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Abstract

The shrinkage behaviour of ThO,, ThO,-30%PuO,, ThO,-50%PuO, and ThO,-75%PuQO, pellets has been studied
using a dilatometer in inert (Ar) and reducing atmospheres (Ar-8%H,). The effects of dopants of CaO and Nb,Os on
shrinkage of the oxides of the above Pu/(Pu + Th) ratios were also studied. Out of the two dopants studied, CaO was
found to give larger shrinkage for all the Pu/(Pu + Th) ratios covered in this study. It was also found that the shrinkage
was marginally larger in Ar-8%H, than in Ar atmosphere. Addition of PuO, to ThO, enhanced sintering. This was
found to be true for both the dopants. During the sintering of ThO,, a prominent peak was observed in the shrinkage
curve at around 100-300 °C. This peak was attributed to the pressure increase of the trapped gases which subsequently

release at high temperatures.
© 2003 Elsevier Science B.V. All rights reserved.

PACS: 81.20.Ev; 61.72.—y; 66.30.Fq

1. Introduction

The proliferation potential of the light water reactor
fuel in the fuel cycle may be significantly reduced by the
utilization of thorium as a fertile component of the nu-
clear fuel [1]. The main benefits of the thorium cycle
concept include (a) high actinide burnup, (b) inherent
proliferation resistance, (c) improved radiation stability
due to low fuel temperatures, (d) low volume of waste
generation, (e) low fabrication cost and (f) low fuel
failure rate [2,3]. ThO, has a higher melting point, better
radiation stability, higher resistance to chemical inter-
actions, lower vapour pressure and higher thermal
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conductivity than UO, [4,5]. The long-lived minor acti-
nides resulting from fission are generated in much lower
quantity with the thorium cycle, especially compared
with the plutonium cycle. This ecological advantage is
an important argument brought forward these days. The
above-mentioned properties suggest that thorium based
fuels have a greater potential safety and fuel durability
than the currently used UO, or mixed oxide fuels
(MOX). Several reactor concepts based on the thorium
fuel cycle are under consideration since thorium is much
more abundant than uranium. Today MOX (U, Pu)
fuels are used in some conventional reactors, with >**Pu
providing the main fissile ingredient. An alternative is to
use Th/Pu fuels with plutonium being consumed and
fissile 22U being bred [6-8]. In the energy amplifiers,
Th-Pu mixtures [4] are being considered as the candi-
date fuel which is more effective in eliminating pluto-
nium at acceptable concentrations than the conventional
mixture of uranium and plutonium. The device operates
as an effective thorium converter to 233U. The latter can
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be subsequently mixed with ordinary or depleted ura-
nium and it constitutes excellent fuels for PWRs.

The main motivations for considering ThO, as a
matrix for burning plutonium (weapons or reactor
grade) in conventional reactors are [9,10]:

1. Very little plutonium is produced from the irradiation
of the matrix (in contrast to MOX fuel).

2. The amount of ThO, the core can handle is not lim-
ited by the Doppler effect considerations as is the case
with inert matrices.

3. The reactivity of the ThO, matrix containing pluto-
nium should be approximately constant since the re-
activity decrease by plutonium burning should be
balanced by a reactivity increase through the genera-
tion of 233U. This raises the possibility of very long ir-
radiation times of the fuel in the reactor and the
associated deep burning of the plutonium.

Very few reports are available on the ThO,-PuO,
system. Therefore, a study was undertaken to have an
in-depth knowledge about some of the properties of
ThO,-PuO; pellets. In this work, the shrinkage behav-
iour of ThO,, ThO,-30%PuO,, ThO,-50%PuO, and
ThO,-75%PuO, pellets was studied using a dilatometer
in inert (Ar) and reducing atmospheres (Ar-8%H,). The
effects of CaO and Nb,Os dopants on shrinkage be-
haviour of the pellets of the above Pu/(Pu + Th) ratios
are also evaluated. So far, studies have not been made
on above-mentioned metal ratios in atmospheres like Ar
and Ar-8%H,. The results of this study would be useful
to the manufacturers of such fuels.

2. Th-Pu-O system

Freshley and Mattys [11,12] have shown that ThO,
and PuO, form a complete solid solution in the whole
composition range like ThO, and UQO,. The lattice pa-
rameter of fluorite type cubic phase was found to de-
crease regularly from 0.5597 nm for ThO, to 0.5396 nm
for pure PuO, [13]. Due to the limited amount of ex-
perimental data a more accurate assessment of the phase
diagram is not yet possible. However, a few data exist of
the phase diagram of this system [14]. The melting point
of the ThO,-PuO, solid solutions, containing various
amounts of PuQO,, was measured in He. The melting
point of the specimens containing less than 25%ThO,
was found to be unchanged. A continuous series of solid
solution has been reported by Mulford and Ellinger [15].
They found only a single fluorite structure by X-ray
diffraction (XRD) and also showed that the lattice pa-
rameter varied linearly with composition. Dawson [16]
has made magnetic susceptibility measurements on
PuO, and ThO, mixtures and implied that solid solution
following Vegard’s law exists.

