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Abstract

Impregnation technique is an attractive alternative for manufacturing highly radiotoxic 233U bearing thoria based mixed oxide fuel
pellets, which are remotely treated in hot cell or shielded glove-box facilities. This technique is being investigated to fabricate the fuel for
the forthcoming Indian Advanced Heavy Water Reactor (AHWR). In the impregnation process, porous ThO2 pellets are prepared in an
unshielded facility which are then impregnated with 1.5 molar uranyl nitrate solution in a shielded facility. The resulting composites are
dried and denitrated at 500 �C and then sintered in reducing/oxidizing atmosphere to obtain high density (Th,U)O2 pellets. In this work,
the densification behaviour of ThO2–2% UO2 and ThO2–4% UO2 pellets was studied in reducing and oxidizing atmospheres using a high
temperature dilatometer. Densification was found to be larger in air than in Ar–8% H2. The characterization of the sintered pellets was
made by optical microscopy, scanning electron microscopy (SEM) and electron probe microanalysis (EPMA). The grain structure of
ThO2–2% UO2 and ThO2–4% UO2 pellets was uniform. The EPMA data confirmed that the uranium concentration was slightly higher
at the periphery of the pellet than that at the centre.
� 2007 Elsevier B.V. All rights reserved.

PACS: 81.20.Ev; 61.72.�y; 66.30.Fq; 62.20. Fe; 81.70.P
1. Introduction

The technology of fabrication of Pu-bearing uranium
fuels like MOX for both LWR’s or FBR’s has now been
mastered industrially by many countries. Generally, the
large scale production of MOX fuel pellets is carried out
by sintering the green compacts in a reducing atmosphere
at high temperatures around 1700 �C [1,2]. However, when
the fabrication of fuels containing highly radioactive mate-
rials, such as 233U, americium, curium, long-lived fission
products or transmutation nuclides is considered, the pro-
duction of dust and consequent radiation exposure to per-
sonnel could restrict the use of the above usual process
consisting of co-milling, cold compaction and sintering.
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Therefore, alternative fabrication routes that are more ame-
nable for remotization and automation procedures are
being considered [3–6]. Some of the promising methods
other than powder pellet route are (a) sol–gel microsphere
pelletization (b) vibro-sol route and (c) impregnation tech-
nique [7]. Among them, the impregnation technique is an
attractive alternative for manufacturing highly radiotoxic
233U bearing thoria based mixed oxide fuel pellets [8–10].
In this process, low density pellets (675% T.D.) with open
porosity are first prepared in an unshielded area. The
ThO2 pellets thus prepared are impregnated in uranyl
nitrate (233U) solution followed by sintering to obtain
ThO2-based mixed oxide pellets of high density and good
microhomogeneity [7]. That is to say, handling of fine
233U bearing powders in remote facilities can be avoided.
Another advantage of this process is that it can be coupled
with the reprocessing plant so that the purified feed from
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ion exchange columns may be straightway used as the infil-
trant [7–10]. The impregnation process can thus simplify the
fuel reprocessing operation and eliminate several expensive
stages from operations. As no precipitation or washing
steps are required within the shielded area, the amount of
radioactive wastes produced in the process is small [9,11].

Thorium fuel cycle contributes to produce long term
nuclear energy with a small amount of radiotoxic waste.
The fuel not only reduces plutonium production but also
reduces the formation of highly radioactive isotopes [12–
16]. Regarding to waste management, the Th containing
fuel creates more 129I and 234U due to higher amount of
233U in it. However, the U fuel forms more 99Tc, 237Np
and 239Pu and some heavier actinides [17,18]. The amount
of thorium in the earth crust is estimated to be three times
that of uranium. India has vast thorium reserves (five times
that of uranium) in contrast to modest quantity of uranium.
The currently known Indian thorium reserves amount to
358000-GWe year of electrical energy, which can easily
meet the energy requirements during the next century and
beyond [19]. Accordingly, while formulating the national
programme, thorium has been envisaged as the fuel for
the third and the largest phase of Indian nuclear power pro-
gramme. India is currently engaged in the design of a tho-
rium fuelled advanced heavy water reactor (AHWR) for
generation of power. The AHWR is being developed in
India with the specific aim to utilize thorium for power gen-
eration. AHWR is a 300 MWe, vertical, pressure tube type
reactor cooled by boiling light water and moderated by
heavy water. It incorporates several advanced passive safety
features, e.g., heat removal through natural circulation
[20,21]. The AHWR fuel comprises a 54 pin composite fuel
cluster containing 24 (Th–Pu)O2 pins and 30 (Th–233U)O2

