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Abstract

U;0g powder made by oxidation of defective UO, pellets was mixed with UO, powder, and Nb,Os was then added.
Powder mixtures including various U;QOg contents were pressed into compacts and sintered at 1680°C in a reducing
atmosphere. Without Nb,Os addition, the U3Og content of a mixed UO,~U;Og compact is allowed only within about
15 wt%, since higher U;Og contents make the UO, pellet density unacceptable. Using more than 0.3 wt% Nb,Os,
however, the UO, pellet density is higher than 94% TD under any U;Og content of the mixed compact. The grain size of
the UO, pellets increases with the Nb,Os content of the mixed compact but is not influenced by the UsOg content.
Therefore, the U;O0g powder can be reused without any limit in the UO, pellet fabrication by sintering with Nb,Os. It is
supposed that NbO,, a reduced product of Nb,Os, is dissolved in UO, to form uranium vacancies. The enhancement of
densification and grain growth may be attributed to the increase of the uranium vacancy concentration. © 2000

Elsevier Science B.V. All rights reserved.

1. Introduction

Uranium dioxide (UQO,) fuel pellets are manufactured
according to the following process [1]: UO, powder is
mixed with lubricants and then pre-pressed into slugs,
which are broken up into granules. The powder com-
pacts formed by pressing granules are sintered at about
1700°C in a reducing atmosphere. When UO, powder
which has a good flowing ability is used, the granulation
process to prepare granules is not needed. Sintered UO,
pellets are ground to meet the pellet diameter, and final
UQO; pellets are loaded into a cladding tube to fabricate
a fuel rod.

In the above manufacturing process, a defective UO,
pellet which does not meet the fuel specifications of
density and diameter may be produced. Because defec-
tive UO, pellets contain expensive enriched uranium, it
is economical for them to be recycled for the manufac-
ture of new UO, pellets. It is a common recycling
method that U;Og powder is produced by oxidizing
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defective UO, pellets and is then mixed with UO,
powder. The powder mixture of UO, and U;Og is
pressed and sintered to fabricate UO, pellets in the same
way as the UO, powder.

The above recycling method, however, has a problem
in that the U;Og content of the UO,-U;Og powder
mixture is limited since it is much less sinterable than
UO, powder alone. If many defective UO, pellets hap-
pen to be made, they will have to be stored for a long
time before reuse because of the limited U;Og content.
So it is necessary to fabricate UO, pellets using the
powder mixture with higher U;Og contents.

It is known that the sinterability of Us;Og powder,
which is the oxidized product of UO, pellets, is en-
hanced by additional thermal treatments [2,3]. The
U305 powder is reduced to UO, powder, which is then
further oxidized and reduced about three times. The
final UO, powder becomes sinterable enough to get a
high density, because its specific surface area is in-
creased and its particle size is decreased through re-
peated oxidation and reduction. However, the above
method needs a fluidized bed for the powder treatments
and involves a complicated process control, so it is
difficult for the method to be used in the manufactur-
ing process of UO, pellets.
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The effect of Nb,Os on the sintering behavior of UO,
has been studied in detail [4-6], especially from the
viewpoint of grain growth. It is known that Nb,Os in-
creases the grain size very much but has little effect on
the sintered density. According to the work of Radford
and Pope [4], Nb,Os has an enhancing effect on the
densification of UO, compacts at low temperatures but
has a negligible effect on the final density. However, the
effect of Nb,Os on the sintering behavior of the powder
mixture of UO, and U;0O;z has not been studied until
now.

The purpose of this work is to fabricate UO, pellets
reusing more U;Og powder than by the conventional
method. This paper mainly studies the effect of Nb,Os
on the densification of mixed UO,-U;0g powder com-
pacts and also describes the microstructure formed by
the Nb,Os addition.

2. Experimental

UO, powder used in this work was produced through
the AUC (Ammonium Uranyl Carbonate) process [7].
U304 powder was prepared by heating defective UO,
pellets in flowing air at 400°C for 3 h. The orthorhombic
U304 phase has an about 30% larger lattice volume than
the cubic UO, phase, so UO, pellets are spontaneously
pulverized by the stress involved in the oxidation of UO,
to U;0q, The particle size of UO, and U;O0g powder was
measured by a laser light scattering method, and the
morphology of both powders was observed by scanning
electron microscopy.

UO, powder was mixed with U;Og powder in a
tumbling mixer together with Nb,Os powder. The mix-
tures had U;Og contents of 10, 20, 30, 40, 60, 80 and 100
wt% and also had Nb,Os contents of 0.1, 0.2, 0.3 and 0.5
wt%, respectively. Powder mixtures were pressed under
the pressure of about 300 MPa into compacts, which
had a density of about 5.75 g/cm?. Powder compacts
were heated to 1680°C in a reducing atmosphere and
then held for 4 h prior to furnace cooling. In order to
analyze the relationship between temperature and the
Nb,Os effect on densification, the shrinkage rates of the
compacts with and without 0.3 wt% Nb,Os were mea-
sured with a dilatometer.

