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Abstract

The sintering behaviour of UO2±50%PuO2 pellets has been studied using a dilatometer in inert, reducing and oxi-

dising atmospheres. The shrinkage begins at a much lower temperature in oxidising atmosphere such as CO2 and

commercial N2. The shrinkage rate was found to be maximum for pellets sintered in N2 atmosphere. The mechanism for

the initial stage of sintering was found to be volume di�usion for both oxidising and reducing atmospheres. The ac-

tivation energy for the initial stages of sintering was found to be 365 and 133 kJ/mol for Ar±8%H2 and CO2 atmo-

spheres, respectively. The activation energy obtained using the Dorn method matches well with that obtained using the

rate controlled sintering process. The lower activation energy obtained in the oxidising atmosphere is explained with the

help of models available in the literature. Ó 1999 Elsevier Science B.V. All rights reserved.

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

1. Introduction

The mixed uranium plutonium carbide, (U0:3Pu0:7)C,

is used as the driver fuel in the Indian Fast Breeder Test

Reactor (FBTR) at Kalpakkam. So far this fuel has seen

a burn up of around 35,000 MWD/T. The fuel for the

second core of FBTR has been tentatively ®xed as

(U0:45Pu0:55)C. The carbide fuel has many advantages

over oxide fuel in such points as better thermal con-

ductivity and higher metal atom density which in turn

leads to higher linear power rating and superior breed-

ing ratio [1±3]. However, there are some disadvantages

associated with the nature of carbide. Carbide is not

only pyrophoric and susceptible to oxidation in an at-

mosphere containing oxygen but it easily hydrolyses by

moisture. Therefore, the entire fuel fabrication has to be

carried out in inert atmosphere that makes the fuel

fabrication very costly. The di�culty of dissolution of

carbide in HNO3 poses a problem with regard to the

reprocessing of the spent fuel.

A possible alternative fuel to (U0:45Pu0:55)C for FBTR

is the oxide fuel of composition UO2±50%PuO2. How-

ever, very little information is available in the literature

on its properties and behaviour. The present study deals

with the sintering behaviour of the above mentioned

mixed oxide using a dilatometer in various atmospheres

of Ar, Ar±8%H2, CO2 and commercial N2 gases. The

kinetics of sintering and the mechanism of sintering have

also been studied.

UO2 and PuO2 are of ¯uorite structure and have very

high melting points. The single phase ®eld of UO2 is very

wide extending from the O/U ratio of 1.65 to 2.25 [4]. The

substoichiometric oxide exists only at very high temper-

ature whereas hyperstoichiometric oxide exists even at

very low temperature. The PuO2 phase ®eld is stable

within the O/Pu ratio of 1.61 to 2.0 [5]. The stoic-

hiometric PuO2 can be made substoichiometric by heat-

ing in reducing/inert atmosphere. The hyperstoiochiometric

PuO2 is not known and presumably does not exist. UO2

can dissolve large amounts of oxygen to the interstitial

Journal of Nuclear Materials 264 (1999) 10±19

* Corresponding author. Tel.: +91-22 556 6950; fax: +91-22

556 0750; e-mail: rmd@magnum.barc.ernet.in.

0022-3115/99/$ ± see front matter Ó 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 4 9 0 - 5



sites forming anion excess UO2 � x, and PuO2 or (U, Pu)O2

can accommodate large concentration of oxygen va-

cancies in the reduced state forming anion de®cient

PuO2 ÿ x or (U, Pu)O2 ÿ x. Thus the dominant defects in

UO2, PuO2 and (U, Pu)O2 are anion Frenkel defects,

O2ÿ vacancies and O2ÿ interstitials [6,7].