pins. Fabrication of (Th–233U)O2 mixed oxide fuel is, how-
ever, not easy because it usually contains daughters of 232U
(half-life 73.6 years) namely, 212Bi and 208Tl which emit
strong gamma radiations of 0.7–1.8 MeV and 2.6 MeV,
respectively. Therefore the fabrication of above fuel
requires operations in shielded glove-boxes to protect the
operators from radiation. The aim of this work is to develop
the impregnation technique to fabricate ThO2–2% UO2 and
ThO2–4% UO2 fuel pellets. The mixed oxide of ThO2 con-
taining �4% 233UO2 is the proposed fuel for the AHWR
and ThO2–2% 233UO2 is considered as an alternative fuel
for thermal reactors. In this study, natural U has been used
as a surrogate for 233U.

The objectives of this study are listed below:

1. Fabrication study of high quality ThO2–UO2 pellets by
impregnating ThO2 with uranyl nitrate solution.

2. Evaluation of shrinkage behaviour of ThO2–2% UO2

and ThO2–4% UO2 compacts in the atmospheres of
Ar–8% H2 and air.

3. Study of the microstructural features of the pellets of the
above compositions.

4. Investigation of uranium distribution in the above pel-
lets after sintering.
5. Search of alternate method to produce the mixed oxide
pellets which is more economic with minimum processes
of handling of highly toxic or radioactive materials in
shielded environment.

2. Impregnation technique

The impregnation technique of Bhabha Atomic
Research Centre (BARC) is very similar to infiltration of
radioactive materials (INRAM) [22–29] which has recently
been applied for Am target fabrication. The process relies
on the action of capillary forces to draw the solution into
the pores of the host material. The amount of the second
material introduced into the pellet can be controlled by
adjusting the concentration of the infiltrant solution. The
only requirement for the application of this process to the
fabrication of fuel pellet is that the pellet should be insolu-
ble in the solution containing the infiltrant and that the infil-
trant can be easily convertible into the desired chemical
form [9,11]. It is important that many of the porosities are
interconnected and distributed uniformly across the pellet
otherwise the impregnation will not be effective. Use of
microwave during impregnation for local heating of the
partially sintered low density pellets has been tested for
expulsion of entrapped gas to accelerate impregnation.
For uniform distribution of actinide in the sintered pellets,
annular pellets are more suitable than the conventional
ones. The concentration of the added material can be
increased by multiple impregnation or by the use of the
solution containing higher concentration of the material.

The flow-sheet of fabrication of ThO2–4% UO2 pellets
by impregnation process is given in Fig. 1. The procedures
for the fabrication of ThO2–UO2 pellets followed by
Bhabha Atomic Research Centre (BARC) involve the fol-
lowing steps [30]:

1. Fabrication of low density (�66% T.D.) ThO2 pellets by
powder route in an unshielded facility.

2. Impregnation of the above pellets by uranyl nitrate solu-
tion under vacuum in a shielded facility.

3. Drying and final sintering at 1700 �C in reducing
atmosphere.

The U loading in ThO2 pellet can be varied by control-
ling the following parameters such as:

(a) Density of the pre-sintered ThO2 pellets.
(b) Concentration of uranyl nitrate solution.
(c) Duration of impregnation.

