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a b s t r a c t

The co-precipitation technique renders an excellent route to obtain a homogeneous mixture of ThO2 and
UO2 powders. In this process, after the nitrate solutions of Th and U are mixed in the intended ratio, oxalic
acid is added for co-precipitation. The precipitate is then dried and calcined to get a solid solution of ThO2

and UO2. In this study, ThO2–30%UO2 and ThO2–50%UO2 (% in weight) powders were characterized in
terms of particle size, particle shape, surface area, phase content, O/M ratio etc. The pellets obtained
by sintering these powders were characterized with the help of optical microscopy, scanning electron
microscopy (SEM) and electron probe microanalysis (EPMA). The XRD data for ThO2–30%UO2 and
ThO2–50%UO2 pellets showed the presence of a small amount of U3O8 phase besides fluorite phase.
The grain size of ThO2–30%UO2 and ThO2–50%UO2 was found to be 5.7 and 4.5 lm, respectively.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

In manufacturing the mixed oxide fuels like (Pu,U)O2 and
(Th,233U)O2, the homogeneous distribution of the constituent met-
als is an important point to be studied, since it relates to the safety
and reliability of the fuel [1–5]. The requirement for high homoge-
neity of the distribution of the actinides in the fuel is also essential
for most of new generation (Gen IV) reactors. Traditionally, (Th–
U)O2 pellets are made by powder metallurgy technique consisting
of blending of ThO2 and UO2 powders followed by milling, compac-
tion and sintering in reducing atmosphere at around 1700 oC [6,7].
The key step in the production of the above mixed oxide fuels is the
preparation of homogeneous oxide mixtures [8]. The presence of
fissile rich regions in a pellet affects the fuel performance since
they act as hot spots generating high temperatures and releasing
more fission gases [9,10]. For PuO2–UO2 fuel of thermal reactors,
therefore, the maximum size of Pu rich agglomerate is specified
under the Pu dispersion criterions [11]. Generally, the specifica-
tions define the maximum Pu rich agglomerate size corresponding
to pure PuO2 particle of 400 lm in diameter. The Pu dispersion cri-
terion prescribes that no more than 5% of the nominal PuO2 con-
tent within a pellet shall be present in PuO2 rich particles with
equivalent diameters of 100 lm or greater [11]. The presence of
fissile rich region also causes a problem during the reprocessing
operations since these pellets will not dissolve completely in nitric
ll rights reserved.

x: +91 22 2550 5151.
acid without the addition of hydrofluoric acid. Hence, it is essential
to avoid the formation of such fissile rich regions by adopting the
proper manufacturing procedures. The blending and sintering
technologies play the most important role for having the pellets
with high micohomogeneities [12]. The sophistication in blending
readily improves homogeneity. The manufacturers have made
great efforts in optimizing blending technology by using high en-
ergy mills, attritors etc. Another way to improve the homogeneity
is the progressive dilution of PuO2 to UO2 or 233UO2 to ThO2 instead
of the process of direct mixing [11]. But all the above mentioned
procedures do not guarantee the absence the fissile rich zones in
the pellets.

Fabrication of Pu-bearing mixed oxide fuels (MOX) for light
water reactors (LWRs) has now been mastered industrially by
many countries [13]. MIMAS is the common MOX fuel manufactur-
ing process used at Dessel and Cadarache plants. BNFL followed
Short Binderless Route (SBR) which uses a high energy attritor mill
to blend uranium oxide and plutonium oxide feed powders, and a
spheroidiser to condition the powder before it is fed to the press
[13,14]. However, for the fabrication fuels containing highly radio-
active materials, such as reactor grade plutonium, 233U, americium,
curium etc., the problem of dust generation and consequent radia-
tion exposure to personnel becomes more serious causing to limit
the application of the powder processes. Further, the fine powders
are not free flowing, which poses another problem in remote and
automated fabrication. The hazard, therefore, to be considered
for workers are dust particulates becoming airborne and entering
the human body. Therefore, alternative fabrication routes are to
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be envisaged. The wet synthesis methods present a reduced hazard
since the major part of the process is done in liquid form prior to
powder handling. In addition, the morphology of the particles
made by the wet route is largely spherical; which smoothly move
and are easily filled in dies for pelletization.