The sintering gas atmosphere was determined by
preliminary experiments. It was observed that the added
Nb,Os particles were insignificantly dissolved in the
UOQO, pellets sintered in hydrogen (H,) gas, whose dew
point was —30°C. When a small amount of carbon di-
oxide (CO,) gas was added to the hydrogen gas, it was
observed that the added Nb,Os was completely dis-
solved. Some sintering experiments using various
amounts of CO, indicated that the UO, pellet had a
maximum density under the condition that the ratio of
CO, to H, gas was 1 x 1072, Therefore, this mixed gas

was used as the sintering atmosphere. The effect of the
oxygen potential on the dissolution of the added Nb,Os
in UO, has been described elsewhere [8].

The UO, pellet density was determined by the water
immersion method, and the pellets were sectioned lon-
gitudinally and polished. In order to observe grain
boundaries, thermal etching was carried out at 1200°C
for 1 h in CO, gas, and the grain size was determined by
a linear intercept method. The second phase formed in
Nb,Os-doped UO, pellets was quantitatively analyzed
by X-ray microanalysis.

3. Results and discussion

The particle size distribution of the UO, and U;Og
powders is shown in Fig. 1. Both powders have a mono-
modal distribution, and the mode values of the UO, and
U;04 powders are 17 and 8 um, respectively. The particle
size of the U305 powder is known to be dependent on the
oxidation temperature [9]. As this temperature increases,
the stress involved in the oxidation is so relieved that the
related pellet pulverization is significantly suppressed
and the particle size of U3Og becomes larger. Moreover,
UO, pellets cannot be pulverized above a temperature of
about 900°C because of the formation of crack-free and
columnar U;Og grains [10]. In order to make fine U304
powder, it is important to perform the oxidation in the
temperature range between 350°C and 500°C.

Fig. 2(a) and (b) show the morphology of UO, and
U;05 powders, respectively. The UO, particle has a
round shape and a smooth surface, so the UO, powder
is well flowing. However, the U;Og particle has an an-
gular shape and also has cracks that were formed during
the oxidation, so the U3Og powder is much less flowing.
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Fig. 1. Particle size distribution of UO, and U;Og powders.
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Fig. 2. Morphology of (a) the UO, and (b) the U305 powder.

The specific surface areas of the UO, and U;0g powders
are 5 and 0.5 m?/g, respectively, suggesting that the
sinterability of U;Og powder is much lower than that of
UO, powder.

The U;0Og fraction in the mixed UO,-U3;0Og compact
is naturally reduced to UO, during sintering. According
to the work on the kinetics of U304 reduction [11], U;Og
was reduced to UO, between 500°C and 600°C in hy-
drogen gas for less than 1 h. Since the densification of
mixed UO,-U;Og compacts starts at about 800°C, it is
reasonable to suppose that U;Og in the mixed compact
is reduced to UO, before densification during the
sintering. Therefore, from the viewpoint of densification,
the mixed UO,-U;0g compact can be regarded as a
poorly sinterable UO, compact.

Fig. 3 shows the relationship between the UO, pellet
density and Nb,Os content. The sintered density of the
UO, powder compact (without U;Og content) decreases
at 0.1 wt% Nb,Os and thereafter increases significantly
with Nb,Os content. Such a relationship between pellet
density and Nb,Os content is readily found in the other
compacts including various U;Og contents. These rela-
tionships imply that the densification of mixed UO,—
U304 compacts can be enhanced by nearly the same
amount of Nb,Os as the densification of the UO,
compact, even though the sinterability of the mixed
U0,-U;04 powder is lower than that of UO, powder.

Fig. 4 shows the UO, pellet density as a function of
the U;0g content. Without Nb,Os addition, the density
decreases linearly with the U;Og content and the de-
creasing rate is about 2% of the theoretical density (TD)
per 10 wt% U3Og. Such a decrease in density is mainly
due to the fact that the specific surface area of the U;Og
powder is much lower than that of the UO, powder. The
fuel specification requires the UO, pellet density to be in
the range between 93.5% and 96.5% TD [1], so the U;04
content is limited within about 15 wt% of the mixed
compact. With 0.2 wt% Nb,Os, the density also de-
creases with U;Og content but the decreasing rate is

significantly reduced. With 0.3 and 0.5 wt% Nb,Os, the
pellet density decreases very slightly with UsOg content
and thus it is higher than about 94% TD even at a U304
content of 100 wt%. Consequently, the pellet density is
increased up to the acceptable range under any U;Og
content by the addition of more than 0.3 wt% Nb,Os.

