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FISSION GAS RE-SOLUTION RATES: 

Limitations of Fission Gas· Bubble.Growth 
by the Re.:....Solution Process 

M. 0. Marlowe 

ABSTRACT 

The experimental evidence and theoretical analyses of .the process of re-solution of fission gas 
from bubble nuclei in irradiation environments is reviewed. Gas bubble nucleation kinetics are 
reviewed and itis shown that the model for gas-generation rate-controlled nucleation process 
is consisrent with experimental evidence and the range of uncertainty in the reinjection 
probability per unit time. The growth of s.tatic fission gas bubbles from the nucleation stape in 
the presence of the re-solution process is considered. It is shown that the parameter (DF/b2) 
where D is the gas diffusivity in the fuel, F. is the fission rate, and b is the reinjection 
probability per unit time, must exceed approximately trft cm-1 if bubble growth is to occur. 
That requirement makes intragranular bubble growth at temperatures below the columnar grain 
growth region and gas release temperature unlikely. It is shown that the present uncertainties in 
the reinjection probability give uncertainties in the temperature at which bubble growth can 
occur of the order of 600 to BOOOC depending on fission rate. 

I. INTRODUCTION 

Irradiation of uranium dioxide generates gaseous fission products that can precipitate to form gas bubbles in the solid. 
These gases 1 (approximately 0.24 atoms of Xe and 0.04 atoms of Kr per atom of U-235 fissioned)* are essentially 
insoluble in the solid.2-3 Thus, precipitation by formation of fission gas bubbles is expected whenever the atomic 
mobility of the gas4 is sufficient to allow agglomeration of the gas atoms during their time of existence in the 
fuel material.** 

In the high-temperature (above approximately 1700°C) regions of oxide nuclear fuels, which are characterized by 
columnar grain growth of the oxide, the solid has been shown5 to be essentially free from fission product gases. This is 
consistent with continuous sweeping of the fission gases to the center of the fuel by migration of fabrication porosity6 
or fission gas bubbles6-8 under the driving force of the temperature gradient in the fuel. Although some controversy 
exists over the kinctic5 of thiG rodi&tribution process, ttie exrP.rimFmt;:il P.viciP.nr.e of very low fission qas content in this 
region of the fuel is undisputed. 

At lower temperatures, some observers have found by using transmission electron microscopy techniques only a few 
observable fission gas bubbles.5 The number density and size of the bubbles proviciP.s insufficient'volume to account for 
more than a fraction of the generated fission gases believed to be contained in the fuei.5-9 Indeed, replication 
techniques of electron microscopy 10 have failed to detect fission gas bubbles in the low temperature region of the fuel. 

Other ob~ervers 11-13 using transmission electron microscopy, have reported a high density (approximately 1017 /cm3) 
of very small fission gas bubbles (20 to 40 A diameter) in uranium dioxide irradiated at. low temperatures(< 1150°C). 
It has been concluded13 that only the best electron microscopes are capable of resolving the small bubbles. The limited 
astigmatism correction and additional degradation of the resolution of the microscopes due to charging of the 
non-conducting oxide fuel can make detection of the bubbles impossible. 

*Xe and Kr yiP.lds for a thermal neutron flux of 10
13 

neutronslcm2 lsec ~nd irradiation time of 3 X 1O7 sec (approximately 1 yearl.1 
**An estimate of the minimum time for bubble formation as a function of temperature will be given later. 
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While it is reportedl-1 ,12 that "most" of the fission gas contained wi~hin the grains of the fuel at low temperatures is 
precipitated in these small bubbles, post-irradiation annealing results in readily observable (by electron microscopy) 
fission gas·bubbles.4,5,10-12,14-16 The growth of these bubbles during the initial stages of p~st-irradiation annealing 
is well described by a diffusional process.4 Longer annealing times result in collisional coalescence of the bubbles as 
they undergo random Brownian motion.14,17 Large (to at least 300-A diameter) fission gas bubbles, grown by 
post-irradiation annealing are rapidly dissolved when reirradia.ted at low temperatures.1O~12, 15-16 This, and the small 
size of the observed fission gas bubbles compared with that predicted for diffusional and collisional growth processes in 
the fuel below approximately 15009C, have given credibility to a kinetic re-solution effect of the irradiation 
environment.12, 16, 18-19 

Proposed mechanisms of the kinetic re-solution of fission gases from bubbles include a simple thermal spike modellO 
in which all of the gas atoms in the volume encompassed by the thermal spike accompanying the fission event are 
assumed.to be injected into solution. Thermal diffusion processes must then be sufficient to precipitate all of the gas 
atoms b~fore the volume is again affected by a spike to allow observation of any bubbles. Another mode115 proposes 
that. fission fragments passing dose to the bubble surface blast (sputter) particles of the fuel from one bubble surface to 
the other side of the bubble, trapping some of the gas in the bubble beneath the· deposited material. More recent 
detailed theoretical analyses of ·the re-solution mechanism 12, 18-19 have ·been based on evaluation of the cross-section 
for transferring energy from the fission fragments or fast neutrons to the fission gas atoms and the minimum energy for 
reinjection of the fission gas atoms into the lattice. These studies have indicated that the most likely processes for 
reinjecting gas atoms from a bubble or a bubble nucleus a sufficient distance into the lattice to eliminate immediate 
thermal reprecipitation are direct collision processes with fast neutrons and fission fragments and fission fragment 
produced collision cascades. The rnost recent results, 16 however, indicate that the re-solution rate of gas from bubbles 
is higher than can be accounted for by those mechanisms. 

