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Abstract

The sintering behaviour of UO2, PuO2, UO2±20%PuO2, UO2±50%PuO2 and UO2±76%PuO2 pellets have been

studied using a dilatometer in inert, reducing and oxidizing atmospheres. The onset of shrinkage occurs by about 400°C

lower in oxidizing atmosphere such as CO2 and commercial N2 than that occurs in reducing atmosphere. PuO2 and

UO2±76%PuO2 showed an expansion on heating in Ar at �1000°C. UO2±20%PuO2 pellet sinters slightly better in Ar

than in Ar±8%H2. From the shrinkage rate curves, it was found that the maximum shrinkage rate occurs in commercial

nitrogen atmosphere for UO2±50%PuO2. For the other compositions, the maximum shrinkage rate was observed for Ar

atmosphere. The sintering behaviour of above mentioned pellets was discussed with the help of point defect model and

the possible mechanisms were suggested. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.72.)y; 81.20.Ev; 66.30. Fq

1. Introduction

The established fabrication route for large scale

production of mixed uranium plutonium oxide fuel

pellets is cold compaction followed by high temperature

sintering in reducing atmosphere at around 1650°C. The

mixed oxide fuel for fast reactors is usually fabricated

with an O/M ratio of around 1.95 in order to achieve

better compatibility between fuel, clad and coolant [1].

To get a stoichiometry of around 1.95, it is necessary to

maintain a reducing atmosphere in the sintering furnace,

such as H2 or Ar±H2 mixture, so that the H2O/H2 ratio

in the reducing zone of the sintering furnace is always

<10ÿ2 [2,3]. There are several parameters that in¯uence

the H2O/H2 ratio in the atmosphere of furnace which are

listed below [3]:

(a) H2O/H2 ratio of the sintering gas at the inlet side

of the furnace;

(b) H2O evolution by the reduction of UO2�x and

PuO2;

(c) O/M ratio of the starting powders.

During the fabrication of mixed oxide fuel under

reducing condition, the oxygen potential is not generally

controlled, which is generally in the range from )30 to

)120 kcal/mol, typical for dry H2 [4]. The point defect

model predicts a small vacancy concentration in slightly

hypostoichiometric oxide. The value of cation di�usion

coe�cient under such conditions is near to the observed

minimum [5]. Even at 1700°C, mean interdi�usion dis-

tances during sintering even for 4 h are of the order of

0.1±0.5 lm and therefore negligible [4]. Therefore, ho-

mogenization and formation of a solid solution are not

achieved in normal reducing atmosphere. This results in

a two phased microstructure with one phase being richer

in Pu. This Pu rich zone may produce hot spots during

the reactor operation and cause di�culties in the dis-

solution step of reprocessing [6]. Achieving homogeni-

zation and complete solid solution of UO2±PuO2

powders is therefore a technologically important prob-

lem. A change in the sintering atmosphere from reducing

to oxidizing conditions has been reported to increase the

interdi�usion rates [7]. Cation mobility increases dras-

tically in hyperstoichiometric oxide because of the large
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increase in cation vacancy concentration [8]. A low

temperature short time sintering has been developed to

take advantage of the very high cation mobilities in

hyperstoichiometric oxides. Sintering rate under oxi-

dizing conditions with the associated fast di�usion can

be better in a short time below 1300°C rather than in a

longer time at 1650°C for reducing atmospheres. This

process results in large scale savings in energy, time and

capital investment [7]. However, there is a requirement

for a reduction step to achieve the necessary O/M ratio

(�1.95) which would partially o�set the above men-

tioned advantages.

In this work, the shrinkage behaviour of UO2, UO2±

20%PuO2, UO2±50%PuO2, UO2±76%PuO2 and PuO2

pellets were studied using a dilatometer in di�erent types

of inert, reducing and oxidizing atmospheres. UO2±

20%PuO2 is a well-established fuel for fast breeder re-

actors. UO2±50%PuO2 and UO2±76%PuO2 have been

considered as possible alternate fuels for Indian Fast

Breeder Test Reactor (FBTR). The Pu-rich oxide fuel

could be used as a fuel for compact fast reactors as a

substitute for the highly enriched uranium (HEU). So

far, studies have not been reported on above mentioned

compositions in a wide range of atmospheres like Ar,

Ar±8%H2, CO2 and commercial N2. Hence, it is felt that

the results of this study would be useful to the manu-

facturers of such fuels.

1.1. U±Pu±O system

Both UO2 and PuO2 crystallize in ¯uorite type

structure with lattice parameters of 0.5468 nm and

0.5396 nm, respectively. On the basis of isomorphism

and a very small di�erence in the ionic size between the

two, one would expect to have a continuous series of

solid solution between the two components. The single

phase ®eld of UO2 exists only at about 2500°C from

O/U 1.65±2.25 [1,9]. At low temperature, UO2�x and

U4O9ÿy phase coexists in the range of O/M 2±2.25. The

hypostoichiometric UO2 exists only at very high tem-

perature whereas hyperstoichiometric oxide exists even

at very low temperature. Up to 300°C, PuO2ÿx and

PuO1:52 phase is stable within O/Pu ratio of 1.52±2.0.

