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Abstract

Chromium sesquioxide doped uranium dioxide systems with a variety of initially added Cr,O; amounts were pre-
pared under different sintering conditions. The solubility limit of Cr for each sintering condition is derived from the
measured content of the dopant dissolved in the UO, matrix using electron probe microanalysis (EPMA). It is found
that the solubility of chromium in a uranium dioxide system for these series sintered at 1600, 1660 and 1760 °C is limited
to respectively 0.065 + 0.002, 0.086 + 0.003 and 0.102 £ 0.004 wt% Cr. The lattice parameters of the different Cr,O;
doped fuels have been examined with X-ray diffraction (XRD). The XRD peaks of the samples sintered at 1760 °C as
well as a UO, reference without Cr, prepared under the same conditions, were measured and a value for the lattice
parameter a for each sample was obtained using the unit cell refinement method. A slight contraction of the lattice

parameter is observed with increasing dopant content.
© 2003 Elsevier Science B.V. All rights reserved.

PACS: 28.41.Bm; 61.10.Nz; 61.72.Ss

1. Introduction

Currently the interest of the utilities and of the nu-
clear fuel vendors goes to improve in a significant way
the in-pile performance of the UO, fuel intended for
pressurized water reactors. The performance of the UO,
fuel is limited today by two phenomena being the pellet—
clad interaction, which reduces the reactor operation
flexibility, and the fission gas release, which accelerates
at high burnup. In order to gain margins on these two
goals, advanced fuels are being developed. Amongst
other possible options, the use of additives can influence
the thermo-physical properties and improve fuel per-
formance [1-3]. Several additives have been and are
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being considered (e.g. oxides of chromium [2-7], alu-
minium [3,8], vanadium [8], niobium [6,7,9], silicon [3],
magnesium [3] and titanium [7-9]) because of their ad-
vantageous effect on one of the aforementioned phe-
nomena occurring in the fuel. As shown by the studies
carried out by CEA [5,8,10], Cr,0; is an effective grain
growth promoter, provokes an improvement of the
creep properties of UO, (higher plasticity) and is ex-
pected to lead to a better retention of the fission gases.
All the above mentioned properties depend on the
amount of additives dissolved in the fuel matrix, which
in turn depends on the sintering conditions. Suitable
sintering atmospheres and resulting solubility limits
have been studied for several dopants [5-8,11]. The
solubility limits of other elements, especially fission
products in UO, have also been determined [12,13].
However, the determination of the solubility limits of
the dopants (chromium, aluminium, vanadium and ti-
tanium sesquioxides) in the experiments of Bourgeois
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et al. [8,5] are based mainly on the study of the varia-
tions in grain size as a function of the initial dopant
concentration. It is assumed that grain growth is inhib-
ited by the presence of precipitates that develop when
the solubility limit is exceeded, because they anchor the
grain boundaries. On this basis, a solubility limit of 0.07
wt% Cr,O; (0.048 wt% Cr) in UO, sintered in a Hy—
1vol.%H,0 atmosphere at 1700 °C (oxygen potential
1(0,) = —430 kJ/mol) was proposed.

In a study on the possible chemical interactions be-
tween uranium dioxide fuel and the austenitic steel fuel
pin cladding at high temperature, Kleykamp [13] derived
the maximum solubility limit of several steel compo-
nents in the UO,_, matrix after different heat treatments
using electron probe microanalysis (EPMA). It was
found that the maximum solubility of chromium in
UO,_, is 0.22 mol% Cr (0.128 wt% Cr) at 1500 °C and
0.32 mol% Cr (0.186 wt% Cr) at 2000 °C.

