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Abstract

The low temperature matrix swelling of UO, fuels was analysed as a function of burn-up, taking into account
changes in the fuel density, porosity and retained Xe concentration as measured by EPMA. The evaluation of these
data combined with an analytical solution to a rate-theory model for gas-driven swelling leads to the conclusion that
at average pellet burn-ups < 60 GWd/t M the total matrix swelling rate is gradually reduced from ~1% per 10 GWd/t
M to ~0.3% per 10 GWd/t M; the latter value being reached at an average burn-up above 110 GWd/t M. The decrease
in the swelling rate is due to the progressive depletion of fission gas in the fuel matrix by thermal and athermal
processes, such that at very high burn-up the matrix swelling becomes dominated by the precipitation of solid fission
products. Owing to volume conservation, the volume occupied by the depleted gas is replaced by porosity.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The volume change of the active column of nuclear
fuels during service in the reactor is a fact that was rec-
ognized in the early irradiation experiments [1]. Because
of its impact on vital aspects of fuel performance such as
heat transfer at the fuel-cladding gap (gap closure) and
cladding strain, this issue has repeatedly drawn the
attention of nuclear fuel designers and engineers over
the years.

At large exposures the effect is dominated by the fuel
swelling driven by the precipitation of the insoluble fis-
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sion products in the fuel matrix, which in either solid
or gaseous state require more space than the precursor
U-atoms. Insoluble solid fission products that segregate
in the form of metallic or oxide inclusions, or noble fis-
sion gas atoms that remain trapped in the fuel matrix,
are associated with atomic volumes that vary respec-
tively between 1.3 and 2 times that of the U atoms in
the host UO, lattice [2,3]. A macroscopic volume expan-
sion during the irradiation is therefore inevitable. Solu-
ble fission products cause only slight modifications of
the lattice volume [3,4].

Under low temperature conditions where thermal
migration of gases and bubble growth and coalescence
processes are negligible, this fuel expansion constitutes
the so-called ‘solid or inexorable swelling’ [5,6], which
represents the volume increase of the fuel that only
depends on burn-up and that cannot be suppressed or
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mitigated by the application of external pressure. Our
purpose in this paper is to quantify the evolution of this
term at high burn-up, and to elucidate how it matches
with the evolution of porosity, particularly in view of
the considerable porosity increase during the formation
of the rim structure [7].

The analysis considers experimental data from LWR-
fuels irradiated to an average burn-up of about
100 GWd/tM. It is worth noting that in a previous re-
view by Schrire et al. [6] of irradiation data limited to
average fuel burn-up of 65 GWd/tM, the authors sug-
gested a decrease of the inexorable swelling at the high-
est burn-up, presumably due to fission gas precipitation
into large bubbles. In the present work, we confirm this
trend, with onset at burn-ups around 60 GWd/tM.

2. Definition of terms

Swelling is defined as the fractional increase of the
bulk fuel volume at a given burn-up with respect to its
value at the beginning of the irradiation. Under closed
system conditions (mass conservation) this is expressed
as [3]:

AVbulk/VBUIk _ (Vbulk _ Vgulk)/Vgulk’ (1)

where Vg““‘ and Pk are, respectively, the initial and
final bulk volumes.

In the presence of porosity the volume terms are re-
placed by V(k;ulk — Vgnalrix/(l _PO) and Vbulk — Vmatrix/
(1 — P), where V{)“a“i" and V™ gre. respectively, the
initial and final matrix volumes and P, and P the initial
and final porosities. Eq. (1) thus takes the general form:

AVbu]k/Vgu]k _ (AVmatrix/Vg)atrix)(l _ PO)/(l — P)
+ (P —Py)/(1=P), @

where Ap™atrx /matix repregents the fuel matrix swelling
split into the contributions of solid and gaseous fission
products, i.e, AVsolid FP/VBnalrix and Apgaseous FP/VBnatrix’
respectively. In the absence of porosity variations
(P = Py), this term is obviously equal to the bulk volume
variation.

If the reference state is taken at the beginning of the
irradiation where the initial fuel density is given by
po= (1 — Py)pm, pm being the theoretical density of
UO, (10.96 g/cm?), rearrangement of the terms in Eq.
(2) leads to the relationship:

p/pw = (1= P)/(1+ Aymar [y gee), 3)

where p is the bulk fuel density (p can be measured, e.g.,
by immersion techniques). For small values of P and
Apmauix jymatix e o <0.12) Eq. (3) can be closely
approximated by:

P/Plh ~]1_p— AVmatrix/VOmatrix. (4)

Though only approximate, Eq. (4) allows the reader to
easily visualize the key volume balance in the fuel at a
given burn-up, namely showing the connection between
the total matrix swelling and the experimentally deter-
mined quantities p and P.

3. Predicted matrix swelling contributions
3.1. Solid fission products

The term Aplid FP /pmatrix haq heen evaluated in [2,3]
on the basis of the partial volume requirements of the
insoluble solid fission products, assuming that they pre-
cipitate either as five-metals inclusions (Mo, Ru, Tc, Rh,
Pd), or alkaline earth oxides of the type BaZrOs, or
compounds of the type Cs(Rb)I, Cs(Rb),Te, and
Cs(Rb),0. This evaluation results in a volume demand
per fission of 1.324 times the volume of the precursor
U in the UO, lattice [2,3]. This leads to the value
0.32% per 10 GWd/tM that has been assigned histori-
cally to the matrix swelling caused by solid fission
products.

A direct measurement of the above quantity or a
more refined calculation of it does not exist. As regards
its fluctuation range, variations in the composition and
concentration of the precipitates along the fuel radius,
partitioning of elements between the second phases
and variations of the oxygen stoichiometry of the fuel
matrix, would make necessary to consider a band of val-
ues between 0.15% and 0.45% per 10 GWd/tM [3].

