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Abstract

A method of calculating the fuel densification and swelling as a result of only the initial fuel porosity has been

developed. Well-characterized UO2 fuel pellets, from the Romanian CANDU type fuel fabrication route, were used to

fit the specific pore volume distribution resulted from the sintering process to a lognormal distribution function and

thermal re-sintering tests up to 280 h at 1700 �C were done to fit the coefficients of vacancies diffusion and the self-

diffusion of uranium, required by the model. Careful analyses proved that the irradiation-induced resolution is strongly

dependent of the hydrostatic pressure and a corrected formula has been proposed. Analyses of the time evolution of the

pore size distribution during re-sintering tests and annealing tests similar with some as described in the open literature

were also done. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Sintering from compacted UO2 powders at high

temperature (1600–1700 �C) in controlled atmosphere,

during the fabrication route results in high density fuel

pellets including a pore size distribution whose charac-

teristics controls the rate of volume change at the be-

ginning of irradiation. The resulting fuel pellets have a

small amount of porosity remained after the fuel sin-

tering. The porosity, consisting of small pores of various

sizes, becomes important during the fuel irradiation

because, by pores shrinkage as a result of operating

temperature of the nuclear fuel, the dimensional stability

of the pellets will be affected.

The fission gas atoms resulted from the fission pro-

cess are accumulated in the as-fabricated pores but also

in the vacancy clusters left in the wake of the fission

fragments and new gas bubbles are generated inside the

fuel. All these processes involve dimensional changes

and failure of the physical parameters of the fuel. Many

attempts to give a satisfactory description of the time

evolution of the remaining porosity and of gas bubbles

nucleating and growth were done but the particular

characteristic of volume changing of the oxide fuel

during the irradiation has been treated using two distinct

manners.

One of them refers to the fuel densification, which is

an important feature of the fuel pellets affecting their

dimensional stability, and whose kinetics is governed by

the as-fabricated pore size distribution. Thermal re-

sintering tests on fuel pellets from the fabrication route

were currently done to simulate in-reactor fuel densifi-

cation.

The other one refers to the gas swelling of the fuel

matrix. Often, the theoretical results were used as sup-

port of specific post irradiation annealing tests.

But, intra- and inter-granular bubbles swelling and

the reducing of the pore sizes from the as-fabricated

porosity will compete to the time evolution of the fuel

pellets volume. Both the operating temperature and the

irradiation conditions controls the two as-described

processes denoted as the gas swelling and the fuel den-

sification.
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Historically, the fuel densification was associated to

the fuel elements behavior during the first in reactor-

irradiation days. That is, only those characteristics of

the fuel pellet such as the fraction of the fine pores that is

directly correlated to the initial rate of the fuel densifi-

cation was careful analyzed.

It is generally accepted that the amount of the fine

pores of radius Rp < 0:05 lm has a great effect on the

kinetics of the volume changes of the fuel pellets both

during the re-sintering tests and during the fuel irradi-

ation [1,2,5]. Moreover, even for the same type of the

fuel elements, the technological process of fuel fabrica-

tion (especially the flowing properties of the UO2 powder

and consequently the sintering parameters) will affect the

pore size distribution and the kinetics of fuel densifica-

tion will be implicitly different. Such situation has been

observed to the experimental tests on the Romanian

CANDU type fuel in both NRU-AECL and TRIGA-

INR reactors where the measured fuel deformations

were greater than predicted using the empirical densifi-

cation laws established on Canadian experiments from

published information [9,10,12–14].

Often, empirical densification laws were proposed to

avoid the modelling difficulties [10,11,15] that can be

used only for particular situations.

It is known [16] that the irradiation-induced point

defects accelerate the fuel densification. Most of the

point defects created by a fission fragment collapse into

damage cascades in its wake but �10% are allowed to

escape. The interstitials migrate to the various trapping

sites, such as the dislocations or the grain boundaries or

can be loosed by mutual recombination, faster than

vacancies move into the fuel lattice, so that the vacancies

migration will control the real balance of the volume

change of the fuel pellets. The fission spikes interact

with the pores and an excess of vacancies concentration

will appear surrounding the pore. Speight [19] shown

that, whereas absorption of interstitials can lead to void

shrinkage, the free vacancies cannot reach grain

boundaries so fast at the fuel elements operating tem-

peratures and hence the overall pellet density can only

increase to a very limited extent by lattice relaxation.

Because the fuel densification and the gaseous fuel

swelling are generally treated as separate processes, the

importance of the dislocations on the vacancies balances

in oxide fuel has been pointed out rather in that works

dedicated to the modelling of the intra-granular bubbles

swelling [20,34,35,43] than the fuel densification. A de-

scription of the fuel densification considering the mi-

gration of point defects (both the interstitials and the

vacancies) to pores and dislocations resulted from the

Dollins and Nichols model [3,5], which unfortunately

neglected the effect of the initial pore size distribution

on the kinetics of fuel densification. Bouguera and Si-

Ahmed [7] completed their model to consider an arbitrary

pore size distribution. Detailed experimental results re-

garding the irradiation and temperature dependence of

the pore size distribution were given in Ref. [6]

High-pressure argon atmosphere was used to simu-

late the inter-granular bubbles swelling [39] and thermal

re-sintering on UO2 fuel pellets [8]. Kashibe and Une

proved a very simple correlation previously established

by Hull and Rimmer [40]. The correlation is derived

from the creep tests in metals and it is however un-

proper used because it not consider the complex pro-

cesses involved in oxide fuel densification and swelling

during the fuel irradiation.

The intra-granular bubbles nucleation and growing

were the subject of an extensive work both experimental

and theoretical. Wapham [24] suggested that a sputter-

ing mechanism is responsible of the observed re-solution

rates of gas atoms in uranium dioxide and Cornell and

Turnbull shown by direct measurements and calculation

the existence of a critical dose at which the bubble

population is stable and proved that the effect of the

irradiation-induced resolution is to prevent established

bubbles to collect fission gas trough-out the whole irra-

diation time [23,26,27]. Turnbull [25] gave a value of the

irradiation-induced resolution parameter and, based on

experimental data, he established a bubble growth law

and a bubble size distribution of the form CBðRÞR2 ¼
const:, where CBðRÞ is the concentration of the bubbles

of the radius R. His simple model has been fitted with

good result on some experimental data. Based on his

model Turnbull concluded that the amount of gas con-

tained in the intra-granular bubbles is negligible small

and their contribution to the gas release models must be

ignored.

It is worth mentioning the Speight’s model [28] re-

garding the relationship of the intra-granular concen-

tration of fission gas existing instantaneously within the

bubbles and in solution, extended to account for the

inter-granular bubble resolution. The inter-granular model

has been extended to simultaneously evaluate the fission

gas release using a grain size distribution function [29].

Other mechanisms by which the intra-granular bub-

bles nucleate and grow, such as random bubble migra-

tion and coalescence [31] or accumulation by random

migration at the dislocations [20], bubble coalescence

and migration in thermal gradient, have been proposed

and complex models and computation codes to evaluate

the fission gas evolution in oxide fuels during irradiation

have been developed [21,31–35].