The direct. consequences of this .kinetic re-solution effect of the irradiation environment is that during irradiation, 
there may be many more gas atoms in solution in the solid than thermodynamically stable.· Thus, at a given 
temperature, neutron flux ·and fission rate, a "kinetic solubility limit" or supersaturation of the gases exists, which in 
some instances may be greatly in excess of the true thermodynamic solubility limit. This enhanced supersaturation can 
have profound effects on the predicted size an.d density of fission 'gas .bubbles. It is the consensus20 that the most 
imp9rtant unknown in the area of understanding and prediction of oxide fuel behavior is the quantitative dynamics of 
the re-solution effect of the irradiation environment on the fission gases generated in the fuel. 

II. RE-SOLUTION DYNAMICS 

A. GENERAL EQUATION (IDEAL GAS APPROXIMATION) 

.If redistribution of the fission gases has not occurred and other sinks for fission gases such as grain boundaries and 
fabrication pores are negle~ted, all of Lhe fission gas generated is present either iri solution in the lattice or precipitated 
in bubbles. If the gas is ideal and the vacancy flux is sufficient that the gas pressure is balanced by the surface· energy 
restraint on the bubble, conservation of material requires that the following relationship be obeyed. 

J BF dt ( 1) 

where 

B is the number of gas atoms produced per fission event, 
i= ls the fission rate per unit volume, 
t is the irradiation time, 
C is the concentration of gas atoms in the lattice, 
'Y is the surface energy of the fuel, 
R is the radius of the bubble, 
2a is·the bubble nucleation spacing, 
k is Boltzmann~s constant, and 
T is the absolute temperature. 

2 
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If the re-solution of gas atoms from bubbles into the lattice is possible, the instantaneous rate of change of the gas 
concentration in the lattice, dC/dt, is described as follows.2 . 

rate of change of 
.. gas concentration · 

irrlattice 

gas generation 
rate per unit 
volume 

rate of pre
cipitation in 
bubbles per 
unit vplume 

+ 
rate of re
solution of 
gas from bubbles 
per unit volume 

(2) 

The instantaneous gas generation rate per unit volume is the product of the number of gas atoms produced per fission 
event and the volumetric fission rate, i.e., BF. Ham21 gives the precipitation rate per unit ~olume for spherical bubbles 
as -3RDC/a3 where D is. the diffusion coefficient of the gas atoms in the lattice. Snyder22 has pointed out that the 
distribution of gas atoms around a bubble may .be significantly d~fferent if a re-solution mechanism is operativ.e than 

· for normal precipitation process and thii; may alter the above formulation. 

The re-solution rate 13er unit volume from the gas bubbles, is given by 3N/(47Ta3)'if N is the number of gas atoms being 
reinjected into solution per unit time from Cl bubble. 

Substituting the above forms in the rate Equation (2) gives: 

dC = BF - 3RDC + ~ 
dt a3 47T a3 

(3) 

This rate equation and the conservation of material relation [Equation ( 1)] should have beneral applicability. In fact, 
Cornell4 treated a special case in his post-irradiation annealing study of the growth of bubbles. In that case, during the 
post-irradiation annealing, there was no additional generation of fission gas ( F = 0), but the gas total conte.nt was that 

which had been generated during irradiation, i.e.,f B Ft= C0 ; the concervation of material Equation ( 1) thus reduces to: 

(4) 

And, since during the post-irradiation anneal when there is no further fissioning, there is also no further reinjection of 
gas atoms into the lattice (N = 0) the rate Equation (3) takes the simplified form: 

(5) 

where ta is the annealing time. The solution to Equations (4) and (5) is: 

In [Rf+ R .] = 
Rf- R 

(6) 

where Rt is the finai ·bubble radius after complete precipitation. This final radius, Rt is obtained from the material 
balance Equation (4), when the concentration in solution C, has gone to zero. 

An important consequence of the rate Equation (3) is the steady-state solution when the gas concentrati~n in the 
lattice reaches a constant value, i.e., the "kinetic solubility limit", C '. After the fission rate dependent "kinetic 

3 
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solubility limit" for the particular irradiation conditions is achieved any additional gas generated does not contribute to 
changes in concentra~ion in the lattice but only to changes in the bubble sizes. Nelson 18 anfj Clough, et al., 12 treated 
this case but failed to recognize that in the steady state condition, the concentration in the lattice is. constant, i.e., 
C = c' and dC/dt = O. They thus ·obtained an erroneous equation and sei of curves for ttie concentration of gas in 
solution as a function of irradiation tjme. * The correct solution requir·es evaluation of the transient part of the rate 
Equation (3) for determination of the duration of the transient, the "kinetic solubility limit" and the bubble size at the. 

end of the transient. 

