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A model has been developed to investigate the response of fission gas bubbles to the dynamic behavior of uranium point 
defects in uranium oxide. Simple thermodynamics is used to calculate the thermal equilibrium concentrations of both anion 
and cation point defects in UOZ.~ and fully dynamic rate theory has been extended to estimate the dynamic concentrations 
of uranium vacancies and interstitials and the enhanced self-diffusion of uranium during constant temperature and thermal 
transient irradiations. 

During low temperature irradiations, fission production of uranium Frenkel pairs is dominant and the slow migration rate 
of the vacancies leads to long start-up transients (-lo6 s in stoichiometric l-JO2 at 1000 K) as the vacancies reach a quasi- 
steady state with the microstructure. Thermal ramp behavior of the point defects and fission gas cavities depends primarily 
upon the initial concentration of point defects, and the temperature at which the thermal production of point defects 
becomes dominant. Our results indicate that non-equilibrium fission gas behavior is important for both constant temperature 
and thermal transient irradiations and that fission gas bubble behavior models must consider fuel stoichiometry. Below 
about 2200 K the dynamic behavior of the point defects should be incorporated as well. 

1. Introduction 

Safe operation of fast reactors necessitates the 
understanding of fuel behavior during reactivity excur- 

sions associated with accidents and abnormal operation. 
Fission gas bubbles are now recognized to be the ma- 

jor cause of swelling in uranium oxide fuels. Their 
swelling behavior determines the level of stresses im- 

posed on the fuel element, and consequently the mode 

of failure. During the course of an accident. fuel tem- 
perature can increase rapidly from normal operating 
temperatures to near the melting point in a few sec- 

onds [l]. 
Previous theoretical models [2-S], used to predict 

fuel swelling due to fission gases, have utilized the 
argument that at high temperatures fission induced 
cavities behave like equilibrium gas bubbles. This 
means that under all conditions, the bubble radius is 
determined by a balance between the internal gas 
pressure and the surface tension force. However, a 
number of investigators have considered the cavity 
behavior under non-equilibrium circumstances where 
the irradiation field [6], temperature variations [7] or 
stress [8] alter this situation. 

The objective of this work is to focus on the role of 
point defects on the growth of bubbles during steady 

state and transient operation. The results of the pre- 
sent investigation will serve as an input to a more com- 
prehensive fission gas bubble behavior model [9]. In 

this model, the accurate determination of bubble 
radial changes under different irradiation conditions is 

of crucial importance. 
Off-stoichiometric uranium oxide fuels contain 

point defects far in excess of the thermodynamic equi- 
librium values. When irradiation produced point 
defects are also considered, the situation is further 
complicated. On the other hand, a temperature tran- 
sient influences both the number densities and migra- 

tion behavior of these defects. Qualitatively, one would 
expect considerable variations of the time scales 
during which bubble gas atoms, vacancies and inter- 
stitials respond to rapid heating. The model presented 
here, which is based on homogeneous chemical kine- 
tics rate theory, is aimed at quantifying these aspects. 
It is also developed to investigate the effects of impor- 
tant variables, such as stoichiometry, fuel heating 
rate, point defect fission yield, and microstructure on 
the final response of fission induced cavities. 
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While the details of the model and some of its pro- 
minent computational aspects are given in sections 2 

and 3, it is important to state the assumptions em- 

ployed throughout the calculations: 

i. The fuel is preirradiated such that the nuclea- 

tion stage of gas cavities has been surpassed. Here, we 

only study the growth aspects of these cavities. 
ii. The number density of gas cavities, grain size 

and dislocation density do not change during irradia- 

tion. 

iii. Fuel structure near the gas cavity surface is no 

different from the bulk (i.e. UOZ+,). Therefore, the 

response of gas cavities is mainly controlled by the 
slowly moving species (metal defects). 

iv. We will not consider the effects of fission 

fragment collision cascade collapse on point defect 
populations. Hence, a homogeneous dynamic rate 
theory is used. 

v. Bubble coalescence and re-solution effects are 

not treated in this work, but they are considered in 
the comprehensive model [9]. 