It can be seen from Fig. 4 that the density difference
between ‘without Nb,Os” and ‘with 0.3 wt% Nb,Os’
becomes larger as the U;Og content increases. The UO,
compact is intrinsically sinterable enough to get a pellet
density of about 96% TD, and it attains only a small
amount of further densification by means of the Nb,Os
addition. The sinterability of the mixed UQO,-U;Og
compact decreases with the U;Og content, and the
amount of further densification due to the Nb,Os ad-
dition increases with the U;Og content. Therefore, the
densifying ability of Nb,Os appears to increase as the
sinterability of the mixed UO,-U;Og powder compact
decreases.
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Fig. 3. UO, pellet density as a function of the Nb,Os content.
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Fig. 4. UO; pellet density as a function of the U;0g content for
various Nb,Os contents.

Fig. 5(a) shows the densification (shrinkage, AL/Ly)
of the compact comprising 60 wt% UQO, and 40 wt%
U304 as a function of temperature. The compacts with
and without Nb,Os start to densify at about 800°C, but
the compact with Nb,Os densifies to a larger extent
above 800°C than the compact without Nb,Os. As the
temperature increases up to about 1300°C, the densifi-
cation difference between both compacts becomes larger.
However, the densification difference does not become
larger any more above 1300°C. Such variation in the
densification curves indicates that the Nb,Os addition
enhances the densification of the mixed UQO,-U;Og
compact mainly at temperatures below about 1300°C.

Fig. 5(b) shows the densification rates (shrinkage
rates) as a function of temperature. The rates of both
compacts start to increase at about 800°C, but the
compact with Nb,Os densifies much more rapidly be-
tween 1200°C and 1300°C than the compact without
Nb,Os. Therefore, the added Nb,Os aids densification
mainly in the upper temperature range.

The oxygen potentials of Nb,Os, NbO,, NbO, and
sintering gas are calculated with the HSC software [12]
which is a tool for calculating chemical reaction equa-
tions and equilibrium compositions. The results are
shown as a function of temperature in Fig. 6. It can be
noticed that the stable form of niobium oxides changes
in accordance with temperature under a fixed gas at-
mosphere. Under hydrogen gas with a dew point of
—30°C (H,O/H, = 5 x 107%), the stable niobium oxide
is Nb,Os below 500°C, NbO, between 500°C and
1050°C, and NbO above 1050°C. It is found that the
niobium oxide is insignificantly dissolved in this atmo-
sphere, so it is supposed that NbO is hardly dissolved in
UO,. When the gas mixture of CO, and H,
(CO,/H, =1 x 1072) is used as a sintering atmosphere,
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Fig. 5. Shrinkage of mixed UQO,-U;0g compacts with and
without Nb,Os: (a) shrinkage change; (b) shrinkage rate.

the stable niobium oxide is Nb,Os below 820°C, NbO,
between 820°C and 1650°C, and NbO above about
1650°C. It is found that niobium oxide is completely
dissolved in this atmosphere, so it can be inferred that
NbO, is the dissolved niobium oxide.

The dissolution of Nb,Os in UO, has been proposed
and discussed [4-6]. It is known that the entrance of
Nb,Os gives rise to the formation of oxygen interstitials
and uranium vacancies, which can enhance uranium
diffusion. However, Nb,Ojs is stable only up to 820°C in
the gas mixture of CO, and H, (CO,/H, =0.01), and it is
supposed that this temperature is not so high to dissolve
significantly Nb,Os in UO,. If the oxygen potential be-
comes higher than that of this work, Nb,Os may be
stable up to a higher temperature and thus it may be
dissolved significantly. It is reasonable to suppose that
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Fig. 6. Oxygen potentials of niobium oxides and of sintering
gas as a function of temperature.

the oxygen potential plays an important role in deter-
mining which form of niobium oxides is dissolved. Fig.
5(b) shows that the mixed UO,-U3Og compact with
Nb,Os densifies much more rapidly between 1200°C and
1300°C, and Fig. 6 shows that the stable niobium oxide
is NbO, in the above temperature range under the gas
mixture of CO, and H,. Therefore, it can be concluded
that the enhancement in densification of the mixed
UO,-U305 compact is mainly attributed to the dis-
solved NbO, during sintering.

