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Abstract Yttria stabilized zirconia (YSZ) is one of

the inert matrix candidates selected for investigation as

host matrix for minor actinide (MA) transmutation.

The structural properties of (Zr0.84, Y0.16)O1.92 beads

prepared by a sol–gel method for MA infiltration, are

characterized as calcined (850 �C) and sintered

(1,600 �C) beads. The calcined YSZ beads are fine-

grained and homogenous over the entire sphere and

are surrounded by a uniform outer layer of approxi-

mately 30 lm thickness. After sintering at 1,600 �C,

the beads are compacted to 51% of their initial volume

and exhibit a granular structure. The thermal expan-

sion is nearly linear for the calcined material, but

shows a parabolic behavior for the sintered (1,400 �C)

beads. In addition, the thermal expansion of calcined

material is 20–25% less than after sintering. During

heating up to 1,400 �C, two processes can be distin-

guished. The first occurs between 900 and 1,000 �C and

is related to an increase in unit cell order. The second

process involves grain-growth of the less crystalline

calcined material between 1,100 and 1,300 �C. These

results have implications for preparation of YSZ and

its use as an inert MA transmutation matix.

Introduction

Yttria stabilized zirconia (YSZ) is a high temperature

ceramic material used in a variety of applications.

Recently there has been considerable interest in the

transmutation of actinides in nuclear reactors as a

means to decrease the long-lived radiotoxic content of

spent nuclear fuel. For these purposes, YSZ has also

been considered as a support material for the trans-

mutation of transuranium actinides in nuclear reactors

[1–3]. YSZ is an example of a so called inert matrix

fuel, as neither Zr nor Y have significant neutron

capture cross sections. In contrast, the traditional fuel

support matrix (238UO2) captures neutrons, which

leads to the production of higher actinides. Thus were

it used for dedicated transmutation purposes, the

overall transmutation or incineration efficiency would

be diminished. For this reason, the development of

non-fertile matrix materials for transmutations as a

novel waste disposal process are of primary impor-

tance.

Fabrication of fuels and targets for the transmu-

tation of minor actinides (Np, Am, Cm) requires

extensive innovation, as traditional powder metal-

lurgy methods used for the production of uranium

dioxide or mixed uranium–plutonium oxides (MOX)
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have several drawbacks. In particular, dust poses a

radiation hazard as it collects on the walls of the

processing cells and on the equipment therein. Thus,

novel processing routes are required to eliminate

dust, and be readily adaptable to remote (telema-

nipulators) or automatic operation. One such tech-

nique, based on the infiltration of porous precursor

beads by actinide nitrate solution has been developed

and is now practiced on a laboratory scale for the

production of highly radioactive fuels and targets [3].

Porous YSZ beads are produced in conventional

laboratories by a sol–gel external gelation method.

They are then introduced into the active cells, where

they are infiltrated by the actinide nitrate solution.

Following calcination, they are then compacted and

sintered to give the product pellets. Alternatively, if

particle fuels are required, the particles are sintered

directly following calcination.

Pure ZrO2 exists in three polymorphs at low

pressure (monoclinic, tetragonal and cubic) and in an

orthorhombic form at higher pressure. While the

monoclinic structure is stable at room temperature,

the tetragonal and cubic forms crystallize at higher

temperatures. By doping with larger ions such as Y3+,

Er3+, or Ce4+, the cubic structure of ZrO2 Fm�3m
� �

can be stabilized at room temperature [4, 5]. Two

further tetragonal (P42/nmc) YSZ polymorphs (t¢, t¢¢)
are known to form by transformation of cubic zir-

conia during quenching from high temperatures [6–8].

Both tetragonal phases differ from the ideal cubic

fluorite structure by an oxygen displacement along

the c-axis, which decreases with the concentration of

the yttrium dopant [6, 8]. As indicated by neutron

diffraction [8] and Raman spectroscopy [7] the t¢/ t¢¢
and t¢¢/cubic phase boundaries are at Zr0.86Y0.14O1.93

and Zr0.82Y0.18O1.91, respectively.