Enough work has been reported on the shrinkage

behaviour UO2 and ThO2 but not much has been re-

ported on (U, Pu)O2 having high PuO2 content. The

interdi�usion coe�cient in UO2±PuO2 system is strongly

dependent on Pu content, temperature and oxygen po-

tential [6]. It is well known that the di�usion coe�cient

of U and Pu in UO2 � x and MO2 � x (M�U, Pu) varies

by 4±5 orders of magnitude at constant temperature, if

oxygen potential is varied [7,8]. Di�usion rate is low

under reducing condition and is fast under oxidising

condition. Since di�usion is largely dependent on oxygen

potential of the sintering atmosphere, it will be worth-

while to determine the e�ects of such various types as

inert(Ar), reducing (Ar±8H2) and oxidising (CO2 and

commercial N2) atmospheres on its sintering behaviour.

In this work, the mechanisms of sintering during the

initial stage of sintering have been determined using rate

controlled sintering technique. The activation energy for

the process was evaluated by the Dorn method [9,10].

2. Theory

2.1. Rate controlled sintering

The rate controlled sintering (RCS) was ®rst pro-

posed by Palmour et al. [11±13] to describe the sintering

where the densi®cation rate is controlled rather by

heating rate. The measurement of this process, using a

dilatometer, is very useful for studying the sintering

mechanism of powder compacts during the initial stages

of sintering. RCS results in formation of ®ne grain size

pellet, avoids gas entrapment in pores and minimises

pore-grain boundary separation [14,15]. The principle of

RCS is as follows.

The green compact is heated in a dilatometer at a

constant heating rate until dl/dt, i.e. slope of the length

vs. time curve, becomes larger than a threshold value, at

which point the temperature rise is stopped. The

shrinkage now takes place under isothermal condition.

On completion of sintering at this temperature, which is

shown by the smaller dl/dt signal than a second

threshold value, the temperature rise is resumed and the

process is repeated as shown in Fig. 1.

The experimental shrinkage curve obtained by dila-

tometry generally follows an equation of the form [14],

Dl=l0 � Y � �K�T �t�n; �1�
where l0 is the initial length of the sample at the start of

the sintering, K(T) the Arrhenius constant, t the time

and n a constant whose value depends on the sintering

mechanism.

Many models of sintering have been presented and

discussed in the literature [16±20]. A sintering model

proposed by Johnson [21], in which all the signi®cant

mechanisms of materials transport can be identi®ed even

though more than one mechanism may be operating

simultaneously, has been used in this study. If it is as-

sumed that all the material in the neck comes from grain

boundary and if the material transport by surface dif-

fusion, vapour transport are insigni®cant, then the

shrinkage for the ®rst 3.5% can be expressed as [21]

Y 2:06 _Y � �2:63cXDv=kTa3�Y 1:03 � �0:7cXbDb=kTa4�; �2�

where c is the surface tension, X the vacancy volume, D

the di�usion coe�cient, T the temperature, a the particle

radius, b the thickness of the grain boundary and k the

Boltzmann constant.

If only the volume di�usion from grain boundary is

operative, then Eq. (2) becomes [21]

Y � �5:34cXDv=kTa3�0:49t0:49: �3�

Similarly for grain boundary di�usion

Y � �2:14cXbDb=kTa4�0:33t0:33: �4�
Eqs. (3) and (4) predict the slopes of 0.49 and 0.33 in a

plot of ln Y vs. ln t for volume di�usion and grain

boundary di�usion, respectively.

On di�erentiating Eqs. (3) and (4) with respect to

time, we get

_Y � 0:49�5:34cXDv=kTa3�0:49tÿ0:51; �5�

_Y � 0:33�2:14cXbDb=kTa4�0:33tÿ0:67: �6�

Fig. 1. A schematic drawing of rate controlled sintering pro-

cess. The change in length and shrinkage rate (dl/dt) occurring

in each isothermal step is shown. The upper and lower

threshold values are shown as threshold 1 and threshold 2, re-

spectively.
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The slope of the plot of ln _Y vs. ln t will be (n ) 1) from

which the sintering exponent `n' can be evaluated. From

the value of Y intercepts, the di�usion coe�cient can be

evaluated. The variation of log D with T can be de-

scribed by an equation of the type

D � D0 exp�ÿQ=RT �; �7�
where D0 is the pre-exponential factor and Q the acti-

vation energy.