3.2. Gaseous fission products

The estimation of the matrix swelling by retained fis-
sion gases has been done historically by assuming these
gases to precipitate as bubbles in the fuel, under validity
of Van der Waals gas conditions [3,5]. As an illustration,
for the major gas Xe precipitated in equilibrium bubbles
of radius <1 nm, with the internal pressure dictated by
Peq = 27/r (y = solid surface energy, r = bubble radius,
Pu02 ~ 1 J/m? [3]), the assumption of Van der Waals
conditions leads to a molecular volume of 8.5x
1072% cm?/atom [3]. This doubles the molecular volume
of solid UO,, which is approximately equal to
4.1 x 1072 cm?/atom [3].

The fractional volume increase of the fuel by retained
fission gases (Xe) may be expressed as:

AVgaseous FP/V:)namx _ NXe - Uxes (5)

where Ny, is the total volume concentration of Xe atoms
and vy, is the volume occupied by these atoms in UO,,
with Ny, being given by Nx. = F'- Yx. - BU, where F is
the fission density per unit burn-up, Y. is the Xe-yield
and BU is the burn-up in GWd/tM. Thus, by virtue of
Eq. (5) and with the molecular volume above, for each
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10 GWd/tM, a fractional volume increase by fission
gases of 0.0056 cm®/cm? is calculated, which is equiva-
lent to a matrix-swelling rate of 0.56% per 10 GWd/
tM. (Assumptions: F=2.53x10" fissions/cm® per
GWd/t M, given an energy release per fission of
200 MeV (=3.2x107"" Ws); Yx.=0.26, considering
the increased contribution of *°Pu fissions at high burn-
ups.)

Since when added to the average contribution of
solid fission products (0.32% per 10 GWd/tM), this gas
swelling rate leads to a total inexorable swelling that
falls within the range of experimental values (0.8-1%
per 10 GWd/tM for burn-ups <40 GWd/tM [5,8-11]),
the above formulation has found wide acceptance in
the field [5,6]. As a further refinement, for parts of the
fuel experiencing gas release, it has been proposed that
the so-calculated swelling should be decreased by an
amount equivalent to 8.5 x 10723 cm® for every gas atom
released from the matrix [5].

However, not all the gas present in the fuel matrix is
in form of bubbles, nor is the density of the gas in
<1 nm-bubbles well predicted by the Van der Waals
equation of state (EOS). Indeed, the application of
Ronchi’s more exact hard-sphere model (HS)-EOS for
Xe [12] for the pressure range expected in 1 nm-equili-
brium-bubbles in UO, fuels (peq~2 GPa, T~ 700-
1400 K), leads to a molecular volume for Xe of
5.3-6.0 x 1072* cm*/atom. This implies 29-38% lower
fuel swelling than that calculated with the Van der
Waal’s EOS. In addition, due to fission-induced re-solu-
tion a large part of the gas in bubbles is re-injected into
the lattice and is kept in dynamic solution [3]. Therefore,
a theoretical model was developed to more realistically
estimate the variation of these quantities with burn-up,
including the partitioning of the bubble-swelling into
intragranular and intergranular components. This
model is described in Section 3.3.

3.3. Analytical estimate of the fission-gas-induced
swelling rate

The model presented in this section considers analyt-
ical solutions to coupled rate equations that describe the
nucleation and growth of inter- and intragranular bub-
bles under the simultaneous effect of irradiation-induced
gas-atom re-solution. The goal of the formulation is to
avoid a coupled set of nonlinear equations that can only
be solved numerically, using instead simplified, physi-
cally reasonable hypothesis that make the analytical
solutions viable. The gas-induced swelling rate is then
assessed by calculating the evolution of the bubble
population with burn-up and subsequently the amounts
of gas in bubbles and lattice sites. Parameters of the
model are adjusted by fitting the calculated bubble
populations at given burn-ups with measured bubble
size and density data.

At the irradiation temperatures of interest (7 <
1200 K), the diffusion of fission gas atoms jis athermal
and proportional jto the fission rate, f (fissions -
em s, with [i f dr = [?Y") FABU where F and BU
are as defined in Section 3.2, and is given by

Dy =Dy f . (6)

In general, the gas-atom re-solution rate is also propor-
tional to the fission rate, i.e.,

b=bf. (7

The rate equation describing the time evolution of the
density of gas in intragranular bubbles is given by

w = 16nf,Dyrycy(t)cy(2)
+ 4nry (1) Dgcg (t)cy (1) — bnp(H)cu(f).  (8)

The three terms on the right hand side of Eq. (8) repre-
sent, respectively, the change in the density of gas in
intragranular bubbles due to bubble nucleation, the
gas-atom diffusion to bubbles of radius ry,, and the loss
of gas atoms from bubbles due to irradiation induced
re-solution. Eq. (8) can also be represented as the sum
of two equations denoting, respectively, the time evolu-
tion of the fission gas bubble density, ¢, and of the gas
content in bubbles, ny, as follows:

dey(f)  16mfuDgrecy(t)ce(t) b

dr (1) —3%0) ©)
% — dmry (1)Dycy(f) — gnb(t) (10)

In Eq. (9) . is the bubble nucleation factor, and ¢, and
ro are the gas atom concentration and radius, respec-
tively. In general, the value of f, is less than one reflect-
ing the premise that gas-bubble nucleation within the
UO, matrix requires the presence of vacancies/vacancy
clusters in order to become viable. The value of f, was
first estimated based on the hypothesis that bubble
nucleation is a heterogeneous process and occurs pre-
dominantly along fission tracks. In this case f, is approx-
imately the fractional volume of fission tracks (i.e.,
~107%) [13].

The first term on the right hand side (rhs) of Eq. (9)
can be interpreted to represent the generation rate of
‘average’ size bubbles of radius r,. For every 2 atom
bubble that is nucleated, 2/n;, of a bubble of radius r,
appears. In other words, nucleation of n, two-atom
clusters leads to the gain of one bubble of radius ry. This
‘average size’ bubble is in the peak region of the bubble-
size distribution [14,15].