In the current study, the solubility limit of chromium
sesquioxide in uranium dioxide is also derived from di-
rect measurements of the actual content of the dopant
dissolved in the UO, matrix. It is determined by EPMA
for a variety of samples with different initially added
amounts of Cr,O; which were prepared under different
sintering conditions. In addition, the solution type (in-
terstitial or substitutional solid solution) of the Cr,O;-
UQ; solid solution is examined. The diffraction patterns
of some samples sintered at 1760 °C were recorded by X-
ray diffraction (XRD) analysis and their lattice param-
eters were refined on the basis of these patterns.

2. Experimental
2.1. Sample preparation

Commercial UO, powder, obtained by a dry process,
was mixed with weighted amounts of Cr,O; powder, in
concentrations varying from 0.125 to 0.225 wt% Cr,0;
(0.0855-0.1540 wt% added Cr).

The powder mixture was pressed into pellets and
subsequently sintered under different conditions. During
the sintering process, the dewpoint of the atmosphere
was controlled to fix the oxygen potential (u(O,)). At
temperature 7, a theoretical value of u(O,) can be cal-
culated from the dew point or the water-to-hydrogen
ratio pm,0/pm,, through [14]:

RTIn po, = —479070 + 4.18T {8.86 log T — 4.42

+9.1521og (pﬂ)} (J/mol 0,). (1)
Pu,

One batch of samples has been sintered at 1760 °C. The

measured dew point corresponds to an oxygen potential

of around -390 kJ/mol O,. The second series was sin-

Table 1
Definition of samples and preparation conditions

Sintering temperature (°C)
1760 1760 1660 1600

Oxygen potential (1(O;) (kJ/mol O,))
-390 -360 -370 -370

Initially added wt% Cr
(Wt0 0 CI‘203)

0.1025 0.0855 0.1025 0.1025
(0.150) (0.125) (0.150) (0.150)
0.1200 0.1200 0.1200 0.1200
(0.175) (0.175) (0.175) (0.175)
0.1365 0.1540 0.1365 0.1365
(0.200) (0.225) (0.200) (0.200)

tered at the same temperature but in an atmosphere with
a higher dew point (¢(O,) = —360 kJ/mol O,). The third
and fourth batch were both sintered at respectively
1660 and 1600 °C with p(O,) ~ —370 kJ/mol O,. The
samples and sintering conditions are summarised in
Table 1. During cooling down, the atmosphere is swit-
ched back to dry hydrogen when the temperature drops
below about 1000 °C.

2.2. Electron probe microanalysis

The pellets have been embedded in epoxy resin and
polished with SiC paper of successively finer grain size,
finishing on cloth with diamond paste of 3 and 1 pm.
Before mounting the sample in the electron microscope,
the samples were coated with carbon to prevent charg-
ing. The EPMA is performed in a shielded CAMEBAX-
R Microbeam, upgraded with digital image and X-ray
acquisition programs (SAMx Suite).

The elemental composition of the pellets is measured
by wavelength dispersive X-ray analysis. A PC1 (syn-
thetic multilayer), LiF and PET crystal were selected to
measure respectively OKo, CrKo and UMao. Prior to the
measurement on each pellet, calibration is performed on
a MOX standard (65.79 wt% U, 21.56 wt% Pu, 11.85
wt% O) and a pure chromium standard. To convert the
measured intensities to concentrations, a ¢pz procedure
is applied. The chromium, uranium and oxygen contents
of the UO, matrix were determined from a line scan over
the pellet diameter (80 analysed points), with a stepsize
of approximately 100 pm. The electrons were focussed
on a spot of <1 um to avoid chromium concentration
spots (precipitates). The instrumental parameters have
been optimised for quantification of chromium, result-
ing in a low detection limit within a reasonable mea-
suring time (Table 2). For the analysis of precipitates, a
lower acceleration voltage has been used to avoid the
contribution of the surrounding matrix. This is also
beneficial for the interpretation of oxygen concentration
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Table 2
Minimum detection limit according to 3¢ criterion

Accelerating voltage Beam current

(kV) (nA)

Detection limit (wt %)

Cr U O
Matrix 20 100 0.003 0.024 0.009
Precipitates 10 100 0.030 0.030 0.005

measurements. For 10 precipitates, distributed evenly on
the pellet diameter, the chromium, uranium and oxygen
contents were measured.

