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Abstract

The thermal expansion characteristics of polycrystalline (U, Th,_,)O, solid solutions with y=0.13, 0.55 and 0.91
were determined in the temperature range from 298 to 1973 K by means of X-ray diffraction technique. For these
temperatures, the average linear thermal expansion coefficients for (Ug 3Thgg7)O,, (UgssThg4s)O, and (Ugg; Thyg9)O5
are 1.033 x 1075, 1.083 x 10~° and 1.145 x 10~ K!, respectively. The measured thermal expansion values were
compared with those calculated by applying the equations for linear thermal expansion of pure urania and thoria. It
was shown that the stoichiometric (U, Th)O, solid solutions are almost ideal at least up to 2000 K. The binding energies
of U 4f;/, and Th 4f;, electrons of (U Thy9)O2, (UpasThe75)O02, (Ug.50Tho50)O2, (Ug.75Thg25)O02 and (UggpThy.10)O2
were experimentally determined by X-ray photoelectron spectroscopy. The result showed the presence of only U+ and
Th** chemical states in the stoichiometric urania—thoria solid solutions. © 2000 Elsevier Science B.V. All rights

reserved.

1. Introduction

U*" and Th*" have close ionic radii (0.100 and 0.105
nm, respectively) [1,2] and UO, and ThO, have the same
fluorite-type structure with close lattice constants
(a=0.54705 and 0.55975 nm, respectively) [3]. Therefore,
UO, and ThO, form a complete solid solution with cubic
fluorite-type structure. The solid solutions are considered
as potential fuels for advanced pressurised heavy water
reactors as well as thermal breeder reactors [4]. They are
stable without phase transformation up to the melting
point. The lattice parameters of the solid solutions at
room temperature obey the Vegard’s law over the entire
compositional range [3]. However, the behaviour of the
solid solutions at elevated temperatures, as a function of
composition, has not been clearly established. The ther-
mal expansion of these fuel materials should be known
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precisely to assess the behaviour of fuel materials at high
temperatures. The temperature ranges and the compo-
sitions over which the thermal expansion has been
measured by various investigators [5-8] are given in
Table 1. From the table it is seen that the literature data
are meager on the thermal expansion of (U, Th)O, solid
solutions. Hence, in the present study, the thermal
expansion of (Ugi3Thgg;)Os, (UgssThoss)O, and
(Ug.91Thy 09)O, was measured over the temperature range
from 298 to 1973 K, with a view to have more data for
these solid solutions in order to elucidate their behaviour
at elevated temperatures which would, in turn, contrib-
ute in complete understanding of the U-Th-O system.
Information on the binding energies of U 4f;/, and
Th 4f;), electrons of (U,Th;_,)O, solid solutions is
important to understand the chemical bonding in the
solid solutions, which has a bearing on various phys-
icochemical properties of the solid solutions. However,
the data on the binding energies of cations in these
solid solutions are not available in the literature. Hence,
the binding energies of U 4f;, and Th 4f;, elec-
trons of (UyThoo)O2, (Up25Tho75)02 (Up.s0Thgs0)Oz,
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Table 1

Temperature range and the composition over which thermal expansion was measured by other investigators

References y in (U, Th,_,)0O, Temperature range (K) Technique employed
[5] 0.505 299-1273 XRD

[6] 0.1, 0.2 Room temperature to 2273 Dilatometry

[7 0.1 Room temperature to 1273 Dilatometry

[8] 0.2 Room temperature to 1600 XRD

(Up.75Thg25)O, and (UpgoThg19)O, were experimentally
determined by X-ray photoelectron spectroscopy.

2. Experimental
2.1. Chemicals

Nuclear grade uranium dioxide (99.99%) was ob-
tained from the Nuclear Fuel Complex, India and tho-
rium nitrate (99.99%) was from Indian Rare Earths,
India.