2. Equilibrium point defect concentrations 

Materials with a fluorite structure, such as UOZtX, 
contain more than one type of point defect. In con- 
trast to metals, where only metal vacancies and inter- 

stitials exist, both anion and cation point defects 

play an important role. In this section, we will 

briefly discuss the method used to calculate anion as 
well as cation point defect concentrations. The fol- 
lowing definitions characterize the quantities used in 
our analysis: 

N 
C 

Quantities : 
= concentration, cmP3, 
= fractional concentration, number per site, 

Subscripts: 
= lattice sites for ions or interstitials, 
= uranium ions, 

= oxygen ions, 
= vacancies, 
= interstitials, 
= Schottky type defect, 
= Frenkel type defect. 

Superscripts : 
4+, q+ = designates charge on ions considered, 

Example : 
C,, s N,,/N,, E oxygen vacancy fractional concen- 

tration. 
With this unified notation, the following relation- 

ships can be easily derived: 

N,, = N,4+ + flu+ + NV, , (1) 

4, =No +Nv, > (2) 

Ns, = 2Ns, > (3) 

Nsi = Ns” . (4) 

Eqs. (1) and (2) express the conservation of cation 
and anion sites, respectively, while eqs. (3j and (4) 

reflect the UOZ fluorite structure. To determine the 

point defect concentrations as well as the number of 

u atoms in the t3 or t5 state, the solution of five 

independent equations is required, as is described 

below. 

The equilibrium concentration of Schottky defects 
is given by 

c ~2 = e_AGslkT =Ks , 
vu “0 (5) 

where AGs is the energy of formation of a Schottky 

defect, k is the Boltzmann constant, T is the irradia- 

tion temperature and KS is the Schottky constant. On 
the other hand, the concentration of Frenkel defects 

can be written as 

(6) 

and 

cv,ci, = e -AGFu lkT z KF” , 
(7) 

where KF,, and Kpu are the Frenkei constants for 

oxygen and uranium, respectively. Additional relation- 

ships for conditions of electrical neutrality and ratio 

of oxygen to metal are: 

4N,4+ +qN,9+ + 4Ni” = 2No + 2Noi , (8) 

and 

0 No + Noi 
E=Nq,’ +N$+ +Niu 

=2+x. (9) 

A fairly straightforward manipulation of eqs. (5)-(9) 
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Table 1 
Point defect formation and migration energies in eV 

-..-- ---_____- 

AGF~ 3.1 [lo] 
ACFU 9.5 [lo] 

6.4 [IO] 
0.25 [ll], I.7 [IO] 

1.0 [lo] 
2.4 (IO] 
1.9 (101 

results in a quark equation in the variable C,, : 

KFu ,- 
-,stc”cJ4 + KQJ13 ~~xIcv,12-~~ForCvoi-f(S=0. 

(10) 
The t$x corresponds to hyperstoichiometric, while 

the --ix corresponds to hypostoi~hiometri~ fuel com- 

positions. Fractional concentrations of the other point 

%____. -__--__-------^---- 

GO 

TEMPERATURE ( K) 

Fig, 1. Thermal defect concentrations as a function of temper- 
ature for O/M = 2.05. 

defects can immediately be calculated from eqs. 

(5)-(7X 
Using the values of the parameters of table 1, and 

solving equations (5) --(7) and (10) will yield the 

fractional concentrations at any desired temperature 

and stoichiometry. For example, figs. 1-3 show the 

equilibrium fractional point defect concentrations as 

a function of temperature for hyperstoi~hi~~metri~. 

hypostoichiometric and stoichiometric fuels. When 
the oxygen to metal ratio deviates considerably from 

the stoichiometric value (x > 0.05), various simplifi- 

cations of eq. (10) can be used [ 16]. 
It is shown on figs. 1 and 3 that the uranium 

vacancy concentration is much larger than its inter- 

stitial counterpart for both stoichiometric and hyper- 
stoichiometric oxides, over the whole temperature 
range. 0~ the other hand, fig. 2 shows that the ura- 
nium interstitiaf concentration is larger than the 
vacancy concentration at low temperatures. The 
effective interstitial formation energy is about half 

C.., 

/ I I I I 
14.x ml TirQ Em 31 

TEMPERATURE ( K) 

Fig. 2. Thermal defect concentrations as a function of temper- 
ature for O/M = 1.95. 
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Fig. 3. Thermal defect concentrations as a function of terrger- 
ature for O/M = 2.00. 

the corresponding value for vacancies, whit’, renders 
the interstitial concentration a larger valu I at low 

temperatures. However, at high temper’ Lures the 
interstitial exponential term saturates while the 
larger pre-exponential allows the vat ancy concentra- 
tion to become greater than the ir cerstitial concentra- 

tion. 