In contrast to diffraction studies, which yield

average long-range order information over several

unit cells, Extended X-ray Absorption Fine Structure

(EXAFS) spectroscopy provides information of the

local, short-range order or structure, in our case of

Zr and Y atoms in zirconia. In general, the local

environment of the Zr atoms reflects the crystal

structure (e.g., cubic, or tetragonal), whereas the

environment around the dopant metal cation depends

on the dopant itself [9]. The change in local structure

of amorphous zirconia during heat treatment has

been investigated in several EXAFS studies. Unfor-

tunately, some of these studied only the Zr envi-

ronment [10–12] or were focused on zirconias with

low Y concentrations [13, 14]. An EXAFS study

reported on the thermal transformation of nanocrys-

talline Zr0.84Y0.16O1.92 films on sapphire [15] is

interesting, but these results are less applicable to

zirconia prepared by sol–gel process for inert matrix

fuels.

This paper deals with the characterization of

intermediate porous beads and their structure when

sintered. A combination of scanning electron micros-

copy (SEM), tomography, X-ray diffraction (XRD),

and EXAFS spectroscopy is used to characterize the

bead structure before and after sintering over a large

dimensional range: from the local structure around

the atoms to the macroscopic structure of the entire

particles.

Experimental

Porous bead production

Zirconyl chloride and yttrium nitrate (both Alfa

Aesar) were dissolved in water and mixed in the

desired proportion. An yttrium concentration of

16 mol% was selected as it is generally sufficient to

give a final product with a cubic crystal structure.

Polymers (methocel, Dow Chemicals) was then

added to this solution to increase its viscosity [3].

The solution was then atomized and the droplets

collected in an ammonia bath, where ammonia dif-

fuses into the original droplet and causes precipita-

tion of the hydroxides; this is the basis of the

external gelation step. Due to the presence of the

polymer, precipitation is geometrically controlled and

confined locally, so that a droplet to particle con-

version is achieved. These particles were then washed

in water (or dilute ammonia) and following drying,

they were calcined at 850 �C in air. During this step,

the hydroxide precipitate is converted to oxide, and

the polymers used in the process were removed by

pyrolysis. The calcined particles are highly porous

and it is this property which makes them ideally

suited for actinide infiltration. Sintering of the cal-

cined beads was also performed in air at 1,600 �C for

2 h. The heating and cooling rate was 200 K/h for

both calcination and sintering.

Scanning electron microscopy (SEM)

Single calcined and sintered beads were ground in an

agate mortar, in order to obtain fragments for

inspection of their inner structure. In addition, some

calcined and sintered beads were embedded in an

epoxy resin (Spezifix20 and TEKMEK, Struers) and

polished with an Al2O3 suspension (Logitech PM5,
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grain size 9 lm). All sample surfaces were sputtered

with gold for SEM investigations. SEM images of

complete beads, fragments, or polished, embedded

beads were recorded using a ESEM FEI Quanta

200F scanning microscope, operating at 20 kV with a

field emission cathode. The microscope was arranged

with a SSD-type backscattering electron (BSE) and

EDT-type SE detector.

Tomography

X-ray microtomography was measured using an Xra-

dia Micro-XCT system. A microfocus X-ray tube with

a W target operating at 100 kV and 100 mA provided

a 7 lm source. This source was demagnified in a

projection geometry by placing the sample 40 mm

from the source and 20 mm from the detector. The

detector consists of a polished CsI crystal, 20 lm

thick. An optical microscope images scintillation from

this crystal onto a 2,048 · 2,048 pixel, 16-bit Peltier-

cooled CCD camera. Resolution is estimated to be

1.7 lm. A total of 721 radiographs, each with a 10 s

exposure time were measured as the sample was ro-

tated in 0.25� increments. Tomographs were com-

puted by parallel-beam filtered back-projection [16].

One calcined and one sintered YSZ bead were mea-

sured in this way.