B. RE-SOLUTION RATES FROM BUBBLES 

The unknown in the quantitative application of these relationships (Equations 1 and 3) to the description of nuclear 
fuel behavior during irradiation is the·quantity N, the number of gas atoms being reinjected into solution in the lattice 
per unit time from a given bubble. For any actual mechanism of re-solution of the gas atoms, including the fission 
fragment and/or fast neutron collision mechanism, it will be assumed that the re-solution rate from a bubble will be 
proportional to the density of the gas atoms in the bubble and the rate _of the reinjection process, and hence the fission 
rate. These elementary considerations make the bubble size ( R) and the equation of state of the fission gas important in 
determining the re-solution rate (N) from a particular bubble. As a result, the particular assumptions made regarding 
the bubble size dependence of the re-solution rate and the equation of state of the gas for a particular proposed 
mechanism of re-solution become important in both the evaluation of the theoretical models and in the prediction of 
fission gas behavior.· 

Nelson 18 and Manley 19 offer two extremes to the assumtpions made regarding the equation of state of the gas and the 
geometric assumptions made as to the ·efficacy of a particular eve_nt in reinjection of gas atoms into solution. Nelson 18 
assumed that only very small (.;;;;; 50 A) bubbles need be considered in the re-solution process and as a result the volume 
occupied by each gas atom was assumed to be the minimum volume as given by a modified Van der Waals equation 
independent of the bubble size and temperature. Thus, one possible component to the size dependence of the 
re-solution rate (N) was elim.inated by his formulation. Manley19 on the other hand, assumed.that the gas was ideal 
and as a result of the equilibrium surface energy restraint, the gas density was assumed to be inversely proportional to 
the bubble radius. 

Nels_on's 18 assumption of maximum gas atom density in the bubbles led hif!1 to assume that gas atoms undergoing 
recoil with neutrons or fission fragments will only be reinjected if the collision occurs within a critical distance, d, 
which he estimates to be 10-15 A from the bubble surface. Otherwise, the energy gained by the gas atoms in the 
collisions will be lost through elastic scattering with the gas atoms. Manley 19 on the other hand, takes the approach 
that all collisions imparting sufficient energies to the gas atoms for reinjection into the lattice (he assumes 1 keV 
compared to Nelson's estimate of 0.3 keV) can result in reinjection. 

For. purposes of assessment of the importance of the re-solution process to fuel performance and beha_vior, the 
simplest approach is to use the probability of a particular atom within a bubble undergoing re-solution per unit time, 
b.16 Following Turnbull and Corne11, 16 if Nb is· the number of gas atoms in a bubble,. 

b = ( N1b ) ( ddNtb ) . per unit time. 

Or. in terms of the re-solution rate N, previoL1sly described 

*Note that Nelson 
18 

alsu 111isplac~d the constant 3, in the precipitation rate term in the denominator instead, resulting in an under
estimate of the precipitation rate by a factor of 9. 

4 

(7). 

(8) 
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Estimates of the probability of an atom being reinjected per unit time, b, can be obtained from Equation (7),"if the 

number of atoms in a bubble can be determined at two times, i.e., 

Since, when a bubble is completely dispersed, Nb
2 

approaches unity, the value of b can be obtained from the minimum 

dose for complete dispersal, i.e., 

b (9) 

where tr is the minimum reirradiation time at a fission rate F to completely redissolve a bubble initially contained Nb
1 

atoms. 

Limiting values of the re-solution probability b, that have been obtained are listed in Table 1, with the experimental 
conditions on which the values are based. 

In summary, it appears that for bubbles initially in the range 50 to 100 A. radius, a minimum value of 10-5/sec for b is 
reasonable, as suggested by Turnbull and Cornell. HJ Maximum limiting val Lies could be as low as 10-4, but are less 
clearly defined on the basis of current data. 

111. CONSEQUENCES OF THE RE-SOLUTION PROCESS 

A. GAS VOLUME AT SMALL BUBBLE SIZES 

It has repeatedly been shown23,24 that for small bubble size, the ideal gas law greatly underpredicts the gas ·volume. In 
fact, the modified Van der Waals equation of state2 for the gas and Harrison·s24 extrapolated equation of state both 
give essentially constant gas density (or volume per atom) for bubbles containing up to approximately 1000 gas atoms, 
independent .. of temperature or pressure. That minimum volume as given by the Van der Waals equation is 
approximately 8.5 X 10-23 cm3/atom and, from Harrison's extrapolated equation of state it is approximately 6 X 
· 1023 cm3/atom. Assuming an intermediate value of 7 X 10-23 cm3 per atom, the above considerations imply that the 
volume change due to gas generation is independent of whether or not the gas is in bubbles until the bubbles contain 
approximately 1000 atoms, and the corresponding bubble radius is approximately 26 A.. That is, the positive 
contribution to the volume due to fission gas generation 6 Vg/V is a linear fun~tion of burnup, i.e.,. 

