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Abstract

The densi®cation behavior of U3O8 powder compacts has been investigated in a reducing atmosphere by dila-

tometry. The U3O8 compact shrank due to the reduction of U3O8 to UO2 and then densi®ed above 1200°C. The U3O8

compact containing simulated ®ssion products densi®ed more than the U3O8 compact. The addition of Nb2O5 en-

hanced signi®cantly the densi®cation rates of both compacts over the temperature range between 1200°C and

1600°C. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Uranium dioxide (UO2) fuel pellets have been widely

used as a nuclear fuel. While UO2 pellets are irradiated

in a nuclear reactor, ®ssile materials are depleted and

simultaneously ®ssion products are produced. Spent fuel

pellets, which have been irradiated to the design burn-

up, still include ®ssile materials that are worthwhile to be

recycled. Thus, researches have been undertaken to

fabricate new fuel pellets using spent fuel pellets.

According to the literature [1,2], irradiated UO2 fuel

pellets can be processed using a dry method to fabricate

UO2-based fuel pellets for reuse in a light water reactor.

This cycle, the so-called AIROX cycle, includes the

processes of producing U3O8-based powder by the oxi-

dation of spent UO2 fuel pellets and of producing sin-

terable UO2-based powder from the U3O8-based

powder. The terms `UO2-basedÕ and `U3O8-basedÕ rep-

resent `UO2 containing ®ssion productsÕ and `U3O8

containing ®ssion productsÕ, respectively. Recently, the

so-called DUPIC cycle [3] has been investigated for the

purpose of processing irradiated UO2 pellets and re-

fabricating UO2-based fuel pellets for reuse in a CAN-

DU reactor.

It has been known [1,2] that the U3O8-based powder

has to be further treated (oxidized and reduced) several

times to have a suitable sinterability since it is not ca-

pable of making a pellet with a proper density. Process

control associated with such powder treatments is di�-

cult and time-consuming, for they have to be conducted

remotely in a shielded cell. Therefore, it is necessary to

refabricate fuel pellets using the U3O8-based powder

without powder treatments.

The authors recently found that the powder mixture

consisting of UO2 and U3O8 powders, which had in-

trinsically a very low sinterability, could be sintered up

to a high density by adding Nb2O5 or TiO2 as a sintering

additive [4,5]. The U3O8-based powder is supposed to be

similar in physical properties to the U3O8 powder, so it

is expected that such sintering additives could enhance

densi®cation in sintering the U3O8-based powder.

The purpose of this work is to study the densi®cation

behavior of U3O8 and U3O8-based powder compacts.

The simulated UO2 pellet, which can replicate a spent

UO2 fuel pellet, is made and then processed to make a

U3O8-based compact. In addition, the e�ect of Nb2O5

addition on the densi®cation behavior is investigated.

2. Experimental

UO2 pellets, which had a density of 95.5% the theo-

retical density of UO2 (10.96 g/cm3) and a grain diameter
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of 7 lm, were oxidized at 400°C for 3 h in ¯owing air.

During the oxidation a UO2 pellet was spontaneously

pulverized to U3O8 powder by the stress generated. The

average particle size of U3O8 powder measured by a

laser scattering method was 8 lm and the BET surface

area of the powder was 0.5 m2/g.

A special UO2 fuel pellet was prepared to simulate a

UO2 pellet irradiated to 35 000 MWD/MTU in a light

water reactor. The composition of an irradiated UO2

pellet was calculated with the ORIGENORIGEN computer code [6]

and of all the elements included in the irradiated UO2

fuel pellet, 12 major chemical elements were selected.

The powder mixture whose composition is shown in

Table 1 was prepared using UO2 powder and 12 non-

radioactive chemical species. The powder mixture was

ball-milled and granulated. Granules were pressed into

compacts and sintered at 1650°C under H2 gas to pro-

duce a simulated UO2 fuel pellet. The simulated UO2

fuel pellet had a density of about 96% the theoretical

density, which was assumed to be 10.73 g/cm3, and it

had a grain diameter of about 6 lm.

It is expected that the composition of a simulated UO2

pellet was slightly di�erent from the powder composition

in Table 1, since some changes occurred during sintering.

BaCO3 decomposed into BaO and CO2 and the oxides in

Table 1 were dissolved in UO2 or formed precipitates,

with some oxides such as CeO2 and MoO3 reduced.

