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the cylinders varies from 2 to 4 nm. The particles form a network of disordered and

partially connected cylinders. This disordered network of cylinders is able to resist to
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"DIFFUSION DES RAYONS X AUX PETITS ANGLES PAR DES SOLS D'OXYDES MIXTES
TiO2/ZrO2 ET UN PRECURSEUR SYNROC1

Sommaire - L'étude par diffusion aux petits angles à haute résolution de sols concentrés d'oxydes

précurseurs de la matrice "SYNROC1 destinée au stockage de déchets à haute activité, montre que la

microstructure de cette solution est un enchevêtrement de cylindres. Cette microstructure explique la

stabilité exceptionnelle de cette solution colloïdale vis-à-vis de l'addition de solutions concentrées

d'acide contenant les déchets à haute activité. L'addition d'alumine au mélange titane-zirconium

initial favorise les branchements sur les cylindres. Nous montrons également que le solide obtenu après
calcination et avant fritlage a la même surface spécifique (AJ 1000 m2 /g) que la solution initiale.

1992 - Commissariat a l'Energie Atomique • France

RAPPORT CEA-R-5606(E) - Didier GAZEAU, Rosé AMAL, John BARTLETT, Thomas ZEMB

"SMALL ANGLE X-RAY SCATTERING BY TiO2/ZrO2 MIXED OXIDE PARTICLES AND A SYNROC
PRECURSOR"

Sununray - This high resolution small angle X-ray scattering study of a concentrated oxide sol,

precursor of the SYNROC matrix for the storage of the high level radioactive waste, evidences a

locally cylindrical microstructure. Locally, nanometric cylinders show disordered axis with some

concentration dependent connections. This microstructure explains the paradoxal stability of this oxide

dispersions upon the addition of concentrated acidic solutions. This stability has a steric origin and

electrostatic repulsions are not needed. The addition of aluminium to the initial titanium-zirconium

mixture enhances branching on the locally cylindrical microstructure. Finally, we show that the solid
powder obtained after calcination (drying) of the sol has the same specific area ( /u 1000 nç/g) than the

sol.

1992 - Commissariat à l'Energie Atomique • France

r Bibliography
[1] A.E. Ringwood, "Safe disposal of high-level nuclear reactor wastes : a new



Rapport CEA-R-5606 (E) -

Centre d'Etudes de Saclay
Direction des Sciences de la Matière

Département de Recherche sur l'Etat Condensé, les Atomes et les Molécules
Service de Chimie Moléculaire

SMALL ANGLE X-RAY SCATTERING BY TiQ2/ZrQ2

MIXED OXIDE PARTICLES AND A SYNROC PRECURSOR

par

Didier GAZEAU0. Rose AMAL*. John BARTLETT, Thomas ZEMB0

0 Centre d'Etudes de Saclay, Service de Chimie Moléculaire,
Bât. 125, Gif-sur-Yvette Cedex FRANCE

* Australian Nuclear Science and Technology Organization,
Environmental Science Program, Menai, New South Wales,
AUSTRALIA

• Australian Nuclear Science and Technology Organization,
Advanced Materials, Menai, New South Wales, AUSTRALIA

- Septembre 1992 -
ISSN 0429 - F460

[16] L Belloni, in "Neutron, X-Ray and Light Scattering, Introduction to an



SMALL ANGLE X-RAY SCATTERING BY TiO2IZrO2

MIXED OXIDE PARTICLES AND A SYNROC
PRECURSOR

D. Gazeau °, R. Amal *, J. Bartlett* and Th. Zemb °

0 Centre d'Etudes Nucléaires de Saclay, Service de Chimie Moléculaire, Bâtimei.t

125, Gif sur Yvette Cedex, FRANCE.

* Australian Nuclear Science and Technology Organization, Environmental Science

Program, Menai, New South Wales, AUSTRALIA.

• Australian Nuclear Science and Technology Organization, Advanced Materials,

Menai, New South Wales, AUSTRALIA.