Above that temperature PuO2ÿx and PuO1:61 phases are

in equilibrium within O/Pu ratio of 1.61±2.0 [10,11]. The

stoichiometric PuO2 can be made hypostoichiometric by

heating in reducing/inert atmosphere. UO2 can dissolve

large amount of interstitial oxygen to form anion excess

UO2�x, while PuO2 or (U,Pu)O2 can accommodate large

amount of oxygen vacancies in their lattice. (U,Pu)O2

can be made hypostoichiometric very easily by reducing

Pu�4 to Pu�3, with the charge compensation by the in-

troduction of oxygen vacancies. The charge compensa-

tion for the excess of oxygen in UO2�x is achieved by

oxidizing U�4±U�5 [12]. It is well known that at larger

x-values, cluster formation occurs. The basic unit of a

cluster in MO2ÿx is of the type Pu3�±VO±Pu3�, where

VO is the oxygen vacancy [1,7]. These clusters can grow

stepwise by doubling or trebling, etc. their size.

U±Pu±O ternary system for a range of O/M ratio

between 1.5 and 2.7 at 200°C is shown in Fig. 1 [13]. It

can be seen that for low Pu content i.e., <30%PuO2,

MO2�x exists for a wide range of O/M. For the UO2 rich

composition and for high O/M ratio (>2), the M4O9 and

MO2�x phase co-exists. At still higher O/M ratio of 2.3

and above, M4O9 phase is present with M3O8: For the

PuO2 rich end, MO2 phase exists only at an O/M ratio of

2.0. Below this value, for high PuO2 composition, a two

phase region is noticed which comprises of MO2ÿx and

a-M2O3 [14]. It can be seen from Fig. 1 that MO2�x is

the most predominant phase which exists for a wide

range of composition and O/M ratio.

2. Experimental

2.1. Fabrication of green pellet

The green pellets for this study were prepared by the

conventional powder metallurgy technique involving

mixing and cold compaction. The UO2 and PuO2 pow-

ders were milled for 4 h in a planetary ball mill using

Fig. 1. U±Pu±O ternary system for a range of O/M ratio between 1.5 and 2.7 at 200°C [13].
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tungsten carbide balls. The blended powder was pre-

compacted, granulated and ®nally compacted at around

300 MPa to green pellets of 4.6 mm diameter and

around 8 mm in length. The density of green pellets was

52� 1% of theoretical density (TD). To facilitate com-

paction and to impart handling strength to the green

pellets, 1 wt% zinc behenate was added as lubricant/

binder during the last hour of milling. The characteris-

tics of UO2 and PuO2 powders used in this study is given

in Table 1.

2.2. Dilatometry

The shrinkage behaviour of the UO2, UO2±

20%PuO2, UO2±50%PuO2, UO2±76%PuO2 and PuO2

compacts in the various atmospheres was studied using a

push rod type dilatometer. The shrinkage was measured

in axial direction. The sample supporter, measuring unit

and displaceable furnace of the dilatometer were

mounted horizontally as shown in Fig. 2. The length

change measurements were made by an LVDT trans-

ducer which was maintained at a constant temperature

by means of water circulation from a constant temper-

ature bath. The accuracy of the measurement of change

in length was within �0:1 lm. The temperature was

measured using a calibrated thermocouple which is

placed directly above the sample. A small force of 0.2 N

was applied to the sample through the push rod. The

dilatometric experiments were carried out using a ¯ow

rate of 18 l/h and a heating rate of 6°C/min. The im-

purity contents of the cover gases used in this study are

given in Table 2.

The selection of the temperature programme was

controlled by a computer via data acquisition system.

Correction was applied to the expansion of the system

by taking a run under identical condition using a stan-

dard sample (POCO graphite, NIST).

2.3. Characterization

The mixed oxide pellets sintered in di�erent atmo-

spheres were characterized in terms of their density,

oxygen to metal ratio (O/M) and phase content. The

O/M ratio was measured thermogravimetrically and the

phase content was estimated using X-ray di�ractometry

and metallography. Table 3 gives the typical values of

Table 1

Characteristics of UO2 and PuO2 powders

Property UO2 PuO2

Oxygen to metal ratio 2.10 2.00

Apparent density (g/cm3) 1.5 1.2

Total impurities (ppm) <800 <1200

Speci®c surface area (m2/g) 2.8 13.6

Theoretical density (g/cm3) 10.96 11.46

Fig. 2. A schematic of dilatometer showing sample, push rod, themocouple, and LVDT probe.

Table 2

Impurity contents of di�erent sintering atmospheres

Sintering atmosphere Oxygen

(vppm)

Moisture

(vppm)

CO2

(vppm)

CO

(vppm)

N2

(vppm)

Oxides of

N2 (vppm)

Hydrocarbon

(vppm)

Argon 4 4 1 1 10 1 1.5

Argon + 8% hydrogen 4 4 1 1 10 1 2

Carbon dioxide 300±400 10 ± 5 50 15 2

Commercial nitrogen 400±500 10 50 5 ± ± 5

56 T.R.G. Kutty et al. / Journal of Nuclear Materials 282 (2000) 54±65



O/M and their density. The X-ray di�raction patterns of

the pellets were obtained by using Cu Ka radiation and

graphite monochromator. For metallography, the sin-

tered pellet was mounted in Bakelite and ground using

successive grades of emery paper. The ®nal polishing

was done using diamond paste.