Both ‘whole’ bubble destruction and gas-atom ‘chip-
ping’ from bubbles are included (last terms on rhs) in
Egs. (9) and (10) in order to capture the behaviour of
an average size bubble (that characterizes the full
bubble-size distribution). Within the full bubble-size
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distribution there are bubbles that are destroyed by one
fission fragment collision (e.g., bubbles smaller than a
critical size) and others that are only partially damaged
(e.g., bubbles larger than a critical size). Including 4 in
both Eqs (9) and (10) is an attempt to depict these pro-
cesses using a simplified formulation that enables an
analytical solution for swelling. If bcp/2 was not in-
cluded in Eq. (9), then the density of bubbles could never
decrease due to irradiation. Likewise if bn,/2 was not in-
cluded in Eq. (10), the number of atoms in a bubble
could never decrease. However, the equal partition of
gas-atom re-solution between these two mechanisms,
as implied from the use of same re-solution parameter
b in Egs. (9) and (10), is an assumption that remains
to be tested experimentally.

Due to the strong effect of irradiation-induced gas-
atom re-solution, in the absence of geometric contact,
the bubbles stay in the nanometer size range. The den-
sity of bubbles increases rapidly early in the irradiation.
Subsequently, at longer times, the increase in bubble
concentration occurs at a much-reduced rate. Based on
the above considerations, the left-hand side of Eq. (9)
is set equal to zero. This approximation will be more
reasonable for larger values of ¢z. A solution for ¢ in
terms of n, and ¢, is then given by

2
¢, = onfursDocy (1)
bo}’lb (t)
The quantities ¢, ¢, and n, in Eqgs. (8)—(11) represent
average values. For example, c,(7) bubbles each contain-
ing ny(t) gas atoms represents the average value of the
bubble size distribution at time ¢. In general, ry, is related
to np through the gas law and the capillarity relation.
Using a modified Van der Waals gas law,

2 (inrﬂ - hsbvnb) = npkT, (12)
Iy 3
where y is the surface tension, b, is the Van der Waals
constant for Xe, k is Boltzmann’s constant, 7 is the
absolute temperature, and /4 is a fitting parameter that
for a given T makes Eq. (12) equivalent to the hard-
sphere equation of state [12].

For bubbles in the nanometer size range an approxi-
mate solution to Eq. (12) is given by

" 1/3
no(t) = (—“’S’j{n"(‘)) . (13)

Using Eq. (13) and an argument similar to that used to
derive Eq. (11), the steady-state solution to Eq. (10) is
given by

no(f) = (3va)1/2 (4“13;;&(”)3/2_ (14)

According to Speight [16], the fraction of gas, f;, that
diffuses to the grain boundary of grains of diameter d,
can be approximated by

8 (Ds\"? 6
g

g
Imposing gas-atom conservation, i.e., requiring that the
sum of the gas in solution, in intragranular bubbles, and
on the grain boundary is equal to the amount of gas gen-
erated, the term c,(f) is determined as

(14 £) + [(1 + £)° + 64nfur Dy f Bt/]>
32nfyrgDy/b ’

(16)

where f is the number of gas atoms produced per fission
event.

Following the work of Wood and Kear [17], grain
boundary bubble nuclei of radius Ry, are produced until
such time that a gas atom is more likely to be captured
by an existing nucleus than to meet another gas atom
and form a new nucleus. An approximate result for
the grain-boundary bubble concentration is given by

ce(t) = -~

Souk 1/2
Cy = + ) (17)
12'312¢D,6
3
where (11—2 is the average atomic volume in UO, [18], a is

the lattice constant, z is the number of sites explored per
gas-atom jump, ¢ is the width of the boundary, ¢ is a
grain-boundary diffusion enhancement factor, and K is
the flux of gas-atoms per unit area of grain boundary.

The intergranular bubble nucleation and growth for-
mulation incorporated here is based on the assumption
that, although the effect of radiation-induced re-solution
on intergranular bubble behavior is not negligible, a rea-
sonable approximation can be obtained by neglecting
such effect in the governing equations [19].

Under the above considerations, the flux K of atoms
at the grain boundary is given by

_ d; dey d(f)

T3 de dr (18)
Differentiating Eq. (16)

dt (14 fi + 32nfyreDyc,e /b))’
where, using Eq. (15)

d(fst) 12 [Dgt Dyt
a4 \Vr 4 ) 20

The concentration of gas on the grain boundaries, C,, is
given by

Cult) = % A0 e1)

and the average number of gas atoms in a grain bound-
ary bubble is
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_ GO
o Cb(l)

The radius of a grain boundary bubble is obtained from
the solution to Eq. (12), i.e.

Ny (1) : (22)

3hsb,Ny,

1/3
N 3hbNy\*  (NokT\’
8n 8n 8my
3hb, Ny, 3hb, N\ [NukT\®
8n 8n 8my
(23)

The fractional swelling due to fission gas is thus given by

AV) cea® 4m ;
—_— :——‘r—(rbcb +Rbe), (24)
( V), 4 3

R, =

1/3

where the first term at the right-hand-side of Eq. (24) ac-
counts for the contribution of the gas in dynamic solu-
tion, and the second term for the contributions of both
intragranular and intergranular bubbles, respectively.