3. Experimental

3.1. Preparation of green compacts

The ThO2–2% UO2 and ThO2–4% UO2 green pellets
for this study are prepared as described in Section 3.2
by the impregnation process. The characteristics of the
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Fig. 1. The flow-sheet of fabrication of ThO2–4% UO2 pellet by
impregnation process.
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starting ThO2 powders used in this study are given in
Table 1. ThO2 powders used in this study had 500 ppm
of MgO as sintering aid. These powders were milled in
a planetary ball for 2 h and then doubly precompacted
at 75 and 150 MPa into pellets. This is followed by gran-
ulation. These granules were used to make pellets by
compacting them at 300 MPa. The green density of the
compacts was in the range of 63–65% of the theoretical
density. The pellets were about 8 mm in diameter and
around 10 mm in length. Some ThO2 green compacts
were not impregnated with uranyl nitrate solution and
used as control samples.
Table 1
Basic characteristics of starting ThO2 powders

BET surface area (m2/g) 3.72
Apparent density (g/cm3) 1.23
Tap density (g/cm3) 2.28
Total impurity (ppm) <1000
3.2. Impregnation

The density of the host pellets (ThO2) was optimized by
changing the pre-sintering temperature. ThO2 green pellets
were pre-sintered at 600, 1000, 1150 and 1200 �C to obtain
the pellets of various densities ranging from 6.3 g/cm3 to
7.5 g/cm3. By conducting experiments using the host pellets
of different densities, it was observed that the pellet of
6.6 g/cm3 density (pre-sintered at 1000 �C for 2 h) gave
the most satisfactory result. The pre-sintered pellets were
immersed in 1.5 M uranyl nitrate solution under the con-
trolled vacuum. The pellets were kept in the liquid for
about 1 h to complete impregnation. In this study the con-
centration of uranyl nitrate solution was not changed from
1.5 M. After impregnation, the pellet was dried and then
calcined at 500 �C for 2 h. The amount of uranium impreg-
nated in ThO2 was found to be around 2% from the weight
gain of the pellet after the calcination. Attempts to increase
the uranium amount by increasing the porosity of ThO2

pellet using pore formers (methyl cellulose) did not give
good results because such pellets were insufficient in
strength to withstand the liquid impregnation. A series of
experiments were conducted with batch sizes ranging from
250 g to 5 kg with 1.5 M uranyl nitrate solution. In all the
above experiments, the uranium concentration in ThO2

was around 2%. For having ThO2–4% UO2 pellet, then,
the above pellet was again impregnated with 1.5 M uranyl
nitrate solution and calcined at 500 �C for 2 h.

3.3. Dilatometry

The shrinkage behaviour of ThO2, ThO2–2% UO2 and
ThO2–4% UO2 pellets was studied using a high tempera-
ture dilatometer. The dilatometry was carried out under
the following condition:

• force on the sample 0.2 N,
• gas flow 12 l/h and
• heating rate 6 K/min.

The measurements made using a Netzsch (model 402E)
horizontal dilatometer. The dilatometric data were
obtained are in the form of curves of dimension against
time and temperature. Here, the sample rests between the
push rod and stopper. The length change is transmitted
through the frictionless push rod to an LVDT transducer.
The accuracy of the measurement of change in length was
within ±0.1 lm. A calibrated thermocouple was placed just
above the sample to record the sample temperature. The
dilatometric experiments were carried out in reducing
(Ar–8% H2) and oxidizing (air) atmospheres. The impurity
contents of the cover gases used in this study are given in
Table 2. The selection of the temperature programme was
made by a computer via the data acquisition system. The
shrinkage of a standard sample (POCO graphite, NIST)
was measured under identical condition in order to correct
for the differences in shrinkage between the sample holder



Table 2
Impurity contents in the sintering atmospheres (volume ppm)

Sintering atmosphere Oxygen (vppm) Moisture (vppm) CO2 (vppm) CO (vppm) N2 (vppm) Oxides of
N2 (vppm)

Hydrocarbon
(vppm)

Argon + 8% hydrogen 4 4 1 1 10 1 2
Air Bal 10 5 0 Bal 1 1
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and the sample. Table 3 gives the typical impurity contents
of a sintered pellet. The density and O/M (M = Th + U)
ratio of the pellets covered in this study are shown in Table
4.
3.4. Characterization

The ThO2, ThO2–2% UO2 and ThO2–4% UO2 pellets
were characterized by the following techniques:

• XRD.
• Density.
• Metallography.
• Thermogravimetry.
• SEM.
• EPMA.