NbO, can be dissolved in UO, either substitutionally
or interstitially. The substitution of a Nb** ion for a U**
ion cannot make any defect in the UO, lattice, so the
enhancement in densification is not likely to be achieved.
Alternatively, it is assumed that a Nb*" ion enters in-
terstitially into the UQO, lattice to make a uranium va-

Fig. 7. Microstructures of 0.3 wt% Nb,Os-doped UO, pellets made from the compacts comprising: (a) UO,; (b) 70 wt% UO,-30 wt%
of U304 and (c) 20 wt% UO,-80 wt% U;Os.

cancy. This reaction can be described by the following
equation:

U0,

There may be enough space for the interstitial Nb** ions
in the UO, lattice since the body-centered sites in the
oxygen sublattice are only half-filled. Radford and Pope
[4] also proposed that the Nb*" ion enters interstitially
the UO, lattice.

As discussed earlier, the mixed UO,-U;0g compact
changes into a poorly sinterable UO, compact prior to
densification. The densification of UO, compacts needs
the shrinkage of pores, which in turn needs uranium
diffusion. An increase in concentration of the uranium
vacancies gives rise to an acceleration of uranium dif-
fusion. Therefore, the enhancement in densification of
the mixed UO,-U;0Og compact is mainly due to the in-
crease in concentration of the uranium vacancies, which
are formed by NbO, dissolution.

Fig. 7(a)~(c) show the microstructures of 0.3 wt%
Nb,0s-doped UO, pellets made from the compacts
comprising UO,, 70 wt% UO,-30 wt% U3Og, and 20
wt% UO0,-80 wt% Us;Og, respectively. As the U;Og
content changes from zero to 30 wt%, the number den-
sity of pores appears to be remarkably increased.
However, the number density does not appear to in-
crease further under a U3;Og content of more than 30
wt%. Such dependence of the number density of pores
on the U;Og content is related with the dependence of
pellet density on the U;Og content, which is shown in
Fig. 4.

It is found that a second phase is formed on the grain
boundaries in the 0.5 wt% Nb,Os-doped UO, pellet (see
Fig. 8). The niobium concentration profile across the
second phase indicates that this phase has a higher ni-
obium concentration than the matrix. The quantitative
analysis of uranium, niobium and oxygen was per-
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Fig. 8. SEM micrograph showing a second phase with higher
Nb concentration.

formed by X-ray microanalysis, and the results suggest
that the second phase may be an oxide compound whose
composition corresponds to near Nb, UQOg.

Fig. 9 shows the grain size of UO, pellets made from
UO, compacts as a function of the Nb,Os content. The
grain size increases linearly with the Nb,Os content, so it
reaches about 45 um at 0.5 wt% Nb,Os. The experi-
mental results [4-6] have shown that Nb,Os additions
increased the grain size of UO, pellets and have ex-
plained that grain growth was enhanced by the forma-
tion of defects. As discussed earlier, the dissolution of
NbO, may form a uranium vacancy and enhance the
uranium diffusion, so grain growth may be promoted.
Fig. 10 shows the grain size of UO, pellets as a function
of the U;Og content. The grain size appears almost in-
dependent of the U;Og content. Therefore, the grain size
of the UO, pellet which is made from the mixed UO,—
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0.0 0.1 0.2 0.3 0.4 0.5 0.6
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Fig. 9. Grain size of the UO, pellets made of UO, compacts as
a function of the Nb,Os content.
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Fig. 10. Dependence of the grain size of UO, pellets on the
U304 content

U304 compact is determined by the Nb,Os content
rather than by the U;O; content.

4. Conclusions

The mixed UO, and U;Og powders with and without
Nb,Os additions were pressed into compacts and then
sintered in a reducing atmosphere to fabricate UO,
pellets. The following conclusions can be drawn:

1. Without Nb,Os, the UO, pellet density decreases lin-
early so far with the U;Og content that it becomes
lower than 93.5% TD above 15 wt% U;QOg. Using
more than 0.3 wt% Nb,Os, however, the UO, pellet
density decreases very slightly with the U;Og content
and thus it is higher than about 94% TD even at 100
wt% U;Og. The densifying ability of Nb,Os appears
to increase as the sinterability of the mixed UO,
and U;Oz powders decreases. It is found that the
added Nb,Os has an enhancing effect on the densifi-
cation of the mixed UO,-U;0Og compact mainly in
the temperature range between 1200°C and 1300°C.

2. The grain size of the UO, pellets increases with the

Nb,Os content but it is not influenced by the U;Og
content. A second phase whose composition corre-
sponds nearly to Nb,UOg is formed in the 0.5 wt%
Nb,0s-doped UO, pellet.

3. The added Nb,Os is reduced to NbO, and is then dis-

solved in UO, during sintering. It is proposed that
the Nb** ions enter interstitially the UQ, lattice to
make uranium vacancies. The enhancement of dens-
ification and grain growth in the mixed UO,-U;0g
compact may be attributed to the increase in concen-
tration of the uranium vacancies.
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