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Abstract

Coated agglomerate pelletization (CAP) process is being developed for the fabrication of ThO2–UO2 mixed oxide fuel pellets. The
procedure for the fabrication of ThO2–4%UO2 and ThO2–20%UO2 pellets by this process has been described in detail in part I of this
series of papers. The present part II deals with the characterization of the above pellets by optical microscopy, scanning electron micros-
copy (SEM) and electron probe microanalysis (EPMA). The microstructure of the ThO2–4%UO2 and ThO2–20%UO2 pellets showed a
duplex grain structure. Thermal expansion and thermal conductivity were measured in the temperature range from room temperature to
1500 �C. It was found that the thermal conductivity decreased by the addition of UO2 to ThO2 at any temperature. Addition of 20%UO2

to ThO2 caused very large decrease in thermal conductivity. The thermal expansion of ThO2–20%UO2 pellet was different from that of
ThO2 and ThO2–4%UO2, e.g. it increased more rapidly with increasing temperature in the temperature range of 1000–1500 �C.
� 2007 Elsevier B.V. All rights reserved.

PACS: 61.72; 65.70; 72.15.E; 83.50.Q
1. Introduction

Fabrication of ThO2–4%UO2 and ThO2–20%UO2 pel-
lets by a novel technique (CAP process) has been described
in detail in part I of this series of papers. This part (part II)
deals with the microstructural evaluation and determina-
tion of thermophysical properties of the above pellets.
The microstructure is important since it is deeply related
to the irradiation behaviour. It controls the in-pile fuel
behaviour like plasticity, in-pile creep and swelling [1].
The microstructure of the fuel is intimately related to the
behavior of the fission gases. The improvement in plasticity
0022-3115/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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and fission gas release can be attained by modifying the
microstructures during fabrication [2–6]. The conventional
process for nuclear ceramics fabrication consists of a num-
ber of stages including calcination, milling, incorporating
additives, pressing, drying and densification. Since each
of these process steps affects the microstructure of the fuel
pellets they must all be understood. It is possible to obtain
a wide range of microstructures for ThO2–UO2 system if
the CAP is chosen. This process can tailor the microstruc-
ture for better performance during irradiation.

The behaviour of nuclear fuel during irradiation is lar-
gely dependent on its physico-chemical properties and their
change with temperature and burn-up [7]. Thermal conduc-
tivity is an important parameter to understand the perfor-
mance of the fuel pins under irradiation [1]. If the thermal
conductivity is low, the temperature gradient in the radial
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direction of the fuel pellet is large causing to give high
temperature at the central part of the fuel pin [1,7]. The
thermal conductivity of nuclear fuel influences almost all
important processes such as fission gas release, swelling,
grain growth etc. and limits the linear power [8,9]. The
changes in thermal conductivity occurs during irradiation
by the formation of fission gas bubbles, build-up of fission
products, and by the change of oxygen-to-metal ratio
(O/M) [10]. Hence the knowledge of thermal conductivity
is needed to evaluate its thermal performance. The coeffi-
cient of thermal expansion (CTE) values are needed to
calculate stresses occurring in the fuel and cladding on
change in temperature. If the thermal expansion varies
considerably between the fuel and cladding, stresses will
be accumulated during the thermal cycling [11]. This can
lead to the deformation of the clad and eventually may
result in the breakage of the clad. Hence, precise evaluation
of CTE data of the fuel is needed.

This paper deals with characterization of ThO2–4%UO2

and ThO2–20%UO2 pellets made by CAP process with the
help of optical microscopy, XRD, SEM and EPMA. The
microstructures are evaluated in terms of grain size, pore
size and its distribution and homogeneity of uranium. This
paper also describes the evaluation of thermal conductivity
and thermal expansion for the mixed oxide pellets of the
above compositions at temperatures up to 1500 �C, and
discusses the effect of composition, microstructure and
O/M ratio on the experimental results.
2. Experimental

