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Abstract

Textures formed by phase separation and crystallization of sol-gel derivedZiK® materials with 30 mol% ZrgQ were examined by
X-ray diffraction, small angle X-ray scattering and transmission electron microscopy. An amorphous phase separation consisting in silica-rich
and zirconia-rich interconnected domains was shown to be present before crystallization. In the initial stage crystallization of metastable
tetragonal zirconia, nucleation was considered to occur in the-Aob regions. The size and spatial distribution of crystalline particles,
dispersed in the amorphous Sifch matrix, are controlled by the phase separation texture.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction SiO,-rich matrix. Such a microstructure is sometimes favor-
able and sometimes unfavorable to the expected properties of

ZrO,—Si0, mixed oxides are promising materials to be the material. Therefore, in both cases, it would be useful to
used in a broad spectrum of applications including cat- control the crystallization conditions of the zirconia grains.
alytic processe§;* high permittivity insulating films,® To date, the existence of a liquid miscibility gap in the
high fracture toughness glass cerarfiasd a variety of op-  ZrO,—SiO, phase diagram is accepted. Furthermore, the ex-
tical coatingst®12 Most of these applications require the tension of this liquid immiscibility as a metastable miscibility
fabrication of thin layers. The sol-gel methods are very often gap in solid state has frequently been suggested. It was re-
used for the preparation of such mixed oxide coatings, be- cently confirmed by simulation of the thermodynamics of
cause it is a low-cost process, with inexpensive equipmentsmixing in the ZrG—SiO; liquid solutionl®
and it could be easily converted to industrial scale. The main  So, it is necessary to investigate the phase separation
advantage of sol—gel processing is the high degree of compo-and crystallization process precisely, in sol-gel derived
sitional and homogeneity control inherent with the solution ZrO,—SiO, system. The metastable immiscibility should in-
synthesis of multi-component inorganic materials. The po- fluence the crystallization of zirconia and the phase-separated
tential for microstructure control is great. texture should control the microstructure of the resulting

The behavior of sol-gel Zr$3-Si0, derived materials has  nhanocomposite material. Transmission electron microscopy
been widely studied®1” Many investigators have reported (TEM) and small angle X-ray scattering (SAXS) are suitable
that low-temperature deposition usually yields amorphous techniques because the expected size of the texture ranges
films, but during device fabrication, films have to withstand from 1 to 50 nm. Moreover, SAXS is well-suited for study-
temperatures above the crystallization temperature of the bi-ing spinodal decomposition mechanism which is expected
nary oxides system. This resultin a composite microstructure inside a metastable miscibility gap.
consisting of a crystalline Zr@rich phase embedded in a In this work, the texture formed by phase separation

in 30 mol% ZrQ—-SiO, xerogels and crystallization of the
* Corresponding author. Tel.: +33 5 55 45 22 07; fax: +33 555 79 09 g8, Netastable tetragonal zirconia phase were examined by
E-mail addressr_guinebretiere@ensci.fr (R. Guinebiet). SAXS, TEM and X-ray diffraction (XRD).
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2. Experimental procedure target. The scattered intensities were recorded using a linear
position sensitive detector (Elphyse). The sample to detector
2.1. Material synthesis distance, fixed to 0.5m, allows to covegaange from 0.1

to 4 nnT ! whereq is the scattering vectog,= 471~ 1 sin@),

For this study, Zr@-SiQ, gels with 30 mol% ZrQ were 1 is the Cu Kx1 wavelength and®@is the scattering angf.
prepared in acidic conditions, with alkoxides as starting pre-  XRD experiments were carried out in a Debye—Scherrer
cursors. All the sols were synthesized in a dry atmospheregeometry based diffractometer with a sealed tube operating
to avoid uncontrolled hydrolysis from tetraethyl-orthosilicate at 37.5kV/28 mA, a quartz monochromator (CaXradia-
(Teos: Si(OEY, Aldrich Chemicals), zirconium-propoxide tion) and equipped with a curved position sensitive detector
(Zr(OPr), Alfa Products) and acetylacetone (acagtgOo, (Inel CPS 120¥%2 The mean crystallite size was determined
Merk) as chelating agent for the zirconiumpropoxide?® using the integral breadth meth&tDue to the X-ray diffrac-

