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Abstract

The shrinkage behaviour of UO, has been studied using a dilatometer in various atmospheres of Ar, Ar-8%H,,
vacuum, CO,, commercial N, and N, + 1000 ppm of O,. The onset of shrinkage occurs at around 300-400 °C lower in
oxidizing atmospheres such as CO,, commercial N, and N, + 1000 ppm O, compared to that in reducing or inert
atmospheres. Shrinkage behaviour of UO, is almost identical in Ar, Ar-8%H, and vacuum. The shrinkage in N, + 1000
ppm O, begins at a lower temperature than that in the commercial N,. The mechanism of sintering in the reducing, inert
and vacuum atmospheres is explained by diffusion of uranium vacancies and that in the oxidizing atmospheres by

cluster formation.
© 2002 Elsevier Science B.V. All rights reserved.

PACS: 81.20.Ev; 61.72.—y; 66.30.Fq

1. Introduction

UO, has been almost exclusively used as a fuel in
commercial light and heavy water thermal reactors. The
main advantages in the use of UO, are its high melting
point, good dimensional and radiation stability and its
excellent chemical compatibility with the other reactor
components. The main disadvantages are, however, its
low thermal conductivity and low fissile atom density
which leads to give high centerline temperature and large
volume cores respectively. In a stable fluorite structure,
stoichiometric uranium dioxide crystallizes. It has a
melting point of 2880 °C and exhibits a wide range of
non-stoichiometry at elevated temperatures. This range
extends from UO,; ¢ to UO,,s at 2500 °C [1,2]. The
hypostoichiometric UO,_, exists only at high tempera-
tures, whereas hyperstoichiometric UO,,, exists even at
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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
[3]. Thus, a large amount of interstitial oxygen can be
dissolved causing to form extensive anion excess UO,,,.
The charge compensation for the excess of oxygen in
UO,., is achieved by oxidizing U*" to U [4]. 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 co-
efficent and uranium diffusion coefficient, D°/DVY, is re-
ported to be greater than 10° at 1400 °C, suggesting that
the uranium ion mobility is much smaller than the oxy-
gen mobility. In fact, DV increases in proportion to x> by
about 5 orders of magnitude between UO, and UO,, at
1400-1600 °C [5-7].

Uranium oxide fuel pellets for light and heavy water
reactors are usually fabricated with an O/U ratio of
around 2.00 in order to have better thermal properties
and to achieve better compatibility between fuel, clad
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and coolant [1]. Large scale production of these pellets is
carried out by powder metallurgical processes involving
milling, pre-compaction and granulation followed by
cold compaction and high temperature sintering in re-
ducing atmosphere at around 1650 °C. For nuclear ce-
ramics such as UQ,, it is reported that the diffusion rate
is slow under reducing condition and is fast under oxi-
dising condition [6]. For instance, if UO, is used rather
than UQO,, DY increases by a factor of 10* [7]. A change
in the sintering atmosphere from reducing to controlled
oxidizing conditions is therefore very much advanta-
geous to increase the interdiffusion rates [8]. Uranium
diffusion increases drastically in hyperstoichiometric
oxide because of large increase in uranium vacancy
concentration [1]. Short time sintering at low tempera-
ture (< 1300 °C) has been developed to take advantage
of the enhanced uranium diffusion in hyperstoichio-
metric uranium oxides [1]. Sintering under oxidizing
conditions with the associated fast diffusion proceeds in
a short time at 1300 °C more rapidly than in a longer
time at 1650 °C in reducing atmospheres. This process
results in large scale savings in energy, time and capital
investment [7]. However, there is a requirement for a
subsequent reduction step to achieve the necessary O/U
ratio, which would partially offset the above-mentioned
advantages. Since diffusion is largely dependent on oxy-
gen potential of the sintering atmosphere, it will be
worthwhile to determine the effects of a wide variety of
atmospheres such as inert (Ar), reducing (Ar-8%H,),
vacuum and oxidising (CO,, commercial N, and
N, + 1000 ppm O,) atmospheres on the sintering be-
haviour of UO, using a dilatometer. So far, studies have
not been reported on the above mentioned composition
in such a wide range of atmospheres. Hence, it is felt that
the results of this study would be very useful to the
manufacturers of such fuels.