The stress field resulted from the pellet-cladding

mechanical contact, also affects the temperature and fis-

sion gas induced pellet-volume changes [41]. The effect

of the stress field on the volume changes considering

both the gas swelling and the as-fabricated porosity

acting as fission gas sinks has been studied by Blank [30],

but only in the simple case of in-equilibrium bubbles and

pores. He also calculated a critical radius of the bubble

from which the bubble growth becomes unstable.
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Notley and Hastings in their model [32] used the

balance of fission gas diffusion in both as-fabricated

porosity and a fixed number of inter-granular bubbles in

equilibrium at the grain boundary.

To evaluate the intra-granular bubbles behavior

during fast annealing tests at 150 K/s of the irradiated

fuel, a model of thermal resolution of fission gas atoms

from bubbles together with single atom diffusion to

grain boundaries has been proposed in Ref. [36,37].

Evans [44] pointed out that experimental results and

the calculated solution energies of fission gases in Ref.

[45] disregard with the assumption of their thermal res-

olution in gas bubbles. Based on the experimental evi-

dence that intra-granular bubbles have larger sizes near

the grain boundary than inside the grain, Evans ad-

vanced a new model in which the inherent vacancy

gradient from the grain boundary to its center allows the

bubbles not only to grow but also to migrate to the grain

boundary [44].

An alternative model suggests that the elastic field

around the bubbles increases with gas precipitation and

does finally lead to lowering of the precipitation rate [38]

in conditions of a rapid diffusion rate comparatively

with the microscopic plastic deformation rate. In het-

erogeneous media this effect improves gas precipitation

in places where vacancy availability is higher. Conse-

quently, a large amount of gas precipitates on grain

boundaries and dislocations. We suppose that the theory

is particularly good when isolated bubbles are studied.

In a global analysis, we have to assume a homogeneous

distribution of the dislocations and rather new gas

bubbles arise near the dislocations than improving of the

fission gas migration to that places where the vacancy

availability is higher. Of course, the amount of the fis-

sion gas released inside the void volume of the fuel ele-

ments will be retarded by its accumulation in the matrix

voids of the fuel and, correlated to this, the remaining

porosity could accumulate an excess of gas concentra-

tion to be considered in such analyses. So, the fission gas

release and the initial distribution of the pore sizes

would be correlated and cannot be separately described.

Besides the fission gas diffusion to the grain boundary,

an accurate description of the oxide fuel behavior during

irradiation requires an adequate treatment of the intra-

granular bubble swelling, especially during the tem-

perature transients. Experimental results shown that a

bimodal distribution of intra-granular bubbles raises

during the annealing tests on irradiated fuel [42]. The

size distribution of the larger bubbles is of the form of an

exponential tail and their concentration is about five

orders of magnitude lower than the initial bubble con-

centration and so, close to the initial as-fabricated po-

rosity.

The purpose of the paper is to set up the possibility to

evaluate the fuel densification and swelling as a result of

the initial fuel porosity using a method, which considers

the grain boundaries, the fission fragments interaction

with the fuel matrix and pores and also the linear defects

as sources and sinks of vacancies. The weights of some

parameters such as dislocation density, pore concentra-

tions and grain growth effect on fuel re-sintering, den-

sification and swelling are also evaluated. Thermal

re-sintering tests used to evaluate the model parameters

are described. Some analyses regarding the availability

of the former pore regions to eventually contribute at

the new large bubble population, which develop during

the post irradiation annealing tests, will be done.

The intra- and inter-granular bubble nucleation and

swelling are not treated however. Only those character-

istics that are similar with the initial pores evolution

during the oxide fuel irradiation are analyzed.

2. Fuel characterization and experimental results

As an application of the theoretical results presented

below, some characteristics of the fuel pellets from the

fabrication route of the Romanian CANDU type fuel

elements will be described in the follows. The experi-

mental results from thermal re-sintering tests made on

the Romanian UO2 fuel will be used to fit the physical

parameters (the self-diffusion coefficient of the U4þ ca-

tions and the thermal diffusion coefficient of vacancies)

requested by the model.

To see how different the pore size distribution of the

Romanian manufactured fuel pellets versus the Cana-

dian manufactured fuel pellets is, and to verify the sta-

bility of the technological fabrication process, an initial

number of 19 archive fuel pellets representing 12 fuel

batches manufactured between 1987–1988 years have

been selected [15]. The pellets densities were measured

using the xylene immersion penetration method [15] and

analyzed for pore size distribution using an automatic

image analyses system including a LEITZ optical mi-

croscope from the INR hot cell laboratory [17]. About

1500–2000 pores have been detected and measured for

every sample. Their sizes have been grouped in 8–9 of

equal length size classes between 0.42–8 lm.
The pore volumes from every size class have been

evaluated and the pore volume frequency histogram

obtained was fitted to a lognormal distribution function

using the Levenberg–Marquardt algorithm. Such eval-

uations were made for each fuel pellet analyzed and the

results are given in Table 1. Not all the archive pellets

could be fitted to a lognormal distribution function, very

few of them having a radial distribution of the pore size.

They were eliminated from the analyses of pore distri-

bution. The other measured fuel pellets had very closed

values of the distribution parameters and it has been

concluded that they could be samples of a unique pore

size distribution representing the manufacturing tech-

nology. As it can be seen in Table 1, the estimated
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average diameter (1.6–2.5 lm) and standard deviation

(0.8–2.4 lm) are very close each other.

The densities resulted by pore numbering, by inte-

gration of the resulted lognormal distribution functions

and by immersion technique are given in Table 2. It can

be seen in Table 2 that closer values versus the immer-

sion technique of the fuel densities resulted by integra-

tion of the fitted lognormal distribution function rather

than from the pore numbering. The difference can be

explained if we take into account that the pores whose

radius was smaller that 0.42 lm could not be detected

but can be estimated using the corresponding integra-

tion area from the lognormal distribution function.

The hypothesis regarding the lognormal characteris-

tic of the pore size distribution has been confirmed both

by comparisons with the immersion results and by fitting

coefficients. The homogeneity Cochran test of the vari-

ances of K normal populations and K-Neyman–Pearson
tests of general homogeneity of both average values and

variances were applied to the results depicted in Table 2.

Both of them confirmed for 5% confidence level that the

measured pore sizes distributions are samples from a

unique lognormal population of the following param-

eters:

l
_ ¼ 1

k

Xk
i¼1

li ¼ 0:5046; s
_ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

k

Xk
i¼1

s2i

vuut ¼ 0:6105:

It follows that the estimated average pore diameter of

the Romanian CANDU type fuel is UINR ¼ 2:00 lm,
and the standard deviation rINR ¼ 1:34 lm, which are

greater versus the Canadian CANDU type fuel whose

values are UAECL ¼ 0:50 lm, respectively rAECL ¼ 0:58
lm [9]. The resulted pore size distribution of the Roma-

nian CANDU type fuel is given in Fig. 2(a). So, the

greater measured fuel elements deformations of the

Romanian CANDU type fuel versus the similar Cana-

dian CANDU type fuel during the irradiation tests are

the result of the different pore size distribution of the

two manufacturers.