The reaction rate of silica and zirconia precursors toward tion line overlapping, the pattern simulations were done by
water is quite different; silicon alkoxide without any catalyst Rietveld refinemerP using the Fullprof packag®®. Instru-
is “stable” over a long period of time before gelation begins, mental broadening was estimated using the Nist profile stan-
while zirconium alkoxide reacts immediately. To match their dard 660 LaB.
reactivity, the silica precursor solution was pre-hydrolyzed  The morphology and texture were also investigated using
at room temperature under mechanical stirring. Then, thea Jeol 2010 transmission electron microscope operating at
chelated zirconia precursor solution was slowly added while 200 kV.
continuously stirring. And finally the final amount o£8 is
slowly mixed. The sol parameters were the concentration in
alkoxides,C = [Zr(OPr),] + [Si(OEt),] = 0.5mol L%, the 3. Results and discussion
hydrolysis ratioW = [water]/[alkoxides] = 10, and the com-
plexing ratioR = [acac]/[Zr(OPr)] = 0.7. As previously observetf™1° the dried gels obtained after

The sols gelled after few hours at 80. The gels were  1h at 600°C exhibit a “non diffracting” structureFig. 2)
slowly dried at 60C under a 100% humidity atmosphere in and we can consider that the xerogel is amorphous, even
order to form massive xerogels, as proposed by Nodgami. if its chemical composition is perhaps not yet that of pure
Resulting samples were then fired at 600 and T@@or ZrO,—Si0, mixed oxides.
various times. XRD and SAXS experiments were carried out  Further investigation of this xerogel monolith shows that
on optically polished small slices about 10t in thickness the material is not homogeneous at a nanometric scale. As

(Fig. ). a matter of fact, the SAXS intensity distributioRig. 3a)
clearly shows a peak gf, = 0.3—-0.4 nmi! corresponding to
2.2. Characterization a correlation length of about 18 nm in direct space. A SAXS

curve being the fourier transform of the electron density dis-

SAXS measurements were performed using a point like tribution within the observed sample, the only requirement
collimation geometry. The monochromatic X-ray incident for SAXS intensity appearance is the presence of inhomo-
beam was provided by a double channel cut germanium geneities in electron density with colloidal size, such as par-

monochromator adapted to a 12 kW rotating anode with a Cuticles, pores or compositional fluctuations. The main diffi-
culty is to extract information about the nature, the shape
and the spatial distribution of these inhomogeneities. In the

?n‘_y_“___.‘___._qm_.%g present case, TEM observatiorfég. 3b) prove that com-
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Fig. 2. XRD patterns for samples heated at 600 and $Q0At 600°C
Fig. 1. Optical photograph of a monolithic xerogel sample dried at’€00 xerogels are amorphous and only tetragonal zirconia is formed even for long
for 1 h. times at 1000C.
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Fig. 3. SAXS intensity distribution (a) and corresponding TEM micrograph (b) for the xerogel treated for 1 h°&t. 6@ sample exhibits a correlation
length (18 nm) related to the bicontinuous phase-separated morphology with interconnected zirconia and silica-rich regions.