2.3. X-ray diffraction

The lattice parameters of the samples sintered at
1760 °C (u(0;) = =360 kJ/mol O,) were determined
by XRD. A Philips X'Pert 0-0 diffractometer equipped
with a Cu tube (CuKa,;, = 0.1541 nm), was configured
for standard powder diffraction measurements (Bragg—
Brentano geometry). Scans of the various UO, diffrac-
tion peaks in the 20-140° 26 range were recorded with
the X’Celerator, an X-ray area detector based on real
time multiple strip technology. The used stepsize is 20 =
0.00841°, measuring a total of 30 s per step. To eliminate
the CuKp contribution, a nickel filter is used and to
reduce the background, a small anti-scatter shield is
mounted in front of the detector.

For accurate measurements, important sources of
error, such as goniometer zero shift and eccentricity
of the incident beam with respect to the goniometer
axis, have to be eliminated by careful system alignment.
To eliminate further systematic errors an external stan-
dard reference (NIST Standard Reference Material
660a: LaBg ) is measured [15]. Although this standard
is mainly intended for peak profile analysis, it comes
with a certified lattice parameter (¢ = 0.41569162 +
0.00000097 nm), determined by the NIST.

The peak positions of the standard phase are com-
pared to their theoretical values and a correction curve
(polynomial) is calculated, which describes the aberra-
tions in 26 [16]. This correction curve is used to eliminate
systematic errors in the actual measurements. Lastly the
sample displacement is calculated and corrected for. All
corrections were found to be very small.

To deduce the cell parameters from a measurement, a
unit cell refinement [16] is used.

The Smith-Snyder figure of merit (FOM) gives an
objective quantitative estimate of the quality of the
metric aspects of a powder pattern (i.e. the location of
the diffraction peaks and not their heights). FOMs
above 80 are considered high quality, and those less than
20 are rather poor quality [15].

The measurement and refinement methods described
above do not guarantee a correct determination of the
absolute values for the lattice parameter a, but it does
provide a sound basis to compare the lattice parameter
values of the different samples.

3. Results
3.1. Solubility limits
A typical result of a quantitative diameter line scan

of a Cr,0; doped UQO,; pellet is presented in Fig. 1
by means of a line plot, showing the measured wt% of U,
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Fig. 1. Results of a typical pellet diameter scan of the uranium (V), oxygen (O) and chromium ((J) contents (wt%). The solid line
represents the mean Cr content, the dashed lines show the statistical error (£20).
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Fig. 2. Measured Cr-contents in the UO, matrix sintered at
different temperatures (a,b) as a function of initial added
chromium enrichment. The solid line represents the solubility
limit, the dashed line the maximum possible dissolved chro-
mium content.

O and Cr as function of the position on the pellet dia-
meter.

The combined weight percentage of the three ele-
ments should amount to a total of 100%. Due to sys-

f—--—-—-—'V

wt% Cr, O, U
wn
(=}
7
X

(a) distance across the precipitate (|Lm)

tematic errors, this value can deviate by about 10%
absolute, but the relative error is lower than 2%. The
occasional higher values for Cr are due to the contri-
bution of (sub)surface chromium precipitates, while the
simultaneous low values for U, O and Cr indicate
the presence of pores. The mean Cr concentration in the
matrix of each pellet has been calculated excluding
the measurements on pores and precipitates. In Fig. 2
the mean Cr contents for all pellets in each series are
plotted against the initially added Cr,O; contents, con-
verted to the initially added Cr amount.