Regarding the gas in dynamic solution, the hypothe-
sis has been made following Matzke [20,21] that gas
atoms in the UO, lattice become effectively bound to
the so-called Schottky trios, i.e., electrically neutral de-
fect complexes consisting of one uranium vacancy and
two oxygen vacancies. Thus, corresponding to the
ad-atoms on surfaces associated with the Schottky
defects [18], for every bound Xe atom (i.e., every atom
in dynamic solution) a bulk volume increase of 3 atomic
volumes was considered. Since, as mentioned above, the
average atomic volume in UO, is given approximately
by @*/12 (a = UO, lattice constant) [18], the volume
increment assigned per trapped Xe atom is around
4.1 x 1072 em®/atom. This volume is certainly much
smaller than that occupied by Xe atoms in bubbles, as
calculated both under Van der Waals (8.5 x 1072% cm?/
atom) or HS-EOS (5.3-6.0 x 1072* cm®/atom) condi-
tions (see Section 3.2).

Finally, the fraction of gas in dynamic solution is
given by

Table 1

Values of parameters used in the calculations
Parameter Value References
p 0.25 Olander [3]
9 1.65x 10° This work
by 1073 m? Marlow and Kaznoff [22]
Dy 1.2x107¥ m® Matzke [23]
Ty 0.216 nm Olander [3]
y 1Tm™2 Olander [3]
by 8.5x 1072 m*/atom  Olander [3]
fa 1072 This work
hy 0.6 This work

The values of the key parameters used in the model are
given in Table 1. Most of them are known from Refs.
[3,22,23]; the values of the others (¢ and f},) resulted from
the fitting of the present theory with measured data of
bubble populations [13,24,25]. Table 2 shows thus a
comparison between the theory and bubble density
and size data. Although the calculated intragranular
bubble-size and density are in reasonable agreement
with the measured results, no intergranular data is avail-
able for comparison with the calculated quantities
shown in Table 2. As indicated in Fig. 1, the model cal-
culations show that at the irradiation temperatures of
interest (7'< 1200 K) the fraction of the generated gas
residing in bubbles (intragranular + intergranular) in-
creases rapidly early in the irradiation, and much more
slowly at extended times (burn-ups). The same occurs
with the fraction of gas in intragranular bubbles. How-
ever, the latter shows saturation at burn-ups of 20 GWd/
tM and even below (Fig. 1). As also shown in Fig. 1, in
concert with the increase with burn-up of the total frac-
tion of gas in bubbles, the fraction of the generated gas
in dynamic solution, Eq. (25), is found to diminish with
time (burn-up), moving from values around 0.8-1 at
burn-ups below 5 GWd/tM to values below 0.4 at
burn-ups above 23 GWd/tM.

Fig. 2 shows the variation with burn-up of the result-
ing total matrix-gas swelling, as well as the swelling
contributions from gas in dynamic solution and gas in