Current fuel characterisation works use SEM to

supplement optical microscopy in the study of porosity

size distribution. The results reveal a large population of

Table 1

The estimated average diameter, standard deviation and the corresponding parameters of the lognormal distribution functions resulted

by fitting the pore size measurements ([Ref. [15]])

Lot 883 155-OA 172-OP 187 224 242 249 288 740

size (lm) 1.61 1.82 1.92 2.44 1.95 1.92 2.43 2.55 1.59

r 0.8741 1.1292 1.0540 1.8172 1.1989 1.0782 2.24 2.3720 0.8067

m 0.34495 0.43907 0.52308 0.66896 0.50672 0.51602 0.58018 0.62278 0.34014

s 0.50904 0.56951 0.51235 0.66523 0.56654 0.52327 0.78453 0.79020 0.48186

Table 2

The densities resulted by pore numbering, by integration of the resulted lognormal distribution functions and by xylene immersion

technique on UO2 pellets from the Romanian fabrication route used to evaluate the pore size distribution (Ref. [15])

Sample Fuel density (g/cm3) Porosity (%)

Xylene immersion Pore numbering Fitting to a

lognormal

Xylene immersion Pore numbering Fitting to a

lognormal

083/2 10.67 10.65 10.65 2.637 2.837 2.826

155/OA/1 10.57 10.50 10.47 3.522 4.175 4.499

172/OP/1 10.49 10.48 10.46 4.279 4.348 4.554

187/1 10.54 10.64 10.59 3.796 2.884 3.396

224-2 10.52 10.56 10.53 4.005 3.608 3.888

242-1 10.58 10.61 10.57 3.504 3.186 3.355

740-1 10.63 10.63 10.63 3.047 2.971 3.001

249-6 10.64 10.74 10.68 2.920 2.052 2.563

249-1 10.63 10.63 10.57 2.993 2.979 3.550

288-1 10.58 10.61 10.54 3.513 3.212 3.902

288-3 10.63 10.69 10.66 2.984 2.445 2.762

288-7 10.60 10.63 10.59 3.248 2.994 3.400

288-9 10.72 10.75 – 2.190 1.907 –

271-5 10.71 10.78 – 2.281 1.756 –
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sub-micron diameter pores, previously unresolvable,

which can contribute up to 30% of the total pore volume

[49]. The volume fraction of the pores with sizes smaller

than the smallest limit resulted from our analyses by

optical microscopy is Erf Lnð0:42Þ; l; s½ � � 0:23 (Erf is

the error function) or 23% from the total. Without any

underestimation of the importance of the SEM analyses

in fuel characterization, the fitting methods used to

complete the leakage of information about the pores size

distribution beyond the lowest limit resulted by optical

microscopy proves the powerful of the statistical tools in

such kind of analyses.

To arrive at a densification law specific for the Ro-

manian CANDU type fuel, re-sintering tests at 1700 �C
on fuel pellets extracted from five batches from the

fabrication route were done. The fuel pellets densities

were measured by xylene immersion technique after 5,

15, 30, 60, 100, 172 and 280 h. Pore size distributions

have been measured after 15, 30 h and respectively at the

end of the re-sintering tests (280 h) [15,17]. The mea-

sured values of the densities of the fuel pellets batch no.

288 are given in Table 3 and the corresponding pore size

distribution resulted by fitting to a lognormal function

(whose parameters can be taken from Table 2) is shown

in Fig. 2(b). As it can be seen in Table 3 the final den-

sities of the fuel pellets can be correlated with their initial

densities. Thus the fuel pellet that had an initial greater

density will have all the time of the re-sintering test a

greater density. The differences become smaller at the

end of the re-sintering test, which means that the fuel

densification could cease after 280 h of thermal treat-

ment at 1700 �C.

3. Theoretical treatment

To give a solution to the problem of the fuel densifi-

cation and swelling, most of the models begin with the

definition of the thermal flux at the surface of an arbitrary

pore of radius Rp derived from the solution of the steady

state diffusion equation of point defects associated to a

void embedded into an infinite medium. In such cases, the

thermal rate of vacancy diffusion at the pore surface is

Qth ¼ 4pRpDth
v Ceq

v e
pX=kBT

�
	 Cv

�
; ð1Þ

where, Dth
v is the thermal diffusion coefficient of vacan-

cies, X is the atomic volume, Ceq
v is the thermal equi-

librium concentration of the vacancies, p is the pressure

in excess at the void’s surface,

p ¼ 2c
Rp

þ ph 	 pg; ð2Þ

c is the surface tension, ph is the hydrostatic pressure, pg
is the gas pressure inside the void volume and Cv is the

vacancies concentration at an infinite distance from the

void.

The mechanisms for thermal sintering involving Eq.

(1) remain valid in-pile but the kinetics are significantly

modified through an effective diffusion coefficient [1,2,4],

Table 3

The densities of the fuel pellets from the batches no. 249, 271 and 288, during the thermal re-sintering tests at 1700 �C, resulted from

xylene immersion method

Sample Time (h)

0 5 15 30 60 100 172 280

249-P1 10.642 10.632 – – – – – –

249-P2 10.677 10.667 10.666 10.666 10.676 10.679 10.671 10.679

249-P3 10.657 10.652 10.653 10.657 10.660 10.663 10.657 10.660

271-P1 10.605 – – – – – – –

271-P2 10.613 10.625 10.644 – – – – –

271-P3 10.606 10.625 10.643 10.664 – – – –

271-P4 10.594 10.610 10.624 10.649 10.674 10.689 10.695 10.713

271-P5 10.599 10.616 10.633 10.652 10.678 10.694 10.695 10.710

288-P1 10.575 – – – – – – –

288-P2 10.595 10.608 10.624 10.649 10.675 10.690 10.702 10.720

288-P3 10.578 10.589 10.604 – – – – –

288-P4 10.606 10.617 10.631 10.657 10.676 10.691 10.706 10.720

288-P5 10.573 10.586 10.601 10.622 10.644 10.656 10.665 10.681

288-P6 10.583 10.594 10.612 10.634 10.652 10.670 10.680 10.694

288-P7 10.581 10.594 10.610 10.633 – – – –

288-P8 10.560 10.575 10.590 10.609 10.636 10.652 10.659 10.681

288-P9 10.592 10.610 10.629 10.651 10.674 10.693 10.704 10.720
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Dv ¼ Dirr
0
_FF þ Dth

0 exp

�
	 Qth

RT

	
; ð3Þ

where _FF is the fission rate, Qth is the thermal activation

energy of diffusion and Dirr
0 , D

th
0 must be fitted empiri-

cally [5].

Assmann and Stehle defined the fission spike inter-

action with the pores as being proportionally with the

pore surface for coarse pores as follows:

Qirr ¼ 2pR2
p
_FF lNvX 1

�
	 Cv

Cs

	
; ð4Þ

where l is the average track length of a fission fragment,

and the saturation concentration Cs was used to give a

better fit of the model to their results [2].