3. Results

Fig. 3 shows the shrinkage behaviour of UO2 under

various atmospheres. The corresponding shrinkage rates

d�dl=l0�=dt of the above pellet are shown in Fig. 4.

Fig. 5 shows shrinkage behaviour of UO2±20%PuO2

pellets in di�erent atmospheres such as Ar, Ar±8%H2,

CO2 and commercial N2. The corresponding shrinkage

rates �d�dl=l0�=dt� are shown in Fig. 6. Figs. 7±9 illus-

trate the shrinkage behaviour of UO2±50%PuO2, UO2±

Fig. 3. Shrinkage curves for UO2 pellets in Ar±8%H2, Ar,

CO2 and commercial N2. The dl=l0 values are plotted against

temperature, where l0 is the initial length.

Fig. 4. Shrinkage rate d�dl=l0�=dt of UO2 pellet in Ar±8%H2,

Ar, CO2 and commercial N2 atmospheres plotted against tem-

perature.

Fig. 5. Shrinkage curves for UO2±20%PuO2 pellet in Ar±

8%H2, Ar, CO2 and commercial N2.

Table 3

Typical values of sintered density, oxygen to metal ratio (O/M) and defect concentrations of UO2±PuO2 pellets sintered in various

atmospheres

Pellet

composition

Sintering

atmosphere

Sintered density

(%TD)

Oxygen to metal

ratio (O/M)

Metal vacancy

concentrationa

Metal interstitial

concentrationa

UO2 Ar±8%H2 96 2.0000 4.249E)08 1.1879E)17

CO2 96 2.1000 0.4012E)00 8.330E)31

UO2±20%PuO2 Ar±8%H2 94 1.9500 3.801E)14 1.328E)11

CO2 95 2.0910 0.332E)00 1.006E)39

UO2±50%PuO2 Ar±8%H2 92 1.8700 5.623E)15 8.977E)11

CO2 87 2.0860 0.297E)00 1.126E)30

UO2±76%PuO2 Ar±8%H2 91 1.9400 2.639E)14 1.912E)11

CO2 85 2.0754 0.228E)00 1.465E)30

PuO2 Ar±8%H2 88 1.9200 1.485E)14 3.399E)11

CO2 84 2.0030 3.616E)04 9.256E)28

a Details of the calculation of defect concentrations are given in Appendix A.
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76%PuO2 and PuO2 pellets. Fig. 10 shows the inter-

comparison of the shrinkage behaviour of UO2, UO2±

20%PuO2, UO2±50%PuO2, UO2±76%PuO2 and PuO2 in

Ar±8%H2. Fig. 11 shows the shrinkage curves for the

above pellets in CO2.

It can be seen from Figs. 3±9 that the onset of

shrinkage occurs between 600°C and 800°C in CO2. On

the other hand, it begins between 1100 °C and 1200°C in

Ar±8%H2 for UO2 and UO2±PuO2 pellets. In argon, the

shrinkage behaviour is almost like that in Ar±8%H2.

The commercial N2 atmosphere behaves almost like

CO2 except that the shrinkage occurs at a slightly higher

temperature for all the compositions (900±1000°C).

It is also noted for UO2±20%PuO2, UO2±50%PuO2

and UO2±76%PuO2, that the sintering rate is retarded in

Ar±8%H2 at around 900±1100°C. For UO2±76%PuO2

and PuO2, an expansion in the shrinkage curve is noted

Fig. 10. Intercomparison of the shrinkage behaviour of UO2,

UO2±20%PuO2, UO2±50%PuO2, UO2±76%PuO2 and PuO2 in

reducing atmosphere (Ar±8%H2).

Fig. 6. Shrinkage rate for UO2±20%PuO2 pellet in Ar±8%H2,

Ar, CO2 and commercial N2 plotted against temperature.

Fig. 9. Shrinkage curves for PuO2 in Ar±8%H2, Ar, and CO2

atmospheres.

Fig. 8. Shrinkage �dl=l0� values plotted against temperature for

UO2±76%PuO2 for di�erent atmospheres.

Fig. 7. Shrinkage curves for UO2±50%PuO2 in Ar±8%H2, Ar,

CO2 and commercial N2 atmospheres.
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at around 1150±1300°C in Ar, the expansion being very

predominant for UO2±76%PuO2 (see Fig. 8). This ex-

pansion is followed by steep shrinkage showing a max-

imum shrinkage rate of 25 lm/min at 1450°C.

Another interesting phenomenon observed is that,

for UO2, the shrinkage behaviour in Ar and Ar±8%H2 is

almost identical at all temperatures. The shrinkage

curves, under Ar and Ar±8%H2 atmospheres, superim-

pose one over the other as shown in Fig. 3. But for UO2±

20%PuO2, Ar was found to be a better medium for

sintering than Ar±8%H2. For all the other compositions,

shrinkage was found to be faster in Ar±8%H2 than Ar.