X(1) = cg(1) (25) intragranular and intergranular bubbles. The calculated
T eg(t) + Cy(t) + np(t)en(t) total matrix-gas swelling continuously increases with
Table 2
Comparison between theory and measured data
Burn-up Gas bubble radius (m) Gas bubble density References
(GWd/tM) Measured  Calculated Calculated Measured Calculated Calculated
(matrix) (matrix) (grain boundary) (matrix) (m~3) (matrix) (m~*) (grain boundary) (m )
6.5 8x 1071  69x1071° 12x1078 3.3x 103 3.2x10% 1.7x 10" [13]
8 8.7x1071% 74x107"° 1.3x107® 22 % 10% 3.5x 10 1.7x10"
13 8.5x107" 89x107'° 1.8x10°® 3.4 x10% 42x10% 1.7x 10"
23 1.1x107° 1.1x107° 25x10°® 9x10% 5.1x10% 1.6 x 10 [24]
49 35%x107°  14%x107° 39x1078 5.4x10% 6.5%10% 1.46x 10 [25]
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1.0
—— Gas in dynamic solution
~~~~~~ Gas in bubbles (total)
---- @as in intragranular bubbles
084\ Gas in intergranular bubbles

Fraction of generated gas

0.0 T

40 60 80

Burn-up (GWd/tM)

Fig. 1. Variation with burn-up of the fractions of gas in dynamic solution and in intra-granular and intergranular bubbles as

calculated from Eq. (25).

0.06

0.05

0.04 -

0.03

0.02

Matrix gas swelling components

0.01 4

0.00

80

Burn-up (GWd/M)

Fig. 2. Variation with burn-up of the total matrix-gas swelling as calculated from the fractions of gas in dynamic solution and in

intragranular and intergranular bubbles according to Fig. 1.

burn-up, with increasing slope ranging from ~0.36% per
10 GWd/tM at 10 GWd/tM to 0.7% per 10 GWd/tM at
80 GWd/tM. These swelling rates bound the value of
0.56% per 10 GWd/tM (Fig. 2), which was derived in
Section 3.2 by assuming Van der Waals gas conditions
and disregarding the effects of gas-atom re-solution
and intergranular bubble swelling. Thus, as shown in
Fig. 3, adding the solid fission product swelling to the
fission gas swelling calculated with the present model
leads to total matrix swelling values that match the
experimental results in a wide range of burn-ups
(<70 GWd/tM).

The agreement obtained using the model described in
this section (e.g., Eq. (24)) with experimental swelling
data is due, in part, to the important contribution of
the intergranular bubble swelling, which for burn-ups
above ~30 GWd/tM is larger than the sum of the intra-
granular bubble swelling plus the contribution of the gas
in dynamic solution (Fig. 2). This contribution depends
on the value of ¢ (see Eq. (17) and Table 1), which is a
grain-boundary gas-atom diffusion enhancement factor
that reflects the fact that grain boundary diffusion is
decidedly faster than grain lattice diffusion [26]. The ef-
fect of & on the intergranular bubble nucleation is visible
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0.10
---- gaseous FP swelling as per [27] (*) + solid FP swelling
— Eg. (24) + solid FP swelling
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g% range of measured values
o
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g
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©
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s
o
= 0.02
0.00 T T T
0 20 40 60 80

Burn-up (GWd/tM)

Fig. 3. Total matrix swelling values derived from the present model (Eq. (24)) and from Ref. [27], after adding the contribution of solid
fission product swelling (0.32% per 10 GWd/tM), compared to range of measured values. [Data based on Ref. [27] were evaluated using
AJgaseous FP /Vo““‘lrix =AV,/Vo+X-F-Yxe-BU-3Q where X is the fraction of gas in dynamic solution and AVy/V, is the total
fractional bubble swelling (intra + intergranular bubbles), with AV},/V, saturating at ~0.025 for BU > 30 GWd/tM as per [27]. With
bubble swelling it is meant here (and throughout this article) the integral fractional volume of cavities that can be resolved only by
transmission (TEM) or scanning electron microscopy (SEM), i.e., with typical sizes <10~°~107° m (see also Ref. [27]). Porosity, i.c., the
supplementary term to the matrix swelling in Eq. (4), is referred to as the integral fractional volume of larger cavities (pores) that can be

resolved simply by optical microscopy, i.e., with typical sizes > 107°m.]

in Eq. (17). By increasing ¢ the intergranular bubble
density is reduced. Thus the (~20%) gas released to
the boundaries is distributed in fewer bubbles of larger
size, which results in higher intergranular swelling
values. Unfortunately, in contrast with the calculated
intragranular bubble densities and sizes that were con-
fronted with experiments (Table 2), the intergranular
bubble densities and sizes shown in Table 2 could not
be corroborated with experimental results due to, in
part, the difficult separation of intergranular and intra-
granular components in the measured (TEM) data.
Thus, this aspect of the model still requires experimental
confirmation.

However, perhaps the most important reason for the
agreement between the trend of the experimental results
(of total swelling) and calculations from the present
model (Fig. 3) is the calculated evolution of the bubble
size distribution with burn-up, which results in a gradu-
ally increasing bubble swelling with with burn-up. This
is in contrast to the saturated bubble size distribution
as adopted in the analysis of Ref. [27] for burn-
ups = 30 GWd/tM, which leads to relatively high bub-
ble swelling at low burn-ups and partially low values
at high burn-ups (see Fig. 3 and its caption).

In general, in an irradiation environment where bub-
ble nucleation, gas-atom diffusion to bubbles, and irradi-
ation-induced re-solution are operative, a differential
growth rate between bubbles of different size results in
a peaked mono-modal size distribution [28]. The posi-
tion of the peak in the bubble-size distribution that
occurs under these conditions is defined by the balance
between diffusion of gas-atoms to bubbles and irradi-
ation-induced re-solution of atoms from bubbles. As
more gas is added to the lattice (e.g., due to continued
fission), the gas-atom diffusion flux to bubbles increases
and the peak shifts to larger bubble sizes and decreases
in amplitude, resulting in an increased level of bubble
swelling with increased burn-up. The model presented
in this section describes the average behaviour of this
peak as a function of burn-up.

4. Experimental techniques

4.1. Density determinations

Assuming isotropic conditions, the change of the
fuel volume during the irradiation can be monitored
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by following the variation of one characteristic dimen-
sion of the fuel. Several techniques are available for such
measurements. However, all of them are subjected to
limitations. If the stack length is measured, e.g., by inter-
nal extensometers or by gamma-scanning, the pellet
gaps (dishing and cracks) influence the results. On the
other hand, if the fuel diameter is considered and
measurements are made by external sensors, the clad-
ding creep-down and the radial cracks affect the results.