ThO, is the only stable solid oxide in the thorium-—
oxygen system and it has very little non-stoichiometry
compared with UO,. Its crystal structure is a cubic flu-
orite type, isomorphous with UO,, PuO, and CeO, con-
taining four thorium atoms and eight oxygen atoms in
the unit cell. Th** is the only one stable valence state of
thorium [17]. It can therefore be used as a model oxide if
the deviations from the stoichiometry are to be avoided.
On the other hand, the phase diagram of the plutonium—
oxygen system shows the presence of four compounds
namely Pu,Os, PuOys;, PuO,4; and PuO,. PuQO; is the
most stable oxide of plutonium [18-21]. The lattice di-
mension and density of PuO, are 0.5396 nm and 11.46 g/
cm’, respectively. PuO, loses oxygen readily at elevated
temperatures in either vacuum, reducing or inert atmo-
spheres. This deviation from stoichiometry is accompa-
nied by the formation of oxygen vacancies on the oxygen
ion sublattice of the crystal [22,23]. This oxygen defi-
ciency results in the formation of larger Pu’* ions, which
causes the unit cell to expand [24]. Unlike UO,, PuO,
does not readily incorporate excess oxygen in the inter-
stitial sites and therefore PuO,,, formation has not been
reported. PuO, can combine with oxygen by adsorption
on the surface. The amount of the adsorbed oxygen is
proportional to the surface area [25].

3. Experimental
3.1. Fabrication of green pellet

The fabrication process for thorium based fuels is
similar to that of UO,. The green ThO, pellets and
ThO,-PuO, pellets for this study were prepared by the
conventional powder metallurgy technique which con-
sists of the following steps:

e milling of the as-received ThO, powder in a planetary
ball for 8 h using tungsten carbide balls to break its
platelet morphology;

e mixing/milling of the above milled ThO, powder with
the required quantity of PuO, powder and additive
(0.5 wt%CaO or 0.25 wt%Nb,0s) for 4 h in a plane-
tary ball mill with tungsten carbide balls;
double pre-compaction at 150 MPa;

e granulation of the pre-compacts;

e final cold compaction of the granulated powder at
300 MPa into green pellets.

The concentrations of the dopants to be added de-
pend on its effectiveness in creating defects. They should
be added as bare minimum quantities to reduce the
amount of impurities in the sintered pellets. The study
conducted by authors’ laboratory on ThO, has shown
that best optimum properties (like density, grain size,
etc.) are obtained with 0.25 wt% Nb,Os and 0.5 wt%
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CaO. Hence we have adopted these concentrations.
Depending upon the composition, the density of the
green compacts was found to vary between 55% and
67% of the theoretical density. To facilitate compaction
and to impart handling strength to the green pellets, 1
wt% zinc behenate was added as lubricant/binder during

Table 1

Characteristics of ThO, and PuO, powders
Property ThO, PuO,
Oxygen to metal ratio 2.00 2.00
Apparent density (g/cm?) 0.70 1.2
Total impurities (ppm) <1200 <1200
Specific surface area (m?/g) 1.53 13.6
Theoretical density (g/cm?) 10.00 11.46

Table 2

Metallic impurities in ThO, and PuO, powders before the ad-
dition of additives

Impurity (ppm) ThO, PuO,
Na <50 <50
Ca <100 <120
Al <10 <10
Mg <20 <25
Si <70 <100
Fe <120 <150
Cr <70 <60
Co <5 <5
Ni <70 <60
Mo <5 <5
w <60 <50
B <0.18 <0.18

MICROMETER SCREW

PROBE
THERMOSTAT

LENGTH MEASURING DEVICE

WATER COOLING

the last 1 h of the mixing/milling procedure. The green
pellets were about 4.6 mm in diameter and around 7 mm
in length. The characteristics of the starting ThO, and
PuO, powders used in this study are given in Table 1.
Impurity contents of ThO, and PuO, powders before
doping are shown in Table 2.

3.2. Dilatometry

The shrinkage behaviour of ThO,, ThO,-30%PuO,,
ThO,-50%Pu0O, and ThO,-75%PuO, compacts in the
various atmospheres was studied using a push rod type
dilatometer (Netzsch, Model 402E7). The shrinkage was
measured in axial direction. The sample supporter,
measuring unit and displaceable furnace of the dila-
tometer were mounted horizontally as shown in Fig. 1.
The length change measurements were made by a linear
voltage differential transducer (LVDT) which was
maintained at a constant temperature by means of water
circulation from a constant temperature bath. The ac-
curacy of the measurement of change in length was
within £0.1 pm. The temperature was measured using a
calibrated thermocouple which is placed directly above
the sample. A small force of 0.2 N was applied to the
sample through the push rod. The dilatometric experi-
ments were carried out in the gas flow of a rate 18 I/h.
The impurity contents of the cover gases used in this
study are given in Table 3.

