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The sol-gel method, which is among the methods used for the production of ThO2-UO2 mixed oxide fuel pellets,
allows a high degree of micro-homogeneity of uranium and thorium in the solution stage. The present study seeks
to develop an alternative method in order to produce mixed thorium-uranium dioxide fuel pellets, prepared by
internal gelation technique of sol-gel process. The study also aims to investigate shrinkage behavior and �rst-stage
sintering kinetics of pellets compacted in the Ar-5%H2 atmosphere using a dilatometer. The chemical and physical
properties such as density, homogeneity, O/M ratio, metallic impurities, unit cell parameters, phase contents and
surface area of powders, that have di�erent compositions of thoria-urania, were studied. The in�uences of sintering
parameters on the characteristics of microspheres and on the properties of sintered pellets are discussed.
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1. Introduction

The internal gelation process (IGP) is one of the
most important routes of the sol-gel process to prepare
(Th,U)O2 gel microspheres. (Th,U)O2 mixed oxide fuel
contains daughter products of 232U, namely 212Bi and
208Tl, which emit strong gamma radiations of 1.8 MeV
and 2.6 MeV respectively. They are hazardous to human
health. In addition, it is more di�cult to get a homoge-
neous mixture of two di�erent powders by powder met-
allurgical method. Sol-gel process is thus an alternative
fabrication process to reduce the radiation dose received
by the operators, o�ering a great degree of pellet homo-
geneity [1, 2]. Homogeneous composition simpli�es the
solid solution formation of mixed oxides which is an im-
portant prerequisite to obtain good pellets in the sinter-
ing step of the process [3�5].
Sintering is a key step in most of the processes which

deal with the elaboration of ceramic materials. It is a
complicated process that contains micro-structural evo-
lution by densi�cation through several di�erent transport
mechanisms. The main factors which in�uence the sinter-
ing are temperature, annealing time, green density, and
bulk composition [6, 7].
Materials with high melting point, such as nuclear ce-

ramics, require high sintering temperatures. The design
of sintering cycles, that minimizes the energy consump-
tion, while attaining a certain target density and uniform
microstructure, is of great use. Minimizing of sintering
time reduces grain growth, providing a better sintered
strength and other physical properties [8].
The sintering process is a di�usion controlled process,

the rate of which is controlled by more slowly moving
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metal atoms [9, 10]. Determination of the basic physi-
cal mechanisms of sintering for a given material system
is important for the kinetic mechanisms by which den-
si�cation and grain growth occur during sintering. The
mechanisms of material movement in sintering are not
only important in determining the properties of the end
product but also have fascinated the powder technolo-
gists since they started to contend with the science of
sintering. Therefore, it is very important to study the
kinetic parameters of sintering accurately [11].
Several methods have been reported in the literature

for the calculation of the kinetic parameters from a series
of sintering curves, obtained at di�erent linear-heating
rates. The Arrhenius plots of the shrinkage rate at equal
values of the shrinkage have been commonly used to esti-
mate the activation energy of the initial stage of sintering.
Considerable amount of works have been reported on

sintering and sintering kinetics of UO2 and ThO2 in the
literature. Although the initial stage of the sintering of
UO2 and ThO2 alone has been investigated in detail,
not much work has been reported on sintering kinetics
of mixed oxides (Th,U)O2 [11�15].
The study determined the activation energy for sinter-

ing using the dilatometric technique. Therefore, dilato-
metric runs were performed in ThO2-5%UO2, ThO2-
10%UO2 (composition in wt.%) compacts in Ar-5%H2

with heating rates of 5 ◦C/min, the output of which was
used to generate the activation energy for sintering.

2. Theory of sintering

The activation energy, Q, in the initial stage of sin-
tering was estimated by graphical method of isother-
mal shrinkage of pellets. The detailed discussion of the
method and the major steps for calculation of Q are given
in the following paragraphs.
Various methods have been used to study the sinter-

ing mechanism, among which are dilatometric studies
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of the kinetics of isothermal shrinkage of powder com-
pacts, which are particularly useful because they allow
one to contiguously follow dimensional variation in the
same sample.
The experimental shrinkage curves generally follow an

equation of the form

∆L/L0 = Y = [K(T )t]n, (1)

where

K(T ) = AγΩD/kTr3. (2)

