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Post-irradiatioji thermal release of fission }.e-l? > from ThO-3-0. If Uv..,

pellets of different sintered densities (£.7%, 79% and 90% T. D) has been

studied in the temperature range 200° - 1250°C. The initial burst release

fo and apparent diffusivity D! decrease considerably in the case of 90% T. D

pellets which showed an abnormal increase in the closed porosity and sharp

decrease in the open porosity.

Arrhenius plots log D '-•'.'• -̂ r for the steady state release of

Xe-133 from 67% and 79%*T- D pellets are linear below 600°C and above

800°C but exhibit non-linearity in the range 600-800°C. The apparent acti-

vation energies in the temperature range 400-600°C are 5. 5 and 8. 8 Kcal/

mole for 67% and 79% T. D pellets respectively. The value for the high

temperature range ( > 800°C) are 46. 8, 49 and 58 Kcal/mole for 67%, 79%

and 90% T.D pellets respectively.

Initial burst release has been found to be dependent on the density

and specific surface area of the pellets and the temperature, passible

mechanism of release is discussed.



KINETICS OF RELEASE OF XENON FROM
SINTERED(ThO2-0. 1% UO2)PELLETG

by

M. D. Karkhanavala, M. C. Naik, K. N, G. Kaimal and (in part) O. p. Chawla*

In the previous report the design and setting up of the equipment to

study the poet-irradiation thermal release behaviour of fission gases from

sintered pellets have been described. Th s report deals with results of

studieB of release of fission gas Xe-133 from sintered (ThO2-0. 1% UO?)

pellets of 67%, 79% and 90% theoretical density.

EXPERIMENTAL FROCEDURE:

For the present studies, the specimens were prepared by coprecipi-

tation of the respective carbonates. The percentage of UO? in solid solution

of ThO2 was 0. 1% and it was 93% enriched in U235 isotope. The sintered

pellets were prepared by Atomic Fuels Division of BARC. The average

density of the pellets as well as the open and closed porosity v/ers measured

by CCl^ displacement method. The surface area was measured by BET

method'1) and the radius of equivalent sphere was calculated using the

relation CL —. -£- where a, s and /° ere the equivalent sphere radius,
Or

surface area and density respectively.

The values of the specific surface area, equivalent sphere radius,

open and closed porosity are given in table 1.

ThO,-UO, pellets were irradiated at CIRUS in a thermal neutron

flux of 1013 n/cm2/sec for a period of 15-30 minutes. After sufficient

cooling to allow the short lived activity to decay the thermal release

* Novv at Melon Inptitute, Pittsburgh, Pa-15213, USA
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behaviour of Xe-133 was studied. The results obtained for Xe-133 are con-

sidered as representative of the other fission gases produced. The P. 080 Mev

Y-radiation of Xe-133 (half life 5. 27 days) was selectively counted

using 2 f\ georriefcry with a calibrated scintillation counter.

The release of Xe-133 has been studied as fractional thermal release

(2)
•f for different annealing times. Following the Booth model (appendix 1),

the fractional release '£' has been plotted as a function of the aquare-root of

the annealing time 't'. Curves in Fig. 1 (a,b, c) show, the representative

graphs of Xe-133 release from 67%, 79% and 90% T. D. ThO2-UO2 pellets

for a few temperatures. These indicate a steady state release preceded by

an initial burst release. The differential form of Booth equation (appendix 1)

has also been used to study the rate of release ("TF*) a s a ^ u n c ^ o n °f '*'

and to calculate for comparison the diffusivity at a few temperatures.

Fig. (2a, 2b) show the characteristic plot: of £"!_ vs t and JST.Q.
 v / s t

for Xe release from 79% and 90% T. D. pellets. The linearity in the plots

of '£' vs JC (fig. 1) and of -37 X^S i (fig. 2) for the steady state

(2)

release confirms the validity of the Booth model ' in the present investi-

gation. From the slope of the straight line plots, the value of D (cm2 /sec)

could be calculated. But, because of the uncertainty in the surface area

measurement (especially for high density pellets) and hence in the 'a'

values, the value of Q (= ~ a ) has baen calculated. From the practical

stand-point the D values are also more useful. These along with the

initial burst release values at different temperatures are given in table 2.