Among the various techniques, the co-precipitation method
gives an excellent route to make a very homogeneous mixture. It
is reported that PuO2–UO2 green pellet fabricated from co-precip-
itated feeds form a solid solution at about 1000 oC in hydrogen and
are completely soluble in nitric acid up to 40% Pu/HM (heavy me-
tal) [11]. On the other hand, for the pellets prepared from mechan-
ically mixed powders, the solid solution formation is completed
only at about 1700 oC, but have recurrent problems with respect
to the specifications for solubility in nitric acid. The co-precipita-
tion process had been given a low priority by fuel manufacturers
since it involves handling of the liquid waste. However, if the co-
precipitation process is incorporated in the reprocessing plant,
then this method would become really advantageous [15]. The
advantages of the wet process include [11,15–18]:

1. Very low generation of radiotoxic dust.
2. Easy availability of cheap reactants.
3. Reduction of the accessibility to pure plutonium or other fissile

actinides, and reduction of risks of proliferation.
4. This method is easily amenable for glove box operation.

In India the amount of thorium reserves is about five times lar-
ger than that of uranium. These very large thorium resources could
be utilized for nuclear energy generation apart from the efficiency
increase in uranium resource utilization. 232Th is a better fertile
material than 238U in thermal reactors. The neutron yield of 233U
in the thermal and epithermal regions is higher than those of
235U and 239Pu. The currently known Indian thorium reserves
amount to 358,000 GWe-yr of electrical energy, which can easily
satisfy the energy requirements during the next century and be-
yond [19]. Accordingly, while formulating the national pro-
gramme, thorium has been envisaged as the fuel for the third
and the largest phase of Indian nuclear power programme. India
is currently engaged in the design of a thorium fuelled Advanced
Heavy Water Reactor (AHWR) for generation of power. The reactor
physics design of AHWR is tuned to generate about 75% power in
thorium, and is to maintain negative void coefficient of reactivity
under all operating conditions [20,21]. The aim of this work is to
develop the co-precipitation technique to fabricate ThO2–30%UO2

and ThO2–50%UO2 fuel pellets, where % is given as wt%. So far, de-
tailed studies have not been reported on above mentioned compo-
sitions by co-precipitation route. Characterization was made for
the microstructures by using XRD, TG, DTA, SEM and EPMA
techniques.
2. Previous work

A number of reports are available on the production of ura-
nium–plutonium mixed oxide by co-precipitation method but
information on thorium–uranium mixed oxide using the above
method is scanty [1,22–27]. In AECL, studies were made for the
co-precipitation process using ammonia [22]. To the nitrate solu-
tion of U(VI) and Th(IV), ammonia solution was added to form
ammonium diuranate and thorium hydroxide co-precipitate. The
precipitate is calcined to form blended ThO2 and UO2 powder,
which is subsequently pressed into fuel pellets. Radford et al. [1]
prepared ThO2–6 wt%UO2 powders by the co-precipitation from
mixed nitrate solution using NH4OH. They changed the calcination
temperature and studied the physical properties of the obtained
pellets. Atlas et al.[23] prepared ThO2–20 wt%UO2 pellets via co-
precipitation of mixed oxalate from nitrate solutions by adding ex-
cess oxalic acid and studied various parameters which may affect
the powder properties. White et al. [28] investigated precipitation
temperature, agitation and digestion time for the preparation of
ThO2–25% UO2. Argo [29] prepared ThO2–20%UO2, ThO2–35%UO2

and ThO2–50%UO2 pellets (% in weight) by the co-precipitation
method. Here, U(VI) nitrate solution was first reduced to U(IV) by
adding a sixfold excess sodium formaldehyde sulfoxylate at room
temperature. To form the co-precipitate, oxalic acid of sixfold ex-
cess of the stoichiometric amount, dissolved in distilled water
was added to the mixed nitrate solution of Th(IV) and U(IV). The
precipitate was separated by vacuum filtration and dried in air at
room temperature.
3. Experimental

The procedure of this work for the fabrication of ThO2–30%UO2

and ThO2–50%UO2 powders by co-precipitation route consists of
the following steps:

(a) Preparation uranyl and thorium nitrate solution.
(b) Reduction of U ions from (VI) to (IV) valency state.
(c) Mixing of the solutions to the intended U to Th ratio.
(d) Co-precipitation using oxalic acid.
(e) Calcination.