The heating rate used for the above studies was
6 K/min. Length measurement was made in situ under
dynamic condition. As the sample is heated, its tem-
perature and length values are measured continuously
with the help of a thermocouple and LVDT, respec-

INSULATION (GRAPHITE) SAMPLE THERMOCOUPLE

POWER SUPPLY HEATING ELEMENT

Nolhererrerrlrt

SAMPLE

Ll 2 7 2 /7 7 /7 7 7
L7777 27227777

DILATOMETER

Fig. 1. A schematic of dilatometer showing sample, push rod, thermocouple, and LVDT probe.
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Table 3
Impurity contents of different sintering atmospheres (volume ppm)
Sintering O, (vppm) Moisture CO; (vppm)  CO (vppm) N, (vppm) Oxides of N,  Hydrocarbon
atmosphere (vppm) (vppm) (vppm)
Ar 4 4 1 1 10 1 1.5
Ar + 8%H, 4 4 1 1 10 1 2
tively. The selection of the temperature programme was 4. Results

made by a computer via data acquisition system. The
expansion of the system was corrected by taking a run
under identical condition using a standard sample
(POCO graphite, NIST).

3.3. Characterization

The mixed (Th, Pu) oxide pellets sintered in different
atmospheres were characterized in terms of their den-
sity, oxygen to metal ratio (O/M) and phase content.
The O/M ratio was measured thermogravimetrically and
the phase content was estimated using X-ray diffrac-
tometry and metallography. Table 4 gives the typical
values of O/M ratio and the density of the ThO,—PuO,
pellets. The XRD patterns of the pellets were obtained
by using CuK, radiation and graphite monochromator.
For metallography, the sintered pellet was mounted in
Bakelite and ground using successive grades of emery
paper. The final polishing was done using diamond
paste.

The shrinkage behaviour of ThO, under Ar and Ar—
8%H, atmospheres are plotted in the form of percentage
of shrinkage [(dL/Ly) x 100] versus temperature, where
L, is the initial length. The result is shown in Fig. 2. The
corresponding shrinkage rate d(dL/Ly)/d¢ of the above
pellet is shown in Fig. 3. Fig. 4 shows shrinkage behav-
iour of ThO,-30%PuO, pellets in Ar and Ar-8%H,. The
corresponding shrinkage rate (d(dL/Ly)/d¢) is shown in
Fig. 5. Figs. 6 and 7 illustrate the shrinkage of ThO,—
50%PuO, and ThO,-75%PuO, pellets, respectively. Fig.
8 shows the intercomparison of the shrinkage curves for
CaO doped pellets of ThO,, ThO,-30%PuQ,, ThO,—
50%Pu0O, and ThO,-75%Pu0O, in Ar-8%H,. Fig. 9
shows the shrinkage curves for the above samples of
ThO, and ThO,-PuQO, in Ar atmosphere.

It can be seen from Fig. 2 that the onset of shrinkage
occurs for ThO, at around 1200 °C in both Ar and Ar—
8%H,. This is true for both CaO and Nb,Os doped
pellets. However, the shrinkage is larger for the pellets

Table 4
Typical values of green and sintered density, O/M ratio of ThO,—PuO, pellets sintered in various atmospheres
Pellet composition  Dopant Sintering Green density Sintered density O/M ratio
vatmosphere (%TD) (%TD)
ThO, CaO Ar 67 93 2.000
Ar-8%H, 67 95 2.000
Nb,Os Ar 67 96 2.000
Ar-8%H, 67 96 2.000
ThO,-30%PuO, CaO Ar 61 88 1.965
Ar-8%H, 61 91 1.947
Nb,0s Ar 61.5 87 1.960
Ar-8%H, 61.5 89 1.942
ThO,-50%PuO, CaO Ar 58 89 1.934
Ar-8%H, 58 90 1.921
Nb,Os Ar 58 87 1.930
Ar-8%H, 58 88 1.924
ThO,-75%PuO, CaO Ar 55 86 1.926
Ar-8%H, 55 85 1.887
Nb,Os Ar 56 85 1.922
Ar-8%H, 56 87 1.880
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] ——0.25% Nb,O; in Ar

104 0.25% Nb,O in Ar+8% H,
] -——=0.5% CaO in Ar

R 0.5% CaO in Ar+8% H,

——— 77—
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Fig. 2. Shrinkage curves for ThO, pellets in Ar—8%H, and Ar
atmospheres. The percentage shrinkage (dL/L, x 100) values
are plotted against temperature, where L is the initial length.
The shrinkage curves are those with the dopants given in the
figure.

d(dL/L,)/dt x 10%, min”

——0.25 % Nb,0,in Ar

0.25 % Nb,O,in Ar+8% H,
—0.5% CaO in Ar

B0 e -~ 0.5% CaO in Ar+8% H,
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Fig. 3. Shrinkage rate d(dZ/Ly)/d¢ of ThO, pellet in Ar-8%H,
and Ar atmospheres, for CaO and Nb,Os dopants, plotted
against temperature.

doped with CaO than those doped with Nb,Os in both
the sintering atmospheres. For example, at 1600 °C, the
shrinkage for CaO doped ThO, pellet is about 11% in
Ar-8%H, and that for Nb,Os doped pellet in the same
atmosphere is only 6%. It is also observed that amongst
the two atmospheres, Ar-8%H, was found to give larger
shrinkage for both the dopants.