2. Experimental
2.1. Fabrication of green pellet

The green pellets for this study were prepared by the
conventional powder metallurgy technique which con-
sists of the following steps:

¢ milling uranium oxide powder in a planetary ball mill
for 4 h using tungsten carbide ball,

e precompaction at around 150 MPa,

e granulating the conditioned powders,

e cold pressing of the granulated powders at around
300 MPa into green compact.

To facilitate compaction and to impart handling
strength to the green pellets, 1 wt% zinc behenate was

Table 1

Characteristics of UO, powder
Property Value
Oxygen to metal ratio 2.15
Apparent density (g/cm?) 1.5
Total impurities (ppm) <800
TD (g/cm?) 10.96
Specific surface area, S (m?/g) 3.0

added as lubricant/binder during the last hour of mill-
ing. The characteristics of the UO, powder used in this
study are given in Table 1.

2.2. Dilatometry

The details of the pellet used for the dilatometric
studies are as given below:

e length, 7 mm;
e diameter, 4.6 mm;
e green density, 52 £ 1% of theoretical density (TD).

The shrinkage of the UO, pellets in the various at-
mospheres was measured in axial direction using a push
rod type dilatometer (Netzsch, model 402 E/7). The
sample supporter, measuring unit and displaceable fur-
nace of the dilatometer were mounted horizontally. The
length change measurements were made by a linear
voltage differential transformer (LVDT), which was
maintained at a constant temperature by means of water
circulation from a constant temperature bath. The ac-
curacy of the measurement of change in length was
within +0.1 um. The temperature was measured using a
calibrated thermocouple which is placed directly above
the sample. The dilatometry was carried out under the
following condition:

e force on the sample, 0.2 N;
e gas flow, 18 I/h;
e heating rate, 6 °C/min.

The sintering in vacuum was carried out in a vacuum
level better than 1 Pa. For N, 4+ 1000 ppm O, atmo-
sphere, 0.5 vol.% of dry air was mixed with pure N, gas
using a gas mixer before admitting the gas into the dil-
atometer. The impurity contents of the cover gases used
in this study are given in Table 2.

The heating rate used for the above studies was 6 °C/
min. Length measurements were made in situ under
dynamic condition. As the sample is heated, its tem-
perature and length values are measured continuously
with the help of a thermocouple and LVDT, respec-
tively. The selection of the temperature programme was
made by a computer via data acquisition system. The
expansion of the system was corrected by taking a run
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Table 2
Impurity contents of different sintering atmospheres

Sintering atmosphere O, (ppm) Moisture CO; (ppm) CO (ppm) N, (ppm) Oxides of N,  Hydrocarbon
(ppm) (ppm) (ppm)

Ar 4 4 1 1 10 1 1.5

Ar + 8%H, 4 4 1 1 10 1 2

CO, 300400 10 - 5 50 15 2
Commercial N, 400-500 10 50 5 - - 5

N, + 1000 ppm O, 1000 5 1 1 - - 3

under identical condition using a standard sample 3. Results

(POCO graphite, NIST).
2.3. Characterization

The uranium oxide pellets sintered in different at-
mospheres were characterized in terms of their density,
oxygen to uranium ratio (O/U) and phase content. The
O/U ratio was measured thermogravimetrically and the
density was determined using immersion technique.
Table 3 gives the typical values of O/U and their density.
For metallography, the sintered pellet was mounted in
bakelite and ground using successive grades of emery
paper. The final polishing was done using diamond
paste. The typical impurity contents in a sintered pellet
are shown in Table 4.

Table 3

Density and O/U ratio of UO, pellets after sintering
Sintering atmosphere Density (%TD)  O/U ratio
Ar 95 2.00
Ar-8%H, 95 2.00
Vacuum 65 2.00
CO, 90 2.10
Commercial N, 90 2.05
N, + 1000 ppm O, 88 2.07

Table 4
Metallic impurities in UO, pellet

Element Impurity (ppm)
Na <50
Ca <120
Al <10
Mg <25
Si <100
Fe <150
Cr <70
Co <5
Ni <60
Mo <5
A\ <50
B <0.18

Fig. 1 shows the d//l, versus temperature plot of
UO, under various atmospheres. The corresponding
shrinkage rates d(d//ly)/dt of the above pellet are
shown in Fig. 2. It can be seen from Fig. 1 that the onset
of shrinkage occurs at around 700 °C in CO,. On the
other hand, it begins between 1100 and 1150 °C in Ar,
Ar-8%H, and vacuum. The commercial N, atmosphere
behaves almost like CO, except that the shrinkage oc-
curs at a slightly higher temperature (850 °C). In
N, + 1000 ppm O,, the onset of shrinkage starts at a
lower temperature (700 °C) than that observed for the
commercial N,.