Calculations of the thermo,iynamic equilibrium 
concentrations of the variou., kinds of point defects, 
provided in this section, d-termine the matrix point 

defect thermal populaticn levels which define flow 
and emission rates, as described in the next section. 

3. Analytical model 

The rate theory framework provides a convenient 
method for studying the space averaged behavior of 
point defects and their subsequent effects on fission 
gas bubble growth. The fully dynamic rate theory 
(FDRT) [ 121 has been developed to analyze the 

response of metals to pulsed and transient modes of 
irradiation, and is extended here to study UOZ+~ fuel 
behavior in transients. 

Rates of point defect production as well as their 

removal by different processes constitute the funda- 

mental rate equations. In a mathematical formulation 

that incorporates the kinetic behavior of different 

irradiation produced species, there exists a wide 
variety of time constants. A time constant, X as 

defined here, is the, inverse of the time required to go 

through one e-frlding change in a particular property. 

3.1. Removu, rates 

Since Lhe time constants of single point defects 

depend’ on the microstructure present at a particular 

insta It, they are explicit functions of the metal’s 

mi restructure, and therefore, implicit functions of 

t’.me. Their microstructural dependence can be simply 

expressed as [ 121: 

(11) 

(12) 

(13) 

(14) 

(19 

(16) 

(17) 

(18) 

where hi is the total interstitial time constant, s-l, Xv 
is the total vacancy time constant, s-l, hf is the inter- 
stitial time constant due to dislocations, s-l, hF is the 
interstitial time constant due to cavities, s-l, XFB is 
the interstitial time constant due to grain boundaries, 
S _ ', h,d is the vacancy time constant due to disloca- 
tions, s , -’ A: is the vacancy time constant due to 

cavities, s -l, X,“” is the vacancy time constant due to 
grain boundaries, s-l, Pd is the total dislocation den- 
sity, cme2, Di is the interstitial diffusion coefficient, 
cm2/s, D, is the vacancy diffusion coefficient, cm2/s, 
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Zi is the interstitial dislocation bias factor (Zi = 1.02 

in these CaIculations), 2, is the vacancy dislocation 

bias factor (Z, = 1 .OO in these calculations), NC is the 

concentration of cavities (bubbles), cmm3, Rc is the 

cavity (bubble) radius, cm. d is the grain diameter, 

cm. 
The relative importance of a particular sink with 

regard to the dynamic behavior of point defects is 

manifested in its specific removal rate. Individual 

sink removal rates are first order reactions which can 

be expressed as their relevant time constant, X, multi- 

plied by the temporal concentration of point defects. 

However, mutual recombination of point defects is a 
second order reaction that depends on the product of 

both concentrations. Different point defect removal 

rates are expressed as: 

Psi = XiCi ) (19) 

Psy =X,Cv / (20) 

‘r =dyCi (21) 

a = S@i + Dv) 5 (22) 

where Psi is the total sink removal rate for interstitial% 

S -I, P,, is the total sink removal rate for vacancies, 

S -l, P, is the total recombination rate of vacancies 

and interstitials, s-r, CY is the recombination coeffr- 

cient , s-l , g is a constant, cm-‘, Cv is the total frac- 

tional vacancy concentration, at/at, Ci is the total 

fractional interstitial concentration, at/at. 

3.2. Emission rates 

At high temperatures, the probability of emitting 
point defects from a cavity becomes appreciable. A 
larger cavity surface tension enhances vacancy emis- 
sion, while it reduces interstitial emission from the 
surface. On the other hand, the pressure due to gas 
atoms inside the cavity has the opposite effect. A 
mathematical description of the emission process is 
given by [12]: 

PF = XfCvu exp (F,,, fl-/kT) . (23) 

l$$ = AcCi,exp{-FmLl/kT}, (24) 

where PF is the vacancy emission rate from cavity 
surface, s-r, P’$ is the interstitial emission rate from 
cavity surface, s-r. 

The equiiibrium concentrations of metal point 

defects C,, and Ci, are determined from eqs. (5)- -(7) 

and (10). It is important to note that for hypostoich- 

iometric uranium oxide fuels, metal thermal intersti- 

tial concentration is appreciable, and interstitial diffu- 
sion becomes the dominant mechanism for atom 

transport [IO]. 
The mechanical force per unit surface area of the 

cavity, F,, can be expressed as 

Frr, =P +2~fRc -pg. (25) 

Here p is the hydrostatic pressure, y the surface 

energy, and ps the gas pressure. F, is the pressure 
misbalance at the cavity surface. In determining the 

gas pressure ps, the modified Van der Waals law was 
used. 