Xe-133 release from 67% and 79% T. D. pellets have been studied in the



temperature range 200-900°C and 200°-1050°C respectively. In case of

90% T. D. pellets below 900°C, the fractional release «f' has been found

to be very small ( <. 1 0 ) and the result are not reprodv.cible. This is

attributed to the fact that even for pellets prepared udder supposedly

identical conditions, 'a1 is not constant, and small variations have a

profound effect on the magnitude of the very small release. Hence, the

D values are calculated in the range 900- 1250°C (Table 2).

/ |
Arrhenius plots of log D vs — for the steady state release of

T
Xe*-3^ from the three types of pellets (Fig. 3) exhibit non-linearity. The

plots of low and medium density show a linear relation below 600° and

above 800°C. Between the temperature 600° - 800°C the deviation from

the linearity is very marked. The apparent activation energy 'Q1 was

calculated from the slope — i \ " \ °* t* i e linear portion

( «C600°C) to be 5. 5, and 8. 8 Kcal/mole for 67% and 79% T. D. pellets

respectively. The Q value for the high temperature range ( > 800°C)

are 46. 8, 49 and 58 Kcal/mole for low, medium and high density pellets

respectively.

To obtain an understanding of the initial burst release, thiB has

been studied at successively increasing temperature for Xe release

from the three different density pellets. The characteristic plots are

given in Fig. 4a and 4b_



DISCUSSION

(a) Kinetics of steady-state release

From Fig. Ia, Ib and Ic it is evident that as the denpity of sin-

tered pellets increases, the initial burst release'fp the fractional release

'f and 'D' values decrease. A comparison of D values for low, medium

and high density pellets (Table Z) Fig. 3) shows that D for 67% T. D.

pellets (in the high temperature region) is about one order larger than

D for 79% T. D. pellets, while D for medium density pellet (79% T. D. )

is more than 3 orders of magnitude larger as compared to the corres-

ponding value of D for high density pellet (90% T. D). The difference in the

sintered density of the low and medium density pellets and of medium, and

high density pejlets is 12% and 11% respectively, indicating practically

uniform difference. Thus, although the difference in density is more or

less uniform, the initial burst release, the fractional release and diffu-

sivity decrease very considerably in the high density pellets.

The effect of sintering on porosity and grain size of UO? has

been studied extensively'^*. Fig. 5 shows the relation between closed

porosity and grain growth as a function of sintered density in <-ase of UO,.

It is seen that upto 89% T. D. sintered pellets, the decrease in open porosity

is almost linear while increase in closed porosity ia very small. Above

89% and upto 91%, there is a tremendous decrease in open porosity and

abnormal increase in closed porosity. In ThO£ one expects the same



type of effect of sintering on porosity. From Table I it seems reasonable

to assume that, because of the abnormal increase in closed porosity and

tremoundous decrea e in open pores for the 90% T, D. pellets, the

initial burst release 'fo' fractional thermal diffusion release 'f1 and D'

values are greatly reduced. During the random process of Xe*33 release,

certain fraction of Xe atom may get trapped in the closed pores and this

would reduce the percentage of release as in the present case.

It is observed (Fig. 3) that with the low and medium density

pellets the slope j — - 7 , J of Arrhenius plot of log D vs 4 for

Xe*33 diffusion in higher temperature range ( >800°C) is more than 5

tinv.s larger than that of the slope for low temperature range ( Z. 600°C).