Generation of vacancies by fission spikes in the lat-

tice [3] and the vacancies absorption to the linear defects

must be included by a term,

qf ¼ bnvX _FF 	 ZvqdDv Cv

�
	 Ceq

v

�
; ð5Þ

where nv is the number of vacancies from a fission event,

b is the fraction that do not immediately recombine,

Zv=a is the number of sink sites of vacancies per unit

length of dislocation (a is lattice parameter), qd is the

density of the linear dislocations (in units of length per

unit volume).

The solutions given to Eqs. (1) and (4) require the

knowledge of the local vacancies concentration Cv [1–3].

In our analyses we will replace the local vacancies con-

centration with the vacancies concentration averaged

everywhere in the system using an homogenized source

term of the form [4]

q ¼
Z 1

0

Qthð þ QirrÞN Rp

� �
dRp þ qf ð6Þ

to solve the diffusion equation associated to the vacan-

cies migration inside of an arbitrary grain under quasi-

equilibrium conditions. The expression of the diffusion

equation for an arbitrary size grain, with the source term

defined by Eq. (6) is

1

r2
d

dr
r2
dC0

v

dr

� 	
þ q
Dv

¼ 0;
dC0

v

dr

����
r¼0

¼ 0;

C0
v rg
� �

¼ Cgb ¼ Ceq
v exp

phX
kBT

� 	
: ð7Þ

To account for the arbitrary void position inside the

pellets volume, the solution of Eq. (7) will be averaged

using the grain volume distribution function gðVgÞ,
which is characteristic to the polycrystalline material,

Cv ¼ 4p
Z 1

0

gðVgÞ
Z rg

0

C0
vðr0Þr02 dr0 dVg: ð8Þ

Now, using the notations

a2 ¼ 4pCB

Dth
v

Dv

Rp

�
þ F lNvX

2DvCs

R2
p


þ Zvqd;

b ¼ 4pCB

DU

Dv

Z 1

0

Rpe
pX
kBT nðRpÞdRp

�
þ FlNvX

2Dv

R2
p



þ nvbXF
Dv

þ ZvqdC
eq
v ; ð9Þ

Rp ¼
Z 1

0

RpnðRpÞdRp; R2
p ¼

Z 1

0

R2
pnðRpÞdRp;

where DU ¼ Ceq
v Dth

v , and nðRpÞ ¼ NðRpÞ=CB;CB the pore

concentration in the unit volume, then solving Eq. (7)

and substituting the solution in Eq. (8), after arrange-

ment of terms it will result in

Cv ¼
Cgb þ bA
1þ a2A

; A ¼ 4p
45

Z 1

0

r5ggðVgÞdVg: ð10Þ

In Eq. (10) we assumed that
R1
0

Vgg Vg
� �

dVg ¼ 1.

From the vacancies balance at the surface of an ar-

bitrary pore,

dVp
dt

¼ 	XJp ¼ 	Qth 	 Qirr; ð11Þ

whose form in terms of pore radius Rp is

dRp

dt
¼ 	Dth

v

Rp

Ceq
v e

pX
kBT

�
	 Cv

�
	

_FF lNvX
2Cs

Csð 	 CvÞ: ð12Þ

From definition (Eq. (10)) the average vacancies

concentration from the matrix is associated to the grains

size by only the A parameter. Or, in other words the fuel

densification is dependent on the grain volume distribu-

tion function only in the case of grain growth. Otherwise,

even in absence of the irradiation, for a constant value of

the A parameter the fuel will still shrink, which is dif-

ferent versus the Coble model where the fuel densifica-

tion take place only if the grains grow in time [2,46].

The rate of gas density change into the pore ng is

dng
dt

¼ 4pDgCgRp 	 b0ng; ð13Þ

where Dg is the diffusion coefficient of the fission gases

inside the fuel matrix, Cg is the average gas concentra-

tion from the matrix and b0 the rate of irradiation-

induced resolution. From Ref. [16],

b0 ¼ 1:7� 10	17gF ðs	1Þ;

g ¼ 1	 1

�
	 15

1

Rp

�
þ 1

B
kBT
2c

� 	�3

;

B ¼ 85 �AA
3
:

It has been often supposed that the fission gas mi-

grated in pore obeys the van der Waals equation,
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pg
1

ng

�
	 b
	

¼ kT ;

where b is the van der Waals constant. The van der

Waals equation becomes unpractical in analyses re-

garding the gas accumulated in intra-granular bubbles,

because their gas concentration is usually closed to the b

constant and mathematically the gas pressure tends to

infinite. Harisson recommended the using of an extra-

polated equation of state in which gas pressure values as

function of the gas density and temperature are tabu-

lated [22]. He also found that the Xe density in liquid

phase is higher than predicted using the van der Waals

constant. His interpolation table was used in to evaluate

the fission gas pressures from intra-granular bubbles in

the follows.

Because of the mechanical contact between the fuel

and cladding, the effect of the hydrostatic pressure on

the resolution efficiency g introduced by Nelson [16]

cannot be neglected and from Eq. (14) its form in such

cases becomes

g ¼ 1	 1

�
	 15

1

Rp

�
þ 1

B
kBT

2c þ pHRp

� 	�3

;

lim
pH!1

g ¼ 1	 1

�
	 15

Rp

	3

: ð15Þ

As can be seen in Fig. 1 even at lower hydrostatic

pressures the resolution efficiency could change with an

order of magnitude. For greater values of the hydro-

static pressure the resolution efficiency goes down to the

horizontal asymptote given in Eq. (15), that means that

very slow amount of fission gas would be extracted from

the pore by interaction with the fission fragments [16].

At lower pore radius (�15 �AA) the resolution efficiency

g ¼ 1.

Generally, the hydrogen is used as sintering atmo-

sphere. An initial hydrogen atoms concentration can be

evaluated from

n0g ¼
4pR3

p

3

ps
kBTs

; ð16Þ

where ps and Ts are, respectively, the sintering pressure

and temperature. Because of its great mobility the hy-

drogen accumulated inside the pores can migrate easily

and it cannot sustain the pressure induced by the pore

surface.

The fission gas accumulated during the irradiation is

insoluble in the matrix. Consequently, the pores do not

disappear so time they are not so small that can be

sputtered by interaction with the fission spikes.