From the shrinkage rate curves, it was observed that the

maximum shrinkage rate occurs for commercial N2 at-

mosphere for UO2 and UO2±50%PuO2. For other

composition, the maximum shrinkage rate was observed

for Ar atmosphere. For the pellets sintered in Ar±8%H2,

especially for PuO2, large oscillations were noticed

above 1100°C in d�dl=l0�=dt curves. The same type of

observations have been noted for UO2 and UO2±

76%PuO2 in small magnitude.

The following conclusions can be drawn from the

above observations:

1. UO2�x was found to densify equally well in both Ar

and Ar±8%H2 atmospheres.

2. UO2±20%PuO2 pellet sinters slightly better in Ar

than in Ar±8%H2. But for pellets having higher PuO2

content, Ar±8%H2 was found to be more bene®cial

than Ar.

3. An expansion can be seen for UO2±76%PuO2 and

PuO2 in Ar atmosphere at around 1000°C.

4. Large oscillations were noticed in d�dl=l0�=dt curves

of PuO2 sintered in Ar±8%H2.

5. All pellets of the compositions covered in this study

were found to sinter at much lower temperature in

CO2.

X-ray di�raction (XRD) pattern of UO2, UO2±

20%PuO2, UO2±50%PuO2, UO2±76%PuO2 and PuO2

pellets sintered in CO2 showed only single phase. But the

di�raction pattern of the pellets with higher plutonium

content such as UO2±76%PuO2 and PuO2 pellets sin-

tered in Ar±8%H2 showed the presence of two phases-

one is isostructural with PuO2 and other is isostructural

with bcc a-Pu2O3 (see Fig. 12). It was noticed that after

sintering PuO2 in Ar±8%H2 at a temperature of 1500°C,

14 wt% PuO2 got converted into bcc Pu2O3.

In the case of UO2±76%PuO2 pellet sintered in Ar±

8%H2, the shape of the peaks in the lower angle side

indicate the presence of a phase isostructural with a-

Pu2O3. Due to weak intensities of higher angle peaks,

those peaks of a-Pu2O3 could not be observed. But

scanning of UO2±76%PuO2 with 2h rate 0.5°/min from

54.5° to 58° shows a partially overlapped (4 3 1) peak of

a phase isostructural with bcc Pu2O3 phase. This is

shown in Fig. 13. Lattice parameter of the major phase

Fig. 12. XRD pattern of PuO2 pellet sintered in Ar±8%H2

atmosphere.

Fig. 13. XRD pattern of UO2±76%PuO2 in Ar±8%H2 at slow

scan rate.

Fig. 11. The shrinkage behaviour of UO2, UO2±20%PuO2,

UO2±50%PuO2, UO2±76%PuO2 and PuO2 in oxidising atmo-

sphere (CO2).

T.R.G. Kutty et al. / Journal of Nuclear Materials 282 (2000) 54±65 59



i.e., (U,Pu)O2 phase has been calculated to be 0.54049

nm which corresponds to PuO2±13%UO2 (according to

VegardÕs law). So, the rest of the UO2 might have

formed solid solution with Pu2O3 or formed mixed

crystal of di�erent composition with Pu2O3. A detailed

explanation regarding the above phenomenon is given in

Section 4.3.

4. Discussion

From the above results, it is clear that the shrinkage

occurs more rapidly in oxidizing atmosphere. At

1100°C, the shrinkage was negligible for all composi-

tions in Ar±8%H2. On the other hand, shrinkage was

quite appreciable in CO2 medium at the above men-

tioned temperature, its value being highest for UO2

(13%) and lowest for PuO2 (6%).

Sinterability of UO2±PuO2 compacts has been found

to depend upon the following factors, namely [15±19]:

1. Sintering temperature,

2. Sintering atmosphere,

3. Characteristics of the starting UO2 and PuO2 pow-

ders, and

4. Sintering time.

Sintering is a di�usion controlled process and is rate

controlled by the slower moving metal atoms. Di�usion

in solid itself occurs by jumps on an atomic scale via the

movement of point defects. The point defect model has

been used to explain many observed features of di�usion

in non-stoichiometric ¯uorite type oxide fuels [1].

4.1. Point defect model

The point defect model was ®rst developed by Mat-

zke [1,8] and Lidiard [20]. They derived a relation for the

temperature dependence of the concentration of vacan-

cies and interstitials in both the oxygen and metal sub-

lattice by solving the anion Frenkel, Schottky and cation

Frenkel products. It has been shown that the activation

enthalpy for metal di�usion should increase or decrease

respectively, by DGFO when passing from MO2 to

MO2�x or MO2ÿx, respectively, if the metal di�usion

occurs via a vacancy mechanism, where DGFO is the free

energy of formation of oxygen Frenkel defects [2].

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. [21]. For the compounds like actinide oxides,

the dominating defect species are often not rate con-

trolling for di�usion dependent processes. In the ¯uorite

structure, cation mobility is many orders of magnitude

smaller than anion mobility. At 1400°C, DO/DU is found

to be greater than 105 for UO2 (depending on x) [22].