2.1. Sample preparation

ThO2–4%UO2 and ThO2–20%UO2 pellets for this study
was prepared by the CAP process as described in part I.
The pellets were sintered in air at 1450 �C for 8 h. The sin-
tered pellets were about 12 mm in diameter and around
10 mm in length. Table 1 gives details of the samples stud-
ied in this work. For metallography, the sintered pellet was
fixed by Araldite and ground using successive grades of
emery papers. The final polishing was done using diamond
paste. The pellet was removed from the mount by dissolv-
ing the mount in acetone and then etched thermally by
holding the sample at 1400 �C for 4 h in air. The grain size
was determined by the intercept method. The microstruc-
ture was then characterized by scanning electron micros-
copy. The distribution of Th, U and O was determined
by X-ray mapping and also by line scans with the help of
Table 1
Density, pore fraction and O/M ratio of ThO2, ThO2–4%UO2 and ThO2–20%

Sample O/M ratio Bulk density g/cm3

ThO2 2.00 9.203
ThO2–4%UO2 2.01 9.451
ThO2–20%UO2 2.07 9.211
EPMA. A few ThO2 pellets were also made using the above
technique as control samples under the same conditions.
2.2. Thermal conductivity

The studies were carried out using a Ulvac Sinku-Riko
(model TC 3000) thermal diffusivity apparatus. For the
thermal diffusivity measurement, the sintered pellet was
sliced into discs of about 10 mm diameter and 2 mm thick-
ness using a low speed cut-off wheel. A pulse of laser was
projected on to the front surface of the pellet and the tem-
perature rise on the rear side of the pellet was recorded as a
transient signal by using an infrared detector. The measure-
ments of the thermal diffusivity were carried out up to
1500 �C in vacuum at a pressure of less than 10�5 Pa. At
each temperature, measurement was carried out thrice.
The average value of these three measurements was used
and the experimental uncertainty associated with these
measurements was within 5%. The thermal diffusivity (a)
was calculated from the following relationship:

a ¼ WL2=pt1=2; ð1Þ

where t1/2 the time required in seconds to reach half of the
maximum temperature rise at the rear surface of the sample
and L the sample thickness in millimeter. W a dimension-
less parameter which is a function of the relative heat loss
from the sample during the measurement. The data was
corrected for radiation heat losses by the method of Clark
and Taylor [12].

The thermal conductivities of ThO2, ThO2–4%UO2 and
ThO2–20%UO2 pellets were derived from the measured
values of thermal diffusivity data determined by laser flash
technique by using the relation:

k ¼ aqCp; ð2Þ

where k the thermal conductivity, a the thermal diffusivity,
q the density of the material and Cp its specific heat at con-
stant pressure. The literature values of specific heat were
used in this study and specific heat capacity of (Th,U)O2

was estimated from those of ThO2 [13] and UO2 [7] using
the Kopp’s law.
2.3. Thermal expansion

The thermal expansion of ThO2, ThO2–4%UO2 and
ThO2–20%UO2 pellets was measured by a Netzsch (model
402E) horizontal dilatometer in Ar atmosphere with a heat-
ing rate of 6 K/min. The accuracy of the measurement of
UO2 pellets fabricated by CAP process

Theoretical density (T.D.) % T.D. % Pore fraction

10.00 92.03 7.97
10.038 94.15 5.85
10.192 90.37 9.63



Fig. 2. Microstructure of ThO2–4%UO2 pellet showing interface between
granules. No pores were detected in the fine grained region. The region
shown by a black arrow in Fig. 1 has been magnified and shown here.

Fig. 3. Microstructure of sintered ThO2 pellet showing uniform grain
structure.
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change in length was within ±0.1 lm. The coefficient of
thermal expansion (CTE) was calculated by a software
package attached to the dilatometer. Data correction was
made using the standard sample (poco graphite – NIST).
The coefficient of thermal expansion (CTE) between two
temperatures T1 and T2 can be calculated using the
relation:

CTEðT 1�T 2Þ ¼ ½ðL2 � L1Þ=L0�½1=ðT 2 � T 1Þ�; ð3Þ

where L0 the initial length of the specimen at room temper-
ature, L1 and L2 are the lengths at temperatures T1 and T2,
respectively.