Abstract : this high resolution small angle X-ray scattering study of a concentrated
oxide sol, precursor of the SYNROC matrix for the storage of the high level
radioactive waste, evidences a locally cylindrical microstructure. Locally, nanometrlc
cylinders show disordered axis with some concentration dependent connections.
This microstructure explains the paradoxal stability of this oxide dispersions upon
the addition of concentrated acidic solutions. This stability has a sterlc origin and
electrostatic repulsions are not needed. The addition of aluminium to the Initial
titanium-zirconium mixture enhances branching on the locally cylindrical
microstructure. Finally, we show that the solid powder obtained after calcination

(drying) of the sol has the same specific area (-1000 m2/g) than the sol.

Résumé : l'étude par diffusion aux petits angles à haute résolution de sols
concentrés d'oxydes précurseurs de la matrice "SYNROC" destinée au stockage de
déchets ft haute activité, montre que la microstructure de cette solution est un
enchevêtrement de cylindres. Cette microstructure explique la stabilité
exceptionnelle de cette solution colloïdale vis-à-vis de l'addition de solutions
concentrées d'acide contenant les déchets à haute activité. L'addition d'alumine au
mélange titane - zirconium Initial favorise les branchements sur les cylindres. Nous
montrons également que le solide obtenu après calcination et avant frlttage a la

même surface spécifique (-1000 m2/g) que la solution Initiale.
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Introduction
A typical nuclear power station generating 1000 megawatts of electrical

power produces about 30 tons of used fuel per year. After uranium and plutonium

have been recovered for recycling in reactors, about one ton of high level waste

(HLW) is left behind. Almost all the radioactivity originally in the spent fuel ends up in

this HLW. The radioactivity from fission product elements like caesium and strontium

decays in about 1000 years. Thereafter the radioactivity comes from the actinide

elements. Their radioactivity takes at least of the order of 10s years to decay to

acceptably low levels.

According to !he current waste management strategies, the HLW should be

converted into a compact solid form and be buried as deep as possible underground
while the radioactivity decays. Protection of the biosphere on a time scale exceeding
few thousands years relies primarily upon the capacity of the geological barrier to

minimize access of groundwaisrs to the HLW and to retard the migration of dissolved

radioactive species to the biosphere. In addition, tha waste form itself should be very
stable in the geological environment.

The barriers may be divided into two categories. The first is the
immobilization barrier. Primarily, this refers to the material which has been produced

by solidification of the liquid waste. This matrix should be in a form that is

mechanically sound and exhibits stability in the presence of groundwater. The

barrier may include a corrosion resistant cannister in which solidified waste has
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been placed. This package is then deposited in a repository which can take the

place of a salt dome, a deep-sea clay formation, a disused mine or a deep borehole.

These and their surroundings constitute the geological barrier.

SYNROC was first developed and characterized in 1978 by Professor A.E.

Ring wood and his colleagues at the Australian National University in Canberra.

SYNROC is a synthetic rock composed of four titanate minerals : hollandite

(BaAI2Ti6O16), zirconolite (CaZrTi2O7), perovskite (CaTiO3) and rutile (TiO2), together

with a small amount of metal alloy I1- 2L Almost all the elements in the high level

nuclear reactor wastes can form an integral part of the crystal lattices of these very

stable SYNROC phases. Moreover, close analogues of the titanate phases of

SYNROCs also occur in nature. These ancient natural minerals have survived

extreme geological conditions for millions of years, yet they still contain their original

content of radioactive elements. Such evidence, provided by nature, strongly

suggests that SYNROC can immobilize high level nuclear waste for the geologically

long periods needed for their radioactivity to decay to safe levels.

It is not our purpose here to describe the SYNROC process, that has been

documented extensively elsewhere I3- 4I However some aspects of the fabrication

have to be mentioned. SYNROC fabrication starts with the preparation of a

precursor : a concentrated colloidal sol is first prepared. This sol is a mixture of five

oxides : titanium, zirconium, calcium, barium and aluminium oxide. This precursor

must contain all the SYNROC forming elements in the correct stoechiometric

proportions. It is prepared by hydrolizing a mixture of alkoxides of titanium and

zirconium in the presence of NaOH to yield a "sodium titanate - sodium zirconate"

substrate which behaves as a cation exchanger for an aluminium, barium and

calcium nitrate solution. The precursor should be a chemically homogeneous blend

of all the components to avoid segregation of some elements. In addition, it should

have also a high specific surface area to permit hot pressing at the minimum

temperature and pressure. About 20 wt % of radioactive waf.te is blent to the oxides

mixture (in the australian pilote program the waste is simulated by means of non-

radioctive chemicals of almost identical chemical properties).