3.1. Fabrication of ThO2–UO2 powders

The starting solutions used in this study are uranyl nitrate and
thorium nitrate solutions. The concentration of uranyl nitrate solu-
tion was 200 g/l (in 1 M HNO3) while that of thorium nitrate was
300 g/l in water. The oxidation states of thorium and uranium were
4+ and 6+, respectively. For having fine co-precipitates, the precip-
itation velocity and the solubility product of the oxalates of each
metal need to be close. This condition is satisfied for Th(IV) and
U(IV) oxalates. But the solubility product is much differed for
U(VI) oxalate. Therefore, uranium was reduced to U(IV) in the ini-
tial stage to get a homogeneous product [30,31]. The reduction of
uranyl nitrate solution was carried out by hydrazine with the help
of platinum oxide as a catalyst. The product obtained after reduc-
tion contained more than 96% U (IV) in �0.1 M N2H4 and 0.4 M
HNO3. Then, U(IV) and Th(IV) nitrate solutions were mixed into
the specified U:Th ratio.

The precipitation experiment was carried out in 2 l batches with
10% oxalic acid (0.79 M) solution. The oxalic acid of 0.1 M excess
amount was used. The precipitation reaction can be represented
by the following equation:

ð1� yÞThðNO3Þ4 þ yUðNO3Þ4 þ 2H2C2O4

! ½ð1� yÞThðC2O4Þ2 þ yUðC2O4Þ2� � nH2Oþ 4HNO3 ð1Þ

where y is the mole fraction of uranium.
The (Th,U)(C2O4)2 nH2O precipitate from the above equation

was then allowed to settle for 2 h and vacuum filtered through a
SS frit. The precipitate was washed with 500 ml of distilled water.
It was then heated to 200 oC in 1 h and then held at that tempera-
ture for 1 h, which results in decomposition of the oxalates to car-
bonates by the following reactions [30]:

½ð1� yÞThðC2O4Þ2 þ yUðC2O4Þ2�nH2O

! ½ð1� yÞThðC2O4Þ2 þ yUðC2O4Þ2� þ nH2O ð2Þ

½ð1� yÞThðC2O4Þ2 þ yUðC2O4Þ2�
! ½ð1� yÞThðCO3Þ2 þ yUðCO3Þ2� þ 2CO ð3Þ
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The resulted mixture was heated from 200 oC to 700 oC with a
heating rate of 4 K/min and soaked at 700 oC for 3 h. This results
in formation of mixed oxide phases by the following reaction:

½ð1� yÞThðCO3Þ2 þ yUðCO3Þ2� ! ½ð1� yÞThO2 þ yUO2þx�
þ xyCOþ ð2� xyÞCO2 ð4Þ

About 2 kg each of the mixed oxides of composition ThO2–
30%UO2 and ThO2–50%UO2 (% in weight) were prepared. Thorium
and uranium lost in the above process were less than 1.5 and
1.2 mg/l, respectively. The chemically analyzed values of thorium
and uranium are given in Table 1. Table 2 gives the typical impurity
contents of co-precipitated powders. The major advantage of the
above co-precipitation method is the decontamination from Fe
which is normally encountered in the final product solution re-
ceived from the reprocessing plant [30]. In the ADU route, a sepa-
rate step was necessary to remove Fe by carbonate precipitation
prior to the uranium precipitation.

3.1.1. Characterization of powders
The ThO2–30%UO2 and ThO2–50%UO2 powders obtained by co-

precipitation process were characterized by the following
techniques:

� O/M ratio by thermogravimetry.
� Crystal structure and phase analysis (XRD).
� Surface area measurement (BET).
� Particle size (XRD, Laser analysis).
� Microstructure (SEM, EPMA).
� Carbon analysis (combustion).

The O/M ratio of the powder was measured thermogravimetri-
cally using Bahr (Model STA-503) thermal analyzer. The accuracy
of the measurement in weight was within ±1 lg. The O/M ratio
of the powder was obtained from the weight decrease of this sam-
ple on heating in Ar–8%H2 at 800 oC at which the O/M ratio is 2.00.
The phase analysis was performed using X-ray diffractometry (Dia-
no make, model XRD-8760). The X-ray diffraction patterns of the
pellets were obtained by using Cu Ka radiation monochromatized
Table 1
Chemical analysis for co-precipitated (Th–U)O2 powders.