6Vg 
v 

(0.21 to 0.27%/1020 fissions/cm 3) X Ft 

until the gas bubbles contain approximately 1000 atoms. 

B. BUBBLE NUCLEATION SPACING 

(10) 

In order to ev;:ilu;:itc the significance of this observatio11, it is necessary to consider the bubble spacing (2a) as set by the 
bubble nucleation pro~ess. Two postulates as to the rate controlling step in the nucleation process have been put forth. 
Greenwood, et al., 25. developed a theor.y based on diffusion controlled nucleation in which gas bubble nuclei are 
assumed to form until the nuclei density is such that a newly Qenerated gas atom. as it undergoes a diffusional random 
walk, is as likely to encounter a pre-existing nuclei as it is another single gas atom and thus to form a new bubble 
nucleus. When that condition is achieved nucleation is complete and the bubble half-spacinQ, a, is given·by: 

a 

. 5 



Initial 
Bubble 
Radius 

(10-8 cm) 

Turnbull & 

Comell 18 50...,-75 

50-75 

R:>ss 10 500 

en Whapham 15 50 

150 

Ciough, 13-50 

etai .. 12 

TABLE I. Summary of Low Temperature Fission Gas Re-Solution Data 

Effective 
Probability Volume 

Gas Re irradiated of of Fission 
Content Fission Reirradiated Re injected Event in 

Initial Total Annealing Bubble in Bubble Rate Dose per Unit Reinjection 

Gas Content Temperature Spacing (Nb
1
l (f/cm3/sec) (f/cm3) Time (bl Gas (bl 

(cm-3) (OC) (10-8cm) (atoms) !Fl (Ft! (sec1) (cm3 /fission) 

4.5-6 x 1019 1500 - 5500 1013 7 x 1017 < 1.2 X 10_4(a) < 1.2 X 10-17 

4.5-6 x 1019 1500 5500 1013 3:.3 x 10 >2.6 x 10-5 

1500 ? 1.4 x 1019 

6.6 x 1018 ' 1600 518(b) 39oolbl - 4 x 1013 2·.2 x 1019 > 1.5 x 10-5 

6.6 x 1018 1600 1225(b) · - 5oaolbl 4 x 1013 22 x 1019 > 1.55 x 10-5 

6 x 1018 to 1500 360- 70- ? 1017 

1.5 x 1020 437 3000 ? 1016 

(a) Data that butbles have not disappeared is inconclusive, therefore higher values orb are possible. 

(b) Bubble spacing and gas content calculated from total gas content, bubble size and equation of 
state of gas with non-ideality considered, assuming all gas precipitated. 

>2.6 x 10-18 

>3.8 x 1019 

>3.9 x 10-19 

G> 
m 
)> 
""tJ 
I __. 

~ 
.!=> 
CXl 
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where 

Dg is the diffusion coefficient of the gas in the fuel, 

r0 is the radius of the stable bubble nuclei, 

a0 is the lattice parameter of the fuel, 

G is gas atom production rate per atom site, and 

Z is the number of new lattice sites explored by the gas atom per jump. 

The corresponding gas bubble density, n, is: 

n = (.1...) 2/3 
. 47r 

( ~) 1/3 (12) 

where 

MF is the molecular weight_of the fuel, 

PF is the theoretir.al d1msity of the fuel, 

NA is Avogadro's number, 

Pg is the gas density in the. bubble, and 

m* is the number of gas atoms in a stable· nucleus. 

This diffusion controlled nucleation model gives a temperature dependent bubble spacing through the expor:ientially 
temperature dependent gas diffusivity, Dg. Note tha:t any fission enhancement of the gas diffusivity serves to decrease 
the bubble density at a given temperature. The bubble density predicted by Equation ( 12) for U02 is plotted as a 
function of fission rate and gas diffusivity4 (and temperature assuming no irradiation enhancement of gas diffusion) in 
Figure 1.* Also shown is the range of experimentally observed bubble densities, i.e., 1016 to 1017 bubbles/cm4,12, 18 

f.or irradiation temperatures to approximately 1130°C. 18 Note that the observed bubble densities are greater than 
predicted, at least above approximately 800°c. and that if a fission enhancement of gas diffusion as predicted by 
Nelson, 18 is induded, the. observed bubble densities are a minimum of approximately 25 times greater than the 
diffusion controlled nucleation model predicts. 