In this equation L0 is the initial sample length at the
beginning of sintering, K(T ) Arrhenius constant, D the
di�usion coe�cient (cm2/s), r the particle radius (cm),
γ the surface tension (erg/cm2), Ω the vacancy volume
(cm3), A, n are the constants which values depend on
the sintering mechanism and k the Boltzmann constant.
It is very di�cult to determine the origin of the curve

since the sample would not reach the isothermal tem-
perature immediately. Following the time and shrinkage
correction Eq. 1 became [16]:

Y + Y0 = Kn(t+ t0)n(t0 << 0) (3)

Di�erentiation form of the equation gives the following:

dY/dt = Y ′ = nKntn−1 (4)

Y ′ can be calculated from experimental data. By plotting
log Y ′ versus log t a straight line (slope: n − 1) will be
obtained for each isothermal temperature (Fig. 4). The
value of n (determination of sintering mechanism) can be
determined from the slope of this line and K(T ) from the
intercept with the log Y ′ axis. When K(T ) is known, the
di�usion coe�cient can be calculated from Eq. 2.
For the variation of logD versus 1/T , the expression

is as follows

D = D0 exp(−Q/RT ), (5)

where D0 is the preexponential factor of Arrhenius equa-
tion, Q the activation energy and R the molar gas con-
stant.
The apparent activation energy is calculated from the

slope of the variation of lnD versus 1/T (a straight line).
The slope of the plot of lnD vs. 1/T gives the −Q/R. R
being a constant with value of 8.31441 JK−1mol−1, Q is
determined from the slope of the plot (Fig. 5).

3. Experimental procedure

The initial materials are uranyl nitrate hexahydrate
(UNH) and commercial thorium nitrate. Uranyl nitrate
hexahydrate (UNH) was prepared by the conversion of
U3O8, which was supplied by Canada Atomic Energy, to
the ammonium diuranate or (ADU) form at Çekmece Re-
search and Training Center. The commercial thorium ni-
trate salt supplied by company of Rhone-Poulench. The
metallic impurity contents of uranyl nitrate and thorium
nitrate salts are smaller than 700 ppm.
The ThO2-5%UO2 and ThO2-10%UO2 green pellets

for this study were prepared by the internal gelation pro-
cess, in which we used the solutions of desired mixtures
of the uranium and thorium nitrates. The feed-broth was
prepared by mixing the cooled metal nitrate solution with

the cooled mixture of hexamethylenetetramine (HMTA)
and urea. The feed-broth was dispersed as droplets into
a gelation column containing the hot silicone oil. The
formed gel microspheres were separated from the oil and
were �rst washed with carbon tetrachloride to remove
the adhered silicon oil, followed by washing with am-
monium hydroxide, to remove the ammonium nitrate as
well as the unreacted HMTA and urea. Washed micro-
spheres were dried at 100 ◦C, calcined at around 700 ◦C
for �ve hours to remove the residual organic, and reduced
in Ar+5%H2 gas mixture at 650 ◦C for 1.5 hours. The
reduced microspheres were crushed to characterize the
starting materials before sintering steps.
The �ow-sheet used for the preparation of ThO2-

5%UO2 and ThO2-10%UO2 pellets by internal gelation
in the present study is shown in Fig. 1.

Fig. 1. Flow sheet for the preparation of ThO2-5%UO2

and ThO2-10%UO2 pellets by internal gelation.

In order to evaluate the in�uence of the preparation
method on several chemical compositions of the powders
as well as the sintered pellets, the microstructural charac-
terization of the powdered compounds was undertaken in
terms of thermogravimetry (TGA/DTA), speci�c surface
area (BET) and crystallization state (XRD). The X-ray
di�raction data of powders con�rm that the compounds
are face centered cubic (FCC) and single phased before
the sintering.
The TGA/DTA curves for ThO2-5%UO2 and

ThO2-10%UO2 powders oxidation were measured by
TGA/DTA-Netzsch STA 449 C simultaneous thermal an-
alyzer up to 800 ◦C at 10 ◦C/min in air atmosphere.
Samples were cooled down to room temperature when
the desired temperature was reached. The powders were
placed in platinum covered crucibles, an empty crucible
being the reference. Oxygen-metal ratios (O/M) of the
powders were calculated by thermogravimetric analysis.
Before sintering procedures, the speci�c surface area

of the ThO2-5%UO2 and ThO2-10%UO2 precursor pow-
ders were measured using the BET method with nitro-
gen as the adsorbate gas. N2 adsorption and desorption
isotherms were measured by Quantachrome Autosorb
System at di�erent temperatures. All samples were �rst
degassed in a vacuum at high temperatures. The adsorp-
tion and desorption BET isotherms of the ThO2-5%UO2