Composition Ratio of Th: U (wt%)

ThO2–30%UO2 70.7: 29.3
ThO2–50%UO2 50.1: 49.9

Table 2
Impurities in the (Th,U)O2 powders made by co-precipitation.

Element ThO2–50%UO2 (ppm) ThO2–30%UO2 (ppm)

B 0.1 0.3
Cd <0.1 <0.1
Co <5 <5
Ca <5 <5
Fe <10 <10
Si <40 <40
Al 43.4 36.8
Mn <2 <2
W <40 <40
Cr <5 <5
Pb 9.1 12.5
Mo 19.6 30.6
Ni 23.2 20.5
Na <5 <5
V <5 <5
Zn <10 <10
with curved graphite monochromator. The accuracy of this equip-
ment is ±5%. The high angle scan was carried out from 100 to 145�
(2h) with a step size of 0.5�/min. The lattice parameters were cal-
culated from this high angle scan by least squares method. Further
from the XRD data, the crystallite size was estimated. For this, scan
was carried at a low speed of 0.02�/min and crystallite size was
determined from the line broadening of the XRD peaks. The parti-
cle size was also determined using laser based particle size ana-
lyzer which employs the time of transit theory. The specific
surface area of the powder was measured using the Brunauer–Em-
mett–Teller (BET) method with helium as the adsorbate gas. The
powder samples for surface area analysis were rinsed in distilled
water and dried in a vacuum prior to the BET analysis to remove
all fine particulates. The particle shape was determined by SEM
(Philips make, model XL-30). Differential thermal analysis (DTA)
was carried out using Bahr (Model STA-503) thermal analyzer in
Ar from room temperature to 1500 oC to study the stability of
the powders at high temperatures. The carbon content was deter-
mined by combustion. The sample was burnt in a stream of oxygen
and the CO2 evolved was measured quantitatively by thermal con-
ductivity method. The uncertainty of the methods was ±2% for
carbon.
3.2. Fabrication of pellets

The procedure for the fabrication of ThO2–30%UO2 and ThO2–
50%UO2 green pellets consists of the following steps:

(a) Milling of the co-precipitated ThO2–UO2 powder in a plane-
tary ball mill for 4 h with tungsten carbide balls.

(b) Double precompaction of the above prepared mixtures at
150 MPa.

(c) Granulation of the precompacts.
(d) Final cold compaction of the granulated powder at 300 MPa

into green pellets.

The green density of the compacts was around 62% of the theo-
retical density. To facilitate compaction and to impart larger han-
dling strength to the green pellets, 1 wt% zinc behenate was
added as lubricant/binder at the last 1 h of the mixing/milling pro-
cedure. The green pellets were 8.1 mm in diameter and around
7 mm in length. The resulting pellets were sintered at 1400 oC in
air for 6 h. The entire flow-sheet of fabrication of ThO2–UO2 pellets
by co-precipitation process is given in Fig. 1.
UO2(NO3)2
in 1 M HNO3

Reduction of 
U+6 to U+4Hydrazine

Th(NO3)4
in water

Co-precipitation
as oxalate

10% Oxalic acid

Filtration after
2 h of settling

Washing
with water

Calcination
(700 oC/3 h)

Milling for 4 h

Precompaction
(150 MPa)

Granulation

Granulation
Final Compac-
tion(300 MPa)

Sintering in air
(1400 oC/6 h)

(Th,U)O2 pellets
(density 96-98%)

Fig. 1. Flow-sheet of fabrication of ThO2–UO2 pellets by co-precipitation process.



Table 3
Lattice parameter, O/M ratio and the amount of U3O8 in (Th,U)O2 powders after
heated in air at 700 oC for 3 h.

Material Lattice parameter, nm O/M y in (Th1�yUy)O2+x Mol% U3O8

ThO2–30%UO2 0.55519 2.218 0.2818 9.88
ThO2–50%UO2 0.55205 2.301 0.4781 14.19
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3.2.1. Characterization of pellets
The ThO2–30%UO2 and ThO2–50%UO2 pellets were character-

ized by their density, O/M ratio, phases, microstructures and
homogeneity. For metallographic analysis, the sintered pellet in
air was mounted on a support with Araldite cement and ground
by the emery papers of successive grades. The final polishing was
done using diamond paste. The pellet was then removed from
the mount by dissolving the cement by acetone and then etched
thermally by holding it at 1500 oC for 4 h in air. The grain size
was determined by the intercept method. The microstructure
was characterized by SEM. The uranium distribution in the sin-
tered pellet was determined by EPMA (Cameca, model Sx-100).