Deformation produced dislocations act also as 

thermal sources for point defects. For simplicity of 
calculations, all dislocations are assumed to be of the 

edge type, Emission rates of uranium vacancies and 

interstitials can now be expressed as 

P? = X,“CU” , (26) 

I;$ =hdCiu, (27) 

where PT and @ are the emission rates in at/at s of 

uranium vacancies and interstitials, respectively. 
Emission rates of vacancies and interstitials from 

grain boundaries are given by similar expressions. 
Total emission rates are simply the sums of indivi- 

dual rates. Therefore, for vacancies, the total emis- 

sion rate is 

P ;zt =PF iPF +pvGeg t& . 

Similarly, for interstitials 

Gw 

pi,;, =P’c” tpiz +P!g +P$ , (29) 

where & is the thermal Frenkel pair production 

term (oCv,Ci”). 

3.3. Rate equations 

The assumption that microstructural changes pre- 
serve the fuel chemical composition (i.e. UOakLx) 
reduces the complexity of the problem to only 
studying uranium metal point defect diffusion. The 
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mobilities of metal point defects is lower than those 

for oxygen (table l), and hence they are rate con- 
trolling. The time rate of change of uranium metal 
vacancy and interstitial concentrations are then given 

by 

dC,=pYe +p-p tot sv _p 
dt 

r , (30) 

and 

dCi_ ’ 
z-P:t tP-Psi_Pr. (31) 

P is the fractional rate of point defect production, 

and is expressed as 

P = Yi,j;f~ at/at . S . (32) 

Yiv is the number of Frenkel pairs per fission event 

and kr is the fission rate. 
Finally, the cavity radius rate of change is deter- 

mined by considering the vacancy and interstitial 

fluxes * received by and emitted from the cavity. 
Denoting the matrix point defect fluxes by $v,i, and 
the point defect fluxes at the surface of the cavity 

by #:,r, we can write: 

& = U’v > cm*/s (33) 

@i = DiCi 3 cm*/s (34) 

4: = D,C,, exp {F,,, S22/kT), cm*/s (35) 

@f =DiCi,exp{-F,fl/kT). cm*/s (36) 

Now the rate equation for the cavity radius is given 

by 

(37) 

where R, is the cavity radius in cm The last equation 
is based on a diffusion limited model for cavity 
growth and shrinkage kinetics [20]. 

When irradiation production of point defects is 
dominant, the concentrations, Cv and Ci, can be many 
orders of magnitude greater than their thermal equi- 

* The term “flux” is used merely to describe flow in and out 
of the cavity. However, for dimensional consistency with 
the literature, it can be shown that @ r aa X atom flux. 

librium values. The defect emission fluxes of the cav- 
ity are negligible in these cases and the growth is deter- 

mined by the bulk fluxed, rjv and @i. However, at high 

temperatures the thermal emission of point defects 
from the microstructural sinks will dominate. The con- 

centrations of vacancies and interstitials then approach 

their thermal equilibrium and the radius of the cavity 

tends to the equilibrium value that sets the mechanical 

driving force, F,, equal to zero. 

3.4. Computational aspects 

The simple model presented above allows a syste- 

matic study of the effects of material and irradiation 
variables on bubble growth. In order to perform such 

studies, a computer code was developed to integrate 

the rate eqs. (30), (31) and (37) which are assembled 
in vector notation as: 

P =f(Y, t) (38) 

where t is time. In our particular application of the 

rate theory, the solution vector has the following 
components 

Y(l)=Cv, Y(2)=Ci, Y(3)=R,. (39) 

Each component responds to environmental variations 
according to its own time scale which is dependent on 
both temperature and microstructure. Care is required 
in choosing an integration scheme for systems with 

widely varying time constants since most methods are 
stable for time steps on the order of the smallest time 

scale while interest is often focused on the longest 
lived phenomena. 

Our computer model contains the Gear package 
which is ideally suited for solving such stiff systems 

of equations [ 141. The main feature of the Gear pack- 
age is its ability to take time steps on the order of the 
instantaneous time scale of the system. Hence, short 
time steps are required only during the life of the 
short lived phenomena. After their decay, large time 
steps result in significant savings in computational 
expense. 