The O/M ratio and XRD data were obtained for the
samples after sintering. The O/M ratio of the sintered pellet
was measured thermogravimetrically using Bahr (Model
STA-503) thermal analyzer. The accuracy of the measure-
ment in weight was within ±1 lg. The O/M ratio of the
Table 3
Metallic impurities in a typical sintered pellet made by impregnation
process

Element Impurity (ppm)

Na 14
Al 9
Mg 410
Si <110
Fe 20
Cr <1
Co <5
Ni <1
Mo <5
W <50
Cu 1.0
B <0.6

Table 4
Densities and O/M ratios of the sintered ThO2–UO2 pellets heated in
oxidizing and reducing atmospheres

Composition Density (% TD) O/M ratio

Air Ar–8% H2 Air Ar–8% H2

ThO2 92.9 89 2.000 2.000
ThO2–2% UO2 92.1 87 2.008 2.000
ThO2–4% UO2 95.7 87 2.010 2.000
sample heated in air was obtained from the weight decrease
of this sample on heating in Ar–8% H2 at 800 �C of which
the O/M ratio is 2.00. The phase analysis was performed
using X-ray diffractometry (Diano make, model XRD-
8760) and metallography (Leica make, model Polyvar
microscope). The X-ray diffraction patterns of the pellets
were obtained by using Cu Ka radiation monochromatized
with curved graphite monochromator. The accuracy of this
equipment is ±5%. The green density was measured geo-
metrically and the sintered density was determined follow-
ing the Archimedes method (Mettler Toledo, model SAG
105). For metallography, the pellets sintered in Ar–8%
H2 and air were mounted in Araldite cement and ground
using successive grades of emery papers. The final polishing
was done using diamond paste. The pellet was then
removed from the mount by dissolving the cement by ace-
tone and then etched thermally by holding it at 1500 �C for
4 h in air. The grain size was determined by the intercept
method. The microstructure was characterized by SEM
(Philips make, model XL-30). The uranium distribution
in the sintered pellet was determined by EPMA (Cameca,
model Sx-100).
4. Results

Fig. 2 shows the shrinkage behaviour of ThO2–2% UO2

and ThO2–4% UO2 pellets made by the impregnation route
in reducing atmosphere (Ar–8% H2). The shrinkage behav-
iour of control sample, ThO2, is shown together in the
same figure. Here dl/l0 is plotted against temperature,
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Fig. 2. Shrinkage curves for ThO2, ThO2–2% UO2 and ThO2–4% UO2

pellets heated in Ar–8% H2 atmosphere. Here dl/l0 is plotted against
temperature where l0 is the initial length.
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where l0 is the initial length of the pellet in the axial direc-
tion and dl is its increment. The corresponding shrinkage
rates d(dl/l0)/dt of the above pellet are shown in Fig. 3.
From Fig. 2, it is seen that the onset temperature of sinter-
ing is around 975 �C for pure ThO2 while these are about
1050 �C for ThO2–2% UO2 and ThO2–4% UO2 pellets.
The onset temperature of sintering was determined from
the dilatometric curve as the point at which it deviates from
its horizontal path. Fig. 4 shows a plot of shrinkage versus
temperature for these oxides in air. The corresponding
shrinkage rates d(dl/l0)/dt of the above pellets are shown
in Fig. 5. The shrinkage curve of ThO2 lies between those
of ThO2–2% UO2 and ThO2–4% UO2 at temperatures
higher than 900 �C. In the pellets studied in this work,
ThO2–4% UO2 shows the highest shrinkage. From the
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Fig. 3. Shrinkage rate of ThO2, ThO2–2% UO2 and ThO2–4% UO2 pellets
heated in Ar–8% H2 atmosphere plotted against temperature.
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above figures (Figs. 4 and 5), it is seen that the shrinkage
occurs above 925 �C in air for ThO2 and ThO2–2% UO2