Because of the fuel densification, the pore size

distribution function becomes time dependent f ðr3Þ !
f ðr3; tÞ and from the continuity condition,

of
ot

þ o

or3
f
dr3

dt

� 	
¼ 0: ð17Þ

But the pore volume will decrease in time as a result

of the vacancies migration to the outer surfaces. So, it is

not possible to give a satisfactory solution of the fuel

densification using Eq. (17). Rather than the using a

pore size distribution function, Assmann and Stehle [2]

have proposed to evaluate the time evolution of the

radius of the average volume pores from every class of a

pore size frequency histogram, which is representative

for a fuel manufacturer. Based on their proposal we

developed a method that use instead of the time-evolu-

tion of average volume pores from every size class from

the histogram [2], the time evolution of the boundaries

radius ðRp;k	1;Rp;kÞ of every class of pore sizes. Then the

contribution to the porosity changes can be easily

quantified using the formula [47]

PðtÞ ¼ P0 	
p
3

XM
k¼1

Nk
V ðRp;k þ Rp;k	1ÞðR2

p;k þ R2
p;k	1Þ;

N ¼
XM
k¼1

Nk : ð18Þ

Using Eq. (18) to evaluate the remaining porosity

eliminates the requirements of building of intermediary

pore size frequency histograms to establish the new av-

erage volume radius as a result of the different kinetics of

pore size changes, as previously recommended by Ass-

mann and Stehle [1,2]. When the smallest radius of a

class interval from the histogram goes to zero then the

new class frequency must be calculated using the fol-

lowing expression:

N 0
k ¼ Nk

R0
p;k

Rp;k 	 Rp;k	1
: ð19Þ

Eq. (19) has been established according to the uni-

form character of the distribution inside every frequency

class. Both the values N 0
k , the new class frequency and

R0
p;k , the new largest radius of the size class (the radius on

Fig. 1. The effect of the hydrostatic pressure on the resolution

efficiency (Eq. (15)).
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the left of the interval is zero), correspond to the new

time step interval.

4. Thermal re-sintering and gaseous swelling of the initial

porosity

Two particular situations when both the fission rate F

and the resolution parameter b can be taken zero, the

thermal re-sintering tests on as-fabricated fuel pellets

and respectively the out-of-pile annealing tests on irra-

diated fuel will be discussed below.

Let first study the form of Eq. (12) applied to the

simpler case of thermal re-sintering in hydrogen atmo-

sphere. In this case the gas pressure inside the pores can

be neglected, the fission term in Eq. (12) disappear and

the parameters a2 and b become

a2 ¼ 4pCBRp þ zvqd;

b ¼ Ceq
v a2
�

þ 8pcXCB=kBT
�
:

ð20Þ

Substituting Eq. (20) in Eq. (10) and the later one in

Eq. (12), after the arrangement of terms we will have

dR3
p

dt
¼ 3a

Rp

Rc

�
	 1

	
; Rc ¼ Rp þ B; a ¼ 2cXDth

v C
eq
v

kBT
;

B ¼ 1=Aþ zvqd

4pCB

: ð21Þ

From Ref. [16] the dislocation density in pure crystals

is very low, for semiconductors it is >106/m2, and it

increases in worked polycrystalline metals to �1013/m2.

During the re-sintering process we will accept that the

dislocation density is lower than the term 1/A and we

will neglect it for the moment. Its effect will be discussed

later, in connection with the out-of-pile annealing tests.

By symmetry with the Lifshitz and Slyozov theory,

the term Rc has the significance of a critical radius.

However, versus their theory, where the critical radius is

equal any time with the average pore radius, we have to

take into account a new term, noted B, which depends

on material parameters resulted from Eq. (21). The

weight of the parameter A, defined by Eq. (10) whose

value calculated using the definitions from Ref. [29] is

A ¼ A1�rr2g; A1 ffi 845 �rrg
�

¼ meters
�
; ð22Þ

where �rrg, the average radius of the fuel grains, can be

evaluated as a function of the initial grain radius.

Apparently, the pore size distribution function would

be the same as that derived from the model of Lifshitz

and Slyozov [18]. But in such cases the fuel volume does

not properly change. The identity Rc ¼ Rp is a result of a

constant volume fraction of particles in system. Conse-

quently, the vacancies will migrate from the smaller

pores to the greater ones with the void volume conser-

vation. Lifshitz and Slyozov emphasized that their dis-

tribution function becomes valuable in the last stage of

the sintering process only deeply inside the fuel matrix.

Actually, an increased number of vacancies migrate to

the grain boundaries with the global effect of pore

shrinkage. Thus for an initial 10 lm grain size the term

1=A � 4:7� 1011/m2. On the other hand the B parameter

is inverse proportionally with the pore concentration

that in the case of the lot no. 288 was Cinitial
B � 2:2� 1016/

m3 (initial) and it goes down during the re-sintering

process. The resulted B parameter is B � 21 lm and,

consequently, the critical radius Rc � 22 lm that will

increase as a result of the pore concentration decreasing.

That means that the all pores with radius smaller than

the critical radius will decrease their size and only a very

isolated pore size class of sizes >44 lm could increase in

diameter. Because pores with radius greater than the

resulted critical radius (22 lm) are not usual in high

density oxide fuels, we can accept according to Eq. (21)

and discussion above that the pores can only shrink and

the effect of the average pore radius from the distribu-

tion on the critical radius is insignificantly. If the grains

grow, the critical radius decreases with the physical

significance that the vacancies migrate rather to other

pores from the grain than to the grain boundary. In such

cases, if the pores do not all disappear, their size dis-

tribution function will tend to that resulted from the

Lifshitz and Slyozov theory [18]. Larger pores concen-

trations are not unusual in high-density oxide fuel if the

average pore size from the distribution is smaller than in

the case of the Romanian fuel pellets. Thus, at lower

mean pore radius and the same value of the initial po-

rosity the pores concentration could increase with many

orders of magnitude. A pore population with the pore

concentration CB � 1018/m3 give in effect a value of the

parameter B � 0:2 lm. Obviously, the average pore ra-
dius of a such population must be lower than 1 lm, but
there are enough pores in the distributions greater than

Rc ¼ Rþ B and consequently they will increase accord-

ing with Eq. (21). Hence, in the limits of an initial great

pore population, very high grain size, and for very short

times from the beginning of the re-sintering process Eq.

(21) becomes similar with the Lifshitz and Slyozov

model respectively Rc ¼ Rp.

Careful analyses of the effect of grain growth for

grains with initial radius between (5–10 lm) as usual in
oxide fuels show that it is however small and becomes

important only for that pore size distributions with very

large concentration of large size pores. In this case the

grain growth will delay the pore shrinkage.

As a result of the irradiation a large population of

dislocations will be induced in the fuel matrix and even if

a great part of them will be annealed at the higher

temperatures invoked by the out-of-pile annealing tests

their density remain great enough and the A parameter

in Eq. (21) can be neglected. The reader can verify that
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for a small argument pX=kBT the exponential term in

Eq. (9) can be approximated as ex ffi 1þ x and substi-

tuting the parameters from Eq. (9) in Eq. (10), the latter

becomes

Cv ¼ Ceq
v

1þ 4pRCB

1=Aþ a2
2c

Rp

��
	 pgRp

Rp

	
X
kBT

�
;

a2 ¼ 4pCBRp þ zvqd; pgRp ¼
Z 1

0

Rppg Rp

� �
n Rp

� �
dRp:

ð23Þ

Because of the previous irradiation of the fuel the

term zvqd � 1013/m2 and consequently 1=A � a2 in Eq.

(23). It will result that Eq. (23) is the same with the

White’s expression of the average vacancies concentra-

tion from Ref. [43]. However, the term 1=A cannot be

neglected when long-term annealing tests on samples

with smaller bubbles concentration are simulated, be-

cause the second term in such situation tends to infinity.