4. Reactor start-up results 

When uranium oxide fuels are used in power reac- 
tors, they experience a time dependent temperature 
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Table 2 

Parameter values used in the calculations 

Parameter 
-- 

Uranium vacancy diffusion 

coefficient pre-exponential a 

Uranium interstitial diffusion 

coefficient pre-exponential a 

Ratio of recombination coefficient 

to interstitial diffusion coefficient b 

Dislocation density 

Vacancy dislocation bias factor 

Interstitial dislocation bias factor 

Bubble concentration 

Van der Waals constant 

Atomic volume 

Bubble surface energy 

Grain size 

Fission rate 

Fission yield 

Notation Value 

0,” 

Dp 

1.0 x 1o-3 1151 

7.12 x lo3 [15] 

g = O/Di 

pd 

7 ‘V 

Zi 

NC 

a 

n 

Y 

% 

ii 

yiv 

1.0 x lOI [I61 

1.0 x lo8 121 

1.0 

1.02 

1.0 x lOI 

51.0 

4.09 x 1o-23 

626.0 

1.0 x 1o-3 

1.0 x 1o13 

1.0 x lo4 [16] 

dictated by the reactor power history [ 181. In this 
section, we will assume that the temperature is con- 

stant during reactor operation. Only the fission rate 
is a step function of time to simulate reactor start-up 

conditions. After a period from start-up point defects 
tend to a quasi-steady state that simultaneously sets 

dC,/dt and dCr/dt equal to zero. Our discussion 

focuses on the dynamic behavior of the system during 
and after the establishment of quasi-steady state. The 

time required to reach quasi-steady state is on the 

order of the inverse time constant at the irradiation 

temperature. Material parameters of tables 1 and 2 

were adopted throughout the calculations to investi- 
gate the effects of fuel temperature and stoichiome- 

try on bubble behavior. 

Cavity radius and point defect flux histories for 

100 gas atom cavities in stoichiometric uranium oxide 
at a temperature of 1800 K are shown in fig. 4. The 
mean interstitial lifetime. ri = hi-‘, is on the order of 

1O-9 s at this temperature. Therefore, interstitials 

quickly achieve a quasi-steady state with the micro- 

structure. However, the less mobile vacancies rise 

more slowly to their quasi-steady state concentrations 

(7” = 0.28 s). 

The system would be in a true steady state were it 
not for the slight preference of dislocations for inter- 

stitials (Zi/Zv = 1.02) which results in a vacancy flux 

slightly larger than the interstitial flux, &/& = 1.001. 
This flux mismatch causes a slow growth of the cavi- 

ties as shown in fig. 4. As the cavity continues to 

grow. it becomesunderpressurized(2ylR, >I’,) and 
vacancy thermal emission becomes important. At 

about 2 X lo6 s, a steady state is reached when the 
vacancy and interstitial emission fluxes balance the 
bias flux ($5 - & N $” $i). The flow of defects to 
cavities accounts for -70% of point defect loss rates, 
while their mutual recombination provides the rest. 

At low temperatures, the relaxation times become 

Units 

cm2/s 

cm’/s 

cm 
-2 

cm -2 

cm -3 

cm3/mol 

cm 
3 

ergs/cm2 

cm 

cm -3 

a The pre-exponentials for uranium vacancy and interstitial diffusion were obtained from ref. [ 151 by using the concentrations at 

1600 “C. I:or O/M = 2.05 a vacancy mechanism is assumed, while for O/M = 1.95 an interstitial mechanism is considered for ura- 

nium self diffusion. 
b Assuming that only uranium interstitials are mobile, the recombination coefficient, (Y, is defined by a/Di = constant. 
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tSOO K 

+i /- 
/ 

TIME (S) . 

Fig. 4. Flux and radius history for O/M = 2.00 and 100 atoms/bubbi~ at 1800 K. 

extremely long. The results for stoichiometric fuels at 
1000 K are shown in fig. 5 with ri “v 3 X lo-’ s and 
r, = 7 X lo4 s. The interstitial flux causes the cavities 
to shrink until the gas density approaches the Van der 
Waals &nit for xenon, and the cavity can no longer 
shrink. The cavity radius remains constant untit the 
vacancy flux can reach its quasi-steady state at about 
3 X lo6 s. Due to the slightly larger vacancy flux, the 
cavity tends to slowly grow after quansi-steady state 
conditions have been achieved. 