The added HLW solution is a concentrated HNO3 solution. Any tendency

towards precipitation has to be avoided when adding this molar solution of nitric

acid. This very concentrated nitric acid solution brings the Debye screening length

within the sol to a value of a few Angstroems : no electrostatic repulsion can be

efficient to stabilize the sol in these conditions. Therefore, the origin of the stability of
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the concentrated SYNROC solution cannot rely on the microscopic level to an

electrostatic mechanism '5I The full mixture is then calcined at about 750 0C, and

then compressed at 1150 - 1200 0C. This produces a hard, dense black cylinder of

solid SYNROC.

Our aim in this study is to investigate the microscopic structure of the mixed
oxide sol, in order to allow some evaluation of the specific area and local

microstructure. These two quantities are expected to be key elements in order to

determine the origin of the remarquably high stability of the SYNROC precursor sol

versus addition of strong electrolytes. We would like to understand the maximum

admissible ionic strength in concentrated oxide dispersions before precipitation or

coagulation occurs.

This paper reports on a small-angle X-ray scattering study of aqueous

model dispersions of mixtures of titanium and zirconium oxides (TiO2 and ZrO2).

These two oxides represent more than 75 % of the SYNROC precursor mass.

Small-angle X-ray scattering by a full SYNROC precursor is also reported. Finally,

the in homogeneities observed in the solid calcined state are compared to the initial

concentrated sol. The small angle scattering experiments, done for the first time in

strongly absorbing materials over three decades of scattering angle, allows direct

in-situ determination of the microstructure of the precursor, a viscous sol. This is the

first step in an understanding of the precursor stability, of the interactions between

particles surfaces, and how to improve precursor stability against concentrated acid

addition upon adding the waste.

Expérimentais
We studied small angle X-ray scattering by TiO2 / ZrO2 acidic sols, prepared

in ANSTO (Lucas Heights Laboratories, New South Wales) via the alkoxide route,

hydrolizing a mixture of iso-propyl titanate (Ti(OC3H7)4) and iso-butyl zirconate

(Zr(OC4Hg)4). As these two oxides constitute more than 70 wt % of the solid mass in

a SYNROC precursor, this mixed oxide system may be a good model for the

precursor. The concentrated stock solution contains 15.0 moles TiO2 per mole of

ZrO2. The concentration of solid panicles in that stock solution is 1070 g per liter. The

concentrated sol, with a volume fraction of solid particles 0j = 0.20, was further

diluted with water to prepare samples with solid volume fractions $2 - 0.06 and

Ip3 = 0.03. We also studied X-ray scattering by a full SYNROC precursor before and

after calcination. Details on samples compositions are given in table I.

4
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r We used two small-angle X-ray cameras to cover a q range from 1.4 1O-3

A'1 to 0.6 A'1. A high resolution Bonse & Hart camera, coupled to a copper K018 kW

rotating anode (X = 1.54 A), allows for intensity measurements at ultra small angles.

The possibilities of this experimental arrangement have been extensively described

[6.7.8] Th6 corresponding q range, from 1.4 1O-3 A'1 to 0.4 A-1, overlaps with the one

of a Guinier-Mering type camera coupled to a molybdenum X-ray source. A curved

quartz monochromator selects and focuses the Ka radiation (X = 0.71 A), allowing

absolutely scaled scattered intensity measurements (l(q) in cm'1) in a q range from

0.05 A'1 to 0.8 A'1. The use of a molybdenum source, which emits photons with an

energy of 17 KeV, allows small angle X-ray scattering experiments with absorbing

materials like titanium and zirconium. Two dimensional scattering raw data have

been obtained using a new "Image Plate" photosensitive detector : X-ray photons

interact with europium sites homogeneously located on the plate I9I. Excited

europium sites energy level is a triplet state, which makes possible a temporary

data storage. Further excitation with an He-Ne laser radiation (X = 633 nm) changes

the exited europium sites into singlet ones. Then instantaneous fluorescence occurs

(X = 490 nm). The important point to notice is that the number of fluorescence

photons for a given site is proportional to the number of incoming X-ray photons on

that site. This type of detector exhibits excellent linearity over more than four

decades in intensity. The detailed procedure allowing determination of the scattering

power l(q) from image processing is described in reference MQJ.