2.2. Sample preparation and characterization

Urania—thoria solid solutions were prepared as fol-
lows: Ammonium diuranate and thorium hydroxide
were co-precipitated from a mixture of uranium and
thorium nitrate solution by the addition of aqueous
ammonia (uranyl nitrate was obtained by dissolving
nuclear grade urania in nitric acid). The precipitate was
dried and calcined at 1073 K in air for 5 h. The calcined
powders were then compacted at 500 MPa into pellets of
10 mm diameter and 2-3 mm thickness by employing an
electrically operated double action hydraulic press. No
binder or lubricant was added for the preparation of the
compacts. The compacts thus prepared were sintered at
1873 K for 6 h in a flowing argon—8 vol.% hydrogen gas
mixture. The oxygen to metal ratio of the compact was
fixed at 2.000 by equilibrating the compact with H,—
H,O gas mixture having an oxygen potential of —510 kJ
mol~! at 1073 K till equilibrium was established between
the gas phase and (U, Th)O, compact [9]. Before car-
rying out the thermal expansion studies, the samples
were characterized for their chemical composition by
elemental analyses of uranium and thorium [10,11].
About 200 mg of the oxides were dissolved in concen-
trated HNO; with a few drops of diluted HF. 1ml
aliquots of this solution (pH =2.5) were titrated against
diethylenetriaminepentaacetic acid using xylenol orange
as the indicator to determine the amount of thorium
[10]. Then to the same aliquot acetic acid buffer was
added to adjust the pH to 3.5-4. The uranium content
was then determined by titrating against pyridene 2,6
dicarboxylic acid using arsenazo-1 as indicator [11]. The
maximum error in the measurement of the concentration

of uranium/thorium by this method is +2%. This is
equivalent to an uncertainty of +0.01 in the mole frac-
tion of urania/thoria in the mixed oxide, reported in this
study.

2.3. Thermal expansion experiments

High temperature powder X-ray diffraction mea-
surements were carried out using a high temperature
attachment (HDK 2.4, from Johanna Otto GmbH)
mounted on a wide angle goniometer of XPERT MPD
system obtained from Philips, The Netherlands. The
high temperature attachment consists essentially of a
cylindrical vacuum tight chamber at the centre of which
the sample can be mounted and heated on a tantalum
strip which can be resistively heated at programmed
rates. A W-3% Re/W-23% Re thermocouple, spot
welded to the bottom of the strip, was used for tem-
perature measurement. The temperature of the sample
was controlled within £1 K by using a PID controller
coupled to the sensing thermocouple. The vacuum
chamber was first evacuated to ~ 1073 Pa and then filled
with high pure argon gas (containing ~ 2 ppm each of
H,0 and O,). The evacuation and filling cycle of argon
was repeated for at least 4-5 times before the X-ray
powder patterns could be recorded in vacuum (~ 1073
Pa). Lattice parameters at different temperatures were
calculated using the high angle reflections. Selected dif-
fraction angles were determined accurately by scanning
slowly across the peaks. The approximate lattice pa-
rameters calculated from the Miller indices and reflec-
tion angles were refined by the method of least-squares
by using the computer programme AIDS 83 [12]. The
estimated error in the lattice parameter is of the order of
+0.00005 nm.

2.4. XPS experiments

The X-ray photoelectron spectrometer used in this
study is the VG ESCALAB MK200X, with 150 mm
hemispherical analyzer. The analyzer chamber was
evacuated by a titanium sublimation pump and an ion
pump to 1.7 x 107! mbar during measurements. The
fast entry chamber was evacuated using a turbo-molec-
ular pump backed by rotary pump. A twin anode X-ray
source is provided in the analyzer chamber for operation
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with Mg Ka (1253.6 eV) or Al Ka (1486.6 eV) radiation.
An ion source is also provided for sputter-etch cleaning
of specimens with inert gas ions at energies up to 10 keV
and beam currents of the order of 10 pA. The electron
energy analyzer was operated in the constant analyzer
energy (CAE) mode, where the analyzer energy is fixed
during a spectrum, i.e., the analyzer allowing only
electrons with a particular energy to pass through. In
this study, the spectra were collected using Al Ko X-ray
source and with 20 eV pass energy of the analyzer. The
data acquisition and processing were carried out using
the Eclipse software. The instrument was calibrated with
Au 4f;); line at 84.0 eV with 1.6 eV FWHM [13] for the
specimen of Au film on Si substrate [14].

3. Results and discussion
3.1. Thermal expansion of urania—thoria solid solutions

The room temperature lattice parameters observed
for the solid solutions, viz., 0.5581 for (Ug13Thgg7)O>,
0.5530 for (U0_55Th0‘45)02, and 0.5482 nm for
(Up91Thg09)O,, are in good agreement with the literature
values [3]. The variation of lattice parameter, a, with
temperature measured in this study is given by the fol-
lowing equations:

For (Ug.13Thg37)O,,

ar = 0.55690 + 3.93301 x 10 x T + 8.0665
x 10719 % 72 £ 8.4519 x 1077 (1)

For (Ugs55Thg45)0;,

ar = 0.55201 4 3.36692 x 107 x T + 1.15537
x 107 x 7% +1.31748 x 1074, (2)