The dilatometric curve of Fig 1 was replotted as
percentage of theoretical density (%TD) versus temper-
ature (Fig. 3). The d//l, values were converted into
%TD (see Appendix A) using the following relation:

p=11/(1 - di/1o) py, (1)

where p and p,, are the density of the sintered and green
pellets respectively. At the highest temperature of 1650
°C, a density of around 95% of TD was obtained in Ar
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Fig. 1. Shrinkage curves for UO, pellets in Ar-8%H,, Ar,
vacuum, CO,, commercial N, and N, + 1000 ppm O, atmo-

spheres. The d//l, values are plotted against temperature,
where /, is the initial length.
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Fig. 2. Shrinkage rate d(d//l,)/d¢ of UO, pellet in Ar—8%H,,
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Fig. 3. Shrinkage curves of Fig. 1 is replotted as percent of
theoretical density (%TD) versus temperature for UO, pellet for
Ar-8%H,, Ar, vacuum, CO,, commercial N, and N, + 1000
ppm O, atmospheres. The values of d//l, are converted into
%TD as described in Appendix A.

and Ar—8%H,. But in the oxidizing atmospheres even at
1350 °C, a density of around 90% of TD has been ob-
tained. The sintering in vacuum has been carried out
only up to 1400 °C which resulted in a very low density
of only around 65% of TD.

A prominent peak was observed in the shrinkage
curve between 350 and 500 °C in CO, atmosphere. This
peak was absent for all other atmospheres. Another in-
teresting phenomenon observed is that, for UO,, the
shrinkage behaviour in Ar, Ar-8%H, and vacuum is
almost identical at all temperatures. From the shrinkage
rate curves, it was observed that the maximum shrinkage
rate occurs for N, atmosphere. The significant obser-
vations are summarized below:

1. Densification behaviour of UO, was found to be sim-
ilar in Ar, Ar-8%H, and vacuum atmospheres.

2. The onset of sintering commences at a temperature
which is about 300-400 °C lower in oxidizing atmo-
sphere than that in the reducing and inert atmo-
spheres.

3. The sintering commences at a slightly higher temper-
ature for commercial N, atmosphere in comparison
with CO,.

4. The sintering behaviour in N, + 1000 ppm O, is al-
most similar to that in commercial N, except that
the sintering commences at a temperature which is
about 200 °C lower.

5. An expansion was noticed in the shrinkage curve of
CO; in the temperature range of 350-500 °C.

4. Discussion

From the above results, it is clear that the onset of
densification occurs above 1100-1150 °C for Ar, Ar—
8%H, and vacuum. The sintering in oxidizing atmo-
spheres commences about 300-400 °C lower than that in
reducing and inert atmospheres. Sintering under oxi-
dizing condition yields a density of 90%TD at around
1350 °C, which otherwise requires a temperature of 1600
°C for the reducing and inert atmospheres. At 1100 °C,
the shrinkage does not occur in Ar-8%H,;. On the other
hand, the shrinkage was quite appreciable in oxidizing
medium (13% in CO,) at the above mentioned temper-
ature (see Fig. 1). These results are very important for
the large scale fabrication of UQO,; sintered pellets since a
change from the conventional reducing atmospheres to
controlled oxidizing atmosphere results in huge savings
in time and energy.

Sinterability of UO, compacts has been found to
depend upon the following factors, namely [9-12]

sintering temperature,

sintering atmosphere,

characteristics of the starting UO, powders,
sintering time.

Sl o

The sintering is caused by heat treatment of porous
specimen 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 [2]. The sintering process is
usually divided into three stages in which different
mechanisms may be operative [2,13-24]. They are

e [Initial stage sintering, where the neck forms and
grows between individual particles.

o Intermediate stage sintering, where the neck growth
results in a body with continuous network of tubular
pores.
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o Final stage of sintering, where the pore shrinkage
occurs, and most probably the pore becomes closed.