X-ray diffraction

X-ray diffraction patterns of the YSZ were recorded

using a Bruker D8 diffractometer (CuKa1, Ge

monochromator) equipped with an Anton Paar

HTK2000 high temperature chamber, Pt-10% Rh

thermocouple and a position sensitive detector (PSD-

50, M. Brown). The calcined samples were heated at

1 K/s from room temperature up to 1,400 �C and

diffraction patterns were recorded every 100 K. In

addition, patterns were measured during subsequent

cooling every 200 K down to 27 �C. The 2h scanning

range for all samples was from 25 to 120� with a

0.007� step size. Lattice parameters were obtained by

Rietfeld refinement of the experimental diffraction

pattern using a Pseudo-Voigt profile function within

the Fullprof suite [17]. Since X-ray diffraction is less

sensitive for the oxygen position of the t¢¢ form [8],

all refinement was done for the cubic Fm�3m struc-

ture. An estimation of the mean crystallite size (S) of

calcined YSZ beads was determined using the

Scherrer-equation, S = 0.89�k/b�cos h, where b is the

corrected full width at half-maximum of a diffraction

peak at a diffraction angle of 2h [18].

Extended X-ray absorption fine structure (EXAFS)

spectroscopy

The calcined and sintered samples were milled, mixed

with boron nitride to obtain an edge jump of about one

for Zr, and pressed into disks for X-ray absorption

measurement. The EXAFS data at the Y and Zr K-

edge were recorded at room temperature in transmis-

sion mode at the INE-beamline at the ANKA syn-

chrotron source in Karlsruhe [19]. A pair of Ge(422)

crystals are used in the double-crystal monochromator.

The two Rh coated mirrors at this beamline ensure

rejection of higher harmonics. The photon energy of

the light coming off the DCM is calibrated against the

first derivative XANES spectrum of a Zr foil, defined

as 17,998 eV.

The EXAFS oscillations were extracted according to

standard procedures (background removal using a

polynomial preedge fit, using a cubic spline fit for

removal of the atomic background, etc.) with WIN-

XAS 3.11 [20]. The ionization threshold energy, E0,

used to define the origin for calculation of the v(k) -

function was set at the energy value of the second

inflection point of the first derivative, approximately

17046 eV for Y K-edge spectra and 18014 eV for Zr

specta. Theoretical phase shifts, d(k), and backscat-

tering amplitudes, F(k), were calculated with the

FEFF8 code [21] using a spherical cubic

(Zr0.84Y0.16)O1.92 cluster with 6 Å radius, having the

Cartesian coordiantes calculated from the XRD

structure [7]. Because of the similar backscattering

properties, the same phase shifts and amplitudes were

used for Zr and Y. The amplitude reduction factor,

DS0
2, was held constant at 1.0 for the FEFF8 calculation

and held constant at this same value for EXAFS fits.

EXAFS refinements were performed with WINXAS

3.11 [20] in R-space (Zr: 0.9–3.6 Å, Y: 1.2–3.7 Å) of the

Fourier transformed k3-weighted v(k) data (k-range

Zr: 2.5–14.6 Å–1, Y: 2.2–14.2 Å–1).

Results

SEM observations

Both surface and inner macroscopic structure of the

calcined and sintered YSZ beads was characterized by

SEM measurements of complete, intact beads, bead

fragments and cross-sections of beads embedded in

epoxy and polished. Some representative SEM images

are shown in Fig. 1. The size of the calcined (850 �C)

beads, estimated from their SEM images is in the 750–

860 lm range. Calcined spheres are characterized by a
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fine-grained surface which consists of small particles

without any special shape. The fractured surface of

calcined bead fragments show a homogeneous, micro-

crystalline inner structure. No larger pores or cavities

are visible. In SEM images of the polished cross-sec-

tions one clearly sees that the inner part of the beads is

surrounded by a surface layer. The thickness (~30 lm)

of the surface layer is observed to be similar and uni-

form for all beads studied. In BSE images, the surface

layer appears dark and the inner part more bright.