For (U9 Thg 09)O>,

ar = 0.54727 4 3.00954 x 107® x T + 1.4387

x 107 x T? +£2.76039 x 107*. (3)
The above equations were obtained by the least-squares
method and the equations are valid in the temperature
range from 298 to 1973 K. A generalized equation for
the lattice parameter of (U, Th,_,)O, solid solutions as a

function of both temperature and composition of the
solid solutions is given below:

ar, = [0.0455 x 107° x 32 — 0.1657 x 107> x
+0.4141 x 107] x T 4 [-0.0555 x 10~°
X y* —0.8680 x 107 x y + 0.6947 x 10~°]
X T? +[—0.002 x y* —0.0103 x y +0.5583]. (4)

Fig. 1 shows the measured lattice parameters of
(Uq.13Tho87)O3, (Ug.ssThg45)0, and (Ug 91 Theg9)O; solid

solutions at various temperatures. From the figure it is
observed that the lattice parameter of all the solid so-
lutions increases progressively with increasing tempera-
ture as expected. Kempter and Elliott [5] have measured
the thermal expansion of urania—thoria solid solutions
containing 50.5 mol% urania over the temperature range
from 299 to 1273 K by XRD technique and reported an
expression for the variation of lattice parameter as a
function of temperature. The fitted line of lattice pa-
rameter values computed from this expression is also
shown in Fig. 1 for the purpose of comparison. Momin
et al. [8] have measured the linear thermal expansion of
(Up,Thyg)O, over the temperature range from room
temperature to 1600 K by XRD technique. Their results
are also shown in Fig. 1 for comparison. The values of
lattice parameters for (Uy sThy 5)O,, measured at various
temperatures by Kempter and Elliott [5] as well as those
for (Up,Th5)O, measured by Momin et al. [8] lie be-
tween the values for (U0v13Th0.87)02 and (U0455Th0.45)02
measured in this study. In addition, the trend in the
variation of lattice parameters of (U, Th)O, solid solu-
tions with respect to composition measured by Kempter
and Elliott [5], Momin et al. [8] as well as by the present
study is as expected, even though the rate of change of
lattice parameter with temperature is different in the case
of results reported by Momin et al. [8].

The percentage linear thermal expansion was com-
puted using the following expression:

Expansion % = {(ar — axg)/axs} x 100, (5)

from the temperature variation of lattice parameter in
the range from 298 to 1973 K. In the above expression,
ar represents the lattice parameter at temperature 7 and
ag the value at room temperature. These values were
fitted in to second order polynomials and the expres-
sions are given below:

08881 (U, ,;Thye)O, . This study e
0 (UyssThous)O, , This study 5
0.564 | X (UgeiThyee)O, , This study a .
a
£ o .
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X
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Temperature / K

Fig. 1. Lattice parameters of urania—thoria solid solutions as a
function of temperature.
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For (Ug.13Thgg7)O2,

Expansion % = —0.17468 + 6.40888 x 10~ x T
+1.67932 x 1077 x T* £ 0.01487.  (6)

For (Ug.s55Thg4s5)O:,

Expansion % = —0.08337 4+ 4.53933 x 1074 x T
+2.65283 x 1077 x 7> +£0.01981.  (7)

For (U1 Thg09)O2,

Expansion % = —0.07368 + 3.96778 x 10™* x T
+3.17679 x 1077 x T* £0.05176.  (8)

A generalized equation for the percentage linear thermal
expansions of (U, Th,_,)O, solid solutions as a function
of both temperature and composition of the solid solu-
tions is given below:

o =[0.3671 x 107 x 3> — 0.6948 x 107* x y
+0.7250 x 107°] x T+ [—0.1106 x 107% x 3*
+0.3070 x 107 x y +0.1299 x 10~%] x T2
+ [~0.2442 x ? 4 0.3835 x y — 0.2204]. 9)

The percentage linear thermal expansions computed
from the above fit equations are shown in Fig. 2 along
with the values measured in this study. The percentage
thermal expansion of all the solid solutions increases
progressively with increasing temperature nearly inde-
pendent of composition up to 1200 K. Fig. 3 compares
the linear thermal expansion data obtained in this study
with the data available in the literature. The linear
thermal expansion of urania and thoria are also shown
in the figure for the purpose of comparison. From the
figure it is seen that the agreement between our results
and the results reported by both Springer et al. [6] as well