Combination of these latter measurements with optical
microscopy determinations of the fuel diameter would
exclude the cladding contribution. Nonetheless, com-
putation of the crack widths may still be needed to
suppress this contribution to the fuel diameter.

Therefore, the volume variation is mostly determined
via density measurements, since these results are inde-
pendent of the fuel crack patterns and the cladding con-
tributions. The method assumes mass conservation
during irradiation and entails determining of the sample
density by the Archimedes Principle, i.e. measuring of
the sample weight in air and after immersion in a liquid
that penetrates the open porosity (water, methanol,
monobromobenzene, 1,1,2,2-tetrabromoethane, etc.
[6,29]). Usually several pieces of decladded fuel are in-
cluded in the test with a total weight of about one pellet
[29]. Possible systematic errors affecting the results could
be the incomplete contribution of the rim porosity if
outer pieces are not fully detached from the cladding
(upward shift) and insufficient penetration of the open
porosity (downward shift) [30].

4.2. Porosity determinations by quantitative
metallography

As is evident from Eq. (2) the derivation of matrix
swelling data from density measurements requires the
determination of the fuel porosity at the burn-ups in
question. This is done traditionally by quantitative
image analysis of optical or scanning electron micro-
scopy micrographs of sections neighbouring those se-
lected for density measurements [6,8]. If as at burn-ups
<40 GWd/tM, the porosity of the fuel is homogeneously
distributed, it is sufficient to consider a limited number
of observations [8]. If, as at higher burn-ups, the poro-
sity of the fuel shows strong gradients (e.g., increasing
towards the rim) [7], more numerous observations across
the radius and area integration of this data are needed in
order to assign a unique porosity value to each average
pellet burn-up [30].

The above technique is nonetheless subjected to large
errors, which depend on the sample preparation (pore
smearing, grain pull-out), the operator (detection thres-
hold, grey scale, feature selection), the magnification
selection (compromise between accuracy and representa-
tiveness of the measurement) and the azimuthal varia-
tion of the features [6,7,30]. Fig. 4 shows the typical
variation of the fuel porosity with the pellet radius and
burn-up, revealing the different zones with different
porosity types that are manifested in the fuels, and the
usual spread of the results. As shown with more detail
in Fig. 5 for a LWR-fuel with 97 GWd/tM burn-up,
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and different (azimuthally neighbouring) radii. LWR fuel with 97 GWd/tM average pellet burn-up.

considering the effect of different micrograph contrasts
and magnifications and different (azimuthally neigh-
bouring) radii, the error band of these measurements
(for the 95% confidence level) cannot be set below
+1-2 vol.%.

4.3. Determination of matrix retained Xe by EPMA

The quantitative determination of the amount of Xe
retained in the fuel matrix has been carried out success-
fully at ITU over the years for a variety of fuel
programmes, by application of an electron probe micro-
analysis (EPMA) technique, which allows quantifying
the Xe concentration in the solid by using an antimony
standard [31]. The use of the technique specifically for
the case of high burn-up LWR-fuels has been thor-
oughly described in [32,33]. Around 40 data points are
used to construct the radial Xe profile, with individual
determinations being done characteristically on areas
of 3-4 um in diameter [32]. By checking the specimen
current image (electron absorption image) care is taken
that the probe beam impinges preferentially on matrix
material with the lowest possible contribution from
voids (pores) and grain boundary gas bubbles [32].

A correction of the measured Xe-intensity due to the
influence of micro-cavities in the matrix is here in a first
approach neglected. This is because: (a) bubbles in the
nm-range cause only slight modification of the signal
(Fig. 4 of Ref. [34]), (b) as shown in Sections 3.2 and

3.3, only a part of the retained gas in the matrix is pres-
ent in form of bubbles; the rest remaining in dynamic
solution. As for the gas potentially stored in the porosity
it is for the purpose of this analysis irrelevant, since it
does not contribute to the matrix swelling. Similarly to
the case of the porosity profiles, area integration of the
Xe radial profiles is performed to assign a unique value
of retained Xe to a given average pellet burn-up. The
uncertainty interval of the measured Xe-concentrations
at 95% confidence level (20) is typically 0.025 wt.% at
a concentration of 0.5 wt.% and 0.05-0.01 wt.% at a
concentration of 0.05 wt.% [35].

5. Results
5.1. Density measurements

The relative immersion density results for more than
seventy LWR-fuel samples with average burn-ups up to
100 GWd/tM are shown in Fig. 6. The figure shows also
the best polynomial fit to the data (+> = 0.931) and the
corresponding 95% confidence limits, indicating an
uncertainty of at most + 1% in the predicted values. It
is seen that after the in-pile densification step with satu-
ration at about 15 GWd/tM, the fuel density steadily
decreases with burn-up, with a clear increase in slope
at burn-ups > 70 GWd/tM. Without any direct physical
explanation, for burn-ups in the range 15-100 GWd/tM
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the density loss is also reasonably reproduced by a sim-
ple expression of the type (p/pw)* = (a+ b - BUY 2), with
a=0.9383 and b=1.71x10"* (+*=0.931) (Fig. 6).
Extrapolation of this trend outside the measured range
is, however, uncertain.

Fig. 6 also shows the equivalent density loss attrib-
uted to the total matrix swelling (1 — Apmatrix /jymatrix)
according to the measurements of Ref. [8] (actual range
of the determinations: up to 40 GWd/tM). By virtue of
Eq. (4), the difference between the density loss due to to-
tal matrix swelling and the relative immersion density is
approximately equal to the porosity of the fuel. It is
seen, therefore, that after the initial in-pile densification
step, an approximate constant porosity with a value not
larger than 2% would be assigned to the fuels up to the
highest burn-ups (Fig. 6). However, despite scatter of
the results, the measurements indicate integral porosities
clearly above 4% for burn-ups above 70 GWd/tM
(Fig. 4). This is the basic contradiction that motivated
this work. In the following sections, we demonstrate that
this apparent paradox is resolved when the additional
void volume required in these cases is provided by

Table 3

up (GWd/tM)

a function of the average pellet burn-up.

the depletion of the fission gases trapped in the fuel
matrix.

5.2. Total matrix swelling derived from