2.2. Dorn method for the determination of activation

energy

This method enables to determine the activation en-

ergy for the initial stages of sintering using a single

sample. It thus eliminates parameters which may vary

from sample to sample. The Dorn method involves the

measurement of shrinkage rate immediately before and

after an instantaneous temperature increase of the order

of 30°C.

Originally, Dorn [22] used this method to determine

the activation energy of creep. A sample was allowed to

deform under a constant tensile stress at temperature T1,

and then the temperature was rapidly raised or lowered

to a new value T2 allowing the sample to deform further.

If the strain rates at temperatures T1 and T2 are �1 and

�2, respectively, then the activation energy Q is given by

[22]

Q � RT1T2=�T1 ÿ T2� ln �2=�1: �8�
Bacmann and Cizeron [9,10] applied the above

mentioned method to determine the activation energy

during the initial stages of sintering of UO2 by using a

relation similar to the above equation:

Q � RT1T2=�T1 ÿ T2� ln v2=v1; �9�
where v2/v1 is the ratio of the shrinkage rates measured

at the point of temperature change. The composition

and structural state of the sample should remain con-

stant during the temperature change for the validity of

this method. If the rate of temperature increase is rapid

and temperature di�erence DT is small, then the com-

position and structural state of the sample can be as-

sumed to remain constant at the point when rapid

temperature change is e�ected.

3. Experimental

3.1. 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

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 compaction and to impart handling

strength to the green pellets, 1 wt% zinc behenate was

added as lubricant/binder during the last hour of mil-

ling. The characteristics of UO2 and PuO2 powders used

in this study are given in Table 1.

3.2. Dilatometry

The shrinkage behaviour of the UO2±50%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 displacable furnace of the dilatometer were

mounted horizontally. The measurements were made by

an LVDT transducer which was maintained at a con-

stant temperature by means of water circulation from a

constant temperature bath. The temperature was mea-

sured using a thermocouple which is placed directly

above the sample. A small force of 0.2 N was applied on

the sample through the push rod. The dilatometric ex-

periments were carried out using a ¯ow rate of 18 l/h and

a heating rate of 6°C/min. The impurity 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 for the expansion of the system

by taking a run under identical condition using a stan-

dard sample (POCO graphite, NIST).

3.3. Shrinkage kinetics

For RCS, the temperature programme was modi®ed

in such a way that the whole sintering took place be-

tween two shrinkage rates as described in Section 2.1.

The heating rate used for RCS was 6°C/min and gas ¯ow

rate was 18 l/h.

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

Theoretical density, q (g/cm3) 10.96 11.46

Surface energy, c (erg/cm2) [55] 600 570 b

Particle radius a, a (�A) 489 97

Speci®c surface area, S (m2/g) 2.8 13.6

a a� 6/(2qSf) where f is the shape factor.
b cPuO2

value is obtained from the relation: cPuO2
=cUO2

� 0.95

[55].
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For the Dorn method, the sample was heated at a

rate of 6°C/min to a temperature (1160°C and 732°C for

Ar±8%H2 and CO2 atmospheres, respectively) at which

the shrinkage just began. The shrinkage was then al-

lowed to continue isothermally for about an hour at this

temperature. The temperature of the sample was then

quickly raised by �30°C at a rate of 20°C/min and held

at this temperature. This process was repeated until a

total shrinkage attained around �3%.

The sintering kinetics of UO2±50%PuO2 pellets have

been evaluated only in Ar±8%H2 and CO2 atmospheres,

which are the most commonly used atmospheres for

sintering the mixed oxides.