Intensities are measured in absolute units '1^ which allows for direct

comparison between the experimental scattered intensity and calculated scattered

intensities for different models of the sol microstructure. Water, as well as LupolenI12]

(Lupolen is a a trade mark for a polyethylene manufactured by BASF), has been

used to calculate small angle scattering cross-sections. Converted in real space, the

three decades of scattering angles covered correspond to explored Bragg spacings

between 1 micrometer and 1 nanometer. In order to be accepted as a good

representation of a microstructure, the scattering power l(q) of a physical model has

to be close to the observed one over three decades of magnitude.

ST °-08



r Results and discussion

1) Concentrated colloidal dispersions of mixed TiO

As stated above, the scattered intensity was recorded in the q range from

1.4 10'3 A-' to 0.6 A'1 in order to obtain structural information on length scales

varying continuously from 10 A to 4500 A. Figure 1 shows the total scattering

patterns obtained for the three studied samples. The large linear behaviour

measured at the low-q part of the scattering pattern is not accessible with classical

scattering machines and can only be obtained using a high resolution Bonse & Hart

camera. This part of the scattering pattern reflects the morphology of the solution for

a typical scale of 10O nm.

For high q values, the scattered intensity exhibits a q-4 dependence

characteristic of the Porod's law MS]. This reflects the total specific interface Z (in

cm2 / cm3 of solution) between the oxide and the solvent. The Porod's law gives the

q dependence of the scattered intensity by an abrupt interface which separates two

media having different electronic densities pp and ps

Kq) = 2.Jt.(pp-ps )
2.Z. {1}

where (Pp-ps ) also written Ap is the difference in the electronic densities of the

scattering particles, expressed in cnr2, as each electron of the sample has a

scattering length of 0.282 10'12 cm. In order to obtain the value of the total oxide /

water specific interface we have to assume an homogeneous mixing of the titanium

and zirconium oxides inside the solid particles. In fact, it may be that the ZrO2

component is coating the TiO2 colloids. This effect would add a q~2 excess term to the

observed pure Porod limit. Our experiment rules out any significative separation of

oxides at a scale larger than 10 A. This "ideal mixing hypothesis" is used to calculate

the density (dp) of the TiO2 / ZrO2 particles and their electronic density (pp). As stated

above, in the high-q range all the spectra exhibit a q-4 dependence which is

characteristic of the Porod's law. The contrast Ap is the difference in the electronic

densities of the scattering particles ( here the TiO2 / ZrO2 particles) and the solvent



r (water), and x represents the total amount of interface per unit volume of sample.

The constant term 2.K-(Pp-P5)
2.Z is called the Porod's limit. Figure 2b gives the

variation of the specific si>-face area S in m2/g, derived from the Porod's limit, versus

the volume fraction of particles. The specific surface area is not proportional to the

dry volume fraction 4» of particles. S increases upon decreasing <t>. Coarse

dispersions at high concentration tend to become finer at lower volume fractions.

The observed minima on fig. 2a are due to oscillations in the form factor of the

individually scattering objects. These minima are all observed at the same q values,
which attests that the shape of these objects does not change upon dilution. This

asymptotic scattering regime is observed when qR > 10, where R is the typical

curvature radius of the oxide / solvent interface. The value of the Porod's limit is

indépendant of the topology of the solution : it can be a connected network as well

as a dispersed set of globular particles. The only requirement for the observation of

a Porod's limit is a "sharp" oxide / water interface. By "sharp" -as opposed to

"diffuse" - a small angle experiment refers to an average distance between a point

INSIDE bulky oxide structure and a point INSIDE pure solvent to be less than n I

Qmax " 1OA. Here, the oxide water interface is determined to be smooth on a

nanometric scale. Between the Porod regime and the low-q morphology regime, a

cross-over region is observed.