density—porosity data

Table 3 summarizes the total swelling values and the
corresponding average swelling rates obtained for vari-
ous fuels in the range 40-100 GWd/tM by application
of Egs. (3) and (4). Since the density values (e.g., from
Fig. 6) are whole pellet values, the corresponding poros-
ity values (P) considered were the (area) integrals of the
radial porosity profiles. The error band assigned to the P
values was +0.015. This error caused an uncertainty of
the calculated swelling of +27-53% (see Table 4). The
uncertainty due to the error in the density data is com-
paratively negligible. Despite the large uncertainty of
the results, a glance at Table 4 indicates for burn-
ups > 40 GWd/tM a much smaller fuel matrix swelling
than previewed at lower burn-ups (0.8% per 10 GWd/
tM [5]to 1% per 10 GWd/tM [8]), indeed, nearly a factor
of two.

Total matrix swelling and swelling rate derived from density and porosity data according to Egs. (3) and (4)

Burn-up Immersion Fractional Apmatrix /pmatrix Apmatrix / pmatrix Average total swelling rate
(GWd/tM) density (p/pm) porosity P from Eq. (3) from Eq. (4) (% per 10 GWd/tM) from Eq. (3)
44 0.945 0.027 £ 0.015 0.029 £ 0.016 0.028 +0.015 0.66 £ 0.36

67 0.915 0.047 £ 0.015 0.042 £0.016 0.038 £ 0.015 0.62 + 0.25

98 0.884 0.070 £ 0.015 0.052 +£0.017 0.046 4+ 0.015 0.53 £0.17

102 0.865 0.087 £ 0.015 0.055£0.017 0.048 £ 0.015 0.54 +0.17

The porosity results consist of pellet integral values obtained by (area) integration of radial porosity profiles.
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Table 4

Total matrix swelling and swelling rate derived from EPMA results according to Eq. (26)

Burn-up®  Xe-created (EPMA) Matrix retained Xe Retained Xe Apmatrix jpmatrix - Ayerage total swelling rate
(GWA/tM)  (wt.%) (EPMA) (wt.%) fraction (EPMA) f*¢  from Eq. (26) (% per 10 GWd/tM)
34 0.47 0.35 +0.025 0.75 +0.05 0.024 + 0.001 0.72 +0.03

36 0.49 0.48 +0.025 0.97 £+ 0.05 0.03 £ 0.001 0.84 +0.03

42 0.58 0.48 4+ 0.025 0.83 +0.04 0.032 + 0.001 0.76 +0.02

45 0.62 0.6 +0.025 0.97 £ 0.04 0.038 £ 0.001 0.83 +0.02

55 0.76 0.6 +0.025 0.79 +0.03 0.041 £+ 0.001 0.74 +0.02

59 0.81 0.63 +0.025 0.78 +0.03 0.043 £ 0.001 0.73 £ 0.02

63 0.87 0.78 +0.025 0.9 +0.03 0.05 4+ 0.001 0.80 +0.02

67 0.92 0.72 +0.025 0.78 +0.03 0.049 £ 0.001 0.73 +0.01

83 1.14 0.36 +0.025 0.32+0.02 0.04 4+ 0.001 0.49 +0.01

95 1.31 0.3 +0.025 0.23 +£0.02 0.042 + 0.001 0.44 +0.01

102 1.4 0.22 +0.025 0.16 + 0.02 0.041 £+ 0.001 0.40 4+ 0.01

The matrix retained Xe concentrations are pellet integral values obtained by (area) integration of radial Xe profiles.
# Burn-up: deduced from measured Nd concentration. Other conventions: 1% FIMA = 9.38 GWd/tM (200 MeV/fission). Xe-created
(Wt.%) = BUGWA/tM)/9.38 - mx./muyo, - Yxe, Mxe = average atomic weight of stable Xe isotopes (134), myo, = molecular weight

UO,, Yx. = assumed fission gas yield at high burn-up (0.26).

5.3. Total matrix swelling derived from integrated
EPMA-Xe determinations

Considering an average swelling rate by fission gases
of about 0.56% per 10 GWd/tM as estimated in Section
3.2 (Van der Waal gas conditions) and derived in Section
3.3, the total matrix swelling can be obtained alter-
natively from EPMA measurements as follows:

Ayt ymarix (EPMA) = Burn-up(GWd/tM)/10
x (0.0032 + f*¢(EPMA)
x 0.0056), (26)

where f*¢ (EPMA) is the total retained Xe fraction in
the fuel matrix, which includes both the gas atoms in
bubbles and those in dynamic solution.

The total matrix swelling derived from Eq. (26) and
the corresponding average swelling rates for a series of
LWR-fuels with burn-ups in the range 30-100 GWd/tM
are given in Table 4. This also includes the created and re-
tained Xe amounts, and the retained Xe fraction, f° Xe For
comparison with results of the previous section (integral
data), the retained Xe amounts in Table 4 are pellet inte-
gral values as derived from the area integration of the ra-
dial Xe-profiles. It is seen that the retained Xe fractions
remain at relatively high levels (>0.8) at burn-ups below
70 GWd/tM. However, at higher burn-ups they decrease
very rapidly, reaching values <0.2 at ~100 GWd/tM
(Table 4). According to Eq. (26) this appreciably reduces
the matrix swelling. Thus, in accordance with results
in Tables 3, 4 shows that for burn-ups above 8 GWd/
tM the average total swelling rates are reduced by more
than 50% compared to the lower burn-ups.

The equivalent density loss corresponding to the total
matrix swelling values of Tables 3 and 4 are plotted in

Fig. 7 as a function of burn-up. For purposes of com-
parison the relative immersion density curve and the
hypothetical density losses assuming only solid fission
product swelling [3], or a total matrix swelling according
to the values of [5,8] are also shown. Other literature val-
ues taken from Ref. [6] are also included in the figure. It
is shown that despite the scatter of the results, relatively
good agreement exists between all the data up to
60 GWd/tM, suggesting an average total swelling rate
of 0.8-1% per 10 GWd/tM, in line with the previous lit-
erature values [5,6,8]. However, at higher burn-ups the
total matrix swelling becomes progressively reduced,
which allows much higher porosity in the fuel to be
formed (Egs. (3) and (4)), in agreement with the obser-
vations (Table 3 and Fig. 4).

5.4. Total matrix swelling derived from local
EPMA-Xe determinations

In an attempt to extrapolate the previous results to
higher burn-ups, Eq. (26) was applied to a set of more
than 230 data points corresponding to local EPMA
determinations of Xe in the periphery of different
LWR-fuels (r/ro > 0.7), according to a previous compila-
tion (see Fig. 2 in Ref. [31]). These results, covering local
burn-ups in the range 14-160 GWd/tM, are plotted in
Fig. 8, together with the data of Fig. 7. As a general re-
mark, it is to be noted that at equivalent burn-ups, the
matrix swelling calculated from the local EPMA-Xe
data lays somewhat below that derived from integrated
EPMA-Xe profiles (Fig. 8). This reflects the compara-
tively smaller retained Xe fraction resulting from the
integrated data, which include also Xe depletion in the
fuel centre and intermediate regions, of a predominantly
thermal origin.
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Despite the above (small) systematic difference, the
swelling data from local EPMA-Xe (in reality
‘1 — Apmawix jymatrix yg - BU” data) perfectly match the
trend indicated in Fig. 7, providing a good basis for
the extrapolation to very high burn-ups (Fig. 8). As sug-
gested in the former section (Fig. 5), the data confirm the
gradual decrease of the swelling due to fission gases for

burn-ups around 60-65 GWd/tM and higher, with prob-
able full disappearance of gas-driven swelling at local
burn-ups around 150 GWd/tM and above (Fig. 8). In
this very high burn-up range, only solid fission products
would govern the matrix swelling.