The analysis presented here illustrates the great 

variations in the magnitudes of the system time scales. 
Steady state is not immediately satisfied: as assumed 
in most fuel element models, and a long period of 
time is needed before such conditions are reached. 
However, at temperatures greater than -2200 K, ther- 
mal point defects are dominant and bubble equihb- 
rium is achieved almost immediately. Bulk and emis- 
sion point defect fluxes balance each other at the 
bubble surface. As a result bubbles remain in equilib- 
rium with the matrix, and bubble equilibrium assump- 
tions are justified. 

TIME 6) 

Fg. 5. Flux and radius history for O/M = 2.00 and 100 atoms~bubble at 1000 K. 
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The response of non-stoichiomctric uranium oxide 
fuels to irradiation has been investigated at different 
fuel temperatures. Point defect thermal equilibrium 

concentrations have been found to influence total 

point defect concentrations, as well as bubble kinetics. 
In fact, the existence of a large thermal interstitial 

concentration for hypostoichiometric fuels is respon- 

sible for stopping bubble shrinkage faster than the 
corresponding stoichiometric case, merely because of 
the large emission flux of interstitials from the bubble 

surface. On the other hand, hyperstoichiometric Ura- 
nium Oxides have abundant thermal equilibrium 

vacancies. This tends to maintain the equiiibri~lm 
bubble radius unaltered, after the initial shrinkage 

transient. For example steady state for U02,es. in 
which $J, ~~ #+ - ~4; = 0 is reached at about 3 X IO6 s 

for the low temperature of only 1000 K. While the 

studies presented above do not include gas production 

or bubble re-solution during irradiation, they indicate 

that steady state fission gas behavior models must 

consider point defect dynamic effects. In the next 
section we present an investigation of the important 
variables affecting uranium oxide response to temper- 

ature transients. 

5. Thermal transient results 

Understanding of bubble response to thermal tran- 
sients is of crucial interest to reactor safety studies. 
The following investigations simulate bubble behavior 

in a temperature ramp from 1000 K to near the melting 
point at 3000 K. However, one has to realize that our 

formulation does not include the physics of melting. 
In all cases the initial cavity radius is the thermal equi- 
librium radius and point defects start at their quasi- 
steady state concentrations. 

5.1. Stoichiometly 

Before establishing the efects of different oxygen 
to metal ratios on bubble radial changes in a transient, 
we will consider the detailed study of a reference case 
for which O/M = 2.00, ~zs = 1000 at/bubble, ramp 
rate = 1000 K/s. 

Fig. 6 shows the variation of cavity radius as a func- 
tion of time for different oxygen to metal ratios, The 
equilibrium cavity radius is also plotted on the same 

TtWtRATliRE ( K) 

1000 1400 18% 22w 2600 3mo 

41------ 

?il 

‘“0.0 0.4 0.8 1.2 1.6 : 

TIME (S) 

Fig,. 6. Bubble radius history for different O/M ratios. Curves 

are for 1000 atoms/bubble and lo3 K/s ramp. 

figure, and it is interesting to notice the considerable 
de~ations of the cavity radius from its equilibrium 
value. 

At the start of the temperature transient, fission 

production of point defects results in steady state con- 

centrations many orders of magnitude larger than 
their thermal equilibrium values. in fig. 7 the dynamic 
and thermal equilibrium point defect concentrations 

are shown, while the corresponding defect fluxes are 
plotted in fig. 8. 

As the temperature increases vacancy mobilities is 
enhanced, resulting in a higher vacancy flux. However, 
the vacancy concentration does not significantly 
change until -0.75 s when the vacancies become suf- 
ficiently mobile to reach the bubbles. Nevertheless, 

interstitial concentration goes down because it main- 
tains a quasi steady state between fission production 
of point defects and mutual recombination (P = 
aC#I’v). On the other hand, the interstitial flux remains 
constant as Di increases, since Ly is proportional to Lli. 
It is important to note that recombination represents 
a significant loss mechanism for interstitials but not 
for vacancies due to their high concentration. 

Cavity growth becomes noticeable when the 
vacancy flux becomes appreciable (> lo- r4 cm’/s). 
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TEMPERATURE ( K) 
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0.4 0.8 1.2 1.6 

TIME (S) 

Fig. 7. Metal defect history for O/M = 2.00, 1000 atoms/ 
bubble and a lo3 K/s ramp. 