The sintering process is diffusion controlled one
whose rate is controlled by the slower moving metal
atoms. The point defect model has been used to explain
many observed features of diffusion in non-stoichio-
metric fluorite type oxide fuels [1].

4.1. Point defect model

The point defect model attributes the observed
changes in metal atom diffusion coefficient solely to the
change in the point defect concentration brought about
by the deviation of x from the stoichiometry while
varying the oxygen potential. The point defect model
was first developed by Matzke [25] and Lidiard [26].
Deviations from stoichiometry produce point defects,
most likely oxygen vacancies or metal interstitials in
hypostoichiometric compounds and oxygen interstitials
or metal vacancies in hyperstoichiometric compounds.
The point defects are also created thermally in these
materials, provided the temperature is high enough.
These defects can exist as single, isolated point defects at
low concentration. At higher concentrations, the defects
will aggregate into clusters, will become ordered or will
be eliminated by the formation of two- or three-dimen-
sional defects such as dislocation loops, shear planes,
voids etc. [27-29].

A relation has been derived for the temperature de-
pendence of the concentration of vacancies and inter-
stitials in both the oxygen and metal sublattice by
solving the anion Frenkel, Schottky and cation Frenkel
defects (see Table 5). The uranium vacancy and uranium
interstitial concentrations are calculated using the rela-
tions given in Table 5 for stoichiometric and non-
stoichiometric compositions. The concentrations of
uranium vacancies are plotted against O/U ratio for

Table 5

0
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Fig. 4. Concentration of uranium metal vacancies as plotted
against O/U ratio at various temperatures. The concentration
of uranium vacancies are calculated using the point defect
model described in Table 5.

various temperatures in Fig. 4. Similarly, Fig. 5 shows
the uranium interstitial concentrations at various tem-
peratures plotted against O/U ratio. From Fig. 4, it is
clear that there is a drastic change in the uranium va-
cancy concentration on varying O/U around the stoi-
chiometric composition.

4.2. Previous work on UO,

Extensive researches on the sintering behaviour of
UO, have been reported. Lay and Carter [30] have
studied the role of O/U ratio on sintering of UO, and
reported that the uranium diffusion coefficient at the
initial stages of sintering is dependent up on the O/U
ratio. They have shown that the uranium diffusion co-
efficient of UO, in CO,/CO atmosphere having an O/U
ratio of 2.02 is 10® times greater than that in H, atmo-
sphere having an O/U ratio of 2.00. They have also

Standard point defect model of fluorite type oxides UO,., and energies for different defect processes [1,25-27]

Defect concentrations Stoichiometric UO, g

Hyperstoichiometric UO,,

Hypostoichiometric UO,_,

Formation energies (eV)

Schottky trio, AGs

Migration energies (eV) Oxygen vacancy, AHy,

Oxygen interstitial, AHg,

Metal vacancy, AHY,
Metal interstitial, AH{;

Oxygen Frenkel pair, AGro
Metal Frenkel pair, AGry

[Vu] = 2exp[—(AG, — AGro) /kT]

[Ul] =0.5 exp[—(AGFU + AG]:O — AG;)/I{T]
[Vu] = x? exp[—(AG; — 2AGro) /kT)

(U] = (1/x) exp[—(AGyy + 2AGro — AG,)/KT]
[Vu] = (4/x*) exp[—AG, /kT]

[Ul] = (x2/4) exp[—(AGFU — AG;)/]{T]

3.0
7.0
6.4

0.53
0.64
6.0

8.76
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Fig. 5. Concentration of uranium interstitials as plotted against
O/U ratio at various temperatures.

