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Abstract

Earlier we reported the phase relations in the CeO,-ThO,—ZrO, system under slow cooled conditions from 1400 °C; ceria was used as a
surrogate material for plutonia. A number of single-phase compositions with fluorite-type structure were identified in this pseudo-ternary
system. For example, about 5 and 20 mol% of zirconia could be dissolved in the lattice of thoria and ceria, respectively. 10 mol% zirconia was
incorporated in the lattice of ThysCesO,. The lattice thermal expansion behaviour of a number of single-phase compositions in the
temperature range from 293 to 1473 K, as investigated by high temperature XRD, are reported. For example, the average lattice thermal
expansion coefficient of pure thoria was found to be 9.58 x 107° which increased to 11.91 x 107°K~' in the composition

Thg 05Ce0.90Z10.0502.
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1. Introduction

The development of uranium-free, inert matrix fuel is of
worldwide interest. By using this concept it is possible to
annihilate the large stock of plutonium available from
dismantled weapons and accumulated stocks from nuclear
power plants. Several groups are engaged in development of
new inert matrix fuel host lattices [1-5]. Kleykamp [6] has
written a review on selection of materials as diluents for
“burning” the plutonium. This concept is also being
contemplated to prepare targets for transmutation of minor
actinides. The inert matrix, as suggested by its name, does
not lead to the formation of fissile material after irradiation.
To act as an inert matrix has to satisfy a number of stringent
conditions, e.g., good neutron economy, have superior
thermophysical properties (high thermal conductivity, low
thermal expansion, etc.), lack of phase changes and no
decomposition at higher temperature, have compatibility
with the cladding material, stability against radiation, good
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mechanical properties, low leachability and low cost. A
number of host lattices are being considered to act as an inert
matrix, for diluting plutonium, viz., multi-phase ceramic—
ceramic composites (MCC) based on zirconia, alumina or
magnesia, AlsY30;p,, MgO, MgAl,04, ROX (rock-like
oxides) [7]. Several nitrides, carbides [5] and phosphates [8]
are also being contemplated to act as an inert matrix.
India has very large deposits of thorium, which is
potentially useful for nuclear power production. Being a
very stable oxide (chemically inert), thoria could also be
considered as a potential host for diluting and burning
plutonia, though it is not exactly an inert matrix. The
inclusion of thoria is likely to improve the neutron economy
and in situ produced U-233 would increase the burnup of the
inert matrix-based fuel [9]. Recently, pseudo-ternary phase
relations in the CeO,—ThO,—ZrO, system were reported [10]
under slow-cooled conditions. Ceria is used as a surrogate
material [11] in place of plutonia. The main difficulties
while investigating PuO, based systems are its high
radioactivity and toxicity. One way to overcome this
problem is the use of CeO, in place of PuO, as they both
have quite similar physico-chemical properties viz., ionic
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size in octahedral and cubic coordination, melting points,
standard enthalpy of formation and specific heat, etc.

The possibility of presence of Ce™* is quite remote under
the experimental conditions employed in the present
investigations, i.e., heating at 1400 °C followed by slow
cooling in static air. Zhou and Rahman [12] have convin-
cingly concluded based on TG data that CeO, does not show
an appreciable oxygen loss up to 1400 °C. In fact, these
authors have shown that it is nano-crystalline ceria, which
shows an appreciable weight loss at about 1300-1400 °C.
We have used a micron to sub-micron size ceria in the
present investigation, which is known to become slightly
sub-stoichiometric (CeO; g95) only at 1500 °C [13]. Based
on refinement of the XRD data in CeO,—~ThO,-ZrO, [10],
several phase regions namely of cubic solid solutions, two-
phase and multi-phase regions could be delineated. Ceria
and thoria have appreciable solubilities of nominal
compositions Thy sZry 50, and Ce sZry50,, respectively,
whereas the ZrO, structure does not accommodate any
Cep.5Thg 50,. A cubic solid solution phase field and a two-
phase field (cubic + monoclinic) could be delineated
unequivocally. The single-phase ternary compositions, as
found in this study, are expected to be superior to the multi-
phasic compositions for plutonium utilization. Thermal
expansion behaviour is an important thermo-physical
property, which governs the design and performance of
the nuclear fuel pins. In this communication we report on the
lattice thermal expansion behaviour of single phase
compositions in the CeO,—ThO,—ZrO, system, as studied
by high temperature X-Ray diffraction (XRD), in the
temperature range from 20 to 1200 °C.