The samples of the series sintered at 1600 and 1660 °C
show almost no variation in the chromium content of
the matrix with different initial chromium enrichments.
On the condition that an equilibrium was established
during sintering, this means that for these series, the
solubility limit can be determined to be respectively
0.065 +0.002 and 0.086 + 0.003 wt% Cr. Further en-
richment of the initial blend will not introduce more
chromium in the matrix but rather induce precipitation.
For the series of samples sintered at 1760 °C, such a
saturation of the matrix is observed at initial enrich-
ments of 0.120 wt% Cr (0.175 wt% Cr,0;) or higher.
Before saturation, the measured Cr concentrations are
not exactly equal to the initially added amounts, because
some chromium is lost during sintering by evaporation
and some small chromium concentration spots are still
present. The measured Cr content leads to a solubility
limit of 0.102 £ 0.004 wt% Cr for this series.

3.2. Precipitates

In all of the samples, small precipitates (~3 pm) are
observed, although not in large amounts. For all series,
the composition of the precipitates is found to be very
close to Cr,0; (Fig. 3(a)), except for the series sintered
at 1760 °C at an oxygen potential of =390 kJ/mol O,,
where the composition of some of the precipitates is near
to ‘CrO’ (Fig. 3(b)). Although CrO is not a stable phase,

wt% Cr,0,U
W
S
)

(b) distance across the precipitate ([Lm)

Fig. 3. Measured chromium (dotted line), uranium (dashed line) and oxygen (solid line) content by EPMA of some precipitates found
in the sample sintered at 1760 °C (u(O,) = —390 kJ/mol). Quantitative analysis identifies (a) as a Cr,O; while for (b) the composition is

closer to CrO.
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the stoichiometry of these precipitates indicates that
some reduction of the Cr,O; has taken place.

3.3. Lattice parameters

The crystal structure of UO, is of the fluorite type.
Since this is a cubic structure, only one lattice parameter
(a) has to be measured to characterise the unit cell di-
mensions. The XRD peaks of the samples sintered at
1760 °C (u(0,) = =360 kJ/mol O,) as well as a UO,
reference without Cr, prepared under the same condi-
tions were measured, and a value for the lattice pa-
rameter a for each sample was obtained using the unit
cell refinement method. From the diffraction pattern in
Fig. 4 it can be seen that there is a shift in the peak
position of the sample containing 0.1012 wt% Cr to a
higher 20 value (or smaller d value), compared to the
peak positions of the pure UO, standard. This indicates
that the lattice parameter a for the 0.1012 wt% Cr
sample will be smaller than the lattice constant of UO,.

Before refining the cell parameters of the samples, the
measurements are corrected for systematic and zero shift
errors as described above. For all the measured and
refined diffraction patterns, the Smith-Snyder FOM
ranges between 185 and 290 indicating the good quality
of the refinement. The resulting lattice parameters found
are summarized in Table 3.

As stated earlier, one should focus on the relative
values rather than on the absolute lattice parameters.

The found lattice parameters of Cr,O; doped UO,
(1760 °C, —360 kJ/mol O,) with varying Cr contents, are
plotted in Fig. 5 against the measured Cr contents.

The lattice parameter a of the samples sintered at
1600 and 1660 °C, the series where the solubility limit
had been reached, have also been measured. Within a
series, as expected, all the samples gave the same lattice

3000
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Fig. 4. The (600) Ko, doublet of the UO, standard (solid
line) and of the sample containing UO, + 0.1012wt%Cr (dashed
line).

Table 3
Lattice parameter a of pure and chromium sesquioxide doped
uranium dioxide systems

Measured Cr content in Measured lattice parameter

wt% (o) a in nm (o)
0 0.547065(3)
0.0785(38) 0.547014(3)
0.0907(50) 0.547009(5)
0.0964(42) 0.547002(5)
0.1012(39) 0.546994(5)
. 0.54708
E L
T 054706 T >~ _
8 e~
T 0.54704 - g
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(5] ~
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Measured Cr content in wt%

Fig. 5. Obtained lattice parameter a as a function of measured
chromium content by EPMA. The dashed line represents a
linear regression analysis.

