lseriesm, X = 0.00;0, X = 0.03;A, X =
0.06;0, x=0.09; X, x = 0.12.

Figure 4. Observed (dotted) and calculated (solid) X-rayrdifion profiles for ZggsY 910094 prepared

at 1573 K. Tic marks below the diffractograms repré the allowed Bragg reflections. The residuals
lines are located at the bottom of the figures. iMiigure: refinement considering the presence of a
tetragonal and a cubic phase, the whole pattedispayed (20-110°@ interval). Insert a) Refinement
considering a tetragonal phase, in the 25-B5h&rval: the residuals are indicative of a probheith the
structural model. Insert b) Refinement considetimg presence of a tetragonal and a cubic phagbein
72-76° B interval: the multiplet centred at ca. 749 B satisfactorily interpreted with this structural
model. Insert ¢) Refinement considering the presearia tetragonal and a cubic phase, in the 2®85°
interval.

Figure 5. Raman spectra of gggYo.100.04 prepared at 973 and 1573 K. a) Uncorrected Rarmpactrs,
200-800 crit region. b) Baseline corrected spectrum of sampeared at 973 K (thick line) in the 500-
750 cm' region, and band decomposition (thin lines, diffiereomponents; dashed line, sum of
components). c) Baseline corrected spectrum of Eapyepared at 1573 K (thick line) in the 500-750
cmi' region, and band decomposition (thin lines, diffitreomponents; dashed line, sum of components).
Bands 1 are assigned to the cubic phase, 2 andh# tetragonal phase, and 4 to a defect induced ba

(see text).
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