Nelson 18 assumed that the diffusional process was not rate controlling, but that in the radiation environment diffusion 
is sufficiently rapid that the nucleation rate is limited by the gas atom production rate. Under those conditions, 
nucleation is comp.late when the gas atom production rate per unit volume is equal to the re-solution rate from the 
nuclei, which gives: 

a = 3 ~ 3bm ~ or n 
4nBF 

BF 
bm* 

The bubble density as given by Equation ·p3) is plotted in Figure 2 as a function of fission rate and the gas atom 
probability of reinjection per unit time, b.* 

*It was also assumed that two gas atoms are sufficient to form a stable bubble n.ucleus, i.e., m* = 2. 

7 
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The observed-gas bubble· density as calculated by this model which assumes that gas generation is the rate controlling 
step in the bubble nucleation process is wel°I described if the reinjection probability, b, is in th!;! range 1 o-4 to 1 o:-5, as 

previously· estimated from the bubble disappearance experiments. It is clear that an experimentally self-consistent 

bubble nucleation and re-solution model is obtained using Nelson's model for the nucleation spacing. The diffusion 
rate controlled nucleation model does not give as good agreement with experimental observations. 

C. GAS BUBBLE GROWTH (LIMITING CASES) 

The rate of bubble growth can be determined for the case of small bubbles(< 1000 atoms) by assuming a constant gas 
density as follows. The kinetic equation (Equation 3) expressed in terms of the reinjection probability b (Equation 8). 
is: 

..Qf. 
dt 

BF -. 3RDC + 3bNB 

a3 47Ta3 
(14) 

The constant gas density restriction gives the following relation between the number of atoms per bubble Ns and the 
bubble radius, R. 

Substitution of that relationship into a modifier! mass balance e~uation, i.e., 

followed by differentiation, yives: 

.-9£ 
dt 

BFt 

BF 

C+ 3N 8 

47Ta3 

Combining Equations (15) and (18). then gives the desired result: 

dR 

dt 

-bR 

3 
DR 2 + DBFt 

a3 PgR 

(15) 

(16) 

. ( 17) 

(18) 

The three terms in Equation (18) contributing to the growth rate of the bubbles (dR/dt), arise from the following 
physical phenomena: 

_bR 
3 

the only positive term is the result of JlrP.r.ipitation of the gas in the bubbles .. 

is the decrease in bubble growth rate as a result of the re-solution process which arises from 

fewer gas atoms per bubble at any given time. 

is the decrease in bubble growth rate arising from non Instantaneous precipitation ot the gas 
which produces a nonequilibrium gas concentration in the lattice even in the absence of the 

ri;:-solution process. 

10 
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. Using Nelson's18 relationship for the nucleation spacing, i.e., Equation (13L gives:. 

dR 
dt 

(19) 

Thi~ relationship should only apply after. the nucleation stage is complet.e. If gas generation is indeed' the rate 
controlling step in the bubble nucleation prQcess, it is clear that the' time to formatipn of the nuclei, t0 , is simply the 
time to generate the amount of gas per unit volume required to form the nuclei. Mathematically that condition is 
expressed as follows: 

and the radius of the stable nucleus, R0 , is 

3m* 
4rra3 BF 

- ( 3m*) 1/3 R - --
o 4rrp

9 

1 
b 

(20) 

(21) 

which is, appr~ximately 3.2 X 10-8 if two gas atoms form a stable nucleus .(m* 
(cm3)-1. Thus, the initial boundary conditions on Equation ( 19) are t =·to. R = R0 . 

2) and Pg ::::: 1 I (7 X 10-23) 

. , 
Replacing the radius and time with dimensionless ·quantities; R* = R/R 0 and t* = tlt0 , and. substituting from Equation 
(20) for t0 gives 

dR* - R* [ 47TBRo --------
dt* 3 3m* 

where the initial boundary conditions now become: 

R* = 1.0, t* = 1.0. 

If bubbl~ growth ts to occur, clearly from Equation (22), dR* /dt* must.be positive and hence, 

( 
B . OF). t*. R* [47TBRo (OF )] *2 ------>-+---- R 

p R 2 b2 ·A* 3 3m* b2 
g 0 

. Evaluating t.his inequality a.t the initial condition, i.e., at the cessation of nucleation when. t* 

m*p R 2 
g 0 

(22) 

(23) 

1 and H • 1, gives: 

(24) 

Assuming two gas atoms per nuclei (m* = 2). Pci = 1/(7 X 1023) (cm3)-1 and B = 0.3 as before and obtaining R from 
Equation (21), gives: · 0 

(
OF) . > 8.3X 108 cm-1. 
b2 min 

(25) 

11 
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At lower values of the quantity (OF /b2J no bubble growth .is predicted beyond the nu.cleation stage. 

The upper limit of applicability of the bubble grqwth Equation (22) is rea.ched when the gas density. is no longer 
constant as more gas is precipitated into the bubbles, i.e., when Fhe number ot gas atoms per bubble exceeds 

approximately '1000. The corresponding bubble radius R1000 is: 

R = ( 3 X 1000 ) 
1
13 

1000 41Tp 
g 

(26) 

Comp<1rison of Equations (21) and (26) gives the following upper limit for the value of R* if the number of atoms in 
the stable nucleus is two (i.e., m* = 2). 