parameter. However, the diffraction patterns measured
in both series, showed broad peak profiles. For the diff-
raction peaks of the samples sintered at 1600 and 1660 °C
a full width at half maximum (FWHM) of 20 = 0.13°
and 0.1° respectively, have been found, in contrast to a
FWHM of 20 = 0.07° for the diffraction peaks of the
series sintered at 1760 °C and the UO, standard. The
large FWHM found for these series could indicate that
the samples are not fully sintered. As a result, the mea-
sured lattice parameters for both series, deviate from the
lattice parameters found in the series sintered at 1760 °C
and are not considered further.

4. Discussion

From the EPMA results, the solubility limit for the
various chromium sesquioxide doped uranium dioxide
samples with different initially added Cr,O; concentra-
tions, could be derived. It can be deduced that the sol-
ubility limit of the different series increases with
temperature (Fig. 6), as is generally expected for disso-
lution. In principle, the solubility of a dopant in a UO,
matrix depends on the oxygen potential and tempera-
ture. In this study, due to the small variation in oxygen
potential during sintering, the observed increase in sol-
ubility limit of the different series has to be attributed
primarily to temperature and not to oxygen potential
differences.
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Fig. 6. Solubility limit of Cr in UO, matrix as a function of the
applied sintering temperature. The solid line represents a linear
regression analysis on the data point found in this study, but is
merely intended to guide the eye and not as an extrapolation of
our data.

The solubility limits of metallic chromium in UO,_,
derived by Kleykamp [13], are higher compared to the
results found in this study (Fig. 6). This difference can be
attributed to the fact that the stoichiometry of the ura-
nium dioxide matrix is different, as well as to the dif-
ference in the heat treatments of the samples.

In all the samples of the different series, several small
precipitates could be found, even if the solubility limit
had not been reached. If the solubilisation of chromium
oxide in the UO, matrix has slow kinetics, these ob-
served precipitates might be the remnants of the initial
powder particles that have not been completely dis-
solved. The majority of the precipitates consists of
Cr,0;. The calculation of the oxygen potential of the
sinter atmosphere [17], allows us to position the oxygen
potential during sintering in an Ellingham diagram (Fig.
7). It is found that the oxygen potentials of the atmo-
spheres for the different series do not differ that much,
but one can see that for the batch sintered at 1760 °C,
1(0,) = —390 kJ/mol O,, the sintering takes place below
the Cr/Cr,0; equilibrium, where a reduction of Cr,0; is
possible [18].

This can explain the existence of the ‘CrO’ precipi-
tates in the series sintered at 1760 °C at an oxygen po-
tential of —390 kJ/mol. These sintering conditions are
consistent with the domain of existence of the CrO
compound as presented by Toker [19] in a thermo-dy-
namic study of the Cr—O system. However, it should be
noted that the industrial production method applied for
the sample production, requires different ©(O,) regimes
during the various sintering steps (temperature rise,
sintering, cooling) and therefore does not allow a precise
definition of the u(O,) during the complete process.

XRD measurements show that the lattice parameter
decreases with increasing dopant concentration. From

-300

350 ——
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Oxygen potential (kJ/mol Op)
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Temperature (°C)

Fig. 7. Oxygen potential vs. temperature diagram indicating
the equilibrium Cr/Cr,O; and the oxygen potential of UO,,
and UO,,, for various x, according to Lindemer and Besman
[11]. The inserted points position the sinter atmospheres of the
current experiments.

literature [20], it was found that for various cation doped
solid solutions, the lattice parameters vary linearly with
the dopant concentration, only in the region where
complete solid solutions are established. This is in ac-
cordance with Vegard’s law [21], which states that the
lattice parameters of the solid solutions change linearly
with the composition.