3.4. Characterization

The UO2±50%PuO2 pellets sintered in di�erent at-

mospheres were characterised 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 by X-ray di�ractometry

and metallography. The X-ray di�raction patterns of the

pellets were obtained by using the CuKa 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. The etching has been

carried out using a mixture of 30% HNO3 containing a

few drops of ammonium bi¯ouride at 60°C.

4. Results

Fig. 2 shows the shrinkage curve (dl/l0) for UO2±

50%PuO2 pellet in Ar±8%H2 atmosphere. The shrinkage

rate as a function of temperature is also shown in the

same ®gure. Fig. 3 compares the shrinkage behaviour of

the same composition sample in Ar, Ar±8%H2, CO2 and

commercial N2. Fig. 4 compares the shrinkage rate as a

function of temperature in the above mentioned atmo-

spheres.

To verify the accuracy of the measurements, a few

runs were repeated. Fig. 5 shows the shrinkage curve

obtained during two runs for UO2±50%PuO2 pellet. The

second run was found to give the same results as the ®rst

run.

From Fig. 3, it can be seen that the shrinkage curves

for UO2±50%PuO2 in Ar and Ar±8%H2 are almost

identical up to 1000°C. Above 1100°C the shrinkage is

faster in Ar±8%H2 than in pure Ar. The maximum

shrinkage observed at 1650°C for Ar and Ar±8%H2 was

16% and 17%, respectively.

In CO2, the shrinkage starts at a much lower tem-

perature. The pellet started to shrink at around 600°C in

Fig. 2. Shrinkage curve for UO2±50% PuO2 pellet in Ar±8%H2

atmosphere. The dl/l0 values are plotted against temperature,

where l0 is the initial length of the pellet.

Fig. 3. Comparison of the shrinkage behaviour of UO2±50%

PuO2 pellet in Ar, Ar±8%H2 , CO2 and commercial N2 atmo-

spheres.

Table 2

Impurity contents of di�erent sintering atmospheres

Sintering atmosphere Oxygen (ppm) Moisture (ppm) CO2 (ppm) CO (ppm) N2 (ppm) Oxides of N2

(ppm)

Hydrocarbon

(ppm)

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
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CO2 compared to 1100°C in Ar±8%H2 atmosphere. A

maximum shrinkage of �12% was observed at 1350°C.

A remarkable feature of dl/l0 vs. T plot is the slight ex-

pansion observed at around 350°C. The shrinkage be-

haviour in N2 is similar to the one observed in CO2

showing a maximum shrinkage of �12% at 1350°C.

However the shrinkage begins at somewhat higher

temperature (950°C) compared to that observed in CO2.

The notable feature in the shrinkage behaviour in N2

atmosphere is a drastic shrinkage observed in the tem-

perature range of 1000±1200°C.

The dl/dt vs. temperature plot for UO2±50%PuO2

green pellets shown in Fig. 4 indicates that a maximum

shrinkage rate of 32 lm/min was obtained for pellets

sintered in N2 at 1200°C. For the pellets sintered in the

other atmospheres, the maximum shrinkage rate was

found to be 29, 26 and 15 lm/min, respectively, for the

pellets sintered in Ar, Ar±8%H2 and CO2. This maxi-

mum was observed at 1550°C and 1400°C for Ar and

Ar±8%H2, respectively, while it was seen at a much

lower temperature (�1000°C) for CO2.

The XRD pattern of UO2±50%PuO2 pellets sintered

in these atmospheres for 4 h showed only one phase. A

typical XRD pattern of sintered UO2±50%PuO2 pellet is

shown in Fig. 6. The precise lattice parameter was cal-

culated using the least square method from the high

angle lines and was found to be 5.440 �A. The geomet-

rical density of UO2±50%PuO2 pellets sintered in Ar and

Ar±8%H2 was almost identical (89% TD) and that of

pellets sintered in CO2 and commercial N2 was around

87% TD. The O/M values of pellets measured after

sintering are given in Table 3. The typical impurity

contents in a sintered pellet is shown in Table 4.