At temperatures above 1200 °C, the shrinkage curve
for ThO,-30%PuO, pellet in Ar-8%H, lies just below
that of Ar indicating a faster shrinkage in Ar-8%H,
(Fig. 4). This is applicable for both the dopants covered
in this study. The onset of shrinkage occurs at 1100 °C

ThO,-30% PuO,

Shrinkage (%)
&
1

-84 ——0.25% Nb,O, in Ar

.......... 0.25 % Nb,Oy in Ar+8% H,
———0.5% CaO in Ar
————————— 0.5% CaO in Ar+8% H,

T

T T T T T T T T T T T T T
0O 200 400 600 800 1000 1200 1400 1600 1800
Temperature (°C)

Fig. 4. Shrinkage curves for CaO and Nb,Os doped ThO,—
30%PuO, pellets in Ar-8%H, and Ar atmospheres.

10
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9 ]
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s ——0.25 % Nb,O,in Ar
T el 0.25 % Nb,O,in Ar+8% H,
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N 0.5% CaO in Ar+8% H,
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0 200 400 600 800 1000 1200 1400 1600 1800
Temperature (°C)

Fig. 5. Shrinkage rate for ThO,-30%PuO, pellet in Ar-8%H,
and Ar plotted against temperature for both the dopants of
CaO and Nb,Os.

for CaO doped pellet, which is about 100 °C lower than
that for the Nb,Os doped pellet. For ThO,-50%PuO,, in
the temperature ranges of 1100-1450 °C, the shrinkage
is larger for Nb,Os doped pellet (Fig. 6) than that for the
CaO doped pellet.

It is noted from Fig. 7 that the shrinkage slows down
in the temperature at around 900-1100 °C for ThO,-
75%PuQO, pellet in Ar and Ar-8%H, atmospheres for
both CaO and the Nb,Os doped pellets. The slowing
down of the shrinkage process was also noted for ThO,—
50%PuQO, pellet to a lesser extent in the above temper-
ature range.

For ThO, pellets, large oscillations were noticed in
some cases above 1250 °C in d(dL/Ly)/d¢ curves (see
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ThO,-50% PuO,
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Fig. 6. Shrinkage curves for ThO,-50%PuQ, in Ar-8%H, and
Ar atmospheres.
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Fig. 7. Percentage shrinkage (dL/L, x 100) values plotted
against temperature for ThO,-75%PuO, for different atmo-
spheres and different dopants.

Fig. 3). Similar observations have been noted for ThO,—
50%PuO, and ThO,-75%PuO, pellets in small magni-
tude.

A prominent peak was observed in the shrinkage
curve between 100 and 300 °C for ThO, pellet (see Fig.
2). This peak was present for all the ThO, runs carried
out in both Ar and Ar-8%H, atmospheres. This peak
was however absent for all samples containing pluto-
nium.

The significant observations are summarized below:

1. CaO was found to give larger shrinkage than Nb,Os
in Ar and Ar-8%H, atmospheres for all the samples
of ThO, and ThO,—PuO..

2 Dopant: CaO
] Atmosphere : Ar+8% H,

Shrinkage (%)
¢

12 \
{ —mo, o\
44 e ThO,-30% PUO,
16 4 -——=Th0,-50% PuO, \\\
] ——Th0,75% PuO,
184 N
-20

T T
0 200 400 600 800 1000 1200 1400 1600 1800
0
Temperature ("C)
Fig. 8. Intercomparison of the shrinkage behaviour of CaO

doped ThO,, ThO,-30%Pu0O,, ThO,-50%PuO, and ThO,—
75%PuO; in reducing atmosphere (Ar-8%H,).
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1 Atmosphere : Argon

S~ \

0] N\ A
% | N \
X -10 4 \.\ N
= 1 \
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o .
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1671 ——Th0,-50% PuO,
18 —==== ThO,-75% PuO,
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Fig. 9. Shrinkage curves of CaO doped, ThO,, ThO,-
30%PuO,, ThO,-50%Pu0O, and ThO,-75%PuO, in inert at-
mosphere (Ar).

2. Shrinkage was found to be marginally larger in Ar—
8%H, atmosphere than in Ar.

3. Large oscillations were noticed in d(dL/Lo)/d¢ curves
of ThO, pellet.

4. A peak was noticed in the shrinkage curves of ThO,
in the low temperature region of 100-300 °C.

The XRD patterns of ThO, and ThO,-30%PuO,
pellets sintered in both Ar and Ar-8%H, showed only a
single phase. But the XRD patterns of the pellets with
higher plutonium contents (such as ThO,-50%PuO, and
ThO,-75%PuQ, pellets) sintered in Ar and Ar-8%H,
showed the presence of two phases. One is isostructural
with PuO, (fluorite) and the other is isostructural with
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Fig. 10. XRD pattern of Nb,Os doped ThO,-50%PuO, pellet
in Ar-8%H, showing the presence of two phases.
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Fig. 11. XRD pattern of Nb,Os doped ThO,—75%PuO, pellet
sintered in Ar-8%H, atmosphere.

bee a-Pu, 05 (see Figs. 10 and 11). Some portion of PuO,
has combined with ThO, to form a fluorite type solid
solution and the rest of the PuO, might have been re-
duced to bec o-Pu,O; which combined with ThO,
forming bce a-Pu,0; type solid solution.