Besides, the physical significance of the problem disap-

pears because we cannot measure volume changes into

an infinite system as resulted from the White’s treat-

ment. In our treatment, the fuel is regarded as a

fuel grains assembly in which the pore volume changes

as a result of vacancies balance between bubbles, dislo-

cations and grain boundaries, simultaneous with the

grain growth in result of the mass transfer between the

grains.

5. Application

The pore size frequency histograms will be used to

evaluate the volume changes during the fuel pel-

lets thermal re-sintering, gaseous swelling and densifi-

cation.

Lets first study the as-described thermal re-sintering

tests. To this aim we will write down Eq. (21) in the form

dRp

dt
¼ a

R2
p

Rp

Rc

�
	 1

	
: ð24Þ

The solution of Eq. (24) is

1

�
þ Rp;0

Rc

	2

	 1

�
þ Rp

Rc

	2

þ 2 ln
1þ Rp;0=Rc

� �
1þ Rp=Rc

� �
�����

�����
¼ 	 2a

R3
c

Dt; ð25Þ

where Rp;0, is the initial pore radius.

Eq. (25) has been applied to both the pore size dis-

tribution specific to the Romanian fuel (Fig. 2(a)) and

the pore size distribution corresponding to the fuel pel-

lets batch no. 288 (Fig. 2(b)). To verify the accuracy of

the evaluations, the initial lognormal distributions have

been divided in both equal length radius intervals and

equal natural logarithm of radius intervals. The resulted

histograms were used to evaluate the thermal parame-

ters that give the best fit of the density measurements.

As expected, the using of size classes of equal length

in radius involves a large number of classes for an ac-

curate evaluation of the results versus the equal intervals

in natural logarithm of radius. As for example, Fig. 3(a)

and (b) illustrate the results obtained by applying Eq.

(24) to initial frequency histogram characteristic of the

Romanian fuel and respectively to the histogram char-

acteristic to the 288 batch using both 50 classes of equal

length in pore radius and 10 classes of equal intervals in

natural logarithm of pore size. It can be seen in both Fig.

3(a) and (b) that a discontinuous line describing the fuel

densification arises as a result of the discrete nature of the

pore size distribution. The points where the densification

Fig. 2. (a) The pore size frequency histogram resulted by di-

viding the fitted lognormal distribution function of the Roma-

nian fuel pellets fabrication route in classes of equal radius

lengths. (b) The pore size histogram resulted by dividing the

fitted lognormal distribution function of the fuel pellets lot no.

288 in classes of equal length of natural logarithm of radius.
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is abruptly changed correspond to the disappearing of a

size class of higher frequency from the histogram.

The diffusion parameters resulted by fitting the model

(Eq. (24)) to our experimental results are the same as

previously established by Reinfried [4]

Dth
v ¼ 0:125 exp ½ 	 222 ðkJÞ=RT �;

DU ¼ 5:0� 10	3 exp ½ 	 368 ðkJÞ=RT �: ð26Þ

The experimental results used in Fig. 3(a) are from

pellets density measurements by xylene immersion pen-

etration method from fuel pellets batches no. 249, 271

and 288 (Table 3).

For a better description of the size class frequencies,

a correction of the number of pores from every class has

been made according to the formula [47]

NV ;M	k ¼ NV ;M	k 	
Xk
i¼0

pM	k;M	iNV ;M	i;

pM	k;M	kþ1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1	 rM	k

rM	kþ1

� 	2
s

;

pM	k;M ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1	 rM	k

rM

� 	2
s

	

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1	 rM	kþ1

rM

� 	2
s

;

ð27Þ

where PM	k;M	kþi; i 2 ½0;M � is the probability of inter-

section of a pore with a plane situated between the pore

size classes M 	 k, M 	 k þ i from its center, ri is the

pore radius corresponding to the class i, on the fre-

quency histogram.

The corresponding number from the unit volume has

been calculated from the pore number measured in the

class i from the unit surface according to the formula

[47]

NK
V Vk

volume unity
¼ NK

S Sk
surface unity

) NK
V ¼ NK

S

Sk
Vk

¼ NK
S

R2
p;k þ Rp;kRp;k	1 þ R2

p;k	1

� �
Rp;k þ Rp;k	1
� �

R2
p;k þ R2

p;k	1

� �

¼ NK
S

R3
p;k 	 R3

p;k	1

� �
R4
p;k 	 R4

p;k	1

� � : ð28Þ

In Fig. 4 are shown the pore size frequency histo-

grams corresponding to the fuel pellets from the lot no.

288 annealed at 1700 �C both measured and calculated

using Eq. (24) after 15, 30 h and respectively 280 h

thermal treatment. There are some discrepancies be-

tween the predicted and measured values but they must

be attributed to the different form of the resulted size

classes from calculation and the evaluation errors during

the pore numbering. The densities predicted were how-

ever very closed versus the densities resulted from the

xylene immersion method with only an exception

after 280 h, where the density resulted after pore size

corrections using Eq. (27) was greater than the measured

one.

6. Fuel densification and swelling because of the initial

porosity

It must be mentioned that in the Reinfried’s model,

to which the present paper has some similarities, nei-

ther the effect of vacancies migration by dislocations,

nor the effect the pore radius and the hydrostatic pres-

sure on the resolution parameter, nor the grain size

distribution function whose main effect on the criti-

cal radius of pores shrinkage has been emphasized

above, are accounted for. However the thermal diffusion

Fig. 3. (a) Time evolution of the UO2 pellets, during the re-

sintering tests measured and calculated using Eq. (23) and the

pore size histograms similar with Fig. 2(a). (b) Time evolution

of the UO2 pellets, during the re-sintering tests measured and

calculated using Eq. (23) and the pore size histograms similar

with Fig. 2(b). The measured densities are given in Table 3.
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parameters that he used are the best values in our

model of thermal re-sintering and we kept them for

simulating the fuel densification and fuel swelling pro-

cesses.

The temperature dependence of the dislocations

density resulted from Ref. [3] is

qd ¼ 104 exp½	2:07� 103 Tð 	 273Þ þ 21:82� 1=m2
� �

:

ð29Þ

The number of vacancies per unit length of dislocation is

zv ¼ 24 [16].

Before dealing with the general solution of the fuel

densification resulted from the above evaluations (Eqs.

(12)–(15)) let us study another particular situation, re-

spectively the case of pores evolution during the post-

irradiation annealing tests. The difference versus the

thermal re-sintering is that the fission gas dissolved in

the matrix will migrate to the pores according to the

expression (13) in which the resolution parameter b0
becomes zero. Also, the terms including the fission rate

are taken zero.