pellets. For ThO2–4% UO2 pellet, the shrinkage was found
to commence at a much lower temperature of 800 �C in air.
In these pellets, ThO2–2% UO2 shows the highest shrinkage
rate and ThO2 shows the lowest in air. The maximum
shrinkage rates are observed at 1225, 1325 and 1175 �C
for ThO2, ThO2–2% UO2 and ThO2–4% UO2, respectively.
But for the pellets sintered in Ar–8% H2, all the above oxi-
des showed the maximum shrinkage rates at the same tem-
perature of 1280 �C (Fig. 3). Fig. 6 compares the shrinkage
behaviour of ThO2–4% UO2 pellet in reducing (Ar–8% H2)
and oxidizing atmospheres (air). It is evident that the onset
temperature of shrinkage in air is much lower (800 �C) than
that in Ar–8% H2.

It is possible to compute the shrinkage levels at two dif-
ferent temperatures from Figs. 2 and 4 and also know the
effect of the addition of UO2 on the shrinkage at a partic-
ular temperature. In air at 1300 �C, the shrinkage was 6.5%
for pure ThO2. The shrinkage values were 4.75% and
10.25% for ThO2–2% UO2 and ThO2–4% UO2, respec-
tively. At the same temperature, the shrinkage in Ar–8%
H2 was 5.5% for pure ThO2, and the shrinkage values were
4.75% and 4.25% for ThO2–2% UO2 and ThO2–4% UO2,
respectively (Fig. 2).

Fig. 7 shows the microstructures of the ThO2, ThO2–
2% UO2 and ThO2–4% UO2 pellets. The grain size of



Fig. 7. Microstructure of ThO2 (a), ThO2–2% UO2 (b) and ThO2–4% UO2

(c) pellets. These pellets were sintered in air and etched thermally.
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ThO2 and ThO2–4% UO2 pellets in Fig. 7(a) and (c) does
not show large dispersion. The grains are rather uniform.
The grains of ThO2–2% UO2 pellet (Figs. 7(b)) were also
fairly uniform but they were not as well developed as
those of the ThO2–4% UO2 pellet. The average grain sizes
of ThO2 and ThO2–4% UO2 pellets were found to be
almost the same (12 lm), and that of ThO2–2% UO2 pel-
let was slightly smaller (10 lm). The XRD data of ThO2,
ThO2–2% UO2 and ThO2–4% UO2 pellets show that all
the above pellets are of single phased. This result was con-
firmed by metallography. The XRD peaks are found to be
sharp indicating that the material is crystalline. The lattice
parameter was calculated and was found to be 0.5589 and
0.5587 nm for ThO2–2% UO2 and ThO2–4% UO2 pellets,
respectively. In order to know the distribution of Th, U
and O, electron beam scanning was performed by EPMA
across the pellet from centre to periphery. A typical result
of X-ray intensities of Th Ma, U Ma and O Ka is shown
in Fig. 8. It shows the essentially uniform U distribution
in the pellet. However, X-ray intensities measured by fixed
time counting at various locations show that the U con-
centration is slightly higher at the periphery than that at
the centre for both ThO2–2% UO2 and ThO2–4% UO2

pellets.
The significant results are summarized below:

1. The grains in the ThO2–2% UO2 and ThO2–4% UO2

pellets did not show large dispersion in size. They were
essentially uniform.

2. The EPMA data confirm that uranium concentration
was marginally higher at the periphery of the pellets
for both ThO2–2% UO2 and ThO2–4% UO2.

3. In the atmospheres covered (Ar–8% H2 and air) in this
study, heating in air gave larger shrinkage.

4. The onset temperature of sintering for ThO2–4% UO2

pellet in oxidizing atmosphere is lower than that in
reducing atmosphere (Ar–8% H2) by about 200–250 �C.
5. The maximum shrinkage rate occurred at the same tem-
perature of 1280 �C for all the pellets of the above com-
positions when sintered in Ar–8% H2. But the maximum
shrinkage rate differed with composition when the pel-
lets were heated in air.