The microstructure of the sintered UO2±50%PuO2

pellet revealed a single phase structure. The micro-

structure of the pellet sintered in Ar±8%H2 showed a

distinct di�erence from that of the pellets sintered in

other atmospheres (see Fig. 7). The as-polished structure

of the above mentioned pellet showed the clusters of ®ne

pores at many locations. The grains were duplex in na-

ture with regions of very ®ne grains (<1 lm) sur-

rounding big particles. These ®ne grained region formed

a chain of interconnecting network.

Fig. 5. Repeat runs showing reproducibility for UO2±50%

PuO2 pellet in Ar±8%H2. The numbers 1 and 2 represent the

shrinkage curve for the ®rst and second run.

Fig. 6. XRD pattern of sintered UO2±50% PuO2 pellet sintered

in Ar±8%H2 atmosphere.

Table 3

O/M ratio of UO2±50%PuO2 pellet after sintering

Sintering atmosphere O/M ratio

Ar 1.97

Ar±8%H2 1.87

CO2 2.02

Commercial N2 2.002

Fig. 4. Shrinkage rate (dl/dt) of UO2±50% PuO2 pellet in Ar,

Ar±8%H2, CO2 and commercial N2 atmospheres plotted

against temperature.
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5. Discussion

From the above results, it is clear that the shrinkage

occurs more rapidly in oxidising atmosphere. A

shrinkage of �12% was obtained at 1300°C in CO2 while

it was only 6% in Ar±8%H2 and 4% in Ar at the same

temperature (see Fig. 3).

Chikalla [23,24] studied the sintering behaviour of

UO2±PuO2 of various compositions in various atmo-

spheres. He has observed that the addition of up to 10%

PuO2 reduced the sinterability of UO2 in H2. A complete

solid solution formation has been reported on sintering

both mixed and coprecipitated oxides in H2 over a range

of 0±100% PuO2. Russel et al. [25] have investigated the

rate at which the solid solution was formed between the

two constituent oxides and found that the rate was quite

slow in Ar at temperatures up to 1600°C and the rate

was even slower in H2 with a part of the PuO2 remained

in the reduced form of PuO1:62. Brett and Russel [26]

made a detailed investigation on UO2 containing various

amounts of PuO2 in Ar, H2 and CO2. They reported a

complete solid solution formation in Ar and CO2 but

reported two phased structure for pellets having high

PuO2 content (>40% PuO2) sintered in H2. Akutsu et al.

[27] 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 [28]. Russel et al. [29]

have fabricated UO2±50%PuO2 pellets and studied its

sintering behaviour. They reported a single phase for the

pellets sintered in Ar and in H2 at 1650°C.

The homogenisation and sintering of UO2±PuO2

compacts is a consequence of cation interdi�usion be-

tween UO2 and PuO2. It is postulated that the cation

¯ux from UO2 to PuO2 grains is much larger than that

from PuO2 to UO2 grains thus resulting a net transport

of metal atom from UO2 to PuO2. The PuO2 grains

grow at the cost of UO2 grains, pushing UO2 grain

boundaries inwards [30±32]. Theissen and Vollath [33]

observed that PuO2 particles surround a UO2 particle

with intermediate small interdi�usion zone. They noted

that prior to appreciable homogenisation of the mixed

compact, PuO2 envelops UO2 grains. Since bonding or

neck growth between particles involves the gross mi-

gration of material, for MO2 both M ions and oxygen

transfer must occur. Since the oxygen di�usion rate is

higher than that of M ions by 106, any bonding via

volume di�usion must be kinetically limited by the U, Pu

ion mobility [34].