The excess vacancies continue to be absorbed by the 

cavities until the vacancies reach a quasi-steady state 
concentration at 1.15 s. As soon as the point defect 
fluxes drop to insignificant levels, the cavity radius 

levels off to a plateau that is determined by the initial 

excess vacancy concentration. After this time, the inter- 

stitial fluxes are dominant. The cavities start to grow 
in response to the increasing temperature at about 
1.7 s and 2700 K, when the net interstitial loss from 
the cavity surface becomes appreciable. At the end of 
the transient, the bubble tends to its equilibrium size. 

The initial system behavior for the hypostoichio- 

metric case, O/M = 1.95, is the same as that for the 
stoichiometric case because fission production of 

point defects dominates. However, the interstitial 
fluxes are much larger as shown in fig. 9 and the cav- 

ity reaches the plateau sooner. The net flow of inter- 
stitials quickly becomes appreciable and the cavity 
shrinks to its equilibrium radius. It is interesting to 
note that uranium self diffusion in U01.9s and above 
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Fig. 8. Metal flux history for O/M = 2.00, 1000 atoms/ 
bubble and a lo3 K/s ramp. 

2000 K in UOz is based upon an interstitial mecha- 

nism. 
The thermal equilibrium concentration of vacancies 

is very high in the hyperstoichiometric case with 

O/M = 2.05. Cavity response to the temperature ramp 

is determined by the vacancies which start at only 3.5 

times their thermal equilibrium concentration. After 

the excess vacancies are dumped into the cavities the 

radius remains constant until the difference between 
the bulk and emission fluxes of vacancies becomes 
large enough for the cavity to grow in response to the 
increasing temperature. 

5.2. Ramp rate 

Changing the ramp rate does not change the basic 
features of the results but it does change the tempera- 
ture at which they occur. Fig. 10 shows the radius his- 
tory for various stoichiometries when the ramp rate is 
increased to 10 000 K/s. The excess vacancies and 
interstitials still flow to the cavities and the cavity 
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Fig. 9. Metal flux history for O/M = 1.95, 1000 atoms/ 

bubble and a lo3 K/s ramp. 
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Fig. 10. Bubble radius history for different O/M ratios. Curves 

are for 1000 atoms/bubble and a lo4 K/s ramp. 

Fig. 11. Bubble radius history for different O/M ratios. Curves 

are for 100 atoms/bubble and a IO3 K/s ramp. 

radius plateau for each case is the same as for the 

1000 K/s ramp. However, the plateau occurs at a 

higher temperature since the time scale has been 
reduced by a factor of ten. It should be noted that for 

the stoichiometric and hyperstoichiometric cases the 

cavities are farther from equilibrium at the end of the 

faster ramp. 

5.3. Gas content 

Gas content determines the initial size of the cavi- 
ties and therefore the initial sink strengths for the 

point defects. The radial changes as functions of time 

for 1000 K/s ramp, 100 atom bubbles and various 

stoichiometries are shown in fig. 11. Smaller cavities 

respond more rapidly to point defect fluxes because 
they contain fewer vacancies. The deviations from 
equilibrium are much more extreme than for the 

1000 at/bubble simulations, but equilibrium is 
attained for all stoichiometries by the end of the tran- 
sient, while it was not for the stoichiometric and hy- 
perstoichiometric 1000 atom bubble cases. 

TEMPERATURE ( K) 

1000 1400 1800 2200 2600 3000 
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5.4. Point defect fission yield and recombination con- 
stant 

As discussed above, the system response to a ther- 

mal transient is first for the excess point defects to 

flow to the cavity which then adjusts toward equilib- 
rium when the thermal production of point defects 
becomes dominant. The excess point defects arise 

from the fission production of Frenkel pairs. In stoi- 

chiometric oxide, the main loss of point defects below 

1200 K is by mutual recombination, and the quasi- 

steady state concentrations of vacancies and intersti- 

tials are approximately determined by the equations 

@i--Q” 1 

P N- Q!CiCv . 

Therefore, initially 

(40) 

(41) 

(42) 

(43) 

It can be seen that the ratio of the point defect fission 

yield, Ytv, to the recombination constant, o/Dt deter- 
mines the initial excess point defect concentrations. 
The 1000 K/s ramp response for 1000 atom cavities 

and several combinations of Ytv and a/Di are plotted 
in fig. 12. It is apparent that the cavity behavior is 

primarily determined by the initial concentration of 
point defects which determines the plateau, and the 

temperature at which the thermal production of point 

defects becomes dominant. The case with Ytv equal to 
zero is equivalent to heating without irradiation and 
point defects start at their thermal equ~ibrium con- 
centrations. 