2.0

A (Ug13Thy )0,
0 (UpssThy )0,
15 @ (UgeTh 002
------- Polynomial fit - (U, ,;Th, 5,)O,
I - - - Polynomial fit - (U; ;,Th ,:)O,

ol Polynomial fit - (U, 4, Th, ,5)0,
10 |

% Thermal expansion

0.5 |

1 L 1 1 " 1 " 1 " 1 1 1

0.0 + . .
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Temperature / K

Fig. 2. Percentage linear thermal expansion of urania-thoria
solid solutions.
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Fig. 3. Percentage linear thermal expansion of urania—thoria
solid solutions measured in this study along with other data
available in the literature.

as Turner and Smith [7] is excellent. It is also observed
that the linear thermal expansion of urania, thoria and
urania—thoria solid solutions are almost identical up to
1200 K. Above 1200 K, the values of linear thermal
expansion of urania—thoria solid solutions lie between
those for pure urania and thoria.

The instantaneous linear thermal expansion coeffi-
cients [« = (1/ay)(0a/0T)] were obtained by taking the
first derivative of Egs. (1)—(3). The following equations
for o were obtained for (U, Th)O, solid solutions.

For (Ug.13Thy87)O,,

a=7.0471 x 107° +2.8907 x 10~ x T. (10)

For (Ug.ssThg4s)0,,
o =6.0885x 107° +4.1786 x 10~ x T. (11)

For (U9 Th9)Os,
o = 5.4900 x 107 + 5.2489 x 10~° x T. (12)

The coefficients of average linear thermal expansion,

&, (&= (1/ay) x (ar — axs)/(T —298)) derived from

Egs. (1)-(3) are given by the following expressions:
For (Up.13Thyg7)O»,

G=74779 x 107° +1.4454 x 107° x T. (13)
For (U s5Thg45)O»,
&=6.7111 x 107° +2.0893 x 107 x T. (14)
For (U1 Thg9)O»,
%=06.2721 x 107° +2.6245 x 107 x T. (15)

For the temperature range from 298 to 1973 K, the
values of the average linear thermal expansion
COCﬁiCiel’ltS for (UO.lgTho_g7)02, (U0_55Th0.45)02 and
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(Ug.91 Thy 00)O, are 1.033 x 1073,1.083 x 107> and 1.145 x
1075 K ', respectively.

Based on their thermal expansion measurements,
Kempter and Elliott [5] suggested that urania—thoria
solid solutions become less ideal as the temperature in-
creases. However, Aitken et al. [15] measured the ac-
tivity of UO; in solid solutions of (U, Th;_,)O, by the
transpiration method and suggested that the stoichio-
metric urania—thoria solid solutions are ideal at tem-
peratures around 1573 K. A comparison of the
percentage linear thermal expansion measured in this
study with those calculated by applying the equations
for linear thermal expansion of pure urania and thoria
(Figs. 4-6) indicates that stoichiometric (U, Th)O, solid
solutions are almost ideal at least up to 2000 K. In ad-
dition, the room temperature lattice parameter of the
solid solutions obeys the Vegard’s law. This conclusion
is further supported by the fact that the enthalpy in-
crements of (UollThQ.g)Oz, (U0v5Th0.5)02 and
(UpoThg1)O, measured in our laboratory [16] over the
temperature range from 473 to 973 K were found to
obey the Neumann—Kopp’s molar additivity rule.

3.2. Binding energies

U 4f;, and Th 4f;, photoelectron spectra
for  (UgiTho)Os,  (UgasThos5)0s  (UgsThgs)Os,
(Up.75Thy25)0,, and (UgoThy;)O, were recorded to un-
derstand the chemical state of uranium and thorium in
the mixed oxides and the change in its electronic struc-
ture due to formation of the solid solution. Figs. 7 and 8
show the photoelectron spectra of the mixed oxides. The
peak positions, peak widths and the satellite positions in
the photoelectron spectra are shown in Table 2. From
this table it is clear that these parameters are not chan-
ged significantly from the values for pure urania and
thoria. The peak positions indicate that both uranium
and thorium are in +4 state. The increase in peak width

1.8
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(mole average)
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Fig. 4. Measured and computed thermal expansion of
(Uo13Thg 87)O;.
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(UO,SSThOAS)OZ-

20 (UomThoog)oz

O measured
15| —— computed
(mole average)

05|

% Linear thermal expansion
-
o
T

1 1 1 L 1 1 1

L 1 1 n I 2 1 n 1 1 n
400 600 800 1000 1200 1400 1600 1800 2000 2200

Temperature / K

Fig. 6. Measured and computed thermal expansion of
(Uo.91Th09)Os.

