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Uranium–lanthanum mixed oxides (U1�y Lay) O2±x (y = 0.1–0.9) of 13 different compositions were pre-
pared by combustion synthesis using citric acid as the fuel. Sintering of the solid solutions was carried
out at 1873 K. The solubility limit of La2O3 in UO2 at 1873 K was determined to be �82% from the room
temperature XRD patterns of the sintered samples. However, the solubility limit of La2O3 in the mixed
oxides prepared by solid-state route and sintered under identical conditions was found to be �70%.
The coefficients of thermal expansion for (U1�y Lay) O2±x (y = 0.2, 0.4, 0.6, 0.8) in the temperature range
298–1973 K determined by high temperature X-ray diffraction (HTXRD) method are 17.7, 18.5, 19.2
and 20.0 � 10�6 K�1, respectively.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The solid fission products formed during irradiation of oxide
fuels in a fast reactor, could be classified into three categories
viz., those forming metallic inclusions or oxide precipitates or solid
solutions with the fuel matrix [1,2]. Rare-earth sesqui-oxides,
Ln2O3 (Ln = La, Ce, Nd, Y, Sm, Gd or Eu) are known to be soluble
in UO2 lattice [3–5]. The extent of solubility of lanthanum oxide
in UO2 lattice depends on factors such as temperature, O/M, ambi-
ent conditions during heat treatment (oxidizing reducing or vac-
uum) etc. [6–12]. The results are consolidated and reported in a
review article [6]. There are large differences in the reported solu-
bility limit data to form single phase FCC solid solution. Hence the
determination of solid solubility of La2O3 in UO2 was taken up in
this study. Gel combustion synthesis also called self-propagating
high temperature synthesis (SHS) is a technique used for the prep-
aration of a variety of materials ranging from high-tech ceramics to
intermetallics [13–16]. Large amount of gases evolved during the
gel combustion synthesis results in formation of a product, which
is highly porous, and whose particle size is in the range of nm [17].
It has been reported that the solid solubility of the materials in
nanometer scale is very different from that of the materials of lar-
ger sizes [18–20] and that the kinetics of solid-state reaction is
greatly enhanced with decrease in the grain size in nanometer
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region [21]. In the present work, the solid solubility of lanthanum
oxide in UO2 was determined by preparing the solid solutions
through gel combustion as well as solid-state routes.

To the best of our knowledge, high temperature X-ray diffrac-
tion (HTXRD) based lattice thermal expansion data of (U, La) mixed
oxides are not available in the literature. Therefore, HTXRD based
thermal expansion measurements were carried out on (U1�y Lay)
O2±x (y = 0.2, 0.4, 0.6 and 0.8) in the temperature range 298–
1973 K. The results of the solubility and thermal expansion mea-
surements are discussed in this paper.
2. Experimental

2.1. Sample preparation

Lanthanum oxide of 99.9% purity supplied by M/s. Indian Rare
Earths and uranium oxide of nuclear grade purity supplied by
NFC, Hyderabad were used for preparing the samples. Solid solu-
tions of (U1�y Lay) O2±x (y = 0.1–0.9) were prepared by combustion
synthesis using citric acid as fuel. UO2 was heated in air at 873 K
for 6 h to convert it to U3O8. La2O3 was heated in air at 673 K to re-
move any adsorbed moisture. Stoichiometric amounts of U3O8 and
La2O3 were taken and dissolved in nitric acid by heating at around
353 K. Citric acid was then added to the nitrate solution and mixed
to get a clear solution. Stoichiometric ratio of oxidant (nitrate) to
fuel (citric acid) was used for the preparation. The solution was
heated to dryness on a hot plate at 573 K. The combustion of the
mixture took place with a flame. The solid mass obtained after
combustion was powdered using mortar and pestle. The resultant
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fine powder was calcined at 1073 K in air for 4 h to remove carbo-
naceous material from the sample. The resultant fine powder was
compacted into pellets using a hydraulic press at a compaction
pressure of 500 MPa. The sample pellets were reduced by heating
under flowing Ar + 8% H2 gas mixture at 873 K. The pellets were
sintered by heating at 1873 K for 6 h at a heating rate of
250 K h�1. Before heating the samples, the furnace was evacuated
to 10�3 mbar and filled with ultra high pure Ar + 8% H2 gas mixture
three times. The sample pellets were heated under flowing Ar + 8%
H2. The sintered samples prepared were stored in an argon atmo-
sphere glove box containing less than 20 ppm of moisture and oxy-
gen to prevent oxidation of the sample.