This clearly predicts the possibility of two distinct processes of release-

one operating at higher temperature ( > 800°C) and the other at lower

temperature ( < 600°C). In the intermediate temperature range pro-

bably both the processes operate simultaneously and depending on the

temperature one or the other would contribute significantly. Similar results

have been obtained for Xe133 release from sintered UO2 pellets (75%

T. D. ).

(b) Mechanism of steady-state release

In sintered materials it is rather difficult to draw a definite

conclusion about the mechanism of release. Nevertheless, it is

interesting to compare the results obtained in the present investigation



with other previous data' ' for Xe diffusion in ThO,, UO and other

fluorite structures. The apparent activation energies (range 46 - 58 Kcal/

mole) for Xe^-^ release from pellets of different densities in the higher

temperature range ( >800°C) are smaller than those for self (cation and

anion) and impurity diffusion in either ThO^ or UO,, but are comparable to

that for Xe133 diffusion in 75% T. D. sintered UO2 pellets. The reported

value of activation energies for diffusion of U and oxygen in stoichiometric

UO7 are generally above 90 Kcal/mole and 65 Kcal/mole respectively. In-

ThC>2 and UO? and in general in the fluorite lattices, diffusion of ions is

believed to be vacancy controlled. That iss diffusion of Th and U as Th+4

and U in ThO, and UQ-, takes place through cation vacant positions, while

O move through anion vacancies.

The migration of an ion in a given lattice depends upon the

compressibility, ionic radius and charge of the solute and solvent and

hence the potential barrier or activation energy for migration arises as

a result of the elastic and electrostatic interaction of the solute in the

host lattice. On the basis of charge effect, one expects higher value of

Q for cation self-diffusion (Th*4, U+4) than for anion self-diffusion (O"Z)

in ThO2 and UO2. This is born out by the experimental data.

The atomic radius of Xe is 2. 15 ^.(compared to U ^ s l . 01 A

and Th"" = 1. 07 A). Its first ionisation potential and compressibility

are much higher compared to those of U and Th. Because of these

high values, it is expected that Xe probably exists as neutral atoms
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in the ThO-> and UO2 lattice. Also, berause the activation energy is small,

Xe atom probably moves through the interstitial positions which may con-

stitute the path of least resistance. Colombo(13) has carried out the

theoretical calculation for the strain energy and activation energy for

migration of neutral Xe atom through the interstitial position in UO

lattice. The strain energy has been found to be 12. 65 Kcal/mole and

Q to be nearly 30 Kcal/mole. Based on the above argument, if it is

assumed that Xe atom in ThO, lattice is in neutral atomic state, it's migra-

tion will be through interstitials and thus one can expect low value of Q

compared to self-diffusion values as in the present case.

It may be mentioned that no definite conclusion could be drawn

about the existence of Xe as a neutral atom in ThO2. Since a substantial

fraction of the Xe originates in the lattice directly as a result of the

fission process (not considering the Xe produced by decay of fission

product precursors), the possibility cannot be ruled out that at least

transitorily Xe may exist as an ion occupying either interstitial or sub-

atitutional cation lattice site.

Among the other possibilities one can speculate about the release

mechanism along the grain boundaries. Recently Martin(14) has studied

the self-diffusion in UO2 along the grain boundaries and has reported a

Q value of the order of 49 Keal/mole, The smaller grain size (-^lOf*-),

lower temperatures (compared to melting point of UO2~ThO2) and same
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order of Q as that reported for grain boundary diffusion in UO equally

suggest the possibility of Xe-reiease along the grain'boundaries.

The apparent activation energy Q (5-9 Kca'l/mole) for low

temperature range (400-600°C) is extremely small. In the study of argon

diffusion in single crystals of CaF2 Lagerwall'^) also has obtained very

low value of Q(8. 1 Kcal/mole) and which he has interpreted as diffusion

through dislocations. Although CaF2/A system is similar to ThO-,/Xe with

respect to structure, it is difficult to predict with certainity the exact

process of diffusion in sintered ThO, at low temperatures. The only mecha-

nism that can be excluded is lattice diffusion.

Whatever may be the mechanism of diffusion, because of large

difference in the slope I - -r", jjr \ for the high temperature range

and low temperature range it is evident that at least two processes of

release are responsible for the curvature in Arrhenius plot log D VS j .