Generally, a similar roughness of 2–3 lm is observed

over the entire bead cross section, indicating material

Fig. 1 SEM images of (a) the
surface; (b) fracture surfaces,
and (c, d) polished cross-
sections of YSZ beads
prepared by sol–gel external
gelation method. Results for
the calcined and sintered
samples are displayed in the
left and right panels,
respectively
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homogeneity. In the surface layer zone, however, the

relief left from the polishing procedure is less rough

than for the inner part, which suggests that this surface

layer is somewhat harder.

The size of sintered YSZ beads are estimated to be

520–600 lm in diameter from SEM images. SEM

images of the sintered beads surface reveal crystals

with oblong (columnar/plate) shape, up to 2 · 12 lm in

size and nearly cubic shaped, approximately 1–2 lm

crystals. Fragments of sintered beads show that their

inner part has a crystallized structure with a grain size

of approximately 20 lm. Pores of 2–5 lm are visible on

grain faces, edges, and corners. A similar separation of

the sintered beads into an inner part and an outer layer

is found for the sintered beads as for the calcined

spheres. The thickness of the outer layer seems to vary

for the sintered beads, with a maximum value of about

50 lm. Polished cross-sections of the sintered beads

indicate that the outer layer is rougher than the inner

region.

Tomography

No evidence of any porosity appears in the tomo-

graphic sections for both calcined and sintered beads

(Fig. 2). These sections appear as uniform disks: the

only visible features are ring artifacts due to flaws in

the detector crystal and a bright ring near the surface

of the sphere to due hardening of the polychromatic X-

ray beam [16]. This implies that the pore size is below

the 1.7 lm instrumental resolution.

As expected, sintering increases the density of the

YSZ beads. The tomographic sections measure the

absorption of the polychromatic X-ray beam, which

changes with the hardening of the X-ray spectrum and is

not readily translated into density units, but serves well

as a measure of relative density. Such an analysis indi-

cates that the density increases by 46% upon sintering as

the absorption ranges from 15.6 to 38.9 cm–1 before

sintering and from 22.6 to 57.7 cm–1 after sintering. The

bead diameter decreases from 800 to 640 lm. Beam

hardening artifacts obscure any density variations which

may occur near the particle surface.

X-ray diffraction

Typical X-ray diffraction patterns of the YSZ beads

calcined at 850 �C and of the same sample after heat-

ing up to 1,400 �C (sintered) are shown in Fig. 3a and

b, respectively. The mean crystallite size of calcined

YSZ beads is estimated to be 16 nm from the diffrac-

tion pattern. Heating to 1,400 �C brings crystal growth,

as can be seen from the (400) reflection peak shapes

depicted in the inset of Fig. 3. Except for the shift due

to thermal expansion, there is no change in peak shape

up to 1,000 �C. Between 1,000 and 1,300 �C the dif-

fraction peaks become sharper, but have similar width

at 1,300 and 1,400 �C, indicating that the crystal growth

occurs mainly between 1,100 and 1,300 �C. It should be

noted that there is no indication of any splitting of the

(400) peak, which would indicate the presence of

tetragonal YSZ in the t or t¢ form.

The thermal dependence of the refined lattice

parameter is shown in Fig. 4 and Table 1. Comparison

of results during heating and cooling after sintering

shows that the lattice parameter of the sol–gel pre-

pared YSZ beads is greater after the sintering proce-

dure. The lattice constant of the calcined beads

increases nearly linearly with temperature up to 800 �C

and the linear expansion coefficient (alin) is

8.5(2) · 10–6 K–1 in this range. The data points at 900

and 1,000 �C exhibit an anomalous stepwise increase in

lattice parameter. Above 1,200 �C identical lattice

parameter values are observed both during heating up

and cooling down of the sample. During the cooling

down cycle, i.e., after sintering has been completed, the

Fig. 2 Tomographic cross
sections of calcined and
sintered YSZ beads
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lattice parameter values exibit a deviation from a linear

thermal expansion behavior. If the linear behavior is

assumed, the thermal expansion factor alin is

1.14(3) · 10–5 K–1. We apply the parabolic approach of

Terblanche [22] to fit the non-linear thermal depen-

dence for the cooling down measurements of the beads

according to the expression

a0 ¼ a0 ð300KÞ þ a1 � ðT� 273 KÞ þ a2 � ðT� 273 KÞ2

wherea1 = 8.59(7) · 10–6 K–1 anda2 = 1.90(5) · 10–9 K–2.