Even using these simplifications, for simultaneous

solving of the coupled Eqs. (12)–(15) a numerical scheme

is only possible. Apart from numerical methods we can

observe that for small fluctuations of pore radius and

because the fission gas migration to the pores is gov-

erned by a slow process such the diffusion is, we can

simplify the solution of Eq. (13) so that, by neglecting

the fission gas pressure change inside the pore for a small

change of the pore radius, it results in

dRp

dt
¼ 	Dth

v C
0
vX

kBT
A2Rp þ A3

R2
p

 !
;

A2 ¼ 1

�
	 Cv

C0
v

	
þ ph 	 pg; A3 ¼ 2c ð30Þ

and by integration,

1

�
þ Rp;0

Rc

	2

	 1

�
þ Rp

Rc

	2

þ 2 ln
1þ Rp;0=Rc

� �
1þ Rp=Rc

� �
�����

�����
¼ 	 2a

R3
c

Dt; ð31Þ

where Rc ¼ 	A3=A2 and the average vacancies concen-

tration Cv is defined by Eq. (23). For a gas pressure

dependence of pore radius of the form pg � R	3
p it can be

verified that the relative radius change er < 10	4 involve

a relative pressure change ep < 3� 10	4 that is enough

small so that Eq. (31) becomes a very accurate approx-

imation of the analytical solution.

Eq. (31) is the exact solution of a pore developing

with a saturation limit of the fission gas inside. To avoid

any ambiguity we emphasize that we do not use any-

where in our formalism this assumption. A pore devel-

oping with a saturation limit of the gas inside is however

particularly for alpha particles (helium) during the fuel

irradiation and the fuel storage [48]. We do not pro-

posed to study the helium effect, but Eq. (31) can be used

in such analyses.

The using Eq. (31) simplifies the evaluation method,

because the changing of the pore radius during a tem-

perature history can be done by simple evaluation of the

time Dt inside the relative error chosen er ¼ DRp=Rp0.

When the time resulted is greater than the current time

Fig. 4. Pore size frequency histograms corresponding to the

fuel pellets from the lot no. 288 annealed at 1700 �C calculated

and measured after (a) 15 h; (b) 30 h; (c) 280 h.
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step the corresponding pore radius is evaluated by linear

interpolation between the as-supposed relative radius

and the initial radius using the expression

Rp;new ¼ Rp;initial þ DRp

Dtstep
t DRp

� � ; ð32Þ

where t DRp

� �
is the time evaluated using Eq. (31) for a

relative radius change DRp=Rp;initial ¼ eR.
At the end of the time step new evaluations of the

fission gas atoms arrived inside the pore and the new gas

pressures are done. At the end of the radius evaluation

for every size class the formulas (18) and (19) are used to

evaluate the porosity changes and respectively, the new

size frequencies for that pore classes whose left margins

disappeared. Also, the new values of Rp and R2
p used

to calculate the average concentration of vacancies are

evaluated. A similar formalism as described above can

be given to evaluate the changes of an arbitrary pore

radius during the fuel densification.

Our aim is to see if the initial pores could become

good sinks of the fission gas during the temperature

gradients. For a good comparison with the re-sintering

tests we choose for calculation the pore size frequency

histogram specific to the lot no. 288 divided in 18 size

classes of equal length in natural logarithm of radius. A

first step of analyses consisted in simulating of the

fuel densification in the same conditions as used in the

thermal re-sintering tests (280 h at 1700 �C), but at

various hydrostatic pressures and a neutron flux of 1013

n/cm2 s. The results shown in Fig. 5(a) suggest that the

hydrostatic pressure all the time controls the fuel den-

sification, but the total fission gas accumulated in pores

was insignificantly. The various forms of the lines rep-

resenting the fission gas fractions from pores in Fig. 5(b)

result from the discontinuous form of the pore size

distribution.

Stronger effects can be observed at higher tempera-

tures as it is shown in Fig. 6 where the fuel temperature

was 1800 �C in the same irradiation conditions as pre-

vious defined for 1700 �C. It can be seen from Fig. 6(a)

that the fuel density tends to the theoretical density of

the UO2 pellets faster than at 1700 �C and the fission gas

fraction from pores increases with hydrostatic pressure

increasing up to a maximum of �40% (Fig. 6(b)).

The pore size distribution changed during the irra-

diation at 1700 �C, to a very large population of small

bubbles of the same radius Rpore ¼ 0:1 lm whose num-

ber change slowly with the hydrostatic pressure from

CB � 1:9� 1016/m3 at pH ¼ 0 MPa to CB � 2:2� 1016

m3 at ph ¼ 30 Mpa (Fig. 7(a)). Similar situation can be

followed in Fig. 7(b) for 1800 �C fuel temperature, where

the most frequent pores radius was Rpore ¼ 0:3 lm and

their number CB � 2:1� 1016/m3 at pH ¼ 0 MPa in-

creased to CB � 2:2� 1016/m3 for a pore radius Rpore ¼
0:2 lm at pH ¼ 30 MPa. A very small number of initial

pores disappeared and it can be explained if we take into

account that the initial average pore size was great en-

ough (Fig. 7(a) and (b)). From the results presented

above at the temperatures simulated, the initial pore

concentration does not change too much.

Kashibe and Une performed annealing tests on high-

pressure sintered pellets (50 and respectively 100 MPa)

for one hour at 1500 �C UO2 fuel temperature. Using

our pore size distribution the model predictions in this

case shown that the fuel density, the pore concentration

and the pore mean radius did not change significantly,

even if the hydrostatic pressure varied between 0–100

MPa. However, we cannot accurate evaluate their ex-

periment because the pore size distribution is not com-

pletely defined in Ref. [8].

A base irradiation history of constant fuel tempera-

ture (1400 h at 1000 �C and 30 MPa hydrostatic pres-

sure), followed by an out-of-pile test of the unconstrained

fuel (ph ¼ 0) consisting in 1 h ramp at 1650 �C and 30 h

holding at this temperature has been simulated using the

pore size distribution characteristic of the lot no. 288. It

can be seen from Fig. 8 that the fuel density decreased

Fig. 5. Time evolution of the UO2 fuel density (a), and of the

fission gas accumulated in the remaining pores (b), at various

hydrostatic pressures (280 h irradiation at 1700 �C and 1013 n/

cm2 s).
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from �10.85 g/cm3 at the end of irradiation to �10.82 g/
cm3 at the end of the 30 h annealing at 1650 �C, while
the amount of fission gas increase in pores from 0 to

�14%. The pore size distribution changed also drasti-

cally as it can be seen in Figs. 9 and 10 where the initial

pore size distribution, the pore size distribution before

the ramp test and after 30 h maintaining at 1650 �C are

depicted. From our evaluation a large population of

pores with sizes between 1.2 and 600 nm will remain in

the fuel after 1400 h. Its smallest limit will shortly in-

crease from �1.2 nm (Fig. 9) to �16 nm (Fig. 10),

during the 0.2 �C/s temperature transient at 1650 �C (�1
h) without any changes of the other limit (600 nm). The

initial pore concentration Cinitial
B � 2:2� 1016 /m3 chan-

ged after the base irradiation to Cfinal
B � 0:7� 1016 /m3.

The mentioned size pore class (�1.2 nm) represents

about 50%. After 30 h annealing at 1650 �C, the smallest
pores will increase significantly and arrive at �0.7 lm.