and ThO2-10%UO2 powders were prepared by heating to
150 ◦C and ThO2 powder were prepared by heating to
300 ◦C.
The phase analysis was performed using X-ray di�rac-

tometry (Bruker AXS D8 Advance di�ractometer). The
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crystallite sizes were evaluated by step scanning di�rac-
tion X-ray pro�le employing a Siemens ceramic X-ray
equipped with a CuKα tube for di�ractometry, operated
at 40 kV and 40 mA. The crystallite size was determined
from the line broadening of XRD peaks; the full scan
of 2θ range from 20◦ to 80◦ was carried at low speed
of 0.01 ◦/min. The Philips software allows the crystal-
lite size determination through the comparison of pro�le
lines broadening related to a standard material, for which
purpose Scherrer's relation was used [17].
The characterizations of the powders are performed

considering the speci�cation. The relevant data used
in further calculation of activation energy are shown
in Table I. After the characterization process, powders
are compacted into green pellets of 6 mm diameter and
around 4 mm in height. The green density of the pellets
has been calculated by geometrical method.

TABLE ICharacteristics of starting ThO2-5%UO2

and ThO2-10%UO2 powders.

Property ThO2-5%UO2 ThO2-10%UO2

Theoretical density, ρ [g/cm3] 10.048 10.096

O/M ratio 2.254 2.167

Surface energy, γ [erg/cm2] 1122.5 1095

Speci�c surface area, S [m2/g] 3.0741 2.5016

Particle radius, a[A] 5.59 5.94

Metallic impurities, [ppm] < 1000 < 1000

The sintering behavior of the ThO2-5%UO2 and ThO2-
10%UO2 pellets prepared by internal gelation process
was studied by measuring the shrinkage in axial direc-
tion using a push rod type dilatometer (Netzsch DIL
402 C). The length change measurements were made by
Linear Voltage Di�erential Transformer (LVDT), which
was maintained at a constant temperature by means of
water circulation from a constant temperature bath. The
accuracy of the measurement of change in length was
within ±0.1 µm. The temperature was measured using a
calibrated Pt/Pt Rh10% thermocouple which was placed
closely above the sample. A small force of 0.25 N was
applied to the sample through the push rod.
The dilatometric experiments were carried out in the

temperature range of 100�1200 ◦C in reducing Ar+5%H2

atmosphere, at a heating rate of 5 ◦C/min. The shrink-
age of the standard sample was measured under the same
condition to correct the di�erences in shrinkage between
in the sample holder and the sample. The selection of the
temperature programme was made by computer via the
data acquisition system. The dilatometric data which
were obtained are in the form of curves of dimension
against time and temperature. Time vs. dimensional
shrinkage plots were obtained from dilatometric studies
for all the pellets. The data obtained were thus analyzed
to �nd out the kinetics of sintering and the activation en-
ergies of the ThO2-5%UO2 and ThO2-10%UO2 pellets.

4. Experimental results

Figure 2 shows the shrinkage behaviors of ThO2-
5%UO2 and ThO2-10%UO2 pellets under Ar+5%H2 at-

mosphere. The dL/L values are plotted against tem-
perature, where L is the initial length of the pellet in
axial direction and dL is its increment. The correspond-
ing shrinkage rates d(dL/L)/dt of the above pellets are
shown in Fig. 3.
The onset temperature of shrinkage was determined

from shrinkage curves by extrapolating method (as the
point at which it deviates from its horizontal path). The
onset of sintering was found to marginally shift to higher
temperature by increasing the UO2 content. It can be
seen from the Fig. 2 that the onset of the shrinkage oc-
curs at 707 ◦C for ThO2-5%UO2 and 735 ◦C for ThO2-
10%UO2 in Ar+5%H2 atmosphere.

Fig. 2. Shrinkage curves for ThO2-5%UO2 and ThO2-
10%UO2 pellets in Ar-5%H2. The dL/L0 values plotted
against temperature, where L0 is the initial length.

Fig. 3. Shrinkage rate d(dL/L0)/dt of ThO2-5%UO2

and ThO2-10%UO2 pellets in Ar-5%H2 atmosphere
plotted against temperature.