is usually associated with the multiple oxidation states of
the element. However, in the present study, the peak is
not so wide to predict the presence of any multiple ox-
idation states of uranium or thorium in the solid solu-
tions. The small change in the peak width observed in
the present study for the solid solutions may be due to
change in the chemical environment of the emitting at-
oms. Urania and thoria have the fluorite crystal struc-
ture and the mixed oxides also have the same crystal
structure with uranium and thorium distributed ran-
domly in the metal sites. In the forbidden gap of the
band structure of thoria, U-bands are introduced during
the formation of solid solutions. Hence, in the mixed
oxide, a mixed band of uranium and thorium is devel-
oped and this influences each other to broaden the
band. The binding energies of U 4f;, and Th 4f;/,
electrons in (Up,1 Tho9)O2, (UpasThg.75)02, (UpsThgs)Os,
(Up.75Thg25)0,, and (UgeThg;)O; solid solutions exper-
imentally determined in this study are given in Table 2.
The results indicate that uranium is in +4 oxidation state
and thorium in +4 state in all the solid solutions as
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Counts (arb. units)

395 390 385 380 375
Binding energy (eV)

Fig. 7. U 4f photoelectron spectra for (U,Th;_,)O, solid
solutions: (1) y= 0.1, (2) y=0.25, 3) y=1, 4) y= 0.9, (5
y= 0.75, and (6) y= 0.5.

identified from binding energy (379.9 eV for U 4f;/, and
334.0 eV for Th 4f;;;) and satellite peak positions
[17-19]. The 4f photoelectron peaks of uranium or
thorium oxides are associated with satellite peaks due to
the transition involving U-O or Th—O bonding bound to
the empty states above the Fermi level during photoe-
mission. The energy involved for such transitions is
different for different oxidation states of uranium or
thorium. In the case of U**, the satellite peak appears at

Th 4f

Counts (arb. units)

355 350 345 340 335 330
Binding energy (eV)

Fig. 8. Th 4f photoelectron spectra for (U,Th,_,)O, solid
solutions: (1) y= 0.9, (2) y= 0.75, 3) y= 0, 4) y= 0.5,
(5) y= 0.1, and (6) y= 0.25.

6.8 eV (Table 2), whereas for U* state, the satellite peak
appears at 4.4 eV [17-19]. For Th** state, the satellite
peak is seen at 7.3 eV (Table 2). Hence, not only the
binding energy, but also the satellite peak positions are
found to be characteristic of the oxidation state of the
elements. In the present study, the presence of a satellite
at 7.0-7.4 eV for (U, Th) mixed oxide of each compo-
sition, indicates that thorium is +4 oxidation state in

Table 2

Binding energy of specified atomic levels for (U, Th,_,)O, solid solutions
yin BE® of FWHM of U4f; ), BE of FWHM of Th 4f;), References
(U},Thl,J,)Oz 18] 4f7/2 U 4f7/2 satellite Th 4f7/2 Th 4f7/2 satellite

(V) (V) (V) (eV) (eV) (V)

1.00 379.9 2.2 6.8 [17-19]
0.90 379.9 2.4 6.5 334.2 2.1 7.4 This study
0.75 379.9 2.4 6.7 334.0 2.1 7.1 This study
0.50 379.9 2.4 6.8 334.1 2.2 7.0 This study
0.25 379.9 2.4 6.4 334.1 2.2 7.3 This study
0.10 379.8 2.3 6.5 334.2 2.3 7.1 This study
0.00 3338 1.8 7.3 [18,19]

#Binding energy.
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them. Similarly, the absence of a satellite at 4.4 eV and
the presence of a satellite at 6.4-6.8 eV for (U, Th) mixed
oxides indicate that the oxidation state of uranium in
them is +4.

4. Conclusion

The average linear thermal expansion coefficients
for (Ug.13Thgs7)O0,, (UgssThoss)O> and (U Thoge)O:
were measured to be 1.033 x 107°,1.083 x 107> and
1.145 x 107 K!, respectively, in the temperature
range between 298 and 1973 K. Based on the results of
calorimetric studies [16], thermal expansion studies and
other thermodynamic measurements on urania—thoria
solid solutions [15], it is suggested that stoichiometric
urania—thoria solid solutions are nearly ideal at least up
to 2000 K. XPS study indicates that uranium and tho-
rium are in +4 oxidation state in all the solid solutions as
identified from binding energy (379.9 eV for U 4f;,, and
334.0 eV for Th 4f;,,) and satellite peak positions.
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