Although without experimental or theoretical sup-
port, the extrapolation of the bulk density curve (p/p,
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vs. BU) to the highest burn-up range suggests that peak
fuel porosities of the order of 15-20% or larger may be
reached (Fig. 8). This is also in agreement with the high
local porosities verified in the rim zone of LWR fuels
(Fig. 4), for which the maximum local burn-up is
approximately twice the average pellet burn-up. The
coincidence between the peak porosity values in Fig. 4
and the values suggested in Fig. 8 at the corresponding
local burn-ups, is, thus, striking.

6. Discussion

The present work contributes to the clarification of
an important question that has emerged since high
burn-up LWR-fuels became examined routinely; namely
that the measured porosities in the transformed rim zone
always appeared too high compared with code predic-
tions. The disagreement was manifested simply upon
extrapolation of the available matrix swelling data for
low and medium burn-ups, which permitted only fuel
porosities of a couple of percents (Fig. 6), in contradic-
tion with the up to 10 times larger measured values
(Fig. 4). Even when reduction of the experimental values
due to possible operator failures and sample preparation
defects was considered, it was never possible to harmo-
nize the rim porosity with the values predicted by the
extrapolated swelling. Because of this, the question
arose, whether extending burn-ups well beyond the
threshold for rim structure formation would cause fuel
expansions exceeding the design limits.

However, in line with previous suggestions [5,6], the
present results make it clear that in the above volume
balance an important component has been ignored;
namely, that the depleted fission gas from the fuel matrix
no longer contributes to the matrix swelling. At constant
density, this provides additional volume for cavity for-
mation (Eqgs. (3) and (4)). This is valid for all the gas
being thermally or athermally depleted from the fuel
matrix, i.e., being released from the central or peripheral
regions, and is independent of whether the gas escapes
to the plenum or it remains trapped in the porosity.

Accordingly, Figs. 7 and 8 show that for fuel burn-
ups greater than 60-65 GWd/tM the matrix swelling be-
comes visibly reduced. For the curve derived from local
EPMA-Xe data (0.7 <r/ro<1) (Fig. 8), the transition
point is clearly associated with the onset of rim structure
formation [7,31]. However, as mentioned in the last sec-
tion, for the curve derived from integrated data (den-
sity—porosity and EPMA-Xe) (Fig. 7), the correlation
is not so straightforward, as the data contain also the
contributions from the central and intermediate pellet
regions. Nevertheless, both curves indicate an unambig-
uous increasing depletion of fission gases above 60-65
GWd/tM. For the gas in the central and intermediate
fuel regions, release to the plenum is most probable

[36]; whereas for gas in the rim region, full retention in
the (closed) porosity is highly likely [36].

As to the different types of experimental data used to
determine the swelling values, the present paper demon-
strates the great utility of the EPMA-Xe measurements,
due to their definitely smaller error in comparison with
the traditional determinations via density and porosity
measurements (Eqs. (3) and (4)), particularly due to
the inaccuracy of the latter. The method requires, how-
ever, knowledge of the solid fission product swelling,
and a reliable assignation of the volume expansion due
to retained fission gas. This justifies the effort dedicated
in this work to the theoretical assessment of this quan-
tity, particularly in view of the partitioning of the
retained gas between precipitated bubbles and matrix
traps, both with different contributions to the matrix
volume expansion.

In Sections 3.2 and 3.3 it has been pointed out that
the theoretical estimation of the fuel matrix swelling
caused by fission gas requires explicit consideration of
the contributions from gas in dynamic solution and
from gas in intragranular and intergranular bubbles;
gas atoms in dynamic solution occupying 30-50% less
volume than gas atoms in bubbles, depending on
whether hard sphere model or Van der Waals conditions
apply, respectively. Considering a variable partitioning
of Xe between bubbles and matrix traps, the model of
Section 3.3 permits an average matrix-swelling rate due
to fission gases of 0.5-0.6% per 10 GWd/tM to be attri-
buted with reasonable confidence for burn-ups <70
GWd/tM (Figs. 2 and 3), under the assumption of hard
sphere model conditions for Xe [12]. This was possible
essentially due to the consideration of evolving bubble
size distributions with burn-up, and due to the resulting
important contribution of intergranular bubbles to
swelling. Fortuitously, the cited range of values fully
comprise the matrix expansion previously calculated
for Xe under assumption of Van der Waals EOS condi-
tions and neglecting radiation-induced re-solution of
bubbles (i.e., 8.5x 1072 em?/atom [3,5], 0.56% per 10
GWd/tM) (Section 3.2), which facilitates the evaluation
of experiments (see Section 5.3), and is in line with the
previous recommendation in [5].

In the present work, no variation of the matrix swell-
ing caused by solid fission products was considered.
However, modifications of the fuel-gap chemistry could
occur at high burn-ups, for instance due to oxygen
uptake by formation of cladding oxide layers and gap
bonding compounds [6], which could alter the character
and volume demand of the precipitate phases. Related
with this, it is to be noted that due to the assumed in-
creased Mo-metal precipitation under possible oxygen
drop above ~60 GWd/tM, the so-called solid swelling
has been proposed to reach its maximum at this burn-
up [6]. If confirmed, this effect would allow even more
fuel volume to be replaced by porosity than described
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in this paper. Additional experimental evidence to con-
firm this hypothesis is needed.

7. Conclusions

A critical analysis of fuel density, porosity and re-
tained Xe-concentration (EPMA) data of LWR-fuels
with burn-ups of 40-100 GWd/tM leads to the conclus-
tion that at burn-ups > 60 GWd/tM a reduction of the
fuel matrix swelling rate occurs, changing gradually from
~1% per 10 GWd/tM to ~0.3% per 10 GWd/tM. The
extrapolation of the data indicates that the latter value,
representing the matrix expansion due only to solid fis-
sion products precipitation, would be reached at local pel-
let burn-ups of roughly 160 GWd/tM. This effect is due to
the progressive release of fission gas from the fuel matrix
by thermal or athermal processes, which causes matrix
contraction. Owing to volume conservation, the free
space left by the depleted gases is replaced by porosity.
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