Figure 3 shows the shrinkage rate for ThO2-UO2 pel-
lets for the di�erent UO2 content used in this study.
From the shrinkage rate curves, it was observed that the
maximum shrinkage rates for ThO2-5%UO2 and ThO2-
10%UO2 pellets occur at around 800 ◦C and 840 ◦C, re-
spectively. The maximum shrinkage rate shifts to higher
temperature with increasing the UO2 content.
Figure 4 gives the plots of log Y ′ = log(dY/dt) vs. log t

for the ThO2-5%UO2 and ThO2-10%UO2 pellets at tem-
peratures of 1200 ◦C, 1100 ◦C and 1000 ◦C, as is men-
tioned in the plots, respectively. The slope of the curves
will be (n− 1) from the sintering exponent n, which can
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Fig. 4. A plot of log Y ′ versus log t for the pellet
(a) ThO2-5%UO2 and (b) ThO2-10%UO2 sintered in
Ar+5%H2.

be thus evaluated. n is a constant which value depends
on the sintering mechanism. The value of n obtained for
pellets sintered in Ar+5%H2 is ∼ 0.50. The mechanism
for the initial stage of sintering was considered to be the
volume di�usion. Aybers [18] also speci�ed that volume
di�usion controls the �rst stage of sintering kinetic mech-
anism for (Th,U)O2. The present study is in compliance
with Aybers with respect to the volume di�usion mech-
anism.

After the determination of parameter n from the
straight line of the log Y ′�log t curves, the di�usion co-
e�cient D is going to be calculated using parameter n
and Arrhenius constant, K(T ). Arrhenius constant is
calculated from the intercept of the plot. Finally, the
activation energies for sintering pellets are going to be
calculated from the slope of the variation of logD versus
1/T .

The di�usion coe�cients are calculated from the in-
tercepts in Fig. 4 using Eq. 2 and Eq. 3. The values
of parameters of the ThO2-5%UO2 and ThO2-10%UO2

powder, used for this calculation, are given in Table I.
The lnD versus 1/T plots for ThO2-5%UO2 and ThO2-
10%UO2 pellets in Ar+5% H2 atmosphere are shown in
Fig. 5.

Finally, the activation energies for the sintered pellets
were calculated from the slope of the variation of lnD

Fig. 5. The Arrhenius plot lnD versus 1/T for (a)
ThO2-5%UO2 and (b) ThO2-10%UO2 pellet sintered in
Ar+5%H2. The slope of this curve will be Q/R, from
which the activation energy Q can be calculated.

versus 1/T . The activation energy of sintering for ThO2-
5%UO2 and ThO2-10%UO2, determined from dilatomet-
ric experiments was found to be 111.58 kJ/mole and
198.96 kJ/mole respectively.
Compared with the conventional powder metallurgy

method, the activation energy of (Th,U)O2 pellets
present in the study is rather low. Aybers [18] studied the
�rst-stage sintering of ThO2-80%UO2, ThO2-2%0UO2

and ThO2-5%UO2 using a dilatometer. With the aid
of shrinkage curves, the apparent activation energy of
ThO2-80%UO2 ThO2-2%0UO2 and ThO2-5%UO2 for
the initial stages of sintering in reducing atmosphere are
calculated to be about 339 kJ/mole, 478.75 kJ/mole and
324 kJ/mole, respectively. Recently, Kutty et al. [19]
has estimated activation energy of ThO2-2%U3O8 pellet
made by powder metallurgy route using master sinter-
ing curve approach, and obtained activation energy of
500 kJ/mole for the above composition.

5. Conclusion

ThO2-5%UO2 and ThO2-%10UO2 pellets have been
fabricated by internal gelation technique using nitrates
of uranium and thorium as starting material.
The sintering behavior of the ThO2-5%UO2 and ThO2-

%10UO2 pellets were studied using a high temperature
dilatometer in reducing Ar-5%H2 atmosphere. The ac-
tivation energies at initial stage of sintering were esti-
mated by applying the sintering-rate equation to isother-
mal shrinkage data.
The following conclusions were drawn:
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� The mechanism for the initial stage of sintering was
found to be the volume di�usion for both ThO2-
5%UO2 and ThO2-%10UO2 pellets.

� The onset of sintering was found to marginally shift
to higher temperature on increasing the UO2 con-
tent.

� The maximum shrinkage rate shifts to higher tem-
perature by increasing the UO2 content.

� The shrinkage rate of the ThO2-5%UO2 pellet was
higher than the ThO2-%10UO2 pellet.

� The activation energies for initial stage of sin-
tering were found to be 111.058 kJ/mole and
198.96 kJ/mole for ThO2-5%UO2 and ThO2-
%10UO2 pellets, respectively.
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