Cation di�usion coe�cients are, therefore, di�cult to

measure. The plot of DM as a function of O/M shows a

minimum for DM at an O/M value of �1.98. The loca-

tion of the minimum is found to be temperature de-

pendent. Upon further reduction in O/M, DM increases

and subsequently reaches a saturation value when

O/M�1.95. On increasing the O/M beyond 1.98, the

DM was found to increase drastically in hyperstoichio-

metric oxides because of a largely increased cation

vacancy concentration. Because of their low mobilities,

the di�usion of U and Pu is the rate determining step for

many high temperature processes such as sintering, grain

growth, precipitation etc. [2,7].

Interdi�usion coe�cient D in UO2±PuO2 system

strongly depends on the oxygen potential, Pu content

and temperature [23]. It is well known that the tracer

di�usion coe�cient of U, DU and of Pu, DPu in UO2�x

and MO2�x vary by 4±5 orders of magnitude at constant

temperature if the oxygen potential is varied [1,2]. Dif-

fusion is slow under the reducing condition and it is fast

under the oxidizing condition. The large increase in the

di�usion values for hyperstoichiometric oxide is pri-

marily due to the large metal vacancy concentration in

the oxidized state, UO2�x and MO2�x [5,8,9]. At con-

stant temperature, the metal defect concentration should

depend on x2. Elaborate work has been carried out by

Matzke on MO2�x and has predicted an x2 dependence

for metal self di�usion [1,2]. The expected strong de-

pendence of DM on x in MO2ÿx was also con®rmed by

experiments on Pu in MO2ÿx [2]. Three possible mech-

anisms are suggested for MO2ÿx which are listed below

[8,24,25]:

(a) A vacancy mechanism when O/M > 1.98,

(b) An interstitial mechanism for a lower O/M

values (1.95 < O/M < 1.98),

(c) A cluster mechanism for O/M < 1.95.

4.2. Previous work on UO2±PuO2

There are many reports available in the literature

regarding the sintering behaviour of UO2±PuO2 pellets

in di�erent atmospheres. The results of the these

studies are often contradictory in nature. Chikalla [26]

has studied the sintering behaviour of UO2±PuO2 pel-

lets in di�erent atmospheres and has observed that the

physical addition up to 10% PuO2 reduces the sinter-

ability of UO2 in H2 atmosphere. A complete solid

solution between UO2 and PuO2 occurs for both mixed

and coprecipitated oxides on sintering in H2. No PuO2

has been found to be reduced in their study. Russell
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et al. [27] have investigated the rate at which the solid

solution was formed between UO2 and PuO2 and

found the rate to be slow in H2 than in Ar even at

1600°C. They reported that some of PuO2 has been

reduced to PuO1:61 in H2. Brett and Russell [15] have

studied the sintering behaviour of UO2±PuO2 pellets in

di�erent atmospheres and reported the formation of a

two phased microstructure for a composition contain-

ing more than 40% PuO2 when sintered in H2. The

pellets sintered in H2 at 1650°C for 3 h remained sto-

ichiometric for composition between 0 and 60 mol%

PuO2. Akutsu et al. [16] have also reported a single

phase for pellets of UO2±40%PuO2 sintered in N2±

5%H2 mixture. A continuous series of solid solution

between PuO2 and UO2 has been reported by Mulford

and Ellinger [17]. Russell et al. [18] have fabricated

UO2±50%PuO2 pellets and studied its sintering behav-

iour. They reported a single phase for the pellets sin-

tered in Ar and in H2 at 1650°C.

With this background in mind, we will discuss the

e�ect of various atmospheres on the shrinkage behav-

iour of the UO2, PuO2, UO2±20%PuO2, UO2±50%PuO2

and UO2±76%PuO2 pellets. Based on MatzkeÕs model,

the metal vacancy concentration and metal interstitial

concentration are calculated for the above compositions

for oxidizing and reducing atmospheres and are shown

in Table 3.

4.3. UO2

UO2 has been found to densify equally well in Ar and

Ar±8%H2. Since H2O/H2 ratio of Ar±8%H2 sintering gas

used in this study is less than 10ÿ4, a highly reducing

environment is ensured inside the sintering furnace. The

samples sintered in Ar and Ar±8%H2 have almost

identical O/M (see Table 3). This means that both have

similar defect concentration which is found to be very

low. Therefore, sintering commences only at a higher

temperature of �1100°C. On the other hand, the O/M of

UO2 sintered in CO2 is around 2.100 which indicates

that there are considerable amount of metal vacancies

present in the system (see Table 3). At such large devi-

ation from stoichiometry, the defects will aggregate into

clusters.

During the sintering of UO2, a prominent peak was

observed in the shrinkage curve at around 400±600°C

(see Fig. 3). This peak was observed only for UO2 when

the sintering was carried out in CO2 atmosphere. The

explanation for the appearance of this peak is as given

below.