The position of this cross-over is indicative of the typical size | of the

dispersed material : qcr0ss-over = n/ Z- At a; < TT /1, the slope of the scattering gives

information on the sample microstructure. Two types of microstructure can arise in

concentrated solutions : a connected network or a set of interacting globular

particles. If the microstructure is a connected network, the power law decay (slope in

a log-log plot) observed is close to -4 for large flocculated aggregates, close to -3 for

very compact lumps heaving few voids. Other power law decays may reflect fractal

structures (14I. Two simple cases are slopes close to -1 (cylinders) or to -2 (platelets).

If the network is made of particles, once volume fraction, electronic densities and

specific areas are known, the shape of the particles can be determined using either

model calculations on absolute scale, or shifts of the scattering maximum for a

volume fraction variation at fixed specific interface z I15L If the structure is a set of

interacting globular particles, the low-q thermodynamic limit of the scattering mainly

reflects the attractive or repulsive interactions between particles. In some cases the

low-q limit can give direct information about long-range interactions between

individual particles or aggregates inside the solution I16I.

7



r r The standard method to distinguish between these two main types of

structures is a dilution experiment : on fig. 1, the scattering curves observed for three

concentrations are compared after normalization by volume fraction : l(q) / 0 is

compared for different volume fractions. In the case of interactions between a set of

roughly identical globular particles, moving independantly, the low-q part of the
scattering would be completely modified when changing the volume fraction of

particles. In the case of the mixed oxide sol investigated here, the spectra remain

similar, indicating a more and more connected network or disordered dispersion of

cylinders. The slope which is close to -1 is indicative of a local microstructure similar

to monodisperse cylinders. This first indication has to be checked for self-

consistency as described below. From this first data set, we conclude that the most

likely microstructure of the sol is therefore a set of cylinders.: there is no variation in

the small angle slope which would indicate interactions between charged interfaces.

In the case which is studied here, the sterical interactions are predominant. The

typical size £ of the oxide dispersion is given by £ = n/qc, where qc is the value of the

scattering vector at the graphically determined cross-over between the q"1 and the q-

4 regimes. It can be seen on figure 1 that 4 is slightly concentration-dependant. In the

intermediate q range the cross-over region moves towards lower q values upon

dilution. At low-q, all the samples behave the same way and the reduced scattered

intensity decreases as q'1. Figure 2a shows the results of this dilution experiment in

a "Porod's plot" representation : this plot enhances the variations of the reduced

scattered intensity (l(q)/<t>) occuring at high q. Here 0 is the oxide volume fraction for

the three studied samples. The observed minima for the three curves, related to the

average curvature of the interface, appear at the same q values. The high q limit of

the curves, also called the Porod's asymptote, increases upon decreasing 0. Without

any further assumption, the total interfacial area s -which has been deduced from the

Porod's limit using expression {1} - is represented on figure 2b. We see here that

diluting the sample with pure water increases the specific area without modifying the

average curvature, because the oscillations remain at the same position. This

means that dilution decreases the probability of oxide network connections. There is

a reversible aggregation between the oxide interfaces, without coagulation. The

values of the specific area per unit volume of the three samples are given in Table I.

On figure 3, the measured scattered intensity for the most diluted sample (<p = 0,03)

is compared to the calculated intensity in case of three ideal microstructures :

spheres, cylinders and lamella. The expressions used in these model calculations

8



r T r•T are given in appendix. Note that these calculations do not require any adjustable £

parameter. It is clear that only a dispersion of primary particles aggregating into long

cylinders is the best image of the TiO2 / ZrO2 particles dispersions. This is in

agreement with the q'1 dependence of the scattered intensity at very small angles.

Furthermore, the presence in the sol of other topologies would lead to a measured

intensity different by at least one order of magnitude from the observed one. Upon

increasing the solid volume fraction, particles stick on existing cylinders and

increase their average radius, thus inducing a specific area reduction.