Three solid solutions (U1�y Lay) O2±x(y = 0.6–0.8) were prepared
by solid-state route. Stoichiometric amounts of U3O8 and La2O3

were ground thoroughly using mortar and pestle. The ground pow-
der was pelletized along with a binder (polyethylene glycol). The
pellet samples were calcined in air for 8 h at 873 K to remove the
binder. Reduction and sintering procedure followed was the same
as that used for the preparation of mixed oxide pellets by gel com-
bustion route.

2.2. Compositional characterization

The concentrations of U and La in the samples were determined
by high-pressure liquid chromatography (HPLC) and inductively
coupled plasma atomic emission spectroscopy (ICP–AES) tech-
niques as explained in our previous publications [22,23]. Standard
samples of U and La were prepared by dissolving stoichiometric
quantities of U3O8 and La2O3 in nitric acid and diluting to a concen-
tration range of 5–100 ppm for HPLC analysis and 5–25 ppm for
ICP–AES analysis. Similarly the mixed oxide samples were also dis-
solved in nitric acid and diluted. The concentrations of U and La
were determined from the calibration plots. The samples were also
subjected to scanning electron microscopy–energy dispersive
analysis of X-ray (SEM–EDAX) study for homogeneity and
compositional analysis using SEM XL 30 EFEM of M/s. Philips,
Holland (W – electron source, operation at 30 kV, vacuum better
than 6 � 10�5 torr, secondary electrons and back scattered elec-
trons for image analysis and SiLi detector for elemental analysis).

The samples were analyzed for impurity using an inductively
coupled plasma–mass spectrometrometer (ICP–MS) of model
number ELAN 250 of M/s. Sciex, Canada (now Perkin Elmer). The
samples were dissolved in conc. HNO3 and slowly heated to evap-
orate the solution to dryness. The nitrates of uranium and lantha-
num formed were dissolved in 4 M HNO3 (quartz distilled) and the
solutions thus obtained were equilibrated with TBP solution (30%
TBP in dodecane) three times to remove uranium completely from
the solution. The aqueous solution was then diluted as per the
requirement and subjected to estimation of impurities using
ICPMS. The samples were analyzed for carbon impurity by using
carbon analyzer of M/s. Eltra, Germany (ELTRACS 800).

2.3. Structural characterization

Pellets of (U1�y Lay) O2±x (y = 0.1–0.9) as well as those of
pure La2O3 and UO2.00, were powdered and characterized by XRD.
The X-ray diffraction patterns were recorded in the range,
10� < 2h < 80�. Peak positions and the relative intensities were
computed using a peak-fit program of the Philips X’pert Plus� soft-
ware. The calibration of the diffractometer was carried out using
silicon and a-alumina standards. The XRD patterns of La2O3 and
UO2.00 agreed well with the literature data [24,25]. The lattice
parameters (a) were estimated by considering the eight major
reflections of the CaF2 structure. Finally an effective high angle cor-
rected lattice parameter at each temperature was obtained by the
standard Nelson Riley extrapolation procedure.
2.4. Determination of O/M ratio

The O/M ratios of the mixed oxides were determined by spec-
trophotometric method as described in our previous publication
[23].

2.5. Thermal expansion measurements

The thermal expansion characteristics of the samples were
studied using HTXRD in the temperature range 298–1973 K. The
HTXRD studies were performed in a Philips X’pert MPD� system,
equipped with the Büehler� high vacuum heating stage. Typical
instrument related parameters were: operating voltage of 40 kV;
current of 45 mA for the X-ray tube; scan speed of 0.02 s�1 with
a counting time of 6 s per step and an angular range (2h) of 20–
80�. The diffraction patterns of the sample holder made of tanta-
lum was co-recorded along with the sample for internal tempera-
ture calibration. Calibration of the diffractometer was carried out
using silicon and a-Al2O3 standards obtained from National Insti-
tute of Standards and Technology (NIST), USA. The heating stage
consisted of a thin (�80 lm), resistance heated tantalum foil, on
top of which the sample was placed. Temperature was measured
by a W–Re thermocouple, which was spot-welded to the bottom
of the tantalum heater and controlled to an accuracy of about
±1 K. Diffraction studies were performed using Cu Ka radiation in
the Bragg–Brentano geometry, in steps of 100 K up to 1973 K. A
heating rate of 1 K min�l and a holding time of 60 min at each tem-
perature of measurement were adopted. The specimen stage was
purged with high purity helium three times before the start of
every experimental run and a vacuum level of about 10�5 mbar
was maintained throughout the experiment. Acquisition and preli-
minary analysis of data were performed by the Philips X’pert Plus�

software, although at a latter stage, an independent processing of
the raw data was carried out for a precise determination of the
peak positions. Room temperature XRD pattern was again taken
after the completion of thermal expansion measurements to con-
firm that no oxidation of the sample had taken place during
measurement.
3. Results and discussion

3.1. Sample characterization

The results of the impurity analysis carried out by using ICP–MS
and carbon analyzer are shown in Table 1. As seen from Table 1, the
total impurity elements concentration in the (U1�y Lay) O2±x solid
solutions with y = 0.2 and 0.4 did not exceed 250 ppm whereas
that for y = 0.6 and 0.8 was within 500 ppm. The relative composi-
tion of U and La in the solid solution determined by ICP–AES, HPLC
and SEM–EDAX analysis is shown in Table 2. As seen in Table 2, re-
sults of compositional characterization show good agreement
within ±1% of the expected values. The results on O/M
(M = U + La) measurement of the solid solutions are shown in Table
3. For the estimation of homogeneity, SEM–EDAX was performed
on 10 different locations within the pellet and it was found that
the sample pellets are extremely homogeneous. The room temper-
ature XRD patterns of (U1�y Lay) O2±x (y = 0.1–0.9) are shown in
Fig. 1. The estimated O/M (M = U, La), lattice parameter and the
phases present in the solid solutions prepared by combustion as
well as by solid-state route are listed in Table 3.

3.2. Solubility studies

The room temperature XRD patterns of (U1�y Lay) O2±x (y = 0.1–
0.9) of Fig. 1 show that the (U1�y Lay) O2±x (y = 0.1–0.8) solid



Table 1
Impurity analysis of (U, La) mixed oxides using ICP–MS.

Elements (U0.8La0.2)
O1.95

(U0.6 La0.4) O1.87

(ppm)
(U0.4 La0.6)
O1.87

(U0.2 La0.8)
O1.71

Ni 7 6 6 2
Zn 3 2 2 4
Mo 13 3 3 149
Ba <1 <1 6 12
Al <1 <1 2 2
Mg <1 <1 <1 <1
Ca <1 22 3 13
V <1 <1 <1 <1
Cr 9 7 6 4
Mn 1 1 2 2
Fe 32 32 127 129
Cu <1 <1 2 <1
Ce 11 1 5 12
Nd <1 6 35 4
Sm <1 <1 1 <1
Eu <1 <1 <1 2
Gd 8 25 21 3
Dy <1 <1 <1 <1
C <100 <100 <100 <100

Table 2
Relative composition of U and La determined by ICP–AES, HPLC and SEM–EDAX.

Method ICP–AES HPLC SEM–EDAX

Mixed oxide U/% La/% U/% La/% U/% La/%

(U0.8La0.2) O1.95 79.8 20.2 80.1 19.9 80 20
(U0.6 La0.4) O1.87 60.3 39.7 60.1 39.9 61 39
(U0.4 La0.6) O1.87 39.9 60.1 40.2 59.8 40 60
(U0.2 La0.8) O1.71 20.2 79.8 20.1 79.9 20 80
(U0.18 La0.82) O1.69 18.1 81.9 17.9 82.1 18 82

Table 3
X-ray and chemical analysis of urania-lanthana solid solutions prepared by combus-
tion and by solid-state route.