Fig. 8. Typical EPMA line scan for Th Ma, U Ma and O Ka for ThO2–4% UO2 pellet. The line scan is taken across the pellet from the centre to the
periphery.
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5. Discussion

5.1. Densification behaviour

The above results imply that the ThO2–2% UO2 and
ThO2–4% UO2 pellets for thermal reactor fuel could be
fabricated using the impregnation technique. In the oxidiz-
ing atmosphere, the above pellets gave densities over 92%
TD after sintered at 1550 �C. But in the reducing atmo-
sphere, the density was only around 87% T.D. even the pel-
lets were sintered at 1600 �C. Also, the onset temperature
of densification was lower in the oxidizing atmosphere than
in the reducing atmosphere (Fig. 6). The above difference
becomes important for the large scale fabrication of
ThO2–UO2 sintered pellets since the procedure to sinter
in air is economically beneficial without the use of costly
cover gases like Ar or Ar–H2 [31]. Also, costly furnaces
with heating elements and sintering boats made of Mo or
W are not required.

For nuclear fuel ceramics such as UO2, it is reported
that the diffusion rate is slow under reducing condition
and is fast under oxidizing condition. Therefore, a change
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in the sintering atmosphere from reducing to controlled
oxidizing conditions is very much advantageous to increase
the interdiffusion rates [1,2]. Cation mobility increases
drastically in hyperstoichiometric oxide because of the
large increase in cation vacancy concentration. A low tem-
perature (61300 �C) short time (2 h) sintering has been
developed to take advantage of the very high cation mobil-
ities in hyperstoichiometric oxides [1,31]. Since diffusion is
largely dependent on oxygen potential of the sintering
atmosphere, it will be worthwhile to determine the effects
of a variety of atmospheres such as reducing (Ar–8% H2)
and oxidizing (air) atmospheres on the sintering behaviour
of ThO2–UO2 using a dilatometer.

The sintering is caused by heat treatment of porous spec-
imen without or with the application of external pressure, in
which some properties of the pellet are changed with the
reduction of the Gibbs free energy to those of the pore-free
system. The diffusion of metal atoms depends on concentra-
tion of structural imperfections such as metal vacancies.
This concentration changes with temperature, atmosphere
and dopants [32–41]. The sintering temperature can be low-
ered either by utilizing appropriate atmosphere or by the
addition of dopant. For uranium dioxide, the oxidizing
atmosphere has been used for lowering the sintering tem-
perature from 1700 to 1300 �C. In the case of thorium diox-
ide, dopants have been effectively used for lowering the
sintering temperature from 1700 to 1250 �C.

ThO2 is the only stable solid oxide in the Th–O system,
and it has almost no non-stoichiometry. The crystal struc-
ture of ThO2 is the fluorite type, isomorphous with UO2,
PuO2 and CeO2, and contains four Th atoms and eight
oxygen atoms per unit cell. Th4+ is the only one valence
state of thorium [42,43]. On the other hand, UO2 exhibits
a wide range of non-stoichiometry at elevated tempera-
tures. This range extends from UO1.65 to UO2.25 at
2500 �C [1,2]. The hypostoichiometric UO2�x exists only
at high temperatures, whereas hyperstoichiometric UO2+x

exists even at low temperatures. A typical feature of the
fluorite structure is the large (1/2 ,1/2,1/2) interstitial holes
in which the interstitial ions can easily be accommodated
[44]. Thus, a large amount of interstitial oxygen can be dis-
solved causing to form extensive anion excess UO2+x. The
charge compensation for the excess of oxygen in UO2+x is
achieved by oxidation of U+4 to U+5 [45]. In this fluorite
structure, uranium mobility is many orders of magnitude
smaller than oxygen mobility, so that the rate determining
step for the diffusion controlled processes such as sintering,
grain growth, creep etc. is comprised of uranium diffusion.
The ratio of oxygen diffusion coefficient and uranium diffu-
sion coefficient, DO/DU, has been reported to be greater
than 105 at 1400 �C, suggesting that the uranium ion mobil-
ity is much smaller than the oxygen mobility. DU increases
in proportion to x2 by about five orders of magnitude
between UO2 and UO2.2 at 1400–1600 �C [31,46,47]. With
this background in mind, we will analyze the shrinkage
behaviour of ThO2–UO2 compacts in Ar–8% H2 and air
below.
5.1.1. Ar–8% H2