5.5. Bubble size 

In this last section we investigate the effect of ini- 
tial bubble size on the response of an average bubble 
to transients. The gas content is considered to be 
fixed at 1019 at/cm3, while the bubble size is allowed 
to change. The response of both equilibrium and non- 
equilibrium bubbles of stoichiometric UOa to a 
1000 K/s transient is shown in fig. 13 for different 
bubble sizes. The density decreases, as the average 
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Fig. 12. Radius history for various point defect yields and 
recombination constants. Curves are for 1000 atom/bubbles 
O/M = 2.00 and a IO3 K/s ramp. 

bubble radius increases, rendering irradiation induced 

point defects less effective on the bubble behavior. It 
is observed that small bubbles ( lo3 atoms) become 

underpressurized for a part of the transient, while 

large bubbles are overpressurized for the entire tran- 
sient. For the specific case of 10’ at~bubble, the 

bubble internal pressure will exceed the elastic limit 
of the UO2 matrix (-5 X lo4 kN/m’ at 1900 K [19]) 

after about 0.9 s from the start of the transient. This 

may lead to localized plastic deformation in the vicin- 

ity of the bubble. 
The strong effect of bubble size on bubble growth 

characteristics indicates that the initial bubble distri- 
bution may be an important factor in the response of 
the fuel to a thermal transient. The disposition of 
intragranular fission gas at the start of an actual reac- 
tor transient depends upon the irradiation history. 
Most of the gas exists as single gas atoms in the fuel 
matrix with the rest contained in a distribution of 
various size gas bubbles [21]. The low diffusivity of 
the bubbles and the short duration of some hypothe- 
tical transients allows for very little coalescence [9]. 
The fission gas response then is limited to the growth 
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Fig. 13. Radius history for various bubble sizes. Curves are 

for O/M = 2.00 and a 1 O3 K/s ramp with a total gas content 

of lOI9 atoms/cm3. 

of the existing bubbles due to the increase in temper- 
ature and point defect migration. A comprehensive 
fission gas model, including coalescence and re-solution, 

is being used to investigate the dynamic behavior of 
intragranular fission gas [22]. 

6. Summary and conclusions 

During the start-up and transient operation of fast 

breeder reactors, point defects migrate to existing 
bubbles with widely varying time scales. The absorp- 
tion of both vacancies and interstitials and their sub- 
sequent emission cause bubbles to experience non- 
equilibrium radial changes. 

Simple thermodynamics has been used to calculate 
point defect thermal equilibrium concentrations in 
uo 2 fX. Results of the calculations indicate that the 

interstitial mechanism is dominant for uranium self- 

diffusion in hypostoichiometric oxides at all tempera- 

tures, and in stoichiometric oxides only above 2000 K. 

This proved to have a considerable effect on bubble 
kinetics. 

Temperature dependent time constants for point 
defect migration depend on the complex nature of 
the sink structure as a function of time. At all temper- 
atures, and for start-up conditions, interstitials migrate 
much faster than vacancies leading to an initial bubble 

compression stage. The bubble then expands when 
vacancies reach its surface. However, only at elevated 

temperatures (> 2000 K) does the bubble shrink back 
to its equilibrium radius, due to the effect of the high 

vacancy emission rate from its surface. On the other 

hand, vacancies migrate very slowly at low tempera- 
tures leading to a long start-up transient (- 1 O6 s for 

UO, at 1000 K), as the vacancies reach a quasi-steady 
state with the microstructure. 

Thermal ramp behavior of the system has been 

found to primarily depend on point defect initial con- 

centrations, and on their migration properties. The 
overall results indicate that the excess point defects 

find their way quickly to cavities increasing their 
radius by as much as -30% above equilibrium (fig. 

12). The increasing cavity pressure, as the temperature 
increases, leads to an asymptotic approach to the 

equilibrium size. If the temperature increases quickly 
during the ramp (Z lo3 K/s), equilibrium bubble size 
is not attained even for temperatures as high as the 

fuel melting point. Fuel stoichiometry has been found 
to play an important role in determining the rate at 
which bubbles approach equilibrium, with hypostoi. 
chiometric fuels being the fastest. 

In conclusion, it is suggested that fuel stoichiometry 
and the dynamic behavior of point defects should be 
considered in fuel modeling calculations during start- 
up and transients, if accurate predictions are expected. 
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