R* 1000 (
3X 1000)1/3 (41Tpg )1/3 ::: 8 

41Tpg 3m* 
(27) 

Unfortunately no exact solution was obtained for :the.bubble growth Equation (22) and exact times to achieve 1000 
atoms per bubble could not be calculated. ' 

.Very tight upper and lower limits on the time to achieve 1000 atoms per bubble can be calculated as follows; however, 
if it is assumed that aftP.r nur.leation has ceased, the bubble growth rat.e is always positive, i.e., d R* /dt* ;;;.: 0, then a 
minJmum value for the dimensionless time t;;,in. to achieve a particular value of R* =. Rj. is given as follows from 
Equation (22): 

dR* 
dt* 

0 

which, when solved for t~in gives: 

-R~ 
__L 

3 

t;;,in 

[ 

47TBR
0 

3m* 

R*2 [ .!hrRRu ·_I_ + ---
3 3m* 

[ Pg:o 2 

(OF)] t;;,!n 

b2 R. 
. I 

(28) 

(~t)]Rf3 

(29) 

( ~~) l 
Similarly, recognizing that the maximum growth rate dR* /dt* max is the initial value at R* = 1, t* = 1, then an upper 
limit on the "time" to achieve a given value ot R • = R j can also .be obtained as follows: 

dR* 

dt* max 

-R!' 
--' 

3 - [ •::".o (~~ ) ] 

( 

. + ·r _B (OF)] t;;,a: 

P R 2 b2 R. 
g 0 I 

(30) 

12 
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or solving fort* and substituting from Equation (3) gives: max 

The maximum growth rate dR* /dt~ax is obtained by substitution in Equation (22) for Ri = 1, t* = 1, i.e., 

These limiting quantities are listed as a functi<'" of the parameter (DF/b2) (cm-1) in Table 2. 

TABLE 2. Limiting Values of the Dimensionless Time, 
t*, to Achieve 1000 Gas Atoms per Bundle 

DF 

b2 dR* t~in to achieve t~ax to achieve 

(cm""""1l dt;;,ax 1000 atoms/bubble 1000 atoms/bubble 

108 (-) (a) (a) 

8.3 x 108 (0) (a) (a) 

9 x 1018 0.0281 503.13 503 .. 14 

109 0.0683 503.01 503.04 

5 x 109 1.6748 502.18 502.31 

1010 3.6830 502.08 502.22 

1011 39.830 501.98 502.14 

101 :;i 401.3 501.97 502.14 

(11) Nn growth expected for DF/b2 :,;;;;; 8.3 X 100 cm-1, 
since initial, maximum growth rate is negative. 

(31) 

(32) 

Note that the dimensionless "time" to achieve 1000 atoms per bubble is essentially independent of (D F /b2) and is equal· 
to 111111roxim11tely 500 at any value of (OF /h2) l11rge enough to allow any huhhle growth (rlR* /cit* = +). 

max 

13 
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D. GAS ATOM REINJECTION ON PROBABILITY: DEPENDENCE ON FISSION RATE 

Having determined a minimum limiting value for the parameter (DF/b2) for bubble· growth to occur, and having shown 
that th~ dimensionless time t* = tlt0 = tb to exceed approximately 10o'O gas atoms per bubble is essentially constant 
and approximately 500 if any bubble growth can occur, it is important.to re-examine the reinjection probability per 
unit time, b. Recall that (Section 11-B) the re-solution .rate or reinjection rate of gas atoms into the lattice is 
intuitively ·expected to be dependent on the fission rate ( i.e., the rate at which the reinjection process is occurring) and 
the gas density in the bubbles. Since for the cases considered here, i.t;., up to approximately 1000 gas atoms per bubble, 
the gas density is constant, that contribution to possible variation in b, the reinjection probability per unit time, need 
not be considered. Further, since the maximum radius being considered R1000 ~ 26 A is not far removed from 
Nelson's 18 estimate of the· maximum injection distance through the dense gas (10-15 Al, it is expected that variation 
in b and hence in bubble growth rates from that source would be secondary in nature. Conversely, the fission rate is 
expected to be the primary variable in determining the reinjection-probability per unit time, whereas in the analysis 
presented to this point, that dependence or fission rate has been neglected. To rectify that condition we can define a 
new variable, b' by the rel<1tion: . 

b = b'F (33) 

which·requires that b' have the units of volume per fission. Thus, we can interpret it as an. effective volume· in which 
reinjection occurs because of a fission event. 