Compound O/U O/M Lattice
parameter/nm

Phases
present

UO2.00 2.00 2.00 0.5468 FCC
La2O3 0 1.5 a = 0.3936 HXL

c = 0.6133

Solid solution prepared by combustion synthesis
(U0.9 La0.1) oxide 2.055 1.999 0.5476 FCC
(U0.8 La0.2) oxide 2.065 1.952 0.5488 FCC
(U0.7La0.3) oxide 2.090 1.913 0.5503 FCC
(U0.6 La0.4) oxide 2.110 1.866 0.5515 FCC
(U0.5 La0.5) oxide 2.430 1.965 0.5529 FCC
(U0.4 La0.6) oxide 2.414 1.866 0.5542 FCC
(U0.3 La0.7) oxide 2.503 1.801 0.5556 FCC
(U0.2 La0.8) oxide 2.552 1.710 0.5569 FCC
(U0.18 La0.82) oxide 2.573 1.693 0.5572 FCC + HXL
(U0.16 La0.84) oxide 2.586 1.674 0.5572 FCC + HXL
(U0.14 La0.86) oxide 2.600 1.654 0.5571 FCC + HXL
(U0.12 La0.88) oxide 2.614 1.634 0.5571 FCC + HXL
(U0.1 La0.9) oxide 2.628 1.613 0.5572 FCC + HXL

Solid solution prepared by solid-state route
(U0.4 La0.6) oxide 2.409 1.863 0.5543 FCC
(U0.3 La0.7) oxide 2.567 1.820 0.5552 FCC + HXL
(U0.2 La0.8) oxide 2.602 1.720 0.5552 FCC + HXL

FCC: Face centered cubic solid solution phase; HXL: Hexagonal lanthana phase.

Fig. 1. Room temperature XRD pattern of (U1�y Lay) O2±x prepared by combustion
synthesis method.

Fig. 2. Variation of lattice parameter with y for (U1�y Lay) O2±x.
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solutions have a well-crystallized single-phase fluorite structure
whereas hexagonal lanthana lines (HXL) are visible for y values
larger than y = 0.82. The intensity of the HXL peak increases from
y = 0.82 to 0.90. The observation is also substantiated by plot of
lattice parameter against y as shown in Fig. 2. As seen from
Fig. 2, the lattice parameter increases with increase in concentra-
tion of lanthanum oxide up to 80% and reaches a plateau. There-
fore, it can be inferred that the solubility limit of lanthanum
oxide in uranium oxide is in the region of y = 0.80–0.82. The solid
solution with y = 0.82 was sintered further at 1873 K under flowing
Ar + 8% H2. The RTXRD analysis of the resultant sample also shows
the presence of second phase HXL lines. This confirms the esti-
mated solubility limit.

As seen from Table 3 and Fig. 2, the lattice parameter of (U1�y

Lay) O2±x increases with increase in the lanthanum content. In
our earlier study [23] the room temperature lattice parameter (a)
of (U1�y Gdy) O2±x was found to decrease with increase in Gd con-
centration. The ionic radii of U4+, Gd3+, and La3+with eightfold co-
ordination, are 0.1001 nm, 0.1053 nm and 0.1160 nm, respectively
[26]. When U4+ is substituted with M3+ in the UO2 lattice some of
the U4+ is oxidized to either U5+ or U6+ in order to maintain electri-
cal neutrality. The ionic radius of U5+ with eight fold co-ordination
is 0.088 nm and that of U6+ is 0.086 nm [26]. The increase in lattice
constant expected by doping with a cation of larger ionic radius is



Fig. 4. SEM image of (U0.4 La0.6) O1.87 prepared by combustion synthesis.

Fig. 5. SEM image of (U0.4 La0.6) O1.86 prepared by solid-state synthesis.
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overwhelmed by decrease in the average ionic radius of uranium
ions due to oxidation, assuming a random distribution of the cat-
ions in the cation sub lattice. Therefore, a net negative change in
the lattice constant on increase in dopant concentration is ob-
served in the case of doping of UO2 with Gd. However, in the case
of (U1�y Lay) O2±x, since the ionic radius of La3+ is much larger than
that of U4+and the contribution of oxidation of U4+ to the decrease
in the lattice parameter is less than the increase due to doping La
ions, a net increase is observed.