As mentioned in Section 3.1, we used pre-heated ThO2

compacts for impregnation. The green ThO2 compacts
were heated to 1000 �C in Ar–8% H2 and held isothermally
for 2 h. This pre-heating causes particle coarsening and
therefore reduces its sinterability. To study the effect of
pre-heating on densification, a pre-heated ThO2 pellet
was heated to 1550 �C in Ar–8% H2 with a heating rate
of 6 K/min. The obtained shrinkage curve is shown in
Fig. 9 together with that of ThO2 pellet which had not been
pre-heated. It is seen from the figure that sintering has been
retarded by pre-heating. At 1400 �C, the shrinkage was
about 7.5% for untreated ThO2 pellet, and it was 6.5%
for pre-heated ThO2 pellet. The shrinkage of ThO2 (not
pre-heated) was larger than those of pre-heated ThO2,
ThO2–2% UO2 and ThO2–4% UO2 pellets at all tempera-
tures studied. The shrinkage of ThO2–2% UO2 pellet was
almost the same as that of ThO2 pellet, although the latter
showed slightly larger shrinkage in the temperature range
1000–1350 �C. The ThO2–4% UO2 pellet exhibited larger
shrinkage than the pre-heated ThO2 pellet up to 1300 �C
(Fig. 9).

The O/M ratios of both ThO2–2% UO2 and ThO2–4%
UO2 pellets are found to be very close to 2.00. Hence the
defect concentration in these ThO2–UO2 pellets is very
small and consequently the driving force for sintering will
be weak, which possibly gives rise to slow sintering. In
the ThO2, ThO2–2% UO2 and ThO2–4% UO2 pellets,
ThO2 showed larger shrinkage at temperatures higher than
1350 �C, though their O/M ratios were all 2.00. The differ-
ence in shrinkage may be associated with very rapid change
of oxygen potential near the stoichiometry for uranium
bearing pellets.

5.1.2. Air

A density of >92% TD was obtained for ThO2–UO2 pel-
lets when sintered in air at 1425 �C for 2 h. Again the effect
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of pre-heating can be clearly noticed from Fig. 10. The
ThO2–2% UO2 pellet showed only a marginal improvement
in shrinkage on comparison with pre-sintered ThO2 pellet.
The shrinkage behaviour of ThO2–2% UO2 pellet is almost
the same in oxidizing and reducing atmospheres from room
temperature to 1350 �C. But above 1350 �C, the ThO2–2%
UO2 pellet showed larger shrinkage in air than that treated
in Ar–8% H2 atmosphere. From the shrinkage curves of
Fig. 6 for ThO2–4% UO2 pellet, it is clear that the shrink-
age is significantly larger in air than in the reducing atmo-
sphere. The onset temperature of sintering is as low as
800 �C in air. Also, a shrinkage of about 12% is observed
in air at the maximum sintering temperature of 1425 �C,
while the sintering was only about half of the above value
in reducing atmosphere at a higher temperature of 1550 �C.
The above behaviour of ThO2–4% UO2 pellets in air can be
attributed to their higher O/M ratios. The O/M ratios of
ThO2–4% UO2 pellet were 2.000 and 2.010 in Ar–8% H2

and in air, respectively (Table 4). Lay and Carter [47] have
shown that the self-diffusion coefficient of uranium in
UO2+x is proportional to x2. This is predominantly due
to the increased concentration of uranium vacancies in
UO2+x. Since the ThO2–4% UO2 pellet heated in air has
higher O/M ratio than the ThO2 and ThO2–2% UO2 pel-
lets, the larger shrinkage observed for this pellet can be
explained by the increased self-diffusion coefficient of
uranium.
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Fig. 10. Shrinkage behaviour on heating in air. Curves of ThO2 (non pre-
heated), ThO2 (pre-heated), ThO2–2% UO2 (with pre-heated ThO2) and
ThO2–4% UO2 (with pre-heated ThO2) are shown.
5.2. Microstructure