Diffusion being a random process, on the basis of statistical average of

release of Xe, the D could be expressed as

ND = K ^ J D J + K2n2D2

where Kj, nj and Dj are the interaction terms of Xe with the lattice,

number of atoms participating and apparent diffusivity for the first

process and K2, n and D2 are the corresponding terms for th^ second

process. D is the observed diffusion coefficient and N is the total

number of Xe atoms present in the lattice as a result of the fission process.



(c) Burst release

In the thermal release studies of Xe1 3 3 from sintered ThO->-UO->

pellets, another abnormality is the initial burst release. It is observed

that the initial burst release- increases with increasing temperature

(TaBle 1, Fig. la and Ib). On annealing the pellets at a given temperature

and then suddenly raising the temperature, a small burst release always

preceded the steady state diffusion release characterised by the linear

graph (Fig. 4a and Fig. 4b). These observations show the temperature

dependence of initial burst and its additive nature in these burst.

One possible factor could be changes in the extent of oxidation of

uranium oxide and since the pellets used contained small amount of UOp

the maximum extent of oxidation was theoretically considered and was

found to be negligible. Hence release due to oxidation could be neglected.

It was also studied experimentally by keeping one pellet out of contact with

air (sealing in a quartz vial) and studying the annealing behaviour. No change

was observed in both cases.

The explanation^1^ for this burst release as due to sintering and

grain growth during annealing is ruled out because the burst release has

been observed even at low temperatures 200° - 506°C (Fig. 4a, 4b) from

pellets of both low and medium densities.

The results of initial burst release from 67%, 79% and 90% T. D.

pellets (Table 2) indicated the temperature dependence of burst on-Specific



surface area and equivalent spherical particle size (Table 1). Similar type

of results of dependence of initial burst release on specific surface area

or particle size has been observed in case of Xe release from sintered

UO2 pellets by Taketani et al* ' . The explanation for the origin of the

initial burst release given by these authors assumed a kind of activated

extrication from superficial layers. The thickness of such superficial

layers was estimated to be 5 A. Further more electron micropcopic

observation'*7' of irradiated UO2 and Al-,0 showed the presence of a

raised structure and irregularity in the thin damaged surface layer upto

a depth of 10 A. The Xe atom can easily be released from this damaged

thin layer during the reordering process and this may constitute the initial

burst release. This qualitative explanation tends to support the appearance

of Xe^3 burst release at successively higher temperatures and the additive

nature of these bursts.
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APPENDIX

The equation which describes the rate of emission of Xe from

ceramic fuel during post-irradiation thermal relda.se studies is baised

on the assumption that the initial concentration of Xe through out the

specimen is uniform. In this case the general eqn. is

where C is the concentration of Xe at a distance r at time t and D is the

diffusion coefficient assumed to be constant and independent of concen-

tration. This equation may be solved to determine C as a function of r

and t. The fractional release 'f in time 't' is determined by integrating

the amount passing through the surface and dividing by the amount initially

present. The result is given by the expression

where a is the radius of equivalent sphere and n is a positive integer.

Booth has shown that, for f <L 0.7, which corresponds to • - $ 1 .

'f may be expressed by

The second term on the right hand side is negligible for values

of flPE. «£̂  0. 01 and the equation reduces to

where „' = - i (3,



Thue, {he rate of release of Xe from ceramic fuel under isothermal

conditions should be proportional to j T f o r l o ^ fractional release. From

the plot of f vs JT or f vs t the diffusion coefficient D could be calculated.

In practice it is observed that certain fraction of Xe (called the

initial burst fQ) is released rapidly and the subsequent fractional release

follows the above diffusion law. The total observed release f being

On differentiating equation (3) with time and rearranging the terms,

one gets

J /rt
and d f 5 L - — +

where (~TT' is the rate of emission of Xe from the solid.

Using the ratemeter reading which is proportional to (^rr) or

if /
calculating ( SLA from the plot f vs t one can find out D from

equation (4) and (5). The choice of using eqn. (3), (4) and (5) is a matter

of convenience.