5. Discussion

From the above results, it is evident that the
shrinkage occurs more rapidly for CaO doped pellets in
both the atmospheres. And also for the same dopant, the
shrinkage increases with the increase of PuO, content.
At 1300 °C, the shrinkage was negligible (<1%) for pure
ThO; in Ar-8%H,, but it was more than 11% for ThO,—
75%PuO; in the same atmosphere (see Fig. 8). It was

also noticed for the same dopant (CaO) that Ar-8%H, is
marginally better for sintering than Ar for all samples of
ThO, and ThO,-PuO, covered in this study.

The sinterability of ThO,-PuO, compacts has been
found to depend upon the following factors, namely
[26,27]:

1. Sintering temperature.

2. Sintering atmosphere.

3. Characteristics of the starting ThO, and PuO, pow-
ders.

4. Sintering time.

5. Nature of the dopant/sintering aid.

Sintering is a diffusion controlled process and is rate
controlled by the slower moving metal atoms. Diffusion
in solid itself occurs by jumps on an atomic scale via the
movement of point defects. The point defect model has
been used to explain many observed features of diffusion
in non-stoichiometric fluorite type oxide fuels [23].

5.1. Point defect model

The point defect model was first developed by Mat-
zke [23,28] and Lidiard [29]. They derived a relation for
the temperature dependence of the concentration of
vacancies and interstitials in both the oxygen and metal
sublattice by solving the anion Frenkel, Schottky and
cation Frenkel products. It has been shown that the
activation enthalpy for metal diffusion should increase
or decrease by AGro when passing from MO, to MO,
or MO,_,, respectively, if the metal diffusion occurs via
a vacancy mechanism, where AGgo is the free energy
of formation of oxygen Frenkel defects [23].

The point defects are created in the materials by the
following process:

1. Deviation from stoichiometry.

2. Addition of a dopant having valency that is different
from that of the host metal ion.

3. Thermal activation, provided that the temperature is
high enough.

In the hypostoichiometric region the fluorite type
oxides have high concentrations of oxygen vacancies
whereas in the hyperstoichiometric region they show
high concentrations oxygen interstitials. The concen-
trations of metal defects are always low. To achieve
mass transport in ThO, in the true sense, both thorium
and oxygen atoms has to be transported. In ThO,, the
heavy thorium atom moves much slower than the light
oxygen atom. Hence the rate controlling process will be
the mobility of thorium atom. At higher concentrations,
the defects will aggregate into clusters, will become or-
dered or will be eliminated by the formation of two- or
three-dimensional defects such as dislocation loops,
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shear planes, voids, etc. [30]. For the actinide oxides, the
dominating defect species are often not the rate con-
trolling factor for diffusion dependent processes. In the
fluorite structure, cation mobility is many orders of
magnitude smaller than anion mobility. At 1400 °C,
DO/DVY is found to be greater than 10° for UO, (de-
pending on x) [31]. Cation diffusion coefficients are,
therefore, difficult to measure.

Interdiffusion coefficient D in the ThO,-PuO, system
is expected to be strongly dependent on the oxygen
potential, plutonium content and temperature like D in
the UO,—PuO, system [32]. It is well known that the
tracer diffusion coefficient of U, i.e. DY and of Pu, i.e.
D™ in UO,,, and MO,.,, respectively vary by 4-5 or-
ders of magnitude at constant temperature if the oxy-
gen potential is varied [23,32]. Since hyperstoichiometric
thorium oxide does not exist, the only possible devia-
tion from stoichiometry for ThO,-PuO, system is
MO,_,. The expected strong dependence of DM on x
in MO,_, was confirmed by experiments on plutonium
in MO,_, [31]. Three possible mechanisms have been
suggested for MO,_, [23,30,31]. They are:

(a) vacancy mechanism, when O/M > 1.98,

(b) interstitial mechanism for a lower O/M ratios of
1.95 < O/M < 1.98,

(c) cluster mechanism for O/M < 1.95.

5.2. Previous work on ThO,—PuO,

Paucity of data are available in the literature on the
sintering in the ThO,-PuQ, system. Paprocki et al. [33]
found that the sintering of PuO, and ThO, mixtures in
Ar at around 1700 °C results in formation of solid so-
lution. But the sintering in H, caused in reduction of
PuO,; to Pu,0;, which prevents from forming a homo-
geneous solid solution. Freshley and Mattys [11,12] in-
vestigated the sinterability, melting point and lattice
parameters of PuO, and ThO, mixtures. The sintering
studies showed that the sintered density of (Th, Pu)O,
compacts increases with the increase in PuO, content
between 2 and 50 at.%PuO, [34,35]. At concentrations
greater than 50%PuQ,, the apparent density was low-
ered because of cracking [11]. The addition of a small
amount of PuQO, enhances the sinterability of ThO, in
the same way as CaO. A sintered density of 96% TD was
obtained at 1600 °C in H, atmosphere for ThO, con-
taining 2-18% of PuO,. The complete solid solution
formation between ThO, and PuQ; is reported in He at
1650 °C for 6 h. A minimum in sintered density was
noticed for a composition corresponding to 50%PuO,
when the sintering was carried out in the above atmo-
sphere. Freshley and Mattys [11] also reported a linear
decrease in lattice parameter with the increase in PuO,
content of the mixture. The XRD pattern of PuO, rich

pellets sintered in He revealed the existence of traces of
a-Pu,0;. The low intensity peaks corresponding to -
Pu,0; were also recorded.