2. Experimental

Ce0O,, ZrO, and ThO, (all 99.9%) were used as the
starting materials. About 10 single phase compositions in
Ce0,-ThO,-ZrO, system were prepared by a three stage
heating protocol. Starting materials were heated at 900 °C
for overnight and were well characterized by powder XRD
before use. The intimately ground mixtures were heated in
the pellet form at 1200 °C for 36 h, followed by second
heating at 1300 °C for 36 h after regrinding and repelletis-
ing. In order to attain a better homogeneity, the products
obtained after second heating were again reground,
pelletised and heated at 1400 °C for 48 h, which was the
final annealing temperature of all the specimens. The
heating and cooling rates were 2 degrees per minute in all the
annealing steps and atmosphere was static air. The XRD
patterns were recorded on a Philips X-ray diffractometer
(Model PW 1710) with monochromatized Cu Ko radiation
(Ko =1.5406 A and Ko, =1.5444 A). The silicon was used
as an external standard for calibration of the instrument. The
XRD patterns were well analyzed by comparing with the
reported ones. The lattice parameters were refined by a least
squares method.

The high temperature X-ray diffraction (HT-XRD)
patterns of the sample were recorded using an X’pert
PRO XRD unit fitted with an Anton Parr high temperature
attachment. A platinum heater was used as the stage for the
sample. A Pt/PtRh(13:87) thermocouple spot welded to the
bottom of the stage was used to measure the temperature.
The temperature was controlled with an accuracy of +1 K
using a FEurotherm temperature controller. The XRD
patterns (15° < 26 < 80°, scan time 60 min) were recorded
at various temperatures in the range of 20-1200 °C at an
interval of 150 °C after holding the sample for 5 min at
each desired temperature, in static air. The unit cell
parameters at each temperature were determined using a
least squares refinement program. The cell volume as well
as the coefficients of average lattice thermal expansion
were also evaluated.

3. Results and discussion

The lattice parameters of these samples at 20 °C were
reported earlier [10]. XRD patterns of each sample, recorded
at different temperatures, were refined to determine
variations of the lattice parameter as a function of
temperature. The lattice parameters for different tempera-
tures were fitted as function of temperature using a second
order regression and the fittings are given below (a in nm, T
in K).

For Thy 5Z10.05Ce0.9002:

ar = 0.5389 + (5.526 x 10°6)T

+(6.103 x 1071072 (D
For Thy,10Zr0.10Ce0.8002:
ar = 0.5406 + (4.911 x 107%)T

+(9.308 x 107 10)72 )
For Thy 15Zr0.15Ce.7002:
ar = 0.5396 + (5.589 x 1076)T

+ (4.536 x 1071072 3)
For Thg 4571 10Cep.450,:
ar = 0.5472 + (5315 x 1074)T

+(5.785 x 10710)7? )
For Thg 75Zr0.125Ce0.12502:
ar = 0.5557 + (4.108 x 10-9)T

+(7.359 x 10710)72 ®)
For Thg g0Zro.10Ce0.1002:

ar = 0.5561 + (3.885 x 1074)T
+ (1.087 x 10°)1? (6)
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For ThO.QSZr0.0soz:
ar = 0.5580 + (3.709 x 10~9)T
+ (8.630 x 10719)72 (7)

For ZI‘Q]()CC()Q()O@
ar = 0.5367 + (4.879 x 10°OT
+ (1.409 x 10°)71? 8)

For ZrO.ZOCGOBOOZ:

ar = 0.5342 + (4.971 x 10°9T
+(1.356 x 10°)1? )

It may be noted that the lattice parameters of these
compounds at 20 °C calculated using these equation is
within the standard deviation compared to those reported in
a previous work [10].