The pseudo-binary phase diagram of LaO1.5–UO2 [27] shows
that at 1873 K single-phase fluorite structure was observed up to
a lanthanum oxide concentration of 72% whereas Diehl and Keller
[7] and Kleykamp [11] reported that La2O3 is soluble in UO2 up to
82 mol.% at 1523 K when heated under reducing atmosphere. They
also reported [7,11] that the maximum solubility of lanthanum
oxide in UO2 to form stoichiometric mixed oxide is only
67 mol.%. In the oxidizing atmosphere the single phase region of
the FCC solid solution (U1�y Lay) O2±x is reported [6,7] to be in
the range of y = 0.25–0.82 at 1823 K whereas, that in the reducing
atmosphere is reported [6,7] in the range of y = 0–0.82 at 1523 K.
However, when heated under vacuum condition Wilson et al. [8]
reported the single phase FCC region in the range of y = 0–0.54 at
2023 K. Hill et al. [9] reported a single phase FCC region for (U1�y

Lay) O2±x at 2023 K under reducing atmosphere and that in vacuum
is in the range of y = 0–0.75. Tagawa et al. [12] reported a single
phase FCC region in the range of y = 0.3–0.45 and y = 0.7–0.9 when
heated under oxidizing atmosphere at 1273 K. The results are con-
solidated and reported in a review article [6]. The present result is
in agreement with that reported by Diehl and Keller [7] and Kleyk-
amp [11].

Studies on solubility of lanthanum oxide in UO2 by preparing
the mixed oxide through solid-state route were carried out to
determine whether the preparation route has an influence on the
solubility. Three different solid solutions (U1�y Lay) O2±x (y = 0.6–
0.8) were prepared by solid-state route. The heat treatment condi-
tions are maintained identical as those for the preparation by com-
bustion route. XRD patterns of samples prepared by solid-state
route were taken and are shown in Fig. 3. As can be seen in
Fig. 3, the second phase of hexagonal lanthanum oxide is seen even
for solid solution containing 70% La. This shows that the solid sol-
ubility limit of lanthanum oxide in urania is in the vicinity of 70%.
This is also substantiated by the fact that the lattice parameter of
solid solution (Table 3) with 70% lanthanum oxide is larger than
Fig. 3. Room temperature XRD pattern of (U1�y Lay) O2±x prepared by solid state
synthesis method.
that of 60% lanthanum oxide whereas that of 80% lanthanum oxide
is, the same as that of 70% lanthanum oxide. The mixed oxide con-
taining 70% lanthanum oxide was further sintered at 1873 K for 4 h
under flowing Ar + 8% H2. The RTXRD pattern of the resultant sam-
ple also shows the presence of second phase HXL. The higher ob-
served solid-solubility of La in uranium dioxide prepared by
combustion synthesis than that prepared by solid-state route un-
der the same heat treatment conditions such as temperature, dura-
tion and atmosphere of heating is attributable to the fact that
combustion synthesis, in general, yields materials of nm size and
hence the kinetics of diffusion processes needed for the formation
of solid solutions is expected to be favorable with reduction in
grain size.

Figs. 4 and 5 show the SEM images of (U0.4 La0.6) O2±x prepared
by combustion synthesis and solid-state route, respectively. As
seen in the figures the solid solution prepared by combustion route
crystallizes in a uniform grain size (�20 lm) with well-defined
grain boundaries, whereas the solid solution prepared by solid-
state route is more porous, with neck formation and intercon-
nected porosity. Figs. 6–8 show the SEM images of (U1�y Lay)
O2±x prepared by combustion route for y = 0.80, 0.82 and 0.90,
respectively. As seen in the figures, the solid solution with
y = 0.80 crystallizes with closed grain structures containing nano
pores which are typical of a combustion method derived materials,
whereas the solid solutions with y = 0.82 and 0.90 have flaky
shaped materials whose grains are not properly formed. This result
may be attributed to the precipitation of second phase (hexagonal
lanthana), which is uniformly distributed throughout the matrix of
the major phase. The observation is in good agreement with the
investigation by XRD, which shows that the second phase of



Fig. 6. SEM image of (U0.2 La0.8) O1.71 prepared by combustion synthesis.

Fig. 7. SEM image of (U0.18 La0.82) O1.69 prepared by combustion synthesis.

Fig. 8. SEM image of (U0.1 La0.9) O1.61 prepared by combustion synthesis.
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hexagonal lanthana was formed in the solid solution containing
82% lanthana.
Fig. 9. Lattice parameter as a function of temperature of (U1�y Lay) O2±x.
3.3. Thermal expansion studies

UO2 has face centered cubic (FCC) lattice while La2O3 has hexag-
onal structure. Thermal expansion characteristics of UO2 and La2O3
were studied in our previous work [23,28]. The measured lattice
parameters of (U1�y Lay) O2±x (y = 0.2, 0.4, 0.6 and 0.8) as a function
of temperature in the temperature range 298–1973 K are shown in
Fig. 9 and are also listed in Tables 4 and 5. The variation of lattice
parameters, a (nm) with temperature (K) for (U1�y Lay) O2±x (y = 0.2,
0.4, 0.6 and 0.8) was fitted to a second order polynomial in the
temperature interval (T-298) by least squares method and are gi-
ven by the following expressions in the temperature range 298–
1973 K.