The obtained values agree well with thermal expansion

coefficients determined by Terblanche [22] for YSZ with

17.2–38.7 mol% Y. This parabolic fitting was also applied

for the thermal expansion of the calcined beads during the

initial heating up to 800 �C, yielding a1 = 7.1(4) · 10–6 K–1

and a2 = 1.8(5) · 10–9 K–2. However, the thermal expan-

sion of the calcined sol–gel derived YSZ beads is signifi-

cantly lower by about 20–25% compared with the sintered

samples.

EXAFS results

The Zr K-edge EXAFS spectra of both calcined and

sintered YSZ samples are depicted in Fig. 5. Qualita-

tive inspection of the two spectra shows them to have a

similar EXAFS pattern; however, the amplitude of

their EXAFS oscillations differs. This is also evident in

their corresponding Fourier transforms (FT). Two

significant FT peaks are observed. The second FT peak

near 3.2 Å (R + D) in the sintered sample, resulting

from backscattering on neighboring Zr(Y), exhibits

significantly greater intensity than the second FT peak

in the calcined sample. In contrast, the first FT peak at

1.6 Å (R + D), which is associated with scattering on

neighboring O atoms lying nearest to Zr, remains

nearly constant after sintering.

The k3-weighted Y K-edge EXAFS spectra and

their corresponding FT spectra are shown in Fig. 6.

The same general trend is observed at the Y K-edge as

for the Zr K-edge: significant increase in the second FT

peak intensity following sintering. However, the in-

crease is greater for the Y K-edge data. This suggests

that the sintering step induces a significant ordering of

the Y–Zr(Y) coordination shell compared to the Zr–

Zr(Y) shell. The Zr and Y edge EXAFS results of the

sintered sample are very similar to that reported in the

literature [23].

The FT of the EXAFS spectra were fitted using a

two shell model (Table 2). Since both the coordination

number N and the Debye–Waller factor r2 contribute

to the amplitude of an EXAFS oscillations, they are

highly correlated with one another. Therefore, the

coordination numbers N were held constant in the fit

model at values expected in the ideal Fm�3m crystal

structure. In this way comparable values for r2 are

obtained. Keeping in mind that the aliovalent Y dop-

ant creates oxygen vacancies (one O for every two Y

atoms), the N might be somewhat smaller than the

ideal Fm�3m crystallographic value of 8. However, we

consider the expected real difference in N caused by

the aliovalent cation to be within the accuracy of the

EXAFS method in the experimental determination of

N (±20%).

For both calcined and sintered YSZ, the observed

interatomic Zr–O distance is 2.14–2.15 Å; the value for

Y–O is 2.30 Å. The second nearest neighbor shell
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Fig. 3 X-ray pattern of calcined YSZ beads prior to (a) and after
heating up to 1,400 �C; (b). Both diffraction patterns were
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Zr–Zr(Y) distances are 3.57–3.58 Å and Y–Zr(Y) dis-

tances are 3.61 Å. Due to their nearly identical back-

scattering properties it is not possible to distinguish Zr

and Y in the second shell. There is no discernible dif-

ference in the bond lengths before and after sintering,

since the typical experimental limit of the EXAFS

method is 0.01–0.02 Å.