shown that the sintering rate is independent of the initial
O/U ratio of the starting powder. The effect of non-
stoichiometry has also been studied by Murray et al. [31]
who found large differences in the sintering behaviour
for the different O/U ratios. They attributed this to the
formation of U;Oy. Webster [32] reported enhanced
sintering in steam and in CO,. Williams et al. [33]
studied the effect of various atmospheres on the sintering
behaviour of UO,. Bailey [34] suggested the advantages
of steam sintering while Amato [35] employed CO,
sintering, followed by H, reduction. Langrod [36] used
mixtures of UO, and U;Og as a starting material and
used N, as the sintering gas followed by H, reduction.
Assmann et al. [37,38] studied the microstructure of
UO, on oxidative sintering. They have found that the
use of CO, as sintering atmosphere is very favourable
for solarization, which in turn helps in achieving very
low ratio of open/closed porosity with very high sphe-
ricity. They suggested a controlled path sintering which
is based on the control of U-O phases at the sintering
stage where pronounced grain growth takes place. The
stoichiometry of UO,,,/U4Oq_, is controlled by the
oxygen activity of the sintering gas. In another study,
Matzke [39] had carried out annealing experiment in
various atmospheres such as vacuum, dry H,, Ar, N,
and N,/H, mixtures. He reported that the activation
enthalpy for UO,,, is lower by AGgo compared to the
activation enthalpy for UO, where AGgo is the free
energy of the oxygen Frenkel defect formation.
Langrod [36] and Fuhrman et al. [40] showed that the
UO, pellets produced by a two stage low temperature
sintering process could be sintered to at least 95%TD at
1200 °C in N, atmosphere. They showed that an O/U
ratio of 2.25 is required to achieve such a high density.
In order to achieve the final O/U ratio of 2.00, hydrogen
soaking for 1 h was required at that temperature. Ko-
rean researchers [41,42] have shown that UO, pellets
could be easily sintered using a two stage process which

consists of heating in an atmosphere of CO,/CO gas
mixtures and then changing the cover gas to H, at a
lower temperature. Ganguly and Basak [43] reported the
fabrication of high density UO, pellets at 1300 °C in
CO, followed by a reductive treatment. These pellets
have been irradiated in PHWR and are reported to show
good performance. Harada [44] suggested a three stage
sintering process for the fabrication of UO, pellets. His
three stage process consists of sintering in reducing—
oxidizing-reducing atmospheres at low temperatures
between 1200 and 1500 °C. Since the pellets are reduced
during the heating up of first reducing cycle, the sinter-
ability is independent of the initial O/U ratio. After at-
taining the sintering temperature, the atmosphere was
changed from reducing to oxidizing one where the oxy-
gen partial pressure is adjusted to the boundary be-
tween single phase UO,,, and UO,,—U3Oz_.. The
enhanced oxygen partial pressure helps in attaining high
density and larger grain size. In the third stage, the O/U
ratio was brought down around 2.00 by subsequent re-
duction in N,/H, mixture. The dimensional stability of
the three stage process during the resintering test was
found to be superior than that of the two stage sintering.
Chevrel et al. [45] indicated that the composition of
UO,,s appeared to be the most appropriate for the low
temperature sintering. An O/U ratio of 2.25 was ob-
tained by the addition of U;Og powder to UO,.

With the above background in mind, we will discuss
the effect of various atmospheres on the shrinkage be-
haviour of the UQO,. Possible mechanisms for the den-
sification in each of the atmospheres have been
suggested.

4.3. Ar-8%H,

As mentioned earlier, in reactor technology, stoi-
chiometric UO, is needed and therefore sintering is
carried out in reducing atmosphere. This requires high
temperature of approximately 1700 °C. During the
fabrication of oxide fuel under reducing condition, the
oxygen potential is not generally controlled, which is
generally in the range of —30 to —120 kcal/mol, typical
for dry H, [1,46,47]. Since the H,O/H, ratio in the Ar—
8%H, sintering gas used in this study is less than 107, a
highly reducing environment is ensured inside the sin-
tering furnace [48]. The O/U ratio of the pellet sintered
in Ar-8%H, is 2.00 as shown in Table 3. This means that
it has a low defect concentration.

From Figs. 4 and 5, it is evident that the concentra-
tion of uranium vacancies and uranium interstitials are
considerably less near the stoichiometric composition at
all temperatures. Since the concentration of defects is
very low in a pellet sintered in Ar-8%H,, the driving
force for the sintering is also small. Hence it requires a
high temperature of approximately 1700 °C to attain a
density of 95% TD and above. From Figs. 4 and 5, it is
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also clear that at the stoichiometric composition, the
concentration of uranium vacancies is higher than that
of uranium interstitials. Hence, the vacancy mechanism
seems to hold for above composition when sintered in
Ar-8%H,.