5.3. Effect of dopant

Since ThO, is a very stable oxide, it can be sintered in
various atmospheres such as air, H, Ar or vacuum. A
sintering temperature as high as 2000 °C is required to
attain about 80% TD with no additives. But with the
addition of suitable additives the sintering proceeds at a
temperature as low as 1150 °C in air [36]. Deviations
from stoichiometry produce point defects. Similar effects
can also be achieved by chemical doping of MgO/CaO
to ThO,. It is well known that the addition of aliovalent
cations accelerates the sintering of ThO, [36]. The effect
of an additive depends mainly on its valency. When the
oxide of the metal which has a valency different from
that of thorium is added to ThO,, the following cases are
possible to occur [26,36-38]:

Creation of vacancies/interstitials in Th sites.
Creation of oxygen interstitials/vacancies.

Increase/decrease of valency of some Th ions.
Decrease/increase of valency of some O ions.

bl S

Among the above possibilities, those cases prevail for
which energy difference is the smallest. In the absence of a
liquid phase, the additive may assist sintering by one of
the two possible mechanisms [36]. Firstly, the additive
may create point defects in the ThO, lattice and thereby
increases the diffusion of Th** ion by many orders of
magnitude. A typical example is seen for Nb,Os in ThO,.
Secondly, the additive may significantly retard the grain
growth so that pores are linked to the grain boundaries
[38]. For example, addition of MgO to Al,O; has been
found to inhibit the grain growth or prevent discontin-
uous grain growth. The additive inhibits boundary mi-
gration by a solute drag mechanism and retains the pores
at the grain boundaries [38]. This is the case of MgO/CaO
in ThO,. The effect of higher valency additive is seen to
be the same as that of higher oxygen pressure in the at-
mosphere. If an oxidizing atmosphere is used along with
a higher valency additive, the effect is added up. If an
oxidizing atmosphere is used with a lower valency addi-
tive, the effects nullify each other. When the range of
stoichiometry is large as found in UO,, advantage is
taken by increasing the oxygen pressure in the sintering
atmosphere. When the range of stoichiometry is small as
found in ThO, advantage is taken by introducing addi-
tives [36-38]. While choosing an atmosphere or additive
for achieving activated sintering, it should be remem-
bered that the effect of one must add to the other.

Balakrishna et al. [36] demonstrated that ThO, could
be sintered to densities greater than 9.76 g/cm? at 1150 °C
by doping with 0.25 mol%Nb,0Os. Ananthasivan et al. [39]
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have shown that the effect of higher valence additives,
viz., V, Nb and Ta through gel-combustion synthesis on
the densification of ThO,. Nair et al. [40] reported that
MgO, CaO, and Nb,Os bring about accelerated sinter-
ing in ThO,. Among the pentavalent dopants, 0.5
mol%Nb,Os is the most effective in bringing about the
accelerated sintering in ThO,. EPMA examination of
pellets doped with Nb,Os revealed that the amount of
niobium present in the various regions of the pellets was
below the detection limit suggesting a homogeneous
distribution of niobium in the sintered pellets. The mi-
crostructure of the pellet sintered at 1350 °C showed
enlarged grain boundaries, suggesting the onset of melt-
ing [39]. Ananthasivan et al. [39] have reported the
existence of a eutectic isotherm in the Nb,Os-ThO,
system at 1333 °C for 27 mol%NDb,0Os. Hence a tem-
perature as high as 1333 °C is necessary in order to bring
about liqudation in ThO, doped with Nb,Os.

With the above background in mind, we will discuss
the effect of various atmospheres and dopants on the
shrinkage behaviour of the ThO,-PuO, pellets.

5.4. Effect of CaO

In ThO,, the diffusion of Th*" ions is many times
lower than that of O%~ ions. The addition of lower va-
lency additives like MgO or CaO to ThQO, is expected to
create vacant oxygen sites in ThO, lattice. ThO, is al-
ways stoichiometric unless deviations from stoichiome-
try are produced chemically, e.g., by adding CaO to
produce oxygen deficient (Th, Ca)O,_, [23]. Such ma-
terials produce one oxygen vacancy per added impurity
atom due to the charge neutrality condition.

The addition CaO to ThO, creates defects since cal-
cium has a lower valency than thorium. Theoretically,
there are two possible types of defects to be formed, i.e.
oxygen vacancies and metal interstitials. The reducing
atmosphere further reinforces the formation of such
defects. Hence a lower valency additive and a reducing
atmosphere will give a synergetic effect. In the PuO,—
ThO, system, both Th** and Pu** ions may be replaced
by Ca’* ions. As mentioned above, this will lead to the
generation of defects. Since the energy to form an oxy-
gen vacancy is much lower than that to form a metal
interstitial in the fluorite type oxides, most defects are
formed as a result of calcium substitution will be the
oxygen vacancies. The metal interstitials are also formed
together at that time, but their amount is very small
compared with that of oxygen vacancies. But metal
diffusion is supposed to take place via such metal va-
cancies. That is to say, the metal diffusion will be en-
hanced by the addition of CaO. However in reducing
atmosphere, Th** ions remain unaffected, but some of
the Pu** ions are reduced to Pu** ions. The formation of
Pu’* ions is accompanied by the generation of metal
interstitials. From Fig. 8, it can be seen that the