The microstructure plays a key role for the fuel behav-
iour during irradiation, i.e. fission gas release, plasticity,
in-pile creep and swelling [48]. The improvement in plastic-
ity and fission gas release can be attained by modifying the
microstructures during fabrication [49–51]. The micro-
structure of ThO2–2% UO2 and ThO2–4% UO2 pellets
obtained in this study was found to be uniform throughout
the pellet. In the mixed oxide fuel the presence of fissile rich
agglomerates adds complexity to the fuel behaviour. Such
agglomerates induce higher local fission rates and conse-
quently higher temperatures, which will lead to cause
higher fission gas release and fuel densification in the mixed
oxide fuel relative to UO2 fuel. Hence it is very important
to study the distribution of U in the ThO2 matrix.

The EPMA scanning, which was carried out for ThO2–
4% UO2 pellet, indicates that the uranium distribution is
essentially uniform in the pellet as shown in Fig. 8. But
semi-quantitative analysis, which was made by counting
the X-rays in a fixed time at six different points from cen-
tral to peripheral region of the pellet (Table 5) showed that
the uranium concentration is higher at the periphery by
about 10%, the change being gradual from centre to
periphery. The non-homogeneous distribution of uranium
in the pellet prepared by impregnation method has been
reported by a number of authors [8–11]. This is one of
the drawbacks of the impregnation process. A better
homogeneity can be attained by using annular pellet. The
reason of non-uniform distribution and its effects on the
fuel performance can be considered as follows. The impreg-
nation process uses capillary force to draw up the solution
into the pores of the host material [8–11]. It may be noted
that the maximum concentration of the infiltrate exists at
the exterior surface of the substrate. The concentration
continuously diminishes from the periphery to the centre
of the pellet. Therefore, a continuous concentration gradi-
ent of fissile material in the pores of the composite contin-
ues to exist after the liquid is removed from the pellet. This
concentration gradient continues to exist even after the
heat treatment.

The concentration gradient thus obtained during the
impregnation process may be beneficial to the nuclear
industry by the following reasons [9–11]. The greater con-
centration of fissile material at the periphery of the pellet
will give greater neutron efficiency during operation of a
reactor. The neutrons will be able to escape from the pellet
more readily as the self-shielding effect is significantly
reduced. Also the heat generation will be greater at the
Table 5
Uranium concentrations in the central and peripheral regions of ThO2–2%
UO2 and ThO2–4% UO2 pellets determined by EPMA

Element ThO2–2% UO2 (wt%) ThO2–4% UO2 (wt%)

Centre 2.110 4.010
Periphery 2.390 4.420
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pellet periphery and decreases towards the centre of the
pellet [29]. For nuclear ceramics having low thermal con-
ductivity values, this phenomenon will be beneficial in the
case of an operating incident. The stored thermal energy
in the impregnation fuel is significantly lower than that in
the conventional fuel where the fissile material is uniformly
distributed [9]. This is because the increase in the fuel tem-
perature at the centre of the pellet is significantly depressed
in the present fuel.
6. Conclusions

This study has demonstrated that high density ThO2–2%
UO2 and ThO2–4% UO2 pellets can be fabricated by
impregnation technique with ThO2 as the matrix and ura-
nyl nitrate as infiltrant. The densification behaviour of
ThO2, ThO2–2% UO2 and ThO2–4% UO2 pellets was eval-
uated using high temperature dilatometry in the atmo-
spheres of Ar–8% H2 and air. The sintered pellets were
characterized by microstructural analysis. The following
conclusions were drawn:

(a) The sintering of ThO2 pellets was retarded by the pre-
heating of green pellets to 1000 �C. At 1400 �C, the
shrinkage values were about 7.5% and 6.5% for
ThO2 (non pre-heated) and ThO2 (pre-heated) pellets,
respectively.

(b) The onset temperature of sintering was about 200–
250 �C lower for ThO2–4% UO2 pellet in oxidizing
atmosphere than that in the reducing atmosphere.

(c) The microstructure of ThO2–2% UO2 and ThO2–4%
UO2 pellets showed uniform grain structures.

(d) The EPMA data confirm that uranium concentration
was slightly higher at the periphery of the pellet than
that at the centre.
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