Simulated UO2 fuel pellets were oxidized at 450°C

for 3 h in ¯owing air to produce U3O8-based powder,

which was similar to the U3O8 powder in size and sur-

face area. Nb2O5 was added in a quantity of 0.3 wt% to

each of the U3O8 and U3O8-based powders. Four kinds

of powders (U3O8 powders with and without Nb2O5,

U3O8-based powders with and without Nb2O5) were

pressed under 300 MPa into compacts. After a compact

was set in a push rod type dilatometer, it was heated to

1650°C with 5°C/min under H2 gas containing 1% H2O

by volume and then held for 4 h. The shrinkage of a

compact was measured in an axial direction with a linear

variable di�erential transformer (LVDT) transducer.

3. Results and discussion

Fig. 1 shows the variations of length change (DL/L0)

with temperature and holding time for the various

compacts. The U3O8 compact undergoes a gradual ex-

pansion up to 500°C and a drastic shrinkage of about

8% between 500°C and 600°C. Le Page and Fane [7]

found that the U3O8 phase was reduced to the UO2

phase at temperatures of 500±600°C in hydrogen for less

than 1 h. During the reduction the volume of U3O8

particle decreases theoretically by 23.6%, which is

equivalent to about 7.9% in length, since the theoretical

density increases from 8.37 to 10.96 g/cm3. The drastic

shrinkage of about 8% implies that the U3O8 compact

shrinks during reduction nearly as a body of full U3O8.

The volume of U3O8 compact, however, is actually

composed of both U3O8 particles and porosity and the

U3O8 compact has a density of 5.59 g/cm3 (66.8% in a

fractional density). If only the volume of U3O8 particles

shrinks due to the reduction, the compact can decrease

only by 15.8% in volume, i.e., 5.3% in length. The drastic

shrinkage is larger than 5.3%, so it can be deduced that

the shrinkage of U3O8 compact includes not only the

shrinkage of U3O8 particles but also the shrinkage of

porosity. It is estimated that the porosity volume of

U3O8 compact shrinks by the nearly same ratio as the

volume of U3O8 particles. Consequently, the fractional

density of U3O8 compact remains almost unchanged

during the reduction of U3O8 to UO2, in spite of the

drastic shrinkage.

Table 1

Powder composition for the preparation of a simulated UO2

pellet

Elements Percentage by weight

SrO 9.147 ´ 10ÿ2

Y2O3 5.488 ´ 10ÿ2

ZrO2 4.487 ´ 10ÿ1

MoO3 4.737 ´ 10ÿ1

RuO2 3.678 ´ 10ÿ1

Rh2O3 4.814 ´ 10ÿ2

PdO 1.464 ´ 10ÿ1

TeO2 5.585 ´ 10ÿ2

BaCO3 2.552 ´ 10ÿ1

La2O3 1.926 ´ 10ÿ1

CeO2 9.186 ´ 10ÿ1

Nd2O3 6.605 ´ 10ÿ1

UO2 96.286
Fig. 1. Variations of shrinkage with temperature and holding

time for U3O8 and U3O8-based compacts.
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After the drastic shrinkage the compact appears not

to shrink until about 1200°C and then it shrinks grad-

ually to a ®nal shrinkage of 11%. This ®nal shrinkage

originates from uranium reduction and densi®cation and

it is expected that only about 5% shrinkage of the 11%

shrinkage is due to the densi®cation of U3O8 compact.

The U3O8-based compact undergoes a gradual

shrinkage over the temperature range 200±1200°C, and

the related shrinkage is about 3%, which is much smaller

than that of the U3O8 compact. This suggests that the

shrinkage of U3O8-based compact does not include all

the shrinkage of individual U3O8-based particles during

reduction. Consequently, a considerable portion of the

shrinkage of individual U3O8-based particles forms new

porosity in a compact. It is supposed that the fractional

density of U3O8-based compact decreases much due to

the reduction, di�erent from that of U3O8 compact. The

U3O8-based compact begins to shrink at 1200°C and the

®nal shrinkage of U3O8-based compact is about 13%.

From the viewpoint of densi®cation, it can be inferred

that the U3O8-based compact undergoes some de-den-

si®cation (decrease in compact density) below about

1200°C and densi®es by about 10% shrinkage above

1200°C.

It can be readily seen that the addition of 0.3 wt%

Nb2O5 has a very small e�ect on the shrinkage behavior

of compacts below 1200°C but appears to enhance sig-

ni®cantly the shrinkage above 1200°C. The U3O8 and

U3O8-based compacts get the extra ®nal shrinkage of

about 5% and 6%, respectively, by adding 0.3 wt%

Nb2O5. In other words, those compacts can be densi®ed

more e�ectively by the addition of 0.3 wt% Nb2O5.