Evaluating tt1e effective reinjection volume per fission event, b', from the previously mentioned experimental results (see 
Table 1), gives the following limiting values for b': 

2.6 X 10-18 < b' < 1.2 X 10-17 cm3/fission. 

The total number of atom~· displaced from their lattice position by the fission fragments Nd, is estimated to be in the 
range 104 to 105 per fission event.26 Assume for the present that some fraction E of such atomic displacements could 
be equivalent to a reinjection event. If the size of the bubble nuclei is.not large (a few atoms) such an assumption may 
be vafid. The probability of.a· gas atom in a, bubble nucleus being reinjected per unit time by such a displacement is 
given by the product of the number of atoms disrilaced per fission event, Nd, the number of fissions occurring per unit 
time· in the volume of fuel associated with the bubble, (47Ta3f: /3), and the probability that the volume of the fission 
fragment collision path encompasses·the bubble nucleus, i.e., (R 0 3/a3). Therefore; the predicted reinjection probability 
µer unit time, b,. is .given by the relation: 

b (34) 

Evaluating the quantities as before and assuming 1 OO"A> efficiency ( E = 1) in the displacement of gas atoms as reinjection 
processes gives: 

1.4 X 10-18 X F < b <. 1.4 x 1U 17 x F sec 1 

or 

1.4 X 10-18 < b' < 1.4 X 10-17 cm3 

based on the uncertainty in Nd (i.e., Nd = 104 to 105 atoms displ~ced per fission event). T.his simple model, which 
assumes that displacement of a lattice atom is essi;intially equivalent to reinjectin!l of a !jas atom from a bubble nucleus 
in which the gas is so restrained as to be incompressible, Is within the range of uncertainties in experimental results and 
uncertainties in the number of atoms displaced per fission event. 

14 
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E. COMPOSITE DESCRIPTION OF GAS BEHAVIOR 

From the preceding sections a composite picture of fission gas behavior emerges. This behavior can be discussed in 
terms of three regions. of behavior, depending on the. values of the dimensionless "time," t, * and the dimensionless 
bubble "radius," R,* which are just the ratios of the quantities to their· values at the cessation of nucleation, and also 

depending on the parameter (D/b'2f: ). 

1. Nucleation Stage 

For t* < 1, the nucleation stage is incomplete, and all of the gas can be considered to be solution. The positive volume 
contribution of the gas is approximately 0.27%/1020 fissions/cm3. 

2. Initial Bubble Growth 

a. 

b. 

c. 

If the parameter· (D/b'2f:) does not exceed approximately 1.09 cm-1, there is no bubble growth and all of 
the gas can be treated as in solution and, as above, the positive volume contribution of the gas is 
approximately 0.27%/1020 fissions/cm3. 

If the parameter (D/b'2F) is equal to or exceeds approximately-109 cm-1, bubble growth is expected. 
However, the bubbles will not contain more than 1000 gas atoms until t* == 500. Until that time, the 
positive volume contribution of the gas is independent of whether bubbles have formed or not and remains 
== 0.27%/ 1020 fissions/cm3. 

12. 9 1 If the parameter (D/b F) is equal to or· exceeds approximately 10 cm- and t*;;;;., 500, bubble growth 
must be considered with a model using a nonconstant gas density (approaching ideal gas behavior at large 
bubble sizes, e.g., Reference 27). 

The restriction that the parameter (D/b'2f:) must.exceed approximately 109 cm-1 before the gaseous contribution can 
become nonlinearly time dependent has another important implication. That condition (D/b'2F = 109 cm-1) is 
graphically depicted in Figure 3 for the experimental range of uncertainty in the effective reinjection volume per 
fission, b', and for ·the model based on reinjP.ction of displaced atoms. The temperatures corresponding to the 
out_:of-pile gas diffusivities are from Cornell4 and Belle, et al . . 28 Also shown is the predicted fission induc~d gas 
diffusivity 18 (which is of little importance if the prediction is correct) and the temperatures corresponding to the gas 
diffusivity if there is no enhancement of the gas diffusivity due to the radiation environment. The range of fission rates 
over which some experimental evidence exists for calcualtion of b or b' is shown as a double cross-hatched area in 
Figure 3. 

The .range of b' values b~sed on experimental results (meager though they are) shows that there is no predicted gas 
bubble growth at temperatures below which grain growth, columnar grain growth and gas release are predicted to occur. 
The exact temperature.at which bubble growth can occur at a given fission rate is uncertain within approximately 600 
to 800°C because of· uncertainties in gas diffusivity and the re injection parameters band b'. Thus, it appears that if the 
parameter (D/b'2f:) has a·sufficiently high value for bubble growth to occur, the gas is also subject to migration and 
release. The consequence is that very little, if.any, of the. fuel is expected to have a significant intragranular fission gas 
bubble population except in transit to the fuel center during operation. 

This situation may not obtain at the grain boundaries in the fuel, since in that case (D/b'2F) may be higher than in the 
.bulk of the fuel as a result of greater gas diffusivities on and near the grain boundaries. 