Using a similar expression of the average vacancy

concentration as given in Eq. (23), and the supposition

that under extreme vacancy starvation of the matrix the

intra-granular bubbles are all over-pressurized, White

showed that during the annealing tests on irradiated

fuel, the vacancies diffusivity will be reduced by a term

proportionally with zvqd=a
2 [43] as a result of the va-

cancies starvation at the matrix/bubble interface. The

same argument is done to explain the exponential tails of

the distribution of the grown bubbles resulted from the

tests described in Ref. [42] whose main consequence

would be that a certain vacancy gradient is required to

initiate absorption of vacancies and gas atoms in bub-

bles. He invokes a selective absorption probability where

only a proportion of the intra-granular bubbles may

absorb gas and vacancies. White arrives at an expression

of the absorption probability of vacancies in bubbles

from which a bubble size distribution function can be

given [43].

Cornell and Turnbull shown very convincingly the

manner in which a pore is destroyed by interaction with

the fission fragments in their pictures noted Figs. 3 and 4

from Ref. [26], but the pictures also show a greater

concentration of nanometer size bubbles around the

Fig. 6. Time evolution of the UO2 fuel density (a), and of the

fission gas accumulated in the remaining pores (b), at various

hydrostatic pressures (280 h irradiation at 1800 �C and 1013 n/

cm2 s).

Fig. 7. Pore size distributions resulted after 280 h irradiation

1700 �C (a) and respectively 1800 �C (b) at hydrostatic pressures

of 30 and 0 MPa and in neutron flux of 1013 n/cm2 s.
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pore in discussion in those pictures than in the rest of the

fuel pellet fragment. That means that the bubble con-

centration is not as homogeneous as it is considered in

the most of the analyses dedicated to the intra-granular

bubbles behavior. So, without neglecting other sources

and mechanisms that could initiate the larger bubble

population, we think that a careful analysis of the re-

gions in which as-fabricated pores existed is necessary

because they had, and may still have, different bubbles

and vacancies concentration long time after the pore

disappearing. To verify this simple assumption, the pores

that disappeared in our evaluation (�1:5� 1016 /m3) up

to the end of 1400 h base irradiation at 1000 �C, have
been transformed into single intra-granular bubbles

class at the observed 1 nm size and their time evolution

was studied in the same formalism attributed to the

densification-swelling mechanism of the initial porosity.

So, we kept them in consideration at this size and fol-

lowed their evolution along the irradiation time. Ac-

cording to the Harisson equation of state for Xe [22], the

gas relative density in bubbles fluctuated up to the

maximum 3.4. They did not increase on the all irradia-

tion time, but during the annealing tests the bubble

population grown to the same sizes as the pore size class

with the smallest size limit respectively to �16 nm after

an hour transient temperature at 1650 �C. Having in

mind that the resulted concentration of the grown

bubbles was up to five orders of magnitude lower than

the usually 1023–1024/m3 nanometer bubbles, after the

annealing tests described in Ref. [42], it is not absurd to

suppose that a large part of the increased intra-granular

bubbles raises from the initial as-fabricated porosity or

from that regions where that pores existed previously.

7. Conclusions

An accurate analysis of the fuel density by both

image analyses and immersion methods proved that the

Fig. 8. Time evolution of the UO2 fuel density (a), and of the

fission gas accumulated in the remaining pores (b), at 30 MPa

hydrostatic pressures after 1400 h base irradiation at 1000 �C
and an out-of-pile test of the unconstrained fuel (one hour ramp

at 1650 �C followed by 29 h holding at 1650 �C, ph ¼ 0).

Fig. 9. The pore size distribution at the beginning and at the

end of 1400 h base irradiation at 1000 �C and at 30 MPa hy-

drostatic pressures in a neutron flux of 1013 n/cm2 s.

Fig. 10. The pore size distribution at the end of 1-h annealing

test (0.2 �C/s) from 1000 �C and at the end of 30 h holding at

1650 �C.
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sintered UO2 pellets from the Romanian route of the

CANDU type fuel fabrication can be well characterized

by a specific lognormal form of the pore volume distri-

bution function. The well-characterized UO2 pellets

used to evaluate the pore volume distribution function

were annealed at 1700 �C and the time evolution of the

fuel density and of the pore size distribution was mea-

sured for various time intervals between 5 to 280 h. The

results proved that the pore volume distribution does

not conserve its initial lognormal form. The alternative

method of building the pore size frequency histograms,

recommended for using in thermal, densification and gas

swelling evaluations of the oxide fuel was careful ana-

lyzed. The most difficult problem in such time-depen-

dent analyses rises from the necessity to build

intermediary pore volume frequency histograms and to

re-arrange the size classes because the class’s size limits

do not change in time with the same rate. To this aim a

corrected porosity formula has been proposed based on

the uniform character of the distributions in every size

class from the histogram.

Supplementary analyses proved that the efficiency of

the irradiation-induced resolution will decrease with

about one order of magnitude because of the hydrostatic

pressures generated by the mechanical contact fuel-

cladding, and this effect cannot be neglected in evalua-

tion of the fission gas migrated inside the pores during

the fuel irradiation. A corrected formula has been pro-

posed.

Theoretical evaluation of the existing methods of

calculating the fuel densification proved that there is an

inconsistent treatment of the average vacancy concen-

tration. To arrive at a correct evaluation of the time

dependence of the rate of the radius changing of an

arbitrary pore, a new method has been proposed. Es-

sentially, the method uses a complete homogenization of

vacancies sources and sinks taking into account the

polycrystalline nature of the oxide fuels. Thus, the av-

erage vacancy concentration becomes dependent on the

initial grain size and grain growth, dislocation density,

pore size distribution, etc.. The method simplification to

thermal re-sintering process by neglecting the initial gas

content of the pores and the irradiation terms proves the

same form of the rate of the pore changes as in the

Lifshitz and Slyozov model, but the pore volume dis-

tribution function cannot be the same. Moreover, it has

been proved that the pores radius can only decrease

during the thermal re-sintering process for lower initial

pore concentration and correspondingly greater average

pores radius. Particular situations could locally give an

apparent pore size distribution of the same form with

that previously described by the Lifshitz and Slyozov

model but only deeply inside the large grains and for a

larger initial pore concentration.

The method permits also one to study the weights of

the grain size distribution function and the dislocation

densities during both the thermal re-sintering tests and

the fuel irradiation.

The predicted results versus the thermal re-sintering

tests described in Ref. [8] shown very low-density fluc-

tuations with the hydrostatic pressure but we used a very

different pore size distribution.

When the grain size term is neglected, the similarity

between the expression of the average vacancy concen-

tration previously established by White is obvious and in

the limit of a high dislocation density the two models

have the same form when the intra-granular gas swelling

is analyzed.

An annealing test on irradiated fuel has been simu-

lated and the model predictions shown an increased

number of bubbles of the same size even at the beginning

of the temperature transient. The assumption that the

former as-fabricated pores could create favorite regions

in the matrix from which the intra-granular bubbles can

grow has been also verified.

Of course, along with the densification-swelling

model of the initial porosity from oxide fuels presented

above, adequatemodels of inter-granular bubbles growth

and interlinkage and models fission gas migration to the

grain boundary are required to simulate the fuel be-

havior during irradiation.
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