The average lattice thermal expansion coefficients, o,
(20-1200 °C), are given in the Table 1; «, values decrease
progressively on increasing the ThO, content in this series,
which can be attributed to the lower a, values of thoria. It
may be noted that thoria is a high melting point solid and, in
general, the coefficient of average thermal expansion is
inversely proportional to the melting point of the solid [15].
A typical plot of lattice thermal expansion (%) as a function
of temperature for Thy ;5Zr( 15Ce( 700, is shown in Fig. 1.
The observed lattice thermal expansion (%) for each sample
was fitted as a function of temperature using a polynomial
regression and the fittings are given as follows (7 in K).

For Thy o5Zr0.05Ce.9002:

100 x Aa/a = —0.19503 + (5.17454 x 10~4)T
+ (4.78399 x 107 7)1
+ (1.80663 x 10710)73
— (1.66445 x 10~13)1* (10)

Table 1
Average lattice thermal expansion coefficients (293-1473 K) for different
compositions

Composition a, (X 10%) Reference
Thy.05Ce0.90Zr0.0502 11.91 Present work
Tho.10Ce0.80Zr0.1002 11.72 Present work
Thy.15Ceg.70Zr.150- 11.58 Present work
Thg 45Ceq.457210.1002 11.19 Present work
Thy.75Ce0.125Z10.12502 9.75 Present work
Tho s0Ceo.10Zr0.1002 9.88 Present work
Thy.95Z10.0502 9.24 Present work
Ce.9Zr0.10 13.7 Present work
Ce.8Zr020, 13.9 Present work
ThO» 9.58 [14]

Ce0, 12.68 [14]

710, 8.0° [16]

# Average linear thermal expansion coefficient (298-1353 K).
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Fig. 1. Lattice thermal expansion behaviour of Thg ;5Ceq 70Zr0.150; as a
function of temperature.

For Thg 19Zrg 10Ce0.8005:
100 x Aa/a = —0.18551 + (2.38911 x 10°4)T
+ (1.69058 x 107712
+ (=1.29339 x 107°)71°
+ (3.80623 x 107131 (11)

For Thq ;571 15Ce.7003:
100 x Aa/a = —0.35758 + (0.00133)T
4 (—4.25685 x 1077)T?
+(3.95626 x 1071973
+ (—1.05474 x 10~ 13)1* (12)

For Thg 45Zr0.10Ce0.4502:
100 x Aa/a = —0.22478 + (7.47123 x 1074 T
+ (=7.62746 x 107%)T1?
+ (6.06365 x 1071973
+ (—2.81623 x 10~ 1* (13)

For Thyg 75Zr¢.125Ce0.12502:
100 x Aa/a = —0.21088 + (5.57639 x 10~4)T
+ (6.61271 x 107 7)1?
+ (—5.50729 x 1071973
+ (1.84242 x 10731 (14)

For ThogoZrg.10Ce0.1002:
100 x Aa/a = —0.11661 + (3.79676 x 107)T
+ (1.455 x 1077172
+(—9.2383 x 1071072
+(2.2987 x 1071314 (15)
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For Thy 95Zr0,0502:
100 x Aa/a = —0.68902 + 0.00359T
+ (=5.7085 x 10-)17?
+ (4.72072 x 1072717
+(—1.31849 x 10~12)T* (16)
For Zrg.10Cep.9005:
100 x Aa/a = —0.31599 + (0.00107)T
+ (7.43119 x 107)T?
+ (1.56701 x 1071973
+ (—3.19838 x 10~ )1* (17)
For Zrg 50Ceg.5005:
100 x Aa/a = —0.27786 + (7.28723 x 10°4H)T
+(9.53573 x 1077)T1?
+ (—7.86106 x 10719713
+(2.73782 x 10~ 1) 1* (18)

However, the average lattice thermal expansion coeffi-
cient of ceria increases on substituting 10 and 20 mol%
zirconia. This observation is somewhat different than what
one expects based on the thermal expansion coefficients of
the end members.

4. Conclusions

Nine single phasic compositions were investigated for
lattice thermal expansion behaviour by high temperature-

XRD. These compositions represent the thoria and ceria rich
regions in the single-phase fields. The lattice thermal
expansion data generated in this study can be used to
simulate the thermal expansion behaviour of the corre-
sponding plutonia-based compositions.
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