aðnmÞ½ðU0:8 La0:2ÞO1:95� ¼ 0:54771þ 3:2649� 10�6ðT-298Þ

þ 1:6320� 10�9ðT-298Þ2 ð1Þ

aðnmÞ½ðU0:6 La0:4ÞO1:87� ¼ 0:55036þ 3:4976� 10�6ðT-298Þ

þ 1:6920� 10�9ðT-298Þ2 ð2Þ

aðnmÞ½ðU0:4 La0:6ÞO1:87� ¼ 0:55302þ 3:7324� 10�6ðT-298Þ

þ 1:7543� 10�9ðT-298Þ2 ð3Þ

aðnmÞ½ðU0:2 La0:8ÞO1:71� ¼ 0:55567þ 3:9694� 106ðT-298Þ

þ 1:8163� 10�9ðT-298Þ2 ð4Þ

From the above relations instantaneous (ai) and mean (am) lin-
ear thermal expansion coefficients are computed as given below
and are also given in Tables 4 and 5.

ai � instantaneous ¼ ð1=aTÞðdaT=dTÞ ð5Þ

am �mean ¼ ð1=a298Þ � ðaT � a298Þ=ðT-298Þ ð6Þ

Eqs. (1)–(4) were used to calculate the mean linear thermal
expansions of the respective mixed oxides which are presented
in Tables 4 and 5, the result of which is shown in Fig. 10. From
the variation of lattice parameters with temperature, % linear ther-
mal expansion were computed and fitted to the following polyno-
mials of temperature by least squares method. As seen in Fig. 10,
the percentage thermal expansion of (U1�y Lay) O2±x increases with
increase in the lanthanum content (temperature range 298–
1973 K).

Thermal expansion ð%Þ½ðU0:8La0:2ÞO1:95�

¼ �0:19845þ 5:96401� 10�4T þ 2:96141� 10�7T2 ð7Þ



Table 4
HTXRD data of uranium–lanthanum solid solutions.

T/K (U0.8La0.2) O1.95 (U0.6 La0.4) O1.87

a/nm TE/% ai/10�6 K�1 am/10�6 K�1 a/nm TE/% ai/10�6 K�1 am/10�6 K�1

298 0.5488 0.00 7.72 7.72 0.5515 0.00 8.17 8.17
373 0.5492 0.07 8.16 8.17 0.5519 0.08 8.63 8.63
473 0.5496 0.15 8.75 8.76 0.5524 0.17 9.23 9.25
573 0.5501 0.24 9.33 9.36 0.5529 0.26 9.83 9.86
673 0.5507 0.34 9.92 9.95 0.5535 0.36 10.44 10.47
773 0.5512 0.44 10.50 10.55 0.5541 0.47 11.04 11.09
873 0.5518 0.55 11.08 11.14 0.5547 0.58 11.63 11.70
973 0.5524 0.66 11.66 11.74 0.5554 0.70 12.23 12.32

1073 0.5531 0.78 12.24 12.33 0.5561 0.83 12.82 12.93
1173 0.5538 0.91 12.81 12.93 0.5568 0.96 13.41 13.54
1273 0.5545 1.04 13.38 13.52 0.5576 1.10 14.00 14.16
1373 0.5553 1.18 13.95 14.12 0.5584 1.24 14.59 14.77
1473 0.5561 1.32 14.52 14.71 0.5592 1.39 15.17 15.39
1573 0.5569 1.47 15.08 15.30 0.5601 1.55 15.75 16.00
1673 0.5577 1.63 15.64 15.90 0.5610 1.71 16.33 16.61
1773 0.5586 1.79 16.20 16.49 0.5619 1.88 16.91 17.23
1873 0.5596 1.96 16.76 17.09 0.5629 2.06 17.48 17.84
1973 0.5605 2.13 17.31 17.68 0.5639 2.24 18.05 18.45

TE – Thermal expansion.

Table 5
HTXRD data of uranium–lanthanum solid solutions.