Table 5
ITonic radii and migration energies of Th, Pu and U ions

ITonic radius (nm)  Migration energy (eV)

U+ 0.097 6.0
Th** 0.102 -
Pult 0.108 4.11
Pu*t 0.093 5.95

shrinkage is faster in CaO doped ThO,-75%PuO,
compared with ThO,-30%PuO, and ThO,-50%PuO,
pellets. The XRD data of this pellet indicate the presence
of two phases. The larger sintering of ThO,—75%PuO, in
Ar-8%H, observed in this study may be associated with
the presence of defect structure as a proportion of the
PuO, gets reduced to Pu,0;. This has been confirmed by
XRD analysis. The migration energies of Pu’* and Pu**
ions are 4.11 and 5.95 eV, respectively [32] (see Table 5).
The Pu?t ions can move faster than Pu** ions resulting
in faster diffusion. Therefore, the formation of Pu,Os in
the sample helps in achieving a faster shrinkage rate [41].
ThO,-75%PuO, sinters well also in Ar too because at
high temperature PuO, loses its stoichiometry and be-
comes PuO,_,. This defect structure enhances the sin-
tering of PuO, pellets. Our results have been found to
agree with the earlier observations reported on PuO,
[41].

5.5. Effect of Nb,Os

When one Th** ion is substituted by one Nb** ion in
the ThO, lattice, the effective positive charge of 1+ is
imparted on the lattice. Hence the addition of Nb,Os to
ThO, causes to form significantly high concentrations of
oxygen interstitial ions. Metal vacancies will also be
formed at the same time but in very low concentrations.
An increase in thorium lattice vacancy, increases its
diffusion coefficient. If sintering is carried out in Ho,
sintering aid cation (Nb>*) is expected to be reduced. If
these reduced cations were to replace the Th*" ions
substitutionally, an increase in oxygen lattice vacancy
should be expected, leading to a lower Th-ion Schottky
vacancy equilibrium concentration, which will result in a
decrease in Th diffusivity [36,42]. Thus Nb,Os will not
be much useful in reducing atmosphere.

In the ThO,-PuO, system, Nb>* ions substitute for
both Th*" and Pu** ions thereby increasing the con-
centration of cation vacancies. When the sintering has
been carried out in Ar and Ar-8%H,, the valence of
thorium remains Th** since this state is the only stable
valence state of thorium. But some of the Pu** ions will
be reduced especially in Ar-8%H, to Pu*" ions at high
temperatures. Hence the creation of Pu** ions in the
oxide should enhance the sintering since more cation
vacancies are generated by the above process. However,
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in the reducing atmosphere like Ar-8%H,, Nb,Os is also
reduced to lower oxides: Nb,Os — NbO, — Nb,O; —
NbO [36,43]. This means that niobium acts as a lower
valency additive to ThO, in a reducing atmosphere. Its
behaviour will become then similar to CaO and hence
sintering should be enhanced. Our results have shown
that in both Ar and Ar-8%H,, shrinkage was found to
be high for CaO doped pellets for all the metal ratios
covered in this study. Even at 1650 °C, the shrinkage
was only for 6% for ThO, doped with Nb,Os pellet but
it was 12% for the CaO doped pellet of the same
Pu/(Pu + Th) ratio (see Fig. 2). Balakrisna et al. [36]
reported that a high sintered density of 97% can be
achieved in ThO, + Nb,Os pellets in reducing atmo-
sphere at 1700 °C. The reason that such a high density
could not be obtained in this study may be because all
the Nb,Os might not have been reduced to the lower-
most valency state and thus existing in mixed valency
states.

In conclusion it can be said that the addition of a
higher valency additive is best for an oxidizing atmo-
sphere for enhanced sintering. It is reported that in air
the Nb,Os doped pellet needs a sintering temperature of
only 1150 °C. But in reducing atmosphere much higher
sintering temperature (1700 °C) is required to attain the
same density. It suggests that Nb,Os is a more effective
dopant in oxidative atmosphere than in reducing at-
mosphere [38]. This can be explained from the electrical
conductivity measurements carried out on ThO, by
Bransky and Tallan [44]. They noticed that in the oxi-
dizing region, the increase in electrical conductivity oc-
curred in both low and high temperatures. However, in
the reducing atmosphere the increase in electrical con-
ductivity was observed only at higher temperatures.
Thus at low temperatures the combination of higher
valency additive and oxidizing atmosphere leads to give
a higher defect concentration than does the combination
of lower valency additive and reducing atmosphere [45].