4. Results

The O/M ratios of the calcined (in air 700 oC for 3 h) ThO2–
30%UO2 and ThO2–50%UO2 powders produced by co-precipitation
method were found to be 2.218 and 2.301, respectively. The XRD
powder patterns of these samples are shown in Fig. 2. Both
ThO2–30%UO2 and ThO2–50%UO2 are two phase mixtures of CaF2

type solid solution and U3O8. The lattice parameters were calcu-
lated from the high angle scans (2h = 100–145�) using Nelson–Ri-
ley extrapolation method. The lattice parameters of ThO2–
30%UO2 and ThO2–50%UO2 powders were found to be 0.55519
nm and 0.55205 nm, respectively. The high angle XRD pattern
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Fig. 2. XRD patterns of ThO2–30%UO2 and ThO2–50%UO2 powders made by co-
precipitation process.
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Fig. 3. XRD patterns of ThO2-30%UO2 and ThO2–50%UO2 powders at higher angles
for the determination of lattice parameters.
shown in Fig. 3 indicates the solid solution formation of the co-pre-
cipitate powders. Table 3 lists the lattice parameters and phases
present in the powders of the above compositions. From the O/M
ratios and the lattice parameter data, the amount of U3O8 present
in the above powders was estimated. The estimation was made
from the assumption that for high O/M values, ThO2 forms a solid
solution with UO2.25. The remaining UO2 is assumed to exist as
U3O8. The amount of U3O8 present in ThO2–30%UO2 and ThO2–
50%UO2 powders was calculated and found to be 9.88 and
14.19 mol%, respectively.

The average particle sizes of the ThO2–30%UO2 and ThO2–
50%UO2 powders were found to be 0.63 ± 0.21 and
0.81 ± 0.17 lm, respectively. The particle distribution and the vol-
ume cumulative graphs for ThO2–30%UO2 and ThO2–50%UO2 pow-
ders are shown in Figs. 4 and 5, respectively. From these figures, it
may be noted that about 90% particles for ThO2–30%UO2 and
ThO2–50%UO2 are below 1.0 lm. But the size of the ThO2–
0.1 1 10 100

0

20

40

60

80

100

0

20

40

60

80

100

 Volume %

 

Vo
lu

m
e 

%

Size (μm)

 Cumulative volume %

 C
um

ul
at

iv
e 

vo
lu

m
e 

%
Fig. 4. Particle size and the volume cumulative graphs for ThO2–30%UO2 powder.
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Fig. 5. Particle size distribution of ThO2–50%UO2 powder made by co-precipitation
process.
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50%UO2 powder was found to be slightly larger than that of the
ThO2–30%UO2 powder. The figures show that the distribution of
particle size is sharp for ThO2–50%UO2 powder with most particles
in a range between 0.55 and 2.0 lm. The surface area values for
ThO2–30%UO2 and ThO2–50%UO2 powders were 12.10 and
7.16 m2/g, respectively. A close examination on the shape of the
above mentioned powders was carried by SEM. The ThO2–
50%UO2 particles were more spherical, while the ThO2–30%UO2

particles exhibited irregular surfaces with angular appearance.
The carbon content of the powders was found to be 2500 ppm.

Fig. 6 shows the XRD patterns of the ThO2–30%UO2 and ThO2–
50%UO2 pellets sintered in air at 1400 oC for 6 h after co-precipita-
tion. The patterns are similar to those of the calcined powders of
the same composition (Fig. 2, 700 oC, in air). The XRD results for
sintered ThO2–30%UO2 and ThO2–50%UO2 pellets showed that
the U3O8 phase still exists together with the fluorite phase. The
O/M ratios for the above composition were 2.170 and 2.230,
respectively. But the amount of U3O8 present in both the pellets
was less than that present in the corresponding powders. For
ThO2–30%UO2 composition, the amount of U3O8 present in the
powder has come down on sintering in air at 1400oC for 6 h from
9.88 to 6.05 mol%. Similarly, for ThO2–50%UO2 composition, it has
come down from 14.19% to 7.50%. These results clearly indicate
that the U3O8 amount decreases with dissolution into UO2+x during
heating the sample forming solid solution with ThO2. Table 4 gives
details of the lattice parameters and phases present for the above
compositions. The lattice parameters of the samples of both com-
positions decreased on sintering in air. This again indicates that
more UO2 has gone to ThO2 lattice on sintering at 1400 oC for 6 h.