The UO2 powder used for this study had an O/M

ratio of 2.1 and hence the initial composition of the

powder at room temperature should be UO2 + U4O9ÿy

[5]. As the temperature increases, the surface oxidation

of UO2 takes place since CO2 has high oxygen potential.

The surface layers of the UO2 is oxidized to U3O7. The

formation of U3O7 has been reported during the slow

heating of UO2 in air [28]. The U3O7 is the intermediate

product of oxidation of UO2 before it is fully oxidised

U3O8. The formation of U3O7 on the surface results in

the formation of cracks. This results in the expansion

which is manifested in the shrinkage curve at around

400°C. The formation of an intermediate oxide has also

been reported by Matzke on heating UO2 powder in

CO2 [1]. The formation of U3O8 results in a volume

change of around 30% which may cause the pellet to

disintegrate. Since no powder formation had been no-

ticed during sintering in CO2 atmosphere, it can be said

that formation of U3O8 has not been occurred. Since

U3O7 phase is not stable at high temperature, it de-

composes to UO2�x. The formation of UO2�x from

U3O7 results in a shrinkage. Therefore the net reaction

occurring during the sintering of UO2 in CO2 atmo-

sphere is the formation of U3O7 (which results in ex-

pansion) and decomposition of U3O7 (which results in

contraction) to UO2�x.

Role of O/U on sintering behaviour of UO2 has been

studied by Lay and Carter [29] and they have shown that

U self di�usion coe�cient in UO2�x is proportional to

x2. DU increases dramatically with x in UO2�x at con-

stant temperature (1700°C) by a factor of 105 between

UO2:00 and UO2:20 [30±33]. This is predominantly due to

the increased concentration of U vacancies in UO2�x.

From Table 3, it can be seen that the metal vacancy

concentration is very high for UO2 when sintered in CO2

atmosphere. But at such large concentration, defects will

aggregate into clusters.

Willis [34] has made detailed investigation of the

defect structure of UO2�x using Bragg neutron scattering

technique. He found the evidence for two types inter-

stitials, one (O0) displaced from (1/2,1/2,1/2) positions

along h110i axis and the other (O00) displaced along the

h111i axis. In addition to the excess oxygen, a signi®-

cant number of adjacent normal oxygen atoms are dis-

placed, thus creating an identical number of oxygen

vacancies. On the basis of the above observation, Willis

proposed a defect cluster containing two O0 interstitials,

two O00 interstitials and two normal oxygen vacancies

which is commonly known as 2:2:2 or Willis cluster. A

more careful study of U sublattice indicates that U at-

oms are displaced somewhat by 0.25 A from their nor-

mal positions. Hence, oxygen di�usion will be drastically

modi®ed by the injection of vacancies and interstitials in

UO2ÿx and in UO2�x. However, cation transport coef-

®cient is also remain modi®ed owing to the coupling of

the Schottky and Frenkel disorder reaction, the e�ect of

which is to enhance cation vacancies in the UO2�x and

suppress them in UO2ÿx.

Therefore, a cluster mechanism is suggested for those

pellets sintered in CO2 and commercial N2. On the other

hand, a vacancy mechanism seems to be ®tting for above

composition when sintered in Ar and Ar±8%H2.
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4.4. PuO2

The PuO2 powder used in these experiments has a

higher BET surface area than UO2. Hence, PuO2 is ex-

pected to sinter more readily than UO2. However, this

was not found to be true in all atmospheres. Our study

has shown that PuO2 sinters best in Ar±8%H2 and least

in CO2.

Pritchard and Nance [35] have studied the sintering

behaviour of PuO2 in di�erent atmospheres. They have

reported that PuO2 on sintering in Ar showed some re-

duction of PuO2±Pu2O3 at around 1250±1350°C, and the

amount of Pu2O3 increased with increase of tempera-

ture. For the pellet sintered in CO2, no reduction of

PuO2 has been reported. PuO2 has been found to sinter

better in H2 than in Ar and better in Ar than in CO2.

PuO2 appears to sinter best in the temperature range of

1300±1600°C when O2 pressure in the sintering atmo-

sphere is maintained which ensures an O/M of 1.98±

2.00. From the standard free energy of formation, an

oxygen partial pressure of 3:6� 10ÿ3 atm is su�cient to

stop the formation of Pu2O3 at 1650°C [35]. Chikalla

[26] has reported that PuO2 can be reduced to �50% a-

Pu2O3 on heating in H2 at 1650°C or to 25%Pu2O3 on

just heating at 1450°C. PuO2 loses little amount O2 on

heating up to 1100±1200°C in inert or reducing atmo-

sphere but loses O2 readily at high temperature [36]. The

oxygen de®ciency results in the formation of large of

Pu�3 ion which causes the unit cell to expand.

The superior sintering behaviour of PuO2 in Ar±

8%H2 observed in this study may be associated with the

presence of defect structure as PuO2 gets reduced to

Pu2O3. This has been con®rmed by XRD analysis. In

CO2, sinterability of PuO2 was found to be poor. This

may be due to the fact that PuO2 remains PuO2

throughout the sintering temperature due to the high

oxidizing potential of CO2 medium. Since, no defects are

generated, di�usion becomes low and this results in poor

sintering behaviour. PuO2 sinters better in Ar than in

CO2 because at high temperature PuO2 loses its stoi-

chiometry and becomes PuO2ÿx. This defect structure

enhances its sintering behaviour. Our results has been

found agree with the earlier observations reported on

PuO2.