5.6. Effect of PuO,

From Figs. 2-8, it is clear that the addition of PuO,
to ThO, enhances sintering for both CaO and Nb,Os
doped pellets. The PuO, powder used in these experi-
ments has a higher BET surface area than ThO, (see
Table 1). Hence, PuO, is expected to sinter more readily
than ThO,. Pritchard and Nance [46] have studied the
sintering behaviour of PuQO, in different atmospheres.
PuO, has been found to sinter largely in H, than in Ar.
Chikalla et al. [47] have reported that PuO, can be re-
duced to ~50%0-Pu,0; on heating in H, at 1650 °C or
to 25%Pu,03 on just heating at 1450 °C. PuO, loses little
amount oxygen on heating at 1100-1200 °C in inert or
reducing atmosphere but loses oxygen readily at high
temperature [48,49]. The oxygen deficiency results in
formation of Pu** ion which helps in enhancing sinter-

ing. Pu** ions were shown to diffuse faster in ThO, than
Pu** ions. Therefore formation of Pu,Oj; in the sample
helps in achieving a faster shrinkage rate [49]. The su-
perior sintering behaviour of ThO,-PuO, in Ar-8%H,
observed in this study may be associated with the pres-
ence of defects which are formed when PuO, is partly
reduced to Pu,O;. This has been confirmed by XRD
analysis. PuO, sinters well in Ar because at high tem-
perature PuO, loses its oxygen forming PuO,_,. This
defect enhances the sintering. Our results have been
found to agree with the earlier observations reported on
PuO, [49].

5.7. Effect of atmosphere

Our study has shown that shrinkage is marginally
larger in Ar—8%H, than that in Ar for temperatures
greater than 1000 °C for all the metal ratios except for
Nb,Os doped ThO,-75%PuQ,. The similar observation
has also been made for the UO,-PuO, system by the
same authors [48].

Another important point noticed during the densifi-
cation is the retardation of shrinkage at around 1000 °C
in Ar and Ar-8%H, for ThO,-50%PuO, and ThO,—
75%PuQ,. The retardation of shrinkage correlates with
the onset of the solid solution formation. The solid so-
lution is formed by the interdiffusion of Pu** ion into
ThO, lattice and Th*" ion into PuO, lattice. This in-
terdiffusion process decreases the sintering rate and
shifts the shrinkage to a higher temperature. Such phe-
nomenon has been reported for UO,—PuO, and UO,—
Gd,O; fuels [50,51].

The formation of Pu,O; during the sintering results
in expansion of the unit cell. The ionic radii of Pu** and
Pu** ions are 0.108 and 0.093 nm, respectively (Table 5).
Thus the expansion in the shrinkage curves at around
900-1100 °C (see Fig. 8) may be attributed to the for-
mation of large Pu’* ion [23,32].

As mentioned before, the larger sintering of ThO,—
PuO, pellets in Ar-8%H, observed in this study may be
associated with the presence of defects as PuO, is re-
duced to Pu,0;.

5.8. Low temperature behaviour of ThO;

During the sintering of ThO,, a prominent peak was
observed in the shrinkage curve at around 100-300 °C
(see Fig. 2). This peak was observed only for ThO, and
was seen for both the dopants of CaO and Nb,Os and
for both the atmospheres. The formation of peak in
ThO, may be explained from the following points:

1. The green density of pure ThO, was the highest
around 67%. The green density was found to decrease
with the increase of PuO, content.
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2. The ThO, pellets were prepared by using zinc behe-
nate binder. The binder usually volatilizes off at low
temperature in the range of 150-250 °C.

The green density depends on the compatibility
characteristics of the starting ThO,/PuO, powder. The
flowability of the powder depends upon its shape and its
resistance to form interlocks. In our case the charac-
teristics and morphologies of the powder are such that at
the same compaction pressure ThO, powder will com-
pact to a higher density than that of PuO,. Therefore,
the green density of ThO,-PuO, compacts decreases
with the increase of PuO, content.

When the ThO, pellets of high green density are he-
ated in a dilatometer, the gases trapped in the porosity
cannot easily to escape. The pressure of such gases in the
porosities increases on heating, which causes the pellet
to bulge a little. On further heating to around 300 °C,
the pressure inside the porosities causes some of the
interconnected closed porosities to open up to the sur-
face. This will lead to escape the gases resulting in the
shrinkage of the pellet. Since ThO,~PuO, pellets have
comparatively low green density similar to UO, [52],
there are a sufficient number of the interconnected
channels in these pellets from the first, through which
the trapped gases escape. Hence no peaks were found
for these pellets.

To understand the effect of binder on the formation
of peak, a few ThO, pellets were prepared without
binder and compacted to the same green density. Dila-
tometric experiment was repeated with these pellets and
it was found that peaks appeared again for the above
pellets at around 100-300 °C. This result shows that the
binder has not contributed to the formation of peaks for
ThO, pellets. The peak observed for ThO, pellet in
the temperature range of 100-300 °C is confirmed to be
due to its high green density.

6. Conclusions

The shrinkage behaviour of ThO,-PuO, compacts
containing different amounts of PuO, was studied in
Ar and Ar-8%H,, and the following conclusions are
drawn:

1. Out of the two dopants studied (CaO and Nb,Os),
CaO was found to be more effective for sintering
for all Pu/(Pu + Th) ratios covered in this study.

2. ThO,-50%PuO, and ThO,-75%PuO, showed two
phased structure and their shrinkage curve showed
changes in slope in both Ar and Ar-8%H, at
~1100 °C.

3. Addition of PuO, to ThO, enhances sintering. This
was found to be true for both the CaO and Nb,Os
dopants of the concentrations used in this study.

4. During the sintering of ThO,, a prominent peak was
observed in the shrinkage curve at around 100-300
°C. This peak is attributed to the pressure increase
of trapped gases and their subsequent release at high
temperatures.
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