F. TOTAL FUEL SWELLING 

From the· previous section it is apparent that the positive contribution of the fission gases to fuel swelling throughout 
much of the fuel (i.e., if D/d'2f:< 109 cm-1) and for much of the life of the fuel (tot*= 500, even if (D/b12F>109 
cm-1) ;is simply 0.21 to 0.27%/1020 fissions/cm3. 
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A ( 2.6 X 10-18 <_ b' < 1.2 X 10-17 cm3/tission (Experimental) 
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FIGURE 3. LIMITING CONDITIONS FOR BUBBLE GROWTH AT CONSTANT FISSION RATE 
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Anselin29 has considered the positive volume change resulting from the generation of solid fission products and has 
oulained a maximum value of 0.54%/1020 fissions/cm3 for U02 fuel in a.thermal reactor. 

The negative volume change accompanying the fission process as a result of destruction of the matrix uranium atoms 
was also considered by Anselin29 for which he obtained -0.41%/1020 flssions/cm3. 

Combining all three terms, i.e., the negative volume change d~e to matrix destruction, and the positive contributions of 
the solid and gaseous fission products, in the time and (D/b'2F) ran.ges described above is: 

-0.41% + 0.54% + 0.27% = 0.40%/1020 fissions/cm3 

This is very close to the average figure of 0.35%/1020 fissions/cm3 derived from some irradiations performed under 

varied coriditions.28 

G. QUALIFICATION 

It must be noted that the above treatment strictly speakin.g· treats static gas bubbles and bubble nuclei. At high 
temperatures it is expected that collisional coalescence of migrating (random and biased) bubble nuclei may rapidly 
make a dominant contribution to bubble growth kinetics invalidating. the treatment presented here. It should also be 
noted that because of the high values of gas diffusivity (.and temperature) to which t,he gases may be essentially all in 
solution, the mobility may be sufficient to allow rapid bubble growth and swelling once the neutron flux is removed, or 
decreased, e.g., on cooling during reactor shutdown, or during a controlled slow restart to power. Such behavior could 
lead to wide variations in experimentally observed fission gas swelling behavior, and could contribute to the observed 
gas release bursts on reactor shutdown and restart . 

. IV. SUMMARY AND CONCLUSIONS 

The process of fission gas bubble nucleation and growth of static bubbles in nuclear fuefs was analyzed. The effect of 
re-solution of ttie fission gases in the irradiation environment was treated. It was shown that all of the available data on 
the disappearance of fission gas bubbles grown large by post-irradiation annealing on re-irradiation, support a value of 
10-4 to 10-5 sec-1 for the reinjection probability per unit time b, of a gas atom in a small gas bubble. It was· 
concluded that the volume contribution of the gas atoms is essentially independent of whether the gases are in .solution 
in the lattice or precipitated in bubbles up to a gas content of approxinicitely 1000 atoms per bubble. 

Using the above range of values for the ·reinjection probability per unit time it was shown that the available 
experimental evidence of gas bubble densities support a model for the nucleation process in which gas generation is the 
rate controlling step rather than a diffusion controlled nucleation process. 

The gas bubble growth model which· includes the re-solution mechanism and the gas-generation rate as the rate 
controlling step in the bubble nucleation process was used .to show that no fission gas bubble growth is expected for 
values of the parameter (OF /b2) less than 109 cm-1. 

The mod~I was also used to shqw that the growing bubbles do not attain a gas content of 1000 atoms until an 
· irradiatio~ time of approximately 500/b, regardless of the value of (D/b'2F). The model indicates that with the 

re-solution process there should be essentially no observable fission gas bubbles in U02 fuel under steady_:state 
neutron flux below the grain growth temperature. Since above that temperature rapid r:ias release is a predominant 
characteristic, fission gas bubbles make a very small contribution to reactor fuel behavior at a steady-state fission 
rate. However, under. conditions of elevated temperature b.ut reduced or removed neutron flux, rapid bubble growth 
and swelling is expected. 

The total positive gaseous fission product contribut~on to fuel swelling for D/b'2F<109, and for t < (500/b) was 
estimated to be 0.21 to 0.27%/1020 fjssion/cm3. With the estimated solid fission product positive volume contribution 

17 



,4 

GEAP-12148 

and the negative volume change resulting from destruction of the matrix, the estimated total swelling rate in the above 
range of conditions is estimated to be less than 0.34 to 0.40%/1020 fission/cm3. This is in very good agreement with 
th~ a~erage observed values of 0.35%/1020 fission/cm3. 

It is concluded that further analysis of the gaseous swelling is required for values of (D/b'2F:) > 109 at times greater 
than 500/b. Also, further experiments are necessary to narrow the range of uncertainty in the reinjection probability 
per unit time, b, and to determine its bubble size dependence, if any. The current uncertainty in b gives uncertainties in 
the temperature at which the gas is no longer in kinetic solution of the order of 600 to 800°C, depending on fission 
rate (see Figure 3). 

The results of this model indicate that whereas total fuel sweiling may be of the order of 0.35%/1020 fissions/cm3 
under steady-state operating conditions, power cycling and reactor shutdown and restart, i.e., transient conditions of 
high temperature and low or reduced fission rate could cause large, rapid change in the volume of the fuel because of 
bubble growth. 
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