positional fluctuations are the cause of scattered intensity. compositional fluctuatiof? This fluctuation does still persist
The material is amorphous and its microstructure is that of a since the ZrG-rich crystals are decorating the Zr@ch do-
bi-continuous phase-separated system consisting probably inmains. The second scattered intensity peak, locatgg-at
interconnected Zr@rich and SiQ-rich domains as expected  1-1.2 nn1 is attributed to short-range correlations between
from a spinodal decomposition mechanism. the crystalline Zr@-rich crystals. The corresponding mean
Annealing the xerogel at 100€ leads immediately to interparticle distance, about 5.8 nm, is in good agreement
crystallization Fig. 2. Small crystals of the metastable with the ZrQ, volume fraction and the crystal size as deter-
tetragonal ZrQ type phase appear with a mean grain size mined by XRD experiments. This means that these crystalline
of about 2.5nm after an annealing time of 15min, as de- crystals are very homogeneously distributed in thesZriéh
termined from XRD measurements. These results are con-phase.
firmed by TEM observationsHg. 4a). Moreover, TEM mi- Through further annealing at 100G, the growth of the
crographs show that the spatial distribution of the Zr(@h crystalline particles is observe&i¢. 2). Their mean grain
crystals is notrandom. The previously formed interconnected sizes were determined from XRD pattern analysis. They
texture constitutes the matrix from which the crystallization grow from 2.5nm in diameter after 15 min up to about

appears. The nucleation of metastable tetragonabZith 5nm after 32 h at 1000C. Corresponding SAXS curves are
particles occurs in the Zrfrich phase. The SAXS curve  shown inFig. 5a. The first scattered intensity peak ca,

of the monolithic sample fired for 15min at 1000 ex- rapidly disappears because of the coarsening of the initial
hibits a rather unusual intensity distribution with the coex- microstructure. The second peak intensity strongly increases
istence of two peaksHg. 4b). The first one, located &jn1 since its position goes slowly towards smaller angles, ac-

= 0.3-0.4nm*, is the same as the previous one that was companying the crystalline particles growth. All the SAXS
attributed to amorphous phase separation. Its position corre-cyrves collapse into a single master curi#g( Sb) when
sponds to the typical size of the largest amplification of the plotted ad (/gm2(t))(Gm2(t))® versusa/gma(t), showing that
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Fig. 4. TEM micrograph (a) and corresponding SAXS curve (b) of a sample fired for 15 min at@0WT8e SAXS curve is quite unusual and reveals the
existence of two correlation lengths, respectively, 14.3 and 5.8 nm. The first one is related to the bicontinuous phase-separated morpholeggrahdribe s
is associated to the mean distance between crystalline zirconia particles.
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Fig. 5. Evolution of SAXS data during isothermal heat treatments at 40G6r 1-32 h at 1000C (a) and the corresponding dynamical scaling behavior of

the structure factors (b).

the experimental structure factors are time independent andReferences

grow with dynamical self-similarity. This scaling behavior is
knowr?’—28 to be followed in the late stages of phase sep-
aration after quenching into a miscibility gap. It applies to
two-densities systems with constant compositions and vol-
ume fractions.

3.

4. Conclusion ;

The phase separation and crystallization textures formed g
in sol—gel derived 30 mol% Zr§&3-Si0; mixed oxides were 9.

examined. Monolithic xerogel samples were studied by XRD 10.

experiments, SAXS intensities measurements and TEM ob—1
servations.

Interconnected textures probably formed by spinodal de- 15
composition appear in the xerogel fired at low tempera-
ture, i.e. for 1 h at 600C. The crystallization of zirconia-
rich nanometric particles, in the metastable tetragonal form,
is shown to occur from the zirconia-rich phase previously ;5
formed by phase separation. At 10@ for 15 min, for ex-

ample, the microstructure consists of a fine dispersion of 16.

very small zirconia-rich crystals, 2.5 nm in diameter, embed-
ded in an amorphous Siich matrix. With longer anneal-
ing times, the coarsening of the texture and the increase of; o
the inter-ZrQ-rich crystals distances were observed, XRD 19
and TEM observations being in good agreement with SAXS
analysis.

Such a mechanism where the size and spatial distribution2
of the crystalline particles are controlled by the phase sepa-,,’
ration texture provides a promising potential to manage the
microstructure of functional layers.
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