The formation of Pu2O3 during the sintering results

in the expansion of the unit cell. The expansion in the

shrinkage curves at around 900±1100°C may be thus

attributed due to the formation of Pu�3 ion. Also Pu�3

ion can move faster than Pu�4 ion since it has a low

migration energy resulting a faster di�usion (see Table

4). Therefore formation of Pu2O3 in the sample helps in

achieving a faster shrinkage rate.

From the above discussion, the mechanisms sug-

gested for the sintering of PuO2 for oxidizing and re-

ducing atmospheres are vacancy and cluster

mechanisms, respectively. As described earlier, point

defect models fail to describe the defect structure of

oxide if the degree of non-stoichiometry is large enough.

Because of their charges, point defects tend to cluster at

higher concentration as a result of Coulomb interaction.

These defects will become ordered or will get eliminated

by the formation of two- or three-dimensional defects

such as shear planes, dislocation loops or voids. Cluster

formation is well-known to occur in MO2ÿx at large x

values. The basic unit for such clusters in MO2ÿx is a

nucleus of known sesquioxide Pu2O3. The building unit

for the clusters are thus of the type Pu�3±VO±Pu�3 where

VO is the oxygen vacancy.

4.5. UO2±76%PuO2

UO2±76%PuO2 composition sinters to the highest

density in Ar±8%H2. This is due to the formation of

Pu2O3 at high temperature which promotes sintering. In

CO2, although the shrinkage starts even at 600°C, it has

not attained a higher density even at 1400°C because of

high oxygen potential, where the stoichiometry is

maintained and therefore less defects are present in the

lattice. In Ar, up to 1400°C no shrinkage has occurred

for this composition and an expansion is noticed in the

shrinkage curves at around 1100°C. PuO2 has decom-

posed to PuO2ÿx and probably to Pu2O3 at this tem-

perature in Ar.

XRD data indicate a two phased microstructure with

the major phase being a solid solution of PuO2±

13%UO2, the other phase being Pu2O3 in solid solution

with UO2. Similar observation has been reported by

Russell et al. [27] in their study on UO2±PuO2 system.

They have carried out a detailed phase analysis on UO2

containing varying amounts of PuO2 which is sintered in

H2 and reported the presence of a phase for higher UO2±

PuO2 compositions (>60% PuO2) which is similar to the

one observed in this study. They suggested the forma-

tion of a solid solution between UO2 and a-Pu2O3. The

phenomenon of a solid solution formation between a

¯uorite type dioxide and C-rare earth sesquioxide has

been reported by Brauer and Gradinger [37]. The crite-

rion for solid solution for the above mentioned two

oxides is that the di�erence between lattice parameter of

¯uorite type oxide and one half of the cell side of the

sesquioxide should be less than 2.25%. The di�erence

Table 4

Ionic radii and migration energies of Pu and U ions

Ionic radius (A) Migration energy (eV)

U�4 0.97 6.0

U�5 0.87 7.32

U�6 0.83 ±

Pu�3 1.08 4.11

Pu�4 0.93 5.95
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between the lattice parameter of UO2 and a/2 of a-

Pu2O3 is only 0.6%. Hence, as per the above criterion, a

solid solution between UO2 and a-Pu2O3 is possible. The

expansion observed in the shrinkage curve for Ar at-

mosphere was found to be higher than that for PuO2

and may be accounted for the following phenomenon:

(a) Formation of large Pu�3 ions due to the reduction

of PuO2 to Pu2O3 at this temperature;

(b) Formation of large U�4 ion since some UO2�x

may be reducing to UO2. Since U�4 ion is bigger than

U�5 and U�6 ions (Table 4) which results in further

expansion of the lattice.

4.6. UO2±50%PuO2

Our experimental results shows that the O/M of

(U0:5Pu0:5)O2 pellets sintered in Ar±8%H2 and Ar is

<1.97. At such a low O/M, an interstitial mechanism is

suggested. Since O/M is below 1.90 for the pellets sin-

tered in Ar±8%H2, the major defects will be clusters. At

O/M of 1.98, in a reducing atmosphere, the charge state

of most of Pu will be Pu�3. The Pu�3 ions were shown to

di�use faster than Pu�4 ions in ThO2±PuO2 system [2].

Also U�5 ion was found to di�use more slowly than U�4

ion in UO2�x. The migration energies for U�4 and Pu�4

are identical (�6eV) but the migration energy for U�5 is

�22% higher and that for Pu�3 is about 31% lower than

that of U�4 and Pu�4 (see Table 4).

Schmitz et al. [38] have given an alternate explana-

tion for the observed increase in matter transport in

MO2ÿx. They have pointed out that two Pu�3 atoms

connected to an oxygen vacancy would provide en-

hanced metal mobility via a type of ring mechanism [1].