As-polished microstructure of co-precipitated pellets showed
very fine pore structure. Most of the pores were in the range of 2–
3 lm. Occasionally a few patches of dense areas are seen. A few len-
ticular pores were also noticed especially in ThO2–30%UO2 pellet.
Typical as-polished microstructures for ThO2–30%UO2 and ThO2–
50%UO2 pellets are shown in Fig. 7. The ThO2–30%UO2 pellet after
thermal etching is rather uniform. For ThO2–50%UO2 pellet, one
or two patches consisting of bigger grains (40 lm) were seen
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Fig. 6. XRD patterns of ThO2–30%UO2 and ThO2–50%UO2 pellets sintered in air
made by co-precipitation process.

Table 4
Lattice parameter, O/M ratio and the amount of U3O8 in (Th,U)O2 pellets after sintered
in air at 1400 oC for 6 h.

Material Lattice
parameter, nm

O/M y in
(Th1�yUy)O2+x

2 + x in
(Th1�yUy)O2+x

Mol%
U3O8

ThO2–30%UO2 0.55497 2.170 0.2956 2.074 6.05
ThO2–50%UO2 0.55178 2.230 0.4950 2.123 7.50
(Fig. 8). The grain sizes determined by intercept method were found
to be 5.7 and 4.5 lm for ThO2–30%UO2 and ThO2–50%UO2, respec-
tively. The SEM photograph of ThO2–30%UO2 pellet sintered in air is
shown in Fig. 9. 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
Fig. 7. Typical as-polished microstructures for ThO2–30%UO2 and ThO2–50%UO2

pellets.

Fig. 8. Microstructure of a ThO2–50%UO2 pellet sintered in air showing patches of
bigger grains.
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Fig. 9. Microstructure of ThO2–30%UO2 pellet. Pellet: sintered in air and etched
thermally.
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Th Ma, U Ma and O Ka is shown in Fig. 10. It shows the essentially
uniform U distribution in the pellet. The significant results are sum-
marized below:

1. ThO2–30%UO2 and ThO2–50%UO2 powders prepared by co-pre-
cipitation method showed O/M ratios of 2.218 and 2.301,
respectively.

2. The XRD results for ThO2–30%UO2 and ThO2–50%UO2 powders
showed that they were two phase mixtures of fluorite-type
solid solution and U3O8.

3. The average particle sizes of the ThO2–30%UO2 and ThO2–
50%UO2 powders were found to be 0.63 ± 0.21 and
0.81 ± 0.17 lm, respectively.

4. The XRD data for sintered ThO2–30%UO2 and ThO2–50%UO2

showed that the amount of U3O8 present in the pellet
(1400 oC, in air) samples was less than that in the powders
(700 oC, in air).

5. The grain sizes determined by intercept method were 5.7 and
4.5 lm for ThO2–30%UO2 and ThO2–50%UO2, respectively.

6. The EPMA data confirmed that the distribution of uranium in
the pellet was essentially uniform for both the oxides.

5. Discussion

From the results given in Section 4. Results, it is clear that good
quality ThO2–UO2 powders can be made using the co-precipitation
process from uranyl nitrate and thorium nitrate solutions. As men-
tioned in Chapter 4, the XRD patterns for ThO2–30%UO2 and ThO2–
50%UO2 powders heated in air at 700 oC were of two phase mix-
tures consisting of fluorite-type solid solution and U3O8. Consider-
ing the heating conditions of 700oC in air, the co-existence of U3O8

is not surprising. The reduction treatment by H2 was intentionally
not performed in the present study because it has been shown that
the presence of U3O8 helps to enhance sintering [32]. The above re-
sults also imply that the ThO2–30%UO2 and ThO2–50%UO2 pellets
could be fabricated using the powders obtained by the co-precipi-
tation technique which yielded densities in the range of 96–98%
T.D. when they were sintered in air at 1400 oC. Since sintering is
done in air, it is economically beneficial without the use of costly
cover gases such as Ar or Ar–H2 [33,34]. Also, costly furnaces and
sintering boats made of Mo or W indispensable to heating in reduc-
ing atmospheres are not needed.