Metal vacancies and interstitials are minority defects

in UO2 and MO2 system. Because of their low mobility,

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

many high temperature processes such as sintering,

creep, grain growth, homogenisation, solid solution

formation etc. It is reported that DU increases dramat-

ically with x in UO2 � x at constant temperature by

about a factor of 105 between UO2:0 and UO2:2 at

1700°C [7]. DU and DPu in (U, Pu)O2 � x depend strongly

on oxygen partial pressure or O/M ratio with a mini-

mum in di�usion rates at O/M� 1.98 at 1500°C. An

approximate x2 dependence in hyperstoichiometric re-

gion has also been reported for sintering, grain growth

and creep [7,35].

Matzke [36±39] has made extensive studies on di�u-

sion in the UO2±PuO2 system. He has measured inter-

di�usion in the system of UO2/PuO2 between 1400°C

and 1800°C in a wide range of oxygen potential and for

full range of Pu contents from 0 to 100%. The interdif-

fusion coe�cients are a strong function of T, D �G(O2)

and Pu content. At constant Pu content, DPu increases

by up to the two orders of magnitude if the equilibrium

oxygen pressure changes from reducing to oxidising at-

mospheres. He has reported a vacancy mechanism for

MO2 � x for O/M > 1.98 and interstitial mechanism for

Fig. 7. Microstructure of UO2±50% PuO2 pellet sintered in Ar±

8%H2. The duplex grain structure can be noticed in this ®gure.

The clusters of ®ne grains with size (<1 lm) form an inter-

connecting network.

Table 4

Metallic impurities in UO2±50%PuO2 pellet

Element Impurity (ppm)

Na <50

Ca <100

Al <10

Mg <25

Si <90

Fe <200

Cr <80

Co <5

Ni <50

Mo <10

W <40

B <0.18

Cu <10

Zn <10
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O/M < 1.98 [36]. However, the existence of high con-

centration of metal interstitials is unrealistic for low O/

M values. A cluster mechanism is reported to dominate

for O/M values below 1.95 [7].

Our experimental results show that the O/M ratios of

UO2±50%PuO2 pellets sintered in Ar±8%H2 and Ar are

1.87 and 1.97, respectively. For an O/M ratio of 1.97

obtained for Ar atmosphere, the interstitial mechanism

is suggested. Since the H2O/H2 ratio of Ar±8%H2

sintering gas used in this study was less than 10ÿ4, a

highly reducing environment is ensured inside the

sintering furnace. At such 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 [7]. 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 (�6 eV) 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. The in-

creased di�usion of Pu in (U, Pu)O2 ÿ x at O/M < 1.98,

is partly due to faster mobility of Pu�3 ions. Schmitz and

Marajofsky [40] have given an alternative explanation

for the observed increase in matter transport in MO2 ÿ x.

Since O/M is below 1.90 (see Table 3) for the pellets

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

They have pointed out that two Pu�3 atoms connected

to an oxygen vacancy (Pu3�±Vo±Pu3�, where Vo is the

oxygen vacancy) would provide enhanced metal mobil-

ity via a type of ring mechanism [7].

In CO2 and commercial N2 atmospheres, the ®nal O/

M ratio of the pellets is >2.0 (see Table 3). The CO/CO2

ratio of the sintering gas has been kept less than 10ÿ4

ensuring a highly oxidising atmosphere. In this case, the

Lidiard model [41] predicts a large increase in metal

vacancy concentration and thus a high metal atom dif-

fusion rate. This model is found to be applicable to

oxidative sintering process in CO2 or commercial N2.

Thus sintering under oxidising condition connected with

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 oxidising

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

The fabrication in Ar±8%H2 atmosphere otherwise re-

quires temperatures higher than 1650°C. The impurities

in commercial N2 (�500 ppm of O2) help in achieving

faster shrinkage at around 1200°C. N2 has smaller ionic

radius and better thermal conductivity than CO2. This

may also help for the rapid shrinkage of UO2±50%PuO2

pellets in N2 at around 1100°C. Better shrinkage ob-

tained in Ar±8%H2 than Ar (see Fig. 3) is due to a large

deviation of stoichiometry for pellets sintered in Ar±

8%H2 which enhances the sintering.