Our results are in accord with most of the EXAFS

investigations reported on cubic ZrO2–YO1.5. Mean

distance reported for the first oxygen shell are

approximately 2.10–2.17 Å for Zr–O and 2.28–2.33 Å

for Y–O [15, 23–26]. In the tetragonal t form the Zr–O

shell is split [10, 12, 23, 25]. The mean Y-cation and Zr-

cation distances of both t and cubic forms are near

3.6 Å and do not differ from one another. According to

the studies of Catlow et al. [24], Veal et al. [27] and Li

et al. [23] the oxygen vacancy resulting from the alio-

valent yttrium dopant is associated with the Zr forming
[7]Zr polyhedra instead of [8]Zr and partly [7]Y poly-

hedra instead of [8]Y at higher Y concentrations [27].

Inspection of r2 values obtained in the fits and listed

in Table 2 for Zr–O and Y–O shows them to remain

nearly constant (0.010 ± 0.001 Å2) for both the cal-

cined and sintered samples. This appears not to be the

case for the second coordination shell, especially the

Y–Zr(Y) shell, where r2 is reduced significantly for the

sintered sample. This indicates that the structural dis-

order of the Zr(Y) shell surrounding Y atom in sin-

tered YSZ is less than that for Zr atoms. This is in

accord with our conclusion based on qualitative

inspection of intensity changes in the FT spectra dis-

cussed above. The higher disordered environment

around Zr can be attributed to an offset of Zr atoms

from the ideal crystallographic 4a position, due to the

partial formation of [7]Zr instead of [8]Zr polyhedra

induced by oxygen vacancies introduced into the lattice

upon introduction of trivalent Y [9, 24].

Discussion

Sintering changes on the macroscopic scale

Based on the diameters determined by microscopy and

tomography for calcined and for sintered YSZ beads,

there is a loss of sphere volume of 46–49% during the

Table 1 Lattice parameters (in Å) of calcined sol–gel prepared
YSZ upon heating to temperatures between 27 and 1,400 �C and
subsequent colling down to 27 �C

Temperature (�C) Heat up Cool down

27 5.1385a 5.1424b

100 5.1404a –
200 5.1442a 5.1502b

300 5.1485a –
400 5.1529a 5.1604b

500 5.1580a –
600 5.1623a 5.1711b

700 5.1667a –
800 5.1717a 5.1826b

900 5.1802 –
1,000 5.1904 5.1950b

1,100 5.2011 –
1,200 5.2080 5.2083b

1,300 5.2150b –
1,400 5.2219b –

a Data used for calculation of the thermal expansion of calcined
YSZ
b Data used for calculation of the thermal expansion of sintered
YSZ
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sintering process. Even though some pores remain in

the sintered beads and the lattice parameter at room

temperature increases slightly, the loss in sphere vol-

ume can be attributed to the elimination of the

porosity of the calcined beads. The size of the pores in

the calcined beads could not be derived from SEM or

tomography, and must be lower than 1 lm. Conse-

quently, the infiltrated actinide forms particles defi-

nitely less than 1 lm in size within the YSZ beads so

that a homogenous (Zr,Y,MA)O2–x can be observed

after sintering [3].

Besides the increase in material density, thermal

treatment of calcined YSZ beads leads to significant

changes in the macroscopic and microscopic structure.

Starting from the fine-grained texture of calcined YSZ,

the sintered material shows a coarse grain structure.

This is accompanied by an increase in crystal size from

16 nm (XRD) for calcined beads to about 1–20 lm

(SEM) for the sintered ones. Ultimately for the final

application as a transmutation target, the grain size of

the sintered material plays an important role in inhib-

iting (or delaying) release of volatile fission products

into the pores, and eventually by grain boundary dif-

fusion to the periphery of the sample, where it is

released to the plenum.