T/K (U0.4 La0.6) O1.87 (U0.2 La0.8) O1.71

a/nm TE/% ai/10�6 K�1 am/10�6 K�1 a/nm TE/% ai/10�6 K�1 am/10�6 K�1

298 0.5542 0.00 8.62 8.62 0.5569 0.00 9.07 9.07
373 0.5547 0.09 9.09 9.10 0.5575 0.10 9.55 9.56
473 0.5552 0.18 9.71 9.73 0.5580 0.20 10.19 10.21
573 0.5558 0.28 10.33 10.36 0.5586 0.30 10.83 10.87
673 0.5563 0.39 10.95 11.00 0.5592 0.41 11.47 11.52
773 0.5570 0.50 11.57 11.63 0.5598 0.53 12.11 12.17
873 0.5576 0.62 12.19 12.26 0.5605 0.65 12.74 12.82
973 0.5583 0.74 12.80 12.89 0.5612 0.78 13.37 13.47

1073 0.5590 0.87 13.41 13.53 0.5620 0.92 14.00 14.13
1173 0.5598 1.01 14.02 14.16 0.5628 1.06 14.62 14.78
1273 0.5606 1.15 14.63 14.79 0.5637 1.21 15.25 15.43
1373 0.5614 1.31 15.23 15.43 0.5645 1.37 15.87 16.08
1473 0.5623 1.46 15.83 16.06 0.5654 1.53 16.48 16.74
1573 0.5632 1.63 16.43 16.69 0.5664 1.71 17.10 17.39
1673 0.5642 1.80 17.02 17.33 0.5674 1.88 17.71 18.04
1773 0.5651 1.98 17.61 17.96 0.5684 2.07 18.31 18.69
1873 0.5662 2.16 18.20 18.59 0.5695 2.26 18.92 19.35
1973 0.5672 2.35 18.78 19.23 0.5706 2.46 19.52 20.00

TE – Thermal expansion.
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Thermal expansion ð%Þ½ðU0:6La0:4ÞO1:87�

¼ �0:20464þ 6:33107� 10�4T þ 3:0661� 10�7T2 ð8Þ
Thermal expansion ð%Þ½ðU0:4LaÞ0:6ÞO1:87�

¼ �0:21216þ 6:71182� 10�4T þ 3:1767� 10�7T2 ð9Þ
Fig. 10. Thermal expansion data of (U1�y Lay) O2±x.
Thermal expansion ð%Þ½ðU0:2La0:8ÞO1:71�

¼ �0:21835þ 7:07888� 10�4T þ 3:28139� 10�7T2 ð10Þ

The coefficients of thermal expansion for (U1�y Lay) O2±x (y = 0.2,
0.4, 0.6, 0.8) in the temperature range 298–1973 K determined are
17.7, 18.5, 19.2 and 20.0 � 10�6 K�1 respectively. The coefficients
of thermal expansion increase with increase of lanthanum content
in (U1�y Lay) O2±x. This is because when U4+ ion is replaced by La3+

ion in the UO2 lattice, the bond strength is decreased as the La3+–
O2� interaction is weaker than that of U4+–O2�. Therefore the
anharmonicity of the mixed oxide increases with increase in the
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concentration of dopant La3+. Larger the anharmonicity higher will
be the thermal expansion.

4. Conclusion

Uranium–lanthanum mixed oxide solid solutions were pre-
pared by combustion synthesis to ascertain the solubility of
LaO1.5 in UO2 at 1873 K. Single-phase fluorite structure was ob-
served for (U1�y Lay) O2±x up to y = 0.82 for the solid solutions pre-
pared by combustion synthesis whereas for those prepared by
solid-state route the solubility of LaO1.5 in UO2 was around 70%.
Higher observed solid solubility for the solid solutions prepared
by combustion synthesis than that prepared by solid-state route
under the same heat treatment conditions such as temperature,
duration of heating and atmosphere of heating may be due to the
fact that combustion synthesis, in general yields materials of nm
size and the kinetics of diffusion process needed for the formation
of solid solutions is expected to be favorable with reduction in
grain size. Thermal expansion characteristics of (U1�y Lay) O2±x

were studied by using HTXRD. The thermal expansion data of
uranium–lanthanum mixed oxides are reported for the first time.
The percentage thermal expansion of (U1�y Lay) O2±x increases with
increase in the lanthanum content.
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