Another important point noticed during the densi®-

cation is the retardation of densi®cation at around

800°C in Ar and Ar±8%H2 (see Figs. 3 and 4). The re-

tardation of densi®cation correlates 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 processes

decrease the sintering rate and shift densi®cation to a

higher temperature. Such phenomenon has been re-

ported for UO2±30%PuO2 and UO2±Gd2O3 fuels

[42,43]. Matzke [36,37] has also reported about the

formation of a di�usion barrier in his study on the dif-

fusion couple between UO2 and PuO2 pellets. This has

been attributed to the local variation of O/M ratio along

the di�usion couple.

From the above discussion, it may be concluded that

sintering under oxidising condition can be carried out at

a temperature �1300°C, which is about 300°C lower

than that in reducing condition.

6. Kinetics of sintering

6.1. Rate controlled sintering

The sintering kinetics have been evaluated for re-

ducing (Ar±8%H2) and oxidising (CO2) atmospheres for

the initial stages of sintering. The kinetics have been

evaluated in a small temperature range of �80°C be-

tween 1160°C and 1247°C for Ar±8%H2 and 732±812°C

for CO2 atmospheres. The H2O/H2 and CO/CO2 ratios

of the sintering gas (Ar±8%H2 and CO2) used in this

study was kept smaller than 10ÿ4 during this study.

Fig. 8 shows a typical plot showing the variation of

dl/l0 and dl/dt observed in each isothermal step. The

parameter `n' of Eq. (1) is obtained from the slope of log
_Y vs. log t plot which is shown in Fig. 9 for Ar±8%H2

atmosphere. A similar plot for CO2 is shown in Fig. 10.

The value of n obtained for pellets sintered in Ar±H2 at

1191°C, 1225°C and 1247°C is �0.50. It was noted that

the value of n was around 0.7±0.8 during the ®rst few

Fig. 8. Rate controlled sintering showing the variation in dl/l0

and dl/dt occurring in each isothermal step. The atmosphere

used was Ar±8%H2.
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minutes of shrinkage. A similar phenomenon has been

reported by Astier et al. [44] for their studies on rutile.

This may be due to the fact that the sample may not be

reaching a thermal equilibrium immediately after at-

taining the measuring temperature. Hence ®rst several

points of the data were discarded and not used in this

study.

The value of n obtained at 758°C, 782°C and 812°C

in CO2 atmosphere is �0.51. This value suggests that the

mechanism of sintering in Ar±8%H2 and CO2 is the

same since the value of n is almost the same. The values

of n at 732°C in CO2 and at 1160°C in Ar±8%H2 were

found to be higher than 1, and do not ®t to any model

available in the literature and therefore not used in this

study. Since the value of n is around 0.50, the mecha-

nism for shrinkage during the initial stage of sintering in

CO2 is volume di�usion. This is contrary to an earlier

observation by Aybers for UO2, (U, Th)O2, (U, Pu)O2

[45,46] where he found that the mechanism changes with

atmosphere used for sintering. He has proposed that the

mechanisms during initial stage of sintering are volume

and grain boundary di�usion in reducing and oxidising

atmospheres, respectively. El-Sayed Ali and Sorensen

[47,48] have found n� 0.32 in CO2 atmosphere for (U,

Pu)O2 and n� 0.45 in reducing atmosphere.

The di�usion coe�cients are calculated from the in-

tercepts in Figs. 9 and 10 using Eqs. (5) and (6). The

values of parameters used for this calculation are given

in Table 1. The ln D vs. 1/T plots for Ar±8%H2 and CO2

atmospheres are given in Figs. 11 and 12, respectively.

The activation energies obtained for UO2±50%PuO2 in

Ar±8%H2 and CO2 are 365 and 133 kJ/mol, respectively.

The activation energies obtained by the Dorn method

were found to be 376 and 138 kJ/mol for Ar±8%H2 and

CO2 atmospheres, respectively, which are in close

agreement with the value obtained using the RCS pro-

cess.