Better shrinkage obtained in Ar±8%H2 than Ar is due

to large deviation of stoichiometry for pellets sintered in

Ar±8%H2 which enhances the sintering. In CO2 and

commercial N2 atmosphere, the ®nal O/M of the pellets

is �2.0 (see Table 3). The CO/CO2 ratio of the sintering

gas is less than 10ÿ4 ensuring a highly oxidizing atmo-

sphere. Under such condition, Lidiard model [20] pre-

dicts a large increase in metal vacancy concentration and

thus metal atom di�usion rates in hyperstoichiometric

UO2�x. This found to be true during oxidative sintering

process in CO2 or commercial N2. Thus sintering under

oxidizing condition with connected fast di�usion can be

achieved in short time.

The data obtained in this study clearly indicate that

UO2±50%PuO2 pellets can be fabricated in oxidizing

atmosphere such as CO2 or commercial N2 at �1300°C

whereas a temperature of more than 1650°C is required

in Ar±8%H2 atmosphere. The impurities in commercial

N2 (�500 ppm of O2) helps in achieving faster shrinkage

at around 1200°C [39]. N2 has smaller ionic radius than

CO2 which helps in attaining a rapid shrinkage of (U0:5

Pu0:5)O2 pellets in N2 at around 1100°C.

4.7. UO2±20%PuO2

UO2±20%PuO2 pellets were found to sinter better in

Ar than in Ar±8%H2. This is expected since UO2�x gets

reduced to UO2:0 in Ar±8%H2 at higher temperature.

But in Ar atmosphere, UO2�x remains hyperstoichio-

metric even at higher temperature. Hence, more defects

are present in pellet sintered in Ar resulting in better

sintering behaviour of UO2±20%PuO2: The defects

concentration from Table 3 indicates a large metal in-

terstitial concentration. The increased di�usion of Pu in

(U,Pu)O2ÿx at O/M < 1.98, may partly be due to faster

mobility of Pu�3 ions. In CO2 and commercial N2, UO2±

20%PuO2 sinters to the highest density even at a low

temperature of 1300°C. This is because of the presence

of large amount of metal vacancies. Since O/M of the

pellet sintered in CO2 and commercial N2 is around 2.09,

a cluster mechanism is the most probable. A Willis type

clusters [34] are reported for UO2 may be present in the

system. Hence the mechanism for di�usion in UO2±

20%PuO2 pellets in oxidizing and reducing atmospheres

are cluster and metal interstitial mechanisms, respec-

tively.

Another important point noticed during the densi®-

cation is the retardation of shrinkage at around 800°C in

Ar and Ar±8%H2. The retardation of shrinkage corre-

lates with the onset of the solid solution formation. The

solid solution is formed by the interdi�usion of Pu�4 ion

into UO2 lattice and U�4 ion into PuO2 lattice. These

interdi�usion process decrease the sintering rate and

shift shrinkage to a higher temperature. Such phenom-

enon has been reported for UO2±30%PuO2 and UO2±

Gd2O3 fuels [40,41]. The formation of solid solution of

any actinide oxide will be di�cult at around 800°C since

they have high melting point of the order of 3000°C. But

our study has clearly indicated that the shrinkage has

occurred in CO2 atmosphere at around 800°C. Fig. 11

shows that about 2.5% shrinkage has occurred at 800°C.

This shows that some di�usion has occurred at that

temperature. Our data are in agreement with those of

Matzke. He has plotted density vs temperature for UO2

in reducing and oxidizing atmosphere which clearly

shows that there is no improvement in density in re-

ducing atmosphere at 800°C. But in oxidizing atmo-

sphere, the density has been really improved which is in

agreement with our results.

Lay and Carter [29] have studied the in¯uence of

initial O/M ratio of UO2 on its initial shrinkage rate in a

given atmosphere using dilatometry. They calculated the

values of di�usion coe�cient in reducing and oxidizing

atmospheres. In CO2, the di�usion coe�cient at 775°C

was in the range of 0:5±12� 10ÿ16 cm2/s. And for H2

atmosphere at 1250°C the value was in the range of

1±6� 10ÿ16 cm2/s. This shows that the value of di�usion

coe�cient for U cation is almost identical for CO2 and

H2 atmospheres at 775°C and 1250°C, respectively,
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which once again suggests the advantage of oxidizing

atmosphere for sintering.

5. Conclusions

The shrinkage behaviour of UO2±PuO2 compacts

containing di�erent amounts of PuO2 were studied in

Ar, Ar±8%H2, CO2 and commercial N2 and the fol-

lowing conclusions are drawn:

1. Shrinkage begins at a much lower temperature in ox-

idizing atmosphere such as CO2 and commercial N2.

2. Shrinkage behaviour of UO2 is almost identical in Ar

and Ar±8%H2.

3. PuO2 and UO2±76%PuO2 showed an expansion on

heating in Ar at �1000°C.

4. UO2±20%PuO2 pellet was found to sinter better in Ar

than Ar±8%H2.

5. The shrinkage rate was found to be maximum in

commercial nitrogen atmosphere for UO2 and

UO2±50%PuO2 while it was highest in Ar for UO2±

76%PuO2 and PuO2.
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