4.4. Ar

The densification behaviour of UO, in Ar has been
found to be similar to that in Ar-8%H,. The samples
sintered in Ar and Ar-8%H, have almost identical O/U
(see Table 3). This means that UO,,, loses oxygen in Ar
at high temperatures and becomes stoichiometric, re-
sulting in a similar defect concentration as that found in
the case of Ar-8%H,, which is very low. Therefore,
sintering commences only at a higher temperature of
~1100 °C and above. The sintering mechanism based on
uranium vacancies has been suggested for the densifi-
cation behaviour in Ar. The microstructure of the pellet
sintered in Ar was found to be similar to that in Ar—
8%H,. The grain size was found to be uniform with an
average grain size of around 15 pum.

A difference was noted in the shrinkage rate curves of
Ar and Ar-8%H, shown in Fig. 2. The shrinkage rate
curves for Ar was found to be smooth while that for Ar—
8%H, showed many oscillations especially in the tem-
perature range of 1100-1600 °C. This may be due to
some micromechanisms occurring in the pellet during
the sintering. Similar observations were noted for PuO,
when sintered in Ar—8%H, [49].

4.5. Vacuum

The densification studies in vacuum have been car-
ried out only up to 1400 °C. The vacuum used for this
experiment was neither too high nor very coarse. A
mechanical pump was used for evacuation and a vac-
uum level of 1 Pa was maintained during the experiment.
The shrinkage curves for vacuum exactly coincides with
that for Ar and Ar-8%H,. Since the sintering was car-
ried out only up to 1400 °C in vacuum, a final density of
around 65% was only obtained for this pellet (see Fig. 3).
Kamath et al. [50] have conducted studies on UO, in
coarse vacuum of 10 Pa, and reported that such coarse
vacuum helps in attaining high density at a low tem-
perature of 1300 °C. They did not use any admixed
binder in the powder but used only die wall lubrication
during compaction. It is reported [50] that the binder
leaves some residual carbon in the pellet even after its
removal at low temperature of 300 °C. This residual
carbon takes away oxygen from hyperstoichiometric
oxide and thus reducing the O/U ratio which in turn
adversely affects the sinterability. In large scale pro-
duction of UQ, pellets, a small quantity of binder/
lubricant is generally added to facilitate automatic
compaction of pellets. Keeping this in mind, the present

study has been carried out with admixed binder/lubri-
cant. Further studies are planned on the effect of binder
and its optimum amount to be used in large scale pro-
duction of UO, pellets.

The O/U ratio of the pellet, sintered in vacuum, has
been found to be exactly 2.00 and therefore defect levels
are low as mentioned earlier. The maximum temperature
for the sintering was 1400 °C instead of 1650 °C used for
Ar and Ar-8%H, atmospheres. These two factors,
namely low temperature and the O/U value of 2, gave
poor shrinkage behaviour.

4.6. CO,

A sintered density of approximately 90%TD was
obtained at a temperature as low as 1300 °C when the
sintering atmosphere was CO,. The O/U ratio of the
pellet sintered in CO, is 2.10 which indicates that there
are considerably higher concentrations of metal vacan-
cies present in the system. Lay and Carter [30] have
shown that uranium self-diffusion coefficient in UO,_, is
proportional to x2. This is predominantly due to the
increased concentration of uranium vacancies in UO,,,.
From Fig. 4, it can be seen that the metal vacancy
concentration is very high for UO, when sintered in CO,
atmosphere. But at such a high concentration, defects
will aggregate into clusters [S1-53].

Willis [54] has made detailed investigation of the
defect structure of UO,,, using Bragg neutron scattering
technique. He found the evidence for two types of in-
terstitials, one (O’) displaced from (1/2,1/2,1/2) posi-
tions along (110) axis and the other (O”) displaced
along the (111) axis. In addition a significant number of
normal oxygen atoms are displaced, thus creating oxy-
gen vacancies which are identical in number with either
of the (110) and (111) interstitials. Willis proposed a
defect cluster containing two O’ interstitials, two O”
interstitials and two normal oxygen vacancies which is
commonly known as 2:2:2 or Willis cluster. A more
careful study on uranium sublattice indicates that the
uranium atoms are displaced by 0.25 A from their nor-
mal positions. Hence, oxygen diffusion will be drastically
modified by the vacancies and interstitials in UO,_, and
in UO,,,. However, cation transport coefficient will also
be modified by the coupling of the Schottky and Frenkel
disorder reaction, the effect of which is to enhance cation
vacancies in the UO,,, and suppress them in UO,_,.
Therefore, the cluster mechanism is suggested to hold
for the pellets sintered in CO,.