Solid UO2 and ThO2 form a continuous series of solid solutions
[35–37]. Lattice parameter measurements of ThO2–UO2 solutions
show that, within experimental accuracy, Vegard’s law is obeyed.
Anderson et al. [38] observed that the lower limit of the stable
temperature range of the ThO2–UO2 solid solution phase in air low-
ers to 1400 �C if the concentration of UO2 is lower than 78 mol%. In
the solid solution phase of UO2 concentrations 15–78 mol%, the ex-
cess oxygen atoms are deduced to occupy the interstitial sites in
the fluorite lattice. It has been reported that the solid state solubil-
ity of U3O8 in ThO2 is negligibly small [32,39,40]. Hund and Niessen
[41] studied the phase relations in the ThO2–U3O8–O2 system.
According to them, U3O8 phase was precipitated in the solid solu-
tion phase at higher U3O8 concentrations, but a single phase region
of the cubic solid solution was observed to exist at lower U3O8 con-
centrations. Kutty et al. [42,43] have demonstrated that the addi-
tion of small quantities of U3O8 to ThO2 enhances sintering,
resulting in formation of high quality ThO2–UO2 pellets without
the use of conventional dopants such as CaO and Nb2O5, which also
causes to reduce the impurity level in the pellets. The significance
of U3O8 addition for enhancing sintering, especially in UO2, has
been discussed by many researchers [42–44]. Chevrel et al. [44]
indicated that the composition of UO2.25 appeared to be the most
appropriate for the low temperature sintering. This overall compo-
sition is obtained by the addition of U3O8 powder to UO2. With the
above background in mind, we will analyze the fabrication of
ThO2–UO2 powders made by co-precipitation process and its sin-
tering behaviour in oxidizing atmosphere.

5.1. Powder

The powders produced by co-precipitation process had larger
surface area and smaller particle size than those made by the con-
ventional solid state mixing route. The surface area of ThO2 and
UO2 powder made by the latter method generally lies in a range
2–3 m2/g. But the surface areas of co-precipitated ThO2–30%UO2

and ThO2–50%UO2 powders were found to lie between 12.10 and
7.16 m2/g. The O/M ratios of the above powders were also higher
as were 2.218 and 2.301, respectively. To study the stability of
the above powders at high temperatures, thermogravimetric anal-
ysis of ThO2–30%UO2 and ThO2–50%UO2 powders has been carried
out up to 1500oC and the resultant thermograms are given in
Fig. 11. Here the weight change is plotted against temperature
when the powder of ThO2–UO2 sample was heated in Ar at a heat-
ing rate of 10 K/min. The weight loss was slow up to 700 oC but it
became more prominent above that temperature. It is evident that
even at 1500 oC the loss in weight has not been completed. The to-
tal weight loss for ThO2–50%UO2 powder was around 3%. For
ThO2–30%UO2 powder the weight loss was less than that for
ThO2–50%UO2. The powders after the thermogravimetric test were
collected and O/M ratio of the above powders was redetermined.
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Fig. 11. Thermogravimetric curve showing weight change of ThO2–30%UO2 and
ThO2–50%UO2 powders when heated in argon.
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The O/M ratios of ThO2–30%UO2 and ThO2–50%UO2 powders after
heating in Ar up to 1500 oC were found to be 2.07 and 2.11, respec-
tively. This study clearly shows that the co-precipitated powders
were still losing oxygen continuously on heating up to1500 oC.
The results are similar to our earlier study [43], where the mixture
of ThO2 and U3O8 was heated in Ar up to 1400 oC. The conclusion
was that the loss in weight was not completed even at this temper-
ature showing that a decreased amount of U3O8 still existed to-
gether with ThO2–UO2+x at this temperature. The XRD data of the
present study suggest that the phases present in the co-precipi-
tated powders are ThO2–UO2.25 and U3O8. But on heating, U3O8

decomposed to UO2+x and reaches the composition of UO2.25. This
newly formed UO2.25 is considered to dissolve in ThO2–UO2.25

forming solid solution. It has been reported that ThO2 added to
UO2 in a small amount acts as inert diluents but if the amount is
large it affects to stabilize the fluorite structure by suppressing oxi-
dation of uranium cations [29]. Actually, the measured oxygen po-
tential of (Th,U)O2+x solid solution is significantly higher than that
of UO2+x [39,45]. These experimental facts support the increased
resistibility of (Th,U)O2+x against oxidation.