Fig. 2 shows the variations of shrinkage rate (DL/L0/

min) with temperature and holding time for the various

compacts. It can be noticed that the shrinkage rates start

to increase at about 1200°C for all the compacts. The

shrinkage rate above 1200°C is supposed to be equiva-

lent to the densi®cation rate. As the temperature in-

creases, the U3O8-based compact densi®es with a higher

rate than the U3O8 compact. The densi®cation rate of

U3O8-based compact has a remarkable maximum

around 1550°C. It can be seen from Fig. 2 that the ad-

dition of Nb2O5 enhances signi®cantly the densi®cation

rates of U3O8 and U3O8-based compacts in the tem-

perature range 1200±1600°C, suggesting that the added

Nb2O5 acts as a densi®cation promoter in that temper-

ature range.

The oxygen potentials (RT ln p(O2)) of niobium oxide

and sintering gas were calculated using the HSCHSC com-

puter code [8] and the results are plotted in Fig. 3. A

stable niobium oxide is dependent on temperature under

hydrogen gas with 1% moisture; Nb2O5 below 820°C and

NbO2 between 820°C and 1650°C. Considering that the

addition of Nb2O5 enhances signi®cantly a densi®cation

rate in the temperature range 1200±1600°C, it is rea-

sonable to suppose that NbO2, a reduced product of

Nb2O5, plays a dominant role in enhancing densi®cation.

While the U3O8 compact with Nb2O5 is heated under

the sintering gas, it is converted to a UO2 compact with

NbO2 before the start of densi®cation. If the Nb4� ion

enters interstitial site in the UO2 structure during sin-

tering, new uranium vacancies could be formed to

maintain charge neutrality [4,9]. An increase in the

concentration of uranium vacancy can enhance uranium

di�usion, so it is expected that the densi®cation of the

UO2 compact with NbO2 progressed more rapidly.

As shown in Figs. 1 and 2, the U3O8-based compact

exhibits a larger ®nal densi®cation and a higher densi-

Fig. 2. Variations of shrinkage rate with temperature and holding time for U3O8 and U3O8-based compacts.
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®cation rate than the U3O8 compact. This suggests that

the addition of simulated ®ssion products enhances the

densi®cation of U3O8 compact. Kleykamp [10] has re-

ported that the ®ssion products of irradiated fuel pellet

are present in the form of dissolved oxides, metallic

precipitates or oxide precipitates. It can be assumed that

the chemical states of the simulated ®ssion products are

similar to those of real ®ssion products. Of the simulated

®ssion products in Table 1, MoO3 and CeO2 are present

in considerable quantities and their chemical states are

sensitively dependent on the oxygen potential, so their

possible e�ects are primarily discussed. The Mo/MoO2

and Ce2O3/CeO2 equilibrium lines shown in Fig. 3 in-

dicate that metallic Mo is stable in the whole tempera-

ture range and Ce2O3 is stable above about 900°C. The

metallic Mo precipitate is likely to have an insigni®cant

e�ect on the densi®cation, but the dissolved Ce2O3 can

change defect concentration in the UO2 structure so that

it could have some e�ect on the densi®cation. It is sup-

posed, however, that more experimental results are

needed to discuss further the mechanisms by which the

simulated ®ssion products enhance densi®cation.

While the U3O8-based compact with Nb2O5 is heated

in the sintering gas, it is converted to a UO2-based

compact with NbO2. During sintering the densi®cation

of this compact could be enhanced mainly by the same

role of Nb4� ion as the densi®cation of the UO2 compact

with NbO2 could be enhanced by. In addition, the

simulated ®ssion products might play some roles in the

densi®cation. It can be noticed from Fig. 1 that the

U3O8-based and U3O8 compacts both gain a similar

amount of additional densi®cation by the addition of

niobium oxide. This suggests that niobium oxide acts as

a densi®cation promoter even in the presence of the

simulated ®ssion products. Consequently, it would be

reasonable to suppose that the simulated ®ssion prod-

ucts do not obstruct the entrance of Nb4� ion into the

UO2 structure.

4. Conclusions

As the compact of U3O8 powder is sintered in hy-

drogen, it drastically shrinks by 8% in length due to the

reduction of U3O8 to UO2 between 500°C and 600°C

and then does not shrink further until 1200°C. The

compact of U3O8-based powder shrinks gradually by

about 3% over the temperature range between 200°C

and 1200°C. It was estimated that the fractional density

of U3O8 compact remained almost constant but that of

U3O8-based compact decreased during the reduction.

The U3O8 and U3O8-based compacts begin to densify at

1200°C and then the U3O8-based compact densi®es with

a higher rate than the U3O8 compact. Thus, the U3O8-

based compact shows a greater ®nal densi®cation. The

addition of Nb2O5 substantially enhances the densi®ca-

tion rates of U3O8 and U3O8-based compacts over the

temperature range between 1200°C and 1600°C and thus

the compacts can densify by an additional 5±6% in

length.
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