The picture of a network of disordered cylinders is therefore the only one

compatible with the order of magnitude of the observed scattering. To check for self-

consistency we calculated the average chord length I01
17I.

jrf~q.l(q).dq

- }° - { 2 }

[
»n

.l(q).dq

For a connected or a disordered dispersion of cylinders the average chord

length is the analogue of the typical size of a dispersion of isolated particles. This

average chord length (lc) may be compared to a correlation length £. For the three

volume fractions, the order of magnitude of the measured average chord length is

comparable to the size associated to the graphically determined cross-over (see

table I). Diluting a set of parallel charged cylinders with solvent should produce a

square root dependence as predicted for polyelectrolytes I18L Indeed figure 4 shows

the difficulty to distinguish between a square root dependence (<t> ~1/s) and a dilution

in the three direction of space (<t> ~1/3). This might be the case if the cylinders are not

fully parallel. But the non-linear dependence in <t> ~1 completely excludes to look at

the particles in terms of platelets.

We are now able to understand the surprisingly high stability of these oxide

dispersions versus acid addition. These cylinders form a connected network, the

average number of connection "lines" between adjacent cylinders decreasing upon

dilution. Since the length of an individual cylinder exceeds the typical interparticle

distance, the average length of these cylinders cannot be determined by our small

r



r angle scattering experiment V9I Furthermore these cylinders are not branched,

since this would produce an excess scattering at low-q. We are therefore in the

situation of repulsive cylinders : expelling solvent from these mixed up network

would require topological reorganization, as in a heap of disordered thin and long

matches. Therefore addition of a liquid, highly efficient in screening electrostatic

interactions, does not produce immediate and complete flocculation, since breaking

and reorganization of this cylinders network would be required.

2) The SYNROC precursor sot

We deal now with a complete SYNROC precursor, differing mainly from the

TiO2 / ZrO2 solutions upon the addition of alumina to the Ti-Zr oxides couple. The

composition of the precursor also includes some minor quantities of other oxides

(AI2O3, CaO and BaO), as indicated in table I. The redox properties of the different

metallic oxides are expected to be the origin of the variation in the dimensionality of

the dispersion (20L Indeed, the ratio of surface oxide to metal content varies when the

aggregate geometry changes from slab to fibers, which are seen as giant one or two

dimensional macromolecules. On figure 5 the scattering by the complete SYNROC

precursor sol is compared to the scattering by a diluted TiO2 / ZrO2 solution and the

"DEGUSSA" alumina sol used to prepare the precursor sol. The scattered intensity

is normalized by dividing it both by the volume fraction 0 and the contrast term Ap2.

With such a normalization, the correlation functions may be directly compared,

without any reference to samples concentration and electronic densities. The

scattering by the SYNROC precursor and the alumina sol are somewhat different

from that of the titanium-zirconium oxides solution. At a scale of 1000 A the structure

of the SYNROC precursor is closer to the structure of the alumina sol. As the alumina

sol the SYNROC precursor network does not show any typical size, no scattering

peak being observed. The slope of the low-q part for both materials is close to -1.2

against -1 for the titanium-zirconium oxide solution. The high electropositivity of

alumina seems to induce a high branching probability for the cylinders and a more

compact structure. At large q there is only a smooth cross-over from the q'4 scattering

regime to a q-3 behaviour indicating both solutions have a more compact structure.

The dense network is close to the precipitation limit I21L

10
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1
3) The calcined form of the precursor

We also investigated in situ the microstructure of the calcined product, prior

to the hot pressing step used to obtain the final SYNROC product (21L After

calcination for several hours at a temperature of 11O0C, the precursor looks like a
white fine powder. The scattering by a real SYNROC precursor, before and after

calcination, is represented in a log-log plot on figure 6. As in the case of the

precursor sol described above, the scattered intensity is normalized by dividing it
both by the volume fraction and the contrast term. The volume fraction of the

calcined precursor being taken equal to 0.7. With absolute units for the scattered

intensity this allows for direct comparison of the specific surfaces of the liquid and

calcined precursor at high-q. As described above, prior to calcination the scattered

intensity in the low-q range decreases as q~1-2. At high q, as-expected, the scattered

intensity exhibits a q~4 dependence. After calcination two Porod's limits are observed
depending on the observation scale (fig. 7). The scattered intensity in the low q

range decreases as q'4 against q-1-2 before calcination. Scattering by the surface of

large particles is observed. In addition there is an intermediate q range where the

intensity behaves roughly as q-°. A q-4 dependence is recovered at high q. In the
high q range both scattering curves obtained before and after calcination merge into

a single one meaning that the concentrated liquid sol and the calcined precursor

have the same specific area s. This allows for determining the origin of the grains.