During the sintering of UO,, a prominent peak was
observed in the shrinkage curve at around 350-500 °C
(see Fig. 1). Kutty et al. [48] argued that this peak is due
to the surface oxidation of UQO,. The surface layers of
the UQ, are oxidized to U;0;. The oxidation behaviour
of UO, in various atmospheres has been studied by
many authors [55-63]. Blackburn et al. [S5] showed that
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UO, is oxidized with immediate formation of a surface
U30; phase, the process of which is controlled by the
diffusion of the oxygen through the second phase. Gasic
et al. [56] conducted differential thermal analysis of UO,
oxidation and showed that the above process takes place
in two stages. In the first stage UQ, is oxidized to U305,
which is followed by the conversion of U305 into U3Os.
Olander [57] showed that the oxidation behaviour of
UO, is very sensitive to H/O (hydrogen to oxygen atom)
ratio of the atmosphere. Tempest et al. [58] evaluated the
oxidation of UQO,; pellet in air at 230 and 270 °C. Their
study also revealed that the first product of oxidation of
UO, was always U;0; which on very long time an-
nealing in air converted to U;Og. To understand the
oxidation behaviour of UO, in CO,, a detailed thermal
analysis was carried out.

For the analysis, UO, powder having an initial O/U
ratio of 2.15 was heated in a thermobalance up to 600 °C
in CO, atmosphere at a heating rate of 6 °C/min. The
resultant thermogram is shown in Fig. 6. From the fig-
ure, it is evident that there are two regions of weight
gain, the first one being in the temperature range of 150—
250 °C and the second in the range of 350-500 °C. The
gain in the first instance corresponds to the formation of
U40q_, and the second one corresponds to the forma-
tion of U;0O. The formation of U305 has been ruled out
since it will result in a volume change of around 30%.
Such drastic volume change will result in spallation and
production of particulates which will cause the pellet to
disintegrate. Since no powder or particulate formation
had been noticed on the surface during sintering in CO,
atmosphere, it can be said that the oxygen potential of
the above atmosphere is not sufficient to cause UO, to
oxidize to U;Og.

The UO, powder used for this study had an O/U
ratio of 2.15 and hence the corresponding phases of the

36{) C

Rate of weight gain *10”, mg/min

IS

Weight gain, mg

o

Initial weight of the UO, powder 214.758 mg]
'1 T T T T T
100 200 300 400 500 600

Temperature, °C

Fig. 6. Weight gain obtained in thermogravimetric studies
against temperature for UO, powder heated in CO, atmo-
sphere. The initial O/U ratio of UO, powder was 2.15 and its
initial weight was 214.758 mg.

powder at room temperature should be UO, + U,Oo_,
[5]. As the temperature increases, the surface oxidation
of UQ, takes place as explained above. The formation of
U;0; by the incorporation of extra oxygen atoms re-
sulted in intergranular and transgranular cracking of the
surface but did not cause gross disruption of the surface
or spallation [58-60]. This formation reaction caused the
expansion which is manifested in the shrinkage curve at
around 350 °C (Fig. 1). Through the cracks, CO, gas
penetrates and oxidizes the inner layers. But the inner
layers are not oxidized to U;0; instead some of UO,.,
has taken up more oxygen in the lattice forming UO,,,
(y > x). This means that the some of U** ions are con-
verted to U or U°" ions [61-63]. Since ionic radii of
U* (0.87 A) and U®* (0.83 A) are smaller than that of
U* (0.97 A), the lattice shrinks. Thus the expansion in
the shrinkage curve is due to the formation of U;0; on
the outer surface and consequent shrinkage is due to the
oxidation of the inner layers.