In analysing the results equation (3) has been used almost

exclusively though some calculations have also been carried out using

equation (4) and (5).

Temperature depndence of diffusivity follow Arrehenius relation



D = D exD ( 7T i where D is a constant known as frequency factor
o v V KT / o

and Q, T are the activation mergy and absolute temperature respectively.



TABLE I

Characterization of the ThOg-UO., Pellets

Density Specific surface Equivalent Porosity
(average) area (m^lgm) sphere radius (% of compact vol.

_ _ _ _ - - ___.„„ l.t)..- _ „ Open_ Closed

67% T. D 1.88 0.16 27 1.1

79%T,,D. 0.93 0.32 18 2.4

90% T. D. 0. 05 5.8 5.4 4. 5

* Measured by B. E. T. method.



TABLE 2

Temperature ]

Density
of

sintered
pellets

Q

ri
H

Q
M

H

o

Temp.
°C

200 J
300 |
400

500
600
700
750

800
850
875
900

200 j
300 1
400

500
600
700
750

800
850
900
950

1000
1050

900
950

1000
1050
1100
1150
1200
1250

Dependence of
of Xe from

D' / D <

aZ

(Sec-1)

No diffusion

Diffusivity and Initial Burst Release
Sintered ThO7-UO,

Initial
burst
release

(%)

3 . 3
release observed 4. 8

2. 30xl0"10

3.40x10-10

5.70x10-1°
1.10x10-9
2.27x10-9

3.60x10-9
8.73x10-9
1.45xlO-8

2.50x10~8

No diffusion

5 .7

6.6
7 . 7
7 . 8
-

8.0
10. 0

-

10.9

release observed
2. 38xl0-H

5.80x10"11

1. O3xlO-u

1. 73xlO-U

3. 45xlO"10

6.82x10"10

1.05 x 10"9

1.90x10-9
3. 79x10-9
6. 82x10-9
2.01X10"8

1.23xlO"12

2. 82x10"12

7.75x10-12

1.26xlO"1X

4. 05x10" U

4. 98x10" U

1.20X10"11

1.70x10-11

0. 85

1.52
2.48
2.72
-

3.18
3.44
3.84
4.02
4.08
4.52

0 . 1
0.05
0.09
0.11
0,13

_

0,27

Apparent activation
energy

Q(Kcal/mole)

In temperature range
(400 - 600°C)

QCf5. 5 Kcal/mole

In temperature range
(800 - 900°C)

Qt=^46. 8 Kcal/mole

In temperature range
(400 - 600°C)

Q —8. 8 Kcal/mole)

In temperature range
(800 - 1050°C)

Q£2.'49 Kcal/mole

Qri58 Kcal/mole

. . . . . . .



LEGENDS

Fig. la - Fractional Xe133 release from 67% T. D. sintered ThO2-UO2

pellets as a function of heating time

Fractional Xe release from 79% T. D. sintered ThO2-UO?

pellets as a function of heating time.

Fractional Xe133 release from 90% T. D. sintered ThO2-UO2

pellets as a function of heating time.

Representative plot of ( l j [ ) vs t and ~(Mt)
1~ v s *

for Xe1 3 3 release from 79% T. D. sintered ThO2-UO2 pellet
at 950°C.

Jit '
Representative plot of ( gj ) vs t and ( S ) 1 vs t for Xe133

release from 90% T. D. sintered ThO2-UO2 pellet at 1100°C.

Arrhenius plot of diffusion coefficients of Xe in 67%, 79%
and 90% T. D. sintered ThO2-UO2 pellets, indicating two
distinctive patterns of diffusion kinetics.

Fig. 4a - Fractional Xe release as a function of heating time (non-
isothermal) from 67% T. D. sintered ThO2-UO2 pellet.

Fig. 4b - Fractional Xe release as a function of heating time
(non-isothermal) from 79% T. D. sintered ThO2~UO2 pellet.

Fig. 5 - Fffect of sintering on porosity and grain size of
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