A few pellets used for RCS studies were checked for

their O/M ratio since they have not been fully sintered.

The O/M value was found to be 1.94 for Ar±8%H2 at-

mosphere. This clearly indicates that the pellet has

considerably deviated from stoichiometry even at

�1250°C.

There is no report available in the literature about the

activation energy for UO2±50%PuO2 composition.

Hence no comparison is possible. The activation energy

for U, Pu di�usion in (U, Pu)O2 has been reported as

Fig. 10. A plot of ln _Y vs. ln t for the pellet sintered in CO2. The

slope of this curve will be (n ) 1) from which the sintering ex-

ponent `n' can be evaluated.

Fig. 11. The Arrhenius plot ln D vs. 1/T for UO2±50% PuO2

pellet sintered in Ar±8%H2. The slope of this curve will be Q/R

from which the activation energy Q can be estimated.

Fig. 9. A plot of ln _Y vs. ln t for the pellet sintered in Ar±8%H2.

The slope of this curve will be (n ) 1) from which the sintering

exponent `n' can be evaluated.
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�543 kJ/mol [37,52±54]. This value has been reported

for stoichiometric material and is much higher than the

value obtained in this study.

The point defect model [7,41] suggests that the dif-

ference in cation di�usion activation energies by vacancy

process for hypostoichiometric and hyperstoichiometric

oxide should be twice the anion Frenkel formation en-

ergy. The experimental evidence shows that this di�er-

ence is �5.2 eV which is much less than twice the best

estimate for Frenkel formation enthalpy of 3.8 eV [49±

51]. The di�erence in activation energies between re-

ducing and oxidising atmospheres obtained in this study

was found to be �240 kJ/mol (�2.5 eV) which is much

less than the theoretical value. Schmitz and Marajofsky

[40] have given an interesting alternative to interstitial

mechanism to explain the increase in DPu with decreas-

ing O/M ratio. They proposed an interstitial ring

mechanism which results in a change of place of U and

Pu atoms. This mechanism suggests that two Pu atoms

always remain in close proximity to an oxygen vacancy

and the migration of U is in the opposite direction to

that of the Pu. The low activation energy obtained in

this study in Ar±8%H2 could also be explained by the

di�erent kinds of defects and clusters present in the

sample. It is reported that clusters of the type Pu3�±Vo±

Pu3� is stable even at 1600°C [7].

For the pellets sintered in CO2, the activation energy

obtained is 133 kJ/mol which is much smaller than the

activation energy for self-di�usion. The observed in-

crease in DPu in MO2 � x is a strong argument in favour

of vacancy mechanism [7]. The charge state of Pu under

such condition will be largely Pu�4 and a part of U ions

will be in a state of U�5. The increase in the defects

concentration has resulted in a lower activation energy

for the pellets sintered in CO2.

7. Conclusions

The sintering behaviour of UO2±50%PuO2 was

studied in various atmospheres such as inert, reducing

and oxidising atmospheres. The following conclusions

were drawn:

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

idising atmosphere such as CO2 and commercial N2.

2. The shrinkage behaviour is almost identical in Ar and

Ar±8%H2 up to 1100°C. Above this temperature, the

shrinkage is rapid in Ar±8%H2.

3. The densi®cation process is retarded in temperature

range from 800°C to 1000°C in Ar and Ar±8%H2.

This result was interpreted as due to the formation

of solid solution.

4. The shrinkage rate was the highest for N2 atmo-

sphere.

5. The mechanism for the initial stage of sintering was

found to be volume di�usion for both oxidising and

reducing atmospheres.

6. The activation energy for sintering was found to be

365 and 133 kJ/mol for Ar±8%H2 and CO2 atmo-

spheres, respectively.

7. The activation energy obtained using the Dorn meth-

od matches well with that obtained using the RCS

process.

8. The lower activation energy in oxidising atmosphere

is explained with the help of models available in the

literature.
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