4.7. Commercial N,

The shrinkage behaviour of UO,,, in commercial N,
is almost identical to that in CO,. Since the commercial
N, contains about 500 ppm of oxygen, it has enough
oxygen to oxidize UO, to UQO,,,. The O/U ratio of the
pellet sintered in commercial N, is about 2.05. Obvi-
ously the fast diffusion of uranium in UO,, is due to the
increased metal vacancy concentration. The maximum
shrinkage rate was found to be around 40 pum/min,
which occurred at 925 °C. The maximum shrinkage rate
for CO, was found to be lower than that for commercial
N, but was observed at a lower temperature of around
900 °C. Another interesting feature observed from the
shrinkage rate curves of UQO,,, in commercial N, and
CO, is the shape of the curve. The shrinkage rate curves
for CO, was found to be wide and shallow while that for
commercial N, was found to be narrow and deep (see
Fig. 2). Since the pellet has deviated from the stoichio-
metry considerably, the mechanism suggested for the
sintering is the cluster formation.

4.8. N, + 1000 ppm of O,

In commercial nitrogen atmosphere, sintering can be
carried out at a temperature as low as 1300 °C. Since the
diffusion is largely dependent on oxygen potential of the
sintering atmosphere, an attempt was made to sinter
UQO; in an atmosphere of N, containing 1000 ppm of O,.
The shrinkage curve for the above mentioned atmo-
sphere was found to be similar to the one that found for
commercial N, except that the shrinkage starts at much
lower temperature than that observed for the commer-
cial N,. This shows that mixing of air with commercial
N, is one of the cheaper way of attaining very high
density UO, pellets at a relatively lower temperature.
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The O/U ratio of the pellet (2.07) was found to be
higher than that obtained in commercial N, but was less
than that in CO, atmosphere. Again, the high concen-
tration of uranium vacancies present in these pellets
affected to give fast shrinkage. The mechanism for the
densification is the same as that proposed for CO, and
commercial N,.

Microstructure of the pellets showed duplex grain
structure. The average grain size was found to be 8§ pm.
There were pockets of fine grains of 2-3 um at many
places. The pellets sintered in CO, and commercial N,
showed an identical microstructure.

5. Conclusions

The sintering behaviour of UO, was studied in a wide
range of atmospheres such as inert, reducing, vacuum
and oxidising atmospheres. The following conclusions
were drawn:

1. Shrinkage begins at a much lower temperature in ox-
idising atmosphere such as CO,, commercial N, and
N, + 1000 ppm O,. The shrinkage begins around
300-400 °C lower compared to that in reducing or
inert atmospheres.

2. Shrinkage behaviour of UQ, is almost identical in Ar,
Ar-8%H, and vacuum.

3. The shrinkage behaviour in N; + 1000 ppm O, begins
at lower temperature than that in the commercial N,.

4. The shrinkage rate was found to be maximum in
commercial nitrogen atmosphere for UO,.

5. The mechanism of sintering for the reducing, inert
and vacuum atmospheres is due to the diffusion of
uranium vacancies and that for the oxidizing atmo-
spheres are due to the cluster formation.
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Appendix A. Conversion of d//l, values to percent of
theoretical density

Let the initial length and radius of the green pellet be
Iy and r, respectively and its green density be p, %TD.
At certain elevated temperature, 7, its length and radius
be /; and r respectively and hence shrinkage is d///,.
Therefore,

11 :(1+Al/lo)lo and ry :(1+Al/lo)r0 (Al)
Initial volume, ¥, = nrjly. (A.2)

Sintered volume, 7} = Tcrfl 1
= (1 +Al/1)*r2(1 + Al/ 1),
=mw2ly(1+ Al/lp)
= V(1 4+ Al/1y)’. (A.3)

The change in density,
Ap=p,—py=(M/N)—(M/V) (A4)
= M/Vo{1/(1 +Al/l,)’ — 1} (A.5)
= po{l/(1 +Al/Iy)’ =1}, (A.6)
Hence

Ap/po = {1/(1+Al/ly)* —1}. (A7)

At temperature, T, density of the pellet in terms of %TD
= (1+ Ap/py) x %TD of green pellet
= {1/(1+ Al/14)*} x p%TD. (A.8)

Thus d//l, versus T curve can be converted into %TD
versus T curve.
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