During the drying process the objects in the precursor sol, with a measured specific

surface of 3900 m2/g, aggregate to form larger particles. The coarse grains which

form have a specific surface o close to 10 m2/g. This represents a reduction of a

factor of 400 in the specific area. All specific surfaces are derived from the absofutly

scaled measurements for the scattered intensity. It is thought that the cross-over

region and the q-° regime obseved in the intermediate-q range are related to the
porosities inside the large particles.

Conclusion

We obtain three main results from this in-situ study of the microstructure of

solutions of mixed oxide particles and SYNROC precursor :

(i) The TiO2 / ZrO2 mixed oxide particles solutions used as model system of
the precursor in the first part of this study show a locally cylindrical microstructure.

The average cylinder diameter changes with the concentration in primary particles in

the solution. With a particles volume fraction in the range of 0.03 to 0.20 the radius of

11



r the cylinders varies from 2 to 4 nm. The particles form a network of disordered and

partially connected cylinders. This disordered network of cylinders is able to resist to

precipitation upon reducing electrostatic repulsions due to topological reasons.

Flocculation would imply breaking and reorganization of the network. The type of

local microstructure, here cylindrical, is important because it determines the

maximum amount of dispersed material before flocculation occurs.

(ii) The precursor is slightly different from the mixed oxides particles
solutions. It shows a more dense and compact dendritic structure than the TiO2 /ZrO2

mixed oxide solutions. The scattered intensity in the low q range varying as q-1-2

against q-1-0, and a smooth cross-over from a q-4 regime to a q-3 one being observed

at high q. The precursor can be seen as a network of branched disordered

cylinders. The addition of other minor components as calcium and barium oxides,

and especially alumina, is certainly responsible for that.

(iii) The precursor microstructure ie completely changed after drying, so that

two specific surfaces are observed. The network of branched cylinders collapses to

form large grains. The surface of these grains scatters at low q. Their measured

specific surface cris about 10 m2/g. At high q the total surface rof the grains forming

objects scatters. Comparison of reduced scattered intensity by calcined and non

calcined precursor shows that the scattering surface z at high q is the same than in

the case of the concentrated liquid sol. So that, in the high q range the observed

scattering surface after calcination is the surface of the collapsed network of mixed

up cylinders originally in the sol. This measured specific surface £of the cylinders is

about 3900 m2/g. This shows how the material already densifies due to aggregation

during calcination, prior to the hot pressing step. The q~° behaviour observed in the

intermediate q range could be due to porosities inside the grains.

12
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1
TiO2 / ZrO2 solutions

0 p g/cm3 ZÂ2/Â3 Sm2/g lc (À) C(A) R8 (
Â) Rc (À) t/2 (À)

0,03 1.09 0.129 1180 85 85 23 16 7,8
0.06 1.20 0.108 897 83 81 28 19 9.3
0,20 1,67 0,056 335 59 50 54 36 18

0 T (Cu/Mo) e (Cu/Mo, cm)
0.03 0.452/0.708 0.032/0.120
0.06 0.364 / 0.848 0.024 / 0.024

0.20* 0.217/0.388 0.013/0.069

'stock solution, total oxide mass per liter : 1070 g

SYNROC precursor

oxide particles precursor
wt % solid content

TiOz 70,74 320 g/l

ZrCte 6,84 pH = 1,45

AI2Û3 5,37 electrical conductivity

BaO 5,44 62 mS/cm

CaO 11,61

4>, volume fraction ;p, density ; Z, specific surface per unit volume ; S, specific surface per unit of mass.

I0, average chord length. C, correlation length associated to the graphically determined cross-over. Rs,

Rc and VZ, respectively the sphere and cylinder radii, and the half thickness of a lamella calculated

from the Porod's limit. T is the transmission for copper and molybdenum K0 radiation and e is the

sample thickness.