5.2. Sintering

The diffusion of metal atoms depends on the concentration of
structural imperfections such as metal vacancies. This concentra-
tion changes with temperature, atmosphere and dopants [46–
50]. The sintering temperature can be lowered either by heating
in an appropriate atmosphere or by the addition of dopant. For ura-
nium dioxide, the oxidizing atmosphere has been used for lower-
ing the sintering temperature from 1700 to 1300 �C. In the case
of thorium dioxide, dopants have been effectively used for lower-
ing the sintering temperature from 1700 to 1250 �C.

The findings given in Section 4. Results show that the starting
(Th,U)O2 powder made by co-precipitation route has a higher O/
M ratio and larger surface area and has two phases. Such properties
of surface area and O/M ratio help to have higher density pellets
after sintering. When the green compacts were sintered in air at
1400 oC for 6 h, the final densities obtained were in the range of
96–98% T.D. The high densities obtained in this study are due to
the following factors:

1. High surface area of the starting powders.
2. Higher O/M ratio of the powders.
3. Presence of a small amount of U3O8 phase.
The larger surface area corresponds to higher surface energy.
The driving force for sintering is the reduction in surface energy.
The higher O/M ratio indicates the presence of higher concentra-
tion of oxygen interstitials. Lay and Carter [51] 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. It has been established that U3O8 acts
as a sintering aid for ThO2 [42,43]. The O/U values of U3O8�z oxide
in air at 1000, 1100 and 1200oC are calculated 2.637, 2.633 and
2.627, respectively [43]. This means that on increasing the temper-
ature, there may be a considerable amount of deviation from stoi-
chiometry generating more point defects. Therefore, the presence
about 10–14 mol% U3O8 in the ThO2–30%UO2 and ThO2–50%UO2

powders helped in achieving higher density.
The O/M ratios of the sintered ThO2–30%UO2 and ThO2–50%UO2

pellets were 2.170 and 2.230, respectively (Table 4), which are low-
er than those of the corresponding powders before sintering. Using
the lattice parameter of the cubic fluorite-type solid solution and
the bulk O/M ratio, the uranium concentration in the solid solution
was calculated. Table 4 shows that about 3–7 mol% U3O8 was
decomposed and additionally dissolved in (Th,U)O2 during the sin-
tering. In the mixture of ThO2–UO2+x and U3O8, the densification at
high temperatures probably proceeds as follows [52–54]:

1. Formation of defective structured U3O8�z.
2. Dissolution of a part of U3O8�z to UO2+x.
3. Solid solution formation between (Th,U)O2 and UO2+x.
4. Simultaneous sintering of (Th,U)O2.

6. Conclusions

The co-precipitation method was found to be suited for obtain-
ing mixed oxide pellets of high density and excellent microhomo-
geneity. ThO2–30%UO2 and ThO2–50%UO2 pellets were fabricated
using the powders obtained by the co-precipitation method, and
these pellets were characterized by means of optical microscopy,
XRD, SEM and thermogravimetry. The conclusions are as follows:

1. ThO2–30%UO2 and ThO2–50%UO2 powders prepared through
the co-precipitation route showed higher O/M ratios of 2.218
and 2.301, respectively. On sintering in air at 1400 oC, the O/
M ratio of the above decreased to 2.170 and 2.230, respectively.

2. The XRD analysis revealed that ThO2–30%UO2 and ThO2–
50%UO2 powders heated in air at 700 oC were two phase mix-
tures composed of cubic fluorite solid solution and U3O8 phases.

3. The amount of U3O8 phase present in ThO2–30%UO2 and ThO2–
50%UO2 powders decreases after sintering the pellet in air
1400 oC, which suggests that a part of U3O8 was decomposed
and dissolved in the (Th,U)O2+x phase during sintering forming
solid solution.

4. The average grain sizes of sintered ThO2-30%UO2 and ThO2–
50%UO2 pellets were 5.7 and 4.5 lm, respectively. ThO2–
50%UO2 pellet showed one or two patches consisting of bigger
grains of about 40 lm.
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