An interesting aspect is the outer layer present on

both calcined and sintered beads, which for the cal-

cined samples, is somewhat harder than the inner bulk

material. The origin of this layer is certainly an artifact

of the production process and could have been caused

in the initial stages of the external gelation process, as

the ammonia diffuses from the surrounding liquid into

the droplet, and it is this outer layer that precipitation

first occurs. Further ammonia has then to pass this

layer and the inner region potentially may precipitate

in a different way, simply because the ammonia

delivery rate is different. In the calcination step, heat is

also transferred from the outside to the inner regions,

and this affect the surface region in a more profound

way than the interior. Sintering cause the layer to

develop, but its thickness is more variant, which would

lend support to the thermal processing being the cause

of this outer layer structure. A dense outer layer could

perturb the inert matrix fuel production by the infil-

tration process. However, such an effect has not been

observed in infiltration tests [3], but restriction of the

infiltration to (larger) surface layers can occur if the

infiltration is performed in such a way as that there is

no release mechanism for trapped air inside the parti-

cle. If this layer is in fact mechanically less stable, it

could be susceptible to abrasion, which could be an

issue in certain applications (e.g., chemical vapor

deposition of coatings in a fluidized bed).

Sintering changes on the nanoscale

In addition to the macroscopic processes, sintering al-

ters the ordering of the atoms within the crystal

structure. Two different processes, one at 900–1,000 �C

and the other at 1,100–1,300 �C, can be distinguished

from lattice parameter determinations as a function of

temperature (Fig. 4) and associated thermal expansion.

At lower heating temperatures of the calcined beads

(900–1,000 �C), a step-like decrease in the difference

between the lattice constant measured during heating

and that during subsequent cooling is observed, which

can be attributed to an increase in the unit cell order.

This order involve O vacancy ordering and/or ordering

of Y atoms in the metal cation sublattice. Sharpening

of diffraction peaks is observed at temperatures

between 1,100 and 1,300 �C as the crystals grow and

crystallite size increases. This is in agreement with

SEM measurements and with the observation that

diffusion controlled grain growth, i.e., sintering, starts

Table 2 Structural parameters obtained for fits to the EXAFS data shown in Figs. 5 and 6 for Zr and Y in YSZ (see text for details)

Sample Shell Na R (Å)b r2 (Å2)c Residualsd

Zr K–edge
calcined Zr–O 8 2.14 0.012 0.45

Zr–Zr/Y 12 3.58 0.013
sintered Zr–O 8 2.15 0.011 0.51

Zr–Zr/Y 12 3.57 0.011
Y K–edge
calcined Y–O 8 2.30 0.0096 1.11

Y–Zr/Y 12 3.61 0.0098
sintered Y–O 8 2.30 0.0092 1.34

Y–Zr/Y 12 3.61 0.0070

a N coordination number (held constant during the fit)
b R radial interatomic distance
c r2, Debye–Waller factor, estimated error Dr2 = 10%
d Residuals are given as the normalized fit error S[vdata(k)�k3–vfit(k)�k3]2/(P -F); (P number of data points, F number of variables.)
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at temperatures around 1,200 �C [28]. Above 1,300 �C,

the crystallite size continues to increase, but the influ-

ence of grain size on the peak shape becomes small

with respect to the instrumental resolution and thermal

vibrations within the lattice.

EXAFS results show that the effect of sintering on

the local metal disorder is different for Y and Zr. This

reflects an ordering process on the unit cell scale, since

crystal growth should affect the surroundings of both

metals with the same magnitude. Starting from a

poorly ordered YSZ, as is present in the calcined

beads, the change in lattice constant between 900 and

1,000 �C is most likely attributed to ordering of O

vacancies around Zr.

Conclusions

Porous calcined YSZ beads (Zr0.84Y0.16O1.92) produced

by sol–gel external gelation (gel supported precipita-

tion) method consist of a homogenous fine-grained

material. The beads are surrounded by a uniform outer

layer, which appears somewhat harder than the inner

material. During sintering, the texture of the material

becomes granular. These macroscopic changes during

sintering are accompanied by an increase in crystal-

linity and crystal growth. The associated ordering

changes in local metal structure is different for Y and

Zr on the unit cell scale. These results provide a basis

for understanding processes involved in the infiltration

method for the fabrication of MA doped inert matrix

fuels such as (Zr,Y,Am)O2–x. Future investigations will

consider structural studies on the incorporation of the

actinide into the crystal structure during the course of

the thermal treatments.
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