Table I
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APPENDIX CALCULATION OF THE SCATTERING QF PERFECT

MODELS

Both the volume fraction of solid particles (<t>) and the specific surface area (E) set the

size of the scattering particles for each topology :

3.0
Sphere: R8 = Cylinder: R6 = lamella : = -

The characteristic sizes Rs, R0 and t, determined for the three samples are reported

in Table I. The theoretical scattering for each of these local microstructures can be

calculated without any adjustable parameter according to the following expressions,

in the case where interactions can be neglected I22I :

A : case of monodisperse spheres

with :

B : case of infinite, randomly oriented cylinders

where J1 (x) is the first Bessel function. For -3<x<3, we have I

X-1J1(X) = 0.5 - 0.5624999(|J2-0.21093(|]4-0.039954(£)6

+0,00443j|)8-0.00317{|)10+0.000011J|)12

It can be seen that when q is close to O, then log l(q) behaves as -log q. Hence the X-

ray scattering curves for cylinders show for very small scattering angle a linear

variation of log l(q) with log q, with a slope close to -1.

16



C : case of infinite lamella :

,w3!)
2'

91
2

As for the cylinders case, it exists an asymptotic behavior at very low scattering
angles. The scattering curves for lamella show a linear variation of log l(q) with log q,

with a slope close to -2.
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• absolutely scaled scattered intensities normalized by the volume fraction of oxide particles
in cm'1, ne scattered intensity is measured over three decades of scattering angles using two

experimental setups, for three concentrations corresponding to volume fractions of TiO2/ZrO2 mixed
oxides particles of 0.20 (A), 0.06 (+) and 0.03 (a). The tow q part of the scattering curve is obtained
using a Bonse & Hart camera. The high q part is obtained using a Guinier-Méring experimental setup
with either a linear gaz detector or via image processing of a two dimensional Image plate" detector.
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"Porod's plot"ofthe data shown on figure 1(A <t>*0.2; + 4*0.06 ;u<t>-0.03).
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Figure 2 - dilution experiment of a TiO2 / ZrO2 mixed oxide solution : (a) 'Porod's plot" of the data
shown on fig. 1. The reduction of the asymptotic limit with concentration enhances partial aggregation
ot the solid oxide network in the concentrated sol. (b) the asymptotic regime allows a direct and model

independent measurement of the oxide / solvent area in rrf/g. A sharp decrease of this quantity is
observed upon increasing solids concentration.
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Figure 3 - The experimental data (a ) measured for the most diluted mixed oxyde samp'a ($* 0.03) are
compared to the three ideal microstructures : a dispersion of spheres (thin line), a dispersion of infinite
randomly oriented and non interacting cylinders (thick line) and a perfectly dispersed infinite and flat
platelets (dotted line). The characteristic size of these ideal objects are not adjustable parameters, but
they are fixed for each topology, by the known volume fraction 0 and the specific area I. For spheres :
R- 23-4, for cylinders R* 16Â and for platelets total thickness I-16Â. The dispersion of cylinders is the
best model for the SYNROC sol dispersion : other topologies imply a scattered intensity differing by at
least one order of magnitude from the measured one.
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Figure 4 - self-consistency for locally cylindrical microstructure. The average chord length lc is plotted

versus 0~J (a), t~v2 (+), <t>~1/3 (à). The non linear behaviour in Q'1 excludes a one dimensional
swelling as expected for lamella.
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- normalised scattering data comparing the most diluted TiOZ /ZtOZ mixed oxides dispersion
(* ; t - 0.03 ;. the -Degussa" AI2O3 dispersion (+) used in the precusor preparation and the real

SYNROC "B" precursor (a). The effect of the small amount of alumina on the precursor is to produce
branched, dendritic-like objects and a more compact structure.
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F/pure fi - small-angle X-ray scattering by the dry "SYNROC" calcined powder. Two Porod's limits

characterized by their q'4 behaviour are observed. At low resolution, the specific area of the dry

powder is about 10 rrP/g. At high q a total specific interface of 3900 rrf/g is measured.

0.5

s dispersion
and the real

s to produce

«?

U

-11 -

-13

-15

-17

-19

-21

-23
-3.5 -2.5 -1.5 -0.5 0.5

Log Q (À-1)

Fiçure 7- normalized scattered intensity comparing scattering before (+) and after (a) calcination for the
same sample of SYNROC precursor.
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