In literature it is suggested that Cr3* ions enter CaF,
in substitution [22]. This is derived from electron para-
magnetic resonance measurements, which suggest a tri-
gonal symmetry with Cr** ions in a cation substitutional
position. As CaF, is the isomorphic structure of UO,,
one could assume a similar substitution when doping
UO, with Cr** ions. However, one has to take into ac-
count that the substitution of a Ca>* ion with a Cr** ion
is different from substituting a U*" ion with Cr**. It is
known for metals that the solubility is higher if the
solute (Cr’*) has a higher valence than the solvent
(Hume-Rothery rules). In parallel, the Cr’* environ-
ment of F~ ions is different from an O*~ environment.

Although the substitution of a large U*" ion with the
small Cr** ion, would result in a decrease of the lattice
parameter, as observed from the XRD measurements,
the difference in relative size of the ions is too high. The
ionic radii of Cr3* and U*" are respectively 61 and 114
pm [23] (remark: the ionic radius of Cr** is only known
in a coordination 6), which results in a difference of 86%.
According to the Hume-Rothery rules, substitution of
U*" ion with Cr’* ion would create very large lattice
distortions. These large distortions are expected to lead
to large lattice parameter changes, even for low dopant
concentrations, while the determined variations in a are
small. Furthermore, the current XRD experiment shows
that the resulting structure of Cr3* doped UO; is still
cubic and its diffraction lines show no indication of
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broadening. Both these findings are not in support of the
Cr** ions entering the UO, matrix in substitution.

The ionic radius of Cr** is small enough to fit the 100
pm of the interstitial sites in the UO, lattice. This is also
assumed for Ti** and Nb**, which have ionic radii of
respectively 67 and 79 pm [4,6,7,9]. To balance the in-
troduction of an interstitial trivalent element, the cation
vacancies and/or the oxygen interstitials will increase, in
turn leading to a subsequent oxidation of U* to U3+,
Although interstitial solid solutions lead to larger lattice
parameters, the U* ionic radius is smaller than for U**,
thus causing a decrease in a. The combination of these
effects could cause the net effect of the observed decrease
of the lattice parameter.

The assumption of a cationic interstitial solid solu-
tion would also be in compliance with the fact that the
resulting increase of the concentration of cation vacan-
cies and oxygen interstitials is expected to cause the in-
crease of the cation diffusion coefficients of Cr,O; doped
UO,. The enhanced cation diffusion eventually increases
the creep and grain growth rates [9].

5. Conclusion

The solubility limit of chromium sesquioxide doped
uranium dioxide systems with a variety of initially added
Cr, 03, prepared under different sintering conditions, has
been derived from direct measurement using EPMA. It
was found that for the series sintered at 1600 °C
(1(0y) = =370 kJ/mol O,), 1660 °C (u(0,) = —370 kJ/
mol O,) and 1760 °C (u(0O;) = =360 kJ/mol O,,
1(0,) = —390 kJ/mol O,) the solubility of chromium in
a uranium dioxide system is limited to respectively
0.065 +0.002, 0.086 4 0.003 and 0.102 + 0.004 wt% Cr.

Characterization of the effects on the crystal structure
related to the introduction of chromium sesquioxide in
uranium dioxide for pellets sintered at 1760 °C
(1(03) = =360 kJ/mol O,), shows a slight decrease of
the lattice parameter with increasing dopant concentra-
tion. From the linearity of the data points (within the
error limits), it can be concluded that the samples in this
series are true solid solutions.

Whether it concerns a substitutional or interstitial
solid solution cannot be deduced conclusively from the
current experiment. Simply based on differences in ionic
radii, a substitutional solution would result in a decrease

of lattice parameter, but would give rise to strongly
distorted lattices. An interstitial solution would be more
favoured, based on the fact that Cr** is small enough to
fit the interstitial sites in the UO, lattice. The decrease of
the lattice parameter «a is explained by the resulting in-
crease of the cation vacancies and/or the oxygen inter-
stitials accompanied by an oxidation of U*" to the
smaller ion U,
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