3. Results

The XRD data of ThO2–20%UO2 showed that it was a
single phase compound. Fig. 1 shows the SEM microstruc-
ture of the ThO2–4%UO2 pellet sintered in air. This pellet is
made by coating ThO2 granules with U3O8 powder fol-
lowed by pressing and sintering in air. On heating, U3O8

decomposes to UO2+x and forms a solid solution with
ThO2. The presence of Th and U was noticed at all places
in the pellet by the EPMA scan. This shows that the chem-
ical identity of the staring material is lost and U ions have
migrated to ThO2 granules and vice versa. It is true that the
identity of the granules is still noticed after sintering. But
their chemical composition has been changed. The grains
were found to be duplex in nature. The grain size distribu-
tion is similar to ‘rock in sand’ structure. There were pack-
ets of fine grains uniformly distributed in the matrix. The
average size of these fine grains was 1.7 lm. The grain size
of the matrix was around 7–8 lm (Fig. 2). The pore distri-
bution was found to be non-uniform with most of the pores
being located on large grained areas. The packets of fine
grains were found to be very dense with very little porosity.
Fig. 3 shows the microstructure of starting material viz.
ThO2. The microstructure shows that the grain size varies
from 2 to 15 lm, with an average value around 5 lm.
ThO2 is a single phase compound and no change in the
composition is occurring on sintering. On the other hand,
ThO2–4%UO2 pellet is produced from ThO2 granules and
Fig. 1. Microstructure of ThO2–4%UO2 pellet showing duplex grain
structure. Pellet: sintered in air and etched thermally.
U3O8 powder as the starting materials. As mentioned
earlier, U3O8 decomposes to UO2+x at high temperatures
and forms (Th,U)O2+x solid solution. This results in the
creation of large amount of defects in this region. There-
fore diffusion is enhanced. Since grain growth is a diffusion
controlled process, this will lead to larger grain sizes. The
initial ThO2 region becomes (Th,U)O2 after sintering. Since
defects are less here, grain growth is retarded and therefore
grains are smaller in this region.

The microstructure of ThO2–20%UO2 pellet is shown in
Fig. 4. The microstructure was found to be highly non-
uniform with most of the pores being located on the initial
U3O8 for coating. It is duplex similar to that of ThO2–
4%UO2 pellets. A large number of pores exist in large
grained region when compared with ThO2–4%UO2 pellets.
To find out the distribution of Th, U and O in the ThO2

matrix, a detailed study was carried out by scanning elec-
tron beam across the duplex structure by means of EPMA.
A typical BSE image is shown in Fig. 5 for ThO2–4%UO2

pellet and the corresponding X-ray line scan for Th Ma, U
Ma and O Ka are also shown in the same figure. The exact
region of this scan is marked in the BSE image (Fig. 5) as
A–B. The line scan clearly shows a marginal increase in U
concentration in the large grains of ThO2–4%UO2 pellet.



Fig. 4. Microstructure of ThO2–20%UO2 pellet showing duplex grain
structure. Most pores are located on the initial U3O8 particles.
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The line scan is intentionally chosen across a pore to iden-
tify the chemical composition of the pore. The counts for
Th and U at pores are very low and that for oxygen is high
indicating the presence of an oxide (SiO2) which might
have been picked up during the sample preparation for
metallography.

The thermal diffusivity of ThO2, ThO2–4%UO2 and
ThO2–20%UO2 pellets is shown in Fig. 6 as a function of
temperature. The corresponding thermal conductivity of
the above samples is shown in Fig. 7. The observed thermal
conductivity of ThO2 is higher than those of ThO2–4%UO2

and ThO2–20%UO2 pellets, which is in good agreement
with that reported in the literature [7]. The ThO2–
20%UO2 pellet exhibited a very low thermal conductivity
which is only about 20% of that for pure ThO2. Also this
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ex grain structure for ThO2–4%UO2. BSE image is also shown.
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Fig. 6. Thermal diffusivity of ThO2, ThO2–4%UO2 and ThO2–20%UO2

pellets fabricated by CAP process plotted against temperature.
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Fig. 7. Thermal conductivity of ThO2, ThO2–4%UO2 and ThO2–20%UO2

pellets as a function of temperature.
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Fig. 8. Thermal resistivity of ThO2, ThO2–4%UO2 and ThO2–20%UO2

pellets as a function of temperature. Solid lines are determined by fitting
the thermal conductivity data to a relation 1/k = A + BT using the least
squares method.

Table 2
Constants A and B of the equation 1/k = A + BT for ThO2, ThO2-4%UO2

and ThO2–20%UO2

Sample A, m.K/W B, m/W

ThO2 0.0334 1.374 · 10�4

ThO2–4%UO2 0.0497 1.475 · 10�4

ThO2–20%UO2 0.2516 2.359 · 10�4
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pellet showed a very small decrease in thermal conductivity
with increasing temperature.

In general, phonon–phonon scattering and phonon-
impurity scattering are the dominant mechanisms of the
thermal conductivity in ceramics. Klemens [14] has
proposed a heat conduction model in materials where the
phonon–phonon (Umklapp) scattering and the phonon-
impurity scattering occur simultaneously. Theoretically
the phonon component the thermal conductivity k may
be written as:

k ¼ ðAþ BT Þ�1
; ð4Þ

where A and B are constants and T is the absolute
temperature.

Thermal resistivity (R), which is the reciprocal of ther-
mal conductivity (k), of the above oxides can be described
by the following equation:
R ¼ 1=k ¼ Aþ BT : ð5Þ
The parameter A represents the influence of phonon scat-
tering by lattice imperfections and the parameter B de-
scribes the influence of phonon–phonon scattering [7].
The influence of substituted impurities on the thermal con-
ductivity is described by the increase of the parameter A,
while parameter B remains nearly constant by substitution.
The parameter A also depends on the difference in mass
and radius between the substituted atom and the host atom
[1,7]. The constants A and B can be obtained from the least
squares fitting of the experimental data. The linear varia-
tion of resistivity for the above samples with temperature
is shown in Fig. 8. It was found that the thermal resistivity
of ThO2–4%UO2 pellet was higher than that of pure ThO2

and that of ThO2–20%UO2 pellet was found to be exceed-
ingly high. The values constants A and B for the above oxi-
des are given in Table 2.

Fig. 9 shows the thermal expansion of ThO2, ThO2–
4%UO2 and ThO2–20%UO2 pellets in the temperature
range from room temperature to 1500 �C. The expansion
curves of ThO2 and ThO2–4%UO2 pellets were almost
the same at all temperatures but the expansion curve of
ThO2–20%UO2 pellet was different showing larger expan-
sion above 1000 �C. Up to 1000 �C, however, the expan-
sion is close to that of ThO2 and ThO2–4%UO2 pellets.
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The dl/l0 versus temperature relation of ThO2, ThO2–
4%UO2 and ThO2–20%UO2 can be fitted into a third
degree polynomial of the form:

dl=l0 ¼ aþ bT þ cT 2 þ dT 3; ð6Þ
where dl/l0 the expansion (in %) and T temperature in �C.
The fitting is done in the temperature range of 100–1500 �C
for ThO2 and ThO2–4%UO2 and for ThO2–20%UO2 the
data was fitted only in the temperature range of 100–
1000 �C since above 1000 �C this sample exhibited a non-
uniform expansion. The values of the constants a, b, c

and d for the above compositions are given in Table 3.
The significant observations from the above study are

summarized below:

1. The microstructure of the ThO2–4%UO2 and ThO2–
20%UO2 pellets sintered in air showed a duplex grain
structure. The grain size distribution is similar to ‘rock
in sand’ structure.

2. The EPMA data on ThO2–4%UO2 and ThO2–20%UO2

pellets showed that the uranium concentration was mar-
ginally higher in large grained areas.

3. The thermal conductivity decreased by the addition of
UO2 to ThO2 at any temperature.

4. The thermal expansion curve of ThO2–20%UO2 pellet
behaves differently from those of ThO2 and ThO2–
4%UO2 pellets showing a much larger expansion above
1000 �C.
Table 3
Constants a, b, c and d of Eq. (6) for ThO2, ThO2–4%UO2 and ThO2–20%UO

Composition a b

ThO2 �0.0791 6.947 · 10�

ThO2–4%UO2 �0.0891 6.671 · 10�

ThO2–20%UO2 �0.1259 9.611 · 10�
4. Discussion

4.1. Microstructure

The microstructure of ThO2–UO2 pellet prepared by
CAP process showed a ‘rock in sand’ type structure. There
were colonies of fine grains which were surrounded by large
grained areas. In each of these colonies grains were ran-
domly distributed. The size of the each fine grained colony
is in range of 100–150 lm. These colonies were found to be
extremely dense and some of them had no pores. These col-
onies represent initial ThO2 granules, which were used for
making green pellets. The identity of initial ThO2 granules
has disappeared since there was no boundary between the
granules. All the granules were fused with each other
(Fig. 2). In the above figure, no gap exists between the
granules at any place in the pellet indicating that diffusion
has occurred between them. It is true that the two regions
can be distinctly observed in Fig. 2. But both these regions
are having almost the same chemical composition.
Nowhere in the pellet, were these granules found to be
delineated. This fact suggests that diffusion has occurred
between ThO2 and UO2. It is not possible to form a
solid solution between ThO2 and U3O8 since U3O8 does
not have any solubility in ThO2 [15]. Therefore, the U3O8

coating on each granule is assumed to have been decom-
posed to UO2+x during sintering and diffused to ThO2

matrix forming solid solution [16]. This was confirmed by
EPMA.

As mentioned earlier, the grain size in the colonies was
of very fine (1.7 lm). In the initial U3O8 for coating, grains
were substantially bigger. This can be explained by consid-
ering the defect structure. ThO2 is the only stable oxide in
the Th–O system in the condensed phase and it has very
little non-stoichiometry compared to UO2 [6]. Hence the
defects in pure ThO2 are comparatively less. Since the grain
growth is a diffusion related phenomenon, it depends upon
the defect concentration like O2 interstitials or metal vacan-
cies. Therefore the grain growth is not enhanced inside the
colonies. Also the temperature of the sintering (�0.45Tm,

where Tm is the melting point in K) is comparatively less.
Since grain growth is diffusion controlled process, temper-
ature of the sintering is important. Generally, diffusion
processes are more prominent at temperatures >0.5Tm.
Since the temperature of the sintering used in this study
was <0.5Tm, this may be a factor responsible for the lower
grain sizes. These two factors resulted in developing small
grains in the initial ThO2 colonies.
2 pellets

c d

4 2.630 · 10�7 �1.120 · 10�10

4 2.395 · 10�7 �9.728 · 10�11

4 �1.927 · 10�7 1.267 · 10�10



Table 4
Atom distribution in coarse grains and fine grains for ThO2–4%UO2 pellet
determined by EPMA

Element Fine grains Coarse grains
Wt% Wt %

Th 84.770 84.236
U 3.120 3.656
O 12.110 12.108
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On the other hand UO2 exhibits a wide range of non-
stoichiometry at elevated temperatures. This range extends
from UO1.65 to UO2.25 at 2500 �C [17,18]. The significance
of U3O8 addition for enhancing sintering in ThO2, has been
discussed by Kutty et al. [16]. Thermogravimetric studies
carried out in air on ThO2–2%U3O8 granules indicate that
U3O8 has not been reduced to stoichiometric UO2 even at
1500 �C. This suggests that U3O8 present in the green com-
pacts will exist as UO2+x at sintering temperature. Since the
diffusion coefficient of U, DU, is proportional the square of
the oxygen excess (x2) in the lattice, sintering as well as
grain growth is enhanced thus resulting in bigger grains.

The basic requirements for the high performance of the
fuel are [19]:

(a) ‘Soft pellets’ – To reduce pellet clad mechanical inter-
action (PCMI).

(b) Large grain size – To reduce fission gas release
(FGR).

The strength of the pellet at room temperature is related
to grain size by the Hall–Petch relation. Accordingly, the
smaller grain sized pellets will have higher strength. But
at high temperature (above equicohesive temperature) the
grain boundaries become weaker than grain matrix. Since
the pellets of smaller grain size have wider grain boundary
areas, these pellets become softer than pellets with larger
grain size. Also as the grain size decreases, the creep rate
of the fuel increases. Therefore, pellets with smaller grain
size have higher creep rate and better plasticity at high
temperatures. These pellets will reduce the PCMI.

On the other hand, the pellets with larger grain size are
beneficial to reduce the fission gas release. In developing
thermal reactor fuels for high burn-up, this factor should
be taken into account.

The fraction of small grained area to large grained area in
ThO2–4%UO2 pellet obtained using CAP process is about
2:1. This fraction can be varied by varying the size of the ini-
tial ThO2 agglomerates. The smaller agglomerate size will
lead to give less volume fraction of fine grained areas.

4.2. Uranium distribution

The distribution of uranium in ThO2–4%UO2 and
ThO2–20%UO2 pellets was evaluated by EPMA (Fig. 5).
Both line scanning and area scanning have been carried
out. The line scanning of two separate colonies of fine
grains revealed that uranium has diffused to the ThO2 gran-
ules and vice versa. Semi-quantitative analysis on the large
grains (uranium rich) and also on the small grains (thorium
rich) is shown in Table 4. It is seen from the table that the
uranium concentration on large grains is slightly higher
than that in smaller grains. Also the composition of the
large grains indicates that the concentration of uranium
in these grains is substantially lower than that of the start-
ing material. This confirms that an interdiffusion has
occurred between ThO2 and UO2 along the interface.
In summary, ThO2–UO2 fuels made by CAP process
have the benefits of both small and large grains. The
microstructure of comparatively fertile rich (Th) region
has small grain size as indicated. Hence this region will
show relatively high plasticity at high temperatures. On
the other hand, the fissile rich region has larger grain size
which will be of help in reducing the fission gas release.
Since more fission is likely to occur in this region, more
fission gas is expected to generate here. Therefore the
large grains in this region can be used as storage for the
fission gases. Hence we can conclude that the fuel made
by CAP process has properties to reduce the fission gas
release and also as well to reduce PCMI. Hence this
unique microstructure will be useful in attaining high
burn-up in thermal reactors.
4.3. Thermal conductivity

From Fig. 7, it is clear that the thermal conductivity of
(Th–U)O2 depends on UO2 content and temperature. On
addition of a small amount (4%) UO2, the decrease in the
thermal conductivity of ThO2 is not large. But on addition
of large quantities of UO2, the decrease is significantly
large.

Most authors [20–28] have reported that the thermal
conductivity of Th1�yUyO2 decreases on increasing the
UO2 content. An assessment of the thermal conductivity
data of both irradiated and unirradiated ThO2 and
Th1�yUyO2 solid solutions has been made by Berman
et al. [24]. Bakker et al. [7] made an overview of the thermal
conductivity measurements on Th1�yUyO2 pellets
(0 < y 6 0.2). In all compounds the A parameter shows a
large increase by substitution and B parameter shows a
slight decrease by substitution. Bakker et al. [7] fitted the
values A and B to obtain an equation that is valid for the
low concentrations of uranium:

A ¼ 4:195� 10�4 þ 1:112y � 4:499y2 ð7Þ
B ¼ 2:248� 10�4 � 9:170� 10�4y þ 4:164� 10�3y2 ð8Þ

The thermal conductivity of nuclear ceramics is strongly
influenced by its stoichiometry. The deviation from stoichi-
ometry produce defects, most likely oxygen vacancies or
metal interstitials in hypostoichiometric compounds and
oxygen interstitials or metal vacancies in hyperstoichiomet-
ric compounds [29,30]. It is reported that there is a drastic
change in the uranium vacancy concentration with O/U
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ratio near the stoichiometric composition. Many reports
are available on the effect of stoichiometry on the thermal
conductivity of UO2 and (U–Pu)O2 samples [1,7]. This
behavior is expected since introduction of point defects
such as vacancies or interstitials into the oxygen ion sublat-
tice or substitution of Th for U on the cation sublattice
provides additional centers from which phonon scattering
occurs. The coefficient A depends primarily on the O/M
ratio and only very weakly on the uranium content [1].

The thermal conductivity of ThO2–4%UO2 was found to
be very close to the expected value. But the thermal con-
ductivity of ThO2–20%UO2 was found to be unusually
low. In fact the value is smaller than that of pure UO2.
The decrease in thermal conductivity can be attributed to
the O/M ratio and microstructure. The values of A and B

of Bakker et al. [7] for stoichiometric solid solutions using
Eqs. (7) and (8) for y = 0.04 and y = 0.20 have been calcu-
lated. The values of A for ThO2–4%UO2 and ThO2–
20%UO2 pellets are 0.0377and 0.04285 mK/W, respec-
tively. The values of B for the above compositions are
1.947 · 10�4 and 2.2079 · 10�4 m/W, respectively. On
comparing these values with the values obtained in this
study (Table 2), it can be seen that the value of A obtained
in this study for ThO2–4%UO2 composition was only mar-
ginally higher but that for ThO2–20%UO2 was exceedingly
high. The parameter A represents the influence of phonon
scattering by lattice imperfections. Since the ThO2–
20%UO2 composition has a higher O/M ratio, it resulted
in the creation of large amount of point defects which
has caused for the low thermal conductivity values.

The O/M ratio of ThO2–20%UO2 pellet was found to be
high (2.07). At such high O/M, many of the U4+ ions will
be existing as U5+ and U6+ ions. The major defects in
hyperstoichiometric oxides are oxygen interstitials. The
creation of defects in the lattice will lead to the enhanced
phonon scattering, which results in lowering of thermal
conductivity values. The microstructure of ThO2–
20%UO2 was found to be different from that of pure
ThO2. The non-uniform microstructure resulted further
reduction in thermal conductivity values.

From Table 2, it can be seen that the value of the con-
stant A of equation increases with increase in UO2 content.
But for the ThO2–20%UO2 pellet the A value is consider-
ably higher than that predicted by Eq. (7). The analysis
of the lattice defect thermal resistivity and the evaluation
of phonon scattering by the various defect scattering cen-
tres in pure and mixed actinide oxides have been carried
out by several authors [1,20]. According to Pillai and Raj
[21], the change of A value can be represented as a function
of difference of mass and size of U and Th atoms and also
charge difference in uranium.

The mass difference between Th and U atoms is less than
3%, and hence its contribution to thermal resistivity can be
neglected. The sizes of U4+ and Th4+ ions are 0.097 and
0.100 nm, respectively. Therefore, the difference between
their sizes is not appreciable and hence its contribution to
thermal resistivity may also be neglected. The charge of
the uranium ion depends on the O/M ratio of the pellet.
This means that at higher O/M, some of U+4 ions are con-
verted to U+5 or U+6 ions. Since the O/M ratio of ThO2–
20%UO2 pellet is considerably deviated from stoichiome-
try, which in turn results in generation of large amounts
of defects. Also the density of this pellet is the lowest.
Therefore, the thermal conductivity of the ThO2–
20%UO2 pellet was probably depressed to a low value.

4.4. Thermal expansion

Thermal expansion behaviour of ThO2–20%UO2

pellet was found to be different from that of ThO2 and
ThO2–4%UO2 pellets. For the above pellet, a non-uniform
expansion was observed in the temperature range of 1000–
1500 �C. This behaviour may be correlated to the high
O/M ratio of the sample, i.e. O/M = 2.07. It has been
reported that UO2+x loses oxygen in Ar at high tempera-
tures and tends to become stoichiometric [16]. This means
that some of the U+6/U+5 ions are getting converted to
U+5/U+4 ions [31–33]. Since ionic radii of U+4 (0.097 nm)
and U+5 (0.087 nm) are bigger than that of U+6

(0.083 nm), the lattice expands. In short, (Th,U)O2+x starts
to lose oxygen above 1000 �C with lattice expansion. Below
1000 �C, the expansion behaviour was similar to that of the
other two samples. This is because (Th,U)O2+x loses oxy-
gen only above 1000 �C.

The experimental values of thermal expansion for ThO2

of the present study are compared with those of Bakker
et al. [7] as shown in Fig. 9. It can be seen that the curves
are parallel up to 1000 �C and then they are diverging with
increase in temperature. These two curves are expected to
be in good agreement since ThO2 is a perfect stoichiometric
compound. The difference for this behaviour may be attrib-
uted to the impurity contents of the starting materials. The
total impurity contents of the starting ThO2 and U3O8

powders used in this study are <1200 and <800 ppm,
respectively (part 1, Table 1). No information on impurity
for the sample used by Bakker et al. [7] is given. The expan-
sion curves of ThO2–4%UO2 and ThO2–20%UO2 pellets of
Bakker et al. [7] have also shown in Fig. 9. A similar trend
was noticed on comparing them with experimental results
obtained in this study for ThO2–4%UO2 and ThO2–
20%UO2 pellets.

The coefficients of thermal expansion for ThO2 and
ThO2–4%UO2 pellets in the temperature range 200–
1400 �C were found to be 8.62 · 10�6 and 8.39 ·
10�6 K�1, respectively. The CTE value of ThO2–20%UO2

pellet measured in the temperature range 200–1000 �C
was found to be 9.16 · 10�6 K�1. A number of authors
[34–38] have measured CTE of Th1�yUyO2 for a wide
range of compositions. It has been found that CTE’s of
Th1�yUyO2 lie between those of ThO2 and UO2, within
experimental accuracy. Bakker et al. [7] have reviewed
the thermal expansion behaviour of ThO2–UO2 system
and recommended a linear decrease in the values of CTE
with increase in ThO2 concentration. The lattice parameter
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for (Th,U)O2 solid solution at room temperature decreases
linearly with increase in UO2 contents. A linear decrease in
lattice parameter also exists at high temperatures [39].
Therefore a linear decrease in CTE is expected with
increase in ThO2 content. The coefficient of thermal expan-
sion for ThO2 obtained in this study was found to be
marginally higher than that for ThO2–4%UO2 composi-
tion. This is contrary to the expectation, which may be
attributed to the presence of duplex grain structure in
ThO2–4%UO2. Xu et al. [40] have reported the effect of
interfaces on expansion They have reported that CTE of
the composite decreases with increase in volume fraction
of the interfacial zone. The duplex structure in ThO2–
4%UO2 consists of more grain boundary area and high
percentage of interfaces and therefore might have caused
the lower CTE values.

In summary, the CAP process can be used for manufac-
turing high quality ThO2–4%UO2 pellets. But the process
may not be suitable for making ThO2–UO2 pellets having
high uranium content such as ThO2–20%UO2 since it yields
pellets of low density having a very low thermal conductiv-
ity values. The microstructure of the above pellet was
found to be highly non-uniform with most of the pores
being located on the initial U3O8 for coating. The above
process is highly suitable for making ThO2–UO2 pellets
having low uranium contents.
5. Conclusions

ThO2, ThO2–4%UO2 and ThO2–20%UO2 pellets have
been fabricated by CAP route using ThO2 and U3O8 pow-
ders as the starting materials. The sintered pellets were
characterized in terms of microstructure, uranium distribu-
tion, thermal conductivity and thermal expansion and the
following conclusions were drawn:

(a) The microstructure of ThO2–4%UO2 and ThO2–
20%UO2 pellets showed ‘rock in sand’ structure with
small grains in the center of granules and large grains
along the periphery. However, no delineation of
granules could be found.

(b) The EPMA data confirm that uranium concentration
was slightly higher in large grained areas.

(c) Thermal conductivity of sintered ThO2 decreased by
the addition of UO2 at any temperature studied. By
the addition of 4%UO2 to ThO2, the thermal conduc-
tivity has decreased only marginally. But by the addi-
tion of 20%UO2, thermal conductivity has been
drastically reduced.

(d) The decrease in thermal conductivity of ThO2–
20%UO2 pellet can be attributed to their high O/M
ratio, low density and inhomogeneous micro-
structures.

(e) The expansion curve of ThO2–20%UO2 pellet showed
a non-uniform expansion which is attributed to the
loss of oxygen